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As soot particles from incomplete combustion of fossil fuels pose a great threat

to human health, the development of low-carbon or zero-carbon alternative

fuels is essential to mitigate climate change. An experimental and numerical

study on the pyrolysis properties of ammonia and ethylene mixtures is

conducted, focusing on the properties of soot generated by pyrolysis under

different conditions and the coupling relationship between soot properties and

soot precursors. The results show that the graphitization degree of soot

particles generated at higher pyrolysis temperatures is enhanced, but the

oxidation reactivity is decreased. When ammonia is blended, the

graphitization of soot decreases and the oxidation reactivity increases. The

peak mole fractions of soot precursors are negatively correlated with the

graphitization degree of soot particles as the temperature increases.
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Introduction

Global environmental problems are becoming increasingly serious as countries

industrialize. The incomplete combustion of hydrocarbon fuels inevitably generates

soot particles, which negatively affect the environment and climate system and pose a

great threat to human health, making the development of environmentally friendly and

sustainable alternative fuels essential.

In the context of carbon peaking and carbon neutrality goals, there is an urgent need to

develop some environmentally friendly alternative fuels, such as hydrogen, ammonia, and bio-

derived oxides (Zheng et al., 2015). Ammonia (NH3) is a carbon-free fuel with early

application in agriculture and a long history of mass production, mainly as fertilizer for

intensive farming, so its production, storage, and transportation systems are more mature,

which provides a good basis for the application of ammonia (Chen et al., 2020). In addition,

ammonia has the advantages of high energy density, good economy, safety, and reliability, so it
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has a very broad application prospect. However, pure ammonia is

difficult to burn and has a narrow ignition range, so traditional

hydrocarbon fuels are considered for blending with it.

In recent years, scholars have conducted a lot of research on

the combustion characteristics, combustion mechanism, and

combustion pollutant emission of ammonia, and some results

have been achieved. Experimental and simulation research is

conducted to assess the effects of the addition of hydrogen on

ammonia combustion characteristics and the NOx generation

(Lee et al., 2010). The effects of NH3/CH4 molar ratio (R) on

flame temperature and mole fraction of each substance are

investigated, meanwhile, a new combustion mechanism that

can correctly predict the concentration distribution of

intermediates and products is proposed (Tian et al., 2009). A

further mechanism is proposed to show the NH3 oxidation

process and predicted the maximum velocity reaction of

laminar combustion rate (Han et al., 2020). Studying the

combustion mechanism of ammonia can help to verify or

develop NH3 mixed combustion mechanisms for complex

fuels, on the other hand, challenges such as low combustibility

of ammonia and NOx emissions are expected to be overcome by

knowledge of combustion kinetics and chemistry (Kobayashi

et al., 2019). Both the physical and chemical properties of soot

extracted from toluene flames depend on the fuel flow (Peña

et al., 2017). The characteristics of ethylene/ammonia mixture

counterflow diffusion flame are investigated, and it is observed

that the soot volume fraction (SVF) and the average soot

diameter decrease with the addition of ammonia (Zhou et al.,

2022). The effects of butanol isomers as fuel-side additives on the

microstructure and reactivity of soot are investigated in ethylene

normal and inverse diffusion flames (Ying and Liu, 2017).

Studying the microstructure and reactivity of soot helps to

better understand the soot formation process and develop

efficient soot emission reduction technologies.

The generation of soot during the pyrolysis of zero-carbon fuel

ammonia and conventional hydrocarbon fuels mixture still needs

further investigation. The study aims to analyze the influences of

ammonia on the important soot precursors and the properties of

soot generated by pyrolysis, expecting to provide experimental

reference and theoretical support for the practical application of

ammonia energy and control of combustion pollutants. Based on the

flow tube pyrolysis experimental system, the soot generated under

different pyrolysis conditions is collected, and the graphitization

degree and oxidation reactivity of the soot are analyzed by Raman

and TGA, respectively. To obtain the coupling relationship between

soot yield, the concentration distribution of soot precursors, and the

soot properties, the pyrolysis process is simulated by CHEMKIN.

Research system and methodology

The flow tube pyrolysis experimental system in this study is

the same as the previous work (Zang and Liu, 2021). A high-

temperature tube furnace is used to provide a stable high-

temperature reaction environment for fuel pyrolysis. The tube

length is 600 mm and the inner diameter is 45 mm. During the

experiment, argon gas is used as the protective gas and a high

precision digital mass flow controller, model CS200A, is used to

monitor the gas flow rate instantaneously and control the gas

flow rate accurately.

The most common hydrocarbon, ethylene, is selected as the

base fuel. Ethylene is an important component of many

hydrocarbon fuels and also an important intermediate product

generated by pyrolysis, a large amount of research data has been

accumulated. The blending ratio of ammonia is set at 40%. To

investigate the effect of pyrolysis temperatures on soot properties,

two different reaction temperatures of 1323 and 1423 K are set.

When the temperature has risen to the set value, the fuel starts to

pass through the tube furnace for pyrolysis, and the reaction time

is set to 60 min. The detailed pyrolysis conditions are shown in

Table 1.

The soot samples are collected by deposition sampling

method. The soot particles are collected from the glass fiber

filter membrane which is located at the outlet of the flow tube,

and the soot mass is weighed by comparing the filter membrane

mass before and after the pyrolysis process. The characterization

methods are the same as the previous studies (Ying and Liu,

2018). Briefly, the graphitization degree of the soot is analyzed by

Raman and the soot oxidation reactivity is tested by TGA.

To further understand the process of carbon soot generation,

the CHEMKIN/PFR is used to carry out the pyrolysis chemical

reaction kinetic simulations. The mole fraction distribution of

important soot precursors can be calculated to investigate the

relationship between soot properties and soot precursors. The

simulations are performed using a kinetic mechanism, the A-G

mechanism, for the ammonia chemical reaction that has been

validated in the literature (Zhou et al., 2022). The mechanism

combines a comprehensive nitrogen chemistry model (Glarborg

et al., 2018) with the AramcoMech mechanism, and the detailed

mechanism contains 966 reaction components and

4,678 primitive reactions, which can be applied well to the

present study.

Results and discussion

Soot mass

By analyzing the soot mass collected under different

conditions, the effects of pyrolysis temperature and ammonia

blending on soot formation can be found. Table 2 lists the soot

mass under different conditions. Pyrolysis of ethylene blended

with ammonia at 1323 K has the lowest soot production of

18.8 mg. For pure ethylene pyrolysis, the soot mass at 1423 K

is 1.21 times higher than that at 1323 K. For ethylene blended

with ammonia pyrolysis, the soot mass at 1423 K is 1.95 times
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higher than that at 1323 K. It is found that increasing the

temperature leads to increased soot formation, furthermore,

the effect of temperature on soot formation after blending

with ammonia is exacerbated. At 1323 K, the soot generation

after ammonia blending accounts for 30% of that in pure

ethylene. At 1423 K, the soot generation after blending is

48.6% of that in pure ethylene. It shows that ammonia

blending has a significant inhibiting effect on soot formation,

and the inhibiting effect is stronger at low temperatures.

Analysis of soot graphitization degree

The microstructure of soot is tested by Raman spectroscopy,

and the 5-peak fitting method (Sadezky et al., 2005) is used for

the analysis of Raman spectra. The G band located near

1580 cm−1, D1(D) band located near 1350 cm−1, D2 and

D4 bands located at about 1620 cm−1 and 1180 cm−1 are all

fitted with Lorentz function, and D3 band located near

1500 cm−1 is fitted with Gaussian function. Figure 1 shows the

first-order region of the Raman spectra and the split-peak fitting

curves of pyrolysis-generated soot under each condition. The

variation between the G and D bands is most obvious in

Figure 1B, indicating that the soot generated by pure ethylene

pyrolysis at 1423 K is the most graphitized.

Since the G band is a graphitic band and D1 band is a

disordered band, the ratio of the intensity of D1 bend and G band

is used to characterize the degree of graphitization and internal

structural orderliness of soot (Al-Qurashi and Boehman, 2008).

In addition, ID/IG is inversely proportional to the more graphitic

structure aromatic islands (Commodo et al., 2017), which

enlarges with increasing amorphous and disordered carbon

(Ess et al., 2016). Figure 1 also gives the ID/IG value of the

soot. As the temperature increased from 1323 to 1423 K, the ID/

IG values reduced by 1.6 times for pure ethylene pyrolysis and

1.6 times for ammonia blending pyrolysis, respectively,

indicating that the temperature had a significant influence on

soot graphitization degree. With the increasing temperature, the

graphitization degree of soot increases, which may be because the

soot particles generated by pyrolysis under high temperature

undergo significant carbonization, thus reducing the amorphous

carbon content and enhanced the structural orderliness (Ferreira

et al., 2010). The effect of ammonia blending on the ID/IG values

can be ignored compared to temperature, and the ratio increased

slightly after ammonia blending. From the analysis of the first-

order region of the Raman spectra and split-peak fitting curves of

soot and the ID/IG values, it can be concluded that the soot

generated at higher pyrolysis temperatures has a higher

graphitization degree and the degree of graphitization

decreases after ammonia blending.

Analysis of soot oxidation reactivity

The reactivity of soot is characterized by a thermogravimetric

analyzer (TGA). Figure 2 shows the weight loss curves of the

TABLE 1 Pyrolysis conditions.

Condition NH3 ratio (%) Gas flow rate (ml/min) Temperature(K)

NH3 C2H4 Ar

1 0 0 20 980 1323

2 0 0 20 980 1423

3 40 8 12 980 1323

4 40 8 12 980 1423

TABLE 2 Yield of soot under different conditions.

Condition Fuel Temperature(K) Filter membrane
mass (g)

Filter membrane
mass after
pyrolysis (g)

Soot mass
(g)

1 100%C2H4 1323 0.1183 0.1809 0.0626

2 100%C2H4 1423 0.2386 0.3141 0.0755

3 60%C2H4+40%NH3 1323 0.1239 0.1427 0.0188

4 60%C2H4+40%NH3 1423 0.1184 0.1551 0.0367
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pyrolysis-generated soot at a constant temperature of 500°C. The

larger slope of the curve indicates a faster oxidation rate. Taking the

low-temperature condition of pure ethylene pyrolysis as the base

condition, it can be seen that the order of oxidation rate from largest

to smallest is as follows: pyrolysis of ammonia and ethylenemixtures

at 1323 K is the fastest, the base condition, then soot generated by

pyrolysis of ammonia and ethylene mixtures at 1423 K, and the

oxidation rate of soot produced by pyrolysis of pure ethylene at

1423 K is the lowest. In summary, with the increase in pyrolysis

temperature, the oxidation rate of the soot slows down. After

blending with ammonia, the oxidation rate of soot increases.

There is often a strong link between the soot oxidation

reactivity and soot microstructure (Vander Wal et al., 2010).

Coupling the results of Raman tests with TGA tests, it can be

found that the ID/IG values characterizing the soot graphitization

increase when the pyrolysis temperature decreases, in other

words, the degree of graphitization as well as the structural

orderliness of soot decreases and the oxidation reactivity

increases. In addition, soot graphitization enhances and the

oxidation rate decreases when ammonia is mixed.

FIGURE 1
First-order Raman spectra and split-peak fitting curves of soot from different conditions, (A) 1323 K, (B) 1423 K of pure ethylene pyrolysis, (C)
1323 K, (D) 1423 K ethylene-doped ammonia pyrolysis.

FIGURE 2
Oxidation curves for different pyrolysis conditions generating
carbon soot particles at 500°C.
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Analysis of coupling between soot
properties and pyrolysis gas phase
chemistry

The investigation of the relationship between the

concentration distribution of important soot precursors and

the soot properties is conducive to furthering our

understanding of soot formation. The peak mole fractions of

some soot precursors, including A1 (benzene), A2 (naphthalene),

A3 (anthracene), and A4 (pyrene), are coupled to the ID/IG values

of Raman spectra. The coupling results are shown in Figure 3.

Polycyclic aromatic hydrocarbons (PAHs) are important soot

precursors. A1 is the simplest cyclic aromatic hydrocarbon

produced during combustion. Related studies show that the

benzene ring is the basis for the growth of PAHs (Wang, 2011;

Dobbins, 2017), which grows through cyclization to produce stable

PAH molecules. The HACA mechanism describes the growth

process of PAHs and finally generates soot through a series of

reactions (Frenklach, 2002). Therefore, the mole fraction

distributions of A1, A2, A3, and A4 are selected. It is essential

to study the generation pattern of important soot precursors under

different pyrolysis conditions to control the soot mass.

As shown in the xy plane in Figure 3, the x-axis represents the

temperature and the y-axis represents the peak mole fractions of

soot precursors, the peak mole fractions of A1, A2, A3, and

A4 show a common trend. As the temperature increases, the peak

mole fractions of A1, A2, A3, and A4 all decrease. At the same

temperature, the peak mole fractions of soot precursors produced

by the pyrolysis of ethylene and ammonia mixtures are lower

than those produced by the pyrolysis of pure ethylene. This

pattern indicates that the addition of ammonia can effectively

reduce the production of some soot precursors.

The z-axis represents the ID/IG value, which shows that the

peak mole fraction of each soot precursor tends to change with

temperature in the same way as the ID/IG value, both decrease with

the increasing temperature. The ID/IG value reflects the

graphitization degree and the structural orderliness of the soot.

Based on the above discussion, it can be inferred that the higher the

peak mole fractions of A1, A2, A3, and A4, the weaker the soot

graphitization and the stronger the oxidation reactivity of soot.

Conclusion

This study investigates the soot properties generated by pyrolysis of

ammonia and conventional hydrocarbon fuel ethylene mixture at

different temperatures by a combination of experiments and

simulations, and the relationship between the soot gas-phase

chemistry and soot properties is further analyzed. The main results

are summarized as follows:

FIGURE 3
Coupling plots of peak mole fractions of A1, A2, A3, and A4 with ID/IG obtained from simulations of different pyrolysis conditions: (A) A1, (B) A2,
(C) A3, (D) A4.
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1) Temperature has a significant effect on the graphitization and

oxidation reactivity of soot generated by pyrolysis. The soot

generated at higher pyrolysis temperature has higher

graphitization degree and lower oxidation reactivity. When

blending ammonia, the soot graphitization is decreased and

the oxidation reactivity is enhanced.

2) When blending ammonia, the peak mole fractions of soot

precursors including A1, A2, A3, and A4 all decrease, the soot

graphitization degree reduces, and the oxidation reactivity enhances.
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