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Abstract

Two scenarios were investigated for predicting binary gas adsorption equilibria when the single gas isotherms of one com-
ponent is described by the three process Langmuir (TPL) model and the single gas isotherms of the other component is
described by either the dual process Langmuir (DPL) or single process Langmuir (SPL) model. For the TPL-SPL and TPL—-
DPL models, 7 and 12 different correlations of energetic (free energy) site matching respectively exist. For these complex
systems, perfect positive (PP) means the free energies of the sites of the two components align in some way from high to low,
while perfect negative (PN) means they misalign in some way with high free energy sites for one component aligning with
low free energy sites for the other component. Other variations of PP and PN exist where the free energies correlate in some
way with the free energy of the site of one of the components distributed among two or more sites of the other component,
and uncorrelated exit where the free energies do not correlate but possibly still have some site distribution. A consistent set
of single and binary isotherms for CO, and N, on 13X zeolite were used to explore all 19 correlations. CO, fitted well only
to the TPL single gas model and N, fitted equally well to either the DPL or SPL single gas model. Only 3 of the 12 cases
for the TPL-DPL model and 2 of the 7 cases for the TPL-SPL model exhibited reasonable predictions of the experimental
results; the remaining 14 cases failed. The predictions for CO, for both models were very good for all 19 cases; but, some
of the predictions for N, were so overpredicted, they were not even close to reality. The simpler site matching correlations
fared better than the more complex ones, such as those with the sites of N, distributed over two or more sites of CO,. For
this CO,—N,-13X binary system, PP site matching correlations provided the best predictions, with the high and low free
energy sites of N, decidedly interacting with the high and medium free energy sites of CO, with the low free energy site of
CO, unoccupied by N,.
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List of symbols b;;  Affinity parameter of component i (=A or B) on
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E;;  Adsorption energy of componenti (=A or B) on
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N Number of data points

P Absolute pressure, kPa

R Universal gas constant, kJ mol~! K~!

T Absolute temperature, K

X; Adsorbed phase mole fraction of component i (=A

or B)

Vi Gas phase mole fraction of component i (=A or B)
. Experimental quantity in Eq. 23

Zp Predicted quantity in Eq. 23

1 Introduction

Everyone who models cyclic adsorption processes for gas
separation and purification requires a theorectical framework
that reliably predicts mixed gas adsorption equilibria. Desir-
able features of such a model should include being simple
to use, being explicit in the component amounts adsorbed
and requiring only single component information for pre-
dicting mixed gas adsorption. The dual process Langmuir
(DPL) model may be the only model that not only meets
these requirements, but, as a bonus, it also has been shown to
accurately predict mixed gas adsorption equilibria for a wide
variety of systems including nonideal behavior like azeo-
tropes [7]. This unique ability of the DPL model stems from
its formulation being applicable to energetic site matching
[7], with the concept of energetic site matching for other
models first introduced independently by Valenzuela et al.
[10] and Moon and Tien [5] as articulated by Cerofolini and
Rudzinski [1].

Although the DPL model has been used for some time
[6], it was shown only recently by Ritter et al. [7] how to
carefully and correctly assign the free energies of each
component on each site for predicting mixed gas adsorption
equilibria. Since that time the DPL model and its varients
have been gaining in popularity for predicting mixed gas
adsorption equilibria in adsorption process simulation [8].
However, it is clear from this recent review that not every-
one has considered energetic site matching when using the
DPL model. The issue is that if the practice of energetic site
matching with the DPL model is unintentionally ignored,
erroneous predictions may be obtained because the adsorp-
tion free energies for each component on each site are not
properly matched or alligned. These eroneous predictions
have been shown for gas mixtures with the single gas iso-
therms of each component in the gas mixture all fitted well
to the DPL model [7], or even with the single gas isotherms
of one of the components in a binary gas mixture fitted well
to the DPL model and the other compoonent fitted well to
the single process Langmuir (SPL) model [8].

These DPL-DPL [7] and DPL-SPL [8] cases are very
subtle because they result in different energetic site matching
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situations that must be considered. The latter situation arises
because in some cases just one type of site is required to fit
the single gas isotherms like for O, on 5A zeolite [9]. But,
what if the single gas isotherms are more nonlinear and thus
require three types of sites to fit the data like for CO, on
13X zeolite [4]? Some even more interesting and equally
subtle situations arise when the single gas isotherms of one
of the components in a binary gas mixture are described by
the three process Langmuir (TPL) model and the single gas
isotherms of the other component are described by either the
DPL or SPL model. These TPL-DPL and TPL-SPL systems
have never been analyzed in the literature.

Therefore, the objective of this work is to formulate
and evaluate all possible scenarios for predicting mixed
gas adsorption equilibria of a binary gas mixture using the
TPL-DPL and TPL-SPL models. These two scenarios differ
from the previously studied DPL-DPL [7] and DPL-SPL [8]
systems by how the free energies of each component on each
site correlate with each other, i.e., by how the energetic site
matching is carried out. In previous studies, perfect positive
(PP), perfect negative (PN) and unselective (US) energetic
site matching correlations were introduced. Because of the
complexity of the TPL-DPL and TPL-SPL systems, addi-
tional correlations are introduced here based on the different
energetic site matching permutations that exist. In additon to
PP and PN, these include uncorrelated (UC), positive unse-
lective (PUS), negative unselective (NUS) and uncorrelated
unselective (UCUS). For both models, a consistent set of
single and binary adsorption equilibira for CO, and N, on
13X zeolite [2] is used to elucidate these uniquely different
scenarios. With extension now beyond the DPL model, these
mixed gas adsorption equilibria formulations collectively
deserve a more general name and are now called the multi-
process Langmuir (MPL) model.

2 Multi-process Langmuir (MPL) model
formulations

2.1 Unary equilibria

The single gas MPL model describes the adsorption of com-
ponent i on a heterogeneous adsorbent that is comprised of
M types of homogeneous but energetically different patches
(or sites). Assuming that the adsorbate-adsorbent free energy
on each type of patch is constant, the amount adsorbed 7, of
component i is given by

& [ bl
w= 2\ Toh m
J=1 P/ Sitej
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where ”;, and b; ; are respectively the saturation capacity and
affinity parameter on Sife j, and P is the absolute pressure.
All of the assumptions of the Langmuir model apply on each
type of patch, and the M types of patches or sites do not
interact with each other [3]. The affinity parameter or free
energy for each type of site is expressed as

E;
bj; = b, exp (R—T) )

where the subscript j represents the free energy level of Site
J- E;; is the adsorption energy of component i on Site j, b%
is the pre-exponential factor or adsorption entropy of com-
ponent i on Site j, and T is the absolute temperature. Of
interest to this work is when M=1, 2 or 3 in Eq. 1.

2.2 Binary equilibria

When one of the components in a binary gas mixture is
described by either the SPL or DPL model and the other
component is described by the TPL model, several interest-
ing cases arise with respect to energetic site matching. There
are twelve energetic site matching permutations to con-
sider for the TPL-DPL model and seven for the TPL-SPL
model. This means there are 19 different ways to arrange
the free energy b;; of each component i on each Site j. These
energetic site matching cases are very subtle, just like the
DPL-DPL case treated by Ritter et al. [7], and the DPL-SPL
and DPL-LI (linear isotherm) cases recently treated by Rit-
ter et al. [8].

2.3 TPL,-DPL; system

For the TPL ,.—DPLj binary mixed gas model, when compo-
nent A is described by the TPL model there are three types
of sites each component can adsorb on and when compo-
nent B is described by the DPL model there are two types
of sites each component can adsorb on. This gives rise to
twelve permutations of energetic site matching: three per-
fect positive (PP), three perfect negative (PN), two positive
unselective (PUS), two negative unselective (NUS) and two
uncorrelated unselective (UCUS), as shown in Table 1. For
component A, Sites 1, 2 and 3 are respectively designated as
high, medium and low free enegy sites, and for component
B, Sites I and 2 are respectively designated as high and low
free enegy sites. As noticed from Table 1, PP means the free
energies of the various sites of the two components align in
some way from high to low, while PN means they misalign
in some way with high free energy sites of one component
aligning with low free energy sites of the other component.
PUS and NUS mean the free energies correlate in some way
with one site of component B distributed among two sites

Table 1 TPL-DPL energetic site matching correlations

Correlation Case Component Free energy
site pairing
Perfect positive (PP) 1 A bia bya b3y
B bip byp
2 A bia bya b3a
B by by
3 A bia bya b3a
B big by
Perfect negative (PN) 4 A bia byy b3y
B byp bip
5 A bia by D34
B byp b;p
6 A bia by D34
B byp byp
Positive unselective (PUS) 7 A bia bys b3y
B big bip byp
8 A bia bya D34
B big byp byp
Negative unselective (NUS) 9 A bia bys b3y
B by big bip
0 A bia by by
B by by big
Uncorrelated unselective 11 A bia byy b3y
(UCUS) B big byp big
2 A bia by by
B by bip byp

of component A. UCUS means the energies do not correlate
in any meaningful manner, but with one site of component
B still being distributed among two sites of component A.
For Example, component B, which has an affinity for two
types of sites, can interact with the high and medium free
energy sites of component A, the high and low free energy
sites of component A, or the medium and low free energy
sites of component A, all three cases (Cases 1, 2 and 3)
in a PP fashion. Or, the low and high free energy sites of
component B can intereact respectively with the high and
medium free energy sites of component A, the high and low
free energy sites of component A, or the medium and low
free energy sites of component A, all three cases (Cases 4, 5
and 6) in a PN fashion. Or, the high free energy site of com-
ponent B can intereact with both the high and medium free
energy sites of component A while the low free energy site
of component B can intereact with the low free energy site
of component A, as in Case 7 in a PUS fashion. It should be
obvious at this point as to how the NUS and UCUS cases are
constructed. When component B interacts with only two sites
of component A, then component B does not adsorb at all on
one of the sites of component A. However, when component
B interacts with all three sites of component A like in Cases
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7 to 12, then it is assumed that the ratio of the saturation
capacities of component B on the two distributed sites of
component A is the same as that of component A on these
sites, as shown below. A few quantitative examples follow.

For the TPL ,-DPLj binary mixed gas model, when com-
ponents A and B obey a PP correlation for energetic site
matching according to Case 1 (Table 1), the correspond-
ing amount adsorbed for each component from a binary gas
mixture is given by

”{APYAbL,A
Mg =
" 1+ Py,by 4 + Pygb Sirel

n \Py,by, . 3 APYab3 4
VA Pyabsa+Pyghag ) o \1HPoabsa )0 (3

_ 1) zPypbip 13 pPygby p
o= < L+ Pyaby 4 + Pygby p )Sitel " ( L+ Pyabys + Pygby p >Site2
“
When components A and B obey a PN correlation for
energetic site matching according to Case 4 (Table 1), the
corresponding amount adsorbed for each component from a
binary gas mixture is given by

nT,APyAbl,A
Mg =
" 1+ Py,by 4 + Pygby Sitel

< 15 4 Pyab: 4 > N <”§APyAb3A )
LA Pyabsa+Pyshig ) o \1HPIabsa )0 (5)

B 1) zxPypbip 13 pPypby p
o= < L+ Pyabys + Pygby p )Sitel " ( L+ Pyaby s + Pygby p >Site2
6)
where y, and y, are the gas phase mole fractions of compo-
nents A and B, and n, ,, and ny,, are the amounts adsorbed
of components A and B from the binary gas mixture. When
components A and B obey a PUS correlation for energetic
site matching according to Case 8 (Table 1), the correspond-
ing amount adsorbed for each component from a binary gas
mixture is given by

A 1) 4 Pyaby 4
A L+ Pysby 4 + Pygb g Sirel

15, Pyaby 4 + 13 4PVabs4
L+ Pyybyg +Pyghog ) U+ Pysbsa+Pypbop | 7)

”‘;'gPbeI.B
"o =\ T3 By byr + Poshis
Yabia T Eyebig ) o

ﬂz”;yBP.VBbz,B + ﬁ}”igpygbz.s
L+ Py,by 4 + Pypb, g Sire2 1+ Py by 0 + Pygby sives

®)

where
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Bt py=1 )
and

B, _ B 10
Ma My

Solving Eqgs. 9 and 10 for f, and f; provides the distribution
of n; , for Sites 2 and 3. The total amount adsorbed 7, is
simply the sum of n, ,, and ng . The adsorbed phase mole
fractions of components A and B, i.e., x, and x5, are given

by

xy = 11
=

nA,m + nB,m ( )

xp = — 12
g = —————

nA,m + nB,m ( )

In these formulations, the saturation capacity for each com-
ponent on each type of site is allowed to be different with
minimal consequences, as shown elsewhere [7].

2.4 TPL,-SPLg system

For the TPL ,—SPL; binary mixed gas model, when compo-
nent A is described by the TPL model there are three types
of sites each component can adsorb on and when component
B is described by the SPL model there is only one type of
site each component can adsorb on. This gives rise to seven
permutations of energetic site matching: one PP, one uncor-
related (UC), one PN, one PUS, one NUS and two UCUS,
as shown in Table 2. For component A, Sites I, 2 and 3 are
respectively its high, medium and low free enegy sites, and
for component B, Site I is its only free enegy site.
Component B, which has an affinity for only one type of
site, can interact solely with the high free energy site of com-
ponent A in a PP fashion (Case 13), solely with the medium
free energy site of component A in an UC fashion (Case 14),
with UC simply meaning the energies of the various sites of
the two components do not correlate. Or, component B can
interact solely with the low free energy site of component
A in a PN fashion (Case 15). Or, component B can intereact
with just two types of sites of component A again with the
same affinity on each type of site, i.e., component B can
intereact with the high and medium free energy sites of com-
ponent A in a PUS fashion (Case 16), medium and low free
energy sites of component A in a NUS fashion (Case 17), or
high and low free energy sites of component A in a UCUS
fashion (Case 18). Or, component B can intereact with all
three types of sites of component A with the same affinity
on each type of site in an UCUS fashion (Case 19). Clearly,
when component B interacts with only one or two sites of
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Table2 TPL-SPL energetic site matching correlations < 1 Pysby 4 )
Ngm = T pv b
Correlation Case Component Free energy V4 Pyabia /g
site pairing < 1S Pyaba, ) ( 13, Pyabs 4 )
1+ Py,by 4 + Pygh 1+ Py,b

Perfect positive (PP) 13 A bis by bis DT 808 [ Gy N AP G 15)

B b p
Uncorrelated (UC) 14 A bia bya bsa < nyPygbp >

Hy = (16)

B bis " L+ Pysby 4 + Pygbg ) g0
Perfect negative (PN) 15 A bia byy bsyu

B b When components A and B obey a PN correlation for
Positive unselective (PUS) 16 A biag bya b3y energetic site matching according to Case 15 (Table 2), the

B big bip corresponding amount adsorbed for each component from a
Negative unselective (NUS) 17 A biay by b3y binary gas mixture is given by

B bip byp o Py.b
Uncorrelated unselective 18 A bip byy b3y Mo =(M)

(UCUS) B by b p 1+ Pyabia Sitel
19 A bia baa b N (L) N (L)

B bip by by U+ Pyaban /i U+ Pyabsa+Pybs /o, 17)
component A, then component B does not adsorb at all on S Pyob
the other sites of component A. When component B interacts 5, = ( s YBUB > (18)
with two or three sites of component A, then it is assumed ’ L+ Pysbsp + Pygbs ) g

that the ratio of the saturation capacities of component B on
the distributed sites of component A is the same as that of
component A on these sites, as shown below. A few quanti-
tative examples follow.

For the TPL ,.—SPLy binary mixed gas model, when com-
ponents A and B obey a PP correlation for energetic site
matching according to Case 13 (Table 2), the correspond-
ing amount adsorbed for each component from a binary gas
mixture is given by

"TVAPYAblA
n = —
Am L+ Pyybyg+ Pyghy )

+ ( "’;,AP)’AbzA ) + ( ”’;,APYAb}.A >

U+ Pyaban /o L+ Pyabsa ] s (13)

I < nyPygbp > 14
B =\ 1+ Pyuby o+ Pygby ) .,

When components A and B obey an UC correlation for
energetic site matching according to Case 14 (Table 2), the
corresponding amount adsorbed for each component from a
binary gas mixture is given by

When components A and B obey a UCUS correlation for
energetic site matching according to Case 19 (Table 2), the
corresponding amount adsorbed for each component from a
binary gas mixture is given by

A ny 4 Py,by 4
A 1+ Pysby 4 + Pygbg Sitel

nS  Pysby, . 13 4 Pysbs 4
L+ Pysbya+ Pygby | L+ Pyabsa+ Pyghy ) o . (19)

_ ﬂ]n;gPbeB
"am _< L+ Py,by 4 + Pygby )5,-,21
N < BonyPypby ) . < BynyPypby )
1+ PyAh“ + Pygby Site2 1+ PyAbM + Pygby Site3

(20)
where
Pi+b+ =1 1)
and
B _ B B
o 22)

LA 2A 3A

Solving Eqs. 21 and 22 for g, f, and p; provides the dis-
tribution of ny for Sites 1, 2 and 3. Again, in these for-
mualtions the total amount adsorbed is simply the sum
of n, ,, and ng ,, the adsorbed phase mole fractions of
components A and B, i.e., x, and x, are given by Eqgs. 11
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and 12, and the saturation capacity for each component
on each type of site is allowed to be different.

3 Results and discussion
3.1 Single component correlations

To illustrate the utility and diversity of the TPL-DPL and
TPL-SPL formulations, a consistent set of single and binary
adsorption isotherms from the literature were selected, i.e.,
CO, and N, on 13X zeolite [2]. To determine if one, two or
three processes were needed for each component, the single
component equilibrium adsorption isotherms for CO, and
N, on 13X zeolite were fitted in order to the single compo-

were fitted simultaneously to each model using Excel Solver
with the fitting parameters scaled so their magnitudes ranged
between 0.1 and 10 for Solver to work most effectively. The
resulting model parameters are summarized in Table 3 and
Figs. 1 and 2. Also included in this table are the affinity
parameters for the various sites, i.e., the bj,i in Eq. 1 for each
site of each component for two temperatures based on the
mixed gas data. They were computed from the parameters
in Table 3 using Eq. 2. These b;; are ordered from largest
to smallest and respectively assigned to Site I, Sites 1 and
2, or Sites I, 2 and 3 for the SPL, DPL and TPL models,
respectively.

The goodness of the fit of each model was judged by the
average relative error (ARE) defined as

N
i 100 Ze-%
nent SPL, I?PL and TPL quels using E.q. 1 reduced to the ARE = Z abs [ 2= 23)
corresponding number of sites, along with Eq. 2. For each N £ Z, /i
adsorbate, the isotherms measured at all five temperatures
Table 3 .Single—process Model SPL DPL TPL
Langmuir (SPL), dual-process
Langmuir (DPL) and three Adsorbate/parameter Cco, N, CO, N, Co, N,
process Langmuir (TPL) model
parameters, average relative b, - 6.313x107  1.870x107  2877x10°  5327x10°® -
errors (AREs) and R? values (kPa™")
(coefficients of determination) E, - 18.548 39.098 16.122 45.398 -
obtained from fitting single (kJ mol™h)
component adsorption b,25°C - 1121x107°  1.324x10%°  1.921x10%  4.790x10*°
isotherms of CO, and N, on (kPa™")
13X zeolite [2] 4 -1 -03 0
b, 45 °C - 7.007x10 4.914x%10 1.276x 10 1.515%x10* -
(kPa™)
m - 3.774 3.411 0.811 2.122 -
(mol kg )
b,, - 3533x10°  3.003x107  9209%x10° -
(kPa™)
E, - 33.509 19.737 35.030 -
(kI mol ™)
by25°C - 2.624x107%  8.620x10%  1263x1077 -
(kPa™')
by 45 °C - 1.122x 1072 5226x10™  5.197x102 -
(kPa™)
n, - 2.826 3.181 3.022 -
(mol kg 1)
b,, - - - 4495x10° -
(kPa™)
E, - - - 33.776 -
(kJ mol™h)
by25°C - - - 3.757x107°% -
(kPa™!)
b 45°C (kPa™") - - - 1.594x107° -
" - - - 1.578 -
(mol kg™")
ARE - 2.13 2.55 0.99 0.74 -
(%)
R? - 0.99991 0.99761 0.99998 0.99973 -
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where N is the total number of data points for each adsorbate,
and z, and z,, are respectively the experimental and predicted
quantities of interest, in this case the amount adsorbed n; . It
was also judged by the coefficient of determination (R? val-
ues). It was clear from the AREs and R* values that the CO,
isotherms fitted well only to the TPL model (SPL results not
shown), while the N, isotherms fitted equally well to either
the SPL or DPL model (TPL results not shown), especially
based on the R? values, where a fitting that achieves at least
four nines is considered the same. This raises an interesting
dilemma for N, in choosing either the SPL or DPL model for
mixed gas adsorption prediction with CO,. This quandary
spawned the analysis and comparison contained in this work,
i.e., exploring the predictions from the TPL,,~DPLy, and
TPLo,—SPLy, binary mixed gas models.

Predictions from the single component Langmuir models,
plotted along with the experimental isotherms in Figs. 1 and
2 respectively for CO, and N,, reflect very well the AREs

7.0

6.0

50 gy N

4.0

643
2.4
| ®250C
045 0oC e
20 T L es0cC
[ 0100 o0C
1.6 ¢ 140 0oC

1.2

0.8

0.4

0 300 600 900 1200

n (mol/kg)

10.000 f
1.000 |
0.100 f
0.010
0.001 WA N
0.100 1.000 10.000 100.000 1000.000
P (kPa)

3.0 ® 250C
0450C
2.0 A 65 0C
0100 oC
1.0 140 oC
—_
b0
x 1 L 1 L 1
>~ 00
g 0.0 200.0 400.0 600.0 800.0 1000.0
~— 10.0
o

-.A.‘..-'A‘.:"A'

A=
:“" S
[}

1.0

0.1

1.0 10.0

100.0
P (kPa)

1000.0

Fig. 1 Single gas equilibrium adsorption isotherms for CO, on 13X
zeolite [2] fitted to the DPL (solid lines) and TPL (dotted lines) mod-
els, showing the correlations in both linear—linear and log—log scales;
model parameters and goodness of fits are provided in Table 3

Fig.2 Single gas equilibrium adsorption isotherms for N, on 13X
zeolite [2] fitted to the SPL (solid lines) and DPL (dotted lines) mod-
els, showing the correlations in both linear—linear and log—log scales;
model parameters and goodness of fits are provided in Table 3

and R? values in Table 3. Nearly perfect and indistinguish-
able agreement was obtained for each isotherm of N, using
the SPL and DPL models. Notice the ARE and R? values
from the DPL model are only slightly better than those
from the SPL model for N,. This indicated someone doing
aregression analysis without much consideration or insight
might use either formulation for N,, resulting in significantly
different predictions of mixed gas adsorption with CO, in
some cases, as shown below. However, only the TPL model
was capable of fitting the CO, isotherms, with nearly per-
fect agreement. In contrast, the DPL model revealed obvious
discrepancies between the experimental data and the model,
making the TPL model for CO, any easy choice for mixed
gas predictions with N,.
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3.2 Binary adsorption equilbria predictions

For the TPL-DPL and TPL-SPL binary models, all 21
experimental binary adsorption equilibrium data points
for the CO,—N,-13X system [2] were used to compare the
predictions from each of the 19 different site matching cor-
relations (cases) in Tables 1 and 2. This binary data set
was obtained at two temperatures (7T=25 and 45 °C) and
three pressures (P=1.2, 3.1 and 10.1 bar) over a range of
gas phase CO, mole fractions (yog, =0.002 to 0.701). The
results are summarized in Tables 4 and 5 respectively in
terms of the average relative errors (AREs) of the compo-
nent loading and component mole fraction predictions from
the TPL-DPL and TPL—-SPL for each of the 19 cases for all
data points at each temperature. The italic values in Tables 4
and 5 were considered the cases with the best predictions,
while the bold values were considered the cases with the
worst predictions for both the TPL-DPL and TPL-SPL
models. n-y and x—y diagrams for these select 7 cases are
shown in Figs. 3,4, 5, 6, 7, 8 and 9 for the TPL-DPL model
and in Figs. 10, 11, 12 and 13 for the TPL-SPL model. The
average AREs for each pressure and temperature for each
case are tabulated and provided in Supplemental Information
in Tables S1 and S2 respectively for the component loadings
and component mole fractions. The n-y and x—y diagrams for

Table 4 Average of the average relative errors (ARESs) of the compo-
nent loading predictions from the TPL-DPL and TPL-SPL for all site
matching correlations (cases) for all pressures and at each tempera-
ture of the binary adsorption equilibria of CO, and N, on 13X zeolite
[2]: italic values considered best predictions, bold values considered
worst predictions

Model Case C0,25°C N,25°C CO,45°C N,45°C

TPL-DPL | 4.1 338 38 39.4
2 37 5255 3.7 390.3
3 1.8 5675 1.8 4435
4 31 458 2.3 46.6
5 32 215 37 175.5
6 1.9 2985 24 259.9
7 3.0 550.1 2.7 4215
8 3.1 2544 32 195.3
9 27 622 23 63.5
10 24 266.1 2.5 222.6
11 30 1274 27 115.1
12 24 1955 22 150.0

TPL-SPL 13 46 857 49 83.6
4 29 514 3.1 69.0
15 29 8261 4.0 640.3
16 36 405 32 456
17 19 1774 23 148.5
18 34 303.1 42 226.8
19 26 1819 25 150.1
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Table 5 Average of the average relative errors (AREs) of the com-
ponent mole fraction predictions from the TPL-DPL and TPL-SPL
for all site matching correlations (cases) for all pressures and at each
temperature of the binary adsorption equilibria of CO, and N, on
13X zeolite [2]: italic values considered best predictions, bold values
considered worst predictions

Model Case C0,25°C N,25°C CO,45°C N,45°C

TPL-DPL | 2.3 338 09 39.5
2 63 4827 48 350.3
317 5243 65 404.3
4 15 463 12 454
5 1.9 2139 18 164.8
6 47 2830 4.0 241.1
7 55 5116 6.1 387.4
8 33 2415 27 182.0
9 1.3 62.7 08 62.2
10 34 2554 30 209.0
1 32 1234 2.1 109.7
1219 189.3 19 142.7

TPL-SPL 13 25 846 30 82.7
4 30 458 19 62.5
15 95 7389 7.9 557.3
16 1.2 22 12 4.7
17 22 1700 2.0 138.6
18 25 2856 22 207.2
19 29 1745 22 141.4

the remaining 12 cases are also provided in Supplemental
Information in Figures S1 to S12. The predictions from the
TPL-DPL are discussed first, followed by those from the
TPL-SPL model.

3.3 TPL-DPL model predictions

There were 12 energetic site matching correlations to con-
sider for the TPL-DPL model: three perfect positive (PP),
three perfect negative (PN), two positive unselective (PU),
two negative unselective (NU) and two uncorrelated unse-
lective (UCUS). For the PP and PN cases, the two N, sites
occupied only two of the three CO, sites, leaving one of
the CO, sites unoccupied by N,. In contrast, for the PUS,
NUS and UCUS cases, the two N, sites occupied all three
CO, sites in one fashion or another, with one of the N,
sites being split between two of the CO, sites according
to a form of Eqgs. 9 and 10, depending on the correlation.
For this CO,-N,-13X binary system, intuition suggested
for energetic site matching that PP implies the higher free
enegy sites of CO, would align with the higher free enegy
sites of N,, because they both have quadrupole moments
that interact with the Na ions in the 13X [11]. Conversely,
PN implies that the higher free enegy sites of CO, would
align with the lower free energy sites of N,. With these
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Fig.3 Comparison of binary predictions (lines) of n—y and x—y mixed
gas adsorption equilibria (symbols, Exp) for CO, and N, on 13X
zeolite at T=25 °C and P=1.2 bar by the TPL5,~DPLy, model for

definitions in mind, one of the positive site matching
correlations, i.e., Cases 1, 2, 3, 7 or 8, was expected to
provide the best predictions for this CO,—N,-13X binary
system. The results were quite interesting and somewhat
unexpected.

Only three of the 12 cases for the TPL-DPL model exhib-
ited similar and reasonable predictions of the experimen-
tal results for both the component loadings (Table 4) and

Xco2

Cases 1 (perfect positive, C1), 4 (perfect negative, C4) and 9 (nega-
tive unselective, C9) in Table 1

component mole fractions (Table 5). These were Cases 1,
4 and 9. Although the AREs for CO, were relatively small
for all 12 cases (all being less than 5% for the CO, loadings
and less than 8% for the CO, mole fractions), those for N,
were markedly different (ranging between 34 and 568% for
the N, loadings, and between 34 and 524% for the N, mole
fractions). Thus, the other 9 cases completely failed in pre-
dicting both the N, loadings and N, mole fractions, with
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Fig.4 Comparison of binary predictions (lines) of n—y and x—y mixed
gas adsorption equilibria (symbols, Exp) for CO, and N, on 13X
zeolite at 7=45 °C and P=1.2 bar by the TPL,,~DPLy, model for

Case 3 perhaps considered as the worst correlation, based
on the N, predictions. The disparity beteen the CO, and N,
predictions even for Cases 1, 4 and 9 was not surprising.
Since the CO, to N, selectivity is very high, thereby causing
the N, loadings and mole fractions to be relatively small, it
was expected that N, would realize large errors just based
on the definiton of the ARE (Eq. 23).
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Cases 1 (perfect positive, C1), 4 (perfect negative, C4) and 9 (nega-
tive unselective, C9) in Table 1

Figure 3 compares binary predictions from the TPL-DPL
model at 7=25 °C and P=1.2 bar in terms of n—y and x—y
diagrams for Cases 1, 4 and 9, the three best cases. Fig-
ures 4, 5, 6, 7, and 8 show the same information, but each at
a different temperature and pressure, covering all the binary
data for the CO,—N,-13X system [2]. To exemplify how bad
the predictions might become from the TPL-DPL model,
because the adsorption free energies for each component
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Fig.5 Comparison of binary predictions (lines) of n—y and x—y mixed
gas adsorption equilibria (symbols, Exp) for CO, and N, on 13X
zeolite at 7=25 °C and P=3.2 bar by the TPLy,~DPLy, model for

on each site are not correct, Fig. 9 shows the n—y and x—y
diagrams for Case 3, perhaps the worst case of all 12 cases
based on the AREs in Tables 4 and 5 for the TPL-DPL
model.

In all three cases in Figs. 3, 4, 5, 6, 7 and 8 the predic-
tions of the x—y diagrams compared well with the experi-
mental data, except for those in Fig. 7 at T=25 °C and
P=10.1 bar. For some reason, the model underpredicted

Cases 1 (perfect positive, C1), 4 (perfect negative, C4) and 9 (nega-
tive unselective, C9) in Table 1

one of the experimental data points for N, to about the
same extent in each case, tending to suggest there might
be an issue with this data point or that the model, even
with the unselective conditions provided in Egs. 9 and 10,
is too restrictive to accurately predict the adsorption of
N, at elevated pressures. Lateral interactions between the
molecules in the zeolite cages might also be playing a role
at these conditions, which are not accounted for in these
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Fig.6 Comparison of binary predictions (lines) of n—y and x—y mixed
gas adsorption equilibria (symbols, Exp) for CO, and N, on 13X
zeolite at 7=45 °C and P=3.2 bar by the TPL,,~DPLy, model for

Langmuir formulations. Also, in all three cases the predic-
tions of the n—y diagram for CO, were very good, which
is reflected in the relatively small AREs in Table 4. This
was not the situation for the n—y diagram for N,, where
the deviations between experiment and model were much
more pronounced, especially for Cases 4 and 9. Case 1, the
best case according to the AREs in Tables 4 and 5, exhib-
ited only small deviations between experiment and model

@ Springer

Cases 1 (perfect positive, C1), 4 (perfect negative, C4) and 9 (nega-
tive unselective, C9) in Table 1

for N,, while the model predictions for Cases 4 and 9 devi-
ated significantly and similarly from experiment. The fact
that the marked deviations exhibited by Cases 4 and 9 were
similar to each other was perhaps due to their energetic site
matching correlations being similar (Table 1).

Figure 9 compares experiment with TPL-DPL model
preditions at two different pressures and temperatures
for the worst Case 3. In this case, the x—y diagrams were
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Fig.7 Comparison of binary predictions (lines) of n—y and x—y mixed
gas adsorption equilibria (symbols, Exp) for CO, and N, on 13X zeo-
lite at 7=25 °C and P=10.1 bar by the TPLq,~DPLy, model for

strikingly overpredicted by the model, as were the n—y
diagrams for N, to the point where the model was not
even close to reality. These erroneous results could hap-
pen if the wrong correlation is inadvertently chosen or if
the practice of energetic site matching is unintentionally
ignored and the sites are assigned randomly. Not surpris-
ingly, the model predictions of the n—y diagrams for CO,
for this Case 3 were very good, just like for the best Cases

Cases 1 (perfect positive, C1), 4 (perfect negative, C4) and 9 (nega-
tive unselective, C9) in Table 1

1, 4 and 9. This was true for all 12 cases, irrespective
of the site matching corrleation, because N, simply does
not affect the adsorption of CO, on 13X but, the N, pre-
dictions might be very bad because CO, does affect the
adsorption of N, on 13X.

Case 1 resulted in the smallest ARE overall, in agree-
ment with the supposition that the CO,—N,-13X binary
system should behave in some kind of PP fashion. What
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was surprising, however, is that the next two closest correla-
tions in terms of the AREs, i.e., Cases 4 and 9, were nega-
tive in character. As just mentioned, Cases 4 and 9 would
be expected to behave similarly, since they both have the
highest and medium free energy sites of CO, respectively
interracting with the lowest and highest free energy sites of
N,, hence in negative fashions. The only difference between
these negative site matching manifestations is that instead
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Fig.8 Comparison of binary predictions (lines) of n—y and x—y mixed
gas adsorption equilibria (symbols, Exp) for CO, and N, on 13X zeo-
lite at 7=45 °C and P=10.1 bar by the TPL,,~DPLy, model for
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Ny, mol/kg

of leaving the lowest free enegy site of CO, unoccupied by
N,, as in Case 4, the highest free enegy site of N, is parti-
tioned between the medium and lowest free enegy sites of
CO, in Case 9, according to Eqs. 17 and 18. The perplexing
question is: why did these PN (Case 4) and NUS (Case 9)
site matching correlations predict almost as good as the PP
correlation (Case 1) and so much better than the remaining
9 cases with very large errors in the N, loadings and mole
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fractions (Tables 4 and 5)? A plausible answer to this ques-
tion became more apparent after inspecting the results from
the TPL-SPL model.

3.4 TPL-SPL model predictions

There were 7 energetic site matching correlations to consider
for the TPL-SPL model: one each for perfect positive (PP),
uncorrelated (UC), perfect negative (PN), positive unselec-
tive (PU), and negative unselective (NU) and, two uncorre-
lated unselective (UCUS). For the PP, UC and PN cases, the
sole N, site respectively occupied the highest, medium and
lowest free energy sites of CO,, in each case leaving two of
the CO, sites unoccupied by N,. In contrast, for the PUS and
NUS cases, the sole N, site occupied two of the CO, sites in
one fashion or another, with the N, site being split between
two of the CO, sites according to a form of Egs. 21 and 22,
depending on the correlation, and in each case leaving one of
the CO, sites unoccupied by N,. For the UCUS case, the sole
N, site occupied all three of the CO, sites, with the N, site
being equally split between the three CO, sites according to
Egs. 17 and 18. Based on intuition and the same definitions
for PP and PN as used for the TPL-DPL model, one of the
positive site matching correlations, i.e., Cases 13 (PP) or 16
(PUS), was expected to provide the best predictions for this
CO,-N,-13X binary system. The results were again quite
interesting and somewhat unexpected.

Only two of the 7 cases for the TPL-SPL model exhib-
ited similar and reasonable predictions of the experimental
results for both the component loadings (Table 4) and com-
ponent mole fractions (Table 5). These were Cases 14 and
16. The AREs for CO, were again relatively small for all 7
cases (all being less than 5% for the CO, loadings and less
than 10% for the CO, mole fractions), while those for N,
were markedly different (ranging between 41 and 826% for
the N, loadings, and between 42 and 739% for the N, mole
fractions). The other 5 cases completely failed in predict-
ing both the N, loadings and N, mole fractions, with Case
15 perhaps considered as the worst correlation, based on
the N, predictions. The disparity between the CO, and N,
predictions again was not surprising and about the same as
that observed with the TPL-DPL model and for the same
reasons. The overall AREs from the TPL-SPL model were
slightly larger compared to those from the TPL-DPL model,
as might be expected.

Figure 10 compares binary predictions from the
TPL-SPL model at T=25 and 45 °C and P=1.2 bar in terms
of n—y and x—y diagrams for Cases 14 and 16, the two best
cases. Figures 11 and 12 show the same information, but
each at a different pressure, covering all the binary data for
the CO,—N,-13X system [2]. Again, to exemplify how bad
the predictions might become from the TPL-SPL model,
Fig. 13 shows the n—y and x—y diagrams for Case 15, perhaps

the worst case of all 7 cases based on the AREs in Tables 4
and 5 for the TPL-SPL model.

In both cases in Figs. 10, 11, 12 and 13 the predictions
of the x—y diagrams compared well with the experimental
data, except for those in Fig. 13 at P =10.1 bar. For the
same reasons given earlier, the model underpredicted some
of the experimental data points for N, to about the same
extent in each case, again, tending to suggest there might
be an issue with this data or lateral interactions were prev-
alent. Also, in both cases the predictions of the n—y dia-
gram for CO, were very good, which is reflected in the rel-
atively small AREs in Table 4. This was not the situation
for the n—y diagram for N,, where the deviations between
experiment and model were much more pronounced, espe-
cially for the highest pressure in Fig. 12. Case 16, the best
case according to the AREs in Tables 4 and 5, exhibited
slightly smaller deviations between experiment and model
for N, compared to Case 14. The fact that the deviations
exhibited by Cases 14 and 16 were similar to each other
was perhaps due to their energetic site matching correla-
tions being similar (Table 2).

Figure 13 compares experiment with TPL-SPL model
preditions at two different pressures and temperatures for
the worst Case 15. Just like for the worst Case 3 of the
TPL-DPL model, the x—y diagrams were also strikingly
overpredicted by this model, as were the n—y diagrams
for N, to the point where the model was not even close to
reality. The model predictions of the n—y diagrams for CO,
for this Case 15 were very good. This was true for all 7
cases, irrespective of the site matching corrleation, as was
the case for all 12 TPL-DPL model cases.

Case 16 resulted in the smallest ARE overall, which
was quite surprising, because, at first, it was thought that
this was not in agreement with the supposition that the
CO,—N,-13X binary system should behave in some kind
of positive site matching fashion. However, after closer
inspection of these TPL-SPL model results, it became
clear that as long as N, did not occupy the lowest free
energy site of CO,, the predictions were all reasonably
good. For example, Cases 13, 14 and 16 were the only
three correlations of the 7 where N, does not interact with
the lowest free energy site of CO, and they all had reason-
able predictions, even the PP Case 13. This indicated that
these three cases are similar in that they all exhibit some
kind of positive site matching character. In contrast, Cases
15, 17, 18 and 19 all have N, interacting with the lowest
free energy site of CO,, and the corresponding predictions
were very poor, especially for N,. Although it was not as
obvious for the TPL-DPL model, the same was true for
all the correlations that have N, interacting with the low-
est free energy site of CO,, even Case 9. Thus, it was not
too surprising that Case 9 had the worst predictions of the
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three best cases for the TPL-DPL model, i.e., Cases 1, 4
and 9.

4 Discussion

Overall, it was found that N, did not like to interact with the
lowest free energy site of CO,, but it did like to interact with
both of the higher free energy sites of CO,, not just Site I.
This was an interesting result, as it conceivably revealed the
two known Na ion sites within the cavity of the unit cell of
13X, i.e., sites II and III, perhaps with different interaction
energies, that are accessible for interaction with the quadru-
poles of N, and CO,. It was also clear from these results that
when N, interacted with the lowest energy site of CO, too
much N, adsorbed due to the lack of competition with CO,
on that site. This caused both models to severely overpre-
dict the N, loadings compared to experiment. Nevertheless,
intuition prevailed for both the TPL-DPL and TPL-SPL
models, with N, preferring the two higher free energy sites
of CO, because they both have quadrupole moments.

For this CO,-N,-13X system, instinct suggested Case 1
would be the best correlation. This turned out to be correct,
as it was the best correlation of all 19 permutations associ-
ated with the TPL-DPL and TPL-SPL models. If intuition
or the suggestions provided herein are not followed, e.g., by
allowing the sites to be assigned randomly, erroneous results
might be obtained like for Case 3 with the TPL-DPL model
and Case 15 with the TPL-SPL model.

A final note worth mentioning is that this work only con-
sidered a binary system. This was done purposely to intro-
duce the intricacy associated with using these TPL-DPL
and TPL-SPL models that must be taken seriously to ensure
erroneous results are not obtained when predicting binary
gas adsorption equilbria. The extension of these two mod-
els to a ternary system is even more confounding and thus
challenging. Consider, for example, how to establish the
energetic site matching rules for a ternary system where the
single gas isotherms of each component are strictly fitted
well by the TPL, DPL and SPL models. The rules would
be similar to but subtly different than those established for
the DPL-DPL multicomponent model [7]. This work is in
progress and will be the topic of a future paper.

5 Conclusions

Two scenarios were investigated for predicting mixed gas
adsorption equilibria of a binary system when the single gas
isotherms of one of the components is described by the three
process Langmuir (TPL) model and the single gas isotherms
of the other component is described by either the dual pro-
cess Langmuir (DPL) or single process Langmuir (SPL)

model. For the TPL-DPL binary mixed gas model, 12 dif-
ferent correlations or permutations of energetic site match-
ing exist: three perfect positive (PP), three perfect negative
(PN), two positive unselective (PUS), two negative unselec-
tive (NUS) and two uncorrelated unselective (UCUS). For
the TPL-SPL binary mixed gas model, 7 permutations exist:
one each for PP, uncorrelated (UC), PN, PUS and NUS, and
two UCUS.

For these more complex TPL-DPL and TPL-SPL sys-
tems, PP means the free energies of the various sites of the
two components align in some way from high to low, while
PN means they misalign in some way with high free energy
sites for one component aligning with low free energy sites
for the other component. PUS and NUS mean the free ener-
gies correlate in some way with the free energy of the site of
one of the components distributed among two or more sites
of the other component, and UCUS means the free energies
do not correlate but still with some site distribution, and
UC simply means the free energies of the two components
on the various sites do not correlate in any meaningful way.

A consistent set of single and binary isotherms for CO,
and N, on 13X zeolite were used to explore all 19 ener-
getic site matching possibilities, with CO, fitted well only
to the TPL single gas model and N, fitted equally well to
either the DPL or SPL single gas model. Only three of the
12 cases for the TPL-DPL model and two of the 7 cases
for the TPL-SPL model exhibited similar and reasonable
predictions of the experimental results for both the compo-
nent loadings and component mole fractions. The other 9
cases for the TPL-DPL model and 5 cases for the TPL-SPL
model completely failed in predicting both the N, loadings
and N, mole fractions. The predictions of the n—y and x—y
diagrams for CO, for both models were all very good for all
19 cases irrespective of the site matching corrleation. This
was because N, does not affect the adsorption of CO, on
13X; but, CO, does affect the adsorption of N, on 13X. So,
for both models, some of the predictions of the x—y and n—y
diagrams for N, were so strikingly poor and overpredicted,
the predictions were not even close to reality. It was deter-
mined that when N, interacted with the lowest energy site
of CO, too much N, adsorbed due to the lack of competition
with CO, on that site. These erroneous results could happen
if the wrong correlation is inadvertently chosen or if the
practice of energetic site matching is unintentionally ignored
and the sites are assigned randomly.

For this CO,—N,-13X binary system, intuition suggested
for energetic site matching that PP implied the higher free
enegy sites of CO, would align with the higher free enegy
sites of N,, because they both have quadrupole moments that
interact with the Na ions in the 13X. So, it was anticipated
that one of the PP site matching correlations of the 19 per-
mutations of both models would provide the best predictions
for this CO,—N,-13X binary system. This was indeed the
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case, with the high and low free energy sites of N, decid-
edly interacting with the high and medium free energy sites
of CO, in a PP fashion with the low free energy site of CO,
unoccupied by N,. Determining that N, had an affinity for
both of the higher free energy sites of CO,, not just Site /,
was an interesting result, as it suggested 13X possibly has
two different Na ion sites within its crystal structure that are
energetically favorable for interaction with the quadrupoles
of N, and CO,.

The take home message from this analysis is simple: to
properly use the single gas MPL model to predict mixed gas
adsorption equilibria using one of these more complex vari-
ents, intuition about adsorbate—adsorbent interactions must
be considered for each component in the gas mixture. Then,
the free energies for each component on each site must be
assigned, accordingly. The simpler site matching correla-
tions appeared to be the ones to consider, for the ones with
sites of N, distrubuted over two or more sites of CO, did not
fare well. If energetic site matching is inadvertently ignored
or just not applied, erroneous predictions could be obtained
because the adsorption free energies for each component on
each site are not properly matched or alligned.
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