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A “Pas de Deux” of methane: Chemical Engineering and Catalysis
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Chemical Engineering and Catalysis

Summary—All technically interesting reactions carried out with vanadium oxide catalysts

oxidation of the hydrocarbon by surface oxygen
re-oxidation of the partially reduced surface by gas

phase dioxygen
na lixe

ratio be-

... can be used to optimize fixed bed reactor o The
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Mars - van Krevelen mechanism
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Special Suppplement to Chemical Engineering Science, vol. ﬂ
Oxidations carried out by means of vanadium oxide catalysts

P. Mars and D. W, vAN KREVELEN
Staatsmijnen in Limburg, Central Laboratory, Geleen, Netherlands

Figure | Diogram of apparatus Figure 2 Conversion as a function of partial pressure of the
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Redox cycle: ab initio calculations and in situ characterization

@ Oxygen
Oxygen vacancy

Oxidation

°®
Reduction X
<R+

+ Diffusion of lattice oxygen from bulk to surface

—_ Nibbelke R.H. et al., J. Catal. 1995, 156, 106 Menon U. et al., J. Catal., 2011 283,1

% i 4 o 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;

UNIVERSITY RN (AL oL 00y Angew. Chem. Int. Ed. 2019, 58, 2 4/60



Selective n-butane oxidation to maleic anhydride

Off gas
(CO,, H,0, etc.)

Maleic anhydrid4

Reduced catalyst
) A PR

I . .
maleic anhydride
n'butane Regenerator .f SR

2 \ P Main reaction
s carbon oxides = i 3_, A
B o

e k53 Catalyst redox
“independent control of the process variables i« e e

Reoxidized catalyst K HC HC

for the two steps of the redox operation” Circulating Fluid Bed

—_

M h ” Rashmi M. Contractor CES vol. 54 (1999) 5627-5632 : Dupont's CFB technology for maleic anhydride
GHENT .l .n = Milorad P. Dudukovic, Science 325 (2009) 698-701: Frontiers in reactor engineering
UNIVERSITY EMICAL TECHNOLOGY
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Catalytic vs Cyclic/Chemical Looping process

C_|4 + 2()2_> C02 + 2H20
Catalytic process Chemical looping process
Single set of conditions Different sets of conditions

e.g. Mars - van Krevelen mechanism

co, Cu
2H,0
CH, CuO
CH, + Air CH, | Ar | cH, | Air
I u rr time/place
GHENT B 0 Ishida M. et al.,,"Evaluation of a CHEMICAL-LOOPING-COMBUSTION

UNIVERSITY 6/60

power generation system by graphic exergy analysis” Energy, 12 (1987),147



Chemical Looping allows to:

\/- improve selectivity
‘/- operate safely “within” explosion limits
‘/- combine reaction and separation
* use cheap materials (CaO, FeQO,, ...)
 circumvent equilibrium limitations
* mitigate carbon formation
« optimize heat management
* minimize exergy loss
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A “Pas de Deux” of methane: CO, utilization

> 15 Gt/year
‘ﬁ
olefins
3
aldehydes
natural gas Q y
3 > 30 Mt/year
4 >70 U A
ll = Gt/year aIkanes Mt/year CH;O0H CH,O
-H,0 -H,0 ik
M HHHH ﬁ ﬁ
........................... l + 2CH,;0H
+Cl, +% 0,
'Hzo c
+C_
>0.4 =
B g e 0% (0N

== ; = > 68 Mt/year .
N (anaerobic fermentation of organic waste, ... ) /y \ / d C|d5
I :

GHENT polycarbonate
UNIVERSITY > 4 Mt/year

K. Verbeeck, L. Buelens et al., Energy & Environmental Science 11 (2018) 1788-1802 (DOI: 10.1039/C8EE01059E)



Outline

* Introduction

« Super Dry Reforming
 Oxidative coupling

» Conclusions and Perspectives
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Super dry reforming of CH,

3CO, + CH, — 4CO + 2H,0

Water Gas Shift 2CO + 2H,0 - 2C0O, + 2H,
Dry reforming CO, + CH, - 2CO + 2H,

T 1 S~

— [ | =
UNIVERSITY DRIVING CHEMICAL TECHNOLOGY
L. Buelens et al., Science 354 (2016) 449



Chemical Looping: super dry reforming of CH,

3CO, + CH, — 4CO + 2H,0

ArH023x A+G1g23k
(k] molgg,) (k] molgg,)

1: CH, + 3CO, + Fe;0, + 4Ca0 2 2H,0 + 3Fe + 4CaCO;, 103 32
2:inert + 4CaCO; + 3Fe 2 4Ca0 + Fe;0, + 4CO + inert +212 +24
é':ligm . .’-l- /Cheap materials

ONIVERsITY Do B 11760
L. Buelens et al., Science 354 (2016) 449



Fixed bed: Permanent periodic regime

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

30
¥ CH,:CO, He
25 co, CO, L. ; _
oy C co, CH, .. ' inert
o C é & S
oo 20 ,
= C Ni [ af N
n C ca0 [ | F CaCo,
S 15 +  Fe,0, EEH I za  Fe
£ -
;E; 10 + k2 S
- C HQOH o : inert CO
w - 2 CO co
5 e HZO.__-.‘-Q-.T
— r L
- CH
0 - 7‘/1' - 6 Gy --u-f o= $ 1
0 20 40 60
Fe,;Ofi0xygen carrier/Storage Material (OSM)
it . .’ "l'. CaO : CO, sorbent
GHENT
UNIVERsiTy D W Ni  :reforming catalyst 12/60

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



Super dry reforming of CH,

(kJ molcg,)
—» Step 1: CH, + 3CO, + Fe;0, + 4Ca0 & 2H,0 + 3Fe + 4CaCO, -103 -32
2€0, |
~ 2H,0 3Fe |
CHy i |
+ —P'i— 2CO + ZHZ Fe304 i
COZ i i
i Vou
GHENT
ONNVERsTY e W 13/60

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



Super dry reforming of CH,

(k] molgp,)
—» Step 1: CH, + 3CO, + Fe;0, + 4Ca0 & 2H,0 + 3Fe + 4CaCO, -103 -32
I 2C0; —>u_
§ 2C0, !
.~ 2H,0 3Fe 4Ca0 5
CHy i |
+ —P'i— 2CO + ZHZ Fe304 4caco3 |
co, |
i Vou
GHENT
ONVERsiTy D W 14/60

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



Super dry reforming of CH,

(kJ molgy, )
—» Step 1: CH, + 3CO, + Fe;0, + 4Ca0 & 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 P |
5 10T
GHENT
ONIVERSTY M W 15/60
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Super dry reforming of CH,

(kJ molgy, )
—» Step 1: CH, + 3CO, + Fe;0, + 4Ca0 & 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 (T :
GHENT .
UNIVERSTY e B inert 16/60

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



Super dry reforming of CH, B G

(kJ molgg,)
—> 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 — 20, ———_ |
2CO,

. 2H,0 4Ca0

CH, .| Y ' inert
Ni| |
+ = 2CO+2H, Fe,0, 4CaCO; |

Co, /

I = n-Clrcumvent equilibrium ||m|tqt|ons+ 'RWGS 2H, +2C0, 2 2H,0 +2C0 |
ONieRsiry B B inert _________________________________1_7;6_0 _____

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



Catalyst: Ni/MgFe,Al,,O,versus Ni-Fe/MgAl,O,

T=1 023 K, WNi/FOCH4 - 0023'0025 ngi S mOI-1CH4

Fe from TOS [h] Deposited carbon

support [molg kGear ']
Ni/OFe 12 1.1-108

Ni/0.5Fe 49 Under detection limit

g N"ﬁOFeﬁ# P’
n 20 1 % + {' {' + +N|/0 .OFe & -;.'-_.

CH, H,+ CO

CH, consumption rate
(mol-s?-kgy;?)
=
o

Ni/2.5Fe ' LIETY" - o

0 10 20 30 40 50 60

TOS (h)
T S~ ﬁﬂitigqte carbon formation
GHENT EE B

UNIVERSITY DRI CHEMICAL OO0 S7A. Theofanidis et al., ACS Catalysis 8 (2018) 5983 18/60



Permanent periodic regime: simulated moving bed

30, + CH,

T = ~y=  time time

GHENT S
UNIVERSITY DRIVING CHEMICAL TECH l\lD LOGY 1 9/60



Industrial processes with similar technology

CATO

FIN dehydrogenation unit

para
L4 T
purge gas : 5 / v
air : | i i 2 E
S I O+ S S ' RN S R R
heater " V r
fixed
bed DH purge egen.
reac.
| | v \; 9asseparation
Cr,0;/Alumina

T:575°C

Sattler J.J.H.B. et al., Chem. Rev. 2014, 114, 10613

P:0.2-0.5 bar
Period: hour

Fluid catalytic cracking (FCC)

—— Products

Flue Gas ﬂ
SESIARS Stripper Reactor
Temperature: g Tomperature:
650-760" C 493.554" C
ECAT e ——
offgas FRESH ——p>
olefins oo
i = VGO or Resid
byproducts Air Blower
H,C,.C)
Zeolite

T: 500 - 800 °C
Period: minute
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Super Dry Reforming of CH,

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

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

Overall endothermic: how to reach and maintain 1023K?

Autothermal Dry Reforming

—_

GHENT
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Chemical Looping with “combustion” of some methane

CH, + 3CO, = 4CO + 2H,0 AHO, . = 327 kJ/mol gy,
CH, + XCO, + (3 = X)/20, 2 (1 + X)CO + 2H,0 AH’ .= 0 kJ/molg,

0.6
c |
£ 05} ;
@ T=1023K ¢ Exothermic region |
X=2 =04 |
2 Endothermic region
o 0.3}
02— - S
= R — 900 950 1000 1050
iy B JoMBREIIi:s

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



Autothermal dry reforming: flowsheet (circulating solids)

y 446 kta H,O
Ni Catalyst, Fe, CaCO3 CO, Ny . 1.74 MMta
Super Dry Reforming | | |076t/s ______________________ 1 _____ | _________________________ 56% CO, 44% N,
Dry Reforming Solids Regeneration E Temperature
1 MMta CO, S SN CO; Capture CO Production
199 kta CH4 — -85 MW 85 MW
__ Solids MAKEUP { Ni Catalyst, CaO, Fe3O4 | |l PURGE
L | I
Solids
PURGEl =80 k
10 molCO/m3/s =» 100 Ton solids
—_ o o o
Tt = n' /Optimize heat management ﬁ/lmlmlze exergy loss

GHENT
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Outline

* Introduction
« Super Dry Reforming
» Oxidative coupling of methane

» Conclusions and Perspectives

_
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Chemical Engineering and Catalysis

Summary—All technically interesting reactions carried out with vanadium oxide catalysts

% Study of intrinsic kinetics in ... T
reactor in which the temperature
iS uniform.... '

namely the rcaction between the aromatic and the oxygen on the surface, and the re-oxidation
of the partly reduced surface by means of oxygen.

... can be used to optimize ...

reactor

GHENT
UNIVERsITY s B
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A “Pas de Deux” of methane: oxidative coupling

EXOTHERM ENDO/EXOTHERM

"'O,X/ O, exotherm O, ,\\e\@?&‘\
@,9@ ?j\o
v
CO,

GHENT
UNIVERSITY e B 26/60



Gas-Phase Reaction Network
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Primary initiation
CH4 + 02 A CH3’ + H02°

CH;- generation

CH,+ He - CH;s + H,

CH, + O+ & CH;+ + OH-.
CH, + OH+ & CH,+ + H,0
CH, + HO,» — CHg+ + H,0,

CH;- coupling
CH3° + CH3’ + M Aad CZHG + 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,H;e + H,

C,Hgz + OH &~ C,H;* + H,O

C,Hg; + CH;e < C,H; + CH,
C,H; + O+ & C,H;* + OH-

CHs» + M- C,H, + H - + M
C,H;* + O, ~ C,H, + HO,*

Hydrogen—-oxygen reactions

O, +H*+M- HO,+ M
H,O0, + M < OH: + OH- + M

Decomposition of C,H,
C,H, + O+ — CHz + CHO
C,H, + OH+ — CH,+ + CH,0O

Experimental conditions:
Pt=Patm; T =873-1123 K;CH,/0, = 4-10; He/CH,l, = 0-1.25; V/F¢y;o=0.1-1.9 m3 s mol~'; CH, conversion =
2-15%, O, conversion = 10—100%

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

Oxidation of CH;0- and CH,O

CH;0++M <~ CH,0+H-+ M
CH,O + OH+ — CHO- + H,O
CH,O + HO,+ <> CHO- + H,0,
CH,O + CHze — CHO- + CH,
CHO++ M~ CO + H- + M
CHO- + O, < CO + HO,:

CO + HO,+ — CO, + OH-
Dehydrogenation of ethene
C,H,; + O, C,H;* + HO,e
C,H, + He & C,H;+ + H,

C,H, + O+ & C,H;e + OH-
C,H, + OH+ & C,H,¢ + H,0
C,H, + CH;+ — C,He + CH,
C,H;s + M- C,Hy, + He + M
C,H;* + O, - C,H, + HO,-

27/60



Effect of pressure on conversion (no catalyst)

100
80t
e e
~ -
" 60 -
g S
@ 5
S 40t 2
g =)
P! [
20 |
0
0 2 4 6 8 10 12
Pressure / 10% kPa
a)
AO2 + CH4, CH4/O2I0= 10
AO2 + CH4, CH4/O2I0 = 5
_ Thax=1090K,7=0.5s
il 1 M
GHENT s -

UNIVERSITY e B

100
p, = 100 kPa R}
80 |
0,
60 |
40 F
+ +*
20 | +)/9H4
) al

00 02 04 06 08 1.0

“EXFCHLG / m?® s mol-!

A 02 + CH4, CH4/O2I0 S 10
AO2 + CH4, CH4/O2I0 = 5
T,.. = 1100 K

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

Conversion / %

90
p, = 400 kPa
80
0,
70r
&
60
a0
401
30
20 ¢ CH,
10 p
0
0.000 0.015 0.030
v,’lFCH.;_u _/ m?® s mol!
c)
AO2 +CH4, CH4/O2I0= 4
Toax = 1078 K
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Surface Reaction Network

HYDROGEN ABSTRACTION BY HYDROGEN ABSTRACTION BY SURFACE REACTION
ELEY-RIDEAL STEPS > CH,0++ 0> CH,0+ + OH

I:> CH, + O+ <> CHy + OH+ CH,0+ + O x> HCOx + OH +
C,H, + Ox < C,H; + OHx CHO+* + O x<> COx + OH
I:> C,Hg+ Ox < C,H; * + OH+ C,H,0 + + O x C,H;0 + + OH =

C,H;"+ O+« C,H, + OH
CH;0 *+ O < CH, O+ OH *
CH,0 + 0% < CHO " + OH *
CHO' + O * —~ CO + OH =« CO OXIDATION ON THE SURFACE
Hy+ O+ < H +OH=x CO* + O x> CO,* + *

H,0,+ O » <> HO, "+ OH x
OH +0Ox O +OH =
H,O0 + O * <> OH "+ OH *

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

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

ADSORPTION STEPS

H02.+0*<—>02+0H*
_ . 2 |:> 0, + 2+ > 20+
I ' o = I .
UNIVERSITY h\’. Nibbelke R.H. et al., J. Catal.,(156), 1995, 106-119 29/60
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Catalyst and Kinetic Descriptors

e Reaction families:

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,;,a)

T 1 S~
GHENT EE =
UNIVERSITY l-\'l |

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

/
|
|
|
|
|
|
|
I
I
I
I
I
I
I
I
I
I
I
I
I
I
|
|
|
\

——————————————————————————————

e Reference: abstraction from Methane

D, = A, H catalyst descriptor

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

Csz—H + O* > Csz * 4+ OH*

. AH= Dy + Qeopsri — Qora

— o o e e e mm mm E mm R R R mEm Mmm R M M mm e mm mm mm e

30/60



Gas phase/surface reactions microkinetics

—_
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sim molar fraction, %

CHEMIC T

20 90 100 40 70
= = = * / 60
. =] S = ®
$1s 3 S g0 830 250
E .g 70 £ .§ gzg ‘E 40 -
9 ] = L * 30 &_CH4 sim—
Z 10 S = 60 = . 5
g ¢ CH4sim £ ¢ CHdsim g & CH4sim 210 @ CHasim | 520 ~ o —CHiee
£ CH4 exp = CH4 exp £ ——CH4 exp E —CHdexp | E10 —
@ 5 . - 50 . @ 40 : : £ " g . i .
5 10 15 20 50 70 90 4 60 80 100 &0 T i = > "
exp molar fraction,% exp molar fraction, % exp molar fraction, % . mozlgr P %A‘lﬂ exp molar fraction, %
’
ks =% =¥ 15 20
G : > S
s : ;
g 6 § ‘g 20 -.9,10 .215
£ T 20 = u g
54 3 % = tio
S E ; g 10 5 ¢ 02sim | =
g £ 101 E 25 g
2 | E . 5
£ oS auor of€hem |€al ineering JOLgrn avetoe | ¢
0
0 2 ' ' ]
wensmisfiafidle morerthan40 mah uschipts.a Week. cormiod®en B 0 ehmoateciodk
’
0.8 3 3 3
' * . ® B ® ¢ C2sim
2 ¢ ~ ~
06 | 5 s 5 —_—C2ep ® AT
22 A £ 4 % 2 & g ? z
5 * A8 8 s 3
04 & A & = 1
T e - £ o)
i s C2sim 51 @ . S 2 51 3 * C2sim
’ —C2 exp E ¢ C2sim £ e C2sim 2 E b
% C2 exp E —C2 exp E % 0 )
0 ; ; . 0 . . G = 0 Y T
0 0.2 04 0.6 08 0 1 2 3 o 2 4 6 1 2 i 3 2 eipmolarfmnizcn,% 2
exp molar fraction, % exp molar fraction, % exp molar fraction, % exp molar fraction, %
Ll Ll u
Sr/La203 Li/MgO Sn-Li/MgO LaSr/CaO NaMnW/SiO,
@ Alexiadis, V. |., et al. Applied Catalysis B: Environmental 150 (2014) 496-505
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Catalyst descriptors
D1 D2 D3

Reaction Chemisorption Sticking ActivDe43ites
enthalpy of H heat O, probability of Density (mol/m2)
abstraction (kd/mol,,) CH; on O* (-)
(kd/molgpa)

CH,+ Ox - CH; + OH+x O, + 2+ — 20« CH3' + O x> CH,0+ Oxygen Pool Capacity

02 Adsorption from
Nas phase
— 2— — 2_
_ OZ,ads Oz,ads OZ,ads 2Oads 2Olat

—_

] 1 M Nibbelke R.H. et al., J. Catal. 156), 1995, 106-119
"N =

GHENT e B Pirro, L. et al., Catal. Sci. Technol. (9), 2019, 3109-3125

UNIVERSITY oot ecnoioor 32/60



Catalyst descriptors and catalyst performance

D4 D, D3 D,

Unit kJ mol™ kd mol™ 104 10%mol m=2
. HIGH ACTIVITY:
low D1, high D3,D4
73622 1.1900+0.0002

Sn-Li/MgO  56.6+0.8 60.5+2.6 0.62+0.01 1.33 +0.03 LOW ACTIVITY:
high D1, low D4

LaSr/CaO 65.1+1.6 139.6+5.3 1.14+0.03 6.4+1.5
NaMnW/SiO, \81.400+0.00 44.0+1.6 0.10+0.02 0.457+0.005 HIGH SELECTIVITY
+95% confi interval ~ T —
Value +95% confidence interval Iow D2,Iow D3
D, — Reaction enthalpy of hydrogen abstraction from CHs D, — Chemisorption heat of O,
D3 — Initial sticking probability of CHs D, — Density of active sites
—_
2 ILT
GHENT Alexiadis, VI, et al. Applied Catalysis B-Environmental , 199,252-259,2016
ONIVERsITY Do B 33/60



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

_J

0
iti 1 . ; log(T
Positive feedback: sufficient thermal backmixing required 9 10/)
__Bifurcation parameter: e.g. inlet temperature T;, or Ty = —5
I - rr Fy(stp),cH,

GHENT
UNIVERSITY e B 35/60



Isothermal laboratory data

35
30
g - 25
N (2
n e
1802 “isothermal” > " &
. > N
experiments T D
w o N
(1981 - 2009) S B
U) (=)
O 10
T=828 - 1218K, CH,/O,= 0.8 - 38.3 5
A
A . A A 0
_ H 80 100
Juii = u B Methane Conversion, Xcna (%)

GHENT
UNIVERSITY h‘ . based on the data reported by: R. Schmack et al., Nat. Comm., (10), 2019, art. 441. 36/60



Experimental Set-Up: isothermal conditions

'
g
= B :
Fluidized sand bath § %/ T 1881 T W
\ \ ,//% e ./- =2
T~ 7//% - { g
8 : 2w ,
Air distributor \3 / ] T profile
Ly 7% 5
e~/ % 5
slgl | ] ] g o
3. 7 : 80 |-
; g e - ‘HI)O I 200 300 400 500 600 700 800
€ Temperature (°C)
W
] v 3
—_
it 1 £
GHENT = u -

UNIVERSITY DRIVING CHEMICAL T[U‘l\lULDCY 37/60



Runaway risk
David West , ISCRE 2018

>

RT,> 1 u 4 cooling rate
EAT,q k(Ty) prCpr dy ~ heat generation rate

> e = 2.72 for unconditionally o |-ommmnoSrongly cooled asymptote

. oi
safe reactor operation, 2
irrespective of the space time 2t
S Runaway region
3
et
¥
<
<
>
1 ( E ATad) k(T heat generation rate
= )T =
ISOTHERMAL OPERATION NOT OBVIOUS RTo To flow rate
i 1 S~
PR | -
GHENT Bw®ue §  Balakotaiah & Luss, AIChEJ,37(1991), 1780 Christoforatou et al., AIChEJ, 44(1998), 394 60

UNIVERSITY



Behsir st dealeactacto isteaeyt stetrageampintity

Ignition/Extinction/Hysteresis

| 3
o
=
©
(a) 100 @ Q
" =l 0} o ~.,fab/e o
3 o / = S T lSley -
£ — ° | £ s
: . ; /1\ 5 = ~ e
- /I O )
= ||' Lower branch
=SS . ONNS .o B Ambient Inlet temperature [K]
S. Sarsani et al., Chem. Eng. J., (328), 2017, 484-496. AUTOTH ERMAL ADIABATIC OPERATION
] = .f"l'. WITH AMBIENT INLET TEMPERATURE?
GHENT s B Scale-up of cooled reactor: s60

UNIVERSITY  vicc EMICAL TECHNOLOGY
J.H.B.J. Hoebink et al., Chem. Eng. Sci., (49), 1994, 5453-5463



Outline

* Introduction
« Super Dry Reforming
» Oxidative coupling: reactor design

» Conclusions and Perspectives
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Industrial reactor concepts

Adiabatic fixed bed reactor

Methane v

Oxygen
OCM Reaction Section:
2CH, + O, = C,H, + 2H,0 +

heat
Ethane Ethane Conversion
Section:
| C,Hs + heat & C,H, + H,

L >
Ethylene
Source: Siluria
_
j 1 S~
GHENT nE =
UNIVERSITY

L.A. Vandewalle et al., Chem.Eng.Sci., (199), 2019, 635-651.

Adiabatic plug flow reactor (PFR)

Sr/La,04
CH4:02 = 6, V/FOV(STP),CH4 = 001 S, mcat/V = 1000 kgcat/m3
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|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 _/-—
possible) 1400 — adiabatic PFR —

1200 |

Operating conditions: 1000 |

P =1 bar, CH,:O, = 6,
V/FOV(STP),CH4 = 001 S,

Outlet temperature [K]

800 |
— 600 ' - J
i ' o = 200 400 600 800 1000 1200
GHENT HE = ambient Inlet temperature [K]
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OCM with Sr/La,O5 : comparison of reactor types
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Lumped Thermal Reactors in real life
Key feature: little species but good thermal backmixing

Shallow packed bed High cell density monoliths Gas-solid vortex reactor
1 l Gas injection through Rotating * *
inclined slots solid
s O 1 1 s _ : particles z
e PR Y Ay - ‘\ T Vortex
196]9,0.0,0/01910.0.0.010101010/01010.0]0/01016/0.0.0°9 EE AW NN 'u ' atll
R SRR SRR e £ . ‘
Dy | =~ Outflow
1§ o F
l 1 4
Lo -
Shallow packed'-bed ¢ Thin-bed with small particles. "y I vaioiino|  Endwalls
with larger particles High cell density monolith. «— ¢ et ol
(Gauze/Fibermat/Nano-fibers) - Tangential
slots A A
Balakotaiah, V. et al. Chem. Eng. J. 2019, 374, 1403-1419 | ' l |

Thin bed cofeed reactors for methane conversion, US4876409A, 1989 ARCO

Length
Process for oxidatively converting methane to higher hydrocarbon products, WO2019048408A1, W0O201948412A1, 2019 Shell e
_
i 1 £ Vandewalle, L. A. et al. Chem. Eng. Sci. 2019, 198, 268-289
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Gas-Solid Vortex Reactor (GSVR)

Tangenﬁaln
! gas X
injection . fr
slots \ A \s\
}_ ‘1, 4 ' Rotating bed in |
l _ Vortex reactor

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

—
e TE PROCESS INTENSIFICATION
UNIVERSITY Eh‘[((lmc M .N. Pantzali et al., AIChE J., (61), 2015, 4114-4125. 46/60



Non-reactive CFD simulations of the GSVR

Gas streamlines on a background of Particle streamlines on a background of
Timezaveraged particle volume fraction Time-averaged particle volume fraction
lpha.particlesMecll ~ ="' A
pnar ,0.3200{0-3 '
[:_'0.28 0% g
éo.zl 018 gZ . '\
%0,14 g

16 slots GSVR, 2D simulation
Inlet slot velocity 75 m/s
Particle diameter 500 um, density 2300 kg/m3

& vy y
GHENT I E N Limited species backmixing
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Thermal backmixing: effective thermal conductivity

Evaluation of effective thermal conductivity A, from
= Granular temperature 8: Kinetic Theory of Granular Flow (Gidaspow, 94)
= Particle volume fraction €: from CFD simulations

lambdat. particles
2. 50.0 100.0 150.0 200.0 250.0 276.

—_

I U Fr 100-150 W/mK : One order of magnitude larger than in a packed bed

N
GHENT |
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Autothermal adiabatic oxidative coupling in GSVR
Sr/La,O, catalyst, CH,:O, = 4, 80% N, dilution, T;, = 1023 K

< c &
1135. o 0.003 5=
L1120 % [8:]2 5 N 0003 9
1100 © —015 O — 0.002 x>
1080 @ L01a © g
1060 € 014 © el -
1040 @ 013 € 0.001 o
1025. @ 012 - 0.000 &
D) O O
Temperature rises ~ 110 K from CH, conversion ~ 5.2 % C, selectivity ~ 43 %
|n|et tO OUt|et 9 o/o C2H4 + 34 O/O C2H6

(~5-10 K not resulting from reaction)

—_

[ 1 M 2D simulation, 16 slots, Dp = 8 cm, Uy, = 85 m s
GHENT .. .N = Total catalyst loading ~10 g if Lg/Dg = 0.2, d; = 500 um
UNIVERSITY  Siiice T Catalyst porosity 0.27, A/V = 5e6 m?/m3

N

Outlet temperature / conversion
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Autothermal adiabatic oxidative coupling in GSVR
Sr/La,O, catalyst, CH,:0, = 4, no N, dilution, T,, = 1023 K

) c
= = A
r1500. o [0.80 9 ©
~ 1400 3 070 Q o
1300 S -060 2 =
0.50 =
lwzoo g' 010 S g
[HOO o [0.30 £ 0
laog. & 016 = N
@)

O (®)

Temperature has increased ~ CH, conversion ~ 56 % C, selectivity ~ 31 %
250 K from inlet to outlet Local high conversion in ‘dead’ 30 % C,H, + 1 % C,Hg
Volume-weighted average bed zone between the slots 5| = i,
temperature 1495 K E
ﬁiﬁf ' o = 2D simulation, 16 slots, Dg = 8 cm, U,,;,;=85m s’ “
(ﬁNT | u Total catalyst loading ~10 g if Lg/Dg = 0.2, d, = 500 um §

UNIVERSITY ey T[(.!Lm Catalyst porosity 0.27, A/V = 5e6 m%/m? 50/60
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Autothermal adiabatic oxidative coupling in GSVR
Sr/La,O, catalyst, CH,:0, = 4, no N, dilution, T,, = 900 K

< 6 0.04 S
1500. @ 080 9 04 2
T 1400 3 [0.70 8 [0.03 §
1200 8_ 050 2 to.oz 2
B = 001 O
1100 ¢ | 2 001 E
1000 @ 040 E 001 ©
900, @ [ = 0.00 T
8 028 T 00 &
U} O )
Volume-weighted average bed CH, conversion ~ 50 % C, selectivity ~ 38 %
temperature 1425 K 36 % C,H, + 1.5 % C,Hg
al — nodiluf:ion_
.é —_— Eoﬁn‘.’_’-’//
I 1 M 2D simulation, 16 slots, Dp = 8 cm, U, = 85m s°! :
GHENT .. ." = Total catalyst loading ~10 g if Lg/Dg = 0.2, d, = 500 um g ;
UNIVERSITY DRMING CHEMCAL TECHNDL 00 Catalyst porosity 0.27, A/V = 566 m%/m?3 § 51/60
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Autothermal operation in a GSVR

Qualitative bifurcation behavior for GSVR conditions

© | ; 1. 80% N, dilution, T,, = 1023 K

S| 2. No N, dilution, T,, = 1023 K

£ | 3. No N, dilution, T,, =900 K

5 | 4. No N, dilution, T,, = 973 K

S 80% N, dilution, T,, = 973 K

Inlet Itemperéture

@ 1 /M /Suf‘ficient thermal backmixing
GHENT -
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Effect of catalyst activity

A more active catalyst should allow to operate with
ambient inlet temperature

1600 |-

._.
=
o
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Outlet temperature [K]
e o
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800 |

—_ i i i i i

M . ” 200 400 600 800 1000 1200 1400

GHENT .l .N = ambient Inlet temperature [K]
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Outline

» Introduction
« Super Dry Reforming
 Oxidative coupling

» Conclusions and Perspectives
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Chemical engineering and catalysis: ENERGY-X

- Fuel storage

Fuel transmission

Electricity $

uel cells :

H, storage |

‘F

Batteries L, W N a \:‘?

Battery-, fuel cell- or combustion-powered transportation Chemicals and materials

“Research needs towards sustainable production of fuels and chemicals”
White paper by Jens K. Norskov et al. (2019)

i 1 M
GHENT L ENERGY»
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' Fuel storage

Fuel transmission

Chemical engineering and catalysis: ENERGY-X
\l ~ Tl

\ L J § — i por=
\ . :‘-’_b ;' i .
\\ . ® Thermal catalysis
\ .|. i | / ‘. 7 H, storagel /"\
4 \ Heat Batteries L M W \ a \ ./?
* CO2 C H 4 , Hz Battery-, fuel cell- or combustion-powered transportation Chemicals and materials
_ H

Renewable

O
L

.. Chemicals (commodity, building block)

0
(%]
(@] !
L Synthetic Fuels (transport, energy storage)
2020 2035 2050 ~
Py Hot flames Transition “Green” electrons  —
I Y o o

GHENT B .‘ o K.M. Van Geem et al., Science, 364 (6442) 6442 734 (2019) E N E GY
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Conclusions and Perspectives

= 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
* Think out of the box
* Do not bother about “old wine in new bottles”
-/Igo not neglect stoichiometry, thermodynamics and kinetics
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