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THE EFFECT OF TEMPERATURE ON THE SORPTION PROPERTIES OF COAL
FROM UPPER SILESIAN COAL BASIN, POLAND

WPLYW ZMIAN TEMPERATURY NA WEASNOSCI SORPCYJNE NA PODSTAWIE BADAN
WYBRANYCH WEGLI Z GORNOSLASKIEGO ZAGLEBIA WEGLOWEGO

This paper presents the results of studies on gas sorption performed by means of the gravimetric me-
thod. The tests were performed on two coal samples of different metamorphism degrees, came from two
regions of Upper Silesian Coal Basin, Poland. The changes in sorption capacity of coals were measured
in the pressure range from 0.1 MPa to 17 MPa and in temperatures ranging from 291K to 333K. Coal of
a lower coalification degree was a better methane sorbent. Changes in sorption capacity of tested coals
were linearly dependent on the temperature. The increase in temperature of 10K reduces the Langmuir
sorption of about 0.7-0.8 [cm?/g]. Such increase of temperature causes a nonlinear increase of the Langmuir
pressure (b~1). These results showed that the rise of rock temperature, caused by geothermal gradient, can
induce a significant increase of equilibrium pressure of methane in coal seam. An increase of coal seam
temperature may cause an increase of gas and coal outburst risk in a coal mine.
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W pracy przedstawiono wyniki badan sorpcyjnych wykonanych na dwdch rodzajach wegla o réznym
stopniu uwgglenia. Probki do badan pochodzity z kopaln ,,Sobieski” w Jaworznie oraz ,,Pniéwek” w Paw-
towicach. Badania polegaty na przeprowadzeniu serii pomiaréw izoterm sorpcji w réznych temperaturach
uktadu wegiel-metan. Badania przeprowadzono metoda grawimetryczna, polegajaca na pomiarze zmian
masy wegla wywotanych sorpcja metanu. Maksymalne ci$nienie sorpcji wynosito 1.7 MPa. Zakres zmian
temperatury wynosit 40K. Dla wegla z kopalni ,,Pnidéwek” wykonano dodatkowo pomiary desorpcji
metanu we wszystkich badanych temperaturach. Wyniki pozwolily na wyznaczenie izoterm sorpcji
przedstawionych w pracy oraz dopasowanie wspotczynnikéw izoterm Langmuir’a.

Wegiel o nizszym stopniu uwgglenia okazat si¢ lepszym sorbentem dla metanu. Zmiany warto$ci
maksymalnych sorpcji Langmuira w funkcji temperatury maja charakter liniowy a wspotczynniki kierun-
kowe prostych dopasowanych do wynikdw pomiaru maja bardzo zblizone warto$ci. Analizujac wzglgdne
zmiany pojemnosci sorpcyjnej w procesach sorpcji i desorpeji mozna, ze najwigksze réznice pomigdzy
wartosciami sorpcji i desorpcji wystgpuja przy niskich warto$ciach ci$nief. Przy ci$nieniu 0.1 MPa
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wynosza one od ok. 16% do ok. 20%. Przy ci$nieniu powyzej 0.5 MPa wielkos$¢ histerezy nie przekra-
cza 5%. W pracy przedstawiono réwniez rozwazania dotyczace wpltywu zmian temperatury ztozowe;j,
wywolanego gradientem geotermicznym na zmiany ci$nienia rOwnowagowego metanu w poktadzie. Do
obliczenia wykonano dla przyktadowych giebokosci od od 600 m do 1400 m. Wyniki pokazuja, ze waz
ze wzrostem metanonosnosci i glgbokosci gwattownie moze wzrastaé ci$nienie rownowagowe metanu
w pokfadach wegla. Cisnienie metanu jest jednym z najwazniejszych parametréw wpltywajacych na
mozliwos$¢ wystgpowania wyrzutow metanu i skat w kopalniach. Nalezy przypuszczaé, ze zagrozenie
wyrzutami metanu i skal bedzie wzrastato wraz z glgbokos$cia prowadzenia robot gorniczych.

Stowa kluczowe: metan, sorpcja, temperatura, zagrozenie metanowe

1. Introduction

Yearly coal production in Poland approached 79 mln ton in 2012, about 75% of coal came
from methane seams. 26 accidents associated with the methane hazard were registered during
the period 2002-2012, with 62 fatalities. Methane emission per one ton of mined coal is now
50% higher than 10 years before. The maximal methane contents in coal beds exceeds now
15m*/Mg,,. Methane explosion hazard and gas and coal outbursts hazard considered to be a major
natural hazard experienced in the Polish coal mines (Szlazak & Kubaczka, 2012; Mtynarczuk &
Wierzbicki, 2009) and in the world (He & Song, 2011). The gas and rock outburst hazard is also
present in copper mines (Mlynarczuk & Wierzbicki, 2013).

Methane is present in coal basically in two different forms: as a gas sorbed on the surface of
pores and microcracks and methane filling pores and cracks in coal, not bound to the surface and
hence referred to as free gas. The state of equilibrium is established between the amount of free
and adsorbed methane, associated with the methane pressure, pore volume and the coal’s internal
surface. Gas in the sorbed state accounts for 85-90% of total gas contained in coal (Ceglarska-
Stefanska & Brzdska, 1998). The sorption capacity of coal is associated with the properties of
the coal-gas system, such as pressure, temperature, moisture content, metamorphism of coal and
maceral composition. The depth of mining operations in Poland progressively increases- by 8m-
10m yearly, on the average. In Chinese mines, the mine depth can increase at a rate of S0m per
year (Wang et al., 2013). The geothermal gradient gives rise to a temperature increase, which, in
turn, leads to deterioration of the methane sorption capacity on coal (Levy et al., 1997; Nodzenski
& Hotda, 2001; Sakurovs et al., 2008). Deterioration of the coal’s sorption capacity in relation to
the constant or growing methane content, brings about an increase in the equilibrium pressure of
methane in underlying seams. The methane pressure is a major determinant of the gas and rock
outburst occurrence (Lama & Bodziony, 1996), The influence of pressure as a factor triggering
the outburst is well evidenced in research conducted by Skoczylas (2012). who ran a series of
experiments to test the probability of outburst occurrence depending on the equilibrium pres-
sure of gas. The role of methane pressure as an indicator of the potential outburst occurrence is
corroborated by numerical modelling data (Xu et al., 2006). Three methane and rock outbursts
were registered in recent years in the Upper Silesia Coal Basin (Wierzbicki, Mlynarczuk, 2006,
Mtynarczuk, Wierzbicki, 2009). They might have been associated with the growing methane
pressure due to the geothermal gradient. Further research aimed at determining the influence of
temperature on the process of methane sorption on coal is fully justified.
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2. Coal samples

Testing was done on two coal samples from the Upper Silesia Coal Basin (USCB). The
USCB is located in southern Poland and in the northern part of the Czech Republic and it covers
an area of about 7,400 km?. More detailed information about geology of this region can be found
in other studies (Nowak, 2004; Kedzior, 2011). Coal samples were chosen in a way ensuring
similar maceral compositions and different metamorphism. The first sample was collected from
methane-free coal seam 209 in the “Sobieski” colliery in Jaworzno. This colliery is located in
the northern part of the Upper Silesia Coal Basin. The other coal sample was obtained from coal
seam 404/1 in the “Pniéwek” colliery in Pawlowice (coal sample “P”), in the southern part of the
polish part USCB. Coal samples in the form of polished sections were subjected to a maceral com-
position analysis. A technical analysis of selected coal samples was performed to determine their
vitrinite reflectance. The maceral composition and other parameters are summarised in Table 1.

TABLE 1
Coal mi Maceral group [%] Reflectance of vitrinite [%o] Technical analysis [%]
O MINE i trinite | Inertinite Liptynite Rr RI max RF min Vat A2
Pniowek 76,30 21,00 2,20 1,08 1,00 1,13 27.30 8.10
Sobieski 73,85 15,16 2,38 0,47 0,50 0,42 21,43 30,69

The vitrinite content in the tested coals is above 70%, while the liptinite contentis rather
low — about 2% for the two samples. Vitrinite reflectance Rr tests reveal that the test samples
differ in their degree of metamorphism. The plot given in (Sablik & Rog, 1995) gives the fixed
carbon content C. For the “Sobieski” coal the fixed carbon content is below 80%, in the case of
coal from “Zofiowka” it is approx. 87%. The coal sample S’ has a high ash content, over 30%.
The results of sorption tests are expressed as dry ash-free (daf).

Collected coal samples were hand-crushed and sieved on a vibratory sieve shaker. Particle
sizes from 0.25 mm to 0.20 mm were separated. Coal samples for testing weighing about 100 mg
were dried at a temperature of 363K until a constant mass was obtained.

3. Sorption measurements

Tests were performed by the gravimetric method described in the studies by (Benham &
Ross, 1989), with the use of a device which determines the sorption capacity in the pressure range
up to 20 MPa. The advantages of the gravimetric method applied to gas sorption measurements
on coal are discussed in works by (Beamish et al., 1991; Levine, 1992; Saghafi et al., 2007).

Five series of measurements were run accordingly to test the methane sorption on both kinds
of coal. In each series, the temperature of the coal-methane system would be different.

Prior to each series of measurements, samples were dried and outgassed at 353K in a vacuum
for 24 h. When the sample was outgassed and the temperature established, the sorption would
be triggered by admission of methane under the pressure of 0.1MPa to the sorption chamber.
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The measurement procedure was as follows:

a) Outgassing of the coal sample using a turbo-molecular pump (7, = 353K, poye = 1x107°
mbar, ¢t = 24 h),

b) Establishing the temperature of measurement (77),

¢) Sorption measurements at p = 0.1 MPa, T},

d) Sorption measurements at p = 0.5 MPa, T},

e) Sorption measurements at p = 0.9 MPa, T},

f) Sorption measurements at p = 1.3 MPa, T},

g) Sorption measurements at p = 1.7 MPa, T.

After making a series of measurements at a given temperature followed outgassing of the
sample (point a) and the next series of measurements in temperature, increased by 10K.

Measurements were carried out at the following temperatures:

— from 291K to 331K for coal from “Pniéwek” coliery,

— from 293K to 333K for coal “Sobieski” coliery.

The gradient of pressure changes at each control point was 200 mbar/min. Additionally, meth-
ane desorption measurements were taken on coal from the “Pniéwek” colliery at all temperatures.

4. Results

4.1. Sorption measurements

The plots of methane sorption on coal (expressed in terms of 1 g4,¢) are shown in Fig. 1.
Further branches of the plot represent different temperatures. On account of low diffusivity of
coal from the “Pnidéwek’ colliery (diffusion coefficient of the order of 10~ ¢cm?/s), the measure-
ments proved to be time-consuming. All of the sorption and desorption measurements on coal
“Pnidwek” required 4 months’ continuous operation of the gravimetric device. Diffusivity of
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Fig. 1. Methane sorption as a function of time at various temperatures of the coal-methane system
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coal from the colliery “Sobieski” was decidedly higher and the measurement procedure was

shorter (about 30 days).

Measurement data allow for the determination of sorption isotherms, shown in Fig. 2. The
least difference method was employed to fit the measurement points (Fig. 2) with the Langmuir
isotherm in the following form:

a=a,,bp/(1+ bp)

is the sorbed amount of methane at the equilibrium pressure p, cm?/g,
— is the Langmuir sorption capacity at p — oo (saturation state), cm’/g,
is a constant characteristic for the coal-methane system, MPa,

is the free gas pressure, MPa.

(1

Individual branches of diagrams (dotted line) are Langmuir isotherm equations. The coef-
ficients from Eq (1) are summarised table 1. The last column gives the values of the determination
coefficient R-squared. These values of R-squared are no less than 0.997.
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Fig. 2 Methane sorption isotherms for different temperatures
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The coefficient b in the Langmuir equation (1) is the inverse of the equilibrium pressure,

under which the sorption saturation level becomes 0.5a,,. The relationship between the pressure

corresponding to the half surface coverage in the function of temperature is shown in Fig. 4.
Higher pressure levels are registered for the coal from “Sobieski” coliery. The relationship 5~'(T)

is rather strong and appears to be exponential. At a temperature of 300K the 50% coverage is
achieved at about 0.63 MPa for the coal “P”” and 0.83 MPa for the coal ”Sobieski”. At 330K, this

level of coverage is achieved at 1.09 MPa and 1.48 MPa, respectively.
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Fig. 4. Variability of Langmuir half-time sorption pressure as a function of temperature

Sorption isobars obtained for the investigated coals are shown in Fig. 5. In the considered
temperature range, the methane sorption tends to vary linearly as a function of temperature:

a(T)=-mT+n (2)

The values of the slope coefficients m and n of the straight lines fitted to relevant isobars
are compiled in Table 2. The quality of the fit is evidenced by high values of the determination
coefficient R-squared, summarised in Table 2.

The values of the slope coefficients m and n from Eq. (2) as a function of equilibrium pres-
sure in the range from 0.1 MPa to 1.7 MPa are shown (in the semi-log scale) in Figs. 6 and 7.
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Fig. 5. Methane sorption isobars as a function of temperature
TABLE 2
Slopes of straight lines fitted to sorption isobars
Pressure | 01MPa | 05MPa | 0.9MPa 1.3 MPa 1.7 MPa
Coal from “Pnidwek” coliery
m [em®/(gesw K)] 0,054 0,108 0,122 0,129 0,136
n [em®/g ] 19,331 41,082 48,066 52,077 55,59
R? 0,993 0,998 0,999 0,999 0,999
Coal from “Sobieski” coliery
m [em®/(gesw K)] 0,049 0,108 0.130 0,143 0,152
n [em®/gogy] 17,916 42,173 52,274 58,76 63,69
R? 0,990 0,995 0,998 0,998 0,999

Variability of the coefficients “m” and “n” is governed by logarithmic equations written as:

m, = 0.0365In(p) + 0.133 (R2 = 0.999),
n,=16.0711n(p) + 54.381 (R> = 0.998),

m,, = 0.02911n(p) + 0.123 (R* = 0.999),
n,=12.777In(p) + 49.127 (R* = 0.999).

These variations of the methane sorption capacity on coal are absolute changes. Relative
changes of sorption capacity “s” in relation to the reference capacity level — i.e. the sorption
measured at 291K, a,(p, 291K) for the coal sample from “Pniowek” and at 293K ay(p, 293K)
for the coal sample “Sobieski” are shown in Fig. 10 and 11. The branches of the plots in Fig. 10
represent various temperatures of the coal-methane system, those in Fig. 11 represent various

sorption equilibrium temperatures.

s (pT)= a,(p,291K)=a,(p.T)
’ ap(p,291K)
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Relative changes of sorption assumed to be a linear function of temperature, with. coefficient
w, depend on pressure. (s = wT). The plot in Fig. 12 shows the variability of slopes “w’ of the
straight lines shown in Fig. 8 as a function of the sorption temperature.

Experimental data show that relative changes of sorption capacity of the two coal samples
are very similar and the largest changes are registered for low sorption pressures. A change in the
sorption capacity due to the temperature increase by 1K is about 1.3% at a pressure of 0.1 MPa. At
1.7 MPa, it changes by about 0.85% (coal sample “Pnidwek’’) and 0.75% (coal sample “Sobieski”).
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Fig. 11. Relative changes in sorption as a function of temperature

4.2. Desorption measurements

Experiments were run on the coal sample “Pnidwek” to test methane desorption from the
coal. Measurements were taken for all sorption points, at all temperatures in the range from 291
to 331K. Isotherms of sorption (continuous lines) and desorption (broken lines) of methane on
coal from the colliery “Pniéwek” are shown in Fig. 13. All desorption isotherms are above the
sorption isotherms, which indicates that the investigated coal exhibits sorption hysteresis.
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Fig. 12. Slopes of the straight lines “w” vs. equilibrium pressure

"Pniowek"
18 —— 291K sorp.
16 /‘. —#&— 301K sorp.
— 14 -
— & — 311K sorp.
b‘g - == /;"//. - P
~ = .
ME == 321K sorp.
S = /
o = / —&— 331K sorp.
o =
a — B - 291K des.
o
v — @ - 301K des.
—— 311K des.
321K des.
1'0 1'5 2.0 —-a—-331K des.

Pressure [MPa]

Fig. 13. Isotherms of sorption and desorption of methane on coal “Pnidwek”

Fig. 14 presents relative hysteresis of sorption derived for particular sorption/desorption
pressures from the equation:

h(p T)= Ajes (p’T)_asnrp (p,T)
' asorp (paT)

where:
Aorp(p,T) — the amount of sorbed methane at the pressure p and temperature 7, measured
in the process of sorption,
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A40s(p, T) — the amount of sorbed methane at the pressure p and temperature 7, measured
in the process of desorption.

Individual branches of the plot indicate various sorption and desorption temperatures. It
appears (see Fig. 14) that the most considerable relative differences between the sorption and
desorption values are registered at low pressures: from 16% to 20% at 0.1MPa. At pressures
above 0.5 MPa the magnitude of the hysteresis should not exceed 5%. The band of curves rep-
resenting different temperatures is relatively narrow, indicating a weak relationship between the
magnitude of the hysteresis and the temperature of the coal-gas system. An analysis of particular
branches of this plot reveals that an increase in the temperature leads to reduction of magnitude
of the sorption/desorption hysteresis.
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Fig. 14. Magnitude of sorption hysteresis for the coal ,,Pnidéwek” vs equilibrium pressure

5. Change of equilibrium pressure of methane due
to the increase of mining depth

Let us consider how the equilibrium pressure of coalbed methane would change with an
increase of the mining depth? Let us assume that the coal with the properties of the coal sample
“Pnidwek”, with the known methane content M, (in m*/Mgy,) is situated at various depths. With
an increase in the mining depth, the temperature of the coal-gas system under natural conditions
will change due to the geothermal gradient. It is assumed that the average geothermal gradient
in the Upper Silesia region is 3K/100 m (Ke¢dzior, 2009). If we know the porosity of coal and the
relationship between the pressure, temperature and the amount of sorbed methane, the equilibrium
pressure of coalbed methane can be determined. The coalbed pressure p, depends on the depth
(because of the occurrence of geothermal gradient) and the methane content M.
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Let us assume that the methane content per unit mass of coal (M,) is a sum of absorbed
methane (a,) and free gas (ay). These amounts depend, inter alia, on the pressure and temperature
of the coal-gas system. Accordingly, we obtain:

b(T)p e P 298
T)=a, (T)——2—, a;, =———"—=, Mc(p.,T)= :
aS (p’ ) am( )1+b(T)p’ af pHe ])0 T > C(p, ) am +a.f

The plot of equilibrium pressure of methane in the function of methane capacity for the
coal sample “Pniéwek” from the colliery “Pniowek” is shown in Fig. 15. Further branches of
the plot correspond to depth isolinesin the range from 600 m to 1400 m. For a methane capacity
of 16 m3/Mgg,s, the equilibrium pressure at a depth of 1400 m can be twice as high as at 600 m.
Such a large change in pressure can be caused by the geothermal gradient only.

Experimental data reveal that the equilibrium pressure of coalbed methane can rapidly
increase with increased methane bearing capacity and depth. Gas pressure is one of the most
important parameters affecting the possibility of a gas and rock (coal and gas) outbursts in mines
(Skoczylas, 2002; Mtynarczuk & Wierzbicki, 2013). It can be assumed that the threat of methane
outbursts and rock will increase with the mining depth.
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Fig. 15. Variability of methane equilibrium pressure as a function of methane bearing capacity
for variable coalbed depth

6. Conclusions

It appears that there is no straightforward relationship between the coal rank and its sorption
properties. Higher-rank coal from the colliery “Pniéwek” (Rr = 1.08%) will sorb less methane
than coal from a non-gassy mine “Sobieski” (Rr = 0.47).

An increase in the temperature of the coal-gas system causes a decrease in the sorption capac-
ity. The maximum Langmuir sorption capacity changes linearly with temperature. The reduction
of the sorption capacity is 0.083 cm>/(g4,;K) for the coal sample “Pnidwek” and 0.074 cm®/(g4,¢K)
for the sample “Sobieski”. The isobars of sorption at different temperatures are linear.
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The most significant changes of sorption capacity due to temperature variations are registered
at low sorption equilibrium pressures.

An increase in the temperature of the coal-gas system gives rise to an increase in the partial
pressure of Langmuir sorption and this change follows a roughly exponential pattern.

Relative values of sorption/desorption hysteresis tend to decrease with an increase in the
coal temperature. At pressures above 0.5 MPa, they are rather small (below 5%).

The occurrence of a geothermal gradient can give rise to a major increase in the equilibrium
pressure of methane in coalbeds.

Calculation data suggest that for a methane bearing capacity of 16 m3/Mgg,s, the equilibrium
pressure of methane at a depth of 1400 m can be twice as high as at 600 m, which is closely
associated with the level of potential hazard of coal and gas outburst occurrence in collieries.
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