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E',’BF;, Role of synthetic fuels in carbon emissions
reduction

ve ; Net-zero CO, emissions

Catalysis is essential to
a) Business as Usual b) CCS via DAC ¢) CCU via DAC d) Biomass-based .
o e il . = ensure fuel production
from new resources
(bio-based or electricity
based)

DAC = Direct Air Capture
CCS = Carbon Capture
and Storage

Carbon-based product CCU = Carbon Capture

Carbon, generic

& Renewable energy and Utilisation

Biomass

B Catalysis for Emission Control and Energy Production

DAC : 5-10 GJ/t CO, Source: Gabrielli et al IE&CR (2019) DOI: (10.1021/acs.iecr.9b06579)
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=7 Methanation

CO + 3H, © CH, + H,0 AH= - 206 kJ mol-

CO, + 4H, < CH, + 2H,0 AH= - 164 kJ mol

Biomass-to-Gas

PG Jap -

Coke oven gas (CO;-meth.)

Coal-to-Gas

 Methanaton fr gas cloaning (ammonia synihes, later proton-exchange membranefuslools)
I T R

B Catalysis for Emission Control and Energy Production
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% w

Rénsch et al., Fuel, 166 (2016) 276-296



EFFL Methanation for SNG
~ production

BioSNG (CH,) #&
biomass  coal ey
o - >

i

B Catalysis for Emission Control and Energy Production

S, Cl, dust, etc. CH, % ~04 CO,, H,0, H,, etc.
CHs gim® ~8
Tars  mg/m3 20-30 J. Kopyscinski et al., Fuel, 89 (2010) 1763



EFFL - SNG from Naptha -
- Lurgi Process

AL S

Feedgas
Recycle
Compressor SNG
CH, 10.3 233 684 684 759
CO, 13.0 193 215 215 213
Condensate C,* 0.2 0.1 005 0.05 0.05
Adiabatic fix-bed reactors N, 09 17 20 20 20

Two catalysts
- 20 wt%Ni/Al, O, (fast deactivation)
- higher Ni content (BASF)

B Catalysis for Emission Control and Energy Production

J. Kopyscinski et al., Fuel, 89 (2010) 1763
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L SNG from Naptha -
TREMP Process

Syngas Reactor 1

"
L
T /L\

Steam
super-
heater

Steam
generator

Recycle-gas cooler

Reactor 2

==

Steam
generator

(@Heat exchanger

Recycle-gas
compressor

Reactor 3

L

Boiler
feedwater
preheater

Low-temperature
heat recovery

TREMP process: Haldor Tops@e, High temperature methanation process

Catalyst: MCR-2X, MCR-4

SNG

Condensate

Rénch et al., Fuel, 166 (2016) 276-296



=PrL  SNG from biomass

) PSI

50 50

4 ' Tl a5

i 40
o 35 X
20— 0
z 55 CH4 15 2
L -
o ) | —a—C0 20 T
= .
b=

15 1.5

I L0

5 0.5

il - (]
X A0 73 10 125 130 173 20 225

time nn sineam [k

Fluidized-bed methanation reactor

Gssing, Austria, PSI Technology

Ni/Al,O, catalyst with high Ni content J. Kopyscinski et al,, Fuel, 89 (2010) 1763

B Catalysis for Emission Control and Energy Production
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Power - to -gas basics

Find reliable and
cheap supply

Ensure presence
of infrastructure
and market

Ensure availability
and avoid operation
at high price

-
~—
-~
~
~—
~~-~
~

Valorize waste heat
whenever possible

10
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Power - to - gas

Electricity produced from PV — electricity demand

Net energy (kWh)

750

500 - i

ik
L

I
1l |
ol

250 ‘
| IR

| ||l1 ‘ M ] i

25041

-500 T AN

{
/
T T T T T T T T M ) T T
50 100 150 200 250 0 350
Days

Deficit of electricity!

= Renewable electricity is
intrinsically subject to seasonality

= Need to store electricity
seasonally

= Batteries only suitable on short
time spans

 Limited space
» Too high cost

= Possible storage in chemical
bonds - power —to — X

11
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B Catalysis for Emission Control and Energy Production

CO, methanation

= H, storage is challenging: no liquefaction, no specific infrastructure,
large volume required in gas phase

= CH, is better in terms of storage and utilisation: wide infrastructure,
higher volumetric calorific value

= CO, methanation converts H, in CH,
= COZ + 4‘H2 < CH4 + HzO
. — _165- KL
AHp = —165 —
- Strongly exothermic reaction

« Thermodynamic equilibrium limited
« Avoid excessive temperature for catalyst lifetime and productivity

12



EPFL Considerations for ;
~ reactor design .

= When using a standard fixed-bed g™ i
reactor: $. )
« Temperature hotspot difficult to : o], R
avoid 200,

* Influence of RWGS to consider

e Different reaction when CO is
formed (CO methanation)

 Further problems to consider (e.g.
catalyst poisoning by CO)
» Trade-off between hotspot

extension and reactor activation 2>
either safe activation or low hotspot

Molar Fraction (-)

B Catalysis for Emission Control and Energy Production

T T T
0.00 0.25 0.50 0.75 1.00
Reactor length (x/L)
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Reaction activation
challenges

= There is a critical
temperature (dependent on
catalyst, pressure, space
velocity and cooling) where
the reactor activates

= The temperature increase
IS large across this

threshold @

Caution due to possible
catalyst deactivation
(sintering)

Pressure (bar)

Hotspot Temperature (°C)

20 850.0

18
750.0

16
650.0

550.0

-
[\S]

450.0

-
o

350.0

o]

o]

250.0

N

150.0

N

50.00

- -
150 200 250 300
Inlet Temperature (°C)
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=Pl Effect of cooling

Low cooling rate

100 4==
G Initial adiabatic operation

- 80
'é:.
&
‘e Slow decrease of temperature
S 40l and slow reaction
o)
o

20 -

0 -
200 I 4(|JO ' 6CI}O . 800
Temperature [°C]
dT
E. Moioli et al., Chem. Eng. J., 2019, 375, 121954 —_— — —_— R
= E: Moioli et aI.: Reac. Chegm. éng., 2'019,’4, 100-111 - UA (T TC) TAH

dt



=PFL  Effect of cooling

Higher cooling rate

100 7=-e - Temperature increase to hotspot
5. | (not adiabatic)
S
&
® 60 4
% - « Excess cooling in the low
s 7 G U=30 b temperature range
S _ _
| @
04 4
200 ' 4(I)0 . 6(I)0 . 800
Temperature [°C]
dT
€. Malgf et al, Chem, Eng. 3, 2019, 375, 121054 d_ = UA (T - Tc) - TAHR
E. Moioli et al., Reac. Chem. Eng., 2019, 4, 100-111
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=PFL  Effect of cooling

Extremely high cooling rate

100 4=-=¢
» No evident temperature increase — no

z ¥ pronounced hotspot

c

'g 60

(3]

=

8 401 * Isothermal operation until final reach of
3 thermodynamic limitation

| ® o

200 300 400 500 600 700 800
Temperature [°C]
dT
— = UA(T — T;) — rAHR

E. Moiq etal., Chem. Eng. J., 2019, 375, 121954
E. Moioli et al., Reac. Chem. Eng., 2019, 4, 100-111 d



EFFL - Catalysts available for ‘
- methanation _{1

100
CO, equilib conversion
807 P=1 bar
= Co: active at 270 "C, less = 60-
expensive 2z
3 >
5 8 401
2 ) ) . o
= = Ni: active above 350 "C, ©
cheap 2-
2 = Fe: not active in CO, 0 ' T
2 . 200 250 350 400 450 500 550 600 650
methanation, very cheap
S Temperature ['C]

R. M

c

tschler, E. Moioli et al., J. Cat., 2019, 375, 193-201
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Intensity (a.u.)

350

B Catalysis for Emission (
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Mechanism on Ru-
based catalyst/1

= We obtained the response to IR
excitation: what is on the catalyst

‘\?," , o8 surface?
A" o ST —] = We observed the presence of several
- o 5|3 surface species:
§| ’o/% \xo“"‘:w,@‘ g\; = « Active species: CO*, HCO,*, HCO,*
° 9"?°‘° : . ™ . a;é%:tiltor :I:,\;I)ecile;: HCOZ’: on ¢I203,
Yo 6 iy : w%@ - ] ,* on Metal-Support-Interface
g[ R ﬁ = The local concentration determines
W _. omemswronyinco,  the formation of species:

and Hy-rich condition

-

/
I—0~

\

-

— Side step

« Limited H, availability calls for
reactive properties of Metal Support

K. Zhao, E. Moioli et al., J. Phys. Chem. C, 2018, 122, 20888-20893 Interface



=L Mechanism on Ru-
~ based catalyst/2

= Independently from the conditions,

*q , ° s Rate Determining Step is the CO
0 o — “© e hydrogenation to CH
§| \ . “°\w\°\w“‘ 5\;» = This can happen only by producing
) o s CO* at the MSI, while keeping the Ru
N p '
%0 @) o 5\ "o o surface reduced

H s Opiional steponlyinGOr = An adaptation of the local
H— é/ H and Hy-rich condition

. | concentration of species and of the
H — Sidestep
amount of MSI would generate

B Catalysis for Emission Control and Energy Production

[Key iInformation for the synthesis of improved catalysts]

K. Zhao, E. Moioli et al., J. Phys. Chem. C, 2018, 122, 20888-20893

20
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Kinetic control:
Need of high-
Performance catalyst

Reaction activation:
possible with standard
Ni-catalyst, appropriate
Reactor design required

B Catalysis for Emission Control and Energy Production

Multi-stage reactor?

_,C

100 4 Apgqop- b~ Jes=ss
o
R ®1  Kinetic control
S 60+ Cooling control \
> N
s of Activation
@) 40 -
i
20| J§0°9 Ru
| | —— Ni/ALO, |
A , —— NiMg/AL,O,
0 200 400 600 800

Temperature (°C)

21

Cooling control section:
Possible to use Ni-catalyst
AVOID SINTERING

From steam reforming



EPFL

9 PSI

E.M

B Catalysis for Emission Control and Energy Production

o

Hybrid Ni/Ru reactor/1

= Motivation: reduce the Ru
content, but keep high activity
where needed

= We use Ni (pristine) at the inlet
and then Ru/Al,Oq

= QOver pristine Ni, TD equilibrium

Is reached at 550 °C ->
significant CO production

= Ru can handle the products

from first stage and reach target

conversion

ioli et al., CES:X, 2020, 8, 100078

1 2 3
CO:
= BT = BT = BT
1004 P =1 bar-
3 ___ A A TR
= AMM )
S~ 804 & J
O
S Fe
g 60 - Ooou Intermediate o
> | 2 o .
S ocooos cooling -
O 404 _
o
O i
@)
20 - -
Why this flat area?
0 ! T 1 T T T I T I T T T I T
200 250 300 350 400 450 500 550

Temperature (°C)

22



EPFL Hybrid Ni/Ru reactor/2

= CO, conversion does not increase until CO is completely consumed
=» Competitive adsorption of CO and CO,

nd
18t step 2" step
- 1004 1 1004
S —_ .
3 £ 80 * 80
z 3
5 2 | @ |
2 2: 60 > 60
g S g {On0000)
g ® 404 . ‘? 40 1
é 2 00066330"0”000 g
O
5 8 201 00° 8 204
é mwwmwoww
- 0+ . 0
S
0 T T T T T T T T T T T
(_‘% 250 300 350 400 450 500 550 200 250 300 350 400 450 500 550
8 Temperature (°C) Temperature (°C)
[ |

E.M

o

ioli et al., CES:X, 2020, 8, 100078
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Improving the Ni-catalyst

= \What does Ni need to perform
better?

* Formation of interfaces to better
interact with CO,,

* This can be achieved with an
appropriate promoter

= DFT calculations showed that
Mn may be an appropriate
promoter, as it decreases the
energy barrier of CO,
adsorption

DFT = density functional theory

Energy (kJ/mol)

150 4

o
o
N

50 4

Ni311)

CO*+0*+H"

CO"+OH*

Energy (kJ/mol)

Mn;Ou/Ni(111)

CO*O+H",

Reaction Coordinate

Reaction Coordinate

24



=PrL  Effect on Mn on Ni reduction

PSI

Increasing Mn content

v

T.°C T.%C T,°C T,°€
a 450 450 Cc 450 450

o - IW s
357 -/\/w 355
307 305

__/VNM
205 206 205
157 155
107 105

404
354
305
255
203
154

= Presence of Mn
increases the reduction
temperature of Ni
(observed by Ni K-
edge XANES)

155

105 104

o
s

56 57 56 54

8300 8350 8400 8450 8500 8300 8350 8400 8450 8500 8300 8350 8400 8450 8500 8300 8350 8400 8450 8500

é Energy (eV) Energy (eV) Energy (eV) Energy (eV)
é 450 - 450 - 450- 450 -

< 400 400 400 400

(=2}

E = We can hence form the 5 %]

2 . . . < 300 300 300 55

g optimal mixture of Ni%

[e] =

5 12+ 2 2004 E 1 4

: Ni2* to perform the CO, §=

(é . . 2 1504 150 150 4 150 4

@ methanation reaction 100 100 100 100-

E 501 50 4 50+ 501

5 8330 8340 8350 8360 8330 8340 8350 8360 8330 8340 8350 8360 8330 8340 8350 8360
» Energy (eV) Energy (eV) Energy (eV) Energy (eV)
%

@

S

|
W. Vrijburg et al., ACS Catal., 2019, 9, 7823-7839



5 Catalyst performance "

P Psi

100

-
5“
-

| =&=NiMn(2:1)
=7 NiMn(1:1)
{=O=NiMn(1:2)
=0O=—Mn

| = = = = Equilibrium

(02]
o

(o)}
o

CO, conversion (%)

200 250 300

Catalysis for Emission Control and Energy Production
]
o
1

|
W. Vrijburg et al., ACS Catal., 2019, 9, 7823-7839

1-o—ni

350
Temperature (°C)

400

= Catalyst synthesized via wet-impregnation

= Important affinity between Ni and Mn

= High performance of the 1:2 Ni:Mn catalyst
-> ideal for CO, methanation
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EPFL - Optimisation of reactor
. AND catalyst

~ Stabilize the - An=4%._§.f. oo _ -
" temperature | An=1 %I P=10 bar-
@D Precise control
of the coolant Kinetic control ]
Activity at low 3 Maximize cooling ?
S tirr;p;%r?tucr:e ° 604 g control . Large exchange
3 ( ) = | area + high heat ((_]
= 5 " Activation transfer
5 Reach activation 30°C Resist high
& temperature ] o 1 temperature oy
§ Use approriate 20 J?G = +——Ru .
5 economizer ] g — Ni/Al,O4 ? _
Activate at NN 7 _/ ——NiMg/AL,0, 7 Requirements
5 @@ (sufficiently) low 0 200 400 600 800 ] Reactor
% temperature Temperature (°C)
S > Catalyst



L

- JPsl

Control and Energy Production

for Emission

B Catalysis

Contents

Reforming (steam, dry)
Water Gas Shift (WGS)
Electrolysis
Methanation

ald O b =

Methanol Synthesis

28



EPF

Control and Energy Production

for Emission

B Catalysis

L
|

Methanol Synthesis -
Reactions
CO +2H, © CH,OH AH=-90.7 kJ mol-!
= Why methanol?

« Liquid at ambient temperature (can be barreled and transported).

«  One of the most important intermediaries in the synthesis of clean fuels.
Production of other chemicals (formaldehyde, olefins, etc.)

«  Blend directly with gasoline to improve its octane rating and combustion.

29



§ CHyO0H | 10%
8 [T

S Acrylic Terephthalic = -H,0 or

5 acid acid {catalyst) +0,(Mo)

J l petrol blending
fHh H EUOE'Q‘CUOCH 9 Hy(-0-CH; H,C=CH HCHO £
:l- 3 3 _S_ i =12
C-CBOCH, HyCO g 0CH, HoCCHEH,

=PFL What is methanol used )
for?

ethene & propene
(MTO)
10%

CH,CO00H  HCOOCH, CH,lCH,),-OH (CH,),C-0-CH, CHyCL  CHyNH, (CHy)NH, (CHy) N

+(0 +(0 +nCOMH, | +H,C=CICHy), +HCl +NH,
(catalyst}  |{catalyst) (catalyst) (catalyst)

methanal
(formaldehyde)
29%

dimethyl ether
(DME)

methyl 2-
methylpropenoate
(MMA)

2%

B Catalysis for Emission Cgtrol al

Data for 2015, from IHS Markit, 2015



=F7L Thermodynamic equilibrium!

© o2, - <—>CH30H ’
© co+1,0 Sco,+

A; = extent of reaction

CO con COn—1, — A,
Co, CO,n CO,M +1,

H, H,n H,n—22; + A,
CH,OH . +1,

H,O H,Oin H,0"+1,

Total nin, nit, — 2,

31

15x10%4 4
\
\
\
1.0x10° \ e
\ f(CH;0H)
\ Kiq(T) = —32
f(€o) - f(Hy)
\
\
-4 _| -
5.0x10° .
A
~
~
~ —
0.0 - = - 4
. . . . .
250 300 350 400

Temperature ("C)

Decrease in the number of moles



=PFL Thermodynamic .

equilibrium! Effect of pressure on TD eq.
1 . AGl(T) o f(CHgOH) o P-¢(CH30H) o ¢(CH3OH) i
Keq(T) = exp ( RT ) ~ f(CO)f(Hp)?  P-p(CO)P2-¢p(Hy)2 qb(CO)-qb(Hz)Zl I

2 _ AG2(T)\ _ f(CO)-f(H20) _ P-¢p(CO)-P-p(H,0) _ ¢p(CO,)-¢p(H,0)
Keq(T)_eXp( RT )_ f(CO)-f(Hy) — P-¢p(CO)P-p(H)  ¢(CO)-¢p(Hy)

R TR TR - fooeciy of comporent
coin CON—1, — A, ¢ (i)= fugacity coefficient component i
C02 Cco,n CO,"+41, _
: : Higher pressure
H2 H2In H2In_2/11 + /12 =
CH,;0OH - +24 Higher eq. conversion
H,O AlONT H,O"+ A,
Total n%’t ng)lt — 21, |———— Decrease in the number of moles
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CO conversion [-]

Results equilibrium
calculations

CO conversion variation with pressure

081
061
04r
w50 bar
e 1 00 bar
150 bar
0.2 | —— 200 bar
e 250 bar
w300 bar
0 1 1 Il 1 1 T 1
100 150 200 250 300 350 400

Temperature [C]

450

Inlet: 1 CO/2H,

High conversion only below
300 °C

33
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Results equilibrium
calculations

CO2 conversion variation with pressure

1CO,/3H,

conversion only below 300 °C

50 bar
e 100 bar
| 150 bar
0.8 e 200 bar
- =250 bar
c === 300 bar
o) [
® 0.6
i)
=
-
38
O /’”
O [———
RWGS
0.2r
MeOH synthesis
0 il il 1
250 300 350 400

Temperature [C]

» CO, conversion to CO

34
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Catalysts for the "
synthesis

= Historically, the first catalysts were based on ZnO/Cr,O, operating the
so-called BASF process (1923)

* Active above 400 °C -> high pressure needed
* Problem: side methanation reaction (CO + 3H, < CH, + H,0)

= Modern catalysts are based on Cu/ZnO/Al,O; are active at lower
temperature (ICI process, late 1960s)

 Active at 250 °C -> possible to operate at lower pressure
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=P*L  We need appropriate

catalysts

CO conversion variation with pressure

100 150 200 250 300 350 400 450
Temperature [C]

: 0.8
Second generation catalysts
s \§\ First generation catalysts
5 hadl (BASF) — ZnO/Cr,0,
= 2
=g c
o @]
(5 © 04r
E O =50 bar
E © 100 bar
S 150 bar
g 0.2 1| ——200 bar
|5 =250 bar
8 s 300 bar
% 0 1 1 1 I 1 1
§
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Properties of the
commercial catalyst

Co-Precipitation

— t=30-120 min |
b Tk T=60-70°C

T=60-70°C

CuO/Zn0O/Al,O,

Desirable properties
-Large surface area
-Cu particles defect

-Cu-ZnO interface

Challenges

-Easily deactivated by sintering and
— water poisoning

-Low equilibrium conversion (10%)
-Low methanol selectivity

Solutions
-Use of hydrophobic materials as catalyst components
-Stabilization of Cu nanoparticles in porous materials
-Use of binder in catalyst composition

-Development of new catalysts

'

£S5 Cu/ZnO/ALLO,

37



=PrL Proposed mechanism over ClI/ Zn0 i
CO(g) CO,(g)
¥ R3 lR 1
0 R10 O OH R12, R11 0-C-0
C —_— (‘ J
0.80
R17 CH;OH(g)
0.40 1 +CO(g)
H +H,0(9)
H,0(g) HCOOH(g) ¥
R26 Tm R5 o 0 000 7 papsedii l co 7
+ OH* Hydrogenation
ot R16, R14 3 0401 CHOH(
16, [pao 2 GOy + OHT HCO sOH(e) ,
c >
g H <080 1 o,
3 R15 H R34 C OH £ Hydrogenation
° 0 0 0 I co,
& RIG -1.20 - ' on0 + HOH
g cOo*
o 160 COy* COOH, co,
- 2 + OH' +OH*
5] HCOOH CH,OH
g -2.00 1 2
8 CH,0,* cH,0° CHégl-:(g))
5 « 5 z +CH,0H(g)| * ©©(9
E 20 HCOO Ve [zcHon@] * Hig
@
UE_I Reaction Coordinate
S
@
v
>
8
©
o
|

L. C. Grabow and M. Mavrikakis, ACS Catal. 2011



=F7L " Reactor design "

= Due to thermodynamic equilibrium,
the maximum in the reaction rate

,4
=)
i

Intermediate cooling

il function is found at lower
. temperature with increasing
- conversion
ES
3 6
E
3 5 . .
. : L = The reactor design must consider
E ~ this phenomenon
g 0
5 200 250 300 350 . . .
=R Easiest solution for this reactor:
g Fig. 8. h r file. A, equilibrium line; B, i : : :
5 i G, quench line and D, ivaved g cutbriom fnes B meximm e A djabatic reactor with
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Adiabatic reactor with

intermediate cooling
10~
9
8
7
®
s 6
£
S 5
[
2
T 4r
=
3
2
l-
0
200 250 300 350

Temperature,°C

— N/
Intermediate Intermediate
cooling with indirect
quench cooling

40
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Cooled reactor

=PrL

CO Conversion

500 550 600 650 700
T[K]

450

400

uononpoid ABJau3g pue 00D UoIsSIWT Joj sisAlered B



=PFL  Temperature profiles

CO conversion

Reaction proceeding
while cooling

Reaction hotspot (can be avoided

| / with larger heat exchange)

BN

400 450 500 550 600 650 700
T K]

Better performing reactor (less volume needed) but more
complex

B Catalysis for Emission Control and Energy Production

42
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Methanol synthesis:
new perspectives

= Possible new technologies:
» Multistage reactors

Electrolyzer « Sorption- enhanced
synthesis

* In situ separation of
H.O products

Max 30 bar /\

Rl Cl Rn

C02 —>
Tou=230°C U Tou= 230 °C
P=10-30b P =10-30 bar
ar l T,u= 40 °C

CO, source MeOH

(for further use)

H, + CO,

|

G,

l Tou=40°C

MeOH

43
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