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The effects of the upward-increasing gradientmagnetic field on soot properties

are experimentally investigated in ethylene inverse diffusion flames with

different oxygen concentrations. The soot morphology, nanostructure,

graphitization degree, and oxidation reactivity are obtained by high-

resolution transmission electron spectroscopy (HRTEM), X-ray diffractometer

(XRD), and thermogravimetric analyzer (TGA), respectively. The upward-

increasing gradient magnetic field is induced by two Nd-Fe-B permanent

magnets with different thicknesses. The results show that the magnetic field

influences the soot properties mainly by affecting the distributions of

paramagnetic O2 and OH radicals in the flames. The soot samples are more

graphitized in the flame with higher O2 concentration, which contains a longer

fringe length and smaller fringe tortuosity. Fullerene-like structures are more

apparent with increasing oxygen content. The soot fringe length decreases and

fringe tortuosity increases when the upward-increasing gradient magnetic field

is applied. The application of the magnetic field enhances the soot oxidation

reactivity, and it shows the greatest effect on the oxidation reactivity of soot

produced in the flame with 21% O2 content.
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Introduction

With the rapid growth of the world’s population and industrialization, global

energy demand continues to grow in the coming decades. Large-scale development

and use of fossil energy will do great harm to the climate and environment. In addition

to greenhouse gases, there are hazardous pollutants such as nitrogen oxides, unburned

hydrocarbons, soot, etc., (Wang and Chung, 2019; Li et al., 2021; Falco et al., 2022).

Soot, emitted from the pyrolysis and incomplete burning of hydrocarbon fuels, may
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cause cardiac arrest, asthma, and pulmonary diseases (Arif

et al., 2018; Ali et al., 2021). Recent studies have shown that the

transmission rate and incidence of novel coronavirus

pneumonia (COVID-19) are closely related to local

atmospheric particulate matter concentration (Mehmood

et al., 2020; Chakrabarty et al., 2021).

The physical factors affecting soot formation mainly include

temperature, pressure, magnetic field, etc. A detailed study of the

physical parameters contributes to a better design of the burner

structure and reduces the generation and emission of soot. The

utilization of a magnetic field is one of the potential strategies for

combustion control (Agarwal et al., 2014; Agarwal et al., 2015).

The magnetic field can affect the flame temperature, flame

structure, and free radical distribution, which has been widely

studied (Takashi, 1990; Gilard et al., 2008). During the

combustion process, charged ions or ion clusters are

generated, and the applied magnetic field produces the

Lorentz force, which changes the direction of motion of the

charged particles, thereby affecting the chemical reaction rate

caused by the concentration change. In addition to the Lorentz

force for ionic species, the non-conductive and paramagnetic

substances are subjected to the magnetic force, which contributes

to a significant effect on chemical reactions in flames (Shinoda,

2005).

In recent years, researchers have conducted studies on the

change of gradient magnetic field on the combustion

characteristics of gas fuel. The magnetic force increases the

concentration of OH radicals toward the flame center, which is

attributed to the effect of the magnetic field on paramagnetic O2

(Yamada et al., 2002; Yamada et al., 2003a). The paramagnetic force

does not directly affect OH radicals, instead, the paramagnetic force

acts on O2 with higher magnetic susceptibility and density, leading

to the convective motion of O2 and changing the distribution of OH

radicals. The combustion characteristics of butane diffusion flames

are investigated under different kinds of magnetic fields, and it is

observed that the flame temperature increases in an upward-

decreasing gradient of magnetic field and decreases with an

upward-increasing magnetic field gradient (Aoki, 1990; Kumar

et al., 2015). Experimental investigations are conducted to assess

the effects of the gradient of the square of the magnetic flux density

(∇(B2)) on the sooting tendency in non-premixed flames (Jocher

et al., 2015) and partially premixed flames (Jocher et al., 2017). In

non-premixed flames, increasing the magnetic gradient promotes

soot production, while the upward (∇(B2)) contributes to a reduction

of soot for some partially premixed flames. Moreover, the magnetic

field enhances the soot production by extending the residence time

in flames with different oxidizer mixtures and increases the heat

radiation of soot (Jocher et al., 2019).

It can be found that the application of a gradient magnetic

field can affect the flame temperature, flame structure, free

radical distributions, and sooting tendency. The influence of

magnetic field on flame characteristics has been studied, but the

effects of gradient magnetic field on the soot properties needs

further investigation. This study aims to analyze the effects of

the upward-increasing gradient magnetic field on soot

properties in inverse diffusion ethylene flames with different

oxygen concentrations. The soot properties including

morphology, nanostructure, graphitization degree, and

oxidation activity of the soot are obtained by high-resolution

transmission electron spectroscopy (HRTEM), X-ray

diffractometer (XRD), and thermogravimetric analyzer

(TGA), respectively.

Experimental

An inverse diffusion flame burner is used in this study as in

the previous work (Ying and Liu, 2017; Ying and Liu, 2021).

The upward-increasing gradient magnetic field is induced by

two Nd-Fe-B permanent magnets with different thicknesses,

where the specific dimensions are × 50 mm × 50 mm × 10 mm

and 50 mm × 50 mm × 30 mm. The Nd-Fe-B permanent

magnet is placed above the cooling plate as Figure 1A

shows. The quartz glass plate under the cooling plate is

40 mm away from the burner outlet. The magnetic field

distributions of the two magnets are measured by taking

the center of the magnet as the base point and arranging a

measurement point every 6.25 mm along with the horizontal

and vertical directions. The yellow circles in Figure 1B present

the test positions. The magnetic field distribution is measured

along the burner axis in units of 5 mm to ensure that the

measurement area can completely cover the flame. The

magnetic field gradient increases with the increasing height

along the flame axis. For the magnet with a size of × 50 mm ×

50 mm × 30 mm, the average magnetic field strength at 40 mm

from the burner is 248.67 and 37.65 mT at the burner surface.

While for the magnet with a size of × 50 mm × 50 mm ×

10 mm, the average magnetic field strength at the same

positions is 119.07 and 16.78 mT, respectively. The detailed

magnetic field gradient distributions are shown in

Figures 1C,D.

The gas molecules and activated groups in the flame can be

divided into paramagnetic substances and diamagnetic

substances, especially the two substances O2 and OH radicals.

The ratio of O2 on the oxidative side is set to 21, 26, and 31% to

study the effect of oxygen concentration on soot formation under

a magnetic field. The flames with three different oxygen

concentrations are abbreviated as F1, F2, and F3, respectively,

and the following numbers indicate the thickness of the

permanent magnet. The detailed flame conditions are shown

in Table 1.

The soot is collected by quartz plate sampling method in the

post-flame area at HAB = 40 mm for 15 min. The soot mass is

weighted for each condition at least three times. The

characterization methods and settings are the same as the

previous studies (Ying et al., 2017; Ying and Liu, 2018).
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Briefly, the soot morphology and nanostructure are observed by a

Tecnai G2 F30 HRTEM. To obtain the soot fringe characteristic

parameters, a homemade MATLAB procedure is used (Ying and

Liu, 2017). A Bruker D8 Advance XRD is applied to assess the

graphitization degree of soot, and the soot oxidation reactivity is

tested by a Netzsch STA449 F3 Jupiter TGA.

Results and discussion

O2 concentration distribution

The magnetically induced variation in the spatial distribution

of paramagnetic O2 is measured at 21% oxygen content as a

FIGURE 1
(A) Magnet arrangement, (B) test location of magnetic field, and spatial gradient distribution of (C) × 50 mm × 50 mm ×30 mm, (D) 50 mm ×
50 mm × 10 mm magnet.
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representative. The gas is assessed on the centerline and

boundary of the flame at the height above the burner HAB =

15, 25, and 35 mm by an online detection system. The O2

concentration increases along with the flame centerline with

the upward-increasing gradient magnetic field, especially at

HAB = 15 mm, the oxygen content is significantly higher than

that of the flame without the magnetic field. The gradient

magnetic field causes the O2 concentration to drop

significantly along the flame boundary. The change in O2

concentration along the flame centerline and boundary at

different flame conditions are shown in Supplementary Figure

S1. It is found that in the upward-increasing gradient magnetic

field, O2 moves toward the flame center due to its paramagnetic

susceptibility. Therefore, it can be inferred that paramagnetic OH

radicals also shift to the flame center with the magnetic field.

Soot mass

Table 2 lists the soot mass in the flames collected by the

quartz plate at HAB = 40 mm. The flame with a 21% O2

concentration and no magnetic field has the lowest soot

production of 9.2 mg, while the flame with an oxygen

concentration of 31% under the influence of a strong

magnetic field produces the highest soot mass, 29.5 mg. It is

found that increasing the oxygen concentration leads to

increased soot formation. Under the same O2 concentration

conditions, the soot mass also increases with the increasing

magnetic field. This may be because the fuel generates

charged particles during the pyrolysis process and is in the

form of ions or ion clusters. When a certain magnetic field is

applied, these ions or ion clusters are affected by the Lorentz force

and changed from the original disordered Brownian diffusion

motion to an ordered upward motion (Yamada et al., 2003b). As

a result, the enhanced combustion increases the maximum flame

temperature and promotes soot formation. After HAB = 10 mm,

the soot mass increase is dominated by the agglomeration

between soot particles.

Soot morphology

Figure 2 shows the typical TEM images of soot under

different flame conditions. The soot particles generated by the

ethylene inverse diffusion flame with a 21% O2 concentration

have irregular liquid-like protrusions, which are mainly caused

by the condensation of soot precursors like polycyclic aromatic

hydrocarbons (PAHs) on the surface of solid particles (Alfè et al.,

2009). When the upward-increasing gradient magnetic field is

applied, the liquid-like substance increases and the protrusions

transform into a sheet-like structure. The particle size of the soot

decreases without an external magnetic field when the oxygen

content increases to 26%. The particles cluster highly together

and individual particles are difficult to distinguish from one

another. The solid properties of the particles are more evident

than those with low oxygen content. For F2-10 and F2-30

conditions, the clustered soot is wrapped in liquid-like

material, and the larger coverage area of the liquid material

can be observed with the larger magnetic field.

When the oxygen ratio is 31%, the agglomerated soot

particles contain an increased number of primary soot

TABLE 1 The detailed flame conditions.

Flame notation Magnetic field (mm) Oxidizer (mol%) Gas flow rate (l/min)

C2H4 N2 (dilution) Oxidizer N2 (shield)

F1-0 — 21% O2+79% N2 0.7 0.7 0.7 13

F1-10 50 × 50 × 10

F1-30 50 × 50 × 30

F2-0 — 26% O2+74% N2

F2-10 50 × 50 × 10

F2-30 50 × 50 × 30

F3-0 — 31% O2+69% N2

F3-10 50 × 50 × 10

F3-30 50 × 50 × 30

TABLE 2 Soot mass collected by quartz plate (Unit: mg).

O2 ratio 21% 26% 31%

Magnet (mm)

— 9.2 ± 0.4 19.6 ± 0.6 26.8 ± 1.2

50 × 50×10 10.6 ± 1.2 22.5 ± 0.9 27.4 ± 2.2

50 × 50×30 10.7 ± 0.6 23.6 ± 2.4 29.5 ± 3.1
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particles compared to low oxygen concentrations. After adding

an upward-increasing gradient magnetic field, the morphology is

still a cluster of hundreds or thousands of nearly spherical

elementary particles, but the particle edges are slightly blurred.

From the above TEM images, it can be found that with increasing

oxygen concentration, the content of liquid-like substances

decreases and the agglomeration degree increases. When an

upward-increasing gradient magnetic field is applied, the

surface of the particles grows slowly due to the low flame

temperature in the primary region. Moreover, collisions and

condensation occur between the particles, and the PAHs covered

on the surface increase.

Soot nanostructure

To further obtain the nanostructure of the soot, the yellow

circle areas shown in Figure 2 are magnified by HRTEM. Figure 3

presents the typical HRTEM images of soot. Those with long,

straight, ordered, and regularly arranged fringes represent a

higher degree of carbonization, while the curved, disordered,

and randomly distributed fringes stand for a lower degree of

maturity (Ying and Liu, 2017). The soot particles in the F1 flame

show a disordered structure, in which no clear center is found

and the direction of the fringes is random. The degree of the

fringe disorder increases with the increasing magnetic field.

For the soot in the F2 flame, the arrangement of the inner

fringes becomes more ordered, and different-sized outer shells

are formed, which shows a typical fullerene-like structure. This is

mainly because the total flame temperature increases with

increasing oxygen ratio. The oxidation reaction causes the

PAH layers stacked on the particle surface to be oxidized and

aggregate several particles to form new condensed soot particles.

However, for F2-10 and F2-30 conditions, the inner part also

exhibits a fullerene-like structure consisting of partially curved

fringes, but the outer shells are relatively disordered. This

FIGURE 2
Typical TEM images of soot in flames with different magnetic fields.
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variation is mainly because the paramagnetic force acting on the

O2 and OH radicals changes their movements after the

application of an upward-increasing gradient magnetic field.

While the oxidant side of the inverse diffusion burner is

located in the center, the oxygen diffusion to the fuel side

becomes poor. Therefore, the surface growth rate of the soot

is slowed down and the degree of carbonization is relatively low.

Compared with the soot in the F2 flame, the fullerene-like

nanostructure of the soot particles in the F3 flame is more

obvious and frequent. The center is more defined and the

outer shell is composed of longer and more ordered fringes.

This is because the soot particles grow faster in the high-

temperature reaction region with 31% O2 content and the

fringes are relatively long and straight. However, even when

an external magnetic field is applied, the nanostructure observed

by the naked eye is not significantly changed.

To further compare the differences in the soot

nanostructure quantitatively, the skeletonized images of the

typical HRTEM images are shown in Figure 4. The extracted

fringe length and tortuosity are calculated and the average

values are listed in Table 3. The detailed distribution of

fringe length and tortuosity and mean value of soot particles

under different flame conditions are presented in

Supplementary Figure S2. For the F1 flame, the average

fringe length is 0.93 nm, and 61% of the fringes are less than

1 nm. When an upward-increasing gradient magnetic field is

arranged, the mean fringe length decreases with the increasing

magnetic field, and the minimum average fringe length is

0.91 nm for F1-30 soot. The average fringe length of the soot

produced by the flame with 26% oxygen concentration is longer

and the fringes are mainly concentrated in the range of

0.8–1.0 nm. In the magnetic field flame, the fringe length

decreases slightly and is mainly distributed between 0.7 and

0.9 nm. The mean fringe length of the soot reaches the

maximum value of 1.01 nm in flame with 31% oxygen

content. The fringe distribution range is wide, with 47.6%

fringes longer than 1 nm. With the increasing magnetic field,

the average fringe length decreases at the same oxygen content,

FIGURE 3
Typical HRTEM images of soot in flames with different magnetic fields.
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and the shortest fringe length is 0.97 nm for the soot in the F3-

30 flame. In an environment with sufficient oxygen, the fringes

are susceptible to oxidation and the arrangement is more

regular, so the average fringe length increases. However, with

an upward-increasing gradient magnetic field, the

paramagnetic force inhibits the diffusion and convection

movement of O2 to the flame side (Yamada et al., 2003),

thus retarding the nucleation and surface growth of soot

particles. The lower degree of carbonization further influence

the fringe arrangement and length.

The change of fringe tortuosity is exactly opposite to the

fringe length. The average value of the fringe tortuosity is

F1<F1-10 < F1-30 in the order from small to large with 21% O2

concentration. The stacking sequence of the fringes is

disordered as shown in Figure 4. The fringes are short and

FIGURE 4
Skeletonized output images of the typical HRTEM images.

TABLE 3Mean fringe length and tortuosity with standard deviations of
the soot.

Flame Fringe length (nm) Fringe tortuosity

F1-0 0.93 ± 0.02 1.37 ± 0.01

F1-10 0.92 ± 0.05 1.38 ± 0.02

F1-30 0.91 ± 0.04 1.38 ± 0.01

F2-0 0.99 ± 0.08 1.26 ± 0.02

F2-10 0.96 ± 0.03 1.27 ± 0.03

F2-30 0.95 ± 0.04 1.28 ± 0.02

F3-0 1.01 ± 0.04 1.20 ± 0.03

F3-10 0.99 ± 0.04 1.23 ± 0.01

F3-30 0.97 ± 0.05 1.24 ± 0.02
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curved. When 26% O2 is added, the mean fringe tortuosity

decreases, and the average fringe curvatures corresponding to

the conditions of F2, F2-10, and F2-30 are 1.26, 1.27, and 1.28,

respectively. The fringe tortuosity of soot particles without a

magnetic field at 31% oxygen concentration is the smallest,

1.20. The fringe tortuosity increases slightly with the upward-

increasing gradient magnetic field. It is evident that the fringe

length is negatively correlated with the fringe tortuosity: the

longer the fringe length, the smaller the tortuosity.

Soot graphitization degree

Table 4 gives the (002) peak diffraction value of the soot. The

soot all shows broadened diffraction peaks near 24° as the XRD

spectra are shown in Figure 5. Since XRD is more sensitive to

crystalline substances, it shows that all samples belong to an

amorphous structure. The closer the diffraction angle of the (002)

peak near 25°, the higher the degree of graphitization of soot

particles. Combined with the offset of the (002) peak in Table 4,

the peak position approaches 25° as the oxygen concentration

increases, indicating that the graphitization degree of soot

particles is enhanced and relatively more mature. At the same

O2 ratio, when the upward-increasing gradient magnetic field

increases, the overall peak position shifts to the smaller side. The

results show that the effect of the magnetic field significantly

TABLE 4 Peak diffraction values of θ002 of the soot.

O2 ratio 21% 26% 31%

Magnet (mm)

— 24.2683 24.6717 24.8733

50 × 50 × 10 24.1171 24.5204 24.7221

50 × 50 × 30 23.9658 24.3692 24.5708

FIGURE 5
XRD spectra of soot in different magnetic fields. (A) Without magnetic field, (B) 21% O2, (C) 26% O2, (D) 31% O2.
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reduces the graphitization degree of soot, which is consistent with

the results of nanostructure analysis.

Soot oxidation reactivity

Figure 6 shows the weight loss curves of the soot at a

constant temperature of 500 °C. The greater the slope of the

curve, the faster the oxidation rate. As O2 concentration

increases in the flames, the oxidation rate of the soot

gradually slows down shown in Figure 4A. Considering the

weight loss curves in Figure 4B, the time required for soot

generated in flames F1, F1-10, and F1-30 to consume 90% of

their mass is 37.32, 32.30, and 30.82 min, respectively. The

oxidation reactivity of soot is enhanced by the application of

the upward-increasing gradient magnetic field. When the O2

ratio increases to 26 and 31%, the effects of the magnetic field

on the oxidation reactivity of soot are relatively weakened. The

time required for the soot produced in F3, F3-10, and F3-30

flames to oxidize to 90% of their mass is 51.34, 48.5, and

47.9 min, respectively.

The oxidation results show that the higher the proportion of O2

added to the flames, the greater the influence in reactivity to the soot.

When an upward-increasing gradient magnetic field is applied, the

oxidation reactivity of soot is significantly enhanced at 21% O2

content, whereas the effect of the magnetic field is relatively weak

when the O2 concentration is increased to 31%. This is because, at

21% O2 content, the effects of the magnetic field have a greater

influence on the direction ofmovement ofO2 andOHradicals, which

lowers the flame temperature and inhibits nucleation and surface

growth of soot. Therefore, the soot is nascent with the magnetic field,

resulting in a low graphitization degree and high oxidation reactivity.

When the O2 concentration continues to increase to 31%, the ability

to diffuse is strong due to the highO2 content in the flame center, and

the paramagnetic force generated by the magnetic field is relatively

weak. The combined effects cause a slight change in soot reactivity.

FIGURE 6
TGA results of soot in different magnetic fields, (A) without magnetic field, (B) 21% O2, (C) 26% O2, (D) 31% O2.
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Conclusion

This study investigates the effects of the upward-increasing

gradient magnetic field on the soot properties in the ethylene

inverse diffusion flames with different oxygen concentrations,

including soot morphology, nanostructure, graphitization

degree, and oxidation reactivity experimentally. The main

results are summarized as follows:

1) The graphitization degree of soot with larger O2 content is

higher. The soot shows an amorphous carbon structure at

21% O2 concentration, while fullerene-like structures appear

with increasing oxygen content. The soot fringe length

decreases and the fringe tortuosity increases with the

upward-increasing gradient magnetic field.

2) The magnetic field has the greatest effect on the oxidation

reactivity of soot produced in the flame with 21% O2

concentration, and the oxidation rate is significantly

accelerated. The effect of the magnetic field is relatively

weak for the soot from the flame with 31% O2 content.

3) The upward-increasing gradient magnetic field influences the

flame structures mainly by affecting the movement of the

paramagnetic O2 and OH radicals, which subsequently

changes the soot properties.
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