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Abstract

The purification of the a-olefins though challenging, is mandatory step for their use in the chemical
industry. Since adsorptive separation using zeolites is one of the most promising alternatives for
olefin/paraffin separation in terms of energy efficiency, we use a combination of experiments and
molecular simulations to study the effect that the topology and chemical composition of the zeolite exert
on the purification of olefins. To this aim we developed an effective potential for the cations with the
double bond of the olefins. The potential parameters were validated with our experimental adsorption
isotherms and isobars of propylene and 1-hexene. We performed an extensive study of propane/propylene
separation in more than 200 all silica zeolites and several aluminosilicates. We also performed DFT and
classical optimization of the structures which is key factor for the adsorption mechanisms. DFT
calculations also allowed the analysis of binding energies and binding geometries of propane and
propylene in NaY and LTAS5A. We discussed the effect exerted by the cations on the separation
performance of the zeolites. Our study shows that aluminosilicates with calcium cations are the best
candidates to separate olefins from paraffins, due to the stronger interaction of the double bond of olefins
with these divalent cations.
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Introduction

Linear a-olefins are widely used in industry. Propylene is an important light olefin used in refinery
operations. It is a petrochemical raw material used in rubber and plastic industries, and as intermediate
compound for the production of polypropylene. The propylene demand is growing due to the increment
of polypropylene production." However, the production of propylene is limited.? Larger a-olefins with
chain length from four to eight carbon atoms (C4-C8) are used for production of aldehydes via oxo
synthesis to produce short fatty acids.? 1-butene, 1-hexene and 1-octene are used as comonomers in the
manufacture of high-density polyethylene (HDPE) and linear low-density polyethylene (LLDPE).? Light
olefins are obtained primarily by stream cracking or as a product of fluid catalytic cracking of gas oils in
refineries. In order to obtain the polymer-grade olefin, the separation of olefin from paraffin is required.
This separation is a challenging procedure that is conventionally achieved by distillation, which is energy-
intensive and has a high operational cost due to the close boiling point of the compounds.* Among several
new energy-efficient alternatives, adsorptive separation is one of the most promising techniques.® While
cryogenic distillation relies on small differences in the boiling points of olefin and paraffin components,
adsorptive separations take advantage of dissimilar physical properties such as kinetic diameters, polarity,
and polarizability of the adsorbates. In this regard, the selection of adsorbents with optimal selectivity and
adsorption capacity is an important step when designing the whole adsorption process. Zeolites have been
extensively studied for olefin/paraffin separation. Pure silica zeolites rarely achieve great separations
except for kinetic separation in some zeolites, for instance 1TQ-12.°® Sodium and calcium forms of
zeolite X were studied via gas chromatographic methods to determine the potential separation of ethylene
from ethane and methane,® and a large variety of 13X zeolites'>? including Li*, K*, Rb*, and Cs" cation
exchanged forms have been proposed for olefin/paraffin separation.*** There are many experimental
studies on the adsorption of olefin and paraffin in zeolites LTA4A and LTAS5A. These zeolites have also
been proposed as adsorbent for some targeted separations.*>*’

There are a large number of zeolites covering a wide range of topologies and chemical composition. This
makes difficult the search of an efficient adsorbent for a given process. In this sense, molecular
simulation is an efficient tool to predict physical and chemical properties of materials. The accuracy of
classical simulations depends on the models and force fields used to describe the systems. Experimental
data are in most cases crucially important for validation of the force fields used in simulation. The use of
molecular simulations for adsoption isotherms of paraffins in pure silica zeolites is being reported in
many works.® #2° Most of these works use the force field developed for Dubbeldam et al.,?* that is
accurate and can reproduce experimental data for pure silica zeolites. However, olefins have not been
extensively studied using molecular simulation for being more complex. In these molecules, electrostatic
interactions play an important role, particularly in aluminosilicates. In this work we propose a set of
Lennard-Jones parameters to model the interaction of cations (Na* and Ca?*) with the double bond of
olefins. This is essential contribution by itself since (1) molecular simulation studies in aluminosilicate
zeolites for olefin/paraffin separation are scarce and (2) available parameters are reported for a given
structures and not transferable to other topologies.*” %% In this regard, we developed a transferable set of
parameters to reproduce the experimental adsorption of olefins in aluminosilicates with different chemical
compositions.

We performed an extensive study of propane/propylene separation in pure silica zeolites and
aluminosilicates including LTA5A, CaA, NaY, NaX, and CaX structures. We analyzed the influence of
concentration and type of cations in the separation capability of the structures. We also conducted
structure minimizations using both, density functional theory (DFT) and classical optimization methods
obtaining accurate models for the zeolite frameworks. We analyzed the importance of the structural
optimization and the location of the cations in crystallographic positions for a correct description of the
adsorption processes.



Methodology
Experimental Section

Experimental gas adsorption isotherms were performed in a volumetric analyser (3Flex, Micromeritics)
provided with a turbomolecular vacuum pump and three pressure transducers (0.13, 1.33 and 133 kPa,
uncertainty within 0.15% of each reading). The volumetric analyser was coupled to a thermostatic
circulating bath provided with an internal sensor that allows a fine temperature control between 253-373
K with a stability of £ 0.1 K. Isotherms were recorded in the pressure range between 10-2 and 120 kPa
using ca. 250 mg of sample. Before the analysis, the samples were outgassed under dynamic vacuum
using a turbomolecular pump (5K/min up to 363 K for 1 hour, and then up to 623 K for 7 hours). All
gases were supplied by Air Products at an ultrahigh purity (i.e., 99.995%).

For adsorption measurements of n-hexane and 1-hexene we used commercial zeolites 5A (CaNa-LTA,
Arkema, Poland) and NaY (Si/Al ratio of 2.61, Institute of Industrial Chemistry, Poland). Structures were
confirmed by analysis of X-ray diffraction patterns (XRD)recorded by a Rigaku MiniFlex powder
diffractometer with Cu Ka radiation at 10 mA and 10 kV, 26 step scans of 0.02°, and a counting time of 1
s per step. Adsorption measurements of n-hexane and 1-hexene were performed with the use of quasi-
equilibrated temperature programmed desorption and adsorption (QE-TPDA).**** QE-TPDA uses a
home-made setup similar to the one exploited in temperature programmed desorption (TPD). During the
measurement the adsorbate admixed to helium is flowing through the sample, while its concentration is
monitored with the TCD detector. Desorption and adsorption is induced by changing of the temperature
of the sample.

The studied materials were pressed into pellets, crushed and sieved to obtain fraction of 400-500 um.
Prior to each QE-TPDA measurements the sample of 10-12 mg was activated in pure helium (Air
Products, purity 5.0) with flow set to 6.75 cm® min™ by heating up to 500 °C (10 °C/min ramp).
Afterwards, the sample was cooled to room temperature and the flow was switched to helium containing
small admixture (0.6-0.7 mol%) of n-hexane (analytical pure, Acros Organics) or 1-hexene (99% Acros
Organics) resulting in isothermal room temperature (RT) adsorption. When RT adsorption was finished,
the actual QE-TPDA experiment was performed by cyclic heating and cooling the sample in a
He/hydrocarbon flow with different rates of changing the temperature, from 2 to 10 °C/min. The sample
was kept in RT for at least 2 hours between the following desorption-adsorption cycles.

The dependence of temperature on specific sorption rate (ssr) - the value proportional to the amount of
desorbing/adsorption hydrocarbon - is referred as QE-TPDA profile. In order to obtain adsorption isobars,
the profiles measured with the rate of changing temperature of 4 °C/min (1-hexene) or °5 C/min (n-
hexane) were integrated and recalculated with adequate calibration constants. A detailed description of
the QE-TPDA apparatus and data reduction formalism can be found in earlier works.**®

Computational Details

Adsorption isotherms and isobars were calculated using grand-canonical Monte Carlo simulations
(GCMC). Chemical potential and pressure are related to fugacity through the Peng-Robinson equation of
state 2’ and the fugacity coefficient. Simulations were performed using RASPA code.?% Equimolar
mixtures of propane/propylene in all pure silica zeolites were predicted using GAIAST,® a genetic
algorithm based on ideal adsorption solution theory (IAST). In the case of competitive adsorption in
aluminosilicates, we used GCMC simulations to compute the adsorption of equimolar mixtures.

During the GCMC simulations we considered the zeolites as rigid frameworks with silicon, oxygen, and
aluminium atoms placed at the crystallographic positions. Extra-framework sodium and calcium cations



were allowed to move during the simulation. The point charges used for the framework atoms and extra-
framework cations are collected in Table S1. Note that we used different point charges for oxygen atoms
bridging one Si and one Al atom (O,)), and oxygen atoms bridging two Si atoms (Og;).*® However, the set
of point charges are the same for all the zeolites independently of the number Si/Al ratio (Table S1). The
pure silica structures for the screening are taken from the International Zeolite Association (IZA)
database.®* The structure of LTA5A were reported by J.J. Pluth and J.V. Smith.* The structure of NaY
and NaX were created as follows, starting with the pure silica structure. 1) Using random substitution,
silicon atoms were replaced by aluminium atoms obeying Lowenstein’s rule. A set of 50 structures with
the same composition but different configurations was generated; 2) From the 50 structures we choose
that with the most favorable (less energetic) configuration; 3) the extra-framework cations were placed in
the most probable crystallographic positions reported in literature.***” Schematic representation of FAU-
type, and LTA-type zeolites and the description of the cations sites can be found in Figure S1 of the ESI.
We created the CaX and the CaA structures by placing the calcium cations in the structure of NaX and
LTABA, respectively. Classical structural minimizations of the aluminosilicates with the cations placed in
the crystallographic positions were performed using Baker’s method * and the well-known core-shell
potential of Sanders et al.***° We carried out simulations in NPT ensemble, that allows the variation of
box lengths (i.e. the volume of the cell) but keeping fixed the angles (0=p=y=90°) to maintain the triclinic
crystal system.

Adsorbates are described using united atom models, where each CH, group is considered as a single
interaction center. Propane and longer linear paraffins are modeled as non-polar molecules and their
interaction parameters were taken from Dubbeldam et al.*® ?** For propylene we compare the accuracy
of a non-polar model reported by Liu et. al.* and a point charge model with partial charges located in
CH,_sp? groups and one extra point charge between the two carbon atoms linked by the double bond. The
latter model was developed and validated by Gutierrez-Sevillano et. al.® and can be extended to longer a-
olefins in a simple way. Figure S2 shows the good agreement between our experimental and simulation
data with these taken from the literature.**® The Lennard-Jones (LJ) interaction parameters for sp®
carbon atoms, extra-framework cations, and the zeolite atoms are taken from reference.'® The interaction
parameters for sp? carbon atoms of non-polar and point charge propylene with silica and oxygen zeolite
atoms are also taken from the literature.® > The new set of parameters for sp? carbon atoms and extra-
framework cations were developed to reproduce the experimental isotherms. To this aim, we fit the
potential parameters of the cross interactions between propylene and sodium cations in NaY zeolite at
room temperature. Once validated, we used this new set of parameters to fit the interaction of propylene
with calcium cations in LTA5A. We validated the model by comparing with experimental adsorption
isotherms measured in this work and comparing with independent experiments found in literature.** 468
We checked the transferability of the set of parameters by computing adsorption isotherms in other
zeolites and for a-olefins with longer chains. The LJ parameters developed in this work are collected in
Table S1 in the Supporting Information. We computed the binding geometries using the classical force
field by a simulated annealing process based on molecular dynamics (MD) simulations in the NVT
ensemble. During this process, we started with zeolites loaded at 273 K and 1 bar. Then, the temperature
was reduced in intervals of 10 degrees until 3 K and then until 1 K. With this procedure we minimized the
effect of temperature on the vibration of the molecules making more accurate the comparison with the
DFT calculations. We run each MD simulation for 10° steps and using a time step of 0.5 fs. More details
about the MD methodology can be found in ref.’

In addition to classical simulations, we performed density functional theory (DFT) calculations to
optimize the structure of LTA5A and NaY zeolites. The geometry of these zeolites were fully optimized
using the Vienna ab initio simulation package (VASP) code,**? employing the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof exchange-correlation functional ** and
projector-augmented wave (PAW) potentials.>*>> Valence electrons are described using a plane-wave
basis set with a cutoff of 500 eV and the gamma point is used for integrations in the reciprocal space.
The ionic relaxation has been performed until the Hellmann-Feynman forces were lower than 0.02 eV/A.
We compared the resulting structures from the classical and DFT optimization methods. In addition to the



geometry optimization, we also computed the binding energy and binding geometry of a single molecule
of propane and propylene in the two mentioned zeolites. Van der Waals interactions were taken into
account through the DFT-D2 method of Grimme *' to gain insights into the particular interaction between
the alkene molecules and the monovalent and divalent cations of the zeolites. The position of the
molecule was optimized keeping the zeolite atoms and the cations in the previously optimized positions.
As these results can be influenced decisively by the starting geometry, we used several starting
geometries for each molecule to ensure stability. We used the strategy of performing preliminary short
ab-initio MD simulations at low temperature to identify the most stable configuration prior to start the
optimizations.



Results and Discussion
Propane and propylene adsorption in pure silica zeolites

To identify the optimal topology for propane/propylene separation, we used the models and force field
from the literature ® 2! to calculate the adsorption isotherms of propane and propylene in most zeolites of
the I1ZA database in the pure silica form (more than 200 topologies). Adsorption selectivity was used as a
measure of the separation factor of the mixture. Adsorption selectivity is defined as
S = (x4/y4)/(xg/yg)were Xx; is the molar fraction in the adsorbed phase for the component i and y; is the
molar fraction in the bulk phase. Figure 1 shows the adsorption selectivity as a function of the pore
volume at 100 kPa and 298 K, for the studied zeolites. For clarity purposes, we have classified the zeolite
structures in those exhibiting preferential adsorption for propane (Figure 1a) or for propylene (Figure 1b).
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Figure 1. Adsorption selectivity as a function of pore volume for (top) propane over propylene and
(bottom) propylene over propane at 298 K and 100 kPa for the studied zeolites. Color scale (right Y axis)
represents the total amount adsorbed in the gas phase.

The selectivity obtained for most zeolites in these conditions is quite low (below 2) and only for a few of
them is higher than 3. AVF, EZT, ESV, and MTW exhibit high adsorption selectivity for propane over
propene, whereas ASV, SOF, and YUG show higher selectivity for propylene over propane. Among
them, the only zeolite that is available in pure silica form is MTW, and the uptake is about 1 mol/kg in the
studied conditions. Therefore, olefin/paraffin separation based on pure silica zeolites seems inefficient
and unrealistic. To improve this separation it is necessary to take advance of other mechanisms which
makes the difference between olefins and paraffins.



Effect of cations in the adsorption

It is well known that m-complexation (also known as m-bonding) enhances olefin/paraffin separation.*®*®"

n-complexation is a subgroup of chemical complexation where a covalent bond is formed between the
electron donor (olefin) and the acceptor (complexing agent). ® This phenomenon occurs in Metal-
Organic Frameworks with open metal sites and it is also reported in zeolites with complexing agent which
is usually a member of the d-block transition metals in the periodic table. The m-complexation formed
stronger bonds than van der Waals forces, so it is possible to achieve higher adsorption selectivity and
higher adsorption capacities.®*® Similarly, T-complexation can also occur in aluminosilicates due to the
interaction of olefins with the extraframeworks cations.”® °*®! The effect of the n-complexation results in
differences in the adsorption properties of olefins and paraffins. To gain insights into these differences we
measured the adsorption properties of olefins and paraffins in aluminosilicates containing sodium (NaY)
and sodium and calcium cations (LTAS5A).

First of all, we measured the QE-TPDA profiles of n-hexane and 1-hexene in NaY (Na-FAU, Si/Al=2.61)
and LTAS5A (CaNa-LTA, Si/Al=1) zeolites (Figure 2). QE-TPDA profiles should show similar behaviour
for two adsorbate-adsorbent pairs when the adsorbed molecules have similar affinity to the structure. As
seen, dissimilar profiles are obtained for olefin and paraffin, which is an indication of the mentioned =-
complexation between the olefin and the cations.
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Figure 2. QE-TPDA profiles of n-hexane and 1-hexene in (a) NaY and (b) LTAS5A. The partial pressure
of n-hexane in NaY and LTASA was ca 790 Pa and 680 Pa, respectively. For 1-hexene in NaY and
LTASA it was ca 560 Pa and 570 Pa, respectively.

The profiles consist of desorption maxima and adsorption minima, which corresponds to the
instantaneous amount of the component desorbing/adsorption in the material at given conditions.
Desorption maxima are slightly shifted to higher temperatures when compared to adsorption minima,
which is apparatus artifact. For adsorption of n-hexane and 1-hexene in NaY we observe sharp peaks,
which for 1-hexene are shifted by ca. 35 K to higher temperatures. The higher desorption/adsorption



temperatures of 1-hexene most likely result from stronger interactions of the olefin molecules with
sodium cations. The low temperature range of the profiles (300-350 K) corresponds to dense adsorption
states related to guest-guest interactions. While the QE-TPDA profiles of n-hexane and 1-hexene in NaY
are quite similar, they significantly differ for LTA5A. For n-hexane in LTA5A we observe two clear
desorption/adsorption peaks in the range of 350-550 K. As for NaY, the profiles of 1-hexene in LTA5A
are shifted to the higher temperature, but they also differ in shape as we observe a wide signal extending
from 400 to 650 K. The low-temperature peak at 315 K is separated from the rest of the profile, which
may suggest noticeable difference between guest-guest and guest-host interactions of 1-hexene in LTA5A
zeolite than in NaY. Summarizing the QE-TPDA results, 1-hexene is adsorbed at markedly higher
temperature than n-hexene in both NaY and LTA5A zeolites. Moreover, the differences in the profiles are
more relevant for LTASA zeolite indicating that the calcium cations influence more than the sodium
cations in the adsorption process.

Fitting Interaction between cations and CH,,_sp2 groups. To gain insights into the differences in the
adsorption of olefins and paraffins in aluminosilicates, we combined experimental and molecular
simulation techniques. Molecular simulations offer useful information of the adsorption process from a
microscopic point of view. As described in the methodology, we used previously validated force fields to
study the adsorption of paraffins in aluminosilicates. However, there are not a transferable potential for
the interaction of olefins with the extraframework sodium and calcium cations. In addition to the isobaric
adsorption of 1-hexene, we measured the adsorption isotherms of propylene in the same adsorbents. We
used these experimental values as reference to develop a set of effective potential parameters to study the
adsorption process.
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Figure 3. Adsorption isotherms of propylene in (a) NaY-56 and (b) LTASA at 298 K. Adsorption isobars
of 1-hexene in (c) NaY-56 at 560 Pa and (d) LTASA at 550 Pa. Experimental results are represented with
lines and calculated results with symbols. For isobars three curves are plotted, the curve shifted to the
highest and lowest temperatures stand for desorption and adsorption, respectively. Averaging the
adsorption and desorption curves we obtain the adsorption isobar reflected as the intermediate curve.



The particular interaction between extra-framework cations and olefins through the double bond makes
challenging to reproduce the adsorption experiments using molecular simulations. We developed a set of
Lennard-Jones parameters for the interaction between CH,_sp® groups and Na* extra-framework cations
by fitting to the experimental adsorption isotherm of propylene in CBV100 (NaY with Si/Al=2.55) at 298
K (Figure 3a). Once these values were fixed, we fit the Lennard-Jones parameters for the interaction
between CH,_sp? groups and Ca* using the experimental adsorption isotherm of propylene in LTA5A
zeolite (Figure 3b). To check if the model can be applied to longer molecules, we compared the computed
and the measured adsorption isobars of 1-hexene in NaY (Na-FAU, Si/Al=2.61) and LTA5A (CaNa-
LTA, Si/Al=1) zeolites at 560 Pa and 570 Pa, respectively. As shown in Figure 3c,d, we found a good
agreement between experiments and simulations. Comparison with other experimental values reported for
propylene and 1-butene in NaY, NaX, and LTAS5A at several temperatures ** *®*® can be found in Figure
S3 and S4 of the ESI. The good agreement verifies that our set of Lennard-Jones parameters reproduce
experimental adsorption isotherms and isobars of olefins (propylene and long chain hydrocarbons) and it
is transferable to zeolites of different topology and to many operational values of temperature. Note that
with the same force field we reproduced the experimental adsorption isobars and isotherms from this
work and from the literature, which were measured with different samples, equipment and methodology.
This gives consistency to the experimental measurements performed in this work.

Energies and Binding geometries

Differences in the adsorption of olefins and paraffins in aluminosilicates are also reflected in the binding
energies and in the structural organization of the adsorbates in the cavities of the zeolites. Binding or
adsorption energies were obtained with DFT calculations of a single molecule of propane and propylene
in NaY and LTAS5A. The binding energies of propane and propene in NaY are -0.469 eV and -0.590 eV,
respectively. The adsorption energy of propane in LTASA is -0.694 eV, which is an average of the
interaction with Ca®* and Na* cations. However, the structure containing propylene shows two favorable
configurations: one when the molecule is near to the sodium cations and other near to calcium cations. In
this case we found strong interactions between the molecule and the calcium cations which were missing
during propane adsorption. When the molecule of propylene is near the Na* cation, the adsorption energy
is very similar to the propane adsorption energy (-0.667 eV) but when propylene is adsorbed near the Ca*
cation the adsorption energy is -0.885eV. This indicates that at low coverage propylene adsorbs
preferentially binding to the calcium cations. In the two zeolites, propylene shows higher adsorption
energy than propane. The differences in the adsorption energy between propylene and propane are
0.121 eV for NaY and 0.191 eV for LTA5A. The larger difference in energy showed by LTASA
compared to NaY is due to the presence of calcium cations, which is consistent with the huge differences
observed in the QE-TPDA profiles (Figure 2).

The binding geometry of these adsorbates in the zeolite pores is also key factor to describe correctly the
adsorption properties. From the same DFT calculations we also obtained the binding geometries for
propane and propylene. The most stable configuration of the molecule of propane in LTAS5A is between
one calcium and one sodium atom, independently of the starting position of the molecule. In the
optimized LTASA the distances between one of the terminal carbon atom of propane and the Na* cation
is 2.97 A and the distance between the other terminal carbon atom of the molecule and the Ca®" cation is
2.91 A. The terminal carbon of propane atom is pointing to the cations forming an angle of about 170°.
We found similar orientation of propane in NaY, with the same angle but the distance between the
terminal carbon atom and the Na® cation is 2.68 A. In the case of propylene, we found a different
behaviour of the structural organization of the adsorbate with respect to the cations. We quantify the
binding geometry of propylene by defining the parameters d;, d,, and a according to the schematic
representation of Figure 4a. d, is the distance between the terminal carbon atom (CH,_sp®) with the
cation, d, the distance of the central carbon atom with the cation, and a is the angle between the double
bond and d;. The propylene-Na" distances are similar for both structures; d, is slightly larger in NaY than
in LTASA, which also implies larger o. The double bond is located approximately “parallel” to the cation
(o ~ 90°) in NaY while in LTA5A a is about 80°. To check the accuracy of the classical force field to



reproduce the binding geometry, we computed the radial distribution functions RDFs between the atoms
which define d; and d..
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Figure 4. (a) Schematic representation of the parameters used to describe the binding geometry, (b)
binding geometry of propylene with sodium and calcium cations obtained with DFT calculations, and
schematic representation of the most favorable configuration of propylene in (c) LTA5A and (d) NaY.

Figure 5 compares these parameters obtained with DFT calculations with the RDFs from a classical MD
simulation after a simulated annealing procedure. We obtained similar orientations of the molecule in the
two structures with the mentioned techniques. The first peak of the RDF matches with the given distances
by the DFT calculations. The largest displacement (0.3 A) is found for d; for calcium cation in LTASA.
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Figure 5. (a) Comparison of the binding geometry parameters d; (top) and d, (bottom) obtained with DFT
(dashed vertical lines) and classical simulation (blue solid lines) of propylene with cations in (a) NaY and
(b), (c) LTASA. The parameters are used according to the schematic representation of Figure 4a.



We found that propane and propylene molecules orientate differently with respect to the cations
(complexing agent), which is in agreement with the reported binding geometry for olefins in MOFs with
open metal sites. In these systems, the double bond is located parallel to the metal (o = 90°) for olefins but
the angle is larger for paraffins.®® ® ® These results reinforce the validity of our set of Lennard-Jones
parameters for olefins in aluminosilicates.

We analyzed the microscopic organization of the olefins as increasing the amount adsorbed. In NaY,
propylene molecules are located closed to the sodium atoms. However, in LTASA the location of
propylene near calcium or sodium cations depends on the quantity adsorbed. Figure 6 shows the most
probable distance between the central carbon atom and the cation (average of d, over all the adsorbed
molecules) as a function of the loading in LTASA at 298K. At low loading the adsorbed molecule is
placed near the Ca?* (circles) cations at a distance of 3.2 A. This value remains constant with loading. On
the other hand, the most probable distance between the central carbon atom and the Na™ cations (triangles)
at low loading is about 5.5 A which is also the distance between nearest Na* and Ca" cations. The
distance remains constant up to 32 molecules per unit cell. At higher values of loading this distance
decreases up to 2.9 A. According to the first peak of the RDFs of Figure 6 (bottom), propylene molecules
locate close to calcium cations independently of the loading. However, there is no significant presence of
propylene near sodium cations at low or intermediate coverage (low intensity first peaks, below the unity,
of the RDF). When the loading of propylene exceeds the value of 32 molecules per unit cell, the first peak
of RDF corresponding to CH-Na* shows a drastic increase. Note that the number of calcium cations per
unit cell in LTASA is 32. This means that once all the calcium cations are surrounded by propylene
molecules, they begin to adsorb near to the sodium cations.
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Figure 6. (Top) The most probable distance between CH pseudo-atom and Na* (purple triangles) and
Ca®* cations (orange circles) as a function of loading in LTA5A. Dashed line indicates the shorter
distance between Na* and Ca”* cations. (Bottom) RDF of CH pseudo-atom with cations at low coverage
(left), medium coverage (center) and close to saturation (right).



Effect of the structural optimization

Following the procedure explained in the methodology, we optimized the structures of the NaY and
LTASA zeolites using DFT and classical simulations to study the effect of the geometry. Then we
computed adsorption isotherms and isobars of propane and propylene. Figure 7 shows a schematic
representation of the 4-, 6-, 8-, and 12-member ring (MR) present in these aluminosilicates and the
distances are summarized in Table 1.
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Figure 7. Schematic representation of 4-, 6-, 8-, and 12-member ring of non-optimized and classically
optimized LTAS5A and NaY structures. Dashed lines indicate the selected distances for the data listed in
Table 1.

Table 1. Comparison of the unit cell and the distances between the atoms of the member ring for non-
optimized and classically optimized structures.

Distance [A] Distance [A]
Non-optimized Optimized structure
structure
LTASA
Unit cell a=b=c 24,7484 24.7529
Si-Si 4.56 4.56
4MR Al-Al 4.4 441
Al-Si 6.46 6.45
6MR Al-Si 6.46 6.45
Al-Si 6.46 6.45
Si-Si 8.34 8.39
BMR AFAl 8.42 85
NaY
Unit cell a=b=c 24,555 24.6668
Si-Si(AI=0) 4.45 437
Si-Si(Al=1) 4.45 443
AMR | Si-AI(AI=1) 4.39 437
Si-Si(AlI=2) 4.45 4.46
Al-Al(AI=2) 439 436
Si-Si 6.29 6.27
6MR Al-Si 6.29 6.25
Si-Al 6.29 6.28
Si-Si(Al=3) 11.62 11.77
Al-Al(Al=3) 11.62 1154
Si-Al(AI=3) 11.62 11.55
12MR =5 si(Al=5) 11.62 11.53
Al-Al(Al=5) 11.62 11.68
Si-Al(AI=5) 11.62 1158




One can observe that there are tiny differences between the non-optimized and optimized building units
of the zeolites. To corroborate it, we compared the experimental and the calculated XRD diffractograms
(see Figure S5 of the ESI). Our results show that there are non-significant displacement of the peaks in
the pattern of the non-optimized and the optimized structures. Then we conclude that the discrepancies in
distances between adjacent planes are negligible between the different models for LTA5A and NaY.
Nevertheless we found large variations in the adsorption of propylene and 1-hexene. Figure 8 illustrates
the adsorption isotherms of propane, and propylene in LTA5A and NaY zeolites in the i) non-optimized
and ii) optimized structures using DFT calculations, and iii) in optimized structures with classical
simulations. The adsorption of propane in NaY and LTABA is similar in all the structures, in agreement
with the experimental values. The main differences in the loading are found in the region of the inflection
point of the isotherm, due to the small variation of the intracrystalline distances of the zeolites. On the
other hand, the adsorption isotherms of propylene calculated in the non-optimized NaY and LTA5A
zeolites do not match experimental data, while computed isotherms in the optimized structures are in
better agreement with experiments. We analyzed the adsorption of n-hexane and 1-hexene in the
optimized and non-optimized frameworks (Figure S6 in the ESI) and obtain similar conclusions. This
means that the optimization of the structure is not needed for the adsorption of paraffins, but increase
significantly the accuracy of the predictions for the adsorption of olefins in aluminosilicates. Small
deviations of a given atom of the structure can produce changes in the electrostatic field inside the
cavities affecting the olefin adsorption; however, this is irrelevant for the adsorption of paraffins.
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Figure 8. Comparison between adsorption isotherms (298 K) of propane (open symbols) and propylene
(closed symbols) in (a) NaY and (b) LTAS5A using non-optimized structures (red diamonds), DFT
optimized structures (green triangles) and classically optimized structures (blue circles). Experimental
data are represented by solid lines (this work) and dashed lines (literature).%®°



Effect of cations in the separation

We have shown how calcium cations of LTAS5A interact more strongly with olefins than sodium cations.
Then we also include in this study, the aluminosilicates based only in calcium cations, such as CaA and
CaX with LTA and FAU topologies, respectively. The influence of the nature of the cation in the
adsorption can be observed in the average occupation profiles (AvOPs). Figure 9 shows the AVOPs of
propylene in zeolites with FAU topology (FAU-SI, NaY, NaX, and CaX) at 100 kPa and 298 K. At these
conditions, the four structures have the same loading, but the preferential adsorption sites differ. The pure
silica zeolite shows preferential adsorption in the center of the cages, and almost a homogenous
distribution in the rest of the cavity. In the NaY and NaX structures, the Na* cations become new
adsorption sites. These preferential sites allow for more heterogeneous distribution of the molecules
during adsorption. The centers of the cages are practically non-occupied in presence of Ca®* cations while
the distribution of the adsorbed molecules of propylene is close to the cations. NaY and CaX have similar
number of cations in the simulation box; 56 and 48, respectively. Thus the main difference in their
occupation profiles is due to the type of cation (Na* or Ca®*) and the location of the cations in the
structure. The average occupation profiles obtained for the different compositions in LTA topology are
provided in Figure S7 in the ESI.
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Figure 9. Average occupation profiles of propene in FAU topology at 100 kPa and 298 K.

To quantify the effect exerted by the calcium cation in the separation of the paraffin/olefin mixture, we
performed equimolar adsorption isotherms of propane/propylene mixture in zeolites with FAU topology
(FAU-SIi, HS-FAU, NaY, NaX, and CaX) and with LTA topology (ITQ-29, LTAS5A, and CaA). Figure 10
shows that zeolites CaX and CaA are excellent candidates to separate propane from propylene. As seen,
the calcium forms of these zeolites adsorb more than 3 mol/kg of propylene, while propane is almost
excluded from the mixture. The other structures with cations are also good candidates for separation as
can be observed in Figure S8 (ESI). As we have demonstrated before, this exceptional separation is a
consequence of the strong interaction of the olefins with the cations. The m-complexation between
propylene and the extraframework cations makes the difference for the separation of propylene/propane
in zeolites. To analyze the effect of the length of the alkyl chain in the olefin/paraffin separation, we
extended our study to longer hydrocarbons. Figure 11 shows the olefin/paraffin adsorption selectivity as a
function of the chain length in FAU and LTA type zeolites. This was obtained from the equimolar
adsorption isotherms of olefin/paraffin pairs from C3 to C9 carbon atoms at 100 kPa and 298 K. As for
propylene/propane, 1TQ-29 (pure silica with LTA topology), FAU-Si (pure silica) and HS-FAU (high
silica with a Si/Al ratio = 100) cannot separate the olefin/paraffin mixtures. In NaY (circles) the
adsorption selectivity in favor of the olefin is about 10 for all chain lengths, and the highest separation is
obtained for C6 (1-hexene/n-hexane) with a selectivity value of 25. The pair olefin/paraffin with the
highest values of adsorption selectivity depends of the density of the cations. The best separation
performance in most FAU-type zeolites is found for the C6 mixture. In NaX zeolite separation is better
for C5 (selectivity = 90). NaX (diamonds) and LTASA (squares) show similar behavior with very similar
selectivity for all the pairs. As mentioned before, CaX (triangles) shows similar selectivity for
propane/propylene separation than NaY, but the increase of the selectivity is not linear with increasing the
chain length. We found a maximum for the C6 mixture and also good separation performance for the



mixtures C7, C8 and C9. CaA is the zeolite with the best olefin/paraffin separation performance for all
pairs. The separation values are particularly high for the C3, C4, C5, and C6 mixtures. On the other hand,
FAU and LTA-type zeolites have similar adsorption capacity, represented by the color scale in Figure 11.
LTAS5A and CaA shows olefins storage of about 150-170 mg/g while the other aluminosilicates with
FAU topology show higher capacity (about 185 mg/g). In general, an increase in the length of the
hydrocarbon mixture up to 9 carbon atoms does not lower the separation performance of aluminosilicates.
This makes these materials excellent candidates for the targeted separation.

@

propylene =
propane @ s

Loading [mol/kg]
n w
]

-

ob—u—u—U. oo
107° 107* 102 102 107" 10° 10' 102
Pressure [kPa]

T <b) T

Loading [mol/kg]
n w
|

-

(B—8 o o - o o @
107° 107* 10° 102 107" 10° 10' 102
Pressure [kPa]

Figure 10. Equimolar adsorption isotherms of propane/propylene in (a) CaX and (b) CaA zeolites at
298 K.
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Figure 11. Adsorption selectivity of binary mixture (from C3 to C9) as a function of chain length in FAU
and LTA frameworks at 100 kPa and 298 K. Color scale represents the amount of olefins adsorbed.



CONCLUSIONS

We studied the olefin/paraffin separation of hydrocarbons with three to nine carbon atoms, with a
combination of experimental and molecular simulation techniques. Separation of equimolar binary
mixtures was predicted from the screening of the adsorption isotherms of pure components in more than
200 structures. This allowed the analysis of the effect of the zeolite topology in the propane/propylene
separation in pure silica zeolites. Adsorption selectivity confirmed that pure silica zeolites cannot be used
to separate these mixtures. Only in a few structures the values of adsorption selectivity were above 3 at
room conditions, but in general, the adsorption capacity of these structures is extremely low. To achieve
olefin/paraffin separation using zeolites, aluminosilicates with extra-framework cations that interact
strongly with the olefins are needed.

Experimental adsorption measurements of propylene in commercial NaY and LTA5A zeolites at different
temperatures allowed us to develop a set of Lennard-Jones parameters for the specific interactions
between the extra-framework cations and the CH,_sp? pseudo-atom groups of olefin models. These
parameters provided good agreement between the experimental and computational adsorption isotherms
of propylene for a wide range of temperatures and a variety of cationic zeolites. Comparison with
adsorption isobars of 1-hexene in NaY and LTAS5A measured in this work confirmed the transferability of
these force field parameters to longer hydrocarbons. We also found that for reproducing the adsorption of
olefins in aluminosilicates the location of the cations and the optimization of the structures are key
factors.

In aluminosilicates, n-bonding is formed between double bond of the propylene molecule and one
accessible Na* or Ca?" cation. DFT calculations showed that the binding energies in NaY and LTASA for
propylene are much higher than the obtained for propane. The preferential adsorption sites are close to the
cations and in particular, close to the Ca?* cations in LTAS5A. The binding geometries reflect the
differences between propane and propylene too. The double bond is oriented in parallel to the cation
forming an angle of about 90° while for propane the terminal carbon atom is pointing to the cation and o
is about 170°. We found agreement between the binding geometries obtained with DFT and with classical
calculations. In conclusion, zeolites with cations are excellent candidates for olefin/paraffin separation
due to the strong interaction of the olefin with the cation though the m-bonding. The binding energies
indicate that this interaction is stronger with divalent cations, such as calcium. Therefore, exchanging Na*
cations for Ca" cation in zeolites might enhance the olefin/paraffin separation with an exclusion of the
paraffin from the mixture.
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