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Multiscaling

Catalyst Nanoparticle

9 orders disparity in scales
Quantum modeling inadequate

“Vlachos, Adv. Chem. Eng. 30, 1 (2005).
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» Types of catalytic kinetic models: Empirical, LH, MKM

» Microkinetic modeling (MKM)
* Governing mean field eqgs
* Solution methods
* Analysis

®» Parametrization of MKM
* Overview
* First principles
* Semi-empirical estimation methods
* Lateral interactions
* Thermodynamic consistency; referencing

» MKM uses
* Reactor design, analysis, catalyst discovery, design of experiments
» Accuracy; predictive ability; UQ

» Limitations of MF models; Kinetic Monte Carlo
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Surface Reaction Rate Calculation Paradigm

e Hierarchy of calculation of surface reaction rates

Langmuir- _ -
Empirical rate- Hinshelwood rate- IV|ICF|0k_|n.et|c
law; typically | law; developed Eﬂa ysis; i
fitted to lusing rate 2 NO SSDSSumDp ions
experimental data | | 9€termining step (13393 (Dumesic,

(RDS) and MF )

theory

1

Complexity, Accuracy and Predictability



Power Law Models
Global Reaction Rate Expression

» Reaction A+B - Products
» Typical power-low expression (apparent properties)

_ a b, _ —E ¢ /RT
=K C Chs Ko =A €

®» The parameters have no obvious physical significance*
* Exponents unrelated to stoichiometry
* Apparent activation energies can be negative

» Prediction is reliable within the given experimental space
* Can describe overall rate and heat effects

» Simple interpolation models

* Not good for process optimization
* Can typically describe only one set of data

* It may be possible to deduce reduced expressions from MKMs; one can certaintly estimate E,,, and
reaction orders using MKM and compare to exps
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How do we explain the scatter in data?

Example: CH, Catalytic Combustion on Pt

Investigator E.(kcal/mol) | acy, Doy
Yao (Ind. Eng. Chem. Prod. Res. Dev., 1980) 21 1.0

Lam & Trimm (Chem. Eng. Sci., 1980) 18/40 1.0 1.0/0.75
Aube & Sapoundijev (CCE, 2000) 13 (lowest) 1.0

Firth & Holland (Trans. Faraday Soc., 1969) 48 (highest) 1.0

Niwa et al. (App. Cat, 1983) 29 0.9 0.0
Aryafar & Zaera (Cat. Lett, 1997) 32 1.1 -0.1
Song et al. (Combust. Flame, 1991) 33 1.0 0.5

» |Literature rate expressions (mostly under “fuel-rich’ conditions)
indicate scatter in activation energies and rxn orders

®» |sthe scatter a result of (1) different operating conditions and
surface area, (2) catalyst preparation, (3) fitting procedure, (4) bad
data quality, or (5) inadequacy of power-law kinetics?
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Langmuir-Hinshelwood Rate
Expressions
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Langmuir Key Assumptions

» Al catalyst sites are equivalent

* Extension to multiple types of sites (e.g., bimetallic, steps and
terraces) is possible

» Every site is occupied by one adsorbate only (exclusion
principle)
» No interactions between adsorbates

* Tempkin isotherm can account for interactions

®» Number of sites is conserved
* One site conservation eq. for each type for multiple type of sites

* Catalyst deactivation reduces the number of sites

» Eley-Rideal steps can also be part of a mechanism; they
entail one gaseous species and one surface species
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Overview of LH Rate Expressions

®» They describe fundamentally the same elementary reactions
as a MKM

®» They can capture the change from positive to negative order
kinetics (impossible with power law kinetics)

®» | H expressions are based on a priori assumptions

* Typical assumptions: Equilibrated (fast) reactions, rate determining step
(RDS), most abundant surface intermediate (MASI)

» Parameters are usually fitted on a limited number of data
Multiple rate expressions can describe the same data

» Multiple parameters exist for the same rate expression
(common optimization issue)

» Even if data is well-fitted, parameters may be unphysical

» | H expressions, even if correct, are limited to a narrow regime
and cannot describe changes in RDS, MASI, etc. with operating
conditions

W

* It is often possible to deduce reduced expressions from MKMs a posteriori



Overall rxn (CPOX): CH, + 1/20,=CO + 2H,
Overall rxns (hypothesized?
1. CH, total oxidation (combustion) r,, =

1. CH,+20,=CO, +2H,0
2. Steam reforming of CH, ksg - Pegr, -(1=75z)

Tsg =

CH, + H,0— CO + 3H, (1+K5 P, +K& Pe,)
3. CO,-reforming of CH,

km’ﬂ:m
(1+K;i50 ‘PH,i:r)2

2

L

kC‘GJ—R 'PCH4 ’ (1 —Tco,-r )

Vern » = 3

CH, + CO,— 2CO + 2H, T (K P + K Py )

4. RWGS - _ *I(Rn’r:r.s 'Pcoz 'PHE '(l_f?ﬁn’r}s)
CO, + H, > CO+H,0 T (K By K Py

n= distance from equilibrium

This is the "approach to equilibrium" and should be defined mathematically. For aA + bB <-->cC + dD,
n=(([C]*c*[D]*d)/([A]*a*[B]"b))/Keq, using instantaneous (non-equil) concentrations in the numerator.
r=reua([AL [Bl,-..)-Tpua=Kaua ™ [AIP[BI® *reya/ {Kswa ™ [AIP[BIP - Ky ™ [CIIDI®* o/ {kpwa *[CIF[D1}= kg™ [AIP[B]P
*{rrwa/ {Kewa * [AIP[B]® -Kpug * [CIID]/{Ksg * [AT[BIPY* ryya/ {Kpwa *[CIEIDI}=ke g * [AIP[B]P*{rs, o/ {kswa ™ [AIP[B] -
N*Fpwa/ {Kowa * [CI[D]%}
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» Process is away from equilibrium
» Model fits data fairly well

>»
>»
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dashed lines=model w/o consecutive combustion of CO and H,;
solid lines=model with consecutive CO and H, combustion
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Estimated parameters

Parameters & Model Adequacy

heat of chemisorption
Surface Kuds.,jg Tf =] AHads species 0 (kcal/mol) selected refs
ﬂdS{}l‘pti{}]] [3131]?1 ] [kcal/mO“Dx 100 — 2160 expts, 052 DFTH-5
=0, 42 53 13.9 m—fp CO* 38.5 — 17600 — 3.76y expts, 656-38 DFT 115960
1 ' CO,* 5.2 expts. 5162 UBL-QEP ©
H,O 2.216-10 : R 11,53,65—67
) anc 39.5 H* 62.3 — 2.50y — 3.70c0 expts, 64 DFT!11.5363
OH* 70 — 3360 + 25640 UBI-QEP.® DFT
= CO 15 6.2 H,0% 10.8 — 4.504,0 + 2560n  expts,s DFTS
COOH* 62.2 DET
HCOO** (bidentate) ~ 69.2 DFT!7
Cx 159.0 DFT?
CH* 1512 DFT (this work)
CH,* 109.3 DFT (this work
» Models may fit but most CH;* 124 DET!S :
: C 6.0 (ps!®
often than not include CHom 1.0 expts?
unrealistic parameters o e D
HCO* 64.7 DFT2
CH,0H* 56.4 DFT2

Parameters can be unphysical even if the model describes the data well!



Microkinetic Modeling

®|ncludes all relevant elementary reactions
* Written by hand or computer generated?

» No simplifying assumptions re rate
determining step (RDS), partial equilibrium
(PE), quasi-steady state (QSS), and most
abundant surface intermediate (MASI); these
are all predicted rather than assumed

» Reactor + Catalyst model needed

* Use computer software, such as surface
CHEMKINS3, Cantera?, Matlab, Python,
OpenMKM

An example

H

2(g)

+10 —>H20(g)

2(g)

Elementary Re actions
H,  +2%*> 2H*

2(g)
O, +2* 2 20*%
H*+0* > HO*+*
HO*+H* 2 H,0*+*

H,0* > H,0,, +*

'Ring: Rangarajan et al., Computers & Chemical Engineering 45, 114 (2012).
2Cantera (Matlab Chem Kinetics Package): Goodwin et al., Cantera: An Object-oriented Software Toolkit for

Chemical Kinetics, Thermodynamics, and Transport Processes. 2014.

3Chemkin (Fortran Chem Kinetics Package): Coltrin; Kee and Rupley, Int. J. Chem. Kinet. 23, 1111 (1991).
Coltrin; Kee and Rupley Surface CHEMKIN (Version 4. 0): A Fortran package for analyzing heterogeneous
chemical kinetics at a solid-surface---gas-phase interface; SAND-90-8003B; 1991.

Reactor Design (commercial kinetics software); OpenMKM: https://github.com/VlachosGroup/openmkm
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Reaction Mechanism

Adsorption/Desorption:
1. NH, + * = NH,"

2. N, +* =N,

3.H, +2%=2H"

Surface reactions:
4.N,* +*=2N"

5. NH,* + * = NH," + H’
6. NH,* + * = NH" + H*
7.NH* +*=N"+ H*

A Reaction Mechanism

w

An Example

Points to Pay Attention

Molecular or dissociative adsorption
Number of sites involved (for
multidante adsorbates)
Stoichiometry check

Which bonds break and are being
made?

—> Reaction rule; Reaction family or
homologous series (C-H, C-C, C-O)
Gas-phase species are involved in
rxtr model

Surface species are in the surface
model
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GOVERNING EQUATIONS



@ cs e Surface Species Concentration

ENERGY INNOVATION .
and Surface Reaction Rate
» Surface species concentration

* Total concentration of sites, C; =
moles/cm?
» Concentration of species k, C, = moles/cm?
* Sum(Cy) = Cr
» Surface species coverage
* 6Oy = Cy/Cr=molecules/site
* Coverage of species k = fraction of
occupied sites by species k
* g*=fraction of empty sites
* Sum(6y)=1
» Surface reaction rate
R4:N,” +* = 2N*
Reaction rate:

T3 = k4[N, |[Pt]

moles

cm2s

_ molecules
T4 = K40y, 0% —— . — TOF (turnover frequency)
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NH,

' 3 o A T i) 3 o A e oy 3
R s R e S R . el s e i .
R s . EL S § ks AT LA
_-_| A -":'-!‘  calgie ; ‘real: ; .-I. ! o It 5 O
<k e b T e e A wel S Lo e "t :

T=973K,P=1atm,V=1cm3,

Surface Species Balance

0.1 g 1%Pt/C catalyst, flow rate = xxx sccm

Adsorption:

1. NH; + * = NH;"
2.N,+*=N,
3.H, +2*=2H"

Surface reactions:

4, N,” +* = 2N*
5.NH,* +* = NH," + H*
6. NH,” + * = NH* + H*
7.NH +*=nN*+H"

Balance for N* species:

E#Nn:i)les Rate constants I Equilibrium
= 2k, [N,"][Pt] — 2—4[N*]2 N constants

dt I Kea Species conc
* 7 * % 2
+ kg [NH'][PE] = == [N [H) molfem)
Empty sites c7

Parameters needed:

 Forward rate constants k
Equilibrium constants K.
Number of catalytic sites



Langmuir-Hinshelwood Kinetics
MF Model for CO Oxidation

» Reactions written as

. ible st Reactions Ao (s1) or So | Ea (kcal/mol)
irreversible steps | COlg)+*>cO" | 08410 0.0
* CO, forms and 2 CO* 5 COg)+* | 125010%  [349
directly goes in the - 10,06 10° 00
gas phase; 3 o2£g)+2 — 20 - ] :
irreversible 4 20" > 0y(g)+2* | 100010 °1.0
: : L0 Y4 1.645 10 24.1
® Units of pre-exps in 2 €9 *9 = C0,(e)
-1 - do
s~ (orincm, s, €O~ — ko Py cob+ —koOcor —k"0c0#00
depending on dt
: do
reaction order) d<t)* - zkgzptyOe% - zkgze%* —k 0000+

GCO* -I-Go* +0x=1

SS, one nonlinear mOdeI (after some y, = the mole fraction of gaseous species k

k, = rate constant of the ith step
All steps are taken to be elementary

a Ige b ra ) . Rate constants are in TOF units
0=2kg Pryoll-kcoPryco(1-00+) (kcoPryco + ko +k'00%) — 00+]?

- 2k82 00+ —k'kEo Pryco (1-00#)00+ /(kEoPyco +k&o +k 00



l. Elementary Reaction Rate (Mass

| Action Kinetics)
» Rate of elementary reaction

K _
(forward) r=k, []Cy gmol}
Ky k=1,v <0 L cm?s
— - K ‘ _
2 VikAg =0 Fg=1g/Cr =kﬁ-1_[ g, "k molecules}
k=1 k=1, <0 site s
K K
— —V; V;
. r, =Ky Hck Lk, Hckk
®» Reversible (net) rxn rate, r=r-r° k=1,v; <0 k=Lv;, >0

K

~ J— ~ K .
* kP =k/K > Thermo Consistency at the 7’1'=kﬁ1_[ 0" = kbin ;"
k=1,v{,<0 k=1,v{;>0

elementary rxn level
* k= rate const. of elementary rxn i
. cj(ej) = Concentration (coverage) of surface species j
v;; = stoichiometric coef. in elementary rxn i

e Units

— Concentrations [mols/cm? of active catalyst phase], rate const. k [cm, mol, s],
rate [moles/cm?/s]

— Coverage (molecules per site), rate const. k [s], rate [mlcs/site/s] or TOF
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Il. Rate of Surface and Gaseous Species

 Chemical rxn
among K. species

* Species rate of
production (or
consumption);it
has sign

* Estimate rate of

surface species
and gas species™

KS
2 VikAg =0

k=1

N r
C=3

Gk — Z Vikri |: &Ol for homogeneous rxns
1=l cm -S f(;or heterogeneous rxns
N T

Gk — Vlk Ii |: mlcs :| Turnover Frequency (TOF)
1=1 . or heterogeneous rxns

site s_| frheere

* (Gas species are involved only
in adsorption, desorption, ER
rxns, and possible gas rxns
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l. Surface Species Conservation Model®
Coverage=fraction of occupied sites, 8y = Cy/Cr

(1) Site conservation**

(2a) Species conservation
(diffusion-reaction)*

(2b) Mean field Eqgs.

ODEs
(2c) Steadv-state
k=1,...,K, Algebraic egs.

* Fickian diffusion; not valid for interacting species

K mol
3¢ =Cr [g . ]
k=1 Clit
" omol
ac—k— DkV2Ck + O & 7
ot | cm”s
dCy _ O | gmol
dt 9
cm®s
0 :O-k

Ks 0, — molecule]

Z k= site

k=1

0y _ Dkvzek N cNyk[mokcules}
ot site s
dek e [molecules}
—. Ok )

t site s
O :5-1(

** In the limit of fast diffusion, one can show that the site conservation can

be replaced with a rate eq. for vacancies
& DAEs if site balance is used; ODEs if all species and vacancies are solved as

time dependent rate egs; algebraic eqgs if steady state problem is solved
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Surface Science Models (No Fluid Model)
* TPD in UHV: desorption upon heating the crystal

— No (re)adsorption unless at high P (not UHV); time
dependent; initial coverages are needed

— No fluid phase model is solved
— dT/dt = 3, an ODE is added

* Molecular beam experiments: Gaseous species flux
is fixed (specified in exp) 2 P = fixed

— No fluid phase model is solved; adsorption happens

gas species
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Il. Fluid Phase (Reactor) Conservation Model

* This is for gas-phase paa_“_) +pou-Vo=-V-j+6
species, i.e., for NH,, N, ‘
and H, in this example Reaction Mechanism
e 0 = adsorption-desorption Adsorption/Desorption:
of gaseous species: 1 NH. + * = NH.*
accounts for reactants e kINt
’ 2. N, +*=N,

proqlucts, and intermediates 5 H, + 2% = 2H"
(radicals) when adsorbed

and desorbed); NOT Surface reactions:
applicable to surface species 4. N,* +* =2N’
(see Model ) 5. NH;* + * = NH," + H"

6. NH,* + * = NH" + H”
7.NH* + * = N" + H*



Batch Reactor Balances

Mass Balance

dmk dYk (,()ka
_ Rt W.V "
dt Dtk dt p
m m
V= — =—X

Energy Balance

,DCp dt Z hkkak (Text T)

Example (Only Ads, Des, and ER Steps for Gaseous Species)
* K forward * . * *
NZ + Pt < hoo >]\]2 G)N; = :(kforward |:N2:||:Pt :|_kreverse |:N2:|)
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Rate Const. and Pre-exp Conversion Units

C o . . C mlcs | .
Table 5: Multiplication factors of rate constant and pre-exponential from |: } nto
site s

\’[i =2

other units. Note that for E‘T ~10" [ sites/ cm? ], Ct ~ 107 [ gmoles of sites/ cmz].
Rate ~ K . K v K v
Gi=kp I 0% Jp=ky 1m0 W=k 1 CK
k=1,vik<0 k=l,Vik<0 k=l,Vik<0
mlcs gmol gmol
Units of rate site s N N
cm” s cm” s
Variable Coverages Coverages Concentrations
Rate constant ~ | mlcs vii—1
kg K gmol |, 1| em?
site s h ke =
2 s| gmol
cm” s g
Multiplication Unimolecular reactions, | Ct 1
factor from TOF | v, =1
[mlcs, site, s] to
[gmol, cm, s]
Bimolecular reactions, Ct CT—I

: Input units of Surface Chemkin: [1]. Surface Chemkin 1s a software that models
complex surface kinetics. It 1s an 1deal tool for microkinetic modeling.
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Summary of Catalyst and Reactor Models

Catalyst/ Chemistry | Experiment/ | Model Solution
Reactor Operation method
(Matlab)
Single crystal | Surface Molecular de, _ o Nonlinear
beam: Steady (1) L Btk el algebraic
state K, solver, e.g.,
(2) > 8;=1 Newton,
ik (fsolve)
Single crystal | Surface TPD, TPR; dag, _ . ODE solver
Transient (1) i =6, =0,k=1, ., K¢l (ODE15s) or
Note: species K, do K. 40 differential-
oftenin QSS | (2) D 6, =lor —=- > —& algebraic
=1 dt ik df solver, e.g.,
3) dT =B DDASL [7. 8]
dt
Fixed bed Fluid Steady No internal and external transport: | Differential-
and/or Isothermal: algebraic
surface Gas-phase solver, e.g.,
dW, (cM™+efa)yM, DDASL [7, 8]
(1) = A o
dz pu
L K
O™ = Vaglugex +V desTdes k

typically:v_, =—-Lv, =1

(net rate of consumption)
Surface

(2) 6, =0.k=1, ... Kc-1

3) Y 6,=1
k=1
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Summary of Catalyst and Reactor Models

CSTR
(sumplified
version of
fluidized
bed)

Flud
and/or
surface

Steady

No internal and external transport:
Isothermal:

(1) Gas-phase
dW, __We-W, (6" +or"a)M,

dt w(p/p°) p
or dw, _ _Wp-Ww, (of™ +o™a)M, |
dt To P
=1..... K
Surface

(2) 6,=0.k=1, .. K1

(3) Y 6,-1

k=1

Nonlinear
algebraic
solver, e.g.,
Newton,
(fsolve)
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v mass fraction of species k in the gas-phase

z denotes the length of a PFR

A_ 1s the area of the catalyst

V. 1s the volume of the reactor

M;. 1s the molecular weight of species k

p 1s the density of the mixture

u 1s the velocity of the mixture

K, 1s the total number of gas-phase species

K; 1s the total number of surface species including vacancies

pu represents the mass flux that 1s constant at every cross section of the PFR
By 1s the coverage of species k

t denotes the time

T 1s the temperature

Gi 1s the net surface rate of species k

® 1s the site density

P 1s the ramp rate

T, —m/m1s the mass-based residence time (m is mass and m 1s mass flow rate)

1=V/q" 1s the usual volumetric based residence time (V is volume and q° is the entrance
volumetric flow rate)
a 1s the catalyst surface area per unit volume of the reactor



Solution Methods

®» Transient Problems: Stiff ODEs or DAEs
» Steady state/Analytical solution possible for toy problems

0=2kY Pyoll-kEoPyco(l—00+)/(kEoPyco +kEo +k Bo+) —B0+]’

- 21\'%} 6(2)# - klkéo PIYCO (1 - 80#: )604: (k%o PTYC'O + kccio "‘kreoriz )

» Steady state/Numerical method

* Newton

* Solve the transient model if Newton’s method has difficulty to
converge

* Hybrid: Solve the transient model if Newton’s method has difficulty to
converge until you get close enough to SS; then switch to Newton’s
method



Numerical Solvers in Cantera

®» (Cantera is an open source software which formulates the
kinetics based on supplied reactions and reactor models.

» Formulating chemical kinetics result in stiff ODEs and DAEs (lot
of fast reactions coupled with few slow ones).

» High quality numerical packages to solve ODEs and DAEs are
already in public domain (PETsc, SUNDIALS, Trilinos, DASPK
(Fortran)).

» (Cantera uses CVODES (part of SUNDIALS) to solve the ODES
originating from steady state regime in PFR (as network of
CSTRs) reactor model.

®» The default options are BDF for solving the ODEs with Newton
iterative method for linear step using dense matrix approach.

®» BDF (Backward differentiation formula) is an implicit multistep
method of order k, where k<5
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Build

Microkinetic
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Workflow and Software Modules

1 Legend

L}

Module
1 Datahub Module Development -
1 - _ Data

Reactants, Reaction
Products Rules
V'S T T
‘ Reaction
Network

Quantum Output
Thermochemistry Semi-Empirical

Estimation Methods EemmEd Models (MKM)

Thermodynamic and Kinetic Properties

External
Software

Generator
I vecmen |
Density Descriptors
3| Functional |¢——
Theory (DFT)

OO NF
Rxn Rules
N,(g)>N,*
N,*=>2N*
H,(g)>2H*

NH;*>NH5(g)

Microkinetic

Reactor
Models

Solvers
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Lateral Interactions:

Estimation via Hierarchical
Estimation Methodology

After parameterization of a microkinetic model via
DFT (or semi-empirical methods), the model needs

refinement to account for most abundant surface
intermediates (MASI)



@ Catalysis Center for Energy Innovation

NH; Decomposition on Ru: 2NH; =N,+3H,

* NH; as a storage medium . /| Exptl: Ganley

Dripa’ 0 . /| etal, AIChE
* ‘Pure’ H, — No CO, < 60 ®  pFRmodel /| J 2003
A microkinetic model is £ 40 ° \

. . g Y -
build using BOC and TST S0l o '
. . . “ °
e Our microkinetic model 0 |@-@mrcmecree -
® Expts. [Ganley et al.]
captures the trend T

N *

« High N* coverages

NH,+*< NH, *
NH, *+*< NH, *+H*
NH, *+* < NH *+H*

NH *+* < N*+H*

2N* < N, +2%*
2H* < H,+2*

Coverage [ML]

1250

Mhadeshwar et al., Cat. Letters 96, 13-22 (2004)
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DFT-Retrained Microkinetic Model

100 1
PFR model
80 Fwith interactiq#s 0.8} N* without interactions
=y * without interactions
= . . .. = 0.6
£ without intera¢tions = NH *
& ' o N T -.
= v =04l N
: D=l
Z 20 2 A :
Z 02 - )’ \\ -_‘_,--">1‘<
0 g <.
@ Expts. [Ganley et al.] L et
650 850 1050 1250 650 850 1050 1250
T [K] T [K]

e H-H and N-H interactions are small Exps: Ganley et al., AIChE J. (2004)

« N-N interactions completely change the chemistry

« Extensive validation against UHV and high P data

Mhadeshwar et al., Cat. Letters 96, 13-22 (2004)
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Lateral Interactions

0=0.11ML 6=0.22ML  $=0.33ML

Surface Coverage+— @ =

0=0.66ML

i — Number of adsorbates

N, —— Total Number of active sites

« DFT calculated Binding Energy:
E E

E . ads+slab ~ *~slab

avg

— nEgaS

n

» Required binding energy for MKM is £,

1 0
Epe =4 ! E,, (0)do

Average Binding Energy (eV)

2.00
1.95
1.90
1.85
1.80
1.75
1.70
1.65
1.60
1.55

1.50

y=0.859x+1596 . @

Eqwg =ab + b

0

0.1 0.2 0.3

0 Surface Coverage (ML)

0.4

Lateral interaction can be
approximated by linear model
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Lateral Interactions

E

a

ds+slab Eslab B nEg

as

n

Eavg(H) = EO + €6
E, : binding energy at zero coverage
¢ : lateral interaction parameter

1 0
Epe =4 ! E,, (0)do

E .y

O ey

E

(6)do =0x E, =0E, + g0’ =E._

OFE

(e)za—gt:Eo+259

N integral

H

=280+ E,+ZPE +

H

c

o (T)

Average Binding Energy (eV)

Differential Binding Energy (eV)

2.00
1.95
1.90
1.85
1.80
1.75
1.70
1.65
1.60
1.55
1.50

2.20

2.10

2.00

1.90

1.80

1.70

1.60

1.50

y=0859x+159%6 . ®
¢
E, =E, +¢&0
0 0.1 0.2 0.3 0.4

0 Surface Coverage (ML)

y=1.718x + 1.500 __..°
o
E,, = E,+2&0
0 0.1 0.2 0.3 04

0 Surface Coverage (ML)
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Lateral interactions: Piecewise Linear Model
) 4.4

E 3.9 L P PP PP PP AP resiianannraasaanny PO & @ CH
&% 3.4 @ CCH3
g ke CH2
5 7 evisssassi ® CHCH3
................... PO ik
2 24 1 .................. R e : A Ef;z
-g 1.9 ................... oereeeerneee @ &
- J (PO . oo CH2CH3
o 14 i::;:::;::;;;;;;;::;:;;;;:::;::;L;LLQQT.f.x..f,j.jr_.;:::;:;g w0 CHCH
© 0.9 I::::.:::::::::A;:::%..;.:::: .......................... .
i I i " S T S e C
Piece-wise linear model. z 04 . B .
0 0.1 0.2 0.3 0.4
Edlﬁ” (H) E +2¢80 0>0.11 Surface Coverage (ML)
> s ..:@- CH
E, (0)=E <011 & aa| . . e
diff 0 - e
c 3.9 @peceesessnansssnnans R TLTTTTITTELLL L " CHz
(WN]
b 34 CHCH3
= e |
T __29 | @A -l CCH2
& 5 24 i:::::::::z:::::::::::t::::::::: ......... R e
T 19 poe e e o : E:iﬁ
g 14 g g
> L s e S
= 0.9 T ........... pa
5 0.4 ................... ¥ YITTTTTTITTT LR RLILLL ! .................... &
0 0.1 0.2 0.3 0.4

Surface Coverage (ML)
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Outline

» Types of catalytic kinetic models and microkinetic modeling
» Overview of parameter estimation methods and scales

» Accuracy

» | ateral interactions

» Semi-empirical methods

» Thermodynamic consistency

» MKM uses

* Reactor design, analysis, catalyst discovery

» Kinetic Monte Carlo
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What Can We Use MKMs for?

» Reconcile apparently contradictory experimental data at
different conditions (TPD, steady state, various operating
conditions)

Mechanistic understanding
®» Perform reactor design and optimization

Traditional
9

» Model-based design of experiments to assess model*

®» Rational catalyst design
* Composition
* Size
* Shape

Modern

*Prasad et al., Chem. Eng. Sci. 65, 240 (2010); IECR 48, 5255 (2009);
Prasad and Vlachos, JECR 47, 6555 (2008).
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Ethylene Hydrogenation
0 T
C2H4 +H2 —> CZH6 1 _
. . — 10"
* Entire mechanism =
consists of 32 reversible 2 "0 | 4 wmirre N
elementary reactions S I NI
. . o L & ZaeraPt ingle stal 0 e
* Only C2 chemistry is 102 F & Gonmightetl, 004 Picab0-5i .
. . -— Microkinetic Model
active for hydrogenation of 1033 35 4 15 5
ethylene (1/T)*1000 [1/K]
;] 'Ei.p'er'ir'pental work by Cortright et al.
* Mode| Captures — 102;_—M1crokmet1c Model 6K
experimental data well ~ 10'] _/../')’-/4- 298K
: O g M ]
over wide range of = o0l ;___H,r-————- 23K
T 248 K
temperatures and Sl ww w = = "
hydrogen pressures 10_22 n mm w2
100 1000

Experimental data from:
Cortright et al., J. Cat. 127 (1991) 342-353

Hydrogen Pressure [Torr]

Modeling: Salciccioli et al., Ind. Eng. Chem. Res. 50, 28 (2011).



m Catalysis Center for Energy Innovation

Ethane HydrogenonS|s

10" , ——
C2H6 +H2 — 2CH4 S 8 673K T 25 Torr Cf,H6

= 623K"\.\
° = 10 | )
Entire mechanism S | TR, ‘\'\.‘

consists of 32 reversible =7 107 | Microkinetic model 8,
. F u Exppnmqntal wprk by Cortrlght et aN e
elementary reactions

* Model captures
experimental data well
over Wlde range Of - ® Experimental work by Cortrightetal. ~ —~
temperatures and 10 Hydrogenllggessure [torr] 1000
hydrogen pressures

5TorrC2H6

-4 | — Microkinetic model

= 10 l ____________ L —Mlcrokmetlcmodel
O 10 g o = Experlmental N
] 10 100 1000

Experimental data from: Ethane Pressure [torr]

Cortright et al., Cat. Today 53 (1999) 395-406
Modeling: Salciccioli et al., Ind. Eng. Chem. Res. 50, 28 (2011).
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Mechanisms of Hydrogenolysis of Ethane

%f ’:H%fH: » Sinfelt and co-workers(") suggested that
2 5CHCHg +28 —»  HCHg + %202 < the rate-determining step may involve
X highly dehydrogenated C,H, species
*OHgOHo¥ + 2% ——= spChig + %502 « Dumesic and co-workers proposed C-
*Eﬁm c2h e O + 4OH: < C cleavage reactions take place via
+H%—H CH,CH, and CHCH, over Pt®
#CHCH2# +2% ——»  #3CH + %;CHp « Limitations of previous mechanisms
%’ — Isomerization reactions are

%3CCHz  +2%k —  #4C + *CH3

+H%LH proposed to be key steps but their
#aCCHpk +2% —= #,C  + #,CHy rates are unknown
Fig. 1. Proposed reaction pathways for ethane hydrogenolysis over - PathS are Incomplete

platinum.

(1) Sinfelt, J. H.; Yates, D. J. C. Journal of Catalysis 8, 82, (1967).
(2) Cortright, R. D.; Watwe, R. M.; Spiewak, B. E.; Dumesic, J. A. Catalysis Today 53, 395 (1999).
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Ethylene Hydrogenation: Analysis

A ItH H H H
Sy = 4, >C=Cl H~C—CZH
A IUH H H/ \H
. \ H ﬂ/
¥ H
(18 CZH4  H \ H
n-C I Hoa ~H ¥ HO Oy w1, HY 7
ey L >C=CT, >C < oC—C
CzH5 + , | | < +|-|j
G"C H A : ‘K-;—:
2041_ : = H
2 :
CI_] ' H\(!.:/H
H* ;
CCH N ~H / H< o / H- HH* |
CHCH ™=+*<=>C H ™*+H™[ 3
CzH3**+*<=>CCH2**+H* ______________________________
C H**+H*<=>CCH_**+*

-1 0 1
Normalized Sensitivity Coefficient

Salciccioli et al., Ind. Eng. Chem. Res. 50, 28 (2011).

Hydrogenation rxns are rate controlling (n-C,H,**—C,H:**, CH:**—C,H,)
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Ethane Hydrogenolysis: Analysis

H\C/H
J H-c—cC=H A
CH,+ H H o H
C H +3*% e +H*
26
C H **+3*<=>
“ 2 W H CH.'y
G_C2H4****<= H\C/ \H ——— H\CIT!/H
CHCHB*" J —
CCH3*+2*< m
C [ **+*<= +H
- H H
CHCH _**+* =C—CZ
CZHS"‘*+"‘< H H
C H ** l\H C
CT] +4 lTI H " H
CHCH3 Co G :DC——C’ *
CH*_1 | I +H
2

C-C bond cleaving reactions are rate controlling

8 (CoHe**— CHa*+CH,* and CHCH**— CHy*+CH)
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Model Reduction to Rate Expressions

H, +2* < 2H*

Ethane Hydﬁ@genmlyss

C,H,+ 2% n-C,H,**
: 10' ' CH, F 4% < 6-CiH
Full mechanism Ful|l meechanism P 673K
EthiTencildvd ' Roulon-g= ", CHI® 's rﬁﬂ;&KReactlon,
A * 4—93 . . 5z _—-Tc c‘k : ;{a?ﬁ%{bn —
gé =1 T odel E
C2 (' L a = gl Rrate CXPI’@SSIOI’-]‘;

v D Al";»- ;!«-3
L r‘)d. )

n-C, 4
d cem r1ne12 Oad]

A fi
&' H ‘ | '.’b‘

A0 2 T 00

n- Cz OO =Lkl uc@d ratEERpREFIEsSY

o- C2H4**** _|_ H* cC L=

QUAGTEHC,H, ** + HY + ¥
Mol €I=T‘*+3I-}‘6K E

G, 16’*

r CZHCCH ‘F’%@H

(O
Reduced mech{arﬁhdu Hiag

alCH, **+H*

IV ;—

E—— Reducedl model

R ate ea [H(at fOﬂ Experimpntal C* L H* < CH* £ %
10

""" One stepjrate eXpression « cu* + o+

Rate equatipn

10 CH,*H)()— CH,* + H*
Hydrogen Pressure [Torr]

Salciccioli et al., Ind. Eng. Chem. Res. 50, 28 (2011).
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Ethane Hydrogenolysis Rate Expression

Hydrogenolysis Rate =

/

Methane Production TOF [1/s]

n.-_- : ‘\_4. :'\--_'_L.h{, :
’:-:—2%3‘,‘5"1\:4 KzCCHs /
i E\;LH, Az 1
K,C 4 - T — KaCrus gy~ pp T
1%“H, ;{_: 2-CHs 1_" :".'I_CH: Aevfizpfisig CE.}'::
- ) K:_,‘. K'_Ch':
! 10" &2
10 3 r T E T
5 of 673K
L T 1
— 623K —=za..
1 _1 r ~ E
L | {0 SR "'*;!
CLTS F 573K ] ;
~ -2 .
107 g
= 3
£ 5
o 10 2 T E
2 F . 3
i 1()'4 L Reduced- m1cr0kmetlc model ™G .
: I Experlmental B Experimental
i ---- F----- One step rate ex ress10n
10_5 T One step rate express1on o 10_5 P P
1 10 100 1000 10 100

Ethane Pressure [Torr]

1000

Hydrogen Pressure [atm]
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High Throughput Multiscale
Model-based Catalyst Design

NH; decomposition

NH,+*< NH, *
NH; *+*< NH, *+H*
NH, *+*< NH*+H*

NH *+* < N*+H*

2N* < N, +2*
2H* < H, +2*

Q,, [kecal/mol] 4 Q,, [kcal/mol]

» Search is done on atomic descriptors while running the
full chemistry and reactor models

» (Optimal catalyst properties are identified

Prasad et al., Chem. Eng. Sci. 65, 240 (2010)
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Metals BE, (kcal/mol)
PtTiPt 56.5
PtVPt 59.5
PtCrPt 72.6 Surface Sub-surface
PtMnPt 84.9 : : .
ot o | Optimum heat of chemisorption of N of
e .
PtCoPt 87.0 ~130 kcal/mol
PNiPt go.8  ® NiPtPtis a good prospective bimetallic
NiPtPt 1375 «_ surface
CoPtPt 159.9 150
o Q”=5?..-‘ﬂ].9. Qf‘,=.|’3.-‘.0;t2.9{kmMuoH

FePtPt 169.9 | o Q,=64.3£0.9, Q, =106.3%2.1 [keal/mol] 15
MnPtPt 162.2 = ‘[\ g

£ " =3
CrPtPt 166.5 5 ﬁ 102

Q Addition of Coverage -
VPtPt 184.1 X, 120| Nd 2

= =
TiPtPt 1915 (< J > Z

| >
Pt 102.1 ] - - 0
55

Ni 1138 = Q,, [Keal/mol]”
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Emergent Behavior Veritiec

Experimentally

14 amu

Thick Ni

Ni-Pt-Pt ‘
Pt-Ni-Pt Q

Pt(111)

3.0 Langmuir NHs
at 350K at UHV

Intensity (arb. units)

| | | | | | | | |

350 400 450 500 550 600 650 700 750

. Temperature (K)
» Ammonia decomposes on Ni-Pt

» No decomposition on other surfaces
» N-Pt is the most active catalyst

Hansgen, Chen, and Vlachos, Nature Chem. 2, 484-489 (2010)
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Descriptor-based Microkinetic Analysis Package
(DescMAP)

DésSMATP

Complex reactor parameters allowed

Descriptors can be chosen using PCA and L10 CV linear regression

Supports a wide array of empirical and semi-empirical relationships

Leverages existing VLab software packages for increased functionality

GrAdd pMuTT BpenMKM YOpirs

Lym and Vlachos, DescMap, In preparation
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Case Study: Non-Oxidative Dehydrogenation
over Metal Catalysts

» System uses several empirical
relationships (LSRs, BEPs, GA,
lateral interactions)

* Has multiple quantities of
interest:
— Conversion of C,H,
— Selectivity of C,H,

* Relatively simple mechanism:
— 24 species
— 31 elementary steps

 Considering FCC (111) and
HCP (0001) metal catalysts

(Hz
CH,
Co,Hg — Ao C,H,
LCZHZ
FCC HCP
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DescMAP Modules

Descriptor Descriptor Microkinetic
Selection Sampling Modeling
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Volcano Heatmaps For Ethane Conversion and
Ethylene Selectivity

Fractional C,H; Conversion Fractional C,H, Selectivity

—-26.00- —-26.00-
— 0.8 e
f‘>\ -27.00- />\ -27.00 08
) Q
~ _28.00- 0.6 ~ _28.00
on) ~N
) wn 0.6
N’ p—
™M ™M
T -29.00- T -29.00
Q 0.4 Q
O O 0.4
e -30.00- L -30.00
0.2
-31.00- -31.00 0.2
_32A00’| 1 I | I _32-00’| I 1 1 I
-18.00 -17.00 -16.00 -15.00 -14.00 -18.00 -17.00 -16.00 -15.00 -14.00

ECC(S) (EV) ECC(S) (eV)



m Catalysis Center for Energy Innovation

Literature Data Annotated Onto Volcano Curve

Fractional C,H; Conversion Fractional C,H, Selectivity
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Prediction Intervals Suggest Catalyst Design Space

Fractional C,H; Conversion
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