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High pressure sorption data

Literature data

Round robin tests:

High pressure CO, sorption isotherms High pressure H, sorption isotherms
on porous carbon at 318 K on porous carbon at 77 K
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Gensterblum et al., Carbon 2009 Zlotea et al., Int. J. Hydrogen Energy 2009
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Capabilities: parameter space

m@m

0 bar — 200 bar 78 K—780 K
_ Ch2 0 bar — 80 bar 20K-670 K Yes
Volumetric R
Ch3 0 bar—1 bar LN,, LAr, RT— 670 K Yes
Ch4® 0 bar — 100 bar RT-670K Yes
Gravimetric’ 0 bar — 20 bar 273 K-773 K Yes
Volumetric & Gravimetric 0 bar—90 bar™" LN,, LAr, 273 K—423 K -

Volumetric with chromatography 0 bar—90 bar”~ 283 K—-670 K/ 283 K—323 K Yes

Pore size analyzer (volumetric) Obar—1bar RT-670K/LN,, LAr,253 K—-373K Yes
Gravimetric’ 0 bar =50 bar 278 K—1073 K -
Gravimetric 0 bar—1 bar 278 K—423 K -

*: Mass spectrometry available for gas analysis.

**: Higher pressure measurements are possible for single gas sorption isotherms.
***: Air-less sample transfer capability.

Complementary instruments highlighted in red.

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes



Capabilities: parameter space

High pressures

m@m

Ch1" 0 bar -200 bar 78 K—780 K
Ch2 0 bar =80 bat 20K—-670K Yes Yes -

Volumetric R
Ch3 0 bar—1 bar LN,, LAr, RT— 670 K Yes Yes -
Cha’ 0 bar RT— 670 K Yes Yes -
Gravimetric’ 0 bar — 20 bar 273 K-773 K Yes Yes Yes

Volumetric & Gravimetric 0 bar 90 bar\ LN,, LAr, 273 K—423 K - Yes -
Volumetric with chromatography 0 bar X90 bar,/ 283 K—-670K /283 K—323 K Yes Yes @ -
Pore size analyzer (volumetric) Obar—1bar RT-670K/LN,, LAr,253K—-373K Yes Yes -

Gravimetric' 0 bar — 50 bar 278 K— 1073 K - Yes Yes
Gravimetric O bar—1 bar 278 K—423 K - - Yes

*: Mass spectrometry available for gas analysis.

**: Higher pressure measurements are possible for single gas sorption isotherms.
***: Air-less sample transfer capability.

Complementary instruments highlighted in red.



Capabilities: parameter space

Cryogenic temperatures

m@m

0 bar — 200 bar 780 K
Ch2 0 bar — 80 bar 670 K Yes

Volumetric R
ch3 0 bar — 1 bar CIN,, LADRT - 670 K Yes
Cha” 0 bar — 100 bar RT-670 K Yes
Gravimetric' 0 bar — 20 bar 273 K-773 K Yes

Volumetric & Gravimetric 0 bar—90 bar" 273 K—-423K -

Volumetric with chromatography 0 bar—90 bar”~ 283 K—-670 K/ 283 K—323 K Yes

Pore size analyzer (volumetric) Obar—1bar RT-670K/LN,, LAr,253 K—-373K Yes
Gravimetric’ 0 bar =50 bar 278 K—1073 K -
Gravimetric 0 bar—1 bar 278 K—423 K -

*: Mass spectrometry available for gas analysis.

**: Higher pressure measurements are possible for single gas sorption isotherms.
***: Air-less sample transfer capability.

Complementary instruments highlighted in red.

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes



Capabilities: parameter space

Gas mixtures

m@m

0 bar — 200 bar 78 K—780 K
) Ch2 0 bar — 80 bar 20K—-670K Yes Yes -
Volumetric R
Ch3 0 bar—1 bar LN,, LAr, RT— 670 K Yes Yes -
Cha” 0 bar — 100 bar RT-670 K Yes Yes -
i 0 bar — 20 bar 273 K-773 K Yes Yes Yes

bar — 90 bar ™ LN,, LAr, 273 K — 423 K - Yes -
Volumetric with chromatography Obar—90 bar’~ 283 K—-670 K/ 283 K—323 K Yes Yes @ -

metric) Obar—1bar RT—-670K /LN, LAr,253 K—373 K Yes Yes -
Gravimetric' 0 bar — 50 bar 278 K— 1073 K - Yes Yes
Gravimetric O bar—1 bar 278 K—423 K - - Yes

*: Mass spectrometry available for gas analysis.

**: Higher pressure measurements are possible for single gas sorption isotherms.
***: Air-less sample transfer capability.

Complementary instruments highlighted in red.



Capabilities: parameter space

Airless sample transfer

Chl 0 bar —200 bar 78 K—780 K
Volumetric Ch2* 0 bar —80 bar 20K—-670 K
Ch3 0 bar—1 bar LN,, LAr, RT—670 K
Ch4” 0 bar — 100 bar RT-670K
Gravimetric~ 0 bar — 20 bar 273 K-773K
Volumetric & Gravimetric 0 bar—90 bar™" LN,, LAr, 273 K—423 K - Yes
Volumetric with chromatography 0 bar—90 bar”~ 283 K—-670 K/ 283 K—323 K Yes
Pore size analyzer (volumetric) Obar—1bar RT-670K/LN,, LAr, 253 K—-373 K Yes
Gravimetric’ 0 bar =50 bar 278 K—1073 K - Yes
Gravimetric 0 bar—1 bar 278 K—423 K - -

*: Mass spectrometry available for gas analysis.

**: Higher pressure measurements are possible for single gas sorption isotherms.
***: Air-less sample transfer capability.

Complementary instruments highlighted in red.
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Capabilities: parameter space

Adsorptives: CO,, CH,, H,, N,, He, H,O, Toluene, other vapors.

m@m

0 bar — 200 bar 78 K—780 K
) Ch2 0 bar — 80 bar 20K-670K Yes Yes -
Volumetric R
Ch3 0 bar—1 bar LN,, LAr, RT— 670 K Yes Yes -
Cha” 0 bar — 100 bar RT-670 K Yes Yes -
Gravimetric' 0 bar — 20 bar 273 K-773 K Yes Yes Yes
Volumetric & Gravimetric 0 bar—90 bar™" LN,, LAr, 273 K—423 K - Yes -

Volumetric with chromatography 0 bar—90 bar”~ 283 K—-670 K/ 283 K—323 K Yes Yes -

Pore size analyzer (volumetric) Obar—1bar RT-670K/LN,, LAr,253K—-373K Yes Yes -
Gravimetric’ 0 bar =50 bar 278 K—1073 K - Yes Yes
Gravimetric 0 bar—1 bar 278 K—423 K - - Yes

*: Mass spectrometry available for gas analysis.

**: Higher pressure measurements are possible for single gas sorption isotherms.
***: Air-less sample transfer capability.

Complementary instruments highlighted in red.
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Capabilities: competencies

Example of Measurement

Define the measurement or data need

g

Design and work on approach

g

Deliver product or solution
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Capabilities: competencies

Example of Measurement

Define the measurement or data need

g

Design and work on approach

g

Deliver product or solution
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Capabilities: competencies

Example of Measurement

NIST work
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Capabilities: competencies

Example of Measurement
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Capabilities: competencies

Example of Measurement

Materials selected:
e ZeoliteY

-1 e Zeolite A
e ZSM-5

?.. g

barrels




Capabilities: competencies

Example of Measurement
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Capabilities: competencies

Example of Measurement




Capabilities: competencies

Example of Measurement
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Capabilities: competencies

Example of Measurement

Reference values for:

Elemental composition

Loss on ignition

Loss on fusion

Atomic Si/Al and Na/Al ratios
Content of trace elements

Information values for:

Enthalpies of formation
Unit cell parameters
Particle size distribution
Refractive indices

certification

20




Capabilities: competencies

Example of Measurement

RMs
produced

-7 NIST work RN

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005

10 years
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Capabilities: competencies

Define the measurement or data need

g

Design and work on approach

Example of Data

g

Deliver product or solution
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Standard Reference Materials and Data (RMD)

Example of Data

o

¥
m

/M SRM/D 1950

- C' f [ srm1950.nistgov

SRM/D

Standard Reference Material and Data

1950
Metabolites in Human Plasma

© 0 0O

GC-MS LC-MS NMR Other Certificate

SIANDARD
1950

Metabolit
Human

NIST

Nafional Institute of
| schivslogy Administral

High-quality data are obtained and critically assessed on a material
certified for amount-of-substance.
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Request from the International Adsorption Society

IAS sends a Memo to NIST

: Oct 21 2013
(G ><— NisT
IAS

... “develop of (certified) reference materials with (certified) reference gas adsorption
isotherms, with priority given to reference materials for industrial adsorption applications
over a wide pressure range (e.g. up to ca. 100 bar).”...

.. “availability of such reference materials will allow for calibration of gas adsorption
analytical equipment appropriate to high pressure conditions, which will enable reliable
comparison and evaluation of adsorbent materials between independent laboratories.”...

25



Data of interest

CO,

CO,

CHq4

SFe

Ar

0°C-70°C

0°C-20°C

0°C-70°C

0°C-70°C

0°C-70°C

87 K

20°C-30°C

1 bar - 100 bar

O bar - Psat

1 bar - 100 bar

1 bar - 100 bar

1 bar - 100 bar

O bar - Psat

O bar - Psat

None

None

None

None

None

BCR-704, BCR-705

None

Zeolite 5A, Zeolite 13X, BPL Carbon,
Filtrasorb 400, ZSM5/ Silicalite

Zeolite 5A, Zeolite 13X, BPL Carbon,
Filtrasorb 400, ZSM5/ Silicalite

Zeolite 5A, Zeolite 13X, BPL Carbon,
Filtrasorb 400, ZSM5/ Silicalite

Zeolite 5A, Zeolite 13X, BPL Carbon,
Filtrasorb 400, ZSM5/ Silicalite

Zeolite 5A, Zeolite 13X, BPL Carbon,
Filtrasorb 400, ZSM5/ Silicalite

Zeolite 5A, Zeolite 13X

Zeolite 5A, Zeolite 13X, BPL Carbon,
Filtrasorb 400, ZSM5/ Silicalite

26



Request from the International Adsorption Society

NIST sends a response Memo to IAS

! Nov 11 2013
G > NIST
1AS

... "[NIST] proposes measuring high pressure isotherms for CO, and CH, using one of our
existing RM zeolite materials, both at NIST and other laboratories as part of a round robin.”...

... “inclusion of other adsorption scientists, with IAS participation, would give greater
credibility to the effort.”...

... “‘the resulting isotherm data would not be, in the strict sense used here at NIST, ‘certified
values’, but would have considerable credibility in the adsorption science community.”...

27



Reference Materials and Data (RM/D)

T SRM/D 1950

.(- CH D
RM/D
Reference Material and Data

H,0 isotherm Certificate

H, isotherm CH,isotherm

srm1950.nistgov

CO, isotherm

High-quality gas adsorption isotherm data on a material certified

for amount-of-substance.

28



Reference Materials and Data (RM/D)

Zeolite Y Zeolite A ZSM-5

Linde Type A

(LTAZeolite

High-quality gas adsorption isotherm data on one of the NIST RM
zeolites certified for chemical composition.

29



Reference Materials and Data (RM/D)

8850, 8851, 8852
RM Zeolites

a «* % ,’ )
H,0 isotherm Certificate

H, isotherm CH,isotherm

/ WiEr SRM/D 1950

- C' f [ srm1950.nistgov

RM/D

Reference Material and Data

CO, isotherm

O  We have 1,000+ units in stock.
O Certificates are valid through 2020.

O Extensively characterized for:
° HomOgGHEIty e ——
8850 ype
hujn:-\lt- (FALD 8852
MFI Zeolite

. Purity
Chemical composition Zeolite

High-quality gas adsorption isotherm data on one of the NIST RM

zeolites certified for chemical composition.
30



zeolites

Zeolite Y Zeolite A

Si/Al 2.55 0.99
Na/Al 0.99 1.01

Available online at www.sciencedirect.com

e
“e” : H MICROPOROUS AND
.~ ScienceDirect MESOPORQUS MATERIALS

ELSEVIER Microporous and Mesoporous Materials 107 {2008) 252267

www.elsevier.com/locate/micromeso

Characterization of chemical properties, unit cell parameters
and particle size distribution of three zeolite reference materials:

28.34

RM 8850 — zeolite Y, RM 8851 — zeolite A
and RM 8852 — ammonium ZSM-5 zeolite Turner et

al., Micropor. Mesopor. Mat. 2008

S. Turner ™*, J.R. Sieber ", T.W. Vetter %, R. Zeisler . A.F. Marlow *,
M.G. Moreno-Ramirez ™', M.E. Davis . G.J. Kennedy , W.G. Borghard °,
S. Yang %2, A. Navrotsky ¢, B.H. Toby “*, I.F. Kelly |, R.A. Fletcher *,
E.S. Windsor *, J.R. Verkouteren , S.D. Leigh ¢
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zeolites

Zeolite Y Zeolite A

m ZeoliteY | Zeolite A

Si/Al 2.55 0.99
Na/Al 0.99 1.01

Available online at www.sciencedirect.com

e
“e” : H MICROPOROUS AND
.~ ScienceDirect MESOPORQUS MATERIALS

ER Microporous and Mesoporous Materials 107 (2008) 252267

ELSEVI

www.elsevier.com/locate/micromeso

Characterization of chemical properties, unit cell parameters
and particle size distribution of three zeolite reference materials:

least hydrophilic

RM 8850 — zeolite Y, RM 8851 — zeolite A

and RM 8852 — ammonium ZSM-5 zeolite Turner et al., Micropor. Mesopor. Mat. 2008

S. Turner ™*, J.R. Sieber ", T.W. Vetter %, R. Zeisler . A.F. Marlow *,
M.G. Moreno-Ramirez ™', M.E. Davis . G.J. Kennedy , W.G. Borghard °,
S. Yang %2, A. Navrotsky ¢, B.H. Toby “*, I.F. Kelly |, R.A. Fletcher *,
E.S. Windsor *, J.R. Verkouteren , S.D. Leigh ¢

32



Preliminary CO, adsorption data

co,

[e)]

Surface excess (mmol/g)

Zeolite Y

. Zeolite A

ZSM-5

20°C

100 15 20 25 30
P (bar)

Zeolite A

35 40

45
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Preliminary CO, adsorption data

co,

Zeolite Y

. Zeolite A

ZSM-5

[e)]

Surface excess (mmol/g)

20°C

0 5 100 15 20 25 30 35 40 45
P (bar)

Zeolite A
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Preliminary CO, , CH,, and H, adsorption data

ZSM-5

8
200 | 20 °C
—6
175
=
c :
~
..3, 150 ._E_
= a
“ 125 - a
£ &
2 ] 3
>° 100 8
© -
o Argon 87 K on ZSM-5 ]
e v
5 75
5
< ‘
50 r
I
25 3
b 0 10 20 30 40 50
0 : . . : . . . : . P (bar)
0.0 0.2 0.4 0.6 0.8 1.0
P/PO CO,: T/Tc=0.9
CH,: T/Tc=15
H,: T/Tc=8.8
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Preliminary CO, , CH,, and H, adsorption data

ZSM-5

8
1 M T=e=niorresp —=-Ads
w0 | 12{ v 2 20°C
| 10 1 —e—nLDFT =
E 08 - Cumul.pore _g
175 {3 vol. (Ads.) @ .5.06 -
=06 A ] ~
- 1204 = °
o0 > 0.4 3
150 17, £ £
s . S E
a 1 oo — —— 4 )
E 125 - 0 01 02 03 04 05 06 07 D4
4’ Pore width (nm) -]
£ E [
= ]
(=] - (%)
S 100 8
e i [
@ N 3
2 v 2
<) 75 1 Mi filli Reminiscence of a phase
% i icropore Tifling transition of the ZSM-5 between
< its menoclinic and orthorhombic
50 o \ form
7 NOT associated with the filling
25 4 0
_ 0 10 20 30 40 50
0 B ree P (bar)
1.E-07 1.e-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00
P/PO CO,: T/Tc=0.9

CH,: T/Tc=15
H,: T/Tc=8.8
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Preliminary H,O adsorption data

H,O

18
Zeolite Y

o M
Zeolite A

12

Mo

6 ZSM-5

H,0 isotherm

Surface excess (mmol/g)
(Vo)

25°C

Psat = 0.032 bar

0 20 40 60 80 100
Relative Humidity %

Zeolite Y Zeolite A
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*  Round robin of CO, adsorption isotherm measurements on NIST
RM8852 (ZSM-5) at 20 °C up to 45 bar, with assistance from:

O International Adsorption Society (IAS)
O Versailles Project on Advanced Materials and Standards
(VAMAS)

*  Prioritize other measurements:
O H, and CH, adsorption isotherm measurements on NIST
RM8852 (ZSM-5).

O H,0O adsorption isotherm measurements on NIST RM8850
(Zeolite Y), RM8851 (Zeolite A), and RM8852 (ZSM-5).

38
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Characterization of shale gas?

- y, - | People SALER L The last great
Libya’s Civil War | Puwerfor | RO | work of Bavid
A GRAVE SCANDAL AT ARLINGTON | weonemem | 56508 | w v onossaun.

Frequency

Cumulative specific volume mm3/g)

Pore diameter (nm)
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Complement in-situ characterization?

 Gas sorption |

................................................

g‘ ..... Comp. ,

< . Modeling &

s . Simulations !

R > R Femimewmseii—, Key structure-
3 Prescure : property data and
= relationships
E ...........
Photon Energy (eV)

. SAXS & SANS | DYNAMICS Structure:

* Crystal structure
* Pore size distribution

’ STImUII * Pore geometry
— 7 * Crystallite size
C— - * Surface area

i . * Particle morphology
-1 - STI UII
Q(At) m * Particle size distribution

* Chemical composition
* Adsorption sites

Intensity (a.u.)

P, T, flow, gas type

. XRD & ND

....................................... : Properties:
; * CO, capture capacity
& * CO, sorption rates
g * Heat of CO, sorption
g * CO, selectivity
= * Thermal stability

2-Theta (Deg) INS * Chemical stability

* Mechanical stability

l “ n * Regeneration ability
42

Energy (meV) ESplnal et al., ES&T, 2013

Intensity (a.u.)




Storage and separations?

H, uptake (wt%)

5.0 20
4.0
15 AOOLECCCCCX 000y
30 §
210
a
20 3
ES
05
1.0
00 00
0 10 20 30 40 S0 60 0 10 20 30 40 50 60
P (bar) P (bar)

CH,{40%) + CO,(60%) Adsorption Isothemm

GG100 (Shirasagi) 0.59 at 10°C
—

Adsorsion amaurd [ mi(STP)/g]

H, ads. on Cu-BTC at 77K H, abs. on LaNi5 at 40 °C

CO,/CH, adsorption on porous carbon at 10 °C

200 6.000 200
|
. 1
T < 4.000 |
1108 3 1 150
5 x 2.000 [
T : | 2
H loo £ £ 0.000 g
2 =~ 2 [ 3
® g 5 ! §
A 0 g 2000 : 50 £
5
= H ‘E‘ \ [
g g0 1
o § 2 o
= 2 -6.000 |
s [ e r—]
> 2 hours | = 1 > 2 hours |
8000 50 8,000 50
L] 100 200 300 400 500 0 100 200 300 400 500
Elapsed time (min) Elapsed time (min)

Monitoring H,O evolution during outgassing of molecules sieves

T T
]

!
|
!

=@ -
] s B i 5

Toluene adsorption on F400 at 25 °C
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QUESTIONS?
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EXTRA SLIDES
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Clarification on nomenclature

surface excess vs. adsorbed amount

ISOTHERM \ Pressure / ]

\_Gauge /
\ g, surface excess

- I

adsorbed amount

adsorbed amount

density

Poulk

Gas uptake

surface excess

ﬁ

Equilibrium pressure

bulk gas molecules
®  excess } adsorbed

solid

gas-like amount

>
distance from surface
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CO, adsorption data

adsorbed amount

ny =n°+ p,V,

€O, uptake (mmol/g)
.

surface excess

V,: pore volume

20°C

0 5 100 15 20 25 30 35 40 45
P (bar)
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CO, adsorption data

CO, uptake (mmol/g)
iy

surface excess

20°C

5 10 15 20 25 30 35 40 45
P (bar)

adsorbed amount
ny =n°+ p,V,

n()'

Ny =——V—7——
. Pe
pliq

Psat = 57.29 bar
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CO, adsorption data

L

CO, isotherm

T/Tc=0.9 (subcritical temperature)

€O, uptake (mmol/g)
B

surface excess

20°C

0 5 100 15 20 25 30 35 40 45
P (bar)
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