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Abstract: Solid propellants have significant applications in aerospace, and improving their 
combustion performance has become a hot research topic in recent years. Carbon black (CB) has 
been widely used in the field of catalytic pyrolysis due to its low cost, controllable morphology, and 
ease of modification. Herein, we first investigates the structure-activity relationship between the 
physicochemical properties of nine types of CB with a particle size range of 1-15 μm and a mass 
fraction of 5%, including oil absorption value, compression oil absorption value, and oxygen 
content, and the catalytic pyrolysis of ammonium perchlorate (AP), concluding that the function 
relationship between oil absorption value and high-temperature peak is Y1=1032.67-9.618x+0.038x2, 
the function relationship between compression oil absorption value and high-temperature peak is 
Y2=145.537+62.365ln(x), and the function relationship between oxygen content and high-
temperature peak is Y3=e(6.085-0.02/x). Based on these, we further uses coal tar, which is abundant in 
sources, as the raw material to prepare five types of coal-based CB marked as CB1-CB5 at pyrolysis 
temperatures of 1000~1800 ℃. The relative error between the actual peak value and the predicted 
value of the CB/AP composite particles is less than 5%, proving that the peak temperature model of 
CB/AP composite particles can guide actual production. This study contributes to promoting CB 
application in improving the catalytic pyrolysis performance of ammonium perchlorate and 
enhancing the high added value utilization of coal-derived products. 

Keywords: carbon black; structure-activity relationship; ammonium perchlorate; catalytic pyrolsis 
 

1. Introduction 

In recent years, solid propellants have been widely used in aerospace. Some scholars have 
improved their performance by adjusting compositions and optimizing preparation processes, while 
others have enhanced their performance by using additives [1–5]. The commonly used propellant is 
ammonium perchlorate (AP), which plays a crucial role as a high-energy oxidizer in propellants, and 
its thermal decomposition performance directly determines the combustion performance of the 
propellant [6–8]. Common methods to regulate the thermal decomposition characteristics of AP 
include refining the particle size of AP and introducing catalysts [9–14]. However, due to the risks 
associated with refining AP, more and more control over pyrolysis performance is achieved by 
introducing catalysts into AP. 

Carbon black (CB), due to its low production cost, significant performance, and wide availability 
and ease of modification, has been widely used in the field of catalysts [15,16]. The types of CB 
(conductive CB, acetylene black, coal-based CB, specialty CB, etc.) and the structure of CB (particle 
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size, oil absorption value, iodine absorption value, specific surface area, etc.) have different effects on 
the combustion performance of propellants. For example, acetylene black helps stabilize the burning 
rate, while medium-superior CB may lead to a decrease in burning rate. The finer the CB particle size, 
the higher the platform burning rate of the propellant, which can even trigger platform or Maisha 
combustion phenomena [17]. CB with a high specific surface area can provide more active sites, 
promoting the thermal decomposition of the propellant [18]. The raw materials for CB production 
are mainly divided into three categories such as coal, petroleum, and biomass [19]. Coal tar is a 
byproduct of the coal processing process, containing a high level of aromatics and polycyclic aromatic 
hydrocarbons. CB produced from coal tar has characteristics such as high hardness, high density, 
large specific surface area, and environmental friendliness [20–22]. Although CB has been proven to 
be an effective combustion catalyst for AP thermal decomposition, there has been little research on 
the structural properties of coal-based CB and their impact on AP thermal decomposition, and the 
reported methods for preparing CB suitable for catalytic performance are often complex and 
uneconomical. Therefore, studying the relationship between the structural properties of coal-based 
CB and AP combustion performance is meaningful, as it can provide reference data for the selection 
and development of efficient catalysts in AP-based propellants. Simultaneously researching simple 
and economical methods to achieve stable preparation of CB with excellent catalytic performance has 
enormous economic value. 

In this paper, we first studies the functional relationships between the oil absorption value, 
compression oil absorption value, oxygen content, and the catalytic pyrolysis of nine types of CB [23–
27]. On these basis, we further uses coal tar as the raw material to prepare five types of coal-based 
CB1-CB5 at pyrolysis temperatures of 1000-1800 ℃. This study finds that a suitable CB quality index 
system can provide theoretical support for stabilizing propellant performance, establishes the 
structure-activity relationship between CB structure and catalytic performance, promotes the 
application of coal-based CB in catalysts, and demonstrates its advantages in catalytic performance 
regulation, providing feasible suggestions for its actual production and process optimization. 

2. Materials and Methods 

2.1. Reagents and Materials 

CBa, SJR-30, Shanghai Coking Co., Ltd.; CBb, ST-Special, Suzhou Baohua Carbon Black Co., Ltd.; 
CBc, Special Black-1#, Suzhou Baohua Carbon Black Co., Ltd.; CBd, Zhongchao; CBe, C111, Shanghai 
Coking Co., Ltd.; CBf, Zhongxiang 550, Shandong Zhongxiang New Materials Co., Ltd.; CBg, Cabot 
550, Wuhan Jinqiu New Materials Co., Ltd.; CBh, Tower Two Chemical 770, Jiangxi Black Cat Carbon 
Black Co., Ltd.; CBi, Bola 660, Liaoning Bola Carbon Black Co., Ltd.; Coal tar A, Ma’anshan Iron and 
Steel Co., Ltd.; Ammonium perchlorate, analytical grade, Xi’an Modern Chemical Research Institute; 
Anhydrous ethanol, analytical grade, Shandong Yivi Chemical Co., Ltd. 

Electronic balance FA2004N Shanghai Precision Scientific Instruments Co., Ltd.; Infrared 
analyzer NICOLET6700FT-IR ThermoFisher, USA; Elemental analyzer Vario ELⅢ Elementar 
Analysensysteme GmbH, Germany; Mercury porosimeter Autopore Ⅳ 9510 Micromeritics, USA; 
Laser confocal Raman spectrometer inVia Renishaw, UK; Thermogravimetric analyzer STA-2500, 
Netzsch Scientific Instruments Trading (Shanghai) Co., Ltd.; Laser particle size analyzer MS2000 
Scirouo Mu Malvern Instruments; Scanning electron microscope JSM-6490, JEOL Ltd.; X-ray 
diffractometer D＆ADVANCE from Bruker, Germany; Tubular furnace 801000 mm Nanjing Boyun 
Tong Instrument. 

2.2. Model Selection 

Using SPSS 27 software to fit curve estimation models, perform model selection, prediction, and 
evaluation. Statistical methods include moving average method, curve estimation, etc., with a 
significance level of α=0.1. 

Curve models include linear models 
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Y=b0+b1x, (1)

secondary models 

Y=b0+b1x+b2x2, (2)

composite models 

Y=b0b1x,  (3)

growth models 

 Y=e(b0+b1x),  (4)

logarithmic models 

 Y=b0+b1ln(x), (5)

cubic models 

Y=b0+b1x+b2x2+b3x3, (6)

S-type models 

Y=e(b0+b1/x), (7)

exponential models 

Y=b0(eb1x), (8)

inverse models 

Y=b0+b1/x, (9)

power models 

Y=b0(xb1). (10)

Indicator coefficient of determination R2: 0 ≤ R2 ≤ 1, the closer to 1, the better the fitting effect of 
the model; P-value: P < 0.1 indicates that the fitted model has statistical significance. Select the best 
curve model through the P and R2 [23]. 

2.3. Calculation 

(1) Calculation of the maximum filling rate of CB. The maximum filling rate is defined as the 
maximum volume fraction of particles in a given matrix, which can be calculated using the following 
relationship for the maximum volume fraction in a random medium [28]: 

Φ=(1+ρD)-1, (11)

Where ρ is the density of CB, D is the oil absorption value, and in this study, the density of all types 
of CB is taken as 1.80 g·cm-3, and the Φ value is related to the yield stress of the CB suspension. 

(2) Calculation of CB particle size analysis. The particle size analysis of CB was conducted using 
a laser particle size analyzer, where D50 represents the particle size at which the cumulative particle 
size distribution reaches 50%, indicating the average particle size of the powder; D97 represents the 
particle size corresponding to the cumulative particle size distribution reaching 97%, indicating the 
particle size index of the coarse end of the powder. 

2.4. CB Preparation Methods 

Coal tar A serves as the carbon source, and compressed air is used as the carrier gas. Special CB 
is prepared using the incomplete combustion method, with suspended CB particles in the gas 
collected using cold water and the tail gas filtered. First, the coal tar is placed in the constant 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 October 2024 doi:10.20944/preprints202410.2011.v1

https://doi.org/10.20944/preprints202410.2011.v1


 4 

 

temperature zone of the tube furnace, with both ends sealed. Compressed air is continuously 
introduced for 30 mins to create a closed turbulent system inside the tube furnace and to evacuate 
other gases [29,30]. Turn on the tube furnace and temperature controller, set the heating program of 
the tube furnace from room temperature to 1000, 1200, 1400, 1600, 1800 ℃ with a heating rate of 5 
℃·min-1. After reaching the set temperature, maintain it for 120 mins, stop the heating program and 
wait for the furnace temperature to cool down to room temperature. Collect the reaction products, 
which will be filtered and washed, and dry them at 60 ℃ for 12 h. The completely dried products are 
named CB1, CB2, CB3, CB4, and CB5. 

2.5. Testing of the Catalytic Performance of CB 

Mix CB with AP in a mass ratio of 5:100, disperse in an appropriate amount of ethanol solution, 
and sonicate for 30 mins. Dry the sample in a 70 °C oven until the ethanol is completely evaporated, 
resulting in a dry sample. Take 5-10 mg of the mixed sample and measure it on the thermogravimetric 
differential thermal analyzer (DTG-60) with the heating rate of 20 ℃·min-1. To ensure the reliability 
of the catalytic performance, each sample was subjected to three DTG and DTA tests. 

2.6. Characterizations 

Transmission electron microscopy (TEM) measurements were performed with JEM-2100 
transmission electron microscope at 100 kV [31,32]. Powder X-ray diffraction (XRD) measurements 
were performed on D＆ADVANCE X-ray diffractometer with Cu Kα radiation and operated at 40 
kV and 40 mA. Nitrogen adsorption/desorption measurements were determined by Micromeritics. 
The Fourier transform infrared (FT-IR) spectrum was recorded using a NICOLET 6700 Fourier 
transform spectrometer in the range 4000-500 cm-1 [32–34]. Thermogravimetric (TG) analysis was 
carried out using a STA-2500 TG/DSC instruments in a temperature range from 25 to 500 °C with a 
rate of 20 °C·min-1. X-ray photoelectron spectroscopy (XPS) was performed with an American Thermo 
ESCALAB250 electron spectrometer using Al K irradiation [31]. The Micromeritics ASAP 2020 
nitrogen adsorption apparatus was used to measure the N2 adsorption and desorption isotherms at 
-195 °C. The specific surface area and the pore size distribution of the sample were determined using 
the Brunauer-Emmett-Teller (BET) equation and the Barrett-Joyner-Halendar (BJH) method. Crystal 
phase of the sample was analyzed by powder X-ray diffraction (XRD) with Cu Kα radiation within 
the 2θ range of 20-80°. 

3. Results 

3.1. Analysis of the Physicochemical Parameters of CB 

3.1.1. Analysis of the Structural Parameters of CB 

The commonly used methods for determining the specific surface area and structural degree of 
CB are the measurement of iodine absorption value and oil absorption value (DBP), where the 
measured iodine absorption value is directly proportional to the specific surface area of CB, and the 
measured oil absorption value is directly proportional to the structural degree of CB [35–39]. From 
Table S1, it can be seen that the iodine absorption value of CBa-CBj ranges from 119 to 161 g·kg -1, the 
oil absorption value ranges from 110×105 to 140×105 m3·kg-1, the compression oil absorption value 
ranges from 93×105 to 110×105 m 3·kg-1, the nitrogen adsorption specific surface area ranges from 
98×10-3 to 135×10-3 m 2·kg-1, and the oxygen content ranges from 0.7% to 5.1%. The iodine absorption 
value of CB decreases, and the oil absorption value decreases accordingly. The reason is that the 
smaller the particle size of CB, the larger its specific surface area, which can adsorb more iodine. The 
measured iodine absorption value is higher, and the smaller the particle size of CB, the higher its 
surface energy and stronger surface adsorption, making it easier for CB to aggregate together and 
form a structurally higher CB [40]. 

Figure S1 shows the particle size distribution and cumulative particle size distribution curves of 
nine types of CB, with D50 of CBa-CBj ranging from 0.23 to 5.93 μm, and D97 ranging from 4.01 to 
14.95 μm. As shown in Figure 1, computer image analysis of the TEM photos of CB indicates that the 
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size of CB aggregates ranges from 60 to 300 nm, and the particle size range of CB is between 1 μm 
and 10 μm. 

  
(a) (b) (c) 

  
(d) (e) (f) 

  
(j) (h) (j) 

Figure 1. TEM of CBa-CBj. 

3.1.2. Analysis of the Combustion Catalytic Performance of CB 

As shown in Figures 2 and 3, to analyze the thermal decomposition performance of CB/AP 
composite particles, the TG, DTG, and DTA thermal decomposition curves of nine CB samples mixed 
with AP were determined. Pure AP exhibits a typical absorption peak around 241 ℃, which 
corresponds to the phase transition process of AP. A typical exothermic peak appeared around 293 
℃, which is the low-temperature decomposition peak of AP, where AP partially decomposes into 
NH3 and HClO4. A typical exothermic peak appeared around 443 ℃, which is the high-temperature 
decomposition peak of AP, where intermediate products generate volatile gases such as N2O, NO, 
H2O, NO2, ClO, ClO3, and HCl. 

As shown in Figure 3 and Table 1, the addition of a small amount of CB has no significant effect 
on the crystal transformation of AP. The effects on the low-temperature decomposition of AP varies, 
among which CBd, CBf, CBg, and CBh increase the low-temperature peak and exhibit the best 
catalytic performance, rising by 90, 86, 92, and 101 ℃, respectively. The nine CB samples all reduced 
the high-temperature decomposition peak, among which CBd, CBe, and CBf exhibited the best 
catalytic performance, reducing by 12, 12, and 18 ℃, respectively. It can be concluded that CB can 
enhance the catalytic performance of AP thermal decomposition. 
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(a) (b) 

Figure 2. (a) TG and (b) DTG images of pure AP and AP/CB composite particles. 

   
(a) (b) (c) 

Figure 3. DTA images of pure AP and AP/CB composite particles. 

Table 1. Peak temperatures of different CBa-CBj mixed with AP. 

Project AP 
AP/CB 

 a  b  c  d  e  f  g  h  j 

D50 - 5.93 2.87 0.23 4.45 3.32 2.05 1.81 1.6 2.38 

R - 0.93 0.91 0.95 0.97 0.98 0.98 0.96 0.99 0.99 

Typical 

absorption 

peak /℃ 

24

1 
241 243 243 243 242 241 243 243 243 

Low-

temperature  

decompositio

n peak /℃ 

29

3 
302 295 296 331 307 327 333 342 299 

High-

temperature  

decompositio

n peak /℃ 

44

3 
434 439 436 431 431 425 434 437 439 

Typical 

absorption 

peak  

- 0 2 2 2 1 0 2 2 2 
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variation 

value /℃  

Low-

temperature 

decompositio

n peak  

variation 

value /℃ 

- 9 54 55 90 66 86 92 101 58 

High-

temperature 

decompositio

n peak  

variation 

value /℃ 

- -9 -4 -7 -12 -12 -18 -9 -6 -4 

3.1.3. Analysis of CB Quality Index System 

1. First item 
Curve estimation 
Based on the data from Table S1 and Table 1, the iodine absorption value, oil absorption value, 

compression oil absorption value, nitrogen adsorption specific surface area, O content, Φ value, etc., 
were used as independent variables, while the low-temperature peak temperature and high-
temperature peak temperature were used as dependent variables. Curve estimation was utilized to 
fit the equations relating the peak temperature of CB/AP composite particles to the physicochemical 
properties of CB, as shown in Table S2 [23]. 

The fitting results show that the curve model with oil absorption value as the independent 
variable and high-temperature peak as the dependent variable has a coefficient of determination 
between 0.5 and 1 with R2 and the P<0.1. The optimal model is the secondary model: 

Y1=1032.67-9.618x+0.038x2. (12)

The compression oil absorption value as the independent variable and high-temperature peak 
as the dependent variable has a coefficient of determination between 0.5 and 1 with R2 and P<0.01. 
The optimal model is the logarithmic model: 

 Y2=145.537+62.365ln(x). (13)

The O content as the independent variable and high-temperature peak as the dependent variable 
has a coefficient of determination between 0.5 and 1 with R2 and P<0.05. The optimal model is the S-
type model: 

Y3=e(6.085-0.02/x). (14)

From Table S2, it can be seen that there is a significant correlation between the oil absorption 
value, compression oil absorption value, and the O content with the catalytic performance of CB/AP 
composite particles. 

Second item 
Key factor analysis 
Based on the above results, an analysis of the structural parameters of nine types of CB was 

conducted. It can be concluded that CB samples with larger specific surface areas and smaller particle 
sizes exhibit better catalytic pyrolysis and acceleration effects. The increase in primary structural 
native particles, reduction in particle aggregates, and increase in surface O-containing functional 
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groups significantly enhance their catalytic combustion effect, which is a key factor in promoting the 
CB platform effect and reducing the pressure index. The pressure index Y value of CBa-CBj on the 
combustion performance measurement platform was analyzed by polynomial fitting with the 
physical structure parameters of CB samples, such as iodine absorption value, oil absorption value, 
specific surface area, O content, etc. [23], and the correlation deviation was as follows: As shown in 
Figure 4, the standard deviations of the iodine absorption value, oil absorption value, specific surface 
area, and O content of the CB samples with respect to the platform pressure index are 0.00135, 
0.00158, 0.00103, and 0.01592, respectively. Therefore, the correlation of the platform pressure index 
of the CB samples with CB is: specific surface area > iodine absorption value > oil absorption value > 
O content. 

  

(a) (b) 

  
(c) (d) 

Figure 4. Correlation between platform index and (a) iodine absorption value (b) oil absorption value 
(c) specific surface area (d) O content of different CB samples added. 

3.2. Analysis of CB Preparation Process 

This paper uses the furnace method to prepare CB, with the newly generated CB particles 
suspended in the flue gas, and after cooling, washing, filtering, drying, and collecting, the finished 
product is obtained [41–44]. According to study the relationship between the pyrolysis temperature 
and structural parameters of homemade CB to construct a regression equation, and derive the 
optimal reaction temperature for furnace preparation. 

3.2.1. Determination of Coal Tar Properties 

CB is produced from C-containing materials through incomplete combustion or thermal 
cracking reactions. The higher the content of polycyclic aromatic hydrocarbons in the raw oil, the 
better the quality and yield of CB [45,46]. Therefore, it is essential to select raw oil with a high content 
of polycyclic aromatic hydrocarbons. 

The FT-IR of coal tar A is shown in Figure 5. The absorption peak generated at 3448 cm-1 
corresponds to the stretching vibration of the O-H. The absorption peak generated around 3050 cm-1 
corresponds to the stretching vibration of the C-H on the aromatic ring. An absorption peak for the 
skeletal vibration of the aromatic ring appears around 1444 cm-1, and the multiple absorption peaks 
related to the out-of-plane bending vibrations of the C-H on the aromatic ring are generated in the 
range of 900 to 650 cm-1, indicating the structural complexity and diversity of aromatic compounds 
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in coal tar. The absorption peak at 1637 cm-1 generated in the surroundings corresponds to the 
stretching vibrations of C=C and C=O on the aromatic ring. The absorption peak at 1187 cm-1 
corresponds to the stretching vibrations of C-O-C bonds in ether and ester O-containing functional 
groups. The absorption peaks generated at 748 cm-1 and 733 cm-1 correspond to the -(CH 2) n- in-
plane rocking vibrations. 

 
Figure 5. FT-IR of coal tar A. 

As shown in Figure 6, the pyrolysis process of coal tar A mainly includes three stages. The first 
stage is the precipitation process, where the weight loss rate of coal tar A is 2.1% due to the 
evaporation of surface adsorbed free water and small molecule aromatic compounds from room 
temperature to 140 ℃. The second stage is the active thermal decomposition stage, because the 
hydrocarbons, carboxylic acids, aromatics, phenols and other organic compounds in the coal tar 
components decompose in large quantities at this time, the weight loss rate reaches the peak, and the 
weight loss rate of coal tar A is 82.4% from 140 to 650 ℃. The temperature range for the third stage is 
650-1000 ℃, which is the high-temperature polycondensation stage, where the main products are 
CO2, CO, and a small amount of CH4, with a weight loss rate of 0.9%. The residual content is around 
10% with most substances decomposed, leaving only a small amount that cannot be decomposed at 
800 ℃. The CB prepared from coal tar contains 18% ash, 75% volatile matter, and 7% fixed carbon. 

  
(a) (b) 

Figure 6. TG（a）and DTG（b）of coal tar A. 

3.2.2. Analysis of the Structural Parameters of CB 

Coal tar A is selected as the carbon source, with compressed air as the carrier gas, to prepare 
special CB using the incomplete combustion method. As shown in Table 2, with the increase of the 
preparation pyrolysis temperature, the iodine absorption value first increases and then decreases, 
reaching a maximum at 1600 ℃, indicating a higher primary structure and the largest specific surface 
area. With the increase of the preparation pyrolysis temperature, the oil absorption value shows a 
general increasing trend, reaching a maximum at 1800 ℃ with the highest structural degree [47]. With 
the increase of the preparation pyrolysis temperature, the O content shows a trend of first increasing 
and then decreasing, reaching a maximum at 1600 ℃. 
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Table 2. Physical and chemical analysis results of special CB prepared at different pyrolysis 
temperatures. 

Project 

Pyrolysis temperatures 

Reference 
1000 ℃ 

CB1 

1200 ℃ 

CB2 

1400 ℃ 

CB3 

1600 ℃ 

CB4 

1800 ℃ 

CB5 

Iodine absorption value 

/(g·kg-1) 
90 112 119 139 145 102 

Oil absorption value 

× 105 /(m3·kg-1) 
110 105 115 131 121 140 

Compression oil absorption value 

× 105 /(m3·kg-1) 
101 92 80 104 100 106 

Nitrogen adsorption specific surface 

area  

× 10-3 /(m2·kg-1) 

104 78 77 110 140 97 

Φ value 0.33 0.34 0.32 0.30 0.31 0.28 

O content (%) - 0.7 1.2 1.6 3.2 2.4 

Figure S2 shows the particle size distribution of CB samples prepared at different pyrolysis 
temperatures. The particle size of the prepared samples mainly ranges from 5-10 μm, with the 
average particle size CB5 > CB1 > CB2 > CB3 > CB4, which is directly proportional to their iodine 
absorption value. CB5 has the smallest specific surface area, the highest structural degree, and the 
largest particle size. CB4 has the largest specific surface area, a relatively large structural degree, and 
the smallest particle size. Therefore, CB4 with a lower particle size and larger specific surface area 
was selected as the sample for acid-base activation treatment in subsequent studies. 

3.2.3. Analysis of the Thermal Catalytic Performance of CB 

By substituting the structural parameter values of CB1-CB5 from Table 2 into the formulas in 
Table S2, the high-temperature peak values of the CB/AP composite particles can be simulated and 
calculated, with high-temperature peaks of 441.73 ℃, 429.15 ℃, 424.83 ℃, 425.25 ℃, and 430.95 ℃, 
and high-temperature peaks of 427.54 ℃, 418.82 ℃, 435.18 ℃, 432.74 ℃, and 436.37 ℃, and high-
temperature peaks of 426.85 ℃, 431.96 ℃, 433.76 ℃, 436.48 ℃, and 435.57 ℃. 

Figure 7 shows the DTA images of pure AP and CB/AP composite particles. The experimental 
results indicate that the first endothermic peak of all particles appears at nearly the same temperature, 
approximately 243 ℃, corresponding to the polymorphic transition of AP, which suggests that the 
addition of a small amount of homemade CB has no significant effect on the polymorphic transition 
of AP. All particles exhibit both low-temperature exothermic peaks and high-temperature exothermic 
peaks, with significant differences in the low-temperature exothermic peaks, indicating that 
homemade CB has a varying impact on the low-temperature decomposition of AP. The low-
temperature exothermic peaks of CB/AP composite particles appear at 295 ℃, 288 ℃, 341℃, 313 ℃, 
361 ℃, 311 ℃, and 384 ℃, respectively. The differences in high-temperature exothermic peaks are 
relatively small, indicating that the homemade CB has a minor impact on the high-temperature 
decomposition of AP. The high-temperature exothermic peaks of CB/AP composite particles appear 
at 429 ℃, 433 ℃, 433 ℃, 439 ℃, and 435 ℃. 

As shown in Table 4, the relative error between the actual values and theoretical values of the 
high-temperature peaks of CB/AP composite particles is small, indicating that the peak temperature 
model formula for CB/AP composite particles can be used to guide the actual production of CB. 
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Figure 7. DTA images of pure AP and AP/CB5 composite particles. 

Table 3. Peak temperatures of self-made CB mixed with AP. 

Project AP 
AP/CB 

1 2 3 4 5 

Typical absorption peak /℃ 241 241 242 241 243 242 

Low-temperature 

decomposition peak /℃ 
293 295 288 341 313,361 311,384 

High-temperature 

decomposition peak /℃ 
443 429 433 433 439 435 

Typical absorption peak  

variation value /℃  
- 0 1 0 2 1 

Low-temperature decomposition 

peak  

variation value /℃ 

- 2 -5 48 20,68 18,91 

High-temperature decomposition 

peak  

variation value /℃ 

- -14 -10 -10 -4 -8 

Table 4. Prediction and actual values of high-temperature peak of self-made CB. 

CB 
Predictive value 

Actual value 
Relative error  

value 1 

Relative error  

value 2 

Relative error  

value 3 Yଵ Yଶ Yଷ 

1 441.73 427.53 426.85 429 2.97% 0.34% 0.50% 
2 429.15 418.82 431.96 433 0.89% 3.27% 0.24% 
3 424.83 435.18 433.76 433 1.89% 0.50% 0.18% 
4 425.25 432.73 436.48 439 3.13% 1.43% 0.57% 
5 430.95 436.37 435.57 435 0.93% 0.32% 0.13% 

3.2.4. CB Preparation Process and Structural Parameter Regression Analysis 

Based on the data from Tables 2 and 3, the pyrolysis temperature is taken as the independent 
variable, while the iodine absorption value, oil absorption value, compression oil absorption value, 
nitrogen adsorption specific surface area, and Φ value are taken as dependent variables. The equation 
relating pyrolysis temperature to the structural parameters of CB is fitted using curve estimation, as 
shown in Table S3 [23]. The fitting results show that the optimal model for the oil absorption value is 
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the S-type model, while the optimal model for the Φ value is the logarithmic model. The 
determination coefficient R2 of the curve model fitted with oil absorption value and Φ value is 
between 0.8 and 1, with P < 0.05. 

As showen in Tables 3, 4 and S3, there is a significant correlation between the pyrolysis 
temperature and the oil absorption value and Φ value in the range of 1000 ℃ to 1800 ℃. With the 
increase of the preparation pyrolysis temperature, the iodine absorption value shows a trend of first 
increasing and then decreasing. The oil absorption value roughly exhibits an S-type function trend 
with 

Y = e(0.952-0.089/x), (15)

and the Φ value roughly exhibits a logarithmic function trend with 

Y = 0.952-0.089ln(x). (16)

4. Discussion 

The gas phase decomposition of AP involves an electron transfer mechanism, resulting in the 
dissociation to produce NH3 and HClO4. Under low temperature conditions, NH3 and HClO4 
adsorbed on the surface of AP crystals react, causing large crystals to fracture into multiple smaller 
crystals, and the reaction restarts on the surface of the small crystals, increasing the reaction surface 
area and accelerating the reaction rate. When the reaction centers on the surface of AP are fully 
covered by NH3, NH3 cannot be completely oxidized, and the decomposition reaction ends. Under 
high temperature conditions, NH3 desorbs releasing the covered reaction centers, and the 
decomposition reaction restarts [48,49]. 

The solid phase AP particles are relatively small, and NH3 will cover the crystal surface at a very 
fast rate, hindering the decomposition reaction, thus the low-temperature decomposition stage 
cannot be observed. Under high-temperature conditions, NH3 and HClO4 desorb into the gas phase, 
generating gaseous NH3(g) and HClO4(g). HClO4(g) then reacts with NH3(g) to produce the final 
product. It can be concluded that the controlling step of the decomposition reaction under high-
temperature conditions is the gas phase reaction [50]. 

From the thermal analysis structure, it can be seen that CB particles and particle aggregates have 
a large number of open pore structures, which are beneficial for the gas phase reaction products after 
AP decomposition to contact the active sites of the catalyst, thereby inducing reactions and promoting 
the thermal decomposition performance of AP. 

 

Figure 8. Thermal decomposition mechanism diagram of CB/AP composite particles. 

5. Conclusions 

This study investigated the structure-activity relationship between the physicochemical 
properties of nine types of CB with oil absorption values, compression oil absorption values, O 
content, etc., in the particle size range of 1-15 μm, and catalytic pyrolysis of AP. It was found that the 
specific surface area, iodine absorption value, oil absorption value, and O content of CB are key 
factors affecting its catalytic AP pyrolysis performance. Consequently, the function relationship 
between oil absorption value and high-temperature peak is Y1=1032.67-9.618x+0.038x2, the function 
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relationship between compression oil absorption value and high-temperature peak is 
Y2=145.537+62.365ln(x), and the function relationship between oxygen content and high-temperature 
peak is Y3=e(6.085-0.02/x). The correlation degree between the platform pressure index of CB samples and 
the structural parameters of CB is specific surface area > iodine absorption value > oil absorption 
value > O content. Using coal tar as raw material, five types of coal-based CB were prepared at 
pyrolysis temperatures of 1000-1800 ℃, and the relative error between the actual and predicted 
values of the high-temperature peak of CB/AP composite particles is less than 5%, proving that the 
CB/AP composite particle peak temperature model can guide actual production. At pyrolysis 
temperatures of 1000-1800 ℃, as the preparation pyrolysis temperature increases, the iodine 
absorption value of coal-based CB shows a trend of first increasing and then decreasing, while the oil 
absorption value roughly exhibits an S-shaped function trend with Y=e(0.952-0.089/x). Therefore, this 
study contributes to guiding the actual production and process optimization of CB, further 
promoting its application in improving the catalytic pyrolysis performance of AP and enhancing the 
high added value utilization of coal-derived products. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org, Figure S1: The particle size distribution and cumulative particle size distribution 
curve of CB(a-j); Figure S2: Particle size distribution of CB samples prepared at different cracking temperatures; 
Table S1: Physical and chemical analysis results of different CB; Table S2. CB/AP composite particle peak 
temperature model formula; Table S3. Self-made CB structural parameter model formula. 
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