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Multiscale Modeling

[1] Salciccioli, M. et al. Chem. Eng. Sci. 2011, 66 (19), 4319–4355.
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Length 
Scale

Time Scale

• Quantum Mechanics
• Transition State Theory

• Molecular dynamics (MD)
• Accelerated MD

• Microkinetic Modeling
• Kinetic Monte Carlo (kMC)
• Course-grained kMC

• Computational fluid 
dynamics (CFD)

• Process and plant 
simulation



Bridging the Gap Between Catalyst Scale and Reactor Scale
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Microkinetic Modeling (MKM)Density Functional Theory (DFT)

−
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2𝑚
∇2 + 𝑣eff 𝒓 𝜙𝑖 𝒓 = 𝜀𝑖𝜙𝑖(𝒓)



Microkinetic Model Inputs: Reactor Conditions
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Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Reactor Conditions
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Reactor
(e.g. Batch, CSTR, PFR)Q0 = 1 mL s-1

Inlet composition, x0:
• N2

• H2

• Inert

T = 673 K
P = 100 bar
V = 1 cm3

mcat = 0.1 g Ru/Al2O3 catalyst

Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Elementary Steps
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Reactor
(e.g. Batch, CSTR, PFR)Q0 = 1 mL s-1

Inlet composition, x0:
• N2

• H2

• Inert

T = 673 K
P = 100 bar
V = 1 cm3

mcat = 0.1 g Ru/Al2O3 catalyst

Elementary reversible reactions:

▪ Surface Reactions
4. N2* + * ↔ 2N*
5. N* + H* ↔ NH*
6. NH* + H* ↔ NH2*
7. NH2* + H* ↔ NH3*

▪ Adsorption/Desorption
1. N2 + * ↔ N2*
2. H2 + * ↔ 2H*
3. NH3 + * ↔ NH3*

Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Mass Balance for N2*
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▪ Surface Reactions
4. N2* + * ↔ 2N*
5. N* + H* ↔ NH*
6. NH* + H* ↔ NH2*
7. NH2* + H* ↔ NH3*

▪ Adsorption/Desorption
1. N2 + * ↔ N2*
2. H2 + * ↔ 2H*
3. NH3 + * ↔ NH3*

𝐝

𝐝𝐭
𝐍𝟐
∗ = 𝐤𝟏

𝐟𝐰𝐝𝐏𝐍𝟐[∗] − 𝐤𝟏
𝐫𝐞𝐯 𝐍𝟐

∗ − 𝐤𝟒
𝐟𝐰𝐝 𝐍𝟐

∗ ∗ + 𝐤𝟒
𝐫𝐞𝐯 𝐍∗ 𝟐

Elementary reversible reactions:Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Mass Balance for N2*
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▪ Surface Reactions
4. N2* + * ↔ 2N*
5. N* + H* ↔ NH*
6. NH* + H* ↔ NH2*
7. NH2* + H* ↔ NH3*

▪ Adsorption/Desorption
1. N2 + * ↔ N2*
2. H2 + * ↔ 2H*
3. NH3 + * ↔ NH3*

𝐝

𝐝𝐭
𝐍𝟐
∗ = 𝐤𝟏

𝐟𝐰𝐝𝐏𝐍𝟐[∗] − 𝐤𝟏
𝐫𝐞𝐯 𝐍𝟐

∗ − 𝐤𝟒
𝐟𝐰𝐝 𝐍𝟐

∗ ∗ + 𝐤𝟒
𝐫𝐞𝐯 𝐍∗ 𝟐

Adsorption Surface Reactions

Elementary reversible reactions:Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Modified Arrhenius Rate Constant
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𝐝

𝐝𝐭
𝐍𝟐
∗ = 𝐤𝟏

𝐟𝐰𝐝𝐏𝐍𝟐[∗] − 𝐤𝟏
𝐫𝐞𝐯 𝐍𝟐

∗ − 𝐤𝟒
𝐟𝐰𝐝 𝐍𝟐

∗ ∗ + 𝐤𝟒
𝐫𝐞𝐯 𝐍∗ 𝟐

𝐤𝐣
𝐟𝐰𝐝 = 𝐀𝐣

′ 𝐓

𝐓𝐫𝐞𝐟,𝐣

𝛃𝐣

exp −
𝐄𝐀,𝐣

R𝐓

Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Modified Arrhenius Rate Constant
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𝐝

𝐝𝐭
𝐍𝟐
∗ = 𝐤𝟏

𝐟𝐰𝐝𝐏𝐍𝟐[∗] − 𝐤𝟏
𝐫𝐞𝐯 𝐍𝟐

∗ − 𝐤𝟒
𝐟𝐰𝐝 𝐍𝟐

∗ ∗ + 𝐤𝟒
𝐫𝐞𝐯 𝐍∗ 𝟐

• Arrhenius equation when 𝛃𝐢 = 𝟏 and 𝐓𝐫𝐞𝐟,𝐢 = 𝟏 𝐊

𝐤𝐣
𝐟𝐰𝐝 = 𝐀𝐣

′ 𝐓

𝐓𝐫𝐞𝐟,𝐣

𝛃𝐣

exp −
𝐄𝐀,𝐣

R𝐓

𝐓

𝐀𝐀𝐫𝐫𝐡𝐞𝐧𝐢𝐮𝐬Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Reverse Rate Constant
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𝐝

𝐝𝐭
𝐍𝟐
∗ = 𝐤𝟏

𝐟𝐰𝐝𝐏𝐍𝟐[∗] − 𝐤𝟏
𝐫𝐞𝐯 𝐍𝟐

∗ − 𝐤𝟒
𝐟𝐰𝐝 𝐍𝟐

∗ ∗ + 𝐤𝟒
𝐫𝐞𝐯 𝐍∗ 𝟐

𝐤𝐣
𝐟𝐰𝐝 = 𝐀𝐣

′ 𝐓

𝐓𝐫𝐞𝐟,𝐣

𝛃𝐣

exp −
𝐄𝐀,𝐣

R𝐓
𝐤𝐣
𝐫𝐞𝐯 =

𝐤𝐣
𝐟𝐰𝐝

𝐊𝐣
𝐞𝐪

By microscopic 
reversibility

Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Reverse Rate Constant
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𝐝

𝐝𝐭
𝐍𝟐
∗ = 𝐤𝟏

𝐟𝐰𝐝𝐏𝐍𝟐[∗] − 𝐤𝟏
𝐫𝐞𝐯 𝐍𝟐

∗ − 𝐤𝟒
𝐟𝐰𝐝 𝐍𝟐

∗ ∗ + 𝐤𝟒
𝐫𝐞𝐯 𝐍∗ 𝟐

𝐤𝐣
𝐟𝐰𝐝 = 𝐀𝐣

′ 𝐓

𝐓𝐫𝐞𝐟,𝐣

𝛃𝐣

exp −
𝐄𝐀,𝐣

R𝐓
𝐤𝐣
𝐫𝐞𝐯 =

𝐤𝐣
𝐟𝐰𝐝

𝐊𝐣
𝐞𝐪

By microscopic 
reversibility

𝐊𝐣
𝐞𝐪
= exp −

𝚫𝐆𝐣

R𝐓

Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Adsorption Preexponential
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𝐝

𝐝𝐭
𝐍𝟐
∗ = 𝐤𝟏

𝐟𝐰𝐝𝐏𝐍𝟐[∗] − 𝐤𝟏
𝐫𝐞𝐯 𝐍𝟐

∗ − 𝐤𝟒
𝐟𝐰𝐝 𝐍𝟐

∗ ∗ + 𝐤𝟒
𝐫𝐞𝐯 𝐍∗ 𝟐

𝐤𝐚𝐝𝐬,𝐣
𝐟𝐰𝐝 = 𝐀𝐚𝐝𝐬,𝐣

′ 𝐓

𝐓𝐫𝐞𝐟,𝐣

𝛃𝐣

exp −
𝐄𝐀,𝐣

R𝐓

𝐀𝐚𝐝𝐬,𝐣
′ =

𝐬𝐣

𝛔 𝐧𝐬𝐮𝐫𝐟

R𝐓

2π𝐌𝐢

By collision theory  Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Model Inputs: Surface Reaction Preexponential
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𝐝

𝐝𝐭
𝐍𝟐
∗ = 𝐤𝟏

𝐟𝐰𝐝𝐏𝐍𝟐[∗] − 𝐤𝟏
𝐫𝐞𝐯 𝐍𝟐

∗ − 𝐤𝟒
𝐟𝐰𝐝 𝐍𝟐

∗ ∗ + 𝐤𝟒
𝐫𝐞𝐯 𝐍∗ 𝟐

𝐤𝐬𝐮𝐫𝐟,𝐣
𝐟𝐰𝐝 = 𝐀𝐬𝐮𝐫𝐟,𝐣

′ 𝐓

𝐓𝐫𝐞𝐟,𝐣

𝛃𝐣

exp −
𝐄𝐀,𝐣

R𝐓

𝐀𝐬𝐮𝐫𝐟,𝐣
′ =

kB
h

1

(𝛔)𝐧𝐬𝐮𝐫𝐟−1
exp

𝚫𝐒𝐣
≠

R

By transition-state theory
𝐄𝐀,𝐣 = 𝚫𝐇𝐣

≠Legend
Set by user
Calculated by MKM
Derived from DFT
i – Species i
j – Reaction j



Microkinetic Modeling Input Summary

15

Set by user

• Reactor conditions

– T, P, Q, V, xi0, mcat

• Elementary steps

–Adsorption

– Surface reactions

• Reaction parameters

– sj, σ, Tref,j, βj

Calculated by MKM

• Surface coverages

• Gas-phase 
compositions

• Rates

Derived from DFT

• Enthalpies (H) and 
entropies (S) of:

– Reactants

– Products

– Intermediates

– Transition states



Coverage Effects Impact Reaction Kinetics And Thermodynamics

[1] Salciccioli, M. et al. Chem. Eng. Sci. 2011, 66 (19), 4319–4355.

[2] Mhadeshwar, A. B. et al. Catal. Letters 2004, 96 (1–2), 13–22.
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Multiple scales 

(b) Ea = 41 kcal/mol (c) Ea = 23 kcal/mol 

 

(a) Ea = 54 kcal/mol  

Intrinsic heterogeneity in 

adsorbate 
distribution 

catalyst sites 

Many-body effects 

Multiple phases 

Catalyst dynamics 

reconstruction 

isomerization 

edge corner 

support 
(111) 

(100) 

Missing row reconstruction on (110) plane 

Presence of co-adsorbates can affect:
• Activation energies
• Enthalpies of intermediates
• Usually necessary for over binding species

[1] [2]



Modelling Coverage Effects using DFT

17

• Gradually increase coverage in DFT cell

• Calculate binding energy as coverage 
increases

• Linear piece-wise is often sufficient

θO =
1

9
ML θO =

2

9
ML

θO =
3

9
ML θO = 1 ML

Hi T, 𝛉 = Hi T, θ∗ → 0 + 

j

Adsorbates

ωijkθj + bijk

Low 
coverage

Finite 
coverage



Locating Transition States Using DFT

[1] Mills, G.; Jónsson, H.; Schenter, G. K. Surf. Sci. 1995, 324 (2–3), 305–337.

[2] Henkelman, G., et al. J. Chem. Phys. 2000, 113 (22), 9901–9904.
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• Common techniques:
• Nudged elastic band (NEB)1

• Climbing image nudged elastic band (CINEB)2

• Dimer3

• Vibrational analysis of transition state species yield one imaginary frequency

Reaction Coordinate

Energy

Initial State
Final State

Transition State

[4]

[3] Henkelman, G.; Jónsson, H. J. Chem. Phys. 1999, 111 (15), 7010–7022.

[4] Phatak, A. A. et al. J. Phys. Chem. C 2009, 113 (17), 7269–7276.



Using Statistical Mechanics for Property Conversion
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Useful DFT Properties
• Bond lengths
• Electronic energies
• Vibrational frequencies
• Coverage effects

MKM Inputs
• Enthalpy (H)
• Entropy (S)
• Activation Energies (EA)
• Preexponential factors (A)
• Equilibrium constants (Keq)

Statistical Mechanics



Statistical Mechanical Equations are Tedious and Error Prone
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𝑈𝐼𝐺

𝑁𝑘𝐵𝑇
= 3 + 

𝑖

3𝑛−6
Θ𝑉,𝑖
2𝑇

+
Θ𝑉,𝑖
𝑇

exp −
Θ𝑉,𝑖
𝑇

1 − exp −
Θ𝑉,𝑖
𝑇

+
𝜀𝑒𝑙𝑒𝑐𝑡,1
𝑘𝐵𝑇

𝑆𝐼𝐺

𝑁𝑘𝐵
=

Statistical Mechanics

4 + ln
2𝜋σ𝑖𝑚𝑖𝑘𝐵𝑇

ℎ2

3
2 𝑉

𝑁
+ ln

𝜋

𝜎

𝑇3

Θ𝑅,𝐴Θ𝑅,𝐵Θ𝑅,𝐶

1
2

+ 

𝑖

3𝑛−6

൦

൪

Θ𝑉,𝑖
𝑇

exp −
Θ𝑉,𝑖
𝑇

1 − exp −
Θ𝑉,𝑖
𝑇

− ln 1 − exp −
Θ𝑉,𝑖
𝑇

+ ln𝜔𝑒𝑙𝑒𝑐𝑡,1



Statistical Mechanical Equations are Tedious and Error Prone
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𝑈𝐼𝐺

𝑁𝑘𝐵𝑇
= 3 + 

𝑖

3𝑛−6
Θ𝑉,𝑖
2𝑇

+
Θ𝑉,𝑖
𝑇

exp −
Θ𝑉,𝑖
𝑇

1 − exp −
Θ𝑉,𝑖
𝑇

+
𝜀𝑒𝑙𝑒𝑐𝑡,1
𝑘𝐵𝑇

𝑆𝐼𝐺

𝑁𝑘𝐵
=

Statistical Mechanics

4 + ln
2𝜋σ𝑖𝑚𝑖𝑘𝐵𝑇

ℎ2

3
2 𝑉

𝑁
+ ln

𝜋

𝜎

𝑇3

Θ𝑅,𝐴Θ𝑅,𝐵Θ𝑅,𝐶

1
2

+ 

𝑖

3𝑛−6

൦

൪

Θ𝑉,𝑖
𝑇

exp −
Θ𝑉,𝑖
𝑇

1 − exp −
Θ𝑉,𝑖
𝑇

− ln 1 − exp −
Θ𝑉,𝑖
𝑇

+ ln𝜔𝑒𝑙𝑒𝑐𝑡,1

U_IG = get_U(T)

S_IG = get_S(T)



Symbol Reference Sheet
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Symbol Description Slide #
mcat Mass of catalyst in reactor 6-7

P Pressure 6-7

Q0
Volumetric flow rate of inlet 
stream

6-7

T Temperature 6-7, 10-15, 19, 22-23

V Volume 6-7

𝐱𝟎 Vector of initial mole fractions 6-7

∗ Empty site 7-8

A∗ Surface concentration of species A 8-15

kj
fwd Forward rate constant of reaction j 8-15

kj
rev Reverse rate constant of reaction j 8-15

t Time 8-15



Symbol Reference Sheet
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Symbol Description Slide #
EA,j Activation energy of reaction j 10-15

R Molar gas constant 10-15

Tref,j
Reference temperature of 
modified Arrhenius of reaction j

10-15

βj
Modified Arrhenius parameter of 
reaction j

10-15

Kj
eq

Equilibrium constant of reaction j 12-13, 21

ΔGj

Change in Gibbs energy between 
products and reactants of reaction 
j

13

Mi Molecular weight of i 14

nsurf Number of surface reactants 14-15



Symbol Reference Sheet
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Symbol Description Slide #

sj
Sticking coefficient for adsorption 
reaction j

14

σ Site density 14-15

h Planck's constant 15, 22-23

kB Boltzmann constant 15, 22-23

ΔHj
≠ Enthalpy of activation of reaction j 15

ΔSj
≠ Entropy of activation of reaction j 15

bijk

Intercept of coverage effect of 
species j affecting species i in 
interval k

19

Hi Enthalpy of species i 19, 22-23

ML Monolayer 19

𝛉 Vector of surface coverages 19



Symbol Reference Sheet
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Symbol Description Slide #

θi Surface coverage of species i 19

ωijk
Slope of coverage effect of species 
j affecting species i in interval k

19

mi Mass of atom i 22-23

N Number of molecules 22-23

UIG Internal energy of ideal gas 22-23

xi0 Initial mole fractions of species i 22-23

εelect,1 Ground state electronic energy 22-23

ΘR,A
Rotational temperature of Ath
mode

22-23

ΘV,i
ith vibrational temperature of 
molecule

22-23

σ Symmetry number 22-23


