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A new united atom force field was developed that accurately describes the adsorption properties of linear
alkenes in zeolites. The force field was specifically designed for use in the inhomogeneous system and therefore
With the determined force field, we performed a comparative
and propene in four pure-silica small-pore eight-membered-ring
zeolites, CHA, DDR, ITE, and IHW (named Chabazite, DD3R, ITQ-3, and ITQ-32, respectively), characterized
The different macroscopic adsorption behaviors of alkenes in
the four zeolites were elucidated and related to their structures with the microscopic information obtained

a truncated and shifted potential was used.
study on the adsorption behaviors of ethene

for their paraffin/olefin separation capability.

from the molecular simulations providing useful information for further rational design of such zeolites with

tailored properties.

1. Introduction

In recent years there has been considerable interest in

separation technology concerning olefin/paraffin systems. Many

microporous materials such as zeolites are recognized as
promising candidates for this purpose based on their adsorption

and diffusion propertiek. 12 Therefore, it is important to explore
the adsorption and diffusion behaviors of hydrocarbons in
different zeolites. In addition to experiment, molecular simula-

tion has proved to be a useful tool to investigate the properties

of fluids confined in porous material3.Although there are
numerous simulation studies on the adsorption and diffusion

of alkanes in zeolites, theoretical studies concerning the alkenes

in zeolites are scarc@/ 18 mainly due to the absence of suitable
force fields.

Many united-atom (UA) force field§-2% have been proposed
recently that can accurately and quantitatively describe the
adsorption and diffusion properties of alkanes in nanoporous
framework structures. However, to the best of our knowledge,
there are only two UA force fields dealing with the adsorption
of alkenes in zeolite¥*18 The first one was developed by
Jakobtorweihen et &f This force field accurately describes the
adsorption properties of alkenes in the Silicalite (MFI) zeolite
as well as in the Theta-1 (TON) and DD3R (DDR) zeolites.
This force field, however, uses tail corrections which make it
less practical to use in inhomogeneous syst&RsThe other
one is the extended version of this force field to include the
effects of sodium cations by Granato et‘alAs most of the
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Figure 1. Vapor-liquid coexistence curves for (a) ethene and (b)

accurate alkane models do not use these tail corrections for doingPfoPene-

proper adsorption and diffusion in this type of systems, it is
important to have a similar type of model for both alkanes and
alkenes.
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Pure silica small-pore eight-membered-ring (8R) zeolites have
been recognized as promising candidates for olefin/paraffin
separatiort:# Although various pure silica 8R zeolites have been
experimentally characterized for their alkene adsorption and
olefin/paraffin separation capability»81526theoretical studies
concerning the diffusion and adsorption of alkenes in these kinds
of zeolites are very scaré@é>16The only available work is that
of ter Horst et al1® who studied the diffusion of propene in the
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TABLE 1. Force Field Parameters Used in This Worlé

o CHy(sp) CHa(sp) CHa(sp) CH(sp)
Jjj eij/kB Oijj Eij/kB Ojj eij/kB Oijj Eij/kB Ojj eij/kB

CHg(sp’) 3.48 93 3.76 108 3.86 77.77 3.72 100.22 3.75 75.66
CHay(sp’) 3.58 60.5 3.86 77.77 3.96 56 3.82 72.17 3.85 54.48
CHy(sp) 3.53 82.05 3.72 100.22 3.82 72.17 3.685 93 3.71 70.21
CH(sp) 3.502 55.215 3.75 75.66 3.85 54.48 3.71 70.21 3.74 53

bond lengths ro (A)

CH—CH,j 1.54

CHi=CHj 1.33

bend: UPend= 1 ky(6 — 00)?; kolks = 70400 K;0p= 119.70
torsion: Utersion= Co + C1[1 + cosg)] + co[1 — cos(2p)] + c3[1 + cos(3p)]
c/ks in K Co C C2 C3
688.5 86.36 —109.77 —282.24

alJ parameters; in A and ej/ks in K. The CH(sp)—CHi(sp®) and CH(sp®)—oxygen interaction parameters were taken from ref 19 and the
internal bond, bend, and torsion parameters were taken from ref 30. The parameters proposed in this work are given as bold italics.

pure-silica zeolite DD3R with the commercial program package the bond bending between three neighboring beads, and the
Cerius2, and the very crude simulations on the adsorption of torsion potential used in the TraPPE-UA force fi€ldvas
alkenes in the zeolites DD3R and ITQ-12 with Cerius2 as a adopted in this work controlling the torsional angle. The
support for the experimental measureménisAt present there effective Lennard-Jones (LJ) interaction parameters for the CH
are much more accurate force fields available compared to the(sp’) groups were taken from the ref 19 and the ones between
ones in Cerius2. Considering that there are eleven 8R zeolitesthe CH(sp?)—CHy(sp?) and CH(sp)—CH(sp) groups were
that can be prepared as pure silica and their potential applicationoptimized in this work to reproduce the vapdiquid coexist-

for olefin separation, it is worth performing a systematic ence curves for ethene and propene. The experimental éurves
comparative study for some of them, for which molecular and our simulation results based on the TraPPE-UA (using the
simulation is the most suitable tool. Therefore, with the newly truncated and shifted potential instead of the truncated potential
developed force field, this work performed a systematic mo- with tail corrections) as well as on the new LJ parameters (all
lecular simulation study on the adsorption of ethene and propenethe parameters are listed in Table 1) are shown in Figure 1a,b.

in four pure-silica 8R zeolites with different pore topologies,
Chabazite (CHA), DD3R (DDR), ITQ-3 (ITE), and ITQ-32
(IHW). The microscopic information obtained from the molec-
ular simulations was used to elucidate the different macroscopic
adsorption behavior of the four zeolites to provide useful
information for further rational use of such zeolites.

2. Simulation Technique

To test the accuracy of the alkenalkene interactions, the
vapor-liquid coexistence curves (VLCC) were computed by
using theNVT version of Gibbs ensembfé28 For the calcula-
tion of Henry coefficient and the isosteric heats of adsorption
at infinite dilution QJ, we performed configurational-bias
Monte Carlo (CBMC) simulations in thdVTensemble. During
the simulation we computed the Rosenbluth factor and the
internal energyAU, which are directly related to the Henry
coefficient andQJ, respectively?%29 Adsorption isotherms
were calculated in the grand-canonical ensemble with use of
the CBMC method. A detailed description of the simulation
methods can be found in ref 20.

3. Results and Discussion

3.1. Development of the New UA Force Fieldn the present
work, the united atom model was used, in whichsGif), CHx-
(sp), and CH(sp) groups are considered as a single pseudoatom
or united atom. The Lennard-Jones—# potential was used,
which is truncated at a cutoff4,) of 12 A and shifted so that
the energy tends smoothly to zero at the cutoff.

3.1.1. Alkene-Alkene Interaction. The TraPPE-UA force
field for alkene®® was used in this work. The bond length
between the atoms was kept fixed. Harmonic potential models

Obviously, the coexistence densities were well reproduced by
our new parameters, much better than that from the original
TraPPE-UA parameters.

3.1.2. Alkane—Zeolite Interaction. To keep the consistency
of all interaction parameters used in this work we adopted the
united atom force field proposed by Dubbeldam et%dor
describing the interactions between i) centers and the
oxygen atoms of the zeolite framework. This force field

faithfully reproduces the experimentally determined isotherms

(particularly the inflection points) in pure silica MFI-type
zeolites and has been successfully extended to most types of
pure silica zeoliteg?32:33

3.1.3. Alkene-Zeolite Interaction. Following a similar
strategy as employed in our previous Wrke for the develop-
ment of the UA force field for alkanezeolite systems,
simulations were performed first for the adsorption isotherms
of ethene, propene, and 1-butene to determine the effective LJ
interaction parameters for the @), CH(sp¥), and the oxygen
atoms of the zeolite framework. Ideally, one would like to
calibrate a force field on various data sets from different authors.
Therefore the experimental values measured in MFI zeolites
were adopted here as the calibration set. Our simulation results
as well as the experiment4i4! and previous simulation
result3*17 are shown in Figure 2ac. We found that our UA
force field faithfully reproduces the experimental isotherms and
shows comparable results with previous simulations. It should
be pointed out that in Jakobtorweihen et al.’s wérthe tail
correction was used, while in Pascual et al.’s Wérk more
complex anisotropic united atom (AUA) potential scheme was
used.

Having obtained the parameters for &$$?)—0 and CH-
(sp)—0, we need to check their validity. First, the isosteric
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Figure 2. Comparison of the experimental and simulated adsorption
isotherms of (a) ethene, (b) propene, and (c) 1-butene in MFI zeolites.
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TABLE 2. Isosteric Heats of Adsorption at Infinite Dilution
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2 The experimental data are taken from Table 3 in ref 14.

TABLE 3. Henry Coefficients Ky and Isosteric Heats of
Adsorption at Infinite Dilution QY of Propene at 303 K

Kn (mol/kg/Pa) Qsl(kJ/moI)
zeolite sim. exph*s sim. exptl
DD3R 9.67x 104 7.54x 104 35.6 36.6
CHA 5.28x 104 33.0 335
ITQ-3 452x 104 31.6 285
ITQ-32 7.25x 104 11.61x 104 36.0 33.6°
TON 4.24%x 104 39.8

To demonstrate that our parameters are transferable to other
pure silica zeolites other than MFI, we also calculated the
adsorption isotherms, together with those of Henry coefficients
and isosteric heat of adsorption at infinite dilution of ethene
and propene in TON, DD3R, ITQ-29, CHA, ITQ-3, and ITQ-
32 zeolites and compared with experimental data avaiftéidfe?>
as shown in Table 3 and Figures 3 and 4.

Figure 3 shows for ethene the agreement between our
simulations and the experiments is good for TON, ITQ-29 (our
simulations agree well with the experimental data of ref 43 at
298 K, but less with that of ref 44 at 301 K, attributing to the
existence of discrepancy between experimental data measured
by different authors), and CHA, but less for DD3R. For the
latter, our simulations show systematically higher values than
the experimental observations and similar deviation has been
observed by other simulations with use of a different force
field.1* The discrepancy between simulations and experiments
may be attributed to the perfect structures used in the simula-
tions, while the experimental samples may be not completely
accessible due to intergrowths and partial blocking of the pores.
Also this discrepancy can be related to the large diffusional
limitations due to the very large crystal size that generally is
observed in pure silica zeolites, precluding reaching thermo-
dynamic equilibrium in the experimental data.

For propene, as a first step the Henry coefficients and the
isosteric heat of adsorption at infinite diluti@{, were calcu-
lated, and compared with experimental vafife$ whenever
available, as shown in Table 3. Again the discrepancy between
simulations and experiments may be attributed to the reasons

and 1-butene in MFI zeolite were calculated, as shown in Table that simulations are always assuming perfect and infinite crystals
2. The calculated results based on our new force field show as well as equilibrium. However, experimentally this is not the
comparable results with Jakobtorweihen et al.’s simulations and case and generally crystals are far from being perfect. Of course,
are in the range of the experimental data, closing to the meanthe amount of defects will depend on the thermal history,
value between the lowest and the highest experimental valuessynthesis method, etc. used to prepare the sample. Then, this

TABLE 4. Structural Information for the Four Pure Silica 8R Zeolites Used in This Work

simulation cell size (A)

zeolite topology unit cell X y z ring size (A)

DD3R %2 2-d a=13.860,c=40.89 A 41.58 41.58 40.89 3744
trigonal (R3m)

CHA 47 3-d a=13.529,c=14.748 A 27.058 27.058 29.496 383.8
trigonal (R3m)

ITQ-358 1-d a=20.622b=9.724,c=19.623 A 41.244 38.896 39.246 384.3
orthorhombic Cmcn)

ITQ-3226 2-d a=13.699b=24.067,c= 18.197 A 27.398 48.134 36.394 354.3

orthorhombic Cmcg
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Figure 3. Comparison of the experimental and simulated adsorption isotherms of ethene in (a) TON, (b) ITQ-29, (c) CHA, and (d) DD3R zeolites.

cannot be accounted for in theoretical studies. A second sourceadsorption at infinite dilution, show that the UA force field
(and at least equally important) is the accuracy of experimental proposed in this work is applicable to most pure silica zeolites
methods and the corresponding adsorption models used duringand can be used for the characterization of alkene adsorption
the data analysis for calculating the Henry coefficients and heatsin the zeolites.
of adsorption. For instance, the experimental data on the pure 3.2. Comparison of Alkene Adsorption in Pure-Silica
silica ITQ-32 sample were obtained by some of the authors of CHA, DD3R, ITQ-3, and ITQ-32 Zeolites. With the deter-
this paper and published in ref 45 as Supporting Information. mined force field, we further performed a molecular simulation
In this work, these data were fitted using the Virial formalism study on the adsorption of alkenes in four typical pure silica
to describe the isotherm and the Henry coefficients were 8R zeolites with different pore topologies, CHA, DD3R, ITQ-
calculated at each temperature (25, 60, and®p The Heats 3, and ITQ-32, since they have been recognized as promising
of adsorption were calculated by using the Clausius-Clapeyron candidates for the separation of alkene from olefin/paraffin
equation. Our experimental error for the heat of adsorption is mixtures in the petrochemical industy*4°
larger than 3 kJ/mol and therefore there is a good agreement 3.2.1. Zeolite Models.The structures of DD3R, CHA, and
between experimental and calculated results. On the other hand|TQ-3 are well-known and have been used in many previous
since the uncertainty of tHé, values in this case is much higher  simulation studie$*16.204851 The DDR-type zeolite consists
than that inQs; values, the differences in order of magnitude of 19-hedron cavities connected through 8R windows across a
are meaningful. Furthermore, the adsorption isotherms of hexagonally arranged two-dimensional cage/window-type sys-
propene were computed and given in Figure 4, showing that tem. The CHA-type zeolite consists of an ellipsoidal cavity
the experimental isotherms could be accurately predicted for through 0.38 nm wide 8R windows. ITQ-3 has a one-
ITQ-3 and ITQ-32 zeolites. For DD3R, a similar behavior as dimensional pore system with small windows of about 0.4 nm
ethene was found, that is, simulated uptakes are higher thanin diameter made up of 8R that open to larger cavities. A second
the experimental data. Again, this may be attributed to the fact straight channel runs through the material but is too narrow to
that diffusional restrictions are limiting to fully reach equilibrium accommodate guest molecules. ITQ-32 has been synthesized
in the experimental measurements or to the presence of someecently® and has never been the focus of a simulation. It
low-porous amorphous silica which could accompany the DD3R exhibits a unidirectional small 8R channel system along the
sample studied in ref 2. CHA is another case in which our x-axis, with a pore aperture of 3.5 4.3 A, which is crossed
simulations show systematically lower values than the experi- perpendicularly by relatively short 12R channels. The 12R
mental observations. The reason might be the sensitivity of the channels interconnect two neighbored 8R channels along the
Lennard-Jones potential for small changes in the parametersdirection, resulting in a bidirectional pore structure. The
when the oxygen and carbon groups are in close proxiffity. —structures of the four zeolites are shown in Figure 5, and some
This effect would be enlarged when the adsorbate is bigger. details of the structures of the four zeolites are summarized in
The simulation results of the adsorption isotherms, together Table 4. In the simulations, the zeolite structures were con-
with those of the Henry coefficients and the isosteric heat of structed by using the atomic coordinates repotfed,>2-53%and
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Figure 4. Comparison of the experimental and simulated adsorption isotherms of propene in (a) ITQ-3, (b) ITQ-32, (c) DD3R, and (d) CHA
zeolites.

the zeolite lattices were assumed to be rigid in the simulations zeolites. The inflection behavior was found on the adsorption
since the flexibility of the framework has a negligible influence isotherm for DD3R at a loading of 12 molecules per unit cell
on the adsorption propertiés. for ethene and 6 for propene. This corresponds to 2 molecules

3.2.2. Comparison of Alkene Adsorption Behaviors.To per accessible cage for ethene and 1 for propene since one unit
compare the adsorption behaviors of alkenes in the four typical cell of DD3R has six 19-hedron cagés$n view of the free
8R zeolites, DD3R, CHA, ITQ-3, and ITQ-32, the adsorption volume, the 19-hedron cavity is large enough for 2 ethene
isotherms of ethene and propene in them at 303 K were molecules, but also allows the adsorption of exactly two propene
simulated, as shown in Figure 6a,b. molecules, which is possible only in a certain arrangement. If

For ethene at low pressures, the order of the adsorptionall the cages are filled with one molecule, insertion of an
capacity is DD3R> ITQ-32> CHA > ITQ-3; at high pressures,  additional molecule requires some energy for the rearrangement.
the order changed to CHA ITQ-3 > DD3R ~ ITQ-32. This Consequently, a second inflection behavior occurs evidently at
agrees with the order of the experimentally measured void higher pressures, for a loading of 2 propene molecules per
volumes of the four zeolites determined by, lddsorption accessible cage. In the case of ITQ-32, similar adsorption
measurements: CHA, 0.3 éfg;*” ITQ-3, 0.23 cni/g;*” ITQ- behavior as DDR is observed, that is, the inflection behavior
32, 0.16 cr¥/g;?6 and DD3R, 0.15 crig.?2 The order of the occurs at a loading of 12 molecules per unit cell for ethene,
propene adsorption capacity is the same as the one for ethen@nd 6 for propene were observed. The underlying mechanism
at low pressures, agreeing well with the order of the experi- is the same as that for DD3R. As for CHA, the inflection
mental Q7 presented in Table 3, while at high pressures, the behavior was found at a loading of 6 molecules per unit cell
order changed to ITQ-3» CHA > ITQ-32 ~ DD3R. The for ethene and no inflection occurred for propene. A unit cell
adsorption capacity of a zeolite is affected by various factors, of CHA contains a single cage with 6 eight-membered 0.38
and the main ones are surface area, the interactions betweemm wide ring windows. The guest molecules have to pass
adsorbate and adsorbent, packing of adsorbate molecules insidéhrough the windows to enter the cage. The cage can host more
the void spaces of the adsorbent, and the available void volumesthan 6 ethene molecules (but much more energy is needed for
At very low pressures (close to infinite dilution), the interactions insertion after 6 molecules per cage) and exactly 6 propene
between adsorbate and adsorbent are a predominant factor, whilénolecules. ITQ-3, on the other hand, has four cavities per unit
at sufficient high pressures it is determined by the effective void cell. The adsorption isotherms do not show any obvious
volume. The adsorption behavior is the result of the cooperative inflection and the maximum capacity for ethene is 4 molecules/
effects of the various factors. This explains the changes of the cavity and 3 molecules/cavity for propene.
adsorption capacities with pressures of the four zeolites shown
in Figure 6a,b.

In addition to the differences in adsorption capacities, the  The UA force field developed in this work can accurately
shapes of the adsorption isotherms are also different for the fourdescribe the adsorption properties of linear alkenes in several

4. Conclusions
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Figure 6. Simulated adsorption isotherms of (a) ethene and (b) propene
in DD3R, CHA, ITQ-3, and ITQ-32 zeolites at 303 K.
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