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Abstract: Calcium phosphate minerals are typically the solubility-limiting phase for phosphate in
calcareous soils. Magnesium (Mg), despite being present in high concentrations in calcareous soils,
has been largely neglected in the study of formation and stabilization of soil phosphate minerals
due to the high solubility of pure Mg phosphate phases. In this study, a series of four common
calcium and magnesium phosphate minerals, hydroxyapatite/bobierrite and brushite/newberyite
were synthesized in the presence of widely varying Mg concentrations to examine the effects of Mg
substitution upon the local bonding environment and overall structure of the precipitates.
Phosphorus K-edge X-Ray absorption near edge structure (XANES) and attenuated total reflectance
Fourier transform infrared (ATR-FTIR) provide insight into the local coordination environment,
whereas synchrotron powder X-Ray diffraction (SP-XRD) and transmission electron microscopy
(TEM) were used for structural analysis. In acidic to neutral pH, Mg-bearing brushite phases formed
over a wide range of Ca:Mg ratios. In neutral to high pH systems, a short-range order amorphous
calcium phosphate (ACP) with a local structure analogous with hydroxyapatite precipitated for a
wide range of Ca to Mg ratios. It can be inferred that the presence of Mg in soils leads to stabilization
of metastable phases: via cation substitution in brushite and via poisoning of crystal growth
propagation for hydroxyapatite.
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1. Introduction

Phosphorous (P) is a macronutrient for plant and microbial growth and is integral to all life and
is thus tightly coupled to global food demands. However, overapplication of phosphate to soils can
also lead to environmental consequences such as eutrophication and algal blooms when soil P forms
are mobilized via leaching, erosion, and runoff. There is a need to fully understand the chemical fate
of P minerals in the environment to not only enhance bioavailability for crops but also to minimize
losses to surface waters. To be effective in P nutrient stewardship, scientists require detailed
information about the chemical forms of soil P so that they can link speciation to not only plant uptake
but also environmental fate.

In temperate soil ecosystems, the solubility-limiting solid-phase phosphate mineral is often
predicted to be hydroxyapatite (HAP; Cas(POs)sOH). A number of analogues exist with varying
degrees of crystallinity and solubility: amorphous, calcium deficient, and carbonate substituted [1];
all are strongly favored to form at neutral to basic pH system and a Ca:P ratio greater than 1.67:1. In
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more acidic systems (pH < 7) with less Ca (1-1.5:1 Ca:P), dicalcium phosphate dihydrate, or brushite
(DCPD; CaHPO4+2H:0) is stable. Interestingly, brushite has been observed in fertilized calcareous
soils [2-4] and there is established and mounting evidence, chiefly in the biomedical field, that
brushite is an important HAP precursor for many different geochemical conditions|[5, 6].

Magnesium is a potentially significant cation for complexation and precipitation reactions with
P that has largely been omitted from soil P speciation due to the observation that pure Mg phases are
much more soluble than Ca-P minerals [4, 7]. Nonetheless, magnesium phosphate minerals, such as
newberyite (NBTE; MgHPO43H20) and bobierrite (BOB; Mgs(PO4)2:8H20) have been identified in
systems where there is an abundance of Mg due to amendment applications or parent material [4, 8-
10]. In biomaterial studies, and more recently in soil chemistry, Mg has been shown to strongly
inhibit the formation of crystalline minerals such as hydroxyapatite[4, 11-15], whereas more soluble
phases like brushite are minimally affected by Mg [11, 12]. Specifically, it has been observed in basic
solutions that HAP precipitation is inhibited by 10% or higher Mg substitution for Ca, and
amorphous calcium phosphate (ACP) or whitlockite, the Mg polymorph of 3-tri-calcium phosphate,
forms instead [4, 15-17]. As both of these Mg-bearing products are nanoparticles, it has been difficult
to differentiate these phases from a truly amorphous material with many spectroscopic techniques
or chemical fractionation [3].

It is somewhat surprising that missing components in the fate of soil phosphate persist, given its
importance to the fate of phosphate in terrestrial ecosystems. One explanation for this knowledge gap
is that direct P speciation in soils is analytically challenging. In soil systems, Nuclear Magnetic
Resonance, X-Ray Diffraction, and infrared techniques all have significant issues due to the need for
sample extraction to overcome matrix effects and also due to low concentration of P within soils [18].
Phosphorus K-edge X-ray absorption near edge spectroscopy (XANES) is an established technique [19-
22] for direct solid-state P speciation in soils that has matured as the accessibility of suitable synchrotron
radiation sources and beamlines has increased [23-26]. However, the utility of P XANES spectroscopy
is limited in many cases by the breadth and quality of spectral reference libraries that are used in semi-
quantitative analysis. Spectral libraries are available, notably that of Ingall et al., (2011),[27] but most
studies have utilized highly crystalline minerals and focused towards acidic, weathered systems where
Fe and Al phosphates dominate. A review of XANES features of calcium phosphates has been recently
attempted to determine (a) optimized data reduction approaches and (b) diagnostic peak height ratios
for a range of calcium phosphate minerals [28], but this approach relied upon compilation of data
collected by many researchers rather than a systematic synthesis approach followed by uniform sample
dilutions. Furthermore, such studies are not able to readily determine whether phosphate mineralogy
may shift in mixed Ca:Mg conditions that are more typical of calcareous soils. Accordingly, this study
focused on systematically varying Mg substitution into two common calcium phosphate minerals that
are common in acidic and neutral conditions; i.e., brushite and hydroxyapatite.

The objective of this study was to determine the controls upon Mg substitution into brushite and
HAP, and then produce XANES spectra of mixed Ca-Mg phases to develop a more complete XANES
spectral library for earth science researchers. We hypothesize that inclusion of Mg can result in
changes in the XANES spectra of phosphate minerals that are more representative of soil systems and
as a result may lead to more accurate phosphate speciation and thus not only improved agricultural
fertilizer use efficiencies but also environmental protection.
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2. Materials and Methods

2.1. Mineral Synthesis

A summary of the conditions used to produce pure and Mg-substituted phosphate minerals is
tabulated in Table 1. More details of synthesis for brushite, newberyite, hydroxyapatite, and
bobierrite minerals are detailed below.

Table 1. Elemental composition of synthesized minerals exhibiting proportions of Mg/Ca

substitution.
Final Solid Composition (Ca:Mg)
Acidic Basic
Initial Solution (CaMg)  ° hz:al DCPD * NBTE * HAPS  BOBT
1:0 100 1:0 - 1:0 -
20:1 95 - - 1:0.02 -
10:1 90 - - 1:0.02 -
5:1 80 - - 1:0.06 -
3:1 75 1:0.05 - - --
1:1 50 1:0.35 - - -
1:3 25 - 0.7:1 - 0.59:1
1:8 12.5 - 0.35:1 - 0.21:1
0:1 0 - 0:1 - 0:1

* DCPD = brushite; t NBTE = newberyite; S HAP = hydroxyapatite; TBOB = bobierrite.

2.1.1. Brushite (CaHPO+2H:0) and Related Mixed Species Synthesis

Pure brushite was synthesized by the dropwise mixing of equimolar CaCl: and Na2HPOx [29].
Briefly, 50 mmol CaCl> were slowly dripped into 50 mmol Na:HPOs while stirring at 25 °C with
unregulated pH. A series of Mg-bearing brushite was created using the same method but using
MgCl>6H:0 in the proportions of 100:0, 75:25, 68.75:31.25, 62.50:37.50, 56.25:43.75, 50:50, 25:75, and 0:100
(Ca:Mg molar ratio). Samples were vacuum filtered with 40 pm filter paper, washed with double
deionized (DDI) H20, and dried at 80 °C overnight. The precipitate was referenced in all measurements
by a commercially acquired equivalent (calcium phosphate dibasic dihydrate, Sigma Aldrich (Oakville,
ON, Canada).

2.1.2. Newberyite (MgHPO4-3H20) and Related Mixed Species Synthesis

Newberyite was synthesized by the dropwise mixing of MgCl»6H20 and HsPOs with a slight
modification of the method of Aramendia et al., (1999)[30]. Phosphoric acid was neutralized to pH 7.0
with concentrated NaOH before the reaction to prevent over acidification. Reaction conditions were 25
°C between pH 6.0 and 7.4, and 0.067 M MgCl>-6H:0 and 0.1 M HsPOa. Three additional precipitation
reactions with mixed Ca:Mg solutions were performed. Calcium substitution was performed through
the replacement of MgCl2-6H20 with CaClz in molar ratios of 12.5:87.5, 25:75, and 50:50 (Ca:Mg). As per
the cited source, the precipitate was separated from the supernatant by vacuum filtration with a 40 pm
cellulose filter then washed several times with DDI H20 to remove entrained ions. The sample was then
dried at 80 °C. The precipitate was referenced in all measurements by a commercially acquired
equivalent (Magnesium hydrogen phosphate trihydrate, Alfa Aesar (Haverhill, MA, USA)).

2.1.3 Hydroxyapatite (Cas(POs)3(OH)) and Related Mixed Species Synthesis

Hydroxyapatite was synthesized by the methods of Riman et al., (2007)[31]. Two solutions, one of
16.7 mM Ca(CH3COO)2H20 and the other of 10.0 mM of HsPOs, are rapidly mixed then stirred and
reacted for 1hr with pH adjusted to 9.0 using 1.0 M NaOH. Nitrogen gas was bubbled through the system
during the reaction to minimize carbonate substitution. Magnesium substitution was performed via
replacing a portion of the Ca(CHsCOO)>H-0O with Mg(CHsCOO)2-4H>O in molar proportions of 100:0,
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95:5, 90:10, and 80:20. This amount of substitution was chosen based upon previous studies [32, 33].
Precipitates were vacuum filtered through 40 um cellulose filters, washed with DDI H20, and dried at 110
°C. The precipitate was referenced in all measurements by a commercially acquired equivalent (Calcium
phosphate tribasic, Alfa Aesar).

2.1.4 Bobierrite (Mg3s(PO4)2-8H20) and Related Mixed Species Synthesis

Synthesis of bobierrite minerals was based on European Patent method 0 113 153 (Sherif, 1987).
The formation of bobierrite occurs in two stages: a rapid room temperature mixing of 5.00 mmol of
concentrated HsPOs with 2.50 mmol of Mg(OH): to form a 100 mL “newberyite like” suspension
followd by stepwise addition of this acidic newberyite solution into a 5 mM MgOHo: slurry. The second
reaction occurs at 50 °C over 5 h. As our study sought to form bobierrite with increasing amounts of Ca
substitution, we used calcium hydroxide (Ca(OH)2) to replace Mg(OH): as a reagent in the second
reaction step in proportions of 0:100, 12.5:87.5, 25:75, and 50:50 (Ca:Mg molar ratio), with the hope this
would result in increasing cation substitution. Precipitates were vacuum filtered, washed with DDI
H:0, and oven dried at 80 °C overnight. The precipitate was referenced in all measurements by a
commercially acquired equivalent (Magnesium phosphate tribasic octahydrate —Sigma Aldrich).

2.2. Synchrotron Powder X-Ray Diffraction

Synchrotron Powder X-ray Diffraction (SP-XRD) patterns of the Ca and Mg minerals were
collected at the Canadian Light Source (CLS) on the Canadian Macromolecular Crystallography
Facility 2 beamline CMCF-BM (08B1-1). The incident energy was 18 keV with a wavelength of 0.6888
angstroms and the detector distance set at 250 mm. The precipitates were finely ground and packed
into polyamine tubing of 0.215 mm diameter. Collected patterns were calibrated to LaBs diffraction
patterns, corrected via subtraction of a polyamine tubing blank, and integrated from diffraction rings
to peak patterns using GSAS II [34]. HIGHSCORE (PANalytical, Almelo, Netherlands) and GSAS I
were used in phase identification of the patterns [35, 36].

2.3. Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy

All powdered samples were analyzed with ATR-FTIR spectroscopy using a Bruker Equinox 55
FTIR spectrometer with a single bounce accessory equipped with diamond-coated ZnSe optics and a
liquid nitrogen cooled Mercury-Cadmium-Tellurium (MCT) detector. Desiccated samples were
ground with a mortar and pestle before analysis to ensure a firm pressing on the diamond surface
and measured in the mid-infrared region between 4000 and 400 cm™! with 4 cm™ resolution.

2.4. Elemental Analysis

Samples were dissolved in a solution of 37% HCI and 65% HNQOs then microwave digested via
EPA method 3051. Magnesium and Ca measured with an Agilent Microwave Plasma Atomic
Emission Spectrograph 4100 (MP-AES) (Agilent Technologies, Mississauga, ON, Canada).

2.5. Transmission Electron Microscopy (TEM)

The pure and cation substituted phases were suspended in H2O and deposited on a copper mesh
grid with a pipette. Samples were imaged with a Philips CM10 (1990, Philips Electron Optics,
Eindhoven, The Netherlands) TEM with an accelerating voltage of 80 kV which has a resolution of 0.5 nm
at a point and 0.34 nm on the line with a magnification of 20,000-450,000. Images were processed with
Adobe Photoshop.

2.6. Phosphorus K-edge XANES Spectroscopy

AlIP K-edge XANES spectra were collected in partial fluorescence (PFY) mode at the Canadian Light
Source (CLS) at beamline 06B1-1, the Soft X-Ray Micro-characterization Beamline (SXRMB). The storage
ring of the facility operates at an energy of 2.96 GeV and a stored current between 225-150 mA. Spectra
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were collected using an InSb (111) monochromator (A E/E = 3.3 x 10*) and a four-element Si-drift
fluorescence detector (Bruker). Samples were diluted to 1% wt. P with BN to minimize self-absorption
effects associated with PFY. Powders were ground with an agate mortar and pestle to minimize particle
size effects on XANES intensities, thinly spread on double-sided carbon tape, and mounted on a copper
plate. A minimum of two spectra were collected for each mineral sample, which were then averaged. A
check of beamline resolution and stability was performed after every storage ring injection by measuring
a BN diluted ZnPOs standard. Samples were scanned from 2120 to 2220 eV, with a step size of 0.5 eV from
2140-2190 eV and a larger step pre and post edge.

3. Results

Brushite/Newberyite mineral series: Synchrotron-based XAS and XRD (Figure 1) and
laboratory-based FTIR and TEM (Figure 2) were used to examine different aspects of structural
changes due to cationic substitution into the structure of the MeHPOs. H20 mineral series. Brushite
with increasing Mg substitution was synthesized with starting pH of 5.4, whereas newberyite
synthesis with increasing Ca substitution occurred at pH 6.0-7.0. (Results from the newberyite series
is found in Supplemental Information). In both cases, identifiable differences in the minerals formed
as a function of initial solution Ca:Mg composition occurred in low (0%—25% denoted by orange
spectra in Figures 1 and 2), medium (25%-75% denoted by green spectra in Figures 1 and 2), and high
levels (87.5%—-100% denoted by blue spectra in Figures 1 and 2) of substituent cation present.

0% Calcium (Newberyite)
—— 12.5% Calcium (Newberyite)
—— 25% Calcium (Mg sub Brushite) ]
—— 50% Calcium (Mg sub Brushite)
—— 75% Calcium (Brushite) :
—— 100% Calcium (Brushite)

T T T T T T T
5 10 15 20 25 30 35
2 theta (Degrees)

Intensity (a.u.)

Intensity (a.u.)

T T T
15 20 25 30 35
2 theta (Degrees)

Normalized Absorption (a.u.)

2.

Intensity (a.u.)

T T T T I 1
2140 2150 2160 2170 2180 2190 T T T T T

Energy (eV) 5 10 15 20 25 30 35
2 theta (Degrees)

Figure 1. XANES and XRD patterns of acidic/neutral mineral series. Blue spectra/patterns indicate
magnesium phosphates, green spectra indicate minerals formed in mixed cation solutions with
unique characteristics, and orange spectra are crystalline calcium phosphates. Percentages refer to
initial solution composition during synthesis.
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Figure 2. ATR-FTIR (top) and TEM images (bottom) of the brushite/newberyite series: (A,D) pure
brushite, (B,E) Mg-brushite formed from 1:1 (Ca:Mg) solution ratio, (C,F) pure newberyite. Larger
versions of ATR-FTIR spectra are available in the Supplementary information.

Brushite/Newberyite, low Mg?: In this study, low levels of Mg in solution, <25%, have little effect
on the structure of the brushite formed. There is a slight discrepancy in XRD patterns as the relative
peak intensities of lower d-spacings are skewed relative to published parameters and Miller indices,
but all diffractograms are consistent with a pure brushite phase [37]. The local structure of these
minerals, based on P K-edge XANES spectra, are also unaffected by Mg incorporation (Figure 1, left-
orange). Diagnostic spectral features such as the white line intensity and energy position, post edge
shoulder, and oxygen oscillations at 2162 and 2170 eV are consistent with unsubstituted brushite.
Corroborating evidence is presented in the ATR-FTIR spectra (Figure 2A). Infrared spectra of pure and
25% Mg-bearing brushite are consistent with standard spectra from commercially acquired minerals,
primarily based on the diagnostic close triplet of peaks around 1000 cm™. These features are located at
(viPO) 983, (vsPO) 1043, and (vsPO) 1115 cm™ associated with PO vibrations (Figure 2A). A shift of 5-
10 ecm™ to higher wavenumber occurs in the vs PO vibration with the addition of 25% Mg in solution,
(viPO 983 cm, vsPO 1054 cm™, and vsPO 1120 cm™). This shift indicates there is a change in the local
environment, but there is no lack of definition or peak broadening to indicate that there are multiple
bonding environments or significant strain (Figure A4 in Supplemental Materials). Morphologically
(Figure 2D), brushite formed in exclusively Ca solution is aggregated in rod crystals where the length
is much greater than the width, on the order of 1000 nm in length and 100 nm in width. A noticeable
change is identifiable with Mg inclusion in the formation solution. The crystallites of brushite
containing low levels of Mg in solution are smaller, spherical or ovoid in shape, and appear to be much
less uniform. These minerals are all heavily aggregated, either from sample preparation or solution
conditions, which makes identification of specific particle dimensions difficult but are approximately
200 x 150 nm.

Brushite/Newberyite, medium Mg?": In solutions that are roughly equimolar in respect to Ca and
Mg, and range in pH from 5.4 to 7.0, a precipitate was produced that is consistent with brushite that has
a strained local structure. The overall crystal lattice is largely the same, but the local bonding environment
is altered, chiefly observed via P K-edge XANES spectra that are much more altered from pure brushite
than is the XRD pattern (Figure 1, green). The crystal lattice of these minerals are not different from a pure
brushite phase. The chief difference is a raised background through 4° to 25° that is consistent with
increased amorphous content and/or disorder in the structure of the mineral [38]. This is plausible, since
Mg substitution into the brushite crystal lattice will result in strain due to the smaller atomic radius of Mg
[11]. The ATR-FTIR and P K-edge XANES spectra are more sensitive to the local structure and show a
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more dramatic change in spectral features. The most apparent change in the XANES spectra is the loss of
definition of the post edge shoulder, which decreases from a 1 eV “ledge” to smaller feature (Figure 1);
the intensity of the oscillation at 2162 eV is also decreased. As these spectral features are diagnostic of
calcium phosphates and have a positive correlation with the crystallinity of these minerals [20], it can be
inferred that these phases are less crystalline than pure Ca-only phase but that are still essentially a mineral
with the same structure. Similarly, the ATR-FTIR spectra are heavily modified in equimolar cation
solutions. In systems with moderate concentrations of Mg relative to Ca (Figure 2B), the spectra have very
broadened features: the triplet of PO around 1050 cm™ is not present. Instead, there is one broad peak
centered at 1049 cm™, a 1647 cm™ vibration due to H-O-H bending that is present but broadened, and a
VOH- stretch at 3300 cm™. This peak broadening and loss of features are also consistent with the strain
that Mg causes on the crystal structure, resulting in a range of slightly different bond distances and
symmetries all with slightly different IR stretches that appear as a broad peak. Transmission Electron
Microscopy images are not largely different than those of 25% substituted brushite and show precipitates
with smaller dimensions, spherical or ovoid in shape, less uniform and heavily aggregated in Figure 2E.
The particle size is smaller with moderate Mg substitution, on the order of 120 x 80 nm, rather than 200
150 nm in low Mg substitution.

Brushite/Newberyite, high Mg?": At high Mg concentrations (above 1:8), the solution exclusively
orms newberyite, a neutral/acidic magnesium phosphate phase. These phases have little to no Ca
inclusion, with XRD consistent with newberyite patterns (Figure 1). This pattern may appear to be a
mixture, but newberyite is of the low symmetry triclinic space group which produces many diffraction
peaks. Phosphorus K-edges XANES spectra of these minerals are not rich with spectral features but are
distinct from calcium phosphate phases. The white line intensities of magnesium phosphate phases are
shifted slightly (~0.5 eV) to higher energy and have no post edge shoulder or oscillation at 2162 eV.
There is a very slight peak at 2155 eV that is more pronounced in some newberyite standard compounds
than in the mixed phases produced in this study. The local bonding environment is also (>1:8 Ca:Mg)
consistent with newberyite when measured using ATR-FTIR (Figure 2C). The PO stretches are present
in a prominent peak located at 1016 cm™, and lesser peaks located at 1156 cm™ and 883 cm™. There is
also a relatively strong absorbance band at 3250 cm™. The crystallites formed in solutions with 0% Ca
have a wide size distribution, but a rough average particle dimensions are 500 x 400 nm based upon
TEM (Figure 2F). The particles of newberyite containing 12.5% Mg in solution are aggregated, roughly
ovoid particles with a rough dimension of 150 x 130 nm.

3.1. Hydroxyapatite and Bobierrite Mineral Series

Hydroxyapatite/Bobierrite, low Mg?: Solutions containing a very high proportion of Ca to Mg,
20:1, produce a precipitate structurally similar to pure hydroxyapatite mineral. There is a decrease in
Ca in the mineral (Table 1) but no corresponding increase in Mg inclusion. The Ca:Mg ratio associated
with this mineral is less than 0.02, which may be entirely due to surface adsorption rather than
incorporation. Based on this information, it can speculated that the mineral is a calcium-deficient
hydroxyapatite (CDHA) [1], with local bonding environment that is not drastically different from
pure hydroxyapatite. Phosphorus K-edge XANES and ATR-FTIR spectra exhibit the diagnostic
features that are associated with HAP with several differing spectral characteristics (Figures 3 and
4A). The 20:1 mineral features the “wide” post-edge shoulder located at 2155 eV in the P K-edge
XANES spectra associated with crystalline Ca-P phases. In the ATR-FTIR spectra, a v3PO peak is
located at 1027 cm™ with slight peaks/shoulders for (v3PO) at 1087 cm™ and (v1PO) 962 cm™. It is
worth noting that, in contrast with CDHA, there does not appear to be the inclusion of water in the
crystal structure that is associated with amorphous calcium phosphate (ACP). Water inclusion is
exhibited by defined peaks, such as those found in brushite (Figure 3A) or bobierrite (Figure 4C) in
the 3200-3400 cm™ region. The broad, relatively low intensity absorbance band at 3300 cm™ found in
the 20:1 mineral corresponds to H20O, but not inclusion in the structure. Full dehydration requires
high temperature, which increases crystallinity and forms the p-tricalcium phosphate analog
whitlockite if Mg is present [15, 39]. On the “macro” scale, the mineral (Figure A5 in Supplemental
Materials) is considerably different than a pure phase HAP. When analyzed with TEM, the mineral
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was difficult to de-aggregate but is clearly not composed of the thin, platy sheets approximately 200

x 50 nm that were found in pure HAP.
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Figure 3. Hydroxyapatite/amorphous calcium phosphate/bobierrite P K-edge XANES and XRD, Blue
spectra/patterns indicate magnesium phosphates, green spectra indicate minerals formed in mixed
cation solutions with unique characteristics (i.e., ACP), and orange spectra are crystalline calcium
phosphates. Percentages refer to initial solution conditions during synthesis.
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Figure 4. ATR-FTIR (top) and TEM images (bottom) of the apatite/bobbierite series: (A,D) pure
hydroxyapatite, (B,E) hydroxyapatite/amorphous calcium phosphate formed from 5:1 (Ca:Mg) initial
solution conditions, (C,F) pure bobierrite. Larger versions of ATR-FTIR spectra are available in the

Supplementary information.

Hydroxyapatite/ bobierrite, 5%—75% Mg?": Precipitates formed in solutions comprising of 10 to 50%
Mg are similar to HAP in regard to local bonding environment but are structurally distinct. (Table 1) The
Ca:P ratio of these minerals falls within the range of what is considered ACP: 1.41 in the 5:1 mineral to
There is no corresponding increase in Mg content that would indicate significant
cationic substitution; the 5:1 ratio synthesized mineral is only 6.0% Mg in the solid-state. The XRD patterns
of these phases are amorphous, with no defined peaks and only two broad, low-intensity features located
at 14 and 22° 20 (Figure 3). The P K-edge XANES of these “amorphous” substituted phases are consistent
with slightly altered hydroxyapatite spectra, where the post edge shoulder and 2162 eV oscillations are
less defined. Similarly, the ATR-FTIR spectra are altered, with the intensity of the peak at 1027 cm™! (vsPO

1.34 in 1:1 mineral [1].
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with carbonate) being decreased, the band at 962 cm™ (viPO) becoming more prominent, and the shoulder
of 1087 cm™ (vsPO) absent. The relative intensity of the v OH- stretch at 3300 cm is of greater magnitude,
though this is possibly due to a decrease in the intensity of the main POsabsorbance. However, particles
of these precipitates are strikingly different when examined via TEM (Figure 4D-F). The 5:1 mineral is
composed of chains of spherical/ovoid individuals with a binary size distribution. The larger crystallites
within this binary distribution are approximately 125 nm in width and while the smaller particles are 30
nm in dimensions.

Hydroxyapatite/bobierrite, 75%-100% Mg?: Magnesium-rich alkaline conditions will form a
mineral precipitate that is consistent with bobierrite from XRD (Figure 3). The local bonding
environment of bobierrite is not affected by the mixed cation solution. Phosphorus K-edge XANES
spectra feature the diagnostic features of bobierrite: white line energy and a twin set of oxygen
oscillations shifted to higher energy (by ~1eV) relative to the XANES spectra of calcium phosphate
minerals. The ATR-FTIR spectrum of concentrated Mg systems is unchanged from the pure bobierrite
phase and distinct from systems which are predominantly Ca due to more prominent vsPO
vibrations, located at 1010, 1041, and 1066 cm™. There is also a large spectral contribution in the 3500
to 3100 cm™ region that are associated with the vOH- stretches of water, which is expected since the
structure of this mineral contains eight different crystallographic positions for water molecules.
Synthesized 0% Ca-bobierrite is composed of particles of varying size and morphology. These
particles are generally composed of straight lines and angles as opposed to being curved or ovoid in
nature with a wide range of crystals from 275 x 175 nm to 630 x 430 nm. These particles are not
observed in mixed cation solutions of 1:4 and 1:8; instead aggregated spherical or ovoid crystals that
are under 200 nm in diameter and as small as 60 nm are found.

4. Discussion

For brushite/newberite, there is a threshold Ca:Mg ratio of approximately 3:1; if Mg is less than
this value, brushite forms without its crystal structure being substantially altered. Magnesium does
have some impact on mineral formation in this substitution range, as the crystallite macrostructure of
low Mg brushite differs from pure Ca brushite in TEM (Figure 2E). Low Mg substitution does not
induce localized structural changes: X-ray absorption near edge spectroscopy, ATR-FTIR, and XRD
spectra and patterns are all in agreeance with a structure that is unchanged from a pure Ca brushite
mineral. The only obvious change upon low Mg incorporation is a decrease in particle size and
morphology, which might have an effect upon solubility. Solutions composed of 25:75 to 75:25 (Ca:Mg)
produced a modified brushite mineral. The local bonding environment is strongly influenced by the
mixed cation solution as the ATR-FTIR spectra and P K-edge XANES of these precipitates is
recognizable as a low crystallinity calcium phosphate but are not readily apparent as brushite.
Magnesium phosphates do not form in mixed solutions unless the concentration is overwhelmingly in
favour of Mg (1:8), affirming their lack of study in nature, but not to say they cannot form in localized
region with high Mg. As found with the other minerals in this series, the macro-structure via TEM was
changed in the mixed solution. The crystal structure and the local bonding environment are newberyite.
The observation that Mg-bearing brushite (e.g., at Ca:Mg of 1:1) has a P K-edge XANES spectra that is
distinct from pure Ca brushite, and that this identifiable substituted phase occurs at Ca:Mg ratios less
than those commonly found in nature, including soils, may also be important to the metastability of
brushite in soils. The diffraction pattern of Mg-bearing brushite is consistent with that of pure brushite
indicating the overall crystal structure is unaffected. However, there are extreme morphological
changes presented by TEM images as well as broadening of FTIR bands consistent with many slightly
different local bonding environments deriving from strains caused by Mg incorporation and/or
substitution. This is in agreement with P K-edge XANES spectra that are similar to the pure brushite
mineral but with a lower crystallinity/ordered local environment.

For hydroxyapatite/bobierrite, the addition of Mg?* generally results in a short-range order (SRO)
intermediate phase rather than substantial cation substitution. Overall, SRO hydroxyapatite has ATR-
FTIR and P K-edge XANES that are extremely similar to hydroxyapatite, but in SP-XRD and TEM the
mineral(s) appear as amorphous and are very small particles. Effectively, this Mg ‘influenced” calcium
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phosphate is an amorphous calcium phosphate where SRO is consistent with hydroxyapatite. It is
possible that much of the hydroxyapatite that has been identified within soils with P K-edge XANES is,
instead, this short-range order phase rather than pure HAP. It was found that bobierrite is able to form
in solutions with a large amount of Mg without affecting the local bonding environment.

Despite direct observation of brushite and ACP in many calcareous soils using XAS,
thermodynamic modeling predicts that hydroxyapatite should be the solubility limiting mineral phase
[40]. Consider the following: (1) Ca:P ratio is often much greater than the 1.67:1 ratio that favours the
formation of apatite, and (2) soil pH is often greater than 7, where minerals such as brushite are unstable
due to HPO4?- dissociation in solution. It is possible that hydroxyapatite is kinetically inhibited, but
given the long timeframe of soil formation this seems less than convincing. The findings of this paper
lead to alternative explanations for the persistence of poorly crystalline phosphates in the environment
that have not been previously considered: (1) Mg inhibition of hydroxyapatite crystallization and
propagation, and (2) incorporation of Mg into the brushite crystal lattice.

5. Conclusions

This study produced a library of P K-edge XANES spectra of mixed calcium-magnesium
minerals that have not been previously studied or collected. A comprehensive set of spectra from the
minerals described in this paper, with two additional synthesis series, monetite (CaHPOs) and
struvite (NHsMgPOas*6H20) can be found in the supplementary information (Supplement B). From
a mineralogical standpoint, the presence of Mg in solution has effects on the crystallography and
speciation of calcium phosphate minerals. Pure Mg phases only occurred where there was an
overwhelming proportion of Mg (21:8 Ca:Mg). Phases produced in mixed cationic solutions were
observed to be less crystalline and smaller throughout the study, which can be inferred to increase
overall mineral solubility. For future spectroscopic studies in acidic or neutral pH systems containing
Mg, it is recommended that a Mg-bearing brushite is considered in P XANES fitting rather than a
pure CaHPOus phase. This phase is likely to be more representative of what is present in soils and an
under-fitting of brushite will occur if the Mg-bearing phase is not included. This phase should also
be looked for in future studies using microbeam XANES to study local speciation in soils. In basic
solutions, Mg quite effectively limits the rapid precipitation of hydroxyapatite, which may be a strong
factor in the limited occurrence of HAP in calcareous soils despite being far less soluble than other
calcium phosphates. Any inclusion of Mg adversely affects the crystallization of hydroxyapatite but
does not alter its spectroscopic signature in XANES or ATR-FTIR. If Mg substitution plays a role in
stabilizing brushite and inhibiting HAP formation, this may provide important insight into why
crystalline hydroxyapatite is observed in more weathered agricultural soils. In such systems,
phosphate and lime (calcium carbonate) are typically applied repeatedly as fertility treatments, but
Mg is depleted due to both plant uptake and leaching. Alternatively, it is possible that where HAP
has been identified with P XANES in natural systems that a substantial proportion is, in fact ACP.
Future research directions in this field should concern the long term evolution, stability and solubility
constants of the minerals formed in Ca:Mg mixed cation solutions.

Supporting Information: Supplemental Information A contains 5 figures detailing ATR-FTIR, XANES, and XRD
information for mineral samples not included in this manuscript. Supplemental Information B is a spreadsheet
of all of the normalized XANES spectra of phosphate minerals produced as part of this research project.
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