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ABSTRACT
Characterization of gas sorption behavior on coals plays an important role on
coalbed methane (CBM) and CO2-enhanced CBM industry. In this study, the excess
adsorption capacities were estimated for four coal samples with different ranks including
San Juan sub-bituminous coal, Pittsburgh No. 8 bituminous coal, Hazleton anthracite and
Good Spring anthracite by the volumetric adsorption experimental method. Adsorption and
desorption isotherms of methane and CO2 were directly measured for these four coal
samples. Langmuir based models and Dubinin-Astakhov (D-A) based models were used
to model adsorption behavior of both methane and CO2. The experimental results showed
that CH4/CO2 excess adsorption capacity ratio varied from 1:1.1 to 1:1.6 at maximum
equilibrium pressure on these coals. Higher rank coals have higher excess adsorption
capacities than lower rank coals across the experimental pressure range. Hysteresis of CO2
is discernable and larger than methane for all coals. Higher rank coals have negligible
methane hysteresis but larger CO2 hysteresis than lower rank coals. From the modeling
results, maximum CO2 adsorption capacities are larger than methane capacities for all
coals. In general, D-A based models were modeled better than Langmuir based models for
these coals. Added 𝑘 term reduced modeling error for both Langmuir and D-A series
models. In addition, the modified Langmuir model-1 have relatively high errors for all coal
samples.
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Chapter 1
Introduction and Problem Statement

1.1 Introduction
Coalbed methane (CBM) production has grown up rapidly, which is well developed
all over the world, such as China, Australia, India, Canada and USA [1]. In the United
States, coal basins are distributed from north to south in the whole country (Figure 1-1) [2].
CBM production mainly comes from three fields, which are Powder River Basin (in the
southeast Montana and northeast Wyoming), San Juan Basin (in the northwestern New
Mexico, southwest Colorado, and parts of Arizona and Utah), and Black Warrior Basin (in
the western Alabama and northern Mississippi) shown in Figure 1-1.
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Figure 1-1. Coal basins and CBM fields in the United States.
U.S. annual CBM production data (1989-2013) are shown in Figure 1-2 [3].
Methane production was just 91 billion cubic feet (bcf) per year in 1989. However, the
production grew up to 1966 bcf in 2008, which was the most productive year. In 2013, the
annual production shrunk to 1466 bcf, which may be due to that producers shifted their
focus to shale gas production after 2008. Figure 1-3 shows annual CBM production of each
state in the USA. Colorado, New Mexico and Wyoming are three most productive states,
which shared 77.3% of total CBM production in the United States in 2013 [3].

Figure 1-2. Annual CBM production in U.S. from 1989 to 2013.
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Figure 1-3. Annual CBM production of states in U.S. in 2013.
With the rapid development of CBM production the past 25 years in the United
States, research of gas-in-place (GIP) estimation in a single coal seam or a total coal basin,
enhanced coalbed methane (ECBM) recovery in coal-bed reservoirs, and carbon
sequestration in coal seams has become more important [4]. Coal was usually characterized
heterogeneity and anisotropy [5]. The heterogeneous and anisotropic characterization are
not only used to describe the complexity of sedimental-caused micro-structure and fluids
accumulation in coal, but also to characterize accessible and permeable degree of fluids
penetrating in random directions in coal rocks. Coal structure, fluid reservation and fluid
penetration in coal has become three important research categories where people are
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continually trying to fully understand fundamental mechanisms of both coal matrix
morphology and fluid dynamic in coal.
Fluids, dry gases in this study, have three modes of existence in coal rock: 1) gases
exist in face/butt cleats, fractures, and big pores in coal matrix, which are mainly affected
by molecular-molecular (adsorbate-adsorbate) interactions usually named free gas (free
phase); 2) gases surround along walls of cleats, fractures and big pores, and in small pores
in coal matrix, which are fully influenced by molecular-wall (adsorbate-adsorbent)
interactions usually named adsorbed gas (adsorbed phase); 3) gases were trapped or
absorbed into coal matrix, which may be reversibly affected by chemical bonds named
solution gas (absorbed phase). From a previous study, more than 90% of gases existed in
CBM reservoirs are adsorbed gas, which is due to high percentage of organic content in
coals [6]. Because organic matter in the coal matrix has complex pore structure which has
high surface area in pores for gas adsorption. Therefore, the adsorption is one of the most
important research focuses. As well-accepted, the adsorption and desorption not only
influence the gas-in-place estimation, but also indirectly affect the gas flow dynamics
during gas production and injection.

1.2 Problem statement
Gas adsorption behavior for coals has been investigated for several decades [7-13].
Characterization of adsorption behavior can not only estimate gas storage in coal reservoir
such as GIP estimation, sequestrated carbon content estimation and coal-gas outburst
control, but also understand mechanisms of gas transport in coal reservoir such as coal
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deformation, gas diffusion in coal matrix, gas permeability and even gas production
prediction [14-17]. However, density of adsorbed phase is still an open question for
investigation of gas adsorption behavior in coals [18-21]. Adsorbed phase density is a key
parameter to investigate absolute adsorption capacity especially adsorption modeling [8,
22-24]. In this study, four coal samples were tested using volumetric adsorption
experiment, one sub-bituminous, one bituminous (lower rank) coals and two anthracite
(higher rank) coals, to determine excess adsorption and desorption capacity of methane and
CO2. Two popular coal-gas adsorption models and their two modified forms were tested.
One modified model considers a density correction term, which considers density ratio
between adsorbed phase density and free phase density. Another modified model not only
considers density correction, but also considers another 𝑘 term, which is linear to free gas
density. The adsorbed phase density of methane and CO2 were assumed constant based on
previous study [24]. The accuracy of these models for different samples of different gases
was compared and discussed. The results of this study lay the foundation of the gas
occurrence and GIP estimation and provide a pathway for the future comprehensive gas
flow dynamics characterization and modeling in coals during CBM production.
The order of contents was as follows: Literature review was in chapter 2 which
mainly focused on adsorption experimental interpretation and modeling. And then
experimental methodology were introduced in chapter 3 which includes sample preparation
and adsorption experiment of four coals. Chapter 4 presented experimental results of
methane and CO2 ad-/desorption isotherms for these coal samples. Adsorption modeling
was presented in chapter 5 containing brief introduction of adsorption models which were
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used in this study and its application for our experimental data. Summary and conclusion
were shown in the last chapter.
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Chapter 2
Literature Review

2.1 Experimental coal-gas adsorption characterization
Pure gas adsorption experiments on coals have been conducted successfully for
about several decades. Recently, research was focused on methane and CO2 ad-/desorption
and the effects of temperature, moisture (difference of adsorption behavior between dry
and wet coals), adsorption preferential behavior between different gases, grain size fraction
(adsorption behavior of different coal particle size), irreversibility/hysteresis (difference
between adsorption and desorption isotherms), coal structure (pore volume, porosity, pore
size distribution and surface area etc.), and coal properties (vitrinite reflectance, vitrinite
content and inertinite content etc.).

Coal property effect
Lamberson and Bustin (1993) found methane adsorption capacity generally
increased with increasing vitrinite content and decreasing inertinite content for mediumvolatile coals [25]. Levy and his coworkers (1997) found maximum methane adsorption
capacity increased with increasing carbon content for moisture-equilibrated Australian
coals [12]. Bustin and Clarkson (1998) found no obvious correlation between methane
adsorption capacity and coal rank [26]. Clarkson and Bustin (1999) found high vitrinite
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and low ash content coals adsorbed more gas than high inertinite and high ash content
coals, which agreed with the previous results [11]. Gurdal and Yalcin (2000) found vitrinite
and inertinite contents also have positive and negative correlation with CO2 adsorption
capacity, which were the same as methane gas [27]. They found ash content, maceral
composition, coal rank and carbon content have correlation with adsorption capacity.
Busch and his coworkers (2003) found cycling adsorption test increased adsorption
capacity of CO2, which may be due to CO2 extracted volatile content from coals [9].
Mastalerz and her coworkers (2004) found CO2 adsorption capacity had positive
correlation with vitrinite content, which agreed with methane gas [28]. Hildenbrand and
his coworkers (2006) found adsorption capacity had a positive correlation with coal rank
[29]. And they also found adsorption capacity increased with increasing vitrinite content
and decreased with increasing liptinite and inertinite contents. Sapropelic coals have
highest adsorption capacity, while vitrain and inertinite-rich coals have intermediate and
lowest capacities respectively. These findings agreed with previous results. Day and his
coworkers (2008) found CO2 sorption capacity had a U-shaped correlation with vitrinite
reflectance where minimum capacity was reached on vitrinite reflectance about 1.2% [30].
And hydrogen content had a negative correlation with sorption capacity. Mastalerz and her
coworkers (2009) found an increase of 40% CH4 adsorption capacity and 18% for carbon
dioxide during 13 months, which suggests oxidation and drying effects increased
adsorption capacity on coals [31]. Ozdemir and Schroeder (2009) found adsorption
capacity showed U-shaped correlation with coal rank on dry coals while linear relationship
on moist coals [32]. Pini and his coworkers (2010) found methane, carbon dioxide and
nitrogen sorption capacities decreased with increasing vitrinite reflectance on dry coals
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[33]. Dutta and his coworkers (2011) found CO2 and methane adsorption ratio varied from
4:1 to 1.5:1 for fourteen bituminous coals, which decreased with increasing gas pressure
and coal rank [34]. Lower rank coals have higher affinity to both methane and carbon
dioxide than higher rank coals. While there is a U-shaped trend between adsorption
capacity and coal rank. Adsorption capacity has a positive correlation with vitrinite content
and negative correlation with internite content on these coals. Zhang and his coworkers
(2011) found maximum adsorption capacity of CH4 and CO2 had a U-shaped relationship
with coal rank [35]. The adsorption ratio between CO2 and CH4 varied from 1.13 to 3.52.
And this ratio decreased with increasing pressure on bituminous coals, while was
independent of pressure on anthracites. Sakurovs and his coworkers (2012) found
maximum adsorption capacity ratio between carbon dioxide and methane increased with
decreasing carbon content [36]. And they also found the difference of adsorption capacity
between methane and CO2 was not caused by pore accessibility, coal swelling or
interaction between these two gases. Xing and his coworkers (2013) found CO2 adsorption
capacity increased with increasing vitrinite content [37]. And medium rank coal had the
least adsorption capacity compared to high and low rank coals. Gensterblum and his
coworkers (2013) found coal rank has a parabolic relationship (U-shaped) with methane
and CO2 adsorption capacity of dry coals, while a linear relationship for moistureequilibrate coals [21]. Gensterblum and his coworkers (2014) developed a conceptual
model to describe methane and CO2 sorption with the presence of water in coals with
different ranks [38]. They found gas adsorption capacity had a linear correlation with
increasing coal rank for moisture-equilibrated coals, while a parabolic correlation for dry
coals. And they also found adsorption ratio between CO2 and methane exponentially
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decreased with increasing coal rank for moisture-equilibrated coals, while remained
constant for dry coals. Ramasamy and his coworkers (2014) found maceral distribution
played an important role on adsorption capacity of untreated coals [39]. Zhang and his
coworkers (2014) found methane prefers being adsorbed on sulfur and carbon atoms, while
water was preferably adsorbed on oxygen and nitrogen molecules [20].

Temperature effect
Levy and his coworkers (1997) found methane capacity decreased with increasing
temperature [12]. Hildenbrand and his coworkers (2006) also found adsorption capacity
decreased with increasing temperature [29]. Sakurovs and his coworkers (2008) found
methane sorption capacity on dry Argonne Premium coals decreased with increasing
temperature [40]. This may be caused by there is maximum pore width where gas can be
filled into the pores decreasing with increasing temperature in supercritical condition. Kim
and his coworkers (2011) found CO2 and CH4 sorption capacity of anthracite were higher
at smaller temperature [41]. Xing and his coworkers (2015) found that maximum excess
adsorption capacity decreased with increasing temperature. And excess capacity ratio
between carbon dioxide and methane decreased with increasing pressure [42].

Moisture effect
Levy and his coworkers (1997) found methane capacity decreased with increasing
moisture content [12]. Krooss and his coworkers (2002) found maximum excess CO2
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adsorption capacity was 70 cm3/g on Pennsylvanian dry coals [10]. And capacity of moist
coal was lower than dry sample. However, excess methane adsorption capacity was
between 11 and 14 cm3/g on dry coals, shrunk by 20-25% on moisture-equilibrated
samples, which was much less than CO2 adsorption capacity. Mazumder and his coworkers
(2006) found dry coal had higher CO2 excess adsorption capacity than wet coal [43].
Chalmers and Bustin (2007) found methane adsorption capacity varied from 0.19 to 2.74
cm3/g at 6 MPa and at 30 degree C on coal [44]. Moisture content had a positive correlation
with organic matter, micropore volume and methane adsorption capacity. Busch and his
coworkers (2007) found moisture content (~32%) of coals can dissolve CO2 which
significantly contributes to total adsorption capacity [45]. Day and his coworkers (2008)
found maximum sorption capacity of CO2 and CH4 on moist coal was much smaller than
dry coal [46]. They also found higher rank coal was less affected by moisture than lower
rank coal. And further moisture didn’t affect sorption capacity when moisture content is
beyond a certain point which depends on coal rank. Kelemen and Kwiatek (2009) found
as-received coal had much less CO2 adsorption capacity than dried coal [47]. Mohammad
and his coworkers (2009) found CO2 adsorption capacity on wet coals was lower than that
on dry coals [48]. The reduction of adsorption capacity had a positive correlation with
moisture content. Kim and his coworkers (2011) found methane and CO2 sorption
capacities were higher for dry anthracite [41]. Weniger and his coworkers (2012) found
excess adsorption capacity of methane ranged between 0.3 and 0.8 mmol/g and of CO2
ranged between 0.8 and 1.2 mmol/g for moisture-equilibrated bituminous coals [49].
Excess adsorption of dry coals were 34% and 17% higher than moist coals for methane and
CO2, respectively. Svabova and his coworkers (2012) found CO2 adsorption capacity of
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moist coal was smaller than dry coal where capacity difference decreased with increasing
organic content [50]. Gensterblum and his coworkers (2013) found the increase of moisture
content decreased CO2 and CH4 adsorption capacity significantly especially for low rank
coal [21]. Zhang and his coworkers (2014) found absolute adsorption capacity divided by
CH4 bulk density was independent of temperature on dry coal when pressure was larger
than 8 MPa using Monte Carlo (MC) and molecular dynamics (MD) simulations [20]. An
increase of water content decreased methane adsorption capacity.

Coal structure effect
Levy and his coworkers (1997) found surface area agreed well with methane
adsorption capacity [12]. Bustin and Clarkson (1998) found micropore volume has a
positive correlation with vitrinite and methane adsorption capacity on series of isorank
coals [26]. Clarkson and Bustin (1999) found maximum adsorption capacity had a linear
relationship with micropore volume, which may suggest micropore volume mainly
controlled adsorption capacity [11]. Cui and his coworkers (2004) found molecular size
and pore structure of adsorbent (coal in their study) play an important role on gas
adsorption and transport which may explain highest adsorption capacity of CO2 (smallest
molecular size) on coals [51]. Larsen (2004) first discussed dissolution of CO2 into coal
and swelling effect of coal, which may explain the high adsorption capacity of CO2 on
coals [52]. Mastalerz and her coworkers (2008) found micropore volume and mesopore
surface area mainly contributed to CO2 adsorption capacity [53]. Pone and his coworkers
(2009) found confining stress of 6.9 and 13.8 MPa reduced 39 and 64% of CO2 adsorption
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capacity, respectively. For CH4, 85 and 91% reduction of adsorption capacity came from
same confining stresses [54]. Battistutta and his coworkers (2012) found 4.6% of water
reduced maximum CO2 adsorption capacity about 16% on coal [55]. Zhang and his
coworkers (2014) found that high pressure supercritical CO2 caused a change in specific
surface area and the decrease of surface fractal dimension on coals [56]. Ramasamy and
his coworkers (2014) found pyrolyzed coal had higher capacity than untreated coal, which
was due to enhanced surface area during pyrolysis [39]. Liu and her coworkers (2015)
found micropores have more effect on gas adsorption, while mesopores greatly affected
gas desorption and diffusion on coals [57]. Adsorption capacity increased with increasing
specific surface area.

Hysteresis effect
Busch and his coworkers (2003) found adsorption ratio between CO2 and CH4
varied from 1.15 to 3.16 on five dry Argonne premium coals [9]. Intermediate rank coals
have highest ratio (2.7 and 3.16), while lowest and highest rank coals have smaller
adsorption ratio (1.15 for lowest rank, 1.6-1.7 for highest rank). Hysteresis effect was found
existing on both CH4 and CO2 sorption isotherms, which decreased with increasing rank
for CO2 gas. Ozdemir and his coworkers (2004) found hysteresis of CO2 sorption isotherms
was small for high rank coals, while discernable for low rank coals [22]. Ozdemir and
Schroeder (2009) found hysteresis of CO2 sorption was negligible for high rank and moist
coals but discernible for low rank and dry coals when pressure is up to 4 MPa [32]. He and
his coworkers (2010) found CO2 adsorption isotherm was higher and lower than desorption
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isotherm on dry coals in supercritical and subcritical conditions, respectively, while the
desorption isotherm was always lower than adsorption isotherm [58]. Also, hysteresis of
wet coal was higher than dry coal. Dutta and his coworkers (2011) found significant
hysteresis was observed from sorption isotherms of CO2 rather than CH4 [34]. Kim and his
coworkers (2011) found CH4 sorption isotherms have small hysteresis while CO2
desorption curve had different shape which depends on temperature [41]. Battistutta and
his coworkers (2012) found the ratio of maximum excess adsorption between CH4 and CO2
are 1.5:2.6 at 318K and 1.5:2.0 at 338K on dry coal [55]. Hysteresis effect only showed in
CO2 excess sorption isotherm on dry coal, which may be caused by adsorption time,
presence of water and irreversible absorption. Zhou and his coworkers (2013) found CO2
gas had a hysteresis effect between adsorption and desorption data, while methane did not
[59]. Zhang and his coworkers (2014) found that smaller size (<150μm) of coal particles
had a relatively smaller hysteresis effect [63].

Adsorption preference
Busch and his coworkers (2003) found CO2 preferentially adsorbed and CH4
preferentially desorbed on high rank coals [9]. While preferential CH4 adsorption at low
pressure and preferential CO2 desorption in the total pressure range were found on low
rank coals. At the same year, they focused on preferential behavior of CO2 and CH4
adsorption on Dutch Carboniferous coals [60]. They found CO2 was preferentially
adsorbed when pressure was larger than 50 bar, while preferential adsorption of CH4 was
observed at smaller pressure in some coals. Busch and his coworkers (2006) found most of
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adsorption experiments disagreed with previous common sense which are preferential
adsorption of CO2 and preferential desorption of CH4 on coals [61]. Mazumder and his
coworkers (2006) found CO2 is the most preferable gas for adsorption on both dry and wet
coals [43]. Majewska and his coworkers (2009) found coal prefers to adsorb CH4 at lower
pressure (2.6 MPa), but has the same affinity for both CH4 and CO2 at higher pressure (4.0
MPa) [62]. And sorbed-coal prefers to desorb methane first.

Particle size effect
Busch and his coworkers (2004) found different grain size fractions of dry coal
have different adsorption capacity for both CH4 and CO2 on a high volatile bituminous
Pennsylvanian coal [63]. Zhang and his coworkers (2014) found that adsorption capacity
increased with decreasing coal particle size (16mm < 8mm < 2.4mm < 150μm) [63]. Staib
and his coworkers (2015) found CO2 and CH4 adsorption capacity increased on more finely
crushed coal samples [64]. Further experimental data and interpretation of adsorption and
review papers can be found elsewhere [4, 6, 18, 65-69].

2.2 Coal-gas adsorption modeling
The previous section mainly presented methane and carbon dioxide adsorption data
characterization, which were related to experimental conditions, gas behavior and coal
properties. In this section different pure gas adsorption models, which are usually used on
coals to quantitatively describe the sorption behaviors, are described.
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The most important adsorption model named Langmuir model was proposed by
Langmuir in 1918, derived by molecular dynamic equilibrium of adsorption and desorption
effects, where adsorbate is monolayer-adsorbed on surface of adsorbent [70]. Most used
version of Langmuir model can be expressed as:
𝑉 = 𝑉𝐿

𝑃
𝑃𝐿 + 𝑃

(2 − 1)

where, 𝑉 is the volume of adsorption capacity. 𝑃 is the pressure. 𝑉𝐿 is the maximum
adsorption capacity. 𝑃𝐿 is the pressure of half maximum adsorption capacity. 𝑉𝐿 and 𝑃𝐿 are
both Langmuir constant.
Brunauer, Emmett and Teller (1938) proposed an adsorption model, named
Brunauer-Emmett-Teller (BET) adsorption model, which considered that gases are
multilayer-adsorbed on surface of adsorbent [71]. BET model can be expressed as:

𝑉=

𝑃
𝑉0 𝐶 𝑃

𝑠

𝑃
𝑃
(1 − 𝑃 ) [1 + (𝐶 − 1) 𝑃 ]
𝑠
𝑠

(2 − 2)

where, 𝑉0 is the maximum adsorption capacity. 𝐶 is the constant, which is related to the
heat of adsorption. 𝑃𝑠 is the saturated vapor pressure.
Freundlich (1906) proposed an adsorption model, which can be used for pure gas
adsorption on coals [72, 73]. The equation can be expressed as:
1

𝑉 = 𝑘𝑃𝑛

(2 − 3)

where, both 𝑘 and 𝑛 are constants of Freundlich equation.
Combining the Langmuir model with Freundlich model, gives a new model named
Langmuir-Freundlich (L-F) adsorption model. The L-F model can be expressed as:
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𝑃𝑛
𝑉 = 𝑉𝐿
1 + 𝑃𝐿 𝑃𝑛

(2 − 4)

where, 𝑛 is the equilibrium constant of this model.
There is another modified form of Langmuir equation known as Toth model, which
can be expressed as [74]:
𝑏𝑃

𝑉 = 𝑉𝐿

1

(2 − 5)

[1 + (𝑏𝑃)𝑡 ] 𝑡

where, 𝑏 is the equilibrium constant. 𝑡 is the heterogeneity parameter.
All above mentioned adsorption models did not consider adsorbed phase volume
and adsorbed phase density in the pores in coal matrix. Absolute adsorption capacity,
considered adsorbed phase density and volume, which are different from free phase (bulk
phase), can be estimated as [75]:
𝑛𝑎𝑏 = ∫𝑉 𝜌(𝑟)𝑑𝑉
𝑎

(2 − 6)

where, 𝑉𝑎 is the adsorbed phase volume. 𝜌(𝑟) is the adsorbed phase density of a position
in the pore which has a distance 𝑟 from pore wall. Gibbs adsorption (also named excess
adsorption), adsorption experiment directly detected, can be expressed as [75]:
𝑛𝑒𝑥 = ∫𝑉 [𝜌(𝑟) − 𝜌𝑏 ]𝑑𝑉
𝑎

(2 − 7)

where, 𝜌𝑏 is the bulk density of free phase. From equations 2-6 and 2-7, we can see that
absolute adsorption capacity is purely depend on adsorbed phase density and adsorbed
volume in the coal matrix. In the large pores, gases may be adsorbed only in some
percentage of total pore volume surrounding the pore wall. And adsorbed phase density of
gases may be lower than liquid phase density. While in the small pores, adsorbed phase
may be filled in pores due to high surface energy overlapping in small pores. And adsorbed
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phase density may be much higher than liquid phase density. Therefore, adsorbed phase
volume and adsorbed phase density may be pore size dependent in coals. Putting equation
2-6 into equation 2-7 assuming constant adsorbed phase density, equation 2-7 can be
rearranged and expressed as:
𝑛𝑎𝑏 = 𝑛𝑒𝑥 + ∫𝑉 𝜌𝑏 𝑑𝑉
𝑎

= 𝑛𝑒𝑥 + 𝜌𝑏 𝑉𝑎 = 𝑛𝑒𝑥 + 𝜌𝑏

𝑛𝑎𝑏
𝜌𝑎

(2 − 8)

where, 𝜌𝑎 is the constant adsorbed phase density. Therefore, absolute adsorption capacity
with unite of both mole and volume can be finally expressed as:
𝑛𝑎𝑏 =

𝑛𝑒𝑥
𝜌
1 − 𝜌𝑏
𝑎

(2 − 9)

𝑉𝑎𝑏 =

𝑉𝑒𝑥
𝜌
1− 𝑏
𝜌𝑎

(2 − 10)

With the help of derivation above, Langmuir model which considered non-zero adsorbed
phase volume in pores can be expressed as:
𝑉 = (1 −

𝜌𝑏
𝑃
) 𝑉𝐿,𝑎𝑏
𝜌𝑎
𝑃𝐿,𝑎𝑏 + 𝑃

(2 − 11)

where, 𝑉𝐿,𝑎𝑏 and 𝑃𝐿,𝑎𝑏 are Langmuir constants in absolute adsorption version.
Ozdemir and his coworkers (2003) discussed the change of pore volume in coal
matrix which is due to coal swelling effect caused by gas adsorption. Equation 2-9 can be
revised by adding a term which considered volume effect [76]:
𝑛𝑒𝑥 = (1 −

𝜌𝑏
) 𝑛 + 𝜌𝑏 ∆𝑉
𝜌𝑎 𝑎𝑏

where, ∆𝑉 is a multiplier which considered void volume change.

(2 − 12)
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Gases, such as methane and carbon dioxide, may be not only adsorbed in pores in
coal matrix, but also reversibly absorbed into coal matrix. There is an adsorption model
named Bi-Langmuir model which considered these two effects [33, 77]:
𝑉 = (𝑉𝐿 )𝑎𝑑

𝑏𝑎𝑑 𝑃
𝑏𝑎𝑏 𝑃
+ (𝑉𝐿 )𝑎𝑏
1 + 𝑏𝑎𝑑 𝑃
1 + 𝑏𝑎𝑏 𝑃

(2 − 13)

where, (𝑉𝐿 )𝑎𝑑 is the maximum adsorption capacity. 𝑏𝑎𝑑 is the constant related to
adsorption. Both (𝑉𝐿 )𝑎𝑏 and 𝑏𝑎𝑏 are correlated with absorption of gas in adsorbent.
In 2007, Sakurovs and his coworkers proposed two modified forms of Langmuir
model where 1) gas pressure was replaced by gas density; 2) both models have a term
considered effects including experimental error, Henry’s law dissolution, gases
penetration, coal compressibility and coal swelling. This two modified models can be
expressed as [8]:
𝜌𝑏
𝜌𝑏
)
+ 𝑘𝜌𝑏
𝜌𝑎 𝜌𝐿,𝑎𝑏 + 𝜌𝑏

(2 − 14)

𝜌𝑏
𝜌𝑏
𝜌𝑏
)
+ 𝑘𝜌𝑏 (1 − )
𝜌𝑎 𝜌𝐿,𝑎𝑏 + 𝜌𝑏
𝜌𝑎

(2 − 15)

𝑉 = 𝑉𝐿,𝑎𝑏 (1 −
𝑉 = 𝑉𝐿,𝑎𝑏 (1 −

where, 𝑘 is a multiplier considered those effects above.
Langmuir model series, discussed above, were all derived based on layeradsorption (monolayer and multilayer adsorption) and molecular dynamic mechanism.
However, there is another model series which were derived considered adsorption energy
and pore filled adsorption mechanism which is also usually used for gas adsorption
interpretation recently. Dubinin and Astakhov (1971) proposed an adsorption model,
derived by energy balance, where gases is filled in the micropores of adsorbent [78]. The
Dubinin-Astakhov (D-A) model can be expressed as:
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𝑉 = 𝑉0

𝑃 𝑛
𝑅𝑇 𝑛
) [ln( 𝑠 )]
−(
𝑃
𝑒 𝛽𝐸0

(2 − 16)

where, 𝑉0 is the adsorption capacity in micropores. 𝑅 is the gas constant. 𝑇 is the
temperature. 𝛽 is the affinity coefficient. 𝐸0 is the heat of adsorption. 𝑃𝑠 is the saturated
vapor pressure. 𝑛 is the structural heterogeneity parameter. When 𝑛 equals to 2, the D-A
equation reduced to an adsorption equation named Dubinin-Radushkevich (D-R) model
which can be expressed as [79]:
𝑉 = 𝑉0 𝑒

−(

𝑃 2
𝑅𝑇 2
) [ln( 𝑠 )]
𝑃
𝛽𝐸0

(2 − 17)

In 2003, Ozdemir and his coworkers proposed an modified form of D-A model
which considered adsorbed volume and coal swelling [22]:
𝑛

𝑅𝑇
𝜌𝑏 −(𝛽𝐸
)
0
𝑉 = 𝑉0 (1 − ) 𝑒
𝜌𝑎

𝑃 𝑛
[ln( 𝑠 )]
𝑃

+ 𝜌𝑏 ∆𝑉

(2 − 18)

In 2007, Sakurovs and his coworkers proposed two modified D-R equations where
saturated vapor pressure and gas pressure were substituted by adsorbed gas density and
bulk density. And a proportional term was added to describe several effects including
Henry’s law dissolution of gas, errors of cell volume and helium density, penetration of
different gases, rock swelling and shrinkage effects [8]:
2

𝜌𝑏 −𝐷[ln(𝜌𝜌𝑎)]
𝑏
𝑉 = 𝑉0 (1 − ) 𝑒
+ 𝑘𝜌𝑏
𝜌𝑎

(2 − 19)

2

𝜌𝑏 −𝐷[ln(𝜌𝜌𝑎)]
𝜌𝑏
𝑏
𝑉 = 𝑉0 (1 − ) 𝑒
+ 𝑘𝜌𝑏 (1 − )
𝜌𝑎
𝜌𝑎
𝑅𝑇 2

where, 𝐷 is the affinity constant which equals to (𝛽𝐸 ) .
0

(2 − 20)
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In 2012, Silva and Ranjith proposed another three modified D-R models which may
be used for pure gas adsorption characterization on coals [18]:
2

𝜌𝑏 −𝐷[ln(𝜌𝜌𝑎)]
𝑏
𝑉 = 𝑉0 (1 − ) 𝑒
+ 𝐾1 ln(𝜌𝑏 )
𝜌𝑎

(2 − 21)

2

𝜌𝑏 −𝐷[ln(𝜌𝜌𝑎 )]
𝑏
𝑉 = 𝑉0 (1 − ) 𝑒
+ 𝐾1 ln(𝜌𝑏 ) + 𝐾2 (𝐶 − 𝑀)
𝜌𝑎

(2 − 22)

2

𝜌𝑏 −𝐷[ln(𝜌𝜌𝑎)]
𝜌𝑏
𝑏
𝑉 = 𝑉0 (1 − ) 𝑒
+ 𝐾1 ln [𝜌𝑏 (1 − )]
𝜌𝑎
𝜌𝑎

(2 − 23)

where, 𝐾1 is the model parameter. 𝐶 is the carbon content percentage. 𝑀 is the moisture
content percentage. Further empirical and original-derived adsorption models used for pure
gas adsorption on coals can be found elsewhere [18, 80-84].
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Chapter 3
Experimental Methodology

3.1 Sample acquisition and preparation
Four coal samples, one sub-bituminous coal, one bituminous coal and two
anthracites, were collected from four different coal mines. The sub-bituminous coal was
obtained from northern San Juan basin in New Mexico named San Juan coal. The
bituminous coal was obtained from Pittsburgh No. 8 seam in Pennsylvania named
Pittsburgh No. 8 coal. One anthracite was collected from Hazleton in Pennsylvania named
Hazleton coal. Another anthracite was collected from Good Spring in Pennsylvania named
Good Spring coal. The San Juan coal we chose is due to San Juan basin is the most
productive field in the United States. Pittsburgh No. 8 coal is one of representative coal
sample in Argonne Premium program. And two anthracites (Hazleton and Good Spring
coals) are the high rank coals we can get from Pennsylvania.
Hand-crush method was used to obtain coal powders for all four samples. First,
several small lumps of each coal were crushed in a mortar and pestle, which is shown in
Figure 3-1. The progress of powder sample preparation for bituminous (San Juan) and
anthracite (Hazleton) coals is shown in Figure 3-2 and 3-3, respectively. The sample were
screened at different meshes by sieves (Figure 3-4) using a sieve shaker (Figure 3-5) for
20 minutes to obtain coal powders with expected coal particle size. We noted that 100-200
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times of hand-grind maximally reduced artificial micro-structure damage on coal samples.
About 100 grams of coal powder was made for adsorption experiment for each sample.

Figure 3-1. The mortars and pestles.

Figure 3-2. Bituminous coal sample preparation.
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Figure 3-3. Anthracite sample preparation.

Figure 3-4. The sieves (30, 35, 60 and 80 U.S. mesh).
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Figure 3-5. The sieve shaker.
San Juan and Hazleton coals were pulverized by hand to sieve designation between
30 to 35 mesh which corresponds to particle size between 0.500 to 0.595 mm. While
Pittsburgh No. 8 and Good Spring coals were pulverized by hand to sieve designation
between 60 to 80 meshes which corresponds to particle size between 0.177 to 0.250 mm.
The particle size of San Juan and Hazleton coals used for adsorption experiment is the
particle size of these coals for small angle neutron scattering (SANS) experiment we did
last year on the same coals of the same particle distribution. However, the particle size of
Pittsburgh No. 8 and Good Spring coals was usually used for adsorption experiment in
previous study.
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3.2 Experimental setup
The experimental setup of volumetric adsorption experiment is shown in Figure 36. The experimental setup consists of a sample cell, which is a Parr high pressure vessel
(~150 ml). It was made of stainless steel, which can be used for pressures up to ~3000 psi
(20.7 MPa). This setup also consists of a reference cell (~150 ml). A two-way Swagelok
valve was used to separate flow of gas between sample and reference cells. A two-way
valve was used as a master valve for cutting off transportation of gas inside and outside of
the system.

Figure 3-6. The volumetric adsorption system.
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Two high-accuracy, high-pressure GE-Druck transducers were used to detect
pressure change of sample and reference cells in the system. The transducers were cableconnected to a data acquisition system named Micro-Measurement 8000 instrument
(Figure 3-7) [85]. All experimental pressure change of gases in the system was transferred
to voltage change, which was easily calibrated and obtained by this instrument. The
accessorial StrainSmart software was installed in a desktop computer which was used for
data real-time monitoring and storage [86]. The experimental apparatus was placed in a
high precision constant temperature WVR water bath except for the gas-injection
connection which was used for connection between high-pressure gas cylinder and the
experimental system. The nearby two-way valve (B) and three-way valve (A) were used
for gas injection and drainage.

Figure 3-7. Micro-Measurement 8000 instrument and StrainSmart software.
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3.3 Experimental procedure
Each test coal sample (~100 grams) was loaded into the sample cell. Leakage test
was done first using helium as an inert and non-adsorbed gas to make sure there was no
leakage in the entire experimental system. Helium was also used to detect void volume in
the sample system including void volume in the sample cell and pipe volume to the top of
two-way valve 2. The system was put into water bath during helium penetration where
temperature remained constant at 35℃. The methodology of void volume estimation is
shown in the following chapter.
The schematic five-step procedure for both adsorption and desorption experiments
is shown in Figure 3-8. The acquired pressure data from the transducers in the reference
cell and sample cell were shown in black and blue lines, respectively. It is notable that five
to six incremental pressure (adsorption) steps and five to eight decreasing pressure
(desorption) steps were conducted for these coal samples.
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Figure 3-8. The schematic of typical gas injection and drainage procedure.
Before adsorption test, a vacuum pump was used to remove residual gases in the
whole system. Adsorbed gas was injected into the reference cell first where the two-way
valve between sample cell and reference cell was closed during gas injection. When
pressure went to expected value in the reference system, two-way valve 1 (master valve)
was closed and wait for several minutes to let the gas achieve equilibrium state. This
progress was shown under “adsorption step 1” in Figure 3-8 where value of pressure in
sample cell was zero while in reference cell was several hundred psi. After achieving the
pressure equilibrium in the reference cell, the two-way valve was opened to allow the gas
transport from the reference cell to the sample cell where black and blue lines coincide in
Figure 3-8. The gas began to adsorb in the coal matrix. After several hours to several days
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(the adsorption time varies with the coal sample), the gas pressure dropped to a minimum
value which is named equilibrium pressure where gas cannot be further adsorbed in the
coal structure. The minimum pressure was determined by there is no pressure drop for at
least one day during the adsorption experiment. The experimental pressure data were saved
by StrainSmart software and outputted to an excel file. Closing the two-way valve between
reference cell and sample cell, the next gas injection step was processed afterwards by
opening master two-way valve. The procedure of following gas injection steps was the
same as the first injection where curves of 2-5 adsorption steps showed a similar trend
comparing to adsorption step one (Figure 3-8). The estimation of excess adsorption
capacity is shown in the following chapter.
Desorption experiment was initiated after adsorption experiment was completed.
Gas was ejected from the reference cell to an expected pressure value where two-way valve
2 was closed during the gas ejection process. When gas in the reference cell became
equilibrium state, the two-way valve 2 was opened to connect reference cell and sample
cell. The pressure increased to a maximum value after several hours to several days, which
was the reverse to adsorption experiment. The next gas drainage step was processed
afterwards. The procedure of following gas drainage steps was the same as the first pressure
decreasing step. After several desorption steps were finished, one cycle of gas ad/desorption experiment was completed. Gas-evacuation process was conducted afterwards
to make sure adsorbed gas was fully desorbed and diffused out of coal matrix. So that the
coal sample could be used for another ad-/desorption test. The methane ad-/desorption
experiments were conducted first and then using carbon dioxide for these four coals.
Maximum equilibrium pressure was less than 1400 psi for methane and 1000 psi for carbon
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dioxide. And temperature remained constant at 35℃ during adsorption and desorption tests
for both methane and carbon dioxide.
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Chapter 4
Experimental Results and Ad-/desorption Estimation
In this chapter, the methodology of adsorption estimation is presented. The
adsorption and desorption isotherms of both methane and carbon dioxide for the four coal
samples were estimated.

4.1 Adsorption estimation method

4.1.1 Void volume estimation

One injection step
In order to estimate adsorption and desorption capacity of gases, the void volume
in the closed system need to be measured. This void volume contains pipe volume, cell
volume, which is not occupied by the coal sample, and pore volume in the rock matrix.
Helium was used for estimating void volume for each coal. Gas law was introduced to
estimate void volume which can be expressed as:
𝑃𝑉 = 𝑍𝑛𝑅𝑇

(4 − 1)

where, 𝑃 is the pressure in the closed system of sorption experiment, 𝑉 is the volume in
this closed system, 𝑍 is the gas compressibility factor, 𝑛 is the moles of free gas in this
closed system, 𝑅 is the gas constant, 𝑇 is the temperature in this closed system, which is a
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constant. When the reference cell was injected by gases, the gas law in the reference cell
can be expressed as:
𝑃𝑅1 × 𝑉𝑟𝑒 = 𝑍𝑃𝑅1 × 𝑛𝑟𝑒 × 𝑅𝑇

(4 − 2)

where, 𝑃𝑅1 is the pressure in reference cell, 𝑉𝑟𝑒 is the volume of reference cell, 𝑍𝑃𝑅1 is the
gas compressibility factor at pressure 𝑃𝑅1 , 𝑛𝑟𝑒 is the moles of gas injected in reference
cell. 𝑉𝑟𝑒 was estimated by helium injection. When the two-way valve 2 was opened, some
gas will transfer from reference cell to sample cell and obtain equilibrium. The gas law in
the equilibrium condition can be expressed as:
𝑃𝑅2 × (𝑉𝑟𝑒 + 𝑉𝑠𝑎 − 𝑉𝑠𝑘𝑒 ) = 𝑍𝑃𝑅2 × 𝑛𝑒𝑞 × 𝑅𝑇

(4 − 3)

where, 𝑃𝑅2 is the pressure in equilibrium state, 𝑉𝑠𝑎 is the volume of sample cell, 𝑉𝑠𝑘𝑒 is the
sample skeletal volume, 𝑍𝑃𝑅2 is the gas compressibility factor at pressure 𝑃𝑅2 , 𝑛𝑒𝑞 is the
moles of gas in equilibrium condition. 𝑉𝑠𝑎 and 𝑉𝑠𝑘𝑒 were estimated by helium injection.
Void volume is defined as:
𝑉𝑣𝑜𝑖𝑑 = 𝑉𝑠𝑎 − 𝑉𝑠𝑘𝑒

(4 − 4)

𝑃𝑅2 × (𝑉𝑟𝑒 + 𝑉𝑣𝑜𝑖𝑑 ) = 𝑍𝑃𝑅2 × 𝑛𝑒𝑞 × 𝑅𝑇

(4 − 5)

Equation 4-3 can be reduced as:

According to mass balance:
𝑛𝑟𝑒 ≅ 𝑛𝑒𝑞

(4 − 6)

Rearranging equation 4-5 and substituting it into equation 4-2 gives:

𝑉𝑣𝑜𝑖𝑑

𝑃𝑅1 𝑃𝑅2
𝑍𝑃𝑅1 − 𝑍𝑃𝑅2
=
× 𝑉𝑟𝑒
𝑃𝑅2
𝑍𝑃𝑅2

(4 − 7)
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Equation 4-7 was used to estimate void volume for one injection step in volumetric sorption
experiment.

Multiple injection step
Void volume estimation from multiple gas injection steps are different from one
injection step introduced in the previous section. Calculating void volume from multiple
injection steps reduced calculating error from different pressure conditions in volumetric
sorption experiment. The first injection step calculation in multiple injection steps is the
same as one injection step, because there is no gas in the void in sample cell in the
beginning. However, from the second pressure injection step, some moles of gas remain in
the voids in the sample cell. Mass balance equation can be expressed as:
𝑛𝑒𝑞 ≅ 𝑛𝑟𝑒 + 𝑛𝑣𝑜𝑖𝑑

(4 − 8)

where, 𝑛𝑣𝑜𝑖𝑑 is the moles of gas that have been already injected by previous injection steps
in the void in sample cell. The gas law for these three terms of mole can be expressed as:
𝑃𝑅2 × (𝑉𝑟𝑒 + 𝑉𝑣𝑜𝑖𝑑 ) = 𝑍𝑃𝑅2 × 𝑛𝑒𝑞 × 𝑅𝑇

(4 − 9)

𝑃𝑅1 × 𝑉𝑟𝑒 = 𝑍𝑃𝑅1 × 𝑛𝑟𝑒 × 𝑅𝑇

(4 − 10)

𝑃𝑅2,𝑝𝑟𝑒 × 𝑉𝑣𝑜𝑖𝑑 = 𝑍𝑃𝑅2,𝑝𝑟𝑒 × 𝑛𝑣𝑜𝑖𝑑 × 𝑅𝑇

(4 − 11)

where, 𝑃𝑅2,𝑝𝑟𝑒 and 𝑍𝑃𝑅2,𝑝𝑟𝑒 are the equilibrium pressure and gas compressibility factor at
this pressure in the previous injection step respectively. Rearranging equations 4-9 to 4-11
and substituting them into equation 4-8 gives:
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𝑉𝑣𝑜𝑖𝑑

𝑃𝑅1 𝑃𝑅2
𝑍𝑃𝑅1 − 𝑍𝑃𝑅2
=
× 𝑉𝑟𝑒
𝑃𝑅2 𝑃𝑅2,𝑝𝑟𝑒
𝑍𝑃𝑅2 − 𝑍𝑃𝑅2,𝑝𝑟𝑒

(4 − 12)

Equation 4-12 was used to estimate void volume for multiple injection steps (beginning
with second injection steps) in volumetric sorption experiment. In this study, four gas
injection steps were used from low pressure (~100 psi) to high pressure (up to 800 psi) to
estimate void volume for the four coal samples. The void volume used to estimate
adsorption capacity were the average of the four void volume results estimated by these
four injection steps for these coals.

4.1.2 Adsorption capacity estimation

One injection step
Mass balance equation for the one injection step in adsorption experiment can be
expressed as:
𝑛𝑖𝑛𝑗𝑒𝑐𝑡 ≅ 𝑛𝑓𝑟𝑒𝑒 + 𝑛𝑎𝑑𝑠𝑜𝑏𝑟𝑒𝑑

(4 − 13)

where, 𝑛𝑖𝑛𝑗𝑒𝑐𝑡 is the moles of gas injected in the reference cell, 𝑛𝑓𝑟𝑒𝑒 is the moles of free
gas in both reference and sample cells in the equilibrium condition, 𝑛𝑎𝑑𝑠𝑜𝑏𝑟𝑒𝑑 is the moles
of gas adsorbed in coal matrix in the equilibrium condition. The gas law for 𝑛𝑖𝑛𝑗𝑒𝑐𝑡 and
𝑛𝑓𝑟𝑒𝑒 can be expressed:
𝑃𝑅1 × 𝑉𝑟𝑒 = 𝑍𝑃𝑅1 × 𝑛𝑖𝑛𝑗𝑒𝑐𝑡 × 𝑅𝑇

(4 − 14)

𝑃𝑅2 × (𝑉𝑟𝑒 + 𝑉𝑣𝑜𝑖𝑑 ) = 𝑍𝑃𝑅2 × 𝑛𝑓𝑟𝑒𝑒 × 𝑅𝑇

(4 − 15)
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Rearranging equations 4-14 and 4-15 and substituting into equation 4-13 gives:
𝑛𝑎𝑑𝑠𝑜𝑏𝑟𝑒𝑑 ≅ 𝑛𝑖𝑛𝑗𝑒𝑐𝑡 − 𝑛𝑓𝑟𝑒𝑒
𝑃𝑅1 𝑃𝑅2
𝑉𝑟𝑒 𝑃𝑅2
𝑉𝑣𝑜𝑖𝑑
=(
−
)×
−
×
𝑍𝑃𝑅1 𝑍𝑃𝑅2
𝑅𝑇 𝑍𝑃𝑅2
𝑅𝑇

(4 − 16)

Equation 4-16 was used to estimate moles of adsorption in one injection step in volumetric
sorption experiment.

Multiple injection step
The mass balance equation for multiple injection steps (beginning with second
injection steps) can be expressed as:
𝑛𝑖𝑛𝑗𝑒𝑐𝑡 + 𝑛𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 ≅ 𝑛𝑓𝑟𝑒𝑒 + 𝑛𝑎𝑑𝑠𝑜𝑏𝑟𝑒𝑑

(4 − 17)

where, 𝑛𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 is the residual moles of free gas in the void in sample cell from previous
injection steps. The gas law for 𝑛𝑖𝑛𝑗𝑒𝑐𝑡 , 𝑛𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 and 𝑛𝑓𝑟𝑒𝑒 are:
𝑃𝑅1 × 𝑉𝑟𝑒 = 𝑍𝑃𝑅1 × 𝑛𝑖𝑛𝑗𝑒𝑐𝑡 × 𝑅𝑇

(4 − 18)

𝑃𝑅2,𝑝𝑟𝑒 × 𝑉𝑣𝑜𝑖𝑑 = 𝑍𝑃𝑅2,𝑝𝑟𝑒 × 𝑛𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 × 𝑅𝑇

(4 − 19)

𝑃𝑅2 × (𝑉𝑟𝑒 + 𝑉𝑣𝑜𝑖𝑑 ) = 𝑍𝑃𝑅2 × 𝑛𝑓𝑟𝑒𝑒 × 𝑅𝑇

(4 − 20)

Rearranging equations 4-18 to 4-20 and substituting into equation 4-17 gives:
𝑛𝑎𝑑𝑠𝑜𝑏𝑟𝑒𝑑 = 𝑛𝑖𝑛𝑗𝑒𝑐𝑡 + 𝑛𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 − 𝑛𝑓𝑟𝑒𝑒
=(

𝑃𝑅1 𝑃𝑅2
𝑉𝑟𝑒
𝑃𝑅2 𝑃𝑅2,𝑝𝑟𝑒
𝑉𝑣𝑜𝑖𝑑
−
)×
−(
−
)×
𝑍𝑃𝑅1 𝑍𝑃𝑅2
𝑅𝑇
𝑍𝑃𝑅2 𝑍𝑃𝑅2,𝑝𝑟𝑒
𝑅𝑇

(4 − 21)

Equation 4-21 was used to estimate moles of adsorption for multiple injection steps in
volumetric sorption experiment.
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4.2 Excess adsorption capacity

4.2.1 San Juan coal isotherm data
Figure 4-1 shows excess adsorption and desorption capacities of methane and CO2
for the San Juan sample. Both adsorption and desorption capacity of methane increased
with increasing pressure in the total range. The maximum value of methane was about 0.72
mmol/g (at ~1280 psi) on the sorption isotherms detected by volumetric experiment for
San Juan coal. The desorption curve of methane was always larger than adsorption
isotherm in the total pressure range, indicating a hysteresis effect of methane sorption for
San Juan coal.

Figure 4-1. Excess methane and CO2 ad-/desorption isotherms for San Juan coal.
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Since the experimental temperature was 35℃, carbon dioxide was in subcritical
phase over the total pressure range (between 0 and ~730 psi) during sorption experiment.
Desorption capacity of CO2 was also larger than adsorption curve in the total pressure
range, indicating hysteresis for carbon dioxide sorption curves. The maximum value of
CO2 is about 0.86 mmol/g (at ~730 psi) for San Juan coal, which was larger than maximum
methane capacity (0.72 mmol/g detected at ~1280 psi). This is consistent with previous
findings that CO2 has more affinity than CH4 in coal matrix [51]. While the hysteresis effect
of CO2 was larger than CH4 especially in small pressure because the gap between the
adsorption and desorption curves for CO2 is larger than methane. It may be caused by the
smaller molecular size of CO2, which can easily goes into smaller pores and become
trapped compared to CH4.
At the same pressure, CO2 adsorption capacity was always larger than that of CH4.
This is expected since CO2 has more affinity than CH4 on San Juan sample in the tested
pressure range [51]. And the adsorption capacity ratio between CH4 and CO2 was estimated
to be about 1:1.4 when pressure was ~730 psi for San Juan coal. Although this ratio is not
high, it would be an opportunity for a large CO2 sequestration in San Juan Coal field, which
has been tested in multiple site in San Juan Basin, such as Alison-Unit and Pump Canyon
fields.

4.2.2 Pittsburgh No. 8 coal isotherm data
Figure 4-2 shows excess adsorption and desorption capacities of methane and CO2
for the Pittsburgh No. 8 sample. The methane adsorption-desorption hysteresis was smaller
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than San Juan coal over the total pressure range. The maximum adsorption point of
methane was about 0.42 mmol/g (at ~1200 psi), which was much smaller than the San Juan
coal. It may be caused by Pittsburgh coal has smaller amount of organic content than San
Juan sample. And it may suggest smaller adsorption capacity has smaller hysteresis effect
for methane gas.

Figure 4-2. Excess methane and CO2 ad-/desorption isotherms for Pittsburgh No. 8 coal.
The CO2 isotherms have peaks, which are 0.65 mmol/g on adsorption curve at ~760
psi and 0.69 mmol/g on desorption curve at ~740 psi for Pittsburgh No. 8 coal. While there
is no peaks on CO2 excess sorption isotherms for San Juan coal (Figure 4-1). Hysteresis
was also shown in carbon dioxide curves on Pittsburgh coal which was larger than methane
gas. However, the hysteresis effect of CO2 for Pittsburgh sample was larger than San Juan

40

sample which was opposite to CH4. This may be caused by different pore structure, coal
rank, coal properties or moisture content between these two coals.
The CO2 adsorption capacity was larger than CH4 across the tested pressure range.
And the adsorption capacity ratio between CH4 and CO2 is about 1:1.6 when pressure is
~930 psi for Pittsburgh No. 8 coal, which was slightly larger than San Juan coal.

4.2.3 Hazleton coal isotherm data
Figure 4-3 shows excess adsorption and desorption capacities of methane and CO2
for the Hazleton sample. The hysteresis effect of methane was minimal for this coal over
the total pressure range (from 0 to ~1245 psi), because ad-/desorption isotherms are nearly
overlapped. It may suggest that higher rank coal has smaller hysteresis for methane gas [9].
The maximum methane capacity for Hazleton coal was about 0.78 mmol/g (~1245 psi),
which was larger than both San Juan and Pittsburgh coals. It suggests higher rank coal has
higher methane adsorption capacity due to higher organic content [11].
The hysteresis effect of CO2 for the Hazleton coal was much larger than that of San
Juan and Pittsburgh samples. This may be caused by more complex pore structure of higher
rank coal than lower rank coal [11]. Also it was found that the peak CO2 adsorption
capacity was about 0.91 mmol/g at ~715 psi, while desorption peak was ~1.07 mmol/g at
~491 psi for Hazleton coal. This indicates that desorption hysteresis might be a diffusion
controlled phenomenon. The gas desorption-diffusion for small pores requires a significant
amount of time and turns out to push the peak of desorption capacity at very low pressure
[14]. Further laboratory investigation will be needed to test this hypothesis.
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Figure 4-3. Excess methane and CO2 ad-/desorption isotherms for Hazleton coal.
When the injection pressure was less than 100 psi, the sorption capacities for
methane and CO2 were similar. At higher pressures, the adsorption capacity of CO2 was
larger than CH4. The adsorption capacity ratio between CH4 and CO2 was about 1:1.3 at
~774 psi for the Hazleton sample, which was smaller than previous two coals.

4.2.4 Good Spring coal isotherm data
Figure 4-4 shows excess adsorption and desorption capacities of methane and CO2
for the Good Spring sample. The maximum methane capacity was about 0.89 mmol/g at
~1256 psi for Good Spring coal, which was larger than San Juan, Pittsburgh and Hazleton
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coals. The methane hysteresis was negligible over the total pressure range between 0 and
~1256 psi.

Figure 4-4. Excess methane and CO2 ad-/desorption isotherms for Good Spring coal.
An obvious hysteresis effect of CO2 can be seen on Figure 4-4. The maximum
adsorption and desorption capacities of carbon dioxide were ~1.01 mmol/g at ~644 psi and
~1.11 mmol/g at ~560 psi, respectively. The large hysteresis effect of CO2 might be due to
the maximum equilibrium pressure of volumetric experiment which is in the neighbor of
the CO2 critical point (Figure 4-2, Figure 4-3 and Figure 4-4). There may have possible
small carbon dioxide hysteresis when maximum equilibrium pressure was far away from
critical point among these coals. Further study of these unexpected results is needed.
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The adsorption capacities of methane and carbon dioxide were similar for pressures
less than 100 psi. The adsorption capacity ratio between CH4 and CO2 was about 1:1.1 at
~935 psi, which was the smallest value among these four coals.
We may conclude that lower rank coal (San Juan and Pittsburgh coals) has higher
affinity for CO2 than methane in the total experimental pressure region (Figure 4-1 and
Figure 4-2). For anthracites, the sorption capacities of methane and CO2 are similar when
pressure is less than 100 psi (Figure 4-3 and Figure 4-4). Higher rank coal has smaller
CH4/CO2 adsorption ratio. Since different capacity ratio were estimated at different
equilibrium pressure in subcritical CO2 region, further study need to consider supercritical
effect at high pressure. All methane and carbon dioxide ad-/desorption experimental data
for these four coals can be found in Appendix A.
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Chapter 5
Adsorption Modeling and Discussion
In this chapter, two different series of adsorption models are introduced. These
models are applied to experimental data for the four coals and the corresponding results
and discussion are provided.

5.1 Adsorption model description
Two different adsorption model series are introduced, namely the Langmuir
adsorption models and Dubinin-Astakhov (D-A) adsorption models. All series model have
one original and two modified forms.

5.1.1 Langmuir model
The Langmuir equation can be expressed as [70]:
𝑛𝑒𝑥 = 𝑛𝐿

𝑃
𝑃𝐿 + 𝑃

(5 − 1)

where, 𝑃 is the equilibrium pressure for each gas injection step, 𝑛𝑒𝑥 is the excess
adsorption capacity for this pressure 𝑃, 𝑛𝐿 is the maximum excess adsorption capacity, 𝑃𝐿
is the equilibrium pressure at the half of 𝑛𝐿 . 𝑃𝐿 and 𝑛𝐿 are both Langmuir constants.
There is another form of the Langmuir equation where gas pressure was substituted
by gas bulk density [8]:
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𝑛𝑒𝑥 = 𝑛𝐿

𝜌𝑔
𝜌𝐿 + 𝜌𝑔

(5 − 2)

where, 𝜌𝑔 is the equilibrium bulk density of gas for each pressure injection step. 𝜌𝐿 is the
equilibrium bulk density of gas at half of 𝑛𝐿 .

5.1.2 Modified Langmuir models
Two modified Langmuir equations were also used. Considering the volume of
adsorbed phase, the first modified equation named as Modified Langmuir Model-1 can be
expressed as [8]:
𝑛𝑒𝑥 = 𝑛𝐿 (1 −

𝜌𝑔
𝜌𝑔
)
𝜌𝑎 𝜌𝐿 + 𝜌𝑔

(5 − 3)

where, 𝜌𝑎 is the adsorbed phase density of gas. Adsorbed phase densities of methane and
carbon dioxide were assumed to be 0.421 g/cm3 and 1.18 g/cm3, respectively, which are
𝜌𝑔

independent for both pressure and pore size [24]. (1 − 𝜌 ) considered the adsorbed phase
𝑎

volume. 𝑛𝐿 represents the maximum absolute adsorption capacity rather than excess
capacity.
The second modified equation named as Modified Langmuir Model-2 can be
expressed as [8]:
𝑛𝑒𝑥 = 𝑛𝐿 (1 −

𝜌𝑔
𝜌𝑔
)
+ 𝑘𝜌𝑔
𝜌𝑎 𝜌𝐿 + 𝜌𝑔

(5 − 4)

where, 𝑘 is the proportional term which considers errors in cell volume and helium density,
penetration of different gases (helium, methane and carbon dioxide in this study), Henry’s
law dissolution and compressive effect of rocks.
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5.1.3 Dubinin-Astakhov model
The D-A equation can be expressed as [78]:
𝑃𝑠 𝑛

𝑛𝑒𝑥 = 𝑛0 𝑒 −𝐷[ln( 𝑃 )]

(5 − 5)
𝑅𝑇 𝑛

where, 𝑛0 is the surface adsorption capacity, 𝐷 equals to (𝛽𝐸 ) which considers
0

the affinity effect between rock and gases, 𝑅 is the gas constant, 𝑇 is the temperature, 𝛽 is
the affinity coefficient between rock and gases, 𝐸0 is the heat of adsorption, 𝑃𝑠 is the
saturated vapor pressure, 𝑛 is a term can be chosen between 1 and 4, which considers
structural heterogeneity.
There is another form of D-A equation where adsorption pressure or temperature is
in the supercritical condition. In this situation, saturation pressure, 𝑃𝑠 does not exist which
was substituted by adsorbed phase density, 𝜌𝑎 . And gas pressure was also substituted by
gas bulk density. The equation can be expressed as:
𝑛𝑒𝑥 = 𝑛0 𝑒

𝜌 𝑛
−𝐷[ln( 𝑎 )]
𝜌𝑔

(5 − 6)

This form of D-A equation can be easily used for gases adsorption in supercritical condition
where there is no need to assume pseudo-saturated vapor pressure for adsorption modeling.

5.1.4 Modified Dubinin-Astakhov models
Considering adsorbed phase volume, the first modified D-A equation named as
Modified D-A Model-1 can be expressed as:
𝑛𝑒𝑥

𝜌𝑔 −𝐷[ln(𝜌𝜌𝑎)]
𝑔
= 𝑛0 (1 − ) 𝑒
𝜌𝑎

𝑛

(5 − 7)

47

Considering the experimental error, rock swelling and compressive effects, the second
modified equation named as Modified D-A Model-2 can be expressed as:
𝑛

𝑛𝑒𝑥

𝜌𝑔 −𝐷[ln(𝜌𝜌𝑎 )]
𝑔
= 𝑛0 (1 − ) 𝑒
+ 𝑘𝜌𝑔
𝜌𝑎

(5 − 8)

𝑛0 is the absolute adsorption capacity in micropores for both modified D-A equations.

5.2 Adsorption model application
The aforementioned models, Langmuir model, its modified forms, D-A model and
its modified forms, were employed to model methane and carbon dioxide excess adsorption
capacity of the four coal samples. All methane and carbon dioxide adsorption experimental
data of these four coals using for adsorption modeling can be found in Appendix A.

5.2.1 San Juan coal-gas adsorption modeling
Figure 5-1 shows Langmuir and its modified models fitted for methane and CO2
adsorption isotherms for the San Juan sample. Both Langmuir model and modified model1 (black and red solid lines) overestimated excess methane adsorption capacity when gas
pressure was between ~300 and ~900 psi. While they both underestimated CH4 capacity
when pressure was larger than ~900 psi. In the small pressure range (between 0 and 300
psi), these two models have small variation from experimental adsorption data. It was
found that modified Langmuir model-2 (blue solid lines) had a good fit over the total
pressure range compared to other two models.
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Figure 5-1. Langmuir modeling of excess methane and CO2 adsorption isotherms for San
Juan coal.
Original Langmuir model and modified Langmuir model-2 (black and blue dash
lines) were fitted well for the CO2 isotherm across the total pressure range from 0 to ~730
psi. The first modified form (red dash lines) had a good fit at low pressure (between 0 and
200 psi). While this form of Langmuir model slightly overestimated CO2 adsorption
capacity in the pressure range between 200 to 600 psi, and underestimated when pressure
was larger than 600 psi.
The fitted parameters for methane and CO2 isotherms of these three Langmuir
models are shown in Table 5-1. Modified Langmuir model-1 had the largest fitting
Langmuir adsorption capacity 𝑛𝐿 and pressure 𝑃𝐿 for methane. While both smallest value
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were fitted by modified Langmuir model-2. The fitting parameters (𝑛𝐿 , 𝜌𝐿 and 𝑃𝐿 ) of
original model represented excess values while the two modified forms represented
absolute sorption capacity values. A positive multiplier 𝑘, represented variations in the
experiment, reduced both Langmuir capacity and pressure, which are both smaller than
excess values. It may be resulted from a relative large volume variations in methane
adsorption. However, the fitting error among these three models (as shown in Figure 5-2)
only has a large variation in the lowest injection pressure. If the original and modified
Langmuir model-1 have the comparative accuracy as the modified Langmuir model-2
(Langmuir+k form), there is no need to introduce the last revised form. Further study may
need to think what physical meaning for the parameter 𝑘, and what condition it can be used
for adsorption modeling.
Table 5-1. Langmuir modeled parameters of excess methane and CO2 adsorption isotherms
for San Juan coal.
Model type

Gas type

𝑃𝐿 a
𝑛𝐿
𝜌𝐿
𝑘
3
(mmol/g) (kg/m ) (psi) (mmol/g)

CH4

0.85

12.61

283

−

CO2

1.01

20.92

167

−

CH4

1.04

17.55

390

−

CO2

1.15

25.75

203

−

CH4

0.65

8.61

195

0.00385

CO2

1.03

22.15

176

0.00062

Langmuir model

Modified Langmuir model-1

Modified Langmuir model-2
a

𝑃𝐿 was estimated by 𝜌𝐿 using REFPROP 9.0 software.
It was found that the variation of 𝑛𝐿 among these three Langmuir models for CO2

was relatively small compared to methane gas for San Juan coal. The estimated values of
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𝑛𝐿 for CO2 were larger than the estimated values for methane. And 𝑃𝐿 of CO2 were all
smaller than methane gas. It means CO2 has higher adsorption capacity and faster
adsorption speed compared to CH4. The CH4/CO2 ratio of maximum adsorption capacity
is about 1:1.2 for Langmuir model, 1:1.1 for modified Langmuir model-1, and 1:1.6 for
modified Langmuir model-2.
Figure 5-2 shows methane adsorption isotherm fitted by D-A model series for the
San Juan sample. Qualitatively, all D-A models were fitted better than Langmuir models
for both methane and CO2 over the total pressure range (from 0 to 1279 psi).

Figure 5-2. D-A modeling of excess methane and CO2 adsorption isotherms for San Juan
coal.
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Table 5-2 shows fitted parameters of these D-A models. D-A capacity 𝑛0 of each
form were all larger than corresponding Langmuir capacity 𝑛𝐿 . The fitted 𝑛0 of original DA equation represented maximum excess adsorption capacity while two modified D-A
equations represented maximum absolute adsorption capacity. It was found that methane
capacity 𝑛0 of modified D-A model-2 (0.98 mmol/g) was smaller than modified D-A
model-1 (1.27 mmol/g) and larger than original D-A model (0.90 mmol/g). This is different
from Langmuir model fitting where the modified Langmuir model-2 has the smallest
Langmuir capacity (0.65 mmol/g). This difference is due to fitted parameter 𝑘 of D-A
model is two times smaller than Langmuir model. Higher adsorption capacity 𝑛0 is related
to higher affinity parameter 𝐷 and lower structure heterogeneous parameter 𝑛 based on the
same methane isotherm of San Juan coal. And parameter 𝑘 has a negative correlation with
adsorption capacity.
Table 5-2. D-A modeled parameters of excess methane and CO2 adsorption isotherms for
San Juan coal.
Model type

Gas type

𝑛0
(mmol/g)

CH4

0.90

0.055 2.10

−

CO2

0.96

0.008 3.11

−

CH4

1.27

0.145 1.62

−

CO2

1.14

0.020 2.65

−

CH4

0.98

0.080 1.90

0.00142

CO2

1.04

0.013 2.85

0.00040

𝐷

𝑛

D-A model

Modified D-A model-1

𝑘
(mmol/g)

Modified D-A model-2
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The average error percentages of adsorption modeling can be estimated by
cumulative error percentage of each step divided by number of pressure step. The
expression can be shown as:
∑𝑖=1
𝑚

|(𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 )𝑖 − (𝑛𝑚𝑜𝑑𝑒𝑙 )𝑖 |

𝐴𝐸𝑃 =

(𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 )𝑖
𝑚

× 100

(5 − 9)

where, 𝑖 is the pressure step index, (𝑛𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡 )𝑖 is the experimental adsorption capacity
of each pressure step, (𝑛𝑚𝑜𝑑𝑒𝑙 )𝑖 is the model fitting capacity of each pressure step. 𝑚 is
the number of pressure steps.
Table 5-3 shows average error of Langmuir and D-A model series for methane and
CO2 adsorption isotherms for the San Juan coal. Langmuir models have higher average
error percentages, which are larger than 2% for methane gas. While D-A model series have
a better fit where error are all smaller than 1%. The first modified D-A model has the
smallest error percentage (0.7%). If we set < 1% of average error percentage to be the value
to evaluate good of the adsorption modeling, we can conclude that all D-A models have
good fit for methane experimental data of San Juan coal.
For CO2, the modified Langmuir model-1 has the largest average error percentage
(>1%), while error of all other models are smaller than 1%. We concluded that all model
series have good fit for CO2 isotherm of San Juan coal except modified Langmuir model1.
Table 5-3. Average Langmuir and D-A modeled errors of excess methane and CO2
adsorption isotherms for San Juan coal.
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Model type

Gas type

Average error
(%)

CH4

4.31

CO2

0.68

CH4

7.21

CO2

1.22

CH4

2.29

CO2

0.35

CH4

1.01

CO2

0.60

CH4

0.70

CO2

0.41

CH4

0.79

CO2

0.16

Original Langmuir model

Modified Langmuir model-1

Modified Langmuir model-2

Original D-A model

Modified D-A model-1

Modified D-A model-2

5.2.2 Pittsburgh No. 8 coal-gas adsorption modeling
Figure 5-3 shows Langmuir and its modified forms modeled fitting results with
experimental data for Pittsburgh No. 8 sample for methane and CO2 isotherms. The original
Langmuir model and modified Langmuir model-2 (black and blue solid lines) have a good
fit across the total pressure range from 0 to ~1200 psi, while the modified Langmuir model1 (red solid lines) did not fit the data well. The modified Langmuir model-1 overestimated
adsorption capacity over the pressure range between ~400 and ~1000 psi and
underestimated adsorption capacity when pressure was less than 400 psi or greater than
1000 psi.
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For CO2 isotherm, two modified Langmuir models (red and blue dash lines) agreed
well with the experimental data. However, the original Langmuir model did not fit well
when the pressure was over 300 psi (black dash line). The original Langmuir model had a
bad fit may be due to negative excess adsorption of CO2 at high pressure.

Figure 5-3. Langmuir modeling of excess methane and CO2 adsorption isotherms for
Pittsburgh No. 8 coal.
Table 5-4 shows modeled parameters using Langmuir models for methane and CO2
isotherms for the Pittsburgh sample. 𝑛𝐿 of modified Langmuir model-1 was the highest and
modified Langmuir model-2 had the smallest value among these models for methane gas.
And maximum methane adsorption capacities are all smaller than San Juan values, which
may suggest Pittsburgh No. 8 coal has smaller organic content and specific surface area.
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Table 5-4. Langmuir modeled parameters of excess methane and CO2 adsorption isotherms
for Pittsburgh No. 8 coal.
Model type

Gas type

𝑃𝐿 a
𝑛𝐿
𝜌𝐿
𝑘
(mmol/g) (kg/m3) (psi) (mmol/g)

CH4

0.51

12.50

281

−

CO2

0.72

16.22

131

−

CH4

0.62

17.46

388

−

CO2

0.85

23.48

186

−

CH4

0.44

10.28

232

0.00173

CO2

0.91

26.62

210

-0.00024

Langmuir model

Modified Langmuir model-1

Modified Langmuir model-2
a

𝑃𝐿 was estimated by 𝜌𝐿 using REFPROP 9.0 software.
The maximum CO2 capacity fitted by Langmuir models were all larger than

corresponding methane modeling data, while smaller than carbon dioxide capacity of San
Juan coal. This find makes an agreement with San Juan sample where CO2 has higher
adsorption capacity than CH4 due to carbon dioxide has higher affinitive level on coals. It
is unexpected that parameter 𝑘 estimated by second modified Langmuir model is a
negative value, which is different from positive 𝑘 of CO2 isotherm on San Juan sample. A
negative multiplier implied adsorption data detected by volumetric experiment
underestimated adsorption capacity in the pressure range from zero to maximum
equilibrium pressure detected by volumetric adsorption experiment. Since void volume
remained constant during adsorption capacity estimation, underestimated capacity suggests
void volume increased with increasing gas pressure which may be caused by maximum
equilibrium CO2 pressure (931 psi at 35℃) is near critical point (1071.6 psi at 31.1℃).
Supercritical CO2 may have larger deformation effect than subcritical CO2 on coal sample.
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Or this large variation of void volume only existed when temperature and gas pressure were
near critical point. Other possibilities may be temperature, moisture, coal shrinkage effects
or artificial experimental error on Pittsburgh coal. Further study need to be considered.
Figure 5-4 shows D-A modeled results for methane and CO2 isotherms for the
Pittsburgh No. 8 sample. All modeled results agree well with the experimental data for all
pressure steps. There was only a small variation between second modified model (red solid
line) and other two models (black and blue solid lines) at small pressure. For CO2 isotherm,
the modeled result by modified D-A model-2 (blue dash line) agreed well with the
experimental data for all pressure steps. The original D-A model and modified D-A model1 (black and red dash lines) underestimated capacities when pressure was between 400 and
800 psi, and overestimated the capacities when pressure was greater than 800 psi.
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Figure 5-4. D-A modeling of methane and CO2 isotherms for Pittsburgh No. 8 coal.
Model fitted parameters of methane and CO2 isotherms for Pittsburgh coal are
shown in Table 5-5. The D-A capacity 𝑛0 was close to Langmuir capacity 𝑛𝐿 for all three
corresponding models. However, the maximum absolute capacity estimated by modified
model two (0.49 mmol/g) was slightly smaller than maximum excess capacity estimated
by original form (0.50 mmol/g), which was the same as Langmuir model fitting. It means
the second modified D-A model may not be used for modeling of methane isotherm for
Pittsburgh coal.
Table 5-5. D-A modeled parameters of excess methane and CO2 adsorption isotherms for
Pittsburgh No. 8 coal.
Model type

Gas type

𝑛0
(mmol/g)

CH4

0.50

0.033 2.39

−

CO2

0.67

0.002 4.00

−

CH4

0.72

0.126 1.66

−

CO2

0.80

0.008 3.16

−

CH4

0.49

0.036 2.34

0.00117

CO2

3.48

0.453 1.07

-0.00327

𝐷

𝑛

D-A model

Modified D-A model-1

𝑘
(mmol/g)

Modified D-A model-2

It was seen that both original D-A model and modified D-A model-1 have relative
small maximum CO2 adsorption capacity than all corresponding Langmuir models.
However, the 𝑛0 value of modified D-A model-2 (3.48 mmol/g) was significantly larger
than corresponding Langmuir value (0.91 mmol/g) and other two D-A based models due
to a negative value of parameter 𝑘. When equilibrium gas pressure was smaller than 700
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psi, excess CO2 adsorption capacity increased with increasing pressure for both San Juan
and Pittsburgh coals (Figure 5-8 and Figure 5-18). When pressure is larger than 800 psi,
carbon dioxide capacity decreased with increasing pressure shown on CO2 isotherm of
Pittsburgh sample.
Table 5-6 shows the average errors among this two model series for methane and
CO2 isotherms for the Pittsburgh No. 8 sample. The first modified Langmuir model had
the highest error value, while average error percentages of other models were all smaller
than 1%, which are good fitted for methane adsorption capacity of Pittsburgh coal.
Errors of the most of adsorption models were larger than 1% except the modified
D-A model-2 (<0.5%) for CO2 gas. Given that the abnormal high 𝑛0 for modified D-A
model-2, it was concluded that the modified Langmuir model-1 and -2 and the modified
D-A model-1 gave reasonable modeled results since the errors were only a little bit over
1%.
Table 5-6. Average Langmuir and D-A modeled errors of excess methane and CO2
adsorption isotherms for Pittsburgh No. 8 coal.
Model type

Gas type

Average error
(%)

CH4

0.94

CO2

3.04

CH4

2.46

CO2

1.48

CH4

0.28

CO2

1.38

CH4

0.05

Original Langmuir model

Modified Langmuir model-1

Modified Langmuir model-2
Original D-A model
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CO2

2.30

CH4

0.28

CO2

1.49

CH4

0.04

CO2

0.20

Modified D-A model-1

Modified D-A model-2

5.2.3 Hazleton coal-gas adsorption modeling
Figure 5-5 shows modeled results from Langmuir-based models for methane and
CO2 adsorption for the Hazleton anthracite. The modeled results of modified Langmuir
model-2 (blue solid line) agreed well with the experimental data. However, the original
Langmuir model (black solid line) and modified Langmuir model-1 (red solid line)
underestimated the sorption capacity when pressure was over 800 psi.
The modified Langmuir model-2 (blue dash line) was the best fit across the whole
pressure range (from 0 to 775 psi) for CO2 isotherm. Both the original Langmuir model
(black dash line) and modified Langmuir model-1 (red dash line) underestimated the CO2
adsorption capacity between 200 and 700 psi and overestimated the CO2 capacity when
pressure was greater than 700 psi.
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Figure 5-5. Langmuir modeling of excess methane and CO2 adsorption isotherms for
Hazleton coal.
Modeled parameters of three Langmuir-based models are shown in Table 5-7. It
was found that the maximum absolute methane adsorption capacity 𝑛𝐿 estimated by
modified Langmuir model-2 (0.67 mmol/g) was smaller than excess value (0.89 mmol/g).
This suggests that modified Langmuir model-2 has application limitation for this tested
coal sample. It was also noticed that Langmuir capacity 𝑛𝐿 of Hazleton coal was somewhat
similar to San Juan coal for each Langmuir model version. This is unexpected since the
sorption capacity for high rank coal was expected by higher than that of lower rank coal
[29]. The results shown here indicate that the gas sorption capacity does not only depend
on the coal rank and the other petrophysical properties may play significant roles, such as
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pore size distribution, pore accessibility, mineral composition and ash content and etc [44,
53].
Table 5-7. Langmuir modeled parameters of excess methane and CO2 adsorption isotherms
for Hazleton coal.
Model type

Gas type

𝑃𝐿 a
𝑛𝐿
𝜌𝐿
𝑘
3
(mmol/g) (kg/m ) (psi) (mmol/g)

CH4

0.89

9.94

225

−

CO2

1.18

32.33

251

−

CH4

1.08

13.78

309

−

CO2

1.38

39.92

303

−

CH4

0.67

6.22

142

0.00450

CO2

4.76

132.60

782

-0.00935

Langmuir model

Modified Langmuir model-1

Modified Langmuir model-2
a

𝑃𝐿 was estimated by 𝜌𝐿 using REFPROP 9.0 software.
Figure 5-6 shows D-A model series fitting for methane and CO2 adsorption

isotherms for the Hazleton sample. All D-A models had a good fit for methane gas over
the total pressure range (between 0 and ~1246 psi). For CO2 isotherm, these three models
were all good fit when pressure was smaller than 200 psi. Above this pressure, the results
of modified D-A model-2 (blue dash line) agree with the experimental data perfectly.
While original D-A model (black dash line) and modified D-A model-1 (red dash line) did
not fit well when pressure was greater than 200 psi.
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Figure 5-6. D-A modeling of excess methane and CO2 adsorption isotherms for Hazleton
coal.
Table 5-8 shows D-A model fitted parameters for methane and CO2 isotherms for
the Hazleton coal. The 𝑛0 estimated by D-A model series were all larger than
corresponding Langmuir capacity 𝑛𝐿 for methane capacity for the Hazleton sample. It was
found maximum CO2 adsorption capacity estimated by D-A models were smaller than
corresponding Langmuir models. There was a big difference between CO2 capacities (4.76
and 2.05 mmol/g) estimated by modified Langmuir model-2 and modified D-A model-2.
Because of the limited coal samples, it was difficult to make conclusive statement and
further study will be required to explain this observation.
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Table 5-8. D-A modeled parameters of excess methane and CO2 adsorption isotherms for
Hazleton coal.
Model type

Gas type

𝑛0
(mmol/g)

CH4

0.97

0.052 2.06

−

CO2

1.00

0.003 4.00

−

CH4

1.38

0.148 1.54

−

CO2

1.10

0.003 4.00

−

CH4

1.00

0.065 1.94

0.00187

CO2

2.05

0.032 2.68

-0.00394

𝐷

𝑛

𝑘
(mmol/g)

D-A model

Modified D-A model-1

Modified D-A model-2

Average error percentages of each model for methane and CO2 isotherms were
shown in Table 5-9. The D-A model series had smaller errors than Langmuir equations
where error percentage are larger than 1% for all models for methane gas. The average
errors decreased with added terms among these models where D-A based models gave
better modeled results compared to Langmuir models for CO2 gas. And the modified D-A
model-1 gave the best model results with average error about 2.5%.
Table 5-9. Average Langmuir and D-A modeled errors of excess methane and CO2
adsorption isotherms for Hazleton coal.
Model type

Gas type

Average error
(%)

CH4

4.52

CO2

19.43

CH4

6.89

CO2

17.50

CH4

2.16

Original Langmuir model

Modified Langmuir model-1
Modified Langmuir model-2
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CO2

10.10

CH4

1.19

CO2

5.32

CH4

1.67

CO2

2.88

CH4

1.32

CO2

3.92

Original D-A model

Modified D-A model-1

Modified D-A model-2

5.2.4 Good Spring coal-gas adsorption modeling
Figure 5-7 shows Langmuir model series fitting for methane and CO2 adsorption
isotherms for the Good Spring sample. Langmuir model (black solid line) and the second
modified form (blue solid line) were both fitted well when pressure was less than 500 psi
and had small variations when pressure was greater than 700 psi for methane isotherm. The
first modified model (red solid line) overestimated methane adsorption capacity when
pressure was between 300 and 800 psi, and underestimated methane capacity when
pressure was larger than 1000 psi.
For CO2 isotherm, the modified Langmuir model-2 (blue dash line) agreed well
with the experimental data across the whole pressure range from 0 to 935 psi. The original
Langmuir model (black dash line) and modified Langmuir model-1 (red dash line) were
fitted well when pressure was smaller than ~200 psi. Both models underestimated CO2
adsorption capacity when pressure was between 200 and 700 psi, and overestimated its
capacity when pressure was larger than 800 psi.
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Figure 5-7. Langmuir modeling of excess methane and CO2 adsorption isotherms for
Good Spring coal.
Langmuir model fitted parameters of methane and CO2 isotherms were shown in
Table 5-10. It was found that Good Spring coal had the highest maximum methane
adsorption capacity 𝑛𝐿 estimated by Langmuir models among four coal samples in this
study, which might be due to its highest organic content. There is also a same situation
with previous three coal samples that absolute capacity 𝑛𝐿 estimated by modified
Langmuir model-2 was smaller than excess capacity estimated by original Langmuir
model. It may suggest that Langmuir+k model cannot be used for modeling high pressure
methane adsorption capacity.
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For CO2 isotherm, like modeling results of Hazleton coal, fitted parameter 𝑘 was
negative for this sample which had smaller maximum absolute CO2 adsorption capacity.
Maximum CO2 adsorption capacity 𝑛𝐿 of this anthracite estimated by original and first
modified Langmuir models were both close to maximum CO2 capacity of Hazleton coal.
Table 5-10. Langmuir modeled parameters of excess methane and CO2 adsorption
isotherms for Good Spring coal.
Model type

Gas type

𝑃𝐿 a
𝑛𝐿
𝜌𝐿
𝑘
(mmol/g) (kg/m3) (psi) (mmol/g)

CH4

0.97

5.16

118

−

CO2

1.11

12.43

102

−

CH4

1.13

7.33

167

−

CO2

1.28

16.66

135

−

CH4

0.95

5.08

166

0.00236

CO2

1.42

20.18

162

-0.00068

Langmuir model

Modified Langmuir model-1

Modified Langmuir model-2
a

𝑃𝐿 was estimated by 𝜌𝐿 using REFPROP 9.0 software.
Figure 5-8 shows D-A model series fitting for methane and CO2 adsorption

isotherms for the Good Spring sample. All three D-A models were qualitatively fitted well
and had very small errors for all the pressure steps (between 0 and 1257 psi) for methane
isotherm. The results of the two modified D-A models (red and blue dash lines) agreed
well with CO2 experimental data across all pressure steps. Original D-A model (black dash
line) had a good fit when pressure was small (0-100 psi). This model underestimated CO2
adsorption capacity at pressures between 200 to 600 psi and overestimated its capacity at
larger pressures (>800 psi).
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Figure 5-8. D-A modeling of excess methane and CO2 adsorption isotherms for Good
Spring coal.
Modeled parameters of CH4 adsorption isotherm of Good Spring sample were
shown in Table 5-11. All D-A modeling parameters are comparable with corresponding
Langmuir modeling for maximum methane adsorption capacities. However, the parameter
𝑘 estimated by Langmuir+k model were nearly two times larger than D-A+k model.
Maximum CO2 adsorption capacity fitted by three D-A models are all smaller than
corresponding Langmuir model.
Table 5-11. D-A modeled parameters of excess methane and CO2 adsorption isotherms for
Good Spring coal.
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Model type

Gas type

𝑛0
(mmol/g)

CH4

0.94

0.005 3.24

−

CO2

1.05

0.001 4.00

−

CH4

1.20

0.035 2.18

−

CO2

1.17

0.002 3.87

−

CH4

1.08

0.019 2.51

0.00090

CO2

1.22

0.003 3.66

-0.00021

𝐷

𝑛

D-A model

Modified D-A model-1

𝑘
(mmol/g)

Modified D-A model-2

Table 5-12 shows average errors of methane and CO2 isotherms for the Good
Spring coal. The modified Langmuir model-1 had an error percentage of about 3%, while
the errors for the other models were less than 1% for methane isotherm. For CO2 isotherm,
Langmuir based models and original D-A model have large average error up to ~8%. The
two modified D-A models have a very good fit of CO2 adsorption isotherm on this
anthracite.
Table 5-12. Average Langmuir and D-A modeled errors of excess methane and CO2
adsorption isotherms for Good Spring coal.
Model type

Gas type

Average error
(%)

CH4

0.60

CO2

7.49

CH4

2.97

CO2

4.05

CH4

0.56

CO2

2.37

CH4

0.35

Original Langmuir model

Modified Langmuir model-1

Modified Langmuir model-2
Original D-A model
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CO2

4.30

CH4

0.37

CO2

0.64

CH4

0.24

CO2

0.79

Modified D-A model-1

Modified D-A model-2
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Chapter 6
Summary and Conclusion
In this study, coal-gas ad-/desorption experiments were conducted using four
different coal samples with different ranks. In order to quantitatively describe the sorption
behaviors of the coal-gas interactions, two series models, namely Langmuir based and DA based models were applied to model the experimental results. Based on the results and
discussion presented in the aforementioned chapters, the results and conclusions can be
summarized as follows:
1) Excess ad-/desorption data characterization:


The maximum ad-/desorption capacity of methane was 0.72 mmol/g at 1280
psi for San Juan coal; 0.42 mmol/g at 1200 psi for Pittsburgh No. 8 coal;
0.78 mmol/g at 1245 psi for Hazleton coal; 0.89 mmol/g at 1256 psi for
Good Spring coal.



The maximum ad-/desorption capacity of CO2 was 0.86 mmol/g at 730 psi
for San Juan coal. The maximum adsorption and desorption capacity of CO2
was 0.65 mmol/g at 760 psi and 0.69 mmol/g at 740 psi for Pittsburgh No.
8 coal respectively. The maximum adsorption and desorption capacity of
CO2 was 0.91 mmol/g at 715 psi and 1.07 mmol/g at 491 psi for Hazleton
coal respectively. The maximum adsorption and desorption capacity of CO2
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was 1.01 mmol/g at 644 psi and 1.11 mmol/g at 560 psi for Good Spring
coal, respectively.


The ad-/desorption capacity ratio between methane and CO2 was 1:1.4 at
730 psi for San Juan coal; 1:1.6 at 930 psi for Pittsburgh No. 8 coal; 1:1.3
at 774 psi for Hazleton coal; 1:1.1 at 935 psi for Good Spring coal.



Hazleton and Good Spring coals (higher rank) have higher adsorption
capacities than San Juan and Pittsburgh No. 8 coals (lower rank) for both
methane and CO2 over the experimental pressure range.



The CO2 desorption hysteresis was greater than CH4 for all coal samples.



Hazleton and Good Spring coals (higher rank) have smaller or negligible
methane hysteresis but larger CO2 hysteresis than San Juan and Pittsburgh
No. 8 coals (lower rank).

2) Adsorption modeling interpretation:


Maximum CO2 adsorption capacities estimated by models were larger than
methane capacities for all coals.



Original Langmuir model and modified Langmuir model-2 had a good fit
on CO2 adsorption isotherm of San Juan coal, while D-A based models had
good fit for both methane and CO2 adsorption isotherms for the San Juan
sample. Original Langmuir model, modified Langmuir model-2, and D-A
based models are fitted well for methane adsorption isotherm of Pittsburgh
coal, while all adsorption models did not fit the CO2 isotherm data well for
the Pittsburgh sample. D-A series models have a good fit for methane
adsorption isotherm of Hazleton coal, while all these models did not fit well
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for CO2 isotherm of Hazleton coal. Original Langmuir model, modified
Langmuir model-2 and D-A series models have a good fit for methane
adsorption data on Good Spring coal. While only two modified D-A models
are fitted well on CO2 adsorption isotherm.


D-A series models are fitted better than Langmuir series models.



Added 𝑘 term reduced modeling error for both Langmuir based and D-A
based models.



The modified Langmuir model-1 is not fitted well with experimental data
since relatively high errors for all coal samples.
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Appendix
Excess ad-/desorption experimental data
Table 1. Methane adsorption experimental data at 35℃ for San Juan coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

50

2.16

0.15

Step 2

128

5.59

0.26

Step 3

332

14.83

0.45

Step 4

596

27.36

0.57

Step 5

910

43.08

0.66

Step 6

1279

62.53

0.72

Density was estimated using REFPROP 9.0 software.

Table 2. Methane desorption experimental data at 35℃ for San Juan coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

1087

52.29

0.69

Step 2

887

41.90

0.66

Step 3

681

31.53

0.61

Step 4

507

23.06

0.55

Step 5

356

15.94

0.49

Step 6

233

10.29

0.41

Step 7

115

5.01

0.29

Step 8

60

2.59

0.21

Density was estimated using REFPROP 9.0 software.
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Table 3. Carbon dioxide adsorption experimental data at 35℃ for San Juan coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

41

4.88

0.19

Step 2

119

14.60

0.42

Step 3

214

27.17

0.58

Step 4

351

47.01

0.70

Step 5

502

71.94

0.79

Step 6

730

119.18

0.86

Density was estimated using REFPROP 9.0 software.

Table 4. Carbon dioxide desorption experimental data at 35℃ for San Juan coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

669

105.00

0.85

Step 2

589

88.27

0.83

Step 3

496

70.88

0.80

Step 4

399

54.54

0.75

Step 5

303

39.80

0.69

Step 6

206

26.08

0.60

Step 7

108

13.20

0.46

Step 8

62

7.45

0.34

Density was estimated using REFPROP 9.0 software.

Table 5. Methane adsorption experimental data at 35℃ for Pittsburgh No. 8 coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)
Step 1

193

8.49

0.21

Step 2

379

17.01

0.29

Step 3

623

28.68

0.35
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a

Step 4

903

42.72

0.39

Step 5

1203

58.45

0.42

Density was estimated using REFPROP 9.0 software.

Table 6. Methane desorption experimental data at 35℃ for Pittsburgh No. 8 coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

969

46.13

0.41

Step 2

751

35.01

0.38

Step 3

525

23.93

0.34

Step 4

338

15.10

0.29

Step 5

147

6.43

0.20

Density was estimated using REFPROP 9.0 software.

Table 7. Carbon dioxide adsorption experimental data at 35℃ for Pittsburgh No. 8 coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

146

18.09

0.37

Step 2

328

43.52

0.52

Step 3

540

78.87

0.62

Step 4

758

126.19

0.65

Step 5

931

180.53

0.63

Density was estimated using REFPROP 9.0 software.

Table 8. Carbon dioxide desorption experimental data at 35℃ for Pittsburgh No. 8 coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)
Step 1

738

121.15

0.69

Step 2

565

83.59

0.67

Step 3

407

55.83

0.62

Step 4

241

30.91

0.52

81

a

Step 5

117

14.35

0.40

Step 6

63

7.57

0.30

Density was estimated using REFPROP 9.0 software.

Table 9. Methane adsorption experimental data at 35℃ for Hazleton coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

60

2.59

0.22

Step 2

178

7.82

0.39

Step 3

351

15.71

0.53

Step 4

609

27.99

0.63

Step 5

888

41.95

0.74

Step 6

1246

60.75

0.78

Density was estimated using REFPROP 9.0 software.

Table 10. Methane desorption experimental data at 35℃ for Hazleton coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

1058

50.77

0.76

Step 2

855

40.27

0.72

Step 3

669

30.94

0.66

Step 4

476

21.58

0.59

Step 5

332

14.83

0.53

Step 6

212

9.34

0.46

Step 7

112

4.88

0.33

Step 8

66

2.86

0.22

Density was estimated using REFPROP 9.0 software.

Table 11. Carbon dioxide adsorption experimental data at 35℃ for Hazleton coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

82

a

Step 1

48

5.73

0.09

Step 2

109

13.33

0.32

Step 3

203

25.67

0.52

Step 4

333

44.27

0.75

Step 5

493

70.35

0.88

Step 6

716

115.80

0.91

Step 7

775

130.63

0.89

Density was estimated using REFPROP 9.0 software.

Table 12. Carbon dioxide desorption experimental data at 35℃ for Hazleton coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

683

108.13

1.02

Step 2

591

88.67

1.05

Step 3

492

70.17

1.07

Step 4

398

54.38

1.03

Step 5

303

39.80

0.94

Step 6

210

26.63

0.77

Step 7

125

15.37

0.45

Step 8

78

9.43

0.23

Density was estimated using REFPROP 9.0 software.

Table 13. Methane adsorption experimental data at 35℃ for Good Spring coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)
Step 1

98

4.26

0.44

Step 2

300

13.35

0.69

Step 3

502

22.82

0.79

Step 4

738

34.36

0.85

Step 5

1069

51.35

0.88

83

Step 6
a

1257

61.34

0.89

Density was estimated using REFPROP 9.0 software.

Table 14. Methane desorption experimental data at 35℃ for Good Spring coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

959

45.61

0.87

Step 2

748

34.86

0.84

Step 3

516

23.49

0.78

Step 4

339

15.15

0.71

Step 5

161

7.06

0.56

Density was estimated using REFPROP 9.0 software.

Table 15. Carbon dioxide adsorption experimental data at 35℃ for Good Spring coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)

a

Step 1

46

5.49

0.27

Step 2

136

16.79

0.65

Step 3

254

32.74

0.84

Step 4

410

56.31

0.95

Step 5

645

99.78

1.01

Step 6

935

182.12

0.96

Density was estimated using REFPROP 9.0 software.

Table 16. Carbon dioxide desorption experimental data at 35℃ for Good Spring coal.
Pressure Densitya Excess sorption capacity
(psi)
(kg/m3)
(mmol/g)
Step 1

791

134.95

1.07

Step 2

561

82.83

1.11

Step 3

431

59.75

1.08

Step 4

282

36.74

1.00

84

Step 5
a

142

17.57

0.85

Density was estimated using REFPROP 9.0 software.

