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Abstract

For aggregate-free, calcite-containing lime binders, we correlate long-range crys-
tallinity parameters from X-ray diffraction measurements (lattice constants, crystalline
domain sizes, and microstrain fluctuation values) with short-range structural parame-
ters from extended X-ray absorption fine structure data (coordination environments,
attenuation factors, and fit stabilities). In doing so, we reveal a correlation between
unit cell contraction and a more ideal local calcite structure. Using Fourier transform
infrared spectroscopy and X-ray absorption near edge spectroscopy, we rule out the pos-
sibility of contributions from amorphous calcium carbonate, and show that the struc-
tural disorder is likely related to localized regions of incomplete carbonation. Thus,
by using data from this judicious combination of structural characterization tools, we
demonstrate that short-range structural distortions occur in calcitic lime binders, and

that these distortions can be detected even in multi-phase mixtures.

Introduction

The carbonation process of calcium-containing minerals holds considerable scientific and in-
dustrial interest because the interconversion among different solid phases controls the physi-
cal and chemical properties of the end product. For common construction materials such as
concrete, mortar, cement, or lime binders, their physical and chemical properties are strongly
dependent on the way that CaO (“quicklime” or “free lime”) and Ca(OH), (portlandite) are
converted to CaCO3.1¢ Previous reports demonstrate that the carbonation rate is strongly
influenced by factors such as CO, concentration, temperature, and relative humidity.” !
Furthermore, once the carbonation process begins on the outer surface of a CaO grain, the
rate and efficiency of subsequent carbonation are affected by how easily Ca?t and OH™ can
permeate the newly-formed CaCOj3 coating.'? The carbonation process is even more com-

plicated when CaO is mixed with silicate hydrates, as is the case while fresh concrete is

curing. '



Even in the relatively simple case of aggregate-free lime binders, mixtures of phases and
polymorphs are commonplace. This is not surprising once one considers the overall reaction

progression that produces a lime binder (Equations 1-4).
750 °C

CaCO3 '— CaO (quicklime) + COq (Eq. 1)
2 CaO + Hy,O — Ca(OH);y (portlandite) (Eq. 2)
Ca(OH), + H,0 — Cafl + OH_, (Eq. 3)
Ca?jq) + CO%}aq) — (CaCOj (lime binder) (Eq. 4)

CaO can be produced from any polymorph of calcium carbonate by heating above 750 °C.14
Upon exposure to water (slaking), quicklime hydrates to portlandite (Ca(OH)y). In the
last stage, portlandite carbonates to form CaCQOj3 through a dissolution and reprecipitation
process. >®12 Recent studies found that four different CaCOj3 polymorphs (calcite, aragonite,
vaterite, and amorphous calcium carbonate) can form from quicklime that is exposed to
different relative humidities while at 80°C, without slaking.” Even with slaking, calcite-
aragonite mixtures can form over a wide variety of ambient humidity and CO, levels.?® In
this work, we adopt standard plaster process terminology by referring to this kind of multi-
phase, unslaked heated product as “lime”, while the slaked product we call “lime binder”.!*

Since lime binders are expected to be multi-phase materials, X-ray diffraction (XRD) is
a widely used characterization technique. It has great value for sample assessments because
the differences in peak positions and widths can be quantified to provide a variety of struc-
tural information. For example, growth rates of calcite particles contained in lime binders,
obtained from analyses of XRD peak widths, have shown that grains reach a limiting size
within a span of hours.!® A more recent study used in situ XRD to identify a two-stage
carbonation process that is affected by reaction temperatures.'” Other XRD studies have
focused on lattice expansion differences in lime binder as a function of time and relative
humidity. *® It is much less common to use XRD to assess several different types of structural
disorder at the same time. A recent study showed that lattice strain, microstrain fluctu-

ations, and small crystalline domain sizes need to be considered all together, since these



different origins for structural disorder do not influence XRD data in independent ways.'?
The same XRD analysis method has been used to track changes in calcite crystal growth
when there are polymeric inclusions. 2

Despite the advantages of XRD for structural characterization, there is some informa-
tion that it cannot provide. For example, poorly crystalline and amorphous components
cannot be quantified with XRD. However, they can be detected easily with Fourier trans-
form infrared (FTIR) spectroscopy or with Raman spectroscopy.?! Nevertheless, these vi-
brational spectroscopy techniques are not applied routinely to lime binders.”?? In the case
of extremely disordered or amorphous materials, synchrotron-based X-ray absorption fine
structure (XAFS) measurements are the benchmark for assessing local atomic coordination
environments.?® XAFS is a comprehensive term that includes both data in the immediate
vicinity of the absorption edge (X-ray absorption near edge, XANES), as well as informa-
tion at energies high above the absorption edge (extended X-ray absorption fine structure,
EXAFS). Although XAFS has been widely applied to biogenic carbonates,?>2¢ there is a
distinct lack of data about the local chemical environment of lime binders.

In this work, we demonstrate the advantages of using a combination of bulk (XRD and
FTIR) and local (XAFS) structural characterization tools for lime binders, by showing that
the crystalline calcite portion of lime binder exhibits multiple types of structural disorder.
Furthermore, the lattice strains and microstrain fluctations that we detect in calcite coin-
cide with the presence of Ca(OH),. These results are important because they suggest that

incomplete carbonation causes distinctive structural disorder characteristics in lime binders.

Experimental details

Our goal was to demonstrate that we can detect structural disorder signatures in aggregate-
free, calcite-containing lime binders that contain a complex mixture of phases and poly-

morphs. To do this, we needed to prepare the quicklime starting material, and then to



coordinate the timing for each of the characterization measurements to ensure that we cap-

tured structural information for multi-phase binders.

Sample preparation

We prepared lime binders using the steps outlined in Equations 1-4. Details for all samples
are listed in Table 1. Four different sources of raw calcium carbonate served as starting
materials: analytical grade calcite powder from Merck (sample label CP), geogenic calcite
spar from Chihuahua, Mexico (CC), geogenic aragonite spar from Minglanilla, Spain (CA),
and bivalve shells Glycymeris insubrica from Ashkelon, Israel (GA). Different quicklime
samples were produced by heating 5 g of starting material for 12 hours at 900 °C in an
electric muffle oven with an ambient air atmosphere. This duration was sufficient to ensure
complete conversion of the starting material to CaO; representative FTIR data for quicklime
are included in Supporting Information Figure S1. After heating, the samples were quenched
to room temperature in ambient air. The resulting powders were then slaked by mixing with
excess deionized water (about 10 times by volume) in glass beakers. The resulting lime
binder samples (BP900, BC900, BA900, BG900) were each ~5 cm? and ~3 mm thick. All
samples were stored unsealed under ambient conditions that were not monitored. Additional
samples (BP800, BC800, BA800, BG800) were prepared using quicklime that was produced
by heating calcium carbonate at a lower calcination temperature (800 °C). A 12 hour heating
duration was still sufficient to ensure complete conversion of the starting material to CaO
(see Supporting Information Figure S1). Spar calcite (CC) and aragonite (CA) served as
standards, along with a fully carbonated, well-crystallized ancient binder from Yiftahel,

[srael (BY).2728

Structural characterization

FTIR data were our primary method for assessing when the lime binders had a sufficient

amount of calcite to proceed with other characterization methods. Transmission FTIR spec-



Table 1: Sample details, including raw starting materials and calcination temperatures. All
lime binders were calcined for 12 hours.

Sample Raw source Calcining
name material T (°C)
standards

CP purchased calcite —
CC spar calcite —
BY ancient lime binder (Yiftahel) —
CA spar aragonite —
lime binders

BP800 purchased calcite 800
BC800 spar calcite 800
BA800 spar aragonite 800
BG800 glycymeris 800
BP900 purchased calcite 900
BC900 spar calcite 900
BA900 spar aragonite 900
BG900 glycymeris 900

tra came from samples that were ground together with spectrophotometric grade KBr (1:50
ratio), and then pressed into 3 mm diameter pellets using 2 tons of pressure from a torque
wrench. Our spectra were acquired using a Bruker Vertex 70v/S vacuum spectrometer with

a globar IR source (4000-500 cm™! collection range at 1 cm™!

resolution).

Approximately 1 week prior to XAFS measurements, we collected XRD data on hand-
powdered samples using a Rigaku Ultima IV diffractometer (Cu Ke, 20-70° 26 range, 0.02°
step size, 1 s dwell time). Using the JADE 7.0 software to fit peak widths and positions,
we calculated lattice constants, crystalline domain sizes, and microstrain fluctuation values
using a procedure described in more detail elsewhere.

Finally, XAFS measurements were conducted on the Soft X-ray Micro-characterization
Beamline 06B1-1 at the Canadian Light Source in Saskatoon, SK, Canada. In our XAFS
experiments, Ca K-shell electrons absorb X-ray photons, leaving core holes when they are
ejected. The higher-energy electrons that fill the holes will emit photons. Both the ejected
electrons and emitted photons were detected in our experiments; the XAFS spectra we show

here are based on total electron yield.

XAFS data were measured 8 months after the lime binders were slaked, which was enough



time for sufficient calcite to form, but while there was still some Ca(OH), present. A small
quantity of powdered lime binder was mounted on carbon tape attached to a copper plate.
Samples were then exposed to synchrotron X-rays with a range of energies below and above
the Ca K-edge (4038 eV) to measure differences in the ejected electron and photon fluxes as
a function of incident X-ray energy. The resulting XAFS data were processed and analyzed
using the IFEFFIT software package.?”

In the near-edge (XANES) region (4030-4043 eV), data were compared directly. In the
extended (EXAFS) region (4043-4188 eV), the subsequent data analyses were very extensive.
Fourier transforms of EXAFS spectra in k space were based on data for 2-9 A~'. The Artemis
software (FEFF8)% allowed us to develop a model of ideal calcite that we could compare
with our data, including coordination number, neighbor distances (r), and deviations in
distance due to structural disorder (02). Our fitting ranges for real-space transformations is

1-4 A, which includes the first four coordination shells.

Results

Phase compositions from bulk analyses

Since poorly crystalline phases do not produce definitive diffraction peaks, we used vibra-
tional spectroscopy as our initial structural characterization tool. Figure 1 shows represen-
tative FTIR spectra in the mid-IR range for standards, as well as lime binder. The three
characteristic peaks of calcite (1o, 13, and v4) are present in all samples.?! Lime binder shows
a strong peak near 3643 cm™! that is due to OH™ stretching in Ca(OH),. A weak peak at
855 cm ™! in some lime binder spectra is due to aragonite. No signs of other phases, such
as amorphous calcium carbonate, were visible. We note that our FTIR spectra cannot show
evidence of CaO because the vibrational modes of this material lie at lower wavenumbers
(less than 500 cm™1).

To assess the crystalline content of our samples, we compared powder XRD data with
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Figure 1: Representative FTIR spectra (a) in the full mid-IR range (4000 cm™! to 500
cm™'), and (b) a zoom in the calcite fingerprint region (900 cm~! to 700 cm™!). Spectra are
offset along the vertical axis for clarity. For all samples, the v3, 15, and v, peaks for calcite
are dominant. The OH™ stretching mode in spectra for BC800 indicates Ca(OH),. Small
amounts of aragonite are detectable in most of our lime binders.



JCPDS standards® for calcite (86-2334), aragonite (76-0606), Ca(OH), (87-0673), and CaO
(82-1691). All eight lime binders contain calcite and Ca(OH)s, plus weak peaks that are
related to aragonite, consistent with our FTIR data (Figure 1) and as noted in earlier
reports.'® The ancient lime binder (BY) is composed of well-crystallized calcite. A minor
peak near 27° (26) suggests that sample BY contains a small amount of a second crystalline
phase, but this single peak was not sufficient for identification. None of the lime binders
showed evidence of CaO. For completeness, we also analyzed pure aragonite (CA), two
different pure calcites (CP, CC), and several unslaked limes. Representative XRD data for
all samples are included in Supporting Information Figure S2.

Using these XRD data, we focused on the calcite portion of the samples. Least-squares
fits of the XRD peak positions gave us calcite lattice constants (a and ¢, in space group R3c).
Crystalline domain sizes and microstrain fluctuation values were calculated in a correlated
way (using Williamson-Hall analyses), since XRD peak widths are affected by both of these
factors.1%2Y Comparisons of all XRD-derived calcite crystallinity parameters are summarized
in Table 2.

Table 2: Calcite lattice constants (a and c), crystalline domain sizes, and microstrain fluc-
tuation values for lime binders and control samples, determined from XRD data.

sample a (A) c(A) size (A) microstrain (%)
CP 4.9938 £+ 0.0006 17.076 £ 0.002 900 £ 100 -0.02 £ 0.02
CC 4.9851 £+ 0.0001 17.050 £ 0.003 >2000 0.08 £ 0.07
BY 4.99 + 0.02 17.0566 £+ 0.0004 1700 + 400 0.03 £ 0.01
BP800 5.002 + 0.003 17.055 £ 0.004 330 £ 50 -0.07 £ 0.04
BC800 4.998 £ 0.001 17.065 £ 0.001 380 £ 60 0.03 £ 0.04
BA800 4.992 £ 0.002 17.061 £ 0.006 400 £+ 90 0.07 &= 0.05
BG800 5.002 £ 0.001 17.081 £ 0.006 400 £ 100 -0.06 £+ 0.07
BP900 4.992 £ 0.002 17.020 £ 0.008 400 £+ 100 0.03 £ 0.06
BC900 4.981 + 0.009 16.99 £ 0.02 1100 +£ 800 0.29 £ 0.07
BA900 4.993 £ 0.002 17.023 £ 0.008 600 £ 100 0.14 + 0.03
BG900 4.992 + 0.002 17.01 £ 0.01 400 £ 200 0.0+ 0.1




Local chemical structure from XAFS analyses

The pre-edge and XANES region of XAFS spectra are affected by the local chemical environ-
ment around all Ca atoms in a specimen. Therefore we compared spectral differences near
the Ca K-edge (4038 eV) to confirm the content of the mixtures identified from the XRD
and FTIR analyses. This consistency check is an important prerequisite before attempting

to interpret the extended range (EXAFS) data.

Pre-edge and near-edge data

Figure 2 compares representative lime binder (BC800), ancient binder (BY), calcite (CC),
and aragonite (CA) spectra near the Ca K-edge. The small pre-edge peak (a) at 4040 eV
and the shoulder (b) at 4045 eV are attributed to the 1s-3d and 1s-4s transitions in Ca,?4%
and these appear in all of our samples. The two main peaks at 4048 eV (c) and 4061 eV (d),
are characteristic of calcite. A sharp peak at 4051 eV (e) is due to Ca(OH),.3! Aragonite
has a large peak that overlaps with calcite’s main peak, but it has a unique shoulder (f)
that appears in many of our binder spectra, consistent with FTIR data. Thus, lime binder
spectra show mixed features of calcite, aragonite, Ca(OH)s, which is consistent with XRD

and FTIR data.

Fine-structure (EXAFS) data

During XAFS measurements, ejected electrons scatter from nearby atoms. Thus, with appro-
priate background removal, we extracted the spectral oscillations that appear at energies far
above the absorption edge, which contain valuable information about the local Ca bonding
environment.

By taking Fourier transforms of data at energies higher than the Ca K-edge, we compared
scattering intensities that are directly related to the real-space distances of the Ca nearest
neighbours (coordination shells). It is important to note that the positions of these EXAFS

peaks do not represent the true bond distances because there are phase corrections inherent to
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Figure 2: Representative XAFS data near the Ca K-edge for aragonite (CA), calcite (CC),
ancient binder (BY), modern lime binder (BC800), and unslaked lime. Spectra are offset
along the vertical axis for clarity. The pre-edge absorption peak (a) and shoulder (b) are
due to atomic transitions in Ca, so they appear in all of our spectra. Two XANES peaks (c
and d) are characteristic of calcite. Peaks indicative of Ca(OH)y (e) and aragonite (f) are
present in modern lime binders.
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the Fourier transformations.®? For this reason, we follow the standard practice of comparing
the relative positions of EXAFS peaks, using identical ranges, transformation parameters,
and phase corrections for each spectrum. In all EXAFS plots, the Ca-Ca peak for calcite
occurs near 3.5 A, and this peak is largest in our calcite standards (CP, CC, and BA). On
the other hand, Ca-Ca neighbours in Ca(OH), produce a strong peak at 2.9 A that appears
in all lime binders. This portlandite-related peak is much weaker in the 900 °C lime binders.

Our data (such as the representative spectra shown in Figure 3) compare well with
EXAFS data simulated for ideal calcite, which we generated using the Artemis analysis
package?® with established crystallographic parameters for calcite.?® Our analyses included
the first four coordination shells (Ca-O;, Ca-C, Ca-O,, and Ca-Ca), and we used fixed
coordination numbers. The variable parameters during fitting were bond distance (r), the
variance in the half scattering path length (0?), and the amplitude. Figure S3 and Table S1

in the Supporting Information summarize the EXAFS results.

(a) (b)
L BY
A—xr 4
<1 MR (R=0.10%)
x
=
0 T T T 1
(c) (d) unslaked lime
r /A from calcite
1 5800 (R =0.81%)
< (R =0.48%)
x
=
0 T T 1 T T T 1

Figure 3: Representative Fourier-transformed EXAFS spectra for (a) ancient lime binder,
(b) 900 °C lime binder, (c) 800 °C lime binder. For comparison, an unslaked lime is shown in
(d). Dashed lines indicate fitted results based on ideal calcite using four coordination shells,
and R-factors (%) are included in parentheses.

Bonding distances for all samples are consistent with those from standard crystallographic
data for calcite.3® However, the R-factors, which are related to the stability of the EXAFS fit,
show systematic variations (all data are included in Supporting Information Table S1). Lime

binder samples calcined at lower temperatures (800 °C) have consistently larger R-factors,
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indicating a poorer match with pure calcite.

Discussion

It is well known that lime binders can include several different phases (aragonite, calcite,
Ca0O, Ca(OH)s, and amorphous calcium carbonate), and that the composition can change
during the curing process. In this study, our lime binders were not fully cured, and they con-
tained three of these phases: calcite, aragonite, and Ca(OHs). When assessing the EXAFS
spectra, some lime binders were comparable to our calcite standards, while others exhibited
a much poorer match to pure calcite. It is tempting to assume that the higher R-factors
(poorer fits) for some lime binder spectra is a simple consequence of their multi-phase com-
positions. However, by comparing EXAFS R-factors with data from the XRD analyses, we
find that the situation is much more interesting.

We compared the microstrain fluctuation value, crystalline domain size, and c-lattice
constant against R-factors for all lime binder samples (Figure 4). Most notably, we find that
not all crystallinity parameters are correlated with changes in R-factor. Consistent with
earlier reports, we find that the calcination temperature is important.”*!® Lime binders
calcined at higher temperatures (900 °C) have larger crystalline domain sizes and also larger
microstrain fluctuation values. However, the higher calcination temperatures also correlate
with a contraction of the calcite lattice, especially along the ¢ direction. In fact, the c-
lattice constant values show the clearest direct correlation with the R-factor values. In other
words, a more contracted c-lattice, even when considerably smaller than the calcite standard,
coincides with the best local calcite coordination environment.

To explain these trends, we put our work in the context of literature that has examined
the progression of phase conversions during the lime binder carbonation process. Our results
are consistent with other reports that show, at the beginning of this carbonation process,

that the small calcite crystals have lattice constants that are close to those for ideal calcite

13
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Figure 4: R-factors from EXAFS fits for lime binder samples correlated with different crys-
tallinity parameters from XRD data: (a) for crystalline domain size, (b) for c-lattice constant,
and (c) for microstrain fluctuations. The correlation between c-lattice constant and micros-
train fluctuations is shown in (d). In all plots, the solid triangles denote calcination 900°C,
and the hollow circles signify 800°C calcination. In (b) and (d), the ideal c-lattice parameter
is based on JCPDS standard pattern 86-2334.3°
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(JCPDS 86-2334).1729 However, our results suggest that subsequent stages of crystallite
growth tend to occur in a more imperfect way, since microstrain fluctuations values grow
and the c-lattice constants shrink. This is consistent with recent reports that larger calcite
crystallites, similar in size to ours (near 500 nm) but grown with polymeric inclusions, also
show larger microstrain fluctuations.?* We propose that Ca(OH), inclusions, related to non-
uniform carbonation, could serve a similar role as the polymeric inclusions, decreasing the
c-lattice constants and contributing to larger microstrain fluctuation values.

Earlier reports?® do not speculate why crystallite size and lattice strain are correlated
in calcite, and it is not addressed directly in the existing literature. In other subdisciplines,
XAFS has provided critical insights on the crystallization processes of calcite from biogenic
and lab-produced amorphous calcium carbonate (ACC).2*2%34 Unstable EXAFS fits in ACC
(resulting in large reduced x? values, which are a measure of goodness of fit that are similar
to our R-factors) have been attributed to heterogeneities in the Ca coordination shells.?? A
recent report has also shown evidence of ACC in lime binders.” However, the lime binders
in our study are considerably different from ACC. Most notably, they show prominent XRD
peaks that indicate crystalline calcite, and there is no evidence of ACC in our lime binder
FTIR spectra. Thus, higher R-factors in our calcitic lime binders are not linked with the

presence of amorphous calcium carbonate.

Conclusions

Calcite-containing lime binders are complex, mixed-phase materials. Nevertheless, our work
demonstrates that distinctive types of structural disorder within the calcite can be identified
and quantified. By combining XRD and XAFS data, we show that short-range structural dis-
tortions occur in calcitic lime binders, and that the lattice strains and microstrain fluctations
that we detect in calcite coincide with the presence of Ca(OH)s.

Although it is not necessarily surprising that Ca(OH), inclusions can contribute to dis-

15



tortions in calcite-containing lime binders, it is interesting that the overall mix of disorder
(lattice expansions, microstrain fluctuations, and crystalline domain sizes) can be different
from what has been reported in calcite produced by other methods. For example, large-
grained calcitic flowstones from cave environments have shown contracted lattices and a var-
ied range of microstrain fluctuation values.!® On the other hand, recent laboratory-produced
calcite with polymeric inclusions have shown qualitatively similar microstrain fluctuation and
crystalline domain size correlations, though with generally smaller microstrain fluctuation

1920 along with the present work, are among the

values.?® Furthermore, these two studies,
few to emphasize that there are several possible origins for line broadening in calcite XRD
spectra. This is especially important for studies of lime binder if one wants to follow the
growth and evolution of grains within a specimen under different curing conditions.

Our study reveals useful information about lime binders that should stimulate future
investigations as well. For example, we suspect that changes in lattice constants and mi-
crostrain fluctuation values could help track changes in the mechanical strength of pure lime
binders (as well as aggregate-containing variants such as cements, concretes, plasters, and
mortars) during the curing process. This could be especially important for repairs to his-
toric structures, since a plaster binder that is either to strong or too weak will create new
problems rather than solving existing ones.?? Strength and fracture properties of lime-based
materials are known to be influenced by porosity, and this can be affected by factors such as
aggregate concentration, polymeric inclusions, and rheological properties of the lime putty
before it hardens.!?%6 Nevertheless, it remains to be investigated whether there is a link
between porosity and crystal structure disorder in lime binders.! There are good reasons to
explore this possibility, since porosity and micro-cracks have been shown to affect microstrain
fluctuation values in biogenic calcium carbonate.?>3¢ Thus, the tools and analysis strategy
we present here offer possibilities for better understanding of calcium carbonate polymorphs

and related phases in lime binders.
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