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Chemical Engineering and Catalysis:

from molecular to process scale
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Catalysis: e.g. Mars van Krevelen Redox cycle

@ Oxygen
Oxygen vacancy

Oxidation

°®
Reduction X
2

+ Diffusion of lattice oxygen from bulk to surface

prm Nibbelke R.H. et al., J. Catal. 1995, 156, 106 Menon U. et al., J. Catal., 2011 283,1
Qi 1 £ Alexopoulos K. et al., Appl. Catal. B 2010, 97, 381

GHENT .l .n = Mathias F. et al., Angew. Chem. Int. Ed. 2018, 57 (38), 12430;
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Catalytic vs Cyclic/Chemical Looping process
CH, + 20,— CO, + 2H,0

Catalytic process Chemical looping process
Single set of conditions Different sets of conditions
e.g. Mars - van Krevelen mechanism
co, Cu 20, + N, co, Cu

2H,0 2H,0
CH, CuO N, CH, CuO
CH, + Air CH, | Ar | cH, | Air
_ I ———————————————————————————
I 1 n' time/place
LU B Ishida M. et al.,"Evaluation of a CHEMICAL-LOOPING-COMBUSTION
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power generation system by graphic exergy analysis” Energy, 12 (1987),147



Chemical Looping allows to:

* combine reaction and separation

o improve selectivity e.g. Rashmi M. Contractor CES vol. 54 (1999) 5627-5632 : Dupont's CFB technology for maleic anhydride
« operate safely “within” explosion limits

* use cheap materials (CaO, FeO,, ...)

« circumvent equilibrium limitations

« mitigate carbon formation

* optimize heat management

* minimize exergy loss
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CO, capture and utilization (CCU)

> 15 Gt/year

coal fuels > 300 Mt/year >6 Mt/year
" " T Sadiblc aldehydes
natural gas 7 Q y
> 30 Mt/year
1 70 o
alkanes M:/yea, CH;OH CH,O
2 HZO ' Hzo * C=
- 5

[T+ 2CH,OH
+%0,

.......... ‘ s,

= H20
o 3 >04 +C
LS 4
y t% ﬁ ﬁ ' CZH5OH Mt/yearCOCIZ (CHBO)ZCO Mt/year
4 T Y v
P , ) ' : > 68 Mt/year id
— (anaerobic fermentation of organic waste, ... \ / acClas
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K. Verbeeck, L. Buelens et al., Energy & Environmental Science 11 (2018) 1788-1802 (DOI: 10.1039/C8EE01059E)



Chemical Looping: super dry reforming of CH,

3CO, + CH, — 4CO + 2H,0

ArH;023¥ ArG1 023K
(k) molgg,) (k] molgg,)

1: CH, + 3CO, + Fe;0, + 4Ca0 & 2H,0 + 3Fe + 4CaCO, 103 32
2:inert + 4CaCO; + 3Fe 2 4Ca0 + Fe;0, + 4CO + inert +212 +24
I} - r.- /Cheap materials

GHENT
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Fixed bed: Permanent periodic regime

T=1023 K; CH,.CO, = 1:3; after 25 cycles

30
- CH,:CO, He
25 —} co, CO, -
‘:.': E coim 5
ap 20
- . Ni e
% [ ca0 [
£ -
S0+ k2 A
i B H,0 inert CO
(%] - H H0 co co °°
5 T
0 - :
0 20 40 60
Time (s) Fe,O,: Oxygen carrier/Storage Material (OSM)
I 1 n' CaO : CO, sorbent
GHENT . .
ONVERsiTy Do W Ni  :reforming catalyst 11160

L. Buelens et al., Science 354 (2016) 449



Super dry reforming of CH,

(kJ molgg,) (k] molcs,)
—» Step 1: CH,+ 3CO, + Fe;0, + 4Ca0 2 2H,0 + 3Fe + 4CaCO, -103 -32
20, i
~ 2H,0 3Fe §
CHy i |
+ =—»— 2CO+2H, Fe;0, |
COZ i i
] Vo
GHENT
ONVERsiTy e W 12/60
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Super dry reforming of CH,

(k] molgg,) (k] molgg,)
—» Step 1: CH,+ 3CO, + Fe;0, + 4Ca0 2 2H,0 + 3Fe + 4CaCO, -103 -32
o — 2C0, ——_
| 2C0, |
.~ 2H,0 3Fe 4Ca0 |
CHa i i
+ =—— 2C0+2H, Fe;0, 4CaCo; |
co, |
I Vo
GHENT
ONVERsTY M B 13/60
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Super dry reforming of CH,

(k] molgg,) (k] molg,)
—> Step 1: CH, + 3CO, + Fe;0, + 4Ca0 2 2H,0 + 3Fe + 4CaCO;, -103 -32
—> Step 2:inert + 4CaCO; + 3Fe 2 4Ca0 + Fe;0, + 4CO + inert +212 +24
3Fe 4CO, 4Ca0

/ inert
4CaCo,
o R |
5 10T
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Super dry reforming of CH,

(k] molgg,) (k] molg,)
—> Step 1: CH, + 3CO, + Fe;0, + 4Ca0 2 2H,0 + 3Fe + 4CaCO;, -103 -32
—> Step 2:inert + 4CaCO; + 3Fe 2 4Ca0 + Fe;0, + 4CO + inert +212 +24
3Fe 4CO, 4Ca0

/ inert
Fe,0, 4CaCo,
| 4CO
E 0T +
GHENT )
ONIVERSTY e B inert 15/60
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Super dry reforming of CH, Sefiozsg | Moz

(kJ molcg, ) (kJ molcg,)
—» Step 1: CH,+ 3CO, + Fe;0, + 4Ca0 2 2H,0 + 3Fe + 4CaCO, -103 -32.4
—> Step 2:inert + 4CaCO; + 3Fe 2 4Ca0 + Fe;0, + 4CO + inert +212 +23.8
CH,+ 3CO, +inert 2 4CO + 2H,0 + inert +109 8.6
S — 2C0, ——>—u_
2CO,

. 2H,0 4Ca0

CH, . Y inert
Ni| |
+ == 2C0+2H, Fe;0, 4CaCo; |

co, /

A .‘ . Circumvent equilibrium |ImltCltI0nS+ 'RWGS 2H, +2C0O, = 2H,0 + 2C0O i
GHENT |.\, | inert T T
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Permanent periodic regime: simulated moving bed

H,0
co

T g S~y time time

GHENT
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Industrial processes with similar technology
CATOFIN dehydrogenatlon unit Fluid catalytic cracking (FCC)

s Products

para

prgegas — Y ¥
; oy i Flue Gas q
alr =1 : : 3 : :
> Y T : : ; T :
/i Vi ! Vi
howee 1j 1 i 5 i i i i Regenerator o5 Reactor
fixed ripper
bed DH purge egen.| .';'&';:L'f“’c' : : I;';-:;?'m r? :
reac.
Vi AL 75 S R ? ECAT — Riser
i ‘ ! : i1 : ! = offgas FRESH ———p
: v ; gas separation
S ) olefins Feed
) = 4 VGO or Resid
fu/el _ byproducts Air Blower
= 7T H,C, )
ey Cr,0;/Alumina Zeolite
x T: 575°C T: 500 - 800 °C
P:0.2-0.5 bar Period: minute

Period: hour
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Super Dry Reforming of CH,

3 CO, per CH, ata CO space-time yield of 1-10 mol/m3/s

Paul B. Weisz “The Science of the Possible: windows on reality”
CHEMTECH, July 1982, 425

Jean-Paul Lange et al. I&EC Research 2019,58,8674-8680 and
Catal. Sci. Technology 2016, 6, 4759-4767

Overall endothermic: how to reach and maintain 1023K?

s P Autothermal Dry Reforming

GHENT LW
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Chemical Looping with “combustion” of some methane

CH, + 3CO, 2 4CO + 2H,0 AH?, . = 327 kJ/mol,.,
CH, + xCO, + (3 - x)/20, 2 (1 +x)CO + 2H,0 AH%,,;= 0 kJ/moly,
0.6} =
c
£ 05} ;
@ T=1023K g Exothermic region |
X=2 =04 |
2 Endothermic region
o 0.3}
. P 500 950 1000 1050
GnlliiliErNT id = Temperature, K
ONIVERsTY D B ’

J.W. Hu et al. Journal of CO2 utilization, 16 (2016) 8-16; Appl. Cat. B, 231 (2018) 123-136 20/60



Autothermal dry reforming: flowsheet (circulating solids)

y 446 kta H,O

Ni Catalyst, Fe, CaCOs; CO, N3 9 1.74 MMta
Super Dry Reforming | ’ovst/s ______________________ 1 _____ l _________________________ 56% CO, 44% N,
Dry Reforming Solids Regeneration Temperature
1 MMta CO, _i_' CO; Capture CO Production .
199ktaCHy __{ -85 MW 85 MW
__ Solids MAKEUP jlf Ni Catalyst, CaO, Fe;Oy i T | PURGE
L | l
Solids
PURGEi ‘[990 k
10 molCO/m3/s = 100 Ton solids
I} 1 M~ \/optumuze heat management \/Mmlmlze exergy loss

GHENT
UNIVERSITY l'\" .
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Oxidative coupling of methane ( OCM) ®c

OH
: @®o
C% (% I catalyst j ‘J
2CH, + CH, + 2 H,0
CO
co, ~
Challenges
x |nertness of CH,: high T GAS PHASE CHEMISTRY

x_High exothermicity: heat management REACTOR DESIGN
JI} l ”

x Trade-off between conversion and selectivity: low ethene yield } CATALYST &
GHENT
UNIVERSITY l'\’.
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Gas-Phase Reaction Network

N

GHENT
UNIVERSITY

Primary initiation
CH,+ O, & CH,* + HO,*

CH;* generation
CH,+He & CH,* + H,
CH,+ O+ > CH,* + OHs
CH,+ OH+ < CH,* + H,0
CH,+ HO,* & CH,* + H,0,

CH;* coupling
CH,e+ CHye + M & C,H, + M

CH;* oxidation

CH,*+ O, <> CH,0¢ + O¢
CH,* + HO,* <> CH,0¢ + OH+
CH,*+ O, < CH,O + OH-

Dehydrogenation of ethane
C,Hg+ He & C,Hs + H,

C,Hg+ OHe & C,H,* + H,0
C,Hg+ CH,e > C,Hge + CH,
C,Hg + O* < C,H,* + OH-

C,Hge + Mo C,H, + He + M
C,H.,*+ 0, C,H, + HO,*

Hydrogen—oxygen reactions

O,+H*+M < HO,»+M
H,0, + M <> OHe + OHe + M

Decomposition of C,H,
C,H,+ O+ & CH,* + CHO
C2H4 + OH. < CH3. + CH20

Experimental conditions:
p=1-10 bar ; T=873-1123 K; CH,/0, l,= 4-10; He/CH,l,=0-1.25; V/F¢y,,=0.1-1.9 m3s mol-",
CH, conversion = 2—-15%, O, conversion = 10-100%

Chen, Qi, et al. Industrial & Engineering Chemistry Research 30.9 (1991): 2088-2097

Chen, Qi, et al. AIChE journal 40.3 (1994): 521-535

Oxidation of CH;0+ and CH,O

CH,0*+M < CH,O + He + M
CH,O + OH+ < CHO- + H,0
CH,0 + HO,* & CHO- + H,0,
CH,O + CH,* <> CHO- + CH,
CHO*+M — CO+He+M
CHO++ 0, < CO + HO,*
CO+ HO,* < CO, + OH*
Dehydrogenation of ethene
C,H,+ O, C,H,e + HO,
C,H,+ He & C,H,* + H,
C,H,+ O+ & C,H,* + OHe
C,H,+ OHe — C,H,* + H,0
C,H,+ CH,» & C,H,* + CH,
C,H;e + M C,H, + He + M
C,H;*+ 0, & C,H, + HO,*

25/60



Surface Reaction Network

HYDROGEN ABSTRACTION BY HYDROGEN ABSTRACTION BY SURFACE REACTION
ELEY-RIDEAL STEPS :> CH,0+ + O +» CH,0x + OH *

I:> CH,+ Ox < CHj;"+ OH+ CH,Ox + O <> HCOx + OH *
CH,+ Ox < C,Hy" + OH: CHOx + O <> COx + OH *
I:> CoHg+ Ox < C,H * + OH+« C,H,0 * + O+ C,H;0 + + OH *

C,H;"+ O < C,H, + OH =
CH;O0 "+ O x— CH, O+ OH *
CH,O + O+ <> CHO " + OH *
CHO'+ O x* —~ CO + OH = CO OXIDATION ON THE SURFACE
H,+ O x < H + OH x COx + O x> CO,* + *

H,0,+ O » <> HO, "+ OH *
OH +0+% < O +OHx
H,O0+ O * <> OH "+ OH *

RECOMBINATION OF HYDROXYLS
20H* < H,0* + O+

C-C CLEAVAGE ON THE SURFACE
C,H;0 x + O x CH,0 * + HCO *

ADSORPTION STEPS

H02.+0*(—>02+0H*
—~ — ‘ [ >0, +2+«> 20
I I .
(ENT | W Sﬂ/Ll/MgO |:9>CH3 + 0 x> CH3O*
UNIVERSITY l-\". Nibbelke R.H. et al., J. Catal.,(156), 1995, 106-119 26/60

Kechagiopoulos, P. N., et al., Ind. Eng. Chem. Res., (53), 2013, 1825-1840



Catalyst and Kinetic Descriptors

e Reaction families:

- o o e o Em o o Em o e e Em e e e e e e e e

H abstraction by surface reaction
Recombination of OH
CO oxidation on the surface

C-C cleavage on the surface

* POIanyi relation within a reaction family:
activation energy: E, ;= £, + oA ;H
» Kkinetic descriptors:a, E,

« areaction family shares the same (E,,0)

I} 1 S~
GHENT L.‘ =
UNIVERSITY T S S o e

P.N. Kechagiopoulos et al., Ind. Eng. Chem. Res., (53), 2014, 1825-1840

——————————————————————————————

e Reference: abstraction from Methane
CH;-H + O+ <~ CH; e+ OH+

D, =A, ,H catalyst descriptor

e Any reaction i in the family: e.g. from
Ethane

. AH= Dy + Qeons — Qcha

— o o e o m mEm mm Rm Em M M Rmm R M mmm mm e e e

27/60
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Gas phase/surface reactions microkinetics
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Catalyst descriptors

D1 D2 D3
Reaction Chemisorption Sticking
enthalpy of H heat O, probability of

abstraction (kd/molg,) CH; on O* (-)
(kd/molqy,)

D4
Active sites
Density (mol/m?)

CH,+ Ox < CH;'+ OHx O, + 2+ < 20« CH; + O x> CH,0+ Oxygen Pool Capacity

02 Adsorption from
gas phase

-.--.--.--.--.--.--.--.--.--.--.-' 8PS ES C CHS LS DS DR LS LS £ 3PS ES L LS LIl L DR LS SHS CHE O 3PS ES L LS LIl L DR LS SHS CHE O B R R R e R e L L R
r-!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘1—!‘ "1-"_;- Roaos 1-. goaSaty 1-. 1-. 1-. 1-. T

(V (
r.+.+!‘+!‘+!‘ .-r.+.+.+.+.+.-h-h-h+..
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7 atly o ¢
1-.1-!‘1-!‘?!‘?!‘?!‘?!‘?!‘1—!‘1—; 4 -"‘1—"?!‘?!‘?!‘?!‘1—!‘1—.1— +.+.+.+.+.+!‘+!‘;!‘;!‘+!‘+‘

REar il 1-. 1-. RHAERRLERRa AR I‘ I‘ I‘ I‘ I‘ gonos I‘ RHARRRRE AR R R AR I"I"E“_' "I"-r b e e e e
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o) A TTa T
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i B M Nibbelke R.H. et al., J. Catal. 156), 1995, 106-119

GHENT . .
Pirro, L. et al., Catal. Sci. Technol. (9), 2019, 3109-3125
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Catalyst descriptors and catalyst performance

D4 D, D3 D,
Unit kJ mol™’ kJ mol™’ 10~4 10°mol m
44 .4+0.2 6.5+0.5
low D1, high D3,D4
73.642.2 1.1900+0.0002
Sn-Li/lMgO  56.6+0.8 60.5+2.6 0.62+0.01 1.33 +0.03 LOW ACTIVITY:
high D1, low D4
LaSr/Ca0O 65.1+1.6 139.6+5.3 1.14+0.03 6.4+1.5
amnwisio, (1400:000) @ao1d) Qo)  (Gasrioond) HIGH SELECTIVITY:
Value £95% confidence interval S~— — ~——

low D2,low D3

D1 — Reaction enthalpy of hydrogen abstraction from CH, D, — Chemisorption heat of O,

D5 — Initial sticking probability of CH3 D4 — Density of active sites
i
il 1 M
GHENT B B N exiadis, VI, et al. Applied Catalysis B-Environmental , 199,252-259,2016

UNIVERSITY e
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Experimental Set-Up: isothermal conditions

'
8
-
o
Fluidized sand bath ; 7 7 el \{
\ 4 %% se | g ol 3
— o 1R Ei
o 8 ’ 2w L _
Air distributor \§ / - i | T profile
'(3‘4“,\ 4 % | | g 60 |- Catalyst bed ___k_lj__{-’vf‘j
S .7/ V0 P
HE 2 = ~
3 7 : 80 {j
§ g e e 1(;0 I 200 . 3CIlO . 4(llO . 5(.!)0 . GL;O ‘ 760 I 800
& Temperature (°C)

ul
u|

{II} 1 S~

e EE N
GHENT S
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Chemical Engineering and Catalysis

* Introduction

* Super Dry Reforming

» Oxidative coupling: heat transfer
» Conclusions and Perspectives
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Exothermic reactions: steady-state multiplicity

Unfolding parameter: e.g. dimensionless adiabatic temperature rise AT,

E
ATpq= W AT g T

out
0

State variable:
e.g. outlet temperature 1,
or conversion X,

AT}, < 4

. _/
log(tp)

Positive feedback required: e.g. sufficient thermal backmixing 9

- Bifurcation parameter: e.qg. inlet temperature T;, or Ty = =
i 1 S~ Fv(stp)cny

EE B
GHENT
UNIVERITY e B

33/60



Steady-state multiplicity: Ignition/Extinction

(a) 100

f -
£ w0 ¥ i
; 3 A
£ 40 a
3 , !
S -
m "l
L
# | |
o Lo =,
250 200 350 400 450 500 550 C
Furnace Temperature/deg. C % g _
S. Sarsani et al., Chem. Eng. J., (328), 2017, 484-496. 5 " (S
c| v =
E Qo ';S-{ab/e S
Q © ."~.S[@
O £ s
x "*?I‘@s
Ll T,
o
Lower branch
e
111 | ’ * . ; . ,
EE BN Inlet temperature [K]

GHENT
UNIVERSITY e B 34/60
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Industrial reactor : heat management by cooling?

Feed gas

cooled,
multi-tubular
reactor

N

(http://www.technobel
l.eu/chemical-process-
technologies/phthalic-
anhydride/)

L
ONIVE B

UNIVERSITY

Steam
——
Feed
water
Circulation  Steam
turbine generator

|
7N f

-

@,

Saturated
steam

Steam drum

Feed
water

(G. Eigenberger & W. Ruppel,

Ullmann’s Encycl. Ind. Chem.,
2012)

> 200 multi-tube reactors
(of the largest size possible
= 50000 tubes/reactor) for
a single OCM plant

(J.H.B.J. Hoebink et al., Chem. Eng. Sci., 1994)
(L. Chen et al., Chem. Eng. J., 2020)

22/40



Industrial reactor : heat management

Upper branch —
¥ 2
> | &)
5 -~ )
= Unsf~ -~ =5
© ab/ st e e)
8 (- eadys a;e"“, =
£ |O S
2106
B | S
3 |
AUTOTHERMAL
ADIABATIC OPERATION . _
WITH AMBIENT INLET TEMPERATURE? Ambient Inlet temperature [K]
m Vo s

e EE N
GHENT S
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Adiabatic packed-bed reactors
zsiluria

TECHNOLOGIES ethane injection

http://siluria.com/Technology/Demonstration_Plant

Methane Conversion Ethane Conversion

v
A
b

Methane 'l' <

Oxygen

OCM Reaction Section:

2CH; + O, = C,H, + 2H,0 +
heat

1203 K

Temperature

Ethane Conversion
Section:

C,Hg + heat = C,H, + H,

Ethane

L > 733-873K
Ethylene Reactor Length

c&en TOPCS-  MAGAINE-  COLLECTIONS~  VIDEDS J0BS @

PETROCHEMICALS

McDermott buys Siluria for oxidative
methane-coupling technology

H. Tull

N
E (T
GHENT
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Adiabatic packed bed reactor

Plug flow reactor (PFR)
Sr/La,04
Methane v . 5
. CH,:0, = 6, VIF%grpycra = 0.01's, M/V = 1000 kg,/m
- 1600 - T T T
Oxygen ,‘ ‘ i - adiabatic PFR M
y OCM Reaction Section: 1400 |
1 —
4 2CH; + 0O, = C,H, + 2H,0 + X,
Nes heat o
E 1200 |
i - o]
| = 2
. 2 g
Ethane Ethane Conversion 5 | .
Section: = 1000 .
. C2H5 + heat 2 C2H4 + Hg g d
@ 800
' >
o Ethylene .
Source: Siluria %0900 400 600 800 1000 1200
Inlet temperature [K]
—
g 1T
GHENT
B 39/60
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Adiabatic Continuous Stirred Tank Reactor (CSTR)

GHENT
UNIVERSITY

DRIVING CHEMICAL TECHNOLOGY

1600 |

1400 |

1000

Outlet temperature [K]

800

200 400 600 800 1000 1200 1400

Inlet temperature [K]

ambient

Sr/La, 0,

P = 1 bar, CH4:02 = 4 (no dilution),
VIFOV(STP),CH4 = 0.003 s
40/60



|deal reactor types

* Plug flow reactor (PFR)
No species backmixing, no thermal backmixing

» Continuously stirred tank reactor (CSTR)
Perfect species backmixing, perfect thermal backmixing

* Lumped thermal reactor (LTR)

No species backmixing, perfect thermal backmixing
(Zhe Sun et al. CEJ , 343, 770-788, 2018)
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OCM with Sr/La,O5 : comparison of reactor types

LTR most promising

— Lowest extinction 1600 , [ , :
point (ambient inlet — adiabatic CSTR
temperature - adiabatic LTR 7—
possible) 1400 — adiabatic PFR /

1200

Operating conditions: 1000 -

P =1 bar, CH402=6
VIFOstp)cHa = 0.01's,
mcat/V = 1000 Kgga/M®

Outlet temperature [K]

800

600 ' . =
ﬁiﬁf 1 M 200 400 600 800 1000 1200

H N ] ambient Inlet temperature [K]
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OCM with Sr/La,0, : Comparlson of reactor types

LTR most promising

— Lowest extinction
point (ambient inlet
temperature
possible)

Operating conditions:
P =1 bar, CH4'O2 =0,
VIFOstp)cHa = 0.01's,
mcat/V = 1000 Kgga/M®

i

GHENT
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Lumped Thermal Reactors in real life

Key feature: little species but good thermal backmixing

Shallow packed bed

i i S BN AR B T T Y

O (0] 0]0.,6.0.0,0/6/0/0]0,0/0.0,0/0/010]

R

b

Shallow packed-bed
with larger particles

High cell density monoliths

i

N

#

NN

i | N
PN S 2 2R T T

Thin-bed with small particles.
High cell density monolith. «—
(Gauze/Fibermat/Nano-fibers)

Balakotaiah, V. et al. Chem. Eng. J. 2019, 374, 1403-1419

Thin bed cofeed reactors for methane conversion, US4876409A, 1989 ARCO
Process for oxidatively converting methane to higher hydrocarbon products, WO2019048408A1, W0201948412A1, 2019 Shell

—
i 1 S~
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Gas-solid vortex reactor

slots '

Gas injection through Rotating + *
inclined slots P solid X
R T particles <=—a—
ce bt v e, o ~—paal e L
‘ she T UL ‘\ Vortex
‘:\'\':.'_ | | —
e
’c'Y:l‘ I'
o Tou® ~
Dy e = Outflow
..... 1\ - -
& [ o
(A - =
3 AN il
I R Ll 8 End walls
p '4‘/
= Tangential

Vandewalle, L. A. et al. Chem. Eng. Sci. 2019, 798, 268-289
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Gas-Solid Vortex Reactor (GSVR)

Tangential
' gas
injection
slots S,
| *’

p Rotating bed in |

Vortex reactor

» High gas feed flow rates - small gas residence time
» High gas-solid slip velocity = good gas-solid heat and mass transfer

* Good thermal backmixing

i T PROCESS INTENSIFICATION

GHENT S
UNIVERSITY DRIVING CHEMICAL T[D.N.OLDD M .N. Pantzali et al., AIChE J., (61), 2015, 4114-4125. 45/60



Thermal backmixing

Solid-phase energy equation:

d(&spshs)
ot

enerqgy transport by moving particles

For GSVR: importance of radial motion of particles!!

QT Q& QT Q]
04 : @
:;. B Al 'AA‘A" Jot e
_8 0.0 += | - {: .“, ‘L-Lii"_‘
_;2 A ! ‘ it W“
S .02 ﬁh"“ "
]
F |
Gonzalez-Quiroga et al., Powder 0.4 ‘ :
Technology (2019) ' P Gas inlet slot |
I I | | I~
I W o o 0 02 04 06 08

GHENT L.\.o = Azimuthal coordinate (rad)
UNIVERSITY: s e

y-coordinate [mm]

50

Simulated

10.2

0 10 20 30 40
x-coordinate [mm]

0.4

0.3

10.1

10

-0.1

-0.2

-0.3

+ ﬁ : (espsﬁ’shs) = v) ' (gspsaeff,sv)hs) + 85,05(1_1)5 . g)) — ng + &50Qr s

Radial velocity [m/s]

Vandewalle et al., IECR (2019)



Computational Fluid Dynamics Euler-Euler code
CATalyticCHemistrYFOAM

XXXXX XXXX VOLUME XX

CATALYST SURFACE SCALE PARTICLE SCALE REACTOR SCALE energydue
g : .au.ors/EF

(K. Takanabe, J. Jap. Petr. Inst., 2012)
C, product
L ]

Surface-O* & ? OH--mediated 0O, chemisorption limiting

0, .»:-:. ‘ﬂ\ Nnﬂ
."‘ l'". le._rad:ca.f

' OH radical

Catalyst surface

Also Enrique Iglesia, see e.g. J. Phys. Chem. C113, 10131 (2009)
e
o Rea < fsPublicatons —
GHENT S Vandewalle L.et al, Energy & Fuels

UNIVERSITY  coine e recumoroes https://github.com/lavdwall/catchyF OAM (2020) 47160



Adiabatic GSVR for OCM: T.. =973 K

o E
973 1013
Gas temperature [K]

— =
0.00 0.01
C2H4 mass fraction [-]

— -
0.62 0.67
CH4 mass fraction [-]

|
0.00 010 020  0.30
Catalyst volume fraction [-]

CH, conversion ~ 1.56 % C, selectivity ~ 67 % Temperature rise
Local higher conversion 9.4 % C,H, + 57.6 % C,Hs from inlet to outlet
in ‘dead’ zone between ~35K
the slots
@ = n- 2D GSVR, 16 slots, Dg =8 cm, Fy, 4, = 15 Nm*/hr, CH,:O, = 4:1, P = 2 bar, T;, = 973 K (adiabatic)
UliveRsy M= B 12g catalyst (4%Sr-40%La/SiC, porosity 0.27, AV = 18.29 106 m3me, d, = 500 pm, p = 2950 kg/m?) 4816



Adiabatic GSVR for OCM : T,, = 1023 K

“-

1023 1623
Gas temperature [K]

ﬁ-

0.28 0.67
CH4 mass fraction [-]

— =
0.0 0.1
C2H4 mass fraction [-]

—
0.00 010 020  0.30
Catalyst volume fraction [-]

CH, conversion ~ 44 % C, selectivity ~ 79 % Temperature rise
14.5 % C,H, + 0.3 % C,H, from inlet to outlet
+64.3 % C,H, ~ 475 K
@ = rr 2D GSVR, 16 slots, Dg =8 cm, Fy, 4, = 15 Nm*/hr, CH,:O, = 4:1, P = 2 bar, T;, = 1023 K (adiabatic)
UliveRsy M= B 12g catalyst (4%Sr-40%La/SiC, porosity 0.27, AV = 18.29 106 m3me, d, = 500 pm, p = 2950 kg/m?) 49116



Effect of pressure on ignition/extinction

Outlet temperature [K]

800 -

e,
IIIIIII

Wider range of steady-state multiplicity at higher pressure

—_
>
o
[=]

1200 4

1000 4

50 - -
M 70{ *=
40 - - : <
3] A 2 50
& 8
2 < 40
g 20 ‘_f-:
% (%)U 301
3] : 2 201
—=— P=1bar 101 2 . { —e— P=1bar = —=— P=1bar
—s— P =2bar : —m— P=2bar 101 —s— P =2bar
L R 0-._.-.-.-0-0—-0—.4::-!""/. —4— P=>5bar 04 it
700 800 900 1000 1100 1200 700 800 900 1000 1100 1200 700 800 900 1000 1100 1200
Inlet temperature [K] Inlet temperature [K] Inlet temperature [K]
‘ l 2D GSVR, 16 slots, Dg = 8 cm, Fy, 4, = 15 Nm*/hr, CH,:0,=4:1, P =2 -5 bar, T, = 673 - 1198 K (adiabatic)
GHENT . ‘
UNIVERSITY l—\- l 12g catalyst (4%Sr-40%La/SiC, porosity 0.27, A/V = 18.29 108 m?m?, d, = 500 um, p = 2950 kg/m?) 50/16



Outline

* Introduction

* Super Dry Reforming

» Oxidative coupling

» Conclusions and Perspectives
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Conclusions

= Combine !
= computational and experimental techniques
= material and process development
= chemical engineering and catalysis
* Transport phenomena on lab and industrial scale
» Autothermal adiabatic operation of exothermic reactions

i
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Perspectives: Chemical engineering and catalysis

| Fuel storage

Fuel transmission

r~ \ e’ AN
\ 2 A
! «Hy O, |
4 A
2 4
H, storage %

H-FN 3\4?

V“Tw» S %
CH, ™~ N, L

Heat Batteries |_> M

: N CO2 CH4 Hz Battery-, fuel cell- or combustion-powered transportation Chemicals and materials
Tz Chemicals (commodity, building block)
(@]
L Synthetic Fuels (transport, energy storage)
2020 2035 2050
P Hot flames Transition “Green” electrons
I 1 S~
[ | [ |
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