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Abstract

Phosphate adsorption on hematite was characterized as a function of pH (3.5-8.9) and phosphate concentration (5-500 uM) by in situ ATR-FTIR
spectroscopy. Under most conditions a mixture of different (inner-sphere) phosphate complexes existed at the hematite surface, with the relative
importance of these complexes varying with pH and surface coverage. Experiments using DO and HO indicated the presence of two protonated
phosphate surface complexes at pH/pD = 3.5-7.0. Comparison to spectra of protonated aqueous phosphate species suggested that these surface
complexes are monoprotonated. The difference in the IR spectra of these complexes is tentatively interpreted to result from a different surface
coordination, with one surface complex coordinated in a monodentate binuclear (bridging) fashion, and the second as a monodentate mononuclear
complex. Alternatively, the bridging complex may be a (protonated) monodentate mononuclear complex exhibiting strong hydrogen bonding to
an adjacent surface site, and the second species a monodentate complex exhibiting limited hydrogen bonding. Formation of the bridging complex
is favored at lower pH values and higher surface loadings in the 3.5-7.0 pH range. At the highest pH values studied (8.5-9.0) a third complex,
interpreted to be a nonprotonated monodentate mononuclear complex, is present along with the monodentate monoprotonated surface species.

The importance of the nonprotonated monodentate complex increases with increasing surface coverage at these high pH values.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Over-application of phosphorus-containing fertilizers has
lead to significant water eutrophication problems that pose a
threat to human and ecological health. To evaluate the transport
behavior of phosphate in aquatic and terrestrial environments,
a detailed understanding of the interactions of phosphate with
common mineral phases found in soils and sediments is re-
quired, since such sorption reactions control to a large extent the
distribution and mobility of contaminants in natural systems.

Much research has been done on the uptake of phosphate
by Fe(IlI)-hydroxide minerals such as goethite and ferrihydrite.
Spectroscopic studies on these systems have shown that phos-
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phate forms inner-sphere complexes at the solid-liquid inter-
face of these substrates, and have revealed that the mechanism
of phosphate complexation may vary with pH and surface cov-
erage [1-7]. However, interpretations of the coordination of the
phosphate oxyanions to the Fe(Ill)-oxide surface and the pro-
tonation state of the adsorption complexes have differed. The
spectroscopic method most commonly used to probe phosphate
surface complexes at these mineral phases is infrared (IR) spec-
troscopy, which is very sensitive to the coordination environ-
ment and protonation state of phosphate complexes, and there-
fore a useful tool for characterizing phosphate surface species
at the molecular scale.

The sensitivity of IR spectroscopy toward the protonation of
phosphate is well illustrated by the differences between the IR
spectra of POi_(aq), HPOZ‘(aq), H,POj, (aq), and H3P02(aq)
shown in Fig. 1. The spectra of these aqueous phosphate species
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Fig. 1. ATR-FTIR spectra of aqueous HXPOZZ*X phosphate species; the symmetry of the complexes is indicated in brackets. Solution pH values were as described

in Tejedor-Tejedor and Anderson [5].

have also been reported by Tejedor-Tejedor and Anderson [5],
and are useful for demonstrating the use of symmetry argu-
ments in interpreting IR spectra, as outlined in Nakamoto [8].
The use of attenuated total reflectance Fourier-transform in-
frared (ATR-FTIR) spectroscopy in aqueous media allows for
characterization of two phosphate vibrations: the nondegener-
ate symmetric stretching vy, and the triply degenerate symmet-
ric stretching v3. The nonprotonated PO?[ anion has tetrahedral
symmetry and belongs to the point group Tq. This species has
one active v3 band, centered at 1011 cm~!, whereas the Vi
vibration is inactive (spectrum a, Fig. 1). Protonation of this
complex to HPOi_(aq) leads to a symmetry reduction from
T4 to C3y, and as a result, the triply degenerate v3 vibration
splits into two separate v3 bands located at 1078 and 990 cm™!,
and the v; band is activated and can be seen at 850 cm™!
(spectrum b, Fig. 1). The addition of another proton to form
HyPO, (aq) further reduces the symmetry to Cp,. This sym-
metry reduction leads to splitting of the v3 vibration into three
v3 bands at 1159, 1077 and 940 cm~ !, and the v1 band re-
mains active (at 875 cm™!), so that a total of four bands are
present for this phosphate species (spectrum c, Fig. 1). For-
mation of H3P02(aq) increases the symmetry back up to Cs,,
and as a result, two v3 bands (at 1172 and 1005 cm™!) and
one v; band (at 889 cm™!) are seen for this phosphate com-
plex (spectrum d, Fig. 1). The spectra of the H,PO, (aq) and
H3P02(aq) complexes also contain a broad band at ~1220—
1240 cm~!, which has been assigned to the §(POH) bending
mode [1].

The relation between the number of IR active bands and the
symmetry of the phosphate anion illustrated in Fig. 1 can be
used to interpret phosphate bonding configurations at mineral
surfaces. For instance, when phosphate forms a nonprotonated
monodentate inner-sphere complex, the symmetry of the phos-

phate molecule is C3,, and two v3 bands are expected to be
present in addition to the active v; band. When phosphate forms
a monodentate binuclear (i.e., bridging) or a bidentate mononu-
clear (i.e., edge-sharing) inner-sphere complex, the symmetry
of the surface complex is Cp, so that three active vz bands
should be present in addition to the v; band. Surface com-
plexes having symmetry lower than Cp, (i.e., C; complexes)
also will have three active v3 peaks and one v; band. If phos-
phate coordinates as an outer-sphere complex, slight shifting in
the v3 vibrations is expected relative to those of the phosphate
ions in solution due to distortion resulting from the near-surface
electrical field, but the number of v3 bands is not expected to
change.

Although IR spectroscopy is highly sensitive to coordination
environments and protonation states of oxyanions such as phos-
phate, interpretation of IR spectra is not necessarily straight-
forward, and often hindered by a lack of appropriate reference
compounds that can be used for fingerprinting. Additionally,
differences in data acquisition conditions (most notably the use
of in situ versus ex-situ data collection) may affect the results
obtained, and thereby the conclusions reached. Results from
ex-situ experiments (i.e., data collected under dry conditions)
should be viewed with caution, as sample drying may cause
structural alterations in the surface complexes, leading to results
that are not representative of the surface speciation occurring
under in situ conditions (i.e., with water present). Differences in
data acquisition conditions may, in addition to the lack of appro-
priate reference compounds, at least partially explain the differ-
ent interpretations made in previous studies as to the speciation
of phosphate surface complexes formed on Fe(IIl)-(hydr)oxide
surfaces. A further consideration is that differences in surface
site characteristics and overall reactivity toward dissolved phos-
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phate between different Fe(Il)-(hydr)oxide phases may lead to
differences in the types of phosphate surface complexes formed.

In this study, phosphate sorption to hematite was character-
ized using in situ attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy. The usefulness of this spe-
cific IR technique in characterizing sorption of oxyanions such
as phosphate, sulfate, borate and carbonate to metal oxide min-
eral phases under in situ conditions has been demonstrated in
previous studies (e.g., [9-23]). In contrast to ferrihydrite and
goethite, no in situ IR studies have been reported on phos-
phate complexation by hematite. In the experiments described
here, the effects of pH and surface coverage on the mode of
phosphate uptake by hematite were characterized, and the re-
sults obtained are compared to results from previous IR studies
dealing with phosphate sorption to Fe(III)-(hydr)oxide mineral
phases. Experiments were performed in both H,O and D,0, in
order to investigate the possible association of protons with the
phosphate surface complexes.

2. Materials and methods
2.1. Hematite preparation

High surface area hematite («-Fe,O3) was synthesized fol-
lowing the method of Schwertmann and Cornell [24]. A 500 mL
solution of 0.2 M ferric nitrate was titrated to pH 8 with 1 M
KOH, and the resulting ferric oxide suspension was heated to
98 °C and aged at this temperature for 7 days, during which
time the precipitate transformed into hematite. After 7 days, the
hematite precipitate was washed several times with deionized
water by centrifugation and decantation until the nitrate con-
centration was reduced to <0.003 mM. The hematite paste was
then freeze-dried. The surface area of the hematite solid as de-
termined by the five-point No—Brunauer—Emmett—Teller (BET)
method was 56 m> g~ !.

2.2. ATR-FTIR experiments

2.2.1. Flow cell experiments: pH envelope and adsorption
isotherms

The ATR-FTIR spectra of phosphate—hematite surface com-
plexes were collected on a Perkin—Elmer 1720 spectrometer
equipped with a purge gas generator and a liquid N>-cooled
MCT detector. Sorption isotherms and pH envelopes were mea-
sured using the flow cell technique described by Hug and
Sulzberger [10], Hug [11], and Peak et al. [12,17]. For these
experiments, a 45° ZnSe ATR crystal was coated with ~2.5 mg
of dispersed hematite and then placed inside the flow cell. The
flow cell was placed on the horizontal ATR sample stage in-
side the IR spectrometer and connected to an Nj-purged reac-
tion vessel containing 1 L of background electrolyte solution
(0.01 M NaCl in DDI-H;0), which was stirred with a mag-
netic bar, and adjusted to the desired pH. A peristaltic pump was
used to pass solute from the reaction vessel through the flow
cell at a known flow rate. The flow cell effluent was collected
as waste, and the pH of the solution in the main reaction ves-
sel was continuously monitored, and (re)adjusted as necessary.

The experimental flow-cell setup and the technique used for de-
positing the hematite solid onto the ZnSe crystal are described
in more detail in Peak et al. [12] and Wijnja and Schulthess [15].

Experiments were started by pumping the background elec-
trolyte through the flow cell at a flow rate of ~1 mL min~!,
and allowing the hematite deposit to equilibrate with the back-
ground solution. Background spectra, consisting of the ab-
sorbances of the ZnSe crystal, the hematite deposit and the
electrolyte solution, were collected regularly during this equili-
bration period; typically after about 3 h, successive background
spectra showed no further changes, indicating that the hematite
deposit had equilibrated with the background solute. The final
background spectrum was collected at this time as the aver-
age of 4000 scans at a 4 cm™! resolution, and phosphate was
injected into the reaction vessel to start the adsorption exper-
iment. All successive spectra were ratioed to this background
spectrum.

For the pH envelope experiment, the initial 0.01 M NaCl
background solution pumped through the flow cell had been ad-
justed to pH 8.6. Following equilibration of the hematite deposit
with this solution and collection of the background spectrum,
phosphate was added at a concentration of 25 pM. Phosphate
adsorption on the hematite deposit was monitored by collect-
ing IR spectra every 15 min. When there were no differences
between successive spectra, the final spectrum of sorbed phos-
phate was collected as the average of 4000 scans, and the pH
of the solution in the reaction vessel was lowered to pH 7.5 by
addition of 0.1 M HCI. Phosphate adsorption to the hematite
deposit in the flow cell was allowed to reach a new equilibrium,
then the final IR spectrum was collected and pH was lowered to
the next level. This procedure was repeated down to pH 3.5, in
pH decrements of 0.5—1 pH units.

The phosphate adsorption isotherm measurements were per-
formed at fixed pH values of 9.0 and 4.5. For these experiments,
the hematite deposit was first equilibrated with the 0.01 M NaCl
background electrolyte adjusted to the pH of interest, and next
phosphate was injected at a concentration of 5 uM. Phosphate
adsorption onto the hematite coating inside the flow cell was
allowed to reach equilibrium; then, the final IR spectrum of
sorbed phosphate was collected, and the phosphate concentra-
tion in the reaction vessel was raised for new equilibration. This
procedure was repeated until the aqueous phosphate concentra-
tions in the main reaction vessel reached 500 uM. Preliminary
experiments using noncoated ZnSe crystal indicated that con-
tributions from aqueous phosphate in the IR spectrum become
visible above noise level at solution concentrations of approxi-
mately 700 uM. The ATR-FTIR spectra collected in the pH en-
velope and phosphate isotherm experiments are therefore dom-
inated by absorbances from hematite-sorbed phosphate com-
plexes, and contributions from aqueous phosphate are negligi-
ble.

2.2.2. Trough experiments

In addition to the flow-cell experiments, a number of trough
experiments were performed as well. Both HO and D,O
were used in these experiments, in order to investigate the in-
volvement of protons in phosphate surface complexation by
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hematite. For these measurements, a 45° ZnSe crystal coated
with hematite was placed in an IR trough capable of hold-
ing 10 mL of solution. The trough was placed on the ATR
sample stage inside the spectrometer, and an 8 mL volume of
background electrolyte (0.01 M NaCl in either HyO or D,0)
adjusted to the pH/pD of interest was added. The trough was
then sealed, and the hematite deposit was allowed to equi-
librate with the background electrolyte. Once a stable back-
ground was obtained, phosphate was added to the solution at
the appropriate concentration. Following equilibration, the final
IR spectrum was collected, and 1.5 mL of solute was with-
drawn from the trough and measured for pH/pD. Next, either
the pH/pD of the solution remaining in the trough was lowered
by addition of 0.1 M HCI or DCI, or the phosphate concentra-
tion of this solution was raised, depending on the experiment.
A new equilibrium was allowed to get established, the final
spectrum was collected, and the trough solution was measured
for pH/pD. Following the adsorption experiments, all solutes
used in these experiments were scanned (using noncoated ZnSe
ATR crystals) to ensure that contributions from aqueous phos-
phate species were negligible in the IR spectra of the sorption
experiments.

2.2.3. Spectral peak fitting

The Peaksolve software package version 1.05 (Galactic In-
dustries Corp.) was used for peak deconvolution and to de-
termine the number and symmetry of phosphate surface com-
plexes present. A linear baseline was fitted between 1200 and
880 cm™! in the raw spectra, and the spectra were normal-
ized to the highest peak intensity. These normalized, baseline-
corrected spectra were fitted with Gaussian peaks. We collected
a large spectral data set, which showed systematic changes in
spectral band positions and intensities as reaction conditions
were varied; the number of Gaussians fitted to a given spectrum
was based on these systematic changes as well as on the num-
ber of peaks visible in the spectrum. The adjustable parameters
optimized for each Gaussian band during fitting were the band
position, band intensity and band width. No constraints were
placed on these fitting parameters in any of the fits. The band
width and band position for a given Gaussian peak always con-
verged to similar values in different spectra, whereas the peak
intensities varied, reflecting variation between samples in the
contribution of the associated phosphate surface complexes to
the overall phosphate surface speciation. The relative intensi-
ties of Gaussian peaks belonging to a given phosphate surface
complex were always similar in the various spectra where the
complex was present.

3. Results
3.1. pH envelope

Fig. 2A shows the ATR-FTIR spectra of phosphate com-
plexes forming at the hematite—water interface in the pH range
3.5-8.6 at an aqueous phosphate concentration of 25 uM. The
increase in intensity of the IR absorbances with decreasing pH
indicates that phosphate sorption increases when pH is lowered,

which is consistent with macroscopic results showing that phos-
phate sorption to Fe(IIl)-oxide mineral phases increases with
decreasing pH [5,7]. In addition to intensity changes, signifi-
cant changes in spectrum shape are observed as a function of
pH as well. At the two highest pH values (pH 8.6 and 7.5),
the spectra are dominated by three IR frequencies, centered
at approximately 1085, 1040 and 960 cm~!. When the pH
is lowered, the band at 1085 cm™! gradually shifts to higher
wavenumbers, and additional frequencies appear at ~1000 and
970 cm~! (Fig. 2A). The pH 4.8 and 5.4 spectra show evidence
for the presence of at least four bands, as indicated by the pres-
ence of two peak maxima and two shoulders occurring on the
low wavenumber side of the band with the lower peak maxi-
mum location. At the lowest pH value (pH 3.5), three bands are
distinguishable in the 1200-900 cm~! wavenumber region, at
spectral locations of approximately 1120, 1010, and 970 cm™~!
(Fig. 2A).

As discussed in the Introduction, the maximum number of
phosphate v3 bands expected based on symmetry arguments is
three. In the spectral region shown in Fig. 2A, the v3 bands are
expected to dominate, although v; bands may be present at the
very low end of the wavenumber range shown. Based on com-
parison to the spectra of aqueous phosphate complexes shown
in Fig. 1, we conclude that the bands observed in Fig. 2A are the
v3 bands of sorbed phosphate species, with no evidence for the
presence of active vy bands. The v| bands are probably located
at wavenumbers lower than 900 cm~!, where they are obscured
by vibrational bands of water and the hematite sorbent.

The spectra collected at pH 8.6 and 7.5 are characterized by
three well-defined v3 bands, suggesting the presence of a sin-
gle phosphate species at these pH values, with a Cy, or lower
symmetry. The pH 3.5 and 4.0 spectra also appear to have three
v3 bands, which could indicate the presence of a single phos-
phate species at these pH values as well. However, the gradual,
systematic shifting of bands with pH in the pH range 7.0-3.5,
combined with the apparent presence of at least four v3 bands at
pH 4.8 and 5.4 suggests that the phosphate IR spectra observed
between pH 7.0 and 3.5 consist of the combined absorbances
of at least two different phosphate surface complexes: the phos-
phate complex that dominates at high pH, and a second surface
complex that grows in as the pH is lowered. To investigate this
option, we took the difference spectra of the data collected at
pH 8.6, 7.0, 5.4, and 3.5, in order to isolate the IR spectra of
the (additional) phosphate species coordinating to the hematite
surface when pH is lowered. The results are shown in Fig. 2B.
The difference spectra in all cases show two strong vibrational
bands at approximately 1115 and 1006 cm~!, along with a
weaker band at about 970 cm™! that appears as a shoulder on
the 1006 cm™! frequency. These three v3 bands are especially
well-defined in the difference spectra of the data collected in the
pH range 3.5-7.0, whereas the difference spectrum of the data
collected at pHs 8.6 and 6.4 appears to contain additional fre-
quencies corresponding to the IR spectrum of phosphate sorbed
at high pH (Fig. 2B). The difference spectra shown in Fig. 2B
indicate that lowering pH leads to the formation of a phosphate
surface complex that has an IR spectrum very different from
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Fig. 2. (A) Results from the flow-cell pH envelope experiment, conducted at [PO4] = 25 uM. The spectra were collected at pH (a) 8.6, (b) 7.5, (c) 7.0, (d) 6.4,
(e) 5.9, (f) 5.4, (g) 4.8, (h) 4.0, and (i) 3.5. (B) shows the difference spectra of selected spectra from figure (A).

that of the phosphate species dominating the surface speciation
at high pH.

Although not shown, the (normalized) experimental spectra
observed in the pH range 3.5-7.0 could be quite successfully
reproduced with linear combination fits of the (normalized) pH
8.6 spectrum and the normalized difference spectrum of the
spectra collected at pH 3.5 and 7.0. We do not show these linear
combination fits, since results from experiments performed in
D,0 (presented in a later section) suggest that the experimental
spectrum collected at pH 8.6 likely contains contributions from
two different phosphate surface complexes, thereby making this
spectrum unsuitable to serve as an endmember representing a
single phosphate surface species. These results do, however,
indicate that at least two different phosphate complexes are
present at the hematite surface in the pH range 3.5-7.0.

3.2. Adsorption isotherms

The results from the isotherm experiment performed at pH
4.5 are shown in Fig. 3A, which presents the IR spectra of
phosphate-hematite sorption complexes forming at aqueous
phosphate concentrations ranging between 5 and 500 uM. The
IR absorbance intensities increase with increasing phosphate
concentrations, indicating that the amount of phosphate sorbed
increases as the phosphate concentration is raised. This indi-
cates that hematite surface site saturation is not achieved in the
phosphate concentration range applied here.

Consistent with the results from the pH envelope experi-
ment described in the previous section, the IR spectra of sorbed
phosphate at pH 4.5 shown in Fig. 3A appear to consist of
the absorbances of at least two different phosphate sorption
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Fig. 3. (A) ATR-FTIR data of adsorbed phosphate obtained from the flow-cell adsorption isotherm experiment conducted at pH 4.5. Spectra were collected at
aqueous phosphate concentrations of (a) 5 uM, (b) 10 uM, (c) 25 uM, (d) 50 uM, and (e) S00 uM. (B) shows the difference spectra of the spectrum collected at the
highest phosphate concentration and those collected at the lower phosphate concentrations.

complexes. There is a change in spectrum shape, however, as
the phosphate concentration increases, indicating that the phos-
phate surface speciation changes with surface loading. To char-
acterize the phosphate surface species forming preferentially
as the surface loading increases at pH 4.5, we took the dif-
ference spectra of the spectrum collected at the highest phos-
phate concentration and those of the lower phosphate concen-
trations. These difference spectra are shown in Fig. 3B, and
in all cases show a strong resemblance to the spectrum of the
phosphate species identified in the previous section as form-
ing preferentially with decreasing pH, having strong vibrational
bands at approximately 1115 and 1010 cm™!, along with a
weaker band at about 970 cm™! that appears as a shoulder on
the 1010 cm~! frequency (Figs. 3B and 2B). This indicates

that, when increasing the surface loading at a fixed pH value
of 4.5 by increasing the solution concentration of phosphate,
the phosphate surface speciation is increasingly influenced by
the same phosphate species that forms preferentially when the
phosphate surface loading is increased by lowering pH (at a
fixed phosphate solution concentration) in the pH range 3.5-
7.0.

The results of the adsorption isotherm experiment performed
at pH 9.0 are presented in Fig. 4A for aqueous phosphate con-
centrations between 5 and 500 uM. Regardless of concentra-
tion, the ATR-FTIR spectra of sorbed phosphate at this high pH
value are dominated by three v3 bands located at approximately
1085, 1040, and 960 cm™!, consistent with the results from the
pH edge experiments described in the previous section.
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Fig. 4. (A) ATR-FTIR data of adsorbed phosphate obtained from the flow-cell adsorption isotherm experiment conducted at pH 9.0. Spectra were collected at
aqueous phosphate concentrations of (a) 5 uM, (b) 25 uM, (c) 100 uM, and (d) 500 uM. (B) shows the difference spectra of the spectrum collected at 500 uM and

those collected at the lower phosphate concentrations.

Although the spectra of the sorption complexes collected at
the various phosphate concentrations overall look quite sim-
ilar at pH 9.0, a subtle change seems to occur in the IR
spectra as the phosphate concentration is raised: the rela-
tive intensities of the v3 bands change, and there is the sug-
gestion of an additional frequency arising at approximately
975 cm~! (Fig. 4A). The difference spectra between the data
collected at the highest phosphate concentration and the lower
phosphate concentrations are shown in Fig. 4B, and bring
out these features more clearly. The change in the IR spec-
trum observed at higher phosphate concentrations suggests
the presence of an additional phosphate surface complex that
becomes increasingly pronounced at higher phosphate sur-

face coverage. However, given the overall similarity between
the difference spectra shown in Fig. 4B and the spectra col-
lected at low phosphate concentrations, it is not likely that
taking the difference spectrum has fully isolated the IR spec-
trum of this additional species. More likely, the difference
spectra shown in Fig. 4B represent a mixture of the surface
complexes forming at lower phosphate concentrations and
the other species that starts forming (or becomes more pro-
nounced) at the higher phosphate concentrations. Further evi-
dence for the presence of multiple phosphate surface species
at these high pH values, and additional information on the
identity of the various species formed will be provided be-
low.
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Fig. 5. Results from the trough experiments conducted in HyO and D, O at a phosphate concentration of 300 uM. (A) shows the data from the H, O experiments,
with spectrum a collected at pH 6.1 and spectrum b at pH 3.6. (B) shows the data from the D,O experiment, with spectrum a’ collected at pD 6.2 and spectrum b’
at pD 5.4. (C) compares the difference spectra of the high and low pH/pD spectra from figures (A) and (B).

3.3. Trough experiments

Trough experiments were conducted with the aim to com-
pare phosphate IR spectra collected in D,O and H,O back-
grounds in order to investigate the possible involvement of pro-
tons in the phosphate—hematite surface complexes. If protons
take part in the coordination of phosphate to the hematite sur-
face, the IR bands associated with the P-OH stretching vibra-
tions in particular are expected to shift to lower wavenumbers
when D, 0 is used instead of H;O.

Fig. 5 shows the results of two experiments that were done
in a similar manner, except that H>O was used in one exper-
iment (Fig. 5SA) and D,O in the other (Fig. 5B). The aim of
both experiments was to isolate the spectrum of the phosphate

surface species that becomes more pronounced with decreas-
ing pH and with increasing phosphate surface loadings in the
pH range 3.5-7.0 (represented by spectrum i-c in Fig. 2B, and
the various difference spectra shown in Fig. 3B). The results
from the pH envelope experiment described earlier indicated
that this species dominates the additional phosphate sorption
occurring when pH is lowered in the pH range 3.5-7.0 (Fig. 2).
Based on this information, hematite was first equilibrated at
near neutral pH/pD = 6.2 with a total phosphate concentration
of 300 uM. Following equilibration, the spectrum of adsorbed
phosphate was collected, yielding spectrum a shown in Fig. SA
(H20), and spectrum a’ in Fig. 5B (D,0). Next, the pH/pD
of the solution was lowered by addition of HCI or DCI (to fi-
nal pH = 3.9 in the H,O experiment, and to final pD = 5.2 in
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Fig. 5. (continued)

the D,O experiment), and a new sorption equilibrium (with a
larger amount of phosphate sorbed) was allowed to get estab-
lished. Although the final pD value (5.2) is different from the
final pH value (3.9) in these experiments, the results shown
in Fig. 2 suggest that the additional phosphate uptake occur-
ring when lowering pH/pD from 6.2 to 5.2 or 3.9 occurs by
the same mechanism, and leads to the preferred formation of
the (single) phosphate species represented by the i-c difference
spectrum shown in Fig. 2B, which we attempt to further char-
acterize here. The phosphate IR spectra collected under these
new equilibrium conditions (with lower pH/pD) are presented
in Fig. 5 as spectrum b (Fig. 5A) and spectrum b’ (Fig. 5B)
for the H>O and D, O experiments, respectively. The difference
spectrum between the two IR scans thus obtained isolated the
phosphate surface species of interest, as illustrated in Fig. 5A,
which presents the results of the H>O experiment. As can be
seen, the difference spectrum of the two IR spectra obtained in
this experiment is very similar to the spectrum i-c in Fig. 2B
as well as the spectra shown in Fig. 3B, indicating successful
isolation of the IR spectrum of the target phosphate surface
species. The two IR spectra collected in the D,O experiment
(performed in the same way as the H,O experiment) are shown
in Fig. 5B, along with the difference spectrum of these two
spectra, which represents the IR spectrum of the target phos-
phate surface complex in D,O. The non-Gaussian shape of the
IR peak located at 1120 cm~! in the D,O difference spectrum
is due to the presence of the intense D—-O-D bending vibration
at 1230 cm~!, which complicated background removal in this
region.

Fig. 5C compares the (normalized) difference spectra ob-
tained in the H,O and DO experiments, characterizing the
phosphate surface complex that forms preferentially with de-
creasing pH and increasing surface loading in the pH/pD range
3.5-7.0. The comparison clearly shows that band shifting to-
ward lower wavenumbers occurs when switching from H»O to
D,0. Although all three v3 bands seem to move to some extent

toward lower frequencies when using D>O, a particularly large
shift is observed for the v3 band located at the lowest wavenum-
ber, which shifts from ~975 cm™! in water to ~925 cm™! in
D,0 (Fig. 5C). Overall, the results presented in Fig. 5 indicate
that the phosphate surface complex that becomes increasingly
important with decreasing pH and with increasing phosphate
surface loadings at pH 3.5-7.0 is a protonated phosphate ad-
sorption complex.

A second set of experiments similar to those described above
were performed at pH/pD values >8, in order to investigate
the possible protonation of the phosphate surface complexes
formed at high pH/pD. Instead of changing pH/pD follow-
ing initial equilibration as done in the H,O/D,O experiment
described above, for these high pH/pD experiments the phos-
phate concentration was raised following initial equilibration at
a relatively low concentration. This was done based on the re-
sults from the pH 9.0 adsorption isotherm experiment described
in Section 3.2, which indicated a possible surface speciation
change with increasing phosphate solution concentration. The
results from both experiments are shown in Fig. 6. In Fig. 6A,
the results from the H,O experiment are presented, with spec-
trum a collected at a phosphate concentration of 75 uM (final
pH = 8.0), and spectrum b at a phosphate concentration of
300 uM (final pH = 8.2). Similar to the pH 9.0 isotherm data
shown in Fig. 4, increasing the phosphate concentration leads
to a change in the relative intensities of the v3 bands located at
1085 and 1040 cm™!, and the appearance of an additional fre-
quency at approximately 975 cm~!. The difference spectrum
for the spectra collected at high and low phosphate concentra-
tion emphasizes this change (Fig. 6A), and is consistent with
the difference spectrum found in the pH 9.0 adsorption isotherm
shown in Fig. 4.

The results from the D,O experiment performed at high pD
are shown in Fig. 6B, with spectrum a’ collected at a phosphate
concentration of 25 uM (final pD = 8.1), and spectrum b’ at a
phosphate concentration of 100 uM (final pD = 8.7). Three im-
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Fig. 6. Results from the trough experiments conducted in HyO and DO at pH/pD > 8. (A) shows the data from the HyO experiments, with spectrum a collected
at [PO4] = 75 uM and pH 8.0, and spectrum b at [PO4] = 300 uM and pH 8.2. (B) shows the data from the DO experiment, with spectrum a’ collected at
[PO4] =25 uM and pD 8.1, and spectrum b’ at [PO4] = 100 uM and pD 8.7. The arrows indicate v; bands visible in spectrum b’. (C) compares selected spectra

from figures (A) and (B).

portant observations can be made from these D, O data. Firstly,
compared to the spectra obtained in water (Fig. 6A), some
v3 bands have shifted to lower wave numbers, indicating the
presence of protonated phosphate surface complexes at these
high pD values. Secondly, four v3 bands are discernible in the
D>O IR spectra shown in Fig. 6B, as opposed to three in the
H,O data. Thirdly, there appear to be two v; bands present in
the DO spectra, at band positions of approximately 870 and
840 cm~!, as indicated by the arrows in Fig. 6B. Combined,
these observations confirm the presence of two different phos-
phate complexes at the hematite surface at high pH/pD, as al-
luded to in the results of the H>O experiments, and the observed
band shifting to lower wavenumbers in D,O as compared to

H»>O indicates that at least one of these complexes is protonated.
The two complexes have strongly overlapping v3 bands, which
makes their individual distinction difficult, especially when us-
ing H>O. Working in D>O, however, leads to band shifting for
at least one of the phosphate complexes, as a result of which v3
band separation occurs that allows for individual v3 bands to be
identified more clearly.

In Fig. 6C, the (normalized) difference spectra collected in
D,0 and H;O are compared, and also shown are the high con-
centration samples collected in D,O and H>O. Obviously, there
are significant differences between the difference spectra col-
lected in H>O and D> O, consistent with the presence of proto-
nated phosphate species in these samples as noted before. The
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Fig. 6. (continued)

two difference spectra are, however, not necessarily very differ-
ent from the respective sets of original spectra they were derived
from. This suggests that these difference spectra do not repre-
sent an individual phosphate surface complex, but probably still
contain contributions from both phosphate species present at
these high pH/pD values. Therefore, we were not successful in
isolating the IR spectrum of the additional phosphate complex
that becomes increasingly important as the phosphate concen-
tration is raised in the high pH/pD range. Results from spectral
data fitting for further characterization of the two phosphate
species formed at these high pH/pD values are described be-
low.

3.4. Spectral peak fitting results

For further characterization of the symmetry and identity of
the various phosphate surface complexes observed, peak fit-
ting of the IR spectra was performed. The results are shown
in Figs. 7 and 8, with Fig. 7 showing the fit results for the H,O
samples, and Fig. 8 those of the D,O samples. The spectrum of
the phosphate complex favored under conditions of low pH and
high phosphate surface loadings in the pH range 3.5-7.0 (spec-
trum a in Fig. 7, which is the same as spectrum i-c in Fig. 2B)
is well reproduced with three Gaussian v3 peaks, centered at
1117, 1007 and 964 cm™1, confirming the C;, or lower sym-
metry of this surface species.

Spectra collected at high pH values could also be fitted with
three v3 bands, as illustrated in Fig. 7 for the spectra col-
lected in the isotherm experiment conducted at pH 9.0, which
was discussed in the previous section. The fitting results were
different for low and high phosphate concentration samples
however. The experimental IR spectrum of the low concen-
tration (5 pM) sample was reasonably well reproduced using
three Gaussian peaks located at approximately 1086, 1034 and
966 cm™! (spectrum b in Fig. 7). For the spectrum collected
at a phosphate concentration of 500 uM, the fitted Gaussian

peaks are centered at similar spectral location as for the low
concentration sample, but there is a notable decrease in the rel-
ative intensity of the peak centered at 1035 cm™! (spectrum ¢
in Fig. 7). The fit of the difference spectrum of the high and low
phosphate concentration samples brings out this difference be-
tween the 500 and 5 uM spectra quite clearly (spectrum d in
Fig. 7).

The D,0O spectrum of the phosphate surface complex that
forms preferentially with decreasing pH/pD and increasing sur-
face loadings in the pH/pD range 3.5-7 was fitted with three
Gaussian v3 bands located at 1112, 1002, and 925 cm™! (Fig. 8,
spectrum a). These bands are located at lower wavenumbers as
compared to the spectrum of this phosphate species collected
in H>O (spectrum a, Fig. 7), confirming that this surface com-
plex is protonated. The large shift of the third v3 band (from
964 cm~! in HyO t0 925 cm~! in D,0) suggests that this is the
P—OH/D asymmetric stretching band.

Fitting of the spectra collected at high pD (8.3 and 8.7) re-
quired four v3 bands. Two v; bands, positioned at 865 and
837 cm~!, were also fitted for the spectrum collected at a phos-
phate concentration of 100 uM (spectrum c in Fig. 8); in the
(lower quality) spectrum collected at a concentration of 25 uM
phosphate no v; bands were visible above noise level (Fig. 8,
spectrum b). The presence of two v; bands indicates that two
different phosphate species are present in these high pD sam-
ples. The vz band with the highest frequency in these D>O
samples is located at ~1075 cm™!, which is approximately
10 cm™! lower than the spectral location of this band in the
H,O samples prepared at equivalent pH values (Figs. 7 and 8).
The other three v3 bands present in the DO spectra are fitted
at ~1030, 990 and 936 cm™! (Fig. 8). Raising the phosphate
concentration leads to an increase in the relative intensity of
the band at ~990 cm~!, and a decrease in the intensities of the
bands positioned at 1030 and 936 cm™!, whereas the relative
intensity of the band located at ~1075 cm™! remains mostly
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unchanged when the phosphate concentration is raised (spec-
tra b and c, Fig. 8); these spectral changes are readily visible
in the difference spectrum of the high and low loading samples
(spectrum d, Fig. 8).

The spectral fitting results from the high pD samples are con-
sistent with the presence of two phosphate surface species at
pH/pD > 8: one with C3, symmetry (two v3 bands) and the
other having C;, or lower symmetry (three v3 bands). The v3
band fitted at ~1075 cm™! is “shared” by these two different
surface species (or contains two strongly overlapping individual
v3 bands), and therefore does not significantly change in rela-

tive intensity when the phosphate concentration is raised. The
bands located at ~1030 and 936 cm™! belong to the surface
species with C, or lower symmetry, and the relative impor-
tance of this species decreases as the surface loading increases.
The v3 band at ~990 cm™! is associated with the Cs, surface
species, which grows in as the phosphate surface loading is
raised. In HO, the v3 bands of these two phosphate species
strongly overlap. The broad band centered near 970 cm™! in
the high loading H,O samples consists of two v3 bands, which
separate when using D»O, so that contributions from individ-
ual peaks become visible at ~990 and 935 cm™!. Overlap of v3
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bands from these two species likely also occurs between 1150
and 1000 cm~! when working in H>O. Switching to DO leads
to some shifting of individual bands in this spectral region,
which changes the relative intensities of the vz bands present
as compared to the HyO samples, but no clear separation of the
bands occurs.

Band shifting to lower wavenumbers occurs for v3 bands as-
sociated with the phosphate surface complex of Cp, or lower
symmetry (which dominates the surface speciation at low sur-
face loadings in the high pH/pD samples) when switching from
H>0 to DO, indicating that this phosphate species is proto-
nated. This band shifting is most apparent from the appearance
of the v3 band at 935 cm™! as a separate band in D;0.

The complex having C3, symmetry (which grows at higher
surface loadings at high pH) has not been fully isolated in the
H, 0 experiments due to the noted strong overlap with the bands
from the other complex, and this complicates the comparison of
the H>O and D, O IR spectra of this species. The v3 band fitted
at 1087 cm~! in the HyO samples shifts slightly to 1075 cm™!
in the D> O samples; however, this band is shared with the other
surface complex present at high pH/pD, which is protonated,
and may therefore be mostly responsible for this shift. The other
v3 band associated with the C3, phosphate species, fitted at
984-995 cm™! in the D,0O data, is not seen as an individual
band in the H,O samples, and therefore no direct comparison
can be made with the position of this band in H>O, although it
can be concluded that if any shift occurs at all for this band,
it would be small. Due to the spectral overlap with the Cy,
surface complex, the protonation state of the C3, phosphate sur-
face species cannot be resolved based on our ATR-FTIR data;
further considerations on the identity and protonation state of
this surface complex will be discussed in Section 4.2.

The strong spectral overlap of the C;, and C,, species
present at the hematite surface at high pH in the H,O exper-
iments makes it difficult to determine the contribution of each
species in a given spectrum. The fit results from the low concen-
tration (25 uM) D, O experiment conducted at pD 8.5 indicate a
substantial contribution from the C3, complex even at this low
concentration. This suggests that most (if not all) high pH (8.0—
9.0) spectra reported here contain contributions from both the
Cs, and Cy, species, with the importance of the Cs3, contribu-
tion increasing with increasing phosphate concentrations.

4. Discussion
4.1. Comparison to previous studies

There have been a number of previous studies dealing with
ATR-FTIR characterization of phosphate complexes forming
on Fe(Ill)-(hydr)oxide mineral surfaces, including goethite
[5,6], ferrihydrite [7], and hematite [6]. Due to differences
in IR data acquisition techniques (most notably the use of in
situ versus ex-situ conditions during data collection), differ-
ences in reaction conditions (e.g., phosphate:substrate ratios,
substrate pretreatment) and differences between the various
Fe(IIl)-(hydr)oxide minerals studied with respect to surface
site characteristics and overall reactivity toward dissolved phos-

phate, the results from these previous studies are not necessarily
directly comparable to those presented here for phosphate com-
plexation by hematite. Nevertheless, in a broad sense, similar-
ities in phosphate complexation mechanisms on these various
Fe(III) substrates can be identified.

Tejedor-Tejedor and Anderson [5] studied phosphate sur-
face complexes forming on goethite, using in situ IR spec-
troscopy to characterize the phosphate surface speciation as
a function of pH (3.6-8.0) and phosphate surface loading
(100-190 pmol g_l). Similar to our findings, three different
phosphate complexes were identified, and the relative impor-
tance of these complexes varied with pH and surface cover-
age. In the low to intermediate pH range (3.6-6.5), decreasing
pH and increasing the phosphate loading favored the forma-
tion of a surface complex with IR bands located at approxi-
mately 1123, 1006 and 982 cm™!, whereas higher pH values
and lower phosphate surface coverages in this pH range fa-
vored the formation of a phosphate complex with IR bands
at 1096 and 1044 cm™'. The first complex is quite similar to
the phosphate complex that preferentially forms on hematite
at low pH and high surface coverage in the pH range 3.5-
7.5, with IR bands positioned at 1117, 1007 and 964 cm~!
(Figs. 2 and 8). Tejedor-Tejedor and Anderson [5] assigned
this species as a bridging (i.e., monodentate binuclear) mono-
protonated phosphate complex, based mostly on the position of
the P=0 band at 1125 cm™".

The two IR bands of the second complex observed by
Tejedor-Tejedor and Anderson [5], favored at high pH and low
surface coverage in the 3.5-6.5 pH range, are quite similar to
the higher frequency bands we observe for the phosphate com-
plexes forming on hematite at high pH and low surface cov-
erage, having IR bands at 1086, 1034 and 966 cm™! (Figs. 2
and 8). The absence of the 966 cm™! v3 band in the data of
Tejedor-Tejedor and Anderson [5] may indicate the formation
of different surface complexes on goethite and hematite under
these conditions. However, the similarity in position and rela-
tive intensity of the other two v3 bands in our studies and those
of Tejedor-Tejedor and Anderson [5] is remarkable and sug-
gests that similar complexes may be formed on both substrates.
The 966 cm™! band may be hard to identify in phosphate—
goethite systems, due to its relatively low intensity, its proxim-
ity to a strong goethite IR band at approximately 900 cm~!, and
its overlap with v3 bands of the other two phosphate complexes
formed on goethite, which co-exist with this second species
under most experimental conditions. A very recent ATR-FTIR
study by Luengo et al. [25] confirms the presence of phosphate
surface complexes at the goethite surface at pH > 7.5 with v3 IR
bands centered at 945, 1044, and 1089 cm™!, similar to what is
observed here for the phosphate complexes on hematite at high
pH. This phosphate complex was assigned by Tejedor-Tejedor
and Anderson [5] as well by Luengo et al. [25] as a bridging
nonprotonated surface complex.

The third phosphate complex identified by Tejedor-Tejedor
and Anderson [5] has v3 bands located at 1025 and 1001 cm™!.
This complex was only observed at pH values above 6, where it
co-existed with the second phosphate complex discussed above,
and increased in concentration with increasing pH. We did not
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find evidence for the formation of this particular phosphate
species on hematite, which may indicate a difference in over-
all phosphate complexation on hematite and goethite at high pH
values. Tejedor-Tejedor and Anderson [5] assigned this species
as a monodentate mononuclear nonprotonated phosphate sur-
face complex.

Persson et al. [6] used ATR-FTIR spectroscopy to character-
ize phosphate surface complexation on goethite and hematite
as a function of pH, which was varied between 3.1 and 12.8.
Similar to the results of Tejedor-Tejedor and Anderson [5] for
phosphate sorption to goethite and our results for phosphate-
reacted hematite, three different phosphate complexes were ob-
served for the phosphate—goethite samples analyzed by Persson
et al. [6], with the relative contributions of these complexes
varying with pH. At low pH (3-4), a single phosphate complex
with v3 bands at 1178 and 1001 cm™! dominated the phosphate
surface speciation. With increasing pH, a second complex with
v3 bands at 1122, 1049 and 939 cm™! became increasingly im-
portant, and this complex was the dominant phosphate surface
species at pH 8-11. At pH 12.8, a third phosphate complex
with IR bands at 1057 and 966 cm™! was the dominant sur-
face species.

The pH trend observed in the phosphate—goethite data of
Persson et al. [6] agrees with our results and those of Tejedor-
Tejedor and Anderson [5], but there are differences in v3 band
positions of the various phosphate complexes. This is likely due
to the ex-situ conditions used by Persson et al. [6] for IR data
collection, which was done following drying and subsequent di-
lution of phosphate-reacted goethite in KBr. The water content
in these samples is therefore low relative to the samples ana-
lyzed by Tejedor-Tejedor and Anderson [5] and in our studies,
which were characterized in situ. This may affect the degree
of hydrogen bonding between phosphate surface complexes
and water molecules, which may explain the observed band
shifts [6]. Sample drying and mixing in KBr may also lead to
structural changes in surface complexes, as has been observed
for sulfate complexation by hematite and goethite [10,12].

In addition to the spectral differences observed for the phos-
phate complexes formed on goethite, Persson et al. [6] also
made different assignments as to the identity of the phosphate
complexes than Tejedor-Tejedor and Anderson [5]. Whereas
Tejedor-Tejedor and Anderson [5] favored monodentate binu-
clear (bridging) phosphate complexes at low and intermediate
pH values and monodentate mononuclear complexes at high
pH, Persson et al. [6] argued for the formation of strictly mon-
odentate mononuclear phosphate surface complexes that are
diprotonated, monoprotonated and nonprotonated at low, inter-
mediate and high pH values, respectively.

In a second set of IR experiments, Persson et al. [6] stud-
ied phosphate complexation by hematite. In contrast to the
goethite results, phosphate was found to predominantly form
a surface precipitate on hematite, as evidenced by the pre-
dominance of broad IR features with superimposed finer band
splitting, and a near-independence of phosphate IR features
on pH. Precipitate formation was unexpected and ascribed to
pretreatment of the hematite material, which was obtained by
dry-grinding of single hematite crystals, possibly resulting in

the presence of amorphous Fe(Ill)-(hydr)oxide surface layers
on the hematite particles with sufficient Fe(Ill) solubility for
formation of Fe(II)-phosphate precipitates to occur. In con-
trast, the hematite material used in our study was prepared from
an aged aqueous suspension, as described in the material and
methods section, and this likely explains the different results
found in this study for phosphate complexation on hematite as
compared to Persson et al. [6].

Arai and Sparks [7] characterized phosphate adsorption to
ferrihydrite with in situ ATR-FTIR spectroscopy as a function
of pH and phosphate surface coverage. Two different phosphate
complexes were identified: at pH 4.0, a phosphate complex
with broad vz bands centered at 1102, 1020 and 920 cm™!
dominated the phosphate speciation at the ferrihydrite surface,
whereas at pH > 7.5, a complex with v3 bands at 1088, 1021
and 952 cm~! was dominant; at pH 5 and 6, a mixture of these
species was observed. No changes in phosphate speciation were
observed as a function of the phosphate surface loading at pH
4 and 7.5. Comparison of IR spectra collected in D,O and H,O
indicated that the complex formed at pH/pD = 7.5 was nonpro-
tonated, since there was no difference in v3 band positions be-
tween the H,O and D, 0O experiments. At pH/pD = 4, however,
v3 band shifting to lower wavenumbers for spectra recorded
in D0 as compared to H,O indicated that the phosphate sur-
face complexes formed under these conditions were protonated.
Based on these experimental observations and using symmetry
arguments, Arai and Sparks [7] assigned the surface complexes
forming at pH > 7.5 as nonprotonated monodentate binuclear
(bridging) phosphate complexes, and the species forming at low
pH 4 as protonated bridging complexes.

The results of Arai and Sparks [7] are consistent with our
phosphate—hematite data, in that the mechanism of phosphate
sorption is found to vary with pH, and protonated phosphate
surface complexes are observed at low pH. The vz IR bands
identified by Arai and Sparks [7] are somewhat different from
those of the phosphate sorption complexes formed on hematite,
which may reflect a difference in the speciation of phosphate
adsorbed on ferrihydrite as compared to hematite. An important
difference is that the phosphate complexes formed on ferrihy-
drite at high pH (7.5) are not protonated, whereas our results
show that protonated phosphate surface complexes do exist at
the hematite surface at these high pH values. The broad IR
bands identified by Arai and Sparks [7] for the phosphate sur-
face complexes formed on ferrihydrite may represent an assem-
blage of a series of overlapping (narrower) v3 bands associated
with a set of different phosphate surface complexes. The pres-
ence of multiple (slightly) different phosphate complexes at the
ferrihydrite surface is not unlikely given the amorphous na-
ture of this substrate, which likely leads to a larger variety in
the characteristics of surface sites available for phosphate com-
plexation than in the case of crystalline hematite. This could
explain the broad IR bands observed by Arai and Sparks [7],
and would also affect the peak maxima positions, as these re-
flect an intensity-average of the various overlapping v3 bands
involved.

Kwon and Kubicki [26] used quantum-mechanical calcu-
lations to simulate IR frequencies for a variety of different
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phosphate inner-sphere complexes on Fe(Ill)-oxide phases. The
results of these theoretical calculations were compared to the
experimental data of the phosphate—goethite system reported
by Persson et al. [6] and the phosphate—ferrihydrite data of Arai
and Sparks [7]. Agreement between theoretical and experimen-
tal IR data reported by Persson et al. [6] for phosphate uptake
by goethite lead to the assignment of diprotonated monodentate
binuclear (bridging) phosphate complexes for the IR spectra
observed at pH 4.2-5.7, either deprotonated bridging or mono-
protonated monodentate mononuclear phosphate surface com-
plexes forming at pH 7.9, and the formation of nonprotonated
monodentate mononuclear phosphate complexes at pH 12.8.
Based on the reaction energies calculated for the two phosphate
species that may form at pH 7.9, Kwon and Kubicki [26] fa-
vored the option of monoprotonated monodentate mononuclear
phosphate surface complexes forming at the goethite surface at
this pH.

The experimental ATR-FTIR frequencies reported by Arai
and Sparks [7] did not match the theoretical frequencies of any
of the model complexes calculated by Kwon and Kubicki [26].
It was suggested that this may be due to the merging of in-
dividual v3 bands associated with a single phosphate surface
complex. Indeed, the peak maxima in the experimental spec-
trum obtained at pH 7.5 (assigned by Arai and Sparks [7] to
a nonprotonated bridging surface complex) could successfully
be reproduced by increasing the half-bandwidths of Gaussians
centered at the theoretical v3 peak positions of the nonproto-
nated bridging complex calculated by Kwon and Kubicki [26].

The applicability of the theoretical IR frequencies calculated
by Kwon and Kubicki [26] to our phosphate—hematite data
is uncertain. The match with the ex-situ IR data reported by
Persson et al. [6] for phosphate complexation by goethite may
reflect the relatively low degree of hydration used in the the-
oretical calculations, where four to six water molecules were
included to account for the effect of solvation [26]. The dif-
ference in IR frequencies of phosphate—goethite surface com-
plexes observed in the in situ studies by Tejedor-Tejedor and
Anderson [5] as compared to the ex-situ results of Persson et
al. [6] indicates that the degree of hydration may affect the po-
sitions of the IR frequencies of phosphate complexes, and this
complicates the comparison of the theoretical calculations of
Kwon and Kubicki [26] with our in situ IR data. Moreover, mul-
tiple phosphate sorption species are present at both the goethite
and hematite surfaces simultaneously under most experimental
conditions, which complicates the spectral isolation and struc-
tural assignment of individual phosphate species. Kwon and
Kubicki [26] proposed the formation of diprotonated monoden-
tate binuclear phosphate complexes on goethite at pH 4.2-5.7
based on the IR spectra collected by Persson et al. [6] in this pH
range. However, two different phosphate species are thought to
co-exist at the goethite surface under these pH conditions [5,6],
as is the case for the results shown here for phosphate adsorp-
tion onto hematite.

Overall, phosphate sorption to Fe(Ill)-(hydr)oxide surfaces
appears to vary with pH, and protonation of surface complexes
is proposed in most studies, especially for the surface com-
plexes forming at low pH. The studies referenced above differ

mostly with respect to assignment of the coordination of the
various phosphate complexes at the Fe(IIl) oxide surface and
the proposed degree of protonation of the surface complexes.
In the following section, our (tentative) structural assignments
of the three phosphate surface complexes formed on hematite
will be discussed.

4.2. Assignment of surface structures

We have identified the formation of three different phos-
phate complexes at the hematite—water interface. Spectra data
fitting has indicated that two of these complexes have three ac-
tive v3 bands, whereas the third complex appears to have two
v3 bands. Based on symmetry arguments (illustrated in Fig. 1),
this indicates that the first two phosphate complexes have Cj,
or lower (Cq) symmetry, whereas the third complex has Cgz,
symmetry. The observed symmetry reduction of these com-
plexes relative to the Tq symmetry of the POi_ unit may result
from phosphate coordination to both Fe and H atoms. The re-
sults of the DO experiments showed that the two phosphate
surface complexes with Cy, or lower symmetry are associated
with protons. However, comparison of the spectra of the var-
iously protonated aqueous phosphate species shown in Fig. 1
to those of the two protonated phosphate complexes formed on
hematite indicates substantial differences in v3 band positions
between these data sets. This indicates that the symmetry of
these phosphate—hematite complexes is caused not by protona-
tion only, but that phosphate atoms coordinate to iron atoms
at the hematite surface as well, so that inner-sphere adsorption
complexes are formed. Possible inner-sphere phosphate com-
plexes consistent with the ATR-FTIR spectra are illustrated in
Fig. 9.

Although not fully isolated, the phosphate complex with
C3, symmetry has v3 bands at similar positions as those of
aqueous HPOZ_(aq), which is the dominant aqueous phosphate
species in the pH range where this surface complex is observed.
As noted in the materials and methods section, solutions were
scanned following the sorption experiments to confirm that con-
tributions from aqueous phosphate were negligible in the sorp-
tion spectra. Therefore, the C3, phosphate complex observed in
our data is not due to contributions from aqueous HPOE[, but
represents an adsorbed phosphate species.

The similarity in band positions between HPOi_(aq) and the
C3, phosphate—hematite surface complex may indicate that this
species is an outer-sphere or hydrogen-bonded surface com-
plex held in the near-vicinity of the hematite surface by pre-
dominantly electrostatic forces. Since the pHpzc of hematite is
approximately 8.2, and phosphate sorption shifts the pHpzc to
lower pH values (e.g., [7,27,28]), the hematite surface was neg-
atively charged at the experimental pH/pD values where the Cs,,
species was observed (pH/pD = 8.5-9.0). This makes the for-
mation of strictly outer-sphere sorption complexes unlikely, but
it is possible that hydrogen-bonded phosphate complexes are
formed under these conditions, as has been observed for borate
and carbonate oxyanions at pH values above the point of zero
charge of ferrihydrite and hematite, respectively [18,21]. How-
ever, rather than an outer-sphere or hydrogen-bonded surface
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Fig. 9. Inner-sphere linkages of phosphate units to the hematite surface that are
consistent with the ATR-FTIR data of the various phosphate—hematite surface
complexes; the symmetry of these complexes is C; unless otherwise noted.
Dashed lines represent hydrogen bonds.

complex, we favor the assignment of a monodentate nonpro-
tonated inner-sphere complex for the C3, species. If a combi-
nation of inner- and outer-sphere complexation occurs, then it
would be expected that the contribution from outer-sphere com-
plexes would decrease at increased surface loadings, since the
inner-sphere complexes would render the surface increasingly
more negative at higher surface coverages, which would reduce
the relative degree of outer-sphere complexation at higher cov-
erages, as has been observed for sulfate adsorption to goethite
[16,17]. The results from the high pH/pD sorption isotherms
indicate, however, that the C3, complex in fact becomes in-
creasingly more pronounced at higher surface loadings, which
is inconsistent with this species being an electrostatically held

surface complex. We therefore assign the phosphate complex
with C3,, symmetry, which forms at high pH values at relatively
high surface loadings, as a nonprotonated monodentate phos-
phate surface complex (Fig. 9).

As noted earlier, the formation of monodentate nonproto-
nated phosphate surface complexes at high pH values has also
been proposed by both Tejedor-Tejedor and Anderson [5] and
Persson et al. [6] for phosphate complexation on goethite. The
difference in IR spectral bands observed for these complexes
(1025 and 1001 cm~! in Tejedor-Tejedor and Anderson [5],
1057 and 966 cm™! in Persson et al. [6], and approximately
1075 and 990 cm ™! in our study) is likely a combination of the
difficulty in separating the spectrum of this species from that
of the second complex that forms at high pH with v3 bands that
are strongly overlapping with the monodentate species assigned
here, differences in experimental procedures (in situ data col-
lection in the case of Tejedor-Tejedor and Anderson [5] and in
our study, versus ex-situ conditions used by Persson et al. [6]),
and possibly due to differences in substrate surface properties
(goethite versus hematite) that may affect the strength of Fe—
PO4 complexation.

Assignment of the two (protonated) phosphate—hematite
complexes with Cp,, or C; symmetry is not straightforward, as
reflected by the large number of possible configurations shown
in Fig. 9 that are consistent with the ATR-FTIR spectra of these
phosphate surface species. This illustrates the limited practical
use of symmetry considerations in assigning structural config-
urations when a complete set of appropriate reference spectra
is not available. The limitation of this approach arises from the
fact that no distinction can be made between the H and Fe coor-
dination, and that the number of v3 bands is the same for com-
plexes having C;, and lower symmetries, which makes their
distinction problematic. Nevertheless, comparison of the aque-
ous phosphate species with those of the phosphate—hematite
surface complexes provides some constraints on the structure
assignment of the latter.

An important difference in the various phosphate surface
complexes that are consistent with the IR spectra of the two
species that form at the hematite surface in the pH range 3.5-8.5
is the degree of protonation: both monoprotonated and diproto-
nated surface species might account for the observed IR spectra
of these species (Fig. 9). Formation of triprotonated phosphate
surface species can be excluded, since such complexes would
have C3, symmetry and therefore two v3 bands, which is in-
consistent with the IR data obtained. The IR spectra of the
aqueous phosphate complexes in Fig. 1 show the presence of
a band at 1240 cm~! for di- and triprotonated aqueous phos-
phate, assigned to the P-O-H bending mode §(POH), whereas
this band is too weak to be discerned for monoprotonated phos-
phate (Fig. 1). Consequently, this band may be an indicator of
the degree of phosphate protonation. The IR spectra of the two
protonated phosphate—hematite surface complexes did not show
any evidence of a §(POH) vibration band near 1240 cm~!. This
suggests that these phosphate species are monoprotonated.

A further difference between the various options of the
phosphate—hematite surface complexes concerns the coordina-
tion of the phosphate complexes to the hematite surface: both
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monodentate mononuclear and binuclear (protonated) com-
plexes would be consistent with the IR data of these surface
complexes. If both phosphate complexes are monoprotonated,
as suggested by the absence of a discernible §(POH) vibra-
tion in their spectra, the difference in the IR spectra of these
species reflects a coordination change from binuclear (bridging)
to mononuclear linkage to the hematite surface. A monoproto-
nated bridging surface complex is expected to exhibit a v(P=0)
vibration band at relatively high wavenumber due to a high de-
gree of localization of the P=0O double bond expected for this
configuration. Based on this consideration, the surface complex
favored at low pH and high surface coverage is assigned as a
monodentate binuclear (monoprotonated) surface complex, as
its IR spectrum has a band at ~1120 cm™! that is consistent
with v(P=0). By elimination, the complex forming at higher
pH and low surface coverages is assigned as a monodentate
mononuclear (monoprotonated) complex.

Hydrogen-bonding of phosphate anions to adjacent surface
sites will lead to a phosphate surface coordination intermedi-
ate between monodentate mononuclear and binuclear linkage
(Fig. 8). Although such a coordination will lower the symme-
try of sorbed phosphate, the extent of the symmetry reduction
is difficult to ascertain. If the hydrogen bond is relatively weak,
the phosphate complex favored at low pH and high surface cov-
erage is likely to be a “true” binuclear complex bridging two
FeOg surface octahedra, whereas the monodentate mononuclear
phosphate complex forming at higher pH and lower surface
coverage may form a hydrogen bond to an adjacent surface
site. If, on the other hand, strong hydrogen bonds are formed,
the phosphate complex observed at higher pH and low sur-
face coverage would be strictly mononuclear without hydrogen
bonding to adjacent sites, whereas the phosphate complex fa-
vored at low pH and high surface coverage may be intermediate
between a mononuclear and binuclear species as a result of
hydrogen bond interaction with adjacent surface sites. Assess-
ment of the phosphate coordination to the hematite surface by
EXAFS spectroscopy would be useful to distinguish between
these possibilities, as would be theoretical calculations on the
effect of hydrogen bonding on phosphate IR bands. In either
case, however, the main difference between these two monopro-
tonated surface species is that the “bridging” complex, favored
under conditions of low pH and high surface coverage, interacts
strongly with two hematite surface sites (either directly or via
hydrogen bonding), whereas the mononuclear complex strongly
interacts with only one surface site.

5. Conclusions

Phosphate adsorption on hematite was characterized as a
function of pH (3.5-8.9) and phosphate concentration (5—
500 uM) by in situ ATR-FTIR spectroscopy. The results in-
dicated that under most conditions a mixture of different phos-
phate complexes exist at the hematite surface. Three different
phosphate complexes were identified, and the relative impor-
tance of these complexes varied with pH and phosphate surface
coverage. Experiments performed in HoO and D,O indicated
the presence of two protonated phosphate surface complexes

at low to intermediate pH/pD values (3.5-7.0). Comparison
to spectra of variably protonated aqueous phosphate species
suggest that these surface complexes are monoprotonated, al-
though their exact protonation state could not be determined.
The difference in IR spectra between these protonated species
is tentatively interpreted to be the result of a difference in sur-
face coordination, with one of the surface complexes bound
in a monodentate binuclear (bridging) fashion to the hematite
surface, and the second species coordinated as a monoden-
tate mononuclear complex. Alternatively, the bridging complex
may be a (protonated) monodentate mononuclear complex ex-
hibiting strong hydrogen bonding to an adjacent surface site,
whereas the second protonated surface species is a monodentate
complex exhibiting no (or limited) hydrogen bonding. Forma-
tion of the bridging complex is favored at lower pH values and
higher surface loadings in the 3.5-7.0 pH range. At the highest
pH values studied here (pH 8.5-9.0), the bridging protonated
phosphate complex is no longer observed, but a third complex,
interpreted to be a nonprotonated monodentate mononuclear
(inner-sphere) complex, is present in addition to the monoden-
tate monoprotonated surface species. The importance of this
nonprotonated monodentate complex increases relative to the
protonated monodentate species as the surface coverage is in-
creased at these high pH values.
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