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Abstract: This study presents the effects of equations of state (EOSs) on methane adsorption capacity,
sorption hysteresis and initial gas reserves of a medium volatile bituminous coal. The sorption
experiments were performed, at temperatures of 25 ◦C and 40 ◦C and up to 7MPa pressure, using a
high-pressure volumetric analyzer (HPVA-II). The measured isotherms were parameterized with the
modified (three-parameter) Langmuir model. Gas compressibility factors were calculated using six
popular equations of state and the results were compared with those obtained using gas compressibility
factors from NIST-Refprop® (which implies McCarty and Arp’s EOS for Z-factor of helium and
Setzmann and Wagner’s EOS for that of methane). Significant variations were observed in the resulting
isotherms and associated model parameters with EOS. Negligible hysteresis was observed with
NIST-refprop at both experimental temperatures, with the desorption isotherm being slightly lower
than the adsorption isotherm at 25 ◦C. Compared to NIST-refprop, it was observed that equations
of state that gave lower values of Z-factor for methane resulted in “positive hysteresis”, (one in
which the desorption isotherm is above the corresponding adsorption curve) and the more negatively
deviated the Z-factors are, the bigger the observed hysteresis loop. Conversely, equations of state
that gave positively deviated Z-factors of methane relatively produced “negative hysteresis” loops
where the desorption isotherms are lower than the corresponding adsorption isotherms. Adsorbed
gas accounted for over 90% of the calculated original gas in place (OGIP) and the larger the Langmuir
volume, the larger the proportion of OGIP that was adsorbed.

Keywords: adsorption and desorption isotherms; sorption hysteresis; medium volatile bituminous
coal; equation of state; NIST-Refprop; gas compressibility factors; original gas in-place

1. Introduction

Coal-seams are typically characterized by large proportions of the gas (mostly methane [1–3],
with traces of impurities such as CO2 and N2) existing predominantly as adsorbed phase in the internal
surface areas of the rock matrix while the natural cleats’ macropores may contain some water and
free gas [1]. The primary storage mechanism in coal-seams is thus gas adsorption in the internal
surface areas of the coal matrix [4]. The amounts of gas adsorbed by a coal depend on different factors
such as pressure, temperature and moisture contents [5]. The relation of amount of adsorbed gas to
pressure at a constant temperature is referred to as adsorption isotherm and has been the primary
means of assessing the gas adsorption capacity of coals [2]. Adsorption isotherms are mostly measured
experimentally using different techniques such as volumetric, manometric, gravimetric, and some

Energies 2019, 12, 2022; doi:10.3390/en12102022 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-5307-7974
http://www.mdpi.com/1996-1073/12/10/2022?type=check_update&version=1
http://dx.doi.org/10.3390/en12102022
http://www.mdpi.com/journal/energies


Energies 2019, 12, 2022 2 of 13

combinations thereof [6] most of which rely on some equation of state to obtain gas compressibility
factors for data interpretation [7].

The dependencies of adsorption capacity and gas reserves estimates on gas compressibility
factors have been illustrated by different researchers [7–11]. Despite this knowledge, indiscriminate
uses of EOSs for Z-factors needed for generating sorption isotherms is very common [10,12–14].
Redlich-Kwong EOS [12], 32-parameter modified Benedict-Webb-Rubin (MBWR) EOS [13] and a
combination of McCarty and Arp and Setzmann and Wagner EOSs [12] are some examples found in
the literature.

To further demonstrate the influence of equations of state on high-pressure sorption data, we
extend our investigation to methane-coal sorption hysteresis and gas in-place volumes. Hysteresis in
high-pressure sorption isotherms of supercritical methane on coal has become a common observation
and yet, it remains difficult to explain. Some researchers believe it is caused primarily by measurement
uncertainties [5,15,16] while others have argued that it could be too significant to be attributed to
measurement errors alone [5]. Parameters such as equilibrium time [6,17], (residual) moisture contents
of coal [8,17], coal ranks [8,18], particle sizes of coal [19,20], irreversible structural changes to coal due
to gas adsorption [21,22], irreversible absorption associated with gas adsorption [16,23], coal’s surface
heterogeneity [24], gas trapping [8], irreversible chemical bonding of gas molecules with molecules
of coal [16,17,21] and selectiveness of adsorption sites during desorption [21] have been offered as
explanations for observed high-pressure sorption hysteresis of CO2-coal and/or CH4-coal systems.

It is generally believed that, where hysteresis exists, desorption isotherms should lie above their
adsorption counterparts. This type of hysteresis is referred to as “positive hysteresis” [25] and was the
case with all the examples cited above. Less commonly, cases of “negative hysteresis” and cross-overs
(desorption isotherm intercepting adsorption isotherm) have also be reported [6,25–27]. However,
it was hitherto believed that such observations could only be caused by pressure non-equilibration,
desorption of pre-adsorbed gas in the adsorbent [6] or irreversible structural changes to the solid as a
result of gas adsorption [25,26].

From the above discussion, it is obvious that there is no single universal explanation for CO2-coal
and CH4-coal sorption hysteresis at high-pressure. A similar conclusion was reached by Wang et al. [28]
in their review paper on sorption hysteresis of CO2 and CH4 on coals. It is noteworthy however, that
majority of the articles reviewed were based on volumetric/manometric method. This invariably means
that the authors used some equations of state to obtain the fluid data required for experimental data
analysis. Interestingly, none of the authors considered that the choice of EOSs (and hence, calculated
Z-factors) could be the cause of the observed hysteresis. The primary aim of this paper is therefore to
establish that the choice of EOS has a significant effect on high-pressure adsorption and desorption
isotherms of methane on coal, associated model parameters, degree and type of sorption hysteresis as
well calculated gas reserves from coalbed seams.

2. Materials and Methods

2.1. Sample

The coal sample used in this study is ranked medium volatile bituminous with a mean vitrinite
reflectance of 1.43%. The results of the sample’s petrographic and proximate analyses are summarized
in Table 1. The sample was pulverized and sieved to particle sizes 45–75 µm (325–200 mesh) and then
subjected to low-pressure nitrogen adsorption to determine its pore-size distributions (PSDs).
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Table 1. Properties of the coal sample.

Components Composition (%)

A. Petrographic Analysis
Vitrinite 75.0
Fusinite 3.3

Semi-fusinite 13.0
Macrinite 0.3

Inertodetrinite 4.0
Mineral matter 4.5

Mean maximum reflectance 1.43
B. Proximate Analysis

Ash content 9.6
Moisture content 1.2

Volatile matter 21.2
Fixed carbon 68.0

2.2. Sample Characterization Using Low-Pressure Nitrogen Adsorption

Pore size distribution was achieved using low-pressure nitrogen ad/desorption tests at a
temperature of 77.3 K (≈−196 ◦C) and equilibrium relative pressure (P/Po, where the saturation pressure,
Po = 0.1 MPa and P = equilibrium pressure) range of about 0.01 to 1 using a Micromeritics® Tristar II
3020 instrument. The sample was degassed at a temperature of 110 ◦C for a minimum of 8 h prior to the
measurements. The experimental isotherms were parameterized using Brunauer-Emmett-Teller (BET)
model [29] and coupled with the non-local density-functional theory (NLDFT) to compute the PSDs.

2.3. Measurement of Methane Sorption Isotherms

Methane adsorption and desorption isotherms were measured for the sample using Particulate
System’s HPVA-II® 200 unit described in [10,13,30,31]. This equipment uses volumetric technique for
gas adsorption and desorption measurements. The volume of free-space was measured using helium
expansion method [10,13,30,31]. In addition to the isotherms computed by the equipment (reference
data), six other isotherms were calculated, at each temperature, from the raw experimental data, using
Z-factors obtained from the EOSs discussed in Ekundayo and Rezaee [10]. The total amount adsorbed
at any pressure step r is given by the following equation [10]:
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where VSTP, R and Ms are the standard molar volume of gas, the universal gas constant
(≈8.3145 Jmol−1 K−1) and the weight of the adsorbent respectively; PmA, TmA & ZmA are the pressure,
temperature and the corresponding methane Z-factor condition of the manifold (of volume, Vman)
before dosing gas into the sample cell, PmB, TmB & ZmB are the manifold’s final condition after dosing.
Psc, Tsc& Zsc represent the equilibrium condition of the sample cell (volume Vsc), Tus & Zus are the
temperature and Z-factor in the upper stem (volume, Vus) of the sample holder while Tls & Zls are the
corresponding values in the lower stem (volume Vls). The parameters Vsc, Vls & Vus, are related to the
volume free space at ambient condition (VAm f s) and can be calculated as discussed in Ekundayo and
Rezaee [10]. A plot of Ṽads

r against Psc gives an adsorption isotherm.
If the amounts adsorbed at any two consecutive adsorption steps i− 1 and i are Ṽads

i−1 and Ṽads
i

respectively, then the differential amount adsorbed at step i can be obtained as:

∆Ṽads
i = Ṽads

i − Ṽads
i−1 (2)

Thus, the target amount during the desorption from step i to i− 1 is ∆Ṽads
i . In practice, however,

desorption step terminates at a new pressure point j (typically, Pi−1 < P j < Pi) desorbing an amount
∆Ṽdes

j . Therefore, the amount adsorbed at the pressure point P j is given as:
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Ṽads
j = Ṽads

i + ∆Ṽdes
j (3)

A plot of Ṽads
j against P j on the same axes as the adsorption isotherm gives the desorption isotherm.

In a rare case where P j = Pi−1, |∆Ṽdes
j | = ∆Ṽads

i . For this ideal case, the isotherms do not only overlay,

they are also equal. In reality, P j , Pi−1 and |∆Ṽdes
j |may be less or greater than ∆Ṽads

i resulting in one
of three scenarios:

(1) Negligible (or Zero) Hysteresis in which the isotherms overlay even though |∆Ṽdes
j | , ∆Ṽads

i .

(2) Positive Hysteresis in which |∆Ṽdes
j | < ∆Ṽads

i and as such, desorption isotherm lies above the
adsorption curve

(3) Negative Hysteresis in which |∆Ṽdes
j | > ∆Ṽads

i and as such, desorption isotherm lies below the
adsorption curve

2.4. Theory

2.4.1. Isotherm Modeling

The measured excess adsorbed amounts are usually converted to absolute amounts, which are
needed for practical applications [32]. In this work, the measured isotherms were parameterized using
the 3-parameter Langmuir model [7,13,21,32] which includes a factor to convert the excess amount
adsorbed to absolute amount. If the excess amount at any equilibrium pressure, P is Vexc, then the
model is given as:

Vexc =
VLP

P + PL

(
1−

ρbulk

ρads

)
(4)

where VL, PL = Langmuir volume and pressure (respectively); ρads = Adsorbed gas phase density

ρbulk =
PM
ZRT

= Density of the bulk gas phase (5)

M = Molecular weight of methane.
The model parameters (VL, PL, and ρads ) were determined by non-linear curve fitting

with each parameter bounded to (0, +∞). The adsorbed gas phase density was assumed to
be pressure-independent.

2.4.2. Gas in-Place Calculation

The total volume of gas originally in-place, in a coal-seam, is the sum of the free gas and adsorbed
gas and can be calculated using Equation (6) [33]:

Gi = Ah
[

43560∅i(1− Swi)

Bgi
+ 1359ρrock

Vres
L Pi

Pi + Pres
L

]
(6)

In this equation, A (acre) is the area of the coal seam, h (ft) is the thickness, ∅i, Swi represent the
respective initial porosity and water saturation in the cleat system, ρrock (g/cc) is the density of the coal
seam, Pi (MPa) is initial reservoir pressure, Bgi (rcf/scf) represents the initial gas formation volume
factor (FVF) calculated from Equation (7), Vres

L (scf/ton) is the Langmuir volume for the adsorption
isotherm at reservoir temperature, Tres (◦C) and Pres

L (MPa) is the corresponding Langmuir pressure.
Table 2 shows the parameters used in calculating the OGIP for each EOS.

Bgi =
0.000195 Zi(1.8Tres + 492)

Pi
(7)

Zi in Equation (7) is the Z-factor of methane at initial coal seam pressure and temperature.
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Table 2. Parameters used for initial gas reserves estimates.

Parameters

Reservoir Temperature, ◦C 40
Initial Res. Pressure, MPa 10.34

Rock density, g/cc 1.34 *
Initial porosity, fraction 0.1 *

Initial water saturation, fraction 0.8 *

* data from [27].

It is obvious from Equation (7) that the gas FVF is directly related to Z- factor and as such is also
EOS-dependent. To isolate the effect of the gas FVF on the calculated volume of gas in-place, two
different cases were investigated as follows:

Case 1: Gas FVF equals the value calculated for each EOS.
Case 2: Gas FVF equals constant for all EOS. The constant value was set as the value obtained for the

reference EOS.

3. Results and Discussion

3.1. Low-Pressure Nitrogen Sorption Isotherms and Pore-Size Distribution

Figure 1 shows the low-pressure nitrogen sorption isotherms (Figure 1a) and the corresponding
pore-size distribution, PSD (Figure 1b) for the coal sample used in the study. The nitrogen adsorption
isotherm shows no monolayer coverage but exhibits a significant multilayer coverage [34], up to a
relative pressure of about 0.8, followed by a sharp increase in the amount adsorbed (an indication of
capillary condensation [35]) thereafter. Negligible hysteresis of type H3 (IUPAC classification, [34])
characterized by a type II adsorption isotherm and a lower closure of the hysteresis loop indicate
that the sample is composed of non-rigid aggregates of slit-like particles and possible presence of a
network of macropores [34]. The PSD shows that the sample is composed of approximately bi-modal
distributed pores with mesopores accounting for more than 90% of the distribution and dominant
pores sizes of approximately 4 nm and 25 nm. The PSD also shows negligible micropores thereby
confirming the absence of monolayer coverage observed in the nitrogen adsorption isotherm.
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Figure 1. Pore-Size Distribution from Low-Pressure Nitrogen Adsorption Data.

3.2. Methane-Coal Adsorption Isotherms

Figure 2 shows the variations in the calculated Z-factors of helium (Figure 2a), relative to those
obtained from McCarty and Arp’s EOS [36], at the test temperatures and the corresponding variations
in the resulting ambient volumes of free space (Figure 2b). The deviations are minimal for helium
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Z-factor (within ±0.25%) for all the EOS. Although the corresponding deviations of free space volume
are also small (within±0.5%), they can have significant effects on the amounts adsorbed, especially at
high pressure [10,37,38].
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Figure 2. Effect of Equation of State on Free-Space (a) Variation in Z-factor of helium gas by EOS
(b) Corresponding variation in volume of free space.

Figure 3 shows an example of the deviations in Z-factors of methane at 25 ◦C as a function of
pressure for each EOS. For each sample, the deviations increase with pressure with PR-Peneloux
showing the largest negative deviation while SBWR-EOS gave the closest Z-factor of methane relative
to Setzmann and Wagner’s EOS. As shown in Figure 4, significant variations were also seen in the
resulting adsorption isotherms for all EOSs. As expected, EOSs that gave negative deviations for
Z-factor of methane resulted in adsorption isotherms higher than NIST-refprop’s. The size of the
resultant isotherms, relative to that of the reference EOS, is determined by the combined effects of
volume of free-space and Z-factor of methane. For example, PR-EOS and PR-Peneloux EOS gave
nearly the same free space volume as the reference EOS but gave significant larger isotherms due to
their lower Z-factors of methane while SBWR-EOS and Lee-Kesler, despite their higher Z-factors of
methane, gave higher isotherms than the reference isotherm due their lower free space volumes. It is
not surprising that the SRK-EOS and its volume-shifted version gave significantly lower isotherms
relative to the reference given that the volumes of free-space and Z-factors of methane are higher for
both compared to the reference EOS.
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Figure 4. Methane-coal adsorption isotherms by equation of state (legends: markers = Excess
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orange = SRK-EOS, purple = SRK-Peneloux, blue = SBRW-EOS and green = Lee-Kesler).

3.3. Methane-Coal Desorption Isotherms & Sorption Hysteresis

It is clear from Section 3.2 that adsorption isotherms from the same experimental data vary
significantly for different EOSs. Similar observations are made with desorption isotherms and
hysteresis between the adsorption and desorption isotherms. Figure 5 shows the adsorption and
desorption isotherms for different EOSs.
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Negligible hysteresis can be seen between the adsorption and desorption isotherms for
NIST-refprop® at both temperatures. For the measurements at 25 ◦C, the desorption isotherm
is slightly lower than the adsorption isotherm for most test pressures (Figure 5a). Although the reason
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for this behavior is not clear, it is unlikely due to any significant irreversible structural changes to
the coal sample, as postulated by He et al. [26], given the near negligible difference between the
isotherms. Also, pressure equilibrium was achieved (as shown in Figure 6) for each desorption step,
therefore, pressure non-equilibration was also ruled out as a reason for this anomaly. Thus, it is
assumed that this observation may be related to measurement uncertainties especially fluctuations in
experimental temperature.
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Compared to refprop, each of the comparison EOS gave significant differences between the
adsorption and desorption isotherms (Figure 5b–f) leading to two types of observed sorption hysteresis.
On one hand, EOSs (that is PR-Peneloux, PR-EOS and SBWR-EOS) that gave lower values of Z-factor
for methane resulted in positive hysteresis and the more negatively deviated the Z-factors are, the
bigger the observed hysteresis loop. As shown in the example plot in Figure 7a, these EOSs gave
lower differential amounts of desorbed gas than the corresponding differential amounts adsorbed.
Conversely, EOSs (that is SRK-Peneloux, SRK-EOS and LK-EOS) that gave positive relative deviations
for Z-factors of methane [10] produced negative hysteresis loops and the more positively deviated the
Z-factors are, the larger the loop. As shown in the example plot in Figure 7b, each of these EOSs gave
differential amounts of gas desorbed greater, for most of the pressure steps, than the corresponding
differential amounts adsorbed.
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3.4. Langmuir Parameters

Table 3 shows the model parameters obtained by fitting the 3-parameter Langmuir model to
each of the adsorption isotherms. The results showed that model achieved over 99% match with each
of the isotherms as indicated by the R2 values. For each EOS, it was also observed that Langmuir
volume and adsorbed phase density are lower, while Langmuir pressure is higher, at 40 ◦C than the
corresponding values at 25 ◦C due to the reducing effect of temperature on gas adsorption [12–14,31,32].
The lower adsorbed phase density at 40 ◦C is an indication of the temperature-dependent nature of this
parameter which is often assumed to be constant [13,21,32,39]. SBWR-EOS gave the closest values of
Langmuir volume and pressure compared to NIST-refprop at both temperatures. Conversely, PR-EOS
and PR-Peneloux gave the largest deviations for these parameters relative to the reference values.
These observations agree with the deviations of Z-factors of methane obtained from these EOSs. Lastly,
the adsorbed phase density obtained from SBWR-EOS at 25 ◦C is large and as such, the ratio of the bulk
gas density at each pressure to adsorbed phase density is negligibly small so that excess adsorption
approximates absolute adsorption for this EOS at this temperature.

Table 3. Langmuir parameters for different equations of state (adsorption isotherms only).

EOS
Temp. Parameters Refprop PR PR-Pen. SRK SRK-Pen. SBWR Lee-Kesler

25 ◦C

VL, Scf/ton 772.9 943.3 964.6 806.6 815 800 836.8
PL, MPa 1.02 1.34 1.38 1.08 1.1 1.09 1.13

ρads, Kg/m3 689.9 590.9 578.8 183.8 165.4 1.30E+09 742.9
R2 0.9985 0.9969 0.9966 0.9978 0.9977 0.9983 0.9973

40 ◦C

VL, Scf/ton 705.8 860.9 880.1 740 748.2 699.7 768.4
PL, MPa 1.26 1.63 1.68 1.34 1.35 1.23 1.39

ρads, Kg/m3 92.1 103.7 104.6 69.4 66.9 116.6 98.2
R2 0.9953 0.9918 0.9915 0.9946 0.9947 0.9957 0.9911

3.5. Original Gas in-Place

Figure 8 shows the calculated initial Z-factor, initial gas FVF, OGIP and relative differences in the
calculated OGIP for each EOS. Similar to previous observations on variations in z-factors of methane,
PR-Peneloux, PR and SBWR EOSs gave lower values of Z-factor of methane compared to the Setzmann
& Wagner’s (shown as refprop in Figure 8) while SRK-Peneloux, SRK and Lee-Kesler EOSs gave higher
values. The corresponding values of initial gas FVF are shown in Figure 8b (grey bars). Given the direct
relationship between Z-factor and gas FVF (as shown in Equation (7)), the calculated initial gas FVF
followed the same trend as the Z-factors. The black bars in Figure 8b represent the constant value of
gas FVF for case 2. This constant value is the reference gas FVF obtained from Setzmann and Wagner’s
EOS. As shown in Figure 8c, the calculated OGIPs for cases 1 and 2 show minimal differences. This
implies that gas FVF (by implication z-factor) has negligible effect on OGIP for this coal. Therefore, it
can be concluded that the observed variation in calculated OGIPs is primarily caused by the variation
in Langmuir parameters obtained with the different EOSs. As shown in Figure 8d, SBWR-EOS gave
the lowest deviation in OGIP relative to refprop while PR-Peneloux EOS gave the largest deviation.
As shown in Figure 9, these deviations correlate directly with deviations of Langmuir volume (or
pressure) relative to the refprop.

The proportion of OGIP that is adsorbed is shown in Figure 10. It is not unsurprising that the
adsorbed gas accounted for over 90% of gas in-place (for each EOS) given the initial porosity and initial
water saturation in the cleats (see Table 2). This is also supported by the sample’s pore-size distribution
which contains less than 10% of macropores.
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4. Conclusions

This paper presents the effects of equations of state on the results of high-pressure volumetric
measurements of methane adsorption and desorption isotherms on a coal sample. The results showed
that all the equations of state tested gave varied deviations in the measured isotherms, calculated
Langmuir parameters, observed type and degree of sorption hysteresis and original gas in-place because
of the variations in the calculated Z-factors of both helium and methane relative to NIST-refprop. It
can be concluded that:

(1) Gas compressibility factors have significant effects on high-pressure adsorption and desorption
isotherms of methane on coal.

(2) Langmuir parameters also varied significantly with the choice of EOS with the SBWR-EOS having
the closest values of Langmuir volumes and pressures to NIST-refprop at both test temperatures.

(3) For each EOS, Langmuir volume and adsorbed phase density are lower at 40 ◦C than the
corresponding values at 25 ◦C because of the negative effect of temperature on adsorption.

(4) High-pressure methane-coal adsorption-desorption hysteresis is not a unique phenomenon; its
existence, degree and type depend on the applied EOS.

(5) For both test temperatures, negligible hysteresis was observed for the reference EOS while a
relationship was observed between the deviations of methane Z-factor for each EOS (relative to
Setzmann and Wagner’s) and the type of sorption hysteresis observed. Negatively deviating EOSs
produced positive sorption hysteresis while positively deviating ones gave negative sorption
hysteresis for the same dataset.

(6) Calculated OGIP is predominantly in adsorbed phase and as such, varies with Langmuir volume.

In summary, it has been demonstrated that, significant uncertainties may be incurred in estimated
gas contents and gas reserves of unconventional gas reservoirs due to the choice of EOS for computing
the gas compressibility factors needed for experimental data analysis.
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