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Abstract 

Utilization of asphaltene could be realized with intensified millisecond pyrolysis via thermal plasma. 

Thermal plasma pyrolysis experiments were practiced to prove the feasibility, which showed a 57.9% 

gas yield in ~3.6 ms. Modelling works were carried out to quantitatively investigate the intensification 

under thermal plasma conditions. Larger temperature gradient and gas-solid heat transfer coefficient are 

key factors that contributes to the faster heating rates than conventional fast pyrolysis, especially in 

hydrogen plasma. 
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Large quantities of asphaltenes are generated during 

upgrading processing of heavy crude oil. However, those 

asphaltenes can hardly be transformed to valuable 

chemicals using conventional methods in petrochemical 

industry. Efficient utilization of asphaltenes becomes 

crucial to improve the profit of the entire upgrading 

technology. Generally, asphaltene contains more than 60 

wt% volatile matter, which makes it possible to acquire 

valuable products via thermochemical processes. Different 

from conventional technologies, thermal plasma has the 

features of high enthalpy and high temperature, and thus 

could realize efficient thermal conversion of asphaltene to 

gas products and carbon black. 

In the present work, thermal plasma pyrolysis experiments 

were carried out to prove the feasibility of this process. 

Then a particle-scale model, coupled with the heat transfer 

model and the asphaltene devolatilization kinetic model, 

was introduced to quantitatively investigate the 

intensification under thermal plasma pyrolysis conditions. 

The model is validated first and then used to investigate 

the heat gradient and gas-solid heat transfer behaviors 

under thermal plasma.  

Experimental 

The asphaltene particle sample was provided by Chinese 

University of Petroleum. A 10-kilowatt (maximum) lab-

scale device was used to carry out thermal plasma 

pyrolysis experiments of asphaltene, which can be referred 

in our previous work [1]. Table 1 gives the experimental 

results under different working conditions. The residence 

time of asphaltene particle, which is estimated from the 

reactor size and the gas properties, varies from 3.4 to 3.6 

ms under different operating conditions. Results show that 

the gas yield from asphaltene pyrolysis is 57.9% in Ar/H2 

thermal plasma, and the acetylene yield is up to 45.2%. 

The Ar/H2 thermal plasma shows better pyrolysis 

capability than pure Ar plasma. 

Mathematical model 

A competition kinetic model [2] was used in the present 

work. And the model was further modified and the 

kinetics parameters were refitted according to the 



  
 

asphaltene sample. A particle-scale devolatilization model, 

which was proposed in our previous work [3], was 

adapted to describe particle heating procedures in thermal 

plasma. From the results in Table 1, the simulated results 

match the experimental data well. So the particle-scale 

model can be employed to simulate the pyrolysis 

performance under thermal plasma heating conditions. 

Table 1. Results of thermal plasma pyrolysis 

    case-1 case-2 case-3 

Power kW 1.68 1.33 1.309 

Cathod Ar 
L/min 

8.93 10.19 10.19 

Cathod H2 0.97 0.00 0.00 

Feeding g/min 0.40 0.34 0.46 

temperature K 1625 1565 1520 

C2H2 yield 

wt% 

4.5 22.7 16.9 

CH4 yield 1.5 1.4 2.0 

C2H4 yield 1.2 3.0 3.0 

Total gas yield 57.9 35.6 27.1 

Simulatied yield wt% 57.8 36.6 25.1 

 

Results and Discussion 

 

Figure 1.   Effect of pyrolysis conditions on the 
devolatilization time and gas-solid heat 

transfer coefficient (particle-size: 40 m) 

Figure 1 shows the devolatilization time and time-mean 

gas-solid heat transfer coefficient under different heating 

conditions. The simulated results of fast pyrolysis are 

shown in the left part, while the right part gives the results 

in thermal plasma. The simulated devolatilization time in 

thermal plasma is ~4 ms for 1600 K argon plasma. The 

significant decrease of devolatilization time mainly owes 

to two reasons. One is the larger temperature gradient 

provided by higher pyrolysis temperature; the other is the 

larger gas-solid heat transfer coefficients, shown in the red 

solid line in Figure 1. These two points count for the 

intensification of gas-solid heat transfer effect. It can also 

be justified that hydrogen plasma has larger gas-solid heat 

transfer coefficient than argon plasma, which gives 

explanations to the better pyrolysis results of case-1. 

Simulations were carried out under different atmosphere 

and particle sizes to investigate the differences caused by 

heating rates. Results show a strong linear correlation 

between the heating rate and the devolatilization time at 

different heating conditions, as shown in Figure 2. 

 

Figure 2.   Correlation between the heating 
rate and devolatilization time (pyrolysis 

temperature: 2000 K; particle-size: 40 μm) 

The linear correlation in double-logarithmic coordinate 

proves that the intensified heat transfer of thermal plasma 

can shorten the devolatilization time for several 

magnitudes, and the correlation could give a quick 

guidance for process selection. 

Acknowledgments 

Financial supports from the National Basic Research 

Program of China (973 Program no. 2012CB720301), the 

National Science and Technology Key Supporting Project 

(2013BAF08B04), PetroChina Innovation Foundation 

(2013D-5006-0508) are acknowledged.  

References 

Yan B.H., Xu P.C., Guo C.Y., Jin Y., Cheng Y., (2012). 

Experimental study on coal pyrolysis to acetylene in 

thermal plasma reactors, Chem Eng J, 207, 109-116. 

Kobayashi H., Howard J., Sarofim A.F., (1977). Coal 

devolatilization at high temperatures, in:  Symposium 

(international) on combustion,  411-425. 

Yan B.H., Cheng Y., Cheng Y., (2015). Particle-scale modeling 

of coal devolatilization behaviors for coal pyrolysis in 

thermal plasma reactors, AIChE J, 61, 913-921. 
 


