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  7.1  INTRODUCTION

 The precipitous increase in worldwide CO2  emissions and the resulting carbon 

imbalance are attributed to the combustion of fossil-based energy resources

to meet the rising global demand for energy over the past century. As a result,

there is a growing urgency to develop scalable technologies for CO 2  capture,

utilization, and storage (CCUS). While CO 2  capture involves the separation of 

CO 2  from dilute and concentrated sources, CO 2  utilization involves the use of 
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CO2  as a processing fl uid for enhanced hydrocarbon extraction and the conversion

of CO2  to useful fuels and chemicals including calcium and magnesium carbonates. 

However, any effort to close the carbon cycle would require the permanent and safe 

storage of CO 2  (Thomas and Benson   2015  ). Toward this end, a fundamental mul-

ti-scale understanding of CO 2  interactions within materials relevant to the permanent 

storage of CO2  is of vital importance.

 While various options for the permanent storage of CO2  exist, the primary 

CO2  storage sites include deep saline aquifers, depleted oil and gas reservoirs, and

unmineable coal seams (Metz et al. 2005). Regardless of the CO2  injection site,

there is a need for a cap-rock seal to prevent the leakage of CO2  into the atmosphere, 

unless some reaction can be relied upon to bind the CO 2  into a solid carbonate form.

Once CO 2  is injected underground, it can be physically trapped below the non-per-

meable cap-rock, in the pore spaces via capillary trapping, through dissolution in 

brine, or via carbonate formation through reactions with the host rock (Metz et al. 

2005). From an industrial standpoint, there is considerable interest in using CO 2
for enhanced hydrocarbon recovery, followed by the storage of CO2  in geologic 

reservoirs. In such scenarios, a fundamental understanding of the displacement of 

hydrocarbons with CO2 , and the conditions that favor the storage of CO 2  in geo-

logic reservoirs is of primary interest. Given the complexity of CO2 –host rock–fl uid 

interactions, assessing the fate of CO 2  injected into geologic reservoirs requires a 

multi-spatial and multi-temporal perspective. 

 The fate and risks of long-term storage of CO 2  in geologic formations are often

assessed through models. The primary inputs for these models include fundamental 

properties such as the diffusivity and permeability of subsurface fl uids, kinetic rate

constants of CO2 –fl uid–host rock interactions, porosity, and interfacial behaviors, to

list a few. Predictions of the fate of CO 2  are often based on the fundamental prop-

erties that are measured in the nano-, meso-, and micro-scale regimes. However, 

reproducible measurements of the fundamental properties due to CO 2 –fl uid–host 

rock interactions are challenged by the morphological and chemical heterogeneity

of the rocks (Gadikota et al.   2014  ; Krevor et al.   2011  ). One class of non-invasive

measurement techniques that can determine heterogeneities in the morphology and 

chemical composition of complex materials (e.g., rocks) is scattering methods. 

 The application of small-angle scattering tools to investigate the microstructure 

of subsurface geological materials dates back to the 1980s. Prior to the application 

of small-angle scattering tools and methods to such materials, the fractal character 

of the pore spaces in sandstones and limestones was probed by using microscopy 

techniques (Katz and Thompson   1985  ; Jacquin and Adler   1987  ; Hansen and Skjel-

torp   1988  ; Krohn   1988  ;   Thompson 1991).    Over time, the development of the cor-

relation function approach for surface fractals (Bale and Schmidt   1984  ; Mildner 

and Hall   1986  ), together with improvements in instrumentation to probe a wider 

range of scattering vector led to the application of small-angle scattering to a wide 

range of materials including lignite coals (Bale and Schmidt   1984  ), sandstone, 

shale, limestone, and dolomite (Wong , Howard, and Lin   1986  ), sedimentary  rocks
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(Cohen   1987  ), and igneous rocks (Lucido, Triolo, and Caponetti   1988  ; Floriano et 

al.   1994  ; Kahle et al.   2004  ).

 A fundamental understanding of the heterogeneities in the microstructures 

of porous media (Allen   1991  ; Broseta et al.   2001  ; Spalla, Lyonnard, and Testard

  2003  ) has had relevance to a number of fi elds including coal (Reich et al.   1990  ; 

Radlinski and Radlinska   1999  ; McMahon, Snook, and Treimer   2002  ; Prinz, 

Pyckhout-Hintzen, and Littke   2004  ; Radlinski et al.   2004  ), and enhanced extraction

of hydrocarbons (Radlinski et al. 1996, 2000, 2004).     More recently, small-angle 

neutron scattering (SANS) and ultrasmall-angle (USANS) studies on rocks, com-

bined with backscattered electron imaging and transmission electron microscopy,

have been used to quantify the microstructure of rocks in terms of their micro- and 

nano-pores, their grain sizes, and the surface-to-volume ratios (Anovitz et al. 2009, 

2013).     These studies have been extended to include the microstructural character-

ization of shales in order to better understand the extraction of hydrocarbons from

tight oil and gas formations (Bahadur et al.   2015  ; Lee et al.   2014   ; Gu et al.   2015  ).

 In comparison, few studies have aimed at understanding CO2  interactions with 

geologic materials using small-angle X-ray and neutron scattering (SAXS and SANS) 

methods. USANS/SANS studies were used to show that the density of supercritical 

CO 2  adsorbed within the pores of glasses and silica aerogels is greater than the den-

sity of bulk fl uid (Melnichenko et al.   2006  ). By contrast, in situ  X-ray and neutron 

diffraction investigations of CO 2  interactions with clays (Ilton et al.   2012  ; Schaef et 

al.   2012  ; Loring et al.     2012, 2014; Rother et al.   2013  ), brucite (Mg(OH) 2  (Schaef 

et al.   2011  ), and forsterite (Mg2 SiO 4 ) (Loring et al.   2011  ) have been more extensive.

These studies have shown the structural changes caused as CO 2  through intercalates

into the clay interlayers or by reacting with the magnesium components of the min-

eral to form magnesium carbonates. Gas–solid interactions often impact the struc-

ture and the microstructure of the materials. Therefore, there is a need for dynamic 

microstructural and structural characterization of gas–porous solid interactions. 

 In this chapter, we will discuss the importance of multi-scale characterization 

techniques in the context of CO 2  storage. This is followed by a comparison of mate-

rial measurement techniques, a description of ultrasmall-, small-, and wide-angle 

X-ray scattering instrumentation, followed by the relationships governing the micro-

structural characterization of materials using X-ray scattering methods. We then

provide an example of  in situ  and in operando  ultrasmall-, small-, and wide-angle

X-ray scattering measurements of CO 2  interactions with Na-montmorillonite, as an

illustrative example of the application of these X-ray scattering methods.  

  7.2  EXPERIMENTAL INVESTIGATIONS OF SUBSURFACE CO 2
TRAPPING MECHANISMS

 Over the last two decades, a multi-scale understanding of subsurface fl uid–solid 

interactions has been of interest for a number of applications such as detecting the

migration of hydrocarbons by using tracers for oil and gas exploration (Fuex   1977  ), 

Q1
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injecting produced industrial water (Fakhru’l-Razi et al.   2009  ), quantifying subsur-

face contaminant transportation (Yong , Mohamed, and Warkentin   1992  ; Zheng and 

Bennett   2002  ), and determining the fate of CO 2  injected into geologic reservoirs 

(Thomas and Benson   2015  ). As a result, there has been an increasing emphasis 

on linking nano-scale fl uid–solid interactions with fl uid transport through porous

media. This linkage is of particular importance for subsurface interactions of CO 2
with rocks due to the diversity in trapping mechanisms discussed in Section 7.1.

 One of the primary factors that impacts the subsurface trapping and transporta-

tion of CO2  is capillary heterogeneity which has been extensively probed using X-ray 

microtomography techniques (Krevor et al.   2011  ; Pini, Krevor, and Benson   2012  ; 

Krevor et al.   2015  ). Another important trapping mechanism is the  in situ  conver-

sion of CO 2  to calcium and magnesium carbonates which allows for the permanent 

storage of subsurface CO2 . Field-scale studies in Oman (Kelemen and Matter   2008  ; 

Matter and Kelemen   2009  ) and Iceland (Matter et al.   2009  ; Gislason et al.   2010  ) have 

shown that CO2  can be converted to calcium and magnesium carbonates when reacted 

with Ca- and Mg-bearing silicate and aluminum-silicate rocks. These studies have 

been supported by experimental investigations which showed the rapid conversion of 

olivine, basalts, labradorite, and other rocks to calcium and magnesium carbonates 

(Gadikota et al.   2014  ). These studies also showed signifi cant changes in the porosity 

and surface area due to the dissolution of the rocks and minerals and formation of 

carbonates when reacted with CO 2 , as shown by BET and laser diffraction particle 

size measurements, while the changes in the chemical composition were supported by 

X-ray diffraction, and Total Carbon (TC) and Total Inorganic Carbon (TIC) analyses. 

 While understanding capillary trapping of CO2 , physically in subsurface porous 

rocks, and chemically as solid carbonates, is useful in predicting the fate of injected

CO2 , ultimately, the safety of CO 2  storage is dependent on the integrity of the cap-

rock seal. The cap-rock seal is typically composed of shales, whose primary con-

stituents are clays, carbonates, and quartz. A fundamental molecular and nano-scale 

understanding of CO 2  interactions with clays is of interest because clays incorporate

interlayer nanopores where gases and metals can intercalate. Furthermore, certain 

clays exhibit variable levels of swelling and non-swelling behaviors (Meunier   2005  ). 

Therefore, a number of fundamental studies have probed the molecular and nano-

scale interactions of CO2  with clays.

 Neutron diffraction experiments measuring CO2  interactions with Na-montmo-

rillonite containing a single layer of water have shown an increase in the 001 lattice 

d-spacing of ≈0.5 Å as COd 2  is adsorbed (Rother et al.   2013  ). Furthermore, sorption 

experiments have shown that the concentration of CO 2  in the clay pores is relatively

stable (Rother et al.   2013  ). In situ  X-ray diffraction, magic angle spinning nuclear 

magnetic resonance spectroscopy, and attenuated total refl ection infrared spectros-

copy have shown that CO 2  is intercalated in Ca-montmorillonite containing a single

layer of water. However, this does not occur in kaolinite even at a temperature of 

50°C and a CO2  partial pressure, PCO2 , of 90 bar (Loring et al.   2012  ). CO 2  sorption

is highest in Na-montmorillonite containing 0 or 1 layer of water, and decreases
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with increasing interlayer water concentration (Loring et al.   2014  ). These studies

were also supported by molecular dynamics simulations and density function theory 

methods (Cygan, Romanov, and Myshakin   2012  ; Myshakin et al.   2013  ; Schaef et al. 

  2014  ; Tenney and Cygan   2014  ; Makaremi et al.   2015  ). However, few studies have 

experimentally investigated the simultaneous changes in the microstructure and 

crystal structure of clays in the presence of CO 2 . Therefore, the following sections

focus on microstructural and structural measurements of geologic materials in the 

presence of CO2 .  

  7.3  COMPARISON OF MATERIAL MEASUREMENTS TECHNIQUES
FOR MICROSTRUCTURE CHARACTERIZATION

 While multiple experimental techniques are available to probe the microstructure 

and structure of materials across a wide spatial scale range, they differ in the qual-

itative and quantitative information provided. In particular, a number of techniques

based on either scattering or imaging (microscopy) principles provide comple-

mentary microstructural and structural information. While microscopy data can be

directly interpreted since the information is available as images, the understanding 

and interpretation of scattering data are more complex. Within the framework of the 

Born approximation (Born   1926  ), scattering data are Fourier transforms of the real-

space electron-density distribution for X-ray or electron scattering or the nuclear 

density distribution for neutron scattering. Scattering or diffraction data are thus 

considered in reciprocal space, which is less intuitive to visualize than real space. 

In this connection, the range and resolution of scattering experiments are generally

given in terms of the magnitude, Q , of the scattering vector, Q , where  Q  = (4p/ λ )

sin θ  where  λ  is the characteristic wavelength,  θ  is half of the scattering angle, and

the direction of  Q  bisects the incident and scattered beam directions. Unlike micros-

copy, however, where the images are inherently local in nature, scattering represents 

a statistical average over the entire sample volume probed by the X-ray, electron, or 

neutron beam. As a result, scattering is useful in quantifying key features in mate-

rials such as structural phases, structural hierarchy, internal morphology, and the 

degree of microstructural order or disorder in materials.

 Scattering, particularly with neutrons or high-energy X-rays, can be performed on

samples whose thicknesses are on the order of a few millimeters, while avoiding mul-

tiple scattering (Roe   2000  ). Microscopy techniques require extensive sample prepa-

ration to probe a two -dimensional surface or thin layer. Depending on the application,

this may not be necessary for scattering investigations. However, three-dimensional

reconstruction of microscopic images as in tomography and confocal microscopy has

allowed for the direct visualization of complex internal morphologies. The ability of 

X-rays and neutrons to penetrate samples, together with the latest advancements in 

the X-ray and neutron major facilities, has allowed for the development of in situ  and 

in operando  methods to capture detailed kinetic and mechanistic information from 

liquid–solid, gas–solid, and gas–liquid–solid interactions. 

Q3
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 Both scattering and microscopy techniques can be used to probe a wide spatial 

scale. A combination of optical microscopy (OM), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), and atomic force microscopy 

(AFM) can provide morphological and structural information about the material in 

a scale ranging from 1 mm down to 1 Å (Figure   7.1  ). Unlike scattering techniques, 

high resolution TEM (HRTEM) does not necessarily provide the desired fi eld of 

view, the wide intensity dynamic range, or calibration to quantify volume fraction 

size distributions or scattering feature concentrations and surface areas (Allen   2016  ).  

    Figure   7.1    Multi-scale materials characterization methods for geologic storage of CO 2 .
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 The scattering behavior of materials can be analyzed using X-rays, electrons, 

neutrons, or light. Unlike X-ray and neutron scattering, light scattering techniques 

are more applicable to dilute and transparent systems, which is rarely the case for 

CO 2  fl uid–material interactions. Electron scattering is generally conducted within

the context of SEM or TEM studies with a limited sample volume. X-ray and neutron 

scattering are more relevant for probing the heterogeneous microstructure–struc-

ture–property relationships involving CO2  interactions within materials. Combined 

X-ray and neutron scattering techniques such as ultrasmall, small, wide, and total

scattering  can provide spatial information that ranges from a few micrometers down

to the sub-Å level (Figure   7.1  ). With this ability to probe material structures over 

four decades in spatial scale using scattering techniques, it is possible to quantify 

the nano- and meso - scale morphological features, such as particle or pore size dis-

tribution and shape, surface area, volume fraction, and determine the corresponding 

changes in the crystal structure of the material—in principle all in a single series of 

measurements using one sample measurement confi guration.

 In the context of CO2  interactions with subsurface materials, wide-angle X-ray

scattering (WAXS) and wide-angle neutron scattering (WANS) which correspond 

to a Q -range of 1 Å−1  to 5 Å −1 , or 6 Å −1  provide insights into changes in lattice 

spacing and crystal structure due to dissolution or formation of phases in the pres-

ence of CO 2 . Ultrasmall- and small-angle X-ray scattering (USAXS/SAXS) and 

ultrasmall- and small-angle neutron scattering (USANS/SANS) which correspond 

to a  Q -range of < 10−4  Å−1  to 1 Å−1 , can be used to probe changes in the particle 

and pore size, shapes, surface areas, volume fractions, pore structures including 

hierarchical networks due to CO 2 –host rock–fl uid interactions. Complementary 

techniques such as microscopy, spectroscopy, and tomography tools, along with 

scattering and diffraction methods, have been used to probe the microstructural or 

crystal structural changes in subsurface materials to mimic CO2 –host rock–fl uid

interactions, but not simultaneously. In the following section, the application of 

USAXS/SAXS/WAXS instrumentation to probe a wide spatial scale simultane-

ously is discussed. 

  7.4  USAXS/SAXS INSTRUMENTATION

 The application of Bonse–Hart crystal optics has made it possible to obtain a wide Q
ranging from < 10 −4  Å −1  to 1 Å −1 . Unlike in conventional SAS instrumentation where 

the  Q  resolution is dependent on the incident and scattered beam geometries, Bonse–

Hart crystal optics are independent of the source or sample apertures and the size 

of the point detector. Instead, the band-pass and Darwin width of the crystal optics 

determine the Bonse–Hart crystal diffraction characteristics (Bonse and Hart   1966  ; 

Long et al.   1991  ). The fl exible geometry that is conferred by Bonse–Hart crystal 

optics have allowed for the detection of  Q  ranges smaller than 10 −3  Å −1  and down to

10 −4  Å −1 . These developments have aided the determination of the particle and large

pore morphologies in materials. 

Q4
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 The confi guration of a Bonse–Hart instrument with USAXS and SAXS capabil-

ity is represented in Figure   7.2  . A typical Bonse–Hart USAXS instrument comprises 

a pair of collimating crystals, ion chamber, guard slits, analyzer crystals, and a pho-

todiode detector. The pre-monochromated beam passes through the two-dimensional 

slits and through the pair of collimating crystals set to the angle for which the mon-

ochromatic wavelength satisfi es the Bragg condition. After the X-rays are scattered

by the sample, they pass through the analyzer crystals. The scattering intensity as a 

function of the analyzer rotation angle, 2θ , is measured by the point detector. One

of the challenges in USAXS is the intrinsic slit-smearing of the scattering geometry 

in the plane perpendicular to the diffraction plane of the analyzer crystals. Thus, the 

scattering data collected directly is “slit-smeared.” The “desmearing” or correction

of the collected data is possible if the genuine features are not masked by the statis-

tical fl uctuations, and if the actual scattering is circularly symmetric with respect to 

the sample orientation azimuthal angle (Lake   1967  ).  

 Major scientifi c strides have been made in the statistically-representative micro-

structure characterization of materials over a scale range of 1 nm to several μm 

due to the development of USAXS and SAXS instrumentation. Extension of the 

spatial scale to below 1 Å has been achieved by adding wide-angle X-ray scattering 

and powder diffraction capabilities (Figure   7.2  ). These capabilities have provided a 

holistic perspective into how nano-scale changes impact the microstructure.  

    Figure   7.2  Ultrasmall-, small-, and wide-angle X-Ray scattering (USAXS/SAXS/WAXS) 

instrumentation at APS Sector 9-ID for combined microstructural and crystal structural

characterization of materials. 

2D

detector

photodiode

detector

sample

ion
chamber

2nd 2D detector

air path

USAXS
imager

Si (220 or 440)
analyzer crystals

Si (220 or 440)
collimating

crystals
2D slits

incident
beam

1D USAXS

In
te

rc
h

an
g

ea
b

le

pin-SAXS or SAXS

WAXS



c07 304 6 April 2018 8:02 PM

304 MICROSTRUCTURAL AND STRUCTURAL CHARACTERIZATION OF MATERIALS FOR CO2

  7.5  ANALYSES OF ULTRASMALL- AND SMALL-ANGLE
SCATTERING DATA 

 In this section, we summarize the key equations and models governing the applica-

tion of ultrasmall- and small-angle X-ray scattering analyses. Equation (  7.1  ) repre-

sents the fundamental equation governing the measured scattering intensity,  I  ( II Q ) 

(Fournet and Guinier   1955  ; Glatter and Kratky   1982  ; Warren   1990  ).

  I
V

exp i
V

( ) ( ) ( ) ( )Q Q r Q.r r= = ∫
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1 3
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ρ  (7.1) 

where  ρ ( r ) is the spatial distribution of the coherent X-ray or neutron scattering

length density over the sampling volume, VSVV  . The volume integral of Equation (  7.1  )

is simplifi ed to obtain equation (  7.2a  ) by assuming that the isotropic microstructure

consists of scattering particles or features of number density,  nP  (i.e., volume frac-

tion, ΦV  =  nPVPVV  ).
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 Here |Δρ | 2  is the scattering contrast factor between the features and the surrounding 

medium which in our case represents either solid particles in a CO2  and/or fl uid 

environment or pores within a solid matrix,  γ0 (r ) is the dimensionless atomic pair r
correlation function,  VPVV   is the individual scattering feature volume,  FPFF 2 ( Q ) is the par-

ticle or feature form-factor, and SP ( Q ) is an interparticle structure factor containing 

information on the spatial relationship between the scattering features. For a dilute 

population of uncorrelated features where  SP (Q ) = 1, equation (  7.2a  ) is written as 

equation ( 7.2b   ).
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 The following sections provide details on the microstructural characterization 

of materials.

  7.5.1  Determination of the Volume Fractions, Mean Volumes,
and Radius of Gyration Using Guinier Approximation and
Scattering Invariant

 The Guinier approximation can be used to determine the Guinier radius or mean 

radius of gyration of the scattering features if they are narrowly dispersed in size

and shape, and if the population of uncorrelated scattering features is dilute such 
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that  S ( S Q ) = 1. This results in a simplifi ed form of equation (  7.2a  ) as represented by

equation (  7.3  ).

  I Q V
Q R

QR( ) ,= = −
⎛

⎝
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⎞
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⎟⎟ <≈( )d
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2 2

3
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 It is evident from equation ( 7.3   ) that the small-angle scattering intensity is 

proportional to the volume fraction of the scattering features, the mean individual 

feature volumes, and to the scattering contrast factor. Meanwhile, its functional

dependence on Q  is inversely related to the size of the scattering features. 

 The scattering invariant, represented by equation (  7.4  ) , can be used to determine 

the volume fraction of the scattering features, independent of the specifi c morphol-

ogy or disordered arrangement (Glatter and Kratky   1982  ). The scattering invariant is

essentially the small-angle scattering intensity integrated over all  Q .

  Invariant
d

d
dV V= − =

∞

∫2 1
2 2 2

0

π ρΦ Φ Δ Σ
Ω

( ) ( )Q Q Q     (7.4)

  7.5.2  Determination of the Surface Area from the Porod 
Scattering Regime

 The specifi c surface area of the scattering features can be determined at high Q
values through the following relationship (Porod 1951, 1952    ):

  I
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QR( ) ( )Q = = +d

d
BGD

V

G

Σ
Ω

Δ2
1

2

4

π ρ
 (7.5)

where  SV  is the surface area per unit sample volume and BGD is any residual fl at 

background scattering that needs to be subtracted out at high  Q  where the true SAS

scattering intensity is weak. By using the correct contrast factor, |Δ ρ | 2 , the surface 

areas corresponding to the volume fraction of the scattering features (equations   7.4

and   7.5  ) can be determined.  

  7.5.3  Shapes and Size Distributions

 One of the challenging aspects of small-angle scattering is modeling the shape and 

size of the scatterers in a sample; these are often polydisperse. Prior knowledge of the 

microstructural feature shapes within the material systems of interest can be obtained 

using microscopy. The scattering from a dilute population of randomly oriented scat-

tering features can be fi tted to experimental data assuming various analytical expres-

sions which are described in the references contained herein, for example, spheroidal 

features of orthogonal radii (Roess and Shull   1947  ; Shull and Roess   1947  ), disks, 

sheets, or laminar structures (Fournet and Guinier   1955  ; Glatter and Kratky   1982  ), 
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cylinders, rods, or capillary pores (Fournet and Guinier   1955  ; Glatter and Kratky 

  1982  ), and core-shell particles (Fournet and Guinier   1955  ). 

 Once an appropriate scattering feature shape has been selected, the size distri-

bution of the scatterers can be fi tted by (i) using a model that assumes a functional 

form of the size distribution and then averaging the scattering over the chosen size 

distribution function, or (ii) applying either a least-squares fi tting Fourier transform 

method, or an entropy maximization technique to optimize contributions to the scat-

tering intensity from a pre-defi ned set of histogram bin sizes. Both methods have 

advantages and disadvantages. Fitting a single functional form for the size distribution 

involves force-fi tting the data to an assumed morphology, but may be representative 

of relatively homogeneous systems. In the second case, binning scattering intensities 

may generate a large number of  de facto  fi tting parameters and many iterations may

be required to converge on a model (Potton, Daniell, and Rainford   1988  ; Morrison, 

Corcoran, and Lewis   1992  ) .  However, in complex materials, a systematic size-binning 

approach for the scattering intensities allows us to quantify structural hierarchies. 

  7.5.4  Fractal Morphologies 

 The development of fractal theory has allowed us to quantify the morphology of dis-

ordered and heterogeneous materials with non-integral scaling exponents, extending 

over a range of length-scales (Mandelbrot 1977, 1982    ; Pfeifer and Avnir   1983  ). In 

the context of scattering methods, fractal morphologies can be divided into volume

(or mass) fractals and surface fractals.

 For volume-fractal scattering the scattering features within a radius ( r ) scale onr
the order of  rDvrr   where  D  VDD   < 3. The following equation relates the scattering intensi-

ties with a Guinier approximation for each overall volume fractal structure, devel-

oped from Freltoft, Kjems, and Sinha (  1986  ):
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 In the above equation, η  is the local packing fraction,  R  C  is the correlation hole

radius, ΦV  is the total volume fraction of the scattering features, here assumed to 

be spheres of volume,  VPVV   = 4πR O
3 /3 with scattering form factor F2FF  (Q ) that comprise 

the volume fractal microstructure. The parameters to be fi tted to the volume fractal 

model are ΦV,  VV R  O ,  D  VDD , VV ξV  (a correlation length beyond which the fractal scaling breaks 

down), and  η,  as well as a background term that should normally be subtracted out.

DVDD   = 1 and 3 represent a one-dimensional chain structure and a space-fi lling phase 
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with no fractal dependence, respectively. DVDD   = 2 indicates a sheet-like structure, 

while  D VDD   < 2 can represent a two-dimensional fractal structure within an overall

sheet-like morphology. 

 Surface fractal scattering arises from the scaling up of the effective surface area 

as surface roughness is considered to ever fi ner roughness scales . A surface fractal 

(or self-affi ne) surface occurs when the number of surface elements of area, ΔS ( S r ), r
needed to cover the surface of an interface with roughness considered down to a 

length scale,  r , scales as  r r−Dsr   where DS  ≥ 2. Equation (  7.7  ) describes the surface frac-

tal scattering, developed from Bale and Schmidt (  1984  ):
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where Γ(5- D S ) refers to the Gamma function. For a perfectly smooth surface,  D S  = 2. 

For a self-affi ne surface fractal interface: 2 ≤  D S  ≤ 3, and the expression exhibits a

Q−(6-Ds)  power law for Q  »  ξS
−1 . For the fi nest roughness scale  R O , for which surface

fractal scaling applies, the fully rough surface area  SSF  is related to the geometrically

smooth surface area  SO  by:  SSF  = SO (ξS / R/ / O ) (Ds−2) , where ξS  is a correlation length usu-

ally describing the gross dimensions of the interface, beyond which surface fractal

scaling breaks down. In materials with complex hierarchical morphologies including 

volume and surface fractals, a  Q  range that spans three to four decades, and intensity

spanning eight to nine decades may be needed to fully characterize the morphology.

An instrument that combines SAXS and USAXS confi gurations provides a unique 

opportunity to achieve these required ranges in  Q  and in scattering intensity within 

a single set of measurements.   

  7.6  USAXS/SAXS/WAXS CHARACTERIZATION OF CO 2
INTERACTIONS WITH Na-MONTMORILLONITE

 In this section, the simultaneous microstructural and crystal structural characteriza-

tion of CO2  interactions with sodium montmorillonite (SWY-3) using USAXS/SAXS/

WAXS are discussed. Sodium (Na-) montmorillonite is a swelling clay mineral. Clays 

are composed of interlayers and gas trapping in these interlayers has been proposed for 

the permanent storage of CO 2  (Loring et al.   2012  ). In this study, the microstructural and

crystal structural changes in Na-montmorillonite in the presence of CO 2  are reported.

  7.6.1  Experimental Methods 

 Na-montmorillonite (SWY-3) is composed of 62.9, 19.6, 3.35, 3.05, 1.68, 1.53, 0.53, 

and 0.32 percent  mass of SiO2 , Al 2 O 3 , Fe2 O 3 , MgO, CaO, Na2 O, K 2 O, and FeO, 

respectively (this information is available on the Source Clay Repository). Based 

on this composition, the X-ray scattering length density  ρ  and the X-ray scattering 

Q6

Q7

Q5
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contrast factor |Δρ | 2  between the solid and (initially water-fi lled) voids are calculated 

to be 19.37 × 1014  m−2  and 99 × 10 28  m−4 , respectively. Meanwhile, the X-ray scat-

tering contrast factor for Na-montmorillonite with CO 2  is negligibly different to that 

with empty voids (i.e., 375 × 1028  m−4 ). For these measurements, the sample was 

milled to obtain a particle size smaller than 75 μm. 

 The Na-montmorillonite powder was enclosed in adhesive tape to obtain a 

sample thickness of 0.08 mm. The thickness of the sample was minimized to limit 

multiple scattering. The tape enclosing the sample was perforated to allow for gas

to pass in and out. This sample was then placed in an in situ  pressure cell and con-

nected to an automated gas pressure fl ow control system (Hiden XCS system, Hiden 

Isochema 1  , Warrington, UK) to regulate the pressure and fl ow rate of CO2 . USAXS/

SAXS/WAXS measurements were taken at (i) ambient conditions before the pres-

surized CO 2  was allowed contact with the sample (referred to as “ambient” in  Figures 

  7.3  –  7.5  ), (ii) at PCO2  = 5 bar, and (iii) at the end, after the CO 2  supply had been turned

off (referred to as “ambient_end” in Figures   7.3  –  7.5  ). The gas fl ow rate was set to a 

1  Certain commercial materials, equipment and references are identifi ed in this paper only to specify ade-

quately experimental procedures.  In no case does such identifi cation imply recommendation by NIST nor 

does it imply that the material or equipment identifi ed is necessarily the best available for this purpose.

Figure   7.3  Changes in the microstructure of Na-montmorillonite at (i) ambient condi-

tions before the pressurized CO 2  was allowed contact with the sample (“ambient”), (ii) at 

PCO2PP = 5 bar, and (iii) in the end, after the CO2  supply has been turned off (“ambient_end”) 

represented by the USAXS/SAXS curves. (b) The intensities of USAXS data in the  Q  range 

0.004–0.012 Å −1 . (c) The changes in the characteristic interlayer peak of Na-montmorillinite

in the SAXS regime. Vertical bars are computed standard deviation uncertainties. 

109

(a)

(b)

(c)

ambient

ambient_end
5 bar

108

107

106

105

104

103

102

101

100

10−1

10−2

100

10000

8000

6000

4000

2000

0.004

0.5

0.4

0.3

0.2

0.1

0.0
0.2 0.3 0.4 0.5 0.6 0.7 0.8

0.006 0.008 0.010 0.012

10−110−2

Q (Å−1)

In
te

ns
ity

 (c
m

−1
 s

r−
1 )

10−310−4



c07 309 6 April 2018 8:02 PM

    Figure   7.4    Changes in the cumulative volume distribution of Na-montmorillinite using 

the  MaxEnt  method for determining size distributions from the USAXS/SAXS curves.t
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    Figure   7.5   Changes in the characteristic Na-montmorillonite peak (corresponds to a 

d-spacing of 1.5 Å) located in the WAXS regime of the analyses. Vertical bars are computed d

standard deviation uncertainties. 
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nominal rate of 100 ml min −1 . The experiments were performed at a temperature of 

25°C. Once sealed, the  in situ  cell took about 10 min to reach the desired pressure.

The  in situ  cell was operated in a fl ow mode where the gas was continuously passed 

through the sample.    
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 The microstructural and crystal structural changes in Na-montmorillonite in the 

presence of CO2  were determined using the USAXS facility that is also equipped

with SAXS and WAXS capabilities at sector 9-ID of the Advanced Photon Source

(APS) at the Argonne National Laboratory (ANL) (Ilavsky et al. 2009, 2013    ). The

USAXS, SAXS, and WAXS data were collected for 90 s, 30 s, and 30 s, respec-

tively, for a total of 2.5 min. The beam size was set to 0.8 mm × 0.8 mm for USAXS

and further refi ned using a pair of high-resolution X-ray slits to reduce the beam

size to 0.15 mm × 0.15 mm for SAXS (pinhole SAXS or pin-SAXS) and WAXS.

This allowed the detector pixel sizes (172 μm × 172 μm) for SAXS and WAXS to

be compatible with the incident beam collimation and fl ux. The sample detector 

distances for SAXS and WAXS were set to 546.6 mm and 181.1 mm, respectively.

The total X-ray fl ux at the sample was ≈10 13  photon s −1 . The Q  values and sample-to-

detector distances were calibrated using silver behenate and the NIST standard ref-

erence material, SRM 640d (Si). The X-ray wavelength selected for this experiment 

was 0.59 Å, which corresponds to an X-ray energy of 21.0 keV. The collected data

were reduced and analyzed using the  Irena   (Ilavsky and Jemian   2009  ) and Nika
(Ilavsky   2012  ) software packages in IgorPro (Wavemetrics, Lake Oswego, OR).

The computed standard deviation uncertainties in the reduced data are represented

by the vertical bars and are typically about ± 5 % of the mean. A key point here

is that, for each sample condition, the USAXS, SAXS, and WAXS measurements

were made within minutes of each other (6 min total) without disturbing the incident 

beam and sample confi guration, or the sample environment. Thus, all three meas-

urements apply to the same sample under the same conditions at approximately

the same time, thus minimizing uncertainties that might originate from temporal

changes in the sample. 

  7.6.2  Results and Discussion

 The USAXS and SAXS curves were collected in the range (10 −4  to 1.5) Å −1

(Figure   7.3  a). An increase in the pressure of CO2  to 5 bar from ambient conditions 

followed by depressurizing the set-up to ambient conditions did not result in signif-

icant changes to the shape of the USAXS curves (Figure   7.3  a). While CO2  did not 

change the intensity of the USAXS curves signifi cantly, depressurizing the system to

ambient conditions after exposing Na-montmorillinite to CO 2  reduced the intensity

by 18.3 % and 13.8 % at 0.006 Å −1  and 0.010 Å−1, respectively, compared to the start-

ing ambient conditions (Figure   7.3  b). These results indicated irreversible changes in

the microstructure of Na-montmorillonite when reacted with CO 2  and subsequently, 

depressurized and exposed to ambient air conditions. 

 These irreversible changes in the microstructure corresponded to the changes 

in the swelling interlayer spacing. The characteristic interlayer peak corresponding

to a 1 layer hydrate of Na-montmorillonite was located at  Q  = 0.51 Å −1  ( d -spacingd
= 12.5 Å) (Figure   7.3  b). For PCO2  = 5 bar, a distinct broadening in the characteristic 

interlayer peak was evident. This broadening can be attributed to the intercalation of 

CO 2  in the interlayer nanopores which has also been reported by Loring et al. (  2012  )
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in Ca-montmorillonite. After depressurizing the system, the interlayer spacing peak 

remained broader compared to the starting condition. 

 To quantify the changes in the microstructure of Na-montmorillonite, the void 

size distributions were modeled as spheroids with an aspect ratio of 0.5. By using 

an aspect ratio of 0.5 as opposed to 1.0, we accounted for the layered morphology 

of clays. The size distributions were determined using the entropy maximization 

routine,  MaxEnt  , as discussed in Section 7.5.3. The cumulative size distributionst
are shown in Figure   7.4  . In this study, we identifi ed a size range of 10–1000 Å to

represent the nano-scale morphology of the clays. In the presence of CO 2 , the poros-

ity in the range of 50–100 Å was signifi cantly reduced compared to the unreacted 

Na-montmorillonite. On depressurization, pore spaces smaller than 70 Å were lost. 

However, an increase in the total volume fraction of the material in the presence of 

CO2  and after depressurization was also evident. This indicates that after depressur-

ization, the internal pore volume smaller than 100 Å was reduced, while the inter-

particle pore volume (>1000 Å) was increased. This may be attributed to the grains 

being pushed apart during the pressurization and depressurization cycle. 

 Combining the results from the changes in the interlayer spacing and the micro-

structure provided important insights into the nanoporosity of these materials. The 

broadening in the characteristic interlayer peak in the presence of CO 2  was consist-

ent with the sorption of CO2  in a single layer hydrate of Na-montmorillonite (Loring 

et al.   2014  ). These microstructural results complemented various experimental and 

theoretical studies that established that the sorption of CO 2  into clays is infl uenced 

by the relative humidity which affects the quantity of interlayer water (Ilton et al.

  2012  ; Loring et al. 2012, 2014    ; Schaef et al.   2012  ; Myshakin et al.   2013  ; Rother 

et al.   2013  ; Lee, McGrail, and Glezakou   2014   ; Rao and Leng   2016  ). Unlike in single 

layer hydrates, the adsorption of CO 2  into two- or three-layer hydrates is signifi cantly 

reduced (Loring et al.   2014  ). However, how these changes infl uence the microstructure 

remains not well understood. In this study, we combine the results from Figures   7.3  c

and   7.4   to show that the broadening in the interlayers corresponded with the reduc-

tion in the porosity in the range of 50–100 Å, in the presence of CO 2 . 

 Further quantifi cation of the changes in microstructure showed that the internal 

surface area of Na-montmorillonite in the scale range from 10 Å to 1000 Å increased 

by 1.3 % and 3.5 % from the surface area of the starting material (3.06 m2  cm −3 ) 

in CO 2  and at ambient conditions after depressurization, respectively. Across the

entire scale range of 10–1000 Å, the surface area increased by 1.8 % and 6.4 % from

that of the starting material (3.48 m 2  cm −3 ) in CO 2  and at ambient conditions after 

depressurization, respectively. To determine if the changes in the microstructure of 

Na-montmorillonite in the presence of CO2  were infl uenced beyond those observed 

for the interlayer spacing (Figure   7.3  b), we investigated changes in a characteristic

diffraction peak of Na-montmorillonite. 

 The characteristic Na-montmorillonite peak located at Q  = 4.182 Å −1  (d  = 1.5 Å) d
was detected in the WAXS regime. The characteristic Na-montmorillonite peaks 

prior to the start of the experiment (“ambient” case), at  PCO2  = 5 bar, and in the

USAXS/SAXS/WAXS CHARACTERIZATION OF CO2 INTERACTIONS 311
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absence of CO 2  (“ambient end” case) are shown in Figure   7.5  . There was no evi-

dence of signifi cant shifts in the peak position or the shape of the Na-montmoril-

lonite peak when exposed to CO 2  at a pressure of 5 bar and after depressurization.

Furthermore, at these conditions, our results suggested that CO 2  even at lower pres-

sures, produced signifi cant changes in the interlayer spacing (Figure   7.3  c), though

signifi cant changes in the clay structure itself were not evident. However, higher 

pressures of CO 2 , longer reaction times, and enhanced reactivity of the clay in an 

acidic or alkaline environment may result in signifi cant changes in the characteristic 

peaks of clays.

 In the larger context of geologic storage of CO2 , a fundamental understanding 

of the structural and microstructural changes in clays could explain changes in the 

percolation pathways of CO 2  in the subsurface environments. For example, Schaef 

et al. (  2012  ) alluded to the impact of CO 2  on clays closer to the surface versus

deeper underground. If the cap-rock seal is closer to the surface where two layer clay 

hydrates are present, then CO2  may dehydrate the clays, which could create perme-

able pathways. If the cap-rock seal is deeper underground where the single layered 

clay hydrates dominate, then the intercalation of CO2  into the structure may enhance 

the geologic storage of CO2  (Schaef et al.   2012  ). By combining the  in situ  and in 
operando  characterization of subsurface geologic materials across multiple length

scales (Figure   7.1  ), a fundamental scientifi c basis for engineering the safe storage of 

CO2  in subsurface environment can be established.   

  7.7  SUMMARY

 In this chapter, we have illustrated the use of combined USAXS, SAXS, and WAXS 

measurements to obtain microstructural and structural information about subsur-

face materials during dynamic interactions with CO 2 . In addition to the USAXS/

SAXS/WAXS techniques available at Sector 9-ID at the Advanced Photon Source in

Argonne National Laboratory, various complementary characterization techniques 

are available such as combined SAXS/WAXS techniques at Sectors 5 and 12 at the 

APS. While the focus of this chapter has been on X-rays, using neutrons to probe 

the microstructure and structures of materials as they react with CO 2  has its own

advantages.

 Unlike X-rays, neutrons can penetrate samples with thicknesses on the order 

of several mm. As with X-rays, in situ  changes in the crystal structures of materials 

in the presence of gases can be determined (Queen et al.   2014  ; Allen et al.   2015  ).

In addition, spatial ranges on the order of tens of micrometers can be more easily 

probed using USANS as opposed to USAXS. The NG7 and NGB SANS instruments 

at the NIST Center for Neutron Research (NCNR) are examples of small-angle

neutron scattering instruments. Further, if there is interest in probing the impact of 

CO2  on mobilizing or immobilizing lighter weight organics in subsurface geologic

environments, quasi-elastic neutron scattering (QENS) is a useful technique. Using 
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QENS, it is possible to map the temporal and spatial scales and compare with molec-

ular dynamics simulations that are on the order of ps to ns, and Å to nm, respectively. 

 Currently, the USAXS/SAXS/WAXS instrument at Sector 9-ID at the APS, 

Argonne National Laboratory, IL, provides the widest single, contiguous Q  range 

that can be probed from the order of 10 −4 –5 Å −1 . With the upcoming commissioning

of the vSANS (very small angle neutron scattering) instrument at NCNR, it will be 

possible to explore Q  ranges from 10−4  to 0.7 Å −1  within a single sample measure-

ment set-up. This instrument will allow us to capture the larger scale microstructural 

features of materials using neutrons. The development of state-of-the-art synchro-

tron facilities is complementary to the advancement of our understanding of subsur-

face CO2  interactions with geologic materials.  
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