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Abstract: In this study, the differences of nanostructure and oxidation reactivity of the nascent
soot formed in n-heptane/2,5-dimethylfuran (DMF) inverse diffusion flames (IDF) with/without
influence of magnetic fields were studied, and the effects of DMF-doped and magnetic fields
were discussed. Morphology and nanostructures of the soot samples were investigated using
high-resolution transmission electron spectroscopy and X-ray diffraction, and the oxidation reactivity
characteristics were analyzed by thermogravimetric analyzer. Results demonstrated that both
additions of DMF-doped and magnetic fields could promote soot production and modify the soot
nanostructure and oxidation reactivity in IDF. Soot production increased along with the increase
of DMF-doped. With DMF blends, more clustered soot particles and typical core-shell structures
with well-organized fringes were exhibited compared with that formed from the pure n-heptane IDF.
With effects of magnetic fields, the precursor formation and the oxidization of soot were promoted,
soot production was enhanced. Soot particles became relatively more mature with typical core-shell
structure, thicker shell, longer fringe lengths, smaller fringe tortuosity, higher graphitization degree
and lower oxidation reactivity. With magnetic force pointed to the central line and the inner direction
of IDF under the conditions of N pole and S pole of the magnet facing the flame, oxygen was trapped,
having an increased residence time to get more chance to react with the fuel molecules to cause more
soot to be yielded and oxidized. That resulted in the soot precursor promotion, soot production
enhancement, and soot part-oxidization and graphitization.
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1. Introduction

The soot particle is one important part of the common pollution emissions of combustion systems
such as furnaces, internal combustion engines and gas turbine engines [1,2]. As suspended submicron
particles, soot particles not only pollute the air [3] but harm the human respiratory system as well [4–6].
The formation and variation tendency are important for understanding the growth processes of soot
particles. In recent years, more interests and attention of researchers have been focused on the studies
of soot particles, especially on the formations and variation tendency of growth processes. The soot
formation process has been studied widely [7–13]. It is universally accepted that the soot particles
produced in hydrocarbon flames involve complex physical-chemical processes taking place by steps
including fuel pyrolysis, polycyclic aromatic hydrocarbons (PAHs) formation, particle inception,
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sequential nucleation, coagulation, surface growth, carbonization, agglomeration and oxidation [7,8].
It is widely accepted that PAHs served as precursors of soot particles and surface growth species.

Researchers had conducted abundant research works on physical and chemical properties of
soot produced in diffusion flames by using various techniques and methods. Due to the oxidizer
surrounded by fuel in an inverse diffusion flame (IDF) and counter-flow flame, the formed soot was
readily conveyed away from the main reaction region in the flame front by thermophoretic forces
avoiding significant oxidation and carbonization by oxygen [14]. Therefore, IDF is widely utilized
which is basically designed by exchanging oxidizer and fuel positions relative to a normal diffusion
flame (NDF) configuration to obtain large samples of nascent soot particles. The differences of the
soot characteristics between IDF and NDF were investigated. Mikofski et al. [15] compared the flame
structure, PAHs, and soot zones between IDF and NDF using planar laser-induced fluorescence of
hydroxyl radicals (OH PLIF), PAH PLIF and planar laser-induced incandescence of soot (soot PLII),
respectively. Results indicated that soot appeared outside the flame front in IDF, and PAHs appeared
outside the soot layer depending on the characteristic temperature. Blevins et al. concluded that
particles emitted from IDF were similar to the soot precursors and appeared to be young soot on the
verge of carbonizing [16]. Using a time-dependent, detailed-chemistry computational fluid dynamics
(CFD) model, Katta et al. [17] had simulated an ethylene–air IDF. They found that all the PAHs species
were produced outside the flame surface on the fuel side. Soot particles were reheated and cooled
alternately while being entrained into and advected by the buoyancy-induced vortices. The large
diameter and slight carbonization of soot particles could be observed in IDF. The temperature and
soot volume fraction in IDF and NDF also have been experimentally measured [18,19]. Using laser
diagnostics techniques and high-resolution transmission electron microscopy (HRTEM), the structure
of precursor particles and their carbonization processes have been investigated experimentally to
examine the early precursor soot in diluted ethene IDF [18]. Oh et al. [20] performed experimental
measurements of flame structure and soot characteristics of diluted ethane IDF by changing the fuel
dilution ratio and air/fuel ratio and found that soot inception and growth were weakly dependent on
temperature as influenced by fuel dilution. Ying et al. [21,22] studied the nanostructure and oxidation
reactivity of soot in ethylene IDF and NDF with butanol isomers and pentanol additions and compared
the effects of the butanol isomers on the physical and chemical properties of soot. The effects of
oxygen on soot production had been studied in recent years. Changing the Oxygen Index (OI) range
from 21% to 37% in an ethylene IDF, Escudero et al. [23] found that the increasing OI enhanced soot
volume fraction due to higher temperatures and soot formation rates. Jung et al. [24] enhanced the
oxygen concentration in the oxidizer in IDF to result in the move of the beginning of the yellow flame,
the increase of residence time and the higher degree of carbonization of young soot particles.

Due to the tightened fossil fuel resources and increasingly serious pollution emissions, biofuels
were paid more attention to and arouse more interests from people. To reduce the dependence on
traditional fossil fuels, the alternative biofuels were widely studied [25–28]. Various previous studies
considering biofuel soot were conducted [29–33]. Chemical and morphological characterization of
soot and soot precursors were studied with diesel surrogates, aromatic and aliphatic fuels [34–38].
It was found that diesel surrogate fuel produced five times more soot than the aliphatic hexane
flame, and soot particle morphology became chain-like aggregates covered with liquid material with
irregular boundaries. As an attractive potential biofuel, 2,5-dimethylfuran (DMF) offered high energy
density and could be used to be the fuel alternative or additive. Recent years, more interests and
attentions of researchers were focused on the development of DMF. There were amount of literatures
focusing on the study of chemistry and flame structure of furanic fuel flames. Using molecular beam
mass spectrometry and gas chromatography, the combustion chemistry and flame structure of furan
group biofuels in flames of furanic compounds and those of other fuels have been investigated by
Kohse-Höinghaus’s group [39,40]. They found that DMF offered a priori surprising ability to form soot
precursors compared to less substituted furans and to other fuels [41,42]. The pyrolysis and oxidation
of DMF had been studied and its tendency of soot formation had been analyzed [43]. Results revealed



Energies 2018, 11, 1698 3 of 21

that soot was generated much higher compared to other oxygenated compounds. The effects of
furans on soot particle formation in a counter-flow diffusion flames have been investigated using
experimental and modeling methods [44]. Experimental results and modeling analysis showed that
2-methylfuran (MF) had a greater tendency to produce soot particles with respect to DMF because of
more C4-species, benzene and PAHs by MF. Soot nanostructures and chemical functionalities generated
in premixed flames of ethylene and ethylene doped with 20%DMF also have been investigated [45].
DMF is reported to decrease the soot particle emission [33,46,47]. Gogoi et al. [33] studied the sooting
propensity, the oxidative reactivity and nanostructures of soot particles in a diesel diffusion flame with
the addition of DMF (up to 15%) and found that soot emission reduced, and the oxidation reactivity
of soot particles increased with increasing amount of DMF in the DMF/diesel blends. Liu et al. [48]
developed a reduced toluene reference fuel (TRF) -DMF-PAH mechanism to predict the soot and NOx

emissions for engines. These studies were conducted based on NDF, but there were few researches and
literatures focusing on the effects of the addition of DMF on the oxidative reactivity and nanostructures
of soot particles in IDF.

It had been known that the paramagnetic and/or diamagnetic fluids could be influenced by
magnetic fields [49]. This suggested that the potential ability of magnetic control of air and fuel flows
and the combustion process of flame [49–54]. Ueno [49] exposed the methane, propane and hydrogen
flames to gradient magnetic fields of up to 2.2 T and 300 T/m strengths and found that flames bent
to escape from magnet fields with high intensity. The effect of magnetic field gradients on partially
premixed and diffusion flames were studied by Wakayama et al. [50–52]. Results indicated that
combustion rate of flames increased with increasing magnetic field intensities. Baker et al. [54] applied
a non-uniform upward decreasing magnetic field to a laminar jet diffusion flame. The experimental
results showed that the flame height changed, visible soot inception occurred in the gradient of the
magnetic induction. The influence of the gradient of the magnetic flux density on soot production
in NDF also have been investigated [55,56]. Changing oxygen contents from 21% to 50%, the flame
experienced different magnitudes ranging from 0 to 18.2 T2/m. Results showed that the modification of
soot production in the flame depended mainly on the fields of oxygen mole fraction and temperature.
The supplementary magnetic force acted mainly on oxygen due to its higher mass fraction and
paramagnetic susceptibility.

The above reviews showed that magnetic fields had effects on combustion process by controlling
the oxygen concentration field, and the modification of the soot formation tendency. However, there
are very few detailed studies concerning nanostructure and oxidation characteristics of nascent soot
generated in IDF with DMF addition under magnetic fields. Oxygen with relatively high paramagnetic
susceptibility affected not only the combustion process of flame but also the evolution process of soot
precursors. Furthermore, the soot formation and characteristics could be modified under the magnetic
fields [55,56]. Therefore, the main goal of this study was to investigate effects of different addition
amounts of DMF additive and magnetic fields on the nanostructure and oxidation reactivity of soot
based on the n-heptane IDF. Combustion experiments on the nanostructure and oxidation reactivity of
soot in n-heptane IDF with additions of DMF (up to 50%) were carried out. The internal structure of
soot samples was examined using HRTEM and X-ray diffraction (XRD), the reactivity characteristics
were extracted by thermogravimetric analyzer (TGA).

2. Experimental System and Analysis Methods

2.1. Experimental System

Combustion sampling system was mainly composed of an IDF burner, a fuel supply subsystem,
a fuel evaporation subsystem, a heating subsystem, a magnetic field supply subsystem and a soot
sampling subsystem as shown in Figure 1. The IDF burner consisted of three concentric stainless steel
tubes including a 3.86 mm inner diameter (ID) center tube, a 15.30 mm ID intermediate tube, and a
32.36 mm ID outer tube. The intermediate and outer tubes were filled with perforated steel plates at
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the bottom to obtain uniform gas flows. Because of low velocity 9.3 cm/s and 3.1 cm/s, and Reynolds
numbers 65 and 53 in the intermediate and outer tubes, respectively, the gas flows remain the laminar
flow state. Oxidizer (air with high purity of 99.999%) was ejected from the central tube and surrounded
by the fuel stream delivered in the coaxial intermediate tube, and nitrogen with high purity of 99.999%
was ejected from the outer tube as protective gas. In the fuel supply system, n-heptane with purity of
99.95% was used as the base fuel. n-heptane had the similar molecular weight and the close boiling
point to DMF. For n-heptane and DMF, the molecular weights were 100 and 96, the boiling points were
98.5 ◦C and 93.5 ◦C, respectively. Two fuels both were liquid fuel and fit to be blended, heated and
evaporated. DMF with purity of 99.95% was used as the additive (up to 50%). The liquid-blended
fuel was injected into a stainless steel evaporator controlled by heating bands at 150 ◦C. After being
evaporated, the blended fuel gas was carried by a flow of N2 with high purity of 99.999% to the
intermediate tube of the IDF burner maintaining the constant temperature of 150 ◦C in the pipeline
by a heating system to prevent the condensation. C2H4 was used to be the ignition fuel for safety at
the beginning stage of the liquid fuels to be injected into the evaporator. The gas flow rates were all
controlled by high-performance digital mass flow controllers.
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Figure 1. Schematic of the experimental set up.

Soot samples were collected above the burner surface by quartz plates with a diameter of 100 mm
and a thickness of 6 mm. The sampling height was 27 mm for each flame. This deposition method
was used in the previous studies [57–59]. Quartz plate was cooled by an aluminum cool dish at its
top surface. The cool dish with a thickness of 14 mm had its own water circulating. Soot particles
were driven thermophoretically to the cold wall of the quartz plate to be condensed and captured on
the surface of the quartz plate ultimately. The sampling time was kept constant at 10 min, and the
sampled soot was scraped, crushed into powder and stored for subsequent analysis. To guarantee
enough soot obtained, the soot sampling experiments were repeated several times in the same case.

Magnetic fields were supplied by a strong magnetic Nd-Fe-B permanent magnet
(50 mm × 50 mm × 35 mm). Nd-Fe-B magnet was located at the top of the aluminum cool dish
which cannot be magnetized. Without magnet represents the cases of without effects of magnetic
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fields, N pole and S pole represent the cases of N pole and S pole of the magnet facing the flame,
respectively. Magnetic fields intensity of Nd-Fe-B magnet used in this study were measured by a
high-precision gauss meter. The magnetic field intensity in each measurement point was monitored for
five times, the average value was obtained. The measurement points and the distribution of magnetic
field intensity were shown in Figure 2. The magnetic field could change the flow rate, the mixing
of the flame compounds, flame height and lift-off height, maximum temperature, soot inception
occurred, and so on. These effects are attributed to the magnetic force, which develops on air via
its action on the paramagnetic oxygen molecules [55,56,60–63]. Oxygen exhibits a relatively high
paramagnetic susceptibility. It is known that the single magnet offered the non-uniform magnetic field.
The gradient of the magnetic field increased from the center point 1 to the edge positions of the magnet
as point 2/3/4/5 as shown in Figure 2a and decreased away from the surface of the magnet. Therefore,
no matter in case of N pole or S pole, oxygen molecules has the net magnetic force F = Foutside − Finside
facing the central line and the inner direction of the flame as shown in Figure 2d.

The detailed experimental conditions for IDF used in this study were summarized in Table 1.
The basic condition was pure n-heptane IDF without effects of magnetic fields. Basic fuel n-heptane
doped with 25% and 50% DMF addition of mole fraction with/without effects of magnetic fields.
Flow rates of liquid fuel were determined to keep fuel gas mixture rates constant for all cases, and the
fuel gas mixture is form the complete evaporation of mixed liquid fuels. The flow rates of air, carrier
N2 and protector N2 remained the appropriate values to obtain a basic IDF and unchanged.

Energies 2018, 11, x FOR PEER REVIEW  5 of 20 

 

magnetic fields, N pole and S pole represent the cases of N pole and S pole of the magnet facing the 
flame, respectively. Magnetic fields intensity of Nd-Fe-B magnet used in this study were measured 
by a high-precision gauss meter. The magnetic field intensity in each measurement point was 
monitored for five times, the average value was obtained. The measurement points and the 
distribution of magnetic field intensity were shown in Figure 2. The magnetic field could change the 
flow rate, the mixing of the flame compounds, flame height and lift-off height, maximum 
temperature, soot inception occurred, and so on. These effects are attributed to the magnetic force, 
which develops on air via its action on the paramagnetic oxygen molecules [55,56,60–63]. Oxygen 
exhibits a relatively high paramagnetic susceptibility. It is known that the single magnet offered the 
non-uniform magnetic field. The gradient of the magnetic field increased from the center point 1 to 
the edge positions of the magnet as point 2/3/4/5 as shown in Figure 2a and decreased away from 
the surface of the magnet. Therefore, no matter in case of N pole or S pole, oxygen molecules has 
the net magnetic force F = Foutside − Finside facing the central line and the inner direction of the flame as 
shown in Figure 2d. 

The detailed experimental conditions for IDF used in this study were summarized in Table 1. 
The basic condition was pure n-heptane IDF without effects of magnetic fields. Basic fuel n-heptane 
doped with 25% and 50% DMF addition of mole fraction with/without effects of magnetic fields. 
Flow rates of liquid fuel were determined to keep fuel gas mixture rates constant for all cases, and 
the fuel gas mixture is form the complete evaporation of mixed liquid fuels. The flow rates of air, 
carrier N2 and protector N2 remained the appropriate values to obtain a basic IDF and unchanged. 

 
(a) 

 
(b) 

Figure 2. Cont.



Energies 2018, 11, 1698 6 of 21
Energies 2018, 11, x FOR PEER REVIEW  6 of 20 

 

 
(c) 

 
(d) 

Figure 2. Schematics of the magnetic fields of Nd-Fe-B magnet. (a) Measurement points, (b) Profiles 
of the magnetic field intensity distributions, (c) Profiles of the gradient of the magnetic field 
intensity, (d) Magnetic forces of oxygen in case of N pole and S pole, respectively. 

Table 1. Experimental conditions of n-heptane/DMF IDF with/without magnetic fields. 

Cases Magnetic 
Conditions 

Components (mol%) Flow Rates (L/min) 

n-Heptane DMF 
Fuel (n-Heptane + 

DMF)/1000 (Liquid) Air (Gas) 
N2 (Carrier, 

Gas) 
N2 (Protector, 

Gas) 
O1 

Without magnet 
100 0 0.9833 

0.7 0.1 9 O2 75 25 0.9401 
O3 50 50 0.9005 
N1 

N pole of magnet 
100 0 0.9833 

0.7 0.1 9 N2 75 25 0.9401 
N3 50 50 0.9005 
S1 

S pole of magnet 
100 0 0.9833 

0.7 0.1 9 S2 75 25 0.9401 
S3 50 50 0.9005 

2.2. Analysis Methods 

Soot morphology and nanostructure, and thermogravimetric analysis were implemented by 
using the following analysis methods to find out the compact relationship between common soot 
structural features and oxidation reactivity. 

The internal structural characteristics of sampled soot were observed by a FEI Titan G2 60–300 
transmission electron microscope (Field Emission Inc., Hillsboro, ND, USA) operated at an 
accelerating voltage of 300 kV with 0.09 nm point resolution corrected by a spherical aberration 
corrector under the objective lens. The images with 1024–1024 pixels were obtained by a Gatan 
Digital Micrograph using a Gatan Orius SC 1000B CCD camera (Gatan Inc., Pleasanton, CA, USA) 
with the exposure time of 0.5–1.0 s. For all test samples, the images were acquired from more than 
four widely separated locations, and at least twenty images were obtained. 

Figure 2. Schematics of the magnetic fields of Nd-Fe-B magnet. (a) Measurement points, (b) Profiles
of the magnetic field intensity distributions, (c) Profiles of the gradient of the magnetic field intensity,
(d) Magnetic forces of oxygen in case of N pole and S pole, respectively.

Table 1. Experimental conditions of n-heptane/DMF IDF with/without magnetic fields.

Cases Magnetic
Conditions

Components
(mol%) Flow Rates (L/min)

n-Heptane DMF Fuel (n-Heptane +
DMF)/1000 (Liquid)

Air
(Gas)

N2
(Carrier, Gas)

N2
(Protector, Gas)

O1 Without
magnet

100 0 0.9833
0.7 0.1 9O2 75 25 0.9401

O3 50 50 0.9005

N1 N pole of
magnet

100 0 0.9833
0.7 0.1 9N2 75 25 0.9401

N3 50 50 0.9005

S1 S pole of
magnet

100 0 0.9833
0.7 0.1 9S2 75 25 0.9401

S3 50 50 0.9005

2.2. Analysis Methods

Soot morphology and nanostructure, and thermogravimetric analysis were implemented by using
the following analysis methods to find out the compact relationship between common soot structural
features and oxidation reactivity.

The internal structural characteristics of sampled soot were observed by a FEI Titan G2
60–300 transmission electron microscope (Field Emission Inc., Hillsboro, ND, USA) operated at
an accelerating voltage of 300 kV with 0.09 nm point resolution corrected by a spherical aberration
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corrector under the objective lens. The images with 1024–1024 pixels were obtained by a Gatan Digital
Micrograph using a Gatan Orius SC 1000B CCD camera (Gatan Inc., Pleasanton, CA, USA) with the
exposure time of 0.5–1.0 s. For all test samples, the images were acquired from more than four widely
separated locations, and at least twenty images were obtained.

Soot nanostructure features, including fringe length and tortuosity, were estimated through
quantification of the HRTEM images which were processed by the customized analysis algorithms.
The image processing method, consisting of digital image processing and fringe characterization,
was similar to the one developed by Maria and Yehliu et al. [64–67]. The image processing run in
MATLAB (2014) software with customized algorithms including several operations, such as negative
transformation, region of interest selection, contrast enhancement, Gaussian lowpass filter, top-hat
transformation, thresholding to obtain a binary image, morphological modification, skeletonization,
and short fringes and boundary fringes removal. The fringe characterization generated statistics on
fringe length and tortuosity based on the skeletons of the graphene lamellae [21].

In the HRTEM images, a measure of the physical extent of the atomic carbon layer planes was
presented as fringe length, and a value of curvature of the fringes arising from odd numbered five- and
seven-membered ring structures was signed as fringe tortuosity [64–69]. It was reported that the fringe
length and tortuosity obtained from HRTEM images could change with a long exposure time of the
electron beam irradiation [70]. Here this effect of the electron beam was ignored due to the short
exposure time. Histograms were created from the acquired data of fringe length and fringe tortuosity.
In this study, fringe lengths shorter than 0.5 nm which was about the size of two fused aromatic rings
were removed. The largest standard deviations of the fringe length and fringe tortuosity for all the
processed images were 0.03 nm and 0.02, respectively.

The crystallite parameters and the graphite degree of soot particles were characterized by
X-ray diffractometer, and the test instrument was D8 Advance X-ray diffraction instrument (Bruker,
Karlsruhe, Germany) with Cu Kα radiation (1.5418 Å, 45 kV, 25 mA). The instrument with scan range
of 10–110◦ was used at scan step size of 0.02◦and scan speed of 0.2 s/step [22,64].

The d002 value of the carbon crystallite can be obtained by the Debye-Scherrer formula [70,71].

d002 =
λ

2sinθ002
(1)

where λ represents emission wavelength (0.15406 nm), θ002 represents the diffraction angle matched
for C(002), d002 represents the separation distance of C(002).

The graphitization degree of can be calculated by the Merlin formula [71,72].

g =
0.3440 − d002

0.3440 − 0.3354
× 100% (2)

where g represents the primary soot particles graphitization degree, 0.3440 (nm) represents the layer
separation distance of fully non-graphite crystals, 0.3354 (nm) represents the layer separation distance
of the ideal graphite crystals.

The oxidation reactivity of soot was evaluated by an STA 449 F3 Jupiter thermogravimetric analyzer
(Netzsch, Selb, Germany). Under conditions of a constant temperature of 500 ◦C and the atmospheric
pressure, the oxidation reactivity of soot was examined through the isothermal oxidation. The soot
samples were heated up in the protective gas flow of Ar (100 cc/min) from 50 ◦C to 300 ◦C, and then the
temperature was kept constant for one hour to remove volatile organic fraction (VOF). After that, the soot
samples continued to be heated up from 300 ◦C to 500 ◦C. Once reaching 500 ◦C, an oxygen mixture
flow (78% Ar and 22% O2) at a constant flow rate of 100 cc/min was used to replace the initial Ar flow.
Subsequently, the isothermal oxidation process began and lasted for 150 min. The sample remainders were
weighed after the isothermal oxidation tests, and the mass loss of each sample was normalized. The test
uncertainty was ±5% error which derived from a set of isothermal oxidation experiments. Two separate
experiments were carried out to verify the reproducibility of the TGA results [21,22,64].



Energies 2018, 11, 1698 8 of 21

3. Results and Discussion

3.1. Soot Production from n-Heptane/DMF IDF with/without Magnetic Fields

While using the deposition method to collect soot samples, the quality of soot samples colleting
time for 10 min were weighed by a precision balance in each case. To obtain considerable quality of soot
for subsequent analysis, the soot collection times in each case were more than six times. The average
values of soot production were obtained and shown in Figure 3. The case of without magnetic fields
was designated as of without magnet. If the flame and soot production were affected by the magnetic
fields, there existed two cases. N pole represented the case of N pole of the magnet facing the flame.
Accordingly, S pole represented the case of S pole of the magnet facing the flame.

Figure 3 revealed that pure n-heptane IDF generated very low levels of soot production,
approximately 9 mg/10 min, due to the higher smoke point of n-heptane. Soot production increased
with the addition of DMF in n-heptane IDF. Because of higher productions of soot precursors
including acrolein, methyl vinyl ketone, furfural, and phenol C4-species, benzene and PAHs from
furanic fuels [39–41], especially for DMF [41], soot was generated much more compared to other
oxygenated compounds.

In Figure 3, magnetic fields could slightly enhance the soot production. The enhancement of
S pole facing the flame on soot formation was a little larger than that of N pole. It has been reported that
the oxygen paramagnetic force could change the transmission characteristics of the main combustion
reaction components, such as OH radical concentration, NOx concentration, and soot precursors,
to modify the combustion efficiency, emissions and soot particle formations [60–63]. Thus, oxygen with
relatively high paramagnetic susceptibility was closely related to the soot production. No matter in
cases of S pole or N pole, the oxygen paramagnetic forces showed the direction heading the central line
and the inner direction of IDF as shown in Figure 2d. More oxygen would be forced to appear at the
lower locations of the flame and trapped to have an increase in the residence time [55,56]. This leaded
to longer trip for oxygen having more chance reacting with the fuel molecules. When fuel molecules
were increasingly exposed to oxygen, the chances of soot precursor and soot oxidation were higher.
So the soot precursors might be promoted. Due to the unique configuration of the oxidizer surrounded
by fuel in IDF, the soot precursors readily aggregate and grow to be the nascent soot particles avoiding
significant oxidation and carbonization by oxygen. Therefore, the soot production could be enhanced.

The analysis above could be summarized to say that soot production increased with more
additions of DMF and were the lowest level from pure n-heptane IDF. Soot production was promoted
by effects of magnetic fields. No matter in N pole case or in S pole case, more soot was formed, and the
soot production was enhanced. Results indicated that effects of magnetic fields in the case of S pole of
the magnet facing the flame on the soot promotion and the soot production was a little stronger than
that in the case of N pole.
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Figure 3. The comparisons of soot production. (Pure n-heptane represents soot collected from pure
n-heptane IDF, 25% DMF represents soot collected from n-heptane IDF with 25% DMF-doped, 50% DMF
represents soot collected from n-heptane IDF with 50% DMF-doped. The error bars represented the
error of the average weight of soot sampled in each 10 min.).
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3.2. Soot Morphology Analysis by TEM

The soot samples from pure n-heptane IDF and doped DMF IDF were analyzed by TEM. For all
cases, more than three TEM images were obtained from widely separated locations on soot sample,
and the representative morphology images of soot were illustrated in Figure 4. All TEM images
with lower magnification revealed that dozens or hundreds of the soot particles clustered in chains,
branched or tufted forms.

Without magnetic fields, as shown in Figure 4O1–O3, the diameters of soot from pure n-heptane
IDF in O1 were smaller compared with that from IDF in O2 with 25% DMF-doped and in O3 with
50% DMF-doped. From pure n-heptane IDF, the younger soot was sampled, but less soot production
was collected. The diameters of the soot, which was similar to single granular particles on the
peripheral location of the branched or tufted forms, were compared. It is interesting that the younger
soot with the smaller diameter was tufted as transparent liquid-like sticky material forms in O1. Due to
n-heptane with higher smoke point, on the same sample height, less PAHs which were considered as the
precursor of soot particles was produced by condensation polymerization [73,74]. With DMF-doped,
an abundance of PAHs was generated, and the additions of oxygenated hydrocarbons occurred.
It promoted the surface growth of soot with the increasing of DMF-doped. The diameters of soot
particles in O3 were slightly larger than that in O2, and significant larger than that in O1. The soot
particles presented as the liquid-like material with sticky characters and irregular shapes which
evolved from a chemical condensation of heavy PAHs. It could be seen that the liquid-like soot
particles presented partially fusing into each other without clear boundaries, was difficult to distinguish
individual particles. This phenomenon in O3 was more prominent than that in O2.
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magnetic fields, N1–N3 with N pole of magnet facing the flame, S1–S3 with S pole of magnet facing the
flame. O1, N1, S1 from pure n-heptane IDF, O2, N2, S2 from n-heptane IDF with 25% DMF-doped, O3,
N3, S3 from n-heptane IDF with 50% DMF-doped).
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Under magnetic fields, in the cases of N pole or S pole of magnet facing the flame, the soot
diameters in N1–N3 and S1–S3 appeared the similar phenomenon in terms of morphology features in
O1–O3. With additions of DMF-doped in N2, N3 and S2, S3, the more soot production generated in
comparison to the lower amount of soot generated from pure n-heptane IDF in N1 and S1. With the
effects of magnetic fields, the diameters of soot particles became slightly larger in the comparison cases
with the same components of fuels, such as N1 and S1, N2 and S2, N3 and S3, compared with that in O1,
O2, O3, respectively. In N2, N3 and S2, S3, it also could be seen the soot particles presented the lower
amount of film-like materials embedded with each other than that from the pure n-heptane IDF in
N1 and S1. The soot formed under magnetic fields conditions showed lightly characters of liquid-like
material with sticky. It aggregated with irregular over-layers and shaped closely to the sphere granule.
That meant that the soot particles were partly oxidized and graphitized. This phenomenon in cases
as N1–N3 appeared stronger than that in cases as S1–S3. As for analysis of soot production, because
the magnetic forces on oxygen pointed to the central line and the inner direction of IDF, oxygen was
driven to have an increase in the residence time which caused more soot to be yielded and oxidized in
cases of N1–N3 and S1–S3. By the extra effects of oxygen under magnetic fields, the evolution of soot
was promoted, and the chances of soot oxidation were higher. Thereupon, more soot particles with
part graphitization were produced.

It could be concluded that, the soot collected from pure n-heptane IDF with the smaller diameter
was younger, and it tufted as transparent liquid-like sticky material forms. With more DMF addition,
the diameters of soot particles became slightly larger. With effects of magnetic fields, the soot presented
the lower amount of shallow film-like materials, and it aggregated as approximate spherical particles in
the form of chain-like, branched or tufted forms due to part oxidization and graphitization. The magnet
with N pole facing the flame offered a little stronger effect on the soot aggregation than that of S pole
facing the flame.

3.3. Soot Nanostructure Analysis by HRTEM and Fringe Analysis

To have better understanding the soot structural characteristics, HRTEM images of soot particles
with higher magnification were acquired. In each case, three HRTEM images were processed and
the nanostructure features were analyzed, and the representative HRTEM images were shown in
Figure 5. It could be seen the soot aggregated with irregular shaped over-layers. Most of soot
particles had the core-shell structure. The core area was filled with amorphous structures which had
very little or no crystallinity with relatively strong oxidation activity. The core was surrounded by
the orderly bordered lamellae as the fullerenic nanostructure which was similar to the fingerprint
structure and partly carbonized yet [75–78]. It could be noted that the oxidation activity of soot
depended on comprehensive consideration of the area size of the soot particle core and the thickness
of the shell around.

In Figure 5 O1–O3, it showed the HRTEM images of soot from different fuel components under
conditions without magnetic fields. As shown in O1, the soot sampled in pure n-heptane IDF showed
relatively the smaller diameter and the thinner over-layers which presented as film-like materials
in the lower magnification TEM images. Soot particles presented as amorphous structures with the
short and disordered lamellae which owned relatively messy fringes with very little or no crystallinity.
With DMF-doped in O2 and O3, the typical core-shell structure as the fullerenic lamellae could be
found out in soot HRTEM images. Case of O2 with 25% DMF-doped showed more typical core-shell
structure than that in O3 with 50% DMF-doped. The soot particles were comprised by partially or
completely closed shells with different diameters and diverse degrees of curvature. The central areas
of the shells were filled with the amorphous carbon which had high oxidation activity.
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Figure 5. HRTEM images of soot particles sampled from cases listed in Table 1. (O1–O3 without effects
of magnetic fields, N1–N3 with N pole of magnet facing the flame, S1–S3 with S pole of magnet facing
the flame. O1, N1, S1 from pure n-heptane IDF, O2, N2, S2 from n-heptane IDF with 25% DMF-doped,
O3, N3, S3 from n-heptane IDF with 50% DMF-doped).

With effects of magnetic fields, in HRTEM images of Figure 5 N1–N3 and S1–S3, the soot appeared
close resemblance to the tendency of the lamellae structures in O1–O3. With DMF-doped in N2, N3 and
S2, S3, the core-shell structures were readily more evident than that in N1 and S1. The soot particles
sampled from pure n-heptane IDF in N1, S1 under magnetic fields were comprised by more prevalent
smaller core-shell structures. Nevertheless, the soot had the amorphous structures in O1 without effects
of magnetic fields. This meant that the soot became more mature due to effects of magnetic fields in
pure n-heptane IDF. The similar formers of soot nanostructures were performed in DMF-doped cases
under magnetic fields. In these cases, N2 and S2 with 25% DMF-doped performed more mature soot
than that of N3 and S3 with 50% DMF-doped. Due to the lower smoke point and easier soot formation
of DMF, the IDF with the synergistic effects of two fuels could generate relatively more soot precursors
at the same sample height. As aforementioned analysis, oxygen with relatively high paramagnetic
susceptibility could play an important role in the formation of soot precursors. Through modification
of oxygen, magnetic fields not only promoted the generation process of soot precursors, but also
affected on the end stage of soot evolution process and produced more part-oxidized and graphitized
soot particles. It suggested that magnetic fields could offer considerable effects on the younger soot
through the evolution process of PAHs, oxygenated hydrocarbons and the surface growth to produce
more soot particles with part-oxidization and graphitization.

The regions of interest in the single layers of soot of three HRTEM images were studied by the
HRTEM image analysis algorithms, and the results presented representative skeletonized fringes in
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these regions in Figure 6. The short and disordered fringes in amorphous structures were shown in
O1, and the short fringes with the relatively higher degree of curvature in the small size core-shell
structures were shown in N1 and S1 from the pure n-heptane IDF under magnetic fields. Longer and
well-organized fringes in the typical core-shell structure were observed in O2 and O3, N2 and N3, S2
and S3. It should be noted that these cases of O2, N2, S2 with 25% DMF-doped showed more evidently
typical core-shell structure than that of O3, N3, S3 with 50% DMF-doped. This indicated that soot
particles became more mature with 25% DMF-doped than that 50% DMF-doped. Under magnetic
fields, not only the relatively longer and ordered fringes, but also the thicker shell of soot particles
presented in N1 and S1, N2 and S2, N3 and S3 compared with that in O1, O2, O3 without effects of
magnetic fields, respectively. It suggested that soot particles were promoted to become more mature
with effects of magnetic fields. These results shown in Figure 6 were good agreements with the analysis
in TEM images and HRTEM image.

Fringe length and fringe tortuosity histograms which were calculated from the skeletonized
fringes by the HRTEM image analysis algorithms were shown in Figures 7 and 8, respectively. In these
histograms, fringes mainly concentrated on the short side nearby fringe length of 0.6–0.7 nm and
fringe tortuosity of 1.10–1.15 in O1, N1 and S1. With DMF additions, the fringe length distribution
concentrated to the approximate range of 0.7–0.8 and the fringe tortuosity distribution concentrated
to the approximate range of 1.05–1.10. It showed that the distribution concentration in fringe
tortuosity histograms under magnetic fields moved obviously to the lower area in comparison to that
without magnetic fields. This meant that the soot sampled under magnetic fields had the smaller
fringe tortuosity.

The mean values of the fringe length and the fringe tortuosity were summarized in Table 2.
Because of the younger soot particles with amorphous structures from pure n-heptane IDF, the soot
fringes offered the relatively smaller mean fringe length of and the larger mean fringe tortuosity in
O1, N1 and S1. With 25% DMF-doped, the mean fringe lengths changed larger and the mean fringe
tortuosity switched smaller due to more mature soot particles with well-organized core-shell structure
in O2, N2 and S2. With addition of DMF-doped up to 50%, the mean fringe lengths reduced, and the
mean fringe tortuosity increased in O3, N3 and S3. Under conditions of magnetic fields, the soot
fringes from pure n-heptane IDF showed the larger mean fringe lengths and the smaller mean fringe
tortuosity in N1 and S1 compared with that without influence of magnetic fields in O1. The same
trends in the fringe characters of the soot from IDF with effects of magnetic fields also were presented
in N2, S2 and N3, S3. As before-mentioned, the evolution process of soot was promoted by oxygen
with relatively high paramagnetic susceptibility affected by magnetic fields, and the soot was more
seriously oxidized and became more mature. These promotions from the influences of magnetic fields
in N1–N3 were a little stronger than that in S1–S3.

Soot nanostructure analysis studied by the HRTEM image could be summarized that, typical
core-shell structures were observed in soot particles with DMF-doped, and the soot became more
mature with effects of magnetic fields. It might be that the younger soot evolution process of PAHs,
oxygenated hydrocarbons and the soot surface growth were promoted, more soot particles were
part-oxidized and graphitized. Furthermore, the magnet with N pole facing the flame offered a little
stronger effect on the promotions of the soot evolution process than that with S pole facing the flame.
The skeletonized fringes were extracted by the HRTEM image analysis algorithms. The fringe length
and the fringe tortuosity were consistent with analysis in TEM images and HRTEM image.
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Figure 6. Skeletonized output images obtained by applying the fringe analysis algorithms to the
HRTEM images in Figure 5.

Table 2. Mean values of fringe length and tortuosity with standard deviations.

Cases Average Fringe Length (nm) Average Fringe Tortuosity

O1 0.94 ± 0.01 1.30 ± 0.01
O2 1.06 ± 0.01 1.19 ± 0.01
O3 1.03 ± 0.01 1.21 ± 0.01

N1 1.02 ± 0.01 1.24 ± 0.01
N2 1.12 ± 0.01 1.15 ± 0.01
N3 1.08 ± 0.01 1.18 ± 0.01

S1 0.98 ± 0.01 1.27 ± 0.01
S2 1.08 ± 0.01 1.17 ± 0.01
S3 1.05 ± 0.01 1.20 ± 0.01
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3.4. Soot Graphitization Analysis

To further ascertain the carbonization of the soot, XRD spectra had been implemented and the
results illustrated in Figure 9 and listed in Table 3. The C(002) band (2θ002 ≈ 25◦), which represented
the character of crystalline graphitic carbon, could be used to evaluate the graphitization degree of
soot particles. Graphitization degree marked as g could be calculated out by Equations (1) and (2)
according to the data of the peak diffraction angle θ002. Results of θ002, the separation distances d002

and the graphitization degrees g of soot particles are shown in Table 3 for each case.
In Figure 9 and Table 3, with additions of 25% DMF-doped in O2, N2 and S2, θ002 were closer to

the diffraction angle of 25◦ compared with the cases with additions of 50% DMF-doped in O3, N3 and
S3, respectively. In O1, N1, S1 with pure n-heptane, θ002 were the smallest in each group of compassion
cases. It indicated that the soot particles presented higher graphitization degrees due to the little
larger θ002. It was verified that the soot with 25% DMF-doped showed highest graphitization degree
with/without effects of magnetic fields, and the case of pure n-heptane had the lowest graphitization
degree. With effects of magnetic fields, the diffraction peaks of soot shifted to right slightly. It changed a
little larger leading to higher graphitization degree in N1, S1 relative to that in O1. The similar tendency
could also be observed in N2, S2 and N3, S3 in comparison with O2, O3, respectively. Comparing the
cases of N pole and S pole, it could be found out that the soot particles presented a little larger peak
diffraction angles and slightly higher graphitization degrees with N pole of magnet facing the flame.

Therefore, with DMF-doped or with effects of magnetic fields, the peak diffraction angles of soot
changed larger and presented higher graphitization degrees. The results showed good agreements
with the analysis above of nanostructures and fringe parameters in TEM images and HRTEM images.
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Table 3. Characteristic parameter results of XRD analysis of the soot.

Cases 2θ002/◦ d002/nm g/%

O1 24.420 0.3642 −235.14
O2 24.722 0.3598 −184.11
O3 24.551 0.3623 −212.85

N1 24.520 0.3627 −217.99
N2 24.773 0.3591 −175.73
N3 24.672 0.3606 −192.52

S1 24.493 0.3632 −222.72
S2 24.734 0.3597 −182.09
S3 24.591 0.3617 −206.04

3.5. Oxidation Reactivity of the Soot

The oxidation process could be reflected in the TG curves. To compare the oxidation reactivity
among different samples with different initial mass, the thermogravimetric curve of each sample was
normalized. The normalized mass traces during the isothermal oxidation tests by TG were shown in
Figures 10 and 11.

As could be seen in Figure 10a–c, the soot particles from pure n-heptane IDF all presented
highest soot oxidation reactivity due to a mass of amorphous carbon. With additions of DMF-doped,
the oxidation reactivity of soot decreased because the soot particles had been part oxidized and
graphitized to become more mature. The soot particles in the cases with 25% DMF-doped offered
lower oxidation reactivity than that with 50% DMF-doped. It indicated that oxidation reactivity of
soot particles depended on the amount of additions of DMF-doped.

In comparison with oxidation reactivity of soot without influence of magnetic fields, the soot
particles had slightly lower oxidation reactivity with effects of magnetic fields in Figure 11a–c.
Under magnetic fields, the similar trends were shown in all cases in Figure 11, regardless of N pole
or S pole of magnet facing the flame. It also could be observed that the soot particles collected from
the cases of N pole facing the flame had lower oxidation reactivity than that of S pole cases. It was
consistent with the results shown in analysis of nanostructures and fringe parameters in TEM images
and HRTEM image and graphitization degrees by XRD.
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4. Conclusions

In this study, a comparison of research on the nanostructure and oxidation reactivity of soot
generated in n-heptane/DMF IDF with/without the influences of magnetic fields was conducted.
The main soot characterization results and effects of DMF-doped and magnetic fields obtained from
the present study were summarized as follows:

(1) Dozens or hundreds of the soot particles clustered in chains, branched or tufted forms.
The younger soot tufted as transparent liquid-like sticky material forms with a mass of amorphous
structures and high oxidation reactivity from pure n-heptane IDF without magnetic fields.

(2) With additions of DMF-doped, the soot production increased obviously. Soot particles with
sticky characters and irregular shapes presented as over-layers or liquid-like materials embedded
with each other. The core-shell structures of soot particles with well-organized fringes were
exhibited. The diameters of soot particles increased, mean fringe lengths changed larger and
mean fringe tortuosity switched smaller, the soot presented lager peak diffraction angles, higher
graphitization degrees, and lower oxidation reactivity.

(3) With effects of magnetic fields, no matter in N pole case or in S pole case, the soot precursors
were promoted, and the soot production was enhanced. The enhancements of soot production in
cases of S pole facing the flame were a little larger than that of N pole. Soot particles aggregated
as approximate spherical particles with irregular shaped over-layers.

(4) Under magnetic fields, the soot presented as a typical core-shell structure, thicker shell, longer
fringe lengths, smaller fringe tortuosity, higher graphitization degree and lower oxidation
reactivity. Oxygen was trapped to have an increased residence time to lead more soot to be
yielded and oxidized. Soot particles were part oxidized and graphitized. They became relatively
a little more mature in the cases of the N pole facing the flame than that of S pole cases.
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