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A hybrid statistical mechanical model, which is fully consistent with the bulk perturbed-chain sta-
tistical associating fluid theory (PC-SAFT) in describing properties of fluids, was developed by cou-
pling density functional theory with PC-SAFT for the description of the inhomogeneous behavior
of real chain molecules in nanopores. In the developed model, the modified fundamental measure
theory was used for the hard sphere contribution; the dispersion free energy functional was repre-
sented with weighted density approximation by averaging the density in the range of interaction,
and the chain free energy functional from interfacial statistical associating fluid theory was used to
account for the chain connectivity. Molecular simulation results of the density profile were com-
pared with model prediction, and the considerable agreement reveals the reliability of the proposed
model in representing the confined behaviors of chain molecules in an attractive slit. The devel-
oped model was further used to represent the adsorptions of methane and carbon dioxide on ac-
tivated carbons, in which methane and carbon dioxide were modeled as chain molecules with the
parameters taken from the bulk PC-SAFT, while the parameters of solid surface were obtained
from the fitting of gas adsorption isotherms measured experimentally. The results show that the
model can reliably reproduce the confined behaviors of physically existing substances in nanopores.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4808160]

I. INTRODUCTION

Understanding of fluid behaviors in nanopores and
nanochannels is of considerable importance in various indus-
trial processes and scientific fields such as adsorption, wet-
ting, lubrication, and tribology.1, 2 Due to wall-molecule in-
teractions and wall geometry the confined fluid in nanopores
or nanochannels is inhomogeneous and shows quite different
characteristics compared to their behavior in bulk. A number
of experimental measurements, molecular simulations, and
theoretical models were used to study the properties of con-
fined fluid in nanoslit or nanotube.3–6 Among them, the classi-
cal density functional theory (DFT) is an efficient theoretical
method to study the phase behavior and thermodynamic prop-
erties of inhomogeneous fluids.

In the last two decades, several DFT models have been
developed to predict the properties of inhomogeneous simple
atomic and complex fluids. A significant progress was the de-
velopment of DFT models for representing the properties of
polyatomic fluid on the basis of Wertheim’s first order ther-
modynamic perturbation theory.7–11 Compared to molecular
simulation, most such DFT models accurately predict the mi-
crostructure of inhomogeneous fluid, but it is infeasible to use
such models to represent properties of real substances due to
the fact that most of these models were applied for model
molecules with integer segment numbers. On the other hand,
the bulk properties of fluids have been extensively studied in

a)Electronic mail: xhlu@njut.edu.cn.

which the segment number is not an integer in most cases.
Thus, it will be very desirable to develop a DFT model repre-
senting the behavior of real substances with one set of molec-
ular parameters for both inhomogeneous and bulk cases.

A reliable and robust theory for representing the proper-
ties of bulk fluid is a prerequisite for such a DFT model devel-
opment. Statistical associating fluid theory (SAFT) equation
of state (EoS) is one of the most promising approaches de-
scribing phase behavior of bulk fluids. SAFT was originally
developed by Chapman et al.12 on the basis of Wertheim’s
first order thermodynamic perturbation theory. Several ver-
sions of SAFT have been proposed later, such as SAFT-VR,13

soft-SAFT,14 SAFT1,15 SAFT2,16, 17 and PC-SAFT,18, 19 and
widely used for systems containing non-polar, polar, ionic,
and associating substances including gases, solvents, ho-
mopolymers, copolymers, and electrolytes. Details of theories
and applications can be found in reviews.20–22

Based on SAFT EoS, several groups have developed DFT
models and further used them to describe the phase behaviors
of mixture as well as interfacial tensions. Gloor et al.23–25 de-
veloped a DFT model on the basis of SAFT-VR with a lo-
cal density approximation, and the model accurately predicts
the interfacial tension. Based on perturbed-chain polar statis-
tical associating fluid theory (PCP-SAFT), Gross26 proposed
a DFT reproducing the surface tension of non-polar and po-
lar substances. The free energy functional for dispersion at-
traction is expressed as a first order perturbation term. As the
functional is not consistent with bulk PC-SAFT, a local den-
sity approximation was used to compensate the difference. In

0021-9606/2013/138(22)/224706/9/$30.00 © 2013 AIP Publishing LLC138, 224706-1

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.240.80.250 On: Fri, 04 Apr 2014 04:36:21

http://dx.doi.org/10.1063/1.4808160
http://dx.doi.org/10.1063/1.4808160
http://dx.doi.org/10.1063/1.4808160
mailto: xhlu@njut.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4808160&domain=pdf&date_stamp=2013-06-13


224706-2 Shen, Ji, and Lu J. Chem. Phys. 138, 224706 (2013)

addition, both of these two DFTs were only used to repre-
sent the interfacial properties where the external field is weak.
For confined fluids where the external field plays an important
role, Tripathi and Chapman9 developed an accurate DFT for
the confined hard chain fluid, but the dispersive interaction
was not considered in their model. Therefore, we can con-
clude that there is no consistent model available to represent
the fluid behavior in nanopores and bulk phase simultaneously
for real substances.

In this work, a hybrid PC-SAFT-DFT model, completely
consistent with bulk PC-SAFT, will be developed to repre-
sent the fluid behavior in nanopores. PC-SAFT was chosen
because of its well-known performance for bulk fluids. The
developed model will be used to predict the density profile
and the prediction will be compared with molecular simula-
tion results for model verification. Moreover, the model will
be used to represent the experimental adsorption isotherms
of methane and carbon dioxide on activated carbon to illus-
trate the model performance for real (physically existing) sub-
stances instead of model molecules.

II. THEORY

The model developed in this work was based on PC-
SAFT in which the hard-chain, dispersive, and associative
interactions were considered. There are two versions of PC-
SAFT, one is for square-well (SW) chain molecule (first
version)18 and the other is for modified square-well chain
molecule (second version).19 The only difference of these two
models is on the universal constants in dispersion term and the
hard sphere diameter, i.e., the temperature-dependent segment
diameter was used in the second version of the PC-SAFT
model, while in the first version of PC-SAFT, and the seg-
ment diameter was a constant. The details of PC-SAFT can be
found in the work by Gross and Sadowski.18, 19 In this work,
the DFT model development was based on PC-SAFT (second
version),19 while the developed model can be easily extended
to the first version of PC-SAFT.

In DFT, for an open system, the grand potential � at fixed
μ, V, and T is given by the equation,

� [ρ(r)] = A [ρ(r)] −
∫

dr ′ρ(r ′)(μ − mVext (r ′)), (1)

where A is the Helmholtz free energy, ρ(r) is the molecular
density of fluid, μ is the chemical potential, m is the number
of segments in a chain, and Vext (r) is the external field acting
on the segment.

Following PC-SAFT EoS, the Helmholtz free energy A
can be expressed as

A [ρ(r)] = Aid [ρ(r)] + Ahs [ρ(r)] + Achain [ρ(r)]

+Adisp [ρ(r)] + Aassoc [ρ(r)] , (2)

where Aid is the ideal free energy, Ahs, Achain, Adisp, and Aassoc

are the excess free energies due to hard sphere, chain, disper-
sive, and associative interactions, respectively. The extension
of PC-SAFT to inhomogeneous fluid is described in the fol-
lowing part.

A. Ideal and hard chain terms

Based on Wertheim’s thermodynamics perturbation the-
ory, Tripathi and Chapman9, 27 derived the free energy func-
tional by considering the chain molecule as a mixture of as-
sociating monomers, and the chain was formed in the limit of
complete association. The developed model is consistent with
the bulk SAFT model. In this work, the model developed by
Tripathi and Chapman9, 27 was used to represent the ideal and
chain terms. Following this approach, the reference ideal free
energy is written as the free energy of the ideal atomic gas
mixture,

βAid [ρ] =
∫

d rmρ(r)(ln ρ(r) − 1), (3)

where β = 1/kT and k is the Boltzmann constant. The de
Broglie wavelength was ignored in Eq. (3). The hard sphere
free energy can be calculated using the modified fundamen-
tal measure theory,28 which is based on the equation for the
hard sphere developed by Boublik29 and Mansoori et al.30 and
is compatible with PC-SAFT. The hard sphere free energy is
given by

βAhs [ρ] =
∫

d r�hs [nα(r)], (4)

with

�hs [nα(r)] = −n0 ln(1 − n3) + n1n2 − nv1 · nv2

1 − n3

+ 1

36π

[
n3 ln(1 − n3) + n2

3

(1 − n3)2

]

×n3
2 − 3n2nv2 · nv2

n3
3

. (5)

In Eqs. (4) and (5), nα(r) are weighted densities of
Rosenfeld,31

nα(r) = m

∫
d r ′ρ(r ′)wα(r − r ′), (6)

where wα represents weight functions, i.e., four scalar and
two vector functions,

w2(r) = δ(d/2 − r), w3(r) = θ (d/2 − r),

wv2(r) = r/rδ(d/2 − r),
(7)

w0(r) = w2(r)/πd2, w1(r) = w2(r)/2πd,

wv1(r) = wv2(r)/2πd.

In Eq. (7), δ(r) and θ (r) are the Dirac delta and Heaviside
step functions, respectively, and d is the hard sphere diameter.
In PC-SAFT, Barker and Henderson’s perturbation theory was
used, i.e., the temperature-dependent segment diameter was
calculated with d(T) = σ [1 − 0.12 exp (−3εf/kT)], where εf

is the energy parameter of fluid-fluid interaction and σ is the
segment diameter.
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Following the approach by Tripathi and Chapman,9, 27 the
chain free energy functional is given by

βAchain [ρ]

= −(m − 1)
∫

d rρ(r)

×
[
ln

{
ycont [ρ̄(r), d]

∫
d r ′ δ(|r − r ′|−d)

4πd2
ρ(r ′)

}
− 1

]
,

(8)

where ycont [ρ̄(r), d] is the value of cavity correlation func-
tion at contact and it is given by

ycont [ρ̄(r), d] = 1

1 − ζ̄3
+ 3dζ̄2

2(1 − ζ̄3)2
+ d2(ζ̄2)2

2(1 − ζ̄3)3
(9)

and ζ̄i = π
6 mdiρ̄(r), which is evaluated at the “coarse-grained

density,” i.e.,

ρ̄(r) = 3

4πd3

∫
|r−r ′|<d

d r ′ρ(r ′). (10)

B. Dispersion term

A weighted density approximation can be used to con-
struct the dispersion free energy functional.32–35 Following
this approximation the dispersion free energy functional is
given by

βAdisp [ρ] =
∫

d rρ(r)f (ρ̄disp(r)), (11)

where

f (ρ̄disp(r)) = −12.0m
ε

kT

(σ

d

)3
η̄disp(r)I1

−6.0m2
( ε

kT

)2 (σ

d

)3
C1(η̄disp(r))η̄disp(r)I2,

(12a)

with

C1(η̄disp(r))

= 1 + m
8η̄disp(r) − 2η̄disp(r)2(

1 − ηdisp(r)
)4

+(1−m)
20η̄disp(r)−27η̄disp(r)2+12η̄disp(r)3−2η̄disp(r)4

[(1−η̄disp(r))(2−η̄disp(r))]2
.

(12b)

In Eqs. (11) and (12a), η̄disp(r) is the average packing
fraction (= π

6 md3ρ̄disp(r)) in which the weighted density is
given by

ρ̄disp(r) =
∫

d r ′ρ(r ′)wdisp(r − r ′), (13a)

where wdisp(r) is the weighting function.
As the model developed in this work is based on PC-

SAFT, and the square-well potential was used in PC-SAFT
version 1 and the modified square-well potential was used in

PC-SAFT version 2, we assumed that the potential of PC-
SAFT in both versions to be square-well in the DFT model
development.

The weighting functions have been studied
extensively,32–35 and a comprehensive introduction of
the weighted density approximation can be found in the
review of Zhou.36 A common normalized mean field weight-
ing function is defined as wdisp(r) = uattr (r)/

∫
d ruattr (r),

where uattr (r) is the attractive potential. This method has
been used to obtain the weighted density for Lennard-Jones
(LJ) fluids.32, 33 Following the definition, the weighted density
for square-well fluid can also be obtained by integrating the
density in the range of attraction. Meanwhile, Ye et al.10

proposed another approximate method, and the weighted
density was calculated by integrating the density in the
range of interaction, i.e., wdisp(r) = 3θ(λσ−r)

4π(λσ )3 . It has been
systematically proved that this approximate method could
provide satisfactory density profiles of square-well chain
confined in a slit.10 Therefore, in this work, the method
proposed by Ye et al.10 was used for the DFT model based on
PC-SAFT, i.e., the weighted density is calculated by

ρ̄disp(r) = 3

4π (λσ )3

∫
|r−r ′|<λσ

d r ′ρ(r ′), (13b)

where λσ represents the weighting distance.

C. Association term

For association term, Yu and Wu7 proposed an approach
for a mixture of associating hard spheres. We used the same
approach in this work. The free energy functional due to as-
sociation is given by

βAassoc [ρ] =
∫

d r�assoc [nα(r)], (14)

where

�assoc [nα(r)] =
∑s

j=1
Sj

(
n2

2 − nv2 · nv2

πd2n2

)

×
[

ln Xj (r) − Xj (r)

2
+ 1

2

]
. (15)

In Eq. (15), s is the number of types of association sites,
Sj is the number of association sites of type j, nα(r) are the
weighted densities calculated with Eq. (7), and Xj is the frac-
tion of molecules not bonded at site j and calculated using the
mass action equation,

Xj = 1

1 + ∑s
l=1,l �=j sl

(
n2

2 − nv2 · nv2

πd2n2

)
Xl(r)�jl(r)

.

(16)
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D. Numerical procedure

Minimization of the grand potential with respect to the
density profile yields the following Euler-Lagrange:

δ� [ρ(r)]

δρ(r)
= δA [ρ(r)]

δρ(r)
− (μ − mVext (r)) = 0. (17)

At equilibrium, μ is equal to the bulk chemical poten-
tial μb that is calculated from the temperature and pressure
for pure components. The equilibrium density profile can be
solved using simple Picard iteration.

In planar geometry, the three-dimensional integral can be
reduced to a one-dimensional integral. In planar geometry, the
detailed expressions of functional derivative integrals of hard
sphere and chain terms can be referred to Gross’s work.26 The
derivatives of Xj with respect to density were calculated using
the generalized procedure proposed by Tan et al.37 Deriva-
tives were formulated as linear simultaneous equations and
then written in a matrix form. The method solving the linear
equations and the corresponding code were given in the liter-
ature of Tan et al.37

III. RESULTS AND DISCUSSION

To verify the model, the developed model was used to
predict the density profile in different cases, and the model
prediction results were compared with molecular simulation
results. To illustrate the model performance for real (phys-
ically existing) substances besides “model molecules,” fur-
thermore, the model was used to represent the adsorption
isotherms of methane and carbon dioxide on activated car-
bons, in which the parameters describing the external force
were obtained from the fitting of the experimental adsorption
data.

As mentioned in the foregoing text, there are two versions
of PC-SAFT, and the DFT model developed in this work is
based on the second version of PC-SAFT. However, most of
the results obtained in the molecular simulation were obtained
with the assumption of square-well fluids with λ = 1.5, which
is the case of the first version of PC-SAFT. Therefore, in the
part of model verification, in order to compare the DFT model
predictions with molecular simulation results, the DFT model
developed in this work was extended to the first version of
PC-SAFT by replacing the temperature-dependent segment
diameter with a fixed segment diameter. In addition, in the
second version of PC-SAFT, the potential of fluid is a modi-
fied square-well potential, which approaches to the Lennard-
Jones attraction, and subsequently, the DFT model prediction
in this work was also compared with LJ fluid.

To calculate the weighted density using Eq. (13b), the
square-well length λ for fluids needs to be determined. In the
comparison with molecule simulation (Secs. III A and III B),
the value of λ was taken from the literature for square-well
fluids and equals to 1.5. However, λ was set to be 1.5 in Eq.
(13b) in order to investigate the compatibility of the devel-
oped PC-SAFT-DFT with LJ fluids (Sec. III C). In the part of
the model representation of gas adsorption isotherm for real
substances (Sec. III D), λ was also set to be 1.5.

TABLE I. Summary of the cases used for prediction of the density profiles
of square-well fluids in square-well slit pores.

kT/εf ρavσ
3 No. case

1.0 0.689 1
0.727 2
0.811 3

1.2 0.606 4
0.667 5
0.778 6

In the DFT model developed in this work, the interaction
between surface and fluid molecules was represented with ex-
ternal forces, and it can be square-well, LJ or even more com-
plicated interactions. In the comparison with molecule sim-
ulation, the interaction between surface and fluid was taken
from the literature.

In the part of the model representation of gas adsorption
isotherm for real substances, the developed model on the basis
of the second version of PC-SAFT was used, and LJ potential
was used to describe the interaction between surface and fluid.

A. Density profiles of square well fluids in square-well
slit pores

The density profile of square well fluid (m = 1) in slit
pores with square well potential has been simulated by others
at different temperatures and densities, which is summarized
in Table I. In Table I, ρav is the average density in the pore (=
1
H

∫ H

0 dzρ(z), H is the width of the slit). The developed DFT
model was used to predict the density profile by considering
the square-well interaction between surface and fluid as an
external force, as shown in Eq. (18),

Vext (z) =

⎧⎪⎨
⎪⎩

∞ z < 0

−εw z < λwσ

0 z > λwσ

, (18)

where z is the perpendicular distance between fluid and sur-
face.

In modeling, the fluid-surface, fluid-fluid interaction pa-
rameters were taken from literatures directly as listed. In all
cases, m = 1, H = 9σ , εw/kT = 1.5, λ = 1.5, and λw = 0.5.
The density profile of fluids under all conditions listed in Ta-
ble I was predicted and compared with Monte Carlo (MC)
simulation results.38 The comparison shows that the model
prediction agrees extremely well with the MC simulation re-
sults. Figure 1 illustrates the comparison results of cases 3
and 6 in Table I in order to show the good agreements, and
the density profile of case 6 was shifted upward for clarity.

B. Density profiles of square-well chain fluids
in square-well slit pores

The developed model was used to predict the density pro-
file of square-well chain fluids (m > 1) in a slit pore with a
square-well interaction between surface and fluid represented
as external force as shown in Eq. (18). In modeling, the av-
erage packing fraction was defined by η = π

6 mσ 3ρav where

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.240.80.250 On: Fri, 04 Apr 2014 04:36:21



224706-5 Shen, Ji, and Lu J. Chem. Phys. 138, 224706 (2013)

FIG. 1. Density profiles of SW fluid confined in an attractive slit. Curves:
DFT model predictions; Symbols: MC simulation data, �: Case 3; ©: Case
6, as listed in Table I. The density profile of case 6 was shifted upward
by 2.0.

ρav is the average density in the pore (= 1
H

∫ H

0 dzρ(z)). The
effects of fluid segment number (chain length), fluid packing
fraction, temperature, as well as the properties of solid sur-
face (interaction between surface and fluid) on density profile
were studied. The cases studied in this work are summarized
in Table II, and Figures 2 and 3 illustrate the results for some
cases. In all cases, H = 10σ , λ = 1.5, and λw = 1.0.

From the model prediction and results shown in
Figures 2 and 3, we can see that at low temperature and
weak wall-segment attraction, the model captures the tran-
sition from depletion to adsorption as η increases for short
chain molecules, but for long chain molecules, the densities
near the wall are low even at high η. At low temperature,
the densities for short chain molecules near the wall increase
significantly as the wall-segment attraction increases, and the
densities for long chain molecules at high temperatures show
the same (similar) results. The densities near the wall for long

TABLE II. Summary of the cases used for predicting the density profiles of
square-well chain fluids in square-well slit pores.

m kT/εf εw/kT η No. case

3 3 0.3 0.1 1
0.2 2
0.3 3

1.0 0.1 4
0.2 5
0.3 6

12 3 0.3 0.1 7
0.2 8
0.3 9

6 0.3 0.1 10
0.2 11
0.3 12

1.0 0.1 13
0.2 14
0.3 15

FIG. 2. Density profiles of 3-mer near one wall of the slit. Curves: DFT
model predictions; Symbols: MC simulation data, �: Case 1; �: Case 3; ♦:
Case 4; ©: Case 6, as listed in Table II.

chain molecules at high η are more sensitive to temperature
than those at low η.

The model prediction was compared with the molecular
simulation results.39 The comparison shows that the model
prediction can capture the effects of packing fraction η, tem-
perature T, chain-length, as well as the properties of surfaces
on the density profile of confined fluids in slit pores. For
longer chains at low temperature, the model prediction is not
as good as those under other conditions, and other DFT mod-
els also show some discrepancies.39

C. Density profiles of LJ fluids in LJ slit pores

In the second version of PC-SAFT, the segments inter-
act with a modified square-well potential. The efficient hard
sphere diameter was calculated by Barker and Henderson’s
perturbation theory. The parameters of pure n-alkanes were
determined by using Lennard-Jones attractive potential in the

FIG. 3. Density profiles of 12-mer near one wall of the slit. Curves: DFT
model predictions; Symbols: MC simulation data, �: Case 7; �: Case 9; ♦:
Case 10; ©: Case 12, as listed in Table II.
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FIG. 4. Density profiles of LJ fluid confined in a slit. Curves: DFT model
predictions; Symbols: simulation results: �: H = 2σ ; ©: H = 3σ . The den-
sity profile of H = 2σ was shifted left by 0.5.

expression of the dispersion term; subsequently, the univer-
sal model constants in the dispersion term were regressed us-
ing the pure parameters of n-alkanes. Therefore, PC-SAFT is
compatible with Lennard-Jones chain theory.

The DFT model in this work is based on the second ver-
sion of PC-SAFT while the weighted density was calculated
based on square-well fluid, and thus the developed model is
not a theory for LJ chain. To further investigate the compati-
bility of the developed DFT model in this work with LJ flu-
ids, we compared the density distribution predicted from the
DFT model with the simulation results of LJ monomers and
LJ chains confined in a slit. As mentioned in the forgoing text,
the value of λ was set to be 1.5 in the developed model in this
section.

The density profiles of LJ monomers confined in a slit
pore with width H of 2σ , 3σ , and 7.5σ , respectively, were
studied using the developed DFT model. The interaction be-
tween the surface of the slit and LJ fluid was given by40

Vext (z) = εw

[
2

5

(
σw

z

)10

−
(

σw

z

)4

− σ 4
w

3�(z + 0.61�)3

]
,

(19)
where � was set to be σ/

√
2, σw was set to be σ , and εw was

set to be 2πεf.40 This potential was widely used for modeling
of interaction between fluid molecule and planar surface. σw

and εw are the energy and diameter parameter for solid-fluid
interaction, and � is the interlayer distance.

The bulk density (ρbσ
3) was set to be 0.5952, and kT/εf

was set to be 1.2. The model prediction is illustrated in Fig-
ures 4 and 5 where the molecule simulation results40 are de-
picted as symbols for comparison. For all the cases studied in
this section, the model prediction shows excellent agreement
with simulation results.

We further considered four LJ chains (monomer, 4-mer,
8-mer, 16-mer) confined in an attractive slit, and the external
field was described by Eq. (19) with � = 0.7071σ , σw = σ ,
εw = 6.283εf .40 The average packing fraction of chains in-
side the slit was fixed at ηav = 0.1.

FIG. 5. Density profile of LJ fluid confined in a slit with width H = 7.5σ .
Curve: DFT model prediction; Symbols: simulation results.

Figure 6 displays the segment density profiles (ρseg(r)
= mρ(r)) of LJ chains near a surface of the slit. Results of
monomer and long chains predicted by the theory are in good
agreement with simulation data.41 At this temperature, the
density at the first peak increases with increasing chain length,
and the density is nearly zero away from the surface.

The agreement of the model prediction with the molecule
simulation results for LJ fluids reveals that the PC-SAFT-DFT
is compatible with LJ-based theory although the PC-SAFT
model is based on modified square-well fluids and the devel-
oped DFT model is not a theory for LJ fluids.

D. Adsorption isotherm representation

In Secs. III A–III C, the prediction of the developed
model was verified by comparing with the molecular simu-
lation results, and the agreement indicates the model’s relia-
bility. As shown in Secs. III A–III C, the substance studied

FIG. 6. Segment density profiles for LJ chains in an attractive slit, with the
width of the slit H = 10σ . The reduced temperature is kT/εf = 1.0. The
symbols represent the simulation data: �: 1-mer; ©: 4-mer; �: 8-mer; ♦:
16-mer. The density profiles were shifted upward for chains by 1.0, 2.0, and
3.0, respectively.
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is “model molecule,” and the segment number for the chain
molecule is always an integer. However, for a physically ex-
isting substance, it can be modeled as a chain molecule in
PC-SAFT, and the segment number is not necessarily an in-
teger. For a long chain molecule, neglecting the decimal part
may not affect the model results so much, for example, when
the segment number is more than 100, and it is reasonable to
set the segment number as an integer. However, for a smaller
chain molecule, the segment number of PC-SAFT obtained
from fluid bulk properties is a non-integer for most real sub-
stances, and neglecting the decimal part will affect the model
results significantly. Therefore, it is important to investigate
the model performance for a real substance, especially for the
small molecules.

The gas adsorption of small molecules such as methane
(CH4) and carbon dioxide (CO2) on nanoporous materials
has been widely studied experimentally, and the adsorption
isotherm has been measured extensively for the purpose of
separating CO2 from gas mixture or selective exchange ad-
sorption of CO2 from CH4 for enhanced coal-bed methane. To
illustrate the developed DFT model performance, the adsorp-
tion of methane and carbon dioxide on Calgon F400 activated
carbon was studied as an example in this work.

In general, the material has a wide range of pore size dis-
tribution and shape. In order to reduce the computation com-
plexity, in modeling, we assumed that the gas molecule was
adsorbed in a single slit-like pore with an average width. The
solid-fluid interaction Vext (z) was represented by Lee’s 10-4
Lennard-Jones potential,42 which is given by

Vext (z) = 2πρatomεsf σ 2
sf

×
[

2

5

(
σsf

z

)10

−
∑4

i=1

σ 4
sf

(z + (i − 1)σs)4

]
, (20)

where ρatom is the solid atom density, σ sf is the solid-fluid di-
ameter, σ s is the carbon interplanar distance, and εsf is the po-
tential representing the interaction between surface and fluid
segment.

The excess adsorption (�) of gas is calculated by

� = A∗

2

H−σsf∫
σsf

dz(ρ(z) − ρbulk), (21)

where A* is the surface area of the adsorbent, and H is the
width of the slit.

To represent gas adsorption, the properties of fluid and
solid surface need to be provided. In this work, the parame-
ters of fluids were taken from Ref. 19, which were obtained
from the fitting of the experimental data in bulk phase. The
parameters for CH4 and CO2 used in this work are listed in
Table III.

TABLE III. Molecular parameters.19

Substance m σ f (Å) εf/k (K)

CH4 1.0 3.7039 150.03
CO2 2.0729 2.7852 169.21

The parameters of solid (the wall) can be adjustable or
estimated. In order to decrease the number of adjustable pa-
rameters, in this work, some parameters of solid were taken
from Ref. 42, i.e., for Calgon F400 activated carbon, the solid
atom density ρatom was set to be 0.382 atoms/Å2, and σ s was
set to be 3.35 Å. In addition, the following mixing rule was
used to obtain σ sf,

σsf = σs + σf

2
. (22)

The surface area of the adsorbent was taken from the
experimental BET (Brunauer-Emmett-Teller) surface area
in this work. For Calgon F400 activated carbon, A* is
850 m2/g.43

The adsorption quantity calculated by the model is sen-
sitive to the value of slit width H. As H was assumed to be
the average pore width, in this work H was considered an ad-
justable parameter but set to be a fixed value for the same
porous materials, and then it is independent of the adsorbed
gas. εsf was set as one more adjustable parameter for one sys-
tem. Therefore, in this work, there are three adjustable param-
eters in total in order to represent the adsorption of methane
and carbon dioxide on Calgon F400 activated carbon, i.e.,
the size of pore H, and two LJ interaction parameters εsf

for two systems. These three adjustable parameters were ob-
tained from the fitting of experimental data of gas adsorption
isotherms for both CH4 and CO2 on Calgon F400 activated
carbon with the following objective function,

Obj =
N exp∑
i=1

∣∣∣∣�cal
i − �

exp
i

�
exp
i

∣∣∣∣
2

, (23)

where Nexp is the number of experimental data points, �cal
i is

the calculated excess adsorption value, and �
exp
i is the exper-

imental excess adsorption value. The average relative devia-

tion (ARD = 100
N exp

∑N exp

i=1 |�cal
i −�

exp
i

�
exp
i

|) was used to illustrate the

model performance.
Using the experimental data measured by Sudibandriyo

and co-workers at 318.2 K,43 the DFT model parameters were
obtained and listed in Table IV with the average relative devi-
ation 6.17%. Both the model results and experimental data are
shown in Figures 7 and 8 with reasonable agreements, which
implies that it is feasible to represent the adsorption of real
substances with integer or non-integer segment numbers.

As the total adsorption was reported and studied in other
works, using the model parameters, the total adsorption for
these two substances on Calgon F400 activated carbon was
calculated and compared with the experimental data too. The
model performances on excess adsorption and total adsorp-
tion are similar, which implies that it is reasonable to obtain

TABLE IV. Regressed pure-component parameters.

εsf/k (K)

H (Å) CH4 CO2 ARD (%)

13.22 76.9 67.06 6.17
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FIG. 7. Methane adsorption on Calgon F400 activated carbon. Symbols are
experimental data; curves represent the results of the model.

the model parameters from the experimental data of excess
adsorption.

The main focus of this section is to illustrate the model
feasibility for representing the confined behaviors of real
small substances with non-integer segment numbers, and the
results reveal the model’s feasibility as well as reasonable
performance. To improve the model performance, more ad-
justable parameters can be set, which has been widely used in
other models. However, this is not the focus of this work, and
thus no more work was done here.

It should be noted that the DFT models developed by Yu
and Wu8 and by Ye et al.10 can provide accurate descriptions
of long chain polymers compared with simulation. However,
in all these developed models, the segment number of the
molecule can only be an integer, which limits their application
to real substances. The other developed DFT model has been
used to describe the interfacial tension, but their application to
confined fluids has not been available. The developed model
in this work is completely consistent with bulk PC-SAFT, and

FIG. 8. Carbon dioxide adsorption on Calgon F400 activated carbon. Sym-
bols are experimental data; curves represent the results of the model.

its successful application in real substances shows the feasi-
bility to represent the properties of fluids from homogeneous
and inhomogeneous fields with the same set of parameters.

IV. CONCLUSIONS

In this work, we developed a density functional theory
that is consistent with the bulk PC-SAFT model. We pre-
dicted the density distributions of square-well chains confined
in attractive slit and compared them with simulation results.
The comparison shows that the DFT model provides suffi-
cient accurate density distribution predictions. As PC-SAFT
is compatible with Lennard-Jones molecules in bulk, we also
compared the density profiles predicted from the DFT model
with the simulation results for Lennard-Jones chains confined
in an attractive slit, and again the DFT model prediction is
in good agreement with simulation results. Furthermore, the
DFT model developed in this work was used to represent the
isotherm adsorption of methane and carbon dioxide on acti-
vated carbons. The pore of the activated carbon was modeled
as a slit with a Lennard-Jones potential interacting between
slit surface and fluid. The parameters of methane and car-
bon dioxide were the same as those in the bulk PC-SAFT.
The study illustrates the model’s feasibility for representing
the confined behaviors of physically existing small substances
with non-integer segment numbers.
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