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Introduction on clathrates & zeolites

Applications of zeolites: adsorption & diffusion effects

Different molecular motions:
vibrations: N2 / LiLSX, benzene/NaY, H2O / H-ZSM-5,

gas hydrates
rotations:          xylenes/FAU
translations: jump diffusion models

≠ methods for measuring D
1D / 3D 
alcanes/MFI, xylenes/FAU, benzene/MFI, FAU
≠ types of diffusivities
D2 / NaX,   CF4 / silicalite, S(Q)
linear alcanes / 5A
comparisons with simulations





Type I structure
Cubic, a ≈ 12Å

Pm3n
46 H2O per unit cell

Type II structure
Cubic, a ≈ 17Å

Fd3m
136 H2O per unit cell

Type H structure
Hexagonal, a ≈ 12Å, c ≈ 10Å

P6/mmm
34 H2O per unit cell

512 51262 51264 51268 435663

Average 
diameter 7.82Å 8.66Å 9.46Å 11.42Å 8.12Å

Type of
cage

Number of cages 
per unit cell

1 2381662

Type of
structure



Zeolite A (LTA)

Zeolites X & Y
(FAU)

silicalite / ZSM-5 (MFI)

Al3+



Synthetic zeolites

Catalytic cracking:
Crude oil         fuel components

Hydrocracking:
High Mw fractions + H2 lower Mw fuels

Petrochemicals processing
MTO, LAB…

Gas separation
Purification

Typical cycle time: 1 – 2 years



MFIMFI

10-ring viewed along [010]10-ring viewed along [100]

LTALTA

8-ring viewed along <100>



catalysis-separation / zeolites

Reactant selectivity

Diffusion effects

CH3H3C

CH3

CH3

CH3

CH3

CH3

+
CH3Product selectivity
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Transport phenomena in packed-bed reactor

external diffusion

diffusion in micropores

diffusion in mesopores



ethane in silicalite
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PRL 93 (2004) 88302

FF calculations (LJ parameters), CBMC technique
(mainly for siliceous zeolites, for aliphatic hydrocarbons )

A new FF has to be tested by adsorption or diffusion experiments



n-alcanes in silicalite

∆H(1) = -84.3 kJ/mol , ∆H(2) = -87.7 kJ/mol 
∆S(1) = -131 J/K.mol , ∆S(2) = -211 J/K.mol

n-heptane:



Dynamics of molecular systems

100 meV

inelastic

elastic

10 meV0

Molecular crystal

100 meV

inelastic

quasi-elastic

2 meV0

Adsorbed molecule



Energy transfer (µeV)
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Usual approximation for a molecule:
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benzene / NaY (1 molecule / supercage ; T = 20 K)
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MD simulations of benzene in NaY

Experiment

Fixed framework

Flexible framework
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J. Phys. Chem. 100 (1996) 19545

H2O / H+ ≈ 1



Phys. Chem. Chem. Phys. 4 (2002) 4809

Europhys. Lett. 54 (2001) 354

2.2 meV

3 meV

4.3 meV

Type I
Type I + type II



0

2

4

6

8

10

12

-0.4
-0.2

0.0
0.2

0.4 0.2

0.4
0.6

0.8
1.0

In
te

ns
ity

E (meV)

Q (Å
-1 )

 

0.0

0.2

0.4

0.6

0.8

1.0

-0.4
-0.2

0.0
0.2

0.4 0.2

0.4
0.6

0.8
1.0

In
te

ns
ity

E (meV)

Q (Å
-1 )

N2 / LiLSX @ 260 K

vanadium



0.00

0.01

0.02

0 1 2 3 4

0.4

0.8

1.2
1.6

In
te

ns
ity

E (meV)

Q (Å
-1 )

O2 [HP] @ 260K

0.00

0.01

0.02

0.03

0.04

0 1 2 3 4

0.6

0.8

1.0
1.2
1.4
1.6

In
te

ns
ity

 (a
.u

.)

E (meV)

Q
 (Å

-1 )

N2 [3] @ 260K 

13 cm-1

N2 / LiLSX @ 260 K

0.00

0.02

0.04

0.06

0.08

0.10

0 1 2 3 4

0.6

0.8

1.0
1.2
1.4
1.6

In
te

ns
ity

 (a
.u

.)

E (meV)

Q
 (Å

-1 )

N2/silicalite @ 250K N2 / silicalite @ 250 K

0.00

0.01

0.02

0.03

0.04

0 1 2 3 4
1

2

3

4

5

In
te

ns
ity

 (a
.u

.)

E (meV)

In
cr

ea
si

ng
 L

oa
di

ng

N2 @ 260K  ;  Q= 1.2 Å-1N2 / LiLSX @ 250 K

Q = 1.2 Å-1

O2 / LiLSX @ 260 K



0.00

0.01

0.02

0.03

0.04

0 1 2 3 4

0.4

0.8

1.2
1.6

In
te

ns
ity

E (meV)

Q 
(Å

-1 )

N2 [3] @ 260K

)(
2

)exp(),(
2

22
λ

λ

λ

ωωδ
ω

ω −><−=
CQ.

uQQ d
ddS

h

ωλ = 1.6 meV = 13 cm-1

Li↔N⎯N



Li-N2 interaction energy (kcal/mol)
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Translation Rotation
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Translation Rotation

Benzene / ZSM-5Ethane / NaX



Diffusion of H in  α-PdH

:  octahedral sites

:  tetrahedral sites JPCS 28 (1967) 2369
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Jump length distributions
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n-pentane / NaX
1 molecule / supercage

Q2 (Å-2)

0.0 0.2 0.4 0.6 0.8 1.0

H
W

H
M

 (m
eV

)

0.000

0.010

0.020

0.030

0.040

380 K

300 K

300 K
380 K

D (m2/s) τ (s)

2.4 x 10-9

3.9 x 10-9

d (Å)

3.5 x 10-11

2.28 x 10-11
7
″

Phys. Chem. Chem. Phys. 1 (1999) 525



Q2 (Å-2)

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

H
W

H
M

 (m
eV

)

0.00

0.01

0.02

0.03

0.04

0.05

0.06

NH3 / silicalite
4.3 molecules / u.c.  T = 360 K

<d >1/2 = 5 Å

τ =  12 ps

Microp. Mesop. Mater. 26 (1998) 67



J. Kärger and D. M. Ruthven: Diffusion in Zeolites (1992)



Techniques for measuring diffusion coefficients

Out of equilibrium
- gravimetry
- chromatography
- frequency response
- infrared (FT & surface)
- permeability
... J D dc

dxT= −

At equilibrium
- PFG NMR , QENS (inc. scattering)

<r2>1/2

l
D r t

tS =
< >

=1
6 6

2 2( ) l

τ

- QENS, NSE (coh. scattering):  

DT



A-type zeolite crystals



a = 20.07 Å
b = 19.92 Å
c = 13.42 Å

MFI structure (silicalite, ZSM-5)
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5 CH4

4 n-C4H10

(300 K)

J. Phys. Chem.B 103 (1999) 3380
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ZSM-5  (λ = 9 Å)
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n-butane loading (molecules/u.c.)  + 4 CH4
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Darken approximation
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Molecules / supercage
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CF4 / silicalite

J. Phys. Chem. B 108 (2004) 10613



CF4 / silicalite  @ 200 K
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Sears, Can. J. Phys. 45 (1967) 237
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C2D6 in silicalite @ 300K
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n-hexane / silicalite  @ 300 K ; 4 molecules / u.c.

Q = 0.29 Å-1 (IN16)
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n-heptane / silicalite @ 300Kn-hexane / silicalite @ 300K

Loading, Θ / molecules per u.c.

0 1 2 3 4 5 6 7

 D
t  

(m
2 /

s)

10-10

10-9

10-8

0 1 2 3 4 5 6 7

 D
t  

(m
2 /s

) 

10-10

10-9

10-8

Loading, Θ / molecules per u.c.



isobutane / silicalite
T = 492 K, 2 molecules / u.c.
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C4 / silicalite
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Benzene / ZSM-5  (300 K)
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Molecule residence
time at 300 K :ZSM-5

in a channel segment:
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‘Incommensurate diffusion’
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Ds Benzene/NaY @ 480 K
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CONCLUSIONS

Neutron scattering: structure & dynamics of guest-host systems

Methane clathrates:  energy resource
geo hazard ?

Hydrogen: energy carrier for the future ?  it will not replace oil before several decades

Diffusion in zeolites: Ds, Dt, <d>, τ

comparisons with PFG NMR & macroscopic methods still show large discrepancies

simulations have to be tested by experiment !


