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ABSTRACT

Measuring the adsorption of gases in microporous solids like the shales requires
accurate knowledge of the solid’s skeletal volume. Helium (He) is commonly used to
determine the sample’s skeletal volume based on the assumption that it does not adsorb in
these porous media. The validity of such an assumption for microporous solids has been
questioned in recent years, and in this study, we show that it is not applicable for the shale
sample studied. We present a new method to measure the adsorption of shale-gas
components in shales, which does not require the use of He to measure the solid’s skeletal
volume. Since the proposed analysis method relies on the use of dynamic adsorption data,
we also propose here a new zero-point correction method for the magnetic suspension
balance, which is better suited for the analysis of such data. We employ the new technique

to the study of Argon adsorption in Marcellus Shales.
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1. Introduction

In the past decade, or so, US shale-gas resources have received great attention due
to the potential for supplying an immense amount of energy for the nation (Lee and Kim,
2016). It is estimated, for example, that by the year 2040 around two-thirds of the total US
natural gas (NG) production will be from such shale-gas resources (Kenomore et al., 2018).
Shale, in which the shale-gas is stored, is a fine-grained sedimentary rock, that is composed
of mud, clays, minerals, such as quartz and calcite, and organic matter (kerogen) (Blatt et
al., 2006). NG in shale-gas reservoirs is stored as free gas in macropores, in natural and
induced fractures, and as adsorbed gas in the micropores of clays, minerals and organic
matter. In addition, gas may also be dissolved in residual oil and water in the formation
although it, typically, represents a small fraction of the overall NG stored in shales (Curtis,
2002, Zhang et al., 2012, and Tan et al., 2014). In the major shale gas-plays in North
America, adsorbed gas represents the major fraction of NG stored there (Hill and Nelson,
2001). For example, adsorbed gas accounts for 40—60%, 50%, 70-75%, 40—60%, and 60—
85%, of the gas stored in the Barnett Shale, the Ohio Shale, the Antrim Shale, the New
Albany Shale and the Lewis Shale (Ratnakar and Dindoruk, 2019), respectively. Therefore,
understanding of the adsorption processes that take place during the production of shale-
gas from these and other shale formations is important in order to determine the total gas
in place, and the most efficient means to transport this gas from the source rock to the

wellbore (Rexer et al., 2013).

To measure gas adsorption in solids, one can employ either indirect or direct
methods. Volumetric or manometric methods constitute the indirect route, for which the

amount of gas adsorbed is estimated from the change in gas volume or pressure via an
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appropriate equation of state (EOS). The direct route, in contrast, involves directly
measuring the change in mass of the solid due to adsorption by employing a microbalance
(Schwabe et al., 1960). The indirect methods require simpler hardware, but they suffer
from omnipresent gas leaks, and they are generally less accurate than the direct methods
for measurements over a broad range of pressures. Both techniques measure the excess

adsorption, defined as m, = m, — V, X pg, where m, and V;, are the mass and volume of
the adsorbed layer, and p, the bulk-phase gas density at the experimental pressure and

temperature conditions.

Both methods require knowledge of the so-called “impenetrable” volume (also
known as the skeletal volume) of the solid adsorbent, but accurate measurement of the
skeletal volume of solid adsorbents continues to be a technical challenge. Helium (He) is,
typically, used to determine the impenetrable solid volume (and, thus, the true solid density)
under the following assumptions: (1) That the He molecules are not adsorbed on the solid
at the relevant pressure/temperature measurement conditions; (2) that the volume of solid
inaccessible to He and to the gas of interest are the same. There is mounting evidence today,
including the He adsorption data presented here for the particular shale sample studied, that
for several types of solids assumption #1 is not valid. Schwabe et al. (Schwabe et al., 1960),
who used He to determine the true solid density of various carbons employing a volumetric
sorption apparatus to measure the so-called dead space (comprised of the free space in the
sample cell and pore space within the sample not occupied by the adsorbate layer) under
different temperatures. They found the dead space to decrease with temperature and
interpreted this (Schwabe et al., 1960) to be indicative that He adsorption is occurring. To

determine micropore size distributions, Kaneko et al. (Kaneko et al., 1994) measured
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gravimetrically He and N» adsorption isotherms on activated carbon fiber (ACF) materials
at 4.2 K and 77 K, respectively. The comparison between the two isotherms showed that
the adsorbed He could assess a larger number of micropores, especially ultra-micropores
(pore width <0.7nm). This indicates that the two gases probe different regions of the pore

space at these conditions.

Gumma and Talu (Gumma and Talu, 2003) carried out He adsorption experiments
on silicalite using a magnetic suspension balance (MSB), over a wide range of temperatures
and pressures. They reported that He was adsorbed under certain conditions. Helium is
commonly used for determining the “dead volume” of the sample cell (i.e., the cell volume
minus the sample’s skeletal volume) during adsorption experiments. Subsequently, the
sample cell is evacuated for the experiment to begin. However, Silvestre-Albero et al.
(Silvestre-Albero et al., 2013) reported that He molecules remained adsorbed in micropores
at 77.4 K after evacuation, which they surmised would, likely, influence the subsequent
isotherm measurements. Keller and Gobel (Keller and Gobel, 2015) carried out gravimetric
experiments in which they exposed carbon samples to He over a 26-hour period. They
observed a distinct increase of the apparent sample weight, which they interpreted as a

strong indicator that adsorption of He is occurring in the micropores of the carbon samples.

In view of mounting evidence that He cannot be viewed as a non-adsorbing gas, at
least not under all circumstances, there have been a few efforts in recent years aiming to
address the challenge of accurately estimating the impenetrable solid volume. These efforts
can be classified into two categories: Those that try to avoid altogether the need to use He,
and efforts that continue to employ He to determine the impenetrable solid volume, but try

to analyze the data, without resorting to the assumption that He is non-adsorbing gas. Keller
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and Gobel (Keller and Gobel, 2015) proposed an oscillometric-volumetric method to
measure pure gas adsorption on porous solids. They demonstrated their method by
measuring at near ambient conditions He, CO», N> and Ar adsorption on activated carbon.
They employed an elaborate volumetric set-up, in which the sample cell is connected via a
sensitive relief valve to a free-standing cylinder mounted perpendicularly on the top of the
adsorption chamber. A constant flow of gas was fed to the chamber which increases the
pressure to the point that forces the relief valve to open, gas to be released and the cylinder
to move upwards; subsequently as the pressure in the adsorption chamber drops, the relief
valve closes, the cylinder moves downwards and, simultaneously, adsorbed gas gets
released. Then the pressure in the chamber builds-up again, which causes the relief valve
to open again, the cylinder to move upwards, and the cycle to repeat. By monitoring the
amplitude and frequency of the cylinder oscillations via optical techniques, Keller and
Gobel (Keller and Gobel, 2015) were able to estimate the quantity of gas adsorbed without
needing to assume that He is non-adsorbing. However, the device has only been applied
near ambient pressure conditions and has yet to be demonstrated for the high-pressure
conditions relevant to shale-gas formations. Herrera et al. (Herrera et al., 2011) suggested
a new definition of excess adsorption by identifying a new Gibb’s dividing surface which
is a zero-potential surface. This surface separates the accessible and inaccessible volume
to the fluid molecules, and can be, potentially, calculated via molecular simulations for
well-defined solid surfaces, but it is unlikely to be applicable to complex porous solids like

the shales.

In the second class of methods, falls the approach proposed by Sircar (Sircar, 2001)

that built upon ideas discussed earlier by Suzuki et al. (Suzuki et al., 1987). Sircar’s paper
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(Sircar, 2001) represents a first effort to utilize He adsorption data in order to determine
the so-called true Gibb’s dividing surface. However, his approach relies on the assumption
that a temperature can be found for which He does not adsorb on the material. Gumma and
Talu (Gumma and Talu, 2003) subsequently formulated a self-consistent method, based on
the method of Sircar (Sircar, 2001), which relaxes the need for finding a temperature for
which the He does not adsorb. Arami-Niya et al. (Arami-Niya et al., 2017) used He
adsorption and the analysis method of Gumma and Talu (Gumma and Talu, 2003) to
measure the true impenetrable solid volume of natural clinoptilolite and of various
synthetic molecular sieves. They compared the solid volumes determined by employing
the Gumma and Talu (Gumma and Talu, 2003) technique with those generated by the
standard He pycnometry analysis method that is based on the assumption that He is non-
adsorbing. The analysis method of Gumma and Talu (Gumma and Talu, 2003) provided
skeletal volumes which were 10-15% larger than the volumes calculated by the standard
technique. Arami-Niya et al. (Arami-Niya et al., 2017) estimated that such a difference
would, likely, cause a 2.6 - 28% uncertainty in the measurement of the equilibrium

adsorption capacities.

The method proposed by Gumma and Talu (Gumma and Talu, 2003) provides a
systematic approach to using He data to estimate the solid’s skeletal volume. However, it
requires experimenting over a broad range of temperatures, which is effort-intensive
particularly for microporous solids for which the times required to reach equilibrium can
be quite lengthy (Gasparik et al., 2015). For materials like the shales, that contain organic
inclusions, studying them over a broad range of temperatures over lengthy periods is not

always feasible. Lorenz and Wessling (Lorenz and Wessling, 2013) introduced, most
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recently, a method that utilizes He data to calculate the skeletal volume of a polymer solid
without needing extensive experimentation over a broad range of temperatures. The
estimated volume was then utilized to calculate CO; sorption in the solid. Lorenz and
Wessling (Lorenz and Wessling, 2013) noted that through the use of the new approach they
managed to calculate positive sorption capacities, while negative values resulted when

employing the standard approach.

In this paper, we propose a new method for the study of gas adsorption in shales
and other similar microporous materials via the gravimetric technique. The method builds
on the idea originally found in the paper of Lorenz and Wessling (Lorenz and Wessling,
2013), but unlike them we do not make use of He for the determination of the solid’s
impenetrable volume. We present here an example of the application of the technique for
the study of Ar (as a model surrogate gas for methane, ethane and other shale gas
components) adsorption in shale utilizing a high-pressure microbalance. The approach is
equally applicable, however, for the study of gas adsorption employing
volumetric/manometric experimental methods. In what follows, we first describe the
materials used followed by a description of the experimental system and procedures. We

then present the experimental data and describe the proposed analysis method.

2. Experimental
2.1 Materials

The rock sample in this study was extracted from the Marcellus shale formation in
the Appalachian Basin from a depth of 2395.7 m (7860 ft). Further details about the
sample’s characteristics have been published elsewhere (Dasani et al., 2017).The particular

sample used in this work is shown in Fig. 1, and it is a ~1 cm® cube that was cut from a
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larger core via a mechanical saw. Using such a regularly shaped sample facilitates the
modeling of dynamic adsorption data (Dasani et al., 2017), which, however, is not the key

focus of this paper.

Figure 1: Shale cube sample prepared for this study

2.2 Experimental procedure

A magnetic suspension microbalance (MSB; Rubotherm [soOSORP®, Germany) is
used to study adsorption on shale via thermogravimetric analysis (TGA). This instrument
consists of five main components: The balance mechanism, an electromagnet, a suspension
magnet, the measuring cell where the sample is placed, and the electronic control unit. The
electromagnet is attached to the bottom of the balance and is used to lift the suspension
magnet during the measurements. The suspension magnet consists of a permanent magnet,
a sensor core and a measuring load decoupling device. The electromagnet is controlled by
the electronic control unit and maintains the suspension magnet in a freely-suspended state.
Since its balance mechanism is not in direct contact with the gas atmosphere, the MSB
system allows sorption measurements under high pressure and temperature in a variety of

gas atmospheres, which presents an advantage over the conventional microbalances.
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The experiments begin by placing the sample (the shale cube in Fig. 1 in this case)
in the sample cell and evacuating at a select temperature (50 °C is used here) until the
sample cell reaches 30 mTorr in order to remove any impurities that may be adsorbed on
the sample (for a schematic of the overall experimental set-up see Fig. 2). This step is

considered complete if the balance weight reading stays constant (less than 10 g change)

for over 1 hour.

Heated cylinder

ISCO pum
pume ==

Magnetic suspension balance

e A s

MFC BPR

Vacuum pump

—

Gas cylinder Circulating oil bath

Figure 2: Schematic of the experiemnatl set-up

Then the system is pressurized by allowing the gas (He or Ar in this study) to flow into the
sample cell till the desired pressure is reached. For supercritical gases like He and Ar, the
gas flow is controlled by a mass flow controller (MFC, Brooks 5850). For more
condensable gases (e.g., CO> and ethane) for measurements at high pressures, we utilize
an ISCO pump (Teledyne 260D) with a heated cylinder to attain the desired pressures.
During flow experiments, the pressure is controlled by an electronic back-pressure

regulator (BPR, Brooks 5820). The temperature of the sample is maintained constant (+-
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0.1 °C) by a circulating oil bath. The adsorption measurements reported here are carried
out by increasing the gas phase pressure in a stepwise manner. During each sorption
experiment, the weight of the sample along with the temperature and pressure in the sample
cell are measured and recorded at pre-determined intervals (every 6 s in this study). Further

details about the MSB operation and method of data analysis are reported below.

3. Results and discussion
3.1 Measuring adsorption in shale

As noted in Sect. 2.2, the TGA method is used in this study to measure adsorption
in shale. The MSB instrument we employ enables sorption measurements with an accuracy

of ~10 pg (the readability (resolution) of the balance is 1 ng). The balance weighs the

sample placed in a cell, as it is being exposed to various gas atmospheres, by means of
magnetic suspension coupling that transmits the weight force to the microbalance
mechanism through a permanent magnet installed in the measuring cell. This instrument
design separates the measuring cell from the balance mechanism which, in turn, enables
the MSB instrument to work under a wide range of pressures and temperatures and gas

atmospheres that could otherwise be detrimental to conventional TGA instruments.

During an experiment, the MSB instrument records the apparent weight (mass) of

the sample, m,,,, which is described by the following Eqn. 1
Mapp = My + Mg+ Mg — pg(Vp + Vs + Vo) =my + mg+me —pg(Vy + 1), (1)

where my, and V,, are the mass (weight) and volume of the sample container (termed the
basket), mg and V; are the mass and (skeletal) volume of the sample itself, m, and V, are

the mass and volume of the adsorbed layer, and m, = m, —V, X pg is the excess

11
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adsorption mass. From Eqn. 1, upon rearranging, one can calculate the excess adsorption,

assuming that (m; + mg) and (V}, + V;) are known, from the following Eqn. 2.
Me = Mepp — (mb + ms) + Py (Vb + Vs) . (2)

(my, + mg) can be directly measured by the MSB itself under vacuum conditions but
measuring (V, + V;) is more challenging. As noted in Sect. 1, traditionally, this is done by
exposing the sample to He, on the premise that it is a non-adsorbing gas, and using the

following variant of Eqn. 2 to calculate (V, + V%).
Mapp = My + Mg — pg,He(Vb + Vs) . 3)

Typically, one measures the apparent sample weight (m,,,) for a number of He pressures,
spanning the expected range of adsorption measurements, and then plots mgy,;, vs. pg ge-
Linearity of the resulting plot is interpreted as validation of the assumption that no He
adsorption takes place. Though this may be true for some materials, for others like the
Marcellus shale studied here, as it will be discussed later in this paper, this is not the case,
however. Further, as Dreisbach et al. (Dreisbach et al., 2002) noted previously, for
supercritical, lightly adsorbing gases like He, the adsorbed amount at equilibrium is, likely,
itself to have a linear or near-linear dependence on He pressure (density), and linearity of
the Mgy, vs. pg e plotin that case does not necessarily imply that adsorption is not taking

place.

To make this point clear, we present here some of our own measurements with the
Marcellus shale sample. Fig. 3 shows mg,,,, and the He pressure as a function of time in an
experiment, in which the shale sample was originally equilibrated at a pressure of 1 bar

and then the He pressure was changed in a near-linear fashion to 2 bar. Note that, as

12
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expected, initially due to the increased buoyancy (because of the increase in the bulk fluid
density) mg,, decreases. However, after the pressure levels off, mg,, instead of also
leveling off, as one would have expected if no adsorption took place, it continues to

gradually increase, indicating that He adsorption does, indeed, take place.
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Figure 3: He adsorption in shale, m,,, and pressure vs. time during a pressure step

change from 1 to 2 bar
In Fig. 4 we plot mg,,, at “equilibrium” for a multi-step run vs. the corresponding
Pg.He at “equilibrium”. Each point (during linear regression) represents an “aggregate” of
500 data points taken at “equilibrium” over a period of one hour during which the apparent

weight reading from the balance changed less than 10 ug. Note that the mgy, vs. pg pe
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relationship appears to be quite linear providing no indication that He adsorption is, indeed,
taking place, as Fig. 3 indicates. Ignoring, however, that He adsorption takes place, and
using Eqn. 3 to calculate (V}, + V;) has serious implications, in that one ends-up often
calculating negative excess adsorption, especially in the region of higher pressures
(Silvestre-Albero et al., 2013), which barring unusual circumstances (e.g., pore mouth
“plugging”) is an implausible finding. This is, indeed, the case in this paper as well, as it is
further detailed later. Finally, it should be noted that even if He does not adsorb in a
microporous solid, it is not entirely clear that what behaves like “impenetrable solid volume”
being subjected to a buoyancy force in a He fluid phase, will also behave as a “impenetrable
solid volume” in a fluid phase consisting of a gas with a larger kinetic diameter (e.g., Ar
or ethane), as these two molecules may have access, to different porous regions of the
microporous solid. In fact, we noted in Sect. 1 the study by Kaneko et al. (Kaneko et al.,
1994), where this clearly is not the case for He and N> adsorption under cryogenic

conditions on ACF.
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Figure 4: He adsorption in shale, mg,,, vs. pg ye and pressure at equilibrium from

vacuum to 15 bar

The approach utilized here, instead, for measuring the adsorption of supercritical,
light-adsorbing gases in microporous solids, like the shales, is based, as noted in Sect. 1,
on a method originally proposed by Lorenz and Wessling (Lorenz and Wessling, 2013).
These authors used the TGA technique to study absorption in polymeric materials. For the
study of absorption in dense solids, like polymers, Eqn. 1 applies equally well. However,
for this case the V, rather than being the volume of the adsorbate layer, as in the case of
microporous solids, it now represents the change in the volume of the solid due to swelling
as aresult of sorption. Again the balance measures m, — V; X pg via Eqn. 3, and for being
able to calculate m,, if swelling is indeed present, one must be able to measure V, via a

different technique. We note that for solids like the shale studied here that contain organic

15



287  inclusions, V, likely reflects both the volume of the adsorbate layer in the clay and mineral

288  fraction and swelling due to sorption in the organic phase.
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290 Figure 5: Schematic of the m,,,,, and pressure vs. time response
2901 Lorenz and Wessling (Lorenz and Wessling, 2013) noted that for some polymers,

292  He sorption behavior during a step change in between two different pressure levels looks
293  as in Fig. 5, which is quite similar to the He adsorption behavior we observed with the
294  Marcellus shale (see Fig. 3). They, then, made the assumption that no He was sorbed prior
295  to the minimum point in the weight vs. time response. The analysis to follow is adapted

296  from their original paper (Lorenz and Wessling, 2013).

297 Since, to begin with, one measures (m; + m;) under vacuum, the initial step in the

298  adsorption experiment involves pressurizing the sample cell from vacuum to the first
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pressure level chosen. At the minimum point of the weight vs. time response (see Fig. 5),

the apparent sample mass m,,,, ;, based on the assumption that no gas adsorption has taken
place prior to that point, is described by Eqn. 4

Mapp1 = (mp + mg) — (Vp + V) X Pgim 4)
where pg 1, denotes the density of the gas at the first minimum point.

After reaching the equilibrium state at the first pressure level, the apparent weight,

m(’;pp,l, is given by Eqn. 5.
mgpp,l = (mp +mg) + mgy — (Vp + Vs + Va1) X pg iy, (5)

where m, ; is the equilibrium absolute adsorption mass, V, ; the volume of the adsorbate
layer at equilibrium (which may also, potentially, encompass the swelling of the organic

phase of the shale, as noted previously). pg 1 is the density of gas at equilibrium at the
first pressure step, which may differ from pg 1., due to the slight changes of temperature.

Subtracting Eqn. 4 from Eqn. 5 and rearranging:

Meq1 = mgpp,1 - mapp,l - (Vb + Vs) X (pg,lm - pg,lf) ’ (6)

where mg 1 =mgq1 — Vg1 X pg1r is the excess equilibrium adsorption mass at the

conclusion of the first pressure change step.

During the second pressure change step, the apparent mass, Mgy, 7, at the second

minimum point, is given by the following equation

Mapp2 = (mb + ms) + Meq — (Vb + Vs) X Pg2m + Va,l X (pg,lf - pg,Zm) ’ (7)
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where pg o is the density of the gas at the second minimum pressure point. After reaching

equilibrium at the second pressure point, the apparent weight, mgpp'z,

is given as
mgpp,z = (my + mg) + Mep — Vp +V5) X Pg2f » (8)

where pg ¢ is the gas density at equilibrium during the second pressure change step.

Combining Eqns. 4 and 8:

Pg,2f Pg,2f
Me2 = mgpp.z + (my, +mg) X ( 7= — 1> — Mapp,1 X <g_> - 9)

g,1m

Following a similar procedure, one then gets:

Pg, Pg,
Men = mc{pp,n — Mapp,1 X (pg nf) - (mb + ms) X (1 - gnf) ’ (10)

g,1m

where m, ,, is the excess adsorption at equilibrium at the conclusion of the nu pressure

change step and pg ¢ the corresponding gas density. Assuming that one can accurately

locate the mgy,p 1 and measure the m/

app,n for each of the pressure change steps, one can

utilize Eqn. 10 to determine the excess adsorption isotherm for He or for any other gas

(we use Ar as a model gas in this study) for which such data can be generated.

3.2 A new method for TGA zero-point correction
The accurate determination of Mg,y 1 is quite challenging, however, because it

requires the availability of accurate dynamic sorption data. The MSB, as is the case for all

balances, must be tared/calibrated at regular intervals to assure measurement accuracy. The
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procedure by which the MSB instrument carries out such taring, a task known as zero-point

(ZP) calibration, is shown schematically in Fig. 6.

ch ! Microbalance
A )
Electromagnet

'~ Permanent
Magnet

Ti-Sinker

Sample

Zero Point Position Measuring Pos. 1 Measuring Pos. 2
(Tare & Cal.) (Sample) (Density)

Figure 6: The three different operating configurations of the magnetic suspension
balance (Dreisbach and Losch, 2000)

The MSB operates in three different configurations: In configuration 1, the ZP position,
the sample container (basket) and the sample when inside the basket, are decoupled from
the balance mechanism, and only the permanent magnet and the linkage system are lifted
and their combined weight measured. In configuration 2, the measurement position, the
sample container is engaged by the raised permanent magnet, and their total weight (basket,
sample, magnet and linkage) is measured. Configuration 3 is utilized to measure in situ the
density of the bulk gas. This is accomplished by also engaging a metal (T1) piece of known
mass, referred to as the sinker, and then by measuring again the total weight (basket, sample,
magnet, linkage, and sinker). Since for both He and Ar their densities are well-known, in
this study we do not utilize the data from configuration 3. In all three configurations, the
basket, sample, magnet, linkage, and sinker are all immersed in the gas atmosphere. The
ZP calibration can be set via the MSB software to take place at pre-selected, fixed time

intervals (tzp). For experiments involving a step pressure change, it is important that the ZP
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measurements take place before the pressure change is initiated and then after the pressure

has leveled-off to its final intended value in order to avoid loss of dynamic sorption data.

At the im ZP measurement, the apparent weight of the magnet and the linkage

system, M, ; sensed by the TGA balance is given by Eqn. 11
Mo; = My — pgi X Vi, (11)

where m,, is the true weight of the permanent magnet and linkage system (i.e., the weight
measured by the balance under vacuum), 1}, is the (impenetrable) volume of the permanent
magnet and the linkage system, and p ; is the density of the gas surrounding the magnet

and linkage system during the im ZP measurement.

In reality, the balance software does not report My ;, but reports, instead, a
difference, m,p ;, between M, ; and an unspecified reference weight for the magnet and the
linkage system. (However, as explained below, exact knowledge of this weight is not
needed to carry out the ZP correction). If one defines this reference weight as M, then
Myp; 1s given by Eqn. 12

Mypi = Mo; — Mg = my, — Mg — Pg,i X |/ (12)
The MSB instrument in between the two ZP measurements reports, the so-called corrected
weight, Myp ; corr(t), and myp;(t), the so-called uncorrected weight measured in
operating configuration 2, described by Eqn. 13 (in Eqn. 13, to simplify notation, mg and

v, include both the mass and volume of the solid as well as the mass and volume of the

adsorbate layer).
mMP,i(t) = (mm + mg + mb) - (Vm + Vs + vb)pg(t) - Ms . (13)
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Myp i corr (t), and myp ;(t) relate to each other via the following Eqn. 14

Myp,i(t) = Mup i corr (t) + Mzp(L). (14)

In the absence of mechanical drift in the balance mechanism in between the two ZP
measurements, mp (t) (signifying the instantaneous apparent weight of the magnet and
linkage) is described by Eqn. 12 (with pg; being replaced by p,(t)). Combining Eqns. 12,

13 and 14 then one gets:
Mpyp,icorr (t) = (ms + mb) - (175 + vb)pg (t) . (15)

Unfortunately, the MSB does not measure m,p(t) continuously, instead, as noted above,
measuring and recording the m,p ; at fixed time intervals (at the points where the mzp (t)
are directly measured and known, then Eqn. 15 applies identically). In between consecutive
ZP measurements, an approximate method must, therefore, be used to estimate
myp(t). The MSB software employs a linear approximation. Specifically, it utilizes Eqn.

16 (in lieu of Eqn. 14) to calculate myp ; corr (t)
Myp,icorr(t) = myp(t) — K[t — ({ — Ditzp] —mzp;, (16)
where

m . —_— m .
K — ZP,l+1 ZP,l ) (17)
tzp

This approach is reasonable at constant density, where changes in the myp(t) in
the time interval t;p (in between two successive ZP measurements) are due to either
mechanical drift or minor random fluctuations in pressure and temperature, particularly

absent detailed knowledge on the nature of these perturbations. In the experiments
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presented here (we have used a t;p= 20 min ), we have discovered that for measurements
under constant temperature and pressure the differences in between two consecutive
myp; values are generally small, typically, 10 - 20 pg, which further justifies the use of the
linear approximation described by Eqns. 16 and 17. However, this approach is not accurate
when measuring adsorption dynamics, like in Fig. 2, where the two ZP measurements
“bracket” a step pressure (density) change. For that, absent any significant mechanical drift
(see the Supplementary Materials section on how to augment the proposed approach in the

presence of a mechanical drift), we propose determining m,p(t) by Eqn. 18
Mzp(t) = Mgp,i + (pgas,i - pgas(t)) X Vm ’ (18)
where

(mzP,i+1 - mzP,i)

(pgas((i—l)tzp) - pgas((i)tzp)) .

Vn (19)

Fig. 7 shows the comparison between dynamic Ar adsorption data calculated using the
proposed new ZP correction and the corresponding data employing the MSB instrument
software for correction (as reported by the MSB system). These data are recorded in the
time interval “bracketing” the pressure change step. It is clear that substantial differences
exist between the two approaches. The new method generates myp ; corr(t) data that are
qualitatively similar to the myp;(t) directly recorded by the balance, as one may have
expected, Also note, that the conventional ZP correction approach indicates that the
Mpyp i corr (t) increases immediately after the first ZP measurement, while the pressure (Ar
density) remains constant, which is implausible. So, for the data reported in this paper,

during the dynamic period we employ the new ZP correction method, while for the rest of
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416  the data, past the ZP correction after the completion of the pressure change step, for which
417  density remains constant we utilize the ZP correction suggested by the MSB software, i.¢.,

418  we use the myp ; corr (t) as reported by the balance (and calculated from Eqns. 16 and 17).

9-324 7 X x 7P corrected by TGA instrument i
X Proposed ZP correction
4 Without ZP correction
9.320 ‘ -
WAX
Ax
9.316 Ax -
C .
N’
o A
5
£ 9312 -
9.308 -
A
A
9.304

Time (min)
419

420  Figure 7: The comparison between dynamic Ar adsorption data as corrected by the MSB

421 software and the proposed new ZP correction method. mgy,, vs. time during a pressure

422 step change from 2 to 5 bar

423 3.3 A modified Lorenz-Wessling method

424 The method of analysis of the sorption data described in Sect. 3.1 above is based

425  on the assumption that no adsorption has taken place at the minimum point of the m,,,, vs.

426  time response. Though this may be true for dense polymeric materials, it is clearly not truly

427  applicable for Ar adsorption on the sample shale studied (see Fig. 8) where ~4.3% of the
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428  total excess adsorption at equilibrium for that step already takes place before the minimum
429  point. Below we present a modified analysis method that relaxes such an assumption, and
430  we use it to analyze Ar adsorption data on the shale sample. We then compare the Ar
431  isotherm data generated with the corresponding isotherm based on the original assumption

432 of no adsorption taking place at the minimum point of the m,,, vs. time response.

I i I
¢ m"‘PP
93304 | 4 pressure]’ 12
9.3206+
oy
-
—_ 932051 8
C : =
§9-325 7 . 9.3204 11 5
. R 12 16 20 A~
9.320 =40
' I ' I
0 10 20
Time (min)
433
434 Figure 8: Ar adsorption in shale, m,,, and pressure vs. time during a pressure step
435 change from vacuum to 2 bar
436
437 From the definition of mg,,, Eqn. 20 below, and from the relationship m, =

438 m, (1 - Z_g) with p, being the density of the adsorbate layer
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mapp(t) = (mp + mg) + me — (V, + ) X Pg (20)

and assuming that p, and p, are constant for t > ti, see Fig. 4, setting A=(1 - p—g) we find

Pa

dmg,,(t) dm, dm,
dt _dt_th' (21)

Define m s to be the total adsorption capacity of the shale, and the fractional

Mg

sorption capacity as 6 = For a range of t near t;, we assume that the rate of change

as

in fractional sorption capacity follows a linear (driving-force) type rate, i.e., Eqn. 22 below

(this assumption will be validated later by the Ar sorption data, see discussion to follow)

do

dt = kapg(1 —0) (22)

For t > tq, pg is constant, i.e., pg(t) = pg4
6 =1-(1-6)exp|—kepg(t —t)] , (23)

where 6 is the fractional sorption capacity at t = t;. Substituting into Eqn. 22 gives

de
i kapg,l(l - el)exp[_kapg,l(t - tl)] . (24)

Then from Eqn. 21

dmgpp ®)
dt

dmg
=4 Z = Amas (1 - Hl)kapg,lexp[_kapg,l(t - tl)]- (25)

Integrating Eqn. 22 for t < ¢,

0=1—-(1—-6)exp Ika ftlpg(t') dt’l (26)
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dmg
dt

= mas (1= 01)kapy (Dexp [Ia J}* pg (1)’ dt'| 27)

Integrating Eqn. 27 between t; and t;, and since at t = t; there is no adsorption

" pg(t)

(%1
ma(tl) - ma(ti) = ma(tl) = Mg (1- Hl)kapg,l exp [ka] pg(t,) dt’l dt
t

(28)

Combining Eqns. 25 and 28

dm gy (1)
dt

me (tl) =

tip (¢ ty
f Pg( )exp lkaf pg(t) dt’l dt . (29)
pg,l e

t, 't

In Fig. 9, for the data in Fig. 8, we plot mg,, (t) vs. time for a range of times (t >
t;) in the neighborhood of the minimum point. The data are fitted, with a relatively high

degree of accuracy, to a 3" order polynomial, as indicated in the plot.
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464 Figure 9: Ar adsorption in shale, mgy,, vs. time in the region near the minimum point
(dmapp(t))
: dt . .
465 Defining a = Zm—m— = exp[—kapg,l(t —t,)], we plot in Fig. 10, In a vs.
)
466  (t —ty).
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Figure 10: The linear plot of In(a) vs. (t — t;)

The linearity of the plot in Fig. 10 validates the use of Eqn. 22. From the slope of
the plot, one calculates k,, and once k, is known, from Eqn. 29 one calculates m, (t;). The
algebra is simplified, because for the Ar data in Fig. 8 p,(t) between t; and t, is a linear
function of time. Once m,(t;) is known the excess adsorption isotherm can be calculated

by the following revised form of Eqn. 10.

Py, Py,
Men = mgpp,n - (mapp(tl) - me(tl)) X ( g:f) - (mb + ms) X <1 - pg:f) (30)
g,1m g,1m

Fig. 11 shows the comparison between the Ar adsorption isotherms calculated

employing the original approach of assuming that no adsorption takes place at the
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477  minimum point, and the revised procedure described here, whereby the original raw
478  myp;(t) data were corrected employing the new technique discussed in Sect. 3.2. As one
479  notes from Fig. 11, accounting for the fact that adsorption has already taken place at the
480  minimum point, has an impact on the calculation of the isotherm, with the difference
481  between the two isotherms increasing with increasing equilibrium pressure. In Fig. 11, we
482  also plot the two isotherms for the case for which, when correcting the raw myp ; (t) data,
483  we also take into account the potential presence of mechanical drift, following the
484  procedure described in the Supplementary Materials Section. Correcting for the

485  mechanical drift has a relatively minor effect.
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487 Figure 11: Comparison of excess adsorption isotherms calculated with different
488 techniques
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In addition, in Fig.11 we plot the Ar isotherm employing the conventional
technique (termed the traditional method in Fig. 11) in which we use He experiments (here
the data in Fig. 4) on the assumption that it is not adsorbing on the shale sample. In the
calculation of the Ar isotherm, the skeletal volume of the sample is calculated from the
mapp vs. He density plot (Fig. 4), and the excess adsorption is calculated according to Eqn.
2. Notice, that the conventional approach gives lower excess adsorption values, which in

fact become negative at around 30 bar.

4. Conclusions

Measuring the adsorption of gases in microporous solids like the shales requires
accurate knowledge of the solid’s skeletal volume. Traditionally, both in TGA as well as
in volumetric/manometric measurements, He has been used to accomplish this goal.
Analysis of the He data to determine the solid’s skeletal volume makes the assumption that
the He does not adsorb on the solid. Though this may be true for some solids, it is not

applicable for others, including the Marcellus shale sample studied in this paper.

In recent years, methods have been proposed to analyze He data to measure the
skeletal volume even for solids for which He adsorbs in their structure. They require
extensive experimentation over a broad range of temperatures, which is quite a time-
consuming undertaking particularly for a slow adsorbing gas as He, and may not be even
feasible at all for solids like the shales that contain organic inclusions which may be
temperature-sensitive. As a result, these methods have not found widespread use during
adsorption measurements with such materials, for which He is still used to estimate their
impenetrable solid volume under the assumption that it does not adsorb on the solid. As
noted by Lorenz and Wessling (Lorenz and Wessling, 2013), however, such an assumption
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may lead to inaccurate adsorption isotherm calculations, and in some instances may even
result in implausible negative excess adsorption values, as is the case with Ar adsorption

in Marcellus shale discussed here.

In this paper, we have presented a method for measuring the adsorption of light
gases in microporous solids that does not rely on using He to measure the solid’s
impenetrable volume. Application of the method requires being able to acquire accurate
dynamic sorption data. A new zero-point correction that is different from the one presently
employed by the TGA instrument’s software that, we believe, is better suited for dynamic
sorption data was proposed and applied to the analysis of such data. Our method is based
on the concept originally presented by Lorenz and Wessling (Lorenz and Wessling, 2013).
We relax, however, the requirement that a point in the dynamic sorption weight vs. time
line must be identified prior to which no adsorption has taken place on the sample. We
apply the method to a Marcellus Shale sample using Ar as a model gas and safe surrogate
for the gas components in shale-gas. We calculate the Ar adsorption isotherm employing
both the original as well as the modified method and compare the resulting isotherms. For
the low pressures, isotherms are similar but substantial differences are found for the higher

pressures.
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