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ABSTRACT 
 

Various carbonaceous materials, like charcoal, soot and graphite were used as components in energetic 
materials to act as fuel, catalyst or inhibitor. Currently, high interest is in the use of nano-scaled carbon 
types like fullerene C60, nano-diamonds, carbon nanotubes and graphenes for applications in propellants 
explosives or pyrotechnics. Samples from these materials were investigated by thermal analysis and 
evaluated for the derivation of kinetic parameters for the oxidation. Depending on the type and the 
additives the oxidation spreads out in a very broad range of temperature intervals. 

INTRODUCTION 
Various types of carbon have played important roles in energetic material [1, 2]. Beneath being a fuel like 
in Black Powder it might act as catalyst, synergist to catalysts and even can be used as graphite for 
inhibition of flame progress at some surfaces or as lubricant to improve processing. Even carbon fibers 
might enhance progression rates around [3]. Whereas the various carbonaceous materials, charcoal, soot, 
graphite, etc. are standard components of energetic materials, there is currently a high interest in the use 
of nano-scaled carbon types like fullerene C60, nano-diamonds, carbon nanotubes (CNTs) and graphenes 
for applications in propellants explosives or pyrotechnics [4]. But these materials might be also used in 
engines [5]. 

These carbon types show very different oxidation behavior and cover the full temperature range from 500 
to 1000 K as is obvious from Fig. 1. Nano-diamonds from detonation experiments [6] react at really very 
low temperature. In order to estimate the influence of these types of carbon onto the ignition and 
combustion phenomena of energetic materials, their oxidation kinetics has to be investigated also 
independently of the other constituents. In addition, residues especially metals e.g. from the synthesis 
routes might have a strong influence on the oxidation mechanisms (see e.g. [7, 8]) and might shift the 
reaction intervals by several hundreds of K.  

Most types of carbon contain traces of substances as residues included by their methods of manufacturing 
or synthesis, especially the nano-structured materials C60, CNTs and graphenes. The results described 
here for the carbon types investigated might be only related to the special samples used and others might 
substantially deviate. Systematic studies of these nano-materials should include a detailed chemical 
analysis including all their traces.  
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Figure 1: TG curves of some carbon types at different heating rates oxidized in air. 

 

EXPERIMENTAL 

Samples 

The samples are distributed by Ionic Liquids Technologies GmbH, Salzstrasse 184, 74076 Heilbronn, 
www.nanomaterials.iolitec.de and are described in Tab.1: 

 

Sample Characteristics Purification 

Single-Walled Carbon 
Nanotubes (SW-CNT) 

OD < 2 nm, L < 20 µm 
CNT > 90 %, 

SWNT > 50 % 

Double-Walled Carbon 
Nanotubes (DW-CNT) 

OD < 5 nm, L < 20 µm  

Multi-Walled Carbon 
Nanotubes (MW-CNT) 

OD < 10 nm, L: 5-15 nm 95+ % 

Graphene Platelets #1 L: 6-8 nm 99.5 % 

Graphene Platelets #2 L: 11-15 nm 99.5 % 

Fullerene C60  99.0 % 

Table 1: Samples investigated (OD = outer diameter, L = length). 

 



SEM Sample Characterization 

Figure 2 exhibits SEM images of characteristic particles of the different carbon modifications (Zeiss-SEM 
Supra 55 VP, Carl Zeiss SMT AG, Germany) of CNTs. The nanotubes form a hairball like structure of 
material which is difficult to handle. 
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Figure 2: REM images from different types of CNTs (The scale is indicated in the black band at the 
bottom of each picture) 
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Figure 3: Graphene Platelets and C60 samples (The scale is indicated in the black band at the 
bottom of each picture) 

 

TGA Measurements 

For the determination of the chemical reaction kinetic parameters, a thermogravimetric measurement of 
the particles were performed. The particles were used to study the oxidation process of nanostructured 
carbon modifications. The thermogravimetric analysis (TG) was carried out with heating rates β of 2, 5 
and 10 K/min (Germany) in synthetic air atmosphere using a TA Instruments Thermogravimetric 
Analyzer TGA Q5000. 

 



MODELING 
For reaction kinetics of the different CNT modifications a one-step first order reaction was assumed. ܣ →  ܤ

To determine the Arrhenius-Parameters, pre-exponential factor Z and activation energy E, a one-step first 
order mechanism was fitted to the experimental thermogravimetric data of the decomposition of the 
carbon modifications. A direct least-squares fit was applied (see [9]) to the sigmoid curve normalized to 1 
and 0 encircled in the diagrams below, using the inverse function α(T) in the Equation with the 
Exponential Integral Ei: ݀ߙ(ܶ)݀ܶ = ߚ(ܶ)݇− ;(ܶ)ߙ (ܶ)ߙ				 = 	 ݁ି௓ఉௌ(ா,்); ,ܧ)ܵ				 ܶ) = ܧܴ ௜ܧ ൬− ܧܴܶ ൰ + ܶ݁ି ாோ் 

Three thermogravimetric measurements of each carbon modification were done and the curve of the mass 
loss analysed by a non-linear least-squares fit [9]. The results are shown in Table 2 and discussed below. 

Other modifications were analysed with a two-step first order reaction, the solution of which is given in 
ref. [10] for non-isothermal curves. ܣ → ܤ →  ܥ

(ܶ)ଵߙ  = 	 ݁ିೋభഁௌ(ாభ,்);  ߙଶ(ܶ) = 	 ݁ିೋమഁௌ(ாమ,்) ׬ ܼଵ݁ିಶభೃ೅݁ିೋభഁௌ(ாభ,்)݁ೋమഁௌ(ாమ,்)݀ܶ 
In this case the TG curve is constructed by: ݕ(ܶ) = (ܶ)1ߙ	ܽ + (1 − ;(ܶ)2ߙ(ܽ 							ܽ ≤ 1	 
 

RESULTS AND DISCUSSION 

The results of the different carbon nanotubes (CNTs) modifications, Graphenes and C60 are presented in 
Table 2 and Table 3 (Figure 4 – Figure 5). The experimental curves were fitted in two ways for each 
modification: 

• Each heating rate was fitted separately (2, 5, 10). 
• All heating rates were fitted together (2/5/10). 

 

Sample Heating Rate 
[K/min] 

Pre-exponential 
Factor [Log10 Z] 

Activation 
Energy [K] 

SW-CNT 2 15.14 33289.14 

SW-CNT 5 17.44 37789.45 

SW-CNT 10 19.77 42115.12 

SW-CNT 2/5/10 15.22 33538.22 

DW-CNT 2 9.71 22710.78 

DW-CNT 5 11.17 25376.81 

DW-CNT 10 13.54 29694.57 

DW-CNT 2/5/10 10.6 24304.93 

MW-CNT 2 6.36 17282.17 

MW-CNT 5 6.8 17949.40 

MW-CNT 10 7.56 19269.88 

MW-CNT 2/5/10 7.53 19283.92 

Table 2: Kinetic parameters of CNT oxidation 



The oxidation of various CNTs was already extensively investigated in the literature [11-17]. Various 
reaction models and evaluation procedures were applied. Caused by the influences of synthesis and 
residual metals strong varying kinetic parameters were found. The most appropriate model seems to be 
the 2D Jander model used by a French group [17]. The values of the activation energies for MW-CNTs fit 
within the range of carbon oxidation activation energies [11]. But there were found also higher values 
[12]. The agreement is not perfect as expected for this simplified model and needs further improvement 
with more complex models. 

 

The oxidation of graphenes and C60 occurs in 2 steps. The TG curves of the graphenes and fullerenes are 
better fitted by the 2 step model (see Fig. 5) than those for the CNTs.  

The oxidation of graphenes and C60 is mainly studied for partial oxidation to modify the functionality 
[18-20]. Graphenes are derived also from graphite oxide which shows a similar oxidation behavior. The 
first steps which are between 10 and 26% seem to arise from the split off of functional groups containing 
O like –OH, =O etc. which are then followed by the normal oxidation. After that process, the graphenes 
and C60 are rather resistant against oxidation which completes only around 1000 K for the samples 
investigated. The kinetic parameters are really close together for the graphenes. 

 

Table 3: Fit results for the kinetic parameters of different Graphenes and C60 

Sample Heating 
Rate 
[K/min] 

Step Height 
[-] 

Pre-
exponential 
Factor 1 
[Log10 Z1] 

Activation 
Energy 1 
[K] 

Pre-
exponential 
Factor 2 
[Log10 Z2] 

Activation 
Energy 2 
[K] 

Platelets #1 2 0.21 3.64 10000 6.42 19530 

Platelets #1 5 0.22 3.74 10050 6.44 19450 

Platelets #1 10 0.21 3.82 10000 6.42 19500 

Platelets #2 2 0.105 3.31 10000 6.4 19635 

Platelets #2 5 0.105 3.38 9850 6.4 19665 

Platelets #2 10 0.105 3.38 9500 6.4 19450 

C60 2 0.135 2.8 9250 12.5 29315 

C60 5 0.2 0.8 5950 13.95 32445 

C60 10 0.26 4.45 11000 13.75 32345 

 

  



Sample Each heating rate fitted separately (2, 5, 10). All heating rates fitted together (2/5/10). 
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Figure 4: Least Squares Fit for different CNT modifications. 

  



Sample Each heating rate separate fitted (2, 5, 10). 
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Figure 5: Fit results for the TG curves of graphenes and C60  
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