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Abstract

N,, CO, and CH, pure gas adsorption equilibria on five zeolites with different structural properties (Si/Al ratio, type of cati-
ons contained inside their structure, pore size and pore volume) have been measured over a wide range of pressures (from
107 to 80 bar) and temperatures (from 253 to 363 K) by combining high pressure gravimetric technique and high resolution
low pressure manometry. These experimental data, coupled with the measurement of the differential heat of adsorption and
with some literature information obtained with microscopic studies, have allowed to identify and to analyze the different
adsorption mechanisms. The results show that CO, adsorption mechanism is controlled by molecule—cation interactions at
low pressures and by the pore volume filling at intermediate and high pressures. On the contrary, N, and CH, adsorption
mechanism is controlled by the pore volume filling in the whole range of pressures studied in this work. It is shown that the
most popular models used in gas separation modeling such as Toth, Sips and bi-Langmuir do not describe the successive
physico-chemical phenomena observed for the adsorption of CO, on zeolites. Moreover, they are not able both to fit the
whole range of experimental data and to predict the isosteric heat of adsorption accurately.
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1 Introduction to moderate levels of impurities, adsorption processes may
be economically preferable. Current research on anthropo-
genic CO, capture also highlights many adsorbents (Cheung

and Hedin 2014; Wang et al. 2014; Tagliabue et al. 2009).

Natural gas processing requires complex separation and
purification operations involving expensive CAPEX (Capi-

tal Costs) and OPEX (Operational Costs) processes. The
separation of CO, is performed using adsorption, absorption
or membranes strategies, for which significant expenses can
arise related to the removal of impurities. In the case of low
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Given the large number of adsorbents developed and cited in
the literature for natural gas treatment or CO, capture, indus-
try is facing with the problem of sorting the most prom-
ising adsorbents. Within these adsorbents, zeolites appear
to be potential very good candidates because of their low
cost, thermal and mechanical stability and their micropo-
rous nature (Gleichmann et al. 2016). LTA, FAU and MFI
zeolites are widely studied in the frame of gas separation by
adsorption (Hefti et al. 2015; Mofarahi and Gholipour 2014;
Gholipour and Mofarahi 2016; Harlick and Tezel 2003).
The standard evaluation of adsorbents for gas separation
involves both the measurement and the modeling of pure
gases and mixtures adsorption together with dynamic behav-
ior tests such as breakthrough curves before simulating the
industrial processes. In general, the modeling of adsorption
properties is carried out using simple macroscopic models
(such as Toth, Sips and bi-Langmuir) whose implementation
in the process simulation softwares is simple (Yang 1999).
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The estimation of the adsorption properties at equilibrium
conditions is the essential starting point for a correct repre-
sentation and evaluation of storage and separation processes.
Hence, it is crucial to understand the limitations of these
most popular thermodynamic models used for the modeling
of gas separation by adsorption.

The aim of this work is twofold. First, a combined gravi-
metric, manometric and calorimetric investigation of CO,,
N, and CH, adsorption on five commercial zeolites with
different properties (Si/Al ratio, type of cation, pore size
and pore volume) is performed over a wide range of pres-
sures and temperatures. Then, this new complete database
is used in combination with structural microscopic informa-
tion in order to identify the adsorption mechanisms and to
assess the classical adsorption models—such as Toth, Sips
and bi-Langmuir—used in the modeling of gas separation
by adsorption processes.

2 Experimental section

2.1 Materials

Five commercial pure zeolite powders have been selected
according to different criteria. Thereby, the selected zeolites
allow to analyze different structures and the factors influenc-
ing the adsorption mechanisms such as the Si/Al ratio, the
type of cation, the pore size and the pore volume (Bonenfant
et al. 2008). All zeolite samples were provided by Fisher
Scientific.

Table 1 shows the different selected zeolites, the type of
structure, the Si/Al ratio, the type of cation and the theo-
retical values of pore size (Baerlocher et al. 2007; Ruthven
1984).

The FAU pseudo-structure consists of a tetrahedral net-
work composed of sodalite cages linked to each other by
rings with six oxygen atoms (D6R). This assembly contains
a large central cage with a diameter of nearly 13 A. The
windows that give access to the central cages (pore opening)
have a diameter of about 7.4 A. The sodalite cages—because
they are linked by D6R rings whose size is very small—are
not accessible to the different molecules. The accessible pore

structure of this three-dimensional structure is composed of
the highly interconnected central cages. The LTA pseudo-
structure consists of eight § cages (or sodalite cages) located
at the corners of a cube and connected by rings composed of
four oxygen atoms (D4R). This assembly gives rise to a large
polyhedral central cage (o cage) with a diameter of approxi-
mately 11.4 A. The stacking of this units in a cubic network
creates three-dimensional structure where cages are con-
nected by windows. The passage section through the window
varies, depending on the type and the mobility of the cations
present in the structure, giving rise to different types of LTA
zeolites according to the cations (5A, 4A or 3A). The ZSM-5
structure is based on an assembly of MFI CBU’s (Composite
Building Units) mainly. This assembly gives rise to a two-
dimensional structure composed of straight and sinusoidal
channels of 5.1 5.5 A and 5.3%5.6 A respectively. The
intersections of these channels have a diameter of approxi-
mately 6-8 A (Losch 2016). The typical Si/Al ratio is 30 but
it can be broadly modified, allowing structures with very
high ratios (900). The pure silica form is commonly called
silicalite. For an overview of CBU’s and pseudo-structures,
please see the reference (IZA 2019).

All the gases were provided by Linde Gas. Argon and
helium were purchased in 6.0 quality (purity >99.9999%)
and carbon dioxide, nitrogen and methane in 4.5 (purity
>99.995%).

2.2 Methods

Table 2 shows the temperature and pressure ranges covered
in this work by each experimental technique. These ther-
modynamic conditions correspond to the typical operating
conditions of the different gas separation issues.

2.2.1 Gas porosimetry with argon at 87 K

The samples were fully characterized in terms of textural
properties using gas porosimetry technique with the aim to
obtain the pore volume, the pore size distribution (PSD) and
the BET surface. Argon adsorption—desorption isotherms at
87 K were performed using an Autosorb iQ (Quantachrome,
US) with the Cryosync® temperature regulation system.

Table 1 Zeolite samples studied

fable Zeolite Structure  Molar Si/Al ratio  Cation Windows (A)  Cages (A) 2D
in this work chan-
nels

A)

13X FAU 1-1.5 Na* 74 13 -

5A LTA 1 Na*, Ca** 5 11.4 -

4A LTA 1 Na* 4 11.4 -

ZSM-5(58) MFI 58 NH,* - - 5.2

ZSM-5(295) MFI 295 NH,* - - 5.2
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I;:;:uierizrniosrziirdin to cach High resolution low pressure High pressure gravimetry Calorimetry
experimental techniqueg manometry
T (K) P (bar) T (K) P (bar) T (K) P (bar)
13X
CO, 273-363 0-1 273-363 1-20 313-383 0-9
N, - - 293-363 0-10 313
CH, - - 273-363 1-80 313
S5A
CO, 253-353 0-1 253-353 1-20 313-383 0-9
N, - - 293-363 0-10 313
CH, - - 253-363 1-80 313
4A, ZSM-5(58), ZSM-5(295)
CO, 273-363 0-1 273-363 1-20 -
N, - - 293-363 0-10 -
CH, - - 273-363 1-80 -
an electromagnet linked to a permanent magnet that holds
BALANCE a suspension consisting of a container where the sample is
introduced and a sinker (steel volume of known density) that

Fy (Buoyancy effect)
A

[ s

CONTAINER

Q000000
)0.0.0.0.0.0¢

\/
F, (Gravitational force) Adsorbent sample

Fig. 1 Forces balance of Rubotherm system

In order to eliminate any trace of gas prior to any experi-
ment, all the samples were degassed during 12 h at 573 K
under secondary vacuum (heating ramp of 10 K min™"). For
further details on these pretreatment conditions, please see
the references (Lowell et al. 2010; Wang and LeVan 2009).

2.2.2 High pressure gravimetry

High pressure isotherms were performed by means of a
Magnetic Suspension Balance (Rubotherm, Germany). The
system is fully automated and can operate from primary
vacuum up to 150 bar within a temperature range of — 20
to 400 °C. A homemade electrical heating system allows to
pretreat the sample at high temperatures.

Figure 1 shows the scheme of the forces balance of the
Rubotherm magnetic suspension system. It is composed of

allows measuring the density of the bulk phase directly. The
magnetic suspension switches between three positions: ZP
(zero point), MP1 (measuring point 1) and MP2 (measuring
point 2). In ZP position, the suspension without the con-
tainer and the sinker is raised. In MP1 the container is also
raised and in the MP2 position the weight corresponds to the
whole magnetic suspension including the sinker.

The buoyancy effect and the gravitational force can be
calculated as follows:

(Buoyancy)Fy = [(Vconminer + Vadmrbed + Vsample + VSinker) pbulk,g] 8

)]

(Gravitationalforce)F, = (mmmmer + Mygsorbed + Myampie + méi,,ke,)g

@
where V and m denote respectively the volume and the mass
of all the components of the magnetic suspension and the
adsorbed phase. The bulk density of the gas is denoted pj, ;. ,
and g refers to the gravitational constant. The subtraction of
buoyancy from gravitational force allows the calculation of
the resulting force F,:

Fr = (mcontainer + Mygsorvea msample + msinker)g

- [(Vconminer + Vadsorhed + Vsample + Vsinker)pbulk,g]g

3)

Three steps have to be performed to measure the pure gas

adsorption equilibria. The principle of the different steps and
the obtained data is presented in Table 3.

In this publication we show the way to calculate the

uncertainties according to the GUM (Guide to the expres-

sion of Uncertainty in Measurement) method (BIPM 2008)
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Table 3 Different steps for pure gas equilibrium measurement

Step Principle

Obtained data

Blank

Buoyancy Several isothermal pressure steps with the sample using a non-adsorbed gas (ex:
helium)
Adsorption equilib- Several isothermal pressure steps with the sample using an adsorbed gas
rium

Several isothermal pressure steps without sample

Mass and volume of the container

Mass and volume of the sample

Adsorbed excess mass of the gas

for the Magnetic Suspension Balance of Rubotherm (Ger-
many). This method lists all the properties influencing the
measurement and combines them using the mathematical
model of the measurement. The uncertainty is then evalu-
ated according to the law of propagation of uncertainties
and a multiplier coefficient is applied in order to weight the
uncertainty with a level of confidence determined by the
law of probability.

From the force balance of the Rubotherm system pre-
sented in Fig. 1 in MP1 position, the absolute adsorbed
amount can be calculated as follows:

Mydsorbed = (mr,MPl ~ Meontainer — msample)

)
+ pg,bulk(vcontainer + Vsample + Vadsorbed)

As the properties of the adsorbed phase cannot be

Table 4 Standard uncertainty of each magnitude

Variable Uncertainty

Mygpy, Mypo Stability of the balance fixed at 50 ug
Mo tainer Repeatability of blank measurements
Mol Repeatability of buoyancy measurements
V container Repeatability of blank measurements
Vcample Repeatability of buoyancy measurements
Mgjker Provided by the supplier

Veinker Provided by the supplier

The mass of the sinker at each pressure and temperature
conditions can be calculated from MP2 and MP1 positions
as follows:

obtained experimentally, the excess adsorbed amount is Mgy, ; = MP2, — MP1, (7
calculated as:

excess __ j—
m = Mygsorbed — P, g.bulk Vadsorbed - (mr,MPl ~ Meontainer — msample) +p g,bulk(vcontainer + Vsample) (5)

Due to the buoyancy effect, the sinker weight will dif-
fer with the pressure and temperature of the surrounding
fluid. This phenomenon is used to calculate the density of
the fluid:

Equations 5, 6 and 7 constitute the measurement model
and contain the main properties that can have an impact on
the measurement. The standard uncertainty of each property
can be evaluated as indicated in Table 4.

According to the propagation of uncertainties, the

(m,, — Mg o) . oS
sinker,vacuum sinker,i excess
Poulkg = (6) ~ uncertainty of m s Pgpuik and Mgy . can be evaluated
Viinker as follows:
& 2 2 & 2 2
Am.. =K Msinker.i Am + Minker.i Am
sinker,i 5mMP2i ( MP2[) smmml ( MPI[)
@
A =K Bpg bulk : A 2 B buik 2 A 2 B buik 2 AV 2 )
S 2 2 S 2 2 s 2
exeess exeess exeess
excess dmy vpy (Amr,MPl) + ‘Sm tai (Amcontainer) + S, (Amsamplf:) (10)
Am — K T, ] container sample
Smexeess (A )2 Smexeess 2 (AV )2 Smexeess (AV )2
+ + ' ) : +
6pg,bulk pg’blﬂk 6Vconlaincr contaner 6V.\\amp]c sample
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In all these equations K is a weighting factor that allows
to give the uncertainty with a confidence level of 95%.

2.2.3 High resolution low pressure manometry

Carbon dioxide high resolution low pressures isotherms
(up to 1 bar) at several temperatures were carried out with
an Autosorb 1Q (Quantachrome, US). Temperature regula-
tion was implemented with a double jacket Dewar and a
thermostatic bath.

Concerning the manometric system, the Autosorb iQ
commercial apparatus uses an algorithm called maxidose®
to reach the targeted points of relative pressures. As there
is not access to this algorithm the uncertainty of the meas-
urements could not be evaluated.

2.2.4 Calorimetry

Calorimetric data were obtained with a Tian Calvet Seta-
ram C80 differential heat flow calorimeter coupled with
a homemade manometric system operating isothermally.
For further details of the system, see the reference (Moua-
hid et al. 2012). The calculation of the differential heat of
adsorption and the measurement uncertainty is detailed
in the previous reference. More precisely, the estimated
measurement uncertainty is approximately 5%.

3 Modeling of pure gas adsorption

Due to their simplicity, their ability to fit the experimental data
at low and high pressures and their straightforward implemen-
tation in numerical simulations of industrial adsorption pro-
cesses, kinetical and semi-empirical equilibrium models such
as Langmuir, bi-Langmuir, Toth and Sips (Do 1998; Yang
1999) are widely used. In this section the theoretical basis of
each model are briefly reminded.

3.1 Langmuir and bi-Langmuir models

In its usual form, the Langmuir model (Langmuir 1918) is
used for the description of the adsorption of monolayers on
homogeneous surfaces. It is based on four main hypotheses:
the adsorption of a molecule is localized; each adsorption site
can accommodate only one molecule; the energy of adsorption
is constant over all the adsorption sites and there is no interac-
tion between neighboring adsorbents. The Langmuir model
adopts the following form:

qmbP
4= 7,77

T 1+ 0bP an

where q, is the amount adsorbed; q,, is the saturation capac-
ity (monolayer coverage); b is the affinity constant and P is
the pressure of the gas. The Langmuir model can also be
used to describe the adsorption on heterogeneous surfaces.
It is assumed that the surface contains several regions from
an energetic point of view and each region follows the usual
Langmuir assumptions. If two regions are considered, the
model is called bi-Langmuir and consists of two Langmuir
terms, each one corresponding to a region:

qm,zbzp
1+b,P

_ Gn1b1 P
C 1+bP

qe 12)
where q,, | and q,, , are the saturation capacity of the first
and the second region respectively and b, and b, are the
affinity constants of each region.

The affinity constant and the saturation capacity vary
with temperature as follows:

b = bye'r) (13)

qm = qOexp<_y(T - TO)) (14)

where by is the affinity constant at some reference tempera-
ture; Q is a representative parameter of the heat of adsorp-
tion; R is the ideal gas constant and T the temperature; g, is
the saturation capacity at a reference temperature, T, is the
reference temperature and y the thermal expansion of the
adsorbed phase.

By applying the van’t Hoff equation to the Langmuir
type model, the prediction of the isosteric heat of adsorp-
tion is obtained as:

N ij/
Zjc1 nj (1+b,P)°
b, as)
ZN U
j=1 Dmj (1+b,P)’

AH _(dlnP

AH —AH) =
RT? a7 >qe ~ (FAH)

where AH represents the isosteric heat of adsorption and N
is the number of Langmuir terms considered.

3.2 Toth’s model

This semi-empirical model (Toth 1971) is based on the
Langmuir equation. A parameter t (that is usually less than
unity) has been added to the Langmuir’s model by Toth in
order to take into account the heterogeneity of the system
(adsorbent—adsorbate). For t=1 the system is considered
as homogeneous and the expression reduces to the Lang-
muir equation.
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q,,bP
4= —"—
1+ [Py]" (16)

The variation of t with temperature is empirical and
given by:

_ oD
t—t0+a< —7> (17

where t is the heterogeneity parameter at a reference tem-
perature and « is a constant.

The isosteric heat of adsorption corresponding to this
model can be directly obtained from the Van’t Hoff equa-
tion and is as follows:

bP
(1+ (bP)’)]7
(18)

(-AH)=Q - %(aRTO) In(bP) — [1+ (bP)']in

3.3 Sips or Langmuir-Freundlich model

The Sips equation of adsorption (Sips 1948) was proposed
as an alternative to Freundlich equation so that adsorption
tends to a finite limit at high pressure. This equation takes
the following form:

B qm(bP)l/n

= dm7 7 19
1+ (bP)'/" (1)

e

In the same way as the Toth model, this equation is simi-
lar to that of Langmuir, with the addition of the parameter
n that takes into account the system’s heterogeneity. When
this parameter is 1 (ideal surface), the Langmuir equation
is recovered. The parameter n evolves with temperature
according to an empirical form:

1_1 +all- E 20)
n o ng T

where n is the heterogeneity parameter at a reference tem-
perature and « is a constant.

The isosteric heat can be calculated from the following
expression:

(—AH) = Q — (aRT,)nin(bP) QD

3.4 Isosteric heat calculation from differential heat
of adsorption measurements

The isosteric heat of adsorption is the difference between

the enthalpy of the equilibrium gas phase and the enthalpy
of the adsorbed phase. It can be calculated from the

@ Springer

Clausius—Clapeyron equation assuming that the gas phase
behaves as an ideal phase and that the volume of the
adsorbed phase is negligible in comparison with the volume
of the gas phase (Zukal et al. 2010):

(—AH) = RT%%) = (—AuH) +RT 22)
ge

where (—A,,,H ) is the differential enthalpy of adsorption.

3.5 Excess and absolute adsorption

Using gravimetric and manometric techniques, without any
information about the properties of the adsorbed phase, it is
not possible to get access to the absolute amount adsorbed
in the material. To overcome this problem, the concept of
excess amount adsorbed was introduced by Gibbs in order to
describe the amount of fluid close to the adsorbent surface at
a concentration above that of the bulk phase (Gibbs 1877).
The excess adsorption is related to the absolute adsorption
by the following expression:

excess

m = Mydsorbed — P, g.bulk Vadsorbed (23)

At high pressures, when the pores are saturated and the
density of the bulk phase becomes high, it is typical to
observe a decrease in the excess adsorption isotherm. That
is the case for methane in this work. Thus, excess adsorption
rather than absolute adsorption has to be modeled. In this
way, Eq. 23 can be transformed as follows:

m

excess __ adsorbed
m = Mydsorbed — Pgbulk—
Padsorbed
P g bulk

excess __ 80U

- m - madsorbed(l - )
Padsorbed (24)

where p_ ..meq 18 the density of the adsorbed phase which
can be approximated from the saturation capacity and the
pore volume calculated from argon isotherms at 87 K:

P bulk
excess __ >
m = Mygsorbed 1- .M, (25)

Vi

M,, is the molar mass of the adsorbate and V,, is the pore
volume.

4 Results and discussion
4.1 Gas porosimetry with argon at 87 K

Figure 2a shows the argon adsorption—desorption isotherms
at 87 K on the different zeolites, except the 4A, within the
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Fig.2 a Argon adsorption—desorption isotherms on different zeolites (semi-logarithmic scale) and b pore size distribution of different zeolites

obtained with NLDFT models (Quantachrome software)

whole range of relative pressures. Indeed, significant dif-
fusional limitations and molecular crowding phenomena
are encountered for pore sizes lower than 4.5 A for argon
adsorption at 87 K (Thommes et al. 2015) which pre-
vents from analyzing the 4A zeolite with this gas at these
conditions.

Although 13X and 5A zeolites are composed of win-
dows and cages of different sizes, a two-step pore filling
mechanism is not observed. The low-pressure part of the
adsorption isotherm has a slight slope that can be inter-
preted as the adsorption of argon molecules around the
windows of the zeolite. After that, a steeper slope that
represents the filling of the structure is observed. Higher
pore filling relative pressures indicate a greater pore size
in the case of 13X zeolite. In the same way, the higher
adsorption capacity of 13X zeolite suggests a higher pore
volume. The argon isotherm on ZSM-5 zeolites shows a
continuous increase of the adsorbed amount, typical of a
structure consisting of channels. The overlap of the iso-
therms of argon on the ZSM-5 zeolites with different Si/
Al ratio confirms that argon is not sensitive to differences
in surface chemical properties (Thommes et al. 2012).
A change in the slope is observed at a relative pressure
of about 1E-3. This phenomenon is not fully understood
today and has been attributed either to a zeolite phase
transition (orthorhombic to monoclinic) or to an adsorb-
ate phase transition (from liquid-like to solid-like state)
(Thommes et al. 2012; Llewellyn et al. 1993).

The Pore Size Distribution of each sample is presented
in Fig. 2b) and was obtained by applying the NLDFT mod-
els available in the Autosorb software for argon adsorption
at 87 K on zeolites. A cylindrical/spherical pore model
was applied to 13X and 5A zeolites and a cylindrical pore

model was applied to ZSM-5. The obtained pore size for
ZSM-5 zeolites coincides with the theoretical pore size at
5.2 A. In addition, the additional pore size that appears at
9 A is not a real pore and is related to the phase transition
phenomena already mentioned. Because of the continuous
filling of the windows and cages in the case of 5A and 13X
zeolites, the obtained PSD is centered on an intermediate
size between the ones of the windows and cages. Thus, the
calculated pore sizes are approximately 10 A and 8 A for
13X and 5A zeolites respectively.

The pore volume calculated by NLDFT models and
the BET surface obtained according to the procedure for
microporous adsorbents defined by Rouquerol et al. (2007)
are reported in Table 5.

4.2 Experimental adsorption isotherms—high
resolution low pressure manometry and high
pressure gravimetry

As an example of the results obtained in this work, Fig. 3
shows the adsorption isotherms of the different gases on SA
zeolite at several temperatures. The CO, isotherms are com-
posed of the data obtained by high resolution low pressure
manometry (up to 1 bar) and experimental points obtained by
high pressure gravimetry (up to 20 bar). The coupling of both
methods allows to observe for the first time the successive CO,
adsorption mechanisms over seven decades of pressures with
accuracy. As seen in the graphs, all the isotherms are typical
of microporous adsorbents and nitrogen and methane fill the
pores at higher pressures than CO,. The gas/zeolite interac-
tions, greater for CO, than for N, and CH, (presence of spe-
cific sites on the surface of the zeolite and greater quadrupolar
moment of CO, molecules), shift the pore filling region to

Table5 BET surface and
micropore volumes of different

samples

Zeolite sample 13X 5A 4A ZSM-5(58) ZSM-5(295)
BET surface (m2/g) 799 641 - 434 435
Pore volume (NLDFT) (cm?/g) 0.37 0.35 - 0.22 0.21
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Table 6 Example of the uncertainty calculation for the adsorption equilibrium measurements using gravimetric method. Adsorption of different
gases on 5A zeolite at 313 K

Co,

N,

CH,

2 bar

15 bar

3 bar

10 bar

5 bar

70 bar

Smexcess 2
X (Am,
M, i1 ( ,MP1 )
o 2%
Smercess 2
Am_ ...
Smexeess % (A )2
m,
Bmsamplc sample
Smexeess 2
X (A
T ( Pg bulk )
w 12
Smexcess 2
X (AV oai
Smexeess 2 (AV )2
X §
SV ample sample

Total uncertainty (g) (95%)
Mass adsorbed (g)

Relative uncertainty (%)

1.8E-9 (3.2%)

3.4E—-8 (59.7%)

1.6E—8 (28.1%)

4.6E-9 (8%)

1.2E—10 (0.2%)
4.3E-10 (0.8%)

5.8E-8
4.80E—4
8.20E-2
0.59

1.2E—10 (0.2%)

3.4E-8 (41.7%)

1.6E—8 (19.6%)

4.6E-9 (5.6%)

7.8E-9 (9.6%)
1.9E-8 (23.3%)

8.2E-8
5.8E—4
9.2E-2
0.62

2.7E-11 (0%)

3.4E-8 (62%)

1.6E-8 (29.2%)

4.4E-9 (8%)

1.1E—10 (0.2%)
2.7E—10 (0.6%)

5.5E-8
4.7E-4
8.9E-3
5.31

3.2E—11(0.1%)

3.4E—8 (60.6%)

1.6E—8 (28.4%)

4.5E-9 (8%)

4.4E—-10 (0.9%)
1.1E-9 (2%)

5.7E-8
4.8E—4
1.4E-2
3.45

1.3E-10 (0.2%)

3.4E-8 (61.7%)

1.6E—8 (29%)

4.6E-9 (8.3%)

1.1E-10 (0.2%)

2.7E-10 (0.6%)

5.5E-8
4.7E-4
1.2E-2
39

3.6E—10 (0.3%)

3.4E—-8 (24.4%)

1.6E-8 (11.5%)

6.2E—9 (4.4%)

2.4E-8 (17.2%)
5.9E-8 (42.3%)

1.4E-7
7.5E-4
24E-2
3.15

lower pressures for this adsorbate. The same trend is observed
for all the other zeolites studied in this work. The isotherms
concerning the other gases and zeolites are presented in the
supplementary information provided with this publication.
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It should be pointed out that the shape of CO, isotherms at

several temperatures are similar for all the adsorbents except
for the 4A zeolite, indicating the same adsorption mechanism

at each temperature. In the case of CO, adsorption on the 4A
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zeolite, an inflection point at about 0.01 bar is only observed
at 273 K, suggesting that the adsorption mechanism at low
temperature (273 K) is not the same that at high temperature
(363 K). This fact could be related to the mobility of cations
already observed for this adsorbent (Akten et al. 2003). How-
ever, further investigations are needed to clarify this point.

In Table 6 an example of the uncertainty calculation using
the gravimetric method at 313 K is shown on the 5A zeo-
lite. From Eq. 10, one can calculate the sum of the terms
inside the square root and evaluate the contribution of each
measured property to the final value of the uncertainty. Two
examples, at low and at high pressure, are given for each gas
in order to analyze how each term evolves with pressure. As
a general comment, the relative uncertainty values are very
low and the measurements are accurate. As the total uncer-
tainty values are similar for all the gases at a confidence level
of 95%, the relative uncertainty depends predominantly on
the amount adsorbed. More specifically, at low pressures,
when the buoyancy effect is negligible, the main contri-
butions to the uncertainty are the masses of the container
and the sample determined from the blank and buoyancy
measurements. On the other hand, at higher pressures, when
buoyancy effect is significant, the uncertainties correspond-
ing to the volumes of the container and the sample become
important. It should be noted that the difference between
manometry and gravimetric data is about 2% showing a
very good agreement between the two techniques. It can be
deduced that the uncertainty of the manometric measure-
ments, which can be high and overestimated when evaluated
with the propagation of errors (Wiersum 2012) is also low.

4.3 Experimental calorimetric results

More detailed information about the adsorption mechanisms
may be obtained from calorimetry experiments. Figure 4
shows the experimental results of the differential heat of
adsorption of the different gases on the SA and 13X zeo-
lites as a function of pressure. The experiments concerning
CO, were performed at three temperatures (between 313

70
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2 °® ° ° ©
»E% 40 @, Q0 o, @.c?bo “E
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§ 20 aN2313K Hudd gl 5
R mCH4 313K o
5 10 b3
[a]
0
0.00001  0.0001 0.001 0.01 0.1 1 10
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(kJ/mol)

and 383 K) in order to analyze the influence of this variable
on the differential heat of adsorption. To our knowledge, no
experimental heats of adsorption have ever been published
for CO,, N, and CH, on 5A zeolite. The results obtained
on the 13X zeolite could be compared with other literature
sources (Dunne et al. 1996b; Bourrelly et al. 2005; Zim-
mermann and Keller 2003) at the lowest temperature. A very
good agreement is observed between these data.

All the heats of adsorption decrease at low pressures. This
variation at low filling is attributed to the surface heteroge-
neity caused by the presence of specific adsorption sites.
Once these specific sites are occupied and saturated, the
adsorbate fills the void space of the pores and the adsorb-
ate—adsorbate—adsorbent interactions predominate, leading
to a constant heat of adsorption upon increasing pressure.
Indeed, the extra-framework cations present in the zeolites
have been identified as the specifics sites of adsorption in
several microscopic studies (Zukal et al. 2011; Montanari
and Busca 2008; Newsome et al. 2014; Maurin et al. 2005).
The interaction between molecules and cation sites are
electrostatic and are mainly controlled by the quadrupole
moment of the adsorbates. As the quadrupole moment of
CO, is much greater than those of nitrogen and methane, the
interaction with the electric field induced by the presence of
the cations and the value of the differential heat of adsorp-
tion are higher for CO, (Bonenfant et al. 2008; Tagliabue
et al. 2009). In the case of methane, which does not have a
quadrupole moment, the adsorption is mainly controlled by
its polarizability. Small differences were observed between
the differential heats of adsorption at 313 K and at 383 K in
the pressure range of the CO,-cations interactions.

A comparison of the evolution of the differential heat of
adsorption of each adsorbate on different zeolites is depicted
in Fig. 5. As no calorimetric measurements were performed
for ZSM-5 zeolites in this work, data at temperatures around
313 K have been taken from literature (Dunne et al., 1996a,
b). These data correspond to two similar zeolites to those

70
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Fig.4 Experimental heats of adsorption results of CO, at different temperatures (in semilogarithmic scale) and N, and CH, at 313 K. a 5A zeo-

lite and b 13X zeolite
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considered in this work: HZSM-5 with a Si/Al ratio of 30
and silicalite. From Fig. 5a), it may be inferred that the heat
of adsorption of CO, is largely influenced by the Si/Al ratio
of the adsorbent suggesting that the adsorption is mainly
controlled by the adsorbate—cation interactions. On the other
hand, within the pressure range considered in this work,
nitrogen and methane differential heats of adsorption on the
different zeolites shows a constant trend, suggesting that the
adsorption is mainly controlled by the adsorbate—adsorb-
ate—adsorbent interactions during pore filling mechanism.

4.4 Understanding the mechanisms of adsorption-
coupling experimental adsorption isotherms
with calorimetric data

The coupling of calorimetric data with adsorption isotherms
allows to better understand which pressure regions are con-
trolled by adsorbate—cation interactions (adsorption on specific
sites) or by adsorbate—adsorbate—surface interactions (pore fill-
ing). In this way, Fig. 6 shows the coupling of the isosteric
heat and the adsorption isotherms at 313 K. The isosteric heat
was calculated according to Eq. 22. It is plotted in these fig-
ures because it is an important property for the assessment of
equilibrium models, as shown in Sect. 4.5 of this publication.
One can conclude that, at this temperature, CO, adsorption is
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governed by the interactions with cations up to approximately
0.1 bar and then, pore filling mechanism is observed until
20 bar. On the other hand, only pore filling mechanism should
be considered for nitrogen and methane within the range of
operating conditions considered in this work.

Finally, the comparison of the adsorption isotherms of
the three gases on all the zeolites at 313 K (Fig. 7), confirms
what have been discussed above. Two regions are clearly
identified in the CO, adsorption isotherms. In the low-
pressure region—up to approximately 0.1 bar—the amount
adsorbed is directly related to the Si/Al ratio of the zeolites
and therefore the concentration of cations. For the higher
pressures, the adsorbed amount depends on the pore volume
(see Table 5). On the other hand, at these conditions, the
adsorbed amount of nitrogen and methane varies only with
the pore volume.

4.5 Assessment of classical thermodynamic models

The fitting of the Toth, Sips and bi-Langmuir equations was
performed by minimizing the square of residuals (SOR) at
each temperature:

3
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Fig. 7 Adsorption—desorption isotherms on different zeolites at 313 K. a CO,, b N, and ¢ CH,
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SOR = (qeq,th - qeq,exp)2

n

i=1

where n is the number of experimental points (P, qeq ) per

isotherm.
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(26)

The comparison of the fitting of the different models to
experimental data of CO, adsorption on 5A zeolite at 253 K,
283 K and 313 K is depicted in Fig. 8. From this compari-
son it can be inferred that none of the models is able to fit
the experimental data (especially at low pressures) over the
whole range of operating conditions. However, bi-Langmuir
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Table 7 Toth, Sips and bi-Langmuir parameters and objective function of the modeling of CO,, N, and CH, adsorption on 5A zeolite at several

temperatures
T(K) Co, N, CH,
253 283 313 343 293 313 333 353 253 283 313 343
Toth
q,, (mol/kg) 6.64 612 572 535 490 3.68 3.54 330 697 7.28 6.88 6.31
b (bar™") 11,797.91 52221 5287 8.00 0.17 0.11 006 004 088 0.62 0.22 0.09
t 0.36 047 059 074 0.68 0.88 0.93 0.95 0.69 0.50 0.54 0.60
SOR (mol/kg)? 22 0.8 23 03 5100 9.10* 1.10° 5100 5107 1.1072 6.107° 3.107°
Sips
q,, (mol/kg) 6.39 597 568 544 411 3.75 3.37 310 7.19 7.06 6.41 5.82
b (bar™") 383.62 6654 1634 432 0.12 0.09 0.06  0.05 0.38 0.12 0.06 0.04
n 2.08 173 148 131 1.14 1.07 1.01 1.00 1.46 1.59 1.42 1.29
SOR (mol/kg)? 3.6 1.4 06 02 210* 5107 1.10° 610 1.10" 3.1072 2.1072 5.107°
Bi-Langmuir
Q.1 mol/kg) 497 466 444 422 325 2.50 1.59 1.28 5.89 4.66 4.07 3.60
b, (bar™!) 1304.17 16133 3225 7.6  0.09 0.08 0.07 0.06  0.65 0.38 0.19 0.10
Q.2 (mol/kg) 1.71 148 144 134 081 0.90 1.76 1.97 3.07 5.47 5.14 4.45
b, (bar™) 1.84 1.03 050 029 0.57 0.19 0.05 0.03 2610° 25107 241073 24107
SOR (mol/kg)? 0.6 0.2 02 0.1 6.10°  8.10% 1.10° 6.10% 8.107 2.1072 9.107° 6.107°

model seems to fit the experimental data better than those
of Toth and Sips. It should be noted that the relative error
decreases with temperature in a general way.

the experimental data more accurately.

Otherwise, from fitting comparison of N, and CH,
adsorption isotherms at 293 K and 253 K respectively
(Fig. 9), it can be seen that the models are able to reproduce
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Fig. 11 Evolution of Toth, Sips and Bi-langmuir parameters with temperature on 5A zeolite. a CO, saturation capacity, b CO, affinity constant,
¢ CO,, N, and CH, heterogeneity parameter of Toth model and d CO,, N, and CH, heterogeneity parameter of Sips model

As cited above, CO, adsorption mechanism is con-
trolled by molecule-cation interactions at the lowest pres-
sures and by molecule-molecule-adsorbent interactions
at intermediate and high pressures. Some microscopic
studies have shown the presence of different cationic sites
with a different energy of interaction with CO, on LTA
zeolites (Montanari and Busca 2008; Zukal et al. 2011;
Jaramillo and Chandross 2004; Akten et al. 2003; Martin-
Calvo et al. 2014). In this way, the theoretical fundamen-
tals of the classical models evaluated here cannot describe
the observed physico-chemical phenomena. This is con-
firmed by the prediction of the isosteric heat of adsorption
at 313 K (Fig. 10). Indeed, none of the models is able
to reproduce the experimental isosteric heat of adsorp-
tion accurately, even when they accurately represent the
adsorption isotherms.

Finally, the fitted model parameters and the value of the
objective function are reported in Table 7 at each temper-
ature. The SOR function is notably higher in the case of
CO, isotherms confirming that classical equilibrium mod-
els are not representative of the observed CO, adsorption
mechanisms on zeolites. In a general way, the variation of
the parameters with temperature is consistent with what is
expected in the models (for example, Eqs. 13 and 14 for
qm, and b). However, in some cases, especially for t and n
parameters of the Toth and Sips models, the evolution of
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these parameters with temperature is quite random and the
theoretical variations (Eqgs. 17 and 20) are not recovered
(Fig. 11). It confirms that these traditional models, although
widely used in the adsorption separation processes, are not
sufficiently coherent to faithfully reproduce the experimental
data and should not be extrapolated at conditions that were
not considered for adjustment.

5 Conclusions

The structural and microscopic properties that control the
adsorption mechanisms of CO,, nitrogen and methane on
five zeolites have been identified over a wide range of pres-
sures and temperatures by combining the characterization of
the zeolites by gas porosimetry, the measurement of adsorp-
tion isotherms by high resolution low-pressure manometry
and high pressure gravimetry and the measurement of the
adsorption enthalpy with a coupled manometric-calorimet-
ric device. It has been shown that, at these thermodynamic
conditions specific of separation or storage processes, CO,
adsorption is controlled by its interactions with the cations
of the zeolites at low pressures and by the pore volume at
intermediate and high pressures where cavity filling pre-
dominates. On the other hand, nitrogen and methane adsorp-
tion mechanism is controlled only by pore volume over the
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whole range of operating conditions studied in this work.
This new set of experimental data—that covers nearly seven
decades of pressure and one hundred degrees—has allowed
to assess the classical models which are widely used in the
modeling of gas separation processes. It emerges from this
study that Toth, Sips and bi-Langmuir models do not allow
to describe the physic-chemical phenomena observed in the
adsorption of these gases on zeolites. Indeed, they are not
able to fit both the experimental adsorption isotherms and
heats of adsorption over wide range of pressures and tem-
peratures. Therefore, care must be taken when these models
need to be used over thermodynamic conditions that were
not considered for the fitting of the parameters.
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