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Challenges for Flare Gas Utilization

« Gas volumes and pressures vary  Technologies exist foday to convert
significantly methane, ethane, etc., to value-
. Difficult to size equipment added, energy dense liquids and

. : : solid products
- Composition varies between basins .
and wells « However, they are only efficient and

cost effective af large-scales
ﬂ employed in petrochemical industry

 Need alternative technologies for
utilizing associated gas

- JV  New catalysts

1day

« Alternative conversion technologies
Q (plasma, microwaves)

« Reactor designs

Associate gas production, in mscdfd

Time (months) Time (hours)




Introduction

Flare Gas Utilization - Methane Dehydroaromatization

Component Composition * Single step conversion:

Methane, 50-40% 6 CH4_ (g)% C6H6 (g) + 9 HZ(g) T, AG298K = 433 kJ/mO|
CH, - State of the art catalyst - Mo/HZSM5
Ethane, C,H, 20-25% . Chq"enges:
Propane, 10-19% « Equilibrium constrained 100 -
CaHg (~12%) 0.
N—k():u’rHcme, |57 . High temperatures c
o (700 °C) =)
Nifrogen, N, 0-3% - Carbon deposition F %
20 -
Carbon 10 #
Dioxide, CO, 1-3% 0

Bakken Qil Field, North Dakota
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https://ndpipelines.files.wordpress.com/2020/09/assessment-of-bps-produced-gas-compositions-sep20-final.pdf

< molview.org
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A) « Selective volume-based

W

NG Wellhead

heating
« Rapid startfup/shutdown

e Enhanced reaction rates
and selectivities

« Direct natural gas —
additives already present

< Abdelsayed, V. et al. Catal. Tod. 2021, 365, 88.
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Catalyst

Requirements for Microwave Catalysts

Catalyst has to be
both microwave and
catalytic active
component

Thermal
Catalytic
marterial

MW active
material

Hotspots and No heating or
uncontrolled

remol  (— oo
runaw ays

(deactivation)

< Abdelsayed, V. et al. Catal. Tod. 2021, 365, 88.
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Catalyst Characterizations

Dielectric Properties

Catalyst has to be oe
both microwave and 0.5 -

catalytic active o

component

og° 03

. 0.2

0.1

MW active Thermal 0.0

material Catalytic 01

material '

Hotspots and No heating or
uncontrolled requires high .
themol (T  oowers
runaways (deactivation) )

< Abdelsayed, V. et al. Catal. Tod. 2021, 365, 88.

U.S. DEPARTMENT OF

N: NATIONAL

«m |[ENERGY

TL TECHNOLOGY
LABORATORY

HZSM-5

Mo/ZSM-5

1 M 1 N Ll M T
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Temp (°C)

- r -
0 100

Catalyst needs to be modified to
improve MW absorption

Combining catalyst with silicon
carbide as a heating aid

. Powder form
. Monolith form
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20 Mo4/SAR23 @ 2.46GHz
5] 0 N2 . ] « Enhanced MW absorption
2o ] 'R‘ZWDW - under carbon environments
O I A\ .
15 4 ArwDry ) « Further facilitates more carbon
|, ] * 25% Methane /* - Erc;duc;non by generating
O 0.5 o * i OTSPOTS
cC = ‘ =
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% Abdelsayed, V. et al. Catal. Tod. 2021, 365, 88.
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CH,4/N,
+Mo salt solution SRS ~J, gds

HZSM5" IWI, Calcination
HZSM5"| 1wl Calcination
+CA (citric acid)

"WI - Incipient Wetness Impregnation
* SO,/ AlL,O4 ratio = 23:1

U.S. DEPARTMENT OF

4%Mo/HZSMS (IW1)

4%Mo/HZSMS5 (CA)

(2.45 GHz)

IR-Pyrometer
and Thermal
Camera
Port

% Abdelsayed, V. et al. Catal. Tod. 2021, 365, 88.

Quartz reactor

Catalyst
bed

Microwave cavity

» o GC and MS
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—— Fresh 4MoZSM5 —— H-ZSM-5 « XRD shows finely dispersed Mo
2.0 - « CA-based catalysts — probably more
s Mo in pores! (so more decrease in
154 o : surface area)
E % 1.0 1
2 2 os BET* Surface area
§ Lo 5 Catalyst (m2/g)
3 | H-ZSM-5 379
'©
£ 7 AMO/H-ZSM-5 (IWI) 354
Z
. 4AMO/H-ISM-5 (CA) 324
________ 7Mo/H-ISM-5 (CA) 294
10
10Mo/H-ZSM-5 (CA) 272

*Brunauer Emmett Teller

1. Chen et al. Inorg. Chem. Front., 2022,9, 4642-4650




[ ] (] e
Catalyst Characterization N=|Manona
TL TECHNOLOGY
XRD LABORATORY
354 T 0.40 - MOOS
-------------------- I
-------------------- - I
3.0 1 0.35 - v
55 0.30 4 :
10%Mo (CA) - |
) 4 !
S 20- 35 921
S g -
> > 0204
v © ]
ke ] . /%Mo (CA) £ 45
O 10+ o
0.10 4
0.5
- 4%Mo (CA) 0.057
0.0 4 - ~ ]
— e I T I . 0.00 T T T T T T T T T 1
70 80 """"" QO e 25 26 27 28 29 30
Angle (26) Angle (26)
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X-ray Photoelectron Spectroscopy (XPS) LABORATORY
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Mo 3d5 | % of Total Mo | SUrface Composition
(atomic %)
_~ |C(=0)-| .. .. | Mo3d | Mo3d .
C-C | C-O | C=0 o pi-pi (V1) (V) Mo(VI)| Mo(V)| C | O Aik? Si | Al
4Mo (CA) 284.8 286.2 287.9 289.2 290.8 233.1 231.6 88.5 11.5 11.4]62.2 (g.g‘A 2291 1.6
7Mo (CA) 284.8 286.2 287.9 289.2 290.8 232.9 231.5 94.6 54 11.9161.7(9.50(15.3]| 1.6
10Mo (CA) 284.8 286.2 287.9 289.2 290.8 233.1 231.2 92.5 7.5 15.1159.4 ]2.39 138 1.4
4Mo (IWI) 284.8 286.2 287.9 289.2 290.8 232.9 231.2 94.5 5.5 11.2]62.7 {§.<S§l 20.4| 2.0

 Much lower surface concentration of Mo in CA-based catalysts
compared to IWI

« Higher Mo loadings showed high surface Mo concentrations
(especially 7 wt.% loading)

F#=%.  U.S. DEPARTMENT OF
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Catalyst Characterization

H,-TPR
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i 10Mo (CA)

| 7Mo (CA)
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TPSR (Temperature Programmed Surface Reaction)

« TPSR up to 600 °C with MW

200 - —Forward Power (W) Temperature (°C) power increments
600 - 5 Temperature*
! hr MW Power (°C)
~500 -
O
e 80 300
g 400 H
© Z
?13_300 ] . = C;D CZ) o 120 440
& x £ 5 S & IR gy -
P 200 8 % A 160 440
100 200 520
0 I I I I 1
0 50 100 150 200 250 240 600

Time on stream (min) *measured using Pyrometer
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Performance Comparison - With and Without CA LABORATORY

- CA-4MoZSM5 - 4MoZSM5-B4

45 « 4Mo (IWI) showed higher
4 - IWI benzene yield but faster
38 / ™~ deactivation
5 O : '~ « 4Mo(CA) showed lower
225 - s . :
o ., | : benzene yields but
N5 CA relatively stable productivity
o -
0.5 1
0 . . . .
0 50 100 150 200 250 300

Time (min)

Reaction conditions: 600 °C, 6000 mL/g.q:.hr. 1 atm
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ect of Mo Loading
7.
N Mo (CA) « 4Mo(CA) showed highest
Attt o benzene vield but faster
gs - 7M° (EA.).. N W deactivation too
241 « 6Mo(CA) showed high benzene
23] yields and relatively stable
% o 20 UV S VOV VN prOdUCTIVITy
a5 ] 10Mo (CA)
« 8Mo(CA) showed lower benzene
11 yields but relatively stable
0 productivity

105 115 125 135 145 155 165 175
Time on stream (min)

Reaction conditions: 600 °C, 6000 mL/g.q:.hr. 1 atm
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7 6

Reaction stopped for the day

64 4MO (CA) 5 | w /
2°] ‘ L4
o, 7Mo (CA) =
04 - S
;3 | 023 ] 7Mo (CA)
2, | 10Mo (CA) 2 1

1 4 1 -

0 oL |

105 115 125 135 145 155 165 175

0 200 400 600 800 1000 1200
Time on stream (min)

Time on stream (min)

Reaction conditions: 600 °C, 6000 mL/g.q:.hr. 1 atm
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Spent Catalyst Characterization

XRD
2 -
>000 —— 4MolWI-spe —— 4MoCA-spe
20000 -
~ 15000 +
=
s | Nuj 4AMo-1WI
)
£ 10000 -
(@]
O
5000 -
] 4Mo-CA
O _
20 30 40
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No significant peaks for
Mo or Mo,C can be
observed

Mo still finely dispersed

No apparent difference
for CA vs. IWI catalysts
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—— 10MoCA-spent 7MoCA-spent 4MoCA-spent
500997 Higher loadings (10 wt.%)
25000 - showed loss of MoO, peak
- 10Mo-CA Slight shift in zeolite peaks -
20000 - oy .
- _ carbon deposition in pores
S 15000 -
£ ] 7Mo-CA
{:D; 10000 -
5000—-
4Mo-CA
O_
20 | 3|0 | 4|0

26 (°)
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« BET, Raman, and XPS results confirmed that citric acid helped in getting
more Mo in the pores.

 Citric acid based catalysts can help in dispersing higher Mo weight
loadings up to 7 wt.%.

« Deactivation under microwave conditions was slowed down.

* More detailed understanding is underway.




NATIONAL

Acknowledgements N=[HERY

TE TECHNOLOGY
LABORATORY

This work was performed in support of the U.S. Department of Energy’s (DOE)
Fossil Energy and Carbon Management's Natural Gas Hydrogen Research
and Emissions Mitigation and executed through the National Energy
Technology Laboratory (NETL) Research & Innovation Center’'s Natural Gas
Decarbonization and Hydrogen Technologies.

Authors would like to thank Scott Crawford from NETL-Pittsburgh for carrying
out XPS analysis.




NETL
RESOURCES

VISIT US AT: www.NETL.DOE.gov

@NETL_DOE

@NETL_DOE

@NationalEnergyTechnologylLaboratory

Contact: Dushyant Shekhawat .
Dushyqn’r.Shekhawq’r@N ETL.DOE.GOV . U.S. DEPARTMENT OF
for more information on Microwave Chemistry Research



mailto:Dushyant.Shekhawat@NETL.DOE.GOV

	Slide 1: Catalyst Deactivation and Stability in Microwave-assisted Methane Dehydroaromatization
	Slide 2: Disclaimer
	Slide 3: Authors and Contact Information
	Slide 4: Outline
	Slide 5: Introduction
	Slide 6: Introduction
	Slide 7: Introduction
	Slide 8: Introduction
	Slide 9: Catalyst
	Slide 10: Catalyst Characterizations
	Slide 11: Catalyst Characterization
	Slide 12: Experimental Details
	Slide 13: Catalyst Characterization
	Slide 14: Catalyst Characterization
	Slide 15: Catalyst Characterizations
	Slide 16: Catalyst Characterization
	Slide 17: Catalyst Characterization
	Slide 18: Catalyst Characterization
	Slide 19: Experimental Details
	Slide 20: Microwave Reaction Data
	Slide 21: Microwave Reaction Data
	Slide 22: Microwave Reaction Data
	Slide 23: Spent Catalyst Characterization
	Slide 24: Spent Catalyst Characterization
	Slide 25: Conclusions
	Slide 26: Acknowledgements
	Slide 27

