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Abstract

Dissolution of calcite in the presence of phosphate solutions was studied in situ by Atomic Force Microscopy. Results of
experiments in slightly alkaline (NHy4),HPO, solutions showed that dissolution, measured from etch pit spreading, is signif-
icantly reduced compared to that observed in pure deionized water, confirming an inhibitory effect of (NH4),HPO, on calcite
dissolution. However, rates measured in the presence of Na-phosphate solutions at the same pH remained close to that in pure
water. This would indicate that the inhibitory effect could be caused by the presence of the NH; group. Moreover, for phos-
phate solution concentrations >5 mM, the precipitation of a calcium phosphate phase occurred simultaneously while calcite
was dissolving, despite the continuous flow of the reaction solution. Such reactions may play an important role in phosphorus
recovery from P-bearing solutions. Importantly this study gives insights into the mechanism of interface-coupled dissolution-
precipitation reactions occurring during the interaction of phosphate-bearing solutions with calcium carbonate minerals and
emphasizes the importance of performing direct observations when determining the kinetics of dissolution reactions, as they
can be significantly affected by the precipitation of secondary phases that could alter dissolution rates determined from mea-
surements of bulk solution composition.
© 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION metasomatism and metamorphism (Lee et al., 2008; Putnis,

2009; Jamtveit and Austrheim, 2010; Putnis and Austrheim,

Mineral-fluid interactions have recently gained interest
in many research fields due to the recognition of the exten-
sive role of aqueous fluids in geochemical processes in the
Earth’s crust. Fluids are essential for surface weathering
as well as in the control of deep Earth processes such as
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2010) and consequently for the mobilization of elements
within the Earth. Thus, a sound knowledge of the mecha-
nisms controlling fluid-surface interactions is necessary
for understanding important large-scale Earth processes
(Putnis and John, 2010). Moreover, fluids are necessary
for many biological systems as the medium for element
transport such as ion transport across cell membranes in
plants (Schachtmann et al., 1998) or transport of ions
through protein channels in animal cells (Ren et al.,
2001). Aqueous fluids also have implications in engineering
applications such as the preservation of built cultural heri-
tage (Ruiz-Agudo et al., 2007), prevention or control of
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scale-forming minerals in industrial processes, such as cal-
cite and barite blocking of oil wells and reservoirs (Putnis
et al., 2008), or in the design of non corrosive materials
for orthopaedic applications (Jacobs et al., 1998).

Calcite and carbonate minerals are major minerals in the
Earth’s crust, comprising approximately 20% of the surface
sedimentary rocks. Understanding the mechanisms of their
dissolution is essential for the modeling of geochemical cy-
cles (Morse and Arvidson, 2002) and more recently for
modeling systems for CO, storage (Stockmann et al., 2011).

Phosphorus (P) is a component of proteins and is there-
fore essential for life. P availability for plant uptake is the
first step in the biogeochemical cycling of P. It was the intro-
duction of phosphate fertilizers that greatly enhanced crop
production in the early 20th century. However the excessive
use of P-rich fertilizers results in high phosphorous concen-
trations both in soils and surface water runoff. These agri-
cultural additions of phosphates inevitably find their way
into surface drainage systems and eventually to the oceans,
causing marine coastal ‘dead zones’ enriched in algae. Phos-
phates are also very important in many manufacturing
industries including detergents and cleaning agents, food
and drink additives. Therefore, phosphates represent a sig-
nificant contribution to anthropogenic waste, with only
10% of the total phosphorous being recycled. This imbal-
ance between phosphorus loss and phosphorus being recov-
ered, as well as its limited resources, significantly affects
phosphate sustainability (Elser and Bennett, 2011).

Given the ubiquitous occurrence of carbonate minerals
in the Earth, as well as the importance of phosphates in
aqueous systems, a study of the interaction between phos-
phate solutions and calcite surfaces is timely both for an
understanding of the reaction mechanism as well as an at-
tempt to elucidate possible remediation of high concentra-
tions of phosphates in rivers, lakes, ground water and the
oceans. Previous research has shown that carbonates may
be used for phosphate sequestration (Karageorgiou et al.,
2007). Furthermore, as carbonates are common constitu-
ents of sediments and soils, their reaction with phosphate-
containing aqueous solutions limits the availability of P
for plant growth. Effectively this means that calcite — phos-
phate reactions may have a significant control on the flux of
P within the superficial Earth and biological environments
(So et al., 2011; Wang et al., 2012a,b).

In the present study, Atomic Force Microscopy (AFM)
has been used to observe and quantify the kinetics of the
reactions occurring at the calcite surface during contact
with phosphate-containing solutions. AFM has the advan-
tage of enabling the visualization of surface features in real
time and at atomic scale resolution. A fluid cell coupled to
the AFM has been used to observe in situ interactions of
solutions containing phosphate ions, at various concentra-
tions, with calcite surfaces. The aim of this study is to at-
tempt to understand the mechanism of calcite dissolution
in the presence of solutions containing phosphate ions.

2. EXPERIMENTAL PROCEDURE

In situ dissolution experiments were performed using a
Multimode and D3000 AFM (Digital Instruments, Bruker)

working in contact mode and equipped with a fluid cell. Be-
fore each experiment a rhombohedral calcite crystal of opti-
cal quality Iceland Spar (Chihuahua, Mexico) was cleaved
with a blade in order to expose a fresh {1014} cleavage sur-
face. Cleavage rhombs of ca. 4 x 3 x | mm in size were
mounted in the fluid cell holder (Multimode AFM fluid cell
volume 50 pL, fluid volume ca. 38 uL). Solutions were
passed through the fluid cell using syringes attached to inlet
and outlet tubes. All experiments were performed under
ambient conditions (22°C and partial pressure CO,
~10737 atm.). The influence of a range of phosphate con-
centrations (5 x 1077 M to 1 M) was tested. Solution con-
centrations and pH values are given in Table 1. The
phosphate salts used were: di-ammonium hydrogenphos-
phate (NH4),HPO,, (pH ~8), disodium hydrogenphos-
phate Na,HPO, (pH ~8), and sodium di-hydrogen
phosphate NaH,PO,4 (pH ~4-5), Additionally MgCl, and
NaCl at 0.1 M concentration were added to (NHy4),HPO,
solutions to study the effect on dissolution at increased io-
nic strength (IS). Solutions were prepared from high-purity
SOlidS, (NH4)2HPO4, NaH2PO4, NazHPO4, NaCl, MgClz
(Aldrich) dissolved in deionized water (resistivity
>18 mQ cm™!). The chemical speciation of each solution
was determined using the PHREEQC software (Parkhurst
and Appelo, 1999). The saturation state of the solution with
respect to solid phases is given by the saturation index (SI):

SI = logQ = log(IAP/K,)

where Q is the supersaturation, IAP is the Ion Activity
Product and K, the solubility product. All experimental
solutions were prepared immediately prior to each experi-
ment and were initially undersaturated with respect to
any possible solid phase. Each of the solutions was gradu-
ally passed over the calcite surface at a constant flow rate
ca. 50 mL h™'. The chosen flow rate was sufficient to ensure
surface-controlled reaction and not diffusion reaction in
accordance with many previous AFM experiments (Liang
and Baer, 1997).

Experiments were repeated at least twice to ensure
reproducibility of the results. The PHREEQC (Parkhurst
and Appelo, 1999) program was used to model the evolu-
tion of solution compositions during the hypothetical batch
dissolution reactions of calcite in 38 puL. of phosphate-bear-
ing solutions. This reaction was simulated via the addition
of small increments of CaCO; (500 steps) to the solution
until equilibrium with respect to calcite was reached. As
well, the SI of each solution with respect to the different cal-
cium phosphate (Ca-P) phases was calculated at the last
step (i.e. when the solution was in equilibrium with respect
to calcite) of the dissolution reaction.

The AFM images were analyzed using the NanoScope
software (Version 5.12b48). The scanning frequency was
ca. 3 Hz with an average scan time of 1.5 min per scan,
and areas scanned were typically 10 x 10 um and
5 x 5 um, although larger scans were also performed to
check for possible tip influence on the scanned area.
Summed step-edge migration velocities (Lea et al., 2001),
or etch pit spreading rates, during dissolution were deter-
mined for each concentration of phosphate solution. Mea-
surements of the length of shallow (one unit cell, approx
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Table 1

Measured and calculated pH values and theoretical maximum calcium concentration in the tested phosphate solutions in equilibrium with
calcite. Note: the discrepancy between measured and calculated pH at lower concentrations is probably due to the difficulty in correctly
measuring solutions containing very few ions. Calculations made using PHREEQC (Parkhurst and Appelo, 1999).

Concentration of phosphate (NH4),HPO, Na,HPO, NaH,PO,
[mM] TotalCaa [M] pr pHL TotalCaa [M] pr pHc TotalCaa [M] pr pHC
0.0005 1.27E-04 5.6 7.3 1.22E-04 8.2 7.3 1.22E-04 5.5 6.7
0.001 1.23E-04 5.6 7.5 1.22E—-04 8.2 7.5 1.23E-04 5.4 6.6
0.005 1.27E-04 5.8 7.8 1.24E—-04 8.3 7.9 1.26E—04 53 6.3
0.01 1.31E-04 5.6 7.9 1.26E—04 8.2 8.1 2.58E—04 5.3 6.1
0.1 2.18E-04 6.5 8.0 1.56E—04 8.2 8.5 1.97E-04 53 5.6
0.5 5.34E—04 6.8 8.0 2.54E—04 8.1 8.9 5.60E—04 4.9 53
1 8.36E—04 7.5 8.0 3.36E—04 8.2 9.0 9.89E—04 4.8 5.1
5 2.45E-03 7.7 8.0 6.94E—04 8.0 9.3 3.34E-03 5.4 4.8
10 3.97E-03 7.9 8.0 9.48E—04 8.0 9.3 5.26E—03 4.6 4.7
50 1.34E—02¢ 7.9 7.9 1.98E—03¢ 8.0 9.2 1.51E—02¢ 4.6 4.5
100 2.38E—02¢ 7.9 7.9 2.63E—03¢ 8.0 9.1 2.41E—02¢ 45 45
500 1.15E—01¢ 8.0 7.9 7.31E-03¢ 8.0 8.8 7.46E—02¢ 42 43
1000 2.72E—01¢ 8.1 8.0 1.11E—02¢ 8.0 8.7 1.21E-01¢ 4.0 4.2

# Total concentration of Ca calculated using phreeqc.dat.

® Measured pH.

¢ Calculated pH (using PHREEQC).

4 Total concentration of Ca calculated using Wateg4f.dat.
3A deep) etch pits, as a function of time, were collected 3. RESULTS

from sequential images scanned in the same direction. At
least six etch pits in three sequential images were measured
for each given solution concentration (see Ruiz-Agudo and
Putnis (2012) for a recent review of direct observations of
mineral-fluid reactions using AFM: the specific example
of calcite).

Inductively coupled plasma optical emission spectrome-
try ICP-OES (Atom Scan Thermo Jarrell Ash) was used
for determining the calcium concentration of 5 mL aliquots
collected after flowing each concentration of (NHy4),HPO,
solution over a calcite surface. Each 5 mL of solution flowed
over the surface for approx. 6 min. After the AFM experi-
ments several calcite cleavage segments (4 x 3 x 1 mm)
were powdered and analyzed by powder X-ray diffraction
(XRD) using a Phillips PW-1547 X-ray diffractometer
(equipped with an automatic slit, with steps of 0.005°26
and 4 s counting time), as well as Raman Spectrometry
(HORIBA Jobin Yvon HR800 micro-Raman spectrometer
using the 633 nm line of a He—Ne Laser) to detect any pos-
sible new phases formed on the calcite surface. The scattered
Raman light was analyzed with a 100x objective in 180°
backscatter geometry and a charged-coupled device
(CCD) detector after being dispersed by a grating of
1800 grooves/mm. A confocal hole of 1000 um, and a slit
width of 100 pm were used, giving a resulting spectral reso-
lution around 0.9 cm ™. The longer term effect of phosphate
solutions on calcite crystals with average sizes
2.5 x 2.5 x 0.8 mm and calcite powders of ~7 mg (size frac-
tion <10 pm) was studied by placing the calcite in Teflon
vessels together with 50 mL of 50 mM (NH,4),HPO, solu-
tion and stirred continuously for 5 weeks. The powders were
then filtered, rinsed with deionized water and dried and sub-
sequently analyzed using XRD and scanning electron
microscopy (SEM) (JEOL 6610-LV). The single crystals
were also analyzed by XRD after crushing to a powder.

3.1. Effect of phosphate on etch pit shape and density

After flowing water over the {1014} calcite surface, dis-
solution took place by the formation of characteristic rhom-
bohedral shallow (one unit cell, ca. 3 A) etch pits, limited by
steps parallel to the [441]_, [481],, [441]_and [481]_ direc-
tions (Fig. 1). The subscripts (+ or —) follow the convention
used by Paquette and Reeder (1995). These steps are bonded
by alternating Ca®" and CO%’ ions. Steps parallel to a given
set of periodic bond chains (PBCs) are structurally non-
equivalent (Liang et al., 1996; Liang and Baer, 1997). The
structurally equivalent [441]_ and [481]_ steps are acute
and intersect the bottom of the etch pit at an angle of 78°,
while [441], and [481], steps are obtuse and intersect the
bottom of the etch pit at an angle of 102° (Hay et al.,

TCoN |

[@a1], [441].
4

[481']_1

Fig. I. AFM deflection image showing the development of shallow
(one unit cell - 3.5 A) rhombohedral etch pits during dissolution of
the {1014} calcite cleavage surface in deionized water (pH 6). The
step retreat directions are indicated by arrows.
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2003). Once formed the etch pits progressively retreat with
increasing contact time with water. As a result, etch pits
eventually merged with adjacent pits, effectively removing
the entire unit cell layer. Occasionally, deeper etch pits
formed.

AFM observations of calcite cleavage surfaces in the
presence of all tested phosphate solutions resulted in disso-
lution of the calcite surfaces as seen in the development and
continuous spreading of etch pits. However the presence of
phosphate caused major changes in etch pit morphology
and etch pit density compared to dissolution in deionized
water. In all cases the shallow rhombohedral etch pits chan-
ged their morphology in the presence of phosphate-bearing
solutions. Fig. 2a—c show a calcite surface after injection of
5uM, 0.5mM and 5mM of (NH4),HPO, solutions (pH
ranging between 7.3 and 8.0) in the fluid cell, respectively.
On contact with 5 uM phosphate solution no new etch pits
were observed and instead rounding of preexisting steps
was noticed. At (NH4),HPO, concentrations between 0.1
and 0.5 mM etch pits nucleated showing step edges approx-
imately parallel to the [010] direction, which gave them a
pseudo-triangular appearance. As well, at this concentra-
tion significant increase in etch pit density per scanned area
was observed (Fig. 3). Interestingly, on contact with 5 mM
(NHy4),HPO, solution the etch pits again changed their
appearance to a distorted rhombohedral form.

In the presence of Na,HPO, (pH ~8) rounding of etch
pits was already observed at 100 uM concentration. Pro-
gressive rounding with increasing phosphate concentration
lead to the development of a new step edge parallel to the
[010] direction, which resulted in a change in the morphol-
ogy of the etch pits from rhombohedral to pseudo-triangu-
lar, as was observed in the presence of (NH4),HPO,
solutions. This change in morphology was evident from
Na,HPO, concentrations between 1 and 5 mM. However,
a further increase in Na,HPO, concentration above
50 mM resulted in a progressive elongation of the etch pits
parallel to the [421] direction, changing the appearance of
the etch pits into heart shapes and tear shapes (Fig. 4a—c).

A similar evolution of etch pit morphology was ob-
served in experiments with NaH,POy, solutions (pH ranging

a) 0.005 mM (NH,),HPO,
pH=73

(b) 0.5 mM (NH,};HPO, - ©
pH=8.0 ‘

from 4 to 5.5), shown in Fig. 5Sa—c. Slight rounding of etch
pits was first detected at 500 pM, although it was more evi-
dent in the presence of a 10 mM NaH,PO, solution, when
pseudo-triangular etch pits were observed. Again, elonga-
tion of the etch pits parallel to [421] direction was detected
for NaH,PO, concentrations above 50 mM (Fig. 5b). For
these solutions, distorted rhombohedral morphologies were
observed at concentrations above 0.5 M (Fig. 5c).

The etch pit morphology developed in the presence of
(NH4),HPO, with NaCl (0.1 M) to give a high ionic
strength is presented in Fig. 5d-f. The etch pits showed
rounded obtuse/obtuse corners at concentrations above
0.5 uM (NH4),HPO, (Fig. 5d) and then returned to a
slightly distorted rhombohedral form when a 1 M (NHy),.
HPO, solution was passed over the calcite surface
(Fig. 5e). This change in morphology was found to be
reversible, and upon injection of a 0.5 uM (NHy4),HPO,
solution into the fluid cell, the etch pits showed again
rounded corners (Fig. 5f). In the presence of MgCl,, curv-
ing of the etch pits was observed at the lowest phosphate
concentration (0.5 uM), the etch pits changed their mor-
phology to a triangular form already at a concentration
of 100 uM and returned to a slightly distorted rhombohe-
dral shape at 1 mM.

3.2. Effect of phosphate on calcite dissolution kinetics

The etch pit spreading rate in deionised water, calcu-
lated as summed spreading rates of obtuse [441], [481],
and acute [441]_, [481]_ steps, was 1.9 (+0.45) nm/s, which
is in agreement with values reported previously for dissolu-
tion of calcite under ambient conditions (e.g. Jordan and
Rammensee, 1998; Ruiz-Agudo et al., 2010). Figs. 6 and
7 summarize the etch pit spreading rates measured and ex-
pressed as summed etch pit spreading rates. Dissolution in
the presence of (NH,4),HPO, solutions (Fig 6a) (pH ranging
from 5.6 to 8.1) resulted in inhibition of etch pit propaga-
tion for (NHy4),HPO, concentrations above 0.1 mM, when
etch pit propagation rates decreased down to values around
0.7 nm/s (Fig. 6a). The spreading rate in the presence of
Na,HPO, (pH ~8) for all tested concentrations (Fig. 6b)

5 mM (NH,),HPO,
pH = 8.0

Fig. 2. AFM deflection images showing dissolution of calcite {1014} cleavage surfaces in the presence of (NH,),HPO, solutions. (a) Surface
after injection of 5 uM; (b) after injection of 0.5 mM; (c) after injection of 5 mM.
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(a) 5 mM Na,HPO,
pH=9.3

50 mM Na,HPO, (©)
pH=92

100 mM Na,HPO,
pH=9.1

Fig. 4. AFM deflection images showing dissolution of calcite {1014} cleavage surfaces in the presence of Na,HPO, solutions. (a) Surface
after injection of 5 mM; (b) after injection 50 mM; (c) and after injection of 100 mM. As a result, there is a rapid change in the density of etch

pits and shapes at kink sites (K).

remained close to that measured in deionised water, and no
significant trend was observed with increasing phosphate
concentration (Fig. 6b). The etch pit spreading rate for
NaH,PO, solution having a lower pH (~4) was the highest
rate compared to the other phosphate solutions tested. Etch
pit propagation rate values are similar to those of deionised
water up to 10 uM. For concentrations above 0.1 mM, dis-
solution rates increased significantly with respect to those
measured in deionized water, reaching a maximum of 9.9
(£2.9) nm/s at 1 mM NaH,PO, (Fig. 7a). Measurements
of dissolution rates above 10 mM phosphate concentration
were not possible due to the fast spreading and merging of
etch pits and rapid removal of atomic layers.

The presence of NaCl and MgCl, to produce a higher io-
nic strength (IS) at a concentration of 0.1 M resulted in an
increase in the etch pit spreading rate with respect to elec-
trolyte-free (NHy4),HPO, solutions at the same phosphate
concentration (Fig. 7b). The ionic strength of NaCl and
MgCl, solutions 0.1 and 0.3, respectively, were calculated
using the PHREEQC program (Parkhurst and Appelo,
1999). The average etch pit spreading rate in the presence

of NaCl increased up to a maximum of 5.15 4 0.82 nm/s
at 1 mM (NHy),HPO, and above this concentration started
decreasing and eventually reached values similar to those
measured in deionized water at a (NH4),HPO, concentra-
tion of 100 mM. In the case of MgCl,, only concentrations
from 0.5 uM to 10 mM (NH,4),HPO, were tested because
spontaneous precipitation occurred in the experimental
solution at higher concentrations. Possibly, supersaturation
with respect to a Mg-phosphate phase was reached during
the experiments. The etch pit spreading rate values were
close to those nmeasured in deionised water
(2.41 & 0.36 nm/s) for (NH4),HPO, concentrations ranging
from 0.5 uM to 5 mM (Fig. 7b). Interestingly, the etch pit
spreading rate significantly increased at 10 mM (NHy),.
HPO, in the presence of MgCl, above the value measured
in deionized water.

ICP-OES measurements revealed that the Cat concen-
tration in the effluent solution did not significantly change
with (NH,4),HPO, concentration, only showing a dramatic
increase for concentrations above 100 mM (Fig. 8). Because
these values were obtained during dissolution of the same
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Fig. 5. AFM deflection images showing deep etch pits formed on the {1014} calcite cleavage surface in the presence of NaH,PO,; (a) surface
after injection of 500 pM; (b) after injection of 50 mM; (c) after injection of 100 mM. (d—f) Dissolution in the presence of (NHy),.
HPO, + NaCl (0.1 M); (d) etch pits with rounded corner developed after injection of 500 mM phosphate solution; (e) recovery of (slightly
distorted) rhombohedral form after injection of 1 M phosphate solution; (f) etch pits with rounded corner again after injection of 5 mM

phosphate solution.
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calcite fragment, they are reported as an indication of the
trend followed by calcite dissolution rates with increasing
phosphate concentration.

3.3. Simulation of the evolution of solution composition in the
AFM fluid cell

The hypothetical batch reaction of calcite with various
phosphate solutions was simulated using the speciation pro-
gram PHREEQC (Parkhurst and Appelo, 1999). The final
Ca”?" concentration in the fluid cell (solution volume
38 uL) once equilibrium was reached with respect to calcite
(and assuming no precipitation of any Ca-P phases) is given
in Table 1. The concentration of calcium calculated with
PHREEQC increases continuously with increasing phos-
phate concentration. The calculated total concentration of
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Fig. 8. [Ca®>'] (mM) determined by ICP-OES analysis of the
effluent solutions from AFM dissolution experiments vs. concen-
tration of (NH4),HPO, (mM).

Ca’* ions released during dissolution in (NH4),HPO,4 (pH
~8) and NaH,PO, (pH ~4) solutions was approximately
one order of magnitude higher than in Na,HPO, solutions
for concentrations higher than 5 mM. The disagreement be-
tween the initial pH values measured and calculated using
PHREEQC for solutions with low phosphate concentra-
tions also given in Table 1 was most likely due to the low
conductivity of ions for measurements in very dilute solu-
tions. Table 2 presents the Saturation Indices (SI) of phos-
phate solutions with respect to the possible calcium
phosphate phases upon equilibration with calcite, calcu-
lated using the phreeqc.dat database (Parkhurst and Appe-
lo, 1999) and the solubility data presented by Wang and
Nancollas (2008). In the case of solutions with higher ionic
strength, that is, 0.1 M NaCl and 0.1 M MgCl, as back-
ground electrolytes and solutions with phosphate concen-
tration >50 mM, saturation indexes were calculated using
the wateq4f.dat database (Parkhurst and Appelo, 1999).
Calculated SI values show that it could be thermodynami-
cally possible for more than one calcium phosphate phase
to precipitate if equilibrium were reached with respect to
calcite. The two most likely Ca-phosphate phases are octa-
calcium phosphate (CagH,(POy4)s-5H,O, OCP) and
hydroxyapatite (Cas(PO4)3(OH), HAP), the former being
more favorable because of its higher SI in all the experimen-
tal solutions. However, in our flow-through set up, equilib-
rium would not be reached and Ca®" concentrations and SI
are just used just as a reference for the maximum or thresh-
old value in our experiments.

3.4. Precipitation of Ca-phosphate phases

The dissolution of calcite in the presence of phosphate
solutions at pH ~8 (both (NH4),HPO, and Na,HPO,)
and NaH,PO, (pH ~4.5) and concentrations higher than
5 mM resulted in precipitation of rounded nuclei on the dis-
solving calcite cleavage surface. Further, subsequent



Table 2

Saturation Indices (SI) for calcite and calcium phosphate phases (calculated using PHREEQC) in equilibrium with calcite.

Saturation Indices (SI)  0.0005  0.001  0.005 0.0l 0.1 0.5 1 5 10 50(a) 100(a) 500(a) 1000(a)
(NH4),HPO4 [mM]
Calcite 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00(0.00) 0.00(0.00) 0.00(0.00) 0.00(0.00)
Brushite —4.04 -3.74 -3.03 -2.71 —1.48 2.90 —0.01 0.82 1.13 1.77(1.80) 2.04(2.09) 2.65(2.90) 2.94(3.35)
OCP 15.10 16.90 21.10 2291 29.06 49.49 35.05 38.38 39.67 42.75(42.88) 44.19(44.49) 48.10(49.49) 50.33(52.35)
HAP 14.30 16.08 20.21 21.92 26.84 41.35 30.03 31.65 32.39 34.7(34.82) 36.00(36.28) 40.09(41.36) 42.78(44.36)
Monetite —-3.73 —3.43 —2.72 —2.40 —1.17 3.23 0.30 1.13 1.44 2.08(2.11) 2.35(2.40) 2.98(3.24) 3.29(3.70)
Na,HPO, [mM]
Calcite 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00(—1.18) 0.00(0.05) 0.11(0.00) 0.00(0.00)
Brushite —4.04 —3.74 —3.04 —2.74 —1.74 —1.07 —0.81 —0.30 —0.11 0.32(0.34) 0.51(0.50) 1.07(1.04) 1.28(1.25)
OCP 15.10 16.90 21.07 22.86 28.51 31.78 32.91 35.07 35.86 37.62(36.10) 38.43(38.36) 41.20(41.08) 42.21(42.31)
HAP 14.30 16.09 20.25 22.01 27.30 29.82 30.54 31.79 32.23 33.17(29.99) 33.64(33.51) 35.79(35.74) 36.48(36.88)
Monetite —-3.74 —3.43 -2.74 —2.43 —1.43 —0.76 —0.50 0.01 0.20 0.63(0.67) 0.82(0.82) 1.40(1.36) 1.63(1.60)
NaH,PO, [mM]
Calcite 0.00 0.00 0.00 0.00 0.00 —0.01 0.00 0.01 —0.02 0.00(0.00) 0.00(0.20) 0.00(0.00) 0.00(0.00)
Brushite —4.04 -3.74 -3.03 -2.72 —1.52 —0.38 0.89 0.89 1.15 1.68(1.80) 1.88(1.90) 2.29(2.34) 2.46(3.35)
OCP 15.09 16.90 21.09 22.88 28.83 32.84 36.44 36.44 37.12 38.78(42.88) 39.36(39.52) 40.54(40.93) 40.99(52.35)
HAP 14.29 16.08 20.21 21.93 26.63 27.78 27.37 27.37 27.17 27.29(34.82) 27.27(27.49) 27.11(27.63) 26.99(44.36)
Monetite —-3.73 —3.43 —2.72 —2.41 —1.21 —0.07 0.39 1.20 1.46 1.99(2.11) 2.19(2.21) 2.62(2.66) 2.80(3.70)

(a) Values in brackets calculated using Wateq4f database.

OCP-octacalcium phosphate-log Ky, = 96.6 (Wang and Nancollas, 2008).

HAP-hydroxylapatite-log Ky, = 116.8 (Wang and Nancollas, 2008).
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growth in height and length of these initial nuclei, oriented
parallel to the [421] direction occurred. At these solution
concentrations, growth was observed immediately on the
calcite surface on contact with the phosphate solutions at
concentrations >5 mM (Fig. 9a). The growth particles even-
tually merged and formed a monolayer (approximately
4nm high) (Fig. 9b). At concentrations higher than
50 mM, when dissolution of the calcite substrate was faster,
growth in length was less pronounced but the height of the
particles continued to increase up to 10 nm, while the cal-
cite surface below was simultaneously dissolving (Fig. 9c¢).
Moreover, after approximately 1 h of continuous flow of
a 50 mM (NH,4),HPO, solution, the particles nucleated at
calcite surface steps developed crystallographic faces mostly
orientated along the [010] direction (Fig. 8d).

After exposure of several calcite surfaces to phosphate-
containing solutions, the calcite crystals were removed from
the AFM fluid cell and analyzed using Raman spectroscopy
and XRD. Results of the Raman analysis are presented in
Fig. 10. Analysis of the band assignments showed Raman
active bands for calcite at 284, 715 and 1087 cm™! (Gun-
asekaran et al., 2006). The band located at 284 cm ™! repre-
sents translational lattice mode T(CaCOj) vibrations,
whereas bands at 715 and 1087 cm™' are responsible for
symmetric CO3 deformation and symmetric n4COj stretch-
ing vibrations. Additional bands were observed at 430 and

at 961 cm™!. The band at 961 cm™' corresponds to the
viPO4 mode of P-O vibrations in apatite, but both bands
(430 and 961 cm™') are also characteristic of carbonated
Ca-P phases (Crane et al. 2006; Wang et al., 2012a,b).
The determined FWHM (full width at half maximum) of
15ecm™" of the v;PO, band is relatively high, indicating
the formation of a slightly disordered carbonated apatite
on the surface of the calcite. No additional phosphate
bands characteristic for transient calcium phosphate phases
were observed. X-Ray diffraction analysis of calcite single
crystals from AFM experiments after contact with phos-
phate solutions showed no additional peaks different to
those corresponding to calcite. However, the XRD pattern
of calcite powder after long-term contact (5 weeks) with a
50 mM (NH4),HPO, solution showed the presence of an
additional mineral phase, identified as hydroxyapatite
(See Supplementary material).

4. DISCUSSION

4.1. Effect of phosphate on the morphology of dissolution
features

The results presented here show a significant effect of
phosphate on the morphology of etch pits developed on
calcite surfaces during dissolution. The characteristic

Fig. 9. AFM deflection images showing the growth of a _Ca-phase on the simultaneously dissolving calcite surface: (a) initial particles forming;
(b) two dimensional nucleation on the surface along [221] step and step edges forming - indicated by arrows; (c) monolayer forming on the
dissolving surface; (d) crystals with crystallographic faces forming along the edge [010] of the step. All images 10 x 10 pm.
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Fig. 10. Raman spectra of a calcite surface after exposure to phosphate-containing solutions in the AFM fluid cell. Vibration bands were

assigned for calcite and a Ca-P phase.

rhombohedral shape showed a rounding of +/+ etch pit
corners, changing to pseudo-triangular forms with increas-
ing phosphate concentration and finally to tear shapes and/
or distorted rhombohedra. The fact that similar morpho-
logical effects are observed in both sodium and ammonium
phosphate solutions suggest that these changes are due to
the presence of phosphate. Changes in etch pit morphology
in the presence of phosphate-bearing solutions have previ-
ously been reported (Wang et al., 2012a,b). Other research-
ers have also documented etch pit modifications from
observations made during calcite dissolution in the presence
of different inorganic species. Vavouraki et al. (2010) and
Ruiz-Agudo et al. (2010) observed a change in etch pit
shape from the typical rhombohedral morphology to a
pseudo-hexagonal form during calcite dissolution in solu-
tions containing F~ ions. Pérez-Garrido et al. (2007) ob-
served similar effects during dissolution in the presence of
Cd?" ions. Ruiz-Agudo et al. (2010) reported changes in
etch pit morphology when Li" was present in solution dur-
ing the dissolution of calcite, very similar to those observed
here in the presence of phosphate.

The change from the usual rhombohedral morphology
observed during calcite dissolution and growth in pure solu-
tions is frequently ascribed to the pinning or adsorption of
foreign ions at specific surface sites (for a comprehensive re-
view see Ruiz-Agudo and Putnis, 2012). Phosphate adsorp-
tion on calcite was investigated by De Kanel and Morse
(1978) in comparison with aragonite, showing that
although aragonite adsorbs much more phosphate than cal-
cite in the initial stages of the process, the uptake rate for
calcite decreases more slowly than that for aragonite. This
suggests that calcite could be an important sink for phos-
phate in marine sedimentary environments. Phosphate
adsorption during calcite growth is considered to follow a
step pinning model (Dove and Hochella, 1993). Berner
and Morse (1974) describe in detail that process and state
that if the lateral distance between the two inhibitor ions
(pinned sites) is smaller than the diameter of the critical
hole, then the curvature increases and the holes are likely
to be filled back and no step advancement can be observed.

Otherwise, when the lateral distance between inhibitor ions
is larger than the critical hole, then the advancement of the
step can continue, causing a decrease in the curvature of the
step (see Lasaga and Luttge, 2001, for further clarification).
This process could to some extent explain the curving of +/
+ corners observed for low phosphate concentrations. Nev-
ertheless, it has been recently shown that morphological
changes observed in growth and dissolution features, when
some foreign ions (i.e. different to those building the crystal)
are present in solution, may also be explained in terms of
the changes in the hydration of the mineral surface induced
by the background ions (Kowacz and Putnis, 2008; Ruiz-
Agudo et al., 2010; Kowacz et al., 2010; Wang et al.,
2012a,b). In terms of this model, the evolution in etch pit
morphology observed in this study could be explained as
the result of progressive stabilization of polar faces (those
with a net dipole moment), which are not stable under nor-
mal (i.e. pure solutions) growth and dissolution conditions
(see Fig. 11). The presence of background ions tends to sta-
bilize water molecules in ion hydration shells and at the
crystal surface. Increasing ion hydration reduces both
repulsive interactions between ions of the same charge
and attractive interactions between ions of opposite
charges. Thus, polar faces will be stabilized while non-polar
faces should be less stable in electrolyte solutions. Stabiliza-
tion of (000 1) faces by phosphate ions during calcite disso-
lution is consistent with the development of a new step edge
parallel to [010] since the direction of the new edge corre-
sponds to the intersection of the {0001} form with the
cleaved rhombohedron {1014}, this leading first to the
rounded appearance of the etch pits and subsequently to
the pseudo-triangular form (Fig. 11b and ¢). {0001} faces
consist of alternate layers of Ca*" and COJ~ ions in succes-
sive planes, thus having a net dipole moment. The subse-
quent evolution of the etch pit morphology (i.e. from
triangular to tear-shape and/or distorted rhombohedra)
can also be interpreted in the same terms (Fig. 11d and
e). Such morphologies could develop as a result of the elon-
gation of etch pits along the [421] direction. Again, this
direction is not stable under normal growth conditions
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(a) [441]-

[481]+

[481]-

(b) (c)

Fig. 11. Schematic representation of etch pit shape evolution
showing (a) typical rhombohedral etch pits formed upon contact of
calcite cleavage surfaces with deionized water and changes in etch
pit morphology induced by the presence of phosphate ions: (b)
rounding of +/+ etch pit corners, (c) pseudo-triangular forms, (d)
distorted rhombohedra and (e) tear shapes.

due to its polar character, but becomes increasingly stable
due to the presence of phosphate ions. Changes in the mor-
phology of dissolution features developed on gypsum sur-
faces in the presence of phosphate ions have also been
reported (Pinto et al. 2010). Stabilization of polar steps
(parallel to the [101] direction) by phosphate ions has been
suggested to explain such observations.

4.2. Effect of phosphate on etch pit spreading rate and density

Our experiments show no significant effect of phosphate
on the spreading rate of etch pits in the presence of Na,.
HPO, (pH ~8.0) for all the concentration tested and in
the presence of NaH,PO, solutions up to ca. 0.05 mM
(pH ~5.5). Inhibition of the etch pit spreading rate was ob-
served however, in the presence of (NH4),HPO, in the
range of concentration tested (pH between 5.6 and 8.1).
This leads us to hypothesize that this inhibitory effect ob-
served could be due to the presence of NH,™, and not to
the presence of phosphate, as inhibition was not observed
for the Na-phosphate-salts for the same range of pH. More-
over, the results reported by Dove and Hochella (1993)

regarding the inhibitory effect of phosphate on calcite
growth could have a similar origin, as NH," was also pres-
ent in their growth solutions. Morse (1974) showed, in
agreement with our observations, that phosphate inhibits
calcite dissolution, this effect being also dependent on the
degree of saturation of the solution. Unfortunately, the
phosphate salt used in their experiments is not indicated
in this paper nor in others by the same authors reporting
similar results (e.g. Berner and Morse, 1974). The propaga-
tion rate of etch pits formed upon calcite dissolution is vir-
tually pH-independent for pH values above ca. 5.5-6.0
(Wang et al., 2012a,b). However, it is significantly acceler-
ated with decreasing pH below this value. Thus, the in-
crease in etch pit propagation rate (with respect to
deionized water) observed for NaH,PO, concentrations
higher than 0.1 mM could be simply due to the lower pH
of these solutions (see Table 1). Alkattan et al. (2002) stud-
ied the dissolution of a calcite disc in the presence of sodium
polyphosphate solution in highly acidic conditions
(—1 <pH < 3). Their results showed that phosphate inhib-
its dissolution at these highly acidic conditions, but the abil-
ity of phosphate to inhibit calcite dissolution decreases with
increasing pH for pH > 1.

Additionally, increasing phosphate concentration re-
sulted in a large increase in etch pit density up to a maxi-
mum value of ~1.3 x 1085cm™. This suggests that the
PO, species is involved. Values of etch pit density higher
than defect density have been related to nucleation of pits
on defect-free surfaces under far from equilibrium condi-
tions (which is the case for our solutions) as well as to the
presence of specific ionic species in solution (see Ruiz-Agu-
do and Putnis, 2012 and references therein). Ruiz-Agudo
et al. (2009) have shown the increased etch pit density dur-
ing the dissolution of calcite in the presence of Mg>". An
explanation given there is the ability of Mg>" to disrupt
the hydration environment of the calcite surface and hence
to reduce the energy barrier needed for unassisted etch pit
nucleation. In a similar way it is suggested that PO, also
either alters the hydration environment at the calcite sur-
face or directly adsorbs at the surface. Whatever the mech-
anism, the energy barrier for etch pit formation must be
reduced to result in the high etch pit density.

Overall dissolution rates (inferred here from the calcium
concentration measured in the AFM outflow) and etch pit
propagation rates reflect similar effects of phosphate con-
centration on the kinetics of calcite dissolution for phos-
phate concentrations <100 mM.

However, while overall dissolution rates will be affected
by the precipitation of a secondary phase, etch pit spread-
ing rate measurements will not reflect the influence of this
process. Thus, we believe that direct comparison of these
parameters is not relevant in this case.

The calcium concentration in the outlet solution may be
buffered by the precipitation of the secondary Ca-P phase.
However, at high phosphate concentration, the observed
rise in etch pit density that would significantly enhance
the rate of calcium release to the solution, could explain
the significant increase in the measured calcium concentra-
tion in the effluent solution. The possibility cannot be fully
ruled out that this observation is related to the increase in
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roughness (and thus, in the reactive surface area) upon pro-
gressive dissolution of the calcite crystal. Nevertheless, this
seems highly unlikely as we observed directly that calcite
dissolution occurred mostly as a layer-by-layer process,
where new etch pits were created upon removal of complete
atomic layers, without significant deepening of the etch pits.

4.3. The growth of Ca-phosphate phases on calcite surfaces

In our experiments, nucleation and growth of a Ca-P
phase occurred on flat terraces containing actively dissolv-
ing etch pits on the calcite surface and to a lesser extent
on steps. Precipitation was detected at phosphate concen-
trations >5 mM (pH ~8), although most nucleation and
growth was observed at 50 mM. At these phosphate con-
centrations the dissolution of the calcite substrate released
sufficient Ca®" ions for the nucleation of the new Ca-P
phase, which has been identified by Raman and XRD as
a carbonate-containing hydroxyapatite. Thus the growth
of the new phase was limited by the dissolution of calcite,
coupled with the nucleation of the new phase. In all exper-
iments, the phosphate solution flowing over the calcite sur-
face was initially undersaturated with respect to any
possible precipitating phase. If the initial amount of calcite
dissolved and mixed with the bulk solution, thermodynamic
calculations indicate that the solution would be supersatu-
rated with respect to various Ca-P phases, as shown in Ta-
ble 2. However, as stated above, in our flow-through
experimental set up, equilibrium would not be reached
(due to the continuous flow of solution) and this state is just
a reference for the maximum or threshold supersaturation
that could be reached theoretically in our experiments.

In any case, our observations indicate that, as a result of
some initial dissolution of the calcite, the fluid in contact
with the calcite interface must have been immediately
supersaturated with respect to a Ca-P phase that precipi-
tated. In our experiments, the growth of the Ca-P phase oc-
curred initially by the attachment of nuclei seemingly
randomly over the calcite surface. Some of the nuclei dis-
solved at the beginning of the growth period, to be replaced
by further growth elsewhere. As well, preferential sites for
growth were observed (indicated by arrows on Fig. 9b)
along etch pit edges and at nucleation sites already estab-
lished. With time, the main growth direction developed
along one preferred direction [421].

The observation of a reaction product on a calcite sur-
face exposed to diammonium hydrogenphosphate solutions
has been previously recorded by AFM (Kamiya et al.,
2004). The results of that preliminary study showed that
the amount of reaction products increased with immersion
time and increasing concentration of diammonium hydro-
genphosphate. However our results more precisely deter-
mine the dissolution conditions for the growth of the new
phase. Wang et al. (2012a,b) also used AFM to record
the direct imaging of nano-clusters of Ca-phosphate on a
calcite surface. Several other recent AFM studies have
shown in situ the growth of new phases on a dissolving min-
eral surface. Heteroepitaxial growth of brushite (CaHPO,.
-2H,0) on gypsum (CaSO4-2H,0) cleavage surfaces was
studied using in situ AFM by Pinto et al. (2010), who

observed nucleation and growth of brushite crystals after
contact of gypsum surfaces with phosphate bearing solu-
tions, that were initially undersaturated with respect to
any Ca-P phase. The growth of brushite crystals was mainly
observed in areas of fast dissolution of gypsum, such as
along higher step edges. Urosevic et al. (2012) observed
the growth of a Mg-carbonate phase during simultaneous
dissolution of dolomite (CaMg(CO3),) in acidic solutions.
As well, Ruiz-Agudo et al. (2012) have also recently re-
ported the mechanism of leached layer formation during
chemical weathering of silicate minerals, giving the example
of wollastonite (CaSiOs;) dissolution in in situ AFM exper-
iments. In this case precipitation was also observed simulta-
neously with congruent dissolution. In both dolomite and
wollastonite dissolution experiments the bulk solution was
undersaturated with respect to any possible precipitating
phase. These latter two examples are interesting in also
showing that direct observations combined with composi-
tional analysis of reaction fluids as well as mineral precipi-
tates, give clear evidence that a new phase is formed in a
two step process: (1) stoichiometric dissolution of the min-
eral surface and; (2) subsequent precipitation of a second-
ary phase from a supersaturated fluid boundary layer in
contact with the mineral surface. Such a mechanism differs
from the well accepted model of preferential leaching of cat-
ions aimed at explaining non-stoichiometric release ratios
(i.e., the elemental molar ratios measured in the fluid are
different to those in the solid, especially at the initial stages
of dissolution) observed during dolomite dissolution exper-
iments (e.g. Busenberg and Plummer, 1982). Carbonation
processes probably occur by the same mechanism (Daval
et al., 2009; Hovelmann et al., 2012). Most recently Hell-
mann et al. (2003, 2012) have also suggested that the weath-
ering of silicate minerals proceeds by interfacial dissolution
of the parent mineral and precipitation of amorphous hy-
drated silica, forming a surface layer, which has a sharp
chemical compositional change with the original mineral.

4.4. The influence of high ionic strength on calcite dissolution
in the presence of phosphate solutions

Effects of background electrolytes on crystal dissolution
and growth has been recently studied by Kowacz and Put-
nis (2008) and Ruiz-Agudo et al. (2010, 2011), and they sug-
gested that the ability of background ions to modify solvent
structure and ion hydration could explain the observed spe-
cific effects on dissolution and growth rates.

In our experiments the dissolution of calcite in the pres-
ence of phosphate at high ionic strength (IS), resulted in
higher calcite dissolution rates in comparison to (NHy),.
HPO, without added salts (lower IS). This could be attrib-
uted mostly to changes in solubility. The strong long-range
electric fields emanating from the background ions reduce
the activity of the building units of the crystal due to charge
screening, hence increasing its solubility. Thus, considering
purely thermodynamic effects, mineral dissolution rates at
high ionic strength should increase due to the decreased free
energy of the system. However, despite the similar high ionic
strength of the solutions having MgCl, compared to those
with NaCl, dissolution rates were systematically lower in
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the presence of the former. This suggests some kind of spe-
cific effect of M g2+ on calcite dissolution, which results in de-
creased etch pit spreading rates compared to those measured
in the presence of Na (and high IS). This is in agreement with
the results shown by Ruiz-Agudo et al. (2009), who reported
inhibition of etch pit spreading rates on calcite cleavage sur-
faces by Mg?". This is attributed to element specific surface
reactions possibly resulting from the blocking of etch pit
spreading due to the incorporation of magnesium as
MgCO-° at kink/step sites in +/4 corners, possibly through
surface reaction with >CaOH, " sites. Alternatively Mg?" is
a more highly hydrated ion and therefore induces different
solution hydration effects at the mineral-water interface.

5. CONCLUDING REMARKS AND IMPLICATIONS

Although the inhibitory effect of (NH4),HPO, solutions
on calcite dissolution has been confirmed, Na-phosphate
solutions do not significantly inhibit dissolution. This tends
to indicate that NH," may have a role to play in the inhi-
bition process.

The direct observations of the AFM experiments
described here show that during the interaction of calcite
surfaces with phosphate-bearing solutions at slightly acidic
to slightly alkaline pHs, the dissolution of a calcite sub-
strate is coupled with the precipitation of a Ca-phosphate
phase. The mechanism of interface-coupled dissolution-pre-
cipitation has been suggested as the controlling mechanism
in many Earth processes (Putnis, 2002, 2009; Putnis and
Putnis, 2007). The sequestration of phosphorus from
solutions in contact with calcium carbonate minerals is
therefore another example of this mechanism in practice.
The implications of these observations are that calcium car-
bonate could effectively remove phosphorus from contami-
nated waters.
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