Surface passivation by embedment of polyphosphate inhibits the
aragonite-to-calcite thermodynamic pump
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ABSTRACT: We monitor the conversion of aragonite to calcite in water by comparing single and mixed polymorph suspen-
sions. We demonstrate that the enhanced aragonite-to-calcite conversion in mixed polymorph suspensions is dramatically
inhibited by adding polyphosphate (sodium hexametaphosphate). 13C and 3!P solid-state magic angle spinning (MAS) NMR
and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra allow us to follow quantitatively these effects
as imparted by the dissolution-recrystallization processes. 13C{3!P} rotational echo double resonance (REDOR) NMR experi-
ments reveal coprecipitated phosphate that is embedded only within the surfaces of both polymorphs during the initial dis-

solution and recrystallization processes, causing passivation that arrests phase conversion.

The diagenesis of calcium carbonates, including their disso-
lution and recrystallization, is important in both marine and
freshwater systems because of its impact on the ocean car-
bon budget,!-3 ocean acidification**and for CO: capture and
storage technologies.® Underlying these diagenetic factors,
the two most common CaCO3 polymorphs, (aragonite and
calcite) have low - but different values for - equilibrium sol-
ubility constants.” In this work, we use solid-state NMR and
infrared spectroscopy to follow the manifestation of calcite-
to-aragonite phase conversion processes when powders of
these two phases are co-suspended in water. Moreover, we
identify at the molecular level a mechanism that inhibits the
phase conversion: surface embedment of a dissolved phos-
phate-bearing additive. Thus, we probe the mechanistic in-
terplay between fundamental processes of carbonate min-
eral dissolution and recrystallization, with relevance to bio-
mineralization, geochemical and technological processes.

First, we highlight the pronounced impact that co-sus-
pended calcite has on the dissolution of aragonite, and its
subsequent crystallization as calcite. As reference samples,
we use neat aragonite and neat calcite powders, which we
compare with 1:1 mixtures of the two phases (synthesis de-
tails in SI). To track unequivocally the aragonite-to-calcite
transformation by 13C DE MAS (direct excitation magic an-
gle spinning) NMR, we enriched the aragonite 13C isotope
content to 20%, while using calcite at natural abundance

[n.a.] B3C (1.1%). Thus, only calcite that forms from dis-
solved aragonite will have a significant 13C NMR signature.

We start by examining the neat powders before and after
suspension in water. The 13C DE MAS NMR spectrum in Fig-
ure la shows a starting material that is comprised of 98%
aragonite (peak at 170.7 ppm), with ~2% calcite byproduct
(peak at 168.5 ppm).

After immersion in water for 1 week, the spectrum for this
powder (Figure 1b) shows a minute change: 96% aragonite
with 4% calcite suggests a small (2%) conversion of arago-
nite to calcite. ATR-FTIR experiments for even longer im-
mersion times (3 weeks) do not show evidence of phase
transformation (SI Figure S2). Similar control experiments
with neat [20%-13C] calcite (SI Figure S1) show no detecta-
ble back-conversion to aragonite. Hence, these data set a
baseline for the temporal stability of neat aragonite and
neat calcite suspensions in water.

A strikingly different situation is revealed after 1 week of
immersion for the co-suspended aragonite and calcite pow-
ders. Figure 1c shows that ~55% of the starting aragonite
dissolved and recrystallized as calcite. This trend is corrob-
orated with ATR-FTIR spectra (Figure 2a-d and SI Figure
S3c). The conversion from aragonite to calcite is rational-
ized by the slightly higher pKsp of calcite vs. that of aragonite
(8.48 vs. 8.34).38 This difference forces the CaCOs activity
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Figure 1. 75.4 MHz 13C DE MAS spectra: (a) as-synthesized
[20%-13C] aragonite powder, and (b) after suspension in
water; (c) 1:1 mixture of [20%-13C] aragonite and [n.a.-13C]
calcite powders after suspension in either water or (d) 10
mM SHMP (sodium hexametaphosphate). 13C calcite frac-
tions greater than 2% indicate aragonite dissolution with
subsequent crystallization as calcite. All spectra used 8-32
transients with 2400 s repetition delay to facilitate quanti-
fication.

product to lie in between the Ks, values for the two poly-
morphs: slightly supersaturated for calcite and slightly un-
dersaturated for aragonite. Hence, aragonite dissolves to
approach its Ksp value, while calcite crystallization con-
sumes the dissolved ions to offset its supersaturation. This
in turn elicits further aragonite dissolution.

ATR-FTIR data (SI Figure S3) show that higher fractions of
calcite in the starting ratio yield larger aragonite fractions
that converted to calcite after 1 week of suspension in wa-
ter. This substantiates that calcite surfaces provide nuclea-
tion sites whose increased concentration enhances over-
growth, thereby promoting a more efficient thermodynamic
aragonite-to-calcite pump.

Sodium hexametaphosphate (SHMP) is a common water
softener agent and deflocculant. Remarkably, by dissolving
this P-bearing additive (10 mM) in the aragonite-calcite
mixture suspension, the aragonite-to-calcite phase conver-
sion is fully arrested over the same 1 week time span. This
is evident from the close similarity of the DE NMR spectra
of the neat aragonite and the mixture + SHMP suspensions
(Figure 1d and 1b), and the corresponding ATR-FTIR spec-
tra (Figure 2e and 2c), indicative of the profound effect that
SHMP has on the dissolution-recrystallization processes.

Seeking mechanistic insight for SHMP’s role in suppressing
the calcite-to-aragonite pump, we examine 3'P DE MAS NMR
spectra for evidence of SHMP coprecipitation. Indeed, Fig-
ure 3a shows three characteristic 31P peaks for SHMP that
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Figure 2. ATR-FTIR spectra of (a) [n.a.] calcite and (b) [!3C-
20%] aragonite, and their 1:1 mixture (c). The spectra obtained
after suspending this mixture in pure water (d) and in 10 mM
SHMP (e), demonstrate the pronounced aragonite-to-calcite
conversion in pure water, and its arrest in the SHMP solution.
The spectra focus on the out-of-plane v carbonate vibrational
mode, which is distinct for aragonite and calcite.

represent its hydrolysis products: Pi, pyrophosphate or ter-
minal P species, and internal P species (centered at 4, -5, -
20 ppm, respectively). The similar relative intensities
among these three peaks in each spectrum confirm similar
coprecipitated species abundances, whether from single-
phase (calcite or aragonite) or 1:1 mixed-phase suspen-
sions. Complementarily, inductively coupled plasma optical
emission spectroscopy (ICP-OES) analyses show similar to-
tal levels of P-bearing species: 0.30 mol% with aragonite,
0.25 mol% with calcite, and 0.41 mol% with the 1:1 mixture
(see also SI Table S1). The excessive breadth of the 31P peaks
in the DE NMR spectra indicates that these P-species are dis-
ordered, suggesting that they are dispersed, surface embed-
ded or bound, rather than separated crystalline phases.1® To
substantiate this distinction, we opt for REDOR measure-
ments.1112

The 31P{13C} DE-REDOR experiment yields two spectra (Figure
3b). The first is a reference 31P DE MAS spectrum, So, which ac-
counts for all peaks; the second is a REDOR spectrum, Sg, with
attenuated peaks for 3!P-species near carbonates (< 7A
31P...13C distance). Qualitatively, REDOR peak attenuation is
more pronounced when the distance is shorter and/or when
the fraction of such carbonate-proximate P-species is larger. As
such, peak attenuation alone indicates the occurrence of phos-
phate---carbonate proximities that represent electrostatic in-
teractions that are mediated by the positively charged Ca2+
ions.13 Figure 3b shows the 31P{13C} DE-REDOR spectra of the
of the three powders - neat aragonite, calcite, and mixture - af-
ter 1 week immersion in SHMP solution. Their reference spec-
tra (So, black traces) show all three characteristic peaks of
SHMP (as visible in the DE MAS spectra in Figure 3a). The Sr



spectra (Figure 3b; red traces) show notable attenuation of the
Pi and pyro-/terminal peaks: 20+3% for the single polymorph
powders, and 12+3% for the 1:1 mixture. Given that the neat
aragonite and calcite are only 20%, 13C-enriched, only 20% of
the possible P-C proximity occurrences will be sensed by the
31P-13C REDOR measurement. Thus, the 20% attenuation in Sr
indicates that all coprecipitated Pi and Pyro- and terminal
phosphates are engaged in short-range interactions with the
carbonates.
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Figure 3. a) 31P DE MAS NMR spectra of powders of [20%-13C]
aragonite, [20%-13C] calcite and their 1:1 mixture of [20%-13C]
aragonite with calcite, after suspension in 10mM SHMP solu-
tion (1 week). Three hydrolysis products of SHMP appear: Pi,
Pyro- and terminal phosphate, and internal phosphate are de-
noted Pi, Py/t, and int. b) 64Tr (6.4ms) 31P{13C} DE-REDOR
spectra of the three powders; reference and REDOR spectra, So
and S, of each powder are overlayed in black and red, respec-
tively. Spectra used a relaxation delay of 20s and spinning
speed of 10 kHz.

For the 1:1 mixture wherein only the aragonite is 13C-enriched,
there is ~2 times less REDOR attenuation. Given the similar
amounts of SHMP that coprecipitated with the neat poly-
morphs and the mixture. This observation is consistent with P-
species being evenly distributed between the two polymorphs
and exhibiting no polymorph preference. In this case only prox-
imities involving the 13C-enriched aragonite affect the REDOR
attenuation, while proximities related to the calcite (13C at
1.1%) have only negligible contribution, thereby reducing by 2-
fold the overall attenuation for the mixture. Additional meas-
urements show that by doubling the dipolar evolution time in
the REDOR experiments (12.8 ms; 1287Tr), the attenuation of
the Sr spectra more than doubles (SI Figure S4). Exceeding the
20% 13C enrichment level, which is the maximum attenuation
that can be caused by a single carbonate neighbor, further es-
tablishes that all coprecipitated P-species interact with more
than two carbonates in their immediate vicinity.

Taken together, the 31P{13C} DE-REDOR data rule out the oc-
currence of separate P-rich phases. Moreover, they une-
quivocally indicate that P-species are dispersed, surface-
embedded or surface-adsorbed, consistent with their disor-
dered nature as manifested by their broad peaks. To probe
for carbonates that directly interact with P-species, 13C{31P}
DE- and CP-REDOR measurements were attempted. That
they yielded hardly detectable Sr attenuation (SI Figure S5)
attests that only a small fraction of the carbonates is proxi-
mate to the P-bearing moieties. This result is perfectly in
line with SHMP being embedded only within (or atop) the

narrow surface layer that underwent dissolution-recrystal-
lization, whereas the majority bulk carbonates do not inter-
act with SHMP.

Our study clearly reveals the mechanism by which P-bear-
ing additive molecules, which can be found readily in aque-
ous environments, are embedded within the dissolving-re-
crystallizing surfaces of calcite and aragonite, thereby pas-
sivate these surfaces, and inhibit the dissolution-recrystal-
lization processes. We emphasize that additive-embedment
alters the surface thermodynamics as well as the resulting
dissolution-recrystallization kinetics. The decreasing phase
conversion rates as function of time that we observe (Figure
S6) are a manifestation that factors such as varying grain
sizes and exposed facets are involved in the complex inter-
play between thermodynamics and kinetics.

Our data therefore suggest that surface embedment of
SHMP during the initial dissolution-recrystallization of
aragonite and calcite yields surfaces where the thermody-
namic forces which drive the aragonite-to-calcite pump no
longer prevail. This mode of action of P-species embedment
is consistent with our earlier study4 that identified that
strong phosphate---carbonate interactions (Caz*-mediated)
impeded CaCOs nucleation in solution, and their persistence
in the amorphous calcium carbonate (ACC) solid also pre-
vented its crystallization.13

Aragonite-to-calcite conversion in aqueous environments is
a widespread phenomenon. One recent example considers
this in benthic marine environments, exploring the kinetics
as a function of different exposed crystalline faces.3 How-
ever, possible implications of the time scales and inhibition
strategies that could be relevant for mixed-polymorph en-
vironments are unexplored. For example, marine organisms
use polyphosphates throughout biomineralization to regu-
late the properties and functions of calcium carbonate min-
erals.1>1¢ Polyphosphate is also relevant for both carbonate
mineralization and diagenesis in terrestrial geology,!” and
its role in preventing aragonite dissolution is of great im-
portance when analyzing aragonite for radiocarbon da-
ting.18 In industrial settings, surface fouling by carbonate
minerals is sometimes prevented by using polyphosphate
antiscalants,!? including those with eutrophic origins.20

Despite the vast interest in calcium carbonate phases and
their surface stability in aqueous environments,10.21-23 there
is very little direct evidence on the mechanisms and the un-
derlying molecular level principles that influence the tightly
interdependent thermodynamic and kinetic processes that
polyphosphate embedment has on the aragonite-to-calcite
balance. To this end, our study provides a direct observa-
tion of the mechanism by which P-species are surface em-
bedded, which then controls dissolution-recrystallization to
halt aragonite-to-calcite phase conversion.
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Surface dissolution-recrystallization processes drive aragonite-to-calcite phase conversion. Polyphosphate, when

present, is embedded in the aragonite and calcite surfaces, halting these processes and arresting phase conversion.
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