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Changes in the sorption/diffusion kinetics
of a coal-methane system caused by different temperatures

and pressures

Introduction

The release of methane from coal can be described by unipore or bidisperse models

(Clarkson, Bustin 1999). In this paper, the unipore diffusion model (Crank 1975) was used to

determine the diffusion coefficient D. The internal structure of coal determines the kinetics of

the release of methane from coal (Kovaleva, Solov’eva 2006). The unipore model best

describes the diffusion in bright, vitrinite rich coals. As its name suggests, the unipore model

is based on the assumption that the pore sizes of the porous material (coal) are similar.

This analysis considered the process of gas accumulation on a loose grained sorbent

sample. The sample is saturated with sorbed gas under selected pressure. The release of gas is

caused by the reduction of gas pressure surrounding the sample. It is assumed that the

diffusion is an isothermal process. The transport of gas molecules inside the grains can be

described as a combination of several different types of diffusion in a porous system (King,

Ertekin 1989). The diffusion is driven by the concentration gradient of the deposited gas

particles. It is assumed that the sorption and desorption processes occur instantaneously. The

diffusion in the grains determines the kinetics of the process of accumulation and the release

of sorbate (Kawêcka 1988).

This reasoning is the basis of the unipore model, which is a typical approach to obtain

the diffusion coefficient D. The mathematical solution of the unipore model, describing
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the change in the volume or mass of the gas sorbed at a given time is presented by

Crank (1975):
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where:

v(t) – is the total amount of gas adsorbed/desorbed at time t,

v( )� – is the total amount of gas adsorbed/desorbed at indefinite time,

D – is the diffusion coefficient [cm2/s],

R – is the diffusion path length (grain radius) [cm].

This solution, based on Crank’s paper, can be found in many publications such as

(Laxminarayana, Crosdale 2002; Bhowmik, Dutta 2013; Han et al. 2013). To describe

the kinetic diffusion/sorption processes, the diffusion coefficient D with the physical di-

mension cm2/s or the effective diffusivity De, which is the ratio of the diffusion coefficient

and the square diffusion path length, De = D/R2 can be used. The physical dimension of

De is s–1.

A review of prior studies shows that the value of the diffusion coefficient D depends on

the type of gas. A much higher diffusion coefficient exists during CO2 sorption on coal when

compared to CH4 (Clarkson, Bustin 1999; Bhowmik, Dutta 2013; Charri�re et al. 2010).

The effect of gas pressure (concentrations) on the value of the diffusion coefficient has also

been identified, but there is no clear opinion on this issue. Some studies showed an increase

in the diffusion parameters with increasing pressure (Nandi, Walker 1975; Busch et al. 2004;

Charriere et al. 2010), while other examples showed an inverse relationship (Cui et al. 2004).

Pillalamarry et al. (2011) produced a graph indicating a decrease in the diffusion coefficient

D with increasing pressure. Changes in the diffusion coefficient value are great and reach

half of the order of magnitude. A review of information on this topic can be found in the paper

by Bhowmik and Dutta (2013).

The unipore model contains many assumptions that cannot be fully fulfilled. One of

them is the assumption of the linear Henry’s isotherm. The sorption of methane on coal is

strongly non-linear. The consequence is uncertainty in the determination of the value of

the effective diffusion coefficient. Some problems with the unipore model were discussed

by Clarkson and Bustin (1999). The analysis of existing documentation on diffusion

kinetics seems to show that the diffusion coefficient D by Cank may not be a material

constant.

Knowledge of the kinetic properties of the coal-gas system are important in terms of

methane hazard in coal mines (Patyñska 2013), gas and coal outbursts danger (M³ynarczuk,

Wierzbicki 2009; Skotniczny 2009; Skoczylas 2012, 2012a) and CO2 sequestration in coal

seams (Czerw, Ceglarska-Stefañska 2008) and for mining safety (Skotniczny 2013).
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1. Sorption measurements

1.1. I n v e s t i g a t i o n m e t h o d

The research concerning the sorption kinetics of methane on coal was performed

under isothermal-isobaric conditions using the gravimetric method, described in the papers

(Saghafi et al. 2007; Busch, Gensterblum 2011). The sample weight was about 100 mg.

If the methane density and the weight changes are known, the amount of methane on coal

can be calculated as a function of the time elapsed from the start of the sorption process.

The gravimetric method, considered a modern method, is being increasingly used in the

study of sorption. It is the only method that directly measures the amount of the sorbed

substances.

1.2. T h e t y p e o f m e a s u r e m e n t

The measurements included a series of sorption and desorption isotherms of methane on

a coal sample at various temperatures in the range of 291 K to 331 K. The maximum pressure

of sorption was 1.7 MPa. Each measurement of the sorption/desorption at a given tempe-

rature was preceded by outgassing by turbomolecular pump during 1440 min at To = 353 K.

Using the same steps of pressure (0.4 MPa) and the same gradient changes in the pressure in

the gravimetric device (333 Pa/s) allows a comparison of different sorption kinetics.

1.3. T e s t e d c o a l

The study was conducted on bright coal from the coal seam 404/1, coal mine “Pniówek”,

located in Paw³owice, in the southern part of the Upper Silesian Coal Basin (USCB). Some

information about the USCB can be found in the papers by Probierz, Marcisz (2010);

Kêdzior and Jelonek (2013). The maceral composition of coal is as follows: vitrinite:

73.85%, inertynite: 15.16%, liptynite: 2.20%. Vitrinire reflectance Rr = 1.08, volatile matter

content Vdaf = 27.3%.

The graphs in Figure 1 show the sorption and desorption isotherms obtained for pressures

to 1.7 MPa at temperatures ranging from 291 K to 331 K. The temperature rise of the

coal-methane system causes a decrease of in sorption capacity, which is a known phe-

nomenon (Ji et al. 2012; Bustin, Clarkson 1998; Wierzbicki, Dutka 2010).

The graphs in Figure 2 show the initial (500 min) changes in methane adsorption on coal

samples at different temperatures, at the pressure p = 0.1 MPa. The changes in sorption in

each case were normalized to a value of 1. The direct results of the measurements show

differences between diffusion kinetics at various temperatures. The order of the curves on the

graph demonstrates that increase. The order of the curves on the graph indicates that the tem-

perature rise of the coal-methane system results in the increased kinetics of sorption/

/diffusion. For example, after 250 min at 331 K, carbon sorption was over 99%; and at
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Fig. 1. Methane sorption isotherms for different temperatures

Rys. 1. Izotermy sorpcji metanu w ró¿nych temperaturach

Fig. 2. Sorption kinetics of methane on coal at various temperatures at the pressure of 0.1 MPa

Rys. 2. Kinetyki sorpcji metanu na wêglu w ró¿nych temperaturach, przy ciœnieniu równowagowym 0,1 MPa



a temperature of 291 K, the advancement sorption was less than 80%. Based on the kinetics

of sorption, the values of diffusion coefficients D from equation (1) were calculated. The

variability of diffusion coefficients as a function of the temperature of the coal-methane

system is shown in Figure 3. The branches are examined isobars made for the equilibrium

pressure from 0.5 MPa to 1.7 MPa. The graph shows that the increase in temperature causes

an increase in the diffusivity described by the diffusion coefficient D from Crank’s equation.

In the measured temperature range, the relationship between the temperature and the

diffusion coefficient is close to linear. The straight lines fit the measured data points shown in

the graphs. The changes in the diffusion coefficients over the range of pressures and

temperatures are from 4 × 10–11 cm2s–1K–1 (for the sorption from 1.3 MPa to 1.7 MPa) to

6 × 10–11cm2s–1K–1 (for the sorption from 0.1 MPa to 0.5 MPa). The positioning of the lines

on the graph shows that the diffusion coefficient also depends on the equilibrium pressure.

The pressure effect on the kinetics of the methane sorption process on coal is shown in the

graphs of Figure 4. The greatest diffusion coefficient changes, caused by temperature

changes, occur at low pressures. The diffusion coefficient values’ increase, caused by the

temperature increase of 40 K at a pressure of 0.5 MPa, is more than 100% in relation to the

initial value for T = 291 K. For p = 1.7 MPa, the change in the value of the diffusion

coefficient D was about 1.7 × 10–9 cm2/s, which is an approximately 80% increase.

The following graphs from Figure 5 show the timing courses of methane desorption at

different temperatures. Sorption/desorption measurements are time consuming. Carrying out

all of the measurements on a one coal sample, at five temperatures, (including outgassing)

required nearly four months of operation of the gravimetric device.

The graphs in Figure 5 were the basis for determining the diffusion coefficients in the

process of desorption of methane from coal. The values of the coefficients were determined

numerically, as in the case of sorption. Figure 6 shows two curves. One of them (blue line)

shows the sorption kinetics of methane on coal. The second one (the red line) shows the

volatility function (1 – ades(t)), where ades(t) is the amount of desorption for time t. Sorption

and desorption measurements were performed under the same conditions. The pressure

varied from 0.1 MPa to 0.5 MPa for sorption and from 0.5 MPa to 0.1 MPa for desorption

processes. The curves show the kinetics of the sorption and desorption processes that can be

directly compared. Under these conditions, the sorption and desorption processes are not

fully symmetrical. The sorption curve lies above the desorption curve, which means that the

sorption process was faster. The following graphs in Figure 7 show diffusion coefficient

changes during sorption and desorption processes as a function of temperature. The graphs

refer to the same sorption/desorption pressure changes. The diagrams from Figure 7 show

that at pressures up to 1.3 MPa, the sorption of methane on coal is slightly faster than the

desorption. The largest differences occur at low equilibrium pressures. With increasing

pressure, the differences between the diffusion coefficients are decreasing. At a pressure

above 1.3 MPa, the processes of the sorption/desorption appear to be symmetrical. The

results confirm the thesis that was established, that the value of the diffusion coefficient

is dependent on pressure.
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Fig. 4. The dependence of the diffusion coefficient on pressure

Rys. 4. Zale¿noœæ wspó³czynnika dyfuzji od ciœnienia

Fig. 3. The dependence of the diffusion coefficient on temperature

Rys. 3. Zale¿noœæ wspó³czynnika dyfuzji od temperatury
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Fig. 6. Sorption (0.1–0.5 MPa) and desorption (0.5–0.1 MPa) methane kinetics on coal at temperature 291 K

Rys. 6. Kinetyki sorpcji (0.1–0.5 MPa) i desorpcji (0.5–0.1 MPa) metanu w temperaturze 291 K
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Fig. 5. Desorption kinetics of methane from coal at various temperatures

Rys. 5. Kinetyki desorpcji metanu w ró¿nych temperaturach
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2. Diffusion coefficient changeability according to the Timofeev conception

2.1. T i m o f e e v ’s c o n s i d e r a t i o n s a b o u t d i f f u s i o n

In 1967, the book by D.L. Timofeev titled “Adsorptions Kinetik” was published. The

author intentionally defined the D parameter in diffusion equation (1) as the “effective

diffusion coefficient”. In this paper, the Timofeev coefficient is denoted as De
Tim, unlike the

coefficient from Crank’s interpretation (DCr). Thus De
Tim � DCr. Timofeev proposes to

determine the values of the coefficient De
Tim based on the knowledge of the sorption

half-time and the radius of the grain from the equation:

De
Tim =

0308 2

2
1 2

.

/

R

t�

(2)

t1 2/ [s] – the time after which the sorption reaches 1 2v( )�

This equation results from the solution of the equation for the unipore model at the time

when the sorption is 1 2v( )� :
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The values of the coefficients DCr obtained from the numerical solution of equation (1)

and De
Tim from the Timofeev equation (2) for the measurements made by the gravimetric

method are shown in Figure 8. The very similar results obtained through both methods show

that equations 1 and 2 can be used interchangeably.
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Fig. 8. The values of diffusion coefficients determined from equations (1) and (2)

Rys. 8. Wartoœci wspó³czynników dyfuzji wyznaczone z rozwi¹zania równañ (1) i (2)



Timofeev was aware of the role played by the sorption isotherm in the kinetics of

diffusion. He defined the diffusion coefficient as follows:

D
D

k

eTim
Tim

�
�

�
2 1( )�

(3)

where:

De
Tim – effective diffusion coefficient (by Timofeev) [cm2/s],

� – the coefficient of Henry’s isotherm,

DTim – diffusion coefficient [cm2/s],

� – the porosity of coal,

k – labyrinth factor.

Let us assume that the values � and k are independent of pressure. At constant tem-

perature, the value of the diffusion coefficient DTim should be proportional to the value of

the phrase De
Tim (1 + �). For Langmuir sorption isotherms, the value of (1 + �) will decrease

with the increasing pressure. Since the Langmuir isotherm tends to the asymptotic value,

for p � �, DTim � De
Tim k2 �–1. If the value of the De

Tim (1 + �) is constant, independent

of p, then the diffusion coefficient by Timofeev:

DTim = De
Tim(1 + �) k2�–1 (4)

could be considered as a material constant.
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Fig. 9. Sorption isotherms as polylines

Rys. 9. Izotermy sorpcji jako krzywe ³amane



2.2. A n a l y s i s o f t h e r e s u l t s o f s o r p t i o n a c c o r d i n g

t o T i m o f e e v ’s c o n c e p t

This study also examined whether or not the diffusion coefficients according to Timofeev’s

concept may havea constant value, independent of pressure. For this purpose, directional

coefficients from polylines of sorption isothermes (Fig. 9) were determined. It was assumed

that these coefficients are the coefficients of Henry’s isotherm �(p,T). The results are

shown in the graphs in Figure 10. It seems that the values of De
Tim (1 + �) are linear and

depend on temperatures. In the temperature range from 311 K to 331 K, the straight lines are

close to the parallel of the “x” axis (independent of the pressure). The straight lines fitted into

the points calculated for temperatures 291K and 301K have a growing course of pressure.

The data does not support an answer to the question of whether the coefficient of the DTim

equation (4) is a pressure independent constant.

Conclusions

The presented research allowed for the determination of the kinetic properties of the

coal-methane system. The unipore diffusion model was used for the description of these

properties. Conclusions from this study are as follows:
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Fig. 10. Crank’s DCr (the dotted line) and Timofeev’s DTim (the continuous lines) diffusion coefficients vs.

sorption pressure

Rys. 10. Zale¿noœci wartoœci wspó³czynników dyfuzji wed³ug Cranka DCr (linie przerywane)

oraz Timofieewa DTim (linie ci¹g³e) od ciœnienia sorpcji



— The methane diffusivity of the tested coal from the USCB (Poland) increases with

increasing temperature and pressure.

— The relationship between the diffusion coefficient DCr of solution (1) and temperature

can be described by a linear function.

— The effect of temperature on the diffusion coefficient DCr decreases with the increase

in the sorption pressure (from about 6 × 10–11 cm2s–1K–1 at the pressure p = 0.5 MPa

to 4 × 10–11 cm2s–1K–1 at the pressure p = 1.7 MPa).

— The diffusion coefficients DTim according to Tomofeev’s concept (4) have a lower

variability than diffusion coefficients from equation (1). For temperatures above

311 K, the coefficient DTim appears to be independent of the pressure. The study does

not allow for an unambiguous confirmation (or negation) of the supposition that

the diffusion coefficient DTim is a material constant.

— The tested coal has positive hysteresis in the sorption and desorption processes.

At pressures below 1 MPa, the sorption of methane in coal is slightly faster than

the desorption. The difference in the values of diffusion coefficients at a pressure of

0.5 MPa is about 20%. At higher pressures (above 1.3 MPa) the sorption/desorption

kinetics are very similar.

— The diffusion coefficient DCr from solution (1) is dependent on pressure, which

means that DCr is not a material constant. To compare the results of measurements,

they must be conducted within the same pressure ranges.

This work was partially supported by The National Centre for Research and Development Grant No. Nr
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ZMIANY KINETYKI PROCESÓW SORPCJI/DYFUZJI W UK£ADZIE WÊGIEL-METAN
WYWO£ANE ZMIANAMI TEMPERATURY I CIŒNIENIA

S ³ o w a k l u c z o w e

Sorpcja metanu, kinetyka sorpcji, wspó³czynnik dyfuzji, model uniporowy

S t r e s z c z e n i e

W artykule przedstawiono wyniki pomiarów kinetyki adsorpcji metanu na wêglu wykonane metod¹ gra-

wimetryczn¹. Rejestracja czasowych zmian sorpcji metanu na wêglu oraz wykorzystanie uniporowego modelu

dyfuzji pozwoli³o na wyznaczenie wspó³czynników dyfuzji metanu na wêglu w temperaturach od 291 K do 331 K

i przy ciœnieniach do 1,7 MPa. Wyniki pokazuj¹, ¿e wartoœæ wspó³czynnika dyfuzji roœnie ze wzrostem tem-

peratury. Zale¿noœæ pomiêdzy temperatur¹ a wspó³czynnikiem dyfuzji wydaje siê byæ liniowa. Badania desorpcji

wykonane w warunkach takich jak pomiar sorpcji pokaza³y, ¿e przy ni¿szych ciœnieniach sorpcja jest procesem

prze- biegaj¹cym szybciej. Ró¿nice w kinetykach zanikaj¹ przy ciœnieniu oko³o 1,3 MPa. Wartoœæ wspó³czynnika

dyfuzji zale¿na jest równie¿ od ciœnienia równowagowego, co wskazuje, ¿e wspó³czynnik ten nie jest sta³¹

materia³ow¹ uk³adu wêgiel-gaz. W pracy przypomniano równie¿ rozwa¿ania Timofeewa na temat wspó³czynnika

dyfuzji. Autor ten wi¹¿e wspó³czynnik dyfuzji z liniow¹ izoterm¹ Henry’ego. Wyniki pokazuj¹, ¿e wspó³czynnik

dyfuzji wed³ug koncepcji Timofeewa charakteryzuje siê mniejsz¹ zmiennoœci¹ wywo³an¹ zmianami ciœnienia

w porównaniu z koncepcj¹ Crank’a. W temperaturach powy¿ej 311 K wspó³czynnik dyfuzji wed³ug Timofeewa

wydaje siê byæ niezale¿ny od ciœnienia.

CHANGES IN THE SORPTION/DIFFUSION KINETICS OF A COAL-METHANE SYSTEM CAUSED
BY DIFFERENT TEMPERATURES AND PRESSURES

K e y w o r d s

Methane sorption, sorption kinetics, diffusion coefficient, unipore model

A b s t r a c t

This paper presents the results of studies into the kinetic adsorption properties of methane on coal (effective

diffusion coefficient) using the gravimetric method. The measurements of the time waveforms of methane sorption

on coal and the use of the unipore model of diffusion allowed to determine the diffusion coefficients at different

temperatures in the range of 291 K to 331 K and pressures up to 1.7 MPa. This study have shown that the diffusion

coefficient increases with increasing temperature. The relationship between the diffusion coefficient and the

temperature of the coal-methane system appears to be linear. The value of the diffusion coefficient of Crank’s

solution is also affected by methane pressure, which shows that the diffusion coefficient is not a material constant.

This analysis also references Timofeev’s discussion on the diffusion coefficient, and analyzes the relationship

between the coefficient of diffusion and the Henry’s isotherm coefficient. Examination has shown that the

Timofeev’s diffusion coefficients is characterized by less variability when compared to the diffusion coefficients

according to Crank’s solution. At temperatures above 311 K, the diffusion coefficients by Timofeev seem to be

independent of the pressure.
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