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Pore size distribution in shale gas deposits based
on adsorption isotherm analyses

Experimental isotherm data obtained for the samples collected from a selected shale gas borehole at the depth from
2803 to 2834 meters for both Argon and Nitrogen analysis at 77.4K are presented. The results are compared for the
mean value of Pore Size Distribution (PSD) using BJH (Barret-Joyner—Halenda) algorithm for desorption curves with
application of thickness curve based on Halsey equation and also on Faas correction. Pore Size Distributions (PSD)
and their volumes are characterized and compared for both the BJH and DFT (Density Functional Theory) methods.
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Rozkfady wielkosci poréw w ztozach typu shale gas na podstawie analiz izoterm adsorpcji

Przedstawiono eksperymentalne dane izotermiczne otrzymane dla probek pobranych z wybranego odwiertu w nie-
konwencjonalnym ztozu gazu z glebokosci od 2803 do 2834 metrow, dla analizy z uzyciem argonu i azotu w tem-
peraturze 77,4 K. Porownano wyniki dla srednich wartosci Rozktadu Wielko$ci Porow (ang. pore size distribution,
tj. PSD) uzywajac algorytmu BJH (ang. Barret—Joyner—Halenda) dla krzywych desorpcji z uzyciem krzywej gru-
bosci zgodnie z rownaniem Halsey’a oraz zastosowaniem poprawki Faas. Scharakteryzowano i porownano roz-
ktad wielko$ci porow (PSD) i odpowiednio zajmowanych przez nie objgtosci przy uzyciu metod BJH i DFT (ang.
Density Functional Theory).

Stowa kluczowe: skaty tupkowe, adsorpcja, desorpcja, rozktad wielko$ci poréw, kondensacja kapilarna, adhezja.

Introduction

Shale gas clayey-mudstone rocks create a formation con-
taining hydrocarbon resources confined in a complex porous
space which is not easy to characterise. The clayey-mudstone
layers contain natural gas in its free form in micropores (diam-
eter d <2 nm) within laminae (thickness 2 < 1 cm) enriched
in silica and other detrital components (rock and mineral
clasts, hard organic debris created during weathering), as well
as within natural fractures and microfractures (4 < 1 mm).
They also contain natural gas adsorbed by insoluble organic
matter and by clay minerals. The gas-bearing shales thus
form a unique hydrocarbon system, where the same rock
formation is the source rock, the reservoir rock and the seal
rock, and the migration of gas occurs only in micro scale or
does not take place at all (Fig. 1) [1, 2]. The accumulation
of gas in this type of deposit is therefore associated not just
with the classic inter-grain pores, but also with micropores

d <2 nm present in the organic matter, and with mesopores
(d=2+50 nm). The presence of micropores affects the values
of the specific surface areas (expressed in m*/g of the mate-
rial) and thus the associated amount of gas adsorbed on the
surface of the pores. The larger the specific surface area, the
more likely one can expect the predominance of micropores
within the examined sample [3, 11]. Porosity and pore size
distribution (PSD) are other important parameters of a po-
rous matter, which is why it is so crucial to properly develop
a method for testing both porosity and microporosity. The
pore size distribution can be obtained either via mercury
porosimetry in the case of meso- and macropores, or through
adsorption techniques for micro- and mesopores. The current
limitations of @ mercury porosimetry apparatus (pressure up
to 60 000 psi) theoretically make it impossible to measure
pores smaller than 3.6 nm, while the practical threshold is
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probably higher [4, 10]. Adsorption techniques utilising ni-
trogen, argon, carbon dioxide, helium and methane are used
for examinations of very small pores. The distribution of
pore diameters may be then obtained by means of the BJH
model (Barret-Joyner—Halenda) from the desorption curve,
the DFT model (Density Functional Theory), as well as the
NLDEFET (Non-Localized DFT) and QSDFT (Quenched Solid
Density Functional Theory) models (Fig. 1).

adsorbet gas in clay minerals

\

adsorbed gas dispearsed organic matter

N

free gas free gas in rock matrix

Fig. 1. Occurrences of gas in shaly sediments
(after [9], modified)

The BJH method

The method developed by Barret-Joyner—Halenda (BJH) is
used most frequently to determine the volume, size and distri-
bution of the pores in the adsorbent. It is based on the assump-
tion that within the relative pressure range of 0.4 < p/p, < 0.98,
the phenomenon of capillary condensation takes place in
mesopores (the gas is adsorbed in the pores as liquid at pres-
sures close to (but below) the equilibrium vapour pressure).
The increased pressure results in an increase in the thickness
of the adsorbent layer on the pore walls, until the complete
closure of the pores. Adopting the geometric model of pores
in the adsorbent (cylindrical or slit-fracture), it is possible to
calculate the total volume of the pores and their distribution.
The pore radius can be calculated from the equation developed
by Kelvin—Thomson:

11 __RT h{ P j
Tew Ty ov, P

where:

Ty T, — Meniscus curvature radiuses in two mutually per-
pendicular planes xz, yz,

o — surface tension of the liquid adsorbate,

R — gas constant,

T — absolute temperature,

po — condensation pressure of adsorbate in laboratory condi-
tions,

p — absolute equilibrium pressure,

V,, — molar volume of adsorbate.

Presenting the volume of pores as a function of radii
determined via the Kelvin equation, in the form of V' = f(r,),
and subsequently conducting graphical differentiation of that
curve, one obtains the so-called pore volume distribution
curve. It takes the following form:

dVidr = f(r) (2)

The DFT method (Density Functional Theory)

The Barret—Joyner—Halenda and BET (Brunauer—Em-
mett-Teller) models often fail when distinguishing different
morphologies of the porous structure, such as when taking
into account the effects of microporosity and predicting the
size of pores, which may be determined independently based
on X-ray diffraction (XRD) and electron microscopy (TEM).
The new nanomaterials and new experimental possibilities
required the development of new theoretical methods for the
analysis of the data [5]. Seaton et al. were the first to use the
DFT method to calculate the parameters of a porous structure
from the adsorption isotherms. Further improvement of this
method was conducted by Lastoskie et al. [6], who used the
NLDFT model (Non-Localized DFT) within the approxima-
tions of the smooth density of Tarazona for the modelling
of nitrogen adsorption on carbons. Both papers considered
pores to be infinite fractures, which is a conventional model-
ling projection of pores between the fragments of graphene
in carbon. Almost at the same time, scientists from Mobil
developed the MCM-41 mesoporous silicas with an ordered
hexagonal structure of cylindrical channels, which for the first
time provided verification of the theoretical methods of porous

= (1)  structure analysis, against credible experimental data [5].
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Fig. 2. Diagram of mesoporous silica MCM-41 with an ordered hexagonal structure of cylindrical channels
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The NLDFT model for adsorption of MCM-41 suggested
and verified by Neimark and Ravikovitch [7] has become the
basis for the further development of detailed DFT models,
used for mesoporous and hybrid materials (being a uniform
mixture of inorganic and organic components). Along with
the set of the abovementioned factors, the NLDFT method
became widely accepted within the scope in which it was
recommended as a standard method by the International
Organization for Standardization (ISO).

The QSDFT method (Quenched Solid Density
Functional Theory)

Current applications of the NLDFT method (Non-Lo-
calized DFT) for carbon materials are based on a model of
independent pores shaped as slit type fractures with perfect
graphite walls. This model has a major disadvantage when
used for carbons with highly diversified surfaces; starting
from the width of the pores of several molecular diameters.
Theoretical adsorption isotherms exhibit numerous steps as-
sociated with layer transitions resulting from the creation of
a single layer, the second adsorbed layer, etc. The step-shaped
experimental adsorption isotherms [13] are visible only at
low temperatures for the adsorbed liquids on molecularly
smooth surfaces (like mica or graphite). However, in carbon
materials with diverse surface chemistry (e.g. some types of
activated carbon) the inter-layer transitions are neutralised by
the specific energetic and geometrical diversity of the actual
surfaces. This discrepancy between the assumed theoretical
isotherms in NLDFT models (i.e. lamination) and the ex-
perimental results may cause artificial gaps in the calculated
pore size distribution. For instance, in the case of nitrogen at
the temperature of 77 K on graphite, generation of the first
layer in the first step of NLDFT occurs at the same pressure
at which filling of pores having the width of ~1 nm also takes
place, resulting in a false gap in the histogram (Fig. 3). This
problem is particularly visible for porous materials with
a wide spectrum of pore sizes, which is typical for numerous
materials with activated carbon.

Within the scope of a standard model of slit type fracture
pores in carbons, the diversity in the thickness of pore walls
was introduced, but this only slightly affected the improve-
ment of the results compared to the standard approach of
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Fig. 3. A plot of a differential change in pore volume against
the width of pores for the QSDFT and NLDFT methods [5]

NLDEFT. Other approaches regarding the issue are based on
adjusting the reference non-graphite carbon black isotherm,
and the resultant NLDFT method proved to be beneficial
(based on a limited number of examples) in mapping the
distribution of pore sizes, without the false gap in the ~1 nm
range. Recently, Ravikovitch and Neimark [7] have sug-
gested a new DFT model for adsorption in pores with diverse
walls, called the Quenched Solid Density Functional Theory
(QSDFT). This method allows for precise calculation of
pore size characteristics, porosity and pore surface within
the range between 0.35 nm and 40 nm. Its main goal is the
use of multi-component DFT, in which a solid is considered
to be one of the components with a constant, spatially dis-
tributed density. In QSDFT, the solid is modelled using the
spatial distribution of stable atoms and not as a source of an
external potential field. This allows for direct consideration
of the effects of diversity caused by surface roughness, thus
improving the previous NLDFT models for carbons which
assumed flat, structure-less graphite pore walls. The param-
eters of the fluid-fluid interaction have been determined in
such a way which allows obtaining mass thermodynamic
nitrogen equilibrium states at low temperatures. The model
of a solid, the range of pore wall roughness (corrugation), and
the parameters of solid-fluid interaction have been determined
from the adjustment of experimental reference isotherms
for graphite and non-graphite carbon black. The reference
surface was selected for carbon black with a partial degree
of graphitisation.

The experimental part: argon and nitrogen porosimetry and the DFT method

The measurements were conducted using the TriStar 11
3020 apparatus (Micrometrics) at the temperature of lig-
uid nitrogen, using nitrogen and argon as the adsorptive
gases. Before commencing the measurements, each sample
was weighed, and then dried at a temperature of 105°C for

approximately 24 hours, and degassed at a temperature of
120°C in a flow stream of dry nitrogen. All samples were
prepared for analysis in the same way, in order to obtain
credible results, dependent solely on the used adsorbent, i.e.
nitrogen and argon. The gas adsorption isotherm was presented
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For this paper, calculations of all adsorp-
tion isotherm models were conducted
after introducing the Tarazon NLDFT
implementation described by Lastoskie et al. [6]. A slit frac-
ture model of pores was adopted. Based on DFT, the changes
in the increase of pore volume in relation to the pore width
have been calculated. The results are presented in table 1. In
general, it can be concluded that argon at 77.4 K is always
a better molecular probe than nitrogen at 77.4 K, since it does
not cause an increase in specific interactions with diverse
functional groups of the surface, which may lead to increased
adsorption and interaction caused by the quadrupole moment
characteristic for asymmetrical molecular particles. Addition-
ally, argon fills micropores 0.5+1 nm in size at higher relative
pressures p/p, compared to nitrogen at 77.4 K, and because of
faster diffusion, as a result of which the time periods neces-
sary to reach the equilibrium are shorter. As a consequence,
it is possible to test the micropores with sizes down to the
minimum value of 0.5 nm, using argon within the range of
repetitive relative pressures, which considering the current
modern and automated apparatuses are limited to ~107".
The advantage of using argon is clearly visible in the case
of zeolites [11]. When using both argon and nitrogen, filling
of ultra-micropores still occurs at very low pressures [8].
The problem of limited diffusion is also associated with low
pressures, making it impossible for the molecular particles of
the liquid to enter the narrowest micropores with diameters
below 0.45 nm. The use of (for instance) CO, as an adsorbent
in ambient temperatures presents a major advantage when
testing ultra-micropores. Although the
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diameters of the molecular particles of
N,, Ar and CO, are similar, the molecu-
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Fig. 4. An example of one of the linear isotherm plots — argon at 77.4 K

and other oxides [3], which compounds are the main compo-
nents of shale rocks. Although the covalent radius of a single
nitrogen atom and its Van der Waals radius are lower than
the corresponding radiuses of argon, the diatomic molecular
particle of nitrogen N, is slightly larger, and additionally it has
an ellipsoidal shape, as compared to the perfectly spherical
molecular particle of the monatomic argon, and the electro-
negativity of N, equalling 3.04 makes it more subject to the
creation of hydrogen bonds and bipolar interactions with
the structure of shale particles than the monatomic particle
of the noble gas which argon is, thus making argon the most
suitable for use in the gas porosimetry of shales.

The five most characteristic samples (4305, 4306, 4307,
4308, 4309) were selected for detailed analysis of the isotherm
shape (Fig. 4). When analysing the adsorptive part of the iso-
therm plot for sample 4307, an increased adsorption is clearly
visible in the 0.93+0.94 range of relative pressures, possibly
connected to the deeply cooled liquid argon, changing its state
of matter from liquid to solid and, as a consequence, increasing
the density (reducing the occupied volume) from 1.3954 g/cm’
to 1.616 g/cm’, and in effect enabling the additional argon (up
to 13.65%, i.e. the 1.616/1.3954 density ratio) to be adsorbed
on pore surfaces. Most argon adsorption curves at 77.4 K pres-
ent this type of variability above the relative pressure value
of 0.7 p/p,. This type of behaviour is quite common for the
argon adsorption curves plotted at a temperature of 77.4 K,

lar particles of CO, may easily penetrate

the micropores even at normal ambient

temperatures. Because of these experi-
mental advantages, adsorption with the
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bon [12]. However, due to the complex
interactions of CO, with SiO,, carbon
dioxide is not used to characterise silica
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Fig. 5. An example of one of the linear isotherm plots — nitrogen at 77.4 K
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The pore volume curves for
the desorption of nitrogen dV/dD

were charted for 20 samples. An

o

example of 5 selected curves is
shown in Figures 6 and 7. The
mutual comparison of plots in

Pore volume [cm?/g - nm]

Figures 6 and 7 clearly shows
that the curves in Figure 6 (nitro-
gen at 77.4 K) are characterised
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Fig. 6. BHJ desorption, dV/dD pore volumes — N, at 77.4K
for the selected samples 4305, 4306, 4307, 4308, 4309
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by much better mutual autocor-
relation compared to the curves
in figure 7 (argon at 77.4 K). The
changes are visible not only in the
adsorption part, with the relative
pressure range p/p, of 0.7+1.0, but

also in the desorption part, down

0.01

to the drop of relative pressures
below the value of 0.30 p/p,. The
above mentioned behaviour of the
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of change in the state of matter
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Fig. 7. BHJ desorption, dV/dD pore volumes — Ar at 77.4 K
for the selected samples 4305, 4306, 4307, 4308, 4309

and it differs considerably from the behaviour of nitrogen.
The example of nitrogen adsorption presented in figure 5 has
been selected for detailed analysis. Another, although much
less visible differentiating behaviour is the fact that (when us-
ing the Tristar II 3020 device) the nitrogen isotherms always
end the adsorption and begin the desorption at p/p, p, = 0.99,
while these values of relative pressure in the case of argon are
more variable, and range between 0.98 and 1.01 (comparison
of the right sides of Figs. 4 and 5).

—t+ Incremental Pore Volume —©- 4306 : 4306

=& 4307 : 4307

o ' ' from liquid to solid and vice versa.
A comparison between Figures 6
and 7 shows that the correspond-
ing maximum values of PSD for
nitrogen at 77.4 K (Fig. 6) occur
at pore diameters larger than the average maximum values
of PSD for argon at 77.4 K (Fig. 7), when calculating these
values from the desorption curves. The shapes of the curves
in the case of nitrogen (Fig. 6) are inclined towards the lower
pore diameters, indicating a more abrupt drop towards lower
diameters, compared to their increase towards the maximum
pore volume. In case of argon adsorption the situation is re-
versed. Using the DFT method, the distribution of pore sizes
has been calculated for selected samples from 4305 to 4309,

—A— 4308 : 4308 - 4309:4309
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Fig. 8. A plot of the change in the increase of pore volume against the width of pores for samples 4305+4309
for nitrogen (the DFT method)
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along with the volume occupied by these pores in the studied
samples, the results being presented in Figures 8 and 9. It
is noted that the average diameter of pores for nitrogen and
argon calculated using the DFT method exhibits minimal
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Fig. 9. A plot of the change in the increase of pore volume against the width of pores for samples 4305+4309
for argon (the DFT method)

differences compared to the pores calculated by means of the
BJH method. This result confirms the theory developed by
Landers at al. [5] in which for pores <4 nm the experimental
hysteresis gradually decreases and the adsorption isotherm

Table 1. Experimental desorption data — Ar and N, at 77.4 K, and DFT (measurements for 20 samples from various depths)

4300 2834.15 3.78 3.01 25.6 3.44 0.0002180 2.95 0.0002370
4301 2833.30 3.90 3.18 22.6 3.44 0.0003660 2.95 0.0004940
4302 2832.30 3.93 3.20 22.8 3.44 0.0004210 2.94 0.22800000
4303 2831.33 3.64 3.01 20.9 3.44 0.0002070 2.95 0.00023700
4304 2829.75 3.96 3.30 20.0 273 3.43 0.0001690 2.95 0.00024500
4305 2828.42 3.66 3.15 16.2 3.44 0.0002240 2.95 0.00023900
4306 2827.30 3.59 3.32 8.1 3.44 0.0004070 295 546 0.000417 0.000440
4307 2826.53 3.72 3.27 13.8 3.44 0.0002580 2.95 4.61 0.00024700
4308 2825.53 3.71 3.01 233 3.44 0.0002250 2.95 0.00021900
4309 2824.39 3.73 3.00 243 3.44 0.0003400 296 5.12 0.00027700
4310 2823.21 3.70 3.11 19.0 3.44 0.0002600 2.95 4.66 0.000281 0.000304
4311 2822.43 3.54 3.00 18.0 3.44 0.0003070 2.94 4.56 0.000358 0.000375
4312 2821.16 3.95 3.05 29.5 3.44 0.0003780 344 4.68 0.000329 0.000371
4313 2820.55 3.70 2.83 30.7 3.44 0.0003620 2.96 4.59 0.000349 0.000373
4314 2819.21 3.68 3.11 18.3 3.44 0.0004230 2.95 4.57 0.000344 0.000373
4315 2818.65 3.66 3.08 18.8 3.44 0.0004250 2.95 4.70 0.000418 0.000484
4316 2817.63 3.68 3.17 16.1 3.44 0.0002770 2.93 442 0.000260 0.000425
4317 2815.37 3.52 2.66 323 3.44 0.0002210 2.95 432 0.000216 0.000242
4318 2814.85 3.71 291 27.5 3.44 0.0001710 2.95 3.70 0.000142 0.000171
4319 2813.84 3.99 291 37.1 2.95 0.0010500 2.92 0.00010500
4320 2811.29 3.61 3.07 17.6 3.44 0.0003560 2.95 4.68 0.000280 0.000292
608 Nafta-Gaz, nr 8/2016



overlaps the desorption isotherm, which corresponds to the

equilibrated capillary condensation-evaporation transition.
The conformance of the BJH (with the conventional Kelvin—

Summary

The sum of all PSD results (for 20 samples) and the pore
volumes occupied by them, calculated using both the BJH
method (conventional Kelvin—Cohan equation) as well as
the DFT method (for the adsorption of nitrogen and argon) is
presented summarily in Table 1. When analysing Table 1, it

can be noticed that the average diameter of pores for nitrogen

and argon calculated using the DFT method exhibits minimal

differences, compared to the pores calculated using the BJH

artykuty

Cohan equation) and DFT methods for the size of pores in

nanoscale is estimated practically and fits within the ~4 nm
range for the analysed samples.

method. These minimal differences result from the minor
impact of capillary condensation and adhesion, as well as the
meniscus of liquid in the capillaries, along with the bridging
effect for pore diameters below 4 nm. A graphical presenta-
tion of the comparison between the BJH and DFT methods is

visible in the Figures 8, 9. The incremental pore volume is the

indicator which is taken into consideration, since it determines

the volume of pores for the given range of diameters.

Please cite as: Nafta-Gaz 2016, nr 8, pp. 603—609, DOI: 10.18668/NG.2016.08.03
Article contributed to the Editor 14.01.2016. Approved for publication 27.04.2016.

Paper was written based on the statutory work called: Pore size distributions in “shale gas - type deposits based on the analyses
of adsorption isotherms — the work of INiG — PIB as ordered by MNiSW; arch. no.: DK-4100-76/15, order no.: 76/SG/15.
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