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Abstract Transient sorption and desorption of helium and carbon dioxide in Upper Freeport coal powder and lumps were

analyzed. Differences in texture and porosity between the powder and lumps may affect the transport and interaction of the

penetrant and coal. In this work, we address macroscopic and mesoscopic structural differences between powdered and

non-powdered coals that influence the rates of the gas transport kinetics and changes in coal texture (swelling, shrinkage,

and changes in the pore structure and interconnectivity) and the reciprocal free-phase pressure decay (relaxation). Com-

parison of the multi-exponential relaxation time constants as a function of pressure, for CO2 and inert gas (helium), allows

us to postulate several mechanisms responsible for observed pressure decay patterns.
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1 Introduction

Coal is an abundant sedimentary rock commonly associ-

ated with energy, primarily used as a solid fuel to produce

electricity and heat. Significant research efforts were

directed toward development of coal liquefaction, espe-

cially, in Germany, South Africa, and China (Wasaka et al.

2002). However, the state-of-the-art in coal-based energy

conversion technologies is not adequate in the current

regulatory environment concerned with potential environ-

mental crisis. If the known methods were adopted industry-

wide to reduce oil consumption, carbon dioxide emission

could increase on a global scale (Romanov et al. 2009). On

the other hand, deep unmineable coal seams may find use

as the reservoirs for sequestration of ‘green house’ gases.

Interaction of CO2 with coal, which is occasionally referred

to as heterogeneous geo-polymer in nature (Marzec 2002)

is governed by the aggregate properties of the two

substances. The CO2 molecules may adsorb at microporous

surfaces of coal and form a condensed liquid-like layer;

they can also dissolve into cross-linked coal matrix,

resulting in coal structural rearrangement (swelling/

shrinkage) and, possibly, even glass-to-rubber transition

(Romanov 2007). Under the reservoir conditions, free-

phase CO2 may undergo a transition to supercritical phase,

with an intriguing mix of properties attributable to gas and

liquid substances.

Potential for storage of anthropogenic carbon dioxide

(CO2) in natural coals is typically evaluated by conducting

sorption isotherm studies on crushed and pulverized coal

powder to reduce the time to reach equilibrium (Ozdemir

2004;Romanov and Soong 2009).When such data is used for

modeling the CO2 transport and storage in coal, the results

can bemisleading, if themodel does not take into account the

differences in texture and porosity between coal powder and

lumps (Romanov and Soong 2008) that may affect the

interaction of fluids and coal (Romanov and Soong 2009).

Adequate representation of the internal structure of the coal

in place is necessary for successful modeling of the inter-

actions and transport processes subsequent to CO2 injection

into geological formations (Bhatia 1987). The permeability

of coal seams to CO2 is crucial to sequestration of CO2 in
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deep coal seams. Similarly, the permeability is crucial to

production of methane from coal seams (Li et al. 2012; Yang

et al. 2012; Nie et al. 2014a, b). It involves both Darcy flow

through cleats and cracks and diffusion through the coal

(Ryan and Mannhardt 2007). This study is concerned pri-

marily with processes associated with diffusion of gases in

coal. Transport processes inmicroporous solids are governed

by bulk diffusion, Knudsen diffusion, or surface diffusion

depending on feature size, shape and geometric arrangement

of pores and characteristic matrix blocks (Bhatia 1987;

Siemons et al. 2004; Romanov and Soong 2009). Conven-

tional models of gas transport in coal account only for dif-

fusion through interconnected pore network believed to exist

in all coals (Mahajan 1991). Alternatively, it has been argued

that, typically, the majority of pores in coal are isolated and

many internal surfaces cannot be reached by diffusion

through a pore network (Alexeev et al. 1999). Rather,

transport through the solidmacromolecular coal is analogous

to diffusion through non-porous polymers (Hall et al. 1992;

Romanov 2007). In the pores of molecular dimensions,

interaction forces strongly depend on kinetic diameter and

geometry of diffusing species, closeness of approach

between the pseudo-graphitic basal planes, and chemical

nature of the coal region (not so prominently in high-carbon

coals); polarizable molecules may have a better ability to

penetrate between the coal lamellae due to stronger specific

interaction (dipole–dipole or hydrogen bonding) with coal

constituents (Nandi and Walker 1970). As we prepare to

analyze the experimental data for pressure relaxation in

response to coal–gas interaction during the sorption isotherm

measurements, we will catalog the most popular hypothesis

and their corollary effects on the relaxation rates.

In Sect. 4 (Results and discussion), the temporal data for

helium and CO2 transport and interaction processes are

assimilated in lumps and powder of the Argonne Premium

Coal samples of Upper Freeport medium volatile bitumi-

nous coal. CO2 is routinely used to measure coal surface

area. Typically, in such measurements, it is assumed that

the probing gas does not affect the coal properties. The

comparison of the CO2 transport and interaction behavior

with that of helium will be used to more accurately char-

acterize the mechanisms of gas transport and gas–coal

interaction and determine if there are any changes occur-

ring in coal structure.

2 Theory

In the following theoretical discussion, only unsteady-state

gas transport into and out of a spherical particle is con-

sidered. Since the rates of such processes are relatively

insensitive to particle’s shape (Ryan and Mannhardt 2007)

the effective radius R will simply represent corresponding

volume of the actual particle or transport grain size. To

simplify the mathematics of the coal–gas systems under

study, we will assume that at each pressure step the free-

phase gas concentration is maintained constant. This

assumption may result in overestimation of diffusivities of

the species for a given particle size (using the experimen-

tally observed pressure relaxation as a measure of the gas

uptake) but it should not affect our general conclusions

about factors governing the rates of the processes. Under

the above assumptions, we will consider several basic

models of gas interchange between free phase and a system

of isomorphous spherical coal particles. The models will be

ranked according to the rate-determining process.

(1) Case I-R (R stands for spherical geometry): In a

classic approach, when the temporal rate of reaching

the equilibrium pressure across the entire system is

determined by thermally activated (low activation

energies) motion of diffusing species, Fick’s diffu-

sion equation is assumed to be applicable. For CO2,

the analytical solutions should be interpreted in

terms of the ‘occluded gas’ model (Walker et al.

1966) for total (including sorbed phase) concentra-

tion gradient as we intend to compare them to

experimental data. However, for relatively small

concentration gradients created at each pressure step,

we can still use the ‘sorption-free gas’ model with

the effective diffusion coefficient �D:

�D ¼ D

/þ Hp

ð1Þ

where D is the true diffusion coefficient (independent

of pressure), / is the open (interconnected) porosity,

and Hp is the effective (uniform pressure approxima-

tion) Henry’s law parameter for incremental sorption.

One more caveat we need to consider is that the uni-

pore diffusion equation is not very accurate in

describing the final stages (‘tail’) of the pressure

relaxation process. A bi-disperse model or two-com-

ponent unipore equation, for a sample composed of

vitrinite with slow diffusivity and inertinite with faster

diffusivity, produce a much better fit (Ryan and

Mannhardt 2007). It is expected that for the Upper

Freeport coal, with 91 % vitrinite and only 8 % iner-

tinite (Vorres 1993), the ‘tail’ diffusion kinetics will

be controlled by vitrinite. The analytical solution for

the residual fraction of the Fickian diffusion process is

(Marecka and Mianowski 1998):

y ¼ Vf � VðtÞ
Vf � Vi

¼ 6

p2
X1

n¼1

exp � n2

R2 sDt
� �

n2
ð2Þ

where Vi, V(t) and Vf are the free-phase equivalent

volumes evolved at time 0, t and ? respectively, s is
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the shape parameter (s = p2 for a sphere). For

practical purposes, this equation can be approxi-

mated (within 5 % error) by the following empirical

formula:

y � 0:8� exp � t

0:7s

� �
þ 0:18� exp � 35t

s

� �
ð3Þ

For e[ 0.1 and the y-values between e and (1 - e),
the first exponential term in this equation matches

the precise equation with correlation of r2 * 1,

which yields the rate constant (s = R2/(sD)) values

within 5 % of the actual. Stability of the best-fit rate

constant, with respect to arbitrary selection of e,
provides a valuable opportunity to use the Eq. (3) for

multi-exponential rate analysis of the experimental

data. Swelling (Case IV-R) caused by surface ten-

sion due to adsorption can slightly convolute the

observed pressure changes.

(2) Case II-R: This kind of transport is characterized by

osmotically-induced strain relaxation (Romanov

2007) which propagates with a constant velocity

u toward the center of the particle (Hall et al. 1992).

It is assumed that the rate of pressure equilibration in

interconnected pores is much faster than the rate of

mass uptake into macromolecular network, because

the rate-determining step of imbibition is the motion

of the coal macromolecules. If the sharp concentra-

tion-gradient front propagation is slow enough

compared to the Fickian diffusion through the

relaxed portion of the coal matrix, the mass uptake

(proportional to the relaxed volume) obeys a simple

cubic law and the equivalent (for a typical exponen-

tial fit, e[ 0.1) pressure relaxation time constant s,
which is now proportional to R, is determined by the

following equation:

yðsÞ ¼ 1� us=Rð Þ3� 1:2

e
ð4Þ

Swelling due to imbibition will convolute the

observed pressure changes.

(3) Case III-R: Diffusion is limited by purely mechan-

ical response of the coal matter to gas pressure or

stresses induced by gas sorption. In addition to

interconnected pores implied in Case I-R study, coal

matrix is believed to have finer and, possibly,

isolated (blind) pores, which arise from turbostratic

packing of the fundamental building blocks (Ozde-

mir 2004). When the gas pressure in micropores

reaches a certain threshold, it may start moving apart

coal building blocks, allowing the gas to enter into

blind (initially, not interconnected) pores (Moffat

and Weale 1955; Nelson et al. 1980) or, possibly,

removing a monolayer of sorbed organic species and

water blocking some voids of molecular dimensions

(Walker et al. 1988a). If the characteristic time

constant of these subtle changes in coal texture is

very large, the associated decrease in observed free-

phase pressure will follow on the heels of the Case

I-R diffusion process; the two-component unipore

equation is a more adequate fit for such complex

diffusion:

y ¼ 6

p2
X1

n¼1

d exp � n2

R2 s
0Dt

� �
þ ð1� dÞ exp � n2

s00
t

1þt=s0

� �

n2

ð5Þ

where d is a distribution factor defining proportions

of the two components, s0 is a modified shape factor,

and s0 and s00 are the respective time constants con-

trolling the onset and duration of the mechanical

response.

(4) Case IV-R: After detectable penetrant transport into

the coal particle is complete, the free-phase pressure

may continue to change because of the volumetric

effects (Romanov et al. 2006a). Large local pressure

gradients (up to 100 MPa) due to surface tension

induced by adsorption may cause appreciable defor-

mations but typically do not produce large volumet-

ric changes (Walker et al. 1988a). On the other hand,

chemical interaction of the fluid with coal, such as

imbibition, can result in large swelling. The initial

(for the mixing ratio /2 ? /2
*, with * corresponding

to the onset of coal plasticization) relaxation of strain

e is driven by the lowering of activation energy of

the glass-to-rubber transition in coal matrix via

mechanical work performed by the penetrating gas

(Romanov 2007):

e ¼ Dp2
K� 1� e

�K�
g2
t

� �
þ e /�

2

� �
e
�K�

g2
t ð6Þ

where /2 is the volume fraction of the network in the

mixed phase, g2 is its viscosity, Dp2 is the swelling

pressure induced by imbibition of the penetrant, and

K* is the bulk modulus of the swelling region (Os-

motic bulk modulus K* can be different from the

K value defining the rate constant s00 in the Case III-

R). This transition state provides the macromolecular

network more freedom of chain motion, which

allows it to rearrange to a more stable conformation.

Using dual-energy X-ray computed tomography (X-

ray CT), (Karacan 2003) has observed that certain

microlithotypes of confined Pittsburgh seam coal, at

pressures 1.7–4.4 MPa, showed a decreasing trend in

the bulk density for * 40 h, after which there was a

period of slight density increase at each pressure

step. Karacan (2003) drew analogy with CO2

12 V. N. Romanov et al.
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injectivity behavior observed at the Allison Unit of

San Juan Basin (Reeves 2003)–initial significant

decline in injectivity was followed by a long period

of improvement–implying that overburden pressure

may eventually force CO2 out of coal matrix, after the

system rearranged to a more stable state with reduced

solubility (Karacan 2007) and the related swelling

pressure Dp2. In our experiments, swelling or

shrinking of coal matrix, with the corresponding

changes in void volume, results in free-phase pres-

sure relaxation. The induced changes in pressure may

become partly offset by adjustment in the amount of

gas uptake, either because it is not near saturation or

because coal porosity is affected by confining stress

(Walker et al. 1988b). The latter should not signifi-

cantly affect the rates of associated pressure relax-

ation, which are independent of the particle size in

this case, unlike Case II-R; differentiation between

the two cases is either because of undetectable imbi-

bition causing detectable volumetric effects or

because of relatively small (much smaller than the

particle size) matrix blocks that can be reached by the

penetrant without appreciable imbibition.

(5) Case V-R: Good solvents, including supercritical

CO2 may extract water and/or non-cross-linked

volatile matter (VM) from coal, resulting in changes

in void volume (Romanov et al. 2006a, b) and in

equation-of-state of the free phase (Romanov 2007).

The fraction of the CO2 surface area covered by water

may reach 73 % in lignite; in general, it ranges 15 %–

25 % in vitrinite (Walker et al. 1988a). In an unlikely

case of rapid complete dissolution of the VM,

diffusion of the solute out of the particle can be

described by the model similar to Case I-R diffusion.

In the case of very slow dissolution (for the most

mature coals, such as Pocahontas and Upper Freeport)

and relatively faster transport, the solute concentra-

tion is low and its gradient is a linear function of the

particle radius (Appendix A); the solute outflow

matches the maximum VM dissolution rate for the

in situ solvent activity and does not change over time

until all VM is dissolved. The intermediate case of

extraction under the saturation conditions results in

constant rate of cross-diffusion of the solute and

solvent. Extraction of the volatile matter will not be

considered in this work as we analyze the results of

experiments on dry Upper Freeport medium volatile

bituminous coal interacting with inert helium (at

room temperature, *7 MPa) and gaseous CO2 (at

55 �C,\5.5 MPa) at relatively low temperatures and

pressures. Analysis of the supercritical CO2 interac-

tion with coal is beyond the scope of this study.

3 Materials and methods

Experimental data are reported for time dependence of CO2

sorption in powder and lumps samples of Upper Freeport

coal. Sample preparation procedures such as grinding and

outgassing can affect the measured physical properties of

coal (Walker et al. 1988a). Some description of the samples

and experimental setup used for sorption measurements

can be found elsewhere (Romanov and Soong 2009). Here,

for convenience, the most important information is sum-

marized and additional details relevant for the subject of

this study are provided. The powder (particle

size\ 75 lm; as received 13.987 g) and lumps (1.7 cm 9

1.4 cm 9 3.2 cm, 1.7 cm 9 1.7 cm 9 2.9 cm; total

21.928 g) were pressed into confining containers (Fig. 1)

and dried in vacuum at 80 �C for 36 h.

Mineral composition of the lump pieces was identified

via the local density and effective atomic number, which

were reduced from the data collected with the dual-energy

(sources: 80 kV for photoelectric absorption and 140 kV

for Compton scattering) CT-scanner (Model HD-350E,

Universal Systems, Inc., Solon, OH, USA). The non-de-

structive computed tomography (CT) scanning was done

incrementally, by 0.2 cm steps (slices), with enhanced

lateral spatial resolution of\0.025 cm. Data processing

and visualization were performed using Matlab 7.0,

according to the routine outlined elsewhere (Siddiqui and

Khamees 2004). Properties of coal depend on its density

(van Krevelen 1993). The selected coal lumps are very

heterogeneous, with the local density ranging 0.9–4.2 g/

cm3 (Fig. 2), but the average density of a combination of

the two lumps matches the density of representative

Argonne Premium Coal powder. According to the color

map (located to the right of the images) the top sample had

a significant number of mineral inclusions (bright spots,

with the average density in excess of 2 g/cm3), while the

sample at the bottom appeared to be a typical coal maceral

matter.

The X-ray diffraction (XRD) spectra (Fig. 3), collected

using a multi-purpose diffractometer, X’Pert PRO MPD

(PANalytical, B.V., Almelo, The Netherlands) indicates

that both powder and lump samples are the mostly amor-

phous mix of organic and phyllosilicate matter, with the

powder having larger amounts of the products of clay

weathering (Table 1). According to the CT data, minerals

(Zeff[ 11) may comprise up to 26 % of the total lumps’

mass.

Effective atomic number, Zeff, readings show that the

lower lump (lump 2) was composed of predominantly

carbonaceous coal macerals (mostly, vitrinite group mac-

erals with the density (1.35 ± 0.1) g/cm3), Zeff\ 10, while

the upper lump (lump 1) was mineral-rich, with significant
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amount of calcite inclusion, Zeff[ 16 (Fig. 4). The vitrinite

peak density in the lump 1 was shifted to (1.45 ± 0.1)

g/cm3, with two distinct shoulders, one, very narrow, at

(1.35 ± 0.1) g/cm3 (a relatively purer vitrinite) and one,

much broader (*10 % of the total lumps’ volume), at

(1.75 ± 0.1) g/cm3 (Zeff\ 11). Although the effective

atomic number readings are not very accurate due to diffi-

culties with the low-energy calibration, they provide some

qualitative indication that the latter is due to a presence of

higher density maceral form. The relatively purer vitrinite’s

density in both lumps appears to be the same, *1.35 g/

cm3, which is slightly higher but within error bars

of *1.3 g/cm3 that was reported by (van Krevelen 1993)

for vitrinite of a similar chemical composition. With suffi-

ciently good accuracy, the sample composition can be

described as well-dispersed mixture of macerals (repre-

sentative density 1.3–1.4 g/cm3) and minerals (representa-

tive density 2.7 g/cm3). In such representation, average

density reflects the weight ratio of minerals (predominantly,

clay) and macerals (predominantly, vitrinite).

The micro- and meso-porosity of coal samples were

estimated using the BET, BJH and Dubinin–Astakhov

analyses of the sorption isotherms at Micromeritics Ana-

lytical Services, Norcross, GA, USA (Table 2). The

characteristic energy of the CO2 sorption was

(24.25 ± 0.19) kJ/mol for the powder and (19.76 ± 0.57)

kJ/mol for the lumps (Romanov and Soong 2009).

Fig. 1 Photos. a Two lumps before being placed into pressure vessel;

b Two lumps inside of a confining container

Fig. 2 CT-density images of the top (the second slice from the top of

the upper, mineral-rich sample) and the bottom (the second slice from

the bottom of the lower, organics-rich sample) slices (area:

2.5 cm 9 2.5 cm). The thickness of one ‘slice’ is 0.2 cm. The dark

background (zero density) is the area outside of the samples

Fig. 3 X-ray diffraction spectra of coal powder (top) and lump flakes

(bottom)

Table 1 Structural composition of Argonne Premium Upper Freeport

coal samples: XRD analysis versus analytical data by Argonne

National Laboratory (Vorres 1993)

Compound XRD (%) Argonne (%)

Amorphous *81.0 84.7

Calcite 1.0 1.0

Clay 12.0 \9.4

Pyrite 3.5 3.4

Quartz 2.5 1.5

14 V. N. Romanov et al.
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For sorption studies, we used the NETL-built mano-

metric apparatus (Romanov and Soong 2008, 2009) to

collect the helium (99.997 % purity, Valley Co., Pitts-

burgh, PA, USA) transport data at room temperature and

then CO2 (99.999 % purity, Valley Co., Pittsburgh, PA,

USA) sorption isotherm at (55.00 ± 0.01) �C. The dura-

tion of the pressure equilibration steps ranged from one to

three weeks. In addition, multiple ‘helium-volume’ mea-

surements with 5 to 15 min equilibrium time were made at

the pressures of 1.5 MPa to 7 MPa.

4 Results and discussion

Here we compare the experimental data for helium and

CO2 transport and interaction processes in the same sam-

ples, lumps and powder, of the Upper Freeport coal. The

average pore size in Upper Freeport coal is (0.63 ± 0.07)

nm (Hayashi et al. 2001), which is slightly larger than the

typical size (\0.58 nm) corresponding to onset of activated

diffusion in coal (Walker 1981). Since gas transport in

larger pores is very rapid, the experimentally observed

pressure relaxation over extended period of time is diffu-

sion in smallest pores (ultra-micropores).

Previously, it has been reported (Romanov and Soong

2009) that helium penetration into the dry coal matrix

results in slow relaxation of pressure, which was attributed

to gas penetration into coal matrix controlled by micro-

scopic changes in pore space accessibility. The relaxation

time on first exposure to helium was 3–4 days, regardless

of the macroscopic dimensions of the sample. Then it

decreased for the lumps with each subsequent exposure.

The desorption process was more rapid than preceding

sorption, for all samples. Evolution of the sorption–des-

orption rates indicated that exposure to helium may change

the texture and apparent density of dry coal (Romanov and

Soong 2009). Each time after exposure to helium, the

‘helium volume’ of the lumps irreversibly increased due to

improved accessibility of the sorption sites, but there were

no significant changes of the macroscopic dimensions of

coal. The total pressure drop during the relaxation was

always smaller for the lumps than for the powder.

Multi-exponential fitting (Enderlein and Erdmann 1997)

of the helium sorption–desorption decay process indicated

that it could be a combination of several sub-processes

characterized by different rates. The slower portion (‘tail’)

of helium sorption on lumps was characterized by decrease

in the rate of pressure relaxation (1/s). As part of this

transition, the faster portion of the pressure drop had

gradually increased and the slower portion had decreased

in magnitude. It was suggested (Romanov and Soong 2009)

that the changes in slower helium uptake processes are

related to rearrangements in the micropore structure, which

are irreversible for the coal lumps; whereas the relaxation

time constant s is associated with characteristic length R of

microscopic blocks of the coal matrix separated by regular

micro cracks (Romanov 2007). Unlike sorption, helium

desorption off the powder sample was bimodal, while

desorption off the lumps, after the third sorption–desorp-

tion cycle, was not (Romanov and Soong 2009). Such

pressure relaxation behavior is attributed to a combination

of Case I-R (faster) and Case III-R (initially, slower) pro-

cesses, because helium is inert gas.

It is interesting to see whether transport of a different

gas molecule in the coal trained by the repeated pre-ex-

posure to high pressure (*7 MPa) helium will result in

additional changes in coal structure. CO2 sorption mea-

surements have been done in pressure steps *1 MPa up to

pressure *14 MPa (Romanov and Soong 2008). Here we

report pressure relaxation behavior only for CO2 gas

because of increasing relative errors associated with the

equation-of-state for supercritical CO2 before it reaches

complete thermodynamic equilibrium. Multi-exponential

fitting of the CO2-induced sorption decay curves was used

to distinguish between the instant (1–2 min), initial and

final (‘tail’) relaxation steps (Table 3). The contribution of

the instant adsorption on the ‘open’ (accessible via larger

pores) surface areas, initial activated diffusion-limited

(Case I-R) sorption, and final relaxation were estimated as

the percentage of the total (equilibrium) excess sorption

increments.

Striking resemblance between the relaxation rate con-

stants of CO2 sorption in lumps and powder implies inde-

pendence of the underlying processes from the apparent

particle size. The bi-exponential function was not always

Fig. 4 CT-image (scale: 1 inch *2.5 cm) of the coal lumps’

composition. a Sample; b Clay inclusions; c Calcite inclusions

Table 2 Porosity (% volume) of the coal samples (Romanov and

Soong 2009)

Pores Powder Upper lump Lower lump

Micropores 4.44 5.36 5.72

Mesopores 0.99 0.04 0.02–0.08
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the best fit–the rate distribution of final relaxation for the

lumps is very broad–but we believe that the Case III-R

transport (modeled by Eq. (5)) is the most likely mecha-

nism of the final relaxation (s00 = g/K * 13 h) at rela-

tively low CO2 pressure. The Case II-R described by

Eq. (4) was not clearly demonstrated as the exponential

function seemed to be a slightly better fit in all instances

except for the 4.1 MPa data for lumps. The ‘tail’ relaxation

time constant had increased above pressure 4 MPa up

to *100 h (for both powder and lumps), which can be

related to coal network relaxation caused by CO2 dissolu-

tion. This was preceded by apparent swelling of both

powder and lumps at 2–3 MPa observed as negative

increments in excess sorption (Romanov and Soong 2008).

Despite the virtually identical rate constants of high-pres-

sure relaxation process for helium (lumps 96 h and powder

75 h) and for CO2 (lumps 95 h and powder 96 h), the CO2

free-phase pressure relaxation is likely associated with

changes in the void volume (Case IV-R); helium, on the

other hand, penetrates rapidly into micropores[0.42 nm at

room temperature but it does not result in volumetric

changes in coal structure at these pressures (Walker et al.

1988a; Romanov and Soong 2009).

The magnitude of the very slow coal swelling or

shrinking could be linked to and convoluted by relatively

faster gas transport. The negative slope of cumulative

excess sorption as function of CO2 density, for relaxation

during the first 1–2 min of each step, indicates that inac-

cessible volume of the lumps abruptly increased by[2 %

at the CO2 pressure *4 MPa, corresponding to *2 mmol/

mL CO2 density (Fig. 5). Swelling estimates based on the

net negative (incremental) excess sorption numbers in

Table 3 produce values of *3.3 % for powder but

only *1.3 % for the lumps. The difference is attributed to

internal swelling into the lump’s macro- and meso-pores,

which results in much slower diffusion and much larger

relaxation times. In special circumstances, anomalies in the

CO2 sorption–desorption behavior at free-phase densities

4–7 mmol/mL can be explained by the competition

between the distorted T-shaped CO2–CO2 clustering, typ-

ical of supercritical CO2 aggregation over the surface, and

the CO2 interaction energy (*0.2 eV) in ‘free’ phase

(Schaef et al. 2014). However, in coal, similar to activated

carbon, the linear negative slope and intercept of an excess-

sorption-versus-fluid-density plot are conventionally inter-

preted as measures of the adsorbed-phase volume and

density respectively (Fitzgerald et al. 2003; Romanov and

Table 3 CO2 sorption kinetics on coal powder

Pressure (MPa) Instant equilibrium Initial relaxation Final relaxation

s0 (h) Magnitude (%) si (h) Magnitude (%) sf (h) Magnitude (%)

0.4 0.03 53 0.08 45 12.2 2

1.2 0.03 11 0.08 84 23.0 5

1.9 0.03 69 0.09 64 3.4 -33

2.8 0.03 65 0.17 35 0

4.0 0.03 100 0 0

5.1 0 0 96.4 100

Fig. 5 CO2 sorption at 55 �C after the ‘instant’ (1–2 min) equilib-

rium (dry basis); left scale—lumps, right scale—powder. The solid

lines represent the Langmuir fit for the low pressure data (\4 MPa

or\2 mmol/mL)

Fig. 6 The differences between the scaled 4.1 MPa pressure-step

data for lumps (CO2 sorption at 55 �C) and the best fit functions

(exponential and the Eq. (4))
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Soong 2008). In lower-rank coals, the clay–especially,

smectite (Romanov 2013)–contribution to CO2 sorption

should not be ignored (Romanov et al. 2013; Santarosa

et al. 2013); but the Upper Freeport coal’s clay content is

relatively low (Table 1) and despite the larger presence of

minerals in the upper coal lump (as seen in Fig. 4b and the

top image in Fig. 2) their presence is not overwhelming.

Such discrepancy (for the lumps) can be attributed to

Case II-R transport combined with swelling at 4.1 MPa

with the rate constant s * 155 h (Eq. (4), best fit). In this

case, Eq. (4) is a slightly better fit at the ‘tail’ of pressure

relaxation (Fig. 6). Accounting for the magnitude of a

‘bulge’ in the 24–72 h time span (in the plot of experi-

mental data minus best-fit function) would bring the

swelling estimates up to *3.2 % for the lumps (Table 4).

Up to 1.2 MPa, the best-fit adsorbed phase density

(*1.13 g/cm3) corresponds to liquid (Romanov and Soong

2008). At 1.9 MPa, the amount sorbed is sufficient to fill up a

half of the micropore volume or 1.9 % of the total coal vol-

ume. At higher pressure, the best-fit adsorbed phase density

([1.57 g/cm3) may reflect a transition to a solid phase

(Walker 1981; Romanov and Soong 2008). At[4 MPa, even

the solid phase CO2 may fill[1.7 % of the coal volume, thus

resulting in very strong interaction with individual chains of

the macromolecular network of coal. Arguably, the subse-

quent relatively fast swelling was induced by CO2 dissolution

in the coal matrix (Reucroft and Patel 1986; Walker et al.

1988a, b; Romanov and Soong 2008).

5 Conclusions

Transient sorption and desorption of helium and CO2 in

Upper Freeport coal powder and lumps have been ana-

lyzed. Macroscopic and mesoscopic structural differences

between powdered and non-powdered coal influence the

contribution of three sorption steps (instant, initial and final

relaxation) but not the characteristic rates of the gas trans-

port kinetics and alteration of the coal texture (swelling,

shrinkage, and changes in the pore structure and intercon-

nectivity). Comparison of the multi-exponential relaxation

time constants as a function of pressure, for CO2

(\5.5 MPa) and helium (\7 MPa), allows us to postulate

several mechanisms responsible for observed pressure

decay patterns.

Initially (at pressure\2 MPa), diffusion is limited by

mechanical response of the coal matter altering accessi-

bility of the blind pores (Case III-R). The associated

decrease in observed free-phase gas pressure follows on the

heels of diffusion via interconnected pores (Case I-R). The

time constant of such (elastic) rearrangement is indepen-

dent of pressure (s00 * 13 h for the Upper Freeport coal).

In the CO2 pressure range 2–5 MPa, the inaccessible

coal matrix volume has increased by 2 %–3.5 %. We

attribute it to osmotically-induced strain relaxation (Case

IV-R). At such pressures, the initial and final relaxation

rates decreased, most likely due to sorption-induced pore

blockage that forced a portion of CO2 transport to go

through the coal matrix as dissolved species (Case II-R).

The higher pressure relaxation rates (s B 95 h) are virtu-

ally independent of the gas nature (CO2 vs. helium) and the

coal particle size (lumps versus powder).
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Appendix

In equilibrium, the flow gradient is balanced by the rate of

dissolution of the extracted volatile matter (VM):

o

or
Drc4pr2
� �

¼ 4pr2q

where r is the distance from the center of the particle, c is

the concentration of extracted VM, q is the characteristic

rate of dissolution, and D is a diffusion coefficient.

The solution of this partial differential equation is:

rc ¼ q
3D

� �
r:
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