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Abstract The process of oxygen chemisorption on coal

in the temperature range &150–300 �C was studied under

different experimental conditions using TG-DSC appara-

tus. As changing experimental conditions, oxygen flow (20

or 200 cm3 min-1), material of crucible (a-Al2O3 or Pt–Rh

alloy), and initial sample mass (2–13 mg) were examined

with respect to reliability and reproducibility of the

parameters derived from TA curves. As parameters quan-

tifying coal oxidation, temperatures of minimal Tmin and

maximal Tmax sample mass, mass changes (mass loss WH

below Tmin and mass increase WO above Tmin), heat evo-

lution during oxygen chemisorption QO (related to the coal

mass increase), and kinetic parameters (activation energy E

and frequency factor A) were evaluated. Values of Tmax, E,

and A were found to lie in very close intervals indepen-

dently on experimental conditions (95% confidence inter-

vals were Tmax = 270.2 ± 0.7 �C, E = 81 ± 3 kJ mol-1,

log10 A = 5.9 ± 0.3 s-1). Thus, these parameters can be

used as actual characteristics of oxygen chemisorption

stage of coal oxidation irrespective on conditions of TA

measurements. Opposite, parameter QO was confirmed to

depend clearly on initial sample mass. The dependence is

different for crucible materials used; however, it tends to

the same value (&50 kJ g-1) with increasing sample mass.

Further, precision of values WH, WO, and Tmin determined

from TG was found to be poor. This fact complicates

evaluation of the effect of experimental conditions. Finally,

the effect of oxygen flow on all above parameters was

found to be negligible. Its influence (if any) was hidden by

common experimental errors.
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Introduction

Thermal analysis (TA) is a well-established experimental

approach to study coal combustion process as a type of

coal–oxygen interaction taking place at medium and high

temperature levels (T [ 300 �C) [1–3]. Simultaneously,

attention is paid to TA investigation of coal oxidation

within low temperature range (from ambient to cca

300 �C). Its history began in the middle of the twentieth

century, when Oreshko, using thermogravimetry, identified

several stages of coal aerial oxidation at temperatures to

200 �C [4]. From that time, thermal analysis (including

thermogravimetry TG, differential thermal analysis DTA

or differential scanning calorimetry DSC) became widely

used approach and provides valuable information con-

cerning both propensity of coal to self-heating and mech-

anistic pathway of spontaneous combustion process [5–7].

Especially, mass changes of coal matter during heating,

onset temperatures, and kinetic parameters derived from

TG measurements are often evaluated for this purpose

(e.g., [8, 9]).

In spite of the long-term utilization of thermoanalytical

methods for characterization of low-temperature interac-

tion of coal with oxygen, the adequate attention to reli-

ability and reproducibility of the parameters derived from

the measurements has not been paid yet.

The aim of this study is to asses the effect of selected

experimental conditions (sample mass, oxygen flow, and

material of crucibles) on parameters derived from TG-DSC

investigations of oxidation of coal at low-temperature range.
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Experimental

Sample of typical, high volatile bituminous coal of

Ostrava-Karviná Coal Mines District (Czech Republic) was

used for the experiments. Table 1 summarizes basic char-

acteristics of the coal. Fraction with particle size less than

0.2 mm was used for TG-DSC experiments.

Simultaneous TG-DSC measurements were performed

on Netzsch STA 449 C instrument with constant heating

rate of 5 K min-1 in the range 30–500 �C without standard

in dynamic atmosphere (oxygen). The effect of gas flow

was tested on two levels—20 and 200 cm3 min-1. Two

types of crucibles were used—from a-Al2O3 and Pt–Rh

alloy (both original DSC-TG crucibles provided by

Netzsch). Weight calibration was performed before mea-

surements. Temperature and sensitivity calibration of the

apparatus was performed separately for both crucible

materials using calibration sets provided by Netzsch. The

influence of sample mass was studied in the range about

2–13 mg. In total, 26 measurements were performed for

different combinations of gas flow, crucible material, and

sample mass.

Results and discussion

Parameters derived from TG curve

Typical mass change of the coal sample heated under

oxidative conditions is demonstrated in the Fig. 1.

From the Fig. 1, mass decrease up to 150 �C is obvious

within the low-temperature range (from ambient to about

270 �C). The decrease can be explained by natural

humidity loss. Simultaneously, however, other processes

like evaporation of volatile matter, decomposition, and/or

oxidation of carbonaceous matter to gaseous products

(hydrocarbons, CO, CO2) can contribute to the decrease of

coal mass. On the other hand, increase of coal mass (in the

low-temperature range) can be exclusively explained by

oxygen chemisorption accompanied with coal surface

oxidation and formation of surface oxygen containing less

or more stable species (ethers, carbonyls, carboxyls) [5].

Parameters directly evaluated from TG and/or DSC

experimental curves included temperatures of minimal Tmin

and maximal Tmax sample mass, mass loss WH below Tmin,

mass increase WO above Tmin (caused by chemisorbed

oxygen) (Fig. 2). Heat evolution during oxygen chemi-

sorption Q estimated by integration of DSC in the range

Tmin–Tmax will be discussed below.

The first view on the thermogravimetric data collected

for the same coal sample under different experimental

conditions (Fig. 3) shows unexpected wide intervals of

determined values of WH (0.9–7.5%), Tmin (110–190 �C),

and partially of WO (2.2–4.4%). On the other hand, deter-

mined values of Tmax lie in narrow interval 265–275 �C

(except of one value from measurement with very low

initial sample mass).

This huge variability of WH, WO, and Tmin values is

probably caused by extensive dependency of both over-

lapping processes controlling mentioned parameters on the

‘‘physical arrangement’’ of measured samples (size and

Table 1 Properties of the studied coal

Moisture/% 1.7

Ash/%, dry sample basis 6.6

Volatile matter/%, dry, ash free basis, daf 35.3

Carbon/%, daf 85.6

Hydrogen/%, daf 5.4

Nitrogen/%, daf 1.1

Oxygen/%, daf 6.5

Sulfur/%, dry sample basis 1.3

Surface area/m2/g, BET 1.5

Heat of combustion/MJ/kg, daf 34.9

Micropetrographic analysis/%

vitrinite group macerals 63

liptinite group macerals 13

inertinite group macerals 24
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Fig. 1 Typical TG and DTG curves of coal oxidation in the whole

measured range (a) and magnification of its low-temperature part (b)

(crucible from a-Al2O3, oxygen flow 200 cm3 min-1, sample mass

7.7 mg)
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shape of particles, geometry of the sample, packing,…)

affecting the internal diffusion of oxygen and gaseous

products through the sample and determining the surface

available for reactions during dynamic heating. Natural

heterogeneity of coal can also contribute to the parameters

inconstancy, especially in the range of small mass of

sample (to cca 5 mg).

These factors are often negligible for common reactions

but in this special case of two slow, overlapping and

opposite-directed reactions can probably highly influence

the obtained results. This effect becomes less influential

with increasing sample mass and measured values are less

‘‘noisy’’ especially for WH and WO.

Stability of parameter Tmax is understandable, because it

indicates temperature of beginning of coal combustion—

very fast process (in comparison with previous) which

starts with degradation of ‘‘bulk’’ structure of coal, and

therefore, it is not so dependent on internal diffusion and

surface available for heterogeneous reaction.

Variability of parameters WH, WO, and Tmin practically

disables evaluation of the effect of studied experimental

conditions on their values determined from TG measure-

ments. Thus, they are not suitable for TG evaluation of

low-temperature oxidation of coal.

Parameter Tmax is independent on conditions used for

measurement (in the range of studied conditions), and it

can be recommended as actual characteristics of oxygen

chemisorption stage of coal oxidation. For the studied coal,

value Tmax = 270.2 ± 0.7 �C was ascertained (95% con-

fidence interval with excluding the lowest value as outlier).

Kinetic parameters

Process of low-temperature coal oxidation involves a large

number of individual reactions running at the same tem-

perature range [5], and their kinetic parameters are not

experimentally available (at present state of our knowl-

edge). In addition, the situation is complicated by the fact

that the coal–oxygen interaction leads to both gaseous and
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Fig. 2 Parameters derived from TG-DSC measurements of low-

temperature oxidation of coal
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Fig. 3 Dependence of

parameters derived from TG

curves on experimental

conditions. Empty symbols
represent crucibles from a-

Al2O3 with oxygen flow 20 resp.

200 cm3 min-1 (s resp. e),

black symbols correspond to

crucibles from Pt–Rh alloy with

oxygen flow 20 resp. 200 cm3

min-1 (d resp. u)
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solid oxidation products, which both affect measured mass

changes [10]. The only parameters, we are able to deter-

mine, describe the process as whole and therefore have to

be understood as not ‘‘true’’ but ‘‘observed’’ or ‘‘effective.’’

Usability of them to predictions or mechanistic specula-

tions is limited but they characterize dynamics of the whole

oxidation process and can be used as characteristics of coal

oxidation behavior (e.g., activation energy as the measure

of the dependence of oxidation rate on temperature).

Within the study, kinetic parameters (activation energy

E, frequency factor A, reaction order n) were determined

for chemisorption of oxygen by non-linear regression from

TG in the range Tmin–Tmax with presumption of Fn kinetic

model [11].

Determination of kinetic parameters of oxygen chemi-

sorption on coal in temperature range Tmin–Tmax by direct

non-linear regression from TG curve was performed in two

steps. At first, all three parameters (reaction order n, acti-

vation energy E and frequency factor A) were optimized

(data marked as calculation 1 in Table 2). Obtained values

of reaction order n varied between 0.8 and 1.1 which

indicates, that studied process can be described as first

order reaction. The values of E and A were secondly

recalculated with the presumption of n = 1 (first order

kinetics, calculation 2 in Table 2) and these values are

discussed below.

Obtained values of activation energy and frequency

factor lie in close intervals (E = 81 ± 3 kJ mol-1, log10

A = 5.9 ± 0.3 s-1, 95% confidence intervals). Some out-

lying values were found in the case of the lowest initial

masses of the coal samples—probably caused by the fact,

that calculations were made from very low mass changes

(below 0.1 mg). Regardless, activation energy and fre-

quency factor are nearly unaffected by changing of sample

mass, oxygen flow or crucible material used for thermo-

analytical study of oxygen chemisorption on coal. Irre-

spective to their problematic physico-chemical meaning

they are stable characteristics of the process.

It has to be noticed that tight linear relation exists

between determined values of E and ln(A) (correlation

coefficient r2 = 0.999). This relation is known as kinetic

compensation effect, and it probably exists as a mathe-

matical consequence of the use of exponential Arrhenius

equation for rate constant [12] and n-order kinetic model

for complex process [13]. In fact, there is not any regular

dependence of kinetic parameters on sample mass and

other experimental conditions.

Mean value of calculated activation energy falls within

the range of E determined for various bituminous coals

from heat release rates up to 150 �C (&50–100 kJ mol-1)

[14]. On the other hand, it is relatively high in comparison

with data published for low-temperature coal oxidation

below 150 �C determined from the rate of oxygen

consumption using gas chromatographic method (10–

50 kJ mol-1) [15].

Heat of oxygen chemisorption from DSC curve

While the coal is heated in air or oxygen, the exothermic

creation of oxygen containing surface complexes begins

around 150 �C [8]. Study of coal interaction with oxygen

by TG/DSC measurements enables to evaluate the heat

evolved during the oxygen chemisorption process—

parameter Q (kJ g-1, heat evolved per g of initial coal

sample). However, the studied chemisorption proceeds

mainly on the coal surface, and thus, it is not quite rea-

sonable to relate heat to the mass of the whole coal sample.

A solution offered by simultaneous TG/DSC measurement

insists in relating the heat to the mass increase in the same

temperature interval. Thus, parameter QO (kJ g-1) as heat

evolved per g of coal mass increase in the range Tmin–Tmax

was determined.

QO ¼ 100
Q

WO

Although the measured mass increase does not exactly

represent the whole amount of chemisorbed oxygen (some

of the surface oxygenated species decompose at the same

time as other originate), it can be considered as an

approximation. Parameter QO then approximately

represents heat amount evolved during chemisorption of

1 g of oxygen on the coal surface.

Parameter QO was found to depend clearly on initial

sample mass (Fig. 4), the dependence being different for

crucible materials used. Continuous decrease of QO with

increasing mass was confirmed in a-Al2O3 crucibles while

increase of that for Pt/Rh crucibles appears. Moreover,

Fig. 4 indicates that values of parameter QO tend to the

same value (& 50 kJ g-1) irrespective of the crucible

material. This ‘‘limiting’’ value is in agreement with our

previous results [16] obtained for coals with different

granularity, and it approximately agrees with the heat of

formation of carbonyl group (732 kJ mol-1, 46 kJ g-1,

related to oxygen mass). Thus, carbonyl groups can be

expected as main product of oxygen chemisorption on coal.

Different dependencies of QO on sample mass are

probably caused by differing thermal properties of both

materials (thermal conductivity and capacitance). Pt/Rh

crucible can act as a ‘‘cooler’’ enabling removal of a part of

heat evolved in the crucible out of the sensor. It can lead to

nearly zero value of measured Q (or QO) for very small

samples with very small exothermic effect, but the ‘‘cool-

ing’’ effect becomes insignificant for larger samples. On

the other hand, a-alumina has properties of thermal insu-

lator keeping the evolved heat in the range of DSC sensor

and giving higher values of Q (in comparison with Pt/Rh
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crucible) especially for small sample mass. The effects

should be avoided by appropriate calibration of apparatus.

However, the standard calibration procedures (used also in

the study) are based on measurement of endothermic

changes of standards (melting heat and/or decomposition

heat), and the absolute amount of the heat measured during

the calibration being much higher than that evolved during

the oxygen chemisorption on coal. Simultaneously, the rate

of heat consumption during calibration differs from heat

evolution rate accompanying measured process.

Conclusions

Evaluation of series of thermoanalytical measurements of

coal low-temperature oxidation leads to the following

conclusions about the effect of experimental condition on

parameters derived from TG-DSC.

• The effect of gas (oxygen) flow is negligible (or hidden

in common experimental errors) on any of the param-

eters. No extreme care is necessary for setting the gas

flow in the wide range 20–200 cm3 min-1.

Table 2 Kinetic parameters for chemisorption stage of coal oxidation

Crucible Gas flow/

mL/min

Sample

mass/mg/

Calculation 1 Calculation 2/for n = 1

Reaction

order n
Activation energy

E/kJ/mol

Frequency

factor A/s-1
Activation energy

E/kJ/mol

Frequency

factor A/s-1

Al2O3 20 2.4 1.0 100 7.34 9 107 100 7.34 9 107

5.2 0.9 78 3.36 9 105 82 9.57 9 105

7.1 0.8 65 1.36 9 104 74 1.43 9 105

10.1 0.9 78 3.57 9 105 82 1.02 9 106

200 2.0 0.8 76 1.98 9 105 88 4.14 9 106

5.0 0.9 74 1.28 9 105 78 3.68 9 105

7.7 0.9 77 2.71 9 105 81 7.76 9 105

9.7 0.9 76 2.42 9 105 80 6.97 9 105

Pt/Rh 20 2.5 0.8 69 3.53 9 104 77 2.89 9 105

3.9 1.0 81 7.50 9 105 81 7.50 9 105

4.1 0.9 83 1.26 9 106 88 4.59 9 106

5.4 0.8 66 1.82 9 104 75 1.91 9 105

5.7 0.8 65 1.36 9 104 72 8.88 9 104

6.2 1.0 82 1.02 9 106 82 1.02 9 106

6.5 0.8 69 3.81 9 104 78 3.98 9 105

8.2 0.8 67 2.32 9 104 75 1.93 9 105

9.2 0.8 68 3.04 9 104 77 3.22 9 105

10.0 0.8 67 2.45 9 104 74 1.60 9 105

12.5 0.8 72 8.35 9 104 79 5.40 9 105

200 2.8 1.1 103 1.78 9 108 97 3.85 9 107

4.5 0.9 76 2.23 9 105 80 6.39 9 105

4.7 0.9 76 2.06 9 105 80 5.90 9 105

5.8 0.9 84 1.54 9 106 88 4.39 9 106

6.7 0.8 70 4.79 9 104 77 3.09 9 105

8.0 0.8 69 3.70 9 104 76 2.39 9 105

9.9 0.8 70 5.00 9 104 77 3.26 9 105
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mass increase as a dependence on experimental conditions. Empty
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200 cm3 min-1 (s resp. e), black symbols correspond to crucibles
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• Material of crucibles does not influence parameters

derived from TG, but it affects reaction heat QO derived

from DSC considerably. The use of a-Al2O3 leads to

higher measured values of QO in comparison with

Pt–Rh crucible. The difference between QO becomes

smaller with increasing sample mass.

• The initial mass of the sample taken for analysis does

not affect kinetic parameters determined from TG

(activation energy and frequency factor) and tempera-

ture of beginning of coal combustion (Tmax). Other

assessed parameters depend on the sample mass but

with increasing sample mass the effect becomes also

smaller.

As a result, the use of higher sample mass (more than

10–15 mg) can be recommended for thermoanalytical

investigations of coal oxidation at low-temperature range

(ambient—cca 300 �C) although it is in opposition with

recommendations for TA studying of combustion processes

at high temperatures when small samples are generally

required.
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