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Dynamics due to varying inlet conditions ﬂ(IT
Cold start-up of behavior of a Three-Way-Catalyst Karah Institute of Technology
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Dynamics due to varying inlet conditions
Cold start-up of behavior of a Three-Way-Catalyst

A (mole, cm, s)

Adsorption/desorption reactions
C3Hg + Pt(s) + Pt(s) — C3Hg(s)
C3Hg(s) — Pt(s) + Pt(s) + C3Hg
C3Hg + Pt(s) + O(s) — C3Hs(s) + OH(s)

C3Hs(s) + OH(s) — O(s) + Pt(s) + C3Hg
CHy + Pt(s) + Pt(s) — CHz(s) + H(s)
03 + Pt(s) + Pt(s) — O(s) + O(s)

O(s) + O(s) — Pt(s) + Pt(s) + Oz

H, + Pt(s) + Pt(s) — H(s) + H(s)
H(s) + H(s) — Pt(s) + Pt(s) + Hz

H20 + Pt(s) — H20(s)
H,0(s) — Pt(s) + H,0
CO3 + Pt(s) — COz(s)
CO;(s) — Pt(s) + CO,
CO + Pt(s) — CO(s)
CO(s) — Pt(s) + CO

NO -+ Pt(s) — NO(s)

NO(s) — Pt(s) + NO

NO; + Pt(s) — NOy(s)

NO2(s) — Pt(s) + NO»

N3O + Pt(s) — N2O(s)

N,O(s) — Pt(s) + N,O

N(s) + N(s) — Pt(s) + Pt(s) + N,

Surface reactions
Propylene oxidation

C3Hg(s) — G3Hs(s) + H(s)
C3Hs(s) + H(s) — C3He(s)
C3Hs(s) + Pt(s) — CoHs(s) + CHa(s)
CoH3(s) + CHa(s) — C3Hs(s) + Pt(s)
CyHj3(s) + Pt(s) — CHs(s) + C(s)
CH3(s) + C(s) — CoH3(s) + Pt(s)
CHs(s) + Pt(s) — CHa(s) + H(s)
CHa(s) + H(s) — CHs(s) + Pt(s)
CHa(s) + Pt(s) — CH(s) + H(s)
CH(s) + H(s) — CHy(s) + Pt(s)
CH(s) + Pt(s) — C(s) + H(s)
C(s) + H(s) — CH(s) + Pt(s)
C3Hs(s) + O(s) — C3Ha(s) + OH(s)
C3Ha(s) +40(s) + 2Pt(s) —» 3C(s) + 40H(s)

s ame SUrface reaction mechanism

s°=098
3.7 x 10" 74.4
S® = GuHs(s) + O(s) — CH3CO(s) + Pi(s) 3.7x 10"
H(E  CH3CO(s) + Pt(s) — CoHs(s) + O(s) 7.9 x 10%°
3.7 »
S = CHs(s) + CO(s) — CH3CO(s) + Pt(s) 3.7 x 10%!
S® = CH5CO(s) + Pt(s) — CHs(s) + CO(s) 1.8 x 10%
3.2 x
CH;3(s) + O(s) — OH(s) + CH,(s) 3.7 x 10%!
%= OH(s) + CHy(s) — CHs(s) + O(s) 2.3 x 10%
H(E  CHa(s) + O(s) — OH(s) + CH(s) 3.7 x 10*'
21> OH(s) + CH(s) — CHa(s) + O(s) 1.2 x 10%!
CH(s) + O(s) —OH(s) + C(s  OH(s) + OH(s) — H,0(s) + O(s)
§= OH(s) + C(s) — CH(s) + O(s H,0(s) + O(s) — OH(s) + OH(s)

5.0 »
s _ Carbon monoxide oxidation

36 CO(s) +0O(s) — COy(s) + Pt
COy(s) + Pt(s) — CO(s) + O

2.1

0=

14 CO(s) + Pt(s) = C(s) + O(s)

1.2 » . .

374 Reactions of hydroxyl specie
H(s) + O(s) — OH(s) + Pt(s
OH(s) + Pt(s) —H(s) + O(s.
OH(s) + H(s) —H20(s) + P
H,0(s) + Pt(s) — OH(s) + F

1.0x 10" 75.4

3.7 x 10# 48.8

3.7 x 10% 108.2

3.7 x 10% 3.3

3.7 x 10% 46.0

3.7 x 10% 46.5

1.3 x 102 70.4

2.9 x 102 0.4

7.0 x 10% 59.2

8.1 x 10% 0.7

3.1 x 102 0.0

5.8 x 10! 1289

5.0 x 102! 70.0

2.6 x 10% 0.0°
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CO(s) + OH(s) — HCOO(s) + Pt(s)
HCOO(s) + Pt(s) — CO(s) + OH(s)
HCOO(s) + O(s) — OH(s) + CO,(s)
OH(s) + COz(s) —HCOO(s) + O(s)
HCOO(s) + Pt(s) — H(s) + CO,(s)
H(s) + CO2(s) —HCOO(s) + Pt(s)

C(s) + O(s) — CO(s) + Pt(s)Reactions of NO and NO>

NO(s) + Pt(s) —N(s) + O(s)
N(s) + O(s) — NO(s) + Pt(s)

0O(s) + NO —NO,(s)

NO2(s) —O(s) + NO

N(s) + NO(s) —N20(s) + Pt(s)
N, O(s) + Pt(s) — N(s) + NO(s)
O(s) + NO(s) — NOz (s) + Pt(s)

NO, (s) + Pt(s) — O(s) + NO(s)
H(s) + NO(s) — OH(s) + N(s)

OH(s) + N(s) —H(s) + NO(s)
NO3 (s) + H(s) — OH(s) + NO(s)
OH(s) + NO(s) —NO,(s) + H(s)

62.3
1914
+6000(s)
82.9
6.1
+33Cco(s)
36.6
26.0
25.1
26.8
3.7 x 10% 482
2.5 x 10%° 382
3.7 x 10*' 942
1.3 x 102 09
3.7 x 10*! 0.0
2.8 x 10 151.1
3.7 x 10*! 0.0
2.8 x 10”! 90.1
5.0 x 10%° 107.8
+330co(5)
1.0 x 10% 1226
—600¢s)
2.0x 10" 1113
+75@ o)
—606 )
33 x 10" 1155
1.0 x 10* 90.9
2.9 x 10* 133.1
1.3 x 10" 1330
+ 5(")(:0\‘51
8.1x 10" 58.0
1.2 x 10 250
+80@cq(s)
6.4 x 10! 99.9
3.9 x 10*' 200
6.1 x 10% 1753

Faraday Discuss. 119 (2001) 371
Appl. Catal. B: Env. 91 (2009) 47
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Dynamics due to varying inlet conditions ﬂ(IT
Cold start-up of behavior of a Three-Way-Catalyst
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Tischer et al. SAE 2007-01-1072 Simulation by DETCHEMMONOLITH Appl. Catal. B: Env. 156-157 (2014) 153.
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Dynamics due to varying inlet conditions
Removal of NO, emissions by NH;-SCR

AT

Karlsruhe Institute of Technology

Preparation of the reducing agent NH; by thermolysis and hydrolysis of urea-water solution (AdBlue, DEF)

(NH).CO (aq)

S ——— NOX, NH;, HNCO (g), ...

Exhaust fro

N2, COz, Hzo, 0 y, INUJ, 1IN

e

; | 8  qgtin

Very transient preparation of NH; due to pulsing spray, film and
deposit formation as well as interaction with varying exhaust gas

Prog. Energy Combst. Sci. 87 (2021) 100949
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2 NH; + NO + NO, > 2 N, + 3 H,0

Cortesy of Robert Bosch GmbH



Dynamics due to varying inlet conditions ﬂ(IT

Aftertreatment system causes temporal and spatial fluctuation Carlrahe Institute of Technology

(NH),CO (aq)

2NH; +NO +NO, > 2N, + 3 H,0

Solution Time 0 (s) —

Particle Diameter (um)

Nz, CO,, H,0, 0,

Fluid Film Thickness (um)
500

| a
1 .\. 2A o i - @ =urea =NO
R ! = @=N
oo X : retiragl = e
4 i ® =H,0 @ =GN, Prog. Energy Combst. Sci. 87 (2021) 100949.

v =0,

| Pulsing, start and stop of UWS spraying lead to spatially and
temporally fluctuating NH; and HNCO profiles

—> Kinetically limited

<—> equilibrium A
8 melon(s) -Q- >0
homogeneous phase -
- = ~—- interphase

= Varying inlet conditions to the catalyst may affect SCR
performance and NO, removal, even lead to particles

Chem. Eng. Sci. 246 (2021) 116876.
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Dvynamics in environmental catalysis ‘(IT
y y A\

From surface coverages to reactor operation
= Dynamic operation often inherent to catalytic 3; ;()H E &=
reactors due to varying g L e
= jnlet conditions \ A
= short- and long term catalyst aging : B
= catalyst structure and morphology changes o = @ w w w
SAE Technical paper 2007-01-1072 Appl. Catal. B: Env. 340 (2024) 123241.

» Dynamic operation also great potential for
boosting activity by
= optimized operating conditions
= reactivation of catalysts
= control of oxidation states
= control of surface coverages

N
»
1

Norm. conversion (a.u.)
o
[= )
[

Position (mm)l 0 ' l5 l 10 ' '15' - l20' i l25' h l30' '
Catalysts 11 (2021) 300 Ind. Eng. Chem. Res. 60 (2021) 6621
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Dynamics in environmental catalysis =\!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants

2. Reduction of GHG emissions

3. Circular energy economies

Oxidation

- H=0

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025



Dynamics in environmental catalysis =\!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants

= Three-way catalyst

= NO reduction by CO over Pt/Al,O4
= Dynamics in surface coverages

» Lambda-dithering at low temperatures
= Forced dynamic operation

2. Reduction of GHG emissions
3. Circular energy economies

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025



Emission control by Three-Way Catalysts - NO reduction by CO ﬂ(IT
Space- and time-resolved mapping of activity by laser spectroscopy Carlrahe Insttute ofTechnology

= NO reduction by CO on fresh Pt/Al,O5 is FTIR

known to suffer from a loss of activity over
time

= Decline in activity depends on stoichiometry
and position along the catalytic reactor

2NO+2CO—>N, +2CO,
2NO+ CO - N,O0+2CO,

Spatio-temporal map of catalytic

catalytic plate conversion/activity

UV laser __¢
sheet

oo gas flow [CO]/[NO] =1 [CO]/[NO] = 2
100 150 200 250 300 350 400 ¢ Rno/cs,Nno [m/s]
201 : . : . — 0.000 0.025 0.050 0.075 0.100 0.125 0.150
x=5.0mm
350°C 15k il 350°C
1 L/min 7 R D 1(61961\10) 1 L/min
400ppm NO E L0 TNOTENO pr\ - 4. 720 . 400ppm NO
400ppm CO N PY/ALL,O4
Pt/Al,O4 05 g
0.0 1 ' ' ' -
20 T T T T g
x=20.0mm O 1.0min é
15k : o 50min _ ~
_ i = O 15.0min
E ol o 25.0min_ :
— 2 E L A4
£ N I / —= —
g 1 05 F s,NO i / ‘ —
~ 2~ o e R
0 0.0 Lt = ' ' ' ' 0 10 20 0 10 20
100 150~ 200 250 300 350 400
T. Héber et al., 2025 LIF images E:> Wall normal profiles E> Local conversion/activity
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Emission control by Three-Way Catalysts - NO reduction by CO ﬂ(IT

What causes activity decline at stoichiometric NO — CO conditions?
= PBR measurements to corroborate results from channel experiments Packed bed measurements
= Formation of isocyanate (NCO) already known from DRIFTS . 400.0 ppm CO 75 5000 ppm CO
" Role of NCO still highly debated in literature w00 N0 1 Lm0 omersion
ol co i B ISR
100 —— N0 (X2)
5] T =300°C | S0 -+
E sof o E ol et oo
% sol 2NO+2CO—-N, +2CO0, e
= 2NO+ CO - N,0+ 2 (o0,
» 40+ stochiometric
S CONO=14 NO +2 €0 - —NCO + CO2
2 20t CO:NO = 1:2 ol . dlf . |
© available 0 25 50 0 25 50
O O R \ R Pt sites t [min] t [min] t [min]
0 15 30_ 45 60 1 L/min, 400 ppm NO, 300°C
t [min]
= Carbon storage on support material ! Time-resolved DRIFTS
= Only Carbon containing species known from literature is NCO |:> Can we correlate the decline in activity with NCO
= Carbon storage/imbalance only during decline in activity formation or temporal changes in CO coverage?
T. Haber et al., 2025
Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025



Emission control by Three-Way Catalysts - NO reduction by CO ﬂ(IT
Surface coverage studied by time-resolved DRIFTS Carsuhe nstiuteof Technology

Simultaneous measurements of time-resolved DRIFTS and integral conversion using FTIR

AlL,O3;—NCO

R Al,0;-NCO BT

gas \ DRIFTS — 20min

— 3.0min

3 ﬂOW / analysis\DRIFTS\drifts_temporal_cvolution.py : 0.2 4.0min |

DRIFTS 0.25 E::/
300°C I
gas 250 mL/min / P=CO 0.20 2 T[4((§(]) 600
é Outlet 400ppm NO NOE/NOE (?) nnznl)\\\\(l?)gll"lS'\!zxsl,dcu;num\nwuh1le.|;)
sample heater 400ppm CO i 0.15 = ET T T o
e e—— = L ._
— P1t/Al,O4 1o =z FTIR
o ’ (gas phase)
s - S
// / SN i 0.05
0.00
) |
- 0
A|203 NCO _ _ _ 2500 225(1 2000 1750 1500 0 20
= NCO absorption always increases over time nitalyno PLCO | 7 fom] 4 [ppm]

=  Amount of NCO depends on inlet CO concentration but
formation rate mostly governed by temperature (not CO)

Pt-CO
= Appears within a few seconds & remains almost constant

12 Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025

Both, the formation and the decomposition of
Al,05;—NCO occur via the noble metal
T. Haber et al., 2025



Dynamics in environmental catalysis =\!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants

= Three-way catalyst

= NO reduction by CO over Pt/Al,O4
= Dynamics in surface coverages

= Lambda-dithering at low temperatures
= Forced dynamic operation

2. Reduction of GHG emissions
3. Circular energy economies

13 Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025
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Forced dynamic operation by lambda-dithering of TWC &(IT
Enhancement of low-temperature performance

Hybrid electric vehicles Can we overcome the rate limitations due

 Gasoline-fueled IC engine to high surface coverages?

 TWGC,; stoichiometric conditions
* Lower exhaust temperature
* Frequent cold start-ups

Periodic operation

 Rapid light-off requested g Timeaveragerate | Exceed reaction
. s £ Steady-state rate - - -—a -/Z ------ rate Under
» Compact designs needed g3 : :
— steady-state
1 F - e 1 conditions
. 08 = [
g os | B Switches
- between rich
S 04 —
8 and lean
S o2 c 1 I | | exhaustgas
o L ]
Steady-state Periodic
operation operation

Appl. Catal. B: Environ. 345 (2024) 123657

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025
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Forced dynamic operation by lambda-dithering of TWC &(IT
A wide variety of process parameters can be considered

Optimization of cold start
Improvement of CH, and NO light-off

fopt = f(T) |-

Influence of periodic parameters
Amplitude, Split cycle, Mean lambda

Influence of operating conditions

Temperature, GHSV, gas velocity, back-mixing

_ Stainless 5
Insulation  steel housing ®

: ole
S . / ”\'}@.o

,"’//” @) Hzo

Influence of catalyst formulation
Oxygen storage capacity, PGM type

Appl. Catal. B: Environ. 345 (2024) 123657

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025
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Forced dynamic operation by lambda-dithering of TWC &(IT
Significant increase of catalyst activity at low temperature

Pollutant conversion and N, selectivity

GHSV = 75,000 h-1 - -T
o T
Pd/A|203 A=0.04 -eo-T

150°C - -T=300°C -+ -T=450°C
200 °C
250°C --e-T=400°C T=1550°C

T=350°C -+ - T=500°C
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—
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o
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80%/4]
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e

NO conversion X\ / -
C3H8. conversion X, /-

N, selectivity Sy yo/ -

Influence of split cycle

o

L
(0]

Frequency f/ Hz

Ll
L
oo

o

Frequency f/ Hz Frequency f/ Hz

Optimal frequency enhances pollutant conversion

Optimal frequency increases with increasing temperature

Appl. Catal. B: Environ. 345 (2024) 123657

Olaf Deutschmann
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Forced dynamic operation by lambda-dithering of TWC &(IT
Significant increase of catalyst activity at low temperature

Operating conditions Activity boosting through surface coverage effects

Temperature influences the optimal
frequency

Gas velocity influences the optimal
frequency

Gas mixing is influenced by the geometry
of the exhaust gas line

Dithering parameter
Amplitude increases maximal conversion @
and is influenced by frequency @\

Asymmetric periodic operation

- Mechanistic insight on periodic operation
- Trade-off between conversion of different

species Appl. Catal. B: Environ. 345 (2024) 123657
Chem. Eng. J. 499 (2024) 155852.

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025



Dynamics in environmental catalysis *!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants

2. Reduction of GHG emissions

= QOxidation of CH, over PGM catalysts
= Dynamics in coverage and oxidation state

= Avoiding CH, slip by oxidation catalysis
» Forced dynamic operation for catalyst reactivation

= Carbon capture by autocatalysis of carbon
= Dynamics of the reactor characteristics

» Methanol formation in a two-component system
= Dynamics in inlet and temperature leads to product

3. Circular energy economies

18 Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025
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Start-up of reactor for catalytic partial oxidation of natural gas *‘(IT
[

Dynamics of surface coverage and catalyst oxidation state

= CPOx of CH,4 over Rh-based catalyst at stoichiometric conditions
= Fundamental understanding due to safety concerns

CH,+% 0, >2H,+CO

Monolith temperature

Time [s]

35.0]

Reactor temperature (solid) [K]

I

Olaf Deutschmann

CH, +2 0, > 2 H,0 + CO,

Profiles in channel  chem. Eng. sci. 58 (2003) 633.

Gas-phase temperature [K]

-]

CHa (mole fraction)

0.0E+0
2.0E-2
4.0E-2
0.0E+0

Dynamics in environmental catalysis — ICEC 2025

Karlsruhe Institute of Technology

Surface_coverage

1E+0,

1E-15

1E-25

1E-35
1E4+

1ES+

1E-5-é Time [s]

1E7-) . . . .
0 1 2 3 4
axial position in a single channel [mm]

XAS-based
Rh-oxidation state

J.-D. Grunwaldt et al., JPC C, 113
(2009) 3037.
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Total oxidation of GHG methane over Pd-based catalysts
Temperature-dependent catalyst oxidation state

= Methane slip can ruin better CO,-power-
balance of natural gas vs. oll

= Challenges in low-temperature catalytic
conversion

CH,+20, > 2 H,0 +CO,

Hysteresis behavior of conversion
related oxidation state

methane conversion [-]

Exp.: Groppi, Lietti, Forzatti, Stud. Surf. Sci. Catal. 130 (2000) 3801.
J. Catal. 370 (2019) 152.

Olaf Deutschmann

AT

Karlsruhe Institute of Technology

temperature [°C]

Dynamics in environmental catalysis — ICEC 2025

1.0 a®0888 oo w
65nm
0.5 1
O,
| fragmented
550 4 B = heating (expt. Groppi et al.)
cooling (expt. Groppi et al.)
® PdO-mech. f =1
=) @ PdO-mech. A_=f(X_ .,d-.0)
O 0 = OOOOOOOOOOOO& O Pd°—meCh. (Slm StOlZ et al)
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Total oxidation of GHG methane over Pd-based catalysts
Temperature-dependent catalyst oxidation state

= Methane slip can ruin better CO,-power-balance of v
natural gas vs. oil \ q‘z + Veff ?éz
" Challenges in low-temperature catalytic conversion X/CL

CH;+20, > 2H,0 +CO,

DFT as basis for the development of
reaction mechanisms o

DFT: H. Grénbeck et al., J. Am. Chem. Soc. 137 (2015) 12035.

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025
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Karlsruhe Institute of Technology

J. Catal. 370 (2019) 152.



Total oxidation of GHG methane over Pd-based catalysts *!(IT
Temperature-dependent catalyst oxidation state

CH,;,+20, 2 2H,0 +CO,

LT pathway —
HT pathway ——

Surface reaction mechanism vac(b)
Ha) @

(@) )}\ (a)
CHO(b)
co b)‘\gy (@
@ OH(@) H,0(@)  OH(a)
—(b)

(b)

H(b)

A

22 Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025

vac(b)

vac(b) (b) Catal. 370 (2019) 152.



Dynamics in environmental catalysis *!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants
2. Reduction of GHG emissions

= QOxidation of CH, over PM catalysts
= Dynamics in coverage and oxidation state

= Avoiding CH, slip by oxidation catalysis
= Forced dynamic operation for catalyst reactivation

= Carbon capture by autocatalysis of carbon
= Dynamics of the reactor characteristics

» Methanol formation in a two-component system
= Dynamics in inlet and temperature leads to product

3. Circular energy economies
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Total oxidation of GHG methane over Pd-based catalysts
Forced dynamic operation for catalyst reactivation

» |Lean-operated NG-engines: effective way for improving fuel efficiency and
reducing NO, emissions

= Methane slip requires exhaust-gas after-treatment by oxidation catalysts, which
loose activity rather quickly under steady operation

» |n situ re-activation of catalyst by short rich pulses

= XAS monitors transient electronic state of catalyst during dynamic operation

CH,+20, > 2H,0 + CO,

= 1.0 - —
X <
g S
,g @ 0.8 .
s 0 -
g 5
8 o,, 0.6 —N 1
~t T | ]
= o
o Pd/CeO, 0.4- Pd-Pt/Ce0,-Zr0,
0 ™ L L L . T T T T T T T T T
100 200 300 400 500 0 1000 2000 3000 4000 5000
Temperature / °C time on stream / s
Ind. Eng. Chem. Res. 58 (2019) 12561. K.A. Karinshak, PL, M.P. Harold, OD, ChemCatChem 12 (2020) 3712.
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Controlling methane slip by catalytic total oxidation over Pd:
Forced dynamic reactor operation of Pd/CeO, enhances performance  cisme e oftechnolosy
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Realistic conditions: 800 ppm CH,4 1000 ppm NO, 8% CO,, 330/3300 ppm H,, 0.1/1% CO, 10% Oy, bal. N,. (A = 1.2 or 0.98)

GHSV = 60,000 h.

= Water inhibition and deactivation in static operation

= Forced dynamic reactor operation (short reducing pulses, SRP: O, cut-off for 10s

every 5min)
=> Performance enhancement and stable activity

=> Halves emissions of greenhouse gas CH, during one light-off
» NH3; becomes relevant as secondary emission in realistic gas mixture

Model conditions: 3200 ppm CH,4, 10% O,,
12% H,0, bal. N,. GHSV = 20,000 h'.

Dynamics in environmental catalysis — ICEC 2025

Catal. Sci. Technol. 14 (2024) 4142-4153.
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Controlling methane slip by catalytic total oxidation over Pd:
Forced dynamic reactor operation induces gradients in Pd/CeO,

Dynamics in environmental catalysis —

e R catalyst sample 1450 G
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AT

Karlsruhe Institute of Technology

Catalysis
Science &
Technology

Evolution of axial gradients induced by forced dynamic operation
Spatial profiling (SpaciPro) uncovers two zones
X-ray photoelectron spectroscopy (XPS) uncovers electronic state variations

ICEC 2025

Catal. Sci. Technol. 14 (2024) 4142-4153.
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Feed modulation for coupled methane and NO, conversion
Forced dynamic operation boosts catalytic activity

PGM+Spinel

PGM / AL,O; (Pt:Pd :: 19:1, 30g/ft)

Spinel /A1203 (25Wt% Mn045F62,504)

Cordierite

PGM-Only

PGM / ALO; (Pt:Pd :: 19:1, 30g/ft)

Cordierite

PGM+Spinel (Single Layer)

PGM (Pt:Pd :: 19:1, 30g/f®) & Spinel
(25Wt% Mn0‘5F62'504) /Ale3

Cordierite

PGM-Only (Single Layer)
PGM / AL,O5 (Pt:Pd :: 19:1, 30g/ft’)

Cordierite

PGM+Spinel (Intermediate Layer)
PGM / AL,O5 (Pt:Pd :: 19:1, 30g/ft%)

Alumina

Spinel / Al,O; (25wt.% Mng sFe; sO4)

Cordierite

AT

Karlsruhe Institute of Technology

Dual-layer catalyst outperforms single-layer samples

Close proximity of the PGM and MFO functions

Mixed-layer catalyst lowers the CH,4 conversion at high temperature
Separation of PGM and spinel layers with Al,O3 intermediate layer does not
Pretreatment matters; modulation increases activity

100% T

80% +

o))
o]
X

40% |
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K. Karinshak, P.W. Chen, R.F. Liu, M. P. Harold. Appl. Catal. B. Environ. 304 (2021) 120607.
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Feed modulation for coupled methane and NO, conversion
Forced dynamic operation boosts catalytic activity

Feeds composition with and without modulated feed condition.

AT

Karlsruhe Institute of Technology

Inlet lambda modulations increase CH, and NO conversion
Impact of varying oscillation amplitude on performance
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Dynamics in environmental catalysis *!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants
2. Reduction of GHG emissions

= QOxidation of CH, over PM catalysts
= Dynamics in coverage and oxidation state

= Avoiding CH, slip by oxidation catalysis
» Forced dynamic operation for catalyst reactivation

= (Carbon capture by autocatalysis of carbon
= Dynamics of the reactor characteristics

» Methanol formation in a two-component system
= Dynamics in inlet and temperature leads to product

3. Circular energy economies
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High-temperature pyrolysis of hydrocarbon streams: ﬂ(IT
Technology for hydrogen production and carbon capture Carsrahe nstitut of Technolosy

» |dea: Removing carbon from hydrocarbon
streams (CCU and CCS)
= Sources
» Fossil fuels such as natural gas
= CH; =2 H,+ C(s)
and hydrocarbon feedstocks
= CHy =Y/, Hy+xC(s)
» Biogas
= 2CH;+CO,;,>4H,+2CO + C(s)
» Plastics, waste
= (CiHy)n 2 nY;Hy+nxC(s)
* Products
= Hydrogen for energy and chemistry
» Synthesis gas for chemistry
= Carbon for electrodes, composite
materials, tires, fertilizers
= Carbon sequestration

ChemSusChem 16 (2022) e202201720.

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025



Pyrolysis of natural gas for H, production and carbon capture *!(IT
Autocatalytic process over carbon

» CHy 2 2H,+ C(s)

= Carbon deposition on carbon particles
= Moving bed of carbon particles

= Recirculation of growing carbon

= 1200-1600°C, 1-10 bar

Hy

Operating conditions

Tmax =1800 OC, Pmax = 10 bar
Residence time: seconds

gasinlet _l

Lab reactor

Ar

Cooling
_~"water

Water ac
trap ’ \—‘

Chem. Eng. J. 485 (2024) 149684. ChemSusChem 16 (2022) e202201720.
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Pyrolysis of natural gas for H, production and carbon capture *!(IT
Complex dynamics on micro and macroscale

Karlsruhe Institute of Technology

= Gas-phase reactions in and outside carbon bed (!

= Deposition of smaller hydrocarbons and aromatics 2!

= Molecular growth processes and formation of soot
particles [

= Deposition of soot on/between carbon particles and on
reactor walls [

C.H o = Spatial and temporal variation of external and internal
2112 .
e 28 porosity
Hy O

C,H, “Q = Flow through bed, external and internal diffusion

P H, %‘QO,:‘ = Heat balances

¢

CH3 a

L+ H 0

2 N
©\% [1] J. Appel, H. Bockhorn, M. Frenklach, Combust. Flame 121 (2000) 122; Chem. Eng. J. 479 (2024) 147556.

CH 4 B [2] Chem. Eng. Sci. 62 (2007) 4976.

[3] M. Frenklach, H. Wang, Proc. Combust. Inst. 23 (1990) 1559; J. Phys. Chem. A 127 (2023) 2136.
[4] Carbon (2024) 231 (2025) 119689.

32 Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025



Pyrolysis of natural gas: Interplay of fundamental O0-BASF ﬂ(IT

The Chemical Company

understanding and industrial design considerations

Karlsruhe Institute of Technology

= 99% CH, conversion to H, and solid carbon at 1400°C
= Only very small amounts of intermediates/by-products
= Analysis of carbon formed reveal usage options W
= DETCHEMPBR used for scale-up towards pilot plant o - o
3d bed porosity Carbon particle Carbon deposits on
X-ray tomography ’ SEM picture reactor wall
1.0 - . T ey o e T o 5.0E-03
e Grunwaldt group
. @ H2

. .-‘: -4 Deposited carbon §

E 0.6 - 3.0E-03 E

.0 S

© 04- -2.0E-03 ©

o D

= | g

1 &

0.2 —A\ - 1.0E-03
0.0 | 01 0.2””” 0.3 0.4 3

Bed length / (m) ; L . i ,
Code: DETCHEMPER Chem. Eng. J. 485 (2024) 149684. BASF’s pilot plant (Ludwigshafen, Germany)
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Dynamics in environmental catalysis *!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants
2. Reduction of GHG emissions

= QOxidation of CH, over PM catalysts
= Dynamics in coverage and oxidation state

= Avoiding CH, slip by oxidation catalysis
» Forced dynamic operation for catalyst reactivation

= Carbon capture by autocatalysis of carbon
= Dynamics of the reactor characteristics

= Methanol formation in a two-component system
= Dynamics in inlet and temperature leads to product

3. Circular energy economies
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Methanol synthesis from green H, and industry CO, at mild conditions

Dynamics on two-components catalyst

Partial Pressure / bar

N
Pd S S CO, loading
/S'{ ///?\: 7 at 70 OC
Primary Amine
H

AT

Karlsruhe Institute of Technology

CH;OH H

TOS /h
Pt/O-NOMP

Olaf Deutschmann

4

A. Jentys et al., ChemCatChem (2022) e202200620
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Dvynamics in environmental catalysis ‘(IT
y y A\

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants
2. Reduction of GHG emissions

3. Circular energy economies = Reversible operated solid-oxide fuel/electrolysis cells
= Dynamics in inlet conditions
% = NH; as chemical energy carrier
, = Dynamics of electro- & thermo-catalysis

= Forced dynamic operation to avoid NH; slip

= Reactive metals as chemical energy carrier
= Dynamic reactor operation

Reduction —
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Challenge of the energy transition towards renewables ﬂ(IT

Need for energy storage materials substituting fossil fuels
S0.000 average power needed
50.000 . ; i / . .
_ ltps:/fenergy-charts.info o Net electricity production by solar (PV)
F and wind in Germany in October 2024
. wind
20000 Renewable energy production highly
10000 volatile

0
01.10.2024 03.10.2024 05.10.2024 07.10.2024 09.10.2024 11.10.2024 13.10.2024 15.10.2024

= Renewable energies production cannot be provided at a scale where and when needed
= Difficult storage & transportation at large scale

* Need of chemical energy carriers (100s TWh)
» Long-term (months, years) storage capacity
= High (volumetric) energy density
= Available, easy to handle and transportable, non-toxic and safe

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025
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Challenge of the energy transition towards renewables &(IT
Materials for circular energy economy substituting fossil fuels

Storage Timescale

Options for future chemical energy

Today: carriers being more climate-friendly:

Chemical storage Coal,
Oil, NG

Synthetic hydrocarbons from

Flow Pumped

Bitiaiy - electrolysis hydrogen

Nas (CAES

battery = Electrolysis hydrogen
= Ammonia
= Metal hydrides (e.g. KBH,)
= Metals

~

————-

T —

H, NH; KBH, w

Renewable : N -
Energy Electrolysis Hydrogen Carbon-free Energy Carriers
Il t
Power scale ®

J. M. Bergthorson et al., Applied Energy 275 (2020) 115112.

Olaf Deutschmann

Proc. Combust. Inst. 39 (2022) 3183
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Dynamics in environmental catalysis *!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants
2. Reduction of GHG emissions

3. Circular energy economies = Reversible operated solid-oxide fuel/electrolysis cells
= Dynamics in inlet conditions
% = NHj; as chemical energy carrier
» Dynamics of electro- & thermo-catalysis

= Forced dynamic operation to avoid NH; slip

—— » Reactive metals as chemical energy carrier
= Dynamic reactor operation

| Reduction je
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Syngas and methane as energy storage materials *!(IT

Energy CirCIe USing reverSibIe SOIid-OXide cells teChnOIOQies Karlsruhe Institute of Technology

= Scalable and distributed

= High roundtrip-efficiency and fuel flexibility Power to CH,

Exhaust
Tank P SOEC stack
c —rower , AH°= 242 ki/mol
ompressor
Steam source 4 H
\ == [ H010) :
= = Cooling system of :
= Rl = methanation reactor Catalytic SNG
1 Pre-heater COZ 5 MEthanatiOn ‘ (CH4)
i reactor
DC AH°= -165 kJ/mol
AC Power «—— AC HZO(I)
—— SOEC mode
—— SOFC mode ..
Efficient thermal management
R. J. Braun et al., J. Power Sources 276 (2015) 133. = Presentation OR92
by Oscar Furst (Thu, June 5th)
Challenges: Degradation, coking and dynamic operation Appl. Energy 317 (2022) 119143
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Reversible solid-oxide cells technologies for energy storage

Dynamics in coupling of thermo- and electrocatalysis

AT

Karlsruhe Institute of Technology

Solid oxide cell operated with methane containing fuels at high temperature (600 - 900 °C)

Ha(g) + (Ni) + (Ni) = H(Ni) + H(Ni)
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J. Electrochem. Soc. 152 (2005) A2427 Chem. Eng. Sci. 62 (2007) 5473
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Solid-oxide electrolysis technologies for energy storage
Dynamics on stack level due to mode switching and power variation

Solution:

Challenges at varying power:
= Small temperature gradients in stack
= Keep product composition constant

= Forced dynamic operation (inlet fluxes, air ratio)

AT

Karlsruhe Institute of Technology

Stack power follows wind power

—m—P_wind
4— P_stack

T=1009 K .

’ -

1 1 1 L
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t [s]
Syngas ratio remains good for FT synthesis
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Olaf Deutschmann

Appl. Energy 230 (2018) 996.
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J. Power Sources 412 (2019) 255.
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Dynamics in environmental catalysis *!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants
2. Reduction of GHG emissions

3. Circular energy economies » Reversible operated solid-oxide fuel/electrolysis cells
= Dynamics in inlet conditions
o = NHj; as chemical energy carrier
_; I = Dynamics of electro- & thermo-catalysis

= Forced dynamic operation to avoid NH; slip

—l » Reactive metals as chemical energy carrier
= Dynamic reactor operation

Olaf Deutschmann Dynamics in environmental catalysis — ICEC 2025



Ammonia as energy carrier can use existing infrastructure ﬂ(IT
Alternative, decentralized routes to NH3 Karlsruhe Institute of Technology

No+3H, =2 NH;3 Proton-conducting ceramic cell

Percolating metal Nanoparticle Ru
BCZY support
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Electrochemically supported synthesis of NH; in Fe/BCZY - PCCC

Impact of protons and electric fields not understood yet

vMoist . .
H2 BCZY protonic-ceramic membrane

Fe/BCZY composite cathode
Current-collection mesh

AT

Karlsruhe Institute of Technology

NH; formation rate

N T T T T T T T T T T T
500°C -4 rnp, | classic”
.---:---.,..,_.'._._ e T ‘W rNp, mixed”
. @ rym,  blocked” |
e "~. --- thermo. eq. (H2:Ng 1:1) ]
m .| & thermo.eq. "classic”
1107 g
i m o
'% . o
= F Q..
Ni/BCZY composite anode ~ . . m
Current-collection mesh E‘“ 0-0p T A,
Z .
“a N
"A .......................... AE
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Ceramics International (2025)
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: 10~8

A
Configuration | Anode [NLh~!] | Cathode [NLh~!]
" classic” 6 Hy 4+ 6 Ny 6 Ny + 6 Ar
”mixed” 6 Hy + 6 No 6 Ny + 6 Hy
"blocked” 6 Ar + 6 Ny 6 Ny + 6 Hy

1 -1
rNH, / MOlS™ geat



Ammonia as energy carrier can use existing infrastructure ﬂ(IT
Direct and indirect routes for use of renewable energy stored in NH; jngerstanding therme-catal

Ny +3 H, =2NH; Electrochemical H, pump

3H2
Electricity by NH3; fueled SOFC . ;
’ e- i \u ’3 B
- i 2
Tl | | oo e W R WARSRT B
NH, Decomposition <
Reaction [ H* Electrolyte HT H* 1 HTHH* 1H~'
NH, ;
)X\ 'y ‘ Anode ey Y Thermocatalytic
e decomposition
500 ppm NH, oo ppm NH, 3000 ppm NH,
1.001 . o
100 — sim

c 0.75
@]
_ 80 E

E 60 :.0Ni-BCZY g 0 50
g S o 1RU/NI-BCZY g

- g F e 0.5RUIBANIBCZY 0 0.25

0o, Redu.ction “ 2 :?;::/;:::/zNi-BCZY 0.001 optimized mechanism
Reaction . 4 1RU/1BaINi-YSZ 500 600 700 800
473 573 673 773 873 Temperature / K
Inlet Temperature [K]
Appl. Energy 372 (2024) 123646 Chem. Eng. Technol. 372 (2024) 123646
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Dynamics in environmental catalysis *!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants
2. Reduction of GHG emissions

3. Circular energy economies = Reversible operated solid-oxide fuel/electrolysis cells
= Dynamics in inlet conditions
% = NH; as chemical energy carrier
- = Dynamics of electro- & thermo-catalysis

= Forced dynamic operation to avoid NH; slip

= Reactive metals as chemical energy carrier
= Dynamic reactor operation
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Controlling ammonia slip by selective catalytic oxidation ﬂ(IT

Forced dynamic reactor operation makes Pd more active and selective imne st of rechnology

T T I T T T

100 NH N:OH- NH 4 NH;+30,— 2N, +6H,0
80 s (& .
S
S L & g Pe o *
S —— PUALO; . 6 e ‘
s+
g s S ot
£ 40 ---- Pd/ALO; with SRPs | O S5
Z

20

0

150 250 350 150 250 350 150 250 350 150 250 350
T[°C] T[°C] T[°C] T[°C]

Forced dynamic reactor operation enhances selective oxidation of NH;

= Exploit unique Pd/PdO redox dynamics

» Pd-based catalyst more active and selective than Pt-based benchmark catalyst

» Efficient catalyst operation strategies reduce noble metal demand and offer
possibility to reduce catalyst size

801

N
<

Conversion NH, [%]
S
()

------------------------------------------------------------------------------ . 201 dry w/o SRP
'4NH; + 30, — 2N, + 6H,0 Desired reaction pathway | 0 R & dryw/SRP
b e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e = 1 A\A PR T ST | | I SR
. SI0070 10 200 30 40 50 60
2NH; + 20, —  N,O + 3H,0 Byproduct formation Position, z [mm|
= Presentation OR52 — ;
by Patrick Lott (Tue, June 3rd) & Potent greenhouse gas — GWP,,, = 298 Spatially resolved data (Pd/Al,O5)
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Dynamics in environmental catalysis *!(IT

O u tI I n e Karlsruhe Institute of Technology

1. Emission control of local pollutants
2. Reduction of GHG emissions

3. Circular energy economies » Reversible operated solid-oxide fuel/electrolysis cells
= Dynamics in inlet conditions
% = NHj; as chemical energy carrier
_; = Dynamics of electro- & thermo-catalysis

= Forced dynamic operation to avoid NH; slip

—— = Reactive metals as chemical energy carrier
= Dynamic reactor operation
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Metals as carbon-free energy carriers

Promising substitution for C-fuels for energy retrieval on demand

AT

Karlsruhe Institute of Technology

= Huge amounts of energy can be stored due to high volumetric energy density and released by oxidation

Potential metals: Al, Si, Na, Mg, Zn, Fe

= 'T', o T T Example Iron (Fe)
o 7 ] 7
< éf\' » High energy density (16 kWh/I)
~ | .
= i 1 = Easily storable
§15] °Fe | = Very long retrieval time (years)
> = Mg » Safety class as conventional
S 4104 &ZN :
o Sn = Coal fue|S
= mlj .
B 5- { = Non-toxic
£ . H, (liquified) _
§ , NH; (10 bar) " | = Long-distance transport
H, (700 bar) established

0 5 10 15 20 25 30
Gravimetric energy density [kWh/kg]

J.M. Bergthorson, Prog. Energy Combust. Sci. 68 (2018) 169.

Olaf Deutschmann
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Fossil fuels
1.36 TWh

Carbon-free energy carriers

0.003 TWHh “~ = 0.33TWh 3

"




Iron as carbon-free energy carrier in a wet cycle: ﬂ(IT
Energy release by oxidation with steam at mild temperatures Carsrahe nstitut of Technolosy

Fe

=)

H,
NP % 7 Reduction Oxidation H, = , il |
= = — Fe;0, + 4 H, , 3Fe+4H,0 | —— (o — B RV
70 — 3Fe+4H,0 i‘ — Fe3;0,+4H, 4—&| —> ﬁ LA : "B N
D Prototype of full cycle with PV panel, PEM fuel and
electrolyzer cells, and e-engine at KIT
F6304,

» Oxidation with steam in a fixed bed reactor at mild conditions producing H,
» Reduction with electrolysis H, in the same compartment
» Reversible SOC promising device for solar power to H, to electricity

-> Potential for temporal and seasonal H, and energy storage
ChemSusChem 17 (2024) e202400351 Knapp et al., Fuel (2025)
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Iron as carbon-free energy carrier: &(IT

Challenges of the steam-iron process
Sintering of the iron powder = Dynamic operation leads to fast loss in 5% Mo modified Fe particles

particles after cycling activity due to loss of porosity of Fe particles

DR SX FT AL and powder bed

= Additives can prevent conversion loss

= Particle morphology maintained (acts as

catalyst) for repeated reaction cycles

fresh

25

20 4 N@F T RN S e iK'\v v
‘\A

154 \ -
10 4 —=—Fe,0; |
Fe,0,-Al

—4—Fe,0,-Ce
—v—Fe,0;-Mo

H, Production [mmol-g;,"]

0 5 10 15
Cycle

A. Knapp et al., Fuel (2025)
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Dynamics in environmental catalysis: from surface coverages to . !(IT
reaCto r O pe rati O n Karlsruhe Institute of Technology

= Dynamics appear in catalysis on many scales

A'zO;;NCO
! DRIFTS
A 300°C
- : 250 mL/min / /Pt—CO
OO NN 400ppm NO P———
N 400ppm CO '\&
-------- Ak PU/AI,O5

LG
e
AAAAAAAAAAAA

5 1.0 1

«

c
2 0.8 -

&

[

>

8

S 0.6

<t
T
o

0.4 | Pd-Pt/CeO,-ZrO,
0 1000 2000 3000 4000 5000

time on stream /s
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