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ABSTRACT: Polyphosphate is a polymeric P species with environ-
mental and industrial significance. Understanding their interaction
with natural minerals is fundamental for predicting their transport
and fate in the environment. This study investigates the molecular
mechanism of interaction between linear polyphosphates with varied
chain length (1SP, 60P, and 130P) and Fe/Al oxides using quartz
crystal microbalance with dissipation (QCM-D), *'P solid-state
nuclear magnetic resonance (NMR) spectroscopy, and attenuated
total reflection—Fourier transformed infrared (ATR—FTIR) spec-
troscopy. QCM-D results show that all three polyphosphates
irreversibly adsorb on Fe/Al oxides at pH 4—10 with similar mass-
based adsorption amounts despite the large difference in chain
lengths. ATR—FTIR and NMR spectroscopy results suggest that
terminal phosphate groups of the polyphosphate molecules may form
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bidentate binuclear surface complexes, and a fraction of middle phosphate groups may form monodentate mononuclear surface
complexes on Fe/Al oxides. The interaction modes persist for both minerals and all tested pH conditions. A combination of these
complementary techniques helps gain a mechanistic understanding of polyphosphate interaction with Fe/Al oxides, and the results
fill a knowledge gap on polyphosphate cycling in natural environments.

B INTRODUCTION

Phosphorus (P) is an essential macro-nutrient for all living
organisms.1 In nature, P exists in a range of molecular forms,
including orthophosphates, organic phosphate esters, con-
densed phosphates, phosphite, and phosphonates.”” Poly-
phosphates are polymers of at least three phosphate ions joined
by high-energy phosphoanhydride (P—O—P) bonds.”* They
can be synthesized by almost all organisms (e.g., bacteria and
planktons) in terrestrial and aquatic environments and serve
many important biological functions.”™® Polyphosphate
constitutes a significant portion (1—13%) of total P in the
dissolved phase, sinking particulates, and sediments, making it
a key player in marine P sequestration and global P cycling.*~"’
Additionally, polyphosphate is an important industrial
chemical that is widely used for mineral processing (as a
dispersant), water treatment (for corrosion and scale
prevention), food industry, and fertilization.*"" In wastewater
treatment systems, polyphosphate can account for approx-
imately 15—75% of total P in raw sewage and 5—40% of total P
in secondary effluents.'”"® The widespread use of polyphos-
phate will ultimately result in its release into natural
environments and may cause eutrophication problems.
Considering the environmental and industrial significance of
polyphosphate, it is thus important to understand the
biogeochemical processes (e.g., adsorption on natural miner-
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als) governing the cycling of polyphosphate in natural
environments such as soils and sediments.'”"*

Although extensive efforts have been devoted to under-
standing the cycling of different P species such as
orthophosphate and organic phosphates,"*'® relatively less is
known on the geochemical behaviors of polyphosphate.'”
Adsorption and desorption at the mineral—water interface play
critical roles in regulating the phase distribution of various P
species and their susceptibility to abiotic and biotic trans-
formations; thus, the adsorption behavior of polyphosphate
warrants detailed investigations.'®'” Soluble polyphosphates in
water columns are subject to rapid enzymatic hydrolysis into
orthophosphate,”® and surface adsorption of polyphosphate on
natural minerals might affect polyphosphate enzymatic
hydrolysis at the sediments—water interface. For example, a
previous study proposed that adsorption on mineral surfaces
might protect organic phosphates from fast enzymatic
transformation by reducing the likelihood of direct hydrolysis
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of organic phosphates by enzymes.”' Previous investigations
on orthophosphate and organic phosphates indicated that iron
(Fe) and aluminum (Al) (oxyhydr)oxides are the main mineral
phases responsible for P adsorption in soils and sediments due
to the strong positive charge and high surface area of these
minerals at environmental pH range.'®**”>” Adsorption of
orthophosphate and organic phosphates on these minerals is
generally through the formation of inner-sphere surface
complexes with the phosphate moiety and is controlled by
the mineral type/crystallinity, pH, and solution composi-
tion, 16252628

A few studies have characterized the interactions between
short-chained polyphosphates (2—10 phosphate units in the
molecules) and Fe, Al, titanium (Ti), and zinc (Zn) oxide
minerals."”'7**7*" The results suggest that short-chained
polyphosphates can form inner-sphere surface complexes on
stable Ti, Fe, and Al oxides'”'”**! as well as metal phosphate
precipitates on Zn oxide surface that is susceptible to
dissolution and transformation.”” For example, by applying
electron delocalization and polarization to explain infrared
(IR) peak shifts of triphosphate (3P) complexes on Al
hydroxide, Guan et al. (2005) demonstrated that 3P can
form monodentate and binuclear complexes on Al hydroxide
surface.'”” In addition, a long-term (up to 3 months)
investigation of 3P adsorption on goethite (a-FeOOH) in
the presence of Ca found that drying resulted in the formation
of a Ca—trimetaphosphate-type surface complex.”’ Despite
research progress from these early efforts (such as those related
to 3P complexation on mineral surfaces), detailed reaction
mechanisms between long-chained polyphosphate and envi-
ronmental minerals are still lacking, especially with respect to
the effects of polyphosphate structures. Much also still remains
unknown on the geochemical behaviors (e.g., adsorption,
desorption, precipitation, and hydrolysis) of long-chained
polyphosphates on environmental oxide minerals.

The objective of this study is to investigate the adsorption
kinetics and mechanism of linear polyphosphates with varied
chain lengths (15 to 130P) on Fe and Al oxides over a wide pH
range. The selection of 15P, 60P, and 130P in this study is
mainly based on the consideration of the environmental
relevance of long-chained polyphosphates. Adsorption is
studied primarily using quartz crystal microbalance with
dissipation (QCM-D). QCM-D possesses unique features for
studying interfacial reactions as (1) it monitors adsorption
mass almost in real-time and thus can quantify high-resolution
adsorption kinetics and (2) it provides energy dissipation
information that can be used to compare the configuration of
sorbate on different mineral surfaces. Molecular interactions
are characterized by complementary techniques, including
solution and solid-state *'P nuclear magnetic resonance
(NMR) and in situ attenuated total reflectance—Fourier
transform infrared (ATR—FTIR) spectroscopy.

B MATERIALS AND METHODS

Materials. Polyphosphates (sodium salt) with average
chain lengths of 15, 60, and 130 phosphate units were
generously provided by Dr. Toshikazu Shiba (RegeneTiss Inc.,
Tokyo, Japan) and are hereinafter referred to as 1SP, 60P, and
130P, respectively. These polyphosphates were size fraction-
ated and purified by gel electrophoresis and characterized by
gel permeation chromatography.”” The molecular weight of
these polyphosphates was calculated based on an ideal
molecular formula: P,0;,,,Na,,,, where n is the number of

P atoms in the molecule or P chain length. High-purity
gamma-alumina (y-Al,O;) and hematite (a-Fe,0;) were
purchased from Sky Spring Nanomaterials Inc. and Sigma-
Aldrich, respectively, and were used as-is without further
treatment. y-Al,O; is an analogue to naturally occurring Al
(oxy)hydroxides and Al-rich clay minerals and has been widely
used to represent Al oxides in numerous studies on the
sorption of nutrients and metals.'”*” @-Fe,0y; is a representa-
tive and common Fe (oxyhydr)oxide in nature.'** Therefore,
7-AL,O; and a-Fe,O; were selected as adsorbent substrates to
study polyphosphate adsorption on environmental oxide
minerals. Both materials have been extensively characterized
for their purity, mineralo§y, surface area, particle size, and
morphological features.”””

In Situ Adsorption Measurement by QCM-D. Adsorp-
tion of polyphosphates to model Fe and Al oxide surfaces was
investigated using QCM-D (Q-Sense E4, Biolin Scientific,
Sweden), which consists of four flow-through modules. The
working princigle and data interpretation of QCM-D have
been reviewed.”>*¢ Briefly, QCM monitors the changes in the
resonance frequency (Af) and energy dissipation (AD) of an
oscillating piezo-quartz crystal sensor (the surface of which can
be coated with different materials) as a result of mass change
on the sensor surface. Fe and Al oxide sensors (QSX326 and
QSX309, respectively, Biolin Scientific) were used as the
model mineral surfaces. The metal oxide layer is amorphous
and with a thickness of ~50 nm based on information from the
vendor. The isoelectric point of the Al oxide sensor was
previously determined to be 8.7°” and that of the Fe oxide’s is
generally close to that of Al oxide.”**” Prior to the experiment,
the sensors were cleaned by immersion in 5% H,0O, for S min,
rinsing with deionized (DI) water, drying with pure N, gas,
followed by exposure to UV/ozone for 10 min.

Polyphosphate solutions were prepared in 100 mM NaCl by
dilution from the 1 mg mL™' stock solution to a final
concentration of 0.05 mg mL™", and the pH was adjusted to
the desired value (4.0, 6.0, 8.0, and 10.0 + 0.2) using 0.1 M
HCIl or 0.1 M NaOH. NaCl solution (100 mM) without
polyphosphate was used as the background (BG) solution. The
QCM-D experiments consisted of three consecutive steps: (1)
baseline equilibrium with the background electrolyte; (2)
introduction and continuous flow of polyphosphate solution;
and (3) return to background electrolytes. The solutions were
delivered at a constant flow rate of 100 uL min~" through each
module using a peristaltic pump. The resonance frequency
(Af) and energy dissipation (AD) values of the fundamental
tone (n = 1) and all other overtones (n=3,5,7,9, 11, and 13)
were all monitored.

The frequency signal was analyzed with the Sauerbrey
equation to calculate adsorption mass (nanogram per cm’; ng
cm®) because the Sauerbrey equation is applicable to
adsorption layers that are relatively rigid and have small AD/
Af ratios (<2 X 107%/Hz). The Sauerbrey equation gives a
linear relationship between Af, and mass change on the
resonator”’

Ay _me_ phe
n C C
where m; is the areal mass density of the adlayer (which is not
necessarily equivalent to the dry mass of the adsorbed sorbate),
and p¢ and hg are the wet density and thickness of the adlayer,

respectively. C is the mass sensitivity constant, which depends
solely on the fundamental resonance frequency and properties
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of the quartz crystal.* Signals (Af, AD, and mass) from the
third and fifth overtone were averaged and used for plotting.
The fundamental tone is the harmonic with the lowest
resonance frequency, and the overtones resonate with a higher
frequency. The extra results from multiple harmonics not only
provide relevant qualitative QCM information but also allow
viscoelastic analysis.

NMR Characterization. Solution *'P NMR spectra of the
concentrated polyphosphate stock solutions (1 mg mL™") were
collected on a Bruker AMX 400 MHz spectrometer operated at
162 MHz at 297 K. Data acquisition parameters are 90° pulse
width, 6.5k data points (TD) over an acquisition time of 0.51 s,
and a relaxation delay of 15 s. The chemical shift was calibrated
using 85% H,PO, as the external standard. Solid-state *'P
NMR characterization was only conducted for 15P and 60P
because of the overall similarity in 60P and 130P adsorption
behaviors (detailed in the Results and Discussion section).
Solid-state *'P NMR spectroscopy was used to characterize
polyphosphate adsorption on Al oxide only because the
paramagnetic nature of Fe makes it highly challenging to
conduct NMR measurements for the Fe oxide system.’®
Briefly, 200 mg of y-Al,O; was weighted into a S0 mL
polystyrene centrifuge tube and combined with 20 mL of 0.05
mg mL™' polyphosphate solution in 100 mM NaClL The pH
value of the suspension was adjusted to 6 or 10 at the
beginning of the adsorption experiments and every 1.5 h
afterward. Adsorption experiments were conducted for 3 and
24 h to evaluate the potential effects of adsorption time. At the
end of the experiments, the solid product and supernatant were
separated by centrifugation, and the solids were washed twice
with DI water before freeze-drying. The obtained solid samples
and initial polyphosphate sodium salts (15P, 60P, and 130P)
were further characterized by solid-state *'P NMR.

Direct polarization (DP) solid-state *'P NMR spectra were
acquired on pure polyphosphate sodium salts and polyphos-
phate-loaded minerals with magic angle spinning (MAS) and
proton decoupling on a Bruker AVANCE 400 spectrometer
operated at a *'P frequency of 161.9 MHz. Samples (~20 mg)
were packed into the insert, which was then fit into a 4 mm
diameter zirconia rotor with Kel-F Caps (Wilmad, NJ) and
spun at 12 kHz. Data collection parameters were 2048 data
points (TD) over an acquisition time (AQ) of 12.6 ms and a
recycle delay (RD) of 120 s. Variable RD experiments were
conducted, and 120 s was sufficient to prevent signal saturation
during data acquisition for the samples. The DP-MAS *'P
NMR spectra were acquired with a *'P 90° pulse of 5.0 us and
an attenuation level (PL1) of 12.1 dB. Chemical shifts were
externally referenced to NH,H,PO, at 0.72 ppm.

ATR—FTIR Characterization. The experimental IR setup
and procedures were similar to previous studies.'®*® ATR—
FTIR spectra were recorded on a PerkinElmer Spectrum 100
spectrometer equipped with a Balston-Parker purge gas
generator and a liquid N,-cooled mercury-cadmium-telluride
(MCT-A) detector. IR spectra of dissolved polyphosphate and
of polyphosphate adsorbed onto Fe- and Al-oxides were
collected using a horizontal ZnSe crystal (45° incidence angle,
10 internal reflections). Aqueous spectra were measured by
scanning concentrated polyphosphate solutions (3P at 10 mM,
1SP and 60P at 10 mg mL™") adjusted to pH 6.0 or 9.5. The
spectra were the average of 200 scans collected in the 1450—
750 cm ™" spectral range at a resolution of 4 cm™'. Absorption
bands in this wavenumber region originate primarily from the
stretching vibrations of the phosphate groups in polyphosphate

molecules.”” A background spectrum of water was collected
and subtracted from the polyphosphate solution spectra to
isolate the polyphosphate vibrations.

ATR~-FTIR spectra of 15P and 60P adsorbed on hematite
(a-Fe,03) and y-alumina (y-ALO;) were collected and
compared with that of adsorbed tripolyphosphate (3P; the
shortest polyphosphate) to elucidate the polyphosphate
complexation mechanisms. Additional experiments using 3P
for IR study help assign IR peak positions of long-chained
polyphosphate since IR spectra of 3P solution and 3P surface
complexes on Fe/Al oxides were extensively studied.'**
These adsorption experiments were conducted with the flow-
cell setup as previously described.'®*® The ZnSe crystal was
coated with a y-ALO; or a-Fe,0; film (2.5 mg) by drying 500
uL of a S g L' y-ALO; or a-Fe,05 suspension spread evenly
across the surface, producing a stable and homogeneous
deposit. A new deposit of y-Al,O; or a-Fe,O3 was prepared for
each adsorption experiment. The coated crystal was sealed in a
flow cell, which was installed on the ATR stage inside the
FTIR spectrometer and connected to a reaction vessel
containing 100 mL of 0.1 M NaCl electrolyte. The solution
in the reaction vessel was magnetically stirred and set to the
desired pH. The solution from the reaction vessel was passed
through the flow cell at a rate of 0.5 mL min~' using a
peristaltic pump, and the effluent was circulated back into the
vessel. Solution pH was monitored and readjusted with small
aliquots of 0.1 M NaOH or 0.1 M HCI as necessary. The
deposit of y-Al,O; or a-Fe,O; was equilibrated with the
background solution for 2.5 h. A final background spectrum
consisting of the combined absorbances of the ZnSe crystal,
the mineral deposit, and the background electrolyte was
collected as the average of 200 scans at a resolution of 4 cm™.
Next, the vessel was spiked with a concentrated polyphosphate
stock solute to achieve concentrations of 125 uM (3P) or S0
mg L™' (1SP and 60P) in the reaction vessel. Polyphosphate
adsorption on the mineral deposit was monitored by ratioing
the IR spectra of the mineral film against the background
spectrum collected at the end of pre-equilibration. After 2 h,
the final spectrum of adsorbed polyphosphate was collected as
the average of 200 scans at 4 cm™"' resolution in the spectral
range 1450—750 cm™'. The experiments were conducted at
pH 6.0 and 9.5.

B RESULTS AND DISCUSSION

Polyphosphate Characterization. Solution *'P NMR
spectrum of 15P stock solution displays a distinctive peak for
polyphosphate end P groups at around —9.01 ppm, whereas
the spectra of long-chained polyphosphates (60P and 130P)
containing more middle P groups (chemical shift at —22 ppm)
show the negligible intensity of end P group signal (Figure 1a),
and the detailed descriptions were shown in our recent study.”’
The average chain length of a polyphosphate molecule can be
calculated based on the ratio of the P NMR peak area
between the end P groups and total P groups.””*” The
calculated ratios of end P to total P are ~0.15 (close to 2/15)
for 15P, 0.033 (close to 2/60) for 60P, and 0.015 (close to 2/
130) for 130P.

Solid-state NMR spectra of the three polyphosphate sodium
salts (1SP, 60P, and 130P) mainly contain the chemical signal
of middle P groups at a chemical shift of ~—22 ppm,
confirming that each polyphosphate has a narrow distribution
of chain length without short-chained polyphosphate impur-
ities (Figure 1b). The 1SP salt contains a small amount of
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Figure 1. (a) Solution and (b) solid-state *'P NMR spectra of 15P,
60P, and 130P polyphosphate stock solutions and sodium salts. Figure
la data in our recent publication.”

orthophosphate impurity. Specifically, its solid-state NMR
spectrum has two small peaks at ~2.28 and ~—7.2 ppm,
possibly belonging to the chemical shifts of NaH,PO, (2.6
ppm) and NaH,P,0, (—82 ppm), respectively.*”*" The
chemical shift at 0.97 ppm in 15P solution NMR spectrum is
assigned to orthophosphate, and no separate peak for end P
groups is observed (Figure la), suggesting the absence of
pyrophosphate. Therefore, the chemical shifts at around 2.28
and —7.2 ppm in the 1SP solid-state NMR spectrum are
attributed to orthophosphate impurity and the end P groups of
polyphosphates, respectively.

Polyphosphate Adsorption Measured by QCM-D:
Signal Interpretation. QCM-D monitors temporal changes
in frequency (Af) and energy dissipation (AD), which is used
to determine the adsorption kinetics and extent of poly-
phosphates onto metal oxide sensor surfaces (Figure 2). A
decrease in frequency (Af < 0) following the introduction of
polyphosphate indicates the initiation of adsorption, and
stabilization of the signal suggests adsorption saturation
(Figures 2ab and S1). The QCM-D profiles clearly show
that polyphosphate adsorption (i.e., adsorption weight mass)
experiences a rapid initial phase and reaches a steady state at
~S min (as Af has no obvious change after 5 min), followed by
a slow phase (Figure 2a,b). No obvious difference in
adsorption behaviors of the three polyphosphates was
observed. The fast adsorption and similarity among different
polyphosphates suggest that the adsorption is not diffusion-
limited because the sorbent is a flat surface and polyphosphates
are relatively small molecules as compared to macromolecules

such as proteins or organic matters.”® After switching back to
the background electrolyte, the frequency signal only shifted
slightly (Af becomes less negative), suggesting that the
adsorption is overall irreversible and only a small fraction of
adsorbed polyphosphates can be desorbed, implying the
potential formation of inner-sphere surface complexes. Energy
dissipation (AD) correlates with frequency signal, with AD
value increasing with Af. The frequency data is converted to
adsorption mass using the Sauerbrey equation and correlation
between AD and Af is made to enable quantitative analysis of
the effects of polyphosphate chain length and solution
chemistry (Figures 2 and 3). The original QCM-D data are
shown in Figures 2a,b and S1-3.

Polyphosphate Adsorption Measured by QCM-D:
Effects of Chain Length and pH. Differences in compound
molecular weight and adsorption configurations on mineral
surfaces may lead to a difference in adsorption density and
mass. Therefore, we compare the adsorption mass for the three
polyphosphates onto Fe and Al oxide surfaces, the surface area
of which is constant (Figure 2c,d). The adsorption amount of
the three polyphosphates on both surfaces range from 90 to
120 ng/ cm? Despite a big difference in molecular weight, no
significant difference in adsorption amount is observed (Figure
2c). The data suggests similar surface adsorption density
(numbers of P per cm?) for the three polyphosphates, which is
related to their adsorption configuration as discussed below.
The surface charge of metal oxides is modulated by solution
pH and commonly affects the adsorption of ionic species.
Therefore, polyphosphate adsorption onto the two oxide
surfaces is tested at pH ranging from 4 to 10. The results show
maximal adsorption (~120 ng/cm?) at pH 6—8 and lowest
adsorption (around 20—4S ng/cm?) at pH 10 (Figure 2d). At
the tested pH range, polyphosphates remain negatively charged
(pK,; of orthophosphate is ~2.2), while metal oxides change
from positively charged to negatively charged as pH shifts from
acidic to alkaline, as both oxides have a point-of-zero charge of
~9 (specifically 8.7 for this Al oxide sensor and 8.8 for
hematite).”” Thus, polyphosphate and oxide surfaces are
oppositely charged and the adsorption is electrostatically
favorable at pH below 9. However, polyphosphates become
more protonated as pH decreases to 4, which compensates the
effects of protonation on the mineral surface, resulting in less
adsorption amount on Fe/Al oxides. Adsorption at pH 10 is
significantly reduced (20—35% of the maximum) because the
adsorption is under electrostatic repulsion. Such pH-depend-
ent adsorption behavior suggests that polyphosphate adsorp-
tion is most likely driven by electrostatic interaction.

We also analyze the energy dissipation (AD) data by
plotting the AD and Af correlation to further probe the
possible configuration of polyphosphates on oxide surfaces.
Overall, the AD to Af ratio ranges between —0.01 and —0.1
(107%/Hz), which is comparable to that of humic substances
[around —0.1 to —0.7 (107%/Hz)]**~** but much smaller than
that of macromolecules [around —0.2 to —2.83 (107%/Hz)]
such as DNA and proteins.””*® The small ratios suggest a
relatively rigid and compact layer on the oxide surfaces.
Polyphosphates are linear molecules of approximate 2.46, 9.39,
and 20 nm in size (based on the reported length of P—O bond
of 1.54 A") for 15P, 60P, and 130P, respectively. If they
adsorb with one of the terminal groups and the rest of the
molecule tailing into the solution, they may form a layer with
different thicknesses and adsorbed mass (i.e., longer poly-
phosphate will form a thicker layer and have more adsorption
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Figure 2. Selected QCM-D data (temporal frequency and energy dissipation shift) for the adsorption of three polyphosphates (1SP, 60P, and
130P) at (a) pH6.0 and (b) for 60P adsorption at pH 4 to 10 on Fe oxide. The corresponding adsorption mass data on Fe and Al oxides were
calculated by the Sauerbrey equation and presented in (c,d), respectively (1 = 2 to 4). Significant difference was analyzed by Student’s t-test and n.s.

indicates no significant difference. Error bars represent standard deviation.

mass). Although 60P and 130P have a relatively larger AD to
Af ratio than that of 15P, all ratios are relatively small (humic
substances with similar Af and AD possess a thickness of <2
nm).*>** In addition, they have similar adsorption mass (i.e.,
similar numbers of P per cm®). Because of the linear structure
of the polyphosphate, it is very likely that the molecules “laid
flat” on the sensor surface, instead of tailing into the bulk
solution.

Spectroscopic Characterization of Polyphosphate—
Mineral Interaction. Although bulk adsorption data by
QCM-D suggest that the polyphosphate molecules laid flat on
the oxide surface instead of tailing up, the chemical nature of
the interaction is unknown. With monolayer adsorption
configuration, surface adsorption density (numbers of P per
cm?) is similar among all three polyphosphates. We thus
applied solid-state *P NMR and ATR—FTIR to determine
surface coordination structure of polyphosphate on the oxides.
Considering the molecular configuration of polyphosphates,
several interaction modes might occur: (1) outer-sphere
complexation between polyphosphate and minerals; (2)
inner-sphere complexation (bidentate or monodentate) via
one terminal P group and outer-sphere complexation via some
of the middle P groups; and (3) inner-sphere complexation via
both terminal P groups and some of the middle P groups
(which can only be monodentate).

Solid-state *'P NMR spectra of y-AlL,Os-bound polyphos-
phates (both 15P and 60P) show a major change as compared
to the spectra of the corresponding free polyphosphate ions,
specifically an enhancement of the chemical shift at ~—11.1
ppm and the increase of its height with increasing reaction
time (Figure 4). Although this chemical shift may have a
contribution from the terminal P groups (—9.01 ppm; Figure
1a), the peak intensity is disproportionally large, considering
the ratio of terminal P to total P in polyphosphate molecules. It
is likely that this chemical shift is partially originated from the
complexation of middle P groups with Al,O5 surface.'” Middle
P groups of free polyphosphates have a chemical shift at —22.1
ppm, and their complexation with Al,O; through P—O—Al
bonds may de-shield electrons of the P nuclei, resulting in the
peak shifting toward higher chemical shift. Thus, the NMR
chemical shift at —11.1 ppm can be assigned to inner-sphere
complexes of polyphosphates (both terminal and middle P
groups) on y-ALO,."” Li et al. (2013) summarized *'P NMR
chemical shift of different P compounds and different P
sorption species and pointed out that the signals of inner-
sphere P complexes typically appear between 0 and —11
ppm.*® Enhancement of the chemical shift at —11.1 ppm in the
24 h reaction samples compared to 3 h samples further
indicates an increase in the fraction of middle P complexed to
the mineral surface. Although the attachment of polyphosphate
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Figure 3. Selected energy dissipation and frequency correlation for adsorption of (a) three polyphosphates at pH 6.0 and (b) adsorption of 60P at
pH 4 to 10 on Fe oxide. The data were linearly fitted, and the slope has been listed. Slopes from all replicates were averaged and plotted for
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Figure 4. Solid-state *'P NMR spectra of y-AL,O; bounded
polyphosphates (1SP and 60P) from 3 h and 24 h batch adsorption
experiments at pH 6.0 and 10.0. Asterisks denote spinning side bands.

molecules to the mineral surface is relatively fast (as evidenced
by QCM-D that adsorption steady state was reached within 5
min), the elastic linear molecules may experience gradual
reconfiguration to maximize the bonding with mineral surface
following the initial attachment of terminal P groups.
Interactions between polyphosphates and Fe/Al oxides were
also characterized by in situ ATR—FTIR spectroscopy,
assuming that vibration modes of polyphosphate molecules
may change following surface interaction. ATR—FTIR spectra

of 3P, 15P, and 60P in solution and adsorption on a-Fe,0O,
and y-Al,O; at pH 6.0 and 9.5 were collected (Figure S). IR
spectra of free polyphosphate ions in the solutions show
several characteristic peaks (Figure Sa and Table 1): (1) IR
bands in the 1200—1300 cm™' region are assigned to the
asymmetric stretching vibrations of the bridging O—P—O
[v,,(O—P—0)], and the peak position moves to high
wavenumber as polyphosphate chain length increases;”””"
(2) IR band near 910 cm™! (3P, 910 cm™%; 15P, 917 cm™; and
60P, 917 cm™") belongs to the asymmetric stretching vibration
of P—O—P [1,,(P—O—P)];*”*" and (3) IR bands appearing in
the 930—1200 cm ™! region are attributed to the asymmetric or
symmetric stretching vibrations of the P—O in different P
units/structures (e.g., P-OH, PO, , PO32_, and
P,0,*)." 77?1 At pH 9.5, the newly appearing IR band for
1SP (1359 cm™') and 60P (1363 cm™') originates from
harmonics of v,(P—=0) modes due to the high deprotonation
of long-chain polyphosphate molecules under alkaline
conditions.

Following surface adsorption, IR bands of all three
polyphosphates experienced either shifting or significant
intensity changes, although differences between different
oxide minerals and solution pH were relatively small (Figure
Sb—d). The overall spectral similarity between polyphosphate
adsorption to a-Fe,O; at pH 6.0 and 9.5 suggests a similar
interaction mode, which is consistent with the results of
polyphosphate adsorption on TiO,.”" Therefore, we focus the
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Figure 5. ATR—FTIR spectra of polyphosphates adsorbed on a-Fe,O; and y-ALO; at various pHs. (a) IR spectra of 3P, 1SP, and 60P stock
solutions at pH 6.0 and 9.5. ATR—FTIR spectra of (b) 3P, (c) 1SP, and (d) 60P surface complexes on a-Fe,05 and y-Al,O; at pH 6.0 and 9.5. All
ATR—-FTIR spectra were recorded in the 0.1 M NaCl background electrolytes and at a total polyphosphate concentration of 125 M (3P) or S0

mg L' (15P and 60P).

discussion on adsorption at pH 6.0. Several spectral features
after mineral adsorption are identified, and all three
polyphosphates share two similar features: (1) the IR bands
of surface-complexed polyphosphates in the regions of 1200—
1300 and 1080—1110 cm™' belong to the asymmetric and
symmetric stretching vibrations of the bridging O—P—-O
[v,,(0—P=0)] and O-P-0O [v,(O—P—0)], respectively
(Table 1); (2) the newly appeared bands near 1160 and
1033 cm™' originate from the formation of inner-sphere
phosphate complexes on a-Fe,O; and y-Al,O; and belong to
the asymmetric and symmetric stretching vibrations of surface
Fe/Al atom-bonded phosphate groups [v,,(P—O in =Fe/Al—
PO,) and v(P—O in =Fe/Al-PO;)], respectively.'>***"
Differences between short and long polyphosphates are also
observed: (1) for the IR spectra of 3P adsorption on a-Fe,0,
and 7-ALO;, the bands at 990 and 910 cm™" are assigned to
the asymmetric stretching vibrations of P,0,*~ [v,(P,0,°7)]
and P—O—P [v,(P—O—P)] because of the similar IR band
positions in 3P solution (Figure Sb and Table 1). The presence
of unbonded P,0,*” structure means that only one terminal
phosphate group of 3P possibly complexes with surface Fe or
Al atoms;"” (2) for the IR spectra of 15P and 60P adsorption
on a-Fe,0; and y-AL O, the IR bands at around 930 and 880

cm™" are attributed to the asymmetric stretching vibrations of
P—O-H [v,(P—0O-H)] and P-O-P [v,(P—O—P)] in long-
chain polyphosphates, respectively (Table 1). The presence of
v,(P—O—H) implies that some middle P groups might not be
associated with a-Fe,0,/y-AlL, O, surface.

Regarding the effect of oxide surface, the numbers and
positions of IR bands on a-Fe,O; and y-Al,O; are similar,
though with different intensities. The similar band number and
position suggest that the surface P species and symmetry are
similar on these two oxides. However, the intensity of the
adsorption band at 1156 cm™ is higher on @-Fe,O5 than on y-
Al)Os, possibly caused by the binding of more phosphate
groups per polyphosphate molecule to Fe oxide than to Al

Mechanisms of Polyphosphate—Mineral Interaction.
For natural Fe and Al oxide minerals, their crystal facets are
populated by singly, doubly, and triply coordinated hydroxyl
groups, and surface hydroxyl (i.e., singly and triply coordinated
surface hydroxyls) configuration is responsible for phosphate
adsorption on these oxide minerals via surface ligand
exchange.so However, these oxide minerals have different
solubility product constants (K,), which may affect their
adsorption capacity under different pH conditions. For
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Table 1. Assignments of FTIR Peaks for Polyphosphate Solution (Left) and Polyphosphate Adsorption on a-Fe,O; and 7-

A1203 (nght) 13,29,31,49

polyphosphate wavenumber (cm™) assignments (free) wavenumber (cm™) assignments (surface-bound)
3P 1219 v,4(P—0O in bridging O—P-0)
1194 1,,(P—0 in terminalHPO,~/H,PO;) 1220 v,s(P—O in bridging PO,")
1112 v,s(P—O in terminal PO;*") 1162 v,(P—O in =Fe/Al-PO,)
1067 ,,(P—0) in single P unit 1110 v(P—O in bridging PO,")
1021 v,s(P—OH in HP;0,,*") 1034 v(P—O in =Fe/Al-PO,)
999 v(P—OH in HP;0,,*") 990 v,(P,05*7)
975 v,,(P,0,*) 910 v, (P—O—P)
910 v, (P—O—P)
15p 1359 harmonics of v,(P—=0) modes
1241 v,,(P—O in bridging O—P-0) 1270 v,,(P—O in bridging PO,")
1174 1,,(P—0 in terminal HPO, /H,PO;) 1156 v,((P—O in =Fe/Al-PO;)
1087 v,s(P—0) in single P unit 1080 v(P—O in bridging PO,")
988 v,(P,0,*) 1033 v(P—O in =Fe/Al-PO;)
939 v, (P—OH) 930 v, (P—O—H)
917 v, (P—O—P) 876 1, (P—O—P)
60P 1363 harmonics of v,,(P=0) modes
1264 v,s(P—0O in bridging PO,”) 1274 v,s(P—0O in bridging PO,")
1084 ,,(P—0) in single P unit 1156 v,((P—O in =Fe/Al-PO;)
989 v,s(P,0,*7) 1092 v(P—0 in bridging PO,")
939 v,(P—OH) 1034 1,(P—0 in =Fe/Al-PO;)
917 v, (P—O—P) 930 v, (P—O—H)
871 v,(P—O—P) 882 v, (P—O—P)

example, Al oxides have a higher solubility at acidic pH than Fe
oxides and can also dissolve rapidly at alkaline pH to release
Al(OH),~, which decreases the solid mass of Al oxides for
phosphate adsorption under highly alkaline conditions.”"*>
This might be reflected in the low adsorption amount of
polyphosphate on the Al oxide sensor at pH 10 (Figure 2d).
Previous studies show that orthophosphate and myo-inositol
hexakisphosphate adsorption on Fe and Al (oxyhydr)oxides
generally occurs through the formation of bidentate binuclear
surface complexes via surface ligand exchange.'”?>*%>?
Polyphosphates differ from these molecules in that they have
a chain of middle P groups that can also interact with mineral
surfaces in addition to the terminal phosphate groups and in
that polyphosphates with different chain lengths possess
different molecular elasticities. Our recent research revealed
that polyphosphates can be readily hydrolyzed on Al and
manganese (Mn) oxide surfaces via the gradual cleavage of the
terminal P groups, suggesting the tendency of polyphosphate
terminal P groups to form bidentate binuclear complexes with
surface Mn/Al atoms.'”?>>* According to QCM results, the
adsorption amount (surface density of P unit) is similar for
polyphosphates with different chain lengths. This suggests that
polyphosphate molecules may adopt a lay-down configuration
on mineral surfaces. Solid-state P NMR and ATR—FTIR
results substantiate the involvement of a fraction of middle P
groups in surface interaction through the formation of
monodentate mononuclear surface complexes. Therefore,
although terminal P groups may possess a stronger affinity
than middle P groups for the mineral surface, the elastic linear
structure of polyphosphate molecules enables them to bend
and have more contact with mineral surfaces. Because of the
structural constraint and spatial mismatch, it is unlikely that all
middle P moieties complex with surface Fe or Al atoms; this is
evidenced in the FTIR observation of 3P adsorption that the
interaction involves only a terminal P group and of v,(P—O—
H) presence in polyphosphate surface complexes on Fe/Al

oxides. Based on these findings, we propose that the potential
scheme of polyphosphate interaction on the surface of Fe/Al
oxides is via the formation of bidentate binuclear surface
complexes for terminal P groups and monodentate mono-
nuclear surface complexes for a fraction of middle P groups
(Figure 6).

Monodentate mononuclear surface complexes

1
Bidentate binuclear surface complexesi Free middle P groups

Podl 1007 1ol 0
N NN NN N
/N | | Il | I /\
o O 0 o 0 ? O 0O O
| | I [ |
Surface of Fe or Al oxides

Figure 6. Schematic illustration for the potential coordination
structures of polyphosphate adsorption on Fe or Al oxide, based on
QCM-D and spectroscopic analyses. Two terminal P groups may
form bidentate binuclear surface complexes, and a fraction of middle
P groups may form monodentate mononuclear surface complexes on
Fe or Al oxides.

B CONCLUSIONS AND PERSPECTIVES

The findings from this study suggest that polyphosphates
adsorb on Fe/Al oxides via the formation of inner-sphere
surface complexes under environmental pH conditions and
Fe/Al oxide-immobilized polyphosphates may resist strong
desorption. Our results provide new insights into polyphos-
phate interfacial chemistry as we provide the first combined
QCM-D and spectroscopy evidence on the possible coordina-
tion symmetry of polyphosphate on oxide minerals. QCM-D
determines that the polyphosphate molecules lay down on the
mineral surface, and IR and NMR spectroscopies provide the
molecular binding information and time-resolved dynamics of
phosphate surface complexation. The methodology may be
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applied to investigate the molecular mechanism on the
interfacial reactions of other phosphate species or polymers
(e.g., extracellular polymeric substances and natural organic
matters) at the mineral—water interface. Further studies are
warranted to assess the impacts of other environmental factors
(such as chelating cations, competitive anions, and dissolved
organic matter) to better understand the interfacial behaviors
governing the fate, transport, and bioavailability of poly-
phosphate or other P species in complex environmental
settings.
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