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ABSTRACT:The geochemical behaviors of phosphate-contain-
ing species at mineral� water interfaces are of fundamental
importance for controlling phosphorus mobility, fate, and
bioavailability. This study investigates the sorption and
hydrolysis of polyphosphate (a group of important long-chained
phosphate molecules) on aluminum oxides in the presence of
divalent metal cations (Ca2+, Cu2+, Mg2+, Mn2+, and Zn2+) at pH
6� 8. � -Al2O3 with three particle sizes (5, 35, and 70 nm) was
used as an analogue of natural aluminum oxides to investigate the
particle size e� ect. All metal cations enhanced polyphosphate
hydrolysis at di� erent levels, with Ca2+ showing the most
signi� cant enhancement, and the di� erence in the enhancement might be due to the intrinsic a� nity of metal cations to
polyphosphate. In the presence of Ca2+, the hydrolysis rate decreased with increasing mineral particle size. Solid-state31P
nuclear magnetic resonance spectroscopy (NMR) revealed the main surface P species to be amorphous calcium phosphate
precipitates, phosphate groups in polyphosphate that formed direct bonds with the mineral surface as inner-sphere complexes,
and phosphate groups in polyphosphate that were not directly bonded to the mineral surfaces. Our results reveal the critical
roles of mineral� water interface processes and divalent metal cations on controlling polyphosphate speciation and
transformation and phosphorus cycling.

1. INTRODUCTION
Phosphorus (P) is as an essential nutrient for all living
organisms and commonly exists as diverse phosphate-
containing molecules in natural environments.1 Polyphosphate
is a group of important phosphate-containing species,
composed of at least three phosphate ions joint by
phosphoanhydride (P� O� P) bonds. Polyphosphates are
synthesized by all living organisms and serve many important
biological functions, such as ATP substitute, energy source,
regulator for P stress and survival, and life evolution.2,3

Polyphosphates can be extracellular or intracellular. During
common cell events, such as extracellular release, lysis, death,
and burial of microorganisms, polyphosphates are released into
various natural environments.4 For example, polyphosphates
are found to represent 1� 13% of total P in planktonic
organisms,2,5 the dissolved and particulate pools of seawater,6,7

and marine sediments,8 as well as 0.4� 7% of total P in soils.9

Polyphosphates are also important industrial chemicals,
frequently used as reagents for water treatment, medicine,
fertilizers,� ame retardants, and food additives.10 The wide-
spread anthropogenic application of polyphosphates can
ultimately result in their release into soils, water bodies, and
sediments. Thus, understanding polyphosphate transport and
transformation in natural environments has important
implications for both geological and anthropogenic P cycles.

In soils and sediments, phosphate groups can strongly
adsorb onto metal (hydr)oxides, and the sorption behavior
depends on phosphate concentration, mineral type, pH, ionic
strength, and the presence of competing or complexing
ions.11� 13 Since the sorption of phosphate groups at
mineral� water interfaces can signi� cantly impact P distribu-
tion, mobility, transformation, and bioavailability, detailed
understanding on the interaction between phosphate group-
containing molecules and common minerals is needed to
evaluate the interfacial behavior and bioavailability of P in
aquatic and terrestrial environments.14 Yet, very few studies
have examined the chemical behaviors of polyphosphate at the
mineral� water interface. Tripolyphosphate was reported to
adsorb on aluminum (Al) hydroxide by forming monodentate
binuclear inner-sphere complexes.15 Tripolyphosphate was also
found to hydrolyze on the surface of manganese oxides, which
was enhanced in the presence of Ca2+ and Mg2+ ions.16 Thus, it
is likely that both adsorption and hydrolysis of polyphosphate
on mineral surfaces can signi� cantly a� ect its fate and transport
at the mineral� water interface.
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Al (oxyhydr)oxides, such as amorphous Al hydroxides,
boehmite, and gibbsite, are among the most abundant and
reactive minerals found in natural environments, and are
commonly considered as a critical metal oxide group (along
with Fe and Mn oxides) that can signi� cantly a� ect the
environmental behaviors of numerous trace elements and
contaminants.17� 19 It is commonly accepted that mineral
surface properties can signi� cantly a� ect their reactivity during
interfacial biogeochemical reactions. Thus, during the inter-
action of phosphate-containing molecules (such as polyphos-
phate) with minerals (via processes such as sorption and
hydrolysis), mineral surface properties such as surface reactive
sites, surface area, and particle size are likely to play key roles in
determining the surface speciation and hydrolysis rate and
extent.

In this study, we systematically characterized the uptake and
hydrolysis kinetics and mechanisms of polyphosphate on Al
oxide minerals under varied solution chemistry, such as pH
and metal cation presence.� -Al2O3 is an analogue to naturally
occurring aluminum (oxy)hydroxides and Al-rich clay
minerals, and is a well characterized phase that has been
used to represent natural Al oxide minerals for numerous
studies on the sorption of nutrients and metals (e.g., P, Zn, and
other metals).17� 21 It is commercially available in di� erent
particle sizes,17 allowing examination of the particle size e� ect.
Compared to environmental Al oxide minerals (e.g.,
corundum, boehmite, gibbsite, and bayerite),� -Al2O3 has
higher surface area and reactivity for P adsorption.17,19,21

Additionally, since� -Al2O3 is not a paramagnetic mineral
substrate (as compared to Fe/Mn minerals), solid-state31P
nuclear magnetic resonance (NMR) spectroscopy has been
successfully applied to systematically characterize surface P
species and reaction mechanisms during their interaction with
aluminum (oxy)hydroxides.17,21 Batch experiments were
conducted to determine the hydrolysis rate and extent of
polyphosphate by� -Al2O3 with three di� erent sizes (5, 35, and
70 nm), at varied pH (6 and 8), and in the presence of
common divalent metal cations (Ca2+, Mg2+, Cu2+, Zn2+,
Mn2+). Solution and solid-state31P NMR spectroscopy
analyses were conducted to reveal the hydrolysis mechanism
and reaction products in both solid and solution phases. P K-
edge X-ray absorption near edge structure (XANES) spectros-
copy was used to identify the phase composition of the solid
reaction products. Results from this study provide new insights
for the abiotic transformation of polyphosphate and the
formation mechanisms of calcium phosphate minerals at
environmental interfaces. The results also lay the foundation
for better understanding the geochemical processes controlling
phosphorus transport and transformation in natural environ-
ments.

2. EXPERIMENTAL PROCEDURES
2.1. Materials and Characterization. Polyphosphate

sodium salt with an average chain length of 10 (hereafter
referred to as P10) was purchased from Sigma-Aldrich. Three� -
Al2O3 samples with di� erent average particle sizes were used,
including a 5 nm sample (Sky Spring Nanomaterials Inc.,
catalog no. 1328QI), 35 nm sample (Sigma� Aldrich, catalog
no. 544833), and 70 nm sample (Alfa Aesar, catalog no.
43266). Details on sodium polyphosphate salt and� -Al2O3
samples are available in the Supporting InformationText S1
and Text S2.

2.2. Hydrolysis of Polyphosphate by Aluminum
Oxides. Two sets of experiments were designed to explore
the e� ects of� -Al2O3 particle size, pH, and metal cations on
polyphosphate hydrolysis at room temperature, as detailed
below and summarized inTable S1.

Experiment Set I examined the e� ects of� -Al2O3 particle
size (5, 35, 70 nm), pH (6.0 vs 8.0), and presence/absence of
Ca2+. This set of experiments used polyphosphate concen-
tration of 2 mM (as total P), with/without 1 mM Ca2+, and 0.4
g L� 1 � -Al2O3. Prior to the adsorption and hydrolysis
experiments, 0.04 g of� -Al2O3 (5, 35, 70 nm) and 0.58 g of
NaCl (to achieve� nal background electrolyte strength of 0.1
M) were mixed in 95 mL of deionized water in a glass bottle
and equilibrated overnight under magnetic stirring at 7 Hz. For
experiments exploring the e� ects of Ca2+ on polyphosphate
adsorption and hydrolysis, 2 mL of a stock solution of CaCl2
(50 mM) was� rst added to 93 mL of deionized water before
the addition of� -Al2O3 and NaCl solids, in order to achieve a
� nal Ca2+ concentration of 1 mM. pH of the suspension was
manually adjusted to 6± 0.05 or 8.0± 0.05 using 0.05 M HCl
and NaOH. After overnight equilibration, 5 mL of poly-
phosphate stock solution (with� 40 mM in total P
concentration) was added into the suspension, in order to
achieve a� nal polyphosphate concentration of 2 mM (as total
P). The suspension pH was immediately readjusted. After this
initiation of reaction, the pH of the reaction suspension was
adjusted several times within the� rst 2 h, then at 3, 5, 7, 10,
24, 48, 72, 96, 168, and 216 h. At speci� c time points, aliquots
(2 mL) of the suspension was� ltered (0.22-� m Millipore
membrane) and the supernatant analyzed for the concen-
trations of orthophosphate and total P. For total P analysis, all
P in the supernatant was hydrolyzed to inorganic orthophos-
phate via potassium persulfate autoclave digestion,22 and
orthophosphate concentration was determined using the
phosphomolybdate colorimetric assay23 on an UV� vis
spectrometer (Carey 60, Agilent).

Experiment Set II was designed to compare the e� ects of
di� erent divalent metal cations (Ca2+, Mg2+, Cu2+, Zn2+, and
Mn2+) on polyphosphate hydrolysis. This set of experiments
used decreased concentrations of polyphosphate (1 mM as
total P), metal cations (0.5 mM), and 5 nm� -Al2O3 (0.1 g
L� 1), and the purpose was to minimize direct precipitation of
metal-polyphosphate solids, which may a� ect the mineral-
catalyzed hydrolysis process. Speci� cally, a calculated amount
(1 mL) of metal chloride stock solution (50 mM) was added
into 96.5 mL of deionized water to reach the desired� nal
metal concentration of 0.5 mM, then 0.01 g of 5 nm� -Al2O3
was mixed with the solution to prepare the dispersed
suspensions. After overnight equilibration, 2.5 mL of
polyphosphate stock solution was added into the prepared
suspension. The concentration of metal cations in the� ltered
supernatant was measured using inductively coupled plasma-
mass spectroscopy (ICP-MS). All experiments were performed
in duplicate. In order to collect good solution and solid NMR
spectra with acceptable signal-to-noise ratio, polyphosphate
concentrations were set up to 2 mM in total P concentration.
This concentration is also similar to the one used in our recent
study on enzymatic hydrolysis of polyphosphate,24 which
allows comparison between enzymatic and mineral-catalyzed
polyphosphate hydrolysis. A relatively high metal concen-
tration was used to demonstrate their promotion e� ects on
polyphosphate hydrolysis at the� -Al2O3 surface.
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2.3. Spectroscopy Analyses. At the end of 216 h (9 d)
reaction, the reaction suspensions were centrifuged to separate
the solid and supernatant. The supernatant samples were
directly used for solution31P NMR analysis. The wet pastes
were freeze-dried for solid state31P NMR spectroscopy
analyses, including single pulse magic angle spinning (SP/
MAS),31P{1H} cross-polarization MAS (CP/MAS), 2-dimen-
sional (2D)31P{1H} heteronuclear correlation (HetCor), and
27Al SP/MAS NMR analyses. P K-edge X-ray absorption near
edge structure (XANES) spectroscopy analysis was also
conducted on the reacted solids following our previous
procedure.24 Details of NMR and XANES data collection
and analyses are available in the Supporting InformationText
S3� Text S5.

3. RESULTS AND DISCUSSION
3.1. Polyphosphate Adsorption and Hydrolysis on

Aluminum Oxides. A previous study showed that� -Al2O3
with di� erent particle sizes had di� erent reactivity for phytate

and orthophosphate sorption, with the sorption capacity for
phytate being an order of magnitude higher than that for
orthophosphate.17 Here, we investigated size-dependent
adsorption and hydrolysis of polyphosphate by di� erent sized
� -Al2O3 in the absence or presence of 1 mM Ca2+

(Experimental Set I;Figure 1 and Fig. S4). During the
experimental duration, orthophosphate was continuously
produced and released into the solution from polyphosphate
hydrolysis (Figure 1), and the production rate can be� tted by
� rst-order kinetic model (Fig. S5, Table 1). In the absence of
Ca2+ and at both pH 6.0 and 8.0, the production rate and
extent of orthophosphate was slightly higher for 5 nm� -Al2O3
(0.19� 0.197× 10� 3 h� 1) as compared to 35 and 70 nm� -
Al2O3 (0.146� 0.174× 10� 3 h� 1). In the presence of 1 mM
Ca2+, the hydrolysis rate of polyphosphate was obviously
improved for all three sized� -Al2O3 (Figure 1andFig. S5),
roughly following the order of 5 > 35 > 70 nm� -Al2O3, with a
3.5� 4.1 times increase at pH 6.0 and a 6.5� 10.8 times increase
at pH 8.0 (Table 1).

Figure 1.Dynamics of orthophosphate release to solution during the hydrolysis of polyphosphate (Experiment Set I) by 5 nm (a, b), 35 nm (c, d),
and 70 nm (e, f)� -Al2O3. Reaction conditions: polyphosphate concentration 2 mM (as total P), pH 6.0 or 8.0, with/without 1 mM CaCl2. Dashed
lines serve as visual guides to represent the trend of orthophosphate release.
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The evolution of total dissolved P concentration in the
solution (which is the sum of dissolved polyphosphate and
orthophosphate) (Fig. S4) is di� erent from the typical features
for orthophosphate or organic phosphate adsorption on Fe and
Al (hydr)oxides.12,25 In general, phosphate adsorption on Fe/
Al (oxyhydr)oxides experiences a rapid initial uptake followed
by slow uptake, reaching steady state within approximate 5
h.12,25 In this study, total P concentration in solution decreased
quickly within the� rst few hours and then gradually increased
(Fig. S4). The concentration of solution Ca2+ at day 9 was
signi� cantly lower than that at the beginning of the
experiments (Fig. S6), suggesting a large degree of Ca2+

immobilization during polyphosphate hydrolysis. We hypothe-
size that the initial rapid decrease was likely due to the rapid
adsorption of polyphosphate onto� -Al2O3 and that the gradual
increase of total P concentration over time likely resulted from
the hydrolysis of polyphosphate and production of dissolved
orthophosphate. We further hypothesize that the change in
solution Ca2+ concentration was due to the complexation and
precipitation of Ca2+ with polyphosphate and/or produced
orthophosphate. These hypotheses were further investigated
using solution and solid state31P NMR, as detailed below.

3.2. Solution 31P NMR. Since distinctive chemical shifts
(� ) can be identi� ed for the NMR spectra of orthophosphate
(� P= � 1 ppm) and polyphosphate (� P = �� 9 ppm and� 21
ppm for end and middle phosphate groups, respectively),
solution 31P NMR spectroscopy can be used to evaluate
aqueous P speciation during the hydrolysis of polyphosphate.24

Solution31P NMR spectra of polyphosphate supernatant after
9-day reaction with three� -Al2O3 phases are shown inFigure
2. The spectra of the supernatant showed distinctive chemical
shifts of orthophosphate and polyphosphate. It also demon-
strated the signi� cant enhancement of Ca2+ on the hydrolysis
of polyphosphate by all three� -Al2O3 at both pH 6.0 and 8.0.
In the absence of Ca2+, the NMR spectra were dominated by
the signal from polyphosphate middle groups, centered at
� 21.71 ppm (Figure 2). However, in the presence of Ca2+, the
peak intensity of orthophosphate became a signi� cant
component and was similar to that of the polyphosphate end
group (Figure 2) or sometimes even stronger, such as during
the reaction of polyphosphate with 5 nm� -Al2O3 at pH 8.0
(Figure 2a). Additionally, NMR spectra did not show the
random production of shorter chained polyphosphate, which
would have resulted in multiple peaks from middle phosphate
groups with di� erent chain lengths, as discussed in detail in our
recent study.24 This, in combination with the continuous
orthophosphate production during batch experiments (Figure
1), suggests that orthophosphate was released one by one from
the terminal phosphate groups of polyphosphate molecules,
similar to the case of enzyme catalyzed polyphosphate
hydrolysis.24 To determine the relative percentage of
orthophosphate and polyphosphate in the supernatant, their
NMR peaks were integrated and compared. The obtained
relative percentage information (based on the ratio of
integrated peak areas) was compared to that obtained from
wet chemistry analysis (using orthophosphate concentration in
Figure 1and total P concentration inFig. S4). The calculated
results were presented inTable S2. Without Ca2+, poly-
phosphate was the main P species (>90%) in solution, with
93.6, 94.56, and 94.83% polyphosphate at pH 6.0 and 93.46,
95.07, and 95.31% polyphosphate at pH 8.0 for the
supernatants of the 5, 35, 70 nm� -Al2O3 experiments,
respectively (Table S2). In the presence of Ca2+, orthophos-
phate became another main P species and reached 19.33,

Table 1. First-Order Kinetics Fitting Parameters from Batch
Experiments inFigure 1

experimental conditions

� -Al2O3
particle size

(nm) pH

Ca2+

concentration
(mM)

reaction
time (h) k (10� 3 h� 1) R2

5 6.0 216 0.19 0.939
5 6.0 1 216 0.776 0.969

35 6.0 216 0.169 0.919
35 6.0 1 216 0.644 0.995
70 6.0 216 0.174 0.969
70 6.0 1 216 0.605 0.990
5 8.0 216 0.197 0.921
5 8.0 1 216 1.89 0.958

35 8.0 216 0.146 0.888
35 8.0 1 216 1.58 0.948
70 8.0 216 0.167 0.890
70 8.0 1 216 1.08 0.972

Figure 2.31P solution NMR spectra of the liquid supernatant from polyphosphate hydrolysis (Experiment Set I) by 5 nm (a), 35 nm (b), and 70
nm (c) � -Al2O3. Reaction conditions: polyphosphate concentration 2 mM (as total P), pH 6.0 or 8.0, with/without 1 mM CaCl2, 9 days reaction
time.
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16.72, and 15.19% at pH 6.0 and 47.49, 35.37, and 26.78% at
pH 8.0 for 5, 35, 70 nm� -Al2O3 supernatants, respectively
(Table S2). The presence of Ca2+ increased the relative
percentage of orthophosphate by� 3.5 and 8.5 times for pH
6.0 and 8.0, respectively. Such enhancement is similar to the
enhancement observed in kinetic� tting results (Table 1and
Table S2). Overall, these results consistently indicated the
ability of Ca2+ in enhancing polyphosphate hydrolysis by� -
Al2O3.

3.3. Solid State 31P SP/MAS NMR. To further elucidate
the structure of the solid reaction products, solid state31P
NMR analysis was conducted on the freeze-dried solid reaction
products.31P SP/MAS solid state NMR spectra of poly-
phosphate reacted with� -Al2O3 in the absence/presence of
Ca2+ for 9 days at pH 6.0 and 8.0 were shown inFigure 3. At
pH 6.0 and in the absence of Ca2+, spectra of samples with
di� erent sized� -Al2O3 yielded two similar peaks at chemical
shifts of around� 12 and� 21 ppm (Figure 3a). This suggests
the presence of similar phosphorus species and similar
interaction mechanism(s) between polyphosphate and di� er-
ent sized� -Al2O3. In the presence of Ca2+ at pH 6.0, the two
peaks at chemical shifts of around� 12 and� 21 ppm still
dominated the NMR spectra but showed di� erent relative
intensity as compared to the samples in the absence of Ca2+

(Figure 3b). Previous studies showed two NMR peaks at 0 and
� 6 ppm for orthophosphate adsorption on boehmite11 and
two NMR peaks at� 1 and� 6 ppm for phytate adsorption on
� -Al2O3.

17 These peaks were typically attributed to inner-
sphere phosphate surface complexes on Al (oxyhydr)-
oxides.11,17 Speci� cally, the peaks at�� 1 and� 6 ppm were

assigned to deprotonated bridging bidentate and singly
protonated bridging bidentate surface complexes, respec-
tively.11 In this study, we tentatively assign the phosphate
groups in polyphosphate into two categories: those forming
direct bonds with the mineral surface (i.e., inner-sphere surface
complexes) and those not directly bonded to the mineral
surfaces, as schematically illustrated inFig. S7. These two
categories of phosphate groups in polyphosphate molecular are
later referred to as polyP-Pbonded and polyP-Punbonded. In our
study, the chemical shift at�� 21 ppm can be assigned to
polyP-Punbondeddue to its similarity to the solution NMR signal
of middle phosphate groups at�� 21 ppm (Figure 2).26 The
peak at �� 12 ppm, close to that of phytate and
orthophosphate adsorption at�� 6 ppm,11,27 might be
attributed to (1) inner-sphere surface complexes between
phosphate groups in polyphosphate and mineral surface (i.e.,
polyP-Pbonded), (2) formation of Al polyphosphate/phosphate
precipitates, or (3) formation of Ca polyphosphate/phosphate
precipitates. Factors 2 and 3 can be eliminated, as discussed
below.

For factor 2, the formation of Al phosphate precipitates can
result in31P chemical shift at high� eld such as aluminum
phytate at� P = � 11.2 ppm27 and aluminum orthophosphate at
� P = �� 10 ppm.28 To rule out the possible formation of
aluminum polyphosphate/phosphate precipitates, we meas-
ured both solid state31P and 27Al NMR spectra of these
samples as well as a synthetic aluminum polyphosphate
standard (Figs. S8 and S9). The 31P chemical shift of
aluminum polyphosphate precipitates was at� P = �� 23.55
ppm (Fig. S8b), far away from the� 12 ppm chemical shift

Figure 3. 31P solid-state NMR spectra of� -Al2O3 reacting with polyphosphate (Experiment Set I). Reaction conditions: polyphosphate
concentration 2 mM (as total P), pH 6.0 or 8.0, with/without 1 mM CaCl2, 9 days reaction time. Asterisks denote spinning side bands.
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observed for the reacted samples. In addition, the27Al NMR
spectrum of aluminum polyphosphate showed one main peak
at � Al = � 0.29 ppm and one shoulder peak at� Al = 29.54 ppm
(Fig. S8a). The 27Al NMR spectra of the reacted samples did
not show these peaks at both pH 6.0 and 8.0 (Fig. S9), similar
to unreacted� -Al2O3 samples (with two chemical shifts at� Al =
� 65 and� 8 ppm).17 By combining31P and27Al NMR results,
the formation of aluminum phosphate or polyphosphate
precipitates can be eliminated as dominant species for the
presence of31P chemical shift at� P = �� 12 ppm.

For factor 3, the formation of calcium polyphosphate can
result in31P NMR spectra with two peaks at� P = � 9.09 and
� 24.13 ppm (Fig. S8b), di� erent from the reacted samples (� P

at around� 12 and� 21 ppm). Moreover, after 9-day reaction
at pH 6.0, most polyphosphate and orthophosphate remained
in the solution (Fig. S4) and were not likely to result in the
formation of large amounts of calcium polyphosphate
precipitates on the mineral surface. In combination with the
similarity of chemical shifts with/without the presence of Ca2+

in Figure 3a,b, the formation of calcium polyphosphate should
not be the main factor resulting in the31P NMR spectra shape.

Based on the discussion above, the chemical shift at� P =
�� 12 ppm can be assigned to factor 1, the formation of polyP-
Pbonded, i.e., inner-sphere surface complexes (likely as bidentate
binuclear complexes) between phosphate groups of poly-
phosphate and� -Al2O3 surface.11,29 The di� erence in chemical
shift (� 12 ppm) as compared to orthophosphate or phytate
adsorption on aluminum (hydro)oxides (around� 6 ppm)11,27

is likely due to the e� ect of neighboring P atoms in
polyphosphate. The bond of bidentate surface complexes
with the neighboring phosphate group might lead to the
movement of31P chemical shift toward high� eld in
comparison with the bond with hydrogen atoms. A previous
study also indicated that the phosphate tetrahedra in apatite
associated with chlorine resulted in the movement of a
chemical shift toward high� eld relative to those associated
with � uorine.30

At pH 8.0 and without Ca2+, the 31P NMR spectra of
polyphosphate reacted with� -Al2O3 displayed the same shape

Figure 4.2D 31P {1H} CP-HetCor spectra of the solid reaction products from 5 nm� -Al2O3 reacting with polyphosphate (Experiment Set I) at 2
mM polyphosphate (as total P), pH 6.0 or 8.0, with or without 1 mM Ca2+, and 9 days reaction time. (a� c) Contour plots for polyphosphate
hydrolysis with Ca2+ at pH 6.0 (a), without Ca2+ at pH 8.0 (b), with Ca2+ at pH 8.0 (c), respectively. Spectra on the top and left of the 2D contour
plots are sum projections of the31P and1H dimensions, respectively. (d) Spectra of31P cross sections (the F2 dimension) taken at1H chemical
shifts of 5.14 ppm for the 2D contour maps in parts a� c. (e) Spectra of1H cross sections (the F1 dimension) taken at31P chemical shifts of 1.28,
10.01, and 20.27 ppm for the 2D contour map in part c.
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as those at pH 6.0 (Figure 3a,c), indicating the presence of
similar species at pH 6.0 and 8.0. However, when Ca2+ was
present at pH 8.0, the31P NMR spectra showed obvious
di� erence from pH 6.0 samples (Figure 3b,d), with one main
peak at around� 9 ppm and two shoulder peaks at around 2.67
and� 20.5 ppm. The chemical shift at� 2.67 ppm belongs to
calcium phosphate precipitates, and their crystallinity (amor-
phous vs crystalline29) will be addressed below in CP dynamic
experiments. The chemical shift at�� 9 ppm can be attributed
to phosphate groups of polyphosphate as inner-sphere surface
complexes on� -Al2O3 (i.e., polyP-Pbonded). The shift of� P at
around� 12 to � 9 ppm might be due to the strong chelation
between Ca2+ ions and these inner surface complexes (i.e.,
potential formation of ternary surface complexes and/or
precipitates) at high pH (Fig. S6). Fig. S10showed the
Gaussian peak deconvolutions of31P NMR spectra fromFigure
3d, and the relative intensities for each resonance line (or
corresponding P species) were presented at the bottom of the
� gures. The relative percentage of calcium phosphate
precipitates, phosphate group as inner-sphere surface com-
plexes (i.e., polyP-Pbonded), and phosphate group in poly-
phosphate that were not associated with the mineral surface
(i.e., polyP-Punbonded) were at� 10, 70, and 20%, respectively
(Fig. S10).

3.4. Two-Dimensional 31P{1H} CP-HetCor Spectra. As
discussed above, the reacted solids contained phosphate
groups in polyphosphate as adsorbed surface complex (i.e.,
polyP-Pbonded), phosphate groups in polyphosphate that were
not associated with the mineral surface (i.e., polyP-Punbonded),
as well as Ca phosphate precipitates. To further elucidate the
protonation and binding state of the phosphate groups as well
as the crystallinity of the Ca phosphate precipitates, 2-D solid
state31P NMR measurement was performed.

The 31P{1H} CP/MAS NMR spectra (data not shown) of
the samples ofFigure 3were similar in chemical shift with their
single pulse spectra. Since the31P signal in CP/MAS spectra is
transferred from the closest1H through the1H� 31P dipolar
coupling, the31P signal intensity depends on the31P� 1H
distance and numbers of neighboring protons.29 To reveal the
protonation of phosphate groups as well as the solid P
products (amorphous vs crystalline calcium phosphate
precipitates) (Figure 3), a series of CP/MAS solid state31P
NMR experiments with variable� CP values were conducted for
three samples (sample information inFig. S11caption,� tting
methods inText S4). The CP kinetics can be described using
the classical biexponential equation (Text S4), in which
intensity increases at short contact times with a time constant
TPH and then decreases at longer times with a time constant
T1� ,H.31,32 TPH relates to the spatial proximity of P to H, and
T1� ,H to the relaxation of the1H nuclei.32 For a system with
two 1/2 nucleus (in this case31P and1H), the heteronuclear
dipolar� dipolar interaction is inversely proportional to the
internuclear distance and the longer internuclear distance is
related to longerTPH and lower CP e� ciency.33 The mobility
of the proton sources (e.g., water molecules, surface P� OH
and Al� OH groups) also a� ects the CP e� ciency.33 The
buildup of signals at� 16.5 <� P < � 2 ppm and� 30 < � P <
� 16.5 ppm in the CP/MAS spectra kinetics for all three
samples (polyphosphate reacted with 5 nm� -Al2O3 at pH 6.0
and 8.0, with or without 1 mM Ca2+) shows higher CP
e� ciency, indicating that the main hydrogen species may be
P� OH groups derived from the polyP-Pbonded and polyP-
Punbondedspecies (Fig. S11a� c).33 The signal buildup at� 2 <

� P < 3.9 ppm inFig. S11c,dindicated that the formed
precipitates of calcium phosphate were in amorphous phase,
since (1) amorphous calcium phosphate has a shorterTPH time
(0.54 ± 0.15 ms) with our calculated result of 0.3 ms when
compared to crystalline hydroxyapatite (a crystalline Ca
phosphate phase) (1.52± 0.08 ms);32,34 (2) hydroxyapatite
would show a signi� cantly slower31P NMR signal buildup
compared to its amorphous counterparts, and the signal area
intensity for hydroxyapatite would decay more slowly with the
relaxation timeT1� ,H close to in� nity.29,34,35

We further collected 2-D31P{1H} HetCor spectra of these
three samples inFig. S11to distinguish phosphate sites by the
nature of associated hydrogen environments, and their 2-D
spectra for 3 ms CP time are shown inFigure 4. The spectra in
the center ofFigure 4a� c were typical 2-D contour plots with
the sum projection of the31P dimension on the top and the1H
sum projection on the left. The31P projection closely
resembled their corresponding SP/MAS spectra (Figure 3),
and the1H projection contained signal only from H atoms
near the phosphate. The similarity of the1H projection in
Figure 4a� c indicated no signi� cant di� erence of the overall
hydrogen environment. Therefore, analysis of the1H cross-
section spectra at di� erent P chemical shifts was needed.
Within the 2-D spectrum of the 5 nm� -Al2O3 sample (reacted
with polyphosphate in the presence of Ca2+ at pH 6.0) shown
in Figure 4a, six di� erent domains were identi� ed. Four
domains contained relatively high contour density for the pairs
of shifts (� H, � P) centered at around (1.5 ppm,� 14.2 ppm),
(1.5 ppm,� 22.1 ppm), (5.1 ppm,� 14.2 ppm), and (5.1 ppm,
� 22.1 ppm). Two domains had lower contour density
correlating a peak at� H = � 7.7 ppm in the1H sum projection
with peaks at� P= � � 14.2 and� 22.1 ppm in the31P
projection. The six domains of the 5 nm� -Al2O3 sample
prepared without Ca2+ addition at pH 8.0 (Figure 4b) showed
similar positions as the sample in the presence of Ca2+ at pH
6.0, with only di� erences in contour density (Figure 4a). No
contour at� P = � 1.5 ppm was observed for these two samples.
These results indicated that the same coordination environ-
ments of hydrogen and phosphorus for surface complexes
dominated upon polyphosphate adsorption, due to the lower
capability of orthophosphate (produced from polyphosphate
hydrolysis, carrying less negative charge as compared to
polyphosphate) to compete with polyphosphate for surface
adsorption/complexation.

However, the 2-D spectrum of the 5 nm� -Al2O3 sample,
reacted with polyphosphate in the presence of Ca2+ at pH 8.0,
displayed a di� erent contour shape. The domains at around
(1.5 ppm,� 9.6 ppm), (5.1 ppm,� 9.6 ppm), and (7.7 ppm,
� 9.6 ppm) dominated the spectrum. For the31P peak at� P =
1.58 ppm, only the1H peak at near� H = 5.1 ppm appeared.
The appearance of a1H peak at 5.1 ppm in the cross-section of
the 1.58 ppm31P peak primarily originated from water
molecules and the hydroxyl group of amorphous calcium
phosphate, since the existence of crystalline hydroxyapatite is
eliminated by CP dynamic results inFig. S11.29,34,35 Li et al.
(2012) for the � rst time revealed that boehmite surface
catalyzed the crystallization of hydroxyapatite based on the
observation of the 2-D HetCor domain in the31P peak at� P =
2.65 ppm and the1H peak at near� H = 0.2 ppm,29 which did
not appear in our 2-D HerCor spectra (Figure 4). The1H peak
correlated to the surface-adsorbed orthophosphate dominated
by restrictedly mobile water in the surface� uid layer could give
a relatively narrow peak at� H = � 5 ppm.36 If the adsorption of
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orthophosphate (produced from polyphosphate hydrolysis)
could lead to the contour plot in (5.1 ppm, 1.58 ppm), we
should observe it in the samples of� -Al2O3 reacted with
polyphosphate at pH 6.0 with Ca2+ (Figure 4a) and at pH 8.0
without Ca2+ (Figure 4b). However, the contour plot in (5.1
ppm, 1.58 ppm) did not appear inFigure 4a,b. After 9-days
reaction, approximately half of the total dissolved phosphate
remained in the solution as polyphosphate (Table S2), which
strongly competed with orthophosphate for surface adsorption
sites. Due to the higher negative charge in polyphosphate
molecules as compared to orthophosphate, the adsorbed
orthophosphate (� P= �� 3.0 ppm),11 which was not observed
in the31P CP/MAS NMR spectra in the31P cross sections (the
F2 dimension) taken at1H chemical shifts of 5.14 ppm (Figure
4d), should not be a main surface phosphorus species on� -
Al2O3. Due to the possible existence of three surface
phosphorus species, we chose the spectra of1H cross sections
(the F1 dimension) taken at31P chemical shifts of 1.58,
� 10.01, and� 20.27 ppm in the sample ofFigure 4c and
displayed inFigure 4e. Their1H NMR spectra did not show
obvious di� erences, indicating that the proton environments
mainly came from water molecules or P� OH groups.

3.5. E� ect of Metal Ions on Polyphosphate Hydrol-
ysis. The e� ects of common divalent metal cations (Ca2+,
Mg2+, Cu2+, Zn2+, and Mn2+) on polyphosphate hydrolysis
were further investigated using 5 nm� -Al2O3 at pH 6.0 and 8.0
(Experimental Set II ofTable S1) ( Fig. S12). Due to the
lowered concentration of polyphosphate, metal cations, and� -

Al2O3 (details in Experimental Set II) compared to those used
in the Experimental Set I (Table S1), the hydrolysis extent
(Fig. S12a,c) was lower than that those shown inFigure 1
(hydrolysis experiments with/without 1 mM Ca2+). Compared
to the control experiment (where 4.1± 0.7% polyphosphate
was hydrolyzed in the absence of metal cations after 9-days
reaction, data not shown), the presence of divalent metal
cations all facilitated the hydrolysis of polyphosphate at
di� erent degrees. At the same concentration of metal cations
(0.5 mM), orthophosphate production followed the order of
Cu2+ > Zn2+ � Ca2+ � Mn2+ > Mg2+ at pH 6.0 and Ca2+ >
Cu2+ > Mn2+ � Zn2+ > Mg2+ at pH 8.0 (Fig. S12a,c). For total
P uptake, no signi� cant di� erences were observed for all metal
cations at pH 6.0 (Fig. S12b). At pH 8.0, total P uptake
followed the order of Cu2+ > Zn2+ � Mn2+ > Ca2+ � Mg2+

(Fig. S12d). Additionally, the uptake of Cu2+ and Zn2+ was
always higher than that of Mn2+, Ca2+, and Mg2+ at both pH
values (Fig. S13). The simultaneous decrease of Cu2+/Zn2+

and total P concentration suggested the potential formation of
metal phosphate/polyphosphate precipitates at pH 8.0.
Formation of Zn� Al layered double hydroxide at pH 8.0
might be another reason leading to the lowest concentration of
Zn2+ in the supernatant.37

To investigate P speciation in these systems (5 nm� -Al2O3,
presence of� ve di� erent metal cations), P K-edge XANES and
31P solid-state NMR spectroscopy analyses were performed on
the freeze-dried reacted solids (Figure 5, Figs. S14 and S15). P

Figure 5.(a,b) Linear combination� tting (LCF) results of P K-edge XANES spectra of the 9-day reaction products (Experiment Set II) from
hydrolysis of polyphosphate (1 mM as total P, which is half of the polyphosphate concentration used in Experiment Set I) by 0.1 g/L Al2O3 in the
presence of 0.5 mM Ca2+ at pH 6.0 (a) and 8.0 (b). LCF reference compounds are amorphous calcium polyphosphate (ACP), octacalcium
phosphate (octa Ca-orthoP), sodium polyphosphate salt (Na-polyP), calcium polyphosphate precipitates (Ca-polyP), Al2O3-adsorbed
polyphosphate (Al2O3_polyP), and Al2O3-adsorbed orthophosphate (Al2O3_orthoP). (c� e) 31P solid-state NMR spectra of� -Al2O3 (Experiment
Set II) reacting with polyphosphate (1 mM as total P) at pH 6.0 or 8.0 in the presence of 0.5 mM Ca2+ (c), Mg2+ (d), or Zn2+ (e).
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K-edge XANES spectra of samples reacted in the presence of
di� erent metal cations did not show a signi� cant di� erence
(Fig. S15). The small peak at 2157.1 eV is likely due to the
residual or recrystallized Na-polyphosphate during freeze-
drying (Fig. S15). To facilitate P XANES analysis, a suite of
reference compounds (Fig. S15c, details inText S5) was used
to preform linear combination� tting (LCF) to reveal the
possible P species only in the Ca2+ system and their relative
contributions. For the Ca2+ system (Figure 5a,b),� tting results
indicated that the main P species in the reacted solids are� -
Al2O3-adsorbed polyphosphate and/or orthophosphate as well
as amorphous calcium phosphate. Here, due to the spectra
similarity between� -Al2O3-adsorbed orthophosphate and� -
Al2O3-adsorbed polyphosphate (Fig. S15a), the relative
percentages of the former from LCF can contain large
uncertainty, especially considering the fact that NMR results
did not show a signi� cant contribution of� -Al2O3-adsorbed
orthophosphate. The percentage of amorphous calcium
phosphate became higher at pH 8.0, consistent with the result
of solid state NMR spectra (Figure 3).

The solid-state31P NMR spectra of samples reacted in the
presence of di� erent metal cations are shown inFigure 5c� e
andFig. S14. Due to the paramagnetic nature of Cu and Mn,
NMR measurements of Cu/Mn-containing samples were very
challenging and resulted in poor NMR spectra (Fig. S14). In
the Mn2+ system, no phosphorus chemical shift was observed
(Fig. S14b).

For the Ca2+ system at pH 8.0, similar to the Ca2+ system in
Figure 3, the main P species included phosphate groups as
inner-sphere surface complexes (i.e., polyP-Pbonded) at � P =
� 10.78 ppm, phosphate groups in polyphosphate that were not
associated with the mineral surface (i.e., polyP-Punbonded) at � P
= � 20.2 ppm, and calcium phosphate precipitates (� P = 1.41
ppm) (Figure 5c). At pH 6.0, it only contained the� rst two
species (Figure 5c).

For the Mg2+ system (Figure 5d), we observed the
phosphate group as inner-sphere surface complexes (polyP-
Pbonded) at � P = � 11.98 ppm, as well as phosphate groups in
polyphosphate that were not associated mineral surface
(polyP-Punbonded) at � P = � 22.58 ppm. At pH 8.0, surface
complexed phosphate species (polyP-Pbonded) became domi-
nant, likely due to Mg2+ facilitated surface adsorption/
complexation of phosphates.

For the Zn2+ system (Figure 5e), we observed the presence
of zinc phosphate precipitates (� P = 2.78 ppm)38 besides inner-
sphere surface phosphate complexes (polyP-Pbonded, � P =
� 10.21 ppm) and phosphate group not associated with
mineral surfaces (polyP-Punbonded, � P = � 20.99 ppm). We
also monitored the structure alteration of� -Al2O3 using27Al
solid-state NMR spectroscopy (Fig. S16). No changes were
observed for the� -Al2O3 structure after 9-days reaction in the
presence of Ca2+, Mg2+, Cu2+, and Mn2+. However, a new
shoulder peak at� Al= 12.8 ppm was observed for the Zn2+

system (Fig. S16f), suggesting the formation of Zn� Al layered
double hydroxide precipitates.19,37

3.6. Reaction Mechanisms. During the hydrolysis of
phosphate monoester by acid or alkaline phosphatase, at the
enzyme active site, an intermediate species was formed
involving the oxygen atom of the terminal PO4 group
completely coordinated with two metal cations [e.g., Zn(II),
Ca(II), Fe(II), Mn(II)]. 39� 41 These metal complexes in
phosphatase can initiate double Lewis acid activation for
hydrolyzing phosphates by initially bridging the two metal

centers with the two phosphoryl oxygen atoms.42 Purple acid
phosphatases can catalyze the hydrolysis of phosphate esters
and condense phosphate through a binuclear metal center (di-
iron Fe� Fe or Fe� Mn/Zn) and produce orthophosphate due
to the net transfer of the phosphoryl group to water.43,44 Based
on our results, the phosphatase-mimetic ability of� -Al2O3
toward polyphosphate degradation/hydrolysis likely derives
from the ability of Al atoms coordinating with phosphate
groups in polyphosphate probably via the formation of
bidentate binuclear surface complexes, which activates the P
atom for a nucleophilic attack. Surface H2O and � Al� OH,
close to the neighboring Al atoms coordinated with phosphoryl
O atom,45,46might serve as a nucleophilic agent attacking the P
atom with a subsequent cleavage of the P� O� P bond, and this
� Al� OH can be viewed as a reactive center for activating the
dissociation of the P� O bond onto� -Al2O3.

46,47

Our observed terminal-only hydrolysis mechanism indicates
that one or two terminal phosphate group(s) of polyphos-
phates can associate with Al atoms at the surface of� -Al2O3
and form bidentate binuclear surface complexes (as schemati-
cally illustrated inFig. S7). Ca2+ and other divalent metal
cations can likely coordinate with the surface hydroxyls (� Al�
OH) of � -Al2O3 and/or polyphosphate molecules, forming
ternary surface complexes (as previously observed in the
presence of phosphate, which can eventually enhance the
surface coverage of phosphate).16,21,48 The di� erence in
hydrolysis extent of� ve divalent metal cations might be due
to their intrinsic a� nity to polyphosphate. The order of
stability constants of divalent metal cations (except for Mn2+,
which is not available in the literature) and tripolyphosphate
complexes follows Cu2+ (108.01) > Zn2+ (106.55) > Ca2+ (104.98)
> Mg2+ (104.58).49 This is similar to the order of metal cation
promotion on polyphosphate hydrolysis at pH 6.0 (Fig. S12a).
However, this order was not followed at pH 8.0, likely due to
the formation of copper hydroxide precipitates (for Cu2+) or
Zn� Al layered double hydroxide precipitates (for Zn2+). This
was supported by the observation of signi� cant removal of
Cu2+ and Zn2+ from solution. Thus, if not considering Cu2+

and Zn2+, at pH 8.0, Ca2+ has stronger a� nity than Mg2+ for
the promotion for polyphosphate hydrolysis.

4. ENVIRONMENTAL IMPLICATIONS
Polyphosphate adsorption and degradation at the mineral�
water interface is of great relevance to the cycling of
polyphosphate of natural origin and from human activities.
Our laboratory experiments on the hydrolysis of polyphos-
phate hydrolysis at the mineral� water interface suggested that
varied-size� -Al2O3 can promote the hydrolysis of polyphos-
phate, which is further enhanced in the presence of divalent
metal cations. Additionally, at pH 8.0 (similar to seawater pH)
and in the presence of Ca2+, continuous hydrolysis of
polyphosphate on the surface of� -Al2O3 can lead to the
formation of amorphous calcium phosphate precipitates
(possibly within days). If the reaction was allowed to proceed
for longer term, this might lead to the eventual formation of
hydroxyapatite, as was previously observed during long time
cosorption of orthophosphate and calcium on boehmite at pH
7.0.29 Li et al. (2012) observed the immediate formation of
amorphous calcium phosphate precipitates upon mixing
orthophosphate and Ca2+ solutions at pH 9.0 in the absence
of boehmite, which gradually transformed into hydroxyapatite
after 30-day aging.29 In our case, further hydrolysis of
polyphosphate may eventually lead to the formation of
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hydroxyapatite or other crystalline calcium phosphate phases
within months at pH 8.0, due to the cosorption of Ca2+ and
orthophosphate (produced from polyphosphate hydrolysis) on
the surface of� -Al2O3 and the aging of the produced
amorphous calcium phosphate precipitates.

Overall, our results revealed the critical roles of mineral�
water interface reactions and divalent metal cations on
controlling polyphosphate degradation and transformation
and laid the foundation for better understanding the interfacial
geochemical processes governing phosphorus cycling in
sediments, soils, and water bodies. Such an abiotically
mediated polyphosphate transformation process might o� er
additional insights for explaining marine sedimentary phos-
phorus burial via the precipitation of� ne-grained apatite
particles from exogenous polyphosphate intermediates as
previously observed.4,50,51 Although the concentrations of
polyphosphate and metals used in this study are much higher
than those in common natural environments, the concen-
tration of Ca2+ and Mg2+ in seawater (� 10 and 50 mM,
respectively) are much higher than the concentration used in
this study. In marine sediments, calcium polyphosphate
granules can also provide local environments with high Ca2+

and polyphosphate� uxes.4 Additionally, microbial Mn/Fe
reduction in soils and sediments may lead to high metal (e.g.,
Cu, Zn, and Mn) concentrations in the pore-water.52,53 Future
studies might consider exploring the e� ects of other common
environmental minerals (e.g., Fe oxides) and solution
conditions (e.g., freshwater vs seawater), as well as
comparisons between abiotically (e.g., mineral catalyzed) and
biotically (e.g., enzyme) mediated polyphosphate hydrolyses,
in order to fully understand the processes a� ecting the fate of
polyphosphate under varied and complex environmental
settings.
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