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However, the dependency on water complicates the
carbonation reaction. At low relative humidity (RH) and
modest temperatures, typically below 270 °C,9 there is a
negligible reaction between CO2 and the solid. In the absence
of water, neither variable temperature nor pressure significantly
accelerates the reaction rates.10,11 However, increasing the RH
significantly accelerates the reaction. As is well-known from
studies of water adsorption on metal oxides, a thin fluid layer is
characteristic of all such surfaces.12−14 Making use of this
reasoning, Oomi et al. define a reactivity threshold film
thickness for olivine carbonation of 2.1 to 2.4 monolayers, for
which carbonation is rapid, a result related to the typical
diffusion rate.14

Thermodynamics favors the carbonation reaction, and the
following free energy changes in Figure 1 are calculated from
standard heats of formation, showing that the calcium free
energy of the reaction is nearly double that of magnesium.15

Thus, magnesium has a distinct energy advantage for cyclical
carbonation.

At relatively moderate temperatures up to ≈75 °C, both
calcium and magnesium reactions can involve several
metastable intermediates, such as amorphous calcium carbo-
nate (ACC), amorphous magnesium carbonate (AMC), and
variations in CaCO3 crystal structures (e.g., aragonite and
vaterite). Notably, in magnesium reactions, metastable
hydrated carbonates like Mg(CO3)·3H2O (nesquehonite)
and Mg5(CO3)4(OH)2·5H2O (dypignite) form due to
magnesium’s affinity for water. Chaka et al.16 have used
density functional theory (DFT) to calculate their relative
stability. For magnesium, these intermediates interfere with
carbonation, highlighting the need for better control of phase
formation for efficient magnesium use in mineral carbonation.

In this study, we utilize small-angle X-ray and neutron
scattering to examine the carbonation structure, contrasting
the behaviors of calcium and magnesium materials. Structural
studies using both X-ray and neutron scattering provide unique
insight by probing material length scales appropriate to the
water film's surface roughness and crystal structure. While X-
rays are particularly sensitive to the arrangement of Mg and Ca,
neutrons are particularly sensitive to the arrangement of
hydrogen in adsorbed water films and reacted hydration
products.

■ MATERIALS
This work focuses on a class of nanomaterials synthesized as small
crystals of either Ca(OH)2 or Mg(OH)2. In the literature, these are
often referred to as nanolimes.17−20

Samples of Ca(OH)2 as a dry powder were obtained from
American Elements Inc. Los Angeles, CA, USA (www.
americanelements.com, product code CA-OH-01-NP)1. Samples of
Mg(OH)2 were obtained from US Research Nanomaterials Inc. (US-
Nano), Houston, TX, USA (www.us-nano.com, product code
US3320E).

Throughout this work, it is convenient to use abbreviations for the
Mg(OH)2 and Ca(OH)2 samples. For the as received powders no
abbreviation is necessary. However, after treatment we often use the
following: for in situ carbonation, MgHXXC and CHXXC with XX
for temperature of carbonation. For ex situ carbonation: MH−N2,
MH−CO2, and CH−N2, CH−CO2, respectively, for humid N2 and
CO2 treatments.

Details on sample characterization and preparation are contained in
the Supporting Information.

■ EXPERIMENTAL METHODS
A range of techniques were used, as summarized in Table 1. The
primary structural probes were X-ray and neutron scattering along

with Infrared Spectroscopy. These allowed us to identify the phases
present in various stages of carbonation. Further materials character-
ization by surface area determination and electron microscopy added
an understanding of the nature of the powdered materials both as
starting materials and following reactions. Full experimental details are
given in the Supporting Information.

Figure 1. Comparing formation free energies for the carbonation reaction. The magnesium regeneration energy to transform the solid carbonate
back to gaseous CO2 (e.g., for thermal recycling) is nearly half that for calcium. However, the formation of a metastable hydrated magnesium phase
inhibits CO2 uptake. We study the structural effects on the reaction of these two materials.

Table 1. Analysis Methods Used in This Study

analysis method carbonation

polarization modulation infrared reflection absorption
spectroscopy (PM-IRRAS): as received Ca(OH)2 and
Mg(OH)2, in situ carbonation

early stage
carbonation

ultrasmall angle, small-angle and wide-angle X-ray scattering
(USAXS/SAXS/WAXS): as received Ca(OH)2 and Mg(OH)2,
MgHXXC and CHXXC in situ carbonation

early stage
carbonation

small-angle neutron scattering (SANS): CH−N2, CH−CO2,
MH−N2, MH−CO2, ex situ carbonation

late-stage
carbonation

mass change during carbonation: CH−N2, CH−CO2, MH−N2,
MH−CO2

early to- late-
stage
carbonation

thermogravimetric analysis (TGA): as received Ca(OH)2 and
Mg(OH)2, CH−CO2, MH−CO2

late-stage
carbonation

microscopy optical and electron (SEM): as received Ca(OH)2 and
Mg(OH)2, CH−N2, CH−CO2, MH−N2, MH−CO2

late-stage
carbonation

Brunauer−Emmett−Teller (BET) surface area: as received
Ca(OH)2 and Mg(OH)2, CH−N2, CH−CO2, MH−N2, MH−
CO2

late-stage
carbonation

water uptake from mass change: as received Ca(OH)2 and
Mg(OH)2, CH−N2, CH−CO2, MH−N2, MH−CO2

late-stage
carbonation

IR measure of water sorption: as received Ca(OH)2 and
Mg(OH)2

NA
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■ RESULTS
PM-IRRAS Results. PM-IRRAS has been demonstrated to

be an appropriate technique to measure thin samples in
strongly absorbing atmospheres (i.e., those containing CO2 or
H2O).21 The PM-IRRAS signal is calculated as the ratio of the
difference to the sum of the reflectivity of p-polarized and s-
polarized light, where the electric field of p-polarized light is
perpendicular to the substrate surface and the electric field of s-
polarized light is parallel to it. The s- and p-polarized light
interact differently with anisotropic species and equally with
isotropic species, giving rise to the high interface selectivity of
the measurement.

The first set of experiments was designed to examine the
influence of relative humidity (RH) on the spectra of the

alkaline earth metal hydroxide particles in the presence of CO2
(Figure 2). Humidity was controlled by manipulating flow
rates of humidified and dry CO2 gas streams and increased
over time as shown in the inset graph of Figure 2. The spectral
difference profiles (generated by subtracting the spectrum of
the powders under a dry nitrogen atmosphere) showed
increasing intensities arising with the increasing humidity.
The explicit peak positions and identities are discussed later.
We observed that the peaks apparent from the Ca(OH)2
sample underwent a more gradual change over the RH
ramping profile with moderate intensity changes occurring as
the humidity rose above 40%. This was in contrast to
Mg(OH)2, where the difference profiles showed little intensity
change until the humidity was >60%. These results suggest that
Ca(OH)2 is more reactive to humid CO2 than Mg(OH)2. The

Figure 2. PM-IRRAS intensity difference profiles of (A) Ca(OH)2 and (B) Mg(OH)2 samples exposed to increasing humidity and 100% CO2 at 30
°C. As expected, the extent of carbonation tracked rising humidity. The inset in each panel shows the relative humidity profile (measured at room
temperature) as a function of time and serves as a legend matching the color of the difference spectra. The spectrum obtained before introducing
CO2 or water was subtracted from each spectrum. (Statistical uncertainties are given by the data scatter.)

Figure 3. Overplots comparing spectra of (A) Ca(OH)2 and (B) Mg(OH)2 exposed to CO2 at constant 65 to 70% relative humidity. CO2 is
labeled by gray boxes in each panel, while peaks of interest are highlighted with numeric labels. The evolution of peak intensities, normalized to the
intensity obtained prior to CO2 or water dosing, denoted by the dotted lines in (A,B), are plotted in the rightmost panel for (C) Ca(OH)2 and (D)
Mg(OH)2. The numeric labels correspond to the peaks identified in parts (A,B).
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increase in baseline intensity with increasing humidity does not
change the interpretation of the data.

The next set of experiments investigated product formation
as a function of time when the alkaline earth metal hydroxide
powders were exposed to flowing CO2 at a relatively constant
humidity set between 65 and 70% throughout the experiment
(Figure 3). From our earlier experiments, we knew that this
humidity level was sufficient for both Ca(OH)2 and Mg(OH)2
to show sorption/reaction. The resulting spectra are shown in
Figure 3A,B, where the intense bands for adsorbed CO2 (on
the substrate surface and inside the cell windows) are marked
at 3590 to 3750 cm−1 and from 2280 to 2400 cm−1. Additional
labeled peaks are indicated in each panel that corresponds to
the tracked intensities in Figure 3C,D and are assigned
chemical identities in Table 2.

The relative changes in intensity (where the initial intensity
value measured at 0 h is normalized to 1) of these peaks reveal
how water, hydroxide, and carbonate species evolved over
time. In Ca(OH)2 (Figure 3C), the peaks attributed to
carbonate species22 at 1389 and 1477 cm−1 grew concom-
itantly until reaching a plateau at around 7 h. Peaks attributed
to sorbed water (3300, 1641, and 1576 cm−1) showed an initial
increase and then a gradual decrease until 7 h when they began
to plateau as well. This trend differed from the continuously
decreasing intensity of the peak assigned to the hydroxide
component at 3649 cm−1 (inverted in intensity here). We
hypothesize that there is a sorption of water occurring at the
surface of the particles that has some persistence before it is
consumed in the carbonation reaction, which reaches a limit of
around 7 h in this experiment. When the same experiment is
conducted on Mg(OH)2 powder (Figure 3D), we observe the
formation of a carbonate species23 via the growth of the
1481and 1424 cm−1 peaks. However, the peaks ascribed to
sorbed water (here, 3277, 1643, and 1643 cm−1) increase
alongside the carbonate species. The only peak that shows an
appreciable decrease in intensity is the hydroxide feature found
at 3696 cm−1. The coordinated increase in both water and
carbonate features suggests the formation of a hydrated
magnesium carbonate species. This is consistent with
conclusions from SANS incoherent background determination
of hydrogen contents.

Scattering Results. The scattering results were obtained
from powder samples, which were loaded as dry, packed
powders. In the case of X-ray scattering, these were contained

within a 1.3 mm diameter cylindrical glass capillary. For
neutron scattering, a 19 mm diameter disk-shaped container
was used with the 1 mm thick sample sandwiched between two
silica glass windows.

Three regimes of scattering can be identified (Figure 4). At
high-q (>1 Å−1) the short-length scale structure is probed and
is dominated by XRD peaks in the WAXS regime. At
intermediate values (mid-to-high-q) (>0.25 Å−1) the scattering
is dominated by surface (Porod) scattering, transitioning to the
background at high-q with nanoscale particle scattering at mid-
q. At low q, the largest-length-scale structures are probed.
Here, the scattering exhibits power-law dependence in q, with
various powers associated with surface fractal scattering and
scattering by large (≈1000 nm) particles or interparticle pore
space.

Neutron and X-ray Scattering Length Densities. Scattering
intensity in the small angle regime is dependent on the
scattering length density (SLD). The structure here is
dominated by the contrast between solid and vapor.
Calculation of Δρ2= (SLD-zero)2 from Table 3 values shows
that X-ray and neutron, although the magnitudes are different,
show no particular difference among the solid phases. Hence,
each radiation probes the same structure, and we can freely
compare the results. However, an important distinction is the
neutron incoherent scattering, dominated by hydrogen. This q-
independent scattering is quite significant at high q, where
other scattering is minimal. Beneficially, this scattering
measures dehydration: carbonation should give a notable
intensity decline.

Looking to future studies, replacing air-filled interstices with
fluids can give significant structural insight. For neutron
scattering, changing the contrast by varying the D2O-to-H2O
ratio (as evident from the Table 3 SLD values) has shown
great utility in exploring cement structure.7

USAXS/SAXS/WAXS Results. Combined absolute intensity-
calibrated USAXS/SAXS/WAXS data: USAXS data are
intrinsically absolute-intensity calibrated, but slit-geometry
scattering must be accommodated when compared with
pinhole-geometry data.24 Calibrated slit-smeared USAXS data
are merged with pinhole SAXS data and slit-smeared to match.
A flat background is subtracted from the USAXS data to ensure
the USAXS and SAXS data are parallel in the overlap regime
on a log−log plot. SAXS data intensities, previously corrected
for empty-capillary blank subtraction and normalization to the
incident flux (X-ray beam monitor count), are renormalized to
the slit-smeared USAXS data. The slit-smeared USAXS data
are used, both in assembling the combined data sets and in
fitting model analyses (where the model is also slit-smeared)
because desmearing introduces data noise. However, the
combined USAXS/SAXS data sets can be desmeared to
inspect the overall unsmeared USAXS profile. The USAXS
data for Ca(OH)2 do not extend to as low a minimum q as
data for Mg(OH)2. This is due to Ca(OH)2 showing a high
level of multiple scattering at low q. The low-q multiple
scattering data are excluded, but the pin diode transmission
measurements still provide the correct normalization for the
remainder of the data sets presented in the figures.

High-q, Wide Angle Scattering (WAXS). In the q range 0.7
to 4.75 Å−1 there are several diffraction peaks, confirming the
crystalline nature of these nanolimes and confirming their use
to study carbonation. For the Ca(OH)2 sample, portlandite is
the major phase with minor calcite present. With the
manufacturer’s stated sample purity of greater than 99%,

Table 2. Peak Identification and Assignments

peak (cm−1) assignment

Ca(OH)2, 65−70% RH, CO2

1389 amorphous calcium carbonate
1477 amorphous calcium carbonate
1576 adsorbed water (identified from humid N2 experiment)
1641 H−O−H bend in water
3300 O−H stretch in water
3649 O−H in Ca(OH)2

Mg(OH)2, 65−70% RH, CO2

1424 hydrated magnesium carbonate
1481 hydrated magnesium carbonate
1588 adsorbed water (identified from humid N2 experiment)
1643 H−O−H bend in water
3277 O−H stretch in water
3696 O−H in Mg(OH)2
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minor phases are unlikely of concern. To verify their minor
contribution, we also performed TGA, finding that the phase
behavior was consistent with the majority of Ca(OH)2 and
Mg(OH)2 (See Figure S5). For the as-received Ca(OH)2
sample, there were 23 XRD peaks in the q range: 11 from
portlandite, 5 from the major second-phase calcite, and several
minor peaks. See Figure S2. For the as-received Mg(OH)2,
there were 10 diffraction peaks in the q range, 7 from brucite
with 3 minor peaks likely from hydromagnesite. See Figure S3.
Details of the carbonation studies using WAXS diffraction
analysis are given in the Supporting Information. In summary,
CH50 at 50 °C shows both a decline of Ca(OH)2 and an
increase of CaCO3 (Figure S10). For a 59 min exposure to
humidified CO2, the extent of carbonation is approximately
2%. At 75 °C CH75 (a lower RH) shows a 4% decline in
portlandite scattering but no significant change in CaCO3
(Figure S11). Likely amorphous calcium carbonate is forming,
an early stage carbonation product that we find in PM-IRRAS.

The MgH75 sample shows a slight decline in the brucite (001)
peak, with no carbonated product detected (Figure S9).

Mid- to High-q, Porod Scattering. We expect scattering
from interfaces to dominate in the terminal SAXS q range,
described by familiar Porod scattering. For flat interfaces
between two materials in the high-q limit:

= +I q
q

( )
2

SA BGD
2

4

where Δρ is the scattering length density difference, SA is the
surface area and BGD is the q-independent background
scattering. For neutron scattering, BGD is dominated by
incoherent scattering from the hydrogen. For X-ray scattering,
it is usually due to parasitic scattering from air or windows and
sometimes minor fluorescence effects. A plot of I(q)*q4 vs q4

yields an intercept proportional to SA and a gradient
proportional to BGD.

Figure 4. Overview of scattering. Included in each plot are representative data from no-carbonation to maximum: (Top, left) Carbonation of
Ca(OH)2−slit-smeared. (Top, right) Carbonation of Mg(OH)2−slit-smeared. (Bottom, left) Carbonation of Ca(OH)2−desmeared. (Bottom,
right) Carbonation of Mg(OH)2−desmeared. As is well-known, slit-smeared data power laws are distorted; hence, we plot representative power
laws for the desmeared data. (Vertical bars, approximately size of data points, represent estimated standard deviations for intensities.)

Table 3. Scattering Length Densities and Neutron Incoherent Cross-Sections

density, (g/
cm3)

Mw (g/
mol)

volume (cm3/
mol)

neutron SLD (1014

m−2)
neutron incoherent cross-section

(cm−1 sr−1)
X-ray SLD (1014

m−2)

portlandite Ca(OH)2 2.211 74.093 33.511 1.586 3.142 19.211
calcite CaCO3 2.71 100.0869 36.932 4.690 0.005 22.925
brucite Mg(OH)2 2.34 58.3197 24.923 2.296 4.203 20.369
magnesite MgCO3 2.96 84.3139 28.484 6.224 0.004 24.899
nesquehonite (

MgCO3·3H2O)
1.837 138.3 75.286 1.952 4.169 16.338

H2O 1.00 18.015 18.015 −0.561 5.621 9.469
D2O 1.11 20.028 18.043 6.393 0.138 9.455
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Despite the presence of H2O in wet-flowing CO2 and the
potential for thin H2O films at the solid-pore interfaces, the
prevalent scattering contrast factor is assumed to be that for
solid/gas. The partial carbonation achieved for Ca(OH)2
subtly increases the scattering intensity across much of the q
range, while the slight carbonation achieved for Mg(OH)2
results in a subtle increase at high q only, suggesting that the
bulk of the material, away from particle surfaces, is not affected.
For both carbonation runs with Ca(OH)2 and the carbonation
run with Mg(OH)2, the scattering intensity at high q eventually
increases with wet CO2 exposure. If the overall morphology
does not, itself, change significantly, this suggests an increasing
scattering contrast factor (in 1028 m−4) for the carbonated
solid. This works for a Ca(OH)2/gas interface (369.07 × 1028

m−4) carbonating to CaCO3/gas (525.57 × 1028 m−4) or a
Mg(OH)2/gas interface (414.88 × 1028 m−4) carbonating to
MgCO3/gas (619.98 × 1028 m−4) but not to MgCO3·3H2O/
gas (266.93 × 1028 m−4). Thus, we make the working
assumption of a MgCO3/gas scattering contrast factor for the
latter. (We note here that elsewhere evidence suggests a
hydrated magnesium carbonate. Perhaps, instead, the increased
scattering is due to an increase in surface area such as found for
MH−N2 vs as-received powder.) To do the Porod fits for
results in Table 4, the high-q ranges of: 0.61906 Å−1 or
0.62251 Å−1 < q < 0.9605 Å−1, have been used for Ca(OH)2
with XRD peak data within the q range excluded. For

Mg(OH)2, this same minimum q was used but with a
maximum of 0.90876 Å−1. Larger q ranges in either direction
encompassed more than a single Porod range. Typical
weighted straight-line Porod fits are shown in Figure 5,
where the intercept gives the Porod constant and the gradient
the flat background.

These SAXS-measured surface area values indicate surface
areas per unit hydroxide mass of ≈80 m2/g for Ca(OH)2 and
≈85 m2/g for Mg(OH)2. The SAXS Porod values are
significantly higher than those obtained from BET measure-
ments (Figure 6): 2 to 5 m2/g for Ca(OH)2, 20 to 30+ m2/g
for Mg(OH)2, but are not so different from the equivalent
surface areas derived from water uptake after CO2 exposure: ≈
80 m2/g for Ca(OH)2, ≈ 50 m2/g for Mg(OH)2. The SAXS
Porod values are also within reasonable expectations of the
calculated geometrical surface areas of the building block
particles (≈ 100 m2/g), and the Mg(OH)2 result is close to
that quoted by the manufacturer (90 m2/g). It is important to
note that subject to valid contrast factor assumptions, Porod
scattering (at highest q) measures all surface area in open or
closed pores, whereas most other surface area measurements
access only open porosity at some level or other.

Mid- to Low-q Scattering. Polydisperse sphere analysis: nano-
scale proto particles and mesoscale aggregates/pores.

To analyze the full USAXS/SAXS data sets, one initial
approach is to apply a size distribution entropy maximization

Table 4. USAXS/SAXS Porod Fit Resultsa

sample

Porod
constant (
1036 m−5)

Porod BGD
(cm−1 sr−1)

X-ray contrast factor
at 21 keV (1028 m−4)

(HYDROXIDE/
GAS)

surface
area/sample

volume
(m2/cm3)

measured
USAXS
Trans.

theoretical
trans. for
1.28 mm
hydroxide

inferred
skeletal
solid
filling
factor

apparent surface
area/solid

hydroxide volume
(m2/cm3)

CH50C_amb_0497 1737(46) 0.00677(15) 369.07 74.9(20) 0.4841 0.1824 0.426 176(5)
CH50C_wCO2_52C_0498 1803(41) 0.00758(15) 369.07 77.8(18) 0.5054 0.1824 0.401 194(5)
CH50C_wCO2_50C_0505 1894(43) 0.00809(14) 369.07 81.7(19) 0.5052 0.1824 0.401 204(5)
CH50C_wCO2_50C_0510 1961(43) 0.00794(14) 369.07 84.6(19) 0.5042 0.1824 0.402 210(5)
CH75C_wCO2_75C_0477 1865(44) 0.00727(14) 369.07 80.4(19) 0.4819 0.1824 0.429 187(4)
CH75C_wCO2_75C_0485 1887(45) 0.00730(14) 369.07 81.4(19) 0.4814 0.1824 0.430 189(4)
CH75C_wCO2_75C_0496 2008(48) 0.00815(15) 369.07 86.6(21) 0.4804 0.1824 0.431 201(5)
MgH75C_amb_0511 678 (42) 0.00111(14) 414.88 26.0(17) 0.9569 0.7134 0.130 200(13)
MgH75C_wCO2_72C_0512 709(42) 0.00302(13) 414.88 27.2(16) 0.9578 0.7134 0.128 213(13)
MgH75C_wCO2_75C_0527 694(43) 0.00303(13) 414.88 26.6(16) 0.9560 0.7134 0.133 200(13)
MgH75C_wCO2_75C_0541 786(44) 0.00294(14) 414.88 30.2(17) 0.9574 0.7134 0.129 234(13)

aFor the Porod constants and surface areas, computed standard uncertainties are given in parentheses in the least significant digits.

Figure 5. Weighted straight-line Porod fits: (left)−Ca(OH)2 and (right)−Mg(OH)2. (Vertical bars represent ± one estimated standard deviation.)
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analysis to determine the possible distribution of scattering
features giving rise to the scattering data. Such analysis is
described elsewhere in regard to a routine, MaxEnt,25 available
as part of the Irena analysis package discussed above. Selected
MaxEnt size distributions with associated fits to the slit-
smeared USAXS/SAXS data are plotted in Figure 7. When the
volume-weighted size distribution, V(D), per unit increment in
diameter, D, is plotted on a linear scale against D on a log scale,
any nanoscale component is greatly emphasized (as here).

However, most of the volume fraction is distributed across a
scale range that extends into the micrometer regime. Here, a
spheroidal particle shape is assumed with an aspect ratio of 0.1
(disk-like), and the diameter, D, is the large dimension. A
globular assumption would provide similar distributions (with
different absolute scales), except that the nanoscale popula-
tions would be both finer and even more prominent.

For Ca(OH)2 exposed to wet CO2, the nanoscale features
do not vary much. For Mg(OH)2 exposed to wet CO2, there is
some evidence that the nanoscale population splits into two,
but the total integrated nanoscale contribution remains similar
to the ambient case. The fine and coarse feature size
distributions can comprise both pores within solid and solid
structures within the powder sample volume. These are plotted
separately for the two systems in Figure 8. Note that while
interpretation of these size distributions as a function of CO2
exposure may not be straightforward, the MaxEnt size
distributions provide excellent fits across the whole range of
USAXS/SAXS data (with XRD peaks omitted as for the Porod
scattering fits above).

Using the scattering contrast factors for the uncarbonated
hydroxides and with a 0.1 (oblate) aspect ratio shape
assumption, the nanoscale features appear to account for
between 1.8 and 2% of the overall sample volume for Ca(OH)2
and between 0.3 and 0.5% for Mg(OH)2. The rest of the
scattering features (mesoscale 1 (spherical) aspect ratio shape
assumption) account for between 11.4 to 12.4% of the sample
volume for Ca(OH)2 and between 9.4 and 10.1% for
Mg(OH)2. While some trends correlate (somewhat stochas-
tically) with the previous Porod scattering analysis, the changes
observed on carbonation are difficult to interpret and (at the
nanoscale level) almost certainly depend critically on the
feature shape assumption. Nevertheless, across coarser
(mesoscale) length scales, it is clear that Ca(OH)2 shows
feature sizes from a few tens of nm up to several micrometers,
whereas Mg(OH)2 has a feature distribution more confined to
the 0.1 to 1 μm range.

Composite log-normal/f ractal model f its.
An alternative interpretation of the USAXS/SAXS data to

assume a particle size distribution is based on assuming that
one or more fractal morphologies are present. It is very clear
from the desmeared data plots in Figure 4 that no single fractal
regime can account for what is observed. At best, a coarse
particle regime (log-normal distribution may be a reasonable
assumption), together with a surface-fractal regime, plus a log-
normal population of nanoscale building blocks, is worth
exploring. Such hierarchical structures are typical of powder
aggregates and have been described by similar scattering
models.26 Fits are shown in the Figure S14 to the desmeared
data sets. (XRD peaks at high q have been removed for both
fitting and plots.) The accompanying Table S7 provides the
fitted and derived model parameters. We note that the
Ca(OH)2 data are more compatible with this picture than the
Mg(OH)2 data. Contrast factors of 369.07 × 1028 m−4 and
414.88 × 1028 m−4 have been used for Ca(OH)2 and
Mg(OH)2, respectively, and Porod fit backgrounds have
been assumed.

The surface fractal scattering model is, following the
conventions from Allen7 as follows:
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Figure 6. Porod results (with lines as guides to the eye) show that
(A) the Porod constant increases with carbonation for CH50 and
CH75 but little increase is observed for MgH75. Assuming that the
scattering at this early-stage carbonation is dominated by hydroxide-
air, we obtain the surface areas (B) showing a slight increase. This is
comparable with the increased fractal surface area, Ssf, in Figure 9.
One can alternatively assume that no actual surface area change has
occurred. Rather, the Porod constant increase is due to a change in
contrast to carbonate-air interface scattering (see the SLD values in
Table 2). In (C) the result of that assumption is expressed as
carbonation percent change. Within the large uncertainties, these
values are roughly in agreement with WAXS value results. Although
these conversion measures are by surface area, it is assumed that the
volumetric conversions are similar. As is apparent from Table 3,
conversion to MgCO3·3H2O should give a reduction in the Porod
constant. Hence, the small increase is not compatible with this
carbonation model assumption. (Statistical uncertainties are in A and
B are given by the data scatter.)
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Definitions of the individual coefficients are as follows:
So = Area of smooth surface (long length scale) for surface-

fractal; Ds = Scaling exponent surface fractal; ξs = Upper limit
length scale surface fractal; Δρ = Scattering length difference
(sample specific values as for Porod modeling); and Γ=
Standard mathematical gamma function.

Allen et al. discuss the meaning of these terms for the
microstructure of cement, which shares characteristics with the
nanolimes, specifically the nanoparticle Ca(OH)2 component.
For the surface fractal, note that So is the “smooth” geometrical
surface area that acts as the “substrate” for the fractal rough
surface. The rough surface fractal area, Ssf = So(ξs/Rc)(2−Ds),
depends (in addition to the fractal dimension) on the range of
fractal scaling, which is set by the upper, ξs, and lower, Rc,
length scales. In the limit of a smooth surface Ds = 2 and Rc, ξs
become undefined (and irrelevant).

As with the MaxEnt size distribution interpretation of the
USAXS/SAXS data, the main ambiguity is in interpreting the
scattering features detected as either pores between solid grains
or solid particles sitting in larger void spaces. Both scenarios
can effectively apply in different parts of the scale range. At the
coarsest level, we assume that the pore space accounts for the

unfilled powder sample volume (i.e., for a higher solid filling
factor, the coarse porosity should decrease). However, fine
pores are essentially “carried” within the solid morphology, so
their porosity will be proportional to the solid filling, rather
than the nonfilled volume. For Ca(OH)2 the total volume
fraction of scattering features does not correlate either with the
solid fill factor or the left-over void space. This probably
indicates that the coarsest level of morphology (solid particles
and pores in the 10s of micrometers range) is not detectable
even with the USAXS q range. For Mg(OH)2, the total volume
fraction is not too different from the solid filling factor derived
from the X-ray transmissions. Surface area measurements,
whether from Porod scattering or a surface-fractal model, are
easier to interpret: attributable to the solid/pore interface
within the sample volume and renormalizable to solid volume
and mass based on the filling fractions derived from X-ray
sample transmissions.

Referring to the composite model fit results, provided in
Table S7, we note that the coarse, log-normal, Population 3
features (assumed globular in nature) account for ≈9% to 9.5%
of the sample volume in Ca(OH)2 with feature diameters
ranging from ≈70 nm up to several micrometers with a

Figure 7. (Top) Example Ca(OH)2 volume-weighted size distributions and fits. (Bottom) Example Mg(OH)2 volume-weighted size distributions
and fits.
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volume-weighted mean ≈900 nm, and a total surface area
slightly more than 1 m2/cm3. In Mg(OH)2, Population 3
features account for ≈6.5 to 7% of the sample volume with
feature diameters starting in the nanoscale regime (10 to 20
nm), hence overlapping with the other components of this
model. This population also extends into the micrometer
regime. However, the presence of fine features gives a much
higher surface area of more than 25 m2/cm3 for the ambient
case. For both Ca(OH)2 and Mg(OH)2, despite some
stochastic variability, there are no obvious correlations in
volume fraction or surface area with the degree of CO2
exposure. Thus, this component is effectively inert during
early-stage carbonation (Figure 9).

Population 2 surface-fractal components do show a
correlation with CO2 exposure: in the “smooth” surface area,
So, and exponent, Ds, to some extent, and somewhat more so in

the rough surface area, Ssf, here calculated by assuming the
fractal roughness scaling extends down to a correlation length,
Rc of ≈1 nm, consistent with the building block assumption for
Population 1. Population 1 building blocks refer either to the
fundamental solid flakes or to laminar nanoscale pores between
them. An aspect ratio of 0.1 is assumed, and the log-normal fit
suggests very fine features with a calculated large surface area.
Note that this surface area is an estimate based on all features
being distinct and separated, not stacked up as likely in
practice, vastly reducing the actual exposed surface area that
can be observed. Table 5 summarizes some key parameters
(per unit sample volume) for Population 1 and Population 2.

Uncertainties are difficult to estimate for the fractal model,
partly because there are complex covariances, especially when
multiple components overlap. However, typical uncertainties
are ≈15% of the value for volume fractions and surface areas,

Figure 8. Poly disperse particle size analysis for scattering suggests two major size scales. The nanoscale particles are approximately 1 nm in
diameter, with the mesoscale ones spanning a wide range of diameters up to 104 nm. (Top) Ca(OH)2 volume-weighted feature size distribution,
aspect ratio = 0.1 (Bottom) Mg(OH)2 volume-weighted feature size distribution, aspect ratio = 0.1. (Statistical uncertainties are given by the data
scatter.)
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20% for diameters and correlation lengths, and ±0.1 for fractal
exponents. Comparing some of the above parameters for
populations 1 and 2, here, with the Porod surface area values in
Table 4, it does seem that the latter analysis has the potential
to separate out some of the trends, perhaps amplifying some of
the effects of CO2 exposure.

SANS Results. Mid- to High q, Porod Scattering and
Background. As we discuss and display in Figure S13, the
terminal slope region applicable to Porod surface area analysis
is not accessible for the SANS data; caused by high incoherent
backgrounds along with beam shadowing for data with q > 0.8
Å−1. We demonstrate these effects in Figure S12 and Table S6
in the Supporting Information.

The SANS Porod backgrounds, however, are well-
determined and insensitive to the q-range selection. The
decline in background after carbonation for the calcium sample
is significant (Table S6). Quantifying neutron scattering
backgrounds from first principles is difficult.27 Certainly, the
incoherent cross sections in Table 3, give an indication of the
magnitude, but in fact, there are other sources of background
such as phonon scattering. A useful estimate for our situation is
to calculate the expected hydrogen decline. Assuming the
mass-change-derived value of 0.60 mole fraction (Table S2),
the calculated hydrogen contents are 0.060 H/cm3 Ca(OH)2
goes to 0.022 H/cm3 0.4 mole fraction Ca(OH)2 + 0.6-mole
fraction CaCO3. On this basis, we could expect a background

ratio of 0.37. The observed value is 0.68. Perhaps some
hydrogen is retained. One possibility is amorphous calcium
carbonate, CaCO3·H2O. We observe an IR signature for this in
the early-stage carbonation PM-IRRAS results. However, if
present, it is apparently a minor constituent; it is not observed
in the TGA data. Also, amorphous calcium carbonate is
typically a short-lived material, transforming into mesoporous
calcium carbonate.28 A similar calculation preformed for
magnesium gives 0.080 H/cm3 Mg(OH)2 goes to 0.080 H/
cm3 0.91 mole fraction Mg(OH)2 + 0.08 mole fraction
MgCO3·3H2O, predicting an unchanged background ratio, as
observed. The formation of such a hydrated magnesium
carbonate is also noted in PM-IRRAS.

Mid to Low q, Scattering: Composite Lognormal/Fractal
Model. The scattering data were fit using the Irena macros,25

which include consideration of uncertainties associated with
counting statistics and the q-resolution. Porod backgrounds
were subtracted from the data. For the calcium samples, the
diffraction-peak-affected data in the range 0.45 Å−1 < q < 0.7
Å−1 were excluded. For all samples, we excluded data with q >
0.8 Å−1.

The USAXS/SAXS data define the starting model. However,
with any such multicomponent scattering model, considerable
care is needed in selectively varying individual components
during the fitting process. Data at low and mid q, being less
affected by the incoherent neutron scattering background, were
first used in fitting mesoscale and fractal structures. The lowest
q data were first used to define the mesoscale structure, and
then surface fractal scattering and mid-q data were included.

Fitting the nanoscale scattering, Pop. 1, in the mid-to-high q
data range, presented the greatest challenge in convergence.
For MH−N2 and CH−N2, this resulted in all nanoscale
parameters except volume fraction being fixed. However, for
MH−CO2 and CH−CO2 all nanoscale parameters were varied.

Another change due to carbonation is that the mesoscale
component is better modeled by a Gaussian particle size
distribution. This reflects a narrower range of particle sizes
following carbonation. All results are reported in Table S8.

Comparing the USAXS/SAXS results on as-received
samples, CH50C_amb_0497 and MgH75C_amb_0511, with
results on the CH−N2 and MH−N2 samples, we find that for
all three structural components, there is a small increase in
surface area after humid N2 treatment. See Tables S6 and S7.
This is consistent with our BET results, which also show a

Figure 9. Ca(OH)2 samples at 75 and 50 °C, respectively CH75 and
CH50, show significant change in this early stage carbonation,
generating significant surface fractal changes. The Mg(OH)2 sample
at 75 °C (MgH75) shows little change. Lines are a guide to the eye.
(Statistical uncertainties are given by the data scatter.)

Table 5. Summary of Fit Parameters from Composite Lognormal/Fractal Model

Pop. 1: building blocks Pop. 2: surface-fractal

sample
carb. time

(min.)
volume
fraction

theoretical surface area
(m2/cm3)

smooth surface area SO
(m2/cm3) DS

xS
(nm)

rough surface area Ssf
(m2/cm3)

CH50C_amb_0497 0 0.0210 128.41 0.938 2.194 48.70 1.995
CH50C_wCO2_52C_0498 0 0.0204 116.77 1.503 2.196 49.42 3.229
CH50C_wCO2_50C_0505 35 0.0211 121.05 1.581 2.213 48.60 3.622
CH50C_wCO2_50C_0510 59 0.0220 129.38 1.598 2.214 47.90 3.652
CH75C_wCO2_75C_0477 4 0.0154 82.59 1.790 2.287 59.70 5.791
CH75C_wCO2_75C_0485 10 0.0181 109.40 1.784 2.320 63.92 6.745
CH75C_wCO2_75C_0496 29 0.0185 111.81 1.745 2.362 68.28 8.034
MgH75C_amb_0511 0 0.0030 27.58 1.402 2.318 74.24 5.522
MgH75C_wCO2_72C_0512 0 0.0050 39.95 1.994 2.235 72.14 5.454
MgH75C_wCO2_75C_0527 75 0.0089 188.39 2.116 2.209 70.34 5.136
MgH75C_wCO2_75C_0541 146 0.0101 219.34 2.145 2.243 73.48 6.103
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slight increase. Perhaps there is some recrystallization induced
by the 122 h of humid N2 treatment.

The ratio of scattered intensity vs q shown in Figure 10
guides the length scales where carbonation significantly affects
the structure, showing strong differences between Ca(OH)2
and Mg(OH)2.

At high q, the Pop. One nanoscale structure, CH−CO2 vs
MH−CO2, shows an increase and the other a decrease in
intensity of scattering. It so happens that both trends are
consistent with carbonation. Table 3 shows that the SLD
changes upon carbonation to, respectively, CaCO3 and
MgCO3·3H2O give an increase in Δρ for Ca(OH)2 versus a
decrease for Mg(OH)2. For modeling, in addition to Δρ
change, we use an aspect ratio of 1 (spherical) to better
approximate the three-dimensional crystal of the carbonated
species. The results show that both MH−CO2 and CH−CO2
have somewhat smaller surface areas than MH−N2 and CH−
N2, but the most important change is in the SLD.

At mid-q, the scattering for CH−CO2 shows a consistent
increase in intensity with little change for MH−CO2. Assuming
an SLD associated with carbonated components, the Pop. Two
fractal surface scattering changes for CH−CO2 are significant.

Early-stage carbonation results gave increased Ssf with
carbonation, and little change on the smooth surface So.
Here, So shows a significant decline, perhaps because the
surface is consumed during carbonation. However, the ratio of
the fractal surface to smooth increases. Figure 11 shows that
the trend for that ratio is similar to that for early carbonation.
It paints a consistent picture of surface carbonation for
Ca(OH)2. The contrast with Mg(OH)2 is striking. That
material evolves to a smooth surface with carbonation. So = Ssf
at late-stage carbonation. This conformal layer may be the
reported AMC material seen in imaging of growth in
supercritical CO2.29 Results here suggest that this impedes
carbonation.

At low-q, the Pop. Three mesoscale structures show
significant change for MH−CO2 and less for CH−CO2,
whereas early-stage carbonation found little change. We find
that the late-stage data are better modeled by a Gaussian size
distribution, suggesting there is a narrowing of the range of
sizes. For MH−CO2, carbonation causes a doubling of the
volume fraction of the mesoscale fraction (22.5%) compared
to that for MH−N2 (9.9%). However, the mean diameter is
halved. Likely smaller, new crystals are being formed. It has

Figure 10. Left are shown absolute scattering intensities for Ca(OH)2 (Top) and Mg(OH)2. The red symbols are before carbonation and blue after
122 h of carbonation. Note, the decline in background for Ca(OH)2 is consistent with a decline in hydrogen content for CaCO3. Carbonation for
Mg(OH)2 is typically along a metastable pathway that includes MgCO3·3H2O, consistent with an unchanged background. (Right) The intensity
ratios after subtracting the background are plotted. Deviations from one, point to q ranges where significant structure change occurs, which guide
our modeling. (Vertical bars on the intensities, approximately same size as symbols, represent estimated standard deviations.)
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been noted that nesquehonite can produce a nodular
structure.29 For CH−CO2 there is a significant decrease in
the volume fraction of the mesoscale of features with
carbonation, declining to 3.1 from 12.6% for CH−N2. The
mean diameter is unchanged. Perhaps these mesoscale particles
are consumed during carbonation, precipitating on the fractal
surface.

■ CONCLUSIONS
This study has utilized nanolime particles to study the
structural changes associated with carbonation reactions.
Significant differences between Ca(OH)2 and Mg(OH)2 are
observed, with findings from both infrared spectroscopy and
mass change during carbonation indicating Ca(OH)2 to be
more reactive than Mg(OH)2. Investigating structure from
early- to late-stage carbonation, our three-element structure
model suggests that surface reaction is important to the facile
carbonation of Ca(OH)2. A significant change toward a more
fractal surface is obtained from both X-ray and neutron
scattering. In contrast, Mg(OH)2 forms a smooth surface as
carbonation proceeds. This conformal layer likely impedes the
reaction. Also, the magnesium compound forms a hydrated
carbonate, leading to inefficiency in CO2 uptake. With neutron
scattering sensitive to the amount of hydrogen in a sample, we
observe that there is significant dehydration of the Ca(OH)2
during reaction, i.e., CaCO3 is the predominant product.
Dehydration did not occur for Mg(OH)2. The product could
be one of several hydrated carbonates, likely nesquehonite
(MgCO3·3H2O).

The difference in the reactivity of Ca(OH)2 and Mg(OH)2
during their reaction with CO2 stems from differences in their
solubility, nucleation and growth kinetics, and surface
chemistry, which result in distinct surface morphologies.

Solubility and Reaction Kinetics. Ca(OH)2 has a higher
solubility in water (≈0.9 g/L at 25 °C) compared to
Mg(OH)2, which is much less soluble (≈0.007 g/L at 25
°C). This suggests a high concentration of Ca2+ ions, leading
to the fast precipitation of CaCO3 upon reaction with CO2. In

contrast, Mg(OH)2 remains mostly in the solid state, reacting
more slowly due to the lower availability of Mg2+ for carbonate
formation.

Precipitation and Nucleation Pathways. The high Ca2+

ion concentration may allow a nucleation-dominated pathway,
resulting in the formation of numerous small CaCO3
crystallites. These crystallites could then merge to form a
highly irregular, rough, and fractal-like surface as they grow.
On the other hand, since Mg2+ ions are released slowly, the
formation of MgCO3 or hydrated Mg-carbonates occurs via
surface-controlled processes rather than bulk nucleation. The
surface-controlled carbonate formation gives a more uniform
and smooth surface.

Surface Chemistry and Growth Mechanism. Ca(OH)2
Surface. When Ca(OH)2 reacts with CO2, CaCO3 forms
rapidly, but its precipitation is diffusion-limited, causing
localized supersaturation. Furthermore, the presence of
polymorphs such as vaterite, aragonite, and calcite may form
and contribute to surface roughness due to their different
nucleation and growth rates. Without this stable protective
layer during carbonation, the evolving CaCO3 layer remains
porous and allows further reaction, leading to continued
roughness formation.

Mg(OH)2 Surface. In contrast, Mg(OH)2 reacts through a
slow dissolution−precipitation process, where Mg2+ ions
diffuse out before forming a carbonate layer. This gradual
reaction promotes more controlled epitaxial growth of Mg-
carbonates, resulting in a smoother surface. This protective
surface layer further inhibits rough surface growth. This
passivating layer, shown from the results here to be a hydrated
phase, perhaps nesquehonite MgCO3·3H2O or amorphous
magnesium carbonate MgCO3·xH2O prevents the fractal-like
growth seen in Ca(OH)2.

Together, these effects help explain why Ca(OH)2 produces
rough, fractal surfaces upon reaction, while Mg(OH)2
maintains a smooth, uniform surface.

While the partial pressure of CO2 in the air or in a gas
stream is considerably lower than that of pure CO2 the effect
on these results is expected to be small. One factor in favor of a
similar outcome is the significant thermodynamic potential for
the reaction, as shown in Figure 1. Using the standard Gibbs
free energy change, the equilibrium constant is ∼1 × 1013.
With K = PCO2 × PH2O, we see that for any physical value of
PCO2, precipitation of CaCO3 is always thermodynamically
favored. Even with a lower partial pressure, the reaction will go
forward. If CO2 concentration is the limiting kinetic factor,
lower reaction rates could result. However, the contrasting
behavior between Ca(OH)2 and Mg(OH)2 will be preserved.
However, poisoning of reaction sites by other gases could be
important. Fortunately, for air capture, the primary contam-
inant is water, a required component for carbonation.
However, other species such as those with sulfur could be
important, and for practical applications, these may need to be
scrubbed from the input stream.

For energy-efficient carbon capture, it would be desirable to
enhance carbonation rates for Mg(OH)2, and it appears that
disrupting the formation of the conformal amorphous layer
could be a useful direction to pursue. It might also be possible
to use a substitute for water to provide a liquid film that
facilitates reaction kinetics without forming hydrates. Fur-
thermore, it is well-known that calcium and magnesium are
cosoluble in the MCO3 structure. The mineral dolomite
(Ca0.5Mg0.5)CO3 is an example. Because calcium does not form

Figure 11. Combined USAXS/SAXS and SANS fit results for the
Pop. Two surface fractal model. Lines are a guide to the eye. The ratio
of fractal surface area (Ssf) to smooth surface area (So) shows that as
carbonation proceeds from early- to late-stage carbonation the surface
scattering from Ca(OH)2 becomes consistently more fractal-like.
Possibly this is roughening due to crystal growth. Mg(OH)2 shows
the opposite trend. In fact, at late stage carbonation, the fractal fitting
gives a smooth surface: Ds = 2 and So = Ssf. (Uncertainties are difficult
to estimate for the fractal model partly because there are complex
covariances, especially when multiple components overlap. However,
typical uncertainties are ≈15% of the value for surface areas.)
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these hydrated phases and seems to favor the surface reaction,
perhaps a small amount of calcium substitution in the
Mg(OH)2 structure could be beneficial.
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