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Electricity Is In the Catalyst:
A Reaction Engineering Approach to Gas
Treatment and Valorization
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Laboratory for Chemical Technology (LCT), Ghent University, Technologiepark 125, 9052, Ghent , Belgium
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from a linear to a circular economy

Linear economy

Raw materials

Production

Non-reqyclable waste
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unraveling the miracle
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model detall: kinetics

power law

SEEYe

r = kpgpy,

GHENT
UNIVERSITY oS &

Langmuir-Hinshelwood
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Nno unique style (or single truth!)

cubism

simpson

‘de gustibus et coloribus, Da Vinci

non disputandum est’
‘taste and color are

not to be discussed’

—_

T = rr pop art
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outline

— Introduction

— methane valorization — C123
— electrification —
— e-CODUCT @

— OBIWAN

— conclusions
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requires immediate solutions

chs methane oxidative conversion
(OCoM) into ethylene, CO and H,
followed by hydroformylation to

propanal

34 RS
Noon et al. J. Nat. Gas Sci. Eng. 18 (2014) 406
C] 2 3 Hydroformylation

and Applications in Organic Synthesis

VALORISING METHANE RESOURCES

Borner and Franke, Wiley, 2016

—_

H 1T

GHENT

U N IVERSITY DRIVING CHEMICAL TECHP\.DLDDY 14

https://www.sintef.no/projectweb/c123/



https://www.sintef.no/projectweb/c123/

C123 methane oxidative conversion and
hydroformylation to propylene

Route 1: modular route

- Easy transportation for
Wl:tfel'y further dehydration or
avail u!ffe s direct use
unexploited 0O, CH,, C,H,, CO, m
resources: ﬁﬂ_g[;,ml l Optimum 80-200°C p I | Products 2
Stranded gas: 1-10 bar(s L ture of CO 10-30 bar P:::::ZI and 3
CH,
| . and C;H, ; C;H,OH :
Biogas: OCoM - » Hydroformylation |——’— Dehydration |—» Propylene
|
ry f H2 (as needed} : II ) Ilﬂdd'ﬂ‘ﬂ route
. Catalysts: Homogeneous H I
| -I-:'r'llt\| TR IVLANTS. E Hzol— — . — — LI.-IEI'.-I'}"“"F" -'.Il' .'.,'..: )F5 II.'I;'I."I.'--I POTOUS :IH O
 (erO)/Co : H,0 electrolysis | silica and porous polymers 1112
J/Ca I e e e e e a .
ari : | Only if needed in Route 1: modular route |
| 02 H, from existing sources in Route 2: add-on route :
|

—————————————————————————————————————————————————————————————————————————————

— feedstock: natural gas/associated gas/biogas (methane and CO,)

— targeted product: easily transportable/high-value chemical (propanal,
propanol, propylene) _
— add-on vs modular route @ SINTEF e

o~ GENT
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UNIVERSITY e B

DRIVING CHEMICAL TECHNOLOGY

15



Oxidative Conversion of Methane (OCoM)

Oxidative Coupling of Methane (OCM)
« decades of research
« entire periodic table as potential
catalyst
e awaiting successful
commercialization

' E‘}-'ij_t""""""""""saag;g.aza;&; I“
E_";: ' —259
; & hydroformylation feedstock production
S ooy [l e save on separation
\ : * enhance atom efficiency
e n | * Incorporate CO,
Methane Conversion, Xcya (%) . eaS”y Ilqueflable prOdUCt
-
T o ﬁ Pirro et al. Reac. Chem. Eng. 5 (2020) 584 Romero-Limones et al. Chem. Eng. Proc. (2024) revision submitted
GHENT '. .N =
UNIVERSITY
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CO, Impact at O,-lean conditions

conversion & selectivity (%)

GHENT
UNIVERSITY
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SCO2 SC2H4 SC2He6

(Conditions: T=800 °C, P=1bar, 0,/C0, = 0.5%/9.5% for La-Sr/Ca0, 0,/CO, =1.0%/9.0% for NaMnW/Si0,)

o Selectivity of C,H, is increased at the expense of C,H, selectivity

o (0, selectivity is decreased

DRIVING CHEMICAL TECHNOLOGY

:> Seemingly CO,-0DH has occurred at these conditions

Cheng et al. Int. J. Chem. Kinet. (2024) revision submitted

m Reference

W With CO2
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CO, assisted dehydrogenation of ethane (CO,-ODH)

C,H + €0, > C,H, + CO + H,0

29.7% 1.9% 99.7% 0.3%

La-Sr/Ca0 36.7% 10.67% 99.5% 0.5%
24.3% 1.3% 99.4% 0.6%

NaMnW/Si0, 21.3% 4.67% 99.2% 0.8%

(Conditions: T=800 °C, P=1bar, C,H,/CO, = 8%/8%, F, =142 ml/min for La-Sr/Ca0, 160 ml/min for NaMnW/Si0,)

o 0CM catalysts promotes CO,-ODH

o previous reports also verify NaMnW/Si0, and La,0,C0; are active in ODH of alkenes"?

—_

T 1 S

GHENT L-‘ = 1 J. Zhu et al. Gatal Today . 148, 310-315 (2009)
UNIVERSITY e chemcat recimotocy - I S 18

2. Y.Bietal Catal Today.61,369-375 (2000)



proposed mechanism

Oxygen lean:
7N
CH4 CHge C,He C,H,
02\ l COx l UU Free active sites 002 \
—_— Surface O species
- Surface CO, [CO*]
/COZ\ CO,-induced phase
Oxygen rich:
o (0, competes with 0, and forms [0*]'
o [0*] is less active but capable of converting C,H¢ into C,H, CO,

* 0,-rich: C,H, further oxidized into CO, - no or negative effect

* 0,-lean: C,H, survives from oxidation - positive effect

—_

GHENT
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CH, CHy _
C,H C,Hee 1
2''6 2'15 / C2H4
///l
CO, ¢
—_ 4 a

Cheng et al. Int. J. Chem. Kinet. (2024) revision submitted
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ethylene hydroformylation

homogeneous catalysis 5 ::>/\ <%
Y U ( “ \
R’_h or Co complexes - H@ @\Q# P
* high pressure ;;?;o/\ o
. . H 4 H (5"0
* liquid phase ety
Silica RA :Rh\
a) 2.0 oC Cl CcO
1.5 -
H
1.0 - _
£ heterogeneous catalysis
5 O  grafting phosphine ligand
S 0.0 . . — | wo on silica support
g © 200 oo 6o b) » rhodium coordination
- reaction time [s] 3.0 -
= = complexes
= - .
| £ « tethered hydroformylation
Siradze et al. Ind. Eng. Chem. Res. (2021) —
¢ 0 3 catalyst
2 0.0 . . . .
ﬁj 1 M o 0 2000 4000 6000 8000
e A E N £ on ti
GHENT z reaction time [s]
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from homogeneous to heterogenized catalysis

r r B ]
T 1 qu\ 2 CH,CHs
oc N
+ C,H, ~
OC—Rh—CO 2.4 :Rh’:: Ch. — OC—Rh—CO
| - C,H, oc” | H |
- (1) - - @) . J(3)
0 +CO
r \ r
o\+ Ay ° - C‘;\ 3

—_— - r5 — - rq- — -
COCH,CH; COCH,CHs
oc CH,CH
oc_ | P H, - ~_~CHzCHs
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hydroformylation vs hydrogenation
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CO insertion

H, oxidative addition

propanal
reductive elimination

60
40 H
OC—Rh—CO
20
I
0
220 CH,CH;,3 THzCHa
oc H
OC—Rh—~CO Sen”
oc”” ‘ K
-40
-41.4 —
-60 qu\
OC\Rh/ “CH,
-80 oc”” ‘\H
— H
0C—Rh—CO
-100 |
—
-120
-140 -136.3
1 1 1 ] 1
1 || 1 1 1

CyHy
coordination

ethane

C,H, insertion ) s
reductive elimination

H, oxidative addition

Siradze et al. Chem. Eng. J. (2024) submitted -
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heat requirements In chemical reactions

— endothermic reactions — exothermic reactions
— thermal cracking — methanol synthesis
Heat _ _ Heat
— de?\ydrogenatlon — Fischer Tropsch

— reforming




(strongly) endothermic reactions
— heat transport focused reactor design

— harrow tubes
— fired furnace [ A&TTRTTTTT

¥l — pronounced
| temperature

gradients

F------ U CEP ED CED GERD CED ED CUD CND CED CED ER =D =D S=

Wismann, et al. Ind. Eng. Chem. Res. 58 (2019) 23380
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how can we do better?

chemistry ~ cooking

heat containment electrification

T 1 M

ik H N u
GHENT B
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how can we do even better?

heating from
the inside

i =ﬁl'

GHENT
UNIVERSITY ~— M B
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reactor electrification

electrical heating -> overcoming limitations of combustion

advantageous in terms of:
* energy efficiency
* process control
» safety and maintenance
 rapid heating

g

Electrification

B Limit:
. Bulk diffusion

-----------

7’ Y
F----—----------

g

m cm finh Sl

Wismann, et al. Ind. Eng. Chem. Res. 58 (2019) 23380

T 1 S~

JER— H N g
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electrical heating

Induction microwave Joule
B
Current in Coil Gas Flow Out
. Eddy Current
Magnetic Field . N, Electricity from
Fluidized Bed \ renewable
Flow | sources
' Temperature
444 444 P Microwave N
— — 2 Shield Tube wall
<
Heat = Microwave Catalyst
Generation we —7 — Generator - K
PP -}.L— ,*’J
—
mm
Heating Conductive Material
Gas Flow In
S I l
T == . sonication
LTI N Imtiaz, et al. Ind. Eng. Chem. Res. 63 (2024) 4205
GHENT L.\' - plasma

UNIVERSITY DRIVING CHEMICAL TECHNOLOGY 29/51



Induction heating

Conventional fired Induction heated
CH, + H,0 CH, + H,0

v

= alternating magnetic field
with a high frequency

Q . . .
g3 T = heating without physical
] = — —feoo g
k- contact

bt 750

Temperature
¢ profile ¢
Synthesis gas Synthesis gas
NN
i 1 S
H B O Mortensen, et al. Ind. Eng. Chem. Res. 56 (2017) 14006

GHENT
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microwave heating
MW-assisted MDA on '

structured catalysts

o = heating through electromagnetic

energy
Conventional Heating Microwave Heating
§ 3 3 1 1 S

——

o Low
Temperature
Ignacio, et al. Catal. Today 383 (2022) 21
T ' o = Barham, et al. Chem. Rec. 19 (2019) 188
S— H N M

GHENT
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Joule heating

<

!
|

Resistance (R) ll L

Current Flow () ——p»
Joule Heating
Conductive Material

+
{

Electric Voltage

Supply (AV)

A Tan
GHENT
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= electrical energy transformation to thermal energy

= current flow between electrodes

= high energy efficiency

Gas Flow Out

1, Electricity

Electricity

Fluidized Bed

1| [
|'|’

L (ias Flow In

Bulk Resistance

Direct
Joule Heating

Conductive Particles
at Fluidized Condition

—_—
—

32/51
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ElectroThermal Fluidized Bed reactor (ETFB)

— CO m b i n a.tl O n : , Over-bed

" enr o ...‘...o .o space (c)

. . . Graphite ; . '.'ox K
— fIUIdlzathn articles !'t o4
Gas ; o Positive

Electrode
(Furnace
\inner wall)

— JOUIE heat|ng bubble

Center

— compared to conventional fluidized beds ~ *
— better control over bed temperature doone
— highly energy efficient
— rapid and uniform heating

Dense bed

Fluidized bed
filled with gas
bubbles

Working
zone (b)

- : ‘ .,_t,,.'
LR

Lowcr—
Bed (a)

Distributor
plate

luidizing gas in

1]
I

-

Fedorov J. Fluids Eng. 138 (2016) 044502

T =I-l'

GHENT
UNIVERSITY ~— s B
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e-CODUCT: context

CO, Emissions

k5 €O, Conversion Methanol
'E purification Fuel
y ‘ Sequestration
S i - b H, import
-~ all
HaS (mixed) Sulphur
Separate CO, .
and H,S streams Claus unit
o L ?{:}' ) . Methanol
- e Conversion -
CO, +H,S por r?.rﬂ splcations] Fuel ¥
Various streams E-CGDUCT @ Sulphur H, lm;.mrt
ComposiHons * reduced reactor size and energy demand by 50 % [EEERLEI]g
* reduced CAPEX and OPEX by > 40% recycling

o = HE =N CO, Emissions | reducedby50%

GHENT
ONVERsITY e -
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e-CODUCT: rationale

fast-response electrically heated catalytic reactor technology for

, e lon
why?
— current CO, reduction technologies require highly pure
streams
— ho existing technologies for simultaneous CO, and H,S
reduction

— making more feedstock sources available

N

GHENT

UNIVERSITY 36/51



e-CODUCT: process lay-out

CO, —= > COS ¢ //7 > CO | > sustainable products
i ‘:). | ii platform molecule
H,S  H,O “*g

marketable product

Electrothermal fluidised

ﬂ bed reactor
111

oo -\6'- \

[ ] =] ] ey 6\3

r— RN ‘ :

=

Low-carbon fuels

Industry [ refining waste c“? and pI’OdUCtS
& A
é ------
Bi:c:ugas ;lig;ster
2oy @
Synthesis
.
~ Natural gas plants e
I 1 M
GHENT . s =
S B http://www.ecoduct.eu 2022-2025 GA 101058100

UNIVERSITY DRIVING CHEMICAL TECHNOLOGY
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COS synthesis: experimental

GHENT
UNIVERSITY

NaX Zeolite

H B M
e B

DRIVING CHEMICAL TECHNOLOGY

—
h

—
N

H,S and CO, C/C,
o
co

=T

CO,+ H,55COS + H,0

Feed mixture of H,S:CO,=1:10n 13X at 45°C. Thick line at C/C, = 1.

38/51



COS synthesis: modeling

H,S Surface Coverage Profile

16 T T A T T T T T 1_6 1
N H,S
1.4} cos|{1.4 ‘
Co, k

1.2} H,0141.2 o

O 5
>
O 1 1 8 k 10.6
o) O o0
g 0.8F {108 O £ 10.5
7)) c

& 4 0 S
n 06} A {06 O =
T A E

0.4} 10.4

A Asa
A
0.2Ff ) {0.2
0 3 [ [ ] 1 —0
0 25 50 75 100 125 150 175 200 0 50 100 150 200
Time (min) Time (min)

-

T

GHENT

UNIVERSITY e B 39/51
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COS decomposition

» COS decomposition to CO and
sulphur

= temperatures up to 800-1200 °C

* |n situ heat generation by joule
heating

GHENT
UNIVERSITY e B
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e-CODUCT - ETFB modelling

Temperature profile
ETFBR equivalent
Resistors circuit 2407
: Coaxial
Insulating wall G 920 -
—W—
2
© Combined
: ug)_QOO —— Coaxial
° 9] —— End-to-End
Central electrode "
AANA 880
= _._.d.é ....................... 860 - I I I I : : : :
Slde electrode l]H C ( l 0.00 0.02 0.04 Oi?’O(_:.Gd 'er?g.(t)r?(m)o.lo 0.12 0.14 0.16
m
, oaxia T
AV-2mtdz, e Conversion profile
| g ° 100
S In (rz\ — ? °
— m
beal (301 [T~ m
o 80 -
dQu 2
! End ‘ 5 604
| Sbeddzz to Il$ g —— Combined
2 End | S 40- —— Coaxial
Lower electrode nr, w1 | 0 — End-to-End
S — @) -== Objective
t ¢+ ¢+ ¢+t ¢ — 50 4
I | I I 1 I 1 I
| | | | 1 1 1 | AV
LedooleoL Ll Jd__L_4
1 0 T T T T T T T T
1 . . . 0.00 0.02 004 006 008 0.10 0.12 0.14 0.16
ETFB scheme i Resistor configuration sed length ()

I 1

JR— H B N
GHENT L%
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OBIWAN: context

biogas (CH, + CO,) valorization
— calorific
— to chemicals/(sustainable) aviation fuels

GHENT
UNIVERSITY e B
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OBIWAN: process lay-out
CO,

CH, + CO,
digestion 60/40

anaerobic

S~

S 5
2 3
C o
O Y4
o =
QO S
n O

v .9
c 0
@ >
=
5 ¢
& o

CH,

GHENT
UNIVERSITY e B

HHHHHHHHHHHHHHHHHHHHHHHHH

C
O
—
©
A=
O o

(@)
OO
L
§e)
>
=

MeOH
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hydrogen production (from methane)

k
SMR: CH,+ H,0 & CO+3H, AH = 206m—{)l
. _ k]
H2 production sources DMR: CH4+ COZ <—>2C0+2H2 AH = 247@
4% k]
POM: CH4 ~+ 02 - CO ~+ ZHZO AH = _36ﬁ

48%
k
mol

Methane Pyrolysis on carbonaceous catalyst:
[ less energy intensive
] no greenhouse gas emission
4 high purity H,

— 1 cheap & sulfur resistant catalyst

T =I-l'

GHENT
UNIVERSITY e B 44/51
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OBIWAN: process lay-out

co,

lgestion

< 5
=
C o
O Y4
o =
QO S
n O

methane
pyrolysis

c
O
—
©
-
QO
@)
@)
S
O
>
L

CH, MeQOH
T =‘f-r'

GHENT
UNIVERSITY e B 45/51

DDDDDDDDDDDDDDDDDDDDDDDDD



outline

— Introduction

— methane valorization — C123
— electrification —
— e-CODUCT @

— OBIWAN

— conclusions

\VIRPE

VALORISING METHANE RESOURCES

46



conclusions, opportunities and perspectives

— from a linear to a circular economy
— catalysis
— reactors
— processes

— fundamental model-based optimization

— guantitative assessment
— validation qualitative understanding

N

I W o =
GHENT
UNIVERSITY ~— s B
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conclusions, opportunities and perspectives

— (natural) gas valorization: OCoM process concept

— combination chemical reactions
— feedstock composition

— chemical reactor electrification

— more than connecting an electric heater to the grid
— reasoning from the inside

— CO, emission reduction

— Integration in a process

N

GHENT
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conclusions, opportunities and perspectives

— challenges

— few large-scale vs many small-scale applications
— electricity avallability
— Impact on the chemistry

N

[T W o =
GHENT
UNIVERSITY s e
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Reactor design

Process development
Low carbon technology
Renewable chemicals
Polymer design
Catalysis and kinetics

12t International Symposium on

Catalysis in Multjphase Reactors m' i
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Multifunctional Reactors
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e-CODUCT: Want to know more?!

By & Home @ Aboute-CODUCT~ [ Ongoing @ Results ~ Contact Us Eino
( (8 R O |

Website: https://e-coduct.eu/

. LinkedIn: @e-coduct project
https://www.linkedin.com/in/ecoduct/
gases | b /

Twitter: @eCODUCT2022
electrothe y | https://twitter.com/eCODUCT2022
| Utilization of HS and duction of industrially . o o

valuable carbon monoxide (CO)and sulphur (S)

Greenhouse gas and acid

O8>

owme YOUTube: @ecoduct2022

https://www.youtube.com/@ecoduct202
2/about

#e-CODUCT #HorizonEurope #COZ2Reduction
#innovation #technology
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Eley-Rideal with CO, & COS adsorption
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Feed mixture of H,S:CO,=1:1 on 13X at 45°C. Thick line at C/C, = 1.
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Feed mixture of H,S:CO,=1:1 on 13X at 45°C. Thick line at C/C, = 1.

Drnfilac reed gas
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Feed mixture of H,S:CO,=1:1 on 13X at 45°C. Thick line at C/C, = 1.
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