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1 Introduction

Improving the estimation accuracy of confined

vapor-liquid equilibria by fine-tuning the pure

component parameter in the PC-SAFT equation
of state

Aliakbar Roosta,® Sohrab Zendehboudi® and Nima Rezaei (2 *?

We propose a thermodynamic model that combines the Young-Laplace equation and perturbed chain-
statistical associating fluid theory (PC-SAFT) equation of state to estimate capillary condensation pressure
in microporous and mesoporous sorbents. We adjust the PC-SAFT dispersion-energy parameter when the
pore size becomes comparable to the molecular dimension. This modelling framework is applied to
diverse systems containing associating and non-associating gases, various sorbents, and a wide range of
temperatures. Our simulation results show that under extreme confinement, a higher value of the
dispersion-energy parameter (g) is required. Furthermore, using the experimental saturation pressure data
for 18 different associating and non-associating confined fluids, we find that the shift in the PC-SAFT
dispersion energy correlates with the ratio of the sorbent mean pore size to the PC-SAFT segment size
(ro/o). By fitting to the capillary condensation data, the relative deviation between the confined and bulk
PC-SAFT dispersion energy parameter is only 0.1% at rp/c = 15; however, this deviation starts to increase
exponentially as ry/c decreases. For a sorbent with large pores, when rp/o > 15, the capillary condensation
pressure results from our model are similar to the predictions from the Kelvin equation. Using a dataset
containing 235 saturation pressure data points composed of 18 pure gases and 4 binary mixtures, the
overall AARD% from our model is 12.26%, which verifies the good accuracy of our model. Because the
mean sorbent pore radius (r,), the PC-SAFT energy parameter (e), and segment size (o) are known a priori,
our model estimates the corrected energy parameter for small pores and, thus, extends its applicability.

Despite the success of the Kelvin equation in estimating
the vapor pressure of confined fluids, there is a debate on its

Mesoporous and microporous adsorbents have extensive applica-
tions, including CO, capture," drug delivery, industrial waste-
water treatment,”® hydrogen production,”® gas dehumi-
dification,"™"* energy storage,"® reactions,"* and catalysts.">'® Over
the past two decades, considerable advancement has been made in
understanding adsorption phenomena and the behavior of confined
fluids in porous materials.”” The adsorption process becomes
complicated in microporous materials because of deviation in phase
equilibria, including capillary condensation, upon extreme confine-
ment (for pore radii of at least 0.5 nm). The Kelvin equation
describes the curvature-dependency of vapor pressure for the nano-
confined fluids;'® it predicts that the vapor pressure of a confined
wetting fluid becomes smaller than that of the bulk phase,*
allowing capillary condensation in small pores. The Kelvin effect
was directly measured for the first time by Fisher and Israelachvili.”’
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validity for small pores with meniscus radii ranging 1-100 nm;>°
however, it has been experimentally verified that in principle, the
thermodynamic basis for the Kelvin equation holds for the radii
of curvature down to 4 nm.*! The Kelvin equation is observed to
overestimate capillary condensation pressure in microporous
adsorbents; therefore, its thermodynamic framework must be
modified under an extreme confinement (radii of curvature
< 4 nm).** In recent years, various methodologies have emerged
to improve the thermodynamic modeling performance for
confined phase equilibria, including capillary condensation.
In addition to including the capillary pressure effect in the phase
equilibria framework, researchers have suggested several other
modifications that consider, for example, the curvature-
dependency of surface tension using the Tolman parameter,>
heterogeneous density distribution due to solid-liquid interac-
tions near the pore walls,>* correction to the curvature value due
to the adsorbed layer,” adjustments to the critical properties
of the confined fluid,>® and solid-confined liquid interaction
energy.>”?®
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Most of the studies on confined phase equilibria are limited
to the phase behavior application for reservoir fluids confined in
tight shale formations.”® In general, the confined phase equilibria
are studied using thermodynamic frameworks such as density
functional theory;*** molecular dynamics simulation;*** lattice
Boltzmann method,*® and equation of state (EoS) approach
combined with Young-Laplace equation,””””*® or modified
Young-Laplace equation where the effect of the adsorbed layer is
considered.>*° In this study, we use the EoS approach to model
the capillary condensation pressure. In the literature, the Peng—
Robinson equation of state (PR-EoS) is commonly used with the
Young-Laplace equation, and the critical properties are adjusted
under confinement.’”*! Moreover, in some studies, the solid—
liquid interaction energy is included in the van der Waals EoS
thermodynamic modeling framework.”®**> In general, the cubic
EoSs are less accurate for modeling the behavior of associating
fluids.*’ Also, they need critical properties as the input para-
meters; thus, the cubic EoS application can become challenging
for the fluids for which the critical properties cannot be measured.
For example, many ionic liquids start to decompose when the
temperature approaches the normal boiling point.** To correct
the cubic EoS models under extreme confinement, researchers
often use the ratio of the Lennard-Jones size parameter to the pore
radius (oyy/rp) to estimate the shift in the critical properties.
Nonetheless, the Lennard-Jones potential is better suited for
describing small nonpolar molecules.*’

There are only a few studies in the literature on confined
phase equilibria using thermodynamic EoS models that consider
association. Xiong et al.>” used cubic-plus association equation
of state (CPA-EoS) to estimate confined phase equilibria for 10
non-associating fluids and two associating fluids (water and
ethanol) in SBA-15, MCM-41, and Vycor™ glass. They modified
the energy parameter a in the CPA-EoS model by shifting the
critical temperature and pressure upon confinement.”” In
another study, Tan and Piri** used perturbed chain statistical
association fluid theory (PC-SAFT) EoS to model the phase
behavior of different gases in SBA-15 and MCM-41. They also
used a modified Young-Laplace equation by subtracting the
thickness of the adsorbed layer prior to condensation from the
pore radius value. Later, they used the PC-SAFT EoS to model
the capillary condensation, including the retrograde condensa-
tion for reservoir fluids at the reservoir operating conditions.*®

Unlike other EoS models, the PC-SAFT model does not rely
on the critical properties and is suitable for both associating
and non-associating molecules of varying sizes.*’**® Therefore,
we use the PC-SAFT model integrated with the Young-Laplace
equation to calculate the capillary condensation pressure under
confinement from dew point pressure calculations.*® We test the
thermodynamic model for various systems using associating and
non-associating fluids at different temperature and composition
levels. The pure and binary fluid mixtures that are studied are
confined in micro- and mesoporous materials such as SBA-15,
MCM-41, and Vycor™ glass with a known pore size distribution,
assuming a zero contact angle (complete wetting condition). For
smaller pores, we adjust the PC-SAFT dispersion energy para-
meter (¢) to obtain more accurate capillary condensation
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pressure estimates from the model. Finally, we propose a general
correlation for the adjustment factor (A¢) with the ratio of the
average pore radius to the PC-SAFT segment diameter (r,/0),
which holds for all components tested. Because Ae¢ can be
obtained a priori, our predictive model can estimate the capillary
condensation pressure for associating and non-associating
fluids even when the pore size becomes comparable to the
molecular size. The structure of our paper is as follows: after
the introduction, Section 2 discusses the thermodynamic frame-
work of the PC-SAFT model and capillary effects in the phase
equilibria calculations; Section 3 presents the results for pure
component and binary gas systems; finally, the conclusion
remarks are given in Section 4.

2 Thermodynamic frameworks
2.1 Confined phase equilibria for multicomponent systems

The equality of fugacity for each mixture component in the
available phases dictates the thermodynamics of phase equili-
bria. The equilibrium condition for the vapor-liquid equilibria
(VLE) is given by eqn (1):**

(T, PY,y) = fH(T", Phx) (1)

where f; is the fugacity of component i; T and P are the
temperature and pressure, respectively; x and y represent the
mole fractions in the liquid and vapor phases, respectively; and
the superscripts V and L indicate the vapor and liquid phases,
respectively. The fugacity of each component in the liquid and
vapor phases can be written in terms of their fugacity coeffi-
cients using eqn (2):*°

yioY (TV, PY,y) PV = x;0F (T", PY, x) P* ()

where ¢; is the fugacity coefficient of component i, that is
computed using the PC-SAFT model.

The equilibrium conditions given by eqn (1) and (2) are valid
for both the bulk and confined phase equilibria. In most
applications, the thermal equilibrium condition predicts similar
temperature values for the vapor and liquid phases (7" = T9), in both
the bulk and confined systems. However, contrary to the bulk phase
equilibria, the mechanical equilibrium condition in the confined
fluids predicts different pressures for the vapor and liquid phases
across a curved interface. The difference in the phase pressures is
dictated by capillary pressure, which according to the Laplace
equation, is related to the interfacial tension (y) and the radius of
curvature (7).>> For a gas-liquid system confined in a cylindrical
capillary tube and under equilibrium, the capillary pressure simpli-
fies to the Young-Laplace equation, as presented in eqn (3):>°

ﬁ_ZycosQ

PV — Pl = 3)

r Tp
7 is the interfacial tension; r;, is the capillary tube pore radius; and 0
is the contact angle. Often, the calculations are simplified by
assuming complete wetting in pores, which is quantified by zero
contact angle.”””°*" We also make a similar assumption because
the contact angle values are not available in the capillary condensa-
tion experiments conducted in nanocapillaries. Interfacial tension is
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an important parameter that affects the capillary pressure. In
multicomponent systems, the solubility of a gas in the confined
liquid changes the interfacial tension, and consequently, capillary
pressure.”® For a multicomponent system, the interfacial tension
can be estimated using a so-called parachor method that is shown
in eqn (4):>

4
Y= (Zpi [xip" — J}ipv}> 4

where p; represents the parachor of component i and p is the fluid
density, which is estimated from the PC-SAFT model in this study.

The Kelvin equation is fundamental in interfacial thermo-
dynamics, relating the saturation pressure of the confined and
bulk fluids to curvature, as expressed in eqn (5):>°

PN\ oplb
In(—) =2 5
H(Poo) RTr (5)

where 7 represents the interfacial tension; v“ is the molar
volume of the liquid phase; r is the mean radius of curvature
for the condensed liquid; P*** and P%" are the vapor pressure of
confined and bulk phases, respectively; T represents the tem-
perature; and R is the universal gas constant.

2.2 PC-SAFT model

We use PC-SAFT EosS to calculate the fugacity coefficient and density
of confined fluids. The PC-SAFT model was proposed by Gross and
Sadowski’*® in the context of molecular thermodynamics and
statistical mechanics. It considers molecules as chains with a
different number of segments and sizes interacting with each other.
Because PC-SAFT considers the molecular interactions, it is especially
suitable for calculating phase equilibria and physical properties of
systems that involve associating fluids, polymers, and colloids."”
The PC-SAFT model is formulated using dimensionless
residual Helmholtz energy contributions from hard-chain, dis-
persion, and association as illustrated in eqn (6):**%%37>°

e = dhc + ddlsp + gassoc (6)

The dimensionless dispersion contribution term for the resi-
dual Helmholtz energy is given by eqn (7):*’

a%s = _2nplim2ea® — npmCylLm2e2 63 )

where p is the total number density of the molecules and is
related to density and Avogadro’s number (N,) using eqn (8):

moty A(A ) x 10%
() =" ®

The intermediate variables in eqn (7) are defined by
eqn (9)-(17):*

e g2
o = (14 abe=2
(1-&)
)

—1
£ _ 2 3_nzd
(1-&)2-&))
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m250-3 = Z Z x,-x_,m,-mj%afﬁ (10)
i
m2e2g3 = Z Zx,;xjm,m/ <k_) 0',,3 (11)
i
g, +o
O','j = ! 5 / (12‘)
e = /e (1 = ki) (13)
6 .
I = Zaifsl (14)
i=0
6 .
L= Ebiff (15)
i=0
m—1 m—1m-—2
a; = ap; + ay; + i (16)
m—1 m—1m-—2
b,' = b(),' + 7 b]i + — mn b2i (17)

where m;, ; and ¢; are the segment number per chain, segment
diameter, and the dispersion-energy parameter for component
i, respectively, and are among the PC-SAFT pure component
parameters; and k is the Boltzmann constant. In addition, k; is
the binary interaction parameter in the PC-SAFT model. The
values of the model universal constants a;, a1;, @»;, boi, b1, and
b,; are available in the literature.*”

Furthermore, &, (=0, 1, 2, 3) and d; are defined by eqn (18)
and (19), respectively.

é,, = TC_6,0 Z: x,~m,-d,-" (18)

di = o*,-(l - 0.12e%) (19)
The dimensionless hard-chain and association contribution
terms to the residual Helmholtz energy (@™ and G*°) are
given in Appendix A.

To obtain the fugacity coefficient of a pure component or
that of a component in the mixture, the following equations are
employed:*’

In ¢, *ﬁ—an (20)
J)AHTes
an—l+n(Og ) (21)
T x
~Tes
wo= @+ (Z 1)+ (a“ )
i ) 1y s
(22)

N (8&1‘63)
_ § ¥ =
J
- ox; ) 1. Voxes)

Jj=1

In eqn (20), Z and u represent the compressibility factor and

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cp05979k

Open Access Article. Published on 08 April 2024. Downloaded on 5/5/2026 2:04:15 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

chemical potential, respectively. In addition, # is the packing
fraction and is equal to &; (see eqn (18)). Details on the partial
derivative terms in eqn (21) and (22) can be found in the
literature.*”

2.3 Dispersion-energy parameter of the PC-SAFT model for
confined fluids

It is noted in the literature that including the capillary pressure
in the framework of flash calculation alone does not always
provide an accurate estimation of the confined vapor-liquid
equilibria (VLE).>> For pores of nm size, further adjustments
to the confined VLE calculations using EoS models are
required.””*” Yang et al.’> used PR-EoS for confined phase
equilibria and found it essential to adjust the critical pressure
and critical temperature parameters, particularly when the
ratio of pore radius to the Lennard-Jones diameter (rp/oy;) is
less than 20. Furthermore, Xiong et al.>” employed CPA-EoS for
confined phase equilibria and concluded that for r,/o; < 10, it
becomes important to adjust the CPA energy parameter.

The molecular interactions between a confined fluid and the
pore wall surface intensify the van der Waals forces of the
fluid.”*”” In a nanoconfined fluid, the effect of solid pore
boundary is more pronounced, and the molecules experience
attractive forces not only with each other but also with the
molecules at the confining surfaces.”®”” This allows molecules
to come into a closer contact, enhancing the van der Waals
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interactions. The stronger van der Waals forces perturb the
phase equilibrium by affecting the fugacity coefficient of the
confined phase in eqn (2). In the PC-SAFT model, the van der
Waals forces are incorporated in the dispersion energy term
(eqn (7)). Hence, we adjust the dispersion energy parameter of
the PC-SAFT model (¢) to obtain a better estimation of capillary
condensation pressure in nanopores.

To model the system under extreme confinement, we use
PC-SAFT confined dispersion energy parameter (¢.) that is
correlated to the conventional PC-SAFT dispersion-energy para-
meter (¢) through a so-called dimensionless adjustment factor
(A¢) as shown in eqn (23):

e = ¢(1 + Ag) (23)

The subscript c represents the confinement condition. Using
experimental data of capillary condensation, we will later
correlate the dimensionless adjustment factor (Ag) to the ratio
of pore radius to the PC-SAFT segment size (r,/c). To obtain the
correction term, Ae for pure components under confinement
conditions, experimental capillary condensation pressures are
collected from literature for associating and non-associating
pure and binary systems as detailed in Table 1. Then, the
saturation pressure for the pure components is calculated from
eqn (2) and (3) using the PC-SAFT EoS.

To find the adjustment factor (Ae) for each component,
genetic algorithm optimization method is used. We minimize

Table 1 List of experimental adsorption isotherms from which the capillary condensation data are derived

Adsorbate

Name Formula Porous medium Temperature (K) Mean pore radius (nm) Ref.
Nitrogen N, MCM-48 55-115 1.9 58
Nitrogen N, MCM-41 65-115 1.2-2.2 59 and 60
Nitrogen N, SBA-15 68-120 3.0-3.9 59

Argon Ar MCM-41 57-135 1.2-2.2 41, 60 and 61
Argon Ar MCM-48 87 1.1-1.5 62
Oxygen O, MCM-41 70-140 1.8, 2.2 60 and 61
Carbon dioxide CO, MCM-41 200-260 1.8,2.2 61 and 63
Carbon dioxide CO, SBA-15 245-295 2.45, 3.3 64
Ethane C,Hg SBA-15 263-300 3.04, 4.07 64
Ethylene C,H, MCM-41 144-148 1.8 60
Propane C3Hg MCM-41 278.5-322.5 1.3-3.0 65
n-Butane n-C4H;o MCM-41 281.8-301.4 1.3-3.0 65
n-Pentane n-CsHi, MCM-41 258-298 1.4-3.2 63
n-Hexane n-CgHy4 MCM-41 298-323 1.2-2.2 66 and 67
n-Hexane n-CeHy 4 SBA-15 293.2 3.4 68
c-Hexane ¢-CeHqo SBA-15 293.2 3.4 68
3-Methyl pentane CeHi4q SBA-15 293.2 3.4 68
n-Heptane n-C;He SBA-15 298.15-308.15 2.3-3.9 68 and 69
Benzene CeHg MCM-41 273.15-303.15 1.3-2.2 70 and 71
Toluene C,Hg SBA-15 293.2 3.4 68
Methanol CH;0H MCM-41 298 1.2-2.2 71
Ethanol C,H;0H MCM-41 273.15-303.15 1.3-2.1 70

Water H,0 MCM-41 298.2 1-2.1 72

Water H,0 SBA-15 293.2-298.2 2.5-3.3 72 and 73
Water H,0 OMC 294.5 3.1-4.6 74

Water H,0 MCM-48 293.15 1.4 73
Methane + Ethane CH, + C,Hg¢ SBA-15 236-277 3.28 75
Methane + Ethane CH, + C,Hq MCM-41 264.75 1.95 76
Methane + Carbon dioxide CH, + CO, SBA-15 240-280 3.28 75
Ethane + Carbon dioxide C,H¢ + CO, MCM-41 264.6 1.35 77
Nitrogen + Water N, + H,O Mica 294 0.5-3.0 78
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the average absolute relative deviation (AARD) between the
experimental and computed capillary condensation pressure
data as the objective function, as shown in eqn (24).
1P — Pl
AARD = — ) & 5% 24
NP2 R e
NP is the number of datapoints, and P,4s is the capillary
condensation pressure. The superscripts exp and cal indicate
experimental and calculated (from the model), respectively. To
use the PC-SAFT EoS, the model parameters for all components
are required, which are obtained from literature and summar-
ized in Table 2.

To create a generalized correlation for Ag, we relate the
dimensionless adjustment factor to the ratio of r,/c; 1, repre-
sents the mean pore radius; and ¢ is the segment diameter in
the PC-SAFT EoS. Therefore, for the situations when the pore
radius becomes comparable to the molecular diameter, the
inclusion of capillary pressure in the VLE calculations alone is
not sufficient to predict the confined phase behavior. In such
cases, we modify ¢ to improve the accuracy of the confined VLE
calculation for the extremely small pores.

3 Results and discussion
3.1 Capillary condensation pressure for pure gases

The dimensionless energy adjustment factor (A¢) is determined
using a dataset comprising 78 data points, which include 18
different components such as permanent and noble gases,
various hydrocarbons, alcohols, and water. This adjustment
factor is calculated individually for all components to predict
the capillary condensation pressure experiments at given pore

Table 2 PC-SAFT pure component parameters and parachor
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sizes. We find Ae¢ to be independent of temperature. The
resulting adjustment factor (A¢) is shown in Fig. 1 as a function
of the dimensionless parameter r,/o. Fig. 1 shows positive
for the adjustment factor, indicating that the
dispersion-energy parameter for the confined fluids is greater
than that of the bulk fluids (&. > ¢). In addition, Fig. 1
demonstrates that the adjustment factor increases exponen-
tially as the r,/o ratio decreases. Conversely, the adjustment
factor approaches zero with the increase in the r,/o ratio. It
signifies that the PC-SAFT dispersion-energy parameter for the
confined fluids approaches that of the bulk fluids when
pores become large compared to the molecular dimension
(rplo > 15).

This adjustment factor, as shown in Fig. 1, fits well to (r,/0),
which considers the ratio of characteristic sizes of porous
media (r,: pore radius) and the confined fluid molecular size
(o: the PC-SAFT segment diameter). Both r;, and ¢ are known a
priori for most fluids, and the correlation in eqn (25) provides a
general modification, which is valid for the wide ranges of
temperature, pressure, and components used, as summarized
in Table 1.

In addition, to provide a generalized representation of the
adjustment factor, a correlation is introduced to link the (r,/c)
ratio to the adjustment factor, as given by eqn (25).

values

Ae = 28— 0.438600402(7)

(25)

The t-test analysis on the regression parameters shows that
the coefficient and exponent parameters are statistically sig-
nificant at a 95% confidence level. According to the correlation,
when the ratio (r,/o) = 15, the adjustment factor (Ae) is
only 0.001. This implies that the PC-SAFT dispersion-energy

PC-SAFT pure parameters

Component m o &/k (K) B "Bk (K) Ref. Parachor Ref.
Non-associating fluids

N, 1.2053 3.3130 90.96 — 47 60.5 27
Ar 0.9285 3.4784 122.23 — 47 54.0 27
O, 1.1335 3.1947 114.43 — 79 53.6 27
CO, 2.0729 2.7852 169.21 — 47 77.5 80
CH, 1.0000 3.7039 150.03 — 47 72.6 80
C,Hg 1.6069 3.5206 191.42 — 47 110.5 80
C,H4 1.5930 3.4450 176.47 — 47 99.5 80
C;3Hg 2.0020 3.6184 208.11 — 47 150.8 80
n-C4Hio 2.3316 3.7086 222.88 — 47 190.3 80
n-CsHy, 2.6896 3.7729 231.20 — 47 231.0 80
n-C¢Hyy 3.0576 3.7983 236.77 — 47 270.8 80
¢-CgHy, 2.5303 3.8499 278.11 — 47 241.7 80
CeHyy 2.8852 3.8605 240.48 — 47 267.9 80
n-C;Hie 3.4831 3.8049 238.40 — 47 311.3 80
CeHg 2.4653 3.6478 287.35 — 47 205.7 80
C;Hg 2.8149 3.7169 285.69 — 47 245.7 80
Associating fluids (2B scheme)

CH;0H 1.5255 3.2300 188.90 0.035176 2899.5 48 * 80
C,HsOH 2.3827 3.1771 198.24 0.032384 2653.4 48 *x* 80
H,0 1.0656 3.0007 366.51 0.034868 2500.7 48 Hxx 27

The parachor (p) for methanol, ethanol, and water are obtained from the literature and are correlated with temperature (T in K): * p = 82.07 +
0.02127T, ** p = 113.6 + 0.0602T — 5.013 x 10 °T%, and *** p = 91.7714 — 0.3517T + 1.176 x 10 °T* — 1.7636 x 10 °T° + 1.0023 x 10 °T".
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O Experiment
—y=0.4386¢""404> R?=0.80, RMSE = 0.044

0.1F

Ae

0.05F

2 4 6 8 10 12 14 16

Fig. 1 Adjustment factor A¢ of PC-SAFT for confined fluids vs. ry/o, a
comparison between data and proposed correlation using 18 different
adsorbate species, six different adsorbents, and at different ranges of
temperature and pore size, as listed in Table 1.

parameter for the confined fluids is 99.9% of that for the bulk
fluid (&. = 0.999¢). Therefore, for (r,/c) > 15, there is no need for
adjusting the PC-SAFT dispersion energy parameter to estimate
the capillary condensation pressure. Note that for the range of
pore radius corresponding to 15 < (r,/a) < 100, capillary pressure
should still be integrated with the PC-SAFT model to accurately
estimate the capillary condensation pressure; however, using the
PC-SAFT dispersion energy parameter from bulk () is satisfactory.
For (r,/0) < 15, confined VLE phase equilibria predictions using
the PC-SAFT model deviate from experimental data; we find that
by using the confined dispersion energy parameter (&) instead of
the conventional dispersion energy parameter (¢) in the PC-SAFT
model, the VLE prediction error reduces significantly.

In the following, we compare the experimental adsorption
saturation pressure data for pure fluids with the proposed
model. We use the PC-SAFT model with the Young-Laplace
equation and assume complete wetting conditions. The
proposed correlation shown in eqn (25) is used to modify the
PC-SAFT EoS dispersion energy parameter when the pore size
becomes comparable to the molecular dimension. Using the
thermodynamic framework discussed and performing dew
point calculations, we estimate the mean pressure at which
capillary condensation occurs in different mesoporous silica
and at different temperature levels.

Using the entire dataset listed in Table 1, the estimated
capillary condensation pressure values from our thermody-
namic model are compared with the experimental data for 18
different pure gases at various temperatures and sorbent pore
sizes, as illustrated in Fig. 2a. Using 235 data points gathered in
our dataset from the literature, the AARD% value of 12.26% is
achieved. The maximum relative deviation is observed in the
case of benzene (C¢Hg) in MCM-41 with a pore radius of 1.3 nm
and at a temperature of 273.15 K. Although the AARD% value
for the maximum deviation is relatively large, the absolute error
value is low; in this system, the experimental capillary con-
densation pressure is only 0.47 kPa, while the model estimation
is 0.21 kPa, resulting in the maximum RD% of 57%. To show
the importance of using the adjustment factor, we compare the
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Fig. 2 Estimated and experimental confined saturation pressure for 235
datapoints that include 18 different pure gas components at various
temperatures and porous materials, as listed in Table 1. Markers: data-
points, solid line: y = x, (a) with &, (b) with e.

experimental adsorption saturation pressure data for pure
fluids with the model by employing the conventional disper-
sion energy parameter (¢), as shown in Fig. 2b. Consequently,
an AARD% value of 40.28% is attained. A comparison of the
AARDs reveals a notable enhancement in the adsorption satura-
tion pressure predictions for pure fluids with the current
model. Another observation arising from the comparison
between Fig. 2a and b is that using the conventional dispersion
energy parameter (&) results in an overestimation of the adsorp-
tion saturation pressure. This overestimation is evident in
Fig. 2b, where most data points lie above the y = x line.

To show the trends in capillary condensation pressure with
temperature for different gases and for porous media with
different average pore sizes, the model results are compared
to the experimental data in Fig. 3. The solid lines show the
saturation pressure of confined fluids from the model; the
dashed lines represent the saturation pressure for the bulk
condition; and the symbols denote the experimental data for
capillary condensation pressure. Fig. 3 covers the adsorbate-
adsorbent literature data for 13 different pure gas components,
including associating fluids (such as water and alcohols) and
non-associating fluids (such as the atmospheric gases and
hydrocarbons). The capillary condensation pressure data from
the literature are related to different porous materials such as
MCM-41, MCM-48, OMC, Mica, and SBA-15 with different pore
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Fig. 3 Pure component condensation pressure for bulk and confined fluids from the current model and experimental data. Symbols: experiment, solid
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sizes. Fig. 3 explores the influence of temperature and pore gas components, showing an excellent fit to the experimental
radius size on the capillary condensation pressure for various data for all components tested. As expected, with an increase in
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temperature, the condensation pressure increases for a given
pore size. Also, from Fig. 3, it follows that the rate of change
(increase) in condensation pressure increases with tempera-
ture; at a given temperature, the rate of change in saturation
pressure with temperature decreases under confinement such
that as the pore size decreases, the rate of change in the
capillary condensation pressure with temperature decreases.
Also, in agreement with the Kelvin equation, at a given tem-
perature, the saturation pressure is less for smaller pores.
Alternatively, to achieve the same saturation pressure, a higher
temperature is required when pores become smaller.
Furthermore, to assess the significance of our fine-tuned
model, we compare capillary condensation pressure from the
Kelvin equation (eqn (5)) and experiments with our model with
and without adjustments to the dispersion energy parameter in
Fig. 4 (by employing ¢, and ¢, respectively). According to Fig. 4,
the ratio of the confined saturation pressure to the bulk
saturation pressure is plotted against the pore radius. The
comparison is made for C¢Hg and CH;OH at 298 K,”* and
H,O at 294.5 K.”* Fig. 4 shows that the Kelvin equation and the
current model without adjusting the dispersion energy para-
meter, both start to overestimate the saturation pressure when
pores become small while our model (using ¢.) consistently
provides a significantly better agreement with the experimental
data even for smaller pore sizes. An analysis of the results in
Fig. 4 shows that for CsHg, our model gives an AARD of 14.71%,
while the Kelvin equation results in a notably higher AARD of
124.03%. In the case of CH;OH, our model yields an AARD of
13.34%, whereas the Kelvin equation leads to a comparatively
higher AARD of 48.20%. For H,O, our model shows an excep-
tionally low AARD of 0.75%, while the Kelvin equation results
in an AARD of 1.96%. In Fig. 4, we also show the location of
(rp/o) = 15, at which the dispersion-energy parameter for the
confined fluid is nearly identical to that of the bulk fluid (e, =
0.999¢). As observed in Fig. 4, for larger pores where (rp/0) > 15,
the results from the Kelvin equation and our model are similar.
As discussed in Section 2.3, we adjust the dispersion energy
parameter (¢) in the PC-SAFT model to address the increased
van der Waals interactions upon fluid confinement. Fig. 5
represents the impact of adjusting the dispersion energy para-
meter on the van der Waals interactions for confined fluids.
In this figure, we plot the ratio of the dispersion contribution to

View Article Online
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the Helmholtz energy for confined water to that of bulk fluid
against the dimensionless variable (r,/g) with and without the
correction for the dispersion energy parameter. The adjusted
dispersion energy parameter is shown with ¢. in which the
subscript ¢ highlights correction for confinement condition,
and the conventional dispersion energy parameter is shown
with &, which represents its value for the bulk phase.

When correcting for the confinement effects by using e,
instead of ¢, the model predicts an interplay between two
conflicting factors that together affect G***P with varying the
pore size. When decreasing the pore radius of a nanoconfined
fluid, the adjusted PC-SAFT model uses a larger value for the
dispersion energy parameter (&), as proposed in Fig. 1, which
increases a**P as it is expected from eqn (7). On the contrary,
when decreasing the pore radius, the Young-Laplace equation
predicts a lower pressure for the wetting liquid at a fixed gas
pressure. At a lower liquid pressure, the number density
decreases (in eqn (8), also reducing the intermediate terms I,
I, and &, in eqn (14) and (18), respectively), which reduces ¢
accordingly. The overall observation is an increase in the
dispersion contribution to the Helmholtz energy of the con-
fined fluid, which is in agreement with the literature.”®”” In the
conventional modelling approach using ¢ (knowing that ¢ < &.),
the PC-SAFT model overlooks the van der Waals interactions
for the liquid molecules and pore surface that is expected for
confined fluids. Thus, as can seen in Fig. 5, when using the
conventional energy parameter ¢ in the PC-SAFT model, the
a%*P term for the nanoconfined fluid can become less than
that of the bulk phase. The reason is that, in this case, the effect
of confinement is only implemented through reduced liquid
pressure (that eventually approaches a negative value) from the
Young-Laplace equation, which consequently reduces G¥*P.

3.2 Capillary condensation pressure for binary gas mixtures

As previously explained, the capillary condensation pressure of
mixtures under confinement conditions can be determined by
performing dew point calculations using an EoS in conjunction
with the Young-Laplace equation. To assess the model’s predic-
tive capabilities in estimating the capillary condensation pressure
in binary mixtures, we compare experimental capillary condensa-
tion pressure data with those from our model. However,
compared to pure gases, the experimental data on capillary
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Fig. 4 Ratio of confined saturation pressure to bulk saturation pressure vs. pore radius; a comparison between the current model (with and without ¢
adjustment) and experiments: (a) CgHg at 298 K,”* (b) CH3zOH at 298 K,”* (c) H,O at 294.5 K.
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condensation pressure of binary mixtures in porous materials are
rather limited.

The binary interaction parameter of the PC-SAFT model (k;)
for the confined fluid is adopted from those related to the bulk
condition, as listed in Table 3. For mixtures of C,Hg + CO, and
N, + H,O, the binary interaction parameters are estimated due
to the lack of available data in the literature. The comparisons
between the current model results and experimental data are
visualized in Fig. 6-9 for four different binary systems. Overall,
excellent model predictions are observed when compared to the
experimental data of the binary mixtures.

Fig. 6 shows a P-T diagram of capillary condensation
pressure for binary gas mixtures at different temperatures;
the corresponding dew pressure curves for these mixtures
in the bulk phase (using PC-SAFT model) are also shown for
comparison. The sorbent used in Fig. 6 is SBA-15 with an
average pore radius of 3.28 nm, and the binary mixtures are
CH, + C,Hg (15% CH,) and CH, + CO, (12% CH,). The binary
interaction parameter is set to zero, which is consistent with
the literature reports.

Fig. 6 reveals a remarkable agreement between the results
obtained from our model and the experimental data. The
results show that under confined conditions in SBA-15, the
capillary pressure values for these binary mixtures are consis-
tently lower by approximately 2.0 to 4.4 bar compared to bulk
conditions at all temperature levels studied in this work. This
agreement highlights the model’s ability to predict the capillary
condensation pressure in these mixtures effectively.

Fig. 7 presents a P-xy diagram for the C,Hs + CO, binary
system at 264.6 K under bulk conditions (dashed lines) and
under confinement conditions (solid lines). The sorbent is
MCM-41, with an average pore radius of 1.35 nm. Fig. 7 displays

Table 3 Binary interaction parameters of PC-SAFT at the bulk condition

Mixtures kij Ref.

CH, + C,H, 0 81

CH,4 + CO, 0.065 47

C,H, + CO, 0.085 This work
N, + H,O (2B scheme) —0.055 This work
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MCM-41; symbols: experimental data under confinement condition from
ref. 77.

a comparison between our model results obtained and the
limited experimental data for adsorption capillary pressure.
Despite the relatively narrow two-phase region band in Fig. 7,
our results show a good agreement between the dew curve
obtained by the model under confinement -conditions
(represented by the dark red solid line) and those limited
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Fig. 9 Relative humidity required for H,O condensation in a binary
mixture of H,O + N, in mica with different pore sizes at 294 K and the
atmospheric pressure from model and experimental data.”®

experimental data. Furthermore, a comparison between the
confinement and bulk conditions highlights that the dew
pressure under confinement is consistently lower by about
10 and 14 bar, respectively. This significant reduction in the
dew pressures for the confined compared to the bulk phases is
attributed to the small pore size (1.35 nm) of the MCM-41
adsorbent used.

Fig. 8 presents a comparison between the P-xy diagram for
the bulk (dashed lines) and confined (solid lines) mixtures of
CH, + C,Hg at 264.75 K and experimental adsorption capillary
pressure data using MCM-41 with an average pore radius of
1.95 nm. According to Fig. 8, a good agreement is observed
between the experimental results and the predicted dew data
under confinement conditions, represented by the dark red
solid line.

Furthermore, a comparison between the two-phase region
under confinement conditions and bulk conditions reveals a
notable shift of the P-xy diagram to higher temperature values.
As it can be seen in Fig. 8, for mixtures with xcu, > 0.55,
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condensation does not occur at the bulk condition. However,
for the confined mixtures with a CH, mole fraction of up to
0.67, condensation can still occur. For instance, at a tempera-
ture of 264.75 K, a mixture with a CH, mole fraction of 0.6 does
not condense under the bulk conditions. However, the experi-
ments show that it can be condensed at 26 bar; our model
estimates the condensation pressure to be 37 bar in MCM-41
with an average pore size of 1.95 nm. This observation under-
scores the significant impact of confinement on the phase
behavior of these mixtures.

Capillary condensation has applications in dehumidifica-
tion and atmospheric water harvesting.®” Fig. 9 illustrates the
relative humidity level that is required for water condensation
from a binary mixture of H,O + N, at 294 K using mica as the
adsorbent. As depicted in Fig. 9, the experimental data closely
matches the results obtained from our thermodynamic model.
These findings, as evident in Fig. 9, suggest that the wet
nitrogen gas mixture can undergo dehumidification under
ambient conditions in mica, even when the relative humidity
percent for nitrogen is as low as 10%, which exists in arid
climate conditions.

4 Conclusions

The importance of capillary condensation in micro- and meso-
porous sorbents has motivated us to build a reliable model that
can predict the capillary condensation pressure of associating
and non-associating fluids. Our thermodynamic model uses
PC-SAFT EoS and includes the effect of capillary pressure on
dew point pressure by including the Young-Laplace equation
for fluids confined in different sorbents such as MCM-41,
MCM-48, SBA-15, mica, and Vycor@‘ glass, and at different
temperature values. A dataset of 235 capillary condensation
data is collected for 18 pure gases (including permanent gases,
hydrocarbons, alcohols, and water) and four binary gas mix-
tures (CH,/C,Hs, CH,/CO,, C,Hg/CO,, and N,/H,0), in sorbents
with various mean pore sizes in the range 1 nm to 5 nm, under
different temperature conditions.

To enhance the model accuracy, we adjust the PC-SAFT
dispersion-energy parameter (&) for confined fluids when the
pore size becomes comparable to the adsorbate molecular size.
By fitting the experimental data of capillary condensation
pressure, our model results demonstrate that for the confined
fluids, a higher PC-SAFT energy parameter should be used.
Also, we find that the energy parameter increases as the sorbent
pores become smaller. To extend the predictability of our
model under extreme confinement, we develop a correlation
that estimates the adjusted PC-SAFT energy parameter from
a priori model and sorbent data. Using 78 experimental data for
the 18 pure fluids, the adjustment factor (&) of the PC-SAFT
dispersion-energy parameter is found to correlate with the ratio
of the sorbent mean pore radius to the PC-SAFT segment
diameter (r,/c). This modification to the PC-SAFT energy para-
meter significantly improves the accuracy of calculations, espe-
cially for sorbents that feature small pores such that (r,/) < 15.
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The modification is however not required for larger pores. We
conclude that for (r,/o) > 15, the capillary condensation pres-
sure behavior from our model behaves similar to the Kelvin
equation.

To assess the reliability of our model, we predict the dew
point conditions for the bulk and confined fluids and compare
them to the experimental data. The results show that the overall
AARD% is 12.3% for a total of 235 data points, revealing an
acceptable accuracy. We also compare our model results with
those from the Kelvin equation. The values of AARD% in the
ratio of confined-to-bulk saturation pressure for pure CgHg,
CH,;0H, and H,0 are 14.71%, 13.34%, and 0.75%, respectively,
using our model, and 124.03%, 48.2%, and 1.96%, respectively,
using the Kelvin equation. Moreover, we employ our model to
estimate the saturation pressure for four binary gas mixtures
for which the PC-SAFT binary interaction parameters are taken
from bulk conditions. The model results show that after
correcting the PC-SAFT binary interaction parameter, the capil-
lary condensation pressures obtained from the fine-tuned
model match exceptionally well with the experimental data.
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Appendices
Appendix A

The hard-chain contribution to the Helmholtz energy is
described by eqn (A1):*”

' = ma — Z xi(m; — 1) Ingh (A1)
@™ is the dimensionless residual Helmholtz energy of the hard-
sphere obtained for each segment from eqn (A2); and gl¥° is the
radial distribution function of the hard-sphere fluid defined by
eqn (A3).

s _ L3646 &’ (‘f_;_ ) -
¢ 50((1—53)+§3(1_§3)2+ &2 S |In(1-&) ) (A2)

(A3)

g}.‘.s: 1 Jr(didj) 36 +(d"dj )2 287
Po(1=&) \ditd)(1-&) \ditd) (1-&)

The association contribution to the dimensionless residual
Helmholtz energy is described by eqn (A4)-(A8):**>*

Ai .
GAssoc zi:xf (Z (ln XA,' _ XT) +%>

Ai

(A4)
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AAB — <¥) ! g kA (eC:;TBf - ]) (A6)
s _ cAB; _5 cAB; &)
JABT — /K AB [ AES (i\/%) 3 (A8)

where X is the mole fraction of molecules that are not bonded
at site A and M; is the number of association sites on each
molecule. In this study, we consider M; = 2 for all associating
molecules because of using the 2B association scheme. Further-
more, k% and ¢48 are the associating component parameters
of the PC-SAFT EosS related to the effective association volume
and the association energy, respectively. For non-associating

molecules, these parameters are set to zero.
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