
Introduction

Determining the intrinsic reactivity of carbonaceous

materials is of considerable importance, especially in

the coal industry, for example in combustion processes

and steel-making. In particular, reactivity is used to

compare different coals and coal blends, and is essen-

tial in the understanding of and predicting process per-

formance. Reactivity, k, is generally defined in terms

of the activation energy (E/kJ mol–1) and a pre-expo-

nential factor (A/s–1) as an Arrhenius-type function:
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where T is the absolute temperature/K and R=

=8.314⋅10–3 kJ K–1 mol–1 is the gas constant.

Thermogravimetric analysis (TG) has extensively

been used in the assessment of E and A for carbons and

other materials. Such techniques have been classified

[1] as either model-fitting (i.e., identification of a ki-

netic reaction model) or isoconversional (i.e., model-

free). Modern thermal analysis appears to prefer the

use of the latter methods for two main reasons [1–4]:

first, model-free kinetics are sufficiently flexible to al-

low for a change of mechanism during the course of

the reaction; and second, mass transfer limitations are

reduced by the use of multiple heating rates. By con-

trast, model-fitting kinetic methods generally involve a

single heating rate, the disadvantage being that activa-

tion energy varies with heating rate due to mass/energy

transfer effects [2, 5, 6].

In this work, an optimum heating rate for a model-

fitting method is identified at which such effects appear

to be minimised. At this heating rate, the activation en-

ergy is in a well-defined sense a ‘true’ value, i.e. not

masked by mass/energy transfer limitations. This novel

approach is further verified by conducting isoconver-

sional analyses on the same material and comparing the

activation energy values.

Experimental

Methods

The material used is a commercially available steam

activated carbon (BPL) which is derived from bitumi-

nous coal and supplied by Calgon [7]. BPL has a BET

surface area of ~1,000 m2 g–1 (N2 at 77 K) and a mean

particle size of ~1 mm. This carbon was selected as a

convenient homogeneous model for different coals.

TG was carried out using a Setaram TG-92 thermo-

gravimetric analyser. Oxidation of ~50 mg samples

contained in alumina crucibles was carried out in

flowing, dry air (16 mL [STP] min–1), at the following

heating rates 5, 10, 15, 20, 30 and 50 K min–1, all

from 293 to 873 K. This maximum temperature was

selected to ensure that reaction took place within the

chemical control regime for all the heating rates. This

was established by preliminary runs showing that the

conversion-time curve of BPL in air was independent

of temperature below 873 K. Figure 1 is an example

plot of original TG data (for a dry sample), plus the

first derivative of these (referred to as DTG data), for

a run at 5 K min–1. The DTG data were calculated us-

ing a centred difference numerical differentiation for-

mula. Note that, for clarity, the plot only includes
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about 10% of the data (which are recorded every few

seconds). Data such as those in Fig. 1, especially for

low mass losses when it is assumed that the materials

have not changed very much from their original

states, are the subject of the analyses reported below.

Selected runs were repeated two or three times and

showed good repeatability. All mass change data are

reported and analysed on a dry, ash-free (daf) basis

(the ash content, ~10 mass%, having been determined

previously by burning out samples in air).

Kinetic analysis

The oxidation of carbon in air is a thermal decomposi-

tion process, for which the kinetic equation can be ex-

pressed in differential form as

d

d
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where α=[1–(m/m0)] is the fractional mass conversion

(m is daf sample mass and the subscript 0 refers to the

initial mass) and t is time . The form of g(α) depends on

the type of reaction model controlling the overall pro-

cess. In the chemical control regime, carbon is generally

agreed to react with oxygen following a single-step de-

celeration type function [8], in which case g(α)=(1–α)

(first-order kinetics with respect to carbon). Hence, for

linear heating at rate β=dT/dt Eq. (2) becomes
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Assuming that A and E are constants (which is

appropriate for low conversions), this equation may

be integrated with initial conditions T=0, α=0, to give
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This approximation of p(x) is given by Coats and

Redfern [9] and applies for 2/x<<1 (as for the analysis

below). Equation (4) therefore reduces to
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Equation (5) is the model equation from which a

straight line is obtained by plotting ln[–ln(1–α)/T 2] vs.
1/T at specific heating rate β; the activation energy is

then obtained from the slope of this line, and the pre-ex-

ponential factor from the intercept. Note that while E
appears in the intercept, this does not constrain the value

of A estimated from the data.

For comparison with the proposed method, two

well-known reaction model-free or isoconversional

thermal analysis methods were also used. The first,

due to Ozawa [10] and Flynn and Wall [11], is based

on the following equation
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where c is a constant (not of any further significance in

this analysis) and Tα is temperature at conversion α.

Hence E is estimated from the slope of a plot of

lnβ vs. 1/Tα. The second method, due to Kissinger [12],

is based on the following equation
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where d is a constant (not of any further significance

in this analysis) and Tp is the temperature at the peak

mass loss rate. Hence E is estimated from the slope of

a plot of ln( / )β Tp

2 vs. 1/Tp. Note that while

Kissinger’s method was originally applied to DSC

data [12], it is now also routinely applied to TG data

[2, 13]. Although other more sophisticated model-free

methods have recently been developed, both the

Ozawa–Flynn–Wall and Kissinger methods are con-

sidered to be sufficiently accurate for comparison

with the new method proposed here [4, 14].
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Fig. 1 � – Experimental TG and � – DTG data for the oxida-

tion of BPL carbon in flowing in air at 5 K min–1



Results and discussion

The model-fitting kinetic approach

Figure 2 comprises plots of original TG data for the

oxidation of BPL carbon plus best fit curves for these

using Eq. (5). Qualitatively the model appears to be a

reasonable fit to the data at low conversion (where it

is assumed that the material has not undergone much

change from its original state, and therefore that both

E and A are constants) for all heating rates used. Note

that as in Fig. 1 only 10% or so of the data are plotted

for the sake of clarity.

Table 1 lists best fit values of E and A estimated

from the data using Eq. (5) for different heating rates.

It appears that E and A decrease with increasing heat-

ing rate, as has been observed before [5, 6], and also

that E and A are linearly correlated. The latter so-

called compensation effect, which arises from the

data and is not an artefact of the model, is currently

the subject of further analysis by the authors.

In order to identify a value, or range of values, of

the heating rate (and hence values of E and A) that

gives the best overall fit to the data, the root mean
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Fig. 2 Comparison of the � – experimental conversion-temperature TG data � – with those predicted using best fit reactivity pa-

rameters for the different heating rates estimated using Eq. (5)



squared (RMS) error was determined for each TG

curve as follows:

σ
α α

=
∑ ( – )i,calc i,exp

i = 1

n
2

n
(8)

where αi,calc is the value of α calculated using Eq. (5)

for the ith data point (i=1, 2, 3,…, n), and αi,exp is the

experimental value of α. Figure 3 is a plot of (100×σ)

(since σ is small) as a function of heating rate. This

shows a broad minimum in the RMS error for heating

rates in the range 25 to 35 K min–1, with a probable

minimum at 27 K min–1, which corresponds to

E=125.8 kJ mol–1 and ln(A/s–1)=9.5. These reactivity

parameter values are considered to be optimum for

the system being studied and the TG analysis method

used, based on Eq. (5). They are also close to values

reported in the literature for similar materials [15].

Results from model-free analysis methods

As previously mentioned, activation energy may be

determined using model-free methods which do not

assume any reaction mechanism. Figure 4 contains

plots of TG data using both the Ozawa–Flynn–Wall

and the Kissinger model-free methods, following

Eqs (6) and (7), respectively. Note that only data for

temperatures below 873 K are recorded in Fig. 4 to

ensure chemical control oxidation. Both methods

show linear behaviour, which indicates that they are

good models for the selected TG data.

The activation energy estimated from Fig. 4a, for

the Ozawa–Flynn–Wall method, is 136.5±
±14.3 kJ mol–1. This is for 3% conversion, which has

the most data within the chemical control regime, and

therefore provides the most accurate estimate of E.

From the Kissinger method (Fig. 4b) only three heat-

ing rates have their peak temperatures, TP, be-

low 873 K and therefore in chemical control. The ac-

tivation energy estimated using this method is 130.6±
±11.0 kJ mol–1. The values of E for both these model-

free methods are close to that obtained using the mod-

ified Coats–Redfern approach, Eq. (5), though errors

on the estimates are about an order of magnitude

higher (Table 1). A further advantage is that the

Coats–Redfern analysis also provides estimates of the

pre-exponential factor, A, which are not available di-

rectly using the model-free methods.
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Table 1 Best fit reactivity parameters (± one standard error) for
the air oxidation of BPL carbon estimated using the
modified Coats–Redfern model-fitting kinetic, Eq. (5)

Heating rate
β/K min–1

Activation energy
E/kJ mol–1

Pre-exponential factor
lnA/s–1

5 190.6±1.3 19.96±0.02

10 171.8±1.3 16.96±0.02

15 155.6±1.0 14.30±0.03

20 135.9±0.8 11.26±0.05

30 122.8±1.0 9.30±0.4

50 92.6±0.6 4.75±0.02

Fig. 3 (100×root mean squared error, σ) for the curve data as a

function of heating rate, using Eq. (5) as a model. The

curve through the points is a cubic spline interpolation

Fig. 4 Determination of activation energy by model-free meth-

ods: a – Ozawa–Flynn–Wall, Eq. (6); b – Kissinger,

Eq. (7)



Conclusions

It has been shown that it is possible to identify a heat-

ing rate for non-isothermal TG that allows optimal es-

timates of the activation energy, E, and pre-exponen-

tial factor, A, to be made for the oxidation in air of a

carbonaceous material in the chemical control re-

gime. The activation energy obtained by this method

(~125.8 kJ mol–1) is in good agreement with values

obtained using model-free (or isoconversional) meth-

ods and those reported in the literature for similar ma-

terials [14]. An advantage of the new method is that

errors on estimates of E using it are about an order of

magnitude lower than those obtained from the

model-free methods. The new method also provides

estimates of A which are not directly provided by the

model-free methods. However, it is not clear how the

heating rate to yield optimum estimates of reactivity

parameters using the new method depends on the TG

equipment used, the materials being studied and envi-

ronmental conditions. It is conceivable that once an

optimum heating rate is identified, it is applicable to

any TG equipment, material or set of environmental

conditions. In that case, it might only be necessary to

carry out a few initial non-isothermal runs using the

new method, rather than the multiple runs required for

the model-free methods. This aspect is currently be-

ing investigated by the authors.
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