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ABSTRACT: Adsorptive separation of propylene (CsHs) and propane (CsHs) may represent an energy-efficient alternative to conventional
cryogenic distillation. In this perspective, a set of zeolitic adsorbents of LTA type structure (puresilica zeolite (Si-LTA) and cation- (Na*, 33%
of Li*, 50% of Mg?* and 50% of Ca?*) containing zeolites) were prepared, then characterized using various techniques such as PXRD, gas
adsorption measurement, TGA, XRF, SEM and EDX mapping. Thanks to an in-house manometric dosing setup coupled with a Tian-Calvet
type microcalorimeter, the pure gas adsorption isotherms and their corresponding differential enthalpies of adsorption were measured at 303
K and for pressures up to 5 bar. To fit those adsorption data, the dual-site Langmuir was selected as the best fit model, and by using the Ideal
Adsorbed Solution Theory (IAST), thermodynamic selectivities were determined. The mass transfer constants were also estimated by fitting,
separately, the Linear Driving Force (LDF) and isothermal micropore diffusion models to adsorption kinetic curves, thus allowing kinetic type
selectivities to be calculated. The combination of those selectivities reveals that the thermodynamic separation of CsHs from CsHs is highly
favorable on CaNa-LTA, followed by its MgNa-LTA counterpart with IAST selectivities around 15 and 5, respectively. On the other hand, the
monovalent cationic zeolites (i.e., Na- and LiNa-LTA) show a predominance of steric effects. Also, except for Si-LTA which shows a moderate
kinetic separation, the studied materials are potential candidates, in the following order CaNa- > MgNa- > LiNa- > Na-LTA, for the separation
of CsHe from CsHs by adsorption-based technologies.

1. INTRODUCTION

Separation of a binary mixture of propane (CsHs) and propylene (CsHs) is of great commercial importance in petrochemical industries, since
the separated propylene is considered as a raw material of the wide variety of valuable products. One of the most important being as a
monomer feedstock for polypropylene production, the world’s secondmost widely produced synthetic plastic; for which a high purity of at
least 99.5% (mol) is required [1]. The propylene demand growth rate is over 6% per year in the last five years and it is forecast to further
worldwide grow [2]. Currently, CsHs/C3Hg separation is performed by cryogenic distillation (operation at low temperatures and high pressures
[3,4]) using a huge splitter column of over 100 trays along with a very high reflux ratio [1,4-6]. Undoubtedly, this heat-driven process is
capital and highly energy-intensive, owing to the high similarity between both hydrocarbon molecules in terms of relative volatilities and
kinetic diameters. Therefore, finding energy-efficient alternatives to this traditional separation technique means looking for more tunable
procedures, such as selective adsorption based-processes [7-9], where their performance substantially depends on the chemical properties
and structure characteristics of the implemented porous materials [10,11].

From an industrial scale-up point of view, adsorption phenomena appear in Pressure Swing Adsorption (PSA) or Vacuum Swing
Adsorption (VSA) plants; where many adsorption/desorption cycles run in a quasi-continuous regime to offer an enriched flow product [9,12—
14]. Such adsorption based-installations, in which the main part is the design of an efficient adsorbent [15], stand out as the most attractive
techniques, simply because of possible high selectivities and high capacities towards propylene obtained under mild operating conditions
(ambient temperature and atmospheric pressure, and even in low partial pressure domain). Thereby, compared with distillation, adsorptive
separations using adequate porous materials tends to be an energy- and a cost-effective strategy [11,16,17].

Many adsorbents have been reported in the open literature for the separation of propane and propylene, including all type of zeolites
[1,4, 18], silica gels [19], and carbon molecular sieves (CMCs) [20,21]. Other inorganic silica-containing adsorbents such as Si-CHA [22],
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DD3R [15], SBA-15 [23] and MCM-41 have been synthesized and evaluated as well as emerging hybrid structures, e.g., metal-organic
frameworks [24][-][26]. On the other hand, several studies on TT-complexing agents (with either copper or silver ions) containing materials
have been carried out [4,27-30]; however, it is of great worth to note that one of the potential challenges hampering the large-scale
application of T-complexation-based processes is the deactivation of the complexing agents (reduction of Ag* or disproportionation of Cu*)
after long-term usage [31,32]. For the zeolitic adsorbents family, some interesting studies can be mentioned in further detail: Olson et al. [33]
noted that zeolites having 8-member rings together with no acidity or acid activity that does not polymerize olefins are preferred. In that work,
they stated that ion-exchanged process with low activity metal cations can be used for the control of acidity; preferred cations are alkali metal
cations, while larger cations are attractive for faster desorption of the desired olefin. The same authors reported [33] that CHA and ITE-type
structures are preferable zeolites for the kinetic separation of CsHe/CsHs mixture. More recently, DD3R zeolite, as a pure-silica zeolite, has
been proposed as a desirable choice, capable of kinetically separate propylene from propane [15,34]. On the reported synthesis of LTA in
pure silica form, Si-LTA (also named ITQ-29), by Corma et al. [35], only the adsorption equilibrium and kinetics of methane, ethane, ethylene,
and propylene were investigated using PFG NMR technique [36].

Regarding polar zeolites, Da Silva and Rodrigues [18] studied adsorption equilibria and kinetics of propylene and propane over
commercial 13x and 4 A zeolites at temperatures between 373 and 473 K and up to 1 bar. It was established [18] that the 13x zeolite shows
a higher loading capacity and lower mass-transfer resistance, whereas the 4 A zeolite shows the highest selectivity for propylene.
Subsequently, Padin et al. [30] pointed out that the 4 A (NaA) zeolite is capable of selectively adsorbing propylene over propane, although
it has a slow propylene uptake, and with 95% Li* cations (NaLiA) this zeolite showed the optimal characteristics for the kinetic separation of
a propane/propylene mixture. In the same study, they stated that an aluminophosphate (AIPO4-14) zeolite is able to sterically exclude
propane. In an attempt to improve the olefin/paraffin separation capability of NaX, Grande et al. [37] exchanged Li* (ion exchange of an
80%) into the framework and studied gas adsorption behavior of the resultant zeolite. The difference in loading between both gases is larger
for the lithium-exchanged product than the precursor, while the gas adsorption kinetics remain basically unchanged. Divekar et al. [38]
systematically compared the propylene/propane separation performance of 13x(Z210-04, Zeochem), 5 A (UOP) and laboratory-made Na-
ETS-10. Ideal adsorbed solution theory (IAST) predicted that Z10-04 possesses the highest propylene/propane selectivity exceeding 20 for
pressure valuegreater than 1 bar, whereas 5 A and Na-ETS-10 samples show moderate and similar selectivity values of ~8 at 423 K and
298 K, respectively.

Interestingly, these wide variety of porous solids can be categorized into three types of separation mechanisms: equilibrium separation,
steric separation (size exclusion or molecular sieving), and kinetic separation. In equilibrium separation, the separation is based on difference
of affinities between adsorbent and adsorbates. In this case, no attempt has been made so far to directly measure the enthalpy of adsorption,
only and in some cases the isosteric heats calculated by the familiar Clausius-Clapeyron expression are given. In contrast, kinetic mechanism
takes the lead when adsorption rates of the diffusional molecules are different. Lastly, strong steric effects could be interpreted as the limit
of kinetic separations [39].

Therefore, in this present work, the main objective is to study the potential of four adsorbents, namely, pure-silica zeolite (Si-LTA also
known as ITQ-29), whose framework is neutral and some cationic zeolites: Na-LTA and its exchanged zeolitic forms (LiNa-with 33% of Li*,
CaNa- and MgNa-LTA with 50% of Ca?* and Mg?* in each), for an efficient separation of propylene from propane. To this end, kinetics and
adsorption equilibrium measurements for propane and propylene on those sorbents were described, and for the first time the pseudo
differential enthalpies of adsorption were measured at 303 K and up to 5 bars. Afterwards, various models have been adopted for correlation
of isotherm data with the view to estimate the IAST (Ideal Adsorbed Solution Theory) selectivity of those adsorbents towards propylene.

2. Experimental section

2.1 Reagents and materials

NaA (LTA) in powder form, provided by Aptar CSP Technologies (Niederbronn-Les Bains, France), was used as starting material to
perform the cationic exchanges. The metal salts, lithium chloride (LiCl, Alfa Aesar = 99%), calcium chloride hexahydrate (CaCl2-6H-0,
Riedelde Haén 299%), and magnesium chloride hexahydrate (MgCl2-6H20, Roth 299%) were used as cation sources during the cationic
exchange processes. Boric acid (HsBOs, Acros Organic/Thermo Fischer Scientific 299.5%) was used as binder during X-ray Fluorescence
analyses. Cationic exchanges were performed following the procedure described by Tahraoui et al. [40]. Na* cations were exchanged by
Mg?* cations in NaA by mixing the starting zeolite with 1 M aqueous solution of magnesium chloride for 2 h at 80 °C under stirring, keeping
a fixed ratio of 1 g zeolite to 20 mL solution. After that, the suspension was filtered and the solid was washed under sonication (3 min)
with four portions of 200 mL of deionized water. Finally, the solid was dried at 80 °C overnight. The same procedure was repeated using
the same molar concentration of aqueous solution of lithium chloride in order to exchange Na* cations by Li* cations. Similarly, by using
0.1 M aqueous solution of calcium chloride, the Na* cations were also exchanged by Ca?* cations. The exchanged zeolites were named
MgNa-LTA and CaNa-LTA and LiNa-LTA.

Pure-silica LTA zeolite was prepared according to the protocol based on seeding route and described by Bouizi et al. [41]. The
reactants used were tetraethylortosilicate (Fluka 98%), tetramethylammonium hydroxide (TMAOH-5H20, Aldrich), hydrofluoric acid (Carlo



Erba 40%), distiled water, and 2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-jjjquinolone (julolidine, Sigma-Aldrich 97%), which was
quaternarized with an excess of methyl iodide (purum, Sigma-Aldrich = 99.0%) into 4-methyl-2,3,6,7-tetrahydro-1H,5H-pyrido[3.2.1-
ijJquinolinium iodide and then converted into its hydroxide form (MJulOH) by ion exchange (Amberlite IRA 400, Sigma-Aldrich) following
the protocol of Corma et al. [35]. The reagents were mixed, resulting in a gel of molar composition: 1 SiO2: 0.25 MJulOH: 0.25 TMAOH:
0.5 HF: 5H20: 0.02 LTA seeds (Si/Al = 1). The gel was transferred into an PTFE-lined stainless-steel autoclave which was further heated
at 135 -C for 48 h. The resulting solid was washed and dried overnight at 70 °C. A second synthesis was then performed following the
same procedure but using the zeolite obtained after the first synthesis (Si/Al = 50) as seed source. The resulting nearly pure-silica LTA
zeolite (Si/Al > 1000) was washed with deionized water and dried overnight at 70 °C before being calcined in air at 650 °C for 12 h.

2.2 General characterization

Powder X-Ray diffraction (PXRD) patterns of the samples were recorded on a PANalytical MPD X'Pert Pro diffractometer operating
with Cu Ka radiation (Ka = 0.15418 nm) equipped with an PIXcel realtime multiple strip detector (active length = 3.347° 28). The XRD
patterns were collected at 22 °C in the 3° < 26 < 50° range, by step of 0.013° in 26 and with a time of 220 s by step.

X-ray Fluorescence (XRF) analyses were performed using an X-Ray Fluorescence (XRF) spectrome-ter Zetium, 4 kW, PANalytical.
Prior to the analyses, the samples were mixed with boric acid (binder). 200 mg of the sample were grinded with 100 mg of boric acid and
pressed into 13 mm diameter pellets for 2 min at a pressure of 5 ton.

Scanning Electron Microscopy (SEM) images were recorded using a JSM-7900 F (JEOL, Ltd.) scan-ning electron microscope and
Energy Dispersive X-rays Spectroscopy (EDX) maps were obtained by QUANTAX energy dispersive spectrometer equipped with two
Xflash 6-30 detectors (BRUKER Nano, GmbH). Before analysis, the samples were coated with a fine carbon layer using a SCD004
sputter coating system (BAL-TEC, LEICA MICROSYSTEMES SA) in order to improve the electrical conductivity.

Thermogravimetric analyses (TGA) were performed on thermobalance, Q500, from (TA) instrument. Approximately 10-20 mg of
adsorbent was placed in a platinum crucible and constantly weighed by a microbalance. This step was performed while the sample was
heated from room temperature up to 800 °C at a heating rate of 5 °C.min™%, and in inert atmosphere ensured by argon at a flow rate of 40
mL min™2.

Textural properties were determined from nitrogen adsorption isotherms at 77 K measured with a 3-Flex Micromeritics analyzer.
Before all the adsorption measurements, zeolite samples were evacuated under a secondary vacuum for 24 h at 623 K with a heating
ramp of 1 °C. min™,

2.3 Isotherms, kinetics and adsorption microcalorimetry measurements

Adsorption microcalorimetry experiments at 303 K and for pressure up to 5 bar were performed using an in-house built setup that
combines manometric dosing system with a high sensitivity Tian-Calvet isothermal type microcalorimeter [42]. This microcalorimeter
consists of two thermopiles mounted in electrical opposition to compensate for spurious heat effects during dosing. Each thermopile
comprises of around 1000 chromel-alumel thermocouples. This apparatus allows both the isotherms and the pseudo differential enthalpies
of adsorption as a function of the coverage to be measured simultaneously. The errors in the isotherms can be considered as better than

5% and errors in the enthalpies are of +1 kJ mol™.

In this study, the adsorption kinetics were measured during the adsorption process from the decrease of pressure which is recorded
automatically as a function of time until reaching the equilibrate state. This data was used to calculate the adsorption amount in each time,
Mt, on the basis of the difference between the initial amount of gas introduced into the cell and the amount of gas residual in the dead
volume of the cell at any given time ‘t'. Additionally, the final adsorption amount, M, was calculated using the pressure of the adsorption
cell at equilibrium pressure P (t— «). Thus, the adsorption uptake, M/Ms, was obtained as a function of time. Then, by applying an
appropriate diffusion model to the experimental collected data, the intracrystalline diffusivity (Dc) can be derived.

3. Theoretical section

3.1 Mathematical modeling of single-component adsorption isotherm

Many mathematical models have been suggested to describe physical adsorption of adsorbates on an adsorbent surface. In our work, we initially
chose Langmuir, dual-site Langmuir (DSL), triple-site Langmuir (TSL) and Toth models [43—-45] to correlate isotherm data for two reasons: first, these
models can be reduced to Henry’s law at infinitely dilute conditions. In other words, such models are thermodynamically consistent, and consequently
the integration of the spreading pressure equation (given by equation (6)) between zero and any hypothetical pressure would be possible. Secondly,

an analytical solution of the spreading pressure can be easily obtained for some of these model (i.e., Langmuir and Toth).



A comparison of goodness of fit of the aforementioned different models against the experimental isotherm data for Si-, MgNa- and CaNa-LTA
with propylene and propane is shown in Fig. S3. The accuracy of each model fit to the experimental data is first judged by visual inspection and then
quantified using both the nonlinear chi-square test (X?) (1) and the correlation coefficient (R?) (2), as given in Table S1. This table shows that the two-
site Langmuir fitted model is the model that was able to provide a tard-off between an intermediate model complexity and high fitting procedure
quality, and thus why it was selected for predicting IAST selectivity.
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where n,,,.q is the equilibrium capacity obtained from the model, nmeas is the equilibrium capacity obtained from experimental data, and
flyreq IS the average of npred. Interestingly, since there were very large adsorption data points made in the low-pressure domain, equation
(1) is biased toward the higher density of data at low adsorption amounts. This is of utmost importance because it allows to determine the

limiting selectivity (i.e., the ratio of Henry’s constants) with a fair accuracy.
3.1.1 Dual Site Langmuir (DSL) isotherm

The dual-site Langmuir model (DSL) is a good choice to describe heterogeneous adsorption [38]. Herein, the surface adsorbent
heterogeneity is taken into account as the sum of different homogenous surfaces which contain equivalent energetic adsorption sites. In
this model, adsorbate-adsorbate interactions are neglected, and the adsorbate-adsorbent free energy on each site is constant. Equation
(3) represents the DSL isotherm.
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where n is the amount adsorbed at pressure P; n,; and b; are respectively the ultimate capacity and affinity parameter specific to each

adsorption site (notations 1 and 2 are used to point out to two different adsorption sites).

Once the fitting procedure is complete, the fitted parameters of DSL model (as an output) for given adsorption data are obtained.
By taking these estimated values (i.e., n,; and b;) as starting point, one can then determine the Henry’s law constant, k;, by the following
expression [45]:

Ky = X7o1 Kui = X1 noib; ()

According to this, k, is simply the sum of partial Henry’s constants that correspond to multiple homogenous surfaces considered within
the adsorbent, and when i = 1, equation (4) reduces systematically to unique Henry’s constant that can readily be deduced from the

conventional Langmuir model when P tends to zero.

3.1.2 Ideal Adsorbed Solution Theory (IAST)

From an application point of view, prediction of mixed gas adsorption from only pure component isotherms is undoubtedly much
more convenient, rather their direct measurement of mixture equilibria that is complicated and time-consuming even for a binary system.
In this regard, by far the most common used approach is the model developed by Myers and Prausnitz [46], so-called Ideal Adsorbed
Solution Theory (IAST). This theory states that the behavior of the adsorbed phase is similar to that of an ideal solution, which is in
thermodynamic equilibrium with a perfect gas phase, giving rise to an equilibrium equation analogous to Raoult’s law for liquid-vapor
equilibrium defined as follows:

P =xP)(n);i=1,2,-n ®)

where POi, is the equilibrium vapor pressure for every component i and xi is the mole fraction in the adsorbed phase, which can be

expressed in terms of the total adsorbed amount nt, by:

() =2t ®



where n;, is the adsorbed amount of a pure compound. It can be represented by any isotherm model as a function of P,.

Also, under the assumption in which the spreading pressure of the gas mixture, «, is equal to the spreading pressures for each

component ;, of the system, the following equation can be given:
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where A represents the surface area per kg of framework and the Am/RT (mol.kg™) corresponds to the adsorption potential [19]. The

adsorption potential can be determined by analytic integration of the unary isotherm data fits for each component.

The use of the IAST (i.e., by solving the above set of equations (5)—(7) allows calculation of the adsorption selectivity (a1/2) towards

propylene from a propylene/propane mixture at a given total pressure, P, defined by:

X1/X3
Y1/¥2

Siast = Q12 = (8)

where X; and y, are the molar fractions of propylene in the adsorbed and gas phase, respectively, and X, and y, are the corresponding
molar fractions of propane. At the limit of zero pressure, the IAST selectivity becomes equal to the ratio of Henry’s law constants for the
pure compounds.

3.2 Determination of diffusion coefficients

The kinetics of propylene and propane adsorption is a crucial factor in the adsorbent evaluation for this industrially important
separation. Thus, we measured propylene and propane adsorption as a function of time at 303 K utilizing the home-made manometric
apparatus (described previously). Note that, to avoid over heating of the adsorbent bed, small gas amounts are introduced to the sample
cell for these measurements.

In the literature, estimation of the diffusion coefficients of gases into microporous adsorbents have been extensively undertaken by
fitting the experimental uptake curve (M,/M; = f (t'/?) to the analytical solution of the model of transient diffusion with intracrystalline
diffusion control (so-called Crank’s model) [47,48]. The Crank’s model, given by equation (9), is based on the following assumptions: (i)
the adsorbent particles are spherical, uniform in size and density, and (ii) the system is isothermal with negligible pressure drop (linear
isothermal system). This model, derived from Fick’s Law, predicts fairly good diffusion coefficients in the case of systems with low
concentration variations. In the short time region, the kinetic uptake curve is essentially linear and approximated by equation (10), whereas
equation (11) is given for the long-time region.

Over the entire time range,
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where M, and M, are the adsorption amount of gas at the final or equilibrium state and at any given time ¢, respectively. D, and . are

referred to intracrystalline diffusivity and the equivalent spherical crystal radius, respectively.
If the adsorption time is short,
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For purpose of comparison, and since the exact model, as an infinite series, is slowly convergent and computationally complex, the

linear driving force (LDF) approximation with the (KLDF) rate constant, given by equation (12), was also employed in this work. It was



originally obtained by Glueckauf and Coates [49] for the surface diffusion mechanism with a constant diffusivity, that is, the diffusing
molecules can never escape the force field of the adsorbent surface. It assumes that axial and radial diffusions in the fixed bed are
negligible which is one of its weaknesses [50]. In this mechanism, the surface diffusivity coefficient is usually much smaller than the other

diffusivities (macropore and film transfer resistances). This allows the mass transfer coefficient to be given by equation (13) [51].
M,
a_tt = kLDF(Mf - Mt) (12)
D
KLDF = 15T_; (13)
c

k.pr is referred to as the mass transfer constant.

4. Results and discussion

4.1 A-zeolite adsorbents characterizations

The powder X-ray diffraction patterns of all LTA-type zeolites are plotted in Fig. 1. All diffractograms correspond to pure LTA cubic
phase. The refined unit cell parameters in the space group Fm-3c were found to be a = 24.579(1) A for the raw zeolite; a = 24.216(2) A
for sample LiNa-LTA; a = 24.591(1) A for sample CaNa-LTA; and a = 24.397(3) A for the sample MgNa-LTA. Compared to the raw zeolite,
the unit cell parameters of CaNa-LTA barely vary upon exchange with Ca2*, due to small difference of Na* ionic radius (1.02 A) and Ca?*
ionic radius (1.00 A) considering a coordination number of 6 [52]. For sample MgNa-LTA, however, replacing Na* by Mg?* caused
framework contraction due to the Mg2* smaller ionic radius (0.72 A). The same trend is observed while exchanging Na* by Li* cations,
which possesses even smaller atomic radius (0.69 A). The a unit cell parameter for Si-LTA is of 11.855 (2) A (space group Pm3m) which
corresponds to 23.710(3) A for a face-centered super unit cell.

X-ray fluorescence analysis was used to determine the chemical composition of the raw zeolite and further to estimate the degree
of exchange in the samples LiNa-LTA, CaNa-LTA and MgNa-LTA, exchanged with Li*, Ca?" and Mg?*, respectively. The information
issued from XRF analysis are disposed in Table 1. The Si/Al ratio, as expected, is found to be 1 for the raw zeolite framework [53].
Moreover, the Si/Al ratio remains constant upon exchange process, in which 33% of exchange degree was obtained after a single
exchange for the sample LiNa-LTA, and 50% of exchange degree after a single exchange for both CaNa-LTA and MgNa-LTA samples.

SEM images of pure-silica LTA, raw Na-LTA zeolite as well as the samples exchanged with Li*, Ca?* and Mg?* are shown in Fig. 2.
Si-LTA (Fig. 2a) features cubic particles ranging from 1 to 3 um, which is inherent to LTA-type zeolites. NaA crystals (Fig. 2b) with particle
size ranging from 1 to 4 uym also features cubic morphology but with slightly truncated particles. It's worth to pointed out here that the
remarked subtle difference in particle size and morphology for these two zeolites are expected to minorly impact the diffusion process,
especially the time completion of equilibrium adsorption, as observed by S. Tanaka et al. [54] from the uptake curves of the adsorption of
n-butanol by crystal-size-engineered ZIF-8 samples (0.060, 0.47, 2.1 and 88 um) of slightly different morphologies.

4 ‘ | Si-LTA .
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Figure 1. XRD patterns of ICDD 04-017-3644, Na-LTA, LiNa-LTA, CaNa-LTA, MgNa-LTA and Si-LTA.
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For the rest of prepared zeolites, the cubic morphology remains intact and the patrticle size range does not vary throughout the
exchanges with Ca?* (Fig. 2c), Mg?* (Fig. 2d), and Li* (Fig. 2e). The sample exchanged with Mg?* presents a sort of deposition over the
crystal surface which was also observed by Tahraoui et al. [40] during its exchanges using Mg?* cation. Bae et al. [55] purposely deposited

magnesium hydroxide over MFI and LTA zeolites and obtained crystals with similar deposition pattern but with far more surface coverage.

Table 1

The physical properties of the LTA zeolites employed in propylene/propane separation.
Adsorbent Anhydrous unit cell Degree of exchange (%)®  Seer (m2.g7%) Vp (cm3.g7}) Dp (A)

composition?

Si-LTA Si1920384 No exchange 761 0.3 7.85
Na-LTA NagsAlssSissO3s4 No exchange 381¢ 0.20°¢ xd
LiNa-LTA NagaLiz2AlosSiosO3s4 33 359¢ 0.17¢ xd
CaNa-LTA NasgCaz4Alo6SissO3s4 50 700 0.26 7.83
MgNa-LTA NaisMg24AloeSiosO384 50 702 0.27 7.83

2 Determined by elemental analysis.
b Defined as (the number of Na*, Li*, Mg?* or Ca?* ions per unit cell)/(the sum of Al atoms per unit cell) x 100%.
¢ Determined from CO2 adsorption measurements at 237 K.

4 x refers to unknown values because the NLDFT model for the adsorption of CO2 on carbons at 273 K is the only available model in our case.

Thus, this deposition can be attributed to the formation of magnesium hydroxide on the surface, even though it was not detectable in the
PXRD. Moreover, the sample exchanged with Mg?* displays a slightly overestimated exchange ratio value since the XRF analysis
concerned the bulk, not distinguishing the fraction of the true exchange and the amount of the deposition at the surface of the crystals.

EDX mapping was performed over the exchanged samples in order to determine the atomic distribution (Al, Si, Na and Ca/Mg) and
is shown in Fig. 3. EDX mapping is a useful tool to observe whether the cationic distribution is performed uniformly along the crystals, by
comparing the decrease in color intensity of Na mapping (represented by the color yellow) accompanied by the increase in color intensity
of the compensating cation Ca mapping (represented by the color pale green) and Mg mapping (represented by the color red). However,
this technique is limited regarding Li+ cation due to its lightness, which prevents it to be detected during EDX analysis. EDX mapping
performed in both samples CaNa-LTA (Fig. 3a and b) and MgNa-LTA (Fig. 3c and d) supports the XRF analysis findings as it shows the
accomplishment of the cationic exchange process, confirmed by the emergence of pale green color (Fig. 3b) and red color (Fig. 3d),
attributed to the presence of Ca?* and Mg?* cations in their respective samples. Moreover, EDX mapping of Ca and Mg shows a uniform
distribution of Ca2+ cations for sample CaNa-LTA and of Mg2+ cations for sample MgNa-LTA, confirming the cationic homogeneous
dispersion along the crystals.

The comparison of the TGA profiles from the A-zeolite samples is shown in Fig. 4. Great thermal stability up to 800 -C is observed.
For the Type A cationic zeolites, two main different temperature regions of water loss are observed; the first weight loss is located in the
temperature range of 80-130 °C, which can be ascribed to physically adsorbed water molecules in the outer surface while the second
weight loss, occurred around 200 °C, is attributed to the strongly adsorbed water to extra-cations present within their porous structure
[56]. In contrast to those zeolites, the pure-silica zeolite (Si-LTA) manifests a negligible weight loss (ca. 1%) because of its neutral

framework.

The nitrogen (N2) adsorption isotherms measured at 77 K are displayed in Fig. 5a. According to the IUPAC classification, those
adsorption isotherms resemble to type | isotherm typical of microporous adsorbents, except for the zeolite Na-LTA and its partially Li-
exchanged counterpart, which were further characterized by carbon dioxide (CO2) because the N2 molecules cannot pass through their

pore apertures size. The COz adsorption isotherms measured at 273 K are thus presented in Fig. 5b.

From the exploitation of all adsorption isotherms, the following textural properties were determined and summarized in Table 1: the
equivalent specific surface area, Sz, by the Brunauer-Emmett-Teller (BET) theory [57]; the total pore volume (in our case equal to
micropore volume), Vp, was estimated by the t-plot method [44]; the micropore size distribution (PSD) of the studied samples was
performed by applying the Density Functional Theory (DFT) [58] models on the collected N2 adsorption data utilizing AsiQWin software
of Autosorb-1Q (Quantachrome Instruments). Due to the non-availability of DFT models adapted to CO2 adsorption on zeolites, the PSD
from the measured CO: isotherms on the monovalent zeolites were not calculated. Therefore, in Fig. S1, only the PSD for porous zeolites
measured with N2 at 77 K are shown. The pore diameter corresponding to the maximum of PSD is denoted as Dp, where their
corresponding values are disposed in Table 1. They were found to be almost identical (around 7.8 A) and being higher than their respective

theoretical pore aperture size (around 4.4 A for Si-LTA and 5 A for the divalent cation-containing zeolites discussed in more detail in



section 4.3). This can be explained by the continuous filling of the windows and cages of the zeolites of interest, yielding in PSD centered
on a pore size (Dp) intermediate between that of the windows and cages. In Fig. S2, the comparison of accuracy between the isotherm
predicted by the DFT model and the experimental isotherm is shown for each zeolite. In all cases, the applied DFT models were able to
reproduce very accurately the experimental adsorption isotherms.

Figure 2. SEM images of (a) Si-LTA; (b) Na-LTA; (c) CaNa-LTA; (d) MgNa-LTA; (e) LiNa-LTA.

As can be seen in Table 1, most of prepared samples (Si-, CaNa- and MgNa-LTA) have comparable textural properties, but substantially
different (being higher) from those determined for the monovalent cationic synthesized zeolites (i.e., Na- and LiNa-LTA). Indeed, this is a
direct consequence of the duality between two factors that are the cation valence and its related distribution within the porous zeolite
structure. By replacing the monovalent cation with the divalent one, more volume space can be generated as a result of decreasing the

number of compensating cations of well-defined positioning.

4.2 Adsorption isotherm measurements

Fig. 6 shows the experimentally measured propane and propylene isotherms data for Si-, MgNa- and CaNa-LTA zeolites at 303 K
and pressures up to 5 bar along with the best-fit DSL isotherm equation curves. The data in the left panel is plotted on a linear scale, while
the same data in the right panel is plotted on a logarithmic scale. The latter plot is very useful as it allows to explore the microporosity of
the adsorbents. The DSL model matches both the slope and magnitude of the measured data at low pressures, as seen in the logarithmic
scale plot (Fig. 6). DSL fitted parameters are given in Table S2.



All the isotherms in Fig. 6 display a sharp uptake at low pressure. According to the figure, precisely where the isotherms data for
CaNa- and MgNa-LTA are plotted in a semi logarithmic scale, it can be seen that propylene is more adsorbed than propane. However,
this is not the case for the pure-silica zeolite ‘Si-LTA’, whose propylene and propane uptakes are almost the same up to 0.15 bar. Also,
note that more propylene molecules can be packed within the pore structure of Si-LTA zeolite at high pressure (2.7 mmol g™ for propylene
vs. 2.5 mmol g™ for propane at 5 bar) since propylene molecules are smaller than propane (42 g mol™ vs. 44 g mol™* for propylene and
propane respectively). This implies that Si-LTA zeolite is not an effective adsorbent to separate thermodynamically propylene from
propane, contrary to what was observed in the case of CaNa- and MgNa-LTA samples. As evident from Fig. 6, the propylene saturation
capacities of MgNa-LTA and CaNa-LTA are nearly the same. This result is confirmed by the comparable values of BET surface area and
specially micropore volume reported in Table 1. While the percentage of the bivalent cations are the same, this may be attributed to the

smaller radius of Mg?* cations compared to that of Ca?* cations.

As noticed from Table 1, although Si-LTA zeolite has the highest micropore volume, the amount adsorbed of propylene and propane
estimated at 5 bars were found to be low as compared to those for CaNa- and MgNa-LTA zeolites. This is probably due to adsorption
isotherms that did not yet reach the adsorption completion of pore-filling regime at the highest measured pressure of 5 bar (Fig. 6). On
the other hand, the propylene uptakes of Na-LTA and its Li-exchanged form at 303 K and 5.0 bars are lower than for Ca?*- and Mg?* -
exchanged forms of Na-LTA. This is not unexpected because the number of extra-framework cations per unit cell is larger in the former

materials than in the latter materials (Table 1).

Figure 3. EDX mapping of Na and compensating cation for (a, b) CaNa-LTA and (c, d) MgNa-LTA.
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Figure 4. TGA curves for Si-LTA, Na-LTA, LiNa-LTA, CaNa-LTA and

MgNa-LTA obtained with high resolution mode in argon at 5 K min™t.

In the case of Na-LTA and its partially Li-exchanged counterpart (LiNa-LTA), while the propylene adsorption isotherm is
characterized as Langmuir type |, the propane isotherm adopts somewhat a linear to steep shape with a low uptake (0.1 mmol g-* for Na-
LTA against ~ 0.3 mmol g~ for LiNa-LTA) at 303 K and 1.0 bar (see Fig. S4). It seems that CsHs is essentially excluded from entering
the pore structure of Na- and LiNa-LTA zeolites, whereas the C3H6 molecules are free to diffuse. This adsorption behavior appears to be
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typical to a molecular sieve effect. However, this not the case since the experimentally measured isotherms for propane on these
adsorbents did not reach the equilibrium state even after almost seven days at 303 K meaning that propane still adsorbs but very slowly
(see Fig. S6). Another remarkable observation from Fig. S3 can be made: unlike Si-LTA, CaNa-LTA and MgNa-LTA, propylene isotherm
for Na-LTA is very rectangular shaped, this may be explained by a combination of strong adsorptive interactions and the effective aperture
size 3.8 A [4] very close to the kinetic diameter of the CsHs molecules (3.6 A) [59]. Propylene capacities at equilibrium at 1 bar reported
by Da Silva and Rodrigues [18] on a commercial Na-LTA Zeolite (Rhone-Poulenc) (1.9 mmol g™* at 303 K) and by Jarvelin and Fair [1]
on an extrudate Na-LTA (2 mmol g™* at 298 K) are slightly lower than that of our synthesized Na-LTA sample (2.9 mmol g at 1.0 bar and

303 K). As expected, this suggests that the nature and amount of binder in these shaped/pelletized zeolites can affect its isotherm capacity.

4.3 Uptake measurements of propylene and propane on zeolites

Careful assessment of the performance of an adsorbent should consider 250
an estimation of the diffusion coefficient of the gas molecules from the bulk gas
-
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of Si-LTA. This may be ascribed to the existence of other mass transfer
T=273K;CO,

resistances (macroporous and/or external film diffusion) rather than purely 100

micropores resistance since the LDF model considers all type of diffusivity in a
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Figure 5. (a) N2 adsorption-desorption isotherms measured at 77 K on studied 0 L EE——
adsorbents and (b) CO: adsorption isotherm measured at 273 K on the Y 0.01 0.02 0.03
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Of particular interest is the significant difference in the rates of adsorption of propylene and propane exhibited by some monovalent

cationic zeolites and thus, their potential as adsorbents for the kineticbased separation of Cz hydrocarbons.

According to Fig. 7, the differences in uptake between propylene and propane of the adsorbents are striking; Na- and LiNa-LTA
zeolites stand out by their high discrimination between the two adsorbates and ability to exclude essentially C3Hs molecules from entering
their pore structure. It would, however, appear that the introduction of Li* cations within the structure of Na-LTA zeolite have improved the
propylene uptake rate since a shorter time was necessary to attain equilibrium as compared with Na-LTA zeolite (16 min vs. 7 min for Na-

and NaLi-LTA, respectively). Due to the size of Li* cations being smaller than Na* cations, the propylene diffusion rate in LiNa-LTA zeolite
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A well-known structure is CaNa-LTA of apparent composition Naiz-2xCaxAl12Si1204s with x varies from 0 to 6. In such an LTA
structure, there are 8 type | sites (6-ring window), 3 type Il sites (8-ring window), and 12 type lll sites (4-ring window) [61]. When the value
of x in Nai22xCaxAl12Si1204s is 4 or greater, which means that at least two-thirds of the Na* is replaced by Ca?*, the material becomes 5
A zeolite because all type Il sites (located in the pore-opening) are empty due to bivalent cations preference such as Sr?*, Ca?*, Mg®,
and Zn?* ions to occupy type | positions (6-ring window) [60,61]. On this basis, CaNa- and MgNa-LTA zeolites are found in this category
of substitution and localization of cations, at least from a diffusion point of view. Consequently, the micropore diffusion, in zeolites with
divalent cations, is maximized because none of the remaining Na* or Ca?*, or Mg?* cations do block the 8-ring pore window.

From the study carried out by R. Schoellner and U. Mueller [60]. On the zeolite Na-LTA, it was established that the strength of
adsorptive centers in larger cavities (precisely, type | sites) and the diffusivity of small alkenes go in pair. As a result, it can be deduced
that Mg?* cations would interact strongly with propylene than Ca?* cations as higher diffusion time constant in MgNa-LTA than in CaNa-
LTA was noticed (Table 2).

As observed in Fig. 7, pure-silica zeolite appears to exhibit an intermediate behavior between the previous monovalent and bivalent
structures. After about 1 min, CsHes adsorption is 82% complete, while CsHs adsorption is approximatively 25% complete. As seen from
Table 2, the ratio of the diffusivity, propylene to propane for Si-LTA zeolite is 9 and 17 as estimated by Crank’s model and LDF
approximation, respectively, these values are lower than the ratio of purecomponent diffusivities of O2/N2 in the commercial separation of
air using a carbon molecular sieve [62]. This proves the lack of performances of this adsorbent if it would be included in kinetic-based

adsorption process (i.e., PSA).

Among the studied LTA zeolites, LiNa-LTA is the one standing out by its highest diffusivity ratio followed by Na-LTA zeolite, which
rending it a good candidate to kinetically separate propylene from propane mixture. In this context, pressure (loading) and temperature
dependences of diffusion coefficients were investigated. For this, a series of fractional uptakes of propylene on Na-LTA and LiNa-LTA
were measured experimentally at three temperatures ranging from 323 to 373 K for an initial pressure of 0.5 bar (Fig. S8) following the
same procedure as pointed out before. These results demonstrate that the adsorption uptake-time decreases with increasing temperature.
As can be seen in Fig. S8, the predictions of Crank’s model are in good agreement with the experimental kinetic data. By fitting Crank’s
model to the experimental kinetic adsorption curves available at various temperatures, the micropore diffusion time constants of propylene
were estimated and summarized in Table S3.
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From the data in Table 2, it can be inferred that an increase in adsorption temperature results in an increase in diffusion time coefficients
because the diffusion of CsHe molecular becomes quicker with temperature. This temperature dependence of transport diffusivity can be

demonstrated by the Arrhenius equation represented by

D, —E,
KLDF =E=Aexp(RT) 14)

where E,, A and R denote the activation energy, the Arrhenius factor and the gas constant, respectively. Equation (14) can be also written

as,
InK,,r = In(D./7?) = InA — E,/RT (15)

From this equation (15), the activation energy (E,) can be

calculated from the slope of the plot between in(D./r2) and the CaNa-LTA MgNa-LTA

inverse of temperature (1/T), as illustrated in Fig. S9. The Arrhenius-
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zeolite pores, which is consistent with the experimental data.

On the other hand, to elucidate the effect of pressure (loading)

M,/ M []

on molecular transport inside the monovalent (Na- and LiNa-LTA)

zeolites, we have compared the diffusion time coefficients obtained

by Crank’s model, and reported in Table 2 and Table S3, regardless

of the fact that these coefficients are not measured at the same

temperature, but certainly for different pressures (i.e., 0.1 and 0.5

bar). It was found that the loading-dependent transport diffusivity

decreased with the increase in pressure because the molecular

diffusion resistance becomes larger with pressure. 5’ _—
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From a practical point of view, thermodynamic separation based on differences in affinities is preferable over the differences in rates
of diffusion for a PSA-type application. One disadvantage of the latter separation mechanism is when the adsorption of the propylene is
extremely slow, that makes pressure-swing adsorption inefficient by affecting the productivity. At this stage of discussion, it is mandatory
to study the thermodynamic behavior of the adsorbed species in the five zeolites for a better ranking of their ability to separate propylene
from propane. One way to do this is through the direct measurements of the released heat of adsorption as is addressed fully in the next

section.

Table 2

Micropore diffusion time constants of propane and propylene on Si-, MgNa-,
CaNa-, Na- and LiNa-LTA adsorbents at 303 K and 0.1 bar. LDF and Crank
models were fitted to the experimental kinetic uptakes LDF: Linear Driving Force.

Adsorbent LDF model Crank model
D, /12 (s71) x 103 D, /12 (s71) x 103
propylene propane propylene propane
Si-LTA 221 0.25 3.13 0.18
MgNa-LTA 2.05 2.03 2.57 2.43
CaNa-LTA 1.45 1.46 1.45 1.53
Na-LTA 0.25 / 0.31 /
LiNa-LTA 1.27 / 1.56 /

12



4.4 Thermodynamic analyses

The zero-coverage enthalpy, Ah93?, and Henry's constant, k;, are 40 y
two important thermodynamic properties, both of which characterize the 35 _ Si-LTA
interaction energy for a single molecule with the bare solid. In order to :
assess these thermodynamic properties for Si-, CaNa- and MgNa-LTA '—;' 30 -
zeolites, single adsorption isotherms of both species of interest were first E 25 '
described by the DSL equation (see Fig. 6), then by applying equation (4), E, 20 _
the Henry’s constants were calculated. In addition to this, the adsorption § 15 _
enthalpies at zero-coverage for propylene and propane, ARZZ?, were '5 -e-Propylene
determined from the curves of the calorimetrically measured adsorption ‘10 ' +Propane
enthalpies as a function of adsorbed amounts (Fig. 8). Herein, two cases 5
may be envisaged: (i) when the amount adsorbed, nads, is small enough 0 3 e ey
to be considered similar to that at limit of zero loading, Ah93%ads can be 0 1 2 3
taken as the first measured value of the released heat, otherwise (ii) we
define a straight line from the two first measured heats of adsorption at very =
low loading. In this case, the intercept of this straight-line with the y-axis is 80 Q MgNa-LTA B Propylene
the estimated zerocoverage enthalpy. The Henry’s constants for the 70 O e
adsorption of propylene and propane on LTA materials together with their %’ 60 Q ropane
zero-coverage enthalpies are summarized in Table 3. E 50 0660099000%

2 ,

It can be seen that the enthalpy of adsorption (at zero-coverage) for ‘_‘-‘6‘ 40
CsHe is marginally higher in the case of the MgNa-LTA zeolite than in the = 30
CaNa-LTA zeolite, indicating that Mg?* cations interact strongly with CaHe. ‘i 20
This confirms what was previously deduced from the assumption that 10
diffusion rates and adsorption strength for alkenes, in general, goes
together, as suggested by Schoellner and Mueller [60]. 0

0 1 2 3 4

To the best of our knowledge, the experimental adsorption isotherms 80 3
of propane and their corresponding adsorption enthalpies for Na-LTA and
LiNa-LTA zeolites, to date, have not been reported at real equilibrium state 70 1
and an ambient temperature. This may be because the experiments are an 60 -

arduous and time-consuming process. However, enthalpies of propylene

u
o
1

for Na-LTA and LiNa-LTA were successfully measured (see Fig. S7). It can
be seen that the lithium adsorption centers in LiNa-LTA interact strongly

o
1

with propylene as compared to that in Na-LTA (=76 vs. —65 kJ mol™). A
-o-Propylene (Exp 1)

-o-Propylene (Exp 2)
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similar observation was reported by C. Grande et al. [37] when they
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compared 13X zeolite to Li-exchanged 13X.

T T T T T T T T T T T T T T T T T T T T T T T T

10 t -<-Propane
0 lIll;llll;llll;llll;llll;lll t >
Figure 8. Adsorption enthalpy of C3Hs (lozenge) and CsHs (circle) for Si-, 0 05 1 15 2 25 3 35
CaNa-, Ca- and MgNa-LTA as a function of loading at 303 K. Amount adsorbed [mmol.g'1]

For these monovalent zeolitic samples, unfortunately, the Henry’s law constants cannot be accurately determined, and thus they
are not included in Table 3, because it needs real equilibrium adsorption data for low pressure which have not been measured for propane.

Therefore, any prediction of binary behavior can be questioned since the predictions are highly sensitive to Henry’s constant [63].

Aside from the monovalent cationic zeolites, as seen in Table 3, Henry’s law constants together with the pseudo-differential
enthalpies at zero coverage are higher for the adsorption of propylene than for propane, except for Si-LTA (values were found to be
similar), suggesting that the preferentially adsorbed gas is propylene. This is in good agreement with what was inferred previously from

the comparison of isotherms data (Fig. 6).

In the literature, often, only the value for zero coverage, Ah93?, is calculated and discussed. However calorimetric measurements

are necessary if the enthalpy of adsorption needs to be determined more accurately. In this regard, Grande et al. [64] studied the
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adsorption of propane and propylene on 5 A zeolite (Grace Davison) in crystal as well as in pellet form. They found that the heat of
adsorption is higher for propane over propylene by fitting the adsorption equilibrium isotherm data with Toth model. Mofarahi et al. [65]
have also reported similar result for 5 A zeolite (CECA, in the form of pellets) by fitting the isotherm data with GM isotherm model [66].
On the other hand, in both studies, the equilibrium adsorption isotherms have showed a selectivity towards propylene. This discrepancy
between the results can be assigned to not enough experimental data points collected at low loadings or the fact that they are extrapolated
via the fitting procedure, which is strongly discouraged. This should increase the confidence of our direct calorimetric measurements

(Table 3 and Fig. 8), which are in excellent consistency with what was inferred earlier from the comparison of isotherms data (Fig. 6).

Table 3
Pseudo-differential enthalpies at zero coverage (Ah%;°) and Henry’s constants
of propylene (ky ;) and propane (Ky,) determined for Linde Type A (LTA) zeolites

at 303 K.
Sample ky[mol - kg™t - bar™1] —ARSZO[k] - mol 1]
propylene propane propylene propane
CaNa-LTA 7045 447 81 47
MgNa-LTA 1253 258 88 40
Si-LTA 24 28 30 29
Na-LTA / / 65 /
LiNa-LTA / / 76 /

To better evaluate the performance of the studied materials, we have also considered the enthalpy of adsorption over the entire
adsorption range (not just at the limit of zero loading). Fig. 8 shows the calorimetrically measured heats of adsorption on three LTA zeolites
plotted as a function of CsHs and CsHg loadings at 303 K. MgNa-LTA zeolite exhibits pronounced heterogeneity for the adsorption of CzHe.
The heat of adsorption dropped sharply from —88 kJ mol™ at the limit of zero loading to a value of =54 kJ mol™ at low loading (n,4,= 0.8
mmol g~%). This latter value (standing for the average value of the forward recorded enthalpies after 0.8 mmol g™*) was maintained up to
higher uptakes (2.4 mmol g™*), before a substantial decrease indicating the end of the adsorption process. A similar trend was also
observed for CaNa-LTA zeolite with the adsorption of CsHs at least up to 1.4 mmol g™3; the enthalpy in the Henry's Law limit is ~ =81 kJ
mol™* and then decreases gradually with increased adsorbate loadings (until 1.4 mmol g™) to finally levels off at a value of =54 kJ mol™
at higher coverages. In short, from the previous energetic curves exposed in Fig. 8 for the adsorption of CsHs on CaNa-LTA (or MgNa-
LTA), it would appear like there is two blocks of data (i.e., a drastic decrease of heat of adsorption being less pronounced in the latter
one, followed right after by significant similar values continue to a high adsorption capacity) that can be ascribed to the presence of
different cations (Na* and either Ca?* or Mg?* cations) inside those zeolites. This is a typical behavior of microporous adsorbents indicating
the presence of chemical heterogeneities or specific adsorption sites of various strengths.

Moreover, in both bivalent cationic zeolites, it's worth to note that the observed plateaus (around a value of =54 kJ mol™ for the
adsorption of CsHs, for example) are similar. It can be considered as a footprint of the interaction resulting from the presence of Na*
cations within their framework if one take into account the homogenous energetic adsorption signature (a flat tendency for AhS3?, of CsHs
obtained on Na-LTA zeolite (Fig. S7).

The energetic decay, displayed by propylene in the above zeolites, is typical for heterogeneous systems. The initially high heat of
adsorption can be ascribed to the 1 electrons of CsHs molecule that directly interact with the charged cations on zeolite surfaces. As the
loading increases, the ‘lateral’ interactions between molecules also increase which should normally result in an increasing adsorption
enthalpy. On the other hand, the additional propylene molecules in the pores cannot approach the cations as closely which results in a
decrease in the vertical interactions. For propylene in CaNa-LTA (or MgNa-LTA), as for most other heterogeneous systems, the decrease

in vertical interactions overwhelm the increase in lateral interaction resulting in overall decay of adsorption enthalpy with coverage.

In all the energetic presented curves (Fig. 8) for all the studied samples in this work, a common drop for the enthalpies of adsorption
were observed at the last stage of the adsorption process, whether with propylene or propane. This can be assigned to adsorption
completion resulting in weakening of lateral interactions. In other words, as the amount adsorbed of gases relative to each dosing step
decreases with increasing pressure, the released heat of adsorption corresponding to the adsorbate-adsorbate interaction becomes ever

increasing low until the adsorption process ends.

As depicted in Fig. 8, however, the case for the adsorption of propylene and propane in the pure-silica zeolite is quite different. At
first, it shows a constant enthalpy of adsorption (~—30 kJ mol™') and then progressively increases until reach a maximum at high coverage.

This implies that the surface and porous structure of Si-LTA are energetically homogeneous. This is expected as the pure-silica zeolite
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does not possess specific sites even with propylene as an unsaturated hydrocarbon. Also, it is noteworthy that the stark difference
between the enthalpy of adsorption of propylene and propane on MgNa-LTA, displayed in Fig. 8, is a clear indication that heterogeneity

(and homogeneity observed with propane) is related to a system and not to a solid only.
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Figure 9. Comparison of Henry’'s constants of propylene over propane versus the ratio of their

diffusivities on several adsorbents (full triangle) with the synthesized adsorbents in the present work

(circles) at T = 303 K. References are shown in brackets. In parenthesis is the exchange rate.

In order to rank the materials considered in this study, and make a comparison with other results available in the literature
[18,28,38,64], a plot of Henry’s constants of propylene over propane versus the ratio of their diffusivities can be proposed (Fig. 9). This
plot enables to identify which materials can be better suited to thermodynamic or kinetic separation of the Cs molecules considered here.
It is worth to note that the ratio of Henry’s constants is a simple parameter to find the equilibrium selectivity at low pressures, while the

ratio of diffusivities defines the kinetic selectivity.

As can be interpreted from Fig. 9, CaNa- and MgNa-LTA are capable of thermodynamically separate propylene from propane,
whereas Na- and LiNa-LTA are capable of kinetically separate them. It also shows that the highest ratio for Henry’s constants is in favor
of copper-loaded within MIL-101(Cr) (12Cu@MIL-101(Cr)) [28]. However, by slightly increasing pressure, the selectivity decreases until
reaching to value of 10, as stated by H. Abedini et al. [28]. On the other hand, the CaNa-LTA zeolite stands out most of its competitors
for the adsorptive separation of propane/propylene mixtures and can be enhanced by increasing pressure to be better than 122Cu@MIL-
101(Cr). Indeed, the presence of calcium (Ca?*) cations within its framework promotes thermodynamic to a dominant role. The same
separation mechanism was found on MgNa-LTA zeolite, which showed a moderate limiting selectivity (~4.9) but clearly higher than that

of the commercial 5 A zeolite [38].

At this point, we want to draw attention to the discrepancy that lies in higher IAST selectivity values for zeolites with bivalent cations
as compared to that of the commercial 5 A zeolite (in the form of crystals) [38]. By knowing that the partially exchanged zeolites with Ca?*
and Mg?* are type 5 A (Ca-LTA) with rather unobstructed and larger windows, as mentioned previously, the paradox in SIAST values may
be mainly ascribed to the accuracy of equilibria data at low pressure domain (i.e., lack of information at Henry’s region and/or problems
related to fit procedure). Also, the differences related to the diffusivity ratio can be explained by the use of different crystal sizes. Apart
from the bivalent cationic zeolites that show a thermodynamic behavior, the insertion of monovalent cations in LTA zeolite structure (in

our case LiNa- and Na-LTA) hinders the propane from entering their structures resulting into a dominant kinetic mechanism.

As commented in previous sections, Si-LTA can be withdrawn from this set of zeolites due its inadequate separation performances

(i.e., selectivity at limit of zero coverage is close to unity with low diffusivities ratio).

4.5 Thermodynamic analyses

To test the applicability of adsorbents for a PSA process to separate propylenel] propane mixture and predict favorable operating
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conditions, IAST selectivity of propylene over propane was predicted as a function of feed composition over four different total pressures,
1, 3, 5 and 8 bar, and temperature T = 303 K using the validated IAST solver. Depending on the application required for the C3 separation,
the ratio of propylene to propane in the mixture can vary according to cracking conditions for example. However, for numerical comparison
of IAST selectivity, three bulk phase mole fractions were selected: an equimolar propylene/propane mixture (Feed-1) represents steam
cracker off gas, propane-rich feed consisting of 85% of propane and 15% propylene (Feed-2), and finally propylene rich feed with 85% of

propylene and balance propane representing fluid catalytic cracker (FCC) off gas (Feed-3).

Calculated propylene/propane selectivity from the IAST for mixed cation exchanged LTA materials contrasted with their pure-silica
analogue is presented in Fig. 10. At a given feed composition. The IAST predicts that propylene/propane selectivity for CaNa-LTA at 303
K increases with pressure (see Fig. S4). Particularly, a selectivity value of 23 is obtained for Feed-2 with IAST at 8 bar and 303 K, whereas
the corresponding value for Feed-3 is 27. These values are the highest selectivity ones obtained among the three adsorbents reported in
this section, suggesting that for PSA/VSA based propylene/propane separation at higher pressure, CaNa-LTA may be a good adsorbent
material. The IAST selectivity, SIAST, predicts that the propylene/propane selectivity for MgNa-LTA also changes with pressure in similar
way (Fig. S4), although the numerical values of the selectivity are different from CaNa-LTA. For Feed-3, the IAST selectivity appears to
be slightly more affected with increase in pressure in the latter zeolite than in the former case. It may be because the isotherm parameters
for n0 propylene and propane are comparable in the case of CaNa-LTA, whereas in the case of MgNa-LTA, the n0 for propylene is higher
than for propane. From IAST calculations in Fig. 10, it can also be inferred that the IAST selectivity of zeolite Si-LTA, close to unity, is

almost independent of bulk phase concentration (Feed-1 to 3) and pressure at 303 K.

Fig. 11 represents propylene enrichment curves calculated for the selected set of cation-exchanged materials as well as their pure
silica zeolite by the IAST. The enrichment of the adsorbed phase in propylene decreases in the order CaNa- > MgNa- > Si-LTA, opposite

to the adsorption strength.

During the design of a propylene/propane PSA separation process utilizing cationic LTA zeolites, a compromise between selectivity,
diffusivity and working capacity would appear to be necessary. As for example the case for the adsorption separation of ethylene from
ethane on Na-ETS; although it has a high selectivity, the swing capacity for both adsorbed species is low, which make this adsorbent
difficult to be implemented in PSA, reported by Al-Baghli and Loughlin [67]. Likewise, in our work, Na-LTA presents a moderate capacity
towards propylene together with a high kinetic selectivity, but their very slow diffusion at ambient temperature makes this adsorbent

impractical for PSA scheme, as confirmed by J. G. Min et al. [68] through breakthrough experiments.
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Figure 10. IAST calculations for the adsorption selectivity for binary CsHe/C3Hs mixtures as
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The calculations are presented for four different total pressures, p,, as follows: 1 bar (solid

line), 3 bar (long dashed line), 5 bar (dotted line), 8 bar (dot dashed line) at 303 K.
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model to all the obtained adsorption isotherms for both gases is DSL.

However, unlike Na-LTA zeolite, we have shown that mixed cationic forms, e.g. MgNa-LTA and CaNa-LTA, would be good candidates
for propylene/propane adsorption separation, even though the cation composition ratio in these adsorbents might not be optimal. Also,
we would put emphasis on the fact that intermediate adsorption characteristics and better fulfill the requirements for a wide range of PSA

processes should be possible by vary continuously the compositional ratio of the cations.

5. Conclusions

In this study, five adsorbents of type A zeolitic structure have been proposed for separation of propane/propylene mixtures by
adsorption. These adsorbents are the lab synthesized pure-silica zeolite (Si-LTA, also known as ITQ-29) and the raw aluminosilicate
zeolite (Na-LTA, also known as 4 A). From the latter zeolite, we have prepared three new adsorbents by ion exchange process, namely,
LiNa-, CaNa-, and MgNa-LTA. All these zeolites were successfully characterized by PXRD, gas adsorption measurement, TGA, XRF,
SEM and EDX mapping. To evaluate the performance of those synthesized samples, pure component adsorption equilibrium isotherms
of propane and propylene were experimentally measured at 303 K and pressures up to 5 bar. The isotherms were well described by dual-
site Langmuir equation over the entire range of pressure, especially at low pressure as confirmed by plotting the adsorption data in semi-
logarithmic scale. By an accurate fitting of the isothermal micropore model (Crank’s model) to the experimental uptake curves, diffusion
time constants of the adsorbates were also estimated. These results are found to be in excellent agreement with those derived from the
LDF approximatitve solution model, indicating that intracrystalline diffusion is the limiting rate of the mass trasfert within the channels of
zeolite microcrystals. This study about the characteristics (both kinetic and thermodynamic) of the propylene and propane adsorption on
a set of LTA zeolites highlights that the separation performances (which involve kinetic separation, exclusion (i.e., the extreme case of
diffusion) and equilibrium separation) can be tuned quite precisely by cation exchange process. The monovalent cationic zeolites were
found to be able to kinetically separate propylene, being more practical with LiNa-LTA zeolite since CsHs diffuses faster than in Na-LTA
while keeping CsHs outside the framework. The bivalent cationic zeolites show an equilibrium separation, for which the IAST was used to
evaluated its ability. Although the highest propylene/propane IAST selectivity (nearly 15 at the limit of zero pressure) was found with the
CaNa-LTA, the Mg-containing zeolite (at 50% only), which gave a minimum of 5 selectivity, can also be a potential sorbent in targeted
separation whatever the molar composition mixture. Also, except the pure-silica zeolite (Si-LTA) which shows a moderate kinetic
separation, these materials could be appropriate adsorbents for the separation of propylene from propane by pressure swing adsorption
although there are still other criteria (reversibility and reusability) needed to be assessed for an adsorbent to be efficient. Finally, we would
like to draw interest to the fact that calorimetry data are reported for the first time in this document contributing to enrich literature for future
purposes, including modelling of scheme followed by a design of adsorber columns for pressure swing adsorption process.
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