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Ethanol-to-butadiene: process, impact and limitations
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Ethanol-to-butadiene on an MgO (100) step edge

MgO slab with stepped kink
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DFT calculations: PBE with PAW,
400 eV cutoff, 2x2x1 k-points.

Taifan et al., J. Catal., 2017, 346, 78.

CHALMERS 2/17 Department of Physics



Ethanol-to-butadiene on an MgO (100) step edge

Key reaction steps:

MgO slab with stepped kink

o Mg ®o0

DFT calculations: PBE with PAW,
400 eV cutoff, 2x2x1 k-points.

Taifan et al., J. Catal.,, 2017, 346, 78.

CHALMERS 2/17 Department of Physics



Ethanol-to-butadiene on an MgO (100) step edge

Key reaction steps:

MgO slab with stepped kink

» Ethanol dehydrogenation
to acetaldehyde

o Mg ®o0

DFT calculations: PBE with PAW,
400 eV cutoff, 2x2x1 k-points.

Taifan et al., J. Catal.,, 2017, 346, 78.

CHALMERS 2/17 Department of Physics



Ethanol-to-butadiene on an MgO (100) step edge

Key reaction steps:

MgO slab with stepped kink

» Ethanol dehydrogenation
to acetaldehyde

> Ethanol dehydration to
ethylene

o Mg ®o0

DFT calculations: PBE with PAW,
400 eV cutoff, 2x2x1 k-points.

Taifan et al., J. Catal.,, 2017, 346, 78.

CHALMERS 2/17 Department of Physics



Ethanol-to-butadiene on an MgO (100) step edge

MgO slab with stepped kink

%%%z

o Mg ®o0

DFT calculations: PBE with PAW,
400 eV cutoff, 2x2x1 k-points.

Taifan et al., J. Catal.,, 2017, 346, 78.

Key reaction steps:
» Ethanol dehydrogenation
to acetaldehyde
> Ethanol dehydration to
ethylene

» C-C bond formation by
condensation

CHALMERS 2/

Department of Physics



Ethanol-to-butadiene on an MgO (100) step edge

MgO slab with stepped kink

Key reaction steps:
» Ethanol dehydrogenation
to acetaldehyde
> Ethanol dehydration to
ethylene

» C-C bond formation by
condensation

» MPV reduction of acetaldol
and crotonaldehyde

o Mg ®o0

DFT calculations: PBE with PAW,
400 eV cutoff, 2x2x1 k-points.

Taifan et al.,, J. Catal., 2017, 346, 78.

CHALMERS 2/17 Department of Physics



Ethanol-to-butadiene on an MgO (100) step edge

MgO slab with stepped kink
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DFT calculations: PBE with PAW,
400 eV cutoff, 2x2x1 k-points.
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> Ethanol dehydration to
ethylene

» C-C bond formation by
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» MPV reduction of acetaldol
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Several possible pathways convert ethanol to butadiene
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Several possible pathways convert ethanol to butadiene

p123

3. MPV reduction

MO —) N\OH

2-Butenol
Crotonaldehyde
1. Dehydrogenation 2. Aldol condensation A Detvdration
Dehydration
o,
/\OH - Ao — W %\%
Ethanol Acetaldehyde 1,3-Butadiene

3-Hydroxybutanal ©H

CHALMERS 3/17 Department of Physics



Several possible pathways convert ethanol to butadiene
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Several possible pathways convert ethanol to butadiene
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Several possible pathways convert ethanol to butadiene
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Several possible pathways convert ethanol to butadiene
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Two perspectives on first-principles based kinetic modelling
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Two perspectives on first-principles based kinetic modelling
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Energy span model compares pairwise energy differences

Rate determining states determined by identifying largest energy penalties
between intermediates and transition states across catalytic cycles!

cycle 1 cycle 2
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Energy landscape for ethanol dehydrogenation, aldol condensation and reduction of crotonaldehyde (723 K)?

1Kozuch and Shaik, Acc. Chem. Res., 2011, 44, 101. 2Boje et al., ChemRxiv, 2020.
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Energy span model compares pairwise energy differences
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Energy span model compares pairwise energy differences

Rate determining states determined by identifying largest energy penalties
between intermediates and transition states across catalytic cycles!
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TOF-determining states can vary with temperature

Free energy (kcal/mol)

Reaction coordinate

Energy landscape for ethanol dehydration pathway
Boje et al., ChemRxiv, 2020.
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TOF-determining states can vary with temperature
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TOF-determining states can vary with temperature

40

20 4

accounting for temperature
in entropy contributions
to free energy

-20 4

Free energy (kcal/mol)

—40 4

oordinate rate determining states vary with temperature

Intermediates Transition states

Free energy (kcal/mol)
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Boje et al., ChemRxiv, 2020.
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TOF-determining states can vary with temperature
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Two-carbon and four-carbon states were found to be most important

TOF-determining states for each pathway

Sequence Intermediate Transition state
pl23 CCCC=0

B

pl24  C=CCCO

T

pl56

Boje et al., ChemRxiv, 2020.
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Energy span model estimates maximum theoretical turnover

Energy spans

Sequence

SE (kcal mol~1)
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Energy span model estimates maximum theoretical turnover

These results do not account for:
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Energy span model estimates maximum theoretical turnover

These results do not account for:
» Concentrations or surface coverage
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Energy span model estimates maximum theoretical turnover

These results do not account for:
» Concentrations or surface coverage

» Competition between pathways
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Constituents of the microkinetic model for ethanol-to-butadiene

Path Reaction Net rate
1 1A-C CoHs50 + H ¢ CoH40 + Hyg n = Kfc,m,00m — ki p,0c,m,00s
2 2A-C CoHu0 & CoH30 + H 2 = Kfc,11,00x — kb0c,1,00m
3 2F-H  CoH30 + CoH 0 > C4H70, 13 = k0c,11,000,1,0 — k500,110,065
4 2J-L C4H70 ¢ C4HgOs + H 13 = K0, 110,05 — Ky0c, 150,01
5 2L-N C4HgO; > C4HgO™ + O 15 = kb0, 50,0« — K50, 150100
6 3A-C  CoHs50 + C4HgOM > CoH40 + C4H,0 16 = k{0C,1;000, 1,00 — Ko0C21,000, 1,01
7 3D-F  C4H;0" & C4HgO2 + H 17 = K0, 11,0105 — K5O, 11,0008
8 3F-G  C4HeO% ¢» O+ CyHg g 18 = kiflc, g0 — kePCaHs 00
9 4A-C  GoH;0 + C4H70; > CoHyO + CyHgOp™ 19 = K§0c,11,000,1;0, — K00,11,000, 11504
10 4C*-D  C4HgO3" + H <+ C4HyO2" 10 = K1o00,11,0,1 08 — Klofc, 110,10+
11 4D-F  C4HgOo™ 5 C4HgO2? + H 11 = ki10c,11,0,3 00 — K10, 11002010
12 4F-H  (4HgO,?2 ¢ C4H,0” + OH 12 = ko0, 11,0520 — ka0, 1102001
13 41K C4H70% ¢ O + H + CyHg(g) 13 = kiz0c,1m,00 0 — kapcsfobu
14 5A-C CoH50 + H «» OH + H + CoHy(g) r1a = ki 400,1,001 — Kjapc,m,fondn
15 6A-C CoHy0 + CoHy(g) » C4HgO ns = kispc,i, Oc,m,00x — kisfo,ngobx
16 6C-E  C4HO ¢ C4H70% + H 116 = k60,1004 — K60c, 1,005 01
17 6E-G  C4H;0® ¢ C4HgOB + H 7 = k106,108 0+ — k70,1050
18 6G-H  C4HgO" «» O + CyHg(g) ng = Klgbo, .05 — klgPcatsfo
19 7A-E  CoH40 + CoH50 - C4HgOo2 119 = kig00,1,000,1150 — KioOc, 11,020+
20 9C-D  OH+H+O a0 = kiplonbs — kiofibo
21 0-1A  CyH;0H) «» CoH50 + H o1 = K lp(zﬂ,oﬂe — kb1 0c,11500m
22 8A-C Hyy ¢ 2H a2 = klppi, 02 — k0%
23 9A-B HyO( «» OH+H 123 = k531,002 — kbsfoubu
24 10A-B C2H,O(y ¢» CoH40 124 = kbaf0s1,0 — KbaPCyH,00
25 20-N  C4HgOgg) ¢ C4HgOM 5 = k5500, 1150n — kbsPC11;00

Boje et al., ChemRxiv, 2020.
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Constituents of the microkinetic model for ethanol-to-butadiene

Arrhenius rate constants:

Path Reaction Net rate
1 1A-C CoH50 + H ¢ CoH40 + Hagy 1 = kOc,m,001 — K pr,0c,m,00.
2 2A-C CoH,0 ¢ CH30 + H 2 = k0,100 — KsOo,m,00m
3 2F-H  CoH30 + CoHy0 <> C4H70, 13 = KB0,11500011,0 — K500,11:0,04
4 2L C4H70; <> C4HeO, + H ra = kb0 170,05 — Ki0C, 150,01
5 2L-N  C4H¢O; ¢ C4HO™ + 0O 15 = kb0, 50,0« — K50, 150100
6 3A-C  CoHs0 + C4HgOM ¢ CoH,0 + CyH700 16 = k0115000, 11,01 — ke0cart08c,11,0n
7 3D-F  C4H,0% « C4HgO? + H 17 = K0, 11,0105 — K5O, 11,0008
8 3F-G  CuHO" & O+ CaH(g 18 = ko, 1,02 — kgpoams o
9 4A-C Col0 + CyHr05 ¢» CoHy0 + CyllsOp™ 19 = K§0C, 11200011705 — kg0 11,000, 11,0,
10 4C*-D  C4HgO:" + H ¢ CyHyO," 110 = Kio00,11,0,1 01 = Klo0c,11,0,1 0=
11 4D-F  CiHyOs" ¢ C4HsO52 + H 11 = k{100,1,0,10+ — K10, 11,0420
12 4F-H  CyHg0,” & C4H-O% + OH 112 = k00, 11,0420+ — Kiafc,my0n00m
13 4K C4H;O% 43 O+ H + CyHg (g ns = K30c,11,000+ — kizpcytigfoli
14 5A-C CoHs50 + H ¢ OH + H + CaHy(g ria = K 400,15001 — Kl 4pcai,Oondu
15 6A-C CoH40 + CoHy(g) ¢ C4H3O ns = kispc,n,0c,m,00« — kisfc,ns00«
16 6C-E  C4HgO ¢ C4H;0% + H n6 = Klghc11,00s — kieOo, 11,001t
17 6E-G  CyHO0" & C4HO" + H 17 = ki700,11,08 0« — K700, 15001
18 6G-H  CyHGO® ¢ O + CyHg(g) ris = klgbc,m,05 — KisPcais o
19 7A-E  CyH40 + CoH50  CiHoO,2 119 = KoBc11,00C,41150 — Kiofc, 11,020
20 9C-D  OHH+0 ra0 = kboBorb. — kspOr0o
21 0-1A CoH50H(g) ¢ CoH50 + H a1 = K1 peanzont? — kb 0c,m500
22 8A-C Hyy «»2H 1y = Khopis, 62 — kb,02
23 9A-B HyO) <> OH + H 13 = kb3pr,002 — kbsOonbu
24 10A-B  CoH,Ofp) ¢ C2H,40 raa = kbaBca1,0 — Ksapoa,00s
25 20-N CiHgO(g) ¢ C4HgO 125 = kas0c, 1,01 — K3sPCH00

AG; = Gts — Gis

_ kT (_AG,
=~ PTRT

Boje et al., ChemRxiv, 2020.
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Constituents of the microkinetic model for ethanol-to-butadiene

Path Reaction Net rate
1 1A-C CoHs50 + H ¢ CoH40 + Hyg n = k0c,m000 — K pr,fc,m,00x
2 2A-C CoH40 5 CoHz0 + H 2 = Kfc,11,00x — kb0c,1,00m
3 2F-H  CoH30 + CoHy0 > C4H70, 13 = k0c,11,000,1,0 — k500,110,065
4 2L C4H704 > C4HgOs + H 13 = Ki00,11,0,05 — k§Oc,1150,01
5 2L-N  C4H¢O; ¢ C4HO™ + 0O 15 = kb0, 50,0« — K50, 150100
6 3A-C CoHz0 + C4HgO™ ¢ CoH40 + C4H70 16 = k0,100,101 — k60021000, 1,01
7 3D-F  C4H;0" & C4HgO2 + H 17 = K0, 11,0105 — K5O, 11,0008
8 3F-G  CuHO" & O+ CaH(g 18 = ko, 1,02 — kgpoams o
9 4A-C  GoH;0 + C4H70; > CoHyO + CyHgOp™ 19 = k§0C,1;00C41:05 — k001,000, 1,0,4
10 4C*-D  C4HgOu™ + H ¢ CyHyO, 110 = KoOc, 150,108 — KloOc, 001 O
11 4D-F  C4HgOp" ¢ C4HgO,? + H 11 = K100,100,1 0« — k10,150,201
12 4F-H  C4Hg05%2 ¢ C4H;0 + OH 12 = k00, 11,020« — K20c, 1,02 000
13 41-K C4H70% ¢ O + H + CyHg(g) 13 = kiz0c,1m,00 0 — kapcsfobu
14 5A-C CoH50 + H «» OH + H + CoHy(g) r1a = K 400,11,001 — k{4Pcom,0onfn
15 6A-C C2H10 + CoHy(g) ¢+ C4HsO ns = kispc,n,0c,m,00« — kisfc,ns00«
16 6C-E  C4HgO ¢ C4H;0% + H r16 = kigfo,ms00+ — kigbo,m,0501
17 6E-G  C4H;0® ¢ C4HgOB + H 17 = ki700,11,08 0« — K700, 15001
18 6G-H  C4HgO" «» O + CyHg(g) ng = kigfo,m,05 — KaPcatefo
19 7A-E CoH,0 + CoH;0 ¢ C4HgO,2 r1g = klo0,1,000,1;0 — Kol 11,0205
20 9C-D  OH« H+O0 1o = khofombs — ksofubo
21 0-1A  CyH;0H) «» CoH50 + H 11 = K5y pestsond? — Kby 0c,us00u
22 8A-C Hyy ¢ 2H a2 = klppi, 02 — k0%
23 9A-B HyO) <> OH+H 13 = kb3pr,002 — kbsOonbu
24 10A-B C2H,O(y ¢» CoH40 124 = K5400,11,0 — KbaPoa,00s
25 20-N  C4HgOgg) ¢ C4HgOM 125 = k5500, 11,00 — kbsPCii;00

Arrhenius rate constants:

kfzgex _A6
n P\ TRT

AG; = Gts — Gis

Adsorption rate constants:
£ A
~ V2nMks T

Boje et al., ChemRxiv, 2020.

CHALMERS

9/17

Department of Physics




Constituents of the microkinetic model for ethanol-to-butadiene

Path Reaction Net rate
1 1A-C CoH50 +H ¢ CoH 0 + Hygy n = k0c,m000 — K pr,fc,m,00x
2 2A-C CoH40 «» CoH30 + H = K0c,1m,00- — kKy0c,1,00H
3 2F-H  CoH30 + CoHy0 > C4H70, r3 = Ks00,1,00051,0 — K500411,0,0+
4 2L C4H704 > C4HgOs + H 13 = Ki00,11,0,05 — k§Oc,1150,01
5 2L-N  C4H¢O; ¢ C4HO™ + 0O 15 = kE0c,1;0,0+ — K0c, 11,0000
6 3A-C CoHs50 + C4HgOM ¢ CoH40 + C4H,0 16 = ko, 1,000, 1,01 — Ko0CaH,000,11,01
7 3D-F  C4H;0" & C4HgO2 + H 17 = K0, 11,0105 — K5O, 11,0008
8 3F-G  C4HeO% ¢» O+ CyHg g 18 = kiflc, g0 — kePCaHs 00
9 4A-C  GoH;0 + C4H70; > CoHyO + CyHgOp™ 19 = k§0C,1;00C41:05 — k001,000, 1,0,4
10 4C*-D  C4HgOu™ + H ¢ CyHyO, 110 = KoOc, 150,108 — KloOc, 001 O
11 4D-F  C4HgOp" ¢ C4HgO,? + H 11 = K100,100,1 0« — k10,150,201
12 4F-H  C4Hg05%2 ¢ C4H;0 + OH 12 = k00, 11,020« — K20c, 1,02 000
13 41K C4H70% 5 O + H + C4He g 13 = kiz0c,1m,00 0 — kapcsfobu
14 5A-C CyH50 +H <> OH + H + CyHyg) 4 = kl400,15000 — Ki4pcym, fondn
15 6A-C CoHy0 + CoHy(g) » C4HgO s = kispc,m,fc,m,00+« — kisfc, 00«
16 6C-E  C4HsO «» C4H;0% + H r6 = kigfo,ms00x — kigbo, 0501
17 6E-G  C4H;0® < C4HgO + H 17 = K200, 1,0 0= — K700, 1,001
18 6G-H CiHO% < O + CyHe g ng = kigfo,ms0s — KigPcatsbo
19 7A-E CoH,0 + CoH;0 ¢ C4HgO,2 r1g = klo0,1,000,1;0 — Kol 11,0205
20 9C-D  OH+H+O 1o = khofombs — ksofubo
21 0-1A  CyH;0H) «» CoH50 + H 11 = K5y pestsond? — Kby 0c,us00u
22 8A-C Hyy ¢ 2H a2 = klppi, 02 — k0%
23 9A-B HyO) <> OH+H 13 = kb3pr,002 — kbsOonbu
24 10A-B C2H,O(y ¢» CoH40 124 = K5400,11,0 — KbaPoa,00s
25 20-N  C4HgOgg) ¢ C4HgOM 125 = k00,1501 — KbsPCiHe00x

Arrhenius rate constants:

kfzgex _A6
n P\ TRT

AG; = Gts — Gis

Adsorption rate constants:
£ A
 V2rMkg T

Thermodynamic consistency:

K=k K
AG,
RT
AG, = Grs — Gis

Keqg = exp | —

Boje et al., ChemRxiv, 2020.
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Constituents of the microkinetic model for ethanol-to-butadiene

Path Reaction Net rate
1 1A-C  CpHs50 + H ¢ CoHyO + Hag n = Kc,m;00m — K pi,0c,m, 00
2 2A-C CoH40 5 CoH30 + H r = kybc,n,00« — ksOc,ns00n
3 2F-H  CuH30 + CoH 0 » C4H704 r3 = k30c,1,000,1,0 — K50c,1:0,04
4 2J-L C4H702 ¢ C4HgO, + H 13 = ki0c, 11,000+ — kiOc, 110,00
5 2L-N C4HO2 ¢ C4HgO + O ) 15 = kb0, 50,0« — K50, 150100
6 3A-C CyH50 + C4HgO? & CoHy0 + C4H70 ro = kb0, 1,000,501 — KeBCaH:000, 1,00
7 3D-F  C4H;OM & C4HgO? + H 17 = KO, 1,00 05 — KO, 1102051 S :
; olved in MATLAB R2018a
8 3F-G  CylgO% ¢ O + Cyllgg 18 = ko, 1,02 — kgpoams o )
9 4A-C CoH50 + C4H70z  CoHyO + C4Hg02" 1o = kb0, 1;000,1;0, — K§0CH,000, 1,041 with:
10 4C*-D  C4HgO3" + H <+ C4HyO2" 10 = k100¢,1,0,1 01 — Kiofc,1,0,1 0+ H
11 4D-F g0y +» C4HgOs” + H 111 = kB ors O — KO, .00 01 » ode23s using BDF as the
12 4F-H C4Hz052 ¢ C4H70% + OH n2 = ke, ,0,20% — ki20c,1,0200m integrator
13 41-K C4H,02 < O+ H+ CiHy(g) n3 = ki30c, 1,020« — kizpc,nsfofu
14 5A-C CoH50 + H < OH + H + CyHy ) ria = Kyfo,m5001 — Kgpoym, fonth > fsolve as the steady state
15 6A-C  CoH40 + CoHy(g)  C4HsO ns = kispc,i, 00,1,00x — kisfc,me00x solver
16 6C-E C4HgO » C4H,03 + H rie = kigfc,ms00x — kiglc, 10500
17 6E-G C4H70%3 « C4HgO® + H n7 = Kiz0c, 1,00+« — ki70c,1,05 00 > J bian fi i i
’ acobian function supplied
18 6G-H  C4HgO" «» O + CyHg(g) ng = kigfo, 05 — kigPoinsfo idi
19 7A-E CyH,0 + CoH50 <5 Cy4HgO42 o = kigfc,1,000:150 — kol 150,20+
20 9C-D OH+H+0 0 = kygflorbdx — kbgfubo
21 0-1A  CyH;0H) «» CoH50 + H m:kﬂqmmg—&ﬁmw%
22 8A-C Hyy ¢ 2H 12 = khopu, 02 — K5y
23 9A-B HyO( «» OH+H r23 = Ki3pi,062 — ksfonbi
24 10A-B  CyH1Ogg) ¢ CoH40 24 = kyg0c,1,0 — k5apCaH,00+
25 20-N  Cy4HgO(g) > CaHeO 125 = kas00,1m,01 — K3sPCiHs 00+

Boje et al., ChemRxiv, 2020.
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Microkinetic model enables surface coverage considerations
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Boje et al.,
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Surface coverage of dominant species over 24 hr period* as a function of temperature.
2 kPa ethanol with 1% Hj, 1% CyHy4 and trace other products at 1 bar total pressure.

ChemRxiv, 2020. *Despite appearances, steady state to a reasonable tolerance
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Microkinetic model enables surface coverage considerations
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Microkinetic model predicts lower turnover
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Microkinetic model predicts lower turnover
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Microkinetic model predicts lower turnover

dehydrogenation and aldol condensation dehydration and Prins condensation
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Microkinetic model predicts lower turnover

dehydrogenation and aldol condensation dehydration and Prins condensation
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Butadiene selectivity is also an important consideration
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Butadiene selectivity as a function of ethanol partial pressure and temperature.
Pink cross marks typical experimental conditions.
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Butadiene selectivity is highest where acetaldehyde selectivity is low
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How much should we trust the model results?
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Here we consider uncertainty in the DFT calculations...
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How much should we trust the model results?

Here we consider uncertainty in the DFT calculations...
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“Uncertainties depend strongly on reaction conditions and catalyst material,
and the relative rates between different catalysts are considerably
better described than the absolute rates.”

Medford et al., Science, 2014, 345, 197. Dopking et al., J. Chem. Phys., 2018, 148, 034102.
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Quantifying the impact of uncertainty on kinetic predictions

The correlated approach:
Assume DFT errors are correlated — introduce uncertainty in a scaled manner
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Quantifying the impact of uncertainty on kinetic predictions

The correlated approach:
Assume DFT errors are correlated — introduce uncertainty in a scaled manner

1. Generate a normally distributed random number: x € N(0, 2 kcal mol~1)

2. Update relative free energies of all intermediates, /;:
AG, = AG + x

3. Generate uniformly distributed random numbers: u; € U(0,1) V T;

4. Update relative free energies of all transition states, T;:

AGT, = AGT, + xu;
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MK model more sensitive to perturbations than ES model
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MK model more sensitive to perturbations than ES model

> Large range of predictions
(boxes and whiskers)

> Base case mostly higher than median

(horizontal bars in the boxes)

» Average prediction generally similar

(triangular markers)

» Trends with temperature similar
(also for rate-determining states)

Boje et al., ChemRxiv, 2020.
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