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Abstract: The nitrogen sorption isotherm is conventionally used to deduce the specific surface area of porous materials. However, it
often exhibits a sharp drop around 0.5 relative pressure. A theory explicitly accounting for intermolecular-scale pressure, instead of
classical theories of constant disjoining pressure in condensed liquid, is constructed and used to determine cavitation during desorption.
Intermolecular-scale liquid pressure distribution is quantified using a recently developed soil sorptive potential framework, showing com-
pressive liquid nitrogen pressure decaying nonlinearly with increasing distance to the particle surface. A range of cavitation pressure is
predicted by classical nucleation theory and the van der Waals equation of state. Cavitation is shown to be triggered when nitrogen’s global
minimum liquid pressure falls within the cavitation threshold. It is shown that this criterion is valid for all tested soils. Computed minimum
liquid pressure always occurs at 0.5 relative pressure, which is in accordance with experimental isotherm data and further indicates the validity
of the cavitation onset criterion. DOI: 10.1061/(ASCE)EM.1943-7889.0002008. © 2021 American Society of Civil Engineers.
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Introduction

Nitrogen sorption at 77 K has been a generally accepted tool for
characterization of fundamental properties of porous materials
like specific surface area (SSA) and pore size distribution (PSD)
(e.g., Aylmore et al. 1970; Sing 2001; Thommes et al. 2015). In
the last two decades, the nitrogen adsorption experiment has been
routine for the determination of soil SSA and PSD (e.g., Chiou
et al. 2002; Heister 2014; Kuila and Prasad 2012; Ravikovitch
et al. 2005). The experiment typically involves computer-automated
multistep pressures, each under a controlled nitrogen vapor pres-
sure below the saturated vapor pressure at 77 K. At the beginning
of the experiment, a dry and pulverized soil powder (∼ 10 g) is
placed in a sealed and vacuumed chamber and cooled to 77 K. Each
step seeks the equilibrium point between controlled partial pressure
(defined as relative pressure or the ratio of prevailing to saturated
nitrogen vapor pressure) and condensed nitrogen mass on the soil
particle surface. The resulting data points between partial pressure

and adsorbed nitrogen mass is called the nitrogen sorption
isotherm.

The nitrogen sorption isotherm is the constitutive relationship
between the mass of adsorbed nitrogen mass per unit soil mass
and the ambient relative pressure (Zhang and Lu 2019). It can be
used to quantify soil SSA and PSD (Salles et al. 2009; Yukselen-
Aksoy and Kaya 2010; Khorshidi et al. 2017), and to understand
capillary condensation and hysteresis (Barrett et al. 1951). Hyste-
resis, or the disparity between adsorption and desorption isotherms,
is considered an intrinsic property of vapor-liquid phase transition
in soil.

A generic nitrogen sorption isotherm is illustrated in Fig. 1. Sev-
eral distinct features can be observed. First, different soils can have
different isotherms. For example, the maximum adsorbed nitrogen
gas shown in Fig. 1 can vary greatly from a few cc/g for sandy soils
to 100 cc=g for expansive soils. Such variation in the maximum
adsorbed mass can be utilized to quantify SSA and PSD. Second,
different soils can have very different behaviors in hysteresis; some
have little hysteresis between their adsorption and desorption iso-
therms; others exhibit significant hysteresis. Numerous models and
theories have been developed to describe sorption hysteresis (Chen
et al. 2019; Coasne et al. 2005; Heffelfinger et al. 1998; Thommes
2010; Thommes et al. 2000, 2006). Generally, the origin of hyste-
resis can be attributed to ink-bottle pore neck or solid-liquid-air
contact angle. The former occurs when large pores are connected
by narrow necks (Ravikovitch and Neimark 2002; Thommes et al.
2015) and includes pore blocking and cavitation that depends on
pore neck width (Dular and Petkovsek 2018; Rasmussen et al.
2010; Thommes et al. 2006). During desorption, although adsorbed
nitrogen liquid pressure is lower than saturated vapor pressure, the
adsorbed nitrogen liquid is in a metastable state and has a tendency
to cavitation.

Phase transition needs to overcome an energy barrier of inter-
molecular attractive force because the formation of a bubble or
cavity needs to surmount the surface energy. The energy barrier
can be higher if the liquid is pure and lacks the cavitation nucleus
(Baidakov et al. 2016a; Caupin et al. 2012; Lee and Flumerfelt
1996). This means that the liquid phase will evaporate suddenly
and violently when the energy barrier is overcome. Cavitation
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explains the sudden drop observed in some isotherms. However,
most theories are incomplete in describing nitrogen adsorption hys-
teresis in soil. In particular, existing theories cannot answer (1) how
to quantitatively determine whether cavitation occurs and how to
calculate cavitation pressure, (2) why the sharp drop in desorption
often occurs at 0.45–0.5 relative pressure (Fig. 1), and (3) why cer-
tain quantities of liquid nitrogen near the soil particles resist cav-
itation below the sharp drop point.

In order to address these questions, a theoretical SSP framework
(Lu and Zhang 2019) is utilized in this study. SSP is the Gibbs
free energy change in a unit volume of adsorbate induced by
the interaction between adsorbate molecules and soil. It differs
from classical methods in capturing the local pressure change due
to sorptive free energy. Classical methods consider a condensed
liquid film in which sorptive liquid pressure remains constant;
in SSP theory, sorptive pressure is a highly nonlinear function
of distance from the particle surface. SSP originates from the
electromagnetic fields between soil and other polar substances,
including electrical double layer, particle surface hydration, ex-
changeable cation hydration, and van der Waals force. Initially, this
theory is proposed for better understanding of soil-water interac-
tion, and is adopted here to study nitrogen isotherms on soils. In
nitrogen adsorption, SSP is mainly produced by the van der Waals
force because nitrogen is an inert or nonpolar substance (Brunauer
et al. 1940); the other SSP components are less prominent. SSP is
rooted in the physical properties of the soil matrix, which plays a
leading role typically within tens of molecular thicknesses of the
adsorption layer but decays rapidly with distance to the particle sur-
face; the adsorbate properties of dielectric constant and refractive
index constrain SSP as boundary conditions (Zhang and Lu 2020).
SSP captures spatially varying soil properties such as adsorbed
liquid pressure, adsorbate density, and phase transitions.

The primary objectives of this study are (1) to analyze the
mechanism of liquid nitrogen cavitation during desorption, (2) to
fully explain the unique steep drop in nitrogen isotherm at 0.45–0.5
relative pressure, and (3) to identify the criteria for and controlling
factors affecting cavitation. These objectives are accomplished
as follows. First, SSP theory is applied to illustrate the cavitation
phenomenon with nitrogen adsorption on soils, providing the
physical basis for later calculation. Thereafter, relations among
SSP, total liquid potential, adsorbed liquid nitrogen pressure,
Brunauer-Emmett-Teller (BET) SSA, and liquid nitrogen density

are established, providing the quantitative basis for determining
cavitation pressure. Subsequently, the proposed method is validated
through the calculation and analysis of nitrogen adsorption iso-
therms of different soils.

Cavitation in Soil Metastable Liquid Nitrogen
Adsorption

Cavitation is a basic physical mechanism for liquid drainage in pore
networks (Or and Tuller 2002; Rasmussen et al. 2010). This phe-
nomenon is widespread. For example, cavitation plays a crucial
role in the design of impellers and is the culprit behind “diver’s
sickness.” It involves spontaneous nucleation and growth of gas
bubbles (cavities) in a liquid. When local liquid pressure decreases,
bubbles or cavities in the liquid form and develop, eventually re-
sulting in a phase change from liquid to vapor.

The growth of bubbles needs to overcome surface energy,
which is also called the energy barrier. The energy barrier permits
liquid pressure to be reduced to a very low, even negative, value
(Baidakov et al. 2016b; Imre 2007; Zheng et al. 1991) as long
as the liquid is pure enough without the appropriate condensation
nucleus. This relatively pure and homogeneous state can occur in
the adsorbed layer far away from the particle surface. When liquid
pressure is lower than saturation vapor pressure at its prevailing
temperature, the liquid is in a metastable state and has a tendency
to cavitate. Fig. 2(a) shows the p − Vs phase diagram of nitrogen at
77 K, where Vs is the specific volume of nitrogen (i.e., the recip-
rocal of density). The dotted line is a boundary formed by the sa-
turated vapor pressure at different temperatures. The thick solid line
represents the stable liquid state; the thin solid line, the stable gas
state; and the dashed line, the metastable liquid state, which is be-
low the saturated vapor pressure but still keeps nitrogen in the
liquid state. Fig. 2(b) shows the van der Waals isotherm of nitrogen
at 77 K. The van der Waals equation is commonly used to describe
the transitional pressure where liquid and vapor phases coexist
(e.g., Imre 2007):

p ¼ RT
Vm − b

− a
V2
m

ð1Þ

where Vm = molar volume; and a and b = constants that can be
obtained from handbooks of chemistry and physics. Here, a is
0.141 (Pa · m6 · mol−2), b is 3.91 × 10−5 (m3 · mol−1), and R, the
gas constant, is 8.315 (m3 · Pa · mol−1 · K−1). In Eq. (1), the first
term on the right side indicates that an increase in molar volume
(decrease in density) results in a drop in transitional pressure, but
the second term is the opposite, leading to a nonmonotonic
change in the isotherm as shown in Fig. 2(b). Eq. (1) permits local
extreme points on the curve as illustrated in Fig. 2(b). The lowest
point of a van der Waals isotherm is known as the spinodal limit
and can be regarded as the minimum theoretical cavitation pressure
(e.g., −8.7 MPa for nitrogen at 77 K). The line segment between
the two local extreme points does not represent any physically sta-
ble state; it merely separates the liquid and vapor states.

The range of metastability possible in soil-nitrogen interaction
can be predicted using classical nucleation theory (CNT) (Caupin
et al. 2012) to predict the metastable (minimum) cavitation pres-
sure as

pCNT
cav ¼ p0 −

�
3kBT
16πσ3

ln

�
Γ0Vτ
ln 2

��−1
2 ð2Þ

where kB = Boltzmann constant (1.38 × 10−23 m2 · kg · s−2 · K−1);
σ = interfacial tension of liquid nitrogen (0.00885 N=m); and
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Fig. 1. Characteristics of soil nitrogen adsorption isotherm.
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Γ0Vτ = constant of 1019 (Herbert et al. 2006). In soil, the metastable
liquid usually cavitates before achieving CNT cavitation pressure
due to impurity and nonhomogeneity.

Phase transition is one of the most common physical phenom-
ena determined by pressure, density, and temperature. Via SSP
theory, intermolecular liquid nitrogen pressure can be determined
and phase change during nitrogen adsorption can be characterized
quantitatively.

Soil Sorptive Potential in Nitrogen Sorption

As previously mentioned, the magnitude of SSP highly depends on
distance to the soil particle surface. For given adsorbate properties,
SSP can be regarded as an inherent property of soil. Based on the
van der Waals force formula and assuming a semi-infinite plane for
the soil particle surface as illustrated in Fig. 3 (e.g., Tuller and Or
2005; Lu and Zhang 2019), SSP can be formulated in the following
simplified form:

ψsorpðxÞ ¼ − AH

6πx3
ð3Þ

where ψsorp =SSP (kPa or kJ=m3); AH = Hamaker constant, which
is approximately 1 × 10−20 to 4 × 10−19 J for most phyllosilicate
materials (Israelachvili 2011; Lu et al. 2008); and x = statistical
distance to the particle surface. Note that x is a spatial variable vary-
ing from half nitrogen molecular size to liquid film thickness, in
contrast to pressure, which is expressed as a function of liquid film
thickness and treated as a constant within the liquid film as in
classical disjoining pressure theory.

From the thermodynamic viewpoint, the total potential of ad-
sorbed nitrogen quantifies the Gibbs free energy change from the
free liquid state to the adsorbed state. Considering that the adsorbed
phase is in equilibrium with the ambient environment, total poten-
tial can be expressed as a function of relative pressure by Kelvin’s
equation (e.g., Lu and Zhang 2019) as

ψt

�
p
p0

�
¼ RT

νm
ln

�
p
p0

�
ð4Þ

where ψt = total potential of adsorbate (kPa or kJ=m3); p0 = satu-
rated vapor pressure of nitrogen (kPa) at temperature T ¼ 77 K;
p = equilibrium pressure (kPa); and vm = molar volume of liquid
nitrogen (m3=mol).

The total potential of pore liquid can be decomposed into ex-
ternal and internal parts. The external part stems from the interac-
tion between the matter of interest (nitrogen) and external matter
(the soil matrix)—that is, SSP. The internal part comes from the
thermodynamic energy associated with the interaction within the
matter of interest (the solid matrix). It is conceptualized as pressure
potential ψpre (kPa) (Lu and Zhang 2019), which can also be writ-
ten as

ψt ¼ ψsorp þ ψpre ð5Þ

Link between Nitrogen Adsorption Isotherm and
Cavitation

Using the SSP, a framework can be established to determine
local liquid pressure by the nitrogen adsorption isotherm. Together
with the phase transition mechanism, cavitation pressure can be
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connected with the isotherm quantitatively based on the following
derivations.

The state of nitrogen depends on isothermal pressure. Cavitation
pressure depends on the tensile strength of nitrogen. Sudden gas-
ification will occur when liquid pressure is reduced to cavitation
pressure. Consequently, cavitation pressure will not be greater than
the minimum value that liquid pressure can access in nitrogen
adsorption.

Intermolecular force is the origin of pressure potential, which is
the internal part of total potential. It is also the source of interfacial
tension. To sustain force equilibrium along the air-liquid interface,
pressure difference generates along the interface. This common
phenomenon in porous materials is called capillarity. Considering
capillarity to be internal potential and neglecting entropy changes
corresponding to changes in molar volume and structure (Lu and
Zhang 2019), pressure potential can be written as

ψpreðxÞ ¼ pwðxÞ − pa ð6Þ

where pwðxÞ = local adsorbed liquid pressure; pa = ambient pres-
sure; pa = applied nitrogen vapor pressure during the nitrogen iso-
therm experiment. Combining Eqs. (3)–(6), local adsorbed liquid
pressure can be expressed as

pwðp;AH; xÞ ¼ ψt

�
p
p0

�
− ψsorpðxÞ þ pa

¼ RT
vm

ln

�
p
p0

�
þ AH

6πx3
þ p ð7Þ

Eq. (7) indicates that adsorbed liquid pressure is a function of
statistical distance x and nitrogen vapor pressure p. Following the
spatial variation in pwðxÞ, the density of liquid nitrogen at different
x locations can be estimated. Classical theories consider local pres-
sure due to adsorption (e.g., Cole and Saam 1974; Philip 1977), but
commonly use a constant local pressure within the condensed
liquid film. The advantages of the formulated framework [Eq. (7)]
over classical theories include not only preserving thermodynamic
equilibrium but also capturing local variation in intermolecular
pressure, being a highly nonlinear function of distance x away from
the soil particle surface. This is necessary to accurately determine
pressure-sensitive fusion conditions. Since nitrogen is one of the
most referenced fluids, the relationship between its pressure and
density has been measured accurately at different temperatures
by many researchers (Cheung and Powles 1975; Hayward 1967;
Itterbeek and Verbeke 1960; Jacobsen et al. 1986; Span et al. 1998,
2000; Wagner and Kleinrahm 2004). Based on data from Span et al.
(2000), liquid nitrogen density at 77 K can be fitted as

ρ77K ¼ a1p2
w þ a2pw þ a3 ð8Þ

where a1, a2, and a3 ¼ 10−5, 0.0023, and 0.8078, respectively,
when the unit of ρ77 K is g=cm3 and that of pw is MPa. The R2

value of the fitting of Eq. (8) to the existing data (Span et al. 2000)
is greater than 0.99.

The distance between nitrogen molecules and the particle sur-
face x has an upper limit, which is the thickness of the adsorbed
layer. Calculation of thickness must be preceded by calculation of
SSA. The standard method for determination of SSA is the well-
known BET equation (Brunauer et al. 1938). The physical link be-
tween the nitrogen isotherm and adsorption layer thickness can be
formulated as

w ¼ SSA
Z

h

x0

ρ77Kðp;AH; xÞdxþ ws ð9Þ

where w = absorbed nitrogen mass per unit mass of soil (g=g) at
relative pressure p=p0; h = adsorption layer thickness; SSA ¼ SSA
value determined by the BET equation; ws = adsorption capacity of
the first adsorption layer; and x0 = initial position of adsorbed
liquid nitrogen. Substituting Eqs. (7) and (8) into Eq. (9) and in-
tegrating leads to

w ¼ A1hþ A2h−2 þ A3 ð10Þ
where A1, A2, and A3 = independent parameters of h, calculated by
AH , x0, and SSA. Once w is obtained from the isotherm, h can be
solved with the MATLAB version R2018a solve() function. Char-
acteristically, Eq. (10) has three solutions: negative (unphysical),
unphysically large, and correct.

To summarize, the steps to calculate adsorption layer thickness
are as follows: (1) obtain the experimental nitrogen isotherm;
(2) calculate SSA by the BETequation; (3) calculate density of pore
liquid nitrogen by Eqs. (7) and (8); and (4) obtain adsorption layer
thickness by solving Eq. (9) numerically. As illustrated in Fig. 4(a),
adsorption layer thickness calculated from the isotherm of Jiangsu
bentonite varies during nitrogen adsorption/desorption. For a point
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Fig. 4. Calculated liquid sorption and pressure distribution for Jiangsu
bentonite: (a) adsorbed layer thickness during nitrogen sorption; and
(b) spatial distributions of liquid pressure, SSP, and total potential at
0.3 relative pressure during nitrogen adsorption.
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on the adsorption isotherm at 0.3 relative pressure [Fig. 4(a)], SSP
distribution, total potential, and liquid pressure can be determined
based on Eqs. (3), (4), and (7), as shown in Fig. 4(b).

Note that total potential is independent of spatial locations be-
cause the whole system is in thermodynamic equilibrium. SSP de-
cays (becomes less negative) rapidly with increasing distance x,
which causes a dramatic reduction in liquid pressure away from
the soil particle surface [Eq. (5)]. The region close to the soil par-
ticle surface is the tightly adsorptive regime. In this regime, SSP
plays a dominant role in controlling the liquid-vapor interface.
The tightly adsorbed liquid behaves as an adsorptive liquid film.
Locations farther away from the soil surface are called the capillary
regime (Zhang and Lu 2020). The influence of SSP in the capillary
regime is relatively weak, and capillarity controls the liquid-vapor
interface in this regime. As shown in Fig. 4(b), liquid pressure de-
cays rapidly and becomes equal to vapor pressure once x reaches a
certain distance. At this point, pressure potential is zero, and the
liquid-vapor interface should be a plane (i.e., zero curvature). This
point can also represent the demarcation between adsorption and
capillarity.

The Hamaker constant for soil-nitrogen interaction can be cali-
brated by following an algorithm proposed by Zhang and Lu
(2020). In the tightly adsorptive regime, SSP is equal to total po-
tential at the liquid-vapor interface because pressure potential is
zero. Based on this feature, the Hamaker constant for each soil can
be calibrated via the following steps: (1) input isotherm data with
0.1–0.3 relative pressure; (2) initialize the parameters of Hamaker
constant AH , adsorption capacity of the first adsorption layer ws,
and initial position of adsorbed liquid nitrogen x0; (3) calculate ad-
sorption thickness h by Eq. (9); (4) substitute h into Eq. (7) to ob-
tain liquid pressure at the liquid-vapor interface; (5) calculate
pressure potential using Eq. (6); (6) fine-tune the parameters of AH,
ws, and x0, and repeat Steps 3–6 to minimize absolute pressure
potential at the liquid-gas interface; and (7) output AH , ws, and
x0 when the given tolerance is satisfied. With AH calibrated, liquid
pressure distribution during adsorption/desorption can be obtained.

Experimental Validation

Fig. 5 shows the measured isotherms of all six soils. As shown,
different soils have very different isotherm behaviors in terms of
magnitude and hysteresis. Highly expansive Wyoming bentonite
can adsorb as high as 85 cc=g at 1.00 relative pressure [Fig. 5(a)],
whereas nonexpansive Georgia kaolin can adsorb approximately
32 cc=g [Fig. 5(c)]. Highly expansive Jiangsu kaolin, Wyoming
bentonite, and Denver bentonite exhibit great hysteresis and sharp
drops at the relative humidity between 0.45 and 0.50 [Figs. 5(a
and b)], whereas moderately expansive Denver claystone and non-
expansive Georgia kaolin [Figs. 5(b and c)] show small hysteresis
over the entire relative pressure range.

Using the developed framework, varying adsorbed layer thick-
nesses obtained at varying relative or partial pressure can be used to
compute distributions of liquid nitrogen pressure and minimum
liquid nitrogen pressure. Minimum liquid pressure persistently
changes during adsorption/desorption. To determine whether the
adsorbed nitrogen has reached cavitation pressure, profiles of mini-
mum liquid pressure pmin (i.e., liquid pressure at the liquid-vapor
interface) calculated at different relative pressures based on the
method described in the previous section, are characterized for
the six soils.

The profiles of total potential, SSP at the liquid-vapor interface,
and minimum pressure calculated at different relative pressures are
shown in Fig. 6 for nonswelling soils including Jiangsu kaolin,

Georgia kaolin, and Denver claystone. Similar profiles for swelling
soils are illustrated in Fig. 7, including Jiangsu bentonite, Denver
bentonite, and Wyoming bentonite. Input parameters (SSA, AH , x0,
ws) for initiation of the fitting process are summarized in Table 1.
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Fig. 5. Experimental results of nitrogen isotherms for six different
soils. For soil with significant hysteresis like bentonite soils, the sharp
drop around the relative pressure of 50% occurs, but for soil with small
hysteresis, little or no sharp drop is observed.
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The Hamaker constant is calibrated independently from the algo-
rithm described in the preceding section, with the coefficient of
determination (R2) higher than 0.95 for all soils. As shown in
Figs. 6 and 7, SSP at the liquid-vapor interface is almost identical

to total potential when relative pressure is lower than 0.4. This is
because the retained liquid nitrogen in soil is dominated by adsorp-
tion at low relative pressure. Thus, minimum liquid pressure is
equal to ambient pressure (less than 0.1 MPa). In Figs. 6 and 7,
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Fig. 6. Variation in total potential, soil sorptive potential at the liquid-
gas interface, and predicted minimum adsorbed nitrogen pressure in
adsorption (Ad) and desorption (De) for: (a) Jiangsu kaolin; (b) Georgia
kaolin; and (c) Denver claystone.
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predicted minimum pressures are very close to ambient vapor pres-
sure with some fluctuations. Note that these fluctuations result from
fitting errors introduced by the developed algorithm. Considering
that the magnitude of SSP is negative tens of MPa in this regime,
the fluctuations are negligible.

The mathematical analysis shows that both SSP and total poten-
tial gradually approach zero with increasing relative pressure
(i.e., thickening of the adsorption layer). SSP is highly related
to statistical distance and so decays (or becomes less negative)
faster than total potential, which results in a global minimum value
(pmin

global) occuring at a middle relative pressure, as shown in Figs. 6
and 7. If this global minimum pressure reaches cavitation pressure,
an abrupt gasification occurs and cause a steep or sharp decline in
the nitrogen isotherm. In Figs. 6 and 7, the global minimum value
commonly occurs during desorption instead of adsorption. Adsorp-
tion is a liquefaction process whereas desorption is a gasification
process. The energy barrier for bubble nucleation enables minimum
pressure to reach a lower value in desorption. For the three benton-
ites with steep declines in adsorbed nitrogen on the desorption path,
the global minimum values are close to each other. The calculated
results (pmin

global and p=po) are also summarized in Table 1. The
Hamaker constant affects SSP strength and thus affects the global
minimum value. If the Hamaker constant AH is large, high SSP
strength leads to a right shift of the global minimum (i.e., at higher
relative pressure). If it is small, this shift is in the opposite direction.
Sensitivity analysis shows that pmin

global magnitude and position are
not sensitive to the Hamaker constant. Since the Hamaker constant
does not vary greatly for most soils, global minimum pressure po-
sitions are close, approximately around 0.5 relative pressure.

The minimum liquid pressure profile indicates that global mini-
mum pressure occurs when relative pressure is about 0.5 during
desorption, where the desorption isotherms of the three bentonites
exhibit a sharp drop. For the Jiangsu bentonite shown in Fig. 7,
global minimum pressure is −8.06 MPa. For the Jiangsu kaolin
shown in Fig. 6, on the other hand, global minimum pressure is
−3.21 MPa, and there is no sharp drop along the desorption iso-
therm. Metastable cavitation pressures calculated for nitrogen sorp-
tion at 77 K using the van der Waals equation of state [Eq. (1)] and
CNT theory [Eq. (2)] are approximately −8 and −15 MPa, respec-
tively. Given that outgassing under vacuum is prerequisite, factors
that significantly affect cavitation pressure in water vapor sorption,
such as dissolved gas in liquid water, are unlikely to play important
roles in nitrogen sorption. Thus, the two theoretical cavitation pres-
sures given previously can be used as the upper and lower bounds
for nitrogen cavitation prediction. For instance, all bentonite soils
have a pmin

global lower than the upper bound (i.e., −8 MPa), and thus a
sharp drop is observed on their desorption isotherm at 0.5 relative
pressure (Fig. 7). In contrast, neither kaolinite nor Denver claystone
pmin
global reaches the upper bound of cavitation, resulting in a rela-

tively smooth desorption path on the isotherm.

The three bentonite soil (swelling) isotherms have significant
hysteresis (Fig. 7). Although they have different adsorption capac-
ity and different SSA, they drop sharply at 0.5 relative pressure
during desorption. The three bentonites have different pore struc-
tures, but their similar behavior in desorption indicates that another
mechanism determines the steep drop—cavitation. Global mini-
mum pressures are close for the bentonite soils, approximately
−10 to −8 MPa. Nonswelling Denver claystone and the two kaolin
desorption isotherms shown in Fig. 6 fall gently without sudden
change. Their global minimum pressures are also significantly less
negative than those of the bentonite, approximately −4 to −3 MPa.
These results show that nitrogen pressure adsorbed on nonswel-
ling soils cannot reach the threshold value for cavitation through-
out adsorption/desorption, which is also consistent with their
isotherms.

The previous analysis shows that it is feasible to use the global
minimum pressure to determine whether cavitation occurs during
the nitrogen adsorption test. From the results, cavitation pressure in
nitrogen adsorption is confirmed to be about −10 to −8 MPa. As
such, it is possible to predict cavitation by calculating global
minimum liquid pressure and then comparing it with cavitation
pressure.

Discussion

Fig. 8 shows the pore structure of a silty soil. A large cavity is
formed by the surrounding soil particles, and its connection to
the other pores is confined by a few pore necks (i.e., narrow chan-
nels with much smaller diameter). Depending on the width of the
pore neck, nitrogen liquid in such a confined cavity can be drained
in the following two ways. If the diameter of the pore neck D ex-
ceeds a certain size (as indicated by the circles in Fig. 8), which is
usually known as the critical neck widthDcrit, the liquid in the large
cavity will be drained only after the liquid in the neck is removed
by evaporation at a lower relative pressure. This process is called
pore blocking. In contrast, ifD is smaller thanDcrit (the square box
in Fig. 8), liquid nitrogen cavitation takes place and hence the large
cavity empties before the pore neck (Thommes et al. 2006;
Thommes and Cychosz 2014). For nitrogen sorption at 77 K, the
critical neck width is about 6 nm (Thommes and Cychosz 2014),
corresponding to 0.7 relative pressure based on Kelvin’s equation.
However, most sudden drops observed in soils from the nitrogen
desorption path occur at 0.5 relative pressure (neck width ¼ 3 nm),
further confirming that liquid nitrogen cavitation at the nanometer
scale is suppressed by SSP because it is capable of elevating local
liquid pressure.

Thus, PSD can be an important factor causing different behav-
iors in nitrogen sorption for swelling and nonswelling clays. Com-
pared to bentonite soils, which possess mainly nano-sized pores,
kaolinite clays usually have relatively large particles that are
more similar to those of silty soils (e.g., 10−7–10−5 m), making

Table 1. Calculated soil nitrogen parameters and global minimum pressures

Soil SSA (m2=g) AH (×10−20 J)

Adsorption Desorption

pmin
global (MPa) p=p0 at pmin

globalx0 (Å) ws (g=g) R2 x0 (Å) ws (g=g) R2

Jiangsu kaolin 21.43 9.1 2.2 0.001 1.00 2.9 0.002 0.99 −3.21 0.52
Georgia kaolin 10.17 9.3 2.9 0.001 0.96 2.9 0.001 0.95 −4.01 0.50
Denver claystone 39.03 4.7 3.0 0.009 1.00 2.1 0.005 1.00 −4.85 0.50
Jiangsu bentonite 29.61 6.7 2.6 0.004 1.00 3.2 0.006 0.99 −8.06 0.50
Denver bentonite 29.98 3.3 2.9 0.008 1.00 3.1 0.009 1.00 −10.37 0.50
Wyoming bentonite 29.04 4.4 3.0 0.007 1.00 1.6 0.002 1.00 −9.29 0.50

© ASCE 04021099-7 J. Eng. Mech.

 J. Eng. Mech., 2021, 147(11): 04021099 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

C
ol

or
ad

o 
Sc

ho
ol

 o
f 

M
in

es
 o

n 
09

/1
0/

21
. C

op
yr

ig
ht

 A
SC

E
. F

or
 p

er
so

na
l u

se
 o

nl
y;

 a
ll 

ri
gh

ts
 r

es
er

ve
d.



cavitation less likely due to the lack of sufficiently small pore
necks. In addition, the uneven entrance to the main pore system
(i.e., varying neck width) is commonly found in natural soils
(Fig. 8). This feature, which is different from that in materials with
high-order pore structure, encourages bubble entrapment at the
neck entrance by folding the liquid-vapor interface. This phenome-
non is captured experimentally by water evaporation tests on silicon
nanochannels (Duan et al. 2012). The bubbles trapped in the large
cavity can then serve as nuclei for phase transition, and nitrogen
liquid in the cavity can be drained gradually with bubble growth
throughout desorption, leading to the much smoother desorption
path obtained for kaolinite clays than for bentonite clays.

Conclusions

This work provides a framework for analyzing liquid nitrogen cav-
itation during soil desorption. The framework, explicitly account-
ing for intermolecular-scale pressure instead of classically treating
a constant disjoining pressure in condensed liquid, is constructed
and used to determine cavitation during sorption. Intermolecular-
scale liquid pressure distribution is quantified using a recently de-
veloped soil sorptive potential framework, yielding compressive
liquid pressure decaying nonlinearly with distance to the particle
surface. The framework can be expanded to analyze cavitation
of other liquids in soil (e.g., water). For such liquids, SSP should
be expanded to include sorptive mechanisms other than just van der
Waals’s equation, namely cation and surface hydration, electrical
double layer, and the like.

Cavitation in nitrogen desorption that only involves the van der
Waals component of soil sorptive potential is investigated for
various soil types of by implementing a framework that explicitly
incorporates soil sorptive potential. With the help of this frame-
work, the link between the nitrogen desorption isotherm and the
cavitation threshold is quantitatively established. With soil sorptive

potential, the spatial distribution of pore liquid nitrogen pressure
can be determined from isotherm data.

It is shown that intermolecular-scale nitrogen pressure dictates
the thermodynamic state of nitrogen in soil pores and determines
whether liquid nitrogen cavitation occurs. Analysis using classical
nucleation theory and the van der Waals equation of state identifies
a narrow range of cavitation pressure for nitrogen desorption in
soil: −15 to −8 MPa. A persistent phenomenon in nitrogen sorp-
tion with swelling minerals—a sharp drop in the desorption iso-
therm around 0.5 relative pressure—is attributed to cavitation and
can be quantitatively interpreted by the proposed framework.

It is revealed that compressive intermolecular pressure in the
adsorptive liquid near the soil particle surface is the physical origin
of suppression of cavitation. Analysis indicates two main factors
controlling cavitation in nitrogen sorption: interaction strength
between soil and nitrogen (i.e., the Hamaker constant), and liquid
nitrogen tensile strength (i.e., cavitation pressure).
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