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Abstract
In this study seven adsorption azeotropes involving binary systems and zeolite-based adsorbents were systematically inves-
tigated. Pure component isotherms and mixed-gas adsorption data were taken from published literature except for the 
benzene–propene system on silicalite, which is newly presented in this work using molecular simulations. Experimental 
adsorbed phase composition and total amount adsorbed of the azeotropic systems were compared with the predictions of 
several models including: the ideal adsorbed solution theory (IAST), the heterogeneous ideal adsorbed solution theory 
(HIAST) and the real adsorbed solution theory (RAST) coupled with the 1-parameter Margules (1-Margules) and the van 
Laar equations. In the latter two models an additional loading parameter was incorporated in the expression of the excess 
Gibbs energy to account for the reduced grand potential dependency of the activity coefficients in the adsorbed phase. It 
was found that the HIAST and RAST–1-Margules models were able to predict the azeotropic behaviour of some systems 
with good accuracy. However, only the RAST–van Laar model consistently showed an average relative deviation below 3% 
compared to experimental data for both the adsorbed phase composition and the total amount adsorbed across the systems. 
This modified van Laar equation is therefore preferable in those engineering applications when the location of adsorption 
azeotropes is required with great accuracy and when there is lack of detailed characterization of the adsorbent that is needed 
to carry out molecular simulations.

Keywords Activity coefficients · Azeotrope · Adsorption thermodynamics · Mixed-gas adsorption equilibrium · Adsorbed 
solution theory · Van Laar equation

Abbreviations
A  Parameter of the 1-parameter Margules equa-

tion (–)
A12  First parameter of the van Laar equation (–)
A21  Second parameter of the van Laar equation 

(–)
B  Loading parameter of excess Gibbs energy 

(kg  mol–1)
b1,i  Adsorption equilibrium constant of compo-

nent i for site 1  (kPa–1)
b2,i  Adsorption equilibrium constant of compo-

nent i for site 2  (kPa–1)

gEX  Excess Gibbs energy (J  mol–1)
n  Number of data points (–)
NC  Number of components (–)
P  Pressure (kPa)
Pi

0  Surface pressure of component i (kPa)
qi  Amount adsorbed of component i (mol  kg–1)
qi

0  Amount adsorbed of component i calculated 
at  Pi

0 (mol  kg–1)
qs1,i  Saturation capacity of component i for site 1 

(mol  kg–1)
qs2,i  Saturation capacity of component i for site 2 

(mol  kg–1)
qTOT  Total amount adsorbed (mol  kg–1)
(1/qTOT)EX  Excess contribution to the total amount 

adsorbed (kg  mol–1)
R  Ideal gas constant (J  mol–1  K–1)
T  Temperature (K)
Tboil  Boiling point temperature (K)
xi  Adsorbed phase molar fraction of component 

i (–)
yi  Gas phase molar fraction of component i (–)
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Greek letters
γi  Activity coefficient of component i (–)
γi

∞  Activity coefficient of component i at infinite 
dilution (–)

ψeq  Reduced grand potential at equilibrium (mol 
 kg–1)

ψ1,eq  Reduced grand potential at equilibrium for 
site 1 (mol  kg–1)

ψ2,eq  Reduced grand potential at equilibrium for 
site 2 (mol  kg–1)

ψi  Reduced grand potential of component i (mol 
 kg–1)

ψ1,i  Reduced grand potential of component i for 
site 1 (mol  kg–1)

ψ2,i  Reduced grand potential of component i for 
site 2 (mol  kg–1)

1 Introduction

Adsorption-based processes have been recently expanding 
their presence in many industrial applications, due to their 
high selectivity, high throughput and high energy efficiency, 
coupled with a low maintenance and ease of operation. Par-
ticularly, they play a fundamental role in catalytic reaction 
processes and in several separations and purifications of 
gases and liquids [1–3]. However, the complexities of solid 
surfaces and our inability to characterize exactly their inter-
actions with adsorbed molecules limits our understanding 
of the adsorption processes. Unlike vapour-liquid equilib-
rium, gas adsorption is characterized by an additional degree 
of freedom because of the presence of the solid adsorbent, 
which imposes a potential field upon the adsorbed phase [4]. 
Besides, it has been extensively reported that experimental 
and simulated data for mixed-gas adsorption on energeti-
cally heterogeneous surfaces such as activated carbons and 
zeolites can exhibit negative deviations from ideality [5–7]. 
These deviations become sometimes large enough to form an 
adsorption azeotrope, which determines phenomena of com-
position crossovers and selectivity reversals. Several works 
in the literature have shown experimental data of adsorp-
tion azeotropes for mixtures of polar and non-polar com-
ponents adsorbed into heterogeneous adsorbents including 
13X, H-modernite, ZSM-5 and silicalite [6, 8–11]. Among 
the causes of non-ideal and azeotropic behaviour energetic 
heterogeneity of adsorption sites, steric exclusion effects and 
interactions between molecules in the adsorbed phase have 
been proposed [6, 12].

Whatever the cause of non-idealities, engineers require 
accurate thermodynamic models to correlate and predict 
multicomponent adsorption equilibria in support of rigor-
ous process simulation tools. This is particularly relevant 
in the design of adsorbers when it is required to locate the 

adsorption azeotropes with great accuracy and when there 
is lack of detailed characterization of the adsorbent that is 
needed to carry out molecular simulations. By and large 
there are two different cohorts of thermodynamic models 
used to describe multicomponent adsorption equilibria, 
broadly classified as extended models and solution theo-
ries. Given that the conventional extended Langmuir model 
is unable to predict non-idealities, a variety of multisite 
extended Langmuir models have been proposed to include 
adsorbent heterogeneity and overcome this issue. They 
include: the heterogeneous extended Langmuir model, the 
multiregion extended Langmuir model, the extended dual-
site Langmuir model, the extended triple-site Langmuir 
model, and the multiregion multisite extended Langmuir 
model [13–18]. All the previous models have the clear 
advantage of using only pure component adsorption param-
eters and have shown some degrees of improvement in the 
prediction of non-ideal mixtures. However, the results were 
generally poor, with azeotropic behaviours predicted only 
qualitatively, with respect to both the adsorbed phase com-
position and the total amount adsorbed. Among the purely 
predictive solution theories, the ideal adsorbed solution 
theory (IAST) suffers from the intrinsic inability to predict 
non-idealities [19] while the heterogeneous ideal adsorbed 
solution theory (HIAST) and the non-ideal adsorbed solu-
tion theory (NIAST) often improved the predictions of non-
ideal and azeotropic mixtures to a limited extent [20–22].

A substantial improvement in the prediction of non-ide-
alities came with the vacancy solution theory (VST), which 
included the vacancies as a component [23], and the real 
adsorbed solution theory (RAST), which introduced activ-
ity coefficients in the adsorbed phase, thus mimicking the 
γ-φ approach used in VLE. Unfortunately, early and recent 
attempts rather blindly applied the RAST coupling it with 
conventional VLE activity coefficient models (Wilson, UNI-
QUAC, NRTL) but neglected the variation of the excess 
Gibbs energy with the reduced grand potential [24, 25]. 
Accounting for this dependency is fundamental because 
experimental data are usually obtained at constant pressure, 
while the reduced grand potential varies with composition. 
For instance, Talu and Zwiebel [11] have shown that neglect-
ing this contribution introduces errors larger than 30% in 
the prediction of the total adsorbed amount of adsorption 
azeotropes. Subsequent works codified the model require-
ments for thermodynamic consistency and reduction to an 
ideal adsorbed solution at the limit of zero loading [4, 7]. 
In particular, Valenzuela and Myers [26] introduced for 
the first time the one-parameter Margules equation with an 
exponential dependency upon the reduced grand potential, 
which agrees with experiments and molecular simulations 
from zero loading up to saturation. As the regular-solution 
theory failed to agree with experiments [5], Siperstein and 
Myers [6] proposed the ABC equation in which the quadratic 
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excess Gibbs free energy had a linear dependence with tem-
perature. The authors claimed that the three parameters 
accounting for excess enthalpy, excess entropy and excess 
reciprocal loading were necessary to describe non-idealities 
of mixtures as a function of temperature, composition and 
loading. After regressing the parameters based on the experi-
mental binary system data, the average relative deviation in 
the calculated composition was 5% for the six investigated 
systems, with larger errors for the highly non-ideal and azeo-
tropic mixtures.

It is clear from the previous studies that none of the ther-
modynamic models proposed so far was able to predict the 
azeotropic behaviour of adsorption mixtures with great accu-
racy. The results have also been presented in a fragmentary 
way as the authors often assessed their models with respect 
to a single specific variable, such as the adsorbed phase 
composition, the total amount adsorbed or the total pres-
sure. This work is aimed to systematically investigate seven 
adsorption azeotropes involving binary systems and zeolite-
based adsorbents in order to predict both the adsorbed phase 
composition and the total amount adsorbed with an accuracy 
below 3%, which would be required for the correct design of 
separation units [27]. Table 1 lists the investigated adsorp-
tion azeotropes along with their operating conditions and 
relevant industrial applications. Pure component isotherms 
and mixed-gas adsorption data were taken from published 
literature except for the benzene–propene system on sili-
calite, which is newly presented in this work using molecular 
simulations. The results of binary systems were compared 
and fully validated with the data reported by Ban et al. [8]. It 
should be noted that molecular simulations might be able to 
predict in-silico many more adsorption azeotropes than the 
one presented in this work. However, this study would limit 
the analysis to experimental azeotropes and the simulated 
azeotrope benzene–propene on silicalite, given its industrial 
relevance [28]. Details and results of the molecular simula-
tions carried out to generate pure component isotherms and 
mixed-gas adsorption data for the system benzene–propene 
on silicalite can be found in the Appendix.

Aside the known IAST, HIAST and RAST–1-Margules 
models, a RAST model coupled with the van Laar equation 
has been proposed to tackle the stringent accuracy target in 
the prediction of adsorption azeotropes. The resulting three-
parameter expression for the excess Gibbs energy is asym-
metrical in composition and has an exponential dependency 
upon the reduced grand potential, thus being thermodynami-
cally consistent [4, 7]. Another contribution of the current 
investigation is to discuss the behaviour of adsorption azeo-
tropes in relation to the infinite dilution activity coefficients 
and their visualization on the reduced grand potential-
composition diagram at constant temperature and pressure, 
therefore confirming and extending the conditions for azeo-
trope existence defined by Siperstein [12].

2  Thermodynamic models

As previously mentioned, in this study experimental 
adsorbed phase composition and total amount adsorbed of 
the azeotropic systems were compared with the predictions 
of several models including the IAST, the HIAST and the 
RAST coupled with the 1-Margules and the van Laar equa-
tions. In all the models the pure component isotherms were 
described by the dual-site Langmuir model, for which a het-
erogeneous adsorbent consists of two different sites of differ-
ent energies and the overall isotherm of a gas is obtained by 
adding the contributions of each site [29]. The mathematical 
expression is the following:

Adsorption isotherm parameters were fitted using Ori-
gin software [30] with values summarized in Table 2. For 
13X and H-modernite model parameters were fitted to 
experimental isotherm data while for NaX they were fit-
ted to model isotherm data obtained from a modified virial 
equation [6], given the complexity to extract experimental 
data from a log–log plot. For silicalite model parameters 

(1)qi =
qs1,i ⋅ b1,i ⋅ Pi

1 + b1,i ⋅ Pi

+
qs2,i ⋅ b2,i ⋅ Pi

1 + b2,i ⋅ Pi

Table 1  List of adsorption azeotropes investigated in this study

Azeotrope Adsorbent Binary system Temperature
(K)

Pressure
(kPa)

Industrial application Reference

1 13X iC4H10–C2H4 298 137.8 Isobutane alkylation Hyun and Danner [10]
2 323 137.8
3 C2H4–CO2 298 137.8 Ethylene purification
4 H-modernite C3H8–CO2 303 41.0 LPG sweetening Talu and Zwiebel [11]
5 C3H8–H2S 303 8.13 LPG sweetening
6 NaX CO2–C3H8 ≈294 13.3 LPG sweetening Siperstein and Myers [6]
7 Silicalite C6H6–C3H6 373 100.0 Cumene production Ban et al. [8] / This study
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were fitted to molecular simulation data obtained in this 
study (see the Appendix). Overall, excellent fits were 
achieved given the low average relative deviations (ARD). 
A full comparison of the fitted pure component adsorption 
isotherms with the experimental and molecular simula-
tion data can be found in the Supplementary Information. 
Given the ranges of temperatures and pressures, all com-
ponents can be considered ideal in the gas phase.

2.1  Ideal adsorbed solution theory

Presently, the most widespread multicomponent adsorp-
tion theory is the ideal adsorbed solution theory (IAST) 
proposed by Myers and Prausnitz [19] more than fifty 
years ago. Over time it has been formulated in different 
ways [31–35] and successfully applied to gas separation 
technologies [36–38].

In the IAST the gas phase is ideal and in equilibrium 
with the adsorbed phase, which is assumed an ideal solu-
tion following the Raoult’s law:

where  Pi
0 is the surface pressure of component i at the tem-

perature and reduced grand potential of the mixture. The 
IAST is based on the iso-reduced-grand-potential condition 
stating that each component in the adsorbed phase has the 
same reduced grand potential at equilibrium. This last condi-
tion is expressed as follows:

(2)P ⋅ yi = P0
i
⋅ xi

Finally, the total amount adsorbed is calculated by:

where  qi
0 is the amount adsorbed of component i calcu-

lated at  Pi
0. Considering the dual-site Langmuir model the 

reduced grand potential is analytically obtained solving the 
integral in Eq. (3) as:

The large success of the IAST relies on its simple thermo-
dynamic framework and its ability to predict multicompo-
nent adsorption equilibria from pure component adsorption 
isotherms.

2.2  Heterogeneous ideal adsorbed solution theory

In order to predict the behaviour of non-ideal adsorption 
mixtures, Valenzuela et al. [22] proposed a heterogeneous 
ideal adsorbed solution theory (HIAST) by incorporating 
the effect of energetic heterogeneity into the IAST. The 
resulting theory behaves ideally on a particular adsorption 

(3)�i =

P0
i

∫
0

qi ⋅ d
(
lnPi

)

(4)�i = �eq

(5)
1

qTOT
=

NC∑

i=1

(
xi

q0
i

)

(6)�i = qs1,i ⋅ ln(1 + b1,i ⋅ P
0
i
) + qs2,i ⋅ ln(1 + b2,i ⋅ P

0
i
)

Table 2  Parameters of dual-site Langmuir model for pure component adsorption isotherms

Exp. experimental data, Mod. model data obtained from modified virial equation [6], Mol. sim. molecular simulation data obtained in this study
a  Isotherm successfully regressed using the Langmuir model but implemented as dual-site Langmuir model in order to apply the HIAST

Adsorbent Component T (K) Pressure 
range (kPa)

qs1 (mol  kg–1) qs2 (mol  kg–1) b1  (kPa–1) b2  (kPa–1) No. and type of 
data points

ARD
(%)

13X iC4H10 298 0–137.8 0.5288 1.4157 0.0484 6.8235 16 (Exp.) 2.7
323 0–137.8 0.5288 1.4157 0.0068 2.1033 17 (Exp.) 2.0

C2H4 298 0–137.8 0.7336 2.1795 2.2851 0.1298 29 (Exp.) 4.2
323 0–137.8 0.7336 2.1795 0.6617 0.0403 23 (Exp.) 2.6

CO2 298 0–137.8 1.9897 2.6039 0.6295 0.0299 19 (Exp.) 5.9
H-modernite C3H8 303 0–206.8 0.6491 0.7536 0.0132 1.4342 35 (Exp.) 1.5

CO2 303 0–138.7 0.7089 2.2752 0.9087 0.0192 42 (Exp.) 2.4
H2S 303 0–27.6 1.5087 1.4166 0.0529 3.0510 23 (Exp.) 0.6

NaX CO2 293 0–103.9 4.0086 2.1595 0.0947 5.8393 60 (Mod.) N/A
C3H8 293 0–93.7 1.6494a 1.6494a 1.1881a 1.1881a 34 (Mod.) N/A

Silicalite C6H6 373 0–150.0 0.7548 0.6943 0.0028 2.8091 12 (Mol. sim.) 0.7
C3H6 373 0–250.0 0.9404a 0.9404a 0.0389a 0.0389a 11 (Mol. sim.) 5.8
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site, but energetic heterogeneity causes a segregation in 
the composition of the adsorbed phase. The authors used 
the Langmuir model and the discrete binomial energy 
distribution with a perfect positive correlation of sites. 
As a result, the HIAST always improved the predictions, 
but they were still not in quantitative agreement with the 
experiments. However, it was also reported that there are 
cases in which the predictability of the HIAST can be infe-
rior to that of the IAST if the energy distribution param-
eters are not properly chosen [39].

To avoid the uncertainties in the energy distributions, in 
this study an approach similar to that proposed by Myers 
[20] was used to define the HIAST on the basis of the dual-
site Langmuir model. Since the two energetic adsorption 
sites are independent of one another, the IAST is applied 
to each single site, where the equality of the reduced grand 
potential for each pure component requires that:

As the saturation capacities are different for the com-
ponents of the binary systems, both perfect positive and 
perfect negative correlations were tested on each of the 
two Langmuir sites, and the best correlation was chosen 
by comparing the predictions with experimental mixed-gas 
adsorption data [18]. Similarly to the IAST, the HIAST 
has the great advantage of requiring only pure component 
adsorption isotherms to predict multicomponent adsorp-
tion equilibria. However, to cope with the poor model 
predictions, the same Valenzuela et al. [22] proposed to 
incorporate into the HIAST a binary adsorption parameter 
whose value needs to be determined from experimental 
data.

2.3  Real adsorbed solution theory

The real adsorbed solution theory (RAST) is derived from 
the IAST by introducing the activity coefficients in the 
adsorbed phase with the purpose of predicting the behav-
iour of non-ideal adsorption mixtures. As a consequence, 
the equation of equilibrium for multicomponent adsorption 
becomes [19]:

(7)�1,i = qs1,i ⋅ ln(1 + b1,i ⋅ P
0
i
)

(8)�1,i = �1,eq

(9)�2,i = qs2,i ⋅ ln(1 + b2,i ⋅ P
0
i
)

(10)�2,i = �2,eq

(11)P ⋅ yi = P0
i
⋅ �i ⋅ xi

The activity coefficients are related to the excess Gibbs 
energy of the adsorbed solution as follows:

The total amount adsorbed is obtained by the ideal con-
tribution plus the excess contribution:

where the excess contribution is defined as:

Therefore, given the behaviour of pure adsorbates, mul-
ticomponent mixtures can be fully characterized knowing 
an expression for the excess Gibbs energy as function of 
temperature, composition and reduced grand potential.

2.3.1  1‑parameter Margules equation

The simplest thermodynamically consistent model proposed 
to describe the excess Gibbs energy is the 1-parameter or 
2-suffix Margules equation with an exponential dependency 
upon the reduced grand potential [5, 7]. The resulting two-
parameter expression of the excess Gibbs energy provides 
a complete description of isothermal, mixed-gas adsorption 
equilibrium over the entire range of surface coverage. Even 
the three-parameter ABC equation introduced by Siperstein 
and Myers [6] reduces to the 1-parameter Margules equation 
in case of isothermal conditions. Moreover, this equation 
has been successfully applied to the common tangent plane 
approach to validate the presence of adsorption azeotropes 
[40].

The mathematical expression of the excess Gibbs energy 
for a binary system is the following:

where A and B are two equation parameters. The excess 
contribution to the total amount adsorbed is obtained by 
inserting Eq. (16) into Eq. (15):

(12)ln �i =
�(qTOT ⋅ gEX∕(R ⋅ T))

�qi

|
|
|
|
|T ,� ,qj

(13)
gEX

R ⋅ T
=

NC∑

i=1

xi ⋅ ln �i

(14)
1

qTOT
=

NC∑

i=1

(
xi

q0
i

)

+

(
1

q

)EX

(15)
(
1

q

)EX

=
�(gEX∕(R ⋅ T))

��

||||
|T ,x

(16)
gEX

R ⋅ T
= A ⋅ x1 ⋅ x2 ⋅ (1 − e−B⋅� )



1196 Adsorption (2021) 27:1191–1206

1 3

The activity coefficients of the components are given by 
substituting Eq. (16) into Eq. (12):

2.3.2  van Laar equation

In order to refine the model predictions of adsorption azeo-
tropes, the RAST can be coupled with a modified three-
parameter van Laar equation for which the excess Gibbs 
energy has an asymmetrical composition dependency and 
the same exponential dependency upon the reduced grand 
potential:

Similar to the 1-Margules equation, the excess contribu-
tion to the total amount adsorbed and the activity coefficients 
can be evaluated as follows:

(17)
(
1

q

)EX

= A ⋅ x1 ⋅ x2 ⋅ B ⋅ e−B⋅�

(18)ln �1 = A ⋅ x2
2
⋅ (1 − e−B⋅� )

(19)ln �2 = A ⋅ x2
1
⋅ (1 − e−B⋅� )

(20)
gEX

R ⋅ T
=

A12 ⋅ A21 ⋅ x1 ⋅ x2

A12 ⋅ x1 + A21 ⋅ x2
⋅ (1 − e−B⋅� )

(21)
(
1

q

)EX

=
A12 ⋅ A21 ⋅ x1 ⋅ x2

A12 ⋅ x1 + A21 ⋅ x2
⋅ B ⋅ e−B⋅�

(22)
ln �1 =

A12
(
1 +

A12⋅x1

A21⋅x2

)2
⋅ (1 − e−B⋅� )

It should be noted that the van Laar equation reduces to 
the 1-Margules equation in the special case of  A12 =  A21.

In the previous 1-Margules and van Laar equations the 
activity coefficients satisfy the requirements of being unity at 
the limit of composition approaching unity  (xi → 1) or load-
ing approaching zero (ψ → 0). At high loading (ψ → ∞) the 
activity coefficients approach a constant value corresponding 
to saturation. From the thermodynamics of liquid mixtures, 
the parameters A,  A12 and  A21 are empirical constants with 
units of energy and could be assumed, at constant composi-
tion, temperature independent (athermal solutions) or pro-
portional to the reciprocal of absolute temperature (regular 
solutions) [41].

3  Results and Discussion

3.1  Estimation of activity coefficient model 
parameters

In this study the activity coefficient model parameters, 
namely A and B for the 1-Margules equation and  A12,  A21 
and B for the van Laar equation, were estimated based on 
experimental data of binary systems at fixed temperature and 
pressure (Table 1). The parameter estimations were carried 
out using gPROMS software [42] by minimizing the sum 
of relative errors in the calculated adsorbed phase composi-
tion and total amount adsorbed, resulting in the following 
objective function:

(23)
ln �2 =

A21
(
1 +

A21⋅x2

A12⋅x1

)2
⋅ (1 − e−B⋅� )

(24)O.F. =

n∑

j=1

[
|
||||

xcalc
1

− x
exp

1

x
exp

1

|
||||j
+
|
||||

qcalc
TOT

− q
exp

TOT

q
exp

TOT

|
||||j

]

Table 3  Parameters and standard deviations of activity coefficient models for adsorption azeotropes

a  Parameter fixed from the same  iC4H10–C2H4–13X system at 298 K

Azeotrope 1-Margules van Laar

A (–) B (kg  mol–1) A12 (–) A21 (–) B (kg  mol–1)

iC4H10–C2H4–13X (@298 K)  − 1.229 ± 4.89 ×  10−7 0.928 ± 8.99 ×  10−4  − 1.178 ± 3.21 ×  10−5  − 18.12 ± 1.75 ×  10−3 0.260 ± 1.34 ×  10−5

iC4H10–C2H4–13X (@323 K)  − 0.786 ± 3.83 ×  10−5 0.928a  − 0.555 ± 2.79 ×  10−5  − 2.328 ± 2.84 ×  10−4 0.260a

C2H4–CO2–13X  − 1.138 ± 9.47 ×  10−5 0.070 ± 1.48 ×  10−5  − 2.204 ± 2.74 ×  10−4  − 0.514 ± 3.51 ×  10−5 0.221 ± 2.89 ×  10−5

C3H8–CO2–H-modernite  − 4.576 ± 1.19 ×  10−4 0.793 ± 6.70 ×  10−5  − 3.812 ± 1.25 ×  10−4  − 5.591 ± 2.37 ×  10−4 0.621 ± 4.17 ×  10−5

C3H8–H2S–H-modernite  − 6.267 ± 6.99 ×  10−5 0.288 ± 1.35 ×  10−5  − 7.604 ± 2.38 ×  10−4  − 4.389 ± 1.71 ×  10−4 0.385 ± 1.93 ×  10−5

CO2–C3H8–NaX  − 3.385 ± 2.33 ×  10−4 0.051 ± 5.32 ×  10−6  − 3.276 ± 3.20 ×  10−4  − 3.384 ± 2.28 ×  10−4 0.052 ± 5.91 ×  10−6

C6H6–C3H6–Silicalite  − 4.808 ± 2.81 ×  10−4 0.301 ± 4.79 ×  10−5  − 5.212 ± 3.95 ×  10−4  − 4.388 ± 3.41 ×  10−4 0.274 ± 4.68 ×  10−5
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A constant variance of  10–5 was set for  x1 and  qTOT 
whereas absolute and relative tolerances were both fixed to 
 10–6. Values of these parameters derived from experimental 
data for the adsorption azeotropes are reported in Table 3 
along with their standard deviations.

For the system  iC4H10–C2H4–13X the parameter B was 
considered temperature independent, being the loading 
parameter of excess Gibbs energy. With reference to the 
system  CO2–C3H8–NaX, Siperstein and Myers [6] obtained 
comparable values for the regressed parameters A and B of 

the 1-Margules equation by minimizing the error in the total 
pressure and selectivity. From Table 3 it should be noted 
that parameters A,  A12 and  A21 showed all negative values, 
thus confirming the negative deviations from Raoult’s law, 
while parameter B ranged 0.05–0.93 across all the systems.

Although all the model parameters exhibited low stand-
ard deviations in the interval  10–7–10–4, it is not possible to 
specify a unique set of parameters as there will always be an 
uncertainty, which ultimately depends on the accuracy of the 
experimental data. In addition, the parameters correlate in 
the neighbourhood of the optimal point. Figure 1 shows the 
confidence ellipses of the van Laar parameters  A12 and  A21 
for the system  C6H6–C3H6 on silicalite. These are obtained 
from the eigenvalues and eigenvectors of the covariance 
matrix of the parameters. In particular, the direction vectors 
of the ellipse axes are the eigenvectors, whereas the length of 
the vectors corresponds to the eigenvalues [43]. The ellipti-
cal form of the deviation plot indicates that the two param-
eters are partially coupled. For instance, the smallest ellipse 
identifies a region in the  A12-A21 plane wherein any point 
gives a set of parameters that reproduces at least 90% of the 
experimental data within the set variances. It is expected that 
the ellipses become smaller as the quality and/or quantity of 
experimental data rises and as the suitability of the model 
for the excess Gibbs energy increases [41].

To validate the effectiveness of the parameter estimations, 
Fig. 2 shows a comparison of the experimental and calcu-
lated adsorbed phase composition and total amount adsorbed 
using the van Laar equation for the system  CO2(1)–C3H8(2) 
on NaX. As the points lie very close to the 45° reference 
line, the model is able to predict the multicomponent adsorp-
tion equilibria with great accuracy.Fig. 1  Confidence ellipses of the van Laar parameters  A12 and  A21 for 

the system  C6H6–C3H6 on silicalite at 373 K and 100 kPa

Fig. 2  Parity plots of experimental and calculated (a) adsorbed phase composition and (b) total amount adsorbed using the van Laar equation for 
the system  CO2(1)–C3H8(2) on NaX at ≈294 K and different pressures. Experimental data are from Siperstein and Myers [6]
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3.2  Model predictions of adsorption azeotropes

After estimating the activity coefficient model parameters, 
the RAST coupled with the 1-Margules and van Laar equa-
tions as well as the IAST and the HIAST were assessed on 
the prediction of adsorption equilibria of the seven azeo-
tropic binary systems listed in Table 1. Model predictions 
were compared with experimental adsorbed phase composi-
tion and total amount adsorbed by means of average relative 
deviations (ARD), defined as:

where ARDs are expressed in percentage (%) and n is the 
number of experimental data points. Table 4 reports the 
ARDs for the adsorbed phase composition and total amount 
adsorbed between experimental data and predictions from 
the four models assessed in this study.

Overall, the thermodynamic models can be ranked in order 
of increasing accuracy as IAST < HIAST < RAST–1-Mar-
gules < RAST–van Laar, but there are some exceptions in 
which the HIAST was worse than the IAST or better than 
the RAST in the predictions of the adsorbed phase compo-
sition, the total amount adsorbed or both. However, with 
the exclusion of  x1 for the  C3H8(1)–H2S(2)–H-modernite 
system, only the RAST–van Laar model consistently showed 
an average relative deviation below 3% compared to experi-
mental data for both the adsorbed phase composition and the 
total amount adsorbed across the systems. Figures 3–6 show 
isothermal, isobaric x–y diagrams and  qTOT–y diagrams 
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including experimental data and different model predictions 
for selected adsorption azeotropes.

In the system  iC4H10(1)–C2H4(2) on 13X the pure com-
ponent isotherms cross each other at low surface coverage 
leading to an azeotropic behaviour as seen in the binary 
system experimental data [10]. In Fig. 3 all models apart 
from the IAST captured the existence of the azeotrope at 
298 K, but the selectivity reversal was predicted at different 
compositions, with the prediction of the RAST–van Laar 
model being the closest to the experimental data. Since the 
results of the HIAST and RAST–1-Margules models were 
not satisfactory, the asymmetrical three-parameter van Laar 
equation is required to accurately predict both the adsorbed 
phase composition and the total amount adsorbed (Fig. 3).

A similar trend was observed for the system 
 C2H4(1)–CO2(2) on 13X, as shown in Fig. 4. Also in this case 
the azeotrope was accurately located only by the RAST–van 
Laar model while HIAST and RAST–1-Margules models 
reported a large deviation in the adsorbed phase composition 
in the range of 15–22%. It should be noted that the deviation 
in the total amount adsorbed predicted by the HIAST was 
even larger than the IAST (Fig. 4b). This discrepancy, also 
found in the system  iC4H10(1)–C2H4(2) on 13X at 323 K 
(Table 4), highlights the fact that energetic heterogeneity is 
insufficient to describe these adsorption azeotropes. In com-
plex heterogeneous adsorbents such as 13X zeolite, in fact, 
the effect of partial steric exclusion of larger molecules from 
pores accessible to smaller molecules can become promi-
nent, thus increasing the negative deviations from Raoult’s 
law and leading to adsorption azeotropes [6, 22].

The system  C3H8(1)–CO2(2) on H-modernite analysed 
in Fig. 5 was extensively studied due to its highly non-ideal 
behaviour [11]. Model predictions provided by the HIAST 
greatly improved those of the IAST with ARDs in the mag-
nitude of 5–8%. The discrepancies can be explained by 

Table 4  Average relative deviations for the adsorbed phase composition and total amount adsorbed between binary system data and predictions 
from different models

 Exp. experimental data, Mol. sim. molecular simulation data obtained in this study
a Outlier data point with  y1 = 0.1168 was excluded from the calculations
b Outlier data points with  y1 < 0.05 were excluded from the calculations

Azeotrope No. and type of data points IAST
ARD (%)

HIAST
ARD (%)

RAST–1- 
Margules  
ARD (%)

RAST–van 
Laar
ARD (%)

x1 qTOT x1 qTOT x1 qTOT x1 qTOT

iC4H10(1)–C2H4(2)–13X (@298 K) 10 (9)a (Exp.) 28.6 3.8 19.6 2.5 17.8 2.0 2.7 0.5
iC4H10(1)–C2H4(2)–13X (@323 K) 8 (Exp.) 11.5 3.4 23.6 10.7 5.1 2.5 2.6 2.3
C2H4(1)–CO2(2)–13X 6 (Exp.) 26.9 2.3 21.8 8.5 15.1 0.7 2.9 0.5
C3H8(1)–CO2(2)–H-modernite 5 (Exp.) 39.4 19.2 4.7 7.3 5.8 1.5 1.3 1.6
C3H8(1)–H2S(2)–H-modernite 5 (Exp.) 58.5 21.8 18.3 6.5 16.5 0.7 13.2 1.1
CO2(1)–C3H8(2)–NaX 40 (31)b (Exp.) 7.7 8.0 2.6 5.1 2.1 2.7 2.1 2.7
C6H6(1)–C3H6(2)–Silicalite 9 (Mol. sim.) 28.5 25.4 1.9 2.6 2.4 3.4 2.3 2.7
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specific electrostatic interactions as well as steric exclusion 
effects [13, 22]. Once again, the lack of detailed understand-
ing of adsorption azeotropic behaviour can be compensated 
with activity coefficient models able to reduce the average 
relative deviations down to 1.5–5.8% and 1.3–1.6% using the 
1-Margules and the van Laar equations, respectively. In ref-
erence to the same H-modernite adsorbent,  H2S is adsorbed 
much more strongly than  C3H8 due to its permanent dipole 
that generates strong electric field–dipole interactions. This 
leads to large ARDs in the adsorbed phase composition for 
all models, including the RAST–van Laar model (Table 4).

For the system  CO2(1)–C3H8(2) on NaX reported by Sip-
erstein and Myers [6], it is worth noticing that it is the least 
non-ideal system investigated in this study. In fact, the IAST 
exhibited ARDs of around 8%, which were reduced to less 
than 3% using the HIAST and the RAST models, as reported 
in Table 4. In particular, the parameter estimations of the 
1-Margules and van Laar equations (Table 3) produced the 
same value for B while the values of  A12 and  A21 were very 
close to the value of A. Therefore, the two RAST models 
showed virtually identical ARDs in both the adsorbed phase 
composition and the total amount adsorbed.

Fig. 3  (a) x–y diagram and (b)  qTOT–y diagram showing experimental data and different model predictions for the system  iC4H10(1)–C2H4(2) on 
13X at 298 K and 137.8 kPa

Fig. 4  (a) x–y diagram and (b)  qTOT–y diagram showing experimental data and different model predictions for the system  C2H4(1)–CO2(2) on 
13X at 298 K and 137.8 kPa
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The last azeotropic system investigated in this study 
was  C6H6(1)–C3H6(2) on silicalite with results shown in 
Fig. 6. Details of the molecular simulations carried out 
to generate pure component isotherms and mixed-gas 
adsorption data are reported in the Appendix. In this case, 
the model predictions of the HIAST resulted even margin-
ally superior to those of the RAST models, with ARDs 
below 3%. This occurred because silicalite adsorbent is 
characterized by three adsorbing sites: straight channels, 
sinusoidal channels and their intersections. However, for 
this system the use of the dual-site Langmuir model is 

justified as the straight and sinusoidal channels have equal 
adsorption strengths, so that molecules located at these 
two channel interior positions compete all together with 
the molecules located at the channel intersections [44]. A 
graphical representation of the pore space of silicalite is 
reported in the Appendix. The benzene has a strong affin-
ity with the intersections, given the higher available space 
compared to the channels. The strong affinity of benzene 
with the intersections leads to its favourable adsorption 
over propene up to  y1 ≈ 0.5. However, at higher composi-
tions, the fugacity of benzene at 373 K and 100 kPa is not 

Fig. 5  (a) x–y diagram and (b)  qTOT–y diagram showing experimental data and different model predictions for the system  C3H8(1)–CO2(2) on 
H-modernite at 303 K and 41.0 kPa

Fig. 6  (a) x–y diagram and (b)  qTOT–y diagram showing molecular simulation data and different model predictions for the system  C6H6(1)–
C3H6(2) on silicalite at 373 K and 100.0 kPa
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high enough to force the benzene molecules in the chan-
nels, which are free to be filled by propene, thus causing 
the reversal of selectivity for  y1 > 0.5. It can be concluded 
that energetic heterogeneity is the main responsible for 
the formation of this adsorption azeotrope.

Eventually, Table 5 reports the average relative devia-
tions between experimental data and model predictions 
from different works in the literature in terms of both 
adsorbed phase composition and total amount adsorbed. 
Compared to the extended models and the adsorbed solu-
tion theories, the RAST model coupled with the modified 
van Laar equation proposed in this study showed by far 
the lowest deviations across all the azeotropic systems. 
However, it should be remembered that the UNIQUAC-
based spreading-pressure-dependent (SPD) model uti-
lizing the binary data to evaluate the necessary param-
eters was also able to predict adsorption azeotropes on 
H-modernite with great accuracy [11]. Up to now, only 
adsorbed solution theory models utilizing experimental 
data to evaluate the necessary parameters and accounting 
for the reduced grand potential dependency of the activity 
coefficients have been successful to accurately predict 
binary adsorption azeotropes.

3.3  Implications of azeotropic behaviour

Deviations of binary adsorbed mixtures from ideality can be 
visualized by plotting activity coefficients and excess func-
tions in the adsorbed phase composition domain. Isothermal, 
isobaric activity coefficients and excess Gibbs energy are 
shown in Fig. 7 using the 1-parameter Margules and van 
Laar equations for the system  C2H4(1)–CO2(2) on 13X. As 
expected, the excess Gibbs energy is largely negative and the 
system exhibits negative deviations from Raoult’s law, lead-
ing to azeotropic behaviour. The activity coefficients are less 
than unity in the entire composition domain, with the activ-
ity coefficient of  C2H4 at infinite dilution (γ1

∞) being equal 
to 0.12 using the more accurate van Laar equation (Fig. 7a). 
Given the composition dependency at constant reduced 
grand potential, the excess Gibbs energy is symmetrical with 
the 1-Margules equation and asymmetrical with the van Laar 
equation. However, under the isobaric conditions imposed 
on Fig. 7b, both curves show their minima displaced towards 
 CO2, the component with the higher loading.

With the aim of determining the conditions where aze-
otropic behaviour is observed, Siperstein [12] showed that 
the existence of an adsorption azeotrope can be defined 
from relations between the infinite dilution activity coef-
ficients and the surface pressure of the pure components 

Table 5  Average relative deviations between experimental data and model predictions from different works in the literature

Model Reference ARD (%) −  qTOT

iC4H10(1)– 
C2H4(2)–
13X (@298 K)

iC4H10(1)– 
C2H4(2)–
13X (@323 K)

C2H4(1)– 
CO2(2)– 
13X

C3H8(1)– 
CO2(2)– 
H-mod

C3H8(1)–
H2S(2)– 
H-mod

CO2(1)– 
C3H8(2)– 
NaX

Extended Lang-
muir

Bai and Yang [14] – – 37.7 46.9 41.2 –

Multiregion – – 20.0 26.0 31.6 –
Multisite Lang-

muir
Bai et al. [13] – – 23.5 49.6 44.7 –

Multiregion – – 16.0 15.6 17.6 –
Dual-process 

Langmuir
Ritter et al. [18] – – – 3.6 2.6 –

HIAST − Lang-
muir

Valenzuela et al. [22] – – – 19.0 30.0 –

Non-ideal AST Myers [21] – – – 6.6 4.3 9.0
RAST – van Laar This work 0.5 2.3 0.5 1.6 1.1 2.7

Model Reference ARD (%) −  qTOT

iC4H10(1)– 
C2H4(2)–
13X (@298 K)

iC4H10(1)– 
C2H4(2)–
13X (@323 K)

C2H4(1)– 
CO2(2)– 
13X

C3H8(1)– 
CO2(2)– 
H-mod

C3H8(1)– 
H2S(2)–
H-mod

CO2(1)– 
C3H8(2)– 
NaX

Adsorption 
NRTL

Kaur et al. [25] 17.5 6.7 15.9 7.0 9.5 –

RAST – van 
Laar

This work 2.7 2.6 2.9 1.3 13.2 2.1
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at the same temperature and reduced grand potential of 
the mixture. In particular, these relationships can be 
obtained from the slope of the bubble point pressure 
curve while it approaches the pure component. How-
ever, the azeotropic behaviour can also be determined 
under the more common experimental conditions of 
constant temperature and pressure. As the ψ vs P func-
tion has a trend similar to the  Tboil vs P function typical 
of VLE, negative deviations from Raoult’s law imply a 

maximum-reduced-grand-potential azeotrope at constant 
temperature and pressure. Figure 8 shows the ψ–x–y dia-
gram using the IAST and RAST–van Laar models for the 
system  C2H4(1)–CO2(2) on 13X.

The van Laar equation correctly predicts the existence 
of the adsorption azeotrope at the mole fraction of  C2H4 
of around 0.1 and the maximum reduced grand potential 
of around 13.4 mol   kg–1. Since  CO2(2) is the strongly 
adsorbed component on 13X adsorbent, it follows that 
 P2

0 <  P1
0. Focusing on the slope of the “equivalent” bub-

ble point curve as it approaches pure  CO2, a negative azeo-
trope is observed when:

In addition, according to the findings reported by Sip-
erstein [12], the condition for observing a negative azeo-
trope at a given temperature and reduced grand potential 
is given by:

Therefore, the system analysed in Fig.  8 confirms 
the condition expressed by Eq. (28) as γ1

∞ = 0.12 <  P2
0/

P1
0 = 0.41. This condition is also confirmed by all the other 

adsorption azeotropes investigated in this study.
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Fig. 7  (a) Activity coefficients and (b) excess Gibbs energy using the 1-parameter Margules and van Laar equations for the system  C2H4(1)–
CO2(2) on 13X at 298 K and 137.8 kPa

Fig. 8  ψ–x–y diagram using the IAST and RAST – van Laar models 
for the system  C2H4(1)–CO2(2) on 13X at 298 K and 137.8 kPa
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4  Conclusions

The prediction of adsorption equilibria of multicomponent 
non-ideal mixtures is a challenging task for the design of 
gas separation adsorbers, especially in case of azeotropic 
behaviour where phenomena of composition crossovers 
and selectivity reversals occur. In this work, seven adsorp-
tion azeotropes involving binary systems and zeolite-based 
adsorbents were systematically investigated with the aim 
of predicting both adsorbed phase compositions and total 
amounts adsorbed with great accuracy. Pure component 
isotherms and mixed-gas adsorption data were taken from 
published literature except for the benzene–propene sys-
tem on silicalite, which was newly presented in this work 
using molecular simulations. Several models were tested 
including the ideal adsorbed solution theory (IAST), the 
heterogeneous ideal adsorbed solution theory (HIAST) and 
the real adsorbed solution theory (RAST) coupled with 
the 1-parameter Margules and the van Laar equations. The 
activity coefficient models were thermodynamically con-
sistent as an exponential dependency upon the reduced 
grand potential was incorporated in the expression of the 
excess Gibbs energy of the adsorbed solution.

After carrying out appropriate parameter estimations 
on experimental binary system data, it was found that the 
RAST–van Laar model consistently showed an average 
relative deviation below 3% compared to the experimental 
adsorbed phase composition and total amount adsorbed 
across the systems. Up to now, the modified van Laar 
equation of this study is the most accurate thermodynamic 
framework to comprehensively predict binary adsorption 
azeotropes among the extended models and the adsorbed 
solution theories proposed in the literature. Therefore, it 
can serve to correlate and predict non-ideal multicompo-
nent adsorption equilibria in support of rigorous process 

simulation tools. This is particularly relevant in the design 
of adsorbers when the location of adsorption azeotropes 
is required with great accuracy and when there is lack of 
detailed characterization of the adsorbent that is needed 
to carry out molecular simulations.

The conditions for observing azeotropic behaviour pro-
posed by Siperstein [12] and based on relations between the 
infinite dilution activity coefficients and the surface pressure 
of the pure components were confirmed in this study. Moreo-
ver, under the conditions of constant temperature and pres-
sure it was shown that the existence of a negative adsorption 
azeotrope can be visualized by a maximum in the reduced 
grand potential function along the adsorbed phase and gas 
phase composition domains.

Appendix

In this work, Grand Canonical Monte Carlo (GCMC) simu-
lations were carried out to investigate the adsorption of pure 
benzene and propene on MFI-type silicalite at 373 K, and 
their binary system which exhibits an azeotrope at 373 K and 
100.0 kPa, as shown by Ban et al. [8]. The ortho-MFI config-
uration was used to model the rigid solid framework, whose 
atom coordinates have been reported by Van Koningsveld 
et al. [45]. The MFI structure consists of straight and sinu-
soidal channels which cross at intersections. The schematic 
representation of the ortho-MFI framework is shown in 
Fig. 9. The pore network representation was derived using 
PoreBlazer [46, 47].

The rigid framework was modelled using chargeless 
silicon atoms and charged oxygen atoms. The interaction 
between adsorbates and MFI framework was concentrated 
on the oxygen atoms of the MFI, leaving the silicon atoms 
as inert [48, 49]. The selected force field used a united 
atom approach as that presented by Ban et  al. [8]. The 

Fig. 9  Highlight of the acces-
sible pore network of the ortho-
MFI: in yellow the accessible 
pore network; in black the solid 
framework; in dashed red the 
sinusoidal channel; in solid light 
blue line the straight channel
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adsorbate-zeolite atoms interactions were modelled with 
Lennard–Jones (L–J) potentials where the cut-off length of 
the intermolecular interactions was set to 12 Å. Jorgensen 
mixing rules were used for non-identical united atoms inter-
actions. The Coulomb interactions between the charged 
sites of the benzene and the oxygen atoms of the MFI were 
modelled by means of Ewald summation. The benzene was 
modelled with the nine-site model described by Siepmann 
and co-workers [50, 51], which considers six CH chargeless 
sites of the benzene ring and three extra charged sites to cor-
rectly represent the quadrupole moment generated by the π 
bonding system. Lennard–Jones parameters for guest-guest 
and guest–host interactions along with details of the MFI 
framework are given in Table 6.

RASPA software was used to run the molecular simula-
tions [52]. The number of cycles was changed according to 

each simulation point for both pure component isotherms at 
373 K and binary system at 373 K and 100.0 kPa to ensure 
that the simulations reached a reliable statistical average. 
This was monitored by assessing the number of molecules 
present in each simulation cycle. The highest loading of 9.8 
molecules per unit cell was achieved for propene adsorption 
at 373 K and 250.0 kPa. The inaccessible pockets of the MFI 
framework were blocked with inert rigid spheres to avoid 
unnecessary attempts of insertion and improve the conver-
gence performance. The results of the molecular simulations 
for pure component isotherms and mixed-gas adsorption 
data are reported in Table 7. It should be highlighted that 
the adsorption of the  C6H6(1)–C3H6(2) system at 373 K and 
100.0 kPa was fully validated with the results presented by 
Ban et al. [8] on the same silicalite.

Table 6  Lennard–Jones 
potential parameters and 
silicalite framework used in this 
study

Molecule Atom type σ (Å) ε  kB
–1 (K)

Propene CH3 3.76 108.0
CH2(sp2) 3.68 92.5
CH(sp2) 3.73 52.0

Benzene CHbenzene 3.74 53.5
Guest–Host interactions CH3–O 3.48 93.0

CH2(sp2)–O 3.50 82.6
CH(sp2)–O 3.43 69.0
CHbenzene–O 3.38 73.0

Framework Size of unit cell (Å) Number of  
unit cells

Space group

Silicalite – MFI 20.022 × 19.899 × 13.383 2 × 2 × 3 Pnma (ortho)

Table 7  Pure component 
isotherms and mixed-gas 
adsorption data for the system 
 C6H6(1)–C3H6(2) on silicalite 
at 373 K. Binary system is at 
100.0 kPa

C6H6 C3H6 Binary system

P (kPa) q (mol  kg–1) P (kPa) q (mol  kg–1) y1 (–) x1 (–) qTOT (mol  kg–1)

0.01 0.018 0.01 0.001 0.100 0.367 1.500
0.03 0.051 0.03 0.002 0.200 0.422 1.467
0.10 0.152 0.10 0.005 0.300 0.454 1.443
0.30 0.317 0.30 0.019 0.400 0.484 1.406
1.00 0.517 1.00 0.060 0.500 0.514 1.356
3.00 0.627 3.00 0.178 0.600 0.543 1.313
10.0 0.688 10.0 0.503 0.700 0.600 1.244
30.0 0.748 30.0 1.038 0.800 0.650 1.165
50.0 0.776 50.0 1.251 0.900 0.762 1.056
70.0 0.818 100.0 1.492
100.0 0.856 250.0 1.697
150.0 0.915
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