
WAXS (XRD) data
CH = Ca(OH)2 (hexagonal)
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OPC:

Prolonged exposure to CO2

reduces CH peaks, 
increases CC peaks.

XRD

Nanocalorimeters coated with 
different polymer samplesSee for example:

Yi et al, DOI: 10.1063/1.5098297
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Data & 
Software
• NIST/ARPA-E Database of Novel and Emerging Adsorbent Materials
• FEASST: Free Energy and Advanced Sampling Simulation Toolkit

• Thermodynamics and statistical mechanics
• Confined CO2 and H2O
• Adsorbent screening
• Surface fluid interaction & roughness
• Simulate/calculate supercritical and

subcritical adsorption isotherms for
pure and binary mixtures

Methods:
• Combustion analysis
• Titration for carbonates
• NMR – vapor phase and solid-state
• Other: TGA, LOI, XRD, IR
• Goal: simple, low cost, & fieldable

Abstract: NIST is leveraging unique capabilities and expertise in sorption science and materials characterization to develop the critical measurements and metrologies needed for 
scalable carbon dioxide removal (CDR) and carbon sequestration in building materials.  To maximize impact, NIST is building collaborations with other government agencies, industry, 
and academia.  Results will be delivered through reference measurements and data, standard and reference materials, and validated computational simulations. NIST’s capabilities, 
approach, and near-term efforts are presented.  NIST is also working to identify additional areas to further support the global effort to reach net-zero.

Authors: Pam Chu, Craig Brown, Aron Newman, Ed Garboczi, Dan Neuman, Andrew Allen, Chris Stafford, Vince Shen

Email: dac.ccus@nist.gov

NIST Metrology for Carbon Dioxide Removal and Carbon Sequestration in Building Materials

Materials Measurement Laboratory

NIST Center for Neutron Research

Engineering Laboratory

Material Characterization for Carbon Dioxide Removal

Carbon Sequestration in Building Materials

Combustion

Titration

NIST Team: R Cook, H King, B Lang, R Murphy, B Scruggs, C Suiter, P Stutzman, J Widegren, M Winchester 

Neutron imaging & USAXS/SAXS & XRD of OPCs and PLCs
• Ordinary Portland Cement (OPC) and OPC-Limestone (PLC)
• Cured with N2 or CO2

• Diffusion front advance gives measure of kinetics

Program Goals:

Nanocalorimetry - Thermal Cycling

• Microsensors  fabricated, annealed, calibrated and tested at NIST.  
• Heating rates up to 1,000,000 °C/s.  Max temperature 1300 °C
• Hundreds or thousands of thermal cycles possible in one day of testing
• Varied gas environments possible

Adsorbent Characterization and Testing
http://nist.gov/mml/fact/

Ambient Breakthrough Instrumentation

Neutron Scattering 

• Directly measure CO2 uptake and binding interactions in ultra thin films, the 
physical state they exist in solid sorbents

• Quantitative measurements of sorption/desorption kinetics and CO2

capacity in hPEI films as a function of thickness by:
• tandem PM-IRRAS(IR spectroscopy)
• QCM (mass uptake)

• Thinner films exhibit higher capacity 

Measurements of PEI Under Confinement

X-ray Scattering

CO2/ZMS-5  
NIST RM 8852

Molecular Simulations

ZIF-8
Predict Selectivity at Multiple Temps

from Single Calculation

(CO2 / N2 selectivity)

Reference CO2 adsorption isotherm

Rough wall solid-fluid potential Supercritical adsorption isotherm

adsorbents.nist.gov

pages.nist.gov/feasst

• Single fluid adsorption using 
manometric and gravimetric 
methods.  

• Adsorption of binary and 
complex fluid mixtures

• Pore-size distribution, 
surface area

• Pressures: 10 mPa to 20 Mpa
• Temperatures: 20 K to 800 K

Rapid Accurate Characterization of DAC CO2 Sorbents
• Directly Measure Capacity & Equilibria
• Determine Multicomponent Effects
• Study Time-Dependence –

• Kinetics, Mechanisms, & Aging
• Data Suitable for Theory & Modeling

10 nm –
few µm

INCIDENT
BEAM

1 nm –
50 nm
& 
some 
XRD

crystals 
rotate

main 
XRD

Single-crystal XRD Measurements coupled w/ DFT to predict 
CO2 sorption sites

NIST Team: A Baumann, M Carter, H Evans, H Hatch, J Hoffman, D LaVan, J Manion, W McGivern, G Nguyen, D Siderius, F Yi, R van Zee 

Reference Isotherm

95 % Uncertainty Interval

NIST ILS – 13 Labs

• Structure changes characterized using WAXS/XRD
• Microstructure changes  characterized using USAXS/SAXS
• Controlled sample environment
• Measured changes used with DFT to predict CO2 sorption sites

• CO2 locations
• Diffusion, kinetics
• Morphology of sorbates
• Local adsorption potential and vibrations
• Effects of water and competitive binding

Small angle neutron scattering

Quasi-elastic neutron scattering

Framework dynamics
Inelastic neutron scattering

CO2 in simple metal organic framework
Evans et al. submitted

Help enable the innovation and adoption of low-carbon building 
materials

• Engage stakeholders through an industry consortium
• Develop, evaluate, and standardize methodologies to quantify CO2

uptake in cements/concretes 
• Lead ASTM Standard Test Method development 
• Draft guide for material-specific issues to enable ensure measurement 

comparability across materials.
• Facilitate interlaboratory measurement comparisons

• Measure kinetics and adsorptive capacities
• Distinguish between chemical and physical adsorption 

Carbon and Carbonate Analysis

Materials:
• Considerations: sample mass, particle size, 

calibration methodology and range
• Carbonate minerals, blended carbonates, cement 

binders, aggregates
• NIST cement SRMs (14), CO2-cured cement, 

geologic materials SRMs
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Advanced Photon Source
Argonne National Lab

CO2 diffraction patterns 
Neutron powder diffraction

CO2 captured in SSZ-13
10.1021/ja210580b CO2 confined in silica 

nanopores 
10.1039/D0EN01282C

Program Goals:

[1] Develop validated techniques and procedures with the community

[2] Provide ‘well understood’ benchmark materials and measurements: 
[a] Chemical and physical structure-property relationships

[b] Adsorption/desorption kinetics and thermodynamics 

[c] Capacity; lifetime

Under real-world conditions:

• Primary material to final morphologies of devices

• Temperature: -40 ⁰C to 50 ⁰C; Pressure 300 hPa to 1050 hPa

• H2O and O2;   atmospheric ‘impurities’

• Low pressure drop

Candidate Benchmark - Supported Materials

Branched Polyethyleneimine (PEI)

<150 µm

10 nm

• 6  different physically impregnated 
Silica-PEI / TEPA Composites  
e.g. DOI: 10.1021/acs.jpcb.7b04106

• Commercial material: Lewatit® VP OC 1065

• Tetramine appended Mg2(dobpdc) 
Metal-organic framework
DOI: 10.1021/ja300034j

• Ultramicroporous materials: 
TIFSIX-3-Ni  DOI: 10.1039/C7CC02289A

Metal-formates (Evans, NIST; Sci. Adv., accepted, 08/22)
SBA-60% PEI composite

Carter et al., NIST

ChemComm, Vol 53, No 44, 2017

Tetraethylenepentamine (TEPA)

Sci. Adv., Accepted ‘22

Dry CO2

250 nm PEI
25 °C *

∆t

0%
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∆𝑡

carbamate formation
NIST Dynamic Ambient Column Breakthrough Apparatus

CO2 Adsorption Isotherms @ 25⁰ C

Polyethylenimine-impregnated silica

Activation studies Cycling effects

CaCO3 content –
TGA vs Titration

CaCO3 – sand mixtures

Collaboration with Virginia Tech

Water adsorption simulations - clustering

400 ppm CO2/He

298.1 K

1174.6 hPa

Reproducibility  2 %

Sample – 249 mg 

Zeolite 13X

XRD data: Promising Mg-MOF type DAC 
candidate in flowing dry CO2, 100 °C
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USAXS/SAXS & XRD: 
Loss of Ca(OH)2; gain CaCO3

N2 cured CO2 cured

(g CO2/g cement) (% mass gain relative to N2 cured)

OPC- 0.10 7 % 

PLC - 0.07 2 % 

Simplified Van Slyke’s 
model for throughput

Vapor Phase NMR
Adsorption kinetics

http://nist.gov/mml/fact/

