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Abstract:
There have been many theories to describe adsorbed or free gas. However, quantitative
description of the occurrence characteristics of liquids in porous media has always been a
great challenge due to a lack of basic theory. Through years of research, two theoretical
equations, i.e., adsorption ratio equation and state equation of liquid, have been proposed
to describe the characteristics of liquids in porous media, and revealed the mechanism
of liquid occurrence. Further, a quantitative evaluation technology for the microscopic
distribution of liquids was established by combining nuclear magnetic resonance theory.
This research will be of great significance for studying the microscopic distribution of
liquids in tight reservoirs, such as shale, coal, and tight sandstone.

There are many experimental or theoretical studies on
gas adsorption to porous media (Gensterblum et al., 2010;
Gasparik, 2012; Tian et al., 2016; Pozo et al., 2017; Xiong
et al., 2021), and free gas can also be easily described by
the state equation of gas (Li et al., 2020a). However, there
are relatively few studies on the occurrence of liquids in
porous media. The biggest difference from the occurrence of
gas (such as methane) is that the occurrence of liquids is
almost unaffected by fluid pressure, which has been verified by
molecular dynamics simulation. Therefore, previously estab-
lished adsorption models and state equation for gases (both
two are functions of pressure) are no longer applicable to
liquids. Though previously several classical equations were
commonly used to describe the state of liquids such as Van
Der Waals equation (Van der Waals, 1873), Tait equation
(Tait, 1888) and Peng and Robinson (PR) equation (Peng and
Robinson, 1976), these equations are appropriate for liquids
in a completely free state because they did not consider the
adsorption phenomenon of liquids on pore surface. Overall,
research on the microscopic occurrence of liquids including
adsorbed and free states within porous media is relatively
inadequate.

As a case study, the shale reservoir develops abundant
nano-scale pores and exists a significant nano-effect, which
causes that the adsorbed fluid accounts for a relatively high
proportion and cannot be ignored. Based on the characteristics
that both the liquid oil and water in shale pores coexist as
adsorbed and free phases (Fig. 1), two theoretical equations
describing the occurrence of liquids in shale pores were
proposed, which are called as “adsorption ratio equation” and
“state equation of liquid”. These two equations established a
connection between characteristic parameters of fluid occur-
rence (adsorbed amount, free amount, densities of adsorbed
and free phases, adsorption thickness) and pore-throat structure
parameters of porous media (pore size and shape, pore volume,
specific surface area). At the same time, the relationship
of fluid occurrence, fluid mobility with microscopic pore-
throat is established. Moreover, the effects of temperature and
wettability are implied in the equations, and are reflected in
the density and thickness of adsorbed phase. At present, these
two equations have been confirmed by experimental data (Li
et al., 2019, 2020b).

The adsorption ratio equation can be expressed as (Li et
al., 2018):
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Fig. 1Fig. 1. Liquid occurrence pattern in the pores of porous media.
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Or another form:
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where ra is the mass ratio of adsorbed phase to total fluid,
fraction; H is the thickness of adsorbed phase, nm; ρ1 and ρ2
are the densities of adsorbed and free phases, respectively,
g/cm3; dm is the pore diameter, nm; F is the pore shape
factor, dimensionless; V and S are the pore volume and specific
surface area of porous media, with units of 10−3 cm3/g and
m2/g, respectively.

The state equation of liquid can be written as (Li et al.,
2019):

V
S
= τH

(
ρ1

ρ2

Q f

Qa
+1

)
(3)

where Qa and Q f are the adsorbed and free amounts, respec-
tively, mg/g; τ is the correction coefficient, which is usually
taken as one, dimensionless.

The adsorption ratio equation is used to describe the mass
ratio of the adsorbed phase to total amount of fluid in the pores
when the liquid coexists in adsorbed and free phases under
certain temperature and pressure conditions. At present, this
equation has been applied to four aspects. (a) To determine the
lower limit of pore size (dmin) that liquid can flow in porous
media, which is equal to the product of pore shape factor (F)
and adsorption thickness (H) (i.e., dmin = FH, where F = 2,
4, and 6 represent parallel plate-shaped pores, column-shaped
pores, and spherical pores, respectively). (b) To analyze the
ratio of adsorbed and free phases in pores. The adsorption
ratio is lower when the ratio of pore size (dm) to lower limit
(dmin) is larger; when the ratio of adsorbed phase density (ρ1)
to free phase density (ρ2) is greater, the adsorption ratio is
higher. (c) To evaluate the mobility of liquid in porous media,
that is, the larger the adsorption ratio is, the worse the fluid
mobility occurs; (d) Combining the state equation of liquid and
nuclear magnetic resonance (NMR) theory, relaxation rate of
rock surface can be determined.

The state equation of liquid is a general expression de-
rived based on the adsorption ratio equation to describe the

occurrence state of liquid in pores. This equation theoretically
reveals a linearly positive relationship between the ratio of
pore volume to specific surface area of porous media and
the ratio of free amount to adsorbed amount of fluid in
pores (Fig. 2a). According to the intercept and slope of this
linear curve, the density and thickness of adsorbed phase
can be obtained using Eq. (3). Adsorbed and free amounts
can be obtained by saturation-centrifugation experiment; pore
volume and specific surface area can be obtained by low-
temperature nitrogen adsorption, wet weight method and other
experiments. In addition, combined with the adsorption ratio
equation and NMR theory, the surface relaxation rate can be
determined. As shown in Fig. 2b, surface relaxation rates of
shales are negatively related to total organic carbon content
(TOC). In the past, the NMR T2 spectrum was compared with
pore size distribution to determine surface relaxation rate, but
this method did not consider the influence of pore shape. Due
to the lack of mathematical equations describing the occur-
rence of liquids, three key parameters (density and thickness
of adsorbed phase, surface relaxation rate) are difficult to
determine through experiments. These two equations provide
a new theoretical basis for the determination of adsorption
parameters and surface relaxation rate.

Based on these two equations and classic NMR theory, a
quantitative evaluation technology for the microscopic distri-
bution of adsorbed and free fluids in shales has been estab-
lished (Fig. 3). In this technology, an important innovation is
the integration of the adsorption ratio equation into the NMR
theory. Commonly, the calculation formula of NMR transverse
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Fig. 2. Experimental verification of the state equation of liquid (a) and
surface relaxation rate analysis result (b). In the figures, baby blue diamond
� indicates distilled water in marine shales from the southeastern Sichuan
basin at 20 ◦C; red square � indicates n-dodecane in lacustrine shales from
the Dongying sag at 20 ◦C.
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Fig. 3. Quantitative evaluation technology for the microscopic distribution
of liquids. In the figure, Mai indicates the signal amplitude of adsorbed fluid
at the T2i value; Mti indicates the total signal amplitude the T2i value; ra(T2)
indicates the adsorption ratio obtained by NMR data.

relaxation time T2 is written as:

1
T2

= ρ
S
V

(4)

where T2 is the lateral relaxation time, ms; ρ is the surface
relaxation rate, nm/ms.

Based on the adsorption ratio equation, it can be obtained:

rai =
1

1+ ρ2
ρ1

(
T2iρ

H −1
) (5)

where T2i is the i-th T2 value on the NMR T2 spectrum,
ms; rai is the adsorption ratio corresponding to the T2i value
(0 < rai ≤ 1, when the calculated value rai > 1, take rai = 1),
fraction.

As we determine the adsorption parameters and surface
relaxation rate, microscopic distribution of adsorbed and free
fluids can be obtained using the technology, as shown in
Fig. 3. This technology has been applied to marine shale
gas reservoirs in the Sichuan Basin, and the lacustrine shale
oil reservoirs in the Dongying Sag, and revealed the micro-
occurrence of oil/water in the pores of shale matrix, which
providing theoretical support for “sweet spot” evaluation and
efficient development of shale oil and gas.
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