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Case: Case: hydrocrackinghydrocracking / / isomerizationisomerization
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HydrocrackingHydrocracking: : catalystcatalyst



LangmuirLangmuir isotherm isotherm forfor physisorptionphysisorption fromfrom idealideal vapourvapour phasephase
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HenryHenry coefficientcoefficient onon USY USY zeolitezeolite
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AcidAcid catalysedcatalysed reactionreaction familiesfamilies
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ElementaryElementary reactionreaction familyfamily: : cracking cracking 
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HydrocrackingHydrocracking: : raterate equationsequations
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HydrocrackingHydrocracking: : raterate equationsequations revisitedrevisited
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HydrocrackingHydrocracking: : raterate equations  equations  accounting accounting forfor finitefinite carbeniumcarbenium ion ion 
concentrationsconcentrations
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protonationprotonation enthalpyenthalpy and and activationactivation energyenergy
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Model Model adequacyadequacy: : activityactivity

0

0.2

0.4

0.6

0.8

1

0 500 1000 1500 2000

W/F0 (kg s mol-1)

co
nv

er
si

on
 (-

)

506 K - 0.45 MPa - H2/HC 13.13

539 K - 0.45 MPa - H2/HC 13.13

563 K - 0.45 MPa - H2/HC 13.13

506 K - 0.7 MPa - H2/HC 250

J.W. Thybaut et al. ,Catal. Lett. (2004)



Model Model adequacyadequacy: : selectivityselectivity

J.W. Thybaut et al. ,Catal. Lett. (2004)
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CatalystCatalyst acidityacidity
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CatalystCatalyst acidityacidity: Si/Al ratio: Si/Al ratio

• physisorption

• ∆Ct

• ( )prot∆H∆

1 adjustable parameter accounting 
for conversion changes



CatalystCatalyst acidityacidity: Si/Al ratio: Si/Al ratio

company Si/Al-ratio Ct (mol/kgcat)

H-Y Zeocat 2.6 4.6   10-6

CBV-720 PQ 18 0.60 10-6

CBV-760 PQ 60 0.22 10-6



CatalystCatalyst acidityacidity: : activityactivity

0

0.1

0.2

0.3

0.4

0.5

0 200 400 600 800 1000
W/F (kg.s/mol)

co
nv

er
si

on

Si/AlF = 2.6

Si/AlF = 60

Si/AlF = 18



• Introduction / Scope
• Physisorption
• Families of elementary reactions
• Kinetic parameters
• Acidity
• From vapour to liquid
• Conclusions



vapourvapour phasephase versus versus liquidliquid phasephase hydroconversionhydroconversion ratesrates

parapur (liquid phase)

parapur (vapour phase) rates overlap

difficult comparison 
because of differences 
in operating conditions



liquidliquid phasephase: : enhancedenhanced competitioncompetition in in binarybinary mixturesmixtures
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LangmuirLangmuir isotherm isotherm forfor physisorptionphysisorption fromfrom idealideal vapourvapour phasephase

Langmuir isotherm:

with KL,i from:

iiL

iiLisat
iphys pK

pKC
C

,

,,
, 1+
=

( )
i,sat

i,phys
0
i

i,L C

TRHexpH
K

∆−
=

and H0
i and ∆Hphys,i from Baron et al. (1998)

0.4

0.6

C
 (m

ol
/k

g) octane

decane

dodecane

1.2

1

0.8

0.2

0
0 0.2 0.4 0.6 0.8 1

P (bar)



From vapour to liquid: separation factors α for binary mixtures
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LangmuirLangmuir isotherm isotherm forfor physisorptionphysisorption accounting accounting forfor non non idealityideality
1: fugacity1: fugacity

Langmuir isotherm:
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non ideality: fugacity coefficients (ideal gas state as referencnon ideality: fugacity coefficients (ideal gas state as reference state)e state)

Cubic equation of state:

fugacity coefficients calculated from:

Peng-Robinson: u=2, w=-1
other coefficients: 
“Properties of gases and liquids”
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From vapour to liquid: separation factors α for binary mixtures
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LangmuirLangmuir isotherm isotherm forfor physisorptionphysisorption accounting accounting forfor non non idealityideality
2: 2: ““LangmuirLangmuir” ” coefficientcoefficient K*K*L,iL,i
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LangmuirLangmuir isotherm isotherm forfor physisorptionphysisorption accounting accounting forfor non non idealityideality
2: “2: “LangmuirLangmuir” ” coefficientcoefficient K*K*L,iL,i
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2: 2: excessexcess freefree enthalpyenthalpy in nonin non--idealideal physisorptionphysisorption

bulk non ideality affects 
intersorbate distances:

- compression effect on sorbate: 
sorbate dependent, analogous 
to bulk non ideality

- solvating effect on sorbent 
framework: sorbent dependent 
scaling of compression effect
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estimation  estimation  of of ccEE fromfrom experimentalexperimental datadata

liquid phase binary physisorption isotherms:

with:
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2: 2: excessexcess physisorptionphysisorption coefficient         coefficient         in in liquidliquid phaseiLK , phase
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ExcessExcess physisorptionphysisorption coefficient       coefficient       in in liquidliquid phasephase onon USY USY zeoliteEK zeolite
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From vapour to liquid: separation factors α for binary mixtures
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conclusionsconclusions liquidliquid phasephase physisorptionphysisorption
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• disfavouring more pronounced for larger 
alkanes ( even selectivity reversal possible) 
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HydrocrackingHydrocracking: : raterate equations equations 
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protonationprotonation enthalpyenthalpy and and activationactivation energyenergy
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protonationprotonation coefficientcoefficient accounting accounting forfor non non ideality  ideality  K*K*protprot,i,i

- solvating effect on sorbent 
framework: 

modified strength of the acid 
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protonationprotonation coefficientcoefficient K*K*protprot,i,i
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estimationestimation of of liquidliquid phasephase excessexcess standardstandard protonationprotonation enthalpyenthalpy

modified strength of the acid sites:

- no effect on entropy
- only effect on standard protonation enthalpy

1E,0
prot molkJ4.00.6H −±−=∆

on USY zeolite

increased stability of carbenium 
ions



liquidliquid phasephase model model adequacyadequacy forfor hydroconversionhydroconversion onon USYUSY

C9-C14 mixture hydroconversion
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VapourVapour phasephase versus versus liquidliquid phasephase hydroconversionhydroconversion ratesrates: limit cases: limit cases

• carbenium ion concentration can be neglected 
• liquid phase: saturation
• vapour phase: Henry regime
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liquidliquid phasephase: : enhancedenhanced competitioncompetition in in binarybinary mixturesmixtures
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Ratio of Ratio of reaction ratesreaction rates in mixtures:in mixtures: vapourvapour versus versus liquidliquid phasephase
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Shape selective hydroconversion: pore mouth and key lock catalysis
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liquidliquid phasephase: : shapeshape selectivityselectivity of  ZSM22 of  ZSM22 lessless pronounced  pronounced  

squares: isomerization
triangles: cracking C9-C14 mixture hydroconversion

Pt/H-USY Pt/H-ZSM-22
1

To
ta

l c
ra

ck
ed

 a
nd

 is
om

er
 p

ro
du

ct
 

yi
el

ds
 (m

ol
/1

00
 m

ol
 to

ta
l f

ee
d)

Total C9-C14 feed conversion (mol%)

0

10

20

30

40

50

60

70

80

0 20 40 60 80

(m
ol

/1
00

m
ol

 to
ta

l f
ee

d)

0

20

40

60

80

0 20 40 60 80
Total C9-C14 feed conversion (mol%)

To
ta

l c
ra

ck
ed

 a
nd

 is
om

er
 p

ro
du

ct
 

yi
el

ds
 (m

ol
/1

00
 m

ol
 to

ta
l f

ee
d)

Enhanced competition between cracked products and feed molecules
Enhanced secondary cracking in liquid phase, in particular for ZSM-22

Shape selectivity only for position Me branches



monobranchedmonobranched isomerisomer distributiondistribution in in liquidliquid phasephase
hydroconversionhydroconversion onon ZSMZSM--2222

0
5

10
15
20
25
30
35
40
45

m
ol

ar
 d

is
tr

ib
ut

io
n

2mec12 3mec12 4mec12 5mec12 6mec12
Component

methyldodecanes

model
experimental



• Introduction / Scope
• Physisorption
• Families of elementary reactions
• Kinetic parameters
• Acidity
• From vapour to liquid
• Conclusions



ConclusionsConclusions

• intrinsic kinetics / elementary reaction families
• kinetic parameters

• limited number
• independent expts (e.g. physisorption)
• catalyst properties

• extrapolation from vapour to liquid
• fugacity
• single excess parameter cE for physisorption
• excess stabilisation of carbenium ions
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