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* Introduction
- Methane emissions and consequences

- Sensors for energy infrastructure monitoring
* Surface Acoustic Wave Sensors

- Working principle

- Novel sensing materials: Metal-Organic Frameworks (MOFs)
* Methane Detection

- Sensors with ZIF-8 sensing layer
- Wireless Detection

* Summary
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Potential Explosions (Leaked
Methane Ignition)

Challenges in Fuel Transportation
(Fuel Loss and Maintenance Cost)

How accurate are the current estimates?

“Methane emission from natural gas system in U.S.
and Canada is greater than official estimates.”
(Brandt et. al., Science, 343, (2014), 733)

Opportunity for developing robust detectors for effective
monitoring of energy infrastructures and emission sites.
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Distributed Optical Advanced
Fiber Sensors Electrochemical Sensors

Imperfections in fiber lead to Rayleigh backscatter:

Geospatial Targeted
- Temperature, Strain
Linear Sensor o ’
Distributed Gas Chemistry (CH,,

Optical Fiber Adjustable C%ﬁ::;,? f::vor CO,, H,0, etc.)
Sensors Distance and
Resolution

Injected Laser Light

Backscattered Light

Rayleigh backscatter forms a permanent spatial
“fingerprint” along the length of the fiber.

Early Corrosion
Detection

Passive Wireless Sensors

Temperature, Strain,
Gas Chemistry (CH,,
Passive Wireless . CO,, H,0, etc.
y(t) Probe pu|5e Sensors P°|nt Sensor LOW 2 2 )
Early Corrosion
>> Detection

N
y(t) Reflected pulses

Advanced Humidity and
Electrochemical Point Sensor ModHeiraht Hig Corrosion Rate
Sensors g Monitoring

Three Synergistic Sensor Platforms with Complementary Cost, Performance, and Geospatial
Characteristics are Being Developed with an Emphasis on Corrosion & Gas Composition.
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Common pipe sizes for fossil fuel infrastructure 16 inch steel pipe: LABORATORY
P|pe Type D|ameter TE11 Cut Off 00 Ohrric attenuation of TETT in circular steel pipe, D=16 inch
(inch) Freq (MHz) ol Loss of ~500 MHz RF Wave in
— 1km propagation path:
Mainline 16 —48 433 — 144 Zon +  Free space (isotropic
Interstate 24,36 | 288,192 % oo antennas) = 86.42 dB.
: e TE11 mode conductivity
Lateral 6-16 1153-432 T om Attenuation of TE11 loss (steel pipe) = 10 dB
Wellbore casing | ~4.5 1537 oot} mode in a pipe
Wellbore tubing | ~2.5 20150 T L I e
e Functionalized Reference
channel channel

v

Leak detecton ~ __---

Interrogator )>> <

Multiphase flow and corrosion monitoring SAW Devices

Patch antenna




N: NATIONAL
«m |[ENERGY

T L TECHNOLOGY

Surface Acoustic Wave Sensors
LABORATORY

* Passive, Wireless Sensors Requiring No Active Power (Harsh Environment Compatible, Reduced Maintenance)

e Possible to Develop for Multi-Function Parameter Operation (Temperature, Multicomponent Gas Phase Chemistry)

* Matured Technique: Millions of SAW Filters Produced for Use in

) = _ pr1 Sensing layer o,
Mobile Phones & Commercialized for Temperature Sensing.

* Generally, a material sensitive to the targeted chemical species

is applied on the transducer surface. . ;
pitch/a R!ezoelectrlc

SLN:{strate
SAW velocity can be recorded in terms of frequency or phase
and correlated with a parameter of interest.

Av

v_o = Atemp + Apressure + Amass + Aconductivity + Amech L

Av_ﬂ_ Ag

vo_fo_ ®o

Working principle of SAW gas sensors.




NETL Devices and Experimental Facility N =|NATIONAL

TL TECHNOLOGY
LABORATORY

NETL SAW Device Schematic Fabricated Devices

Functionalized Reference — Custom Assembled SAW

channel channel Interrogator
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Real Time Sensors Possible Based on
Attenuation or Time Delay
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Popular vapor sensing materials for acoustic devices Porous materials?
* Metal oxides, semiconductors o Metal-organic
frameworks
e Metals
* Polymers
Covalent-organic Porous Porous

* Graphene, carbon nanotubes frameworks  organic polymers molecular solids

* Composite/hybrid materials
Afzal et al., Anal. Chim. A.c;a 787 (2013) 36— 49 .

Slateret al., Sci. 348, ‘aaa8075 (2015)

* Key component for sensor’s performance Integration challenges include the high quality
* Interaction with analytes: physisorption/chemisorption film formation on transducers and understanding
e Coupling with transducers: adhesion, other interfacial properties the coupling with gases and transducers.

. U.S. DEPARTMENT OF

‘ENERGY
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MOFs:
Non-Conducting (mostly) and stiff ZIF-8 - Gas adsorption isotherms
High gas adsorption capacity and tunable pores con
27 2 CH4:N2
“’E 351 m 1000 2 “’E - B 1000
Example: ZIF-8 MOF S 2 2 | ‘é“' Ane e
30:70 ] . L] v o+
= 21 § sz . Sl The it
2 44l <4 0:100 . - . 2 21 4 o100 =31y
) S A ; o Ny
* Known structural and gas Pore size: ~ 11.6A 27 . L
. . , 41\ g o] & D AEPEEPTERTE E R % 0-
a.dsorptlon propertles © 00 02 04 06 08 10 12 © 00 02 04 06 08 10 12
¢ Slmple, solution-based Pressure (bar) Pressure (bar)

processing

* Low water adsorption

Antenna for wireIe\s\s interrogation

Kinetic Diameters of CO,,
CH,, N,: 3.3A, 3.8A, 3.7A J -
Aperture: ~ 3.4A

Y-Z LiNbO; Reference delay line
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—— Displacement on free surface

A - A . S -

< -->| . zero charge,

(a) (b)
R =
8 IJ-m ) l 0 x B |
Sym e ry 2 0.8 \ Rayleigh SAW on Y-Z LiNbO,:
\ —XDisplacemcss
5\ | periodic i ¥ Displacement
e 8 041
¥
iy < 0.24
FEA — fixed, ground S 00 it
Structure P = 1 /65 : ‘ ' ‘
0 | 2 3 Rl b
vo | Depth (2)

Predicted f, = 436.27 MHz

Normalized Displadement Field

* The ZIF-8 mass density change upon gas Modeling gas sensing response:
adsorption was modeled as

Y-Z LiNbO3: di d Av —=189.3 X 106 d
SAW velocity = 3487.8 m/s Pnet = P +Ap = p + KC, Predicte v o X an
25.6 X 10°® for pure CO, and CH,,

(parameters from COMSOL’s inbuilt library)
respectively with 200 nm ZIF-8

layer.

ZIF-8 parameters from literature * Dimensionless Henry’s constant as the

. . C
partition coefficient K = C—S
v
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Integration of ZIF-8 with SAW/QCM Devices ¥E ?%é%%;égv

One cycle of dip coating produces 100 nm thick
ZIF-8 layer

Intensity (a.u.)

011

— 7 |F-8 film
(3-cycle dip coating)

6 8 10 12 14 16 18 20
20 (Degree)

0 Uncoated
Coated (one delay line)
-30- ZIF-8(2 cycle)/SAW

Time (us)
SAW delay line coated with 200-nm thick ZIF-8
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(a) (b)
o7 0.8;
20. 0.6- | — i-l
% 1'8__ EOA' Specifications:
1.6 202 - One port delay line
ol ZIF-8(2 oyclelSAW il 0.394 deg/vol-% - Cen'ter frequency, f, = 431.4 MHz
500 2000 500 0 20 40 60 80 100 - Active area: 2.464 mm?
Time (min) CO, concentration (vol-%) - Wired measurement
©
e o Mass uptake (mg/cm3-vol-%)
2
2.101 Gravimetric 0.257 0.015
2.08; ZIF-8(2 cycle)/SAW) = 0.021 deg/vol-% QCM 0.595 0.025
gf o007 gy eoa W To0n0 me0l Ee07 o0 SAW 0.304 0.016

Time (min) CH, concentration (vol-%)
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CH, Wireless Detection (ZIF-8/SAW) N=|rerena:
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1.144 |= Real Time Data, Wired Measurement g (I; g § (I;
] ] 8\03 oo\° — S < /\/J\
1121 :If\.‘m MN j\/\ S |
1.10 N, {2\/\/ N

50% CH,
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1.06 4
J l,) -1.60- V}
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1.02 4 2

60 120 180 240 300 360 420 360 420 480 540 600 660
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Challenges:
* Improvement in Sensor Sensitivity
* Noise Reduction in Wireless Measurement
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v’ Surface acoustic wave (SAW) technology is being explored for monitoring natural gas infrastructures with
the emphasis on chemical sensing,

v' Demonstrated the potential of applying a novel class of nanoporous materials, metal-organic frameworks
(MOPFs) as sensing layers on SAW devices for greenhouse gas detection.

v Demonstrated the wired and witreless detection of carbon dioxide and methane a MOF-coated SAW
Sensofr.

v’ Potential of multiple MOFs for simultaneous detection of carbon dioxide and methane using SAW
sensors has been explored through finite element modeling.

. DEPARTMENT OF




Acknowledgement N=[HaTonAL
) TL){Rscratory

This work was performed in support of the US Department of Energy’s Fossil Energy Crosscutting
Technology Research Program. The Research was executed through the NETL Research and
Innovation Center’s Natural Gas Transmission and Delivery FWP. Research performed by Leidos
Research Support Team staff was conducted under the RSS contract 89243318CFE000003.

Disclaimer

This work was funded by the Department of Energy, National Energy Technology Laboratory, an
agency of the United States Government, through a support contract with Leidos Research
Support Team (LRST). Neither the United States Government nor any agency thereof, nor any of
their employees, nor LRST, nor any of their employees, makes any warranty, expressed or
iImplied, or assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or represents that its
use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency thereof.

. DEPARTMENT OF




