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SPECIAL SECTION: UNCONVENTIONAL RESOURCES TECHNOLOGY

Application of nitrogen gas-adsorption technique
for characterization of pore structure of mudrocks

Ureatenou Kuia and Manika Prasap, Colorado School of Mines

ubcritical N, gas-adsorption techniques are used more

frequently now for characterizing the pore structure of
mudrocks. This article discusses some application challenges
associated with mudrocks: sample preparation, choice of
inversion techniques of the raw isotherm data, representation
of pore-size distribution (PSD) data, and reproducibility of
measurement data. Gas-adsorption analysis on hand-ground
<40-mesh powder samples is recommended over using intact
rock samples because of the slow diffusion process. Crushing
the sample to <40-mesh powder has no significant effect on
any of the measured pore-structure attributes. The dV/d(logD)
representation is recommended for graphical PSD results
because log-scale pore-size abscissa are used most commonly
for geologic materials. Pore-size distribution inversion
using the Barett-Joyner-Halenda (BJH) method should be
preferred over the density-functional-theory (DFT) method
because it yields more consistent and less noisy inverted data.
The Harkins-Jura thickness equation is recommended as the
choice of thickness equation. The Brunauer—Emmett—Teller
(BET) theory specific surface area, total pore-volume, and
PSD are reproducible within a variation range of 10% to
20%.

Introduction

Quantitative characterization of different pore-structure at-
tributes (e.g., total porosity, pore-size distribution, specific
surface area, and so forth) is crucial in modeling geophysical
and petrophysical behavior of any porous media (e.g., elastic
and mechanical behavior, movement, and flow of fluids). Po-
rosity is the most commonly used pore-structure parameter;
however, this single-value volumetric quantification does not
provide specific information on the geometric details of the
pore structure. Pore-size distribution (PSD) of a porous me-
dia quantifies the relative pore volumes associated with dif-
ferent pore sizes.

Such information can provide the missing link to relate
the elastic moduli and permeability of porous media, as dem-
onstrated by Prasad (2003). Mbia et al. (2013) show good
correlation between equivalent pore radius and elastic moduli
of clays and shales. Kuila and Prasad (2013) show that fine-
scale pore structure in mudrocks is controlled by the intrinsic
PSD of clay aggregates, unaffected by compaction, and has
implications in building clay-water composite end-members
for rock-physics modeling of shale.

Pressure-dependent acoustic velocity data are often cor-
related with pore compressibility (e.g., Zimmerman et al.,
1986). PSD data can allow us to create improved pore-
compressibility models in separating the total pore vol-
ume in small incompressible pores and larger, potentially
compressible pores. In addition to that, PSD is the basic
input in pore-network models to understand and predict
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multiscale gas-transport mechanisms in unconventional gas-
shale reservoirs (e.g., Mehmani et al., 2013).

Most recent studies of pore-structure characterization in
mudrocks are based on advanced imaging techniques, which
reveal a nanometer-scale pore structure within their inorganic
and organic components (e.g., Chalmers et al., 2012; Curtis
et al., 2012; Milliken et al., 2013). Such analyses provide vi-
sual qualitative image of mudrock porosity; however, quan-
titative pore-structure attributes cannot be obtained directly,
and additional effort is required (e.g., Curtis et al., 2012; Mil-
liken et al., 2013). These imaging techniques cannot resolve
pores smaller than 5 nm and thus cannot see a significant por-
tion of the pore structure (Chalmers et al., 2012). The scale of
observation is generally limited to about 1500 pm?, and thus
the imaged pore structure might not be representative of the
rock because of millimeter-scale stratigraphic heterogeneities
observed in these formations (Chalmers et al., 2012).

Subcritical nitrogen gas adsorption (at 77 K) is used wide-
ly in the chemical, ceramic, and pharmaceutical industries
and is useful in characterizing materials with fine pores (<
200-nm diameter). The dominance of nanometer-scale pores
in mudrocks makes this technique useful for characterization
of unconventional reservoirs. Application of such methods
is becoming more widespread in the hydrocarbon industry
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Figure 1. Comparison of N, adsorption isotherms of the same sample
but with different sample preparation. The intact sample showed
limited adsorbed amounts compared with the hand-ground < 40-
mesh samples with unusual flat adsorption and desorption branches.
The isotherm indicates a significant diffusion problem of N, into the
sample (Jeff Kenvin, personal communication, 2012).
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because of the focus on unconventional plays (e.g., Adesida,
2011; Chalmers et al., 2012; Clarkson et al., 2012; Clarkson
et al., 2013; Kuila and Prasad, 2013).

However, researchers have used different protocols for
measurement of the gas-adsorption isotherm and different
inversion schemes to invert the isotherm data for pore-struc-
ture attributes. As a consequence, several considerations are
necessary to obtain useful results from the technique and to
avoid inconsistent comparison and interpretation. In this ar-
ticle, we will discuss the following questions concerning the
application of nitrogen gas-adsorption techniques for charac-
terization of the pore structure of mudrocks:

* Should the analysis be done in intact core samples or on
crushed powders?

e What is the best way to represent data about pore-size dis-
tribution?

* How do different inversion schemes of the raw adsorption

data affect PSD data?
* How reproducible and repeatable are the measurements?

The answers to these questions are important for standard-
ization of the technique for mudrock application. Any inter-
pretation and model building using the gas-adsorption data
will depend critically on reliable data acquired at standard-
ized conditions and on the understanding of the limitations
of the technique.

of the rock structure and sampling bias using different sieve
fractions. The different mechanical properties of the constitu-
ent mineral grains of mudrocks result in differential tendency
to grind into smaller sizes and can result in a bias in the com-
position and mineralogy of each sieved fraction.

Adesida (2011) report the sampling bias in measured
pore structure by using different sieved fractions of the same
crushed samples. The total specific pore volume and the
specific surface area (SSA) measured increase with decreasing
sample particle size.

N, gas-adsorption isotherm results on the intact rectan-
gular chip samples (-2 to 3 cm in width and each weighing

Equilibration Interval $§2-1 $S2-5
10's 22.85 4.11

20s 23.29 4.24

20 s (Run II) e 4.19
30s 23.01 4.25

45's 23.11 4.36

100 s - 4.32

Table 1. BET SSA with different equilibration criteria. The equil-
ibration criteria used in these experiments are less than 0.01% pressure
change evaluated by an 11-point Savitzky-Golay algorithm over user-

defined time intervals or the “equilibration interval” (see Micromeritics
MicroActive DataMaster v5.00 software manual, 2011).

Preparation of samples: Intact or
crushed?

The low permeability (in nanodarcy
range) of mudrocks makes the diffu-
sion and/or penetration and equili-
bration of the N, molecules impossi-
ble or impractical for intact samples.
Most core-measurement analyses of
mudrocks are done on crushed rock
samples and follow the procedure es-
tablished by the Gas Research Insti-
tute (Luffel and Guidry, 1989). This
decreases the path length for the gas
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to access the entire pore structure
and achieves equilibrium within a
reasonable time. This is particularly
important for N, gas adsorption be-
cause the low temperature (77 K)
used significantly decreases the gas-
diffusion rate through pores.
Previous studies have used differ-
ent sample-preparation techniques
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however, proper equilibration of N,
molecules in these remains a point
of concern. On the other hand, the
concerns on using crushed-sample
preparation are potential damaging

Figure 2. Incremental volume percent particle-size distribution of as-received SWy-2 and
hand-ground mudrock < 40-mesh powders measured by laser profile-size analysis in suspension in
isopropyl alcohol (black curve with filled circles). The cumulative external specific surface area (blue
line) of the powder is calculated assuming spherical grains. Note that the reported particle-size
distribution is that of a crushed powder and not the actual grain-size distribution of the sample.
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0.5 -1 g) from a mudrock show significantly reduced adsorp-
tion over the entire relative pressure range compared with the
isotherm obtained from powder samples from the same mate-
rial. The middle part of the adsorption branch and the entire
desorption branch are too flat, indicating a severe diffusion
problem. This experimental result suggests that reliable data
for gas adsorption cannot be obtained using intact chips for
mudrock samples.

Crushing the sample is a practical necessity, but the use of
any particular sieve fraction must be avoided. We recommend
using crushed hand-ground <40-mesh powder, in which the
entire sample is crushed using minimal energy to pass through
a 40-mesh sieve instead of using a sieve fraction. This is based
on the methodology proposed by McCarty (2002) because it
is effective in producing mineralogically and chemically ho-
mogenous splits. Repeatability tests on two mudrocks (SS2-
1 and SS2-5) using different equilibration times showed a
minimal variation in SSA within 2% (relative percent) for
S§S2-1 and 6% for SS2-5 (Table 1).
The measured SSA did not show any

is then related to the particular pore-size interval. Different
ways are used in the literature to represent PSD data; the
most common are (1) dV/dD (derivative pore volume nor-
malized to the pore-diameter interval) and (2) dV/d(logD)
(derivative pore volume normalized to natural logarithm
of pore-diameter interval). Such differential distributions
normalize the effect of irregular experimental point spacing
(Meyer and Klobes, 1999).

The log-differential distribution uses the difference in
log of the upper and lower pore sizes of the interval (Alog
D). Both these distributions are plotted with the differential
value along the y-axis versus the midpoint of the related pore-
size interval. For bimodal or multimodal pore-size distribu-
tion, these two distributions have a different shape and give a
different interpretation of the pore system of the investigated
sample (e.g., Clarkson et al., 2013). Figure 3 suggests that the
shape of the dV/dD distribution function visually overem-
phasizes the presence of smaller pores. A direct comparison
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The gas-adsorption inversion tech-
niques use a stepwise calculation of
the incremental specific pore volume
(i.e., normalized per unit weight)
AV at each pressure interval, which
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Figure 3. Comparison of two presentations of PSD. (a) and (b) dVIdD representation of PSD for
two samples: Berea Sandstone obtained by MIP (magenta) and mudrock SS2-2 obtained by N,
gas adsorption (red) . Bold lines are dVIdD functions with logarithmically compressed pore-size
abscissa; dotted lines are dVIdD function with linear pore-size abscissa (on top, blue). (c) and (d)
dVid(logD) representations of PSD for two samples: Berea Sandstone obtained by MIP (magenta)
and mudrock SS2-2 obtained by N, gas adsorption (red). The dVId(logD) is related to linear
log,,D values scale (abscissa at the top of the plots).


http://library.seg.org/action/showImage?doi=10.1190/tle32121478.1&iName=master.img-002.jpg&w=344&h=363

UNCONVENTIONAL RESOURCES TECHNOLOGY

Downloaded 12/18/13 to 138.67.11.96. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

of these two distributions is not allowed because the units
of these two distribution functions are different (Meyer and
Klobes, 1999).

The dV/dD values are proportional to the relative num-
ber between different pore-size intervals. The dV/d(logD)
function is mathematically equivalent to a weighted dV/dD
multiplied by a factor 2.303 times D, and therefore it is pro-
portional to the relative volume of the different pore sizes.
Understanding the difference between these two PSD rep-
resentations should be considered during data interpretation
and application in mathematical modeling.

It should be noted that the partial porosity for each pore-
size bin (interval) should be obtained by numerical integra-
tion of the functions (peak area under the curve with related
abscissa). The distribution dV/dD should be represented with
a linear abscissa (linear D scale), as shown by the dashed line
in Figure 3b. The plot of this function with a logarithmic
abscissa (Figures 3a and 3b, bold lines) is visually misleading
because the area under the curve is not proportional to the
partial volumes (Meyer and Klobes, 1999).

For geologic materials, because a logarithmically com-
pressed D-axis is preferred to represent the pore-size axis,
the dV/d(logD) distribution should be plotted versus log D.
However, it should be noted that the parameter dV/d(log D)
is related to a linear abscissa of “log D” values (blue abscissa in
Figures 3c and 3d). The absolute values of dV/d(logD) should
not be confused with partial pore volumes, even though they
have the same units (cubic centimeters per gram) (Meyer and

Klobes, 1999).

presented in Webb and Orr (1997). However, several such
models account for interactions for a particular pair of solid-
gas in a particular finite pore geometry (e.g., N, on carbon
surface with cylindrical pores, N, on oxide surface with cy-
lindrical pores, N, on pillared clays, N, on carbon slit pore,
and so forth). Overfitting the experimental data by the de-
convolution process in case of noisy data or a wrong model is
generally controlled by the “regularization” parameter (or the
smoothing parameter).

DFT has been used recently for characterization of the
pore structure of mudrock. However, the DFT model type is
based on a particular pair of solid-gas interactions, and it is
especially sensitive to surface composition and different pore
geometries. Adesida (2011) and Clarkson et al. (2012) used a
DFT model of N, adsorption on a carbon slit model (at 770
K) as the “kernel” for PSD inversion. There are other DFT
models for N, adsorption on other surface types and different
pore geometries. The different model pore types used in Fig-
ure 4a resulted in noisy and inconsistent PSD data, although
each produced a good fit for the experimental isotherm data
points (Figure 4b). Thus, a good fit of the model and experi-
mental isotherm data is not an indicator of the correct choice
of model and PSD of the sample (e.g., Clarkson et al., 2012).

Current DFT models are not adequate to model the
solid-gas interaction in real mudrocks, mainly because of
the compositional heterogeneity and difference in surface
energies of their constituent inorganic minerals and porous

organic matter. Although the DFT method is sophisticated

How do different inversion sche-
mes affect pore-structure attri-
bute data?

There are several methods to trans-
form raw adsorption isotherm data
into pore-size distributions; the
most commonly used are the BJH
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tion of several modeled individual
pore-model isotherms. The PSD is
solved numerically using a deconvo-
lution algorithm.

Details of these techniques and
the mathematical formalism are
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Figure 4. (a) Comparison of PSD results obtained by using different DFT models with N, as
adsorptive for inversion of the adsorption data for sample SS2-1. The regularization parameter
(Reg) is optimized with the rms error fit and is reported in the legend. The inverted results are
highly sensitive to the choice of methods. (b) Model fit to the experimental adsorption data (plus
symbols). The models show a reasonable match with the experimental data, but the inverted PSD
results are noisy and inconsistent with respect to each other. Inf. = infinite; As = aspect ratio; Cyl =
cylindrical pore; SWNT = single-wall nanotube; MWNT = multiwall nanotube.
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and has potential for mudrock applications in the future, the
BJH method based on the Kelvin model is suggested for the
mesopore PSD inversion of isotherm data for mudrock ap-
plications at present.

Another important key assumption, used for inverting
the isotherm data to obtain micropore volume (pore size <2
nm, IUPAC classification) and PSD by #plot and BJH theo-
ry, respectively, is the thickness (#) curve equation. It quanti-
fies the thickness of the adsorbed layer on the pore surface as
a function of relative pressure (P/P0).

Ideally, the thickness curve should be obtained from
an isotherm on a reference nonporous solid with the same
chemical and surface properties; this is difficult to obtain for
mudrocks because of compositional heterogeneity. Several
thickness equations have been proposed as a representative
“universal thickness curve,” of which the most generally ap-
plicable and most frequently employed are those of Harkins-
Jura, Halsey, and Broekhoff-de Boer. Each was developed
for a specific type of material using N, as the adsorptive.
The other commonly used thickness equations are those of
Kruk-Jaroniec-Sayari and the Carbon STSA equation. These
thickness equations are all empirical. In this section, we will
investigate the effect of the choice of “thickness” equation
on the inverted results of #-plot micropore volume and BJH
pore-size distribution.

Micropore volume (cm®/g)

Thickness equation
$S2-1 $82-5
Kruk- Jaroniec-Sayari 0.008 -0.000 (1)
Halsey 0.009 -0.000 (3)
Harkins-Jura 0.010 0.000 (4)
Breokhoff—de Boer 0.012 0.000 (3)
Carbon STSA 0.006 0.000 (3)

Table 2. Inverted micropore volumes for samples SS2-1 and S52-5
using t—plot method with different thickness curve equations.

Two examples are shown for #plot and BJH inversion
of adsorption isotherm data using different thickness equa-
tions, keeping all other parameters constant: one with a large
volume of fine pores of 2-5 nm (SS2-1) and one with an
abundant volume of pores >10 nm (SS2-5). The inverted mi-
cropore volume for §S2-1 varied from 0.006 to 0.012 cm®/g,
depending on the choice of thickness equation, with a coef-
ficient of variability of 0.249. The inverted micropore volume
for §82-5 has variation beyond three significant digits (Table
2).

Significant differences in the inverted PSD using the BJH
technique were present, depending on which thickness equa-
tion was used (Figure 5). In each case, the dominant pore
modes remain the same regardless of the thickness equation
used, but the differential pore volume for each pore size dif-
fers by as much as 30%, particularly in the smaller size range.
The mismatch in the differential pore volume is not signifi-
cant for pore diameters >10 nm.

The BJH computation method starts from higher pres-
sures, hence larger pore sizes, with lower pressures (smaller
pore sizes) in the later steps. Because of the method of cal-
culation, errors become cumulative toward the smaller pore
sizes, and the difference is more pronounced. Note that in
Figure 5, the distribution of pore sizes for the two kinds of
materials (one contains smaller mesopores than the other) is
consistent regardless of the thickness equation used. Only the
pore-volume values differ.

Because the physical measurement of the true #-curves
is difficult to obtain experimentally for heterogeneous geo-
logic samples such as mudrocks, for comparative study on
similar samples, the choice of any given thickness equation
is immaterial as long as it is consistent across a sample set. In
this study, we found that the Harkins-Jura thickness equa-
tion works best for mudrocks. It provides the most consistent
t-plot transform curve shapes and the closest (0, 0) intercept
in z-plots for the majority of low-SSA mudrock samples that
were analyzed.

It should be noted that the reality of pore structure is

much more complex than models

can account for, and inversion of

0.035 - 0.035

data based on theoretical grounds

L s includes simplifying assumptions
e (Rouquerol et al., 1994). The ab-
| el solute, or “true,” value of any pore

attribute cannot be measured, and
each experimental technique and
theoretical inversion gives a unique
value (Rouquerol et al., 1994). The
results should be used in a semi-
quantitative way to understand the
difference in pore structure among
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samples of interest. The reported
pore sizes should be interpreted as

Figure 5. PSD obtained from inversion of N, gas-adsorption data for two samples, (a) SS2-1 and (b)
882-5, using different thickness equations in the BIH method. The pore-size distribution data show the
similar peaks, but the absolute partial volume differs depending on the thickness equation used.

an “equivalent cylindrical pore-size
distribution” and should not be con-
sidered “absolute.”
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Reproducibility of N, gas-adsorption experimental data

Reproducibility tests were performed on five samples (S52-
1 through SS2-5) using the Micromeritics ASAP 2020 in
two laboratories, one in Golden, Colorado, USA, and one in
Houston, Texas, USA. Both instruments were calibrated by
certified standards, and the reported values were within the
range of uncertainty. The atmospheric pressure of these two
places is different, which resulted in the saturation pressure
of nitrogen, and measured saturation pressure under experi-
mental conditions was 603 to 626 torr in Golden and 757
to 766 torr in Houston. Different masses of hand-ground <
40-mesh powder splits were used (-~ 3 g in Houston and -5
g in Golden).

The comparison of raw adsorption data suggests that
measurements in the Golden laboratory reported system-
atically higher amounts of adsorbed gas compared with the
Houston laboratory for all samples. The inversion methodol-
ogy and parameters of the experimental data were consistent
for all samples. The inverted SSA (using the BET method),
total specific pore volume (using the Gurevich rule), and PSD
(using the BJH method with Harkins-Jura curve) are sys-
tematically higher when measured
in Golden compared with Houston

analysis in mudrocks. Crushing to < 40 mesh does not
potentially damage the pore structure in the range of in-
vestigation of as much as 200 nm.

2) Linear dV/d(logD) ordinate versus logarithmic pore-size
abscissa plots are recommended for PSD data representa-
tion.

3) BJH inversion is preferred over DFT inversion.

4) The r-plot and BJH inverted results depend on the choice
of thickness equation. It follows that any thickness equa-
tion can be used as long as it is consistent across a sample
set or comparison. The Harkins-Jura thickness curve is
preferred for mudrock application. Furthermore, the re-
sults should be used in a semiquantitative way to under-
stand the difference in pore structure among samples of
interest.

5) The average experimental uncertainty of measured specific
surface area and total specific pore volume is 10.5 relative
percent and 7.2 relative percent. The pore-size distribution
shows similar modes; however, the partial volumes varied
between 10 and 20 relative percent. TeE

(Table 3; Figure 6). Sample BET SSA (m?/g) Total specific pore volume* (cm?/g)
The average relative variation Golden Houston Golden Houston

in measured BET SSA for the five S$S2-1 26.28 23.29 0.0309 0.0287

samples is about 10.5% (1.4% to SS2-2 9.73 9.26 0.0208 0.0197

17.9%), and the average relative

variation in the measured total spe- S &) C e Uy

cific pore volume is 7.2% (5.4% to 582-4 18.65 15.59 0.0333 0.0304

9.1%). The PSD shows similarly $52-5 4.41 3.87 0.0140 0.0131

consistent pr0ﬁles and Shapes with *Single-point adsorption-specific pore volume of pores with less than 149.1-nm diameter,

similar modes; however, the partial calculated by the Gurevich rule. Quantity adsorbed interpolated at P/Po = 0.987.

volumes varied within 10% to 20%
(Figure 6). This uncertainty in the

Table 3. Results of reproducibility test for laboratories in Golden and in Houston.

inverted pore-structure attributes
is caused by uncontrolled experi-
mental variations. A reproducibil- 1
ity study (Klobes et al., 2006) on a

Pore Diameter (nm)

Pore Diameter (nm)
10 100 1 10 100

L 1iiin L 11l | III|II| |

certified mesoporous material CRM
BAM-PM-103 which involved 25
laboratories reported a variation of
9.2% in SSA using the BET method
(mean of 156.0 m?/g) and variation
of 6.4% in specific pore volume us-
ing the BJH method (mean 0.250
cm®/g).

0.02-

0.01-

dVidlog(D) (cmg)

Summary

Our conclusions are:

I
28

0.00 T
1) An intact shale sample might 0
have slow diffusivity and incom-
plete equilibrium during nitrogen

log,,D log,,D

gas-adsorption analysis (at 77°K).
Crushed hand-ground < 40-mesh

powder is recommended for such  magenta = S52-5.
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Figure 6. Comparison of PSD for different samples measured in Golden (lighter shade) and in
Houston (darker shade). (a) Red = $§52-1, blue = S52-2, black = $S52-3. (b) Green = §52-4,
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