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Heterogeneous Catalysis: a Multiscale process
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Multi-scale modeling: la voie royale
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First-principles based kinetic modeling
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Ab Initio Molecular Dynamics
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Acid catalyzed ethanol conversion
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Ethanol conversion to higher HC
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Overview

e Introduction

e Dehydration of bioalcohols on zeolites
 First principles kinetic model development
e Experimental validation
e Reaction-path analysis
« Effect of zeolite

e Industrial reactor scale

e Conclusions
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Alcohol adsorption in zeolites

Ethanol physisorption in H-ZSM-5

B

e van der Waals:
e dipole-dipole
e dipole-induced dipole
e dispersive

e H-bonding

e electrostatic interactions
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H-bonding and protonation: chemisorption

Ethanol adsorption and protonation in H-ZSM-5
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Alcohol adsorption & reaction in zeolites
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Chemisorption: effect of chain length

-~ —tAl-

i '105 - ~~~‘s F
3 ~~~~~~ ~9~~“
E LS e ~~~~~
2 ~~~~~§~~~ -
~ 130 7 A hrau ‘-8:::.\
3 ~~~~:s~
of OO H-MOR “:9
<4 -155 1 oH-zsm-s
O H-ZSM-22
-180 ! | |
1 2 3 4

Carbon number

Nguyen et al., J. Catal. (2015) 322,91-103 13



“Innovation techniques in chemistry, petrochemistry, and refining” Sint-Petersburg, 20-21 October 2016

Overview

e Introduction

e Dehydration of bioalcohols on zeolites
 First principles kinetic model development

» Ethanol dehydration
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Ethanol to Ethene: H-ZSM-5
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Ethanol to Diethyl ether: H-ZSM-5

EtOH HsCs. _H.. _CoHs DEE* . ZeOH
ZeOH (&) M1 ~o y o7 H_ O/Csz
07
,L ,L | | H,0
EtOH H o H 2~ e)
(g) 5o b > |5 TS8

~ <& Z o) o)
A Y



“Innovation techniques in chemistry, petrochemistry, and refining” Sint-Petersburg, 20-21 October 2016

Ethanol to Diethyl ether: H-ZSM-5
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Diethyl ether to Ethene:H-ZSM-5
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Overview

e Introduction

e Dehydration of bioalcohols on zeolites
 First principles kinetic model development

» Butanol dehydration: idem
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Dehydration : dominant mechanisms

M. John et al., J. Catal. 330 (2015) 28 =0
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Dehydration: MART’s
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Effect of alkyl chain length on Arrhenius parameters
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e Reaction-path analysis
« Effect of zeolite
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Experimental procedures and conditions

HZSM-5
Properties
Si/Al 15 40
Ch.(mol kg?) 0.77 0.36

BET (103m2kg?) 430 436
V. (105m3kgl) 1.1 1.1

Experimental conditions
Temperature (K) 453 — 523
Peton,in (KPa) 8 —50
W/Fcionin (kgsmol?t)  1.5-17.0
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Reactor model equations

Reactor continuity equations for each gas-phase component |
with PSSA for the surface species k:

 F, molar flow rate of component i (mol s1)
Rk = z Ujk'l}' =0 e W catalyst mass (kg)
] « C, acid site concentration (mol H* kgt)

with e.g.rj — kjekpi R; net production frequency of component i
(molecules site! st = mol mol,+1s?)
riturnover frequency of elementary step |
9H+ + z Hk =1 (molecules site! st = mol mol,+1s1)
k k; rate coefficient of elementary step |

6 coverage of surface species k

. * p; partial pressure of gas phase component i

dF; |

W = CR; = C; VjiTj -« v; stoichiometric coefficient of component i
j In the elementary step j
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Conversion and selectivities
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Effect of water
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Reaction path analysis: effect of T

100 - __LE+0L - Path A

< 80 - C2 5OC2H5 T LE+00 - ]

xX I

Z 60 - C,H;:OH S LEOL - Path B

.E Q) Qf/ ~

g a0 - C,HsOH A g LE02 - Path C

& 50 - C2HA4 PathA g 1.E-03 -
0 : . C2 SOH g C2H4 T 1Eo04 : : : .
450 525 550 450 475 500 525 550

2o

Temperature (K) Temperature (K)

450 K H-ZSM-5, Pryopy0= 10kPa, X0 = 10 % 550 K




“Innovation techniques in chemistry, petrochemistry, and refining” Sint-Petersburg, 20-21 October 2016

Reaction path analysis: effect of conversion
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Reaction path analysis: Effect of water
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Equilibrium coefficients for adsorption @ 450K

Adsorption Equilibrium coefficients
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Overview

e Introduction

e Dehydration of bioalcohols on zeolites
 First principles kinetic model development
e Experimental validation
e Reaction-path analysis
o Effect of zeolite: activity

e Industrial reactor scale

e Conclusions
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Zeolite Frameworks
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Chemisorption
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Effect of zeolite: B Ethanol to Diethyl ether
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TS stabilization: vdW & hydrogen bonds

H-ZSM-5 H-ZSM-22
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TS 8 stabilization: electrostatic interactions

Electrostatic potential / eV

H-ZSM-22
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Overview

e Introduction

e Dehydration of bioalcohols on zeolites
 First principles kinetic model development
e Experimental validation
e Reaction-path analysis
» Effect of zeolite: selectivity

e Industrial reactor scale

e Conclusions
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Butanol dehydration
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Effect of Zeolite: reaction path analysis
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Zeolite

Effect of zeolite: path B and C
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Caveat: effect of reaction conditions
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Dehydration of 1-butanol to butene isomers
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Dehydration of 1-butanol to 2-t-butene
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Dehydration of 1-butanol to butene isomers
Path D

2t-butene(g)

2t-butene(g)

Ler A

- s \
[TS-12] Lo b S [TS-13]*
SUSATTYS /O\AI-/O\
/
Cc2 DBE*

Path F 2t-butene(qg)

2t-butene*

A

qb;nsami

<

[TS-19]%

[TS-18]*

2-butoxy iso-butoxy iso-butene*

Path |
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Butanol dehydration° Temkin table

L

P Mechanism # mé6 m7 m8 m9 mlo
R1 1-BUOH g, + O M1 1 1 1 R T O A A O
1 0 0 o 0o 0 0 0 o0 o© :
ML W d- Bmene@ All reaction paths
1 1 0 o o o0 0o o0 o o |. .
- WO * involving all the
El v - c 0o 1 o o 0o 0 0 0 0 O ) rorhani
suggested mechanism
CL oW + L-Butene,, o 1 0 o o o o o o o |WEHIEEL
WWHW o 0 1 1 o o 1 1 0 o© are included in the
M2 1-Butene*+ H,0 o 0o 1 o0 0 0 0 o o o |wicrokineticmodel
“ 1-Butene* «> 1-Butene, + O 0 0 1 1 o o 1 1 1 1
m M2e Butoxy + H,0(, o 0 0 i1 o0 o 1 1 0 O TOF, 1 =y TOF, o0n
S Butoxy <> 1-Butene* 0 0 0 1 0 0 0 0 0 ©0 p L
3o M1+BuOHy < D1 0 O 0 o 1 1 0 o0 o0 O
D1 < D2 0 o 0 o 1 1 0 0 0 O TOF
D2« C2+1-Butene, 0 0 0 0 1 0 g ¢ ¢ 2 TO':A:+ TOFE. .+
ml m2

C2 & ML+ H,0, o 0 o 0 1 0 ©0 0 0 0 <Jyor \TOF.+TOF,,
D2 <> DBE* + H,0, o 0 o0 ©0 0 1 0 0 0 O
DBE* <> DBE + [ 0 0 0 o o 1 1 1 -1 2 TOF, = TOF,,
Butoxy + BUOH, <> C3 0 0 0 0 0 0 1 1 0 0
GEEN 3, DBE* (Sn2) 0o 0 o0 0 0o 0o 1 o0 0o o [TOFy=TOFg
2R C3o DBE* (Snl) 0 0 0 o 0 o0 0 1 0 o0 TOF,;=TOFg,
O DBE* o C4 0 0 o 0 0 0 0 0 1 0 TOF ,=TOF,,
R21 C4 < 1-Butene*+ BuOH, 0 0 0 0 0 0 0 0 1 0 TOE..= TOF
PP DBE*  DBE2 0 o 0 o o0 o0 o0 0 0 1 ms =
DBE2«> 1-Butene*+ BUOH,., 0 0 0 o o o o0 o0 0 1 49
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Reaction path analysis

Path F : 1-Butene(g) « 2-t-Butene(g) {concerted mechanism} T 450 K Pgyonpo - 10 kPa
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Butene isomer selectivity: Effect of zeolite type

Selectivity

Coverages
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Overview

e Introduction

e Dehydration of bioalcohols on zeolites
 First principles kinetic model development
e Experimental validation
e Reaction-path analysis
« Effect of zeolite

e Industrial reactor scale

e Conclusions
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Industrial dehydration reactor

bio-ethanol (aqueous ethanol solution)

Design specifications?

TO (K) 673

PO (kPa) 590

Ethylene production (kT y1) 220

Ethanol content (wt.%) 26

n B Catalyst mass (ton) 6
diabati diabati

reactor reactor C,H:OH - C,H, + H,O AH = 46 kJ/molg,oy

2 C,H:OH - (C,Hs),0 + H,O0 AH =-12 kd/molg,o,

(C,Hs),0 — C,H, + C,H.OH AH = 70 kd/mol g,

ethylene

A, 2

1 US Patent 2013/0090510 A1l assigned to IFP Energies Nouvelles and Total
Research & Technology 53
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Multiscale modeling of an industrial reactor

NANO “MICRO”

crystallite
d.=10"7 —10™>m

active site pore

gas phase components i

surface species k

concentration of acid sites C, dy
| . - Cii 107 -1072m |
elementary reaction: pellet S .
e.g. I‘]'=kj9kpi l =~ 10m,
1 1 reactor



“Innovation techniques in chemistry, petrochemistry, and refining” Sint-Petersburg, 20-21 October 2016

Microscale: possible diffusion limitations

-1 Weisz-Prater criterion:
L, | T=673K
e (n+ 1) d?pRP" - 0.08
-4 2 6D, ;C;’ '
-5
& 6
C\tln -7 D .= ngl
- el T
~ -8 7
I % P
2 .10 Bosanquet equation:
1l 1 1 1
-12 — +
-13 Dl Dl,m Dl,K
14 Diffusion limitations _ _
15
0 9 -8 -7 6 5 4 3 -2 - N
log d (m) B
Knudsen diffusion coefficient: Molecular diffusion coefficient:
1.75 1/2
2d SRT _ . T (L i)
_ “Upore D;;=1x 10 +
Dix =3 — v Peoe((E0);° + (Zv); )2 \ M~ M

95
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Reactor model equations

Rk — E vjkrj — * F, molar flow rate of component i (mol s1)
O - _ « W catalyst mass (kg)
<ZE J with e. g.1; = k;0p; « C, acid site concentration (mol H* kg)
= 0 9. =1 * R, net production frequency of component i
HY + k — (molecules site’* st = mol mol,+1s?)
k * rturnover frequency of elementary step |
J
42dCdDdC """"" dZC """ (molecules site’* st = mol mol,+1s?)
0=CRip. ——|=D, . — ettty p L + k. rate coefficient of elementary step |
> tiPs d2\& ¢ d¢ T dé dé T e dé&? HJ coverage of surface species k
p * Yk
8 * p, partial pressure of gas phase component i
O C=C’ &= * v stoichiometric coefficient of component k
> dCi in the elementary step |
B d_f =0 f = * T temperature (K)

* ¢, specific heat capacity (J kg™ K1)

* G mass flow rate (kg s™)

dFi C R_ * AHg; enthalpy of formation of component i (J mol?)
toh Fi =Fi,0 at W=0 . D, effective diffusion coefficient (m? s)

» C, concentration inside the catalyst pellet (mol m3)

@) dT 1 » ¢ position coordinate within catalyst pellet
e = 2 AHf,i R_iCt T=T%at W=0 * R; net production rate
2 aw  Gg, = in case of diffusion limitations (mol mol, .+ s
S ' « p; density of the fluid (kg m™)
dpt GZ 0 * p, density of the pellet (kg m3)
aw - f VEE p=p’at W=0 . p, density of the bed (kg m-)
PpPrardy * d, pellet diameter (m)
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Effectiveness factor

1
dp
J? Ry idmr?dr
n = 5
Rv,iV

_._ 08
< =
O 06 g
o °
© E
- ©
(7)) x
g Radial Pellet coordinate (-)
c
3 0.4
=
O
B
=
W o

0

0.0 0.5 1.0 15 2.0 2.5 3.0

Catalyst mass (ton)
o7
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Industrial multibed adiabatic operation

100 e —— =
' 690
80 EtOH conversion 670
S d
5 650 <
@ 60 )
Z L.} 630 3
c S
kel ©
S 40 610 £
g : G
_ - =
g §5505\+ 590
© 20 gsoo \
g 40 ' 570
400
1 0 1 2 3 4 5 6
0 | Catalyst mass (ton) 550
0 1 2 3 4 5 6

Catalyst mass (ton)
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Overview

e Introduction

e Dehydration of bioalcohols on zeolites
 First principles kinetic model development
e Experimental validation
e Reaction-path analysis
« Effect of zeolite

e Industrial reactor scale

e Conclusions



“Innovation techniques in chemistry, petrochemistry, and refining” Sint-Petersburg, 20-21 October 2016

Conclusions I

e Adsorption strength increases with alkyl chain length of
alcohols

* Increase of alkyl chain length leads to an increase of
AS°* and explains higher reactivity of large chain alcohols

* Dispersive interactions and H bonding plays a key role in
stabilization of adsorbed species and transition states

« “Compensation effect” can be Important: dispersive
interaction and steric hindrance both increasing with
decreasing pore size

* Stronger adsorption of alcohol and ether as compared to
alkenes (limit consecutive reactions) and water (no
significant inhibition effect)
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Conclusions I1

* Detalled reaction network can be constructed with limited a
priory assumptions

» Kinetic parameters can be calculated ab initio with chemical
accuracy I.e. allowing to describe conversion and selectivity at
relevant conditions

e Interaction of functional groups with catalyst can be described
accurately as well as the effect of catalyst framework

« Dominant reaction path depends strongly both on conditions
and catalyst framework

» Selection of optimal catalyst based on reaction path/sensitivity
analysis based on microkinetics



“Innovation techniques in chemistry, petrochemistry, and refining” Sint-Petersburg, 20-21 October 2016

Acknowledgments

e Long Term Structural Methusalem Funding by the
Flemish Government g -

e Interuniversity Attraction Poles Programme Ilm
belspo

* Fund for Scientific Research (FWQO) — Flanders
Research Foundation
fW o I(:)lg:ncil:gsnew horizons
V. Galvita, C.M. Nguyen, K. Alexopoulos, M. John,
K.Van der Borght

SRR European
. .:'erc Research
BRI Council

62



M 2 “Innovation techniques in chemistry, petrochemistry, and refining” Sint-Petersburg, 20-21 October 2016




“Innovation techniques in chemistry, petrochemistry, and refining” Sint-Petersburg, 20-21 October 2016

 Molecular Dynamics (MD): a technique by which one
generates the atomic trajectories of a system of N
particles by numerical integration of Newton’s equation
of motion, for a specific interatomic potential, with certain
Initial and boundary conditions.

« Radial Distribution Function (RDF):  a pair correlation
function, which describes how, on average, the atoms in
a system are radially packed around each other.

9ap(r) = 6(r—|R; — Ry])
Napﬁ Iea,Jef

 Vibrational Density Of States (VDOS): the Fourier
transform of the velocity-velocity time-correlation function

oo

D(w) = j e Wt (p(t) - v(T+t)) dt
0
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o Electrostatic potential: evaluated from the interaction
between a negative unit charge and the local charge
density. This factor is critical in stabilizing positively
charged adsorbed complexes and especially transition
states in the zeolite.

 Elementary step: a reaction in which reactants are
transformed into products without passing through
another reaction intermediate

e Transition state theory for reaction rate coefficie nts:

ks + s
kT o [ AGH) KT ' (A
h kT) h g keT

where q=q,, immobile surface species

(apart from Ethene* where a 2D translation and 1D rotation is assumed)
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« van der Waals interactions: the attractive or repulsive
Interactions between molecular entities (or between
groups within the same molecular entity) other than
those due to bond formation or to the electrostatic
Interaction of ions or of ionic groups with one another or
with neutral molecules. The term includes: dipole—dipole,
dipole-induced dipole and dispersive (instantaneous
Induced dipole-induced dipole) interactions.

* Dispersive interactions: attractive interactions between
any pair of molecules, including non-polar atoms, arising
from Iinstantaneous induced dipole-induced dipole forces
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« E1 reaction (elimination, unimolecular)  -In this reaction, the
rate determining step involves a heterolytic cleavage of the
bond between the leaving group and the carbon atom leading
to formation of a carbenium ion. The second step involves
deprotonation of an adjacent hydrogen by a base.

| |
B: H—<|:-<|:—LG

El E2
(step 1)

/

| | | |

B:+ H-C-C@® LcG =BH +¢=¢ + Lc®

I - ||
(step 2)

B--base LG-Leaving group
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o EZ2 reaction(elimination, bimolecular) -E2 reaction is a
concerted reaction involving a synchronous deprotonation and
departure of the leaving group. E2-type elimination requires the
atoms or groups involved in the reaction to be in the same
plane with a torsional angle 6 = 180°, i.e. antiperiplanar
orientation of the leaving group (LG) and the 3-hydrogen
(hence also called as anti-elimination).

Filled
o orbital
B: By

H >

\\.\H 5 —
LG

O
Empty
o “orbital
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 Syn elimination -This is a concerted elimination mechanism,
where the leaving group (LG) and the hydrogen atom are in the
same plane and have a syn coplanar orientation (torsional
angle 6= 0°; eclipsed or near eclipsed conformation)

Filled Empty
o orbital __c*orbital

e T #
\ P (H) <
5 LG TX (d/ SR
1 LS [ F LA LW =
"F"“ 'q’& 447 e ) i’

Il
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e SN1 (substitution, unimolecular)  -In this reaction, the rate
determining step involves a heterolytic cleavage of the bond
between the leaving group and the carbon atom leading to
formation of a carbenium ion which undergoes a substitution
reaction with the nucleopnhile.

o SN2 (substitution, bimolecular) Is a concerted reaction
Involving simultaneous bond breaking (between the carbon
atom and leaving group) and bond formation(between carbon
atom and the attacking nucleophile). The transition state for a
SN2 type substitution involves a penta-coordinated carbon
atom with a trigonal bipyramidal geometry with the incoming
nucleophile and the leaving group occupying the axial positions
(bond angle Nu--C--LG = 180°)
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Glossary: Rate-determining step

k1+ - k2+
R—T—— I<——P ( n )
k1— kz— Affinity elementary step | I_I Ci |
| 3 _ ° prod
———>! global reaction rate Aj - _AGr,j - AGr,j +RTIn I_l n.
I C;'
! I
: react
: r1+ \ )
1
I

quasi-equilibrated: r,,=r,_ = A; 10
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e Sensitivity analysis: normalized sensitivity
coefficient (NSC; ) of response R; to pre-exponential
factor A; of reaction i:

" T d(Ind;) T R;dA;
where R; can correspond to conversion of reactants,
turnover frequency, or selectivity to a product |

* Reaction-path analysis: analyzes the reaction
rates that contribute to the rate of production or
disappearance of a selected species, which allows to
determine actual reaction path to form intermediates
and products



