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Abstract
The critical pressure (Pc) and critical temperature (Tc) of shale gas depend on the characteristic pore size because of the 
importance of fluid–rock interactions in the matrix. This size dependency is neglected in highly permeable formations, where 
gas composition is only implemented because the fluid–fluid interactions are dominant. This study determines the critical 
properties by accounting for the characteristic pore size in the shale matrix and gas composition. The analyzed components 
are carbon dioxide, ethane, methane, n-butane, nitrogen, pentane, and propane. It shows that the bulk properties overestimate 
the actual critical properties. The overestimation varies between 15 and 26% in a uniform 5 nm conduit with a circular cross 
section, and it increases nonlinearly when decreasing the conduit size. Overestimation versus size is presented to provide a 
convenient tool for correcting the existing data. This study also determines the critical properties of Midra shale by accounting 
for the pore-throat size and pore-body size distributions. The former distribution is based on the mercury injection capil-
lary pressure measurements of eight samples, whereas the latter is based on the nitrogen adsorption measurements of six 
samples. This study indicates that common bulk properties overestimate the critical properties of the studied shale between 
5 and 22%. The results have applications in characterizing multiphase transport in shale gas reservoirs.
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Introduction

The shale matrix is a nanofluidic system because its pore-
throat and pore-body sizes are on the order of nanometers 
(Loucks et al. 2009; Milliken et al. 2013; Yu et al. 2018). 
Nanofluidics is a field study devoted to fluid transport in 
the sub-100 nm conduit (Eijkel and van den Berg, 2005; 
Tran and Sakhaee-Pour 2019). Because of the nanosize con-
finement, there are challenges in characterizing transport in 
shale. For instance, Singh and Singh (2011) indicated that 
the flow behavior changed significantly when the conduit 
was narrower than ten fluid molecules because they inter-
acted with the boundary more than they did with each other. 
Their study underscores the importance of pore confinement 
for phase behavior based on the Monte Carlo simulation. 
Other researchers also stated that the phase equilibrium in 
nanosize pores deviated from the bulk behavior (Xiong et al. 
2021; Zhao et al. 2021).

Because of the ultra-narrow conduits in the shale matrix, 
its transport properties differ from those of more permeable 
media. For instance, Li et al. (2016) reported that methane 
adsorption to the pore wall became important in determining 
transport in shale. Their molecular dynamics study shows 
that slippage and adsorption have competing effects on per-
meability, consistent with an earlier study in the literature 
(Sakhaee-Pour and Bryant 2012). Also, Song et al. (2018) 
proposed an analytical model based on fractal theory to 
estimate gas slippage in shale. Their findings, which agree 
with the study by Wang et al. (2017), suggest that the sur-
face diffusion controls the gas transport where the conduit 
is narrower than 50 nm. Further, Wang et al. (2016) stated 
that velocity profiles became plug-like in the pressure-driven 
flow of octane and supercritical carbon dioxide in nanosized 
slits in the matrix. Moreover, Bai et al. (2019) emphasized 
the importance of accurately characterizing methane diffu-
sion to understand shale gas transport. For this reason, they 
conducted a pressure pulse experiment to determine the 
effects of pore pressure on the diffusion coefficient, which 
was divided into three stages depending on the pore size.

Researchers have also studied the effects of thermal treat-
ment on the shale pore structure. Chandra et al. (2023) used 
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a high-resolution image, gas adsorption, small-angle X-ray, 
and neutron scattering to characterize the pore structure in 
oxic and anoxic environments heated up to 300°C. They 
indicated that heating formed new pores. In addition, Hazra 
et al. (2023) analyzed the effects of low-temperature com-
bustion on the pore structure. Their low-pressure gas adsorp-
tions confirmed that the pore structure changed significantly. 
More recently, Aruah et al. (2024) investigated the effects of 
thermal treatment on shale by interpreting its permeability 
from mercury injection capillary pressure measurements. 
They reported that the matrix permeability increased up 
to 20%, and there might be an optimum scenario for the 
enhancement that could be determined only experimentally.

Because of the importance of pore size in shale, research-
ers adopted different approaches to characterize it (Liu 
et al. 2022; Taghavinejad et al. 2020). For instance, Mastal-
erz et al. (2013) used mercury injection capillary pressure 
measurements to determine the pore-throat size distribution. 
Moreover, Clarkson et al. (2013) comprehensively analyzed 
shale formations using different techniques. They compared 
the results of small-angle and ultra-small-angle neutron scat-
tering, low-pressure adsorption, and high-pressure mercury 
intrusion measurements on shale samples from North Amer-
ica. In addition, Zapata and Sakhaee-Pour (2016) employed 
nitrogen adsorption–desorption hysteresis to characterize the 
pore-body size distribution based on the acyclic model in 
which the spatial distribution of pore size is not random, and 
there is a single path between two points in the connected 
network of pore space (Sakhaee-Pour and Bryant 2015; 
Sakhaee-Pour and Li 2016). Further, two groups used scan-
ning electron microscope images to explore the pore size 
(Deng et al. 2016; Liu et al. 2019) and provided detailed 
information about the shale samples. Further, Hazra et al. 
(2018a, b) characterized shale using low-pressure nitrogen 
adsorption–desorption experiments and concluded that a 
larger specific surface area corresponded to a higher thermal 
maturity in the studied shale.

Shale gas production has remained at an early stage in 
the Middle East, but there has been an increasing interest 
in unconventional hydrocarbon reservoirs in the region 
(Al-Shawaf et al. 2016; Al-Shamali et al. 2017). Cavelier 
(1970) was the first person to analyze the Qatari shale and 
describe its geology. More recently, Sahin (2013) assessed 
the potential of shale by exploring the Paleozoic sequence 
in the Middle East and reviewed the primary sources of 
unconventional gas to guide exploration activities. Also, 
Casey et al. (2015) presented an economic model for shale 
gas in Saudi Arabia to capture various phases of uncon-
ventional resource development. They adjusted the base 
model originally tested against a North American shale 
to calibrate for a specific field. Moreover, other research-
ers have explored the stratigraphy and fossil content of 
shale (Al-Saad 2005; Al-Saad and Sadooni 2011) without 

assessing its potential as a hydrocarbon resource, unlike 
the recent study by Al-Saad et al. (2019) for the Unayzah 
formation. Al-Saad et al. (2019) collected twenty samples 
from three wells in the Dukhan field; many were of poor 
quality with low total organic carbon content. In addition, 
Alessa et al. (2021) evaluated the pore structure of Midra 
shale by analyzing mercury injection capillary pressure 
and nitrogen adsorption measurements. While their study 
reports the pore-throat and pore-body size distributions 
of the Midra shale, there is limited information about its 
transport properties.

This study determines the critical properties (Pc and Tc) 
of Midra shale. It first determines the critical properties 
of various gas components, such as methane, ethane, and 
propane, in a nanosize conduit by quantifying the error 
of using bulk properties instead of actual properties. It 
then quantifies the critical properties of the Midra shale 
by accounting for the effective pore-throat and pore-body 
sizes. The effective sizes are interpreted from core-scale 
measurements.

Studied shale

This study investigated shale samples from the Midra for-
mation collected from the Dukhan Hills at Umm Bab in 
Qatar (Alessa et al. 2021, 2022). The Midra formation is 
a yellowish-brown and greenish-gray slate, and its con-
sistency, color, and composition vary in the region. Its 
sediments are formed of thin, friable foliations and stained 
with pinkish and red colors because of the weathering of 
the iron contents in the upper sediments. Figure 1 shows 
examples of the studied shale.

Fig. 1  Examples of the studied shale
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Method

The critical properties (Pc and Tc) of a gas are required for 
modeling its multiphase transport. They are used to estimate 
fundamental properties, such as gas density ( �g) , formation 
volume factor (Bg), and viscosity (μg) . The critical proper-
ties in a nanosize conduit deviate from the bulk properties in 
wider pores abundant in highly permeable formations. The 
deviations can be expressed as ratios as follows:

where RP is the ratio of the critical pressure of gas in the 
nanosize conduit to the bulk property, Pc (actual) is the criti-
cal pressure in the nanosize conduit, Pc (bulk) is the critical 
pressure of the bulk volume, RT is the ratio of the critical 
temperature of the gas in the nanosize conduit to the bulk 
value, Tc (actual) is the critical temperature in the nanosize 
conduit, and Tc (bulk) is the critical temperature pressure of 
the bulk volume.

There are different models for the ratios in the literature 
(Ma et al. 2013; Jin et al. 2013; Zarragoicoechea and Kuz 
2002, 2004). This study used the model developed by Zarra-
goicoechea and Kuz (2002, 2004) because it is used widely 
(Teklu et al. 2014; Jin and Firoozabadi 2016; Tran and 
Sakhaee-Pour 2018; Jia et al. 2019). It expresses the ratios 
by accounting for the conduit size (d) and the Lennard–Jones 
coefficient ( � ) as follows:

Overestimations of critical properties 
in a nanosize conduit

The ratio of the critical properties (Eq. 3) is smaller than 
unity (Tran and Sakhaee-Pour 2018); thus, bulk properties 
overestimate the actual properties, and the overestimation is 
determined as follows:

(1)RP =
Pc (actual)

Pc (bulk)

(2)RT =
Tc (actual)

Tc (bulk)

(3)RP = RT = 1 − 1.882
σ

d
+ 0.966

(
σ

d

)2

(4)

Overestimation(%) =

[

bulk property − actual property
]

actual property

× 100 = [ 1
Rp

− 1] × 100

There is no compositional analysis of the shale because 
its hydrocarbon is not produced. Hence, this study used the 
average composition of a shale formation in the literature 
(Korpys et al. 2014). The Lennard–Jones coefficients of the 
components were also based on the public data in the lit-
erature (Smoot, 1979; Tchouar et al. 2003). Table 1 lists the 
pertinent properties.

Next, we turn to the actual critical properties by deter-
mining how bulk properties overestimate them. The deter-
mination is carried out for conduits narrower than 30 nm. 
Figure 2 shows that the overestimation increases monotoni-
cally with decreasing size and becomes important where the 
conduit size is smaller than 10 nm. Although overestimation 
is observed in all components, it is the least significant for 
methane. Thus, the error of using standard bulk properties 
decreases when the volume fraction of methane increases.

The minimum difference between the actual and bulk 
properties of methane is consistent with its Lennard–Jones 
coefficient, the smallest coefficient in Table 1. The coeffi-
cient is the distance at which the intermolecular potential 
between two nonbonding particles is zero, and it provides a 
measure of the distance between the two. The higher over-
estimations of the actual properties of heavier and larger 
components, such as pentane, are also reasonable because a 
smaller number of larger molecules fill the uniform nanosize 
conduit with a circular cross section. Thus, they behave more 
differently than their bulk.

The plotted overestimations provide a convenient tool for 
estimating the error of using bulk properties in the matrix. 
For such estimations, the characteristic pore size should be 
implemented. For instance, if the characteristic pore size is 
close to 5 nm, bulk properties overestimate the actual prop-
erties between 15 and 26%. The overestimation varies from 
28 to 48% if the size is close to 3 nm. Obviously, the lower 
overestimation corresponds to smaller molecules.

Table 1  Bulk properties of various components and gas composition

σ (nm) Tc (K) Pc (psi) Volume (fraction)

Carbon dioxide 0.3941 304 1072 0.005
Ethane 0.444 305.4 708.0 0.027
Methane 0.376 190.4 673.3 0.943
n-Butane 0.469 425.2 550.4 0.002
Nitrogen 0.380 126.2 492.4 0.015
Pentane 0.578 469.6 488.8 0.002
Propane 0.512 369.9 617.4 0.006
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Natural nanofluidic system in the shale 
matrix

The pore space in the shale matrix is a nanofluidic system 
because its characteristic size is on the order of nanometers. 
In contrast with the synthetic nanofluidic system, it has a 
complex topology that makes its characterization challeng-
ing. This study used mercury injection and nitrogen adsorp-
tion measurements to probe the effective sizes at the core 
scale.

Mercury injection capillary pressure measurements

Mercury was injected into the sample to measure its capil-
lary pressure because mercury does not react with rock, and 
it is a nonwetting phase to the rock. The capillary pressure 
required for intrusion determines the pore-throat size. The 
characteristic size of a single conduit is determined by the 
Young–Laplace equation as follows:

where d is the conduit diameter, γ is the interfacial tension, 
� is the contact angle, and pcapillary is the capillary pressure. 
The mercury saturation in the sample is determined by nor-
malizing the injected volume, and it specifies the wetting 
phase saturation as follows:

where Sw is the wetting phase saturation, SHg is the mer-
cury saturation, VHg

(
pcapillary

)
 is the mercury volume in the 

sample at a given capillary pressure, and VHg(max) is the 
maximum volume of the injected mercury.

(5)d =
4 � cos(�)

pcapillary

(6)Sw = 1 − SHg = 1 − VHg

(
pcapillary

)
∕VHg(max)

This study used eight shale samples to characterize 
the capillary pressure (Fig. 3). Samples 1–8 were 0.7971, 
0.5940, 1.1240, 0.6216, 1.0076, 0.6687, 0.6538, and 
0.6439 g, respectively, and they were heated to 100 °C to 
remove moisture and left to reach room temperature. Their 
shapes were irregular, and they were placed in an empty 
cell invaded by mercury. The raw measurements exhibited 
unrealistic intrusion at low capillary pressures correspond-
ing to filling the empty cell and closing cracks. Thus, the 
raw measurements were corrected by discarding the mercury 
volume corresponding to unrealistic intrusion (Sondergeld 
et al. 2010). Figure 3 shows the corrected measurements 
used to determine the pore-throat size distribution in this 
study.

Nitrogen adsorption

This study determined the pore-body size distributions of 
Samples 9–14 using nitrogen adsorption. Samples 9–14 
were 0.9544, 0.7393, 0.9893, 0.5708, 0.7363, and 0.4717 g, 
respectively. Examples of the samples preheated and 
degassed for five hours at 300 °C to remove moisture are 
shown in Fig. 1. These samples were then cooled to reach 
room temperature. Subsequently, they were subjected to 
nitrogen adsorption at − 196 oC, which is the temperature 
at which nitrogen becomes liquid at the atmospheric pres-
sure. This study did not account for the effects of sample 
size (Han et al. 2016; Chen et al. 2015; Hazra et al. 2018a, 
b) and degassing time and duration (Singh et al. 2021) on 
the pore-body size distribution because characterizing such 
effects is beyond the scope of this analysis.

The adsorptions were conducted under equilibrium con-
ditions. At least a few data points were collected at each 
pressure increment with an equilibration time of 10 s. The 

Fig. 2  Overestimation of the 
actual critical property (Pc or 
Tc) of gas with the conduit size 
when bulk properties are used
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adsorption lasted two to three hours for each sample to 
record 31–34 increments. Subsequently, the adsorbed vol-
ume was measured and normalized at each increment. The 
equilibrated nitrogen pressure (p) was then determined rela-
tive to the saturation pressure (psat) as shown in Fig. 4.

The pore-body size distribution was interpreted by the 
Barrett–Joyner–Halenda (BJH) model (Barrett et al. 1951) 
that is based on the Kelvin equation. The Kelvin equation 
relates the pore size to the saturation pressure, at which 
vapor turns into liquid, as follows (Fisher et al. 1981):

where pv is the vapor pressure, psat is the saturation pres-
sure, H is the mean curvature of the meniscus, � is the liq-
uid–vapor surface tension, Vl is liquid-molar volume, R is 
the ideal gas constant, and T  is the temperature. The BJH 
model also accounts for the thickness (t) of the adsorbed 
nitrogen that depends on the pressure as follows (Harkins 
and Jura 1944):

(7)Ln

(
pv

psat

)
= −

2H � Vl

RT

Fig. 3  Capillary pressure meas-
urements of the shale samples
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measurements of the shale 
samples
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The BJH model divides the adsorbed volume into pore 
filling by condensation (Eq. 7) and adsorbed-layer thicken-
ing on the pore wall (Eq. 8). The first mechanism leads to a 
sudden shift, whereas the latter causes a gradual increase in 
the adsorbed volume. The BJH compares the measured vol-
ume for a given pressure with the characteristic features of 
each size (sudden shift versus gradual increase) to determine 
the corresponding volume fraction. The conduit is assumed 
to be cylindrical to relate its diameter to volume.

(8)t =

⎡⎢⎢⎢⎣
13.99

0.034 − log
�

p

psat

�
⎤⎥⎥⎥⎦

0.5 Effective properties at the core scale

The pore-throat size and pore-body size distributions are 
determined from mercury injection capillary pressure meas-
urements and nitrogen adsorptions, respectively. The pore-
throat size was obtained from the applied capillary pressure 
using Eq. 5, and its frequency was obtained from the cor-
responding change in the wetting phase saturation (Fig. 3). 
Figure 5 shows the pore-throat size distributions show a 
wide range from 3 to 850 nm, with 94% of the pore throats 
smaller than 50 nm. Close to half the sizes are between 11 
and 20 nm.

Discussed next are the pore-body size distributions. The 
adsorption measurements characterize the incremental vol-
ume of each pore-body size based on the BJH model. The 
incremental volumes were then divided by the total volume 

Fig. 5  Pore-throat size distribu-
tions of the shale samples

10
0

10
1

10
2

10
3

0

1

2

3

4

5

6

7

8

F
re
q
u
en
cy

(%
)

Fig. 6  Pore-body size distribu-
tions of the shale samples
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to determine the frequency of each size. Figure 6 shows that 
the distributions are bimodal, and the pore-body sizes vary 
from 1 to 200 nm.

Rock samples are heterogeneous, and that is why the 
two types of distributions are quite different. Thus, the 
distributions of each type were averaged to determine the 
effective sizes by accounting for the corresponding frequen-
cies (Fig. 7). The effective frequencies of the pore-throat 
size distributions include eight samples (Fig. 5), whereas 
they reflect six samples in the pore-body size distributions 
(Fig. 6). The averaged distribution is considered effective at 
the core scale in this study.

The pore-body size distribution includes smaller sizes 
than does the pore-throat size distribution. This difference 
is due to the measurements used for interpreting them. The 
mercury injection characterizes sizes down to 3 nm because 
the capillary pressure increased to 60,000 psi. However, 
nitrogen adsorption has limitations in detecting conduits 
wider than 200 nm, and it is better suited for characterizing 
nanosize pores (Liu et al. 2019; Yuan and Rezaee 2019). 
Thus, the pore-body distribution has a larger fraction of 

voids with a smaller size than the pore-throat distribution 
in Fig. 7.

Critical properties of the shale

Here, the actual critical properties of the Midra shale are 
discussed. The overestimations of the actual properties of 
each component by the bulk properties are determined by 
accounting for the frequencies of the effective distributions. 
The overestimation at each size is quantified via Eq. 3 and 
related to the core scale by accounting for its frequency 
(Fig.  7). This process is iterated for all components in 
Table 1 and averaged by accounting for their volume fraction 
in the mixture. The bulk properties overestimate the critical 
properties by 5% based on the pore-throat size distribution 
and 22% based on the pore-body size distribution. The deter-
mined overestimations specify the critical pressure (Fig. 8a) 
and critical temperature (Fig. 8b) corresponding to the pore 
throat and pore body. The bulk properties are also presented 
in Fig. 8 for comparison.

Fig. 7  Effective distributions of 
the shale based on the mercury 
injection capillary pressure 
measurements (Fig. 3) and 
nitrogen adsorptions (Fig. 4)
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Sensitivity analysis

This study used actual measurements to determine the pore-
throat size and pore-body size distributions, but it took the 
gas composition of the Midra shale similar to the shale gas 
in the USA because its gas composition is not currently 
available. Using the actual composition, when it becomes 
available, may improve the accuracy of the results.

In the literature, different values are reported for the 
Lennard–Jones coefficient (σ) of the gas component. For 
instance, for methane, it is reported to be 0.374 nm (Tchouar 
et al. 2003), 0.372 nm (Li et al. 2012), and 0.376 nm (Smoot, 
1979). This study set the coefficient equal to 0.374 nm for 
methane, but different values do not change the estimated 
property significantly. The highest and lowest values for all 
the considered components in Table 1 change the estimated 
property between 0.4 and 0.2%.

Conclusions

We made the following conclusions based on this study:

(1) Bulk critical properties from standard measurements 
overestimate critical pressure and critical temperature 
in the shale matrix (actual properties), and the overes-
timation decreases when gas molecules are smaller.

(2) For the studied gas components, the overestimation var-
ies between 15 and 26% in a 5 nm conduit and between 
28 and 48% in a 3 nm conduit.

(3) The bulk properties overestimate the actual properties 
in Midra shale by 5% based on the pore-throat size dis-
tribution, interpreted from mercury injection, and 22% 
based on the pore-body size distribution, obtained from 
nitrogen adsorption.

(4) The actual properties depend on the Lennard–Jones 
coefficient that often has different values for each 
gas component in the literature. The actual proper-
ties changed by less than 1% for the existing values in 
Midra shale.
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