Multiple-length-scale Study of Sandstone
for Carbon Sequestration




From “horse power” to “horsepower”

The industrial revolution has changed the world dramatically.




The horsepower comes with cost to us

There are side effects to the use of fossil fuels such as global worming

4 Asthe graph moves forward in time, the bell curve shifts
to the right, representing an increase in the frequency of the
various hot anomalies. It also gets wider and shorter,
representing a wider range of temperature extremes.

Movie courtesy of NASA/Goddard Space Flight Center GISS




The Greenhouse Effect







What to do?

Geological sequestration of carbon dioxide is
an important component of global greenhouse
gas emission reduction strategy

Data from



This is a question needs to be addressed at multiple length-scales.

Even smaller




Good resolution and large field view
SLAC

In an ideal world, one would study the sample(s) with very fine spatial resolution over very
large area (at least over the minimum representative volume).

Unfortunately, it is not possible/practical.

Many studies desire more than good resolution.

Although (b) provides much better resolution, people choose to use (a) for reading
for a good reason.

Spatial resolution field of view

We need a suite of complementary techniques to do the job.




How do we cover the multiple length scales?

A nm um

<€ >

TXM nano-CT @ SSRL

SEM/TEM @ Stanford
Synchrotron u-CT @ APS

Medical CT @ Stanford

X-ray microscopy
techniques cover a good
range of the length scales.
Electron microscopy
provides ultra high
resolution in case needed.




The question we try to answer in this study

The density measured using medical CT
indicates different CO, concentration
through out the core.

Why the sample 1 and sample 2 shows
difference in CO, saturation experiment?




How do we manage the “oversized” sample: to break it down

S1and S2 (cm size)
taken from the core
cylinder.

into smaller pieces for
u-CT experiment
(limited field of view)
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Numerically broken
down into smaller
pieces for analysis (we
have limited
computational power)

However, we need to be careful when doing this.
The boxes must be big enough to be meaningful.

Several positions on the sample
were scanned.

*Each scanned area results in a
3D volume, which is still too big
for the computer to handle.




The minimum representative volume
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v The minimum representative volume is

We use porosity to evaluate the determined as V., =(1.4x108 Voxels , 3.6mm3)

“size effect”. We expect that it
will be convergent as the volumes
of the cube grows.

We get 36 sub-boxes for each sample, provided
good and meaningful statistics.




Histogram helps for identifying different minerals
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Segmentation beyond histogram-based thresholding

Histogram helps for
identifying different
minerals

Separation and labeling
give each individual grain
an ID, enabling a lot of
sophisticated statistical
analysis
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We group the grains into two categories
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First few thousand big grains made up the most volume
of the solid phase.

Both turning points (defined as the maximum of the
curvature) are found at V = 1.5 e6 um3.

The particles are thus grouped into two categories: the
“big” and the “small”.
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The characteristics of the samples we studied

There are 36 representative sub-boxes for S1 and another 36 for S2.
We choose these 9 parameters to describe their characteristics.
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A measurement of the morphological complexity.

More can be introduced as needed...




The correlation of different parameters
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What we normally think

S1

« More and smaller skeleton grains * Less and larger skeleton grains

Less space left, smaller porosity More space left, larger porosity




The fact that “small grains” exist has changed the picture

S1

More and smaller skeleton grains * Less and larger skeleton grains

“Harder” for “small grains” to penetrate , “Easier “ for “small grains” to penetrate,
Less “small grains” More “small grains”

More space left, larger porosity Less space left, smaller porosity

Less complex the connected pore More complex the connected pore
structure structure




The pore throats

Black: solid,; White: connected pore

Pore throat: Narrow part in the connected pore. Traditionally, the pore throat size is
experimentally measured by performing Hg injection into dry sample.
We use 3D imaging of the sample to provide a direct measurement of the pore throat.




Our strategy to measure the pore throats: numerically expand the solid

We propose to evaluate “number of isolated pores” upon “numerical solid expansion™




Number of isolated pores vs. the corresponding Porosity at solid expansion
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This plot tells us two things:

1. Redis below Blue
At the same porosity (In the same amount of
solid), S1(red) has less throats.

2. Both curves have two peaks
There are two ‘types’ of throats (will show in
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There are two types of pore throats

In this picture, the cactus is the pore.

The fine throat,

which connects the Cactus
thorns.

In our sample, those throats
connected pores caused by
rough surface of the solids.
(<2 pixels )

The fine pore throat:
Responsible for the first peak;
the secondary pore throat:
Responsible for the shoulder.
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The secondary throat,

which connects the Cactus
bodies.

In our sample, those secondary
throats connected the space
between the solid particles.
(bigger diameter: 6-8 pixels)
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What we have learned from synchrotron p-CT

 Less and larger skeleton grains

o Easier for small grains to
penetrate

* More small grains

o Smaller porosity

 Larger complexity in the
connected pore structure

e More pore throats

 Tighter secondary throats







Single grain mounted on a needle
for nano-CT investigation




We care about more than just morphology

* So far, | have only talked about morphological studies.
* The chemistry (elemental associations, chemical species, interface dynamic and
etc.) plays an critical role in the real world.
* What we really want is a technique to provide the information of
, and we want this technique to work
(temperature, pressure, and etc.)
*+ How do we do this? We need to make full use of the capabilities enabled by the
existing X-ray sources and the future ones.




Full-field imaging with elemental sensitivity

9600 eV

below Zn K edge (9659¢V) Fe, Ti & Zn distribution in a

Diff Map (elemental distribution) Ruhrehemie CataIySt partICIe
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above Zn K edge (9659eV)
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Y. Liu et al., Anal. Bioanal. Chem. 404, 1297-1301 (2012).
|. Gonzalez-Jimenez et al., Angew. Chem. Int. Ed. 51. 11986-11990 (2012).




Full-field imaging with chemical sensitivity
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One example: visualization of pressure induced phase transition in BiNiO3

Liu et al., Appl. Phys. Lett. 104, 043108, (2014)




Visualization of chemical phases at nanometer resolution

Liu et al., Appl. Phys. Lett. 104, 043108, (2014)




5D visualization of pressure induced phase transition in BiNiO3

The

visualization of the phase transition upon

compression. The phase transition pathway visualized over a

virtual slice

Liu et al., Appl. Phys. Lett. 104, 043108, (2014)




Conclusion

X-ray microscopy is capable of providing very useful information
at different length scales

with elemental/chemical sensitivity

under controlled sample environments.

Scientific case studies, including investigation of under ground formation for CO2
sequestration and material under extreme pressures, have shown the strength
of X-ray microscopy.

We expect future development in instrumentation and methodology will open
even more scientific opportunities in many research fields.
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