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Molecular simulation of adsorption of n-alkanes in Na-MFI
zeolites. Determination of empirical expressions.
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We performed Configurational-Bias Monte Carlo simulations to provide adsorption
isotherms, Henry coefficients and heats of adsorption of alkanes in sodium exchanged MFI-
and MOR-type zeolites. We derived empirical expressions from the simulation data to
describe the adsorption of linear alkanes in sodium exchanged MFI structures. These
expressions adequately describe the Henry coefficient and adsorption enthalpy of n-alkanes as
a function of sodium density and temperature. In the high coverage regime we provide an
expression for saturation capacities of n-alkanes in the zeolite that combined with the
obtained for Henry coefficients, gives a direct estimation of the complete adsorption
isotherms of pure adsorbents and mixtures.

1. INTRODUCTION

Molecular simulations using classical potential models provide molecular level information
inaccessible to experiment and beyond the reach of ab initio calculations. In particular,
Configurational-Bias Monte Carlo (CBMC) simulations are capable of accurately predicting
adsorption of alkanes in zeolites [1-6] and Molecular dynamics simulations using similar
potentials can also predict diffusivities that closely match experiment [7]. MFI and MOR-type
topologies are among the most important synthetic zeolites from an industrial point of view
[8-10]. MOR exists in a large Si/Al ratio domain and therefore it is particularly useful for
catalytic applications. The structure with the highest Al-content has a composition
NagAlgSigoOgs and the structure can be refined with Cmcem symmetry [11]. The framework
has a porous structure, which consists of main channels parallel to [001], having a slightly
elliptical cross section with 12 TOy tetrahedron units (T = Si, Al), which are connected with
small side channels parallel to [010], with 8 TO4 cross sections called side-pockets.

The MFI-type zeolite can be synthesized with a composition range 8 < Si/Al < oo, It is a three-
dimensional pore system consisting of straight, 0.53 nm across parallel channels intersected
by perpendicular zigzag channels and with 10-membered rings of oxygen atoms controlling
the entrance to the channels [9]. At room temperature this zeolite typically has an
orthorhombic symmetry (space group Pnma) with 12 distinct crystallographic T-sites [12]. In
a previous work we presented a new force field able to reproduce accurately adsorption
properties in sodium exchanged faujasites zeolites [13,14]. In this work we demonstrate that



this force field can be successfully extended to other sodium exchanged zeolites. Firstly we
have performed molecular simulations to provide adsorption properties of n-alkanes in several
Na-MOR and Na-MFI structures varying the non-framework sodium concentration and
secondly we have fitted the obtained results for Na-MFI structures with an empirical
expression for Henry coefficients and heats of adsorption as a function of the sodium
concentration, temperature, and type of alkane. Finally we have extended our calculations to
mixtures of alkanes.

2. METHODS

Simulations in the low and high coverage regime were computed using Configurational- Bias
Monte Carlo (CBMC) in the grand-canonical and NVT ensemble, respectively. The
conventional simulation techniques to compute adsorption isotherms are prohibitively
expensive for long alkanes whereas the CBMC technique simulates them at affordable cost
[15]. In a CBMC simulation molecules are grown bead by bead biasing the growth process
towards energetically favorable configurations avoiding overlap with the zeolite. During the
growth the Rosenbluth factor is calculated. The average Rosenbluth factor is directly related
to the free energy and the Henry coefficients [14,16]. More details on this simulation
technique can be found elsewhere [16-18].

Zeolite frameworks have been constructed from silicon, aluminium, and oxygen atoms. The
MFI-type zeolites were modeled from the crystallographic structure of silicalite [10] in which
Si atoms were substituted by Al atoms [19-20]. The MOR models have been constructed from
the crystallographic data of Meier [11]. In all cases simulation boxes were chosen large
enough to obey the minimum image convention with a potential cut-off of 12 A and periodic
boundary conditions were applied in all directions. The charge distribution on the oxygen
framework was considered static; i.e. polarization of oxygen by nearby sodium cations is
implicitly modeled by distinguishing silicon from aluminium with a difference of 0.3 ¢
between qs; and qa; [21]. Different charges are used for oxygen atoms bridging two silicon
atoms, qog, and oxygen atoms bridging one silicon and one aluminium atom qoa. qos;i 1S
obtained using the relation gsi + (2 x qos) = 0, making the zeolite neutral in the absence of
aluminium, while qo, is chosen to make the total system charge equal to zero [13, 22, 23].
The non-framework sodium cation density was adjusted to match the framework aluminium
density and the density of the zeolites is determined by the framework atoms (aluminium,
silicon and oxygen) and the non-framework cations (sodium). In our model, the sodium
cations can move freely (interactions defined through Lennard-Jones and coulombic
potentials) and adjust their position depending on their interactions with the framework
atoms, other sodium cations, and alkane molecules.

The interactions between guest molecules (alkanes and sodium cations) with the zeolite host
framework are modeled by Lennard-Jones and Coulombic potentials. The Coulomb
interactions in the system are calculated using the Ewald summation [16]. The alkanes are
described with a united atom model, in which CHy groups are considered as a single
interaction centers with their own effective potentials [24]. The beads in the chain are
connected by harmonic bonding potentials. The bond bending between three neighbouring
beads is modeled by a harmonic cosine bending potential and changes in the torsional angle
are controlled by a Ryckaert-Bellemans potential. The beads in a chain separated by more
than three bonds interact with each other through a Lennard-Jones potential. The interactions
of the adsorbed molecules with the zeolite are dominated by the dispersive forces between the
pseudo-atoms and the oxygen atoms of the zeolite [25-27] meaning that the silicon van der



Waals interactions are taken into account through an effective potential with only the oxygen
atoms. We use a newly developed force field, where the nature, density, and mobility of the
non-framework cation, the density of the framework aluminium, and all host-guest
interactions are carefully taking into account. The alkane-sodium, alkane-alkane, and alkane-
zeolite interaction parameters were obtained by calibrating the force field through explicitly
fitting a full isotherm over a wide range of pressures, temperatures and sodium densities [13].
We fit complete adsorption isotherms, because experimental determination of the adsorption
properties at very low and at very high coverage is fraught with difficulty resulting in a large
spread in experimentally determined Henry coefficients and saturation loadings, respectively.
The agreement between experimental data from different groups in the intermediate coverage
regime is significantly better [13].

3. RESULTS AND DISCUSSION

Fig. 1a shows the excellent agreement of our computed isotherms for ethane in Na-MFI with
available experimental data [28]. The isotherms reproduce the experimental isotherm shape
and also the experimental saturation capacity of the validation data set. They were obtained
for MFI structures with 3 Na'/uc at 295 and 297 K, respectively. Henry coefficients and heats
of adsorption of linear alkanes were computed for a wide range of temperatures and the full
range of aluminium (and sodium) densities in both MOR and MFI-type zeolites. Table 1
summarizes the obtained values as a function of the sodium density for the MFT structure at
300K.
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Fig. 1. Simulated adsorption isotherms of ethane in sodium-exchanged zeolites. Available previous
data are included for comparison [4, 28-30]; (a) Na-MFI structures with 3 Na'/uc at 295 and 297 K.
(b) Na-MOR structures with 8Na/uc at 296 K.

Fig. 1b shows adsorption isotherms of ethane in sodium exchanged MOR structures (8Na'/uc)
at 296K. Differences between previous experimental data are clearly observed [4, 29,30].
Agreement between Maginn et al. [4] and Satterfield et al. [29] is good at low pressures but



their isotherms diverge above 10kPa. Choudhary et al. show higher adsorption for their range
of pressures leading to presume that small differences in sample preparation and aluminium
distribution can play an important role on the adsorption in MOR topologies. Our simulations
support this theory showing variation on the adsorption isotherms of ethane in Na-MOR
structures with different Al distribution. Fig. 1b additionally compares the adsorption of ethane in
both, pure silica and Na-exchanged structures. At 10 kPa the ethane loading is about one molecule per
unit cell for the former, increasing up to four molecules per unit cell for the later. Our previous results
showed similar behaviour for Na-exchanged faujasites [6] and differences for MFI structures, though
less significant, were also observed. This leads us to claim that non-framework sodium cations are
vital to accurately obtain adsorption of alkanes in Na-exchanged zeolites.

As shown in Fig. 2, Henry coefficients of linear alkanes in sodium exchanged MFI topologies
adequately fit on a surface defined through the expression:

LnK, =(n-Ns+v)-CN =& (1)

where m, v, and & are given in Table 2 for a wide range of temperatures. This temperature
dependence is captured by:
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Fig. 2. Henry coefficients of n-alkanes in Na-MFI obtained using CBMC simulations. Henry
coefficients were computed at 300 K and they are plotted as a function of carbon number (methane to

decane) and as a function of sodium density.

Table 1.
Henry coefficients [molKg'lPa'l] at 300K, and heats of adsorption [kJ/mol] in Na-MFI.
2 Na/u.c. 4 Na/u.c. 6 Na/u.c 8 Na/u.c.
LnKy -AH® LnKy -AH® LnKy -AH° LnKy -AH°
Methane -11.8 18.6 -11.3 20.7 -10.7 22.6 -10.1 23.9
Ethane -8.3 32.0 -8.0 32.9 -7.5 35.0 -7.2 36.1
Propane -6.0 41.7 -5.5 43.2 -5.0 46.2 -4.6 47.2
Butane -3.4 52.4 -2.8 55.0 -2.2 58.1 -1.8 59.3
Pentane -0.8 62.4 -0.2 64.9 0.3 68.3 0.9 71.9
Hexane 2.0 73.4 2.5 74.9 3.1 79.6 4.0 84.4
Heptane 4.9 84.9 54 86.3 6.3 91.4 6.8 97.1
Octane 8.0 97.4 8.6 98.5 9.0 103.5 9.2 106.6
Nonane 11.1 110.0 11.7 110.7 12.1 116.0 12.0 119.2
Decane 14.4 122.2 15.0 122.9 15.1 128.2 15.1 131.9

Egs. 1 and 2 can be combined into an empirical expression that describes the n-alkane Henry
coefficient Ky [mol kg Pa™] as a function of sodium density Ns [cations per unit cell],

temperature T [K], and carbon number CN:

1

LnK, =—[4387.72(Ns +10570)CN —1 1487.2]+l[(5Ns +1166.4)CN +1221.89]-

(0.016Ns +1.409)CN —17.9

€)

The temperature derivative of Eq. 3 provides an expression for the adsorption enthalpy AHy

[kJ/mol]:
AH, = 3[(4387.72Ns +10570)CN —11487.2]+ (5Ns +1166.4)CN +1221.89 (4)
Table 2.
Coefficients M, v, and & as a function of temperature.
T [K] 250 300 350 400 450 500

n 0.074 0.048 0.035 0.024 0.017 0.011
% 342.42 26008 200.81 157.08 123.35 0.97
& 130.2 139.6 145.25 149.24 152.52 155.19

Fig. 3 compares the heats of adsorption of n-alkanes obtained from the empirical expression
with available experimental data [31-35]. The applicability of the new force field is by no
means limited to low pressure for it also reproduces accurately the adsorption of alkanes at
high pressures [13]. The saturation capacities (Bs,) of n-alkanes (methane to hexadecane) for



Na-exchanged MFI topologies can be fit to a second order exponential decay as a function of
the carbon number (CN):

0su [molecules/uc|= 1.1+ 21.5exp - {%} +6.9exp - [i_l;’} )

0, Imolecules /ucl= 6, [mol kg™ ] N, - [kg-m™]- [m’] (6)

Where Ny is Avogadro’s number, p the zeolite density and V is the volume of the unit cell.
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Fig. 3. Heats of adsorption of linear alkanes in Na-MFI zeolites obtained from our empirical
expression. In all cases deviation between empirical (Eq. 4) and computed results is smaller than the
symbol size. Available experimental sets are included for comparison [31-35].

The saturation capacity [mol kg"'] combined with the expression for the Henry coefficients
(Eq. 3) allow the direct estimation of the adsorption isotherms of linear alkanes in sodium
MFT structures by using the Langmuir isotherm in the form:

_ Kk
1+ (KH /esat )p

(7)

Where 6 is the loading of alkane in the zeolite in mol per kilogram and p is the system
pressure in Pa. Calculations using Eq. 7 are in good agreement with the adsorption isotherms
of adsorbents obtained from CBMC in silicalite and sodium exchanged structures. This can be
observed in Fig. 4 for the adsorption of pure component methane, ethane, propane and n-
butane and the equimolar quaternary mixture in MFI at 300 K.
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Fig. 4. Adsorption isotherms of n-alkanes in MFI using 1) CBMC simulation (symbols) and 2) a
Langmuir model in which the parameters are calculated from Eqs. 3 and 5 (line). Left: Pure
components. Right: Equimolar mixture of methane, ethane, propane and n-butane.

4. CONCLUSIONS

Our recently developed united atom force field for alkanes in sodium faujasites has been
successfully applied to a variety of MOR and MFI sodium exchanged topologies. In the low
coverage regime we provide simple expressions that adequately describe the n-alkane Henry
coefficient and adsorption enthalpy in Na-MFTI topologies as a function of sodium density and
temperature. The predicted Henry coefficients and heats of adsorption compare extremely
well to available experimental data affording an adequate substitute for complex
Configurational-Bias Monte Carlo simulations. In the high coverage regime we provide an
expression for saturation capacities of linear alkanes in sodium exchanged MFI. This
expression combined with the expression for the Henry coefficients gives a direct estimation
of adsorption isotherms of pure adsorbents and mixtures, in good agreement with the
adsorption isotherms obtained from CBMC.
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