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a b s t r a c t

Low-pressure gas adsorption is widely used for pore size analysis of porous materials, and has been
employed to characterize pore systems in shale. However, the complexity of shale pore structures means
that different methods and models may lead to distinct interprets for adsorption data. Non-local-density
functional theory (NLDFT) analysis based on N2 and CO2 composited adsorption isotherms is used here to
investigate the pore structure of nanopores in marine organic-rich shale and compare with the results
from some conventional methods in this paper. The results indicate that (1) The N2 adsorption isotherms
of organic-rich shale are a composite of Types I(b), II, and IV(a), according to the IUPAC (2015) classifi-
cation of physisorption isotherms. The hysteresis loops show similar shapes to Type H2(a). Delayed
capillary condensation is observed in the adsorption isotherms, and the desorption step is shifted to the
lower relative pressure of ~0.45 characteristic of the cavitation mechanism, indicating ink-bottle pores
with narrow necks. The CO2 adsorption isotherms are similar to Type I(b), but appear to increase without
limit when p/p0 ¼ 0.03 because of the occurrence of meso- and macropores in the shales. (2) NLDFT
method based on N2 and CO2 composited adsorption isotherms is the most suitable and accurate method
for using gas physisorption when considering the entire size distribution of nanopores, which allows a
suitable range of critical pore sizes (~0.33e100 nm) to be explored.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

With the exploration and development of shale gas, organic-rich
shales that were considered as petroleum source rocks have
become key unconventional gas and oil reservoirs [1e4]. Shale gas
may be stored in organic-rich shales as a combination of free,
adsorbed, and dissolved gas [1,5]. Its commercial production has
changed the world gas trade, and will play an increasingly impor-
tant role in the future energy structure. China is themost promising
country for shale growth outside North America that has so far
dominated shale gas supply.

At present, shale gas evaluation and exploration in China are
focused on South China, especially in and around the Sichuan Ba-
sin: for example, the lower Silurian Longmaxi marine shales, which
are widespread, thick, and have a high content of total organic
carbon, high thermal maturity, high quartz content, and low clay
content [6e12]. The first large-scale developed shale gas field in
Chinadthe Fuling shale gas fielddwas found by SINOPEC in the
Longmaxi Formation of the eastern Sichuan Basin in 2014. Com-
mercial gas flows from the Longmaxi Formation of the Chang-
ningeWeiyuan Block in the southwestern Sichuan Basin have also
been exploited by PetroChina.

The pores in organic-rich shales are predominantly nanometer
in scale (i.e., nanopores) [13e18], and they greatly influence the
ability of pore systems to store and release hydrocarbon gas and to
transmit fluid to fracture networks. In nanopore structures, phys-
isorption filling may be regarded as the primary physisorption
process at the micropore scale (diameter, D < 2 nm), and surface
coverage takes place on the walls of mesopores (2 nm < D < 50 nm)
or open macropores (D > 50 nm), which causes mono-multilayer
adsorption and pore condensation [5,14,16,19e21]. Micro-scale ef-
fects such as slippage and adsorption/desorption also significantly
influence the gas flow in nanopore channel systems [22]. Therefore,
the investigation of nanopore systems can provide a better un-
derstanding of the gas storage and migration pathways in shales.
An accurate depiction of the nanopore structure is critical for the
quantification of producible resources and the evaluation of long-
term production behavior.
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In this study, nanopores mainly include pores with widths not
exceeding ~100 nm, which include micropores (<2 nm), mesopores
(2e50 nm), and part of macropores (50e100 nm) [21]. Low-
pressure gas adsorption is a well-established approach for the
characterization of pore structures, including those in shale
[12,14,16,23,24]. Nitrogen adsorption at 77 K is the standard
method for pore size analysis. Nitrogen adsorption via the phys-
isorption filling of wide micropores (i.e., D > 0.7 nm) [21] still oc-
curs at very low pressures. The quadrupolar nature of the nitrogen
molecule is largely responsible for its specific interaction with the
functional groups on the adsorption surface, which affects the
orientation of the adsorbed molecule on the surface and the
micropore filling pressure. For this reason, only pores with
D > ~1.3 nm can be explored by N2 adsorption at 77 K. The relatively
high boiling point (273 K) and high saturation vapor pressure
(~3.5 MPa) of CO2 make studying its adsorption at 273 K an
acceptable method for investigating materials with very narrow
micropores (as small as 0.33 nm) [21]. On the other hand, the
maximum relative pressure for measurements with CO2 at 273 K is
p/p0 ¼ ~0.03 (corresponding to ambient pressure), which allows
only pores with D < 1 nm to be explored. Macropores with
D > 100 nm cannot be measured accurately with low-pressure gas
adsorption of N2 or CO2; therefore, the combination of CO2 and N2

adsorption data covers a wide range of micropore to macropore
sizes in the range ~0.33e100 nm, which extremely fits with the
range of nanopore.

Previous studies have indicated that organic-rich shale has
complex, heterogeneous nanopore structure. The pores vary widely
in size (from micropores to macropores), type (e.g., interparticle
and intraparticle mineral pores, intraparticle organic-matter pores,
and fracture pores), and morphology (e.g., slit-shaped, ellipsoidal,
spherical, and ink-bottle) [3,5,23e25]. Different methods and
models have been used to evaluate surface area, pore volume, and
pore size distribution (PSD) of the porous materials. For example,
specific surface area is usually calculated from N2 adsorption data
by the BrunauereEmmetteTeller (BET) [26] and t-plot [27e31]
methods, and pore volume is generally assessed from CO2
adsorption data by the DubinineRadushkevich (DeR) model [32]
and from N2 adsorption data by the BarretteJoynereHalenda
(BJH) method [33]. Pore size distributions are mostly determined
by the BJH method [8,11] and density functional theory [34] (DFT)
or non-local DFT (NLDFT) [5,24,25,35,36]. However, these popular
methods of characterizing pure porous materials or millimeter-to-
micron scale conventional reservoirs are not normally effective for
studying the complex nanopores in shale.

For instance, the BET method, established for mesoporous and
macroporous materials, is not applicable to microporous adsor-
bents owing to the limitations of its theoretical foundation
[21,37e39]. The application of the traditional BET method should
be treated with caution for pore size/volume analysis owing to the
existence of micropores in the organic-rich shale. Because the
Langmuir equation is based on monolayer adsorption, this popular
method is not suitable for the assessment of micropores, in which
micropore filling is dominant. For organic-rich shale with a pore
size distribution over a broad range including micropores, meso-
pores, and macropores, it may be impossible to separate the pro-
cesses of monolayeremultilayer adsorption and micropore filling.
Furthermore, capillary condensation occurs in the multilayer range
of physisorption isotherms owing to the presence of mesopores.
The basic limitations of the BET method have been reduced and the
revised standardization of its application was proposed in the
IUPAC Technical Report, 2015 [21], but that is not enough for the
shale analysis.

Microporosity is often assessed by the application of the t-plot
and as-plot methods. The standard multilayer thickness curve of
the t-plot method is dependent on the application of the BET
method, and thus may not be strictly applicable [29]. That makes
the as-plot method preferred, because it does not require an eval-
uation of monolayer capacity, and so is more adaptable than the t-
plot [21]. However, the as-plot method requires a homogeneous
and absolute nonporous material as a reference material [29]. The
amount adsorbed at a preselected relative pressure (generally p/
p0 ¼ 0.4) of the reference material is normalized to plot the stan-
dard isotherm when using this method. It is difficult to find an
eligible reference material when the sorbent is shale.

The BJH method for mesopore size analysis uses the modified
Kelvin equation. Although using the Kelvin equation tends to
significantly underestimate the pore size for narrow mesopores
[21,20,24]. The applicability of the DeR method for microporous
materials is also questionable [37,39]. DFT and NLDFT methods
based on high-resolution experimental adsorption isotherms pro-
vide a reasonably reliable approach to pore size/volume analysis
over the complete nanopore range [37,37,39e42]. These methods
allow calculation without restriction, but it is difficult to select an
accurate simplex pore shape model in the existing commercial
software to interpret the heterogeneous pore structures found in
shale.

The current study examined 14 core samples of black shale from
the lower Silurian Longmaxi Formation in Fuling and Chang-
ningeWeiyuan, two shale gas demonstration zones. The main aims
of this work are to: (1) determine the more suitable method and
model for shale pore structure analysis by comparing advantages
and limitations of different methods and models; (2) discuss the
application of DFT- or NLDFT-based methods based on N2 and CO2
physisorption isotherms in the nanopore structure characterization
of organic-rich shales; and (3) investigate the nanopore structure
(including surface area, pore volume, and pore size distribution) of
organic-rich shale of the Longmaxi Formation.

2. Experiment and methods

2.1. Samples

The studied samples were black shales from the bottom of the
Longmaxi Formation collected from the JY4 drilling well in the
Fuling block and the W201 drilling well in the WeiyuaneChangn-
ing block. Basic information on the samples is listed in Table 1.

2.2. Low-pressure N2 and CO2 adsorption

Low-pressure N2 and CO2 gas adsorption measurements were
conducted on a Micromeritics ASAP-2460 Accelerated Surface Area
and Porosimetry System. Samples were crushed to 60e120 mesh
size. Subsequent automatic degassing at 110 �C for ~12 h (Micro-
meritics VacPrep 061 degasser) removed the gas, free water, and
any other possible hydrocarbons. The equilibrium interval (i.e., the
time during which the pressure must remain stable within a small
range) was 30 s for N2 and 45 s for CO2. The relative pressure (p/p0)
was 0.005e0.995 for N2 adsorption and 0.00006e0.03 for CO2
adsorption. During the CO2 adsorption measurements, the free
spaces were tested separately and input manually.

The N2 and CO2 adsorption isotherms were automatically
generated by the instrument. The surface area, pore volume, and
PSDs were then calculated based on various adsorption theories.

2.3. Application of the BET method

The BETmethod is themost widely used procedure for assessing
the special surface area of powders and porous solids [37e39]. The
BET equation (Eq. (1)) is usually applied in the linear form:



Table 1
Basic information on the shale samples.

Sample ID Sampling location Formation Depth (m) TOC (%) Sample ID Sampling location Formation Depth (m) TOC (%)

JY4-2 Fuling shale
gas
demonstration zone

Longmaxi 2540 0.87 W201-1 Changning-Weiyuan
shale gas
demonstration zone

Longmaxi 1504 0.93
JY4-5 2550 1.34 W201-12 1514 1.79
JY4-9 2559 2.44 W201-23 1524 2.97
JY4-12 2565 3.25 W201-27 1528 1.63
JY4-14 2573 2.20 W201-30 1529 4.17
JY4-16 2578 3.01 W201-32 1533 2.89
JY4-19 2587 3.50 W201-43 1543 5.07
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where n is the specific amount adsorbed at the relative pressure p/
p0, nm is the specific monolayer capacity, and the parameter C is
exponentially related to the energy of monolayer adsorption.

Owing to the limitations of BET theoretical foundation, con-
ventional BET equation cannot be applied without extreme caution
in microporous materials, which can be applied in the part of
mesopores without capillary condensation in the multilayer range
of physisorption isotherms. For this reason, some application
criteria should be established for the application of the BET method
to shale study. In the present study, comparing the experimental
data for the shale samples with the classic BETequation data clearly
shows that the equation only applies to low relative pressure and
significantly overestimates the adsorption at relative pressures
higher than 0.15. The equation is often restricted within the p/p0

range of ~0.05e0.30. Therefore, for BET analysis the p/p0 value of
porous shale samples should be within the range ~0.05e0.15. This
agrees with the selection criteria of Rouquerol et al. [38] and
Thommes et al. [21] for microporous adsorbents, which allow one
to avoid any subjectivity in evaluating the BET monolayer capacity.
The application of the BET method for shales is based on the
following main criteria: (1) that p/p0 lies within the range of
~0.05e0.15; (2) that the term (1 � p/p0) continuously increases
with p/p0, and 5e8 points should be selected; and (3) that the
quantity C is positivedpreferably as small as possibledand the
correlation coefficient is greater than 0.9999.

Finally, the BET areas are obtained in the range of ~1.3e100 nm
(Table 2), an apparent surface area that should not be treated as a
realistic probe-accessible surface area, especially for micropores.
2.4. Application of the t-plot method

The t-plot method is more likely to be used for routine analysis
comparing with as-plot method. The t-plot method commonly uses
the HarkinseJura thickness equation [30,43] (Eq. (2)). The thickness
(t value) should be within the range of ~0.35e0.45 nmwhen the p/
p0 value is within the same range of ~0.05e0.15 as for the BET
method. The thickness range may not be strictly applicable, so we
select a thickness range of 0.6e0.8 nm to obtain the microporosity
data (Table 2) and compare the results with other methods and
models.

t ¼
2
4 0:1399

0:034� log
�
p�p0

�
3
5
1 =

2

; (2)

where t is the multilayer thickness of adsorbed layer at the relative
pressure p/p0.
2.5. BJH method

Though the pore size for narrow mesopores always be under-
estimated by the BJH method, the BJH method may still be useful
for routine work. The BJH surface areas (Smes-mac(BJH)) and pore
volumes (Vmes-mac(BJH)) listed in Table 2 are within the pore-size
range of 2e100 nm. The BET micropore surface areas (Smic(BET))
(Table 2) then obtained by subtracting the BJH areas from the BET
areas refer to the surface area of micropores with sizes within the
range of 1.3e2 nm.
2.6. DFT and NLDFT methods

DFT- and NLDFT-basedmethods for pore size/volume analysis of
nanoporous materials are now available for many adsorption sys-
tems [37,39,40]. They allow the calculation of a series of theoretical
isotherms without restriction (e.g., p/p0) for a particular adsorptive/
adsorbent pair. Pores within the range of ~0.33e1 nm can be
explored with CO2 at 273 K, and pores within the range of
~1.3e100 nm can be explored with N2 at 77 K using DFT. The N2 and
CO2 data can be automatically fitted using NLDFT via measurement
by Micromeritics ASAP-2460. Overall, pores of ~0.33e100 nm can
be explored for nanopore analysis. Therefore, the composite of N2
and CO2 by NLDFT provides a reasonably reliable analysis of the
whole nanopore size distribution. The parameters of nanopore
structure and critical nanopore ranges obtained by DFT and NLDFT
are listed in Table 3.
3. Results and discussion

3.1. Adsorption isotherms

Adsorption isotherms and hysteresis loops can reveal the pore
shape, size, and volume of porous materials [29]. Fig. 1 presents the
N2 isotherms of a few typical organic-rich shale samples from the
Sichuan Basin, China, which are similar to those of the Perth and
Canning shales [25], and mudstone from the Western Canada Ba-
sin.55 However, different type classifications were suggested for
these N2 adsorption isotherms. For example, the Perth, Canning,
and Western Canada samples showed isotherms of Type I [36], II
[24], and IV [25], respectively, according to the IUPAC classification
of adsorption isotherms and hysteresis loops [21]. Here, we suggest
that the N2 isotherm is a composite of Types I(b), II, and IV(a). The
steep uptake (micropore filling) at very low relative pressures,
Point B (the beginning of monolayer-multilayer adsorption on the
mesopore walls), hysteresis loop (capillary condensation), and
sharp uptake (unrestricted monolayer-multilayer adsorption) at a
relative pressure close to unity (i.e., p/p0 ¼ 0.95) indicate that these
shales possess a hierarchical pore structure containing a broad
range of pore sizes from micropores to macropores. A significant
amount of adsorption at low relative pressure (i.e., p/p0 < 0.05) is
indicative of microporosity.



Table 2
Pore structure parameters obtained by the BET, BJH, and t-plot methods.

Sample ID BET method BJH method t-plot method with HeJ thickness equation

Stotal(BET) (m2/g) Smic(BET) (m2/g) Smes-mac(BJH) (m2/g) Vmes-mac(BJH) (10�3 cm3/g) Smic(t-plot) (m2/g) Sext(t-plot) (m2/g) Vmic(t-plot) (10�3 cm3/g)

Range (nm) Range (nm) Range (nm)

1.3e100 1.3e2 2e100 1.3e2 2e100 1.3e2

JY4-2 17.03 8.26 8.77 19.07 8.00 9.02 3.92
JY4-5 15.44 8.84 6.60 13.10 8.88 6.56 4.25
JY4-9 20.64 11.10 9.54 16.11 11.60 9.04 5.49
JY4-12 26.11 15.39 10.72 24.67 15.12 11.00 7.05
JY4-14 20.34 11.57 8.77 16.51 12.13 8.21 5.67
JY4-16 22.59 12.93 9.66 16.00 13.16 9.43 6.06
JY4-19 24.24 13.41 10.83 22.20 13.69 10.55 6.28
W201-1 19.83 7.22 12.61 29.41 7.11 12.72 3.56
W201-12 20.20 9.42 10.78 23.90 9.70 10.49 4.66
W201-23 22.41 11.26 11.15 23.86 11.92 10.50 5.70
W201-27 16.14 6.39 9.75 22.21 6.42 9.72 3.17
W201-30 33.40 17.82 15.58 26.08 18.70 14.70 8.83
W201-32 22.56 9.73 12.82 27.92 10.54 12.02 5.29
W201-43 26.68 18.53 8.15 10.57 19.15 7.53 8.68

Table 3
Pore structure parameters obtained by the DFT and NLDFT methods.

Sample ID DFT Model with N2 Composited N2 and CO2 NLDFT Model

Surface areas (m2/g) Pore volumes (10�3 cm3/g) Surface areas (m2/g) Pore volumes (10�3 cm3/g)

Smic(DFT) Smes(DFT) Smac(DFT) Vmic(DFT) Vmes(DFT) Vmac(DFT) Smic(NLDFT) Smes(NLDFT) Smac(NLDFT) Vmic(NLDFT) Vmes(NLDFT) Vmac(NLDFT)

Range (nm) Range (nm) Range (nm) Range (nm)

1.3e2 2e50 50e100 1.3e2 2e50 50e100 0.33e2 2e50 50e100 0.33e2 2e50 50e100

JY4-2 1.31 1.41 0.03 0.91 6.35 1.16 14.43 4.27 0.06 4.63 17.84 2.25
JY4-5 1.61 1.70 0.02 1.15 5.17 0.64 13.78 3.04 0.02 4.66 10.72 0.90
JY4-9 2.12 1.77 0.03 1.50 5.41 0.87 18.44 4.15 0.04 6.17 15.23 1.25
JY4-12 2.55 1.51 0.05 1.79 5.18 1.56 23.96 5.03 0.06 7.94 20.16 2.03
JY4-14 2.34 2.44 0.04 1.69 7.14 1.36 19.05 3.70 0.04 6.28 12.68 1.45
JY4-16 2.88 2.10 0.02 2.04 6.30 0.65 20.82 4.19 0.03 6.97 14.76 1.18
JY4-19 2.78 2.16 0.04 1.99 7.03 1.18 22.08 4.77 0.05 7.34 17.84 1.67
W201-1 1.28 2.08 0.06 0.90 8.98 2.01 14.85 5.72 0.06 5.05 24.28 2.11
W201-12 1.89 1.35 0.05 1.29 6.81 1.83 16.81 4.91 0.09 5.62 21.58 3.79
W201-23 2.69 1.26 0.05 1.86 6.25 1.57 20.48 5.04 0.09 6.51 21.83 3.71
W201-27 1.27 1.50 0.06 0.88 7.77 2.16 12.77 4.55 0.08 4.21 20.48 3.46
W201-30 4.32 3.68 0.04 3.06 11.29 1.38 29.33 6.77 0.06 10.01 24.16 2.13
W201-32 1.88 1.93 0.08 1.29 9.43 2.70 20.25 5.86 0.12 6.22 25.49 4.73
W201-43 3.58 2.22 0.01 2.55 5.07 0.33 26.81 3.20 0.02 9.08 9.06 0.61
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Hysteresis generally associated with capillary condensation
occurs when the pore width exceeds a certain critical width, and it
always occurs for pores wider than ~4 nm [37,40,41]. The hysteresis
loop in Fig. 1 appears similar to Type H2(a). Delayed capillary
condensation is observed in the adsorption isotherms, while the
desorption step is shifted to a lower relative pressure of ~0.45
characteristic of the cavitation mechanism, indicative of ink-bottle
pores with narrow necks.

The Type I(b) CO2 adsorption isotherms in Fig. 2 indicate
microporous materials with a broad pore-size distribution
including wider micropores and possibly narrow mesopores
(<~2.5 nm). The isotherms are concave to the p/p0 axis, and the
amount adsorbed appears to increase without limit when p/
p0 ¼ 0.03 because of the meso- and macropores in the shale.

3.2. Surface areas analysis

The physisorption isotherm is the only result measured using
low-pressure gas adsorption, all the parameters characterizing pore
systems are obtained using various methods and models based on
different principles and assumptions. If the principles and appli-
cable conditions of the methods are not considered, the obtained
parameters are meaningless and inaccurate. Therefore, the appro-
priate choice of method is crucial to the accurate characterization of
a shale nanopore system from its physisorption isotherm.

DFT- or NLDFT-based methods have been developed for the
accurate and comprehensive analysis of pore structures for various
adsorbent systems and pore geometries (e.g., cylindrical, slit,
spherical, or hybrid). The determination of pore structure param-
eters from DFT- or NLDFT-based methods and other popular
methods is discussed below.

The total specific surface areas calculated from the adsorption
isotherms using the BET method and composited N2 and CO2
NLDFT are presented in Tables 2 and 3, respectively. The total
specific surface areas obtained by the BET method (Stotal(BET)) for
the 14 samples range from 15.44 to 33.40 m2/g with a mean of
21.97 m2/g. The NLDFT total specific surface areas (Stotal(NLDFT))
(range 16.84e36.16m2/g, mean 24.27m2/g) are slightly higher than
the BET areas, because the probed pore range (~0.33e2 nm) in the
NLDFT method is greater than the analysis range (~1.3e2 nm) of
BET.

The micropore surface areas (Smic(t-plot)) and non-micropore
surface areas (Sext(t-plot)) calculated by the t-plot method and
Smic(BET) obtained by subtracting the BJH areas from the BET areas



Fig. 1. N2 isotherms of typical organic-rich shale samples from the Sichuan Basin,
China.

Fig. 2. CO2 isotherms of typical organic-rich shale samples from the Sichuan Basin,
China.
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are presented in Table 2. The specific surface areas of micropores
and meso- and macropores calculated by DFT (Smic(DFT) and Smes-

mac(DFT)) and by composited N2 and CO2 NLDFT (Smic(NLDFT) and
Smes-mac(NLDFT)) are listed in Table 3. Micropores are the major
contributor to the specific surface areas. The Smic(BET) (range
6.39e18.53 m2/g, mean 11.56 m2/g) and the Smic(t-plot) (range
6.42e19.15 m2/g, mean 11.87 m2/g) values are similar to each other.
However, the Smic(NLDFT) (range 12.77e29.33 m2/g, mean
19.56 m2/g) values are much larger, as the pores within the range of
~0.33e2 nm can be explored by the composited N2 and CO2 NLDFT
method. The Smes-mac(NLDFT) values (range 3.06e6.83 m2/g, mean
4.71 m2/g) are slightly lower than the Sext(t-plot) values (range
6.56e14.7 m2/g, mean 10.11 m2/g), which means that Sext(t-plot)
may contain the surface areas of some interparticle pores and pores
larger than 100 nm. Both Smic(DFT) (range 1.27e4.32 m2/g, mean
2.32 m2/g) and Smes-mac(DFT) (range 1.3e3.72 m2/g, mean 1.98 m2/
g) are smaller than the respective values calculated by other
methods.

The correlations of the total specific surface areas obtained by
the BET method and composited N2 and CO2 NLDFT are generally
similar and linearly related (Fig. 3a), indicating that both methods
(the former specifically with definite criteria) are suitable for
analysis of the total specific surface area. The correlations of
micropore surface areas from the deduction of BET and BJH areas
and from the t-plot method with the HarkinseJura thickness
equation are plotted in Fig. 3b. Both micropore surface areas appear
very similar and linearly related, which further supports the pro-
posal that both the BET method and the t-plot method are intrin-
sically identical when the proper thickness model is used in the
latter. The micropore surface areas from the t-plot, DFT, and NLDFT
methods are similar and linearly related (Fig. 3c), suggesting their
suitability for analyses of micropore surface area. However, the
meso- and macropore surface areas from DFT deviate significantly
from the corresponding data obtained by NLDFT (Fig. 3e), which
means that DFT is not ideally suited for mesopore and macropore
surface area analysis.

Similar conclusions can be made based on the SPSS Reliability
Statistics. The value of Cronbach's Alpha based on standardized
items of micropore surface areas obtained from the t-plot, DFT, and
NLDFT methods is 0.94, which indicates good statistical reliability
of the micropore surface areas obtained using the three methods.
However, the Cronbach's Alpha based on standardized items of
mesopore and macropore surface areas obtained from the BJH and
DFT methods is 0.725, which means that the meso- and macropore
surface areas obtained from these methods need to be revised.

To sum up, the composited N2 and CO2 NLDFT method is the
most suitable method for the analysis of specific surface area,
including micro-, meso-, and macropore surface area, and total
area.

3.3. Pore volumes analysis

The micropore volumes calculated by the t-plot (Vmic(t-plot)),
DFT (Vmic(DFT)), and composited N2 and CO2 NLDFT (Vmic(NLDFT))
methods are presented in Tables 2 and 3, respectively. The Vmic(t-
plot) value (range 3.17 � 10�3 to 8.83 � 10�3 cm3/g, mean
5.62 � 10�3 cm3/g) is slightly smaller than the Vmic(NLDFT) value
(range 4.21� 10�3 to 10.01� 10�3 cm3/g, mean 6.48� 10�3 cm3/g),
because only the pores of size ~1.3e2 nm can be explored using the
t-plot method.

The BJH volume (Vmes-mac(BJH)) and the meso- and macropore
volumes calculated by DFT (Vmes-mac(DFT)) and by composited N2
and CO2 NLDFT (Vmes-mac(NLDFT)) are presented in Tables 2 and 3,
respectively. The range of Vmes-mac(BJH) values is 10.57 � 10�3 to
29.41 � 10�3 cm3/g (mean 20.83 � 10�3 cm3/g). The range of Vmes-

mac(NLDFT) values is 9.66 � 10�3 to 30.22 � 10�3 cm3/g (mean
20.53 � 10�3 cm3/g), and the mesopores are the major contributor
to the pore volumes. The values from DFT (i.e., Vmic(DFT), range
0.88 � 10�3 to 3.06 � 10�3 cm3/g, mean 1.64 � 10�3 cm3/g; Vmes-

mac(DFT), range 5.4 � 10�3 to 12.67 � 10�3 cm3/g, mean
8.4 � 10�3 cm3/g) are both smaller than those calculated by other
methods.

The micropore volumes from the t-plot, DFT, and NLDFT
methods are mostly similar to each other and linearly related
(Fig. 3d), which indicates the suitability of these methods for
micropore volumes analysis. However, the meso- and macropore
volumes obtained from DFT deviate significantly from the corre-
sponding data from NLDFT (Fig. 3f), indicating that DFT is not
ideally suited for mesopore and macropore volume analysis.

The value of Cronbach's Alpha, from the SPSS Reliability Statis-
tics, based on standardized items of micropore volumes obtained



Fig. 3. Comparisons of results obtained from various analysis methods.
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from the t-plot, DFT, and NLDFT methods is 0.979, which indicates
statistically good reliability of the three methods. However, the
value of Cronbach's Alpha based on standardized items of meso-
pore and macropore volumes obtained from the BJH and DFT
methods is 0.740, which means that the meso- and macropore
volumes obtained from these methods need be revised. Therefore,
the results of rigorous data processing indicate that the N2 and CO2
composited NLDFT method is reliable and accurate.
3.4. NLDFT pore size distributions (PSDs)

A plot of dV/dlog(D) versus D (pore diameter) for N2 and CO2 is
commonly used to illustrate the pore size distribution
[8,11,14,16,24,44], and is used to compare the relative pore volumes
between any pore size ranges, because the “visual area” under the
curve of dV/dlog(D) is proportional to the real volume.

The combination of CO2 and N2 adsorption data can enable pore
size analysis for micro-to macroporosity up to a limit of ~100 nm
[24]. Fig. 4 presents the pore size distributions of two typical shale
samples, as automatically calculated and fitted by the ASAP-2460
analyzer based on the N2 and CO2 adsorption data using the
NLDFTmethod. In dV/dlogD vs. pore diameter plots, the CO2 and N2
curves start and end, respectively, at 2 nm in a near seamless
transition (Fig. 4). The two curves also indicatemulti-modal PSDs in
the shale pore structure.

From the above, it is clear that the most suitable critical range of
~0.33e100 nm can be explored by the composited N2 and CO2
NLDFT method, which shows high reliability and accuracy over the
entire range of nanopore sizes. Therefore, data analyzed using this
method will be discussed in detail for the entire nanopore size
range in a following study.
4. Conclusion

Low-pressure N2 and CO2 adsorption tests explored the nano-
pore structures of organic-rich shale from drillcore samples. The
main conclusions are as follows.

(1) Methodology principle analysis, comparisons, and SPSS
reliability statistics of the experimental results indicate that
the composited N2 and CO2 NLDFT method is the most
suitable approach for gas physisorption data analysis in shale
research. This method allows the most suitable detection
range (~0.33e100 nm) and has high reliability and accuracy
over the entire nanopore size range.

(2) The N2 physisorption isotherms obtained in this study are a
composite of Types I(b), II, and IV(a), according to the IUPAC



Fig. 4. Plot of dV/dlog(D) versus D for the pore size distribution of two typical organic-
rich shale samples from the Sichuan Basin, China, obtained by the NLDFT method
based on N2 and CO2 adsorption isotherms. Arrows indicate the range of pore sizes
covered by N2 and CO2 adsorption.
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(2015) classification. The shapes of the hysteresis loops
appear similar to Type H2(a), and are attributed either to
pore-blocking in the case of narrow pore necks (e.g., ink-
bottle pores) or to cavitation-induced evaporation. The CO2
physisorption isotherms appear similar to Type I(b), but in-
crease without limit when p/p0 ¼ 0.03 because of the meso-
and macropores in shales.

(3) Micropore surface area and mesopore volume are the most
important parameters of nanopore structure in shale,
because the amount of adsorbed gas in shale depends mainly
on the micropore surface area, and the content of free gas is
determined by meso- and macropore volume, especially the
mesopore volume. The studied samples have micropore
surface areas of 12.77e29.33 m2/g (mean 19.56 m2/g) and
mesopore volumes of 9.66 � 10�3 to 30.22 � 10�3 cm3/g
(mean 20.53 � 10�3 cm3/g).
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