Influence of water invasion on methane adsorption behavior in coal
Zhaofeng Wang?*?, Weiwei Su3, Xu Tang?*, Jiahao Wu®

(College of Safety Science and Engineering, Henan Polytechnic University, Jiaozuo,
Henan, 454000, China; 2-MOE Engineering Center for Mine Disaster Prevention and
Rescue, Jiaozuo, Henan, China; 3-CCTEG Shenyang research institute, Shenyang,
110016, China; 4 School of Chemistry, University of Nottingham, Nottingham, NG7 2RD
UK; 5-School of Resources and Earth Science, China University of Mining and
Technology, Xuzhou, Jiangsu 221116, China)

Corresponding author: Xu Tang*
E-mail: xutang2050@outlook.com

Highlights:

Experiments evidence that bulk water invasion displaces adsorbed methane in coal.
The displace efficiency depends on equilibrium pressure and invasion water content.
The displacement effects can be attributed to capillary effects and preferential flow.
This work provides insights for coal seam gas drainage design using water invasion.

Abstract:

Fluid displacement is the fundamental process for subsurface fossil fuels extraction.
Water invasion in coal seams is one of the routinely used stimulation approaches for coal
seam methane extraction in underground coal mines. However, how the invading bulk
water interacts with adsorbed/gaseous methane in coal is rarely considered even though
it is known that moisture presence in coal decreases methane uptake by occupying
adsorption sites. Here we study how the invading water interacts with adsorbed/gaseous
methane in molded coal under elevated pressures using a custom-designed instrument;
the test procedure mimics the real water invasion process in engineering applications.
Experimental results demonstrate that invasion water displaces adsorbed methane in
nanopores of coal and thus enhances the free gas content. The displacement mechanism
can be attributed to capillary effect and preferential flow in a coating mode. It was found
that Philip’s sorptivity model can simulate the relationship between displaced methane
content and time, and the obtained sorptivity increases with increasing water invasion
content and is independent of gas pressure. It was observed that the higher the initial
adsorption equilibrium pressure, the larger the displaced methane content, and this can
be attributed to the pressure-dependent feature of adsorbed methane density. The higher
the invasion water content, the higher the displaced methane content. These
experimental results are also applied for optimizing gas drainage borehole arrangement
to efficiently drain coal seam gas in underground coal mines. These findings provide a
new perspective to understand the interactions between bulk water and methane in coals
and pave the way for developing new technologies for methane recovery in coal seams.
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1 Introduction

Fluid-fluid displacement in coal is important for coal bed methane (CBM) extraction by
fluids injection stimulation techniques such as gas, water and heat injection (Rogers et
al., 2007; White et al., 2005; Seidle et al., 2011; Salmachi et al., 2012). CBM in subsurface
coal seams exists mainly in adsorbed phase (adsorbed methane) and bulk gas phase
(free methane) with a small fraction of dissolved methane in formation water, and the
adsorbed methane typically dominants and accounts for 80-90% of the total gas in place
content. Since water production always accompanies the economic production of CBM,
itis important to study water and methane interactions in coals (Rogers et al., 2007; Seidle
etal., 2011; Ibrahim et al., 2015). Geological carbon dioxide sequestrations in coal seams
demonstrate that gaseous carbon dioxide injection could displace adsorbed methane and
thus enhance CBM recovery because of the higher affinity of carbon dioxide over
methane (Gale et al., 2001; Godec et al., 2014; White et al., 2005; Busch, et al., 2011).
The water injection technologies are also applied in the mining industry for coal and
outburst prevention as well as coal dust control (Colinet et al., 2010; Xiao, et al., 2009;
Lin et al, 2018; Huang et al., 2011). However, for bulk water and methane interaction in
coal, the system becomes a complex four-phase system including free methane,
adsorbed methane, liquid water and porous coal. How the bulk water interacts with the
adsorbed methane still remains unclear. Therefore, in-depth study of water-coal-gas
interaction has an urgent need to optimize water invasion technology and to enhance
CBM extraction efficiency.

Since all virgin coals in the subsurface contain moisture, studying how moisture
influences methane adsorption capacity of coal always arises researcher’s interests. In
1936, it was observed that the methane sorption capacity decreases because of the
moisture in several Belgian coals (Coppens, 1936). In 1973, both dry and moisture
equilibrated coals are used to study moisture influence on the adsorption capacity of
American coals, and the results indicate that only the adsorbed moisture affects the
methane adsorption capacity of coal and water present in excess of the adsorbed water
has no effect on methane sorption (Joubert et al., 1973, 1974). The similar test methods
are adopted to study moisture influence on gases adsorption capacity of coals from
different coal basins in the world (Hall et al.; 1994; Levy et al., 1997; Lynch et al., 1982;
Allardice et al., 2003; Busch et al., 2007; Clarkson and Bustin, 2000; Day et al., 2008; Feli
et al., 2006; Fitzgerald et al., 2005; Krooss et al., 2002; Suuberg et al., 1993; Lynch and
Webster, 1982; Unsworth et al., 1989; Wang et al., 2014; Guo et al., 2015). Beside the
validation with Jourbert’s conclusion, these studies show that high rank coals were less
affected by the presence of moisture than low rank coals, methane sorption capacity is
less sensitive to changes in temperature than to variation in moistures, the reduction of
methane sorption capacity due to moisture can be related with the oxygen content of coal,
and pre-adsorbed water only has a minor influence on the thermodynamic properties of
methane sorption in coal. Molecular simulation studies also reveal that the presence of
water in the coal matrix reduces the interaction between the coal and methane and thus
decreases the adsorption capacity and the adsorption rates (Zhang et al., 2014). In order
to further understand how moisture exists in moisture equilibrated coal, water vapor
sorption tests in coal and other carbonaceous materials are conducted (Mahajan and
Walker, 1970; Darcey et al., 1958; McCutcheon et al., 2001 & 2003; Moore et al., 2006;
Charriére et al., 2010; Svabova et al., 2011; Wiig et al., 1949; Nishino, 2001; Yu et al.,
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2013; Wan et al., 2016; Seemann et al., 2017). It was found that water vapor’s existing
status in coal depends on the surface chemistry and pore structure as well as the
environments (vapor pressure and temperature). As the pressure of the water vapor
increases, the vapor sorbs on the primary sites first followed by sorption on secondary
sites via hydrogen bonding and finally forms water clusters as well as capillary water when
pressure is high enough (Given et al., 1986; Gutierrez-Rodriguez et al., 1984; Lynch and
Webster, 1982; Nishino, 2001; Brennan et al., 2001; liyama et al., 1997; Yu et al., 2013).
Water clusters have been observed using in-situ small-angle neutron scattering approach
(Bahadur et al.,2017). The hysteresis behavior of ad- and de-sorption water vapor
isotherm is attributed the effect of the pore surface chemistry (wetting properties and
surface functional groups) as well as the pore structure of coal, and the hysteresis loop
is also found to be temperature-dependent (Brenan et al., 2001; Tang et al., 2017;
Allardice et al., 1971; Mahajan and Walker, 1970; McCutcheon et al., 2001 and Charriere
et al., 2010; Seemann et al., 2017). The water vapor uptake is higher for high rank coals
compared to low rank coal which is attributed to the rank-dependent micropore volume
and surface chemistry properties. The surface chemistry control is validated by a recent
study showing that water sorption in mudrocks seems to be controlled by surface
chemistry rather than pore size (Seemann et al., 2017). For thermodynamic analysis, the
isosteric enthalpy (heat) of adsorption for water vapor adsorption is found to be both water
uptake dependent and temperature dependent (Tang et al., 2017). The hydrogen bonding
for water molecules could produce higher heat of adsorption (Mahajan and Walker, 1970;
Darcey et al., 1958). These aforementioned studies are very important to understand in
which form pre-adsorbed water exists and interacts with dosed methane at an equilibrium
status. However, some hypothesis from these studies still need to be validated by
experiments such as the concept of “volumetric displacement of gases” (Day et al., 2008;
Busch et al., 2011). These studies claim that the loss of the capacity of moisture
equilibrated coals can be simply interpreted by the adsorbed water volumetrically
occupying the adsorption sites for gases such as methane and carbon dioxide. Therefore,
experimental studies on water and methane interaction in coal are needed to verify the
hypothesis and advance the understanding of the displacement mechanism.

Water invasion is historically used in underground coal mines for mining safety as well as
occupational health because injected water increases the permeability of coal seams by
fracturing coal seams and decrease dust during coal cutting and transportation (Colinet
et al., 2010; Xiao, et al., 2009). Several water-invasion based techniques are proposed
and applied in underground coal mines for coal and gas outburst prevention such as
hydraulic slot, hydraulic cutting, hydraulic fracturing and high pressure pulsed water (Lin
et al, 2018; Huang et al., 2011; Guo et al., 2010). Laboratory tests were also conducted
to understand methane transport behavior in coal with water invasion. It was found that
pre-adsorbed water in the coal matrix significantly decreases the methane ad-/de-sorption
rate and inhibits gas transport (Pan et al., 2010; Wang et al., 2014; Svabova et al., 2012),
which was also observed in coalbed methane industry that water could damage the coal
seam reservoirs (Bennion et al.,, 1996 & 1999). The numerical simulation study also
indicates that moisture loss in coal seams can significantly improve coal permeability and
thus enhance gas production for coalbed methane wells (Chen et al., 2012; Teng et al.,
2016; Pan et al., 2010). The impact of invasion water on methane desorption in coal was
studied by a custom-made instrument, and it was found that injected water decreases the
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diffusion coefficient of methane in coal and finally inhibits methane transport (Chen et al.,
2015). The outburst prediction index, coal cutting desorption index, decreases with
increasing moisture content, and high moisture content decreases the accumulated
desorption methane content (Jiang et al., 2015). Some water imbibition tests in coal were
conducted but the displacement mechanism is not analyzed as well as the potential
implication for underground coal mine methane drainage using water invasion based
techniques (Wang et al., 2015; Wang et al., 2016; Wu et al., 2018). A recent experimental
study revealed the role of water in methane adsorption and diffusion in nanoporous silica
of 0.5, 3 and 6 nm by hyperpolarized 129 Xe and 1H PFG NMR spectroscopy (Hu et al.,
2018). The results showed that the introduction of water vapor in a methane-silica
nanopore sorption system breaks the initial equilibrium status and inhibits the adsorption
of methane, but the inhibiting effect is weakened in larger pores. It was also found that
the methane diffusion depends on the adsorption state of water because the adsorbed
water can either form a thin layer or water clusters in pores; both of which affect the
apparent pore size and methane transport behavior differently (Hu et al., 2018). Overall,
the aforementioned studies provide a solid foundation for understanding preadsorbed
water and water vapor injection influence on methane transport in coals. However, the
influence of injected bulk water on methane transport in coal is still unclear. For example,
how the bulk water interacts with adsorbed methane has not been validated even though
a numerical study shows that the adsorption capacity of water in coal is higher than
methane and carbon dioxide (Zhou et al, 2016; Jin et al., 2016; Liu et al., 2016). Therefore,
experimental studies on the interaction between injected bulk water and methane
interaction in coals is an urgent need.

In this work, the interaction between invasion bulk water and methane in molded coals is
studied by using a house-made instrument. How the environmental factors such as
invasion water content and methane equilibrium pressure affect the interaction between
injected water and methane in coals are investigated. Both the kinetics process and
equilibrium status are also analyzed based on the experimental results. The potential
engineering applications of the results are also discussed, which provides the foundation
to optimize borehole arrangement plans for coal seam methane drainage.

2 Materials and methodology
2.1 Physical properties of coal

Anthracite samples came from the Yonghong coal mine, Jincheng, located in the Shanxi
province of China are used in this work. The physical parameters of coal were evaluated
using Chinese national standards (Table 1): ash content (Aad), volatile matter (Vad),
moisture (Mad), true relative density (TRD), apparent relative density (ARD), and porosity.

Table 1 Physical parameters of coal

Physical Mad Aad Vad TRD ARD Porosity
parameters (%) (%) (%) (g/cm?) (g/cm?) (%)
Value 1.80 8.07 5.91 1.51 1.35 10.60
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The pore size distribution of the samples is characterized by mercury intrusion
porosimetry (MIP) using the AUTOPORE E950 (Micromeritics, Norcross, GA, USA). The
pore distribution could be obtained by the Washburn equation,

e 20c0s0
Pe

Where r is the pore throat of pores, o is the surface tension of mercury, 0 is the contact
angle between mercury and coal surface, pc is the external pressure. Pore size
distribution of coal is shown in Table 2.

Table 2 Pore size distribution of coal using MIP

Sample name Pore size (nm) Pore volume (cm®/g) Specific Surface area (m?/g)
>1000 0.0027 0.01
Yonghong No. 3 100-1000 0.0042 0.064
coal sample 10-100 0.0104 1.993
<10nm 0.0095 5.223

2.2 Sample preparation

The coal samples were ground and sieved using different sizes of metal sifters and placed
in a drying oven at 105 °C for 24 h to dehydrate. After dehydration, the prepared samples
were stored in a desiccator for later use. The coal and water mixture was first prepared
by mixing three different sizes of coal particles ((0.25-0.5) mm: (0.2-0.25) mm: (<0.2) mm
= 2:2:1) with distilled water. The prepared coal and water mixtures were compacted using
a material testing system (MTS) machine by applying 200 kN loading, which finally
produces a cylindrical molded coal (¢50x80 mm). The height determination of the molded
coal is referred to Supplemental Materials. The prepared molded coals are then dried
at 105 °C and then kept in a desiccator for later use.

Figure 1 Molded coal with part hollow center for water invasion test; the hollow
center is designed to hold the water container for the imbibition tests.

It is worth noting that the molded coal is used in this work instead of coal core for several
reasons. First, the custom-designed methane pressurized instrument requires the
specific shape of the coal sample, and it is challenging to prepare coal sample from coal
core. Second, using crushed sample to measure methane adsorption uptake is routinely
used to estimate the methane adsorption capacity in coals in both industry and academia.
Third, the main challenge of using intact core coal for adsorption isotherms measurement
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is the unpractical long waiting time to reach equilibrium status. Therefore, this work uses
molded coal in this work, which is practical and efficient to reach the research goal.

2.3 Experimental procedure

The water and methane interaction tests are conducted following steps below:

1.

The tightness of the whole system is double-checked to ensure both pipelines and
connections are tight enough for the test. The leakage rate of the testing system
is 4.68 x 10~ MPa/h and is acceptable (Zhang et al., 2012). Thermostatic water
bath is set at 30+1°C.

The prepared molded coal and water container (Vcontainer) fully filled with a distilled
liquid water (VH20) are placed inside the test cell. The molded coals are prepared
to perfectly fit the water container. Then, the whole system is vacuumed until it
stabilizes at 20 Pa.

Helium (99.99%) is dosed into the test cell through the reference cell to determine
the free space (Vue) of the test cell (excluded the skeleton volume of coal and water
container). After the free space is measured, the system is vacuumed again until
it stabilizes at 20 Pa.

A certain amount of methane 99.99% (Min) is dosed into the sample cell (usually
multiple times) until the coal and methane system reaches adsorption equilibrium
at a predefined pressure. This is indicated by the constant reading of the pressure
transducer. The equilibrium process typically takes around 10 to 15 hours for the
powder samples and the equilibrium time also depends on the material property of
the sample.

The needle valve is screwed to connect the water container and molded coal, and
the whole test cell is inversed 180° simultaneously. This step allows water, stored
in the container, to flow into the molded coal completely. The process therefore
initiates water and methane interaction test, and the pressure transducer of the
test cell continuously records during the test.

Once the system reaches a new equilibrium (when the reading of the pressure
transducer of the test cell does not change), the test is terminated and methane is
vented out.

The schematic illustration of the custom-made instrument is shown in Figure 2. It is worth
noting that the dissolved methane in water as well as the swelling of coal due to water
absorption are neglected in this work because the solubility of methane in water is 22.7
mg/L and the coal welling volume is less than 1.5% of the total coal volume (Liu et al.,
2016; Van Bergen et al., 2009; Pan et al., 2010).
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Figure 2 Schematic illustration for methane and water interaction in molded coal
under elevated pressurizes. The blue dotted rectangular represents thermostatic
water bath.

2.4 Data acquisition principle

According to the test procedure and experimental setup in Section 2.3, the data
acquisition principle is detailed in this section. When a certain amount of methane (Min) is
dosed into the test cell from the reference cell and the coal-methane sorption system
reaches equilibrium, the adsorption uptake (n;) can be calculated by the mass balance

of system (equation (1)) (Rouquerol et al., 2013),
n; = Ivlin _nlfree = Ivlin _VHe 'p(I:H4 1)

Where Min is the dosed amount of methane, n'free is free methane in the test cell at
equilibrium status, Vwe is the free volume of test cell measured by Helium, and ,OICHA is the

density of free methane. p'CHA is a function of pressure and temperature and thus can be

obtained by the reading of the pressure transducer and temperature gage of the water
bath.

When water from the container flows into the molded coal, the initial methane-coal
sorption system will be disturbed. Thus, the new methane- coal-water interaction system
reaches another new equilibrium, the adsorption uptake of the new equilibrium (n_) can

be calculated by the mass balance of system (equation (2)),
M, + My,0 = n; - (Vi +Vcontainer_VH20) : IO(I;H4 +My,o (2)

Where mH2o is the mass of the water, Vcontainer is the volume of the container, Vho is the
volume of the invading water. Since the container is full of water, i.e., Vcontainer = VH20,
equation (2) can be simplified to equation (3),

n; = Ivlin - nIf'ree = I\/Iin _VHe 'péH‘, (3)
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If there is no interaction between invading water and methane in coal, there should be no
difference between equation (1) and (3), i.e. the pressure of the test cell will not change.
This means the same volume of invading water displace the same volume of bulk gas,
and invading water does not interact with adsorbed methane. However, if there is
interaction between water and adsorbed methane, the initial equilibrium of the sorption
system will be interrupted. The pressure of the test chamber will change because the
invading water will displace adsorbed methane by transforming dense adsorbed methane
into gaseous methane. The water-methane-coal system will reach a new equilibrium
status when the pressure of test cell does not change. It is worth noting that the adsorption
uptakes (n_, n,) are Gibbs excess adsorption uptakes and can be treated as the true

(absolute) adsorption uptake under low pressure conditions (<15 MPa) according Gibbs
excess adsorption theory (Tang et al., 2017).

2.5 Equilibrium status determination for the methane and molded coal system

It is critical to make sure that the methane-dry coal adsorption system reaches equilibrium
prior to initiating the water invasion process. Since there is no standard for determining
equilibrium status for the gas and coal sorption system, a pressure monitoring test is
conducted to determine the equilibrium status of the molded coal and methane adsorption
system (Tang et al., 2015; Wang et al., 2015). Figure 3 shows how the pressure of the
sample cell changes with time. The initial pressure of the sample cell is 4.7 MPa, and the
final equilibrium pressure is 0.94MPa. In the first two hours, there is a sharp decrease of
the pressure. After 6.24 hours, the pressure of the cell remains almost constant at 0.96
MPa. The pressure at 4.3 hours and 29.95 hours is 0.972 MPa and 0.96 MPa, respectively.
Therefore, the equilibrium time for molded coal and methane system is set to 12 hours to
ensure the system reaches equilibrium status prior to initiating the water imbibition tests.
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Figure 3 Pressure change of the methane and molded coal cell with time at 30°C
3 Experimental results and discussion

Eighteen water invasion tests were conducted in this work and these experiments allow
us to investigate how the initial equilibrium pressures (0.5, 0.74, 1.0, 1.5, 2 MPa) and
invasion water content (2%, 4%, 6%, 8%, 10%) influences the interaction between
invasion water and methane in dry molded coal. The invasion water content is the mass
ratio between invasion water and molded coal, that is, invasion water content is
normalized to the dry mass of the coal. The preliminary experiments indicate that the
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molded coal have the capacity to imbibe around 18% water content completely, and
details are referred to the Supplemental Materials.

3.1 Observation of gas pressure variation in test chamber

The pressure of the sample cell increases with time due to water absorption in molded
coals at different pressure and water invasion content conditions. Under the same initial
equilibrium pressure conditions (1.5 MPa and 2.5 MPa), the trend is clear that the higher
the water absorption uptake, the larger the final equilibrium pressure. Under the same
water invasion content conditions (4% and 10%), the higher the initial pressure of the
testing chamber, the larger the final equilibrium pressures. The experimental results are
shown in Figure 4. It is worth noting that even though the molded coals are prepared
under the same conditions, the mass of molded coal is different because of the
heterogeneous characteristics of crushed coal particles. This results in the difference of
the free space in the sample cells, and the difference leads to a higher pressure increase
of molded coal at 8% and 6% water absorption uptake under 1.5 MPa compared to the
results under 2.5 MPa. This is because the pressure is an absolute index for the
adsorption system and does not account for the mass difference of the modelled coal
samples. When the displaced methane is unified by coal of unit mass, the abnormal
phenomena disappear as shown in the following Section 3.2.
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Figure 4 Pressure change of sample cell with time at different pressure and water
invasion content conditions

Pressure increase of the test cell directly evidences that water absorption displaces
condensed adsorbed methane in coal and enhances the bulk gas content in the sorption
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system according to the measuring principle in Section 2.4. This observed phenomenon
also agrees with previous experimental and simulation studies that the initial moisture in
coal significantly decreases the adsorption capacity of methane in coal by occupying
available adsorption sites prior to methane adsorption (Joubert et al., 1974 & 1973; Zhang
et al., 2014; Day et al., 2008; Hu et al, 2018). It is worth noting that even though the effect
is similar, the mechanism for these observations are different because the fluid dosing
sequence in our test is different from that in previous studies. Our tests dose bulk water
in the methane-coal equilibrium system while previous studies dose methane in the
moisture-coal equilibrium system. Figure 4 also indicates that the pressure increase of
the testing chamber depends on both initial equilibrium pressure and the water invasion
content. Since coal may swell in the presence of water, the volume expansion of coal may
also contribute to the increased pressure of the testing cell which cannot be excluded in
this work. However, the contribution of coal swelling for the increased pressure can be
ignored here because the coal welling is less than 1.5% of the total volume (Liu et al.,
2016; Van Bergen et al., 2009; Pan et al., 2010).

3.2 Quantification of gaseous and adsorbed methane behavior

In Section 3, it has been observed that the pressure of the coal and methane adsorption
system increases because of the invasion of bulk water in molded coals. By recording the
reading of the pressure in the testing chamber and applying equations (1-3), the gaseous
and adsorbed methane quantity is obtained. This section will discuss how the initial
equilibrium pressure and invasion water content influence the adsorbed and gaseous
methane in the test cell.

It is well known that sorptivity has the capacity to quantify the rate of water imbibition in
porous media, which is controlled by both the capillary pressure and permeability of the
porous media (Philip, 1957; Humphrey et al., 1996; Hu et al, 2001). The sorptivity is a
very useful index for characterizing water transient imbibition process. Considering a
semi-infinite, homogenous, one dimensional medium where water is imbibed at one end,
Philip proposed that the cumulative of water is a function of time as (Philip, 1957):

I(t)=St>> + At (4)

Where I(t) is cumulative imbibition water content, t is time, S is the sorptivity, A is an

empirical constant depending on medium properties and environments. The term St°°
dominates equation (4) in early times when gravity potential gradient are small relative to
matric potential gradients (Philip, 1957). Under this condition, the slope of I(t) versus t%5
is the sorptivity. Considering the fact that the methane enrichment is only caused by the
water imbibition in molded coals in this work, the authors adopt equation (4) to quantify
the relationship between displaced methane content and time. This allows the authors to
investigate how the initial equilibrium pressure and invasion water content influences the
sorptivity of molded coals. Philip’s model accurately mimics the relationship between
displaced methane content and time in earlier time of the test, as shown in Figure 5 and
Table 3.

Page 10 of 23



—_ o
oo —
T B
L]
= 5 . 2% o O " 2%
] & = + 404
€ 4 . 4% - 6%
8§ < 6% g .
3 3 e8% E 3 . 8%
E ¢ 10% 3 + 10%
.?_',' 2 ,_‘a" 2
K] 1 %’ 1
& e
a2 o 0
0 2 4 6 8 0 2 4 6 2
T70.5 (h) T70.5 (h)
—_ 4 —_ B
. e . 10%
E E 5 P
o o .
2 3 . s 05MPa = . + 0.5 MPa
] » * - *
2 o4 ’."'“ * + 074MPa £ + 0.74 MPa
£ , ML + 1.0 MPa -Fi:' 3 + 1.0 MPa
E ¢ 1smps 2 + 15MPa
T + 2.5MPa T 2 + 25 MPa
1%} 1 o
5 2 1
Y o
a 0 L =] 0 )
0 5 10 0 2 a 6 8
T70.5 (h) TA0.5 (h)

Figure 5 Displaced methane content at different initial equilibrium pressure and
water invasion contents: solid lines represent fitting lines using the relation,

I (t) = St°°.
Table 3 Fitting equations for sorptivity

Test condition Fitting equation R’ Test condition Fitting equation R’
2% I(t) = 0.5064*t"0.5[ 0.9683 0.5 MPa I(t) = 2.7466*t"0.5 0.8756
4% I(t) = 0.184*t"0.5 | 0.9592 0.74 MPa | I(t) = 4.2949*t"0.5 0.6504
2.5 MPa 6% I(t) = 1.3046*t"0.5 | 0.9930 10% 1.0 MPa I(t) = 2.2601*t*0.5 0.9402
8% I(t) = 2.2301*t"0.5[ 0.9914 1.5 MPa I(t) = 3.988*t"0.5 0.9269
10% |I(t) = 3.1568*t"0.5[ 0.9710 2.5 MPa I(t) = 3.1453*t"0.5 0.9610
2% I(t) = 0.1811*t70.5| 0.9742 0.5 MPa I(t) = 1.2585*t"0.5 0.9230
4% I(t) = 0.7395*t"0.5[ 0.9896 0.74 MPa | I(t) = 1.3264*t"0.5 0.9722
1.5 MPa 6% I(t) = 2.3243*t"0.5[ 0.9566 4% 1.0 MPa I(t) = 1.4303*t"0.5 0.9522
8% I(t) = 5.0686*t"0.5 | 0.9594 1.5 MPa I(t) = 0.7233*t"0.5 0.9848
10% | I(t) = 3.9164*t"0.5 [ 0.9410 2.5 MPa I(t) = 1.1789*t10.5 0.9708

Based on the successful application of the model, the results of calculated sorptivity under
different test conditions are obtained. It is observed that the higher the water invasion
content, the higher the calculated sorptivity, and there are no consistent relationships
between initial equilibrium pressure and sorptivity, as shown in Figure 6. The reason is
the sorptivity is essentially a measure of the medium capacity to absorb/desorb liquids by
capillarity and is independent of gas pressure under low pressure conditions (below
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2.5MPa in this work) (Philip, 1957; Hu et al, 2001). The large amount of water invasion
content actually accelerates the water transport in coal and thus increases the sorptivity.
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Figure 6 Relationship between sorptivity and water invasion content and initial
equilibrium pressure

At the end of each test, when the new equilibrium status for the invasion water-methane-
coal system is reached, the relationship between methane quantity and water invasion
content and initial equilibrium pressure are also obtained. Under the same equilibrium
pressure conditions (1.5 and 2.5 MPa), the displaced methane content increases with
increasing water invasion content and the adsorbed methane content decreases
simultaneously. The higher the equilibrium pressures, the higher the displaced methane
guantity. Under same invasion water conditions (4% and 10%), both the displaced
methane and residual adsorbed methane increase with increasing pressures. The higher
the invasion water content, the higher the displaced methane quantity. All observations
agree with each other as shown in Figure 7a and 7b.
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Figure 7 Relationship between displaced methane quantity and water invasion
content and pressure

3.3 Insights from the water-methane interaction

As mentioned in the introduction, moisture influence on methane adsorption capacity has
been extensively studied previously, however, these studies use moisture-equilibrium
coal samples to conduct adsorption tests. This routinely adopted procedure is different
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from the water invasion process in engineering practice, where the adsorption equilibrium
system of methane and dry coal is followed by the water invasion process. These previous
works therefore do not allow researchers to study the interaction between adsorbed
methane and the invasion water. The proposed experiments in this work overcome the
historical shortcoming by changing the sequence of the dosing fluids, which allows us to
gain new insights to understand how methane is displaced by the invading bulk water.

According to the experimental results in Figures 4-7, the following mechanisms are
proposed to interpret how the bulk water interacts with both adsorbed methane and bulk
methane in different scales of coal pores. For molded coal in a macroscopic level
(intraparticle fissures), the water can displace free methane by volume displacement
based on the law of mass balance, i.e., the same volume of water can displace the same
volume of bulk methane. The invading water works like a piston to advance the free
methane and the pressure of the whole system will not change, since the total free
methane content does change. However, at a nanopore level (< 100nm according to
IUPAC classification, Thommes et al, 2015), the displacement scenario is different
because of the interaction between invasion water and adsorbed/gaseous methane.
There are two different mechanisms of the water and methane interaction: one is caused
by the capillary effect and the other is caused by preferential flow in a coating mode
because of the wetting and nanopore-rich nature of coal (Evan et al., 1973; Fang et al.,
2017; Zhao et al.,, 2016). For the capillary effect in nanopores, the invading water
displaces both the free methane and adsorbed methane and works like a piston since the
pore is filled with water. The small fraction of the capillary water displaces the same
volume of adsorbed methane and produces more free methane because of the high
density feature of the adsorbed methane. This causes the pressure increase of the test
cell. For the preferential flow, the invading water advances by coating the surface of the
pore wall rather than by filling the whole pore bodies because of surface hydration of the
pore surface (Feng et al., 2017; Zhao et al., 2016; Blake et al., 2004). This interpretation
also agrees with the nanoscale observation through hyperpolarized 129 Xe and 1H PFG
NMR spectroscopy (Hu et al., 2018). They observed that water vapor adsorption can
reduce the apparent pore sizes of nanopore from 6 nm and inhibit methane adsorption
and diffusion in nanopores (Hu et al., 2018). Under this scenario, the water only displaces
adsorbed methane without disturbing the free methane, and this will definitely cause a
sharp pressure increase because of the increasing amount of free gas transformed from
adsorbed methane. A schematic diagram of how water interacts with adsorbed and free
methane in pore scale of molded coal is shown in Figure 8.
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Figure 8 Schematic diagram for methane-water interaction in molded coal at
nanopore scale

It is observed that the displaced methane rapidly increases under low water invasion
content (2%, 4% and 6%) and then almost reaches a maximum when the water uptake
approximates 10% as shown in Figure 7a. The similar phenomena were previously
reported that sorption capacity decreases with increasing moisture content until the
equilibrium moisture content is reached, and the gas sorption capacity remains constant
above the equilibrium moisture content (Day et al., 2008; Joubert et al., 1973, 1974; Guo
et al., 2015; Wang et al., 2014). For bulk water invasion, this behavior could be attributed
to the different displacement mechanism under different water uptakes. Under low water
uptake condition (around 2%, 4% and 6%), the invading water advances by coating the
pore surface in preferential flow pattern without filling the whole pore space, and the
coating water film fully transforms adsorbed methane to free methane. As the water
uptake increases (around 6% and 8% in the work), capillary phenomena become more
pronounced along with the preferential flow, and the capillary water transforms adsorbed
methane to free methane. The displacement efficiency slightly decreases, because only
a small fraction of the capillary water displaces adsorbed methane, and the majority of
capillary water simultaneously advances free methane. As the water uptake reaches
certain point (around 10% in the work), most of the pore surfaces are coated by a water
film while the capillary effect and the rest of the invading water mainly works as a piston
to advance the free methane in coal, and most of the methane are mainly free gas. At the
same time, most of the micropores (< 2 nm) will also be filled by water under high invasion
conditions. At this stage, the invading water does not enhance the free gas content and
the pressure of the testing chamber does not change. Therefore, as the water uptake
increases in coal, the displacement methane first increases rapidly, slows down, and
finally keep constant as indicated in Figure 7a.

It is also shown that the displaced methane increases positively with increasing pressure
as shown in Figure 7b. This is caused by the pressure dependent behavior of methane
adsorption uptake in coal. Methane is adsorbed on coal surface by the Van der waals
forces, and the adsorption uptake typically increases monotonically with increasing
pressure following a Langmuir-style adsorption model (Tang et al., 2016). It is known that
Van der waals forces are functions of distance away from the pore surface, and molecular

Page 14 of 23



simulation studies have demonstrated that the average volume (or thickness) of the
adsorbed layer could be treated as a constant, and the density of adsorbed methane
changes with pressure (Tian et al., 2017; Jin et al., 2017; Zhu et al., 2014; Zhang et al.,
2014; Wu et al., 2016). As the pressure increases, the density of the adsorbed methane
on the surface of pore wall increases, i.e., the adsorbed methane is more condensed with
increasing pressure. A recent study of supercritical methane adsorption in coal also
shows that the density of the adsorbed methane is a function of both pressure and
temperature following a Langmuir-style equation (Wang et al., 2018), and this also
coincidentally agrees with the finding from a molecular simulation study of methane in
coal (Zhang et al., 2014). When invading water interacts with adsorbed methane in pores
of different sizes, the displaced same volume of adsorbed methane under high pressure
conditions will produce more free methane than that at low pressure conditions. This
explains why displaced methane increases positively with increasing pressure as shown
in Figure 7b. Furthermore, our results also demonstrate that the concept of “volumetric
displacement of CO2 and CH4 by water” proposed by Day and Levy (Day et al., 2008;
Levy et al., 1997) is inappropriate because the essential assumption that the density of
the adsorbed phase is constant and independent of temperature and pressure is not valid.

4. Engineering implication

Our experimental work evidences that the invasion water has the capacity to displace
both adsorbed methane and bulk methane in molded coal. The test procedure also
simulates the real scenario of coal seam stimulation techniques using water-invasion
based technologies. The obtained results provide new sights for understanding water and
methane interaction in coals, which can be used to optimize the borehole arrangement
design for draining coal seam gas through water invasion. For dry and low-permeability
coal seams in underground coal mines, water invasion based technigques could be a
promising techniques.

In China, water invasion techniques have been historically and widely used for coal and
outburst prevention to ensure safe mining activities in underground coal mines (Kang et
al., 1995). However, the adsorbed phase displacement effect by the invasion water is
historically ignored (Xiao et al., 2009; Jiang et al., 2015). For example, it was routinely
considered that the large amount of the bulk water displaces the bulk methane instead of
adsorbed methane. High pressure water is also used to fracture coal seams to increase
the permeability without seriously considering the water displacement effect. It is known
that with increasing mining depth, the unique feature of deep coal seam, such as the high
in situ stress, high in situ temperature, high seepage pressure, and strong mining
disturbance, makes it challenging to drain deep coal seams using conventional
techniques such as single borehole drainage method. The water invasion based
technique becomes one of the suitable candidates because the invasion water has the
capacity to enhance free methane content by transforming adsorbed methane to free
methane in coals. However, this approach has to be treated with caution when borehole
drainage method combined with water invasion is applied in engineering application
because of the heterogeneous characteristics of coal seams. The heterogeneous
properties of coal seams could result in the permeability variation at same coal seams. In
a high permeability region, the displaced methane could flow out through coal seam
fractures and the methane content therefore decreases. This means the injected water is
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helpful for decreasing methane content, and no additional drainage borehole is needed.
However, the scenario is totally different for coal seams of low permeability. In low
permeability coal seams, the displaced methane cannot flow out and will accumulate and
form a high gas pressure zone around the water injection region. The injected water
actually increases bulk methane content in this local region. The increased methane
content could lead to methane induced disasters such as coal and gas outburst and
interrupt the normal mining activities because of abnormal high methane content. In order
to solve this problem, additional drainage boreholes are required for methane drainage
to prevent the accumulation of bulk methane around the water injection region. A
schematic diagram for drainage borehole design and arrangement in coal seams of low
and high permeability is shown in Figure 9. Therefore, borehole drainage method
combined with water injection have to be carefully designed according to the coal seam
in situ conditions in order to efficiently drainage coal seam gas in underground mines.
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Water injection borehole High pressure zone
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>
=
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Figure 9 Schematic diagram for drainage borehole design in coal seams of low
and high permeability

5. Conclusions

In order to understand the interaction between invasion bulk water and methane in coals,
a home-made instrument is designed to simulate the water invasion process in coal
seams. This novel design overcomes the shortcoming of the routinely used experimental
methodology which uses moist coal to study the water influence on methane adsorption
behavior in coal. Eighteen water invasion tests are conducted under different water
invasion contents (2, 4, 6, 8, 10%) and different initial equilibrium pressures (0.5, 0.74, 1,
1.5 and 2.5 MPa). This design allows the authors to study how the invasion water content
and equilibrium pressure affect the interactions between bulk water and
adsorbed/gaseous methane in coals. Some preliminary conclusions can be obtained from
this work:

(1) When invasion bulk water interrupts the methane and coal equilibrium, it will
displace adsorbed methane and transform adsorbed methane to free gaseous
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methane in nanopores of coal.

(2) Philip’s model has the capacity to simulate the relationship between displacement
methane content and time in earlier time of the test. The higher the water invasion
content, the higher the calculated sorptivity, and there are no consistent
relationships between initial equilibrium pressure and sorptivity. The reason is that
the sorptivity is a measure of the medium capacity to absorb/desorb liquids by
capillarity which is not affected by low pressures (< 2.5 MPa in this work).

(3) The displaced methane quantity rapidly increases under low water invasion
content (2%, 4% and 6% in this work) and then almost reaches a maximum when
the water uptake approximates 10%. The displaced methane quantity increases
with initial equilibrium pressure; the higher initial equilibrium pressure, the higher
the displaced methane quantity. This observation can be attributed to the pressure-
dependent characteristics of adsorbed methane density.

(4) Experimental observations of methane and bulk water interaction in coal are
reasonably explained at different scales by considering capillary effects and the
preferential flow effect. At a macroscopic level (intraparticle fissures), the invasion
water pushes the gaseous methane like a piston. At a nanopore level (<100 nm),
the invasion water interacts with gaseous/adsorbed methane through the capillary
effect and the preferential flow in a coating mode. For the capillary effect, the
capillary water transforms both adsorbed and gaseous like a piston. For the
preferential flow, the water only displaces the adsorbed phase and transforms
adsorbed methane to gaseous methane by coating the pore walls.

(5) The work suggests that the enhanced bulk gas content effect due to invasion water
needs to be considered for methane drainage using borehole drainage method
combined with water injection in underground coal mines. For deep coal seams of
low permeability, additional gas drainage boreholes around water injection
boreholes are needed to flow out the accumulated bulk methane to prevent forming
a high gas pressure zone.
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