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Abstract: The crystallization of calcium hydroxide (Ca(OH),, CH, portlandite) is a key process
during the early stages of cement hydration. In the present work, we have revisited the formation
of this mineral through nucleation and growth from supersaturated aqueous solutions, in the light
of the currently emerging picture of multistage “non-classical” crystallization. To that end, we
developed a titration-based assay, in which stock solutions of both relevant ions are added
simultaneously into a reservoir, where supersaturation increases slowly at constant stoichiometry
until nucleation occurs. This procedure allows both pre- and early post-nucleation phenomena to
be analyzed quantitatively. Complementarily, the early stages of portlandite mineralization were
probed by various advanced characterization techniques, including cryo-transmission electron
microscopy (cryo-TEM), in-situ small-angle X-ray scattering (SAXS), pair distribution function
(PDF) analysis of high-energy X-ray scattering data, and analytical ultracentrifugation (AUC).
The experimental data show that the formation of calcium hydroxide starts with the association
of ions into clusters, which subsequently coalesce to form amorphous nanoparticles — much like
what has been observed in the case of calcium carbonate and other prominent minerals.
Subsequently, these particles aggregate and build networks, which eventually transform into
hexagonal Ca(OH), crystals. The presence of a soluble polycarboxylate — as a known inhibitor of
portlandite crystallization — does not change the main characteristics of this multistep nucleation
pathway, but it proved capable of significantly extending the lifetime of the amorphous
intermediate phase and thus delaying the transition to the final crystalline phase. Our
observations confirm the notion that “non-classical” crystallization is a much more common
phenomenon than initially believed — and that, for minerals forming in aqueous environments, it

may actually be the rule rather than the exception.



1. Introduction

A multitude of recent studies have shown that mineral formation can be far more complex than
envisaged by classical models of nucleation and growth.? Instead of simple ion-by-ion
association, the early stages of mineralization can involve — or rely on — the occurrence of larger
precursors, which form on the basis of equilibrium thermodynamics. At some point in the
supersaturated regime, the pre-nucleation equilibria are perturbed, and structural and/or
dynamical changes may then lead to the aggregation of the precursors into more or less short-
lived intermediate structures that will finally, upon stepwise transformation, yield a bulk
crystalline phase.” The most prominent mineral investigated in this context is calcium carbonate,
for which stable pre-nucleation clusters (PNCs), dense liquid-like phases, amorphous
nanoparticles and metastable crystalline polymorphs were observed on the way from dissolved
ions to rthombohedral calcite crystals.*® Over the past few years, numerous pieces of (in)direct
evidence have been collected suggesting that nucleation via multiple precursor and intermediate
stages could be a common scenario for the crystallization of different types of inorganic minerals
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from aqueous solutions, including calcium phosphates,”"" calcium sulfate, calcium oxalate,

calcium silicate hydrate,'® and iron (oxyhydr)oxide.'"'®

Calcium oxides and hydroxides are another class of interesting inorganic matter with great
technological and industrial relevance. Both minerals are used for the production of construction
materials' and fertilizers,” and play a key role in the Solvay process for soda production®' and
flue-gas desulfurization.”” Consequently, their annual production is in the range of several
hundred megatons.” Portlandite (i.e. crystalline Ca(OH),) is the second most abundant hydrated

phase in Portland cements with low CaO content.”* In cementitious systems, the formation of

portlandite affects the hydration of other components like silicates or aluminates,” and



contributes to the mechanical properties of the final concrete.”® Thus, detailed understanding of
the mechanisms underlying the crystallization of portlandite bears great significance for large-
scale industrial applications.

Early experimental studies on the homogeneous formation of calcium hydroxide from
supersaturated aqueous solutions reported nucleation rates in the range of 10° cm™ s™, which
translated into critical cluster sizes of about 55 Ca(OH), units according to classical nucleation
theory.”” In the past twenty years, most of the studies dealing with portlandite formation have
indeed focused more on heterogeneous (re)crystallization phenomena using calcium oxide or
calcium hydroxide (slaked lime”) as a starting material,”™>' due to the relevance of such
processes in lime-based mortars. For example, Rodriguez-Navarro et al. found that portlandite
particles in aqueous dispersions experience significant changes when exposed to water for
extended periods of time and/or upon drying, leading to the formation of well-defined
nanoplatelets (as a result of dissolution-reprecipitation processes)® that subsequently may
undergo irreversible oriented attachment during drying into colloidal superstructures, which
account for the setting and stability of the dry hydrated lime.” Ageing of lime mortars (as well as
other construction materials such as cements) is usually accompanied, either accidentally or on
purpose, by carbonation and the formation of calcium carbonate polymorphs through dissolution
and subsequent remineralization processes, which are often coupled and occur at or near the
original portlandite/water interface.>*>* Another interesting field of application, where
heterogeneous portlandite (re)crystallization plays an important role, is the use of so-called
“nanolimes” for the protection, repair and conservation of cultural heritage objects and

structures.” Nanolimes are dispersions of Ca(OH), particles in organic media (usually alcohols),



which are applied to paintings, stones, paper, wood and other substrates in order to achieve, upon
carbonation, consolidation and/or deacidification of precious cultural objects.

Despite all these studies on portlandite formation and transformation under different practical
settings, the actual mechanisms of Ca(OH), nucleation from aqueous solution have not been
elucidated in detail yet, especially concerning the possible occurrence of precursor and/or
intermediates phases. Very recently, Rodriguez-Navarro et al.*® extended their investigations on
the portlandite system to conditions of homogeneous nucleation from solution and found that the
formation of stable Ca(OH); crystals is indeed preceded by multiple transient species and phases,
including pre-nucleation clusters, dense liquid droplets, nanoparticles of amorphous calcium
hydroxide (ACH), as well as a metastable nanocrystalline phase — a typical sequence of stages
along increasing stability according to Ostwald’s rule.’” In the present work, we provide further
compelling evidence corroborating this picture of “non-classical” portlandite crystallization. To
this end, we have developed a titration-based assay, in which calcium and hydroxide ions are
added simultaneously to a reservoir, in which solution speciation parameters are monitored
continuously and supersaturation is slowly increased until precipitation takes place. During this
process, the structural evolution in the system was probed using advanced characterization
techniques such as in-situ small-angle X-ray scattering (SAXS) and pair-distribution function
(PDF) analysis, cryo-transmission electron microscopy (cryo-TEM) and analytical
ultracentrifugation (AUC). Finally, we investigated the influence of poly(acrylic acid) — as an
archetype for polymer-controlled crystallization®® — on the different stages of the newly

discovered complex pathway of portlandite formation from solution.

2. Experimental Section

2.1 Reagents



All chemicals were of analytical grade and used without further purification. Calcium chloride
dihydrate (=99 %) and sodium hydroxide (=99 %) were purchased from Sigma-Aldrich, while
poly(acrylic acid) (PAA, M,, = 6000 Da) was provided by BASF. Water was taken from a
Milli-Q Direct 8 Water Purification System and subsequently boiled for 30 min to remove
dissolved CO,. The solvent and all prepared solutions were stored under an inert atmosphere to
avoid recarbonation. For final washing of the precipitated portlandite particles during isolation,

absolute-grade ethanol (Merck) was used.

2.2 Crystallization Experiments

Slow and controlled precipitation of portlandite was realized by simultaneous titration of CaCl,
and NaOH stock solutions into a reservoir, in which multiple parameters were monitored to trace
the progress of crystallization. For the titration experiments, an automated setup from Metrohm
was used. The main operation unit was a 905 Titrando (Metrohm No. 2.905.0020) controlled by
Tiamo 2.5 software, to which an 867 pH module (Metrohm No. 2.867.0010), an 856 conductivity
module (Metrohm No. 2.856.0010), and two dosing units (800 Dosino, with 2 mL burettes,
Metrohm No. 2.800.0010) were attached. To monitor the progress of the precipitation reaction, a
turbidity probe (Optrode, Metrohm No. 6.1115.000) and a calcium ion-selective electrode (ISE,
Metrohm No. 6.0510.100) were connected to the main unit, while a high-performance pH
electrode (Metrohm, No. 6.0258.600) and a 5-ring conductivity measuring cell (cell constant: 0.7
cm™, Metrohm No. 6.0920.100) were attached to the pH and conductivity module, respectively.
The pH electrode was calibrated using a three-point procedure with buffer solutions from
Metrohm. Calibration of the calcium ion-selective electrode was achieved by titration of a 0.5 M
CaCl, solution into 50 mL deionized water. To induce Ca(OH), precipitation, a 0.5 M solution of

CaCl, and a 1 M solution of NaOH were added continuously into a reservoir of deionized water



(initial volume: 50 mL), using two synchronous burettes with a dosing rate per burette set to 0.1
or 0.2 mL/min. During this co-titration procedure, proper mixing in the reservoir was ensured by
a magnetic stirrer rotating at short distances to the outlets of the two burettes. To avoid uptake of
atmospheric CO, and carbonation of the system, all titrations were performed in a closed beaker
purged with a continuous flow of water-saturated nitrogen. The same approach was used for
experiments in the presence of poly(acrylic acid), which was dissolved at a concentration of

100 ppm in the 50 mL water reservoir prior to addition of CaCl, and NaOH.

2.3 Small-Angle X-Ray Scattering (SAXS)

Time-resolved in-situ SAXS measurements were carried out at the ID02 beamline of the
European Synchrotron Radiation Facility (ESRF, Grenoble, France). Experiments were
performed at 12.4 keV and two-dimensional (2D) scattered intensities were collected at small
angles with a Pilatus 300K large-area pixel-array detector, with an acquisition time per frame of
0.5 s. Sample transmission was measured using a photodiode installed in the beamstop of the
SAXS detector. Solution from the reservoir of the titration assay was continuously pumped (at
ca. 100 mL/h) through a Kapton capillary aligned with the X-ray beam. As background and
references, an empty Kapton capillary cell (inner diameter: 0.1461 cm), a capillary filled with
water, and capillaries filled with CaCl, and NaOH solutions at different concentrations (covering
the full range of concentrations reached in the titration assays) were measured under the same
experimental conditions.

The intensity scattered at low angles by a system containing two different populations of

particles, including a polydispersity model for the smaller particles, can be approximated by:

Isaxs = Ipy + Ipy = (Ap1)*N1VEP(q) + (Ap2)*N1 P, (q)



where (Ap;,)? is the so-called contrast (i.e. the (squared) density difference between the
particles and the solution), Ny » is the total number of scatterers, V1, is the volume of the particles
and q is the scattering vector. P1,(q) is the form factor of the particles, which corresponds to the
squared Fourier transform of their electronic density distribution.®® In this model, we do not
explicitly consider any structure factor S(q), which would describe the character of interparticle
interactions. This does not mean that such interactions do not exist, but the main purpose of the
model was to identify different size populations of scatterers, regardless how these scatterers are
conceptually interconnected with each other (e.g. aggregates of particles vs. independent
populations). For P, (i.e. the population of large particles), there was not enough information in
the scattering patterns to allow their size and shape (and thus, their volume) to be determined,
nor their contrast and concentration. Therefore, only the Porod region was modeled with a
power-law form factor, for which a log-normal distribution was used in the model of non-

interacting spherical particles:

Ip1(q) = Aq™

where A accounts for the volume, number and contrast of the particles. The population of small
particles (P,) was analyzed using a polydispersity model based on a log-normal distribution of
spherical particles. This model has been shown to give an accurate description of size

distributions of grains that are typically obtained from nucleation and growth processes.*

oo . B )
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The probability density function of the log-normal distribution is given by:
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where R is the average of the distribution and o is the standard deviation or shape parameter. The
integral over the whole r range was normalized to 1. The total intensity given by this model can

therefore be written as follows:

%) . _ 5
Isaxs = Aq™ + (8p2)* N, _I; n(r, R, o)V (r)? pome (q:l)IECOS(qT))

Modelling of the background-corrected SAXS data was performed using the software IRENA.*

2.4 Analytical Ultracentrifugation (AUC)

The size and properties of species present at different stages of the titration assay were explored
by AUC sedimentation velocity experiments, which were performed on a Beckman-Coulter XL-I
centrifuge using Rayleigh interference optics at 25 °C and 60000 rpm. Aliquots drawn from the
titration reservoir were filled into the AUC cell under nitrogen atmosphere. The diffusion

coefficient (D) of the detected species was determined by using Svedberg equation:*2

_ SRT
M(1 - vps)

D
where s is the sedimentation coefficient of the detected species, M their molecular mass, v their
specific volume, R the universal gas constant, T the temperature, and ps the density of the
solvent. The apparent hydrodynamic diameter of the detected species can then be calculated via

the Stokes-Einstein equation:

_ kgT
~ 3mngD

dy

where kg is the Boltzmann constant and s is the density of the solvent.

2.5 Dynamic light scattering (DLS)



At various stages throughout the titration experiments, samples of the solution were collected
under a flow of water-saturated nitrogen and transferred into a cuvette, which was then sealed to
prevent carbonation. Dynamic light scattering experiments were performed on a Malvern
Zetasizer Nano ZSP using a He/Ne laser (4 = 633 nm) and a scattering angle of 173°. From the
measured diffusion coefficients, intensity-weighted distributions of hydrodynamic particle sizes

were calculated using the Stokes-Einstein equation.

2.6 Cryo-Transmission Electron Microscopy (cryo-TEM)

Aliquots (4 pL) were collected from the solution reservoir during titration at different times (and
thus different nominal levels of supersaturation) using a volumetric pipette and rapidly
transferred to lacey carbon grids (200 mesh, Science Services), which were pre-treated by glow
discharge for 15 s and subsequently equilibrated at 15 °C and 100 % relative humidity (RH). The
solution droplet on the grid was immediately blotted and plunged into liquid ethane using an
automated plunge freezer (Vitrobot Mark II, FEI). The resulting vitrified thin films were stored
in liquid nitrogen until they were transferred to a cryo-TEM sample holder (CT3500, Gatan).
Specimens were imaged at -180 °C using a Tecnai G2 F20ST microscope from FEI at an

acceleration voltage of 200 kV in low-dose mode, in order to avoid beam damage.

2.7 Pair Distribution Function (PDF) Analyses

In-situ and time-resolved high-energy X-ray scattering (HEXS) measurements were carried out
at beamline ID15a of the European Synchrotron Radiation Facility (ESRF, Grenoble, France).
Experiments were performed using an X-ray beam (size: 200 um x 200 um) at 63 keV, which
was aligned with a Kapton capillary (inner diameter: 0.1461 c¢m) connected to a flow-through
setup. Scattered intensities were collected in the form of 2D diffraction patterns with a DECTRIS

Pilatus3 X CdTe 2M detector. During co-titration of 0.5 M CaCl, and 1 M NaOH into 50 mL
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deionized water at a dosing rate of 0.1 mL/min each, the solution in the reaction vessel was
circulated through the Kapton capillary using a peristaltic pump (Gilson MiniPuls 3) at a flow
rate of ca. 10 mL/s, while scattering patterns were recorded continuously with an exposure time
of 10 s. Background patterns were collected for an empty Kapton capillary, as well as capillaries
filled with deionized water and 34 mM NaCl in water. From the recorded 2D scattering data,
atomic pair distribution functions (PDFs) were obtained by using the PDFgetX3 software

package.®?

2.8 Ex-Situ Characterization

The (solid) phases formed during the precipitation reaction were isolated from solution by rapid
filtration under inert gas atmosphere, washed by small amounts of water and ethanol, and
subsequently dried and stored in a desiccator under nitrogen atmosphere to avoid carbonation.
For scanning electron microscopy (SEM), the dried powders were fixed on sample holder by
double-sided adhesive tape and covered with a 6 nm thick layer of platinum using a Quorum
Q150R sputter-coating instrument. SEM images were acquired on a Zeiss Auriga 40 field-
emission microscope at an acceleration voltage of 5 kV. Thermogravimetric analyses (TGA)
were performed on a Netzsch STA 449F3 instrument. A sample mass of 10 mg was heated from
30 to 1000 °C at a rate of 10 K/min under a flow of nitrogen at 10 L/min. Powder X-ray
diffraction (PXRD) patterns were recorded over a 260 range of 5-80° using a Bruker AXS D8
Advance diffractometer, operated in Bragg-Brentano configuration and equipped with a IuS-X-
ray source providing Cu-K, radiation (4 = 1.542 A) and a Lynxeye XE detector. The mechanical
properties of the formed portlandite precipitates were characterized by means of nanoindentation
experiments using an Agilent G200 system. Samples were prepared by gluing on a glass slide

and were subsequently indented by a well-defined diamond tip with Berkovich geometry, while
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monitoring the applied load and indentation depth of the tip. The load function was set to a
load/unload rate of 67 pN/s and a maximum load of 0.5 mN, with a hold segment of 30 s. From
the obtained load-displacement curves, the local reduced E-modulus was determined. Finally, in
the experiments with added poly(acrylic acid), the initial polymer solution (100 ppm) as well as
the supernatant liquid after portlandite precipitation via co-titration were analyzed with respect to
their total organic carbon (TOC) content, using a Shimadzu TOC-L instrument. The samples
were centrifuged to remove solid matter and passed through syringe filters (450 nm) prior to

analysis.

3. Results and Discussion

3.1 Nucleation of Portlandite in the Absence of Additives

In order to study the nucleation pathway of portlandite from aqueous solution, we developed a
co-titration assay, in which 0.5 M CaCl, and 1 M NaOH stock solutions are added at equal rates
(0.1 or 0.2 mL/min) into a reservoir of water with an initial volume of 50 mL. In this way, the
saturation with respect to portlandite is gradually increased while maintaining an equimolar
calcium:hydroxide ion ratio (in contrast to titrations performed by Rodriguez-Navarro et al. in
their recent study,’® where CaCl, was added to an excess of NaOH, resulting in a continuous
variation of ion stoichiometry). During co-titration, the concentration of free Ca®" ions as well as
turbidity, conductivity and pH (as a direct measure for the free hydroxide concentration) in the
reservoir were continuously monitored by several immersed probes. Typical time-dependent
profiles obtained from such co-titration experiments are shown in Figure 1. In terms of
cfree(Ca2+), the procedure results in classical LaMer-type diagrams,44 where the amount of free
Ca’" ions increases until a maximum is reached (at cadded(Ca2+) =47.6 mM and cfree(Ca2+) =255

mM), after which the free calcium concentration drops rapidly, signifying nucleation (Figure 1a).
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In the following, Crree(Ca®") continues decreasing towards a constant plateau (indicated by the
dashed horizontal line in Figure la), which corresponds to the solubility of the formed phase.
Essentially, the same qualitative behavior is also observed for the evolution of the free OH
concentration during co-titration (Figure 1b), confirming the interaction of the two ions and their
common precipitation. From the ion concentrations at the plateau after nucleation and early
growth, the solubility product of the precipitated phase can be determined as
Ciee(Ca™)-ciree(OH)? =2.2:10° M?, which is considerably higher than values reported for
crystalline portlandite in the literature (5.02- 10° M?).>* These differences could indicate the (co-
)existence of a more soluble phase (e.g. ACH) after nucleation, but might also be related to the
absence of carbon dioxide in the present solutions, which should result in a higher pH compared
to a system in contact with CO, (as in the case of the mentioned previous work). The latter
notion is confirmed by a comparison of pH values calculated based on the reported K, (12.3)
and measured in our study (12.5). Higher pH corresponds to higher free hydroxide
concentrations and hence, the determined solubility product of portlandite appears higher as well.
Before reaching their maximum, the detected concentrations of free Ca*” and OH™ ions were
consistently lower than the dosed amounts (solid black lines in Figure 1a and 1b). This suggests
the formation of ion pairs/complexes and, potentially, larger clusters in the pre-nucleation
regime, as reported for CaCOs in earlier studies™® and proposed for portlandite in a recent

work >
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Figure 1. In-situ monitoring of solution speciation during portlandite precipitation from solution via co-
titration of 0.5 M CaCl, and 1 M NaOH into water (initial volume: 50 mL) at a dosing rate of 0.2 mL/min
each. (a) Time-dependent evolution of the concentration of free calcium ions in solution, as measured by
an ion-selective electrode (purple line, average of three independent experiments, with error bars
representing + 1-ostandard deviation) and compared to the respective dosed amount (black line). (b)
Time-dependent evolution of the concentration of free hydroxide ions in solution, as measured by a pH
electrode (purple line, average of three independent experiments, with error bars representing + 1-
o standard deviation) and compared to the respective dosed amount (black line). (c) Molar ratio of bound
calcium to bound hydroxide ions during co-titration, given as averaged values (with +1-o standard
deviation) obtained from three independent titration experiments.
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Interestingly, the ratio of bound ions was not constant during the titration experiment, as shown
in Figure 1c: in the early (undersaturated) stages of the pre-nucleation regime, the OH:Ca®" ratio
was found to be in the range of 1.2:1 to 1.3:1, indicating the formation of — on average —
positively charged ion complexes (i.e. [Ca(OH),J*", with y = 2-x). Upon addition of growing
amounts of calcium and hydroxide ions, the ratio of bound ions increases until it reaches a value
of ca. 2:1, corresponding to neutral complexes (i.e. [Ca(OH),]°), at about 10 mM added Ca®",
which coincides with the solubility limit and thus the transition from the under- to the
supersaturated regime. Towards critical levels of supersaturation, the OH:Ca®" ratio increases
further up to almost 2.4:1 shortly before the onset of nucleation (i.e. the drop in free calcium and
hydroxide concentration), suggesting the presence of at least a certain fraction of negatively
charged complexes (i.e. [Ca(OH)x+,]”) in this regime at the given high pH (ca. 12.5 near the
maximum in cgee(OH')). Upon nucleation and early growth, the ratio of bound ions decreases
and, along with the ion product approaching the solubility plateau, converges towards a value of
2:1, as expected for solid portlandite.

All considerations made so far tacitly relied on the assumption that the aqueous electrolyte
solutions of interest can be treated as ideal systems with negligible influence of activity
coefficients. In fact, the ionic strength increases from zero (at the beginning) up to ca. 138 mM
(assuming no ion pairing/clustering) or at least 72 mM (assuming the solutions to be ideal and all
calcium as well as hydroxide ions to bind in neutral complexes/clusters) at the maximum during
co-titration. In either of these two extreme cases, the nominal ionic strength clearly exceeds
regimes where ideal behavior should be sustained. However, given that ideal treatment of the co-
titration data eventually yields consistent compositions for bulk portlandite (i.e. Ca*":0H = 2:1,

cf. Figure 1c¢), we consider the observed ion binding stoichiometries in the early and later pre-
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nucleation stages to be real. Based thereon, ion association in the pre-nucleation regime can be
further analyzed on a microscopic level within the framework of a so-called multiple-binding
equilibrium, which can be formulated for calcium and hydroxide “binding centers” as follows (in

full analogy to pre-nucleation equilibria in the CaCOj5 system):*’

+Ca?* +Ca?* +Ca?*
OH- = (OHCa)* = (OH(Ca),)** =
—Ca2+ —Ca2+ —Ca2+
+0OH™ +0OH™ +0OH™
Ca?* = (CaOH)* = (Ca(OH),)® = ..
—OH™ —O0OH™ —O0OH™

Binding of calcium ions to a central hydroxide ion can be quantified using the co-titration data

and the following simplified equation:*’

nadded(OH_): 1 N 1 _ 1
NMpouna(Ca?t)  x(Ca?t)  x(Ca?t) - K(Ca?*) cgee(Ca?h)

v(Ca?t) =

where x(Ca*") is the number of calcium ions binding to a hydroxide ion on a microscopic level
and K(Ca®") the microscopic equilibrium constant of this process. An analogous equation can
also be formulated for the vice versa scenario of multiple OH™ ions binding to a central Ca*" ion:

nadded(caz+) _ 1 1 1

v(OH™) = Mpound (OHT) B x(OH™) * x(OH™) - K(OH™) . Ciree(OHT)

Added, free and bound amounts of hydroxide and calcium ions have been determined
experimentally by potentiometry as described above (cf. Figure 1), allowing for a calculation of
v(Ca®") and v(OH) at each point of the titration experiment. Plots of the two parameters as

functions of 1/ciee(Ca®") and 1/ciee(OH), respectively, are shown in Figure 2 for added
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concentrations of 3-30 mM Ca?* and 6-60 mM OH’, i.e. up to the point where nominal saturation

with respect to portlandite is reached.

v(Ca?*)

T T T T T T T
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Figure 2. Analysis of ion association in the pre-nucleation regime according to the model of a multiple-
binding equilibrium,* where (a) hydroxide and (b) calcium is considered as the central ion. Arrows
indicate the point at which the macroscopic ratio of bound hydroxide to bound calcium changes from
<2:1 to >2:1 during co-titration (cf. Figure 1¢).

In both cases, non-linear behavior is observed at low ion concentrations (i.e. at large values of
1/cree, especially for v(Ca?")), which indicates a progressive change in ion association as the

level of saturation is gradually increased. Linear fits of different intervals of the two plots show

17



that both microscopic numbers of binding sites increase during titration (with x(OH) being
generally higher than x(Ca?*)) and adopt a more or less constant value once the macroscopic ratio
of bound hydroxide to bound calcium reaches 2:1 (indicated by the black arrows in Figure 2).
Fits above this threshold (i.e. for 10 mM < cugea(Ca’") < 30 mM) yield x(OHY) = 2.34 and
x(Ca*") = 0.46, suggesting that there are significantly more binding sites for OH on Ca** than
vice versa. The macroscopic equilibrium constant of ion association can be obtained via K =
x(Ca*")-K(Ca*") = x(OH")-K(OH) and was found to be about 20-40 M. It is important to note
that x(Ca*") and x(OH’) are average values over all states of association — including the
respective free ions (for which the binding sites are not occupied).*® To access the coordination
in bound states only (N), both parameters thus need to be related to the bound fraction of the
respective ion (i.e. fbound(Ca2+) and fpoung(OH")), which can readily be deduced from the actual
amounts of added and free ions measured in the titration experiments (cf. Figure 1; with fpoung = 1
— Ciree/Cadded)- Using N = x / fpoung, ONe obtains N(Ca®*) = 1.4 and N(OH") = 5.8, which shows that
calcium ions are coordinated by almost six hydroxide ions in bound states on average. In
addition, the fact that N(Ca®") is higher than unity implies that the bound species cannot be solely
mononuclear complexes (like Ca(OH)g*, for which N(Ca?*) = 1), but must also include bi- or
polynuclear entities where hydroxide ions presumably act as bridges between different calcium
centers (i.e. Ca-OH-Ca units, for which N(Ca?*) = 2). In other words, the investigated electrolyte
solutions appear to contain both mononuclear complexes and larger PNCs already before the
system becomes supersaturated with respect to portlandite — in analogy with other minerals such
as calcium carbonate.>“

To characterize the species formed along the nucleation pathway of portlandite, we performed

in-situ SAXS measurements on the system at different stages of the precipitation process, as
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summarized in Figure 3. A sequence of time-resolved scattering patterns recorded during the
simultaneous titration of 0.5 M CaCl, and 1 M NaOH into 50 mL deionized water at a dosing
rate of 0.2 mL/min each is shown in Figure 3a. First signs of significant scattering from
crystallization precursors in the bulk ensemble were observed in SAXS patterns collected after
41.7 mM CaCl, had been added, i.e. in the supersaturated regime prior to the maxima in
Ciree(Ca®") and cpee(OHY). From this point onwards, two distinct populations (P) of scattering
species can be differentiated in the SAXS data, as visualized for added Ca®" concentrations of
43.0 and 48.4 mM in Figure 3b and 3c, respectively: a population P;, described by the pink
component, with apparent diameters in the range of 3-4 nm, and another population P,, described
by the orange component, with significantly larger diameters of >100 nm. The size of the
population of smaller species (P;) increases only slightly over time (from (3.2 £+ 0.4) at 43.0 mM
added Ca®™ to (4.0 + 0.3) nm at 48.4 mM), while their number density remains approximately
constant, within the limits of experimental accuracy, throughout the entire duration of the co-
titration assay. In terms of size, the species of population P; resemble pre-nucleation clusters and
primary particles reported to be earliest precursors to the solution-mediated crystallization of

13,48

calcium carbonate®’ and calcium sulfate,'>*® respectively.
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Figure 3. Results of in-situ SAXS measurements during the formation of portlandite from solution. (a)
SAXS patterns acquired at different times (here given as the equivalent concentrations of added Ca®*
ions) during co-titration of 0.5 M CaCl, and 1 M NaOH into 50 mL water at individual dosing rates of
0.2 mL/min. (b) Experimental SAXS pattern (purple circles) obtained after 3780 s (corresponding to
43.0 mM of added Ca*"). The data was fitted (green line) using two particle populations P; (pink dots)
and P, (orange dots), respectively representing small species that dominate scattering at high q with an
average diameter (3.2 = 0.4) nm, and larger species (> 00 nm) that dominate scattering in the low- and
intermediate-q range. In the regime of high angles (q > 1 nm™), scattering is dominated by the ionic
background, which was not explicitly fitted here. The inset shows the resulting log-normal size
distribution of the small population. (c) Experimental SAXS pattern (green circles) obtained after 4302 s
(corresponding to 48.4 mM of added Ca?"). Again, the integral signal can be fitted (red line) by assuming
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two populations (same color code as in (b)), whereby the average size of the smaller species has increased
to (4.0 £0.3) nm.

With proceeding addition of calcium and hydroxide ions, the SAXS intensity contributed by the
larger species (P,) increases (cf. Figure 3a). This can be due to an increase of their number
density or their size, or both. The exact reason cannot be discerned due to the limited accessible
g range, with a minimum at 0.02 nm™'. Based on these observations, we assume that the smaller
population traced by SAXS consists mainly of calcium hydroxide clusters (with varying
stoichiometries), whereas the larger population comprises nanoparticles and/or -droplets, which
may have formed through aggregation of the smaller species.

Another powerful technique to explore the nature of the early pre-nucleation species in solution
is analytical ultracentrifugation. Exemplarily, the size distribution of species detected in a sample
drawn after addition of 35 mM CaCl, is shown in Figure 4. Due to the applied high centrifugal
force, AUC only detects the smaller species present in solution at this stage, whose average
diameter was found to be ca. 2.2 nm — in reasonable agreement with the SAXS results (note that
samples investigated by SAXS were drawn at later times, where the clusters in solution had

likely already grown to slightly larger sizes).

Relative concentration

dy/nm
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Figure 4. Size distribution obtained from AUC analyses of a sample drawn from the co-titration
experiment (0.5 M CaCl, and 1 M NaOH into 50 mL water at 0.2 mL/min) after addition of 35 mM
CaCl,.

Using the average hydrodynamic diameter (dy) and the simultaneously determined sedimentation
coefficient (s), the density of the detected calcium hydroxide clusters (pcusters) can be estimated
4

using the following equation:

18nys
Pclusters = d_z + po
H

where 770 and py are the viscosity and density of water. Such calculations give cluster densities in
the range of 1.0-1.1 g/mL, i.e. values that are close to pure water and much lower than expected
for (crystalline) portlandite (ca. 2.2 g/mL).* This suggests that the detected calcium hydroxide
clusters are heavily hydrated and can be viewed as liquid-like species rather than solid particles,
much like what has been reported for the earliest precursors of CaCOs3 (:rys‘[alliza‘[ion.4

To gain further insights into the species and precursor phases relevant for portlandite formation
from solution, aliquots were drawn from the titration vessel at different times (ranging from the
undersaturated regime up to the maximum in Cree(Ca® "), quenched through rapid vitrification
and imaged using cryo-TEM (Figure 5). Already after addition of ~28 mM Ca™", i.e., at a stage
where the system is still undersaturated with respect to the finally formed phase (cf. Figure 1a),
rounded particles with diameters in the range of 150-200 nm were observed, which did not
produce any diffraction spots or rings in selected-area electron diffraction (SAED) patterns
(Figure 5a). These particles may thus be considered as amorphous calcium hydroxide (ACH), as
already found by Rodriguez-Navarro et al. based on room-temperature TEM studies.*® The fact

that such ACH structures were already observed in cryo-TEM at a stage where SAXS did not
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detect any significant bulk scattering indicates that only few amorphous nanoparticles exist at

this point.

Counts

Energy | keV

Figure 5. Cryo-TEM images of samples drawn from the co-titration experiment (0.5 M CaCl, and 1 M
NaOH into 50 mL water at 0.2 mL/min) after addition of (a) 28, (b) 34, (c) 38, (d) 42, (e) 46 and (f) 49
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mM CaCl,. Insets: SAED patterns acquired from the respective shown field of view. (g) EDX spectrum
collected from the crystals shown in (f), with strong signals from calcium (green) and oxygen (red),
weaker signals from copper (orange) and traces of carbon (black) (both originating from the used carbon-
filmed copper grids).

Furthermore, the absence of any noticeable discontinuity in the titration profiles means that the
ACH nparticles form from a population of already bound ions, which are no longer in (fast)
equilibrium with the free ions and/or that the presumed particles are actually dense liquid phases
(or particles embedded in such liquid phases) without a defined solubility product — again in

analogy to the CaCOj; system.”’

In other words, cluster aggregation and coalescence into dense
liquid phases and/or ACH nanoparticles appear to determine the rate of the process and pose the
actual barrier to nucleation, such that only few particles can form at this stage and the
concentrations of free calcium and hydroxide ions are not yet significantly affected by the
incipient process of nanoscopic phase separation. Upon further addition of ions, the ACH
nanoparticles aggregate and form chain-like structures (Figure 5b) as the system enters the
supersaturated regime. At still higher Ca®" and OH™ concentrations, these aggregates become
more pronounced and develop into spacious networks (Figure 5c), which continue to grow and
densify. Close-up views of individual particles in such networks (Figure 5d) reveal a granular
texture, which may be interpreted as evidence for the ACH phase being constituted of the
nanoclusters detected by both SAXS and AUC analyses. The amorphous phase persists up to the
maximum in cgee(Ca’") (Figure Se), but subsequently transforms into crystalline particles, as
evidenced by diffraction spots in SAED patterns (Figure 5f). The observed crystals measure

several micrometers in size, display well-developed facets, and were confirmed to be calcium

hydroxide by energy-dispersive X-ray (EDX) analysis (Figure 5g).
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The existence and nature of an intermediate ACH phase was further explored by means of in-situ
high-energy X-ray scattering (HEXS) measurements and subsequent pair distribution function

(PDF) analysis (Figure 6).
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Figure 6. In-situ monitoring of portlandite formation using potentiometric co-titration and high-energy
X-ray scattering. (a) Time-dependent evolution of the calcium potential (green), conductivity (blue) and
transmittance (orange) simultaneous addition of 1 M NaOH and 0.5 M CaCl, into 50 mL deionized water
at a dosing rate of 0.1 mL/min each. (b) Background-subtracted diffraction patterns obtained by averaging
frames 200-299 (green) and 300-369 (red), respectively indicated by the purple- and orange-shaded areas
in (a). For comparison, diffraction patterns obtained for bulk water (blue), an empty Kapton capillary
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(black), and bulk water after correction for scattering from the Kapton capillary (purple) are also shown.
The intensities of these three background patterns were scaled down by a factor of 30 for better
comparability with the water-subtracted 200-299 and 300-369 patterns. An offset of 500 a.u. between the
patterns was introduced for the sake of clarity. (¢) Background-corrected diffraction patterns obtained by
averaging frames 200-299 (blue) and 300-369 (red) in the low-g region, as compared to a reference
diffraction pattern of crystalline portlandite (vertical lines) reported in the literature.”'

In total, 369 diffraction patterns were collected during the slow (0.1 mL/min) co-titration of 1 M
NaOH and 0.5 M CaCl, into 50 mL deionized water, while continuously monitoring the Ca**
potential, conductivity and transmittance of the solution in the reaction vessel (Figure 6a).
During the early stages of the titration process, mineral precursors were present only at very low
volume fractions and thus, individual diffraction patterns did not contain any obvious signal
other from pure water, even after subtraction of scattering from the bulk solvent. In order to
increase the signal-to-water background ratio, the collected data were averaged into groups of
100 frames (0-99, 100-199, 200-299) before the drop in calcium potential, conductivity and
transmittance, and all acquired frames after the drop (300-369) were also averaged. After bulk
water background subtraction, the clusters of 200-299 and 300-369 frames showed diffraction
patterns of two distinct solid phases (Figure 6b): reflections observed after averaging data during
the later stages (frames 300-369) match reference diffractograms of portlandite (Figure 6¢) found
in the literature.”’ However, the averaged diffraction pattern obtained from the earlier stages
(200-299) contains far less pronounced peaks (indicated by arrows in Figure 6¢), which are also
slightly shifted with respect to the corresponding reflections of crystalline portlandite. It is worth
noting that despite background subtraction, the HEXS patterns of both detected solid phases still
contain major contributions from scattering of water (namely the three broad correlation
“bumps” highlighted by gray strips in Figure 6b). Attempts to completely subtract the water
background resulted in negative intensity values in the low-g part of the data. This suggests that

the observed contribution originates from an aqueous component, which is linked to the
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diffracting phases and their partially amorphous and/or hydrated character (e.g. the ion clusters
detected by both SAXS and AUC). Furthermore, this aqueous component could be to some
degree structurally different from any of the bulk counterparts, for example a mixture of a solid
amorphous phase and water, i.e., non-bulk water.

Conversion of the HEXS diffractograms into real-space pair distribution functions, G(r),
provides further insight into the local structure and the character of the occurring solid phases
(Figure 7). As expected, the G(r) function of water (purple line in Figure 7a) displays relatively
broad maxima not extending beyond » > 10 A, which confirms the lack of long-range ordering.
The strongest peak at ~2.8 A represents the typical O-O distance in bulk water.’* In this region,
the pair distribution functions obtained for frame clusters 200-299 and 300-369 (green and red
lines in Figure 7a, respectively) are quite similar to water, although the main peak is shifted to
slightly lower values (~2.6 A), as a direct manifestation of the aqueous/amorphous component
observed in Figure 6b. This shift might be related to the presence of ions and/or nanoparticles,

3334 I the case of the frame cluster 300-369, one

which can modify the local structure of water.
can further see continuous oscillations in G(r) at » > 10 A, which indicate long-range order and
thus confirm the (partially) crystalline character of the system at this stage. Such obvious
oscillations are absent in the PDF function of the frame cluster 200-299. Subtraction of the
scaled G(r) profile of pure water from those of the frame clusters 200-299 and 300-369 yields
differential functions, i.e., dG(r), in which long-distance correlations become more apparent
(Figure 7b). Although the dG(r) function obtained for the frame cluster 200-299 shows similar
features as compared to frame cluster 300-369, there are still significant differences in peak

positions (in line with the diffraction patterns in Figure 6¢) and the overall quality of the data

collected during the earlier stages is rather poor, likely due to the low volume fraction of ordered
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scattering species and the dominance of aqueous/amorphous contributions at this point. As
portlandite nucleation proceeds, the volume fraction of ordered species increases and thus the
differential pair distribution function becomes more distinct over the entire considered range of

values.

. bulk water, Kapton subtracted
i — Portlandite 200-299
Portlandite 300-369

Portlandite 200-299
Portlandite 300-369

Portlandite 300-369
Portlandite COD: 1001768
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riA
Figure 7. Real-space pair distribution functions, G(r), obtained by Fourier transformation of the
experimental high-energy diffractograms shown in Figure 6. (a) Comparison of G(r) profiles obtained for
pure water (purple, after subtraction of scattering from an empty Kapton capillary) and the averaged
frame clusters 200-299 (green) and 300-369 (red), uSing Qmax limits of 13.0 A™ (pure water and frame
cluster 200-299) and 15.2 A" (frame cluster 300-369). Note that the high-frequency ripples in the profile
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of pure water (and partly also the frame cluster 200-299) are considered to be an artifact of the Fourier
transformation, which can be “dampened” by further reduction of ¢, With no significant changes in
peak positions. (b) Differential pair distribution functions, dG(r), obtained by referencing frame clusters
200-299 (green) and 300-369 (red) to pure water. (c) dG(r) functions obtained by referencing the frame
cluster 300-369 (red) and a G(r) dataset of crystalline portlandite from the literature® (blue, COD
1001768) to pure water.

In a further comparison, we have calculated differential dG(r) functions by subtracting the
profile of pure water from those of the frame cluster 300-369 and crystalline portlandite reported
in the literature’' (Figure 7c). The resulting differential profiles match relatively well, especially
in the high-r regime. However, the dG(r) function of frame cluster 300-369 displays peaks at ca.
2.4 and 6.1 A that are significantly stronger in amplitude than expected for a fully crystalline
portlandite phase. The peak at ~2.4 A matches well the distance between a central calcium ion
and oxygen in the first coordination shell, while the broad correlation at ~6.1 A can be
tentatively attributed to interatomic distances to higher-order water coordination shells around
the amorphous particles, as reported before for other nanoparticle systems> and ion pairs.”® This
suggests that the pair distribution function observed experimentally for frame cluster 300-369 is
actually a combination of an already crystalline phase (which dominates the high- part) and an
amorphous (nano)precipitate, whose ordering does not extend beyond ~1 nm. Following the
same logic, the measured PDF of the frame cluster 200-299 can be interpreted as a combination
of contributions from a predominant disordered phase and a minor amount of a crystalline
component. In essence, our HEXS measurements and PDF analyses provide clear in-situ
evidence for the occurrence of an amorphous precursor phase during portlandite nucleation from
solution, as inferred from ex-situ ambient-temperature TEM investigations in a recent work>® and

cryo-TEM data produced in the present study (cf. Figure 5).
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Finally, precipitates formed at the end of the co-titration experiment were isolated and
characterized ex situ using scanning electron microscopy and powder X-ray diffraction (Figure
8). SEM images show uniform hexagonal crystals with prism-shaped morphologies, typical
diameters of 2-10 pm and lengths in the range of 10-50 um (Figure 8a-b), as expected for well-
developed crystalline portlandite.”” The formation of virtually phase-pure portlandite and the

absence of any crystalline carbonate phases is confirmed by the PXRD patterns (Figure 8c).

| /a.u.
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Figure 8. Ex-situ characterization of precipitates formed at the end of the Ca(OH), co-titration
experiment. (a-b) SEM images showing well-defined hexagonal portlandite crystals (scale bars in insets:
2 um). (c) XRD pattern of the isolated powders, wherein all observed reflections can be assigned to
crystalline portlandite (ICDD 04-0733).>** Note that the absence of the most intense reflection of calcite

at 29.7° confirms the formation of a product free of crystalline calcium carbonate.
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3.2 Effects of Poly(Acrylic Acid) on the Nucleation of Portlandite from Solution

In order to study the influence of poly(acrylic acid) — as a model polymeric additive commonly
used for crystallization control®®®* — on the early stages of portlandite formation, we have
performed co-titrations of 0.5 M CaCl, and 1 M NaOH (according to the procedure depicted in
Figure 1) into a solution of PAA in water (initial concentration: 100 ppm). Exemplary results of
such an additive-containing experiment are shown in Figures 9 and 10. In the presence of PAA,
the drop in the detected amounts of free calcium (Figure 9a) and hydroxide (Figure 9b) ions, as
well as of the net conductivity of the solution (Figure 9c), is shifted towards much higher added
concentrations (Caqea(Ca’") = (75.8 + 1.4) mM as compared to (47.6 £ 1.8) mM in the additive-
free experiment, corresponding to a retardation factor, i.e. a relative delay, of about 1.6). This
means that added PAA inhibits the formation of solid calcium hydroxide, which occurs once the
maximum in cfree(Ca2+) and cpee(OH) is reached (cf. Figures 5-7). Interestingly, the
simultaneously monitored turbidity of the solution indicates the presence of relatively large
species already after addition of ca. 5 mM Ca”", as reflected in a pronounced decrease of solution
transmission up to cadded(Ca%) = 20 mM (Figure 10a, red curve). The onset of measurable
turbidity in the system coincides with a kink in the calcium potential (cf. Figure 9a), which
indicates that the interactions causing the decrease in solution transmission involve Ca*" ions
and, arguably, (poly)acrylic acid. In the further course of co-titration, turbidity increases
continuously at slower rate up the maximum in cﬁee(Ca2+) and cqee(OH'), where another step-like
drop occurs (indicated by the arrow in Figure 10a) and no more optical transmission is measured

(due to ample precipitation of portlandite).
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Figure 9. Time-dependent evolution of (a) calcium potential (as measured by an ion-selective electrode),
pH value, and (c) conductivity during co-titration of 0.5 M CaCl, and 1 M NaOH into a solution of
poly(acrylic) acid in water (initial volume: 50 mL, initial concentration: 100 ppm) at a dosing rate of 0.2
mL/min each. Arrows indicate the respective maximum in each curve, considered to signify the onset of

calcium hydroxide precipitation.
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These observations indicate strong interference of PAA during the early and later stages in the
pre-nucleation regime. One obvious potential interaction is the direct binding of calcium ions by
the polycarboxylate, which may under the given conditions lead to strong association,
aggregation, coacervation and even precipitation. To test this, we have performed a reference
experiment, in which calcium chloride was titrated into a solution of PAA without simultaneous
addition of sodium hydroxide. This titration was performed at a constant pH of 11, as a
compromise of being as close as possible to the conditions in the co-titration without actually
precipitating portlandite. Moreover, it has been reported that poly(acrylic acid) chains are more

or less entirely deprotonated at pH values > 11,74

i.e. the physicochemical properties of the
polyelectrolyte and its interaction with calcium ions will not change further when higher pH
levels are reached during co-titration. The resulting time-dependent profile (Figure 10a, green
curve) indeed shows significant turbidity also in the absence of higher concentrations of
hydroxide ions, likely as a consequence of Ca?*/PAA complexation and potentially coacervation,
which should remove calcium ions from solution and thus lower the effective supersaturation.
However, the decrease in transmittance occurs only at higher calcium concentrations and reaches
a minimum at Cadded(Ca2+) ~ 20 mM, subsequent to which the progressive dilution of the solution
with respect to PAA leads to dissociation of formed species and partial redissolution. By
contrast, turbidity continues increasing in the actual co-titration experiment, which suggests that

— in addition to direct interactions with calcium ions — the polycarboxylate also influences

portlandite precursors such as ion complexes, clusters and/or ACH particles.
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Figure 10. In-situ characterization of species present in solution during the pre- and early post-nucleation
stages of portlandite formation under the influence of poly(acrylic acid). (a) Time-dependent evolution of
solution transmission during co-titration of 0.5 M CaCl, and 1 M NaOH into a solution of poly(acrylic)
acid in water (initial volume: 50 mL, initial concentration: 100 ppm) at a dosing rate of 0.2 mL/min each
(red), as compared to a reference experiment in which CaCl, was titrated into PAA solution at a constant
pH of 11.0 (green). The arrow indicates the final step-like decrease to zero transmission upon
crystallization, which coincides with maxima in calcium potential, pH and conductivity shown in Figure
8. (b) Apparent hydrodynamic radii measured by dynamic light scattering for solution aliquots drawn at
different stages of the co-titration process. (¢) Size distribution obtained from AUC analyses of a sample

drawn from the co-titration experiment after addition of 35 mM CaCl..
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Dynamic light scattering (DLS) measurements of solution aliquots collected at different points
along the co-titration profile show that quite large species (1-2 pum in hydrodynamic radius) are
formed during the initial strong increase in turbidity (Figure 10b). The average size of the
scattering species increases up to ca. 3.6 pum after addition of ~22 mM CacCl,, where a plateau is
reached without further growth up to Caqeea(Ca®*) = 60 mM. Around the point of the maxima in
all other monitored parameters nucleation (Caggea(Ca*") = 76 mM), the detected average size
increases again and soon becomes too high to be measured reliably by DLS. These observations
suggest that added poly(acrylic acid) allows amorphous calcium hydroxide particles to be
formed, but subsequently controls their growth and/or aggregation behavior and inhibits ultimate
transformation into crystalline portlandite; alternatively, the polymer may interfere earlier and
stabilize dense liquid droplets, a scenario that cannot be unambiguously confirmed based on the
available data. In order to probe potential effects of PAA on the earlier stages of ion
complexation and cluster formation, a sample was drawn after addition of ca. 35 mM CacCl, and
analyzed by AUC. The resulting size distribution (Figure 10c) is very similar to that of calcium
hydroxide clusters determined under the same conditions in the absence of the polycarboxylate
(cf. Figure 4), which suggests that PAA does not affect the nature of the complexes/clusters.

Further insights into the species and processes leading to observed evolution of turbidity and
average particle size in the system are provided by cryo-TEM analyses performed at different
stages along the co-titration profile (Figure 11). In a sample drawn shortly after the initial drop in
solution transmittance (Figure 1la), cryo-TEM images show amorphous nanoparticles that
appear to be somewhat larger (100-300 nm in diameter) and more spherical than their
counterparts observed during the early stages of the additive-free reference experiment (cf.

Figure 5a). These differences in appearance may be considered as (weak) evidence for the

35



species observed in the presence of polymer at this point to actually be phase-separated
complexes (e.g. coacervates) resulting from the direct interaction between calcium ions and
PAA. These spherical species are aggregated (possibly bridged to a greater or lesser extent by the
polycarboxylate) and have partially fused into larger structures, which seem to become more
compact upon further addition of Ca’" and OH™ ions (Figure 11b), possibly due to enhanced
incorporation of hydroxide ions into the original Ca®’/PAA complexes (initiating their
progressive transformation into polymer-containing ACH). Aggregate sizes observed at this
point in cryo-TEM (1-2 um at Cadded(Ca2+) = 22 mM) are smaller than indicated by concurrent
DLS analyses (3-4 um, cf. Figure 10b), likely because scattering is dominated by the largest
agglomerates and the measured hydrodynamic radius includes contributions from hydration
shells (and superficially adsorbed polymer). Once the middle of the plateau in DLS particle size
is reached (Caggea(Ca®") = 32 mM), cryo-TEM images reveal most striking structural evolutions in
the presence of PAA, which are fundamentally distinct from the reference system: from the
compact aggregates of spherical precursors, multiple filamentous structures start to form and
extend randomly into the surrounding solution (Figure 11c). These filaments are likewise
amorphous (or poorly ordered), account for the large apparent sizes in DLS, and clearly seem to
result from the influence of the polycarboxylate on the mineralization process. At this point, we
can only speculate about the mechanisms leading to the formation of these unusual structures. In
one feasible scenario, PAA forms a more or less continuous layer around the cores of
calcium/polymer coacervates and/or polymer-containing ACH, which blocks their further growth
as well as re-dissolution. As the inner core dissolves to eventually transform into portlandite,

noticeable osmotic pressures may build up across the outer PAA layer.
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Figure 11. Cryo-TEM images of samples drawn from the co-titration experiment (0.5 M CaCl, and 1 M
NaOH into 50 mL water at 0.2 mL/min) in the presence of poly(acrylic acid) (initial concentration:
100 ppm) after addition of (a) 11, (b) 22, (c) 32, (d) 74 and (e) 79 mM CaCl,. Insets: SAED patterns
acquired from the respective shown field of view. White arrows in (e) indicate crystalline reflections in
the diffraction images. (f) EDX spectrum collected from the crystals shown in (), with strong signals
from calcium (green) and oxygen (red), weaker signals from copper (orange) and traces of carbon (black)

(both originating from the used carbon-filmed copper grids).
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Ultimately, this layer would break and release jets of concentrated calcium hydroxide solution
into the surrounding medium, where they become solidified under the influence of the organic
polymer (forming calcium salts of poly(acrylic acid) at the perimeter of the filaments). This
hypothetical mechanism is inspired by the formation of so-called “chemical gardens”**®* and the
concept of “polymer-induced liquid precursors” (PILP phases),®® but clearly requires deeper
investigations in the present system. In any case, these filamentous structures undergo
progressive ripening in the further course of the co-titration: near the maximum in the free
concentrations of calcium and hydroxide ions (at Cadded(Ca2+) = 74 mM), filaments can still be
distinguished but seem to have partially disintegrated into more continuous domains with
granular texture (Figure 11d), which remind of ACH structures proposed to act as growth units
for crystalline portlandite via a particle-based mechanism in a recent study.*® Shortly after the
final drop in turbidity and all other monitored solution parameters (Cadded(Ca2+) = 79 mM),
crystalline portlandite particles with faceted edges are found by cryo-TEM (Figure 11e), which
appear to be less defined than in the absence of PAA (cf. Figure 5f). Nonetheless, EDX spectra
acquired at the different sampling times confirm that at least the majority of the observed
particles indeed consist of calcium hydroxide (Figure 11f), although we cannot exclude the
presence of minor amounts of calcium polyacrylate precipitates.

Differences induced by PAA in the progress and final result of portlandite crystallization from
solution are further elucidated by ex-situ characterization, as shown in Figure 12. SEM images of
precipitates isolated at different stages of the co-titration procedure reveal ill-defined aggregates
with rough surfaces (Figure 12a), which occasionally display crystalline facets (Figure 12b) but
generally differ fundamentally from the regular hexagonal crystals observed in the reference

experiment without added polymer (cf. Figure 8a-b).
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Figure 12. Ex-situ characterization of precipitates formed during a Ca(OH), co-titration experiment in the
presence of poly(acrylic acid) (initial concentration: 100 ppm). (a-b) SEM image of precipitates isolated
after addition of (a) 22 and (b) 32 mM CacCl,, showing irregularly shaped portlandite crystals (scale bars
in insets: 2 pum). (c) XRD pattern of powders obtained at the end of the co-titration experiment. All
observed reflections can be assigned to crystalline portlandite (ICDD 04-0733),”® with no signs for the
formation of calcium carbonate® (due to possible uptake of atmospheric CO,). (d) TGA data of
portlandite powders formed during co-titration experiments in the absence (green line) and presence (red
line) of 100 ppm PAA. Note the second step of mass loss for the polymer-containing sample between 500
and 700 °C, caused by decarbonation of CaCO; formed upon previous heating of poly(acrylic acid) in the

presence of calcium species.
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Nonetheless, XRD patterns acquired for solid materials extracted at the end of the co-titration
procedure confirm portlandite as the only crystalline phase present (Figure 12c). Indeed, no
major changes in the position or width of the observed reflections (potentially indicative of lower
crystallinity and/or the co-existence of amorphous phases) could be discerned in comparison to
diffraction patterns of precipitates formed in the absence of PAA (cf. Figure 8c).

Apart from crystallization kinetics and morphology, the interference of the polycarboxylate with
the formation process of portlandite could be traced in three further ways: first, measurements of
the PAA concentration in solution before and after the co-titration experiment (via TOC
analysis) showed that about 78 % of the polymer were removed from solution upon portlandite
precipitation, which corresponds to ca. 1.4 wt% of PAA bound by and/or occluded in the
forming inorganic phase. Second, thermogravimetric analyses revealed two stages of mass loss
upon heating of precipitates formed in the presence of the polymer (Figure 12d): between 380
and 500 °C, about 23 % of the initial sample weight were removed — mainly due to calcination of
portlandite (M(CaO)/ M(Ca(OH),) = 0.76),"’ although pure PAA would also be expected to
undergo partial decomposition in this temperature range.®® Further heating resulted in another
mass loss of ca. 1.8 % between 500 and 700 °C, which we ascribe to decarbonation of CaCOj3
species. Since the precipitates were originally free of any significant amounts of calcium
carbonate (as proven by IR spectroscopy, data not shown), the observed thermal behavior must
be due to the formation of CaCOj3 during heating of polyacrylate in the presence of calcium ions,
as reported to occur at temperatures of about 485 °C.°*"° Thus, the TGA data provide further
indirect evidence for the presence of PAA on and/or in the formed portlandite crystals, with
absolute amounts that agree reasonably well with the results from TOC-based analyses (i.e. in

the range of few percent).
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Third, we have investigated the mechanical properties of portlandite powders obtained by co-
titration with and without added PAA using nanoindentation. For the additive-free sample, an
elastic modulus of ca. 36 GPa was determined, in good agreement with values reported for
portlandite in the literature.” Interestingly, the presence of the polycarboxylate led to a
significant reduction of the E-modulus down to ca. 6.5 GPa. This decrease in stiffness suggests
that the polymer was incorporated into the bulk of the inorganic phase during crystallization.
Assuming that portlandite crystals grow by accretion of preformed (nano)particles,® one
possible scenario for PAA incorporation is that the polymer adsorbs onto the building units and
remains occluded upon collective transformation into a (more or less) continuous crystalline

phase.

4. Summary and Conclusions

In this work, we have used a variety of advanced and complementary characterization techniques
to probe the early stages of calcium hydroxide crystallization from aqueous solutions. Together
with another recent study,’® our results call a classical mechanism of direct homogeneous
nucleation and subsequent growth of crystalline portlandite into serious question and rather
suggest a complex multistep pathway involving different precursors, either stable or metastable,
before and after actual phase separation, as visualized in Figure 13. In many ways, the observed
processes bear fundamental analogy to “non-classical” crystallization schemes reported for
calcium carbonate®”’ and other prominent mineral systems,”'® confirming the notion that such

multistep pathways are rather the rule than an exception in inorganic mineralization.
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(1] ®Ca® Cl

4 OH = Na*

Figure 12. Schematic illustration of the sequential stages underlying the formation of crystalline calcium
hydroxide from solution, as envisaged based on the data collected in this work. Stage 1: Single
constituent (Ca®" and OH") and “spectator” (Na” and CI") ions dissolved in water. Stage 2: Ion association
into complexes (and clusters) of varying stoichiometry. Stage 3: Coalescence of ion complexes/clusters
into larger entities (100-200 nm, presumably of initial liquid-like nature), which immediately start to
aggregate into loose networks to minimize interfacial tension. At the same time, smaller species (1-4 nm,
indicated by black dots) coexist, as shown by SAXS and AUC, and likely act as building units for the
larger structures. Stage 4: Densification of the networks, with concurrent growth and progressive
solidification of individual particles into amorphous calcium hydroxide, while primary building units still
coexist. Stage 5: Structural reorganization within the aggregated ACH networks and incipient evolution of
more ordered matter. Stage 6: Completion of amorphous-to-crystalline transformation and growth of
portlandite crystals with regular hexagonal habits. Note that the structures in the different stages are not

drawn to relative scale.

The starting point of our study was the development of a robust co-titration procedure, which
allowed the evolution of the calcium hydroxide to be monitored all the way from the dissolved

ions to the final portlandite crystals. Apart from the fact that ion association produced potentially

42



nucleation-relevant entities (such as pre-nucleation clusters) early on and already in the
undersaturated regime, one particularly striking observation was the continuous variation of
stoichiometry of associated species with growing levels of supersaturation — in stark contrast to
other systems such as calcium carbonate.”*” Indeed, the ratio of bound hydroxide and bound
calcium ions was found to gradually increase from ca. 1.3:1 at the beginning of co-titration to
almost 2.4:1 at the maximum of cfree(Ca2+) and cgee(OH), before ultimately dropping to ~2:1
upon nucleation and growth of crystalline portlandite (as expected). This dynamic evolution
renders the identification of nucleation-relevant species as well as the precise mechanisms of
nucleation challenging, and certainly warrants further investigation. The complex course of
portlandite formation was further probed by a number of powerful in-situ (or close-to-in-situ)
techniques, including cryo-transmission electron microscopy, analytical ultracentrifugation,
small-angle X-ray scattering and pair-distribution analyses based on high-energy X-ray
scattering data. The results obtained from all these studies paint a consistent picture and
inevitably confirm a “non-classical” pathway for calcium hydroxide crystallization, in which
small nanoclusters (black dots in Figure 13) and amorphous particles and/or droplets (grey
circles in Figure 13) play key roles.

In the second part of the work, we have investigated the influence of poly(acrylic acid) — as a
model additive for crystallization control — on the newly discovered processes. As expected, the
polycarboxylate significantly delayed portlandite formation, i.e., much higher nominal levels of
supersaturation were needed to trigger transformation of disordered intermediates towards final
crystals (indicated by breakpoints in Figures 9 and 10). Detailed analysis by means of various
characterization techniques suggests that the observed delay is caused by interactions of the

polymer with (more or less) all detected precursor species — that is, free calcium ions, small
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complexes, larger pre-nucleation clusters, as well as amorphous nanoparticles. This list of
possible polymer effects is not necessarily complete, as other precursors (e.g., liquid droplets or
nanocrystalline building units) may occur and interact with the additive. In any case, binding of
the polycarboxylate to the different precursors seems to hamper their transformation into the
respective next stage on the energetic ladder down to stable crystals. For example, complexation
of calcium ions by PAA competes with Ca*’/OH" ion association into PNCs, whereas polymer
adsorption on ACH particles impedes their aggregation and coalescence. Eventually, the
different individual effects add up to strong macroscopic inhibition of crystallization.
Notwithstanding this clear influence of the polymer on the progress of portlandite formation, the
actual nature of the precursor species does not seem to change fundamentally in the presence of
additive. One peculiar difference in the course of ripening is the formation of filamentous
structures (cf. Figure 11c) during the transformation of disordered ACH phases to crystalline
portlandite, whose composition and origin require further studies. Based on ex-situ analytics, we
can conclude that the organic polymer becomes incorporated into the emerging inorganic phase
during mineralization and modulates the (mechanical) properties of the resulting solid material —
a notion that appears promising in the context of cementitious systems.

In summary, the new insights gained into calcium hydroxide crystallization in the present work
and another recent study’® should have profound implications for any process or application
where portlandite plays a significant role — including cement hydration, lime-based mortars, and
“nanolimes” for cultural heritage conservation. For example, portlandite precipitation is known
to occur during hydration of ordinary Portland cement and thought to influence the dissolution
kinetics of anhydrous calcium silicate grains, thereby potentially controlling the overall rate of

hydration, especially at the end of the induction period and the main hydration peak.”>’* The
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existence of precursor species such as PNCs or ACH nanoparticles clearly expands the spectrum

6 and

of possible scenarios to explain experimental observations during cement hydration,’
provides new levers to influence the occurring processes. Furthermore, the novel co-titration
procedure developed in the present work allows the key stages of portlandite crystallization to be

closely monitored and the effects of possible additives to be screened, supporting the design of

advanced chemistry solutions for construction applications and beyond in the future.
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