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Abstract

Zeolites have been widely used for the processes of adsorption, separation, and catal-

ysis, which are strongly correlated with molecular diffusion. However, the correlation

between pore dimension and diffusion properties has not been systematically investi-

gated so far. In this work, the diffusion properties of alkanes in six zeolites with simi-

lar pore sizes but different pore dimension have been examined. It is found that the

diffusion coefficients of alkanes in zeolites are 2–5 orders of magnitude smaller than

that in gas phase. Moreover, the diffusion of alkanes inside zeolites is sensitive to the

pore dimension, and can be differentiated by 1-D straight, 1-D tortuous, and 3-D

intersecting channels, based on the derived quantitative correlation between the dif-

fusion behavior and pore dimension. Our work may not only provide deep insights

into the effects of pore dimension on diffusion, but also benefits for the future design

and practical applications of zeolite catalysts.
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1 | INTRODUCTION

Porous materials (e.g., zeolites, MOFs and COFs) have been widely

used in the fields of adsorption, separation, and catalysis,1-4 which

depends critically on the dimensional matching between adsorbate

and the channels of porous materials.5-7 Among various porous mate-

rials, zeolites, because of their porous structures with excellent activ-

ity, hydrothermal stability as well as high selectivity, have been
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extensively employed in petrochemical industries for the processes of

cracking, alkylation, etc.8-11

Up to now, more than 240 different topology structures of zeo-

lites have been synthesized,12 which can be divided into cage-type,

1-D channel-type, and intersecting channel-type.13 Many applications

of zeolite catalysts rely on the compatibility between the pore dimen-

sion and the molecular size of the reactants, intermediates, or prod-

ucts.14,15 It is widely accepted that understanding a reaction inside

the pores requires knowledge on adsorption of the reactants, diffu-

sion of the reactants to the reaction centers, catalytic conversion of

the reactants into the products, subsequently diffusion of the prod-

ucts away from the reaction centers, and finally desorption of the

products from the zeolite.15 It should be noted that the diffusion is

essential in all these steps. Thus, comprehensive understanding of the

diffusion in zeolites is necessary to reveal the mechanism of zeolite

catalysis.

Recently, the importance of diffusion in the heterogeneous catal-

ysis has been well demonstrated. Lercher et al investigated the tolu-

ene methylation in the medium pore size zeolites and found that the

rates of methylation increased with respect to the diffusion of the

aromatic molecules, which are slow in transportation and reac-

tion.16,17 It is experimentally observed that the catalyst lifetime of

methanol to hydrocarbons reaction is longer in straight channels of

ZSM-11 than that in tortuous channels of ZSM-5 because of the

effects of diffusion paths.18 Recently, it is indicated that the diffusion

dynamics together with the reaction kinetics could significantly pro-

mote the activity of the carbonylation reaction inside MOR zeolite.19

However, from a scientific point of view, it is quite challenging to dis-

close the mechanism of confined diffusion in zeolites.20-22

It is well known that self-diffusion coefficients (Ds) can be experi-

mentally measured by the pulsed field gradient nuclear resonance

(PFG-NMR), quasielastic neutron scattering (QENS) methods, as well

as single molecule fluorescence microscopy.23-27 Nevertheless, it is

still a significant challenge to in-situ obtain Ds under the reaction con-

ditions (e.g., high temperature and high pressure). As a powerful com-

plement to the experimental methods, the molecular dynamics

(MD) theoretical simulation provides an alternative way to obtain Ds.

Previous work has demonstrated that such an advanced MD calcula-

tion can be used to investigate the influence of temperature and load-

ing on the selectivity of specific hydrocarbons in zeolite

catalysts.15,28-30 Ghysels et al investigated the influence of composi-

tion, topology and temperature on the diffusion of ethene in several

cage-type zeolites, and they introduced the concept of accessible win-

dow area to correlate the diffusion and pore size.31 Krishna and van

Baten examined the diffusion behaviors of small gas in zeolites with

very different pore size (such as 3-D cage-type CHA of 3.8 Å, 1-D

channel-type AFI of 7.3 Å size, 3-D intersecting channel-type MFI of

5.1–5.6 Å) and found that the diffusion coefficient is strongly depen-

dent on the temperature and loading.32-35 Smit et al investigated the

loading dependence of methane in several zeolites with different

channels, and elaborated that the diffusion difference comes from

free energy profiles.13,36,37 For zeolites possessing the similar pore, it

is observed experimentally that the diffusion of reaction species

possibly plays a crucial role in determining the different catalytic per-

formance.38,39 However, the mechanism of diffusion difference for

zeolites possessing very close pore sizes is still not fully understood

to date.

Alkane dehydrogenation and cracking reactions, as a typical het-

erogeneous catalysis, have been extensively investigated in medium

pore zeolites.40-46 In this work, by taking account of the effects of

temperature, pressure, and alkanes, the combination of MD and

Monte Carlo (MC) simulations have been performed to study the dif-

fusion behavior of alkanes inside six medium pore zeolites (i.e., MFI,

MEL, PON, BOF, ATO, and PSI). On the basis of the self-diffusion

coefficient, diffusion trajectory, velocity autocorrelations function,

and radial distribution function, the diffusion mechanism of alkanes

confined inside zeolite catalysts will be elucidated. The present work

may provides useful guidance for the design of zeolite catalysts with

improved performance for engineering applications.

2 | MODEL AND COMPUTATIONAL
DETAILS

2.1 | Zeolite frameworks

In order to systematically investigate the effect of pore structures on

alkane diffusion in zeolite catalysts, some typical medium pore zeolites

(i.e., MFI, MEL, PON, BOF, PSI, and ATO) with similar pore size of

5.0 ~ 5.6 Å were chosen (see Figure 1 and Table 1). It is noteworthy

that only two of them (Silicalite-1 and -2, MFI, and MEL, respectively)

have been synthesized, and the others in silicalite structures are hypo-

thetical as far (they exist as aluminosilicates, gallium-aluminum

germanate, and aluminophosphates). PON (Figure 1a) consists of 1-D

tortuous channels (Figure 2a) with windows size of 5.0 × 5.3 Å. BOF

(Figure 1b) presents a 1-D tortuous channel (Figure 2b) with a window

size of 5.2 × 5.4 Å. PSI (Figure 1c) is formed by straight channels

(Figure 2c) with elliptical windows of 5.0 × 5.6 Å. ATO (Figure 1d)

possesses 1-D straight channels (5.4 × 5.4 Å) (Figure 2d). MFI

(Figure 1e) zeolite contains 3-D intersecting channels that are derived

from the straight channels (5.3 × 5.6 Å) along [010] direction

(Figure 2e) intersected by zigzag channels (5.1 × 5.5 Å) running in

[100] direction (Figure 2f). While MEL (Figure 1f) consists of two

intersected straight channels (5.3 × 5.4 Å) respectively along [100]

(Figure 2g) and [010] directions (Figure 2h).

2.2 | Computational details

MD simulations were used to investigate the diffusion behaviors of

alkanes in the gas phase (homogeneous catalysis) and inside zeolites

(heterogeneous catalysis). For methane (C1), ethane (C2), propane

(C3) and n-butane (C4) molecules in the gas phase, NPT ensemble

(constant number of particles N, pressure P, and temperature T) was

used for equilibration so that the volumes were stable at various tem-

peratures and pressures, then NVT ensemble (constant number of
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particles N, volume V, and temperature T) was used for studying the

diffusion behaviors. It is noteworthy that only NVT ensemble was

used in zeolites for the change of framework volume versus the tem-

perature can be ignored. In order to avoid the effect of thermostat on

collision, NVE (constant number of particles N, volume V, and energy

E) ensemble was used to study the velocity autocorrelation func-

tion (Vacf).

In our simulation, the initial structures of pure silicon zeolites are

taken from the International Zeolites Associations (IZA) database.12

The super cells are selected as 8 × 3 × 2, 8 × 2 × 2, 10 × 2 × 1,

2 × 2 × 16, 2 × 4 × 3, and 2 × 4 × 3 for PON, BOF, PSI, ATO, MFI,

and MEL zeolites, respectively (see Table 1). The initial structures of

zeolites were optimized by GULP47 with core-shell force field48,49 and

were fixed during the subsequent MC and MD simulations. The

parameters of the force field for hydrocarbon and zeolites were given

in the original reference by Dubbeldam,50 which has been widely used

and could describe the adsorption and diffusion of hydrocarbon in

zeolites well.51-53 The parameters of the force field are described in

the Data S1.

Grand canonical MC simulation was performed to obtain the

isotherm and heat of adsorption. In the grand canonical ensemble

(μVT) chemical potential, volume, and temperature are fixed. Dur-

ing the MC simulations four trial moves of molecules were ran-

domly attempted: translation, rotation, reinsertion and swap with

20%, 20%, 20% and 40% probability. Each calculation was

obtained by running 5 × 105 cycles after 5 × 105 cycles equilibra-

tion. To get the initial adsorption structures of alkanes inside zeo-

lites with fixed loading, we performed MC simulation in the NVT

ensemble using the Metropolis method.54 For the purpose of com-

paring of the density of alkanes adsorbed in zeolites, the accessi-

ble microporous volumes were estimated using helium with the

Widom's particle-insertion method.55 For MD simulation, the simu-

lated temperatures from 300 to 900 K (i.e., 300, 450, 600,

750 and 900 K) were considered and controlled by a Nosé-Hoover

F IGURE 1 Zeolite structures with (a) PON, (b) BOF, (c) PSI, (d) ATO, (e) MFI and (f) MEL topology [Color figure can be viewed at
wileyonlinelibrary.com]

TABLE 1 Channel properties of zeolites and loading number of alkanes in the MD simulation

Zeolite Pore size (Å) Channel type Super cell Volume (Å3) Number (pure)a Number (mixtures)b

PON 5.0 × 5.3 Tortuous 8 × 3 × 2 62,631 24 48

BOF 5.2 × 5.4 Tortuous 8 × 2 × 2 41,423 16 32

PSI 5.0 × 5.6 Straight 10 × 2 × 1 140,823 16 32

ATO 5.4 × 5.4 Straight 2 × 2 × 16 118,973 24 48

MFI 5.1 × 5.5 Tortuous 2 × 4 × 3 126,603 24 48

5.3 × 5.6 Straight

MEL 5.3 × 5.4 Straight 2 × 4 × 3 129,208 24 48

5.3 × 5.4 Straight

aLoading number of alkanes at infinite dilution in each zeolite;
bTotal loading number of molecules for the 1:1 methane/(ethane or propane or butane) mixtures.
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thermostat56 with a coupling time constant of 0.1 ps. The leapfrog

Verlet algorithm57 was used to integrate the Newton's equations

of motion with a time step of 1 fs. Each MD simulation was equili-

brated for 1 × 106 steps, then following 5 × 107 steps production

for studying the diffusion behaviors of adsorbate molecules. The

trajectories were recorded every 1,000 steps, while velocities were

recorded every step for calculating the velocity autocorrelation

function, and five independent MD simulations were carried out

for better statistics. Lennard-Jones interactions were calculated

with a 12 Å cutoff radius and periodic boundary conditions were

also used in all three directions. MC simulations were performed

by RASPA 2.0 simulation package58 and all MD simulations were

performed in the DL_POLY_2.20 code.59

2.3 | Diffusion coefficient

In this work, the mean square displacement (MSD) of alkanes is

defined as the following equation.

MSD τð Þ= 1
Nm

XNm

i

1
Nτ

XNτ

t0
ri t0 + τð Þ− ri t0ð Þ½ �2 ð1Þ

where Nm is the number of gas molecules, Nτ is the number of time

origins used in calculating the average, and ri is the coordinate of the

i-th molecule. In addition, the slope of the MSD as a function of time

determines the self-diffusion coefficient, Ds, which is defined

according to the so-called Einstein relation.60

MSD τð Þ=2nDsτ + b ð2Þ

where n is the dimension of zeolites (n = 1 for 1-D diffusion, i.e., PON,

BOF, PSI, and ATO; n = 3 for 3-D diffusion, i.e., MFI and MEL). The

reported Ds values are calculated as the average of five independent

MD trajectories.

From the diffusion coefficient (Ds) at the different temperatures,

activation energy (Ea) can be obtained from the Arrhenius relationship.

DS =D0exp
−Ea
RT

� �
ð3Þ

Where D0 is the preexponential factor, R is the gas constant and

T is the temperature.

3 | RESULTS AND DISCUSSION

3.1 | Adsorption characteristics of alkanes in
zeolite catalysts

It is well known that adsorption and diffusion play a crucial role to

determine the catalytic process inside zeolite catalysts.15 Firstly,

methane is taken as an example to discuss the adsorption characteris-

tics of alkanes in the gas phase and inside zeolites, respectively. The

density of methane under standard conditions (i.e., 1 atm and 273 K)

is calculated to be 0.719 g/L in our simulation, which is in excellent

agreement with the experimental value of 0.717 g/L.61 And thus our

results also further verified the validity of the force field.

Figure 3a shows that, at ambient conditions (i.e., 1 atm and

300 K), the density of methane in the gas phase turns to 0.654 g/L.

As in zeolites, considering the volume of the framework, the densities

F IGURE 2 (a) 1-D tortuous channels of PON along the x direction. (b) 1-D tortuous channels of BOF along the x direction. (c) 1-D straight
channels of PSI along the x direction. (d) 1-D straight channels of ATO along the z direction. 3-D MFI structure with (e) straight channels along the

y direction and (f) zigzag channels along the x direction. 3-D MEL structure with straight channels along the (g) x direction and (h) y direction
[Color figure can be viewed at wileyonlinelibrary.com]
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of methane are in the range of 8.7 to 22.1 g/L at ambient conditions,

which are about 10 ~ 30 times larger than that in the gas phase with

the same conditions. If only the accessible volume (the volume occu-

pied by zeolites framework is removed) is considered, the densities of

methane in zeolites are about 60 ~ 110 times larger than that in the

gas phase. One adsorption structure of methane in gas phase and

inside MFI zeolites are shown in Figure 3b. Furthermore, it is illus-

trated that the zeolites possess the ability of methane aggregation

due to the strong heat of adsorption derived from the zeolite frame-

works (see Data S1), the same results were observed in single-wall

carbon nanohorns as well.62 It is noteworthy that intense concentra-

tion of reactants will facilitate the participation of alkanes in the zeo-

lite catalysis. In order to figure out the diffusion behaviors of

reactants inside the confined channels, four kinds of alkanes

(i.e., methane, ethane, propane and n-butane) were chosen to investi-

gate the diffusion characteristics in zeolites catalysts.

F IGURE 3 (a) Density of methane in the gas phase and inside zeolites at 1 atm and 300 K. The blue and orange bars represent the density of
methane in total volume and accessible volume excluding the volume of zeolite framework. (b) Adsorption structure of methane in gas phase (left)
and inside MFI zeolites (right) in the same volume at 1 atm and 300 K [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 4 Diffusion coefficients (d) of alkanes in the x (Dx), y (Dy) and z (Dz) directions. Ds represents the average diffusion coefficients for
three directions and marked by a line symbol: (a) D of methane at 1 atm, as a function of temperature; (b) D of methane at 300 K, as a function of
pressure; (c) D of methane (C1), ethane (C2), propane (C3) and n-butane (C4) at ambient conditions (i.e., 1 atm and 300 K); (d) D of C1-Cn
mixtures (ratio of 1:1, n = 1–4) at ambient conditions [Color figure can be viewed at wileyonlinelibrary.com]
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3.2 | Diffusion characteristics of alkanes in free
gas phase

Firstly, Figure 4 shows the diffusion coefficients of alkanes in free

gas phase. Since the diffusion coefficients of alkanes in the gas

phase are isotropic in the x, y, and z directions, and thus the aver-

age value Ds (Ds = [Dx + Dy + Dz]/3) is used to characterize the

effects of temperature, pressure, chain length, and mixtures on dif-

fusion behaviors. Ds of methane is 2.2 × 10−5 m2/s at ambient con-

ditions, which is in good agreement with Higgoda's work

(2.3 × 10−5 m2/s).63 As displayed in Figure 4a, b, Ds is strongly

dependent on the temperature and pressure in the gas phase. At

1 atm, Ds of methane for 600 K and 900 K are respectively

7.7 × 10−5 and 14.9 × 10−5 m2/s, which are about 3.5 and 7 times

larger than that for 300 K. Additionally, Ds are inversely propor-

tional to the pressure at a certain temperature (see Figure 4b). For

example, Ds of methane at 1 atm is 0.5 times of that at 0.5 atm,

while it is 20 times faster than that at 20 atm. Such decreases of Ds

might be attributed to the smaller free space inhibits the migration

of methane as pressure increases. Furthermore, it is observed that

Ds is sensitive to the sizes of alkanes, following the order of meth-

ane (2.2 × 10−5 m2/s) > ethane (1.3 × 10−5 m2/s) > propane

(1.0 × 10−5 m2/s) > n-butane (0.6 × 10−5 m2/s) (Figure 4c).

Actually, in the process of catalysis or separation, the alkanes

exist in the form of mixture, thus it is more meaningful to study their

diffusion behaviors.64 When methane is mixed with other alkane mol-

ecules, Ds of methane remains almost unchanged no matter what kind

of alkanes are involved (Figure 4d). This phenomenon may be attrib-

uted to the intermolecular space large enough for methane (with

small size) to move even in the mixture. While Ds of ethane

(1.5 × 10−5 m2/s), propane (1.2 × 10−5 m2/s) and n-butane

(0.9 × 10−5 m2/s) increase slightly with respect to the case of pure

components, which is due to the interaction with methane. In brief,

Ds of alkanes in free gas phase is isotropic on the order of 10−5 m2/s

magnitude. Subsequently, the diffusion behaviors of alkanes in con-

fined zeolites will be discussed as following.

3.3 | Diffusion characteristics of alkanes in zeolite
catalysts with 1-D channels

Compared with the case of free gas phase, the diffusion behaviors in

zeolite catalysts are much more complicated due to the confined pore

environments, suggesting that the diffusion is strongly dependent on

the dimension, shape, and structures of zeolite.15 In the previous

work, Krishna et al theoretically investigated the diffusion properties

F IGURE 5 Diffusion coefficients (Ds) of alkanes inside 1-D channels of BOF, PON, PSI, and ATO zeolites: (a) Ds of methane at infinite
dilution, as a function of temperature; (b) Ds of methane at 300 K, as a function of loading; (c) Ds of methane (C1), ethane (C2), propane (C3) and
n-butane (C4) at infinite dilution and 300 K; (d) Ds of mixtures with methane and other alkane molecules at 1:1 loading and 300 K. Ds of CxCy
(x = 1–4, y = 1–4) represents the diffusion coefficients of Cx when mixed with Cy [Color figure can be viewed at wileyonlinelibrary.com]

LIU ET AL. 6 of 14

http://wileyonlinelibrary.com


of various gas molecules inside 8-ring, 10-ring, and 12-ring pores of

zeolite catalysts. It is demonstrated that the diffusion coefficient is

determined by the molecular dimensions and zeolite structures.65 Fur-

thermore, for zeolites with the similar 10-ring pores, it is observed

experimentally that the reactant diffusion possibly plays a crucial role

in inducing differences in the catalytic activity.38,39 Therefore, it is

necessary to explore the fundamental mechanism about the influence

of zeolite structure with close pores on the confined diffusion

behaviors.

Four 1-D zeolites with similar pores, namely BOF (5.2 × 5.4 Å),

PON (5.0 × 5.3 Å), PSI (5.0 × 5.6 Å) and ATO (5.4 × 5.4 Å), were cho-

sen as examples to investigate the diffusion properties. Figure 5 pro-

vides the diffusion coefficients (Ds) of alkanes inside 1-D channels of

abovementioned zeolites. The significant difference in the molecular

diffusion betweent the gas phase (10−5 m2/s) and the confined pores

lies in the magnitude of Ds drops 2 to 5 orders of magnitude (in the

ranges of 10−7 to 10−10 m2/s), which may be attributed to the colli-

sion between alkanes and zeolite framework. Figure 6 represents the

diffusion behaviors of gas in three different 1-D channels. First, in

zeolites with straight channels (e.g., PSI and ATO), Ds of methane is

the fastest in the ranges of 10−7 to 10−8 m2/s due to the minimum

collision probability for methane and zeolites (see Figure 6a). While

diffusion coefficients in tortuous channels with small curvature (PON)

and large curvature (BOF) are respectively on the order of 10−9 and

10−10 m2/s, which is thought to be mainly caused by the high collision

probability for gas and zeolite framework (see Figure 6b and c). It

should be noteworthy that such collision will result in a backward

motion (green arrows), and relatively slower diffusion was observed in

tortuous channel with larger curvature.

Similar with the diffusion behaviors in free gas phase, the temper-

ature plays a crucial role in enhancing the diffusivity in the zeolite

channels. As illustrated in Figure 5a, Ds of methane in ATO is

1.9 × 10−7, 2.4 × 10−7, 3.1 × 10−7, 3.5 × 10−7 and 3.8 × 10−7 m2/s at

300, 450, 600, 750 and 900 K, respectively, suggesting that Ds

increases with the temperature rising. Comparing with Ds raised in the

gas phase mentioned above, the less sensitivity of Ds in zeolites with

the increasing of temperature means that confinement of zeolites will

slow down the upward trend, this might be the result of higher fre-

quent collisions between methane and zeolite framework at high tem-

perature. Similar results are also found in PSI with straight channels,

that are Ds of methane are 1.9 × 10−8, 4.0 × 10−8, 5.6 × 10−8,

5.9 × 10−8 and 6.7 × 10−8 m2/s at 300, 450, 600, 750, and 900 K,

respectively. As to Ds at 300 K in PON, it increases to four times at

600 K and five times at 900 K. However, the effect of temperature is

more obvious in BOF, where Ds increases to five times at 600 K and

10 times at 900 K. This may because the effect of temperature on the

increase of Ds in PON is not dominant due to the low diffusion barrier,

while for tortuous channel with larger curvature (BOF), the diffusion

barrier of methane seems much easier to overcome with sufficient

kinetic energy derived from the higher temperature. Thus, Ds is much

more sensitive to temperature in tortuous channels with larger curva-

ture. In addition, there is an excellent linear relation between ln (Ds)

and 1,000/T with the temperature range from 300 to 900 K in these

four 1-D zeolites (Figure 7a). The activation energies in BOF (8.2 kcal/

mol) and PON (6.3 kcal/mol) with tortuous channel are higher than

those in PSI (4.8 kcal/mol) and ATO (2.7 kcal/mol) with straight

channels.

Diffusion behaviors in zeolites will also be affected by the loading

number of adsorbents.13,36 Figure 5b shows Ds of methane is a func-

tion of loading at 300 K. Taking ATO zeolite as an example, it is found

that Ds of methane decreases as the loading increases. Ds with

24 methane (1.9 × 10−7 m2/s) is larger than that with 48 methane per

super cell (1.0 × 10−7 m2/s), while it is 13 times higher than that with

144 methane (0.14 × 10−7 m2/s), which implies that the loading num-

ber will also affect the diffusion behaviors in zeolites, but it is not the

same as the inversely proportional decrease in the gas phase. The

same tendency is also found in other zeolites (i.e., BOF, PSI, and

PON). This is supported by Smit's analysis on the diffusivity, which is

a decreasing function of loading due to the higher free energy.13

As for different alkanes, Figure 5c shows that, Ds decreases as the

size of the alkane increases. For example, Ds are monotonically

decreasing for methane (5.9 × 10−9 m2/s), ethane (4.4 × 10−9 m2/s),

propane (0.86 × 10−9 m2/s) and n-butane (0.64 × 10−9 m2/s) in PON

zeolite. However, it is noteworthy that this trend is not rigorously

followed by BOF, Ds of propane is 9.2 × 10−10 m2/s, which is larger

than that of ethane (3.7 × 10−10 m2/s) and methane (4.3 × 10−10 m2/s).

The main reason for this unusual phenomenon is probably attributed

to the resonant diffusion, which shows an interesting periodic func-

tion of chain-length dependence for diffusion in zeolites. Generally,

the resonant diffusion only occurs when the end-to-end chain length

of a molecule matches the periodic zeolites lattice, meanwhile, the

molecules synchronously occupy both low- and high-energy areas of

channels, hence would experience a relatively lower diffusion bar-

rier.66 A famous resonant diffusion phenomenon in LTL and MTW

F IGURE 6 Diffusion of gas in (a) straight channels (such as PSI and
ATO); (b) tortuous channels with small curvature (PON); and
(c) tortuous channels with large curvature (BOF). The green arrow
represents the reverse movement of gas after colliding with the zeolite
framework [Color figure can be viewed at wileyonlinelibrary.com]
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zeolites has been reported experimentally.67 Actually, such resonant

diffusion also occurs in the mixed systems. As shown in Figure 5d, in

BOF zeolite, Ds of propane (4.3 × 10−10 m2/s) is relatively faster than

methane (2.0 × 10−10 m2/s) in the methane-propane mixtures. Except

resonant diffusion, alkane presents a similar diffusion behavior with

that in pure component. For example, Ds of alkanes inside PON fol-

lows the order: methane (C1C1) > ethane (C2C1) > propane (C3C1)

> n-butane (C4C1) when they mixed with methane, which is the same

F IGURE 7 Arrhenius plots of diffusion coefficients (Ds) of alkanes as a function of temperature at infinite dilution inside (a) 1-D channels of
BOF, PON, PSI and ATO zeolites; (b) 3-D channels of MFI and MEL zeolites in the x, y, and z directions [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 8 Diffusion coefficients (Ds) of alkanes inside MFI and MEL zeolites in the x (red), y (green), and z (blue) directions: (a) Ds of methane at
infinite dilution, as a function of temperature; (b) Ds of methane at 300 K, as a function of loading; (c) Ds of methane (C1), ethane (C2), propane (C3) and
n-butane (C4) at infinite dilution and 300 K; (d) Ds of mixtures with 24 methane and 24 other alkane molecules at 300 K. The solid and dotted lines
represent Ds inside MFI and MEL. A, B, and C respectively represent Ds along straight channels, along zigzag channels, and in the z direction. Ds of CxCy
(x = 1–4, y = 1–4) represents the diffusion coefficient of Cx when mixed with Cy [Color figure can be viewed at wileyonlinelibrary.com]
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as that in pure component (C1 > C2 > C3 > C4). Briefly, the diffusion

coefficients of alkane molecules in 1-D zeolites are in the range of

10−7 to 10−10 m2/s, which will be strongly affected by temperature,

loading, as well as dimension of alkanes and zeolites.

It is well known that the composition (e.g., aluminum) of zeolites

will also affect the diffusion of gas molecules. Ghysels et al investi-

gated the impact of chemical effects on olefins diffusion; they found

that the diffusion coefficient of ethene would be decreased when the

zeolite frameworks contain Brønsted acid sites. 31 Ban et al found that

the diffusion of alkanes would be slowed down as Si/Al decreased for

MOR zeolite. 68 Therefore, the zeolite component and Brønsted acid

sites will affect the alkane diffusion to some extent. It is noteworthy

that this work mainly focuses on the influence of topological structure

(i.e., pure Si framework) on the diffusion, and the effect of zeolite

component (e.g., aluminosilicates, aluminophosphates and so on) will

be discussed in the further work.

3.4 | Diffusion characteristics of alkanes inside
zeolite catalysts with 3-D channels

To the best of our knowledge, the diffusion behaviors in zeolites with

3-D channels are more complicated due to their anisotropy.15,36 Since

MFI and MEL zeolites possess the typically 3-D intersecting channels,

they have been extensively used as solid acid catalysts in heteroge-

neous catalysis, such as alkane dehydrogenation and crack reac-

tions.42-45 For MFI zeolite (Figure 2e, f), it contains 10-ring straight

channels along the y direction, intersected by 10-ring zigzag channels

along the x directions. While MEL (Figure 2g, h) consists of two inter-

sected 10-ring straight channels. Figure 8 describes the self-diffusion

coefficients (Ds) of alkanes along three directions in MFI and MEL zeo-

lites. However, it is found that there is similarity between the diffu-

sion behavior in 3-D and 1-D channels, namely diffusion coefficients

of methane in MFI and MEL increase with temperature rising while

decreasing due to the raised loading, some significant difference still

lies between the case of 3-D and 1-D channels.

In contrast to the isotropic diffusion in the gas phase or the single

directional diffusion in 1-D channels, the anisotropic diffusion in 3-D

channels is present for MFI and MEL zeolite (see Figure 8). Aniso-

tropic diffusion has also been observed in experiment, for example,

Hong et al have found that the diffusion coefficient of methane in the

z direction is slower than that in the xy plane inside MFI zeolite by

methods of pulse field gradient NMR.69 Interestingly, it is found that

the diffusion behaviors in MFI and MEL can be divided into three

types (see Figure 8a): the first one is in the straight channels marked

as A, including the diffusion along the y direction (Dy) of MFI, as well

as along the x and y direction of MEL; the second one is in the zigzag

channels marked as B, including the diffusion in the x direction (Dx) of

MFI; the third one is the diffusion along z direction (Dz) of MFI and

MEL marked as C. Figure 8a shows that the diffusion coefficients for

methane adsorbed inside the straight channels (A) and zigzag channels

(B) of MFI are 2.35× 10−8 m2/s and 1.51 × 10−8 m2/s at 300 K,

respectively. Apparently, Ds in the straight channels (Dy) is ca. 1.6

times larger than that inside zigzag channels (Dx), which is in line with

Smit's description on the ratio of Dy/Dx which equals to 2 in MFI.36

Apart from this, it is observed that the diffusion along the z direction

is the slowest (on the order of 10−9 m2/s), mainly because there is no

throughout channels along this direction and the alkane can only

move inside and outside the intersecting pore between the straight

and zigzag channels. And this kind of anisotropic diffusion has also

been observed for the movement of alkanes inside MEL zeolites. It is

noteworthy that, such anisotropy of diffusion inside zeolites can be

used in separation and heterogeneous catalysis. For example, since

the diffusion barrier difference between p-xylene and o-xylene in

nanosheet MFI (along y direction) is higher than that in the bulk MFI,

the enhanced diffusion performance only in the y direction could pro-

mote the xylene separation process.70 In addition, the activation

energies are also derived from the relation between ln (Ds) and

1,000/T for methane inside MFI and MEL as illustrated in Figure 7b,

and it is observed that activation energies are very similar (about

4 kJ/mol) along three directions which may due to the good connec-

tivity in both MFI and MEL. However, significant differences in the

preexponential factors (D0) are present along three directions (see

Figure 7b). D0 of methane are 7.4 × 10−8, 1.2 × 10−7 and

1.4 × 10−8 m2/s in MFI, while they are 1.2 × 10−7，1.4 × 10−7,

1.2 × 10−8 m2/s in MEL along the x, y, and z directions, respectively.

Overall, methane prefers to diffuse along the straight channel of MFI

and MEL at various temperatures.

As to the effects of loading number, chain lengths and mixtures

of alkanes have been shown in Figure 8b-d, for both MFI and MEL, it

is found that as the loading number increases, Ds decreases in all three

directions; in addition, it is illustrated that Ds of alkanes decrease with

the chain lengths increase. Interestingly, it seems that longer alkane

prefers to diffuse through the straight channel, as Ds of n-butane in

zigzag channel is 3.0 times larger than that in straight channels, while

for methane it is 1.6 times at the same condition. In the case of mix-

ture, it should be noted that the diffusion of the components related

through the thermodynamic factor (a function of the derivative of the

activity coefficient against the molar fraction) is necessary. The

Maxwell-Stefan (M-S) formulation for mixture diffusion is particularly

convenient because it allows the estimation of diffusivities in mixtures

using input data for the constituent unary components30,71,72 . In this

work, the M-S model was used to estimate the self-diffusion coeffi-

cient in binary mixtures; the calculation details are provided in the

Data S1. It is found that the estimation of self-diffusion coefficients

for mixture diffusion from unary self-diffusion coefficients and unary

M-S diffusion coefficient are in good agreement with the values

determined from MD simulations for binary mixture diffusion (see

Table 2). For example, the self-diffusion coefficients of C1 and C3

extracted from mixture in MFI predicted by Maxwell-Stefan model

was 105.1 × 10−10 and 46.9 × 10−10 m2/s, which were close to values

calculated by MD simulation (C1: 99.2 × 10−10 m2/s; C3:

40.1× 10−10 m2/s). As shown in Table 2, although the diffusion of

methane is always faster than other bulky alkanes, Ds of methane is

slowed down in all three directions due to the hindrance of other

alkanes. Therefore, in 3-D intersecting channels, there is an anisotropy
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and the diffusion is strongly dependent on each interconnected 1-D

channels.

3.5 | Insight into the mechanism of confined
diffusion

In order to get a deep insight into the mechanism of confined diffu-

sion in zeolite catalysts, by taking methane as an example, the diffu-

sion trajectory, velocity autocorrelation function (Vacf) and radial

distribution function (RDF) will be further discussed. Since the

trajectory obtained from MD can trace the diffusion process of mole-

cules in microscopic view.73,74 Therefore, the trajectories of methane

moving inside microporous 1-D straight ATO and PSI, 1-D tortuous

BOF and PON, 3-D intersecting MFI and MEL zeolites have been

studied to clarify the diffusion process.

Figure 9 shows the diffusion process of one methane inside

microporous zeolites by using MD simulations. In straight channels of

ATO, due to the confinement of zeolite framework, methane can only

move along 1-D main channels (see Figure 9a). It should be pointed

out that methane moves along one direction with less probability of

reverse movement due to the less collision. While in tortuous chan-

nels of BOF zeolite, it shows that methane stays in the same region

with overlapped trajectory (see trajectory in Figure 9b,

red!white!red!blue!red!blue) due to repeatedly collides with

the zeolite, which slow down the diffusion behaviors. In 3-D MFI zeo-

lite with intersecting channels, methane shows anisotropic diffusion

which can move in straight channels along the y direction (Figure 9c)

and in zigzag channels along the x direction (Figure 9d). The diffusion

behaviors of methane in PON, PSI, and MEL are similar as that inside

ATO, BOF, and MFI zeolites, respectively.

Besides the trajectory, velocity autocorrelation function (Vacf) is

also a powerful tool to describe the diffusion and collision behavior

inside zeolite and other confined systems60,75,76 On the basis of Vacf,

the correlation between diffusion and collision can be derived. Gener-

ally, the shorter the relaxation time of the velocity, the more frequent

collisions and the slower the diffusion are. On the other hand, the

larger the positive region of Vacf, the faster the diffusion is, and vice

versa. Mitra et al investigated the motion of propene in ZSM-5 and

Na-Y zeolites, suggesting that a negative region of Vacf come from the

molecule suffers a collision with zeolite channels.77 Figure 10a depicts

Vacf of methane in zeolites and gas phase, respectively, where the

negative value of Vacf represents methane colliding with other mole-

cules and then moving in the opposite direction. It is observed that

the time scale for Vacf in the gas phase (1 ns) is about three orders of

magnitude larger than that in zeolites (1 ps), thus the diffusion coeffi-

cient in gas phase is much larger than that in zeolites. Negative Vacf

appears the fastest in the tortuous channels of PON and BOF zeolites,

TABLE 2 Self-diffusion coefficients (D × 10−10 m2/s) of mixtures inside MFI and MEL zeolites in three directions with 48 molecules (24
methane (C1) and 24 methane (C1)/ethane(C2)/propane(C3)/n-butane (C4)) at 300 Ka

Mixture Alkane
MFI MEL

Dx Dy Dz Ds DMS Dx Dy Dz Ds DMS

C1–C1 C1 135.0 210.8 28.3 124.7 124.7 202.7 197.5 22.3 140.8 140.8

C1–C2 C1 120.9 215.5 26.2 120.9 112.0 178.3 188.9 19.3 128.8 128.7

C2 74.8 115.2 15.0 68.3 77.7 101.6 95.8 10.2 69.2 77.8

C1–C3 C1 104.5 168.4 24.8 99.2 105.1 177.2 170.4 20.3 122.6 121.6

C3 38.5 72.3 9.4 40.1 46.9 67.8 67.4 10.3 48.5 59.8

C1–C4 C1 110.8 151.1 21.8 94.6 102.3 167.5 180.5 17.3 121.8 121.3

C4 22.2 71.5 6.2 33.3 36.6 73.3 74.6 6.6 51.5 57.0

aDx, Dy, and Dz represent self-diffusion coefficients along the x, y, and z directions. Ds and DMS represent total self-diffusion coefficients calculated by MD

simulation and estimated by Maxwell-Stefan model, respectively.

F IGURE 9 Trajectory of one methane inside (a) ATO in [100]
direction; (b) BOF in [001] direction; (c) MFI in [100] direction; and
(d) MFI in [010] direction. The trajectories are colored with time
proceeding (red!white!blue) [Color figure can be viewed at
wileyonlinelibrary.com]
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which shows methane is easy to collide with the zeolite framework

and then moves with velocity in the opposite direction. Furthermore,

it should be noted that in BOF zeolites, Vacf possesses the largest neg-

ative peak value, which means the probability for backward move-

ment with fast velocity after collision in BOF is the highest, thus

resulting in the slowest diffusion. While the relatively longer time for

negative Vacf seems to be close in MFI, MEL, PSI, and ATO zeolites,

suggesting that methane owns the less collision probability in these

channels. The diffusion of methane in ATO zeolite is the fastest, that

is because the time for Vacf reduced to zero is the longest, and the

value of the first negative peak appeared is the smallest, which means

the gas owns the least collision probability within framework.

In addition, the RDF can be employed to reflect the density varies

as a function of distance from a reference particle (atoms, molecules,

colloids, etc.), and the larger peaks with smaller distance indicate their

more proximity.60,76,78 For zeolites with 1-D tortuous channels, as dis-

played in Figure 10b, the dominant peaks for PON and BOF shows

the largest values of RDF (1.71 and 1.79) and the shortest distance of

C (methane)-O (zeolite) (3.9 and 4.2 Å), which indicates the strongest

confinement. In 1-D straight channels of PSI and ATO zeolites, the

confinement is the weakest with the longest distance of C-O (4.3 and

4.5 Å) and the lowest value of dominant peaks (1.38 and 1.42). Thus,

it is found that confinement in tortuous channels is stronger than that

in straight channel, which may further slows down the diffusion

behaviors of methane.

3.6 | Extended discussion of limitations for
diffusion simulation in the zeolite catalysts

In this work, the molecular dynamic simulation was used to determine

the diffusion behavior of alkanes inside zeolite catalysts, and the

dependence of zeolite topology on alkane diffusion inside nano-

channels has been revealed. Therefore, our work has provided some

theoretical methodologies and calculated models to estimate the rela-

tionship between the diffusion property and zeolite framework, and

will benefits for the future design and practical applications of zeolite

catalysts in the petrochemical industry.79 But, it is noteworthy that

the zeolite diffusion is very complicated under practical conditions,

and the diffusion simulation is always restricted by the force-filed

parameters. On one hand, the presence of heteroatoms (e.g., Si, Al, P,

Ge and Ga) may have a significant effect on the diffusion inside real

zeolites. For example, BOF is prone to incorporate Si, Al, Ge, Ga, and

acid sites, while ATO, PON and PSI contains Si, Al, P and acid sites. It

is worthwhile to note that an accurate and transferable force field

which contains lots of heteroatoms is the most essential to determine

the effect of heteroatoms on the diffusion. As well all know, the core-

shell force field developed by Catlow et al is considerably most suc-

cessful (for the accuracy and transferability) to describe the hetero-

atoms in the zeolites (e.g., Na, Mg, Al, Si, P, O and acid site),48,49 and it

has been demonstrated this force field could be reproduced structural

properties and diffusion of zeolites with relatively smaller sizes.80-83

However, it must be emphasized that the MD calculation with core-

shell force field is a challenge since at least 10 times more computing

time is demanded than other conventional nonpolarization force fields

for the varied zeolite catalyst,81-83 and thus it is difficult to be applied

for the large zeolite system (i.e., ATO (6,912 atoms), PON (3,456

atoms), BOF (2,304 atoms), PSI (8,640 atoms), MFI (6,912 atoms) and

MEL (6,912 atoms) in this work, see Table 1). In addition, the force

field for Ge and Ga atoms is also not available in core-shell force field

so far, which further strongly limits the application of this force field

in the zeolites with heteroatoms.

On the other hand, the flexibility of the zeolite framework which

contains the thermal coupling between molecules may plays a crucial

role in the diffusion property of zeolite catalysts. It has been illus-

trated that the simulation with the rigid framework could appropri-

ately describe the diffusion behaviors in the zeolite, but which was

strongly correlated with the size of molecules and the pore size of

zeolites.35,82,84,85 In comparison, it is more generally accepted that

higher diffusivities would be obtained when the framework was

treated as flexible.84,86,87 As aforementioned discussion, the force

field is the key parameter for the MD simulation. It is indicated that

the flexible force field was always exclusively used for some typical

zeolite framework, and thus was considerably restricted to be applied

F IGURE 10 (a) The velocity autocorrelation function (Vacf) in zeolites or gas phase (Insets) at 300 K. (b) Radial distribution function (RDF) of
methane (C atom) and zeolites (O atom) at 300 K. The loading numbers are shown in Table 1 [Color figure can be viewed at wileyonlinelibrary.com]
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for other zeolites due to its poor transferability.81 For example, it

shows that the force field developed by Yamahara et al,88 Pedone

et al,89 and Shi et al90 can be specially used to describe the flexibility

of SOF, FER, and MFI, respectively. In addition, the BKS force field

could be used for aluminophosphates, while it was failed for MFI zeo-

lite as it is ready to lead the distortion of the zeolite framework.82 As

there are varied topologies involved in our work, it is hard to ensure

the specific force field could describe the flexibility of all the frame-

works well. From this point of view, the rigid force field was still rec-

ommended to qualitatively simulate the diffusion behavior in zeolite

catalysts so far.50-53,82 The inherent problems of conventional MD

simulation for the zeolite catalysts have been highlighted as

aforementioned,81 and it would prompt ongoing studies to develop an

accurate, transferable and flexible force field to describe the flexibility

of the framework and the component of zeolite (e.g., aluminosilicates,

aluminophosphates, and other heteroatoms). And thus, it is expected

that the diffusion dynamics (e.g., diffusion trajectory and diffusion

coefficient) could be quantitatively determined under industrial condi-

tions with the advanced force field parameters in the future.

4 | CONCLUSIONS

In summary, a combination of MD and MC simulations have been per-

formed to systematically investigate the diffusion behaviors of short-

chain alkanes in three kinds of zeolite catalysts, which possess 1-D

straight (PSI, ATO), 1-D tortuous (PON, BOF), 3-D intersecting (MFI,

MEL) channels with close window size, taking into account the influ-

ence of temperature, concentration, chain length, and mixtures.

In contrast to the diffusion behaviors of alkane with isotropy in

the gas phase, the diffusion in zeolites catalysis is complicated and

anisotropic due to the confinement of framework. The diffusion coef-

ficient (Ds) of alkane in zeolites (10−7 to 10−10 m2/s) is lower than that

in the gas phase (10−5 m2/s) by two to five orders of magnitude. In

tortuous channels, Ds of alkane is slower than that in straight channels

which is contributing to more frequent collision between the gas and

zeolite frameworks. In 3-D intersecting channels, Ds is anisotropic and

strongly dependent on each interconnected 1-D channels. In addition,

Ds is more sensitive to temperature in tortuous channels than in

straight channels. While the influence of concentration on diffusion is

not significantly different in all the channels, which shows Ds slow

down as loading increase. As for alkanes with different chain length in

pure or mixture components, except the resonant diffusion, the longer

the chain, the slower the diffusion is. It is also found that zeolites pos-

sess an intense concentration due to the strong adsorption effect on

alkane. The concentration of alkane in zeolite is about 10–30 times

higher than that in the gas phase at ambient condition. The high con-

centration aggregation and slow diffusion facilitate the participation

of reactants in zeolite heterogeneous catalysis. From this perspective,

understanding the effects of pore dimensionality on adsorbates diffu-

sion in zeolite materials would help to improve the performance of

separation as well as catalysis, and facilitate the design of novel

porous materials.
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1. Validity of force field  

First of all, the SLC core-shell force field 1 which gives an accurate description of 

the thermal expansion behavior 2 was used to investigate the effect of thermal 

coupling for the lattice. It shows negative thermal expansion as Shi3 and Tschaufeser’s 

work4. However, the changes of volume are very small for MFI (See Table S1), which 

was respectively about 0.33%, 0.42% and 0.76% at 300, 600 and 900 K smaller than 

that at 0 K (DFT optimizing). Thus, we did not consider the thermal expansion in this 

work. 

Furthermore, we have also compared the heat of adsorption and self-diffusion 

coefficient (Ds) with experimental value. The heat of adsorption of methane in MFI 

zeolites is 17.6 kj/mol, which is consisted with that 16 ± 4 kj/mol in experiment. 6,7 Ds 

for methane diffusion at 300 K in MFI were about 0.7 to 1.4 × 10-8 m2/s from 1 to 6 

per unit, which were consisted with that for PFG-NMR method of Caro et al. 1.1 ± 

0.55 × 10-8 m2/s. 8,9 Besides the rigid force field have been widely used in some other 

work. 10-13 Overall, it’s confirmed that the force field could be used to investigate the 

adsorption and diffusion for hydrocarbon inside zeolites. 

The parameters of the force field are taken from Dubbeldam’s work 10 and the 

Lennar-Jones parameters are also shown (See Table S2). 
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Table S1. Changes of volume for MFI (1×2×1 super cell) zeolite at various 

temperature.  

Temperature (K) Volume (Å3) Changes of volume 

0 10551 - 

300 10517 -0.33% 

600 10507 -0.42% 

900 10471 -0.76% 

 

Table S2. Lennard-Jones Parameters a 

 O CH4 CH3 CH2 

CH4 115.00 158.50 130.84 94.21 

 3.47 3.72 3.74 3.84 

CH3 93.00 130.84 108.00 77.77 

 3.48 3.74 3.76 3.86 

CH2 60.50 94.21 77.77 56.00 

 3.58 3.84 3.86 3.96 

a Lennard-Jones parameters, ε/kB [K] in top, σ [Å] in bottom of each field. 
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2. Diffusion coefficients 

Table S3. Diffusion coefficients (D) of alkanes in the x (Dx), y (Dy) and z (Dz) 

directions. Ds represents the average diffusion coefficients for three directions (see 

Figure 4 in the paper) 

 

(a) Diffusion coefficients (D) of methane at 1 atm, as a function of temperature. 

Temperature/(K) 

Diffusion coefficients (D) / (10-5 m2/s) 

Dx Dy Dz Ds 

300 2.2 2.2 2.2 2.2 

450 3.1 3.2 3.0 3.1 

600 7.6 7.6 7.8 7.6 

750 10.7 11.0 10.6 10.8 

900 15.1 14.7 14.9 14.9 

 

(b) Diffusion coefficients (D) of methane at 300 K, as a function of pressure. 

Pressure/(atm) 

Diffusion coefficients (D) / (10-5 m2/s) 

Dx Dy Dz Ds 

0.5 4.2 4.3 4.2 4.2 

1.0 2.2 2.2 2.2 2.2 
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5.0 0.4 0.5 0.5 0.5 

10.0 0.2 0.2 0.2 0.2 

20.0 0.1 0.1 0.1 0.1 

 

 

(c) Diffusion coefficients (D) of methane (C1), ethane (C2), propane (C3) and 

n-butane (C4) at ambient conditions (i.e. 1 atm and 300 K). 

Alkane 

Diffusion coefficients (D) / (10-5 m2/s) 

Dx Dy Dz Ds 

C1 2.2 2.2 2.2 2.2 

C2 1.3 1.4 1.3 1.3 

C3 1.0 1.0 1.0 1.0 

C4 0.6 0.6 0.6 0.6 

 

(d) Diffusion coefficients (D) of C1-Cn mixtures (ratio of 1:1, n = 1 - 4) at ambient 

conditions. 

Mixture Alkane 

Diffusion coefficients (D) / (10-5 m2/s) 

Dx Dy Dz Ds 

C1 - C1 C1 2.2 2.2 2.2 2.2 
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 C1 2.2 2.2 2.2 2.2 

C1 - C2 C1 2.3 2.2 2.2 2.2 

 C2 1.5 1.6 1.5 1.5 

C1 - C3 C1 2.3 2.1 2.4 2.3 

 C3 1.3 1.1 1.3 1.2 

C1 - C4 C1 2.3 2.1 2.3 2.2 

 C4 0.9 0.9 0.9 0.9 
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Table S4. Diffusion coefficients (Ds) of alkanes inside 1-D channels of BOF, PON, 

PSI and ATO zeolites (see Figure 5 in the paper). 

(a) Diffusion coefficients  (Ds) of methane at infinite dilution, as a function of 

temperature. 

Temperature/(K) 

Diffusion coefficients (Ds) / (10-10 m2/s) 

BOF PON PSI ATO 

300 4.3 ± 0.3 59.3 ± 1.6 185.7 ± 17.6 1868.6 ± 125.7 

450 12.6 ± 0.8 143.6 ± 7.2 395.8 ± 24.6 2401.0 ± 127.2 

600 19.0 ± 1.4 219.3 ± 4.7 558.2 ± 36.2 3073.1 ± 222.0 

750 30.6 ± 1.4 276.0 ± 16.9 591.1 ± 30.8 3469.9 ± 238.2 

900 40.0 ± 5.0 313.1 ± 10.9 671.5 ± 39.2 3813.9 ± 262.4 

 

(b) Diffusion coefficients (Ds) of methane at 300 K, as a function of loading. 

 

Alkane 

Diffusion coefficients (Ds) / (10-10 m2/s) 

BOF PON PSI ATO 

C1 4.3 ± 0.3 59.3 ± 1.6 185.7 ± 17.6 1868.6 ± 125.7 
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C2 3.7 ± 0.3 44.1 ± 1.4 69.3 ± 3.2 426.9 ± 37.9 

C3 9.2 ± 0.8 8.6 ± 0.4 95.4 ± 10.0 521.0 ± 15.2 

C4 1.3 ± 0.1 6.4 ± 0.4 241.5 ± 21.2 1089.0 ± 57.7 

 

 

(c) Diffusion coefficients  (Ds) of methane (C1), ethane (C2), propane (C3) and 

n-butane (C4) at infinite dilution and 300 K.  

Loading / 

(molecules/super cell) 

Diffusion coefficients (Ds) / (10-10 m2/s) 

BOF PON PSI ATO 

16 4.3 ± 0.3 - 185.7 ± 17.6 - 

24 - 59.3 ± 1.6 - 
1868.6 ± 

125.7 

32 2.0 ± 0.1 - 99.3 ± 6.5 - 

48 - 30.6 ± 1.6 - 1017.7 ± 38.5 

64 0.8 ± 0.0 - 39.3 ± 2.8 - 

96 0.2 ± 0.0 8.0 ± 0.3 16.1 ± 1.0 302.7 ± 19.5 

144 - 2.1 ± 0.1 - 144.6 ± 7.7 

 

 (d) Diffusion coefficients (Ds) of mixtures with methane and other alkane molecules 
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at 1:1 loading and 300 K. Ds of CxCy (x = 1 - 4, y = 1 - 4) represents the diffusion 

coefficients of Cx when mixed with Cy. 

Mixture 

Diffusion coefficients (Ds) / (10-10 m2/s) 

BOF PON PSI ATO 

C1C1 2.0 ± 0.1 30.6 ± 1.6 99.3 ± 6.5 1017.7 ± 38.5 

C1C2 2.2 ± 0.3 24.9 ± 2.0 58.6 ± 10.3 564.8 ± 74.4 

C1C3 3.3 ± 0.2 18.4 ± 4.6 85.5 ± 6.5 593.7 ± 70.7 

C1C4 1.5 ± 0.2 7.7 ± 1.1 84.7 ± 5.2 710.2 ± 15.5 

C2C1 2.1 ± 0.2 20.7 ± 0.9 48.3 ± 2.5 327.5 ± 25.1 

C3C1 4.3 ± 0.2 6.2 ± 0.5 70.8 ± 3.2 359.1 ± 16.7 

C4C1 0.7 ± 0.0 4.9 ± 0.3 92.4 ± 9.1 532.6 ± 19.6 

Table S5. Diffusion coefficients (Ds) of alkanes inside MFI and MEL zeolites in the x 

(red), y (green), and z (blue) directions (see Figure 8 in the paper). 

 

(a) Diffusion coefficients (Ds) of methane at infinite dilution, as a function of 

temperature. 

Temperature/ 

(K) 

MFI MEL 

Dx Dy Dz Dx Dy Dz 
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300 150.6 ± 5.4 234.9 ± 6.1 30.6 ± 1.5 216.0 ± 8.6 222.2 ± 7.9 21.1 ± 0.6

450 246.3 ± 15.2 362.2 ± 6.9 49.9 ± 1.9 379.0 ± 19.6 360.4 ± 11.3 36.6 ± 1.2

600 340.0 ± 9.0 524.6 ± 15.8 60.0 ± 3.4 496.0 ± 17.5 549.0 ± 10.7 49.2 ± 0.4

750 404.5 ± 15.1 659.8 ± 16.8 77.6 ± 3.8 635.3 ± 23.0 639.7 ± 19.5 54.8 ± 2.5

900 420.9 ± 17.9 695.3 ± 23.1 87.8 ± 2.2 650.2 ± 26.8 796.5 ± 23.6 68.9 ± 2.6 

 

(b) Diffusion coefficients (Ds) of methane at 300 K, as a function of loading. 

Loading/ 

(molecules/ 

super cell) 

MFI MEL 

Dx Dy Dz Dx Dy Dz 

24 150.6 ± 5.4 234.9 ± 6.1 30.6 ± 1.5 216.0 ± 8.6 222.2 ± 7.9 21.1 ± 0.6 

48 135.0 ± 3.1 210.8 ± 6.5 28.3 ± 0.8 202.7 ± 6.1 197.5 ± 7.4 22.3 ± 0.9 

96 104.8 ± 1.8 167.5 ± 1.9 24.6 ± 0.1 149.6 ± 4.3 150.0 ± 2.0 18.1 ± 0.3 

144 79.8 ± 1.5 123.2 ± 2.2 18.9 ± 0.3 116.9 ± 1.9 113.4 ± 2.9 15.3 ± 0.2 
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 (c) Diffusion coefficients (Ds) of methane (C1), ethane (C2), propane (C3) and 

n-butane (C4) at infinite dilution and 300 K. 

Alkane 
MFI MEL 

Dx Dy Dz Dx Dy Dz 

C1 150.6 ± 5.4 234.9 ± 6.1 30.6 ± 1.5 216.0 ± 8.6 222.2 ± 7.9 21.1 ± 0.6 

C2 77.2 ± 3.8 134.2 ± 1.1 15.5 ± 0.5 118.6 ± 3.3 112.1 ± 4.1 10.6 ± 0.3 

C3 41.2 ± 1.2 71.4 ± 3.2 10.1 ± 0.4 73.7 ± 2.2 75.9 ± 4.3 9.8 ± 0.2 

C4 23.8 ± 0.5 72.6 ± 4.0 6.4 ± 0.3 80.7 ± 2.9 77.6 ± 5.6 6.3 ± 0.3 

 

 (d) Ds of mixtures with 24 methane and 24 other alkane molecules at 300 K.  

Mixture 

MFI MEL 

Dx Dy Dz Dx Dy Dz 

C1C1 135.0 ± 3.1 210.8 ± 6.5 28.3 ± 0.8 202.7 ± 6.1 197.5 ± 7.4 22.3 ± 0.9 

C1C2 120.9 ± 3.9 215.5 ± 6.9 26.2 ± 1.1 178.3 ± 10.1 188.9 ± 2.5 19.3 ± 0.8 

C1 C3 104.5 ± 5.7 168.4 ± 2.8 24.8 ± 0.6 177.2 ± 5.3 170.4 ± 9.5 20.3 ± 0.4 

C1C4 110.8 ± 2.5 151.1 ± 6.0 21.8 ± 1.0 167.5 ± 3.6 180.5 ± 4.1 17.3 ± 0.4 

C2C1 74.8 ± 2.8 115.2 ± 5.2 15.0 ± 0.9 101.6 ± 6.1 95.8 ± 1.9 10.2 ± 0.4 
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C3C1 38.5 ± 0.8 72.3 ± 3.2 9.4 ± 0.2 67.8 ± 3.2 67.4 ± 2.1 10.3 ± 0.5 

C4C1 22.2 ± 1.1 71.5 ± 2.9 6.2 ± 0.2 73.3 ± 1.5 74.6 ± 0.8 6.6 ± 0.4 
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3. Estimation of self-diffusivities in binary mixtures 

Binary mixture diffusion in nano-sized channels of zeolites is characterized by the 

fact that the mobility of any guest constituent is influenced by its partner species;1,2 the 

proper modelling of such influences is essential for process development and design.3,4 

It is common practice to model binary mixture diffusion by adopting the 

Maxwell-Stefan (M-S) formulation,4-9 that has its foundations in the theory of 

non-equilibrium thermodynamics. The dependence of the intra-crystalline molar fluxes 

Ni on the chemical potential gradients is written in the following form 

Ð Ð
                      

  
Ð Ð

                  (1) 

In eq Error! Reference source not found., R is the gas constant, � represents the 

material framework density, and the component loadings qi are defined in terms of 

moles per kg of framework material. The xi in eq Error! Reference source not found. 

are the mole fractions of the adsorbed phase components  

x ; 𝑞 𝑞 𝑞 ; 𝑖 1,2                      (2) 

Two distinct sets of M-S diffusivities are defined by eq Error! Reference source 

not found., that is phenomenological in nature.10 The Ði characterize interactions 

between species i with the pore walls. As established in earlier works,7,9,11,12 the 

important advantage of the M-S formulation is that the Ð1 and Ð2 can be identified with 
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the corresponding unary diffusivities, provided the diffusivity data are compared at the 

total loading. For unary diffusion, the Ði are determinable from MD simulations of 

molecular displacements using the formula in each of the coordinate direction 
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The exchange coefficients, Ð12, and Ð21 defined by the first right members of eq 

Error! Reference source not found. reflect how the facility for transport of species 1 

correlates with that of species 2. The Onsager reciprocal relations impose the 

symmetry constraint 

Ð Ð                              (4) 

The magnitude of Ð1 relative to that of Ð12 determines the extent to which the flux 

of species 1 is influenced by the chemical potential gradient of species 2. The larger the 

degree of correlations, Ð1/Ð12, the stronger is the influence of diffusional “coupling”. 

Generally speaking, the more-strongly-adsorbed-tardier partner species will have the 

effect of slowing down the less-strongly-adsorbed-more-mobile partner in the mixture.  

Applying eq Error! Reference source not found. to a binary mixture consisting 

of tagged and untagged species i, that are otherwise identical,5,13,14 we can derive the 

following relation between the unary self-diffusivity, Di,self and the M-S diffusivity Ði 

, Ð Ð
                      (5) 
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The self-diffusivities Di,self may be computed from MD simulations by analyzing 

the mean square displacement of each species i for each coordinate direction5 
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The self-exchange coefficient Ðii can be determined from eq Error! Reference 

source not found. from MD simulation data for Ði and Di,self. 

For estimation of the exchange coefficient, Ð12, the following interpolation 

formula has been suggested in the literature7,15 

Ð Ð Ð                            (7) 

where the Ð11 and Ð22 represent the self-exchange coefficients, that are accessible 

from MD simulations of self-diffusivities for the constituent unary systems, and 

determined from eq Error! Reference source not found..1 Equation Error! 

Reference source not found. is essentially an adaptation of the interpolation formula 

for estimation of the M-S diffusivity for binary fluid mixtures.16  

The Maxwell-Stefan formulation allows the estimation of the self-diffusivities of 

species 1 and 2 by generalization of eq Error! Reference source not found. in the 

following manner  

, Ð Ð Ð                       
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, Ð Ð Ð
                (8) 

The detailed derivation of eq Error! Reference source not found. is provided in 

earlier publications.5-7   

A step-by-step procedure for estimation of the self-diffusivities of 1 and 2 in 

binary mixtures is as follows. 

Step 1. Determine the unary M-S diffusivities Ð1 and Ð2 , along with the unary 

self-diffusivities, D1,self  and D2,self using eqs Error! Reference source not found. and 

(1) 

Step 2. Determine the self-exchange coefficients  Ð11 and Ð22 using eq Error! 

Reference source not found. 

Step 3. Determine the binary exchange coefficients  Ð12 using eq Error! Reference 

source not found. 

Step 4. Estimate the self-diffusivities for binary mixtures D1,self  and D2,self using eq 

Error! Reference source not found. 

 

Nomenclature 

Latin alphabet 

Ði  Maxwell-Stefan diffusivity for molecule-wall interaction, m2 s-1 
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Ðij  M-S exchange coefficient, m2 s-1 

Ðii  M-S self-exchange coefficient, m2 s-1 

Di,self self-diffusivity of species i, m2 s-1  

N     number of species in the mixture, dimensionless 

ni   number of molecules of species i in simulation box, dimensionless 

Ni     molar flux of species i with respect to framework, mol m-2 s-1 

qi  component molar loading of species i, mol kg-1 

qt  total molar loading in mixture, mol kg-1 

rl,i(t)  position vector for molecule l of species i at any time t, m   

R  gas constant, 8.314 J mol-1 K-1  

T  absolute temperature, K  

xi   mole fraction of species i in adsorbed phase, dimensionless 

z  distance coordinate, m  

Greek alphabet 

i  molar chemical potential of component i, J mol-1 

  framework density, kg m-3 

Subscripts 

1  referring to component 1 

2  referring to component 2 
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i  referring to component i 

t  referring to total mixture 
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