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Predicting the precipitation of solids is important in both natural
systems and subsurface energy applications.
controlling reaction mechanisms, phase selection and conversion
between phases are particularly important. In this contribution
the precipitation and growth of an amorphous calcium carbonate
species from flowing aqueous solution in a nanoporous controlled
pore glass is followed in situ with differential X-ray pair
distribution function analysis. It is discovered that the local atomic
structure of this phase indicates monohydrocalcite-like pair-pair
correlations, yet is functionally amorphous because it lacks long-
range structure. The unexpected occurrence of synthetic proto-
monohydrocalcite amorphous calcium carbonate, precipitated
from a solution undersaturated with respect to published
suggests that nanopore confinement facilitates

The factors

solubilities,
formation of an amorphous phase at the expense of more
favorable crystalline ones. This result illustrates that confinement
and interface effects are physical factors exerting control on
mineral nucleation behavior in natural and geological systems.

Introduction

There are five crystalline calcium carbonate minerals: the
three anhydrous phases, calcite, aragonite, and vaterite; and
the two hydrous phases, monohydrocalcite and ikaite. Some of
these phases are ubiquitous in the subsurface and play a
central role in energy-relevant applications such as scale
formation during oil and gas production, carbon sequestration,
and transport of toxic metal contaminants. Amorphous
calcium carbonate, ACC (CaCOsnH,0) is significant in
biomineral formation, and is recognized as one of the possible
precursors in the formation of crystalline carbonate minerals
based on the high energy barrier for homogeneous calcite
nucleation in accordance with classical nucleation theory!*
(e.g., approximately 169 kJ/mol energy barrier* for formation
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of ~0.8 nm critical radii using saturation index of 2 and
interfacial energy of 117 mJ/m?). At the same time, there is
significant evidence that biogenic ACC exists in a variety of
polyamorphic forms; that is, various forms exhibit short-range
order matching local atomic bonding of specific crystalline
polymorphs.2>¢ It has been shown that synthetic forms of ACC
can be made: aragonitic-ACC by applied pressure,” proto-
calcite and proto-vaterite by slow-dosing fixed pH method,?8
monohydrocalciticcamorphous (basic) calcium carbonate
(A(B)CC) by fast centrifugal mixing,® and ACC without a clear
crystalline analog.l® It has also been shown that a rich
amorphous polytypism and stabilization mechanism exist in
additive stabilized ACCs.11-18 |t has been suggested that these
various “pre-structured” forms could determine crystallization
pathways,21119 yet some results point to the contrary.1>16.20.21
For example, it is argued that ACC crystallization is not
controlled by its structural motifs, because ACCs synthesized
under various conditions all show similar short- and medium-
range order.1620 |nstead, the transformation pathways are
kinetically governed by ion impurities (e.g., MgZ*, PO,3, OH")
and water content.151620.21 Although the presence of specific
protocrystalline structural motifs is still under debate, more
recent results utilizing synthesis of pure compounds point to
the effect of pH and cooperation of hydroxide ions (in addition
to water molecules) as the key factors in stabilizing and
controlling atomic scale changes in A(B)CC structure.82° The
use of (m)ethanol is also known to assist in stabilizing ACC
nanoparticles precipitated directly from homogeneous calcium
carbonate solution.?224 Mineral precipitation within localized
environments is fundamental to biomineralization and
subsurface heterogeneous nucleation processes, providing an
alternative mechanism for stabilizing amorphous precursors.
For example, it has been demonstrated that lipid vesicles can
extend the lifetime of ACC before crystallization,?> and
confinement alone provides an effective inorganic mimic of
the spicule environment that stabilizes ACC.2627 The presence
of porous media (a certainty in the subsurface) is a key factor
that will affect precipitation reactions, and on that subject
much contradictory evidence has arisen, including concepts for
heterogeneous precipitation across all surface area regardless
of pore size, for nucleation suppression in small pores, and
precipitation enhancement in small pores.3 Stack et al.28
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previously demonstrated via in-situ small angle X-ray
scattering (SAXS) that growth of CaCO; in nanoporous silica
matrix displays surface chemistry and pore-size dependent
effects. Key uncertainties in debates over crystallization are
the structure of initial nuclei, and how those structures
develop during crystal growth. Thus, here we explore the
nature of calcium carbonate precipitation and growth in
confined nanopores with in-situ X-ray pair distribution function
(PDF) measurements, increasingly used for structural studies
of adsorbed, absorbed, or precipitated species on the surfaces
of porous and nanocrystalline materials.®8:2°33 Qur results
reveal the formation of a monohydrocalcite-like amorphous
calcium carbonate from a moderate pH (8.4) solution that is
undersaturated with respect to monohydrocalcite, ikaite, and
ACC phases (Table 1). Its occurrence inside pores
demonstrates alternative mechanisms (alternative to ion
impurity incorporation) of stabilization and control over the
structure of initial nuclei. This observation has direct
implications on the importance of confinement in the
thermodynamic and kinetic control of mineral nucleation in
geological fluid-pore environments.

Experimental
In-situ X-ray PDF measurements were completed at the 11-ID-
B instrument,3* at The Advanced Photon Source at Argonne
National Laboratory, utilizing a beam size of 500 um by 500
um, a photon energy of 58.65 keV (A = 0.2114 A), and a Perkin
Elmer amorphous silicon image plate detector. A controlled-
pore glass with nominal nanopore diameter of 24 nm (CPG-
240, Millipore, Lincoln Park, NJ, USA), was loaded in a 1.6 mm
polyaniline capillary fitted with a frit and ferrule with a 2 um
sieve, encased with a compression ring, and connected to a
peristaltic pump (Masterflex model no. 7520-50) through
Tygon tubing. The assembly was mounted vertically in the X-
ray beam and aligned. The experimental setup is shown in
Figure S1. A 1 L growth solution with a constant
supersaturation of calcium carbonate was prepared
immediately prior to the start of the experiment by mixing
964.5 mL of DI water (18.2 mQ-cm) with 18.5 mL of 0.1M CaCl,
(Sigma-Aldrich, 223506, Reagent, 299%) and 17.0 mL of 0.1M
NaHCO; (Sigma-Aldrich, S6014, Reagent, 299.7%) stock
solutions. All stock solutions were equilibrated with the
atmosphere CO,(g) for a week, ensuring the reported pH of
the growth solution does not change over the course of the
experiment. The composition of the growth solution was
determined to have a [CaZ*]/[CO3?] ratio of 90+1 and pH of
8.40+0.01 at 25 °C, estimated using the PHREEQC code with
the LLNL database.3> The saturation index (SI) of this solution
relative to the known carbonate phases is provided in Table 1.
We note here that the SI of ~0.75 (with respect to calcite,
Table 1) and calcium-to-carbonate ratio of ~90:1 present a
condition close to the maximum calcite growth rate based on
the growth model shown by Stack3® (and references therein).
In addition, the composition of the growth solution is also
similar to solutions used in our previous SAXS works, where
growth of CaCO; in nanoporous silica matrix displays surface
chemistry effects.?® The solutions are apparently metastable,
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with no visible homogeneous precipitation in the solution
reservoir.

Solution was flowed through the CPG-filled column at a
flow rate of 100 mL/h. Data was collected in 10-minute
intervals starting from the time the fluid front passed through
the cell. Data for samples of crystalline calcite, aragonite, and
monohydrocalcite, as well as neat synthetic A(B)CC were
collected for reference. The calcite and aragonite samples are
natural specimens from the personal collection of H.-W.W. The
monohydrocalcite is from the Department of Mineral Sciences,
Smithsonian Institution (NMNH 1354040 00). The measured X-
ray PDFs of calcite, aragonite and monohydrocalcite shown in
Figure S2 are published in Wang et al.? Further details of the
experimental setup are provided in the Supplementary
Information.

Table 1. Saturation Index (SI) of the CaCO; growth solution used in this study
with respect to known carbonate phases. SI = log(acaacos/Ksp), and K, = solubility
product.

Phase - log(K,,) at 25 °C Sl

Calcite 8.48(2)[37,38] 0.75(2)
Aragonite 8.34(2)[37,38] 0.60(2)

Vaterite 7.91(2)[38] 0.17(2)
Monohydrocalcite 7.15(10)[39] -0.6(1)

Ikaite 7.46(1)[39], 6.58(2)[40] -0.28(1), 1.16(2)
ACC 6.39(2)[39,41], 6.0(3)[42]  -1.35(2), -1.7(3)
ACCI &I ~7.51[2] & 7.422[2] ~.0.23 & -0.32

Results and discussion
Time-resolved X-ray PDFs, G(r), of a carbonate solution flowing
through a CPG substrate are shown in Figure 1, where the
normalized difference PDF AG(r) in Figure 1(a) is produced by
correcting the AG(r) in Figure 1(b). The as-collected data in
Figure 1(c) is dominated by the structural correlations of the
CPG framework, which is amorphous SiO,. Difference PDFs in
Figure 1(b), AG(r), created by subtracting the first 10 minutes
of collected data from each dataset, exhibit both negative
(corresponding to shifting amounts of CPG in the X-ray beam)
and positive (corresponding to carbonate species) pair-pair
correlations growing with time. Thus, the amount of
subtracted SiO, background is adjusted by removing negative
correlations (arrows pointing down) coinciding with the SiO,
framework structure, and is removed from the final data by
applying a background scale factor that minimizes intensity at
the Si-O pair-pair correlation at ~1.64 A. The first few
correlations match known carbonate, calcium, and water-
oxygen pair-pair distances (e.g., intramolecular C-O, at ~1.3 A
and OO, at ~2.4 A, and intermolecular Ca-O./0O,, at ~2.4 A;
see Wang et al.?). The observed structure is amorphous: there
are no structural correlations at distances larger than 8 A in
real space. This agrees well with the absence of lattice fringes
observed with transmission electron microscopy (TEM) for
carbonate solution flow precipitates in CPG.?8

Figure 2(a) shows the final 300 minute data set for the
precipitated phase compared with data collected for neat
A(B)CC, which we have reported® to qualitatively match ACC X-

This journal is © The Royal Society of Chemistry 20xx
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ray PDF data reported by e.g., Tobler et al.2°, Michel et al.*3
and
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Figure 1. (a) Normalized difference PDFs every 10 minutes relative to the first dataset,
corrected for diminishing signal from the CPG substrate. (b) Raw difference PDFs. (c)
Total time resolved experimental X-ray PDFs as a function of time. In all panels the first
data set (completed at 10 minutes after the start of flow) is shown in red, and the final
data set (collected between 290 and 300 minutes) is shown in black. Data in both (a)
and (b) are shown at 10 times scale relative to (c). Arrows indicate relationships
between datasets.

modeled by Goodwin et al.** These X-ray PDF data, including
ours,® have been recently re-examined and carefully modelled
by ab initio molecular dynamics simulations,*> which show
disordered structural correlation and the local Ca coordination
environment in these neat A(B)CCs does not indicate strong
relation to any crystalline analog. While the precipitated data
share some gross features with the previously-measured neat
A(B)CC, the intensity and width of the first (C-O.) correlation
are poorly matched, and position and intensities of
correlations between 3.5 A and 5.5 A vary significantly
(attributed to groups of Ca-Ca and Ca-Oc/O,, correlations,
respectively). Is the precipitated ACC an amorphous polytype
of a particular crystalline phase instead? Figure 2(b) shows
refinement results for the local atomic structure of the
collected amorphous precipitate data using the crystalline
polymorph models shown in Figure S2. All models match the
approximate location and shape of the C-O, correlation at 1.3
A and the Ca-0./0O.-O. correlations at 2.4 A. However, the
match to the data for the bulk monohydrocalcite model agrees
remarkably well with the precipitate structure across the
complete range, and is also a significant improvement relative

This journal is © The Royal Society of Chemistry 20xx
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to agreement with neat A(B)CC data displayed in Figure 2(a).
The scattering length density fitted in the previous SAXS
analysis?® was found to be close to that of monohydrocalcite,
rather than calcite, and was attributed to a simplistic model in
the original work. Since our local structure observations
corroborate well with the previous TEM observations and SAXS
modelling for a similar experimental setup, we conclude that
the precipitating phase can be described as monohydrocalcitic-
ACC.

The SI of the growth solution (Table 1) indicates that
thermodynamically favorable growth conditions are present
for calcite, aragonite, or vaterite, but not monohydrocalcite,
ikiate or ACCs. Monohydocalcite is well known to be
metastable with respect to calcite and vaterite,*® though it has
been observed in air conditioning systems,*” in moonmilk
deposits in caves (water/spray environments),*® in biological
systems,*>! and can be formed via Mg-rich ACC
precursors.’>>2 The presence of Mg in solution is known to
inhibit the formation of vaterite and calcite, preferring direct
incorporation into monohydrocalcite.>®* The formation of
monohydrocalcitic-ACC under flowing conditions in nanopores,
from a solution that is Mg-free, is therefore a surprising result.
It suggests that the confined fluid in nanopores creates an
environment favorable for amorphous phases to form at lower
supersaturations than for other pathways. For comparison, we
also conducted a control flow through experiment where CPG
substrate was replaced by silica glass microbeads (90-150 um
diameter) to create micron-sized porous environments (see
Supplementary Information for details). We observed that
calcite crystals readily grow on the surface of the glass
microbeads, using the same growth solution composition as is
used in the CPG experiment. This finding contrasts from the
observed monohydrocalcitic-ACC  precipitation/growth in
nanopore environments and confirms that the nanoporous
silica matrix pore size alters CaCO; heterogeneous growth
behavior. Heterogeneous nucleation and growth of minerals
from undersaturated conditions have

—~
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Figure 2. (a) A comparison of the precipitated phase data at 300 minutes (open
grey circles) to an amorphous basic calcium carbonate data set (mustard line).
(b) Comparison of the data with structure refinement results based on models
from Figure S2.

been reported by Deng et al.>* utilizing a different system
setup and implicating distinct mechanisms. In their work,
heterogeneous nucleation of Sr-rich (Ba,,Sr;,)SO, from
undersaturated bulk solution, and the formation of barites
with Sr-levels that are thermodynamically unfavorable were
observed on glass slides coated with a
monolayer. Organic films
concentrations from bulk

self-assembled
are found to enrich cation
solution, increase the local
supersaturation, and promote formation of Sr-rich barite
nuclei.®® The experiments here suggest the confinement
effects may be playing a similar role by modifying the local
environment in which the precipitation occurs.

The time-evolution of the difference PDF signals enables
further examination of the nature of monohydrocalcitic-ACC
precipitation in CPG. Figure 3 displays the time dependence of
refinement model parameters and goodness of fit, R, for the
series, along with the scale factor needed to remove changing
silica intensities (see Supplementary Information). The nearly
constant correlation length scale and the minimal changes in
Ry indicate a consistent amorphous monohydrocalcitic motif
with time (Fig. 3(a)). The amount of precipitated material (as
reflected by the refined scale factor) indicates nearly linear
accumulation over the first 150 minutes, slowing beyond
approximately 200 minutes (Fig. 3(b)). The observed cessation
of growth, along with the earlier SAXS results showing that
ACC never completely fills available pores,?® suggests the
precipitate reaches a steady state in silica nanopores, perhaps
as an interfacial thin layer. If this amorphous
monohydrocalcitic-ACC were a viable precursor for calcite in
this environment, it might
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Figure 3. (a) The refined correlation length scale (as spdiameter®’) and final R,,
values from each fit. (b) The refined scale factor (in black) of the
monohydrocalcite structural model from each data set, along with the scale
factor applied to remove silica signal (in blue) from the final AG(r). The measured
concentration of Si in solution is shown in yellow in ppm.

be expected to convert to calcite but such growth behaviors
are not observed over the limited time-scales in this
experiment or in previous work.28

This surprising result may be qualitatively rationalized
using classical nucleation theory applied to heterogeneous
nucleation, in which the overall thermodynamic stability of a
nucleus is expressed in terms of bulk and surface free
energies.*>> The latter is a function of three component
interfacial energies: substrate-precipitate, precipitate-solution,
and substrate-solution. When the ratio of the substrate
surface area to solution volume is high, the substrate-
precipitate interfacial energy may drive ACC formation and
potentially phase selection. It could be that the ACC-CPG
interfacial energy is sufficiently low, relative to the interfacial
energies of the crystalline phases to CPG, that it overcomes
the more favorable bulk free energy of the crystalline phases.
Anion exclusion may be an alternative explanation. That is, the
negative surface charges expected within the nanopores at pH
8.4 create a local nanopore environment where calcium-to-
carbonate ratios are much higher than in the original solution.3
Very high calcium-to-carbonate ratios have produced flocs of
material out of solution at similar pH values.3%°% It is possible
that contradictory theories for the pore-size dependence of
precipitation could be resolved accounting for these substrate-
precipitate interactions, and the surface area to fluid volume
ratio of the porous medium.

Conclusions

We have observed a monohydrocalcitic-ACC precipitate
forming within a nanoporous CPG substrate under solution
conditions thermodynamically favoring calcite, aragonite, or
vaterite formation, but not ACC or monohydrocalcite. The
observation that the presence of nanopores (high ratio of
substrate surface area to solution volume) can affect
carbonate phase growth and possible phase selection has
obvious implications for precipitation in the subsurface,
suggesting that the solubility product alone, or kinetic
measurements of nucleation/growth in open solution, are not
sufficient to predict which phase(s) will form in confined
environments. Our results demonstrate another key factor in
determining structural formation and stability of ACC
phases/precursors. We summarize in Figure 4, a schematic
diagram, on the various reported chemical and physical
controls identified in the literature for ACC formation and
stability.

We have also demonstrated the sensitivity of difference
PDF for tracking the identity, rate, and size of very small
precipitates forming out of flowing carbonate solution in CPG:
a reasonable proxy for studying precipitation in rock. The
methods can readily be modified to investigate the influence
of flow rate, temperature, pore size, saturation levels, pore-
wall chemistry, additives, etc. on the precipitation, growth and

This journal is © The Royal Society of Chemistry 20xx
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stabilization of metastable phases. It would be fascinating to
try the same with neutron PDF, where the behavior and
influence of (heavy) water on these processes may be
observed.

<4———Homogeneous Nucleation——»

Chemical Control
joajuo) |edisAyd

temperature,® " pressure,’

fluid flow/mixing rates;
substrate templating, confinement,

and encapsulatio
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Figure 4. Chemical and physical factors reported to impact or improve the formation or
stabilization of amorphous calcium carbonates (representative references are noted).
Both chemical and physical factors are harnessed in the biological control of phases.
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