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Energy transition in miniature:

Combining catalysis and reaction engineering at a particle
level
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Power-to-Gas (PtG) Concept

Power grid

Chemical energy

Wind, solar storage

power
Electrolysis

Heat

Gas-to-power

) ) plant
Biomass, biogas,

waste CO, (CCS), coal

Fuel
CoO
CO, Methanation
Natural gas grid
CO methanation CO+3H,=CH, +H,0 ARH® = -206 kJ molt, A;G° = -142 kJ mol*

CO, methanation CO,+4H,=CH,+2H,0 AgH° = -165 kJ molt, AgG® = -114 kJ mol?
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F. Koschany, D. Schlereth, O. Hinrichsen, Appl. Catal. B 2016, 181, 504-516.
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Thermodynamics of the CO, Methanation Reaction

C02 + 4 H2 CH4 + 2H20 AHO = - 165 kJ/mol
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J. Xu, G.F. Froment, AIChE J. 1989, 35, 88-96.
D. Schlereth, O. Hinrichsen, Chem. Eng. Res. Des. 2014, 92, 702-712.
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Catalyst Synthesis: Ni-Al mixed metal oxide catalysts

State-of-the-art / base catalyst: Ni-Al mixed metal oxide
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Contactless Temperature Measurements
Spatial resolved temperature

Inert packing

measurements:

» Observation of temperature profile
and hotspot formation

glass wool - SiC reactive zone
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C. Schler et al., Journal of CO, Utilization, 2018, 25, 158—-1609.
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Kinetic Measurements — Long-term Experiments
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F. Koschany, D. Schlereth, O. Hinrichsen, Appl. Catal. B 2016, 181, 504-516.
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Kinetic Measurements — Variation of Reaction Conditions
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F. Koschany, D. Schlereth, O. Hinrichsen, Appl. Catal. B 2016, 181, 504-516.
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Catalyst Stability
100 T T T T T T 100 T T T T T T
TR AR
80} — Fom __ 80t i ®
S / S s
c ! c
S 60t / S 60t
o ! @ n
o . o
= ,' = A
S 40¢ ; S 40¢
3 3
20+ L 1 20+ . 1
--=- before aging u --=- before aging
_,/:," - = - after aging ) - = - after aging
[o] BEALin . . , , , 0 Y el . . . . .
150 200 250 300 350 400 450 500 150 200 250 300 350 400 450 500

Temperature (°C) Temperature (°C)

> ,rapid aging test“: simulation by aging treatment (500 °C, 32 h, 8 bar)

T. Burger, F. Koschany, O. Thomys, K. Kéhler, O. Hinrichsen Appl. Catal. A, 2018, 558, 44-55.
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Catalyst Activity vs. Stability — Influence of Metal Doping
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» Highly active and thermostable
catalysts can be synthesized

» Synthesis of multimetal-promoted
catalysts

« effects on catalyst activity and
stability

* interactions between promoters
« alternative synthesis procedures

T. Burger, F. Koschany, O. Thomys, K. Kéhler, O. Hinrichsen Appl. Catal. A, 2018, 558, 44-55.



Chair | of Technical Chemistry
Department of Chemistry

Technical University of Munich m

Different Synthesis Strategies for bi-promoted Ni-based Catalysts

Doping of co-precipitated NiAl catalyst via...

... Co-precipitation

... Incipient wetness impregnation ...surface redox reaction

@ i 3Ni+ 2Fe*t 3Ni%* +2Fe
|0.5 M NaOH/Na,CO, 1M N|2+(aq)/AI3+(aq)/ Ee3 ) /Mn2 e 3Ni+ 2Fe* — 3Ni2* + 2F
Fe®" ag) IMN* aq) V=V
pH=9 ~ Vpore
T=30°C T=20°C
[ el
ﬂw Ni+ 2Fe®* —s Ni2+ + 2Fe?
, _ _ ... Fe/Mn deposition on the NiAl ... Fe and Fe?* deposition on the
... Ni/Al/Fe/mixed metal oxide

mixed metal oxide surface surface in vicinity to active Ni sites
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Dopant Effect of Mn on Co-Precipitated Ni-Al in CO, Methanation
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T. Burger, F. Koschany, O. Thomys, K. Kdhler, O. Hinrichsen, Appl. Catal. A 2018, 558, 44-54.
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Dopant Effect of Fe on Co-Precipitated Ni-Al in CO, Methanation
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T. Burger, F. Koschany, O. Thomys, K. Kdhler, O. Hinrichsen, Appl. Catal. A 2018, 558, 44-54.
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Simultaneous Dopant Effects of Fe and Mn on Co-Precipitated Ni-Al

iIn CO, Methanation

Co-Doping of Fe and Mn via Co-Precipitation and Impregnation

+ Improved activity and apparent stability compared
to Ni-Al

» Working mechanisms of Fe and Mn similar as in
mono-doped catalysts

» Activity-stability behavior of impregnated catalysts
depends on doping order and can be tailored

Activity-stability relationship suggests a mechanism
involving active perimeter sites

T. Burger, F. Koschany, A. Wenng, O. Thomys, K. Kéhler, O. Hinrichsen, Catal.
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Kinetic Modeling of CO, Methanation: Reaction Network

3Ni+2Fe*t — 3Ni%* 4 2Fe

CH
H, i ) y=1-3
Y cH

- co, H, \/' COH,

Cco
K|net|cs.an.d Iy 2 co N 7
characterization co,* co

#lumped = kinetically relevant
& quasi-equilibrated

Ni+ 2Fe*t — Ni2* 4+ 2Fe®*

T. Burger, P. Donaubauer, O. Hinrichsen, Appl. Catal. B 2021, 282, 119408.
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Kinetic Modeling of CO, Methanation: Kinetic Expressions

deco

Tk 0 = Tads,co — "des,co + Tads,cO, — Tdes,cO, — TMet + TSR =

kags,co

= Kads,co Pco 0" — K
\
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Oco + kads,co, Pco, Ou 0" —
\

kads,COZ

o,
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]

T
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1
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* Methanation reaction mechanism
may involve decomposition of
different COH, species

*  Minimum sum of squared residuals
for a discrete value of y = 2

+ Kinetic expression fory = 2 gives
an average on kinetics

T
Rch,

Number of parameters: 14

Number of species:

Number of responses: 1626

Thermodynamic consistency

Strong Boudart criteria
Model significance

Statistic relevance

reparametrized
value/- 95%Cl/-

Ayet /MOl (gee S)* [ 9.39E+07  Siler
Epmet / kJ/mol? | 130.87 +1.41

-4.80E+02
Aads,co, / MOl (Jeq s)t | 6.23E+02 5 oseu00
Eppdsco, / kImoll | 56.94 +0.98
Aadsco /Mol (gey )T | 2.35E+03 leEE:?;
Ep ads,co | kI molt | 56.47 +0.99
AagsSu, ! J (Mol Kyt -67.51 +1.92
AaqsHy, / kI mol? | -58.38 +1.02
AaasScu, /I (MOlK) 1 | -217.02  #9.26
AjasHen, /KImolt | -156.45 4565
AaasSuyo /I (MOlK) L | -135.09  #4.75
AgasHy,o /kImolt | -89.85 +2.86
AaasSco /J (Mol K) L | -17.56  +1.95
A,asHco 1 kJ mol? | -44.68 +0.78

T. Burger, P. Donaubauer, O. Hinrichsen, Appl. Catal. B 2021, 282, 119408.
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Kinetic Modeling of CO, Methanation: Reaction Network

S:Hi conventional

Intrinsic kinetic ',.ff:"""* "\ novel approach

measurements
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T. Burger, P. Donaubauer, O. Hinrichsen, Appl. Catal. B 2021, 282, 119408.
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Kinetic Modeling of CO, Methanation: Results
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1 00 — . —— I T _17_7_7_ T T T T
]
x 80 | —thermodyn.equ. /- P
:5 Xcalc(COZ)
@ Ycalc(co) J ) ’
> 60 = Xexp(COy) o .
S Yexp(CO) |
g 40 - 14 .
54 /
c
O
O 20t ¥ 4
0 '-7-]’-1'» I i | . 1 : 7]
200 250 300 350 400 450

Temperature / °C

B

Conversion, Yield / %

100

80

60

40

20

this work

Kopyscinski '12b'

Xu and Froment

T

e T e —

T T T ¥ T T T

—— thermodyn. equ.
Xca\c(co)

Yca\c(COZ)
Xexp(CO)
" Yeo(COy)

200

250 300 350 400
Temperature / °C

T. Burger, P. Donaubauer, O. Hinrichsen, Appl. Catal. B 2021, 282, 119408.
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Microkinetic Model of CO, Methanation

- 13 surface species
- 42 elementary steps (forward and reverse reactions)

Available in Chemkin-Format
- This Format is read by catalyticFOAM

The rate coefficient of each reaction is:

—E,; €,0;

ko= AT exp| —2 |e
4 ! P RT XPRT

The production rate of each species is then calculated by:

. Lii
=TT
j i

D. Schmider, L. Maier, O. Deutschmann, Ind. Eng. Chem. Res. 2021,

reaction
Hy +2(s) = 2H(s)  (R1)

H(s) = Hy+ 2s) (R2)

CH, + (s) = CH((s)  (R3)

CHy(s) = CH, + () (R4)

HO + () = Hy0() - (R3)

HO(s) = Hi0 + () (R6)

€0, + () = COys)  (R7)

COy(s) = CO; +(s)  (R8)

CO +(s) = CO(s)  (R9)

CO(s) = CO+(s) (R10)

COy(s) + (s) = CO(s) + O(s)  (R11)
CO(s) + O(s) = COu(s) + (s)  (R12)
CO(s) + (s) = C(s) + Ofs)  (R13)
C(s) + O(s) = CO(s) + () (R14)
CO(s) + H(s) = C(s) + OH(s) (R15)
C(s) + OH(s) = CO(s) + H(s)  (R16)
CO(s) + H(s) = HCO[s) + () (R17)
HCO(s) + (s) — CO(s) + H(s)  (R18)
HCO(s) + (s) = CH(s) + O(s) (R19)
CH(s) + O(s) = HCO(s) + () (R20)
H(s) + C(s) = CH(s) + () (R21)
CH(s) + (s) = C(s) + His)  (R22)

CH(s) + H(s) = CHy(s) + (s)  (R23)
CHy(s) + (s) = CH(s) + H(s)  (R24)
CHy(s) + H(s) = CHy(s) + (s)  (R25)
CHy(s) + (s) = CHy(s) + H(s)  (R26)
CHy(s) + H(s) — CH,(s) + (s)  (R27)
CHy(s) + () = CHy(s) + His)  (R28)
H(s) + O(s) = OH(s) + (s)  (R29)
OH(s) + (s) = H(s) + O(s)  (R30)

H(s) + OH(s) — H,0(s) + (s)  (R31)
H0(5) + () = OH(s) + Hl)  (R32)
20H(s) — H0() +0(s)  (R33)

H;0(s) + O(s) = 20H(s)  (R34)

H(s) + CO,(s) — COOH(s) + () (R35)
COOH(s) + (s) = COyfs) + H(s) (R36)
COOH(s) + () — COf) + OH(s)  (R37)
CO(s) + OH(s) = COOH(s) + (s) (R38)
COOH(s) + H(s) — HCO(s) + OH(s)  (R39)
HCO(s) + OH(s) —+ COOH(s) + H(s)  (R40)
2C0(s) = COy(s) + Cis)  (R41)
C(s) + COy(s) = 2C0(s)  (R42)

4, (em, mal, 5} or 5, (*)
146 % 107
454 % 107
106 x 107*
279 % 10
116 x 107'%
204 % 10%
629 x 107+
499 x 107
374 % 107'%
L14 % 102
160 x 10%
S81% 107
236 x 10%
254 % 10%
305 x 10%
218 % 10
682 x 10%
218 % 107
510 x 10%
342 % 107
133 % 10%
263 x 107
321 % 108
616 x 10*
778 x 107
616 X 10*
363 x 107
616 % 10%
116 % 10%
770 x 107
234 x 107
291 x 107
101 % 10®

189 % 10%

129 % 10%
129 x 107

603 % 10°

145 % 107

631 x 10%

188 x 107

60, 5792-5805.

E,, (i mol™)
0

96.1

2393

TUTI

Table 2. Detailed, Thermodynamically Consistent Reaction Mechanism for the Methanation of CO and CO, over Ni*
B

£, (1 mol™)

s00°
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500"
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Table 2. Detailed, Thermodynamically Consistent Reaction Mechanism for the Methanation of CO and CO, over Ni*

Microkir === "7t =f R RAmtE o mtee

> 13 surface s C02 H2 CO CH4

- 42 elemente

COOH(s)<—> HCO(s)

k= ATl eXP[ _:;/ )e ,
R COz(S) C(s)
s= 2 uk ] .
j i N I

Available in Chen
- This Format is

&

-s500"

The rate coefficie

CO(s EUNN CHx(

HCO(s) + OH(s) = COOH(s) + H(s)  (RdD) 325 x 107 0245
2C0(s) = COy(s) + Cls)  (Rd1) 631 % 10% 03 w17 1000
C(s) + COy(s) = 2C0(s)  (R42) 188 x 10% 05 2393

D. Schmider, L. Maier, O. Deutschmann, Ind. Eng. Chem. Res. 2021, 60, 5792-5805. 1
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Summary

Catalyst Synthesis and
Characterization

[[0.5 M NaOH/Na,CO, }1 f 1M N2 AP |
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CO, Methanation

Structure - Activity Analysis
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Kinetic Measurements and
Kinetic Modeling
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CO, Methanation
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Types of fixed beds

powder bed

random (pellet) bed

TUTI

structured bed (2 foams [ periodic open ceIIuI?r
structures (POCS) 1

+ direct use of
catalyst powder

- very high
pressure drop

development — d

+ maintanance
+ catalyst synthesis
+ shaping

- pressure drop

- broad residence
time distribution
(turbulences)

+ radial dispersion + even flow profile + lowest pressure drop
+ narrow residence time + high specific + good heat transport
distribution suface area + wall contact

- low residence time

wall contact (channeling and heat transport) _ adhesion of catalyst

sensitive to roundness of tube
adhesion of catalyst

[1] A. Inayat et al. Chem. Eng. Sci. 2011, 66, 2758. [2] A. Gascon et al. Catal. Sci. Technol. 2015, 5, 807.
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J. von Seckendorff, PhD Thesis, Technical University of Munich, 2021.
P. Donaubauer, O. Hinrichsen, IEC Research 2019, 58, 110-119.
J. von Seckendorff, P. Scheck, M. Tonigold, R. Fischer, O. Hinrichsen Chem. Eng. J. 2021, 404, 126468. 4
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Classification of AM processes for ceramics

For all processes: 3D structures are created by a selective layer-by-layer process

Based on DIN 8580 and
Formnext AM Field Guide
Compact (2019)
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Binder Jetting (BJ) Fabrication Steps

Curing/Drying Debinding
Raw material Printing to set the binder = binder removal Calcination
Powder Green Part Cured Part Brown Part Final Part

e ik,
Shapes still embedded in powder

Removing loose powder

Calcined 3D-printed parts

Reduced catalysts

26



Chair | of Technical Chemistry
Department of Chemistry
Technical University of Munich

Preliminary Results for CO, Methanation over BJ printed catalysts
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[1] J. Fernengel, L. Bolton, O. Hinrichsen, CET 2020, 43, 172-178.
[2] confidential results 27
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