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Abstract In this article we present results of approximating
molecular modeling of the gas mixtures methane-nitrogen,
methane-carbon dioxide, and nitrogen-carbon dioxide ad-
sorbed on activated carbon at a temperature of 318.2 K,
based on the Statistical Associating Fluid Theory for poten-
tials of Variable Range. Unlike the previous work (Castro
et al.) showing the results in rescaled units, in this work the
results obtained are shown in real units as obtained in the
experiments.
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1 Introduction

In recent decades several theories (e.g., Langmuir (Grande
et al. 2003) and Zhou-Gasem-Robinson (Zhou et al. 1994))
have been developed to describe adsorption of pure and
mixed systems at equilibrium. One of the main interests
in the study of adsorption is in the environmental remedi-
ation. Recently, adsorption isotherms of mixture fluids have
been studied using the Statistical Associating Fluid Theory
for Potentials of Variable Range adapted for mixtures two-
dimensional (Castro et al. 2011) within a one-fluid van der
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Waals approximation (Lee 1988 and Galindo et al. 1998),
that has been used previously for 3D mixtures modeled
by SAFT-VR (Gil-Villegas et al. 1997 and McCabe et al.
1998). This approach has been applied to model adsorp-
tion isotherms of mixture fluids, such CH4—N,, CH4—CO»,
and N>—CO, mixtures adsorbed on dry activated carbon at
318.2 K and pressures up to 13.6 MPa (Castro et al. 2011).
Predictions are compared with experimental data reported
for these systems (Sudibandriyo et al. 2003). In the three
cases very good agreement was found.

In this work we applied the 2D-SAFT-VR approach to
model the adsorption isotherms for binary mixtures ob-
tained in real units such as the experimental data reported
(Sudibandriyo et al. 2003), achieving a better agreement
with experimental data than obtained in previous work (Cas-
tro et al. 2011).

2 Theory

In this section we present briefly the theory used to describe
the adsorption of a mixture of fluids on a uniform wall, as-
suming a 2D approximation of the approach within SAFT-
VR, for more details see the reference (Castro et al. 2011).

Lets assume a fluid composed of a binary mixture of M
components, each i-species formed by N; spherical particles
of diameter o;;. The particle-particle and particle-wall in-
teractions are modeled by square-well potentials (SW). The
particle-wall SW interaction is given by

00, z<0
Upw (@) =1 —€w, 0<z<Ayoi (D
0, Aw0ii <Z

where z is the perpendicular distance of a particle of diam-
eter oj; to the wall, and €,, and A, 0j; are the corresponding

@ Springer


mailto:mgcastro13@gmail.com

64

Adsorption (2013) 19:63-70

SW parameters for the wall-particle interaction. The cross
parameters are given by the following combining rules

gii +0jj
Oij = ) ()
€ij = (eii€jp)'? 3)
and
1 1
3 3 3 3 _371/2
Ap=1+ GT[(M‘ —1)(x5; = Dajio7;] “)

The first two rules correspond to the standard Lorentz-
Berthelot expressions (Lee 1988) whereas Eq. (4) is derived
from the van der Waals energy constant ¢;; according to the
Berthelot rule.

The total system, wall + particles, can be divided into
two subsystems according to the distance z: if z < Ay 0y,
then the particles can adsorb onto the wall, forming the ad-
sorbed phase; if z > A, 05; then particles are in the bulk
phase.

Fluids from the adsorbed and bulk phases have different
properties since the interaction between molecules is modi-
fied by the presence of the wall (Sinanoglu and Pitzer 1960),
and therefore the binary interaction between particles is dif-
ferent depending on the phase to which they belong to. To
describe the amount of particles adsorbed onto the wall we
use the following expression for the coverage of a specie i,
I;, defined as

)\’. gji
I; =/ pi(zi)dzi — pPAY o (5)
0

where p; is the density of particles of specie i, and ,of is the
bulk density, i.e., p;(zi = 00). Where the first term of this
equation can be identified as absolute adsorption of particles
for specie i,

4 )\;UO'Z‘,‘
Py S=/ 0i(zi)dz; (6)
0

Equation (6) is a 2D density and can be used to obtain a
corresponding 2D packing fraction,

ads 2
ads mp; 0y

Y A @)

In order to obtain the adsorbed density pf‘“ for a given
value of the density and temperature of the bulk phase, the
chemical potentials of the adsorbed and bulk phases, given
by /L“ds and ,uf.’ respectively, must be equal, i.e.,

ads

i =l ®)
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where

ads __ aAadS (9)

b aNgds

1
dAp

b
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Wi IN? (10)

where A,qy and Aj are the Helmholtz free energies for the
adsorbed and bulk phases obtained from the corresponding
number of particles of specie i, Nl.“ds and Nib .

For the case of the adsorbed phase, A,45 can be derived
from a 2D approximation, from partition function of the
mixture of fluids adsorbed onto the surface,

. )\. (oF w
Zouds = Zzdeeal 2D H( z) Ni€; (11)

where Zé”g“l is the 2D partition function for a mixture of
ideal gases and Q2P is the 2D partition function configura-
tional (Castro et al. 2011).

Since Aygs = —kT In Z 445, from Eq. (11) we obtain
M
Auds AZD Ao
— 1 LA w 12
NKT — NkT _‘“[n< a, ) TP 12)

where x; = N;/N is the mole fraction of specie i, and
Aazp = —kT In[Z}% 02P] denotes the Helmholtz free en-
ergy for the 2D-mixture system, which can be obtained by
perturbation theory, following the high temperature expan-
sion theory of Barker and Henderson (1967), similarly for
two-dimensional

A
oo _Zx, In(pf® A7) = 1 +a"" (13)

where the first term is the free energy of ideal gases and
a™°"? is the 2D free energy molar per monomer, is given by

mono

(D) 4 42,00
14
Nk 2+ pa?® + pa (14

Here Agp is the Helmholtz excess free energy for a hard
disks mixture fluid, and afZD) and aézD) are the first and
second order perturbation terms, respectively. These last two
terms can be seen in more detail in reference (Castro et al.
2011).

The properties of the bulk fluid are also obtained by per-
turbation theory at the same expansion order in 8 (Galindo

et al. 1998),

W—Zm

(3D) 2 (3D)
_1 L
+NkT+ﬂ1 +B°a

s5)
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3 Adsorption of a mixture of chain molecules

In the previous section we presented a theory for adsorption
isotherms of a mixtures of monomeric fluids; now we ex-
tend the study for the case of adsorption of chain molecules
fluids, following the SAFT-VR approach in 3D (Galindo
et al. 1998), and assuming that the monomer-monomer and
monomer-wall interactions are described via square-well
potentials.

3.1 Mixtures of 2D chain molecules

The Helmholtz free energy Ag’g‘ for a mixture of M-
component fluids of 2D chain molecules consists of three
different contributions, the ideal, monomeric, and chain

Zx, In p”dYA

where N is the total number of chain molecules in the mix-
ture, m; is the number of monomer segments of chain i, the
first and second term is defined in Eq. (14), and Achain jq the
contribution due to the formation of chains, is given by

Agu'x
D
NkT

chain

NkT

(16)

Achain M
o =~ 2 filmi = DInyji (o) (17)
i=1
where y!” is the contact value of the background function of

the monomeric fluid, defined by
VI (0i) = gt (a7 )ePeii (18)

where g is the corresponding radial distribution function,
which is determined by perturbation theory,

HD(

(o) = P (v + Beiigli (i) (19)

and the first-order perturbation term g’ii (oj;) is given by

2 [ da¥ rii 0al
9 pads o 40ads g (20)
7TO' [€ii Py Py ii

gii(oij) =

Last result is obtained from a self-consistent method for the
obtention of the pressure p, using Clausius virial theorem
and the density derivative of the Helmholtz free energy.

3.2 Adsorption equation
Once we have detailed how the free energy A"”x is ob-

tained following previous developments for 3D (Galindo
et al. 1998) and 2D chain molecules fluids (Castro et al.

2011), Eq. (12) can be rewritten for the case of adsorption
of mixtures of chain molecules fluids as

Amtx AMmix M AW W
B B me] o
i=1 !

where we have to bear in mind that x; is the mole fraction
of chain molecules of species i and € is the corresponding
chain-segment/wall energy parameter.

4 Results

The theory presented in this article was applied to three
different systems adsorbed on activated carbon at 318.2 K,
which have been previously experimentally characterized by
Sudibandriyo (Sudibandriyo et al. 2003): methane/nitrogen,
methane/carbon dioxide and carbon dioxide/nitrogen. The
theory requires eight molecular parameters for each pure
compound, and four of them were taken from previous stud-
ies using the SAFT-VR approach for bulk phases: methane
(Martinez et al. 2007 and McCabe et al. 1999), nitrogen
(Zhao et al. 2006), carbon dioxide (Colina et al. 2004).
These parameters are: the number of segments, m, the di-
ameter of monomers, o, the energy depth, €, and the range,
A, of the SW particle-particle interaction. The first two pa-
rameters are the same for the adsorbed and bulk fluids. The
criteria for the selection of the other four parameters, re-
lated to the SW particle-particle interaction for the adsorbed
phase and the SW particle-wall interaction, has been ex-
plained elsewhere (Galindo et al. 1998 and Martinez et al.
2007) and we summarize the procedure followed to clarify
the presentation of results.

As demonstrated by Sinanoglu and Pitzer (Sinanoglu and
Pitzer 1960) for a Lennard-Jones fluid, using quantum me-
chanical third-order perturbation theory, the depth of the at-
tractive energy well of the particle-particle potential in an
adsorbed monolayer is reduced by 20—40 % from their value
on the bulk. This effect is due to fluctuations of the surface
fields and is of the same origin as dispersion forces, that
yield an additional long-range repulsion. As a consequence
of this repulsive barrier, the system can be modeled by an
effective potential with a reduced attractive energy well.

In this work we selected a 20 % reduction for all the sys-
tems, i.e., €,495 = 0.8¢€. Knowing all the previous five param-
eters (m, o, €, A and €,445), the experimental ratio between
the critical temperatures of the bulk and adsorbed phases, TCb
and Tc“ds, respectively, i.e., R, = Tc“ds / ch , can be repro-
duced by selecting a specific value of 1,4;. For noble gases
and methane adsorbed on graphite surfaces, R, ~ 0.4, and
this value is taken for all the systems studied here. The cor-
responding values of A,y that reproduces R, are reported
in Table 1. Finally, as explained in references (Martinez
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Table 1 Values of molecular

parameters used to describe the Substance m o (A) A €/k (K) Aads €ads/k Aw G
adsorption of methane, nitrogen
and dioxide carbon on dry CHy 1.0 3.670 1.444 168.8 1.2 133.1 0.8165 7.6
activated carbon N, 133 3.159 1.550 81.4851  1.4737 65.188 08165 9.1
CO, 2.0 2.7864 1.5257 179.27 1.262 143.416 0.8165 4.0
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Fig.1 Absolute adsorption of CHy4 on dry activated carbon at 318.2 K.
Solid lines and symbols correspond to the SAFT-VR prediction and
experimental data (Sudibandriyo et al. 2003), respectively
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Fig. 2 Absolute adsorption of N, on dry activated carbon at 318.2 K.
Solid lines and symbols correspond to the SAFT-VR prediction and
experimental data (Sudibandriyo et al. 2003), respectively

et al. 2007 and Jiménez et al. 2008), the particle-wall poten-
tial parameters were chosen in order to reproduce the theo-
retical limit that determines the adsorption of a monolayer
(Ay = 0.8165) and the reproduction of the experimental ad-
sorption isotherms (€,).

Our results are obtained from Eq. (6), getting only abso-
lute adsorption. The density pi"ds present in this equation is
obtained by a chemical equilibrium between bulk and ad-
sorbed phase fluid. To perform theoretical and experimental

@ Springer

Fig.3 Absolute adsorption of CO, on dry activated carbon at 318.2 K.
Solid lines and symbols correspond to the SAFT-VR prediction and
experimental data (Sudibandriyo et al. 2003), respectively
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Fig. 4 Absolute adsorption of mixture CHs—N> on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is methane 80 %-nitrogen 20 %

comparison and to obtain results in real units we use the fol-
low equation

* . ads
'ads _ 4Ai mlyi

= 22)
l 77(2;”:1 mixiaiz)Nav

where Fl.“‘“ is the absolute adsorption for component, A}
is the surface area (commonly called BET), this value was
taken from Sudibandriyo (Sudibandriyo et al. 2003) which
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Fig. 5 Absolute adsorption of mixture CH4—N> on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture methane 60 %—nitrogen 40 %
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Fig. 6 Absolute adsorption of mixture CH4—N> on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond the mixture is methane 40 %-nitrogen 60 %

has value of 850 mz/g, for this work we found that methane
BET value is 850, 580 for nitrogen, and carbon dioxide
is 830, N,y is the Avogadro number. Now for the mixture
systems, we are proposing the following equation
I—vimtx — Fiads x (1 — xjfrl) (23)
where Fl.“ds is given by Eq. (22), x; corresponds to the con-
centration of the different components of the binary mixture
and 7; is the parameter selection, and indicates the prefer-
ences of adsorption of the components, i.e. the presence of
one component affects the other component. Furthermore,
this parameter has implied contributions not taken into ac-
count, such as quadrupole interactions, chemical reactions
and so on.
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Fig. 7 Absolute adsorption of mixture CH4—N> on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is methane 20 %-nitrogen 80 %
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Fig. 8 Absolute adsorption of mixture CH4—CO» on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is methane 80 %—carbon dioxide 20 %

In Figs. 1, 2, and 3, we present the comparison between
theory and experimental data of the adsorption isotherms for
temperature 7 = 318.2 K and pressure P = 13.8 MPa of
pure substances, methane, nitrogen and carbon dioxide, in
real units. The results of these three substances are the first
step before obtaining mixture results. Figure 1 shows the
good agreement between theory and experiment. Figures 4—
15 present the comparison between theoretical and experi-
mental adsorption isotherms (Sudibandriyo et al. 2003), for
the same temperature and pressure for the case of pure sub-
stances.

Results are reported as absolute adsorption isotherms, in
real units. The theoretical modeling of the mixtures CHs—
N, and CH4—CO> (Figs. 4, 5,6,7, 8,9, 10, 11) agrees very
well with the experimental data for all the different compo-
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Fig. 9 Absolute adsorption of mixture CH4—CO; on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is methane 60 %—carbon dioxide 40 %
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Fig. 10 Absolute adsorption of mixture CH4—CO; on dry activated
carbon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is methane 40 %—carbon dioxide 60 %

sitions, whereas for the mixture N»,—CO» (Figs. 12, 13, 14,
and 15) discrepancies arise between theory and experiment,
probably due to not considering the quadrupolar nature of
nitrogen and carbon dioxide. A study of these effects is re-
quired although preliminary results obtained by our group
indicate that the new molecular parameters 2D introduced
in this way do not have a simple relation ship and that more
fundamental work is required, as for example has been done
for 3D mixtures (Haslam et al. 2008). Another very impor-
tant difference from previous work where the results were
in rescaled units, is that it is possible to obtain results of ad-
sorption isotherms in real units such as used for presenting
experimental results. Very good agreement with experimen-
tal data was achieved using the surface area (BET) of each
pure system in Eq. (22). Furthermore, as the deviations in
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Fig. 11 Absolute adsorption of mixture CH4—CO; on dry activated
carbon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is methane 20 %—carbon dioxide 80 %

w
w 9
T
|

N
n

Adsorption (mmol/g)
S

0.5

\ \
0O 5 10 15

Pressure (MPa)

Fig. 12 Absolute adsorption of mixture N,—CO; on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is nitrogen 80 %—carbon dioxide 20 %

the fits are small (see Eq. (23)), the parameters of the pure
substances are good for predicting binary mixtures studied
in this work.

Our interest has been to develop a systematic way of de-
scribing adsorption isotherms using pure-compound molec-
ular values and the minimum of fitting parameters. However,
the general description for all the cases is very good, since
the theory is able to follow the right tendency of the adsorp-
tion isotherms as the pressure increases to very high values.

5 Conclusions

In this article we apply the 2D SAFT-VR approach (Cas-
tro et al. 2011) to model mixtures of chain molecules, with
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Fig. 13 Absolute adsorption of mixture Np—CO» on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is nitrogen 60 %—carbon dioxide 40 %

Adsorption (mmol/g)
w B,

(3]

I | I | I
OO 5 10 15

Pressure (MPa)

Fig. 14 Absolute adsorption of mixture No—CO» on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is nitrogen 40 %—carbon dioxide 60 %

a specific application to model adsorption of three differ-
ent mixture systems: CH4—N3, CH4—CO; and CO,—N,. Ad-
sorption isotherms for these systems are well reproduced
when compared to experimental data (Sudibandriyo et al.
2003), using pure-compound parameters studied previously
elsewhere (Martinez et al. 2007 and Jiménez et al. 2008),
and for high bulk-pressure values. Although the thermody-
namic approach followed here, based on the use of Eq. (8)
requires eight parameters, seven of them can be specified in-
dependently from the bulk phase modeling (m, o, A and €),
the theoretical prediction of the effect of the substrate on the
particle-particle interaction (€,4;), the behavior of the ratio
of the critical temperatures (A445), and the geometrical re-
striction for the adsorption of a monolayer (i,,). The only
fitting parameter is the energy of the particle-wall interac-

Adsorption (mmol/g)

Pressure (MPa)

Fig. 15 Absolute adsorption of mixture N,—CO, on dry activated car-
bon at 318.2 K. Solid lines and symbols correspond to the SAFT-VR
prediction and experimental data (Sudibandriyo et al. 2003), respec-
tively. The correspond mixture is nitrogen 20 %—carbon dioxide 80 %

tion (€, /€). We have found that the theory is able to predict
the overall phase diagram of real mixtures. Another very im-
portant difference from the previous work, where the results
obtained are shown in rescaled units, is to have achieved the
results of adsorption isotherms in real units, such as com-
monly used in presenting experimental data. Furthermore,
the prediction is improved with respect to the results ob-
tained in previous work (Castro et al. 2011).
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