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ABSTRACT: The geochemical behaviors of phosphate-contéitiral and anthropogenic source
ing species at mineralater interfaces are of fundamental

importance for controlling phosphorus mobility, fate, and

bioavailability. This studyviestigates the sorption and

hydrolysis of polyphosphate (a group of important Iong—chainied o .0 o oo ¢
phosphate molecules) on aluminum oxides in the preseneewi{-ﬁ—f’h—w ‘HH‘ i o

divalent metal cations @aCu?*, Mg*, Mr#*, and z&") at pH © 0 N0 aluminum 5 aluminum

6 8. -ALO; with three particle sizes (5, 35, and 70 nm) was ... Wl e B

used as an analogue of natural aluminum oxides to investigate the i T e Amorphous

particle size ect. All metal cations enhanced polyphosphate S CRPRTPIARI.

hydrolysis at derent levels, with €ashowing the most

signi cant enhancement, and theedénce in the enhancement might be due to the intrinsity ®f metal cations to
polyphosphate. In the presence &f,Gae hydrolysis rate decreased with increasing mineral particle size. $#id-state
nuclear magnetic resonance spectroscopy (NMR) revealed the main surface P species to be amorphous calcium phospha
precipitates, phosphate groups in polyphosphate that formed direct bonds with the mineral surface as inner-sphere complexe
and phosphate groups in polyphosphate that were not directly bonded to the mineral surfaces. Our results reveal the critical
roles of mineralater interface processes and divalent metal cations on controlling polyphosphate speciation and
transformation and phosphorus cycling.

1. INTRODUCTION In soils and sediments, phosphate groups can strongly
Phosphorus (P) is as an essential nutrient for all livin dsorb onto metal (hydr)oxides, :?md th_e sorption beha_vio_r
organisms and commonly exists as diverse phospha pends on phosphate concentration, mmeral type, pH, ionic
containing molecules in natural environmdrodyphosphate ~ Strength, -and the presence of competing or complexing
is a group of important phdsge-containing species, '°NS: Since the sorption of phosphate groups at
composed of at least three phosphate ions joint b_lneral We_rger interfaces can sigantly .|mpa(.:t Ffldlstnbu-.
phosphoanhydride (® P) bonds. Polyphosphates are 0N, mob|I|_ty, transfor.matlon,_ and bioavailability, detailed
synthesized by all living organisms and serve many importafderstanding on the interaction between phosphate group-
biological functions, such as ATP substitute, energy sour€@ntaining molecules and common minerals is needed to
regulator for P stress and survival, and life evc’;ﬁxtion.eVa'U"_"te the mterfa_ual be_haV|or and bioavailability c_)f P in
Polyphosphates can be extracellular or intracellular. Durifguatic and terrestrial enwronmé‘h?ﬁet, very few studies
common cell events, such as extracellular release, lysis, dé&ye examined the chemical behaviors of polyphosphate at the
and burial of microorganisms, polyphosphates are released fmigeral water interface. Tripolyphosphate was reported to
various natural environméehtor example, polyphosphates adsorb on aluminum (Al) hydroxide by forming monodentate
are found to represent 13% of total P in planktonic binuclear inner-sphere compléX@sipolyphosphate was also
organisms’ the dissolved and particulate pools of sedwater, found to hydrolyze on the surface of manganese oxides, which
and marine sedimefitas well as 0.#% of total P in sofls. ~ Wwas enhanced in the presence &fabal M@*ions:° Thus, it
Polyphosphates are also irtgmurr industrial chemicals, is likely that both adsorption and hydrolysis of polyphosphate
frequently used as reagents for water treatment, medicig® mineral surfaces can sigamtly aect its fate and transport
fertilizers, ame retardants, and food addifiYéghe wide-  at the mineralwater interface.

spread anthropogenic application of polyphosphates can

ultimately result in their release into soils, water bodies, am@ceived: March 28, 2019

sediments. Thus, understanding polyphosphate transport amevised: June 25, 2019

transformation in natural environments has importantccepted: July 17, 2019

implications for both geological and anthropogenic P cycles?ublished: July 17, 2019
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Al (oxyhydr)oxides, such as amorphous Al hydroxides, 2.2. Hydrolysis of Polyphosphate by Aluminum
boehmite, and gibbsite, are among the most abundant afdides. Two sets of experiments were designed to explore
reactive minerals found in natural environments, and athe e ects of -ALO; particle size, pH, and metal cations on
commonly considered as a critical metal oxide group (alom@lyphosphate hydrolysis at room temperature, as detailed
with Fe and Mn oxides) that can sigantly aect the below and summarizedTinble S1
environmental behaviors of numerous trace elements andExperiment Set | examined theats of -ALO; particle
contaminants’ *° It is commonly accepted that mineral size (5, 35, 70 nm), pH (6.0 vs 8.0), and presence/absence of
surface properties can sigantly aect their reactivity during C&"*. This set of experiments used polyphosphate concen-
interfacial biogeochemical reactions. Thus, during the interation of 2 mM (as total P), with/without 1 mM%Gand 0.4
action of phosphate-containing molecules (such as polyphgs-L ! -ALO,. Prior to the adsorption and hydrolysis
phate) with minerals (via processes such as sorption aestperiments, 0.04 g eALO; (5, 35, 70 nm) and 0.58 g of
hydrolysis), mineral surface properties such as surface readti4€l (to achievenal background electrolyte strength of 0.1
sites, surface area, and particle size are likely to play key rolegywere mixed in 95 mL of deionized water in a glass bottle
determining the surface speciation and hydrolysis rate agfd equilibrated overnight under magnetic stirring at 7 Hz. For
extent. experiments exploring thecets of C4 on polyphosphate

In this study, we systematically characterized the uptake aﬁtﬂgorption and hydrolysis, 2 mL of a stock solution of CaCl
hydrolysis kinetics and mechanisms of polyphosphate on b mm) was rst added to 93 mL of deionized water before
oxide minerals under varied solution chemistry, such as phe addition of-ALO; and NaCl solids, in order to achieve a
and metal cation presencéLO; is an analogue to naturally  nal C4* concentration of 1 mM. pH of the suspension was
occurring aluminum (oxy)hydroxides and Al-rich claymanually adjusted ta#0.05 or 8.@: 0.05 using 0.05 M HCI
minerals, and is a well characterized phase that has b% NaOH. After Overnight equ”ibration' 5 mL of po|y-
used to represent natural Al oxide minerals for numeroyhosphate stock solution (with40 mM in total P
studies on the sorption of nutrients and metals (.., P, Zn, a@ncentration) was added into the suspension, in order to
other me}a;?. It is commercially available inafent  achieve anal polyphosphate concentration of 2 mM (as total
particle sizes,allowing examination of the particle sieete  p) The suspension pH was immediately readjusted. After this
Compared to environmental Al oxide minerals (e.g.njtiation of reaction, the pH of the reaction suspension was
corundum, boehmite, gibbsite, and bayerlté\)z(g% has  adjusted several times within tret 2 h, then at 3, 5, 7, 10,
higher surface area and reactivity for P adsorpfiSh. 54 48 72, 96, 168, and 216 h. At spéiche points, aliquots
Additionally, since-ALO; is not a pa_ramagnet|c_n31|neral (2 mL) of the suspension wakered (0.22-m Millipore
substrate (as compared to Fe/Mn minerals), solid*3eate membrane) and the supernatant analyzed for the concen-
nuclear magnetic resonance (NMR) spectroscopy has beghions of orthophosphate and total P. For total P analysis, all
successfully applied to systematically characterize surfacg R ihe supernatant was hydrolyzed to inorganic orthophos-
species and reaction mechaqisms during their interaction WHHate via potassium persulfate autoclave digéstiod,
aluminum (oxy)hydroxidéS* Baich experiments were orthophosphate concentration was determined using the
conducted to determine the hydrolysis rate and extent hosphomolybdate colorimetric assan an UV vis
polyphosphate byALO; with three dierent sizes (5, 35, and f'spectrometer (Carey 60, Agilent).

70 nm), at varied pH (6 and 8), and in the presence of " gyheriment Set Ii was designed to compare éutseof
common divalent metal cations (CaMg”, Ce’, 2", di erent divalent metal cations {CMg’*, C/*, Zrf*, and

Mn?’). Solution and solid-staf®P NMR spectroscopy Mn2*) on polyphosphate hydrolysis. This set of experiments
analyses were conducted to reveal the hydrolysis mechan d decreased concentrations of polyphosphate (1 mM as
and reaction products in both solid and solution phases. P &, P), metal cations (0.5 mM), and 5 nALO, (0.1 g

edge X-ray absorption near edge structure (XANES) spectrq_s—l) an’d the purpose waé to mir;imize direct prsecibitation of
copy was used to identify the phase composition of the SOl 1y ohosphate solids, which magtathe mineral-
reaction products. Results from this study provide new 'ns'grl:&talyzed hydrolysis proces’s S a calculated amount

for the abiotic transformation of polyphosphate and th mL) of metal chloride stock soluti'on (50 mM) was added
formation mechanisms of calcium phosphate minerals Ao 96.5 mL of deionized water to reach the desiraid

environmental interfaces. The results also lay the foundati : ABO
for better understanding the geochemical processes controllﬁrﬂetal concentration of 0.5 mM, then 0.01 g of 5 3

phosphorus transport and transformation in natural enviroH\ng mixed W'thf the SOIUt.'Or? to p_:_epare the dlsperse?
ments. suspensions. After overnight equi |brat|_on, 25 mL o
polyphosphate stock solution was added into the prepared
suspension. The concentration of metal cations iitehed
2. EXPERIMENTAL PROCEDURES supernatant was measured using inductively coupled plasma-
2.1. Materials and Characterization. Polyphosphate mass spectroscopy (ICP-MS). All experiments were performed
sodium salt with an average chain length of 10 (hereaftér duplicate. In order to collect good solution and solid NMR
referred to as;p) was purchased from Sigma-Aldrich. Three spectra with acceptable signal-to-noise ratio, polyphosphate
AlLO; samples with dérent average particle sizes were used;oncentrations were set up to 2 mM in total P concentration.
including a 5 nm sample (Sky Spring Nanomaterials IncThis concentration is also similar to the one used in our recent
catalog no. 1328Ql), 35 nm sample (Sighidrich, catalog  study on enzymatic hydrolysis of polyphosphatéjch
no. 544833), and 70 nm sample (Alfa Aesar, catalog nallows comparison between enzymatic and mineral-catalyzed
43266). Details on sodium polyphosphate salt -adD, polyphosphate hydrolysis. A relatively high metal concen-
samples are available in the Supporting Infornfatiors1 tration was used to demonstrate their promotient® on
and Text S2 polyphosphate hydrolysis at th&,b,O4 surface.
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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)-ALOs. Reaction conditions: polyphosphate concentration 2 mM (as total P), pH 6.0 or 8.0, with/without 1.rirdsBGad|
lines serve as visual guides to represent the trend of orthophosphate release.

2.3. Spectroscopy Analyses. At the end of 216 h (9 d) and orthophosphate sorption, with the sorption capacity for
reaction, the reaction suspensions were centrifuged to sepapigtate being an order of magnitude higher than that for
the solid and supernatant. The supernatant samples wenghophosphate. Here, we investigated size-dependent
directly used for solutichP NMR analysis. The wet pastes adsorption and hydrolysis of polyphosphate byedt sized
were freeze-dried for solid stdt® NMR spectroscopy -AlLO; in the absence or presence of 1 mM*Ca
analyses, including single pulse magic angle spinning (S§Bkperimental Set IFigure 1and Fig. S% During the
MAS),31P{1|;|} cross-polarization MAS (CP/MAS), 2-dimen- experimental duration, orthophosphate was continuously
sional (2D) "P{'H} heteronuclear correlation (HetCor), and produced and released into the solution from polyphosphate

Al SPIMAS NMR analyses. P K-edge X-ray absorption neggqrolysisfigure ), and the production rate can ttted by
edge structure (XANES) spectroscopy analysis was alsQ-order kinetic modeFig. S5Table ). In the absence of
conducted on the reacted solids following our previoug2+ and at both pH 6.0 and 8.0, the production rate and

proceduré” Details of NMR and XANES data collection gyiant of orthonhosphate was sliahtly hiaher for SAHD
and analyses are available in the Supporting Inforfreation (0.19 0.197x fo 3 r?l) as compgreg t0935 and 70 nin

S3 Text S5 AlLO, (0.146 0.174x 103 h 3. In the presence of 1 mM
Céa*, the hydrolysis rate of polyphosphate was obviously
3. RESULTS AND DISCUSSION improved for all three sizedh\LO; (Figure landFig. S}k
3.1. Polyphosphate Adsorption and Hydrolysis on roughly following the order of 5 > 35 > 70 RAl,O;, with a
Aluminum Oxides. A previous study showed thaALO, 3.5 4.1times increase at pH 6.0 and a3 times increase

with di erent particle sizes hadeadent reactivity for phytate at pH 8.0 {Table ).
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Table 1. First-Order Kinetics Fitting Parameters from Batch ~ 3.2. Solution *'P NMR. Since distinctive chemical shifts
Experiments irFigure 1 () can be identied for the NMR spectra of orthophosphate
( = 1 ppm) and polyphosphates& 9 ppm and 21

experimental conditions ppm for end and middle phosphate groups, respectively),

-ALO; ca . solution P NMR spectroscopy can be used to evaluate
partlcle Size concentration reaction .. . .

(m) pH (mM) time (h) k(103hY) R aqueous P speciation during the hydrolysis of polyphéSphate.
5 6.0 216 0.19 0.939 Solution®P .NMR_spectra of polyphosphate supernatant after
5 6.0 1 216 0.776 0069 9-day reaction with threeALO; phases are shownARigure
35 6.0 216 0.169 0.919 2 The spectra of the supernatant showed distinctive chemical
35 6.0 1 216 0.644 0.905 shifts of orthophosphate and polyphosphate. It also demon-
70 6.0 216 0.174 0ose Strated the sigrdant enhancement of<an the hydrolysis

70 6.0 1 216 0.605 0990 Of polyphosphate by all thre&lL,O; at both pH 6.0 and 8.0.
5 8.0 216 0.197 0921 Inthe absence of €athe NMR spectra were dominated by
5 8.0 1 216 1.89 0.958 the signal from polyphosphate middle groups, centered at
35 8.0 216 0.146 0.888 21.71 ppmfFigure 2. However, in the presence of Cthe

35 8.0 1 216 1.58 0.948 peak intensity of orthophosphate became a csghi

70 8.0 216 0.167 0.890 component and was similar to that of the polyphosphate end
70 8.0 1 216 1.08 0.972  group Figure 2 or sometimes even stronger, such as during

the reaction of polyphosphate with 5 nAl,O5 at pH 8.0
(Figure 2). Additionally, NMR spectra did not show the

The evolution of total dissolved P concentration in therandom production of shorter chained polyphosphate, which

solution (which is the sum of dissolved polyphosphate an\'(\fou'd ha_ve r(_asulted |n_mult|ple peaks. from m@dle ph_osphate
orthophosphate)Hig. S¥is di erent from the typical features groups with dere‘?t chaln Iengt_hs,_as d's.CUSSEd In de_tall In our
for orthophosphate or organic phosphate adsorption on Fe aﬁ?fent study’. This, in pombln_atlon with the continuous

Al (hydr)oxided??® In general, phosphate adsorption on Fe/ ©'thophosphate production during batch experinteigts¢

Al (oxyhydr)oxides experiences a rapid initial uptake followeg: SU9gests that orthophosphate was released one by one from
by slow uptake, reaching steady state within approximate'}s terminal phosphate groups of polyphosphate molecules,
h1225|n this study, total P concentration in solution decreaseiMmilar to 4the case of enzyme catalyzed polyphosphate
quickly within therst few hours and then gradually increasedydrolysis® To determine the relative percentage of
(Fig. S} The concentration of solution®Cat day 9 was orthophosphate anql polyphosphate in the supernatant, _thelr
signicantly lower than that at the beginning of the NMR peaks were integrated and compared. The obtained
experiments Hig. SP, suggesting a large degree of Ca _relat|ve percentage information (based on the ratio of
immobilization during polyphosphate hydrolysis. We hypothétegrated peak areas) was compared to that obtained from
size that the initial rapid decrease was likely due to the rapigt chemistry analysis (using orthophosphate concentration in
adsorption of polyphosphate on#s,0, and that the gradual ~ Figure land total P concentrationfing. S} The calculated
increase of total P concentration over time likely resulted frofgsults were presented Table S2 Without C&', poly-

the hydrolysis of polyphosphate and production of dissolvgdiosphate was the main P species (>90%) in solution, with
orthophosphate. We further hypothesize that the change $3.6, 94.56, and 94.83% polyphosphate at pH 6.0 and 93.46,
solution C4& concentration was due to the complexation and®5.07, and 95.31% polyphosphate at pH 8.0 for the
precipitation of G4 with polyphosphate and/or produced supernatants of the 5, 35, 70 nmALO; experiments,
orthophosphate. These hypotheses were further investigatedpectivelyT@able SR In the presence of €aorthophos-

using solution and solid stdfe NMR, as detailed below. phate became another main P species and reached 19.33,
(a) 5 nm y-Al,0, (b) 35 nm y-ALO, (©) 70 nm y-ALO,
OrthoP OrthoP Middle P in polyP) OrthoP Middle P in polyP|
217 Middle P in polyP 217 — 207 o
) -21.71 -21.71 i
End P in polyP EndPinpolyP | < End P in polyP 2456
ZpHsorca” 1022 | %‘ pH 8.0+Ca™ : £ pH8.0+Ca™ :
2] H H : 2] : : :
g : f I f s 5 z : g : : 5
é pHSO 043 L. E |pH80 043 g pH 8.0 :0.43
10,22 5 l ~10.22
PH 6.0+Ca™ : i pH 6.0+Ca™’ :
pHGO f PHGO | :
0 5 0 -5 -10 -15 20 25 -30 10 S 0 -5 -10 -15-20 -25-30 10 5 0 -5 -10 -15 -20 -25 -30
Chemical Shift (ppm) Chemical Shift (ppm) Chemical Shift (ppm)

Figure 2.3 solution NMR spectra of the liquid supernatant from polyphosphate hydrolysis (Experiment Set 1) by 5 nm (a), 35 nm (b), and 70
nm (c) -ALO3; Reaction conditions: polyphosphate concentration 2 mM (as total P), pH 6.0 or 8.0, with/without 1,8\ a&ysCkaction
time.
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Figure 3.%P solid-state NMR spectra oALO, reacting with polyphosphate (Experiment Set ). Reaction conditions: polyphosphate
concentration 2 mM (as total P), pH 6.0 or 8.0, with/without 1 mM,C@@hys reaction time. Asterisks denote spinning side bands.

16.72, and 15.19% at pH 6.0 and 47.49, 35.37, and 26.78%ssigned to deprotonated bridging bidentate and singly
pH 8.0 for 5, 35, 70 nmALO; supernatants, respectively protonated bridging bidentate surface complexes, respec-
(Table Sp The presence of €aincreased the relative tively™ In this study, we tentatively assign the phosphate
percentage of orthophosphate By5 and 8.5 times for pH groups in polyphosphate into two categories: those forming
6.0 and 8.0, respectively. Such enhancement is similar to theect bonds with the mineral surface (i.e., inner-sphere surface
enhancement observed in kinetiing results Table land complexes) and those not directly bonded to the mineral
Table Sp Overall, these results consistently indicated theurfaces, as schematically illustratéelginS7 These two
ability of C&" in enhancing polyphosphate hydrolysis-by categories of phosphate groups in polyphosphate molecular are
ALOs. later referred to as polyRsReqand polyP-Ruonged IN OUr

3.3. Solid State *'P SP/MAS NMR. To further elucidate  study, the chemical shift at 21 ppm can be assigned to
the structure of the solid reaction products, solid *$eate  polyP-R,.nqeqdue to its similarity to the solution NMR signal
NMR analysis was conducted on the freeze-dried solid reactmihmiddle phosphate groups at21 ppm Figure 2.° The
products.®P SP/MAS solid state NMR spectra of poly- peak at 12 ppm, close to that of phytate and
phosphate reacted withALO; in the absence/presence of orthophosphate adsorption at 6 ppm“?’ might be
Cé&* for 9 days at pH 6.0 and 8.0 were shoviiginre 3 At attributed to (1) inner-sphere surface complexes between
pH 6.0 and in the absence ofCapectra of samples with phosphate groups in polyphosphate and mineral surface (i.e.,
di erent sized-ALO; yielded two similar peaks at chemical polyP-B,nqed, (2) formation of Al polyphosphate/phosphate
shifts of around 12 and 21 ppm Figure &). This suggests precipitates, or (3) formation of Ca polyphosphate/phosphate
the presence of similar phosphorus species and similarecipitates. Factors 2 and 3 can be eliminated, as discussed
interaction mechanism(s) between polyphosphate amd di below.

ent sized-ALO;. In the presence of €at pH 6.0, the two For factor 2, the formation of Al phosphate precipitates can
peaks at chemical shifts of aroud@ and 21 ppm still result in®P chemical shift at higeld such as aluminum
dominated the NMR spectra but showecrdnt relative  phytate atp,= 11.2 ppri’ and aluminum orthophosphate at
intensity as compared to the samples in the absencé of Cap = 10 ppnt® To rule out the possible formation of

(Figure B). Previous studies showed two NMR peaks at 0 andluminum polyphosphate/phosphate precipitates, we meas-
6 ppm for orthophosphate adsorption on boehmired ured both solid stat?P and?’Al NMR spectra of these

two NMR peaks atl and 6 ppm for phytate adsorption on samples as well as a synthetic aluminum polyphosphate
-ALO;'" These peaks were typically attributed to innerstandard Figs. S8 and $9The 3P chemical shift of

sphere E)hosphate surfacanglexes on Al (oxyhydr)- aluminum polyphosphate precipitates was at  23.55

oxides™*’ Specically, the peaks at 1 and 6 ppm were  ppm (Fig. S8)p far away from the 12 ppm chemical shift
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Figure 4.2D 3P {*H} CP-HetCor spectra of the solid reaction products from 54k, reacting with polyphosphate (Experiment Set |) at 2
mM polyphosphate (as total P), pH 6.0 or 8.0, with or without 1 rAiMa@d 9 days reaction time. ¢ Contour plots for polyphosphate
hydrolysis with Gaat pH 6.0 (a), without Gaat pH 8.0 (b), with Cd at pH 8.0 (c), respectively. Spectra on the top and left of the 2D contour
plots are sum projections of #f and'H dimensions, respectively. (d) SpectféPotross sections (the F2 dimension) takéd ahemical

shifts of 5.14 ppm for the 2D contour maps in pacs(e) Spectra dH cross sections (the F1 dimension) takétPathemical shifts of 1.28,
10.01, and 20.27 ppm for the 2D contour map in part c.

observed for the reacted samples. In additioAINAMR in Figure &,b, the formation of calcium polyphosphate should
spectrum of aluminum polyphosphate showed one main peadt be the main factor resulting in #fNMR spectra shape.
at o= 0.29 ppm and one shoulder peakat 29.54 ppm Based on the discussion above, the chemical shift at

(Fig. S8 The ?’Al NMR spectra of the reacted samples did 12 ppm can be assigned to factor 1, the formation of polyP-

not show these peaks at both pH 6.0 and=8;0%%, similar Phonded I-€., iNNer-sphere surface complexes (likely as bidentate

to unreacted-ALO; samples (with two chemical shifts,at binuclear complexes) betwezgn phosphate groups of poly-
65 and 8 ppm)’’ By combining'P anc?’Al NMR results phosphate andALO; surfacé™*° The di erence in chemical

the formation of aiuminum phosphate or polyphosphat@"ift ( 12 ppm) as compared to orthophosphate or phytate

: . : 7
precipitates can be eliminated as dominant species for tﬁgs_orptmn on aluminum (hydro)ox_|des (e}rouﬁqbpm)l .
presence OfP chemical shift ab= 12 ppm. Is” likely due to the ect of neighboring P atoms in

For factor 3, the formation of calcium polyphosphate ¢ Qlyphosphgte. The bond of bidentate s_urface complexes
result inP NMR spectra with two peaks at  9.09 and ith the neighboring phosphate group might lead to the

_ ; movement of*P chemical shift toward higteld in
24.13 ppmKig. S8) di erent from the reacted samplgs ( comparison with the bond with hydrogen atoms. A previous

ataround 12 and 21 ppm). Moreover, after 9-day reaction gy,qy also indicated that the phosphate tetrahedra in apatite
at pH 6.0, most polyphosphate and orthophosphate remainggsociated with chlorine resulted in the movement of a
in the solution Eig. S} and were not likely to result in the chemical shift toward higleld relative to those associated
formation of large amounts of calcium polyphosphatgith uorine®

precipitates on the mineral surface. In combination with the At pH 8.0 and without €4 the 3 NMR spectra of
similarity of chemical shifts with/without the presence?df Ca polyphosphate reacted withLO; displayed the same shape
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as those at pH 6.0-igure 3,c), indicating the presence of , < 3.9 ppm inFig. Sllc,dndicated that the formed
similar species at pH 6.0 and 8.0. However, whénv&a  precipitates of calcium phosphate were in amorphous phase,
present at pH 8.0, th&#P NMR spectra showed obvious since (1) amorphous calcium phosphate has a Jhqrtiene
di erence from pH 6.0 samplégy(re 8,d), with one main  (0.54+ 0.15 ms) with our calculated result of 0.3 ms when
peak at around9 ppm and two shoulder peaks at around 2.6ompared to crystalline hydroxyapatite (a crystalline Ca
and 20.5 ppm. The chemical shift &67 ppm belongs to phosphate phase) (1.420.08 ms)%/234 (2) hydroxyapatite
calcium phosphate precipitates, and their crystallinity (amarould show a sigmiantly slowef’? NMR signal buildup
phous vs crystallifewill be addressed below in CP dynamic compared to its amorphous counterparts, and the signal area
experiments. The chemical shift a® ppm can be attributed intensity for hydroxyapatite would decay more slowly with the
to phosphate groups of polyphosphate as inner-sphere surfeataxation tim@,  close to innity2%343°
complexes on-ALO; (i.e., polyP-R.q4ed- The shift of ; at We further collected 2-t%P{*H} HetCor spectra of these
around 12 to 9 ppm might be due to the strong chelation three samples ig. S11o distinguish phosphate sites by the
between C4 ions and these inner surface complexes (i.enature of associated hydrogen environments, and their 2-D
potential formation of ternary surface complexes and/apectra for 3 ms CP time are showkidnre 4The spectra in
precipitates) at high pHFig. Sk Fig. S10showed the the center oFigure 4 c were typical 2-D contour plots with
Gaussian peak deconvolutiof$oRNMR spectra froffigure  the sum projection of ti# dimension on the top and fie
3d, and the relative intensities for each resonance line (sum projection on the left. Th&P projection closely
corresponding P species) were presented at the bottom of ttesembled their corresponding SP/MAS speeiyaré 3,

gures. The relative percentage of calcium phosphased the'H projection contained signal only from H atoms
precipitates, phosphate group as inner-sphere surface comar the phosphate. The similarity of ‘theprojection in
plexes (i.e., polyRsRed, and phosphate group in poly- Figure & c indicated no sigriant dierence of the overall
phosphate that were not associated with the mineral surfdogdrogen environment. Therefore, analysis dHtloeoss-
(i.e., polyP-Ruonded Were at 10, 70, and 20%, respectively section spectra at drent P chemical shifts was needed.
(Fig. s1p Within the 2-D spectrum of the 5 nmALO; sample (reacted

3.4. Two-Dimensional *'P{*H} CP-HetCor Spectra. As with polyphosphate in the presence éf &tgpH 6.0) shown
discussed above, the reacted solids contained phosphiate=igure 4, six dierent domains were ideetil. Four
groups in polyphosphate as adsorbed surface complex (id@mains contained relatively high contour density for the pairs
polyP-B.nqed» PhOSphate groups in polyphosphate that weref shifts (;, p) centered at around (1.5 ppmil4.2 ppm),
not associated with the mineral surface (i.e., pRYRER, (1.5 ppm, 22.1 ppm), (5.1 ppm,14.2 ppm), and (5.1 ppm,
as well as Ca phosphate precipitates. To further elucidate th22.1 ppm). Two domains had lower contour density
protonation and binding state of the phosphate groups as wetlrrelating a peak gt = 7.7 ppm in théH sum projection
as the crystallinity of the Ca phosphate precipitates, 2-D soiidth peaks at = 14.2 and 22.1 ppm in theé’P
state®P NMR measurement was performed. projection. The six domains of the 5 iALO; sample

The 3P{*H} CP/MAS NMR spectra (data not shown) of prepared without &aaddition at pH 8.0igure 4#) showed
the samples &igure 3vere similar in chemical shift with their similar positions as the sample in the presencé’aft @&l
single pulse spectra. Since'¥aesignal in CP/MAS spectrais 6.0, with only dierences in contour densigiqure 4). No
transferred from the closéist through thetH 3P dipolar contour at p= 1.5 ppm was observed for these two samples.
coupling, the’P signal intensity depends on te H These results indicated that the same coordination environ-
distance and numbers of neighboring prétdfsreveal the  ments of hydrogen and phosphorus for surface complexes
protonation of phosphate groups as well as the solid @minated upon polyphosphate adsorption, due to the lower
products (amorphous vs crystalline calcium phosphatapability of orthophosphate (produced from polyphosphate

precipitates) Kigure ), a series of CP/MAS solid stdte hydrolysis, carrying less negative charge as compared to
NMR experiments with variab}e values were conducted for polyphosphate) to compete with polyphosphate for surface
three samples (sample informatioRign S1laption, tting adsorption/complexation.

methods imMext S4. The CP kinetics can be described using However, the 2-D spectrum of the 5 n#l,0; sample,

the classical biexponential equatidaxt S¥, in which reacted with polyphosphate in the presence bzt 8.0,

intensity increases at short contact times with a time constatisplayed a derent contour shape. The domains at around

Tey and then decreases at longer times with a time constafit5 ppm, 9.6 ppm), (5.1 ppm, 9.6 ppm), and (7.7 ppm,

T, 1> Tpy relates to the spatial proximity of P to H, and 9.6 ppm) dominated the spectrum. FortRepeak atp =

T, u to the relaxation of thigd nuclei*” For a system with  1.58 ppm, only th#H peak at near, = 5.1 ppm appeared.

two 1/2 nucleus (in this cad® and'H), the heteronuclear The appearance oftdpeak at 5.1 ppm in the cross-section of

dipolar dipolar interaction is inversely proportional to thethe 1.58 ppm3P peak primarily originated from water

internuclear distance and the longer internuclear distancenmlecules and the hydroxyl group of amorphous calcium

related to longeFp, and lower CP eciency*® The mobility phosphate, since the existence of crystalline hydroxyapatite is

of the proton sources (e.g., water molecules, surf@ée P eliminated by CP dynamic result§im S1£%°%% Li et al.

and Al OH groups) also &cts the CP eciency’> The (2012) for the rst time revealed that boehmite surface

buildup of signals at16.5< < 2 ppm and 30 < p< catalyzed the crystallization of hydroxyapatite based on the
16.5 ppm in the CP/MAS spectra kinetics for all threeobservation of the 2-D HetCor domain in*Repeak atp =

samples (polyphosphate reacted with 5-AbD; at pH 6.0 2.65 ppm and th#4 peak at near, = 0.2 ppnft,” which did

and 8.0, with or without 1 mM €p shows higher CP  not appear in our 2-D HerCor specfa(re ¥ TheH peak

e ciency, indicating that the main hydrogen species may berrelated to the surface-adsorbed orthophosphate dominated

P OH groups derived from the polyR:Rqsand polyP- by restrictedly mobile water in the surfa@tlayer could give

PunbondecSPeciesHig. S11ac).®® The signal buildup at2 < a relatively narrow peak gt= 5 ppm:° If the adsorption of
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(@) ALO, Ca_polyP pH 6 (b) AlLO, Ca_polyP pH 8
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Figure 5.(a,b) Linear combinatiortting (LCF) results of P K-edge XANES spectra of the 9-day reaction products (Experiment Set Il) from
hydrolysis of polyphosphate (1 mM as total P, which is half of the polyphosphate concentration used in Experiment Set phinatieg/L Al
presence of 0.5 mM €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 (Gagzalgnhedl
polyphosphate (4D, polyP), and ADs-adsorbed orthophosphate,@yl orthoP). (¢ e) 3P solid-state NMR spectra ekL,0; (Experiment

Set I1) reacting with polyphosphate (1 mM as total P) at pH 6.0 or 8.0 in the presence of F5(m)MMEA (d), or Zre* (e).

orthophosphate (produced from polyphosphate hydrolysif)l,O; (details in Experimental Set 1) compared to those used
could lead to the contour plot in (5.1 ppm, 1.58 ppm), wein the Experimental Set Tgble S), the hydrolysis extent
should observe it in the samples -8{,0; reacted with  (Fig. S12a)owas lower than that those showrfigure 1
polyphosphate at pH 6.0 with’CgFigure 4) and at pH 8.0 (hydrolysis experiments with/without 1 mM*E&Compared
without C&" (Figure #). However, the contour plot in (5.1 to the control experiment (where £D.7% polyphosphate
ppm, 1.58 ppm) did not appearHiyure 4,b. After 9-days was hydrolyzed in the absence of metal cations after 9-days
reaction, approximately half of the total dissolved phosphatgaction, data not shown), the presence of divalent metal
remained in the solution as polyphosphatbl¢ S which  cations all facilitated the hydrolysis of polyphosphate at
strongly competed with orthophosphate for surface adsorptign erent degrees. At the same concentration of metal cations

sites. Due to the higher negative charge in polyphosphgigs mm), orthophosphate production followed the order of
molecules as compared to orthophosphate, the adsorbgge+ 5 72+ cz*  Mn2t > Mg at pH 6.0 and Ca >

orthophosphate = 3.0 ppm),* which was not observed < 2+5 M2t 712+ > M at pH 8.0 i

; 3 . X pH 8.0 Fig. S12a)cFor total

In th? P C.P/ MAS NMR spectra in tﬁ.@ cross sections (the P uptake, no sigmiant di erences were observed for all metal
F2 dimension) taken &4 chemical shifts of 5.14 ppRigure cations at pH 6.0F{g. S12b At pH 8.0, total P uptake
4d), should not be a main surface phosphorus species ON llowed the order of Eu> Zr2*  Mn2* > C&* Mc?*

ALO,;. Due to the possible existence of three surface_. " +
phosphorus species, we chose the spetit@maiss sections gfﬁéyiizighé??#;nﬁg{ ct)?gmtrjcptéa:kear?; ?ALﬁa*ngt igthwp?lj

(tqg‘oFll gggezng.lgg) ptgrlfqe?n ét*r?e igmf;allég;l;‘ts ¢0farlu'158’ values Fig. S1B The simultaneous decrease of'/zn?*

displayed ifFigure €. Their'H NMR spectra did not show 2&nd total P concentration suggested the potential formation of

obvious dierences, indicating that the proton environmentgnet@l phosphate/polyphosphate precipitates at pH 8.0.
3.5. E ect of Metal lons on Polyphosphate Hydrol- might be another reason leading to the lowest concentration of

ysis. The eects of common divaient metal cation€*(Ca Z1 " in the fsupernataﬁf_ o

Mg?*, Cw#*, Zrf*, and MR*) on polyphosphate hydrolysis To mvestlgatg P speciation m_these systems (A,

were further investigated using 5 #O; at pH 6.0 and 8.0  presence ofve di erent metal cations), P K-edge XANES and

(Experimental Set Il ofable S) (Fig. S1p Due to the 3lp solid-state NMR spectroscopy analyses were performed on

lowered concentration of polyphosphate, metal cations, andthe freeze-dried reacted solidgifre 5Figs. S14 and 91P
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K-edge XANES spectra of samples reacted in the presenceaiters with the two phosphoryl oxygen atoRstple acid

di erent metal cations did not show a sigmt dierence phosphatases can catalyze the hydrolysis of phosphate esters
(Fig. S1p The small peak at 2157.1 eV is likely due to theand condense phosphate through a binuclear metal center (di-
residual or recrystallized Na-polyphosphate during freezesn Fe Fe or Fe Mn/Zn) and produce orthophosphate due
drying Fig. S1k To facilitate P XANES analysis, a suite ofto the net transfer of the phosphoryl group to ased
reference compoundsid. S15cdetails infext Sh)was used  on our results, the phosphatase-mimetic abilityAbOs

to preform linear combinatiorting (LCF) to reveal the toward polyphosphate degradation/hydrolysis likely derives
possible P species only in thé*Ggstem and their relative from the ability of Al atoms coordinating with phosphate
contributions. For the €asystemigure a,b), tting results ~ groups in polyphosphate probably via the formation of
indicated that the main P species in the reacted solids arebidentate binuclear surface complexes, which activates the P
AlLOs-adsorbed polyphosphate and/or orthophosphate as wellom for a nucleophilic attack. Surfagé Bnd Al OH,

as amorphous calcium phosphate. Here, due to the speattase to the neighboring Al atoms coordinated with phosphoryl
similarity between-ALOs-adsorbed orthophosphate and O atom’>*°might serve as a nucleophilic agent attacking the P
AlLOg-adsorbed polyphosphatBigi S15a the relative  atom with a subsequent cleavage of tkie P bond, and this
percentages of the former from LCF can contain largeAl OH can be viewed as a reactive center for activating the
uncertainty, especially considering the fact that NMR resuliéssociation of the ® bond onto -ALO;*%*

did not show a sigrdant contribution of-ALOs-adsorbed Our observed terminal-only hydrolysis mechanism indicates
orthophosphate. The percentage of amorphous calciuthat one or two terminal phosphate group(s) of polyphos-
phosphate became higher at pH 8.0, consistent with the respiitates can associate with Al atoms at the surfa¢d,©f

of solid state NMR spectraidure 3. and form bidentate binuclear surface complexes (as schemati-
The solid-staté'® NMR spectra of samples reacted in thecally illustrated irfFig. SY. C&* and other divalent metal
presence of dérent metal cations are showikigure 8 e cations can likely coordinate with the surface hydroAyls (

andFig. S14Due to the paramagnetic nature of Cu and Mn,OH) of -ALO; and/or polyphosphate molecules, forming
NMR measurements of Cu/Mn-containing samples were vetgrnary surface complexes (as previously observed in the

challenging and resulted in poor NMR speEtra §1} In presence of phosphate, which can eventually enhance the
the Mrf* system, no phosphorus chemical shift was observédrface coverage of phosphdte)'® The dierence in
(Fig. S14p hydrolysis extent ofe divalent metal cations might be due

For the C& system at pH 8.0, similar to thé'Ggstem in to th(_air intrinsic anity_ to polyphosphate. The order of
Figure 3 the main P species included phosphate groups atability constants of divalent metal cations (except far Mn

inner-sphere surface complexes (i.e., piWE}Rat p = which is not available in the literature) and tripolyphosphate
10.78 ppm, phosphate groups in polyphosphate that were rigtmplexes follows €@10°%) > zn** (10°%9 > C&* (10%)
associated with the mineral surface (i.e., pgiR:8 at » > Mg’ (10*°).* This is similar to the order of metal cation

= 20.2 ppm, and calcium phosphate precipitatesi.41 ~ promotion on polyphosphate hydrolysis at pHF0 $12a
ppm) (Figure B). At pH 6.0, it only contained thest two However, this order was not followed at pH 8.0, likely due to
speciesHigure B). the formation of copper hydroxide precipitates (f6%) Gu
For the M@ system Figure 8), we observed the Zn Allayered double hydroxide precipitates (f&%.ZPhis
phosphate group as inner-sphere surface complexes (poN#as supported by the observation of sgni removal of
Poonded @t p = 11.98 ppm, as well as phosphate groups i[CU2+ and Zi* from solution. Thus, if not consideringz*Cu
polyphosphate that were not associated mineral surfag@ed Zi", at pH 8.0, Cd has stronger anity than Mg" for
(POlYP-Rponged at p = 22.58 ppm. At pH 8.0, surface the promotion for polyphosphate hydrolysis.
complexed phosphate species (pQyRsP became domi-
nant, likely due to My facilitated surface adsorption/ 4. ENVIRONMENTAL IMPLICATIONS
complexation of phosphates. Polyphosphate adsorption and degradation at the mineral
For the ZR* system Figure &), we observed the presence water interface is of great relevance to the cycling of
of zinc phosphate precipitatgs< 2.78 ppmj®besides inner-  polyphosphate of natural origin and from human activities.
sphere surface phosphate complexes (pRIME-Pr = Our laboratory experiments on the hydrolysis of polyphos-
10.21 ppm) and phosphate group not associated witphate hydrolysis at the minewshter interface suggested that
mineral surfaces (polyRwRses p = 20.99 ppm). We  varied-size-ALO; can promote the hydrolysis of polyphos-
also monitored the structure alteration-A50; using?’Al phate, which is further enhanced in the presence of divalent
solid-state NMR spectroscopyg( S1k No changes were metal cations. Additionally, at pH 8.0 (similar to seawater pH)
observed for theALO; structure after 9-days reaction in the and in the presence of “Gacontinuous hydrolysis of
presence of €a Mg*, C/*, and MR". However, a new polyphosphate on the surface #LO; can lead to the
shoulder peak at= 12.8 ppm was observed for thé*Zn formation of amorphous calcium phosphate precipitates
systemffig. S16f suggesting%the formation of Zxi layered (possibly within days). If the reaction was allowed to proceed
double hydroxide precipitates’ for longer term, this might lead to the eventual formation of
3.6. Reaction Mechanisms. During the hydrolysis of hydroxyapatite, as was previously observed during long time
phosphate monoester by acid or alkaline phosphatase, at thvsorption of orthophosphate and calcium on boehmite at pH
enzyme active site, an intermediate species was formg0?° Li et al. (2012) observed the immediate formation of
involving the oxygen atom of the terminal, B@up amorphous calcium phosphate precipitates upon mixing
completely coordinated with two metal cations [e.g., Zn(ll)prthophosphate and €aolutions at pH 9.0 in the absence
Ca(ll), Fe(ll), Mn(I)].*° ** These metal complexes in of boehmite, which gradually transformed into hydroxyapatite
phosphatase can initiate double Lewis acid activation fafter 30-day agifg.In our case, further hydrolysis of
hydrolyzing phosphates by initially bridging the two metgbolyphosphate may eventually lead to the formation of
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