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Multiscaling

The Multiscale Challenge^

10 nm

Pellet

Catalyst Nanoparticle

1 m

9 orders disparity in scales
Quantum modeling inadequate

Chemical Reactor

^Vlachos, Adv. Chem. Eng. 30, 1 (2005).



Types of catalytic kinetic models: Empirical, LH, MKM 

Microkinetic modeling (MKM)
Governing mean field eqs
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

Outline
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Surface Reaction Rate Calculation Paradigm

• Hierarchy of calculation of surface reaction rates

Empirical rate-
law; typically 
fitted to 
experimental data

Langmuir-
Hinshelwood rate-
law; developed 
using rate 
determining step 
(RDS) and MF 
theory

Microkinetic 
analysis;
No assumptions 
on RDS (Dumesic, 
1993)

Complexity, Accuracy and Predictability



Reaction A+B  Products
Typical power‐low expression (apparent properties)

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

Power Law Models

effE / RTa b
eff A B eff effr=k C C ;k =A e

Global Reaction Rate Expression

* It may be possible to deduce reduced expressions from MKMs; one can certaintly estimate Eapp and 
reaction orders using MKM and compare to exps 



Literature rate expressions (mostly under ‘fuel‐rich’ conditions) 
indicate scatter in activation energies and rxn orders
Is the 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?

Scatter in Published Data 

Investigator Ea(kcal/mol) aCH4 bO2

Yao (Ind. Eng. Chem. Prod. Res. Dev., 1980) 21 1.0 -0.6
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

Example: CH4 Catalytic Combustion on Pt

How do we explain the scatter in data?



Langmuir‐Hinshelwood Rate 
Expressions



Langmuir Key Assumptions
All 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



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

Overview of LH Rate Expressions

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



1. CH4 total oxidation (combustion)
1. CH4 + 2O2= CO2 + 2H2O

2. Steam reforming of CH4

3. CO2-reforming of CH4

4. RWGS
CO2 + H2 CO+H2O

LH Rates on Rh

= distance from equilibrium

This is the "approach to equilibrium" and should be defined mathematically. For aA + bB <‐‐> cC + dD, 
=(([C]^c*[D]^d)/([A]^a*[B]^b))/Keq, using instantaneous (non‐equil) concentrations in the numerator.
r=rfwd([A], [B],…)‐rbwd=kfwd*[A]a[B]b *rfwd/{kfwd*[A]a[B]b ‐ kbwd*[C]c[D]d*rbwd/{kbwd *[C]c[D]d}= kfwd*[A]a[B]b
*{rfwd/{kfwd*[A]a[B]b ‐kbwd*[C]c[D]d/{kfwd*[A]a[B]b}*rbwd/{kbwd *[C]c[D]d}=kfwd*[A]a[B]b*{rfwd/{kfwd*[A]a[B]b ‐
*rbwd/{kbwd*[C]c[D]d}

Overall rxn (CPOX): CH4 + 1/2O2= CO + 2H2
Overall rxns (hypothesized?



Process is away from equilibrium
Model fits data fairly well
Reactions in series are proposed
Combustion of syngas is important 

Comparison of LH Model to Data

dashed lines=model w/o consecutive combustion of CO and H2; 
solid lines=model with consecutive CO and H2 combustion



Models may fit but most 
often than not include 
unrealistic parameters

Parameters & Model Adequacy

Estimated parameters

Hads
[kcal/mol]
13.9
39.5
6.2

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



Includes all relevant elementary reactions
Written by hand or computer generated1

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 
CHEMKIN3,  Cantera2, Matlab, Python, 
OpenMKM

Microkinetic Modeling
An example
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1Ring: 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

+ *



A Reaction Mechanism
An Example

Adsorption/Desorption:
1. NH3 + * = NH3

*

2. N2 + * = N2
*

3. H2 + 2* = 2H*

Surface reactions:
4. N2* + * = 2N*

5. NH3* + * = NH2
* + H*

6. NH2* + * = NH* + H*

7. NH* + * = N* + H*

Reaction Mechanism Points to Pay Attention

1. Molecular or dissociative adsorption
2. Number of sites involved (for 

multidante adsorbates)
3. Stoichiometry check
4. Which bonds break and are being 

made? 
 Reaction rule; Reaction family or 
homologous series (C‐H, C‐C, C‐O)

5. Gas‐phase species are involved in 
rxtr model

6. Surface species are in the surface 
model



GOVERNING EQUATIONS



Surface species concentration

Surface species coverage

Surface reaction rate

Surface Species Concentration 
and Surface Reaction Rate

• Total concentration of sites, CT = 
moles/cm2

• Concentration of species k, Ck = moles/cm2

• Sum(𝐶௞ሻ ൌ 𝐶்

• 𝜃୩ ൌ 𝐶௞/𝐶்=molecules/site 
• Coverage of species k = fraction of 

occupied sites by species k
• q*=fraction of empty sites 
• Sum(𝜃୩)=1

R4: N2
* + * = 2N*

Reaction rate:

𝑟ସ ൌ 𝑘ସ 𝑁ଶ∗ 𝑃𝑡  
𝑚𝑜𝑙𝑒𝑠
𝑐𝑚ଶ𝑠 

𝑟ସ ൌ 𝑘ସ∗
molecules

௦௜௧௘ ௦  → TOF ሺturnover frequencyሻ



Surface Species Balance
Example

NH3 Plug flow reactor (PFR)
N2, H2, NH3

T = 973 K, P = 1 atm, V = 1 cm3,
0.1 g 1%Pt/C catalyst, flow rate = xxx sccm

Adsorption:
1. NH3 + * = NH3

*

2. N2 + * = N2
*

3. H2 + 2* = 2H*

Surface reactions:
4. N2

* + * = 2N*
5. NH3

* + * = NH2
* + H*

6. NH2
* + * = NH* + H*

7. NH* + * = N* + H*

𝑑 𝑁∗

𝑑𝑡 ൌ 2𝑘ସ 𝑁ଶ∗ 𝑃𝑡 െ 2
𝑘ସ
𝐾௖ସ

𝑁∗ ଶ ൅

൅ 𝑘଻ 𝑁𝐻∗ 𝑃𝑡 െ
𝑘଻
𝐾௖଻

𝑁∗ 𝐻∗

Balance for N* species:

Parameters needed:
• Forward rate constants k
• Equilibrium constants Kc
• Number of catalytic sites

# moles Rate constants

Species conc 
(mol/cm2)

Equilibrium 
constants

Empty sites



SS, one nonlinear model (after some 
algebra):

Langmuir-Hinshelwood Kinetics
MF Model for CO Oxidation

*O*CO
r

*CO
d
CO*COt

a
CO

*CO kkyPk
dt

d




*O*CO
r2

*O
d
O

2
*Ot

a
O

*O kk2yPk2
dt

d
22




yk = the mole fraction of gaseous species k 
ki = rate constant of the ith step
All steps are taken to be elementary
Rate constants are in TOF units

Reactions written as 
irreversible steps

CO2 forms and 
directly goes in the 
gas phase; 
irreversible

Units of pre‐exps in 
s‐1 (or in cm, s, 
depending on 
reaction order) 

Reactions Ao (s-1) or So Ea (kcal/mol) 
1    *CO*gCO   0.84 100 0.0 

2    *gCOCO*   1.250 1015 34.9 

3    *
2 O2*2gO   0.06 100 0.0 

4    *2gOO2 2
*   1.000 1013 51.0 

5  )g(COOCO 2
**   1.645 1014 24.1 

 

 CO*  O*  *  1

)kkyPk/()1(yPkkk2

])kkyPk/()1(yPk1[yPk20

*O
rd

COCOt
a
CO*O*OCOt

a
CO

r2
*O

d
O

2
*O*O

rd
COCOt

a
CO*OCOt

a
COOt

a
O

2

2





+2*



Rate of elementary reaction 
(forward)

Reversible (net) rxn rate, ri=rif‐rib
kib = kif /Ki Thermo Consistency at the 
elementary rxn level

I. Elementary Reaction Rate (Mass 
Action Kinetics)

• ki = rate const. of elementary rxn i
• Cjሺθj) = Concentration (coverage) of surface species j
• vji = stoichiometric coef. in elementary rxn i

• Units
– Concentrations [mols/cm2 of active catalyst phase], rate const. k [cm, mol, s], 

rate [moles/cm2/s]
– Coverage (molecules per site), rate const. k [s‐1], rate [mlcs/site/s] or TOF 





K

0,1k
kii

ik

ikCk= r








 
K

0,1k
kbi

K

0,1k
kfii

ik

ik

ik

ik CkCk= r










scm
gmol

2

𝑟fi ൌ 𝑟fi/C் ൌk෨ fi ෑ 𝜃௞
ିఔ೔ೖ

௄

௞ୀଵ,ఔ೔ೖழ଴ 








ssite
molecules

𝑟iൌk෨ fiෑ 𝜃௞
ିఔ೔ೖ െ k෨biෑ 𝜃௞

ఔ೔ೖ
௄

௞ୀଵ,ఔ೔ೖவ଴

௄

௞ୀଵ,ఔ೔ೖழ଴

0A
sK

1k
kik 


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• Chemical rxn
among Ks species

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

• Estimate rate of 
surface species 
and gas species*

II. Rate of Surface and Gaseous Species





rN

1i
iikk r= 









scm

gmol

, 





rN

1i
iikk r~= ~










ssite
mlcs

3

2
for homogeneous rxns

for heterogeneous rxns

0A
sK

1k
kik 



Turnover Frequency (TOF)

* Gas species are involved only 
in adsorption, desorption, ER 
rxns, and possible gas rxns

for heterogeneous rxns
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I. Surface Species Conservation Model&
0 ൌσk

(1) Site conservation**

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

(2b) Mean field Eqs.

(2c) Steady‐state
k=1,…,Ks

T

K

1k
k CC

s




1
sK

1k
k 



௠௢௟௘௖௨௟௘
௦௜௧௘

௚௠௢௟
௖௠మ

kk
2

k
k CD= 
t

C





kk
2

k
k ~D= 
t





k
k = 

dt
dC


k

k ~= 
dt

d













scm
gmol

2 








ssite
molecules










scm
gmol

2 








ssite
molecules

0 ൌ𝜎௞ 0 ൌ𝜎෤௞

* Fickian diffusion; not valid for interacting species
** 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 eqs; algebraic eqs if steady state problem is solved

Coverage=fraction of occupied sites, 𝜃୩ ൌ 𝐶௞/𝐶்

ODEs

Algebraic eqs.
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• 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 = , an ODE is added

• Molecular beam experiments: Gaseous species flux 
is fixed (specified in exp)  Pgas species = fixed
– No fluid phase model is solved; adsorption happens

Surface Science Models (No Fluid Model)
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• This is for gas‐phase 
species, i.e., for NH3, N2, 
and H2 in this example

• = adsorption‐desorption 
of gaseous species: 
accounts for reactants, 
products, and intermediates 
(radicals) when adsorbed 
and desorbed); NOT 
applicable to surface species 
(see Model I)

II. Fluid Phase (Reactor) Conservation Model
𝜌
𝜕𝜔
𝜕𝑡 ൅ 𝜌𝐮 ⋅ ∇𝜔 ൌ െ∇ ⋅ 𝐉መ ൅ 𝜎ො

Adsorption/Desorption:
1. NH3 + * = NH3

*

2. N2 + * = N2
*

3. H2 + 2* = 2H*

Surface reactions:
4. N2* + * = 2N*

5. NH3* + * = NH2
* + H*

6. NH2* + * = NH* + H*

7. NH* + * = N* + H*

Reaction Mechanism



Batch Reactor Balances

𝑑𝑚௞
𝑑𝑡 ൌ 𝜔ሶ ௞𝑊௞𝑉

𝑑𝑌௞
𝑑𝑡 ൌ

𝜔ሶ ௞𝑊௞
𝜌

Mass Balance

𝑌௞ ൌ
𝑚௞

∑ 𝑚௞௞
ൌ
𝑚௞
𝑚

𝜌𝑐௣
𝑑𝑇
𝑑𝑡 ൌ െ෍ℎ௞𝜔ሶ ௞𝑊௞

௄

௞ୀଵ

൅
ℎ෠𝐴
𝑉 𝑇௘௫௧ െ 𝑇

Energy Balance

* *
2 2

forward

reverse

k

k
N Pt N   * * 22

* *
2 2N forward reverseN Pt

k N Pt k N                     

Example (Only Ads, Des, and ER Steps for Gaseous Species)
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Rate Const. and Pre‐exp Conversion Units
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Summary of Catalyst and Reactor Models
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Summary of Catalyst and Reactor Models



Notation



Solution Methods

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

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



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

Numerical Solvers in Cantera



Workflow and Software Modules



Workflow and Software Modules

Reaction 
Rules

Reaction 
Network 

Generator Rxn Rules
N2(g)N2*
N2*2N*
H2(g)2H*
NHx+HNHx+1
NH3*NH3(g)
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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)
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NH3 Decomposition on Ru: 2NH3 =N2+3H2

• NH3 as a storage medium
• ‘Pure’ H2 – No COx

• A microkinetic model is 
build using BOC and TST

• Our microkinetic model 
captures the trend

• High N* coverages

196 m x 84 m x 1078 m

Mhadeshwar et al., Cat. Letters 96, 13‐22 (2004)
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PFR model

Exptl: Ganley
et al., AIChE 
J. 2003

*NH*NH 33 
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*H*NH**NH 2 
*H*N**NH 
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*2H*2H 2 
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Exps: Ganley et al., AIChE J. (2004)

DFT‐Retrained Microkinetic Model

• H-H and N-H interactions are small

• N-N interactions completely change the chemistry

• Extensive validation against UHV and high P data
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with interactions
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Mhadeshwar et al., Cat. Letters 96, 13‐22 (2004)



Catalysis Center for Energy Innovation

Lateral Interactions

• DFT calculated Binding Energy: 

ads slab slab gas
avg

E E nE
E

n
  



 
0

1
avg diffE E d



 


 

• Required binding energy for MKM is Ediff :

a

n
N

  Number of adsorbates
Total Number of active sites

Surface Coverage

Lateral interaction can be 
approximated by linear model

𝐸௔௩௚ ൌ 𝑎𝜃 ൅ 𝑏𝐸௔௩௚ ൌ 𝑎𝜃 ൅ 𝑏

θ=0.11ML θ=0.22ML θ=0.33ML θ=1MLθ=0.66ML
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Lateral Interactions
ads slab slab gas

avg

E E nE
E

n
  



𝐸௔௩௚ 𝜃 ൌ 𝐸଴ ൅ 𝜀𝜃

  int
0 2diff

EE E 



  



0avgE E  

0 2diffE E  

E0 : binding energy at zero coverage
ε : lateral interaction parameter

 02diff corrH E ZPE H T   

 
0

1
avg diffE E d



 


 

  2
0 int

0
diff avgE d E E E



        
integral
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Lateral interactions: Piecewise Linear Model
H
C
Pt

Piece-wise linear model:
  0 2 0.11diffE E    

  0 0.11diffE E  



Catalysis Center for Energy Innovation

Types of catalytic kinetic models and microkinetic modeling

Overview of parameter estimation methods and scales

Accuracy

Lateral interactions

Semi‐empirical methods

Thermodynamic consistency

MKM uses

Reactor design, analysis, catalyst discovery

Kinetic Monte Carlo

Outline
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Reconcile apparently contradictory experimental data at 
different conditions (TPD, steady state, various operating 
conditions)
Mechanistic understanding
Perform reactor design and optimization

Model‐based design of experiments to assess model*
Rational catalyst design

Composition
Size
Shape

What Can We Use MKMs for?
Tr

ad
iti

on
al

M
od

er
n

*Prasad et al., Chem. Eng. Sci. 65, 240 (2010); IECR 48, 5255 (2009);
Prasad and Vlachos, IECR 47, 6555 (2008).
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Experimental data from:
Cortright et al., J. Cat. 127 (1991) 342-353
Modeling: Salciccioli et al., Ind. Eng. Chem. Res. 50, 28 (2011).

• Entire mechanism 
consists of 32 reversible 
elementary reactions

• Only C2 chemistry is 
active for hydrogenation of 
ethylene

• Model captures 
experimental data well 
over wide range of 
temperatures and 
hydrogen pressures

C2H4 +H2 → C2H6

Ethylene Hydrogenation

10-3
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10-1

100

101

102

2.5 3 3.5 4 4.5 5 5.5

Cortright et al, 0.04% Pt/Cab-O-Sil

Dorling et al, 3% Pt/Silica
Schlatter 0.5% Pt/Silica diluted
Schlatter 0.05% Pt/Silica undiluted
Zaera Pt(111) Single Crystal

Kazanski Pt wire

Microkinetic Model

C
2H

6 T
O

F 
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Experimental work by Cortright et al.
Microkinetic Model
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273 K

248 K

223 K
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Experimental data from:
Cortright et al., Cat. Today 53 (1999) 395-406
Modeling:  Salciccioli et al., Ind. Eng. Chem. Res. 50, 28 (2011).

• Entire mechanism 
consists of 32 reversible 
elementary reactions

• Model captures 
experimental data well 
over wide range of 
temperatures and 
hydrogen pressures

C2H6 +H2 → 2CH4

Ethane Hydrogenolysis

10-4
10-3
10-2
10-1
100
101

Microkinetic model
Experimental work by Cortright et al.C
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Microkinetic model
ExperimentalC

H
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]
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25 Torr C2H6

5 Torr C2H6
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Mechanisms of Hydrogenolysis of Ethane

• Sinfelt and co-workers(1) suggested that 
the rate-determining step may involve 
highly dehydrogenated C2Hx species

• Dumesic and co-workers proposed  C-
C cleavage reactions take place via 
CH2CH3 and CHCH3 over Pt(2)

• Limitations of previous mechanisms
– Isomerization reactions are 

proposed to be key steps but their 
rates are unknown

– Paths are incomplete

(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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Hydrogenation rxns are rate controlling (π-C2H4**→C2H5**, C2H5**→C2H6)

Ethylene Hydrogenation: Analysis

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

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

C-C bond cleaving reactions are rate controlling
(C2H5**→ CH3*+CH2* and CHCH3**→ CH3*+CH* )
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Ethylene Hydrogenation Reaction
H2 + 2* ↔ 2H*
C2H4 + 2* ↔ π-C2H4**
C2H6 + 3* ↔ C2H5** + H*
π-C2H4** + 2* ↔ σ-C2H4****
π-C2H4** + H* ↔ C2H5** + *
C2H5** + 3* ↔ σ-C2H4**** + H*
σ-C2H4**** ↔ C2H3** + H* + *
C2H2** + H* ↔ C2H3** + *
CHCH3** ↔ CCH3* + H*
CCH3* + 2* ↔ CCH2** + H*
C2H5** + * ↔ CHCH3** + H*
CHCH3** + *↔ C2H3** + H*
C2H3** + * ↔ CCH2** + H*
C2H** + H* ↔ CCH2** + *

10-5
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10-2
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100
101

1 10 100 1000

Reduced model
Experimental
One step rate expressionC

H
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O
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Reduced microkinetic model 
Reduced rate expression
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336 K
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H2 + 2* ↔ 2H*
CH4 + 2* ↔ CH3* + H*
C2H4 + 2* ↔ π-C2H4**
C2H4 + 4* ↔ σ-C2H4****
C2H2 + 2* ↔ C2H2**
C2H6 + 3* ↔ C2H5** + H*
π-C2H4** + 2* ↔ σ-C2H4****
π -C2H4** + H* ↔ C2H5** + *
C2H5** + 3* ↔ σ-C2H4**** + H*
σ-C2H4**** ↔ C2H3** + H* + *
C2H2** + H* ↔C2H3** + *
C2H** + H* ↔ C2H2** +*
CHCH3** ↔ CCH3* + H*
CCH3* + 2* ↔ CCH2** + H*
C2H5** + * ↔ CHCH3** + H*
CHCH3** + *↔ C2H3** + H*
C2H3** + *↔CCH2** + H* 
C2H** + H* ↔CCH2** + *
C2H5** ↔ CH3* + CH2*
2CH2* + 2* ↔ σ-C2H4****
C2H3** ↔ CH* + CH2*
C2H2** ↔ 2CH*
C2H** ↔ CH* + C*
CHCH3** ↔ CH3*+ CH*
CH3* + C* ↔ CCH3* + *
CCH2** ↔ CH2* + C*
CHCH3** + 2* ↔ C2H4****
C2H3** ↔ CCH3* + *
C2H2**↔ CCH2** 
C* + H* ↔ CH* + *
CH2* + * ↔ CH* + H*
CH3* + * ↔ CH2* + H*

Ethane Hydrogenolysis Reaction

H2 + 2* ↔ 2H*
CH4 + 2* ↔ CH3* + H*
C2H6 + 3* ↔ C2H5** + H*
C2H5** + 3* ↔ σ-C2H4**** + H*
σ-C2H4**** ↔ C2H3** + H* + *
CHCH3** ↔ CCH3* + H*
CCH3* + 2* ↔ CCH2** + H*
C2H5** + * ↔ CHCH3** + H*
CHCH3** + *↔ C2H3** + H*
C2H3** + *↔CCH2** + H*
C2H5** ↔ CH3* + CH2*
CHCH3** ↔ CH3*+ CH*
CH2* + * ↔ CH* + H*
CH3* + * ↔ CH2* + H*

Model Reduction to Rate Expressions

Full mechanism

Reduced mechanism

Rate equation 

Sensitivity analysis
Principal component analysis

Elementary rate comparison
Rate determining step
Partial equilibrium
Abundant adsorbate assumptions

Full mechanism

Reduced mechanism

Rate equation 

Full mechanism

Reduced mechanism

Rate equation 

Full mechanism

Reduced mechanism

Rate equation 
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Salciccioli et al., Ind. Eng. Chem. Res. 50, 28 (2011).
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Ethane Hydrogenolysis Rate Expression
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Search is done on atomic descriptors while running the 
full chemistry and reactor models
Optimal catalyst properties are identified

High Throughput Multiscale
Model‐based Catalyst Design

350 oC
1 atm

Prasad et al., Chem. Eng. Sci. 65, 240 (2010)
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Identifying Bimetallic Catalysts

• Optimum heat of chemisorption of N of 
~130 kcal/mol

• NiPtPt is a good prospective bimetallic 
surface

Surface Sub-surface

Metals BEN (kcal/mol)
PtTiPt 56.5
PtVPt 59.5
PtCrPt 72.6
PtMnPt 84.9
PtFePt 83.9
PtCoPt 87.0
PtNiPt 89.8
NiPtPt 137.5
CoPtPt 159.9
FePtPt 169.9
MnPtPt 162.2
CrPtPt 166.5
VPtPt 184.1
TiPtPt 191.5

 Pt 102.1 
 Ni 113.8 
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Emergent Behavior Verified 
Experimentally

3.0 Langmuir NH3

at 350K at UHV

Ammonia decomposes on Ni‐Pt
No decomposition on other surfaces
N‐Pt is the most active catalyst
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750700650600550500450400350
Temperature (K)

Thick Ni

Ni-Pt

Pt-Ni-Pt

Pt(111)

14 amu

Hansgen, Chen, and Vlachos, Nature Chem. 2, 484-489 (2010)

Ni-Pt-Pt
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Descriptor‐based Microkinetic Analysis Package 
(DescMAP)

Lym and Vlachos, DescMap, In preparation

• Complex reactor parameters allowed
• Descriptors can be chosen using PCA and L1O CV linear regression
• Supports a wide array of empirical and semi‐empirical relationships
• Leverages existing VLab software packages for increased functionality
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Case Study: Non‐Oxidative Dehydrogenation 
over Metal Catalysts

CଶH଺ →  

Hଶ
CHସ
𝐂𝟐𝐇𝟒
CଶHଶ

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

• Has multiple quantities of 
interest:
– Conversion of C2H6
– Selectivity of C2H4

• Relatively simple mechanism:
– 24 species
– 31 elementary steps

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

FCC 
(111)

HCP 
(0001)
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DescMAP Modules

Setup Descriptor 
Selection

Descriptor 
Sampling

Microkinetic 
Modeling Analysis
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Volcano Heatmaps For Ethane Conversion and 
Ethylene Selectivity

ECC(S) (eV)

Fractional C2H6 Conversion Fractional C2H4 Selectivity
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Setup Descriptor 
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Sampling

Microkinetic 
Modeling Analysis
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Literature Data Annotated Onto Volcano Curve
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Prediction Intervals Suggest Catalyst Design Space
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