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Zeolite Catalysis: Diffusion, Adsorption, Reaction

Interference of several adsorption and
reaction phenomena
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Zeolite:
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structure
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Overview

Adsorption

Low zeolite coverage
Intermediate coverage
Complete coverage

Reaction

Hydrocracking of alkanes on Y zeolites
Vapor phase
Liquid phase




Adsorption

Chromatographic techniques

C5 - C12 linear and branched alkanes, alkenes, ...
20 - 400 °C

Gas, vapor and liquid phase

Series of zeolites

[ rational relationships between system
parameters and adsorption properties ???




Gas and liguid chromato graphy

MOBILE PHASE

- Inert gas
- inert gas + component DETECTOR: TCD,
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- liquid
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Methods of moments: adsorption constants
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Mass transfer

Method of moments
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Chromato graphy: merits

Rapid measurement
Broad range of components
Broad range of operating conditions

Simultaneous determination adsorption & diffusion




Adsorption at low covera ge

No Interactions between adsorbed molecules
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Gas phase diffusion

Macropore diffusion model:

D, o€ pellet porosity = 0.3 1D

=D_ /10

macr

tortuosity factor = 3

sorbate

D mol
(m?/s)

Dmacr
(m?/s)

n-hexane
n-heptane
n-octane
n-nonane
n-decane
n-undecane
n-dodecane

5.1 107
4.7 107
4.4 107
4.1 107
3.8 107
3.6 107
3.4 107

3.810°
4.8 10°
4.8 10°
6.4 10°
2.4 10°
4.8 10°
6.2 10°

= Mass transfer is dominated by macropore diffusion




Influence SI/Al - Y zeolites
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= Exponential factor B decreases with Al content




Influence pore diameter

= N-pentane

A n-hexane
n-heptane
n-octane

e N-nonane

Average pore g (An gstrom)




Compensation — effect : influence pore size
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= Compensation betweenn adsorption entropy and enthalpy
= All 12 MR and 10 MR zeolites same characteristic curve




Compensation — effect : influence moleculet ype

X Alkanes Y - USY

Aromatics NaY (Si/Al 2.7)

® Aromatics H-USY (Si/Al 30)

(o]
o

Cyclo-alkanes NaY (Si/Al 2.7)

|
o

<z

E
580
(7))

<

* Butene isomers NaY (Si/Al 3.8)

(©)]
o

® C6-C7 alkenes NaY (Si/Al 2.7)

a1
o

+ C6-C8 alkenes H-USY (Si/Al 30)

AN
o

30 40 0 60 70
-AH, (kd/mol)




General correlation for the Henry constants
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3D fittin g of experimental data
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a =11.0 kJ/mol B =1.3 kd/mol
y = 13.3 J/mol/K 0 = 14.8 J/mol/K




Adsorption at intermediate covera ge

Interaction between adsorbed molecules ?




Breakthrough curves




Isotherm fittin ¢
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Perturbation chromato graphy

n-nonane




Influence zeolite loading on competition

a (Cn+3 / Cn)
20 1

16

Y (Si/Al 2.7)
= USY (Si/Al 13)
A USY (Si/Al 30)

| | |

|

0.2 0.4 0.6 0.8 1 1.2 1.4
molecules/supercage

[1 More than 1 molecule supercage: separation factor
decreases strongly
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Zeolite Y (Si/Al 30), mobile phase octane

alkanes

Polarity
__BTM >

2-hexanon

~ 3-hexanol
/

___— methanol

=7

cyclohexanol
aceton

| | | | | J

50 100 150 200 250 300 350
t(s)

= no pronounced difference between short and lon g alkanes




Influence fluidum density on competition

USY (Si/Al 30)
210 °C
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Liquid phase adsorption

Statistical isotherm
HK'1p)' (K'2po) =181/ v =B/ v) T [
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1+ K p + K'2p2+zjzi

Consider each superca ge as independent s ystem
B, : volume component i

V. volume superca ge

Partition coefficient model




Catalysis

Platinum clusters Brgnsted acid sites

-H
2 : :
alkane <« " alkene alkylcarbenium ion

- |
H,

alkane '« alkene’ Rearranged or cracked
+H, alkylcarbenium ion

Decoupling adsorption and reaction properties




Rate equations

Adsorption
Vapor phase

DHo=a CN 4B -ASy o 7Y CNTD
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Kinetics
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Competition effects in vapor phase

Piota 4.5 bar

A n-nonane 230 °C —
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Lumped reaction model
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* Froment , G.F., Catalysis Today, 1987, 1, 455




Adsorption & kinetic parameters

K’ L Os Kint™ Kph
(mol/kg/bar) (1/bar) (mol/kg) (1/bar/s)
nC7 6.91 9.8 0.7 0.023
nC9 37.4 60.0 0.62 0.063

Ratio 5.4 2.74




Competition in vapor phase

Langmuir model

Langmuir + Interaction

model
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Competition in liguid phase

= 100 bar

total —
=230 °C

¢ n-heptane liquid phase Langmuir model
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Denayer et al, J.Catal, In press




Vapor versus Liquid

1 — Pure components
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Conversion of mixtures

Conversion Predicted conversion
0.95

). e Langmuir + Interactie
0.75 o5 : model

0.55
0.35
0.15 {4

1000 2000 3000 4000 02 04 06 08
WI/F (kg.s/mol) Experimentele conversie

Conversion of mixture very well predicted usin g single
component kinetic parameters and multicomponent
adsorption equilibria




Conversion of mixtures
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Reaction scheme
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n-octane conversion
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Energy (kJ/mol) C8 hydro-isomerisation

140
120 Alkylcarbenium ion

100
H

Protonation
-+

80

Adsorbed alkéne E

act, isomerisation

60

40

20 H
Gas phase alkane

Dehydrogenation

0

-20 : _ =
H Adsorption act, observed

-40
-60

Adsorbed alkane
-80

Ko70 oc (1/S) Bct, gIobaI(kJ/mOI) A AHpyot (kJ/mol)
Pt/CBV720 Pt/CBV760 Pt/CBV720 Pt/CBV760
3.89 10 5.50 107 33.9 38.3 4.4
2.20 10 3.24 107 32.3 38.0 5.7
5.19 107 7.35 10° 29.6 35.5 5.8
6.50 16 9.21 16 27.5 30.9 3.4
1.50 10 2.1510° W 62.4 3.2
3.51 10 5.10 10 52.2 56.8 4.6
2.10 1C0° 2.83 10 71.9 75.7 3.8

Martens, G.G., Marin, G.B., Martens, J.A., Jacobs, P.A., Baron, G.V. 2000., J. Cat., 195, 253-267.




Influence chain len gth and Si/Al

gjnversmn Clonversmn Fp———
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Reactivity ~ Chain length
Strong influence of Si/Al on observed activity




Kinetic parameters

Kysg (1/5) Kypg ! Kypg (C6)
10000 B

Si/Al 13 . + PUY (Si/Al 2.7)

- = PYUSY (Si/Al 13)
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[1 Relative reaction rates independent of Si/Al and acidity




Conclusions

Several experimental and theoretical techniques to
determine adsorption parameters in catalytic
conditions

Integrated adsorption - reaction study:

Deeper insight in relation :

zeolite - reactivity - selectivity - adsorption -
shape selective properties

Development and screening new materials, better
process control, straightforward modeling
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