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ABSTRACT: Polyphosphate (polyP) is a group of important phosphorus (P) species that plays critical roles in the marine P
cycle and potentially mediates phosphorus (P) burial in sediments. Revealing the transformation of polyP is important for
understanding the P cycle in aquatic environments. This study systematically investigated the hydrolysis of polyP with different
chain lengths by four representative types of manganese (Mn) oxides (@-MnO,, f-MnO,, 5-MnO,, and birnessite) under varied
solution conditions. All four Mn oxides can rapidly hydrolyze polyP, with the hydrolysis rate in the order of a-MnO, > 6-MnO,
> birnessite > #-MnO,. The hydrolysis rates for longer chained polyP were relatively higher than those of shorter chained ones.
Results from kinetic studies and time-resolved *'P solution nuclear magnetic resonance (NMR) spectroscopy indicated that the
reaction mechanism was through a terminal-only hydrolysis pathway via one-by-one cleavage of terminal P—O—P bonds. The
presence of Ca®" obviously enhanced both the hydrolysis rate and extent. The presence of other common metal cations (Mg*",
Cu’*, Zn**, and Mn*") also showed promotion on polyP hydrolysis by 5-MnO,. Formation of cation-polyP ternary surface
complexes is likely the dominant mechanism of cation promotion on polyP hydrolysis on Mn oxides. P K-edge X-ray absorption
near edge structure (XANES) analysis indicated that solid calcium polyphosphate (Ca-polyP) granules can be hydrolyzed by a-
MnO, and transformed into amorphous calcium phosphate (ACP) phase, with increasing ACP content as pH increased. This
study highlights the rapid transformation of polyP at the mineral—water interface, and has significant implications for the

alteration of P bioavailability in aquatic environments and for P burial in marine sediments.
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B INTRODUCTION

Phosphorus (P) is an essential nutrient for all life. Numerous
research efforts have been devoted to exploring P bio-
geochemical behaviors at mineral—water interfaces in both
terrestrial and marine systems, which control the mobility,
transformation, and bioavailability of P."” Polyphosphate
(polyP) is an important group of phosphate-containing species,
containing more than two phosphate (PO,) groups joined by
phosphoanhydride (P—O—P) bonds. PolyP can occur in ring
and branched structures, although the linear structure is the
most common form in nature.” PolyP is found in a wide
range of environments and represents 1—13% of total P in

biologically internal polyP is released to aquatic environments
during common cell events such as extracellular release, lysis,
and death, thereby becoming biologically external.'” As a
result, substantial levels of polyP are routinely detected in both
dissolved and particulate fractions of lakes, seawater, and the
corresponding sediments.”'”'>"*  Additionally, polyP com-
pounds are important industrial chemicals, frequently used as
reagents for water treatment, medicine, fertilizers, flame
retardants, and food additives.'"* The widespread industrial
applications of polyP can ultimately lead to their release into
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soils, water bodies, and sediments. The cycling of polyP in
aquatic environments, which is strongly controlled by its
interfacial biogeochemical behaviors (such as those involving
mineral—water interfaces), is an important component of the
global P cycle."”

Despite its wide occurrence in aquatic environments, polyP
was mainly detected at top depth in lake and marine
sediments, such as the top 0.5-2 cm of Effingham Inlet
overlain by oxic waters and 22 European lakes based on solid-
state *'P nuclear magnetic resonance (NMR) spectroscopy
analyses.”"” The lack of direct evidence for polyP presence in
sediments at greater depth was possibly due to its rapid
transformation after entering sediment environments. Indeed,
polyP have been reported to readily undergo acid or base
hydrolysis,'®™'® as well as rapid transformation into
orthophosphate (orthoP) during diagenesis in sediments and
in water columns.'”" The preferential recycling of polyP
relative to total particulate phosphate (TPP) in seawater
columns was likely linked to polyP hydrolysis catalyzed by
alkaline phosphatase.™'” Yet, the roles of soil and sediment
mineral components on the uptake and/or transformation of
polyP still remain poorly understood.

A recent study showed that triphosphate (P;) adsorbed on
goethite can be fully hydrolyzed at pH 4.5 and slightly
hydrolyzed at pH 6.5 and 8.5 within 3 months.”® Our recent
study showed that polyP can be hydrolyzed at the surface of y-
AL O, (an analogue of natural Al oxides), which was affected
by mineral particle size and solution chemistry such as pH and
the presence of metal cations.”’ Amorphous MnO, showed
high reactivity toward P; hydrolysis (i.e., complete degradation
into three orthoP molecules within 2 h at pH 4.0), and the
hydrolysis rate in natural lake water was further promoted due
to the presence of Ca** and Mg?*.”* Thus, mineral catalyzed
hydrolysis is expected to play an important role in polyP
transformation at environmental interfaces, yet related
investigations are few.

Additionally, degradation of polyP can lead to local high
concentrations of orthoP that can act as a potential source for
the precipitation of Ca-phosphate minerals in the presence of
Ca®. Our recent research on phosphatase-mediated hydrolysis
of linear polyP revealed the fast release of orthoP into solution
and the precipitation of amorphous Ca-phosphate solid(s) in
the presence of Ca*"."” Metal oxides (e.g, Mn, Fe, Al oxides)
typically have high surface areas and large amounts of reactive
surface sites that can facilitate processes such as adsorption or
coadsorption of cations and anions, thereby creating micro-
environments with concentrated ions that can potentially
induce or facilitate surface precipitation.”> For instance,
coadsorption and complexation of Ca®>* and phosphate on
boehmite (y-AIOOH) surface facilitated the surface precip-
itation of hydroxylapatite at pH 7—9.>*

In this study, we systematically investigated the rapid
hydrolysis of polyP by Mn oxides with varied structures (a-
MnO,, f-MnO,, 6-MnO,, and birnessite), as well as the effects
of polyP phase (dissolved vs solid) and structure (e.g, chain
length), and type and concentration of common metal cations
(Ca**, Mg**, Cu*, Zn*, and Mn*"). The four MnO, are
structurally distinct, and represent natural Mn oxide phases
with dominating layer and tunnel structures.””** §-MnO, and
birnessite are two layered phyllomanganate phases, both with
hexagonal symmetry but with different structural order.
Birnessite has better crystallinity, larger particle size, more
layer stacking, and lower surface area as compared to o-
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MnO,.”* @-MnO, (2 X 2 tunnels) and f-MnO, (pyrolusite, 1
X 1 tunnels) regresent tunnel structured Mn oxides with varied
tunnel size.”””® In this study, complementary batch experi-
ments, solution *'P NMR and X-ray absorption spectroscopy
(XAS) analyses were conducted to reveal the evolution of
solution and solid phases during polyP interaction with Mn
oxides. Results from this study can provide new insights for the
abiotic transformation of polyP at environmental interfaces,
which will aid the advancement of our understanding on P
cycling in aquatic environments.

B EXPERIMENTAL SECTION

Materials and Characterization. Pyrophosphate and
polyphosphates (with average chain length of 3—45) were
used for the hydrolysis experiments. Sodium pyrophosphate
tetrabasic decahydrate (Na,P,0,-10H,0, hereafter P,),
sodium triphosphate pentabasic (NagP;0;,, hereafter Pj),
polyphosphate sodium salt (Na-polyP, hereafter P,;) and
sodium phosphate glass (type 45, hereafter P,5) were
purchased from Sigma-Aldrich. Sodium hexametaphosphate
[Nag(POs), ring structure, hereafter P4] was purchased from
Alfa Aesar. All reagents were used as is. Information on the
syntheses and characterization of calcium polyphosphate (Ca-
polyP) granules, @-MnO,, -MnO,, 6-MnO,, birnessite and
varied polyP are provided in the Supporting Information (SI)
Text S1.

Mn Oxide Catalyzed Hydrolysis of Polyphosphates.
Prior to the hydrolysis experiments, 0.04 g Mn oxides (a-
MnO,, f-MnO,, §-MnO,, or birnessite) and 0.58 g NaCl (as
background electrolyte, equivalent to 0.1 mM) were added to
98.75 mL DI water in a 125 mL wide-mouth glass bottle and
stirred for 18 h. After overnight dispersion, pH values of the
suspension were manually adjusted to 6.0 + 0.0S using 0.05 M
HCl or NaOH. Buffers were not used to avoid potential
interaction with polyP and/or mineral surfaces. To initiate
polyP hydrolysis reaction, 1.25 mL of polyP (P,,) stock
solution (containing approximately 40 mM total phosphate)
was added into the suspension, and the suspension pH was
immediately adjusted to 6.0 using 0.05 M HCI or NaOH.
During the reaction, pH of the suspensions was manually
adjusted within the first 2 h, then at 3, 5, 7, 10, 24, 48, 72, and
96 h. At specific time points, 2 mL aliquots of the suspension
were taken and immediately filtered through 0.22 ym Millipore
membranes. The filtrate was analyzed for orthoP production
and total P concentrations. OrthoP concentration was
determined using the phosphomolybdate colorimetric assay”’
on an UV—vis spectrometer (Carey 60, Agilent). For total P
measurement, all P in the supernatant was first hydrolyzed to
orthoP using the potassium persulfate autoclave digestion
method,”® then analyzed using the phosphomolybdate
colorimetric assay. All experiments were performed in
duplicate.

Several parallel experiments were conducted to explore the
effects of metal cation type and concentration, polyP chain
length, and polyP phase (dissolved vs solid granules). (1) For
experiments exploring Ca’* effects, 1 mL stock solution of
CaCl, (50 mM) was added into 97.75 mL DI water before the
addition of varied Mn oxides and NaCl, and the final Ca**
concentration in the reaction suspension was S00 uM; (2) For
hydrolysis experiments of polyP with varied chain length and
a-MnO, in the presence or absence of Ca?*, 1.25 mL of P,, P,
Py, or P4 stock solution (each containing total P concentration
of 40 mM) was added into 98.75 (no Ca**) or 97.75 mL (with

DOI: 10.1021/acsearthspacechem.9b00220
ACS Earth Space Chem. 2019, 3, 2623—2634


http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.9b00220/suppl_file/sp9b00220_si_001.pdf
http://dx.doi.org/10.1021/acsearthspacechem.9b00220

ACS Earth and Space Chemistry

600
(a) a-MnO,
o)
500 - B
—~ crreeecfeecqdioceoes LY s EEEEEEE 63}
el o
< 400
2
<
2
[ . +
;300 O NoCa’
o« . 2+
s O  With Ca
£ 200 ¥
100
0 T T T T T T T
0 20 40 60 80 100 120
Time (h)
600
© 8-MnO,
500+ O NocCa
=] O With Ca®
-’
400
=
- 2 [ PR @-nne
SO e
2 300 q
-
£ 200
100
0_ T T T T T T
0 20 40 60 8 100 120
Time (h)

600 -
(b) [3-Mn02
500+
=
3 +
= 400 - O NoCa’
2 +
g O  With Ca’
D
2 300
gzoo-
wd - @
_@::%:::%):ZZZZ:.@ ....... Heeee- &
0"@ T T T T . ;
0 20 40 60 80 100 120
Time (h)
600
(@ Birnessite
500+
=
> 2+
= 400 O NoCa
2 O  With Ca™
<
2
£ 300 -
Z oD
g 200- ik C%@
100 - {>
.................. m
0-&---@--[{1- @ # &
0 20 40 60 80 100 120
Time (h)

Figure 1. Phosphate release as a function of time during polyphosphate (P,,) reaction with @-MnO, (a), f-MnO, (b), -MnO, (c), and birnessite

(d) at pH 6.0 with or without 500 uM Ca®*.

500 uM Ca®") prepared a-MnO, suspension; (3) For
hydrolysis experiments of Ca-polyP solid granules by a-
MnO,, 0.02 g of the synthesized Ca-polyP granules was added
into 100 mL of 0.4 g L™ a-MnO, suspension with 0.1 M NaCl
electrolyte at pH 6.0, 7.5, or 9.0; (4) For hydrolysis of P, by §-
MnO, with different Ca>* concentrations or different metal
cations (Ca*, Mg?*, Cu*', Zn*, Mn*"), calculated amount of
the stock solution of the metal cations (chloride salts) was
added into 97.75 mL deionized water to reach the desired final
concentration (5, 10, 20, 50, 150, 500 uM for Ca*; 500 UM
for Mg**, Cu**, Zn*', and Mn*"), then 0.01 g §-MnO, was
added to prepare the dispersed suspension. During all
experiments, concentrations of metal cations in the filtered
supernatant were measured by inductively coupled plasma—
mass spectroscopy (ICP-MS). In order to better isolate
reaction processes such as surface adsorption and hydrolysis,
our kinetic studies mainly focused on pH 6.0 (representative of
fresh water environments), due to potential surface or solution
precipitation of Ca®* with polyP or orthoP (hydrolysis
product) at high pH values. Relatively high concentration
of metal cations (Cu**, Zn>*, and Mn?*) were used in order to
clearly demonstrate their promotion effects on polyphosphate
hydrolysis on the surface of Mn oxides and for consistency
with Ca** and Mg** concentrations used. The effect of polyP
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phase (solid vs dissolved) on its hydrolysis was investigated at
pH 6—9 (representing fresh water to seawater conditions).

NMR Analysis. In order to characterize the transformation
of dissolved polyphosphates during mineral-catalyzed hydrol-
ysis, parallel experiments were conducted for *'P solution
NMR characterization. Because total P concentration in the
supernatant prepared in the Mn Oxide Catalyzed Hydrolysis of
Polyphosphates section was not high enough, solution *'P
NMR spectra of the supernatant did not yield good signal-to-
noise ratio. In order to obtain decent spectra within a
reasonable time frame, the supernatant for NMR analysis was
prepared at the same pH condition (6.0 + 0.05) but by
increasing the concentrations of polyP, Ca**, and Mn oxides by
a factor of 6. At speciﬁc time points, S mL suspension was
taken and immediately centrifuged and filtered through a 0.22-
um Millipore membrane, and the supernatant was used for
solution P NMR measurement. Solution *'P NMR spectra
were collected on a Bruker AMX 400 MHz spectrometer
operated at 162 MHz and 297 K. A 90° pulse width, 6.5k data
points (TD) over an acquisition time of 0.51 s, and relaxation
delay of 15 s were applied. Chemical shift was calibrated using
85% H;PO, as the external standard. At least 512 scans were
collected for each spectrum (equivalent to ~1 h).

P and Mn XAS Analysis. For hydrolysis experiments using
the synthesized Ca-polyP solid granules (details in the
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Figure 2. Hydrolysis of various polyphosphates by Mn oxides (0.4 g L™") at pH 6.0 with or without 500 uM Ca®*. Solid lines present the first-order
kinetic model fitting results of P, hydrolysis on a- and f-MnO, (a), P}, hydrolysis on 6-MnO, and birnessite (b), P, and P, hydrolysis on a-MnO,
(c), and P4 and P, hydrolysis on a-MnO, (d), in the presence or absence of 500 uM Ca*".

Materials and Characterization section), freeze-dried samples
before and after reaction were analyzed by P K-edge X-ray
absorption near edge structure (XANES) spectroscopy at
Beamline 14—3 at the Stanford Synchrotron Radiation
Lightsource (SSRL), Menlo Park, CA. Finely ground powders
were brushed evenly onto P-free Kapton tape and mounted to
a sample holder maintained under helium atmosphere. XANES
data were collected in fluorescence mode using a PIPS
detector. Energy calibration used AIPO, (edge position at
2152.8 eV). XANES spectra were collected at 2100—2485 eV.
At least 2 scans were collected for each sample. Since Ca-polyP
granules were used for studying the hydrolysis and
precipitation, orthophosphate produced from the hydrolysis
reaction can either adsorb onto a-MnO, or form Ca phosphate
precipitates. Therefore, a suite of P reference compounds were
prepared for XANES analysis: (1) polyphosphate sodium salt
(Na-polyP) (Sigma-Aldrich) and synthesized Ca-polyP gran-
ules, representing solid polyphosphates; (2) orthophosphate
sorbed on @-MnO, (details in SI Text S2), representing Mn
oxide associated P; (3) amorphous calcium phosphate (ACP),
octacalcium phosphate (octaCa), and hydroxyapatite,”
representing calcium phosphate precipitates. XANES spectra
of all reference compounds were collected in the same manner
as for unknown samples. Data analysis used the software
Ifeffit.”® All spectra were carefully examined for energy
calibration, merged, and normalized. Linear combination
fitting (LCF) was conducted on the XANES spectra at energy
range of 15—50 eV relative to the edge energy. The goodness
of fit was evaluated using the residual factor (R-factor), and the
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fit with smallest R-factor was deemed the best fit. Mn K-edge
XAS analysis was also conducted for the Mn oxides, with
experimental and data analysis details in SI Text S3.

B RESULTS AND DISCUSSION

Hydrolysis of Polyphosphate (P,o) by Mn Oxides and
Effect of Mineral Structure. Mn oxides with varied
structures showed different reactivity toward polyP hydrolysis.
The effect of four Mn oxides (a-MnO,, #-MnO,, 5-MnO,, and
birnessite) toward Py, hydrolysis is shown in Figure 1.
Orthophosphate was produced and released to the solution
during P, hydrolysis, and its production kinetics can be fitted
by first-order kinetic model (Figures 2a,b and Table S1). The
degradation of polyP is a very complicated kinetic process
involving the one-by-one hydrolysis of the terminal phosphate
groups (the mechanism explained below) and the gradual
shortening of the polyP chain length. First-order kinetic model
showed the best fitting results when compared with zeroth-
order and second-order fitting results. @-MnO, showed the
highest rate and extent toward polyP hydrolysis and was able
to hydrolyze all P;, within 10 h (Figure 1a). This is consistent
with the results from a previous study that a-MnO,
showed higher rate of hydrolysis for p-nitrophenyl phosphate
than other Mn oxides.”’ The hydrolysis rate roughly followed
the order of a-MnO, > 6-MnO, > birnessite > f-MnO,,
regardless of Ca®" presence (Table SI and Figures 2a,b). The
higher hydrolysis rates of @-MnO, and 6-MnO, can be related
to their higher surface areas; both are ~70 times of f-MnO,
and ~§ times of birnessite. In the control experiment, only
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2.8% of polyP was degraded after 5 d experiment in S00 M
Ca®" solution without the existence of MnO,. The presence of
500 uM Ca®* enhanced the hydrolysis rates for all four Mn
oxides, especially for 6-MnO, and birnessite (Table S1 and
Figures 2a,b). For example, in the presence of 500 uM Ca**, a-
and 6-MnO, were able to hydrolyze all P}, within 5 and 24 h,
respectively.

The change of total P concentration in solution was used to
evaluate the sorption/uptake of both polyP and orthoP
(released from hydrolysis) onto mineral surfaces (Figure S4).
The evolution of total P concentration in solution during
mineral-catalyzed hydrolysis differed from the adsorption of
orthoP or organic phosphate on metal oxides, where dissolved
P concentration typically continuously decreases with the
increase of reaction time.’” For our polyP-mineral hydrolysis
system, in general, solution total P increased drastically during
the first few hours of reaction, followed by a steady state,
suggesting polyP interface behavior to be an adsorption-
hydrolysis process. At the initial stage, polyP rapidly adsorbed
onto Mn oxides. As the reaction proceeded, the hydrolysis of
polyP and release of orthoP led to the increase of total P
concentration in the supernatant. From the change of total P
concentration in solution, 6-MnO, showed a higher affinity for
both polyP and orthoP species and adsorbed a relatively larger
amount of polyP and orthoP at the surface than other Mn
oxides (Figure S4). Figure SSa showed that 6-MnO, has the
highest content of surface adsorbed Ca**. Adsorbed Ca** can
likely promote polyP and orthoP adsorption by compensating
negative mineral surface charge, increasing the electrostatic
attraction of polyP and orthoP toward the mineral surface, and
potentially promoting the formation of ternary surface
complexes.””**** Such higher coverage of polyP due to Ca?*
presence likely resulted in the enhanced hydrolysis of polyP by
Mn oxides, as discussed later.

Solution *'P NMR spectroscopy revealed the alteration of P
speciation in the filtrate after S5-day hydrolysis of polyP by Mn
oxides (Figure 3). For 6-MnO, and birnessite systems, the
presence of S00 uM Ca®* remarkably increased the intensity of
NMR signal for orthoP at 0.43 ppm, and decreased the NMR
signal for polyP at —8 and —22 ppm (Figures 3c,d) (for polyP
terminal and middle phosphate groups, respectively).'” Such
enhancement is consistent with batch experiment results that
the presence of Ca’* significantly enhanced polyP hydrolysis
by 6-MnO, and birnessite, but had minimal effects on a-MnO,
system (which already had the highest hydrolysis rate). For
example, 6-MnO, hydrolyzed most of polyP over S d; when
Ca®" was added, no residual polyP was detected in the filtrate
by NMR. In the @-MnO, system, only a single NMR peak at
0.43 ppm was observed, suggesting that no polyP remained
after 5-d reaction even without Ca** addition, consistent with
the result of batch experiments (Figures 1a, 3a). The difference
of intensity for the orthoP peak in Figure 3a is due to the
difference in numbers of scans (2048 scans for experiments
without Ca®*, 512 scans for experiment with Ca®"). Overall,
the NMR results further confirmed that the reactivity of Mn
oxides toward polyP hydrolysis was in the order of @-MnO, >
6-MnO, > birnessite > -MnO,.

Effect of Polyphosphate Chain Length. Previous studies
have revealed a terminal-only hydrolysis pathway of polyP by
proton'” and enzymes.'” Our recent study demonstrated that
polyP molecules with longer chain length had lower hydrolysis
rate and extent during their interaction with phosphatase
enzymes, due to higher molecular concentration of the shorter
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Figure 3. 3'P solution NMR spectra of liquid supernatants obtained
after polyphosphate (P,,) reaction with @-MnO, (a), f-MnO, (b), &-
MnO, (c), and birnessite (d) at pH 6.0 with or without 500 M Ca**
for 5 d.

chained polyphosphates at the same total P concentration."”
Here, the hydrolysis of polyP with varied chain length by a-
MnO, was compared, where all polyP experiments started with
the same total P concentration. The hydrolysis rate of longer
chained polyP (P, Py, and P,;) was relatively higher than that
of short chained polyP (P, and P;) (Figures 1a,2,4 and rate
data summarized in Table S1). The hydrolysis rate of P,5 was
the highest, and the reaction completed within 3 h in the
absence of Ca®" and within 2 h in the presence of 500 uM Ca*"
(Figures 2d, 4, and Table S1). Complete hydrolysis of P¢ and
P, was achieved within ~S h in the absence of Ca*" (Figures
1a, 4c). The hydrolysis of P, and P; was relatively slow, taking
36 h (P,) and 24 h (P;) until complete hydrolysis (Figures
4ab). The presence of 500 uM Ca** enhanced both the
hydrolysis rate and extent of @-MnO, toward all five polyP
species, consistent with previous results that the presence of
Ca®* enhanced the hydrolysis rate of triphosphate by MnO, in
Lake Northam water.”> The supernatant P concentration
during longer chained polyP reaction with @-MnO, at the first
time point (10 min) was lower than that of shorter chained
polyP (Figure S6). These results may result from more
phosphate groups of long chain polyP per molecule and Mn
oxide mineral being able to fix much more total P for longer
chained polyP adsorption in comparison with shorter chained
species. The presence and adsorption of Ca®" can also decrease
total P concentration of five polyP species in the supernatant at
initial reaction stage (Figure S6).

A series of supernatants at different reaction times were
selected to perform time-resolved solution *'P NMR measure-
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Figure 4. Phosphate release as a function of time during the interaction of @-MnO, with polyphosphates with varied chain lengths: (a) P,, (b) P;,
(c) Pg, and (d) P,s. Experiments were conducted at pH 6.0 with or without 500 uM Ca®".

ments (Figure S) to reveal the evolution of P speciation during
the hydrolysis of five polyP species by a-MnO,. The NMR
results indicated that the hydrolysis rates of longer chained
polyP were higher than those of shorter chained ones,
consistent with the results from batch experiments. The
NMR signals of longer chained polyP completely disappeared
within 1 h (Figures Sc—e). This period was shorter than that in
batch experiments, likely due to the differences in polyP and
Mn oxide concentrations used. A closer examination of the
NMR spectrum of P, hydrolysis by a-MnO, after 10 min of
reaction showed the coexistence of signals for orthoP and
polyP (Figure S7). During the degradation of long chained
polyP, their time-resolved NMR spectra did not show the
chemical signals of shorter chained polyP (Figures Sc—e). In
combination with the rapid and continuous orthoP release in
batch experiments, we propose that mineral-catalyzed hydrol-
ysis of polyP also proceeds with the terminal-only hydrolysis
mechanism, similar to enzymatic hydrolysis of polyP."

After 24 h reaction, some P, and P; signals still remained for
the hydrolysis of P, and P; (short chain polyP), respectively
(Figures Sa,b). The slow disappearance of P, or P; NMR
signals in their reacted supernatant implied slow hydrolysis
rates of these two polyPs over 24-h reaction times. In time-
resolved NMR spectra of P, hydrolysis, the intensity of the
peaks at around —7.5 and —22.3 ppm rapidly decreased and
the peak at —9.15 ppm (belonging to P,) gradually increased
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and persisted even after 24 h reaction (Figure Sb). At 0.5 h, the
peak at around —9.69 ppm showed a broad shoulder, which
contained overlapping signals from both P, and P; end groups,
possibly due to the close chemical shift of P, and P3’s terminal
P groups or the potential magnetic interference from very fine
a-MnO, particles that might have passed through the 0.2-um
syringe filter.

In order to explore the effect of Ca** and obtain better
signals, we conducted a separate set of NMR experiment by
reducing the concentration of @-MnO, by 6-fold and adding 3
mM Ca®', and the results are shown in Figure S8. With the
lower concentration of @-MnQO,, the reaction time needed for
complete hydrolysis of P; increased to 96 h. For this
experimental set, time-resolved NMR spectra showed that
the concentration of P, first increased then decreased as the
reaction proceeded, and orthoP was continuously produced as
the degradation product of P; and P,. Our NMR results are
consistent with a previous study using anion exchange
chromatography to identify the hydrolysis products of P; in
Lake Northam water in the presence of amorphous MnO,
(Figure S8).”* The hydrolysis pathway of P thus is consistent
with the above-mentioned terminal-only hydrolysis mecha-
nism, ie., through the degradation of one P; molecule to
produce one P, and one orthoP, followed by the degradation
of the produced P, to two orthoP molecules.
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Effect of Metal Cations. The promotion of Ca’* on the
hydrolysis process prompted us to further investigate the
effects of varied Ca** concentration and other divalent metal
cations on the hydrolysis of polyP by Mn oxides (Figure 6).
For this set of experiments, 5-MnO, was used and at a lower
concentration of 0.1 g L™' (compared to 0.4 g L™ used for
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previous experiments), because @-MnO, or high concentration
of 0-MnO, can lead to rapid degradation of polyP even
without the presence of metal cations, making it difficult to
differentiate the effect of Ca®>* and other divalent metal cations.
Figure 6a showed that increasing the concentration of Ca®*
increased the extent of polyP hydrolysis. In the presence of 500
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granules catalyzed by @-MnO, at pH 6.0, 7.5, and 9.0.

UM Ca*, 5-MnO, hydrolyzed all polyP to orthoP within 48 h,
while in the absence of Ca?* only 8% polyP was hydrolyzed
(Figure 6a). Dissolved total P concentration showed no
obvious difference at different reaction times and/or Ca®*
concentrations (Figure S9a). This is likely due to the low
concentration of -MnO, (0.1 g L™") and high concentration
of total P (500 yM) in the suspension. The low surface
coverage of P on 6-MnO, (~260 uM orthoP per g 6-MnO,,
Figure S10) can hardly change the total P concentration in
solution. Figure S9b showed Ca®* uptake by 6-MnO,. At high
Ca** loadings, there was still much Ca?* remaining in solution.
For example, at Ca** concentration below 10 yM, almost all
Ca®* was adsorbed onto the surface of §-MnO,; when Ca>* was
added to 500 uM, approximately 350 uM Ca®" stayed in
solution. The presence of surface adsorbed and/or free
dissolved Ca®* may enhance the formation of mineral-Ca-
polyP ternary surface complex and/or Ca-polyP solution
complexes. Figure 6b compared the effects of five common
divalent metal cations (Ca®*, Mg®*, Cu’**, Zn**, and Mn**) on
the hydrolysis of polyP by 6-MnO,. In general, all metal
cations showed enhanced hydrolysis extent as compared to no-
divalent metal controls (Figure 6a). At the same metal cation
concentration, orthoP release from polyP hydrolysis followed
the order of Ca** > Mg*" > Mn*" > Zn>* > Cu?* (Figure 6b).
Figure S9d showed a higher amount of Cu**/Zn*"/Mn*
uptake by 6-MnO, surface. Total P uptake by 6-MnO, in
the presence of Cu®*, Zn*", and Mn*" was also higher than that
in the presence of Ca** and Mg** (Figure S9c), possibly due to
the stronger affinity of Cu**/Zn*"/Mn*" to phosphate groups
and Mn oxide surface.’**’

Hydrolysis of Ca-PolyP Solid Granules. The effect of
polyP phase (solid vs dissolved) on its hydrolysis was also
investigated in the presence of @-MnO, (Figure 7), as previous
studies have suggested the abundant presence of scattered
micron-sized Ca-polyP particles in marine sediments.'” The
choice of a-MnO, was based on the fastest hydrolysis rate of
polyP by a-MnO,, which may make it easier to observe solid
Ca-polyP transformation. The concentration of both total P
and produced orthoP in solution increased as the reaction
proceeded and reached steady state at around 24 h at pH 6.0,
7.5, and 9.0 (Figure 7). At steady state, the total P
concentration in solution was ~1.7 times of orthoP
concentration. The increase of total P concentration resulted
from the rapid and continuous dissolution of Ca-polyP solid
granules. The resulting dissolved polyP could be adsorbed onto
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a-MnO, followed by hydrolysis and production of orthoP.
Thus, at the initial stage, the concentration of total P was very
high with minor amount of orthoP in the supernatant, and a
ratio of total P to orthoP in the supernatant was around 10
(Figure 7). Meanwhile, pH had obvious impacts on the
concentrations of orthoP and total P in solution. The
concentrations for both orthoP and total P were significantly
higher at pH 6.0 than at pH 9.0 and pH 7.5, suggesting that the
dissolution of Ca-polyP granules was dominated by proton-
promoted mechanism. However, the larger amount of orthoP
release at pH 6.0 can not be solely correlated to proton
hydrolysis of polyP, as at this pH the concentrations of total P
and Ca*" (Figure S5c) were also higher than those at pH 9.0.

Because total P concentration in the solution is higher than
orthoP concentration, the solution should also contain
unreacted polyP from the dissolution of Ca-polyP granules.
Therefore, solution *P NMR analysis was conducted to
investigate the change of P speciation in the supernatant
(Figure S11). When pH increased from 6.0 to 9.0, the signals
of orthoP and polyP end groups shifted from 0.56 to 2.39 ppm
for orthoP and from —7.66 to —5.77 ppm for polyP end
phosphate group. At 1 h reaction time, the signals for polyP
were at around —7 and —22 ppm and the peak intensities were
higher at pH 9.0 (compared to pH 6.0). *'P solution NMR
spectra revealed the presence of large amounts of orthoP in
solution at all three pH values, consistent with the rapid
dissolution of Ca-polyP granules and hydrolysis of released
polyP. The gradual increase of the intensity of polyP signals
with increasing pH suggests the faster dissolution of Ca-polyP
granules and/or slower hydrolysis of released polyP at lower
pH. This is consistent with the result from batch experiments.
After 5-d reaction, signals for polyP were very weak and hard
to detect by NMR in all samples, likely due to the low
concentration of total polyP molecules (10 PO, units per
polyP molecule). Consistent with this, the NMR signal for
orthoP dominated the whole spectra. These results indicated
that only a small amount of polyP remained in the solution and
the ratio of polyP to orthoP decreased significantly (in batch
experiment, decreased from ~10 to ~1.7) after S-day reaction.
The results from both batch experiments and NMR spectros-
copy suggest the rapid transformation of solid Ca-polyP into
dissolved polyP and eventually dissolved orthoP.

Previous studies reported that the total dissolved Ca** and P
concentrations required for supersaturation with respect to Ca-
polyP glass was more than 3 orders of magnitude higher than
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those with respect to hydroxyapatite.”® Due to the concurrent
production of Ca** (from Ca-polyP dissolution) and orthoP
(from the hydrolysis of polyP from Ca-polyP dissolution), the
formation of new Ca-phosphate phase(s) is highly likely,
especially at high pH values. P K-edge XANES spectroscopy
was thus performed to reveal the structural and mineralogical
information on the solid products after S-day reaction (Figure
8b) and compared to a suite of reference compounds (Figure

(a)
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Figure 8. (a) P K-edge XANES spectra of phosphate reference
compounds, including sodium polyphosphate salt (Na-polyP),
synthesized calcium polyphosphate granules (Ca-polyP), a-MnO,
adsorbed orthophosphate (a-MnO,-orthoP), amorphous calcium
phosphate (ACP), octacalcium phosphate (octaCaP), and hydrox-
yapatite. (b) Linear combination fitting of P XANES spectra of the
solid reaction products from the hydrolysis experiments of Ca-polyP
with @-MnO, at pH 6—9. Reaction condition: @-MnO, = 0.4 g L™/;
Ca-polyP granule = 0.02 g L™'; NaCl = 0.1 M. Raw and fitted data are
shown in dotted and solid lines, respectively. Fitting results are
presented in Table S2.

8a). As can be seen from Figure 8a, Ca phosphate minerals
exhibited a strong shoulder centered at ~21S5 eV. For Ca
phosphate minerals, highly crystalline compounds (such as
octacalcium phosphate and hydroxylapatite) showed a second
peak at ~2164 eV, and lower crystallinity phases such as
amorphous calcium phosphate (ACP) exhibited less distinct
shoulder peaks (Figure 8a), consistent with the spectra of
previous P XANES standards.”” The P XANES spectra of the
solids after S-day reaction did not show well separated
shoulder peaks at ~2164 eV, implying that high crystallinity
calcium phosphate mineral phases did not contribute a
significant fraction (Figure 8b). Linear combination fitting
(LCF) of the XANES spectra indicated the absence of
crystalline calcium phosphate phases in the solid products
(Table S2). With increasing solution pH, the relative
percentage of ACP in the reacted solids increased from 59.4
+ 5.2% at pH 6.0 to 77.4 + 3.6% at pH 9.0. Together with
batch experiments and NMR results, LCF of P XANES
suggested the overall transformation of Ca-polyP granules into
amorphous calcium phosphate solids in the presence of a-
MnO,, and such transformation of solid phase was faster under
alkaline pH conditions.

Mechanisms of PolyP Hydrolysis on Mn Oxides. Due
to the technical difficulties associated with obtaining/resolving
spectroscopic signals, such as the magnetic property of Mn
(difficult to collect solid NMR spectra), low surface coverage
of phosphate sorbed on MnO, (hard to achieve good signal-to-
noise ratio), and band overlap of phosphate vibration with
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MnO, mineral in IR spectroscopy, direct spectroscopic
evidence for the formation of surface inner-sphere complexes
is still lacking. However, formation of surface inner-sphere
complexes was generally considered to be the main mechanism
for phosphate adsorption on Mn oxides.”® For example, a
considerable decrease of Mn oxide point of zero charge (PZC)
upon phosphate adsorption sug ested formation of inner-
sphere phosphate complexes.”” Using pair distribution
function (PDF) analysis of X-ray total scattering, the PDF
spectra of phosphate adsorbed on birnessite indicated that the
peaks at ~1.54 A can be ascribed to the P—O pairs in the PO,
tetrahedron and the peaks at ~3.14 A are most likely due to
P—Mn pairs,** also suggesting the formation of inner-sphere
complexes on birnessite. Our recent solid state *'P NMR
results showed that, upon polyphosphate adsorption at the
surface of y-Al,Oj;, the main surface P species are phosphate
groups in polyphosphate that formed direct bonds with the
mineral surface as inner-sphere complexes (likely as bidentate
binuclear complexes) and phosphate groups in polyphosphate
that were not directly bonded to the mineral surfaces.”' Due to
similarity in P K-edge XANES spectra between a-MnO,
adsorbed orthophosphate (@-MnO,—orthoP) (Figure 8a)
and Fe/Al oxide-adsorbed orthophosphate samples, L sur-
face inner-sphere phosphate complexes are possible to form
upon phosphate adsorption onto Mn oxides.

During polyphosphate hydrolysis, PO, groups were activated
via the protonation of the double-bond oxygen to form 5-fold
coordination intermediate, followed by a nucleophilic attack by
water or hydroxyl molecules at acid pHs, or via direct attack by
free hydroxyl ions at alkaline pHs.'”'® During phosphate
monoester hydrolysis by acid or alkaline phosphatase, an
intermediate species was formed involving the oxygen atom of
the terminal PO, group completely coordinated with two
metal cations [eg, Zn(Il), Ca(I), Fe(Il), Mn(1)].*~*
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.” Based on the above-mentioned mechanisms for
phosphate ester or polyP hydrolysis by proton, hydroxyl, and
phosphatases, we propose that Mn oxide-catalyzed polyP
hydrolysis probably derives from the ability of Mn atoms to
coordinate with phosphate groups via oxygen atoms (either
bidentate or monodentate configuration), which can activate
the P atom for a nucleophilic attack. Surface H,0 and =Mn—
OH groups are formed at Lewis acid Mn sites of Mn oxides
(e.g, a-MnO, and 5-MnO,), which are close to the
neighboring Mn atoms coordinated with phosphoryl O
atom,*®"” and serve as a nucleophilic agent attacking the P
atom with a subsequent cleavage of the P—O—P bond. Surface
Lewis acid sites were previously confirmed as reactive centers
for a-MnO, catalytic ozonation and Fe/Ce (hydro)oxide
catalytic dephosphorylation.****’

In comparison with polyphosphate hydrolysis on y-Al,Os,
Mn oxides showed several orders of magnitude higher activity
than Fe/Al oxides.”' The main difference between Mn and Al
oxides is that Mn oxides have a high vacancy content in their
structure.”®~>* The presence of vacancy sites at the surface of
Mn oxides may be served as alternative active sites for
dephosphorylation. Mn K-edge XANES of a-MnO, indicated
the existence of ~10% Mn(III) in the structure of a-MnO,
(Figure S12). Our recent study also reported 15% and 6%
Mn(III) in 5-MnO, and birnessite, respectively.”> The
presence of structural Mn(III) or vacancy sites may result in
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the decreased stability of P=O—P bonds of terminal phosphate
groups that are readily attacked by hydroxyl groups adsorbed
on nearby sites or free reactive hydroxyl groups. The direct
quantitative relationship between polyP hydrolysis and vacancy
site density is beyond the scope of this study and warrants
future studies.

Key Factors Influencing PolyP Hydrolysis on Mn
Oxides. Ca®* can coordinate with the surface hydroxyl groups
(=Mn—OH) of Mn oxides, compensating the negative
surface charge of Mn oxides,” thus enhancing the adsorption
of negatively charged species such as polyP.”” Ca?* may
also possibly form strong bonds with phosphate groups to form
surface ternary complexes and serve as a cation bridge.”* Due
to the larger ionic radius of Ca atom (1.14 A) compared to Mn
(0.67 A), we consider the formation of monodentate Ca-
surface complexes to be more likely (as opposed to bidentate
Ca surface complexes). Similar ternary surface complexes
might also form in the presence of other divalent cations such
as Zn?*, Cu?*, and Mn*, which can explain the enhanced
hydrolysis of polyP in the presence of these cations. Compared
to Mg** and Ca®', the relatively lower promotion effect of
Zn**, Cu?*, and Mn** on polyP hydrolysis may be attributed to
the different adsorption mechanisms/sites of Zn**, Cu**, and
Mn?* on Mn oxides,”***> which might have affected the
hydrolysis of polyP.

Comparing the hydrolysis efficiency of the four Mn oxides, it
is clear that mineral structure, reactive site density, crystallinity,
and surface properties (e.g., surface area) had distinct impacts
on mineral-catalyzed polyP hydrolysis. For example, the
hydrolysis rates of all four Mn oxides followed the order of
a-MnQ, > 6-MnO, > birnessite > f-MnO, (Table S1), which
is consistent with their order of BET surface area: @-MnQO,
(146.43 + 032 m* g') > 5-MnO, (125.72 + 0.6 m* g*') >
birnessite (27.4 + 0.6 m*g™") > f-MnO, (2.03 + 0.07 m* g ").
Comparing the hydrolysis of P), by 6-MnO, and birnessite
(which has similar crystal structure but different degrees of
structure order), the less ordered and poorly crystalline §-
MnO, showed a higher hydrolysis rate as compared to the
better ordered/crystalline birnessite. Due to the differences in
crystallinity, 6-MnO, has higher surface area and higher site
density of structural defects.”> PolyP hydrolysis rates on a-
MnO, (BET surface area: 146.43 + 0.32 m* g”') and §-MnO,
(BET surface area: 125.72 + 0.6 m*> g~ ') are 0.155 and 0.011
h™!, respectively, when no Ca*" was added. @-MnO, presented
a much higher hydrolysis rate for polyP hydrolysis than 6-
MnO,. The highest reactivity of a-MnO, for polyP hydrolysis
may have also resulted from its reactive facets that may have
more Lewis acid sites and higher vacancy content at the
surface. High reactive facets and surface Lewis acid sites were
previously confirmed as reactive centers for a-MnO, catalytic
ozonation and arsenite oxidation.***® For example, the (100)
face of @-MnO, can form more stable surface complexes with
arsenate and arsenite than the (110) face, and the (100) face is
more functional for the removal of arsenate and arsenite than
the (110) face.*®

The terminal-only hydrolysis mechanism can explain the
higher hydrolysis rate of long chained polyP, due to the
stronger ability of long chained polyP molecules to compete
with the released orthoP and/or short chained polyP
molecules for adsorption onto Mn oxides. Additionally, only
one terminal phosphate group of P, and P; could coordinate
with the surface of Mn oxides, but another terminal phosphate
group of longer chained poly P (Pg, Py, and P,5) might be able
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to form bonds with the mineral surface, likely accompanied by
some degrees of spatial constraints. For the hydrolysis of solid
Ca-polyP granules, due to the release of Ca** and aqueous
polyP from the dissolution of Ca-polyP granules, Ca** not only
rapidly promoted the hydrolysis of aqueous polyP by a-MnO,,
but also served as a complexing cation with the orthoP
produced from the hydrolysis of aqueous polyP, eventually
leading to the precipitation of calcium phosphate solid(s),
which might be an important pathway for P burial in marine
sediments.

B CONCLUSION

This study revealed the rapid hydrolysis and transformation
(within hours or days) of polyP at the Mn oxide-water
interface with the hydrolysis rate in the order of @-MnO, > §-
MnO, > birnessite > S-MnO,. The presence of common
divalent metal cations (Ca** and Mg®) can significantly
enhance the hydrolysis of polyP by Mn oxides. The presence of
other common metal cations (Cu**, Zn**, and Mn>*) also has
positive impacts on polyP hydrolysis by 5-MnO,. Although the
concentration of metals in our experiments is slightly higher
than their environment concentrations, our results can be
inferred for some natural systems. For example, microbial Mn/
Fe reduction in soils and sediments may lead to high metal
(e.g., Cu, Zn, and Mn) concentrations in the pore—water.‘w’58
Calcium polyphosphate granules can be hydrolyzed by a-
MnO,, leading to the formation of amorphous calcium
phosphate solid(s), which are often considered as precursors
for apatite mineralization. The hydrolysis rates for longer
chained polyP were relatively higher than those of shorter
chained ones. PolyP with shorter chain lengths showed
relatively slower hydrolysis rates, which might help explain
the presence of high fractions of pyrophosphate in natural
sediments and soils.”” These results lay the foundation for
better understanding the interfacial geochemical processes
governing polyP transformation in soil and sediment environ-
ments and show the significance for the interpretation of P
bioavailability in aquatic environments. Future studies are
warranted to explore the effects of other common environ-
mental minerals and solution conditions (e.g, freshwater vs
seawater), as well as comparison between abiotic (e.g., mineral
catalyzed) vs biotic (e.g,, phosphatase enzyme) processes medi-
ated polyP hydrolysis rates, in order to better understand the
processes governing the fate of polyP under varied and
complex environmental settings.
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