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. application domains

thermal cracking

acid catalysis

— catalytic cracking

— methanol to olefins

metal catalysis

— Fischer Tropsch synthesis
— hydrogenation
bifunctional catalysis

— hydrocracking

— catalytic reforming



Eurokin 10th Anniversary Symposium, May 19-20, 2G@fize, France

ential features

e large number of species
o large number of elementary steps

e [Imited number of reaction families defined
based on
— reaction type

o alkyl shift, PCP branching, B-scission,...
* methylene insertion, reductive elimination,...

— types of intermediates involved

« carbon atom type in reactive moiety of reactant and
product

e accounting for symmetry effects
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= accounting for symmetry

 reaction family of s,s methylshift

e rate coefficient

_ kT AS®” AH 7 ~ ~
k—Tex = expg - 5 S==IN0upy +S

e writing symmetry explicitly

O.reactant o~ 0# 0#
¢ = —globl k?]T exp{ Ai jex;{— A:T j k =nlk,s(s;s)
g

global
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[ Of Single events determination

o alkyl shift from 2methyl-hex-3-yl to
3methyl hex 2-Y!

33
3 32 S
o=3 =", ="

 PCP branching from 5methyl-hex-3-yl to
2,2dimethylpent-3-yl

@
Mey .H Me
H—\

33
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outline

* necessary tools
— reaction network generation
— thermodynamic data generation
— simulation and regression
e case 1: hydroconversion
— USY-zeolite: free carbenium ion chemistry
— ZSM-22: shape selectivity
e case 2: Fischer Tropsch synthesis
— Fe and Co catalysts
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network generation: label representation
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network generation: matrix r_e_p'resentation

1 2 3 4 5 6 7 8
1 1 1 -
2 11 1 +2 2 |1 1 1
3 1 1 3 1 1
4 1 1 4 1 1 +2
5 1 1 5 1 1
7 1 1 7 1
8 1 2 1
2 4
1 2 2 2 2 2 2 1 1 32 2 2 2 1 1
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Jeneration algorithm

feed molecule

- reaction families ﬂ

reactant 1

product 1 reactant 2

product 2
product 3
product 4

in the network

product 5

reactant —— |
ﬂ [ hydrogenation A
_ dehydrogenation
reactions < protonation
alkylshift
ﬂ PCP branching
beta-scission
products

\ deprotonation

no

products=

reactan new reactant
yes l

#reactants=
nroduct

no

1 network generation completed
11
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'k generation results

feedstock: n-nonane  feedstock: n-nonadecane
0 0
1 2 2 2 2 2 2 21 1222222 222222222221
26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26 26
final results: o final results:
— n-nonane hydrocracking — n-nonadecane hydrocracking
o paraffins: 44 o paraffins: 1981
. olefin: 175 ( products . olefin: 25065

e carbenium ions: 138 e carbenium ions: 20437

* hydrogenation: 175 }metal catalysed | « hydrogenation: 25065
» dehydrogenation: 175 reactions » dehydrogenation: 25065
* protonation: 262 ) ("= protonation: 42600
* hydride shifts: 174 * hydride shifts: 33352
 alkyl shifts: 182 : o alkyl shifts: 12470
« PCP branching: 272 }aCId (;atalysed<  PCP branching: 15970
« PCB branching: 254 reactions « PCB branching: 20300
* beta scission: 53 » beta scission: 6429

 deprotonation: 262 \_* deprotonation: 42600

12
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amic data generation

e acid catalysis

— enthalpy, entropy and specific heat capacity of
alkanes and alkenes: group contribution method
(Benson)

— recognition of contributions from label
representation

— carbenium ions: from alkenes and standard
protonation enthalpy

 metal catalysis
— gas phase species: group contribution

— surface species: UBI-QEP + assessment
degrees of freedom

13
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odynamic data: UBI/QEP

heats of formation of surface species from atomic chemisorption

enthalpies
0 0 nreact nprod
— 0 AH =AH + L:O — L:0:
Ea for = fn(AHr,surf) rosurt pee E G jZ::l JQJ
Earev = Ea for —AHR surf QaB = 2 “strong” chem. enthalpy

QatDag

R Qa=(Qc, Q4. Q0.+

 adjustable parameters: E, ¢, and Q,
N A (9)+B (9)

0
AHP o
Ont 925 AB (g)

AHlp,surf /B QB QAB

A AHO ¢t I AB (s)

A (s)+B (s)

>

+

vy)

T

vy)
enthalpy

Shustorovich et al., Surface Science Reports 338)19 reaction coordinate 14
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Kinetic Engine

Operating
conditions — Datafile Parameter —> Generate plots

Experimental —> Generation 4 Estimation Model predictions
data ‘ |
I
No. experiments | _
No. input variables Estlmateq param_eters
No. responses | 95% cor)fldence_lnterval
Reactor type | Correlation matrix
Initial values Network F-value fo_r the significance
_ of regression
Cieneratlfn
feedstock Elementary

steps

15
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outline

* necessary tools
— reaction network generation
— thermodynamic data generation
— simulation and regression

e case 1: hydroisomerization/-cracking
— USY-zeolite: free carbenium ion chemistry
— ZSM-22: shape selectivity

e case 2: Fischer Tropsch synthesis
— Fe and Co catalysts

16
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catalysts In hydrocracking

USY
— no shape selectivity — shape selectivity
— tuning acidity by — enhanced
dealumination monobranched isomer
yield

— suppressed cracking

17
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fluid phase

erization/-cracking

acid sites

AN

alkyl shift
PCP-branching

(de)-protoneri

18
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blocks rate equation

\

alkyl-shift )
PCP-branching r=nkC..
B-scission )
' — CthrotCO

(de)-protonation CR+ =4 DCthrotCO

: K. .C
(de)-hydrogenation C, = den~e

Py,

physisorption C, = CsatKLpp

1+K pp

19
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detailed rate equation

/= Vvia reaction network

/
/
/

_-- Vvia thermodynamics
/ /

r = Csat N k Kprot deh I<|_ pP sz
\\ 1+ K pP ' R

Loo-- via
. /, \ : operating conditions
N R L _ Via physisorption experiments
/ « carbon number dependent
S/ e zeolite dependent (geometry)
/ _ comp _—
/ parameters to be estimated: kO™ =k K prot
~~7 e carbon number dependent comp 0
o zeolite dependent E — E + AH
(acid strength) act

prot

20
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et rates of formation

summation of all elementary steps

R ZRAS/PCP/B ZRBOL,-
j
Rgi,j :er (ml,o;mq,r,oi,j)
RAS/PCP/B ZZrAS/PCP(mI ) ZZrAS/PCP(m_k.mI )

I 0

+Z;rﬁ(m|’o, mi,k’ou,v) ZZrB(mi,k;ml,o’ou,v)

| 0

21
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e parameter values

PCP- protonation

Alkylshift [3-scission

branching

kJ mol-1

(s:s) | 76.4(x0.7)2 | 104.7 (0.3) | 139.8 (x0.7)
-59.2¢ (+0.3)

(s;t) 127.3 (x1.1)

72.2b(+0.3) | 95.6% (0.3)
(t:s) 148.6 (0.5)

-94.0¢ (+0.5)
tt) | 101.5(x0.3) |127.3(x0.9)| 128.6 (x0.9)

22
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SY: effect SI/Al ratio on activity

05 ®
@

0.4 -
g 0.3 - ® Y-zeolite
7
o e CBV-720
= 0.2 -
3 e CBV-760

0.1

0O 200 400 600 800 1000
W/F; (kg s mol™"

(i) physisorption, (ii) number of sites,
(iii) acid strength

23



Isomerization,
cracking conversi
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ect SI/Al ratio on selectivity

0.75

total conversion

A CBV-720
ISomerization

A CBV-720
cracking

B CBV-760
ISomerzation

0 CBV-760
cracking

¢ Y-zeolite
ISomerization

O Y-zeolite
cracking

24
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lon enthalpy: catalyst descriptor

AH?

prot,zeol

zeolitell

zeolitel

same effect of acid strength on stability of reacting
carbenium ion and activated complex

ESMP  —EX™ = AH - AH? =A(AH;

actzeo, actzeqg prot,zeq, prot.zeq rot) zeq, -zeq

25



standard protonation
enthalpy increase (kJ/mol)
o1
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nation enthalpy: catalyst descriptor

20

15 -

HH =<

10 - US-Y

H

T
1L

2.6 18 60

framework Si/Al-ratio
Y-zeolite: weak acid sites

Intermediate dealumination degree - strongest acid
sites

26
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Pt/H-ZSM-22

pore mouths

external surface |
(Pt clusters)
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physisorption on ZSM-22

fluid phase pore mouth micropore

bridge -

AV 5 AN TS oA

28
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physisorption on ZSM-22

Low int . High interaction
ow in e;ac lon mode
mode (1 pore mouth)

High interaction mode
(2 pore mouths)

Laxmi Narasimhan et al. J.Catal.,218, 135-147 (2003)

29
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pore mouth catalysis

product shape selectivity:
* methyl shifts excluded

/
— . I
E— \_

\

h

+%> /H/\/\
]
e tertiary carbenium ions cannot be stabilized

Ty

/

J. A. Martens et al. Appl. Catal. 1991
30
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selectivity in SEMK

e reaction network
— exclusion of tertiary carbenium ions
— no alkyl shifts at pore mouth sites

— cracking to primary carbenium ions in pore
mouths

e physisorption
— various physisorption modes
— pronounced differences between isomers

e protonation

— depends on the number of carbon atoms
iInside the pore mouth

31
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M-22 parameter estimates

199 50
s [ Y
B
1.
-
g 10 4
1 1.;;.;. 2;1-:1 3'111 J,l:lm 4 .‘:ﬂ ;{r ﬁ'ﬂ ,H'.ﬂ o
WiFo [kgz mal ) n-Octans comearsion [mals)
prot
AH Prot o mp AH Proty, Nref Eﬁ(S: p)
kJ mol-!
-61.0 (£0.5) -53.1 (£3.0) -2.4 (x0.3) -177.5 (x0.3)

32
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contribution analysis

monobranched
alkanes

dibranched
alkanes

tribranched
alkanes

pore mouths
cracked products
bridge sites i

micropores

33
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t of acid site concentration

2-fold decrease in micropore

/'—' N N, acid sites concentration

/ AN

Isomer Yield, %

/ 2-fold decreasce\\ '

*

in pore mouth acid
sites concentration .

200 250 300
Temperature, °C

34



Isomer Yield, %
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of the strength of the acid sites

100
2 fold decrease in average
80 . acid site strength,
/ X~ *. Ppore mouth/micropore
60 /N //
40 - A .
20 ." 10 fold increase \‘ “,
# .-" inbridgeacid "
’ sites concentrations i
0 » ' —

150 200 250 300

Temperature, °C

35



Isomer Yield, %
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new synthesis procedure

100 ® conv. (exp)
= conv. (model)

80 & new (exp)
- new (model)

) N 'y

AR/
R N
N

150 200 250 300
Temperature, deg C

36
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outline

* necessary tools
— reaction network generation
— thermodynamic data generation
— simulation and regression

e case 1: hydroisomerization/-cracking
— USY-zeolite: free carbenium ion chemistry
— ZSM-22: shape selectivity

e case 2: Fischer Tropsch synthesis
— Fe and Co catalysts

37
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ction network

Formation building blocks
MMMC+MH < MMMCH +M

Chain initiation

Chemisorption/dissociation MMMCH +MH < MMCH, +2M
Hy+2M « 2MH MMCH5 +MH < MCHgz+2M
CO+2M - MMCO Formation of water

MMCO+3M « MMMC +MMO VIVIS) VT oo [VTGTET SNy

Chain growth and termination MOH +MH  H70+2M

» Mechanistic details still unknown \/k \/l\\

» Chain growth on surface through
stepwise addition of carbon /\/\M \)\Fﬁ \/%'
monomers 7 7

e Anderson-Schulz-Flory product V\h'n — N /\M/g Y \M/\
distribution — chain growth ﬂ H u u , n //
probability independent of cn ~~ ~~ ~~ ~~

~N 7 38
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Reaction network

Chain initiation Formation building blocks
MMMC +MH « MMMCH + M
Chemisorption/dissociation MMMCH +MH < MMCH, +2M
Hy+2M « 2MH MMCH, + MH < MCHgz+2M
CO+2M - MMCO Formation of water
MMCO+3M « MMMC + MMO MMO+MH « MOH +2M

. ] i MOH+MH o H-O+2M
Chain growth and termination ?

Methylene insertion/de-insertion I <A

39
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Reaction network

Chain initiation Formation building blocks
MMMC +MH - MMMCH + M
Chemisorption/dissociation MMMCH +MH < MMCH, +2M
H,+2M o 2MH MMCH, +MH & MCHgz+2M
CO+2M - MMCO Formation of water

MMCO+3M « MMMC +MMO VTVIS) 2 VTHT o VIQTHT ooy

Chain growth and termination MOH +MH « H;0+2M

Reductive elimination/oxidative addition A

40
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Reaction network

Chain initiation Formation building blocks
MMMC +MH - MMMCH + M
Chemisorption/dissociation MMMCH +MH < MMCH, +2M
H,+2M o 2MH MMCH, +MH & MCHgz+2M
CO+2M - MMCO Formation of water

MMCO+3M « MMMC +MMO VTVIS) 2 VTHT o VIQTHT ooy

Chain growth and termination MOH +MH « H;0+2M

B-hydride addition/elimination I <A

41
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Reaction network

Chain initiation Formation building blocks
MMMC +MH - MMMCH + M
Chemisorption/dissociation MMMCH +MH < MMCH, +2M
H,+2M o 2MH MMCH, +MH & MCHgz+2M
CO+2M - MMCO Formation of water

MMCO+3M « MMMC +MMO VTVIS) 2 VTHT o VIQTHT ooy

Chain growth and termination MOH +MH « H,0+2M

Alkene desorption/chemisorption I~

42
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Fe and Co catalyst

lron Cobalt
 Water-Gas Shift (formate * Primary-alcohols (CO insertion
mechanism, iron oxide phase, mechanism, 3 additional elementary
6 additional elementary reactions) reactions)

* Range of experimental conditions: ¢ Range of experimental conditions:

T (K) Hg/CO Prot (bar) I\|obs T (K) Hg/CO Prot (bar) I\|obs
523-623 2-6 6-21 90 493 1.6-2 20 22
Lox, Ph.D. Thesis, Ghent University (1987) Fiore et al., Studies in Surf. Sci. and Cat. (2004)
 Adjustable parameters:  Adjustable parameters:
— Qc,Qy, Qg on iron carbide phase (3) — QuQy,Qp on cobalt metallic phase
— Qg on iron oxide phase (1) (3)
— E, o, Of kinetically relevant reaction

— E, o, Of kinetically relevant reaction
families (10)

Lozano-Blanco et al.,
OGST — Rev. IFP, Vol. 61 (2006), No. 4 43

families (12)
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e and Co catalyst

. . 'Z‘for Ea for /Q (kJ/mal)
Reaction family/ barist UBI/QEPEstimatedJBI/QEPEstimated
elem. reaction or s1) Fo Co
H,+2M « 2MH 3.116 0.0 - 0.0 -
CO+2M « MMCO 2210 0.0 - 0.0 ]
MMCO+3M - MMMC+MMO 1.3106° 1395 56.840.5 155.1 52.8+6.2
MMMC+MH - MMMCH +M 8.8104 127.6 77.7£0.7 122.3 74.3+10.3

MMMCH + MH « MMCH, +2M 5.7 101
MMCH, +MH ~ MCH3+2M 2.3 10!

67.6 11.9+0.1 58.3 12.2+2.0
38.1 61.9+0.5 27.2 71.943.1

MMO+MH - MOH +2M 1.31G% 118.6 103.8+1.0 110.8 107.0+6.6
MOH +MH ~ H,0O+2M 2.4 101 /8.0 86.2+0.6 51.8 91.6+24.3
M-C - - 639.5+2.1 - 611.2+2.7

M-H . . 249.2+0.6 - 243.3£3.2

M-O - - 578.8+0.9 - 553.7+6.0
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Fe and Co catalyst

- I Zfor Ea for /Q (KI/mal)
eaction family (barist UBI/QEPEstimated)BI/QEPEstimated
elem. reaction 1
or s Fe Co

MC,Hon4+1 + MMCH» «
MCn+1H2n+3 +2M

MC Hon+1+MH o CHonip+2M 2.1 16° 155 117.8#0.7 6.4 103.6%£2.0
MC Hon+1+M « MCHoqn+MH 1.110° 26.2 96.3+t0.5 24.1 86.1+1.4
MCyHo, « CyHon +M 1.310° 62.1 s 57.0 -

8.9 10 8.0 448+04 0.0 43.5£2.0

* most significant changes in atomic chemisorption enthalpies and

In elementary steps determining the product distribution

45
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sults Fe - Nonisothermal

T=623K;p,,=21bar;H,/CO=3 T=573K;p,.=11bar;H,/CO=3
1.6 - =
e~ [
812
[ |
E e
=0.8- .
E A ‘ o H2
5\0.4 A °
% x ¢ CO
0 . .
0 20 40 60 80 A HO
VV/FCOZiS (kOcat s/mol)40 W/Fcoin (KQcat S/Mol) ‘
1. T=553K:n. =21harHJ/CO=R  g4g. T=523K;p,=21barH,/CO=3 *® CH,
= i = " xCO
0.8 n 2
8 506 -
0.6 - [=
E £04-
-g 0.4 ?E;
> 02- =4 =
— @
0 ° : : 0O -
0 0

20 40
W/Fcoin (KQcar S/mMol) W/Fcoin (KQeat S/Mol) 46
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lel validation on Fe and Co

T=623K;P+=21bar;H,/CO=3 T=573K;P=11bar;H,/CO=3 T=523K;P;=21bar;H,/C0O=3
1 .

=
&,

Q”Q

(mol i/mol HCs)
y (mol i/mol HCs)

ydmol i/mol HCs)
o

S

o

y

=

o

S

2 4 6 8
Carbon number

alkenes
| ]

&
=

w

|
O

¥ (mol i/mol HCs)
(mol i/mol HCs)

7
O
T
°

g
=
©
g
>0.

(@]
o
o
—
o
(@]
o
—
o
(@]
—

2
Carbon number Carbon number Carbon number

T=493K;P+=20bar;H,/C0=1.6;W/F ;0;,=48skg/mol

0.1

O
o

=
o

=
(@)
—
=
(@)
—

alkanes alcohols

Oini)

o
(@)
—

& (mol i/mol CO
o
S

& (mol i/mol CO
: Oini)

(@)
(@)
(@)
—
(@)
(@)
(@)
—

2 4
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Y (Mol/mol HC
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eneral trends

Prot =
0.9
oy H,/CO=6 K
A
0.7 * 4
0.6 a
05 *
4

0.4 . . .

500 550 600 650

Tenperature (K)
e Chain growth probabillity:

A
0.75
t\-\
0.5 - A ¢
H,/CO=6

0.25

0] . . .

500 550 600 650

Tenperature (K)
r
rop,n

a, = prop

[ orop,n *ltermn

« At higher temperatures more hydrogenated products and

lower molecular mass hydrocarbons

Ea,mi(45kJ / mol)( Ey p—e(96kJ / mol)( Ey re(118J / mol)

48
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onclusions

SEMK is a versatile methodology for a wide
range of processes

catalyst descriptors account for the effect of

the catalyst properties on the kinetics

— protonation enthalpy, number of sites,
physisorption

— atomic chemisorption enthalpies

identification of undesired and desired

reaction pathways

enhanced isomerization catalyst

49
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