Grant agreement No. 640979

ShaleXenvironmenT
Maximizing the EU shale gas potential by minimizing its
environmental footprint
H2020-LCE-2014-1
Competitive low-carbon energy

D4.5
Equation of state of fluids needed for process design
and risk assessment
WP 4 – Modelling of Confined Fluids

Due date of deliverable

Month 18 – 28 February 2017

Actual submission date

20 / 03 / 2017

Start date of project

September 1st 2015

Duration

36 months

Lead beneficiary

ARMINES

Last editor

Ioannis Economou

Contributors

NCSR “D”

Dissemination level

Public (PU)

This Project has received funding from the European Union’s Horizon 2020 research and innovation
programme under grant agreement no. 640979.

Deliverable D4.5

Disclaimer
The content of this deliverable does not reflect the official opinion of the European Union.
Responsibility for the information and views expressed herein lies entirely with the
author(s).

History of the changes

Version

Date

Released by

Comments

1.0

16-03-2017

Ioannis Economou

First draft

1.1

20-03-2017

Ioannis Economou

Key words added

PU

Page 2 of 15

Version 1.1

Deliverable D4.5

Table of contents
Keyword list.............................................................................................................................. 4
Definitions and acronyms ........................................................................................................ 4
1.

Introduction ................................................................................................................. 5
1.1 General context ...................................................................................................... 5
1.2 Deliverable objectives ............................................................................................ 5

2.

Methodological approach ............................................................................................ 5

3.

Summary of activities and research findings ............................................................. 11

4.

Conclusions and future steps ..................................................................................... 15

5.

Publications resulting from the work described ........................................................ 15

6.

Bibliographical references.......................................................................................... 15

List of figures
Figure 1 - Schematic representation of the square well potential. ε is the potential depth
and λ is the potential width ..................................................................................................... 6
Figure 2 - Value of the contact of the pair correlation function of a supercritical square-well
fluid (λ = 1.5) as a function of the packing fraction at different reduced temperatures. Open
circles refer tp Monte Carlo simulations and continuous lines to model predictions [8]. ...... 9
Figure 3 – ξ values as function of packing fraction at different reduced temperatures. Open
circles: Monte Carlo simulations. Continuous line: Equation (16). ....................................... 10
Figure 4 - AAD surface contour for different pairs of λ and ε. .............................................. 11
Figure 5 - Adsorption isotherm of methane in MSC5A at 303.15 K. Closed circles refer to
experimental data [9] and continuous lines to model calculations. ..................................... 12
Figure 6 - Adsorption isotherm of ethane in MSC5A at 303.15 K. Closed circles refer to
experimental data [9] and continuous lines to model calculations. ..................................... 12
Figure 7 - Adsorption isotherm of propane in MSC5A at 303.15 K. Closed circles refer to
experimental data [9] and continuous lines to model calculations. ..................................... 13
Figure 8 - Comparison of the AAD values using the extended SAFT-VR Mie equation of state
(SAFT-VR Mie+CONF) combined with two different ways to calculate Φ for light
hydrocarbons adsorption in a carbon molecular sieve (MSC5A). ......................................... 13
Figure 9 - Adsorption isotherms of ethane in MSC5A at three different temperatures.
Closed circles refer to experimental data [9] and continuous lines to model calculations. . 14

List of tables
Table 1 - Fitted parameters of the square-well potential for light hydrocarbons adsorption
in a carbon molecular sieve (MSC5A) at 303.15 K. ................................................................ 14

PU

Page 3 of 15

Version 1.1

Deliverable D4.5

Keyword list
Confined fluids, adsorption, statistical mechanics, equation of state, PC-SAFT

Definitions and acronyms
Acronyms

Definitions

AAD

Absolute average deviation

MSC5A

Carbon molecular sieve 5A

PC-SAFT

Perturbed Chain - Statistical Associating Fluid Theory

SAFT

Statistical Associating Fluid Theory

SAFT-VR

Statistical Associating Fluid Theory with Variable Range
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1.

Introduction

1.1 General context
The ability of some fluids to adhere to a certain solid surface constitutes a central
phenomenon in nature, commonly referred as adsorption. The modeling of adsorption, as
it happens for many physical phenomena, has its origin in the proposition of empirical
formulae; some of them, e.g., Langmuir equation, can be derived following a statistical
mechanic reasoning. Several theoretical approaches have been proposed in the literature
to model adsorption using: Density Functional Theory (DFT) [1], quasi-two dimensional
fluid [2], modifications of cubic equations of state to account for confinement effect [3],
and by discretizing the porous material and minimizing the Helmholtz free energy in each
region [4].
Our approach is similar to the one developed in reference [3], but intended to be
developed within the SAFT equations of state framework. The main idea behind the
modeling proposed here is the decoupling between the fluid – fluid interactions and the
interactions between the fluid and the solid adsorbent. In such decoupling, one might take
advantage of all the developments done in the last decades in describing the
thermophysical behavior of bulk fluids and extend such equations of state taking into
account the fluid-rock interaction.
Although originally we intended to work with the PC-SAFT [5] equation of state in this
project, we eventually decided to extend a more detailed recent version of the SAFT
theory, as well as more complex, namely the SAFT-VR Mie [6]. Even so, the model
developed here can be straightforwardly included in PC-SAFT. Also, the new model is
applied to predict adsorption isotherms for very well defined systems, for which accurate
experimental data are available, so that an assessment of the model can be made.

1.2 Deliverable objectives
Development and validation of an equation of state for confined fluids rooted to
rigorous statistical mechanics.

2.

Methodological approach

The general SAFT framework is based on perturbation theory. Therefore, the total
Helmholtz free energy is given as a sum of two contributions: the reference fluid Helmholtz
free energy and the perturbed Helmholtz free energy. The reference fluid is usually taken
as the hard-sphere fluid and the perturbed potential includes the dispersion interactions of
the segments, the chain term due to the formation of chains of segments, and the
association term due to the highly directional attractive interactions in associating
PU
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compounds, such as water and alcohols. These interactions are sufficient to describe the
thermodynamic properties of a large amount of compounds. Nevertheless, the ability to
predict adsorption phenomenon crucially depends on the fluid-solid interaction, hence an
extension of these equations of state is needed to account for this specific interaction.
The fluid-solid interaction might be modeled as a square-well potential. This idealized
interaction potential is illustrated in Figure 1.

Figure 1 - Schematic representation of the square well potential. ε is the potential depth and λ is the potential
width

This means that, if the fluid particles are within a distance of 1 to λ (in reduced units)
from the solid wall, they are adsorbed by the wall. The very nature of this phenomenon
imposes an inhomogeneity in the system that challenges the true scope of classical
thermodynamics. One possible way to treat this problem, yet using classical
thermodynamics, is to consider the effect on the average energy of the system. Thus, even
though one does not have access to a detailed description of the fluid structure close to
the solid wall, one is able to calculate the resulting energy effect.
Assuming pairwise additivity, one may write the average residual energy as:

E

R



N2
u ( x) g ( x)d
2V 

(1)

where N is the number of particles, V is the volume, u(x) is the interaction potential, and
g(x) is the pair distribution function.
Considering the generalized van der Waals framework [7], one may express the
residual Helmholtz free energy as an integral of the residual energy:
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Therefore, by knowing the interaction potential and the pair distribution function, one can
calculate the contribution to the Helmholtz free energy. Considering a potential energy
function for the fluid-solid interaction, one can extend an existing equation of state by
adding the Helmholtz free energy contribution given by Equation (2), assuming a model for
the pair correlation function.
For the square-well potential, Equation (1) may be rewritten as:

E

R

 

N2
g ( x)d   N
2V 

(3)

where Φ can be thought as the fraction of the fluid particles that interact with the solid
wall.
Travalloni et al. [3] suggested recently an empirical functional form for Φ, which they
have incorporated in cubic equations of state to predict adsorption isotherms:
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where kB is Boltzmann constant, η is the packing fraction, ηmax is the maximum packing
fraction that depends of the specific geometry, and θ is given by:
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(5)
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where rp is the characteristic size of the pore, σ is the hard-sphere diameter of the fluid
particle, and Φ0 is given by:
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where d is the dimensionality of the pore: d = 1 for slit pores, d = 2 for cylindrical pores, d =
3 for spherical pores, and a non-integer d corresponds to a fractal pore.
Despite its empirical nature, this mathematical functional form for Φ seems to be quite
adequate for modeling adsorption. Nonetheless, a theoretical expression remains an open
issue.
One possible way to derive a more theoretical expression for Φ is to consider the Mean
Value Theorem on the integral that appears in Equation (3):

E

R

 

N2
N
g ( x)d   N   Ng ( )
d   Ng ( )0

2V 
2V 

(7)

The application of such theorem replaces the main issue with a problem of finding the
value of the pair correlation function that gives the mean value of g(x) between 1 and λ,
i.e., g(ξ). Considering that λ is often less than 2, a Taylor series expansion of g(ξ) around 1
seems to be quite reasonable:
1   2 g ( x) 
1   3 g ( x) 
 g ( x) 
2


  1   3    13  O(4)
g ( )  g (1)  
   1  
2

2  x  x 1
6  x  x 1
 x  x 1

(8)

where g(1) is the value of g(x) at the contact, which is reasonably approximated by:

lim g ( x) 
x 1

g (1)
x2

(9)

Therefore, Equation 8 can be rewritten as:
3
2


2
3
g ( )  g (1) 1  2  1    1    1  O(4)
2
3



(10)

Truncating at the linear term, Equation (10) is reduced to:

g ( )  g (1)3  2 

(11)

The value of g(1) for a square-well fluid can be calculated using the model proposed by GilVillegas et al. [8]:
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where:

 eff 
1
2
     1 
3

1  eff  



(13)

eff  c1  c2 2  c3 3

(14)

 1.50349 0.249434   1 
 c1   2.25855
  
  
 c2     0.669270 1.40049  0.827739     
 c   10.1576
 15.0427
5.30827   2 
 3 

(15)



3



Figure 2 shows a comparison between Monte Carlo simulation results and the theoretical
prediction for g(1) at different reduced temperatures and packing fractions for λ = 5.

Figure 2 - Value of the contact of the pair correlation function of a supercritical square-well fluid (λ = 1.5) as a
function of the packing fraction at different reduced temperatures. Open circles refer tp Monte Carlo
simulations and continuous lines to model predictions [8].

Notwithstanding the accurate description of g(1), one must develop a good model for ξ
to have a reasonably adequate description of g(ξ). We performed a large series of Monte
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Carlo simulations of supercritical square-well fluids with different values of λ (between
1.125 and 1.800), with different reduced densities and at different reduced temperatures.
Then, we calculated the ratio between g(ξ) and g(1). Applying Equation (11) to such ratio,
we were able to determine the predicted values of ξ through molecular simulation. The
following equation was used to fit all values of ξ:
  1   1

 tanh1  1    2   2 
 2   2 

 (; )  

(16)

where α1 = -4.315, α2 = 1.040, β1 = 1.102, and β2 = -3.254 are fitted parameters. Figure 3
shows a comparison between the values of ξ determined via Monte Carlo simulations and
the values calculated through Equation (16) for a supercritical square-well fluid (λ = 1.5).

Figure 3 – ξ values as function of packing fraction at different reduced temperatures. Open circles: Monte
Carlo simulations. Continuous line: Equation (16).

To calculate an adsorption isotherm using an equation of state, one ought to solve the
phase equilibrium criterion that the chemical potential of the bulk fluid equals the
chemical potential of the adsorbed fluid:

 ( ,  ;T , p  ,  ads )   (T , p, bulk )

(17)

where p is the pressure of the bulk phase, Π is the osmotic pressure, ρads is the density of
the adsorbed fluid, which is proportional to the adsorbed amount, Γ = ρadsvp, vp is the
specific volume of the pore, and ρbulk is the density of the bulk fluid.
The interaction parameters, λ and ε, are fitted to adsorption experimental data
minimizing the following objective function:
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min AAD 

1
ND

ND

exp,i  calc,i

i 1

exp,i



(18)

Figure 4 shows the AAD values as function of λ and ε for adsorption of ethane in a carbon
molecular sieve (MSC5A) [9]. Even though the mathematical formulation of the model is
highly complex, the AAD surface seems to be very smooth. The simplex algorithm [10] was
employed to do the minimization of the AAD.

Figure 4 - AAD surface contour for different pairs of λ and ε.

3.

Summary of activities and research findings

Given the relevance of light hydrocarbons to the ShaleX project and the availability of
experimental data, the adsorption of such molecules in a carbon molecular sieve (MSC5A)
was selected to be studied. The MSC5A can be modeled as a cylindrical pore. The pore
geometry parameters are available in reference [3].
In Figure 5, the adsorption isotherm of methane in MSC5A at 303.15 K is shown.
Regardless of the method to calculate Φ, both calculated adsorption isotherms correlate
the experimental data quite well. In Figure 6, the adsorption isotherm of ethane in MSC5A
at 303.15 K is presented. In this case, the theoretical expression of Φ, coupled with SAFTVR Mie, provides a better correlation of the experimental data when compared to the
empirical expression of Φ proposed by Travalloni et al. [3]. Figure 7 presents similar results
for adsorption of propane in MSC5A at 303.15 K. Also for this system, the theoretical
calculation of Φ seems to represent more accurately the phenomenon. Finally, in Figure 8
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the AAD values which indicate that the theoretical expression indeed entails a better
model for these systems are presented.

Figure 5 - Adsorption isotherm of methane in MSC5A at 303.15 K. Closed circles refer to experimental data [9]
and continuous lines to model calculations.

Figure 6 - Adsorption isotherm of ethane in MSC5A at 303.15 K. Closed circles refer to experimental data [9]
and continuous lines to model calculations.
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Figure 7 - Adsorption isotherm of propane in MSC5A at 303.15 K. Closed circles refer to experimental data [9]
and continuous lines to model calculations.

Figure 8 - Comparison of the AAD values using the extended SAFT-VR Mie equation of state (SAFT-VR
Mie+CONF) combined with two different ways to calculate Φ for light hydrocarbons adsorption in a carbon
molecular sieve (MSC5A).

The results presented here lead us to believe that the representation of the adsorption
phenomenon crucially depends on the way the fluid-rock interactions are modeled. The
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structure of the fluid close to the wall seems to be essential for a good description of the
adsorption isotherms, especially at high pressures.
In Table 1, the fitted values of λ and ε for these systems are shown. The values of the
interaction potential parameters are similar, however, the theoretical expression of Φ
gives an almost constant value of λ for different hydrocarbons, which is a further
manifestation of the consistent development of the model.
Table 1 - Fitted parameters of the square-well potential for light hydrocarbons adsorption in a carbon
molecular sieve (MSC5A) at 303.15 K.

methane
ethane
propane

Empirical Φ
λ
ε/kB (K)
1.966
1489.0
1.685
2150.1
1.506
2487.4

Theoretical Φ
Λ
ε/kB (K)
1.480
1647.2
1.434
2016.3
1.440
2111.3

Finally, we address the temperature effect on the adsorption isotherm. Keeping the
fitted parameters constant, the adsorption isotherms of methane, ethane, and propane,
are evaluated at a lower (278.65 K) and a higher (323.15 K) temperatures. In Figure 9,
calculations with this approach are shown. Once more, the theoretical expression of Φ
predicts with higher accuracy the temperature dependence of the adsorption isotherms
compared to the empirical expression of Φ.

Figure 9 - Adsorption isotherms of ethane in MSC5A at three different temperatures. Closed circles refer to
experimental data [9] and continuous lines to model calculations.
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4.

Conclusions and future steps

We extended SAFT-VR Mie equation of state to confined fluids assuming a square-well
potential for the fluid-solid interaction. We developed a theoretical expression that allows
the calculation of the residual Helmholtz free energy with the least amount of the fluid
structural information. We compared such expression with an empirical one previously
proposed in the literature [3]. For the adsorption of light hydrocarbons (methane, ethane,
and propane) in a carbon molecular sieve, the theoretical expression correlates better the
experimental data than the empirical one.
The next step in this project is to apply this model to different systems in terms of
chemical nature of the fluid and the adsorbent as well as different pore geometries. This
will be of outmost importance for ShaleXenvironmenT project. Moreover, we intend to
use this model to predict the adsorption of mixtures, using standard combining rules for
the interaction energy parameters.
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