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ABSTRACT

Adsorption of dissolved phosphate onto synthetic hydrous ferric oxide (HFO) was measured in the laboratory as a function
of pH, ionic strength, and phosphate relative concentration. Experimental data were used to constrain optimal values of
surface complexation reactions using a geochemical modeling code JCHESS according to the diffuse layer model. The results
provide a consistent set of model equilibrium constant (log K) values at 25° C and 100 KPa for the following reactions:

>FeOH + PO,* + 3H* = >FeO-H,PO, + H,0 (log K™ = 19.0)

>FeOH + PO,* + 2H* = >Fe0-HPO," + H,0 (log K,™ = 14.3 £ 0.17)

>FeOH + PO,* + H* = >Fe0-PO,* + H,0 (log K, = 8.32 + 0.27)
These results differ significantly from previously-published estimates of log K, and log K, [1-3], and provide a more
accurate fit to experimental measurements over a broad range of pH (3-12), ionic strength (0.001-0.1 mol/¢) and total
relative phosphate concentration (12-500 pmol phosphate/g HFO). The results provide a close fit to the experimental data
within a wide range of conditions, and should be adopted in modelling the chemical speciation of phosphate in natural

systems containing HFO as a predominant adsorbing material.
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INTRODUCTION

Soluble phosphate salts are widely used as agricultural fertilis-
ers to boost food production, and a common environmental
problem associated with fertiliser overuse is elution of dis-
solved phosphate into ground and surface waters (Delgado and
Torrent, 1997; Cisse and Mrabet, 2004). Elevated concentra-
tions of soluble phosphate from agricultural discharges lead to
eutrophication, anoxia, and degradation of freshwater habitats
(Bennett et al., 2001). Natural background phosphate concen-
trations in freshwater settings typically vary between 0.095
and 0.95 mg/€ (Luisells et al., 2000), whereas in groundwater of
heavily fertilised agricultural soils, it can generally reach levels
of up to 2 mg/¢ (Fadiran et al., 2007).

Under conditions where excess phosphate is not taken up
through biological assimilation, temporary storage of labile
phosphate in soils and aquifers occurs through adsorption onto
mineral surfaces (Bowden et al., 1980; Dzombak and Morel,
1990; Nilsson et al., 1996; Geelhoed et al., 1997; Luisells et al.,
2000; Dideriksen and Stripp, 2003) and refractory organic mat-
ter in sediments (Hiradate and Uchidan, 2004; Hutchison and
Hesterberg, 2004). As a result, phosphate adsorption onto solid
particles can provide a buffer against eutrophication of down-
stream systems, by slowing the throughput of phosphate in the
vadose zone thereby decreasing the availability of dissolved
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phosphate to plant roots. Phosphate adsorption onto soil com-
ponents can also influence the mobility of synthetic pesticides
(Gimsing et al., 2004a; Gimsing et al., 2004b) impacting both
water quality and ecosystem health.

Competitive adsorption of phosphate onto geologic media
can enhance the mobility of other metal oxy-ligands such as
arsenate and selenate (Manning and Goldberg, 1996; Geelhoed et
al., 1997; Jackson and Miller, 2000; Bose and Sharma, 2002; Gao
and Mucci, 2001) and the mechanism may be partially respon-
sible for widespread arsenic contamination of groundwaters in
heavily agricultural areas of Bangladesh and West Bengal (India),
although other factors are reported to be causes of arsenic release
(Bose and Sharma, 2002; Smedley and Kinniburgh, 2002). Jain
and Loeppert (2000) investigated competitive phosphate and
arsenate adsorption onto ferrihydrite, and found that phos-
phate uptake by ferrihydrite surfaces can substantially diminish
arsenate sorption, thereby making dissolved arsenate available
in solution, and that this effect is highly dependent on both pH
and relative ligand activity. A study by Quaghebeur and Rengel
(2004) found that addition of phosphate to soil media can
increase free arsenate available for biological uptake, which was
previously adsorbed onto soil particles. Phosphate coordination
onto mineral surfaces can also influence cation speciation. For
example, adsorption of phosphate onto goethite-coated quartz
sand can enhance U(VI) adsorption due to the formation of
>FeO-PO,-UO,, a ternary surface complex (Cheng et al., 2004).
It is imperative that the principal reactions governing phos-
phate surface complexation in geologic systems is thoroughly
understood because phosphate plays an important role in a wide
variety of biogeochemical processes (Sherman and Randal, 2003;
Karamalidis and Dzombak, 2010).
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Experimentally-derived values for phosphate adsorption
onto hydrous ferric oxide (HFO) reported in Dzombak and
Morel (1990), Ryden et al. (1977a) and Ryden et al. (1977b) are
perhaps the most commonly-referenced values used in surface
complexation modelling studies. However, it is unclear to what
extent these values can be applied rigorously across a range of
geochemical conditions. Accurate model-dependent values for
phosphate adsorption are necessary to quantify not only the
speciation of phosphate itself, but also to describe and predict
the speciation of phosphate in mixed systems containing other
adsorbing solutes (Lee and Windt, 2001).

In the present study, the extent of phosphate adsorption
onto HFO is measured in a controlled environment over a wide
range of pH, background electrolyte (NaNO,) ionic strength,
and relative phosphate concentration. HFO is chosen as a
sorbent in the ongoing study because the surface property of
HFO is very well characterised by several previous adsorption
experiments (Hiemstra and Van Riemsdijk, 2009; Antelo et al.,
2010; Liu et al., 2014; Villalobos and Antelo, 2011; Hofmann et
al., 2004). The adsorption curves from the experiment are then
used to constrain mass action parameters for phosphate sur-
face complexation reactions with a geochemical code JCHESS
on the basis of the diffuse layer model (DLM) (Dzombak and
Morel, 1990). It has been found that FeO-PO, forms a mono-
dentate, bi-nuclear complex using X-ray absorption near edge
structure (XANES) fingerprinting, and DLM is therefore
appropriate to explain the adsorption process (Khare et al.,
2007).

The outcome of the investigation is very important for
understanding eutrophication of several reservoirs and lakes,
and to broaden the current knowledge of various non-point
phosphate pollution, mainly from agriculture. It also helps
to understand the influence of phosphate speciation on the
fate of other contaminants such as arsenate and selenate.
Furthermore, the laboratory-based results can be applied to
pilot-scale tests around phosphate plants and mines, where
both phosphate and other trace metals are released into the
environment in the presence of substantial solid particles.

MATERIALS AND METHODS

All source reagents used in the experiments were commer-
cial (Fisher Scientific) reagent-grade materials, which were
used without further purification unless otherwise specified.
Solutions used in preparation of HFO and for adsorption
experiments were prepared using 18 M(Q deionised water
produced from a Barnstead Nanopure system. All glass- and
plasticware used in the experiments were acid washed in trace
metal grade HNO, prior to use.

Preparation of HFO

Hydrous ferric oxide used in the experiments was prepared
according to a previously-published procedure of Schwertmann
and Cornel (2000). Forty (40) grams of Fe(NO,),«9H,0 or FeCl,
was dissolved in 500 m¢ of 18 MQ) water, and pH was adjusted
to neutral value using approximately 300 m € of 1 mol/¢ KOH.
KOH solution was gradually added to ferric nitrate/ferric
chloride solution to achieve a pH of 7 to 8 after approximately

1 h of equilibration without any atmospheric CO, exclusion.
The resulting suspension was washed 6 times in 18 MQ water,
followed each time by centrifugation at 1 500 r/min for 5 min
until no electrolyte is detected and conductivity of the superna-
tant is <10 pS/cm. The dialysed precipitate was freeze-dried in
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TABLE 1
BET surface area measurements of different batches of HFO
No. Drying temp. | Drying time Ground Specific
(Q) (h) surface area
(m?/g)
1 65 48 No 160
2 65 48 Yes 224
3 50 2 No 201
4 50 2 Yes 228
5 50 48 No 96
6 50 48 No 280

Numbers 1 - 4 represent samples that were centrifuged and washed mul-
tiple times, Sample 5 is filtered but not washed and Sample 6 represents a
sample that was prepared using ferric nitrate instead of ferric chloride

a LabConco™ sediment freeze drier to prevent the precipitates
from mineralising to stable forms of ferric hydroxides such as
goethite. The final precipitate was allowed to thaw afterwards

at room temperature in a closed translucent Nalgene vessel for
no more than 1 month prior to use. Some batches of HFO were
manually ground with alumina mortar after being freeze-dried,
while other batches were used in experiments without further
modification.

HFO surface area and X-ray diffraction (XRD)
measurement

Detailed surface characterisation of the sorbent (HFO) was
conducted because surface complexation theory deals with
interactions between the sorbate and the surface of the sorb-
ent (in this case, HFO) (Dzombak and Morel, 1990; Khare et
al., 2007; Karamalidis and Dzombak, 2010). Specific surface
area for ground and un-ground HFO was measured using
N,-adsorption Brunauer-Emmett-Teller (BET) analysis as an
independent test of the qualitative effect of grinding and to
assess the effect of the different HFO synthesis.

Two replica HFO samples having an estimated total surface
area of 10 to 20 m* (0.1 to 0.2 g) were put into thin glass tubes.
The samples were first out-gassed in a vacuum for 2 and 24 h
at temperatures of 50°C and 65°C. N, gas, used as the analy-
sis gas for surface area measurement, flowed into the sample
tubes at different pressures to produce an adsorption isotherm.
Specific surface area of the samples was calculated with the
NovaChrome software, based on 11 point BET using sample
density (assumed to be 3.8 g/€) and the measured sample mass
of each sample. The BET specific surface area measurement of
a batch of HFO using FeCl, and vacuum filtering was 96 m?/g,
whereas surface area value of the HFO batch using Fe(NO,),
and multiple centrifugation was 160 m?/g (Table 1). When the
HFO samples of both batches were ground to roughly 4 nm,
the specific surface area was 200-280 m?/g (Table 1). Repeated
effort to synthesise HFO with surface area close to 650-750
m?/g reported in Dzombak and Morel (1990) did not succeed
using the two-point method; similar HFO synthesis by Antelo
and colleagues (Antelo et al., 2010) resulted in a surface area
of 220 m?/g, significantly different from the ideal surface area
of 650-750 m?*/g. Possible causes of diminished surface area
include uncertainty of the BET method (use of N, gas with
incomplete access to all available surface area), and a strong
dehydration procedure as well as method uncertainties with the
2-point HFO synthesis procedure (Antelo et al., 2010).

Powder XRD measurements were performed to characterise
HFO synthesised in this study. The HFO, synthesised according
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Figure 1
XRD diffractogram of a bleb containing synthesised HFO
mineral illustrating predominance of HFO with broad XRD peak
intensities at 36° and 62° close to the reference HFO peaks at
39% and 72° but with narrow peaks at 26 values of 21°, 26°, 31°
and 42° showing minor inclusion of crystalline phases of goethite
and hematite.

to the procedure of Schwertmann and Cornell (2000), should
result in 2-line ferrihydrite with broad XRD diffractogram
peak intensities centered around 26 values of 39° and 72°. The
measured XRD diffractogram has 2 broad peaks at 20 values of
about 36° and 62°, which are comparable with the ideal 2-line
diffractogram (Fig. 1). However, comparison with the typical
diffractogram of hematite and goethite shows that sharp nar-
row picks in the measured diffractogram around 26 values of
20°, 26° 31° and 42° may be due to the presence of very small
amounts of mixtures of other phases of iron oxides of crystalline
nature (hematite and goethite), possibly formed due to aging,
freezing and thawing temperatures, and, to some extent, CO,
inclusion during HFO synthesis (Schwertmann and Cornell,
2000; Hofmann et al., 2004; Villalobos and Antelo, 2011).
Dissolved phosphate for adsorption experiments was pre-
pared using a 1 000 pg/g P atomic absorption (AA) phosphorus
standard (VWR brand) in 2% HNO,. Dissolved phosphate
was diluted to an appropriate working concentration for each
experiment using 18 M(Q water in various background elec-
trolyte (NaNO,) concentrations (0.001-0.1 mol/€). Electrolyte
solutions were prepared using solid NaNO, salt; to assess the
influence of background electrolyte on phosphate adsorption.
Approximately 0.1 g of dry HFO was added to each of a
series of parallel 50 me polyethylene centrifuge tubes, into each
of which was added 50 m€ of NaNO; solution containing vary-
ing initial concentrations of dissolved phosphate, to produce
an overall HFO concentration of 2 g/€ and 24 to 1 000 umol/¢
phosphate. In each trial series, the pH of each separate 50 m¢
vessel was initially titrated manually to a desired pH range
(~3 to 13) using 1 mol/¢ NaOH and/or 0.1 mol/¢ HNO,.
Solution pH was measured potentiometrically using an epoxy
semi-micro pH combination electrode and handheld meter
(VWR brand). Vessels were placed on a rotating mixer and
allowed to equilibrate for 2 h, after which pH was re-adjusted
as necessary. Vessels were then allowed to equilibrate for an
additional 22 h. After 24 h total equilibration time, the pH of
each vessel was measured and centrifuged at 5 000 g for 15 min
to separate colloidal HFO from supernatants. Three (3) m¢
of supernatant was removed from the upper portion of each
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centrifuged vessel, and analysed for dissolved phosphorus using
the colorimetric ascorbic E procedure of Eaton and Franson
(2005; Standard Methods). Colorimetric measurements were
made using a Spectrocam UV/Vis spectrophotometer.

Following the procedures developed to evaluate the influ-
ence of carbonate co-adsorption in the adsorption of various
chemical species in the presence of goethite nano-particles,
CO, exclusion adsorption experiments were conducted based
on various solution pH conditions (Villalobos and Leckie,
2001; Kanematsu et al., 2011). The adsorption under both
closed (fixed total CO,) and open (fixed PCO,) conditions was
conducted to assess the potential influence of dissolved bicar-
bonate and carbonate on phosphate adsorption onto HFO. The
closed experiment involves careful exclusion of CO,(g) from
the phosphate adsorption experiment with a Coy glove-box
anaerobic chamber containing an atmosphere of 95% N, and
5% H,. Carbon dioxide exclusion experiments were performed
using similar methodology as those completed in air. For all
experiments parallel controls were maintained that contained
dissolved phosphate, but no HFO.

The kinetics and reversibility of phosphate adsorption
onto HFO were measured in a separate set of experiments. In
these trials, dissolved phosphate (500 and 1 000 pumol/€) was
combined with 2 g/€ of HFO in 1 € volume Nalgene reaction
vessels in 0.01 mol/¢ NaNO, at a pH of 2.65 (Fig. 2). Reaction
vessels were allowed to equilibrate in air under constant vigor-
ous stirring on a magnetic stir plate. Aliquots were removed by
syringe as a function of time from reaction vessels and filtered
to 0.2 um through fresh Nylon syringe filters. Filtered aliquots
were analysed for dissolved phosphate by colorimetric spectro-
photometry. Phosphate was allowed to adsorb onto HFO for
up to ~12 h, after which pH of solutions was adjusted to 12 and
the systems were allowed to re-equilibrate. Over the next 40 h,
sample aliquots were extracted, filtered, and analysed for eluted
phosphate by colorimetric spectrophotometry.

Surface complexation modelling

Results of phosphate adsorption experiments were modelled
using the chemical speciation program JCHESS (°) and its
associated thermodynamic database (Lee and Wendt, 2001).
JCHESS speciation software was used to calculate the extent of
phosphate surface complexation onto HFO as a function

of phosphate/HFO relative concentration, pH and NaNO, ionic
strength using literature values for phosphate adsorption onto
HFO provided in Dzombak and Morel (1990), Ryden et al.
(1977a) and Ryden et al. (1977b) for a DLM depiction.

Speciation calculations took account of aqueous compl-
exation reactions involving all dissolved electrolyte and pH
titrant ions (Na*, NO3'), autoionisation of water, and the specia-
tion effects of atmospheric CO, dissolution (for experiments
conducted in air) and aqueous complexation (Sverjensky and
Sahai, 1996). Activity coefficients for aqueous species were
calculated using a Debye-Huckel model. JCHESS modelling of
experimental data was carried out by calculating the predicted
fraction of dissolved and adsorbed phosphate as a function of
pH for each experimental trial series at constant initial phos-
phate, HFO and ionic strength in NaNO,. The calculated pH-
dependent distribution of phosphate was compared with the
appropriate set of experimental results.

The values for mass action parameters (equilibrium con-
stants) for specific phosphate adsorption relations were itera-
tively adjusted to achieve an optimal overall fit to the trend of
experimental data for each series. Phosphate adsorption onto
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Results of reversibility experiment for phosphate adsorption onto HFO, showing
extent of phosphate adsorption in molar percentage of available P, versus time in
minutes. Initial phosphate concentration was 500 umol/¢, in a 0.01 mol/e NaNO3
solution containing 2 g/€ HFO. Triangles denote results of initial adsorption at a pH of
3.0, and circles denote results of phosphate desorption at a pH of 11.3.

HFO was hypothesised to occur by the formation of 3 different
monodentate surface complexes (Dzombak and Morel, 1990;
Ryden et al., 1977a; Ryden et al., 1977b):

>FeOH + PO* + 3H* = >FeO-H,PO, + H,O 1)

>FeOH + PO * + 2H* = >FeO-HPO, + H,0 )

>FeOH + PO + H* = >FeO-PO,> + H,0 3)
where:

>FeOH represents a proton-exchanging surface hydroxyl
site on HFO (Dzombak and Morel, 1990).

For each of Egs (1) to (3) the mass action expression governing
surface complexation of the appropriate phosphate aqueous
species can be described according to the conventional equi-
librium expression, taking account of electrostatic effects that
cause deviation between the apparent (K*?) and intrinsic (K™)
equilibrium constants (Eq. (4)):

Kint= K*P exp(AZ Fy/RT) @

where:
the exponential term defines a coulombic correction to K*?
that may be calculated from the change in surface charge
accompanying the reaction (AZ), Faraday’s constant (F), the
electrical potential at the HFO surface (i), the universal gas
constant (R) and temperature (T).

The electrical potential at the HFO surface is determined
according to the mass law and mass action expressions for
intrinsic hydrolysis at the HFO-water interface, and DLM
constraints relating surface charge to potential (Dzombak and
Morel, 1990; Stumm and Morgan, 1996; Saha and Streat, 2005).
RESULTS

Experimental results

Results of phosphate adsorption experiments onto HFO are
shown in Figs 4-9, for uptake of 12-500 pmol phosphate/g HFO
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as a function of pH, in 0.001 to 0.1 mol/¢ NaNO, background
electrolyte. In general the results of phosphate adsorption
experiments conform to expectations based on previous studies
of ligand adsorption (Dzombak and Morel, 1990; Ryden et al.,
1977a; Ryden et al., 1977b) that uptake of phosphate by HFO is
minimal at pH values greater than about 12, increases at lower
pH values across a characteristic adsorption edge, and that
maximum uptake is achieved at pH values below 8.

In the current study, phosphate adsorption onto HFO
shows little ionic strength dependence at low to circum-neutral
pH, but at high pH values adsorption is substantially more
dependent on ionic strength (Fig. 2). At high pH values, phos-
phate adsorption is diminished relative to circum-neutral con-
ditions, and is further diminished as ionic strength decreases,
from approximately 50% adsorption at 0.1 mol/€ NaNO,, to
insignificant adsorption at 0.001 mol/€ NaNO, (Fig. 2). These
results are consistent with inner-sphere binding of phosphate
onto the HFO surface, as has been shown previously (Persson et
al., 1996; Torrent et al., 1990; Saha and Streat, 2005).

Reversibility experiments were performed at 250 and 500
umol phosphate/g HFO, and the results of these studies are
shown in Fig. 3. Sorption of available phosphate at a pH of 3
was initially rapid, and reached an apparent maximum after
approximately 3 h. Desorption at a pH of 11.3 was slower, and
elution of only about 70% of adsorbed phosphate was observed
after 800 min. The results of adsorption experiments reveal
that even at a pH of ~11, approximately 25-30% of available
phosphate is taken up by HFO, but combining this fraction
with the observed extent of reversed desorption nonetheless
indicates that at a pH of 11.3 about 25% of adsorbed phosphate
is retained irreversibly by the HFO within the duration of the
experiments. These results are consistent with previous studies,
which have shown that phosphate sorption by ferric oxides is
partially irreversible over short timescales, mostly because of
slow kinetics of inner-sphere complex detachment (Torrent et
al., 1990; Torrent and Delgado, 2001).

Comparison of the CO, free adsorption experiment with
those completed in the presence of air demonstrates that the
effect of CO, is negligible in causing any change in the equi-
librium constant of high pH adsorption (Fig. 4). Similarly, a
previous investigation reported weak carbonate adsorption
on goethite surface (Kanematsu et al., 2011). The measured
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Effect of ionic strength of the background electrolyte on phosphate
adsorption on HFO in experiments with initial phosphate loading of
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Effect of CO, on phosphate adsorption onto HFO with an
initial concentration of 250 umol P/e onto 2 g/€ HFO (125 umol
P/g HFO). Full-shaded circles denote results of experiments
conducted in air, and half-shaded circles denote results of trials
conducted in a CO -free atmosphere.

adsorption edge generally diminished slightly, especially at
high pH ranges (pH > 8) in the open system (CO,-inclusion)
compared to adsorption edges conducted in closed setup
(CO,-excluded) (Fig. 4). The data is not unexpected but it is also
evident that the reduction is not significant enough to modify
the calculated adsorption equilibrium constants.

At 500 pmol phosphate/g HFO approximately 80% of
available phosphate is taken up by HFO at pHs ranging
between 6 and 7 (Figs 5a and 5b). All available dissolved
phosphate is taken up by HFO at low pH, and up to 250 pmol
phosphate/g HFO. At a phosphate loading of greater than 250
pmol phosphate/g HFO, adsorption curves as a function of pH
display a distinct inflection, presumably suggesting discrete
adsorption of a least two separate surface species (Figs 5a and
5b). At high pH values, phosphate adsorption was negligible at
phosphate loadings less than 125 pmol phosphate/g HFO, but at
greater phosphate loadings significant uptake (20-25% of avail-
able phosphate) was observed up to the maximum experimen-
tal pH of ~12 (Figs 6 and 7). At low phosphate loading (12-62.5
pmol phosphate/g HFO) adsorption edges are sharp, but
become less steep with increasing relative phosphate concentra-
tion (Figs 8 and 9).

At the estimated specific surface area of 120 m?/g, obtained
from modelling calculations, a maximum phosphate adsorp-
tion capacity of roughly 3.3 umol phosphate/m?> HFO is
equated, corresponding closely with the range of published
values for the phosphate adsorption capacity of ferrihydrite
(2.4-3.9 umol P/m?) (Torrent et al., 1990). Moreover, it is con-
sistent with the recommended site density of the low-energy
(weak) site on HFO, 3.11 pmol/m?, provided by Dzombak and
Morel (1990); Ryden et al. (1977a) and Ryden et al. (1977b),
which was used in this study.

Results of surface complexation modeling

JCHESS model calculations were used to fit the experimen-
tal data using a depiction of phosphate binding at the HFO
surface governed by 3 different monodentate surface spe-
cies, as illustrated in Eqs (1), (2) and (3). Previous spectro-
scopic work (Persson et al., 1996) shows that orthophosphate
adsorption onto goethite is likely dominated by monodentate
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Results of adsorption experiments for an initial concentration of 500 umol
P/€ onto 2 g/ HFO (250 umol P/g HFO). Shaded circles denote results of
experiments conducted in air. Results are shown for (a) 0.01 mol/€ and
(b) 0.1 mol/e NaNO,.
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circles denote results of trials conducted in a CO -free atmosphere. Results are shown for (a) 0.01

mol/e and (b) 0.1 mol/e NaNO,.
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Figure 8

Results of adsorption experiments for an initial concentration of 50 umol P/€ onto 2 g/ HFO

(25 umol P/g HFO). Shaded circles denote results of experiments conducted in air, and open

circles denote results of trials conducted in a CO -free atmosphere. Results are shown for (a)
0.01 mol/e and (b) 0.1 mol/e NaNO,.
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Figure 9
Results of adsorption experiments for an initial concentration of
24 umol P/€ onto 2 g/ HFO (12 umol P/g HFO). Shaded circles
denote results of experiments conducted in air. Results are
shown for 0.01 mol/e NaNO,.

surface complexes involving >FeO-H,PO,, >FeO-HPO,
and >FeO-PO *, whereby each species binds separately onto
a low-energy proton-exchangeable surface site, with little
contribution from bidentate or bridging complexes (Hoell
and Kalinichev, 2004). A similar depiction was adopted by
Dzombak and Morel (1990), Ryden et al. (1977a) and Ryden et
al. (1977b,) for phosphate adsorption onto HFO. The model was
used to evaluate phosphate adsorption onto HFO in the current
study, according to a DLM surface complexation scenario.
Table 2 provides optimal estimates of intrinsic equilibrium
constants for reactions (1), (2) and (3) governing phosphate
adsorption onto HFO, constrained by the experimental data
obtained in this study. Separate optimisations were performed
for each set of experimental data at a particular set of ionic
strength and phosphate-loading conditions. Optimisations

for each set of experimental data provided model-dependent
estimates for the values of all three adsorption equilibrium
constants. Mean values for the three pertinent equilibrium con-
stants, obtained by averaging model results from 12 separate
sets of experimental data spanning 12-500 pmol phosphate/g
HFO and 0.1 to 0.001 mol/€ electrolytes, are provided in Table
2. 'The model values are highly reproducible, as shown by
relatively low percentage standard deviation values (1.2% to
3.3%), representing a one-sigma sample standard deviation
range of 0.17 to 0.27 log units for the three estimated equilib-
rium constants. The optimal values for logarithms of equilib-
rium constants of >FeO-HPO,  and >FeO-PO > complexes

are 14.2 £ 0.17, and 8.3 * 0.27, respectively. The same value for
>FeO-H,PO, adsorption, 19.0, was used in all calculations.

It was found that model calculations at less than 250 pmol
phosphate/g HFO were insensitive to the chosen value of log

K ™ because there is complete adsorption at lower loadings and
lower pH conditions, but model insensitivity does not diminish
the significace of the >FeO-H,PO, surface complex.

The optimal value for log K, (14.2) describing HPO *
adsorption generated in the current experiment differs from the
value of 13.04 recommended by Ryden et al. (1977a) and Ryden
etal. (1977b), and predicts a slightly more stable >FeO-HPO
surface complex. The optimal value for stability of the surface
>FeO-PO * species (log K™ = 8.3) is 3 orders of magnitude
greater than the earlier estimate of 5.37 (Ryden et al., 1977a;
Ryden et al., 1977b), predicting a substantially greater tendency
for PO,’ adsorption.

DISCUSSION

The optimal model equilibrium constants provided in Table 2
were calculated using experimental data at 3 different esti-
mated specific surface areas, ranging from 60 m?/g to 120
m?*/g. A range of surface areas was used because of different
HFO preparation methods used in this study; subsequent

to freeze-drying, some batches of HFO were ground in an

TABLE 2

Optimal model log K™, log K™ and log K, values obtained from individual sets of experimental data for phosphate
adsorption onto HFO. HFO concentration in all experiments was 2 g/¢, and NaNO, was used as background electrolyte

in all trials. CO, indicates if the experiments were done in air (Y) or in a CO,-free atmosphere (N). / signifies ionic

strength in mol/, and SSA denotes estimated specific surface area in m?/g. Log K°" values denote corrected,

standard-state intrinsic equilibrium constants calculated using the methodology of Sverjensky (2003).

I Co, SSA log K™ log K,™ log K,™ log K™ log Ko, log Ko™
0.1 N 120 19.0 14.20 8.00 20.7 159 9.70
0.1 Y 120 19.0 14.00 8.00 20.7 15.7 9.70
0.1 Y 100 19.0 14.30 8.30 20.6 15.9 9.90
0.1 N 120 19.0 14.20 8.30 20.7 15.9 10.0
0.1 Y 120 19.0 14.20 8.30 20.7 15.9 10.0
0.1 N 120 19.0 14.20 8.30 20.7 15.9 10.0
0.01 Y 120 19.0 14.20 8.30 20.7 15.9 10.0
0.01 Y 120 19.0 14.40 8.30 20.7 16.1 10.0
0.01 Y 100 19.0 14.60 9.10 20.6 16.2 10.7
0.01 Y 60 19.0 14.50 8.30 20.4 15.9 9.70
0.01 Y 60 19.0 14.50 8.10 20.4 15.9 9.50
0.01 Y 60 19.0 14.50 8.50 20.4 15.9 9.90
0.001 Y 120 19.0 14.30 8.30 20.7 16.0 10.0
Mean 19.0 14.3 8.32 20.6 15.9 9.89
Standard Deviation 0.00 0.17 0.27 0.13 0.12 0.29
% Standard Deviation 0.0% 1.20% 3.30% 0.62% 0.77% 2.90%
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alumina mortar prior to use, which resulted in a smaller
average grain size of roughly 4 nm to achieve a qualitatively
representative specific surface area. This approach allowed
constraining of phosphate adsorption edges with surface
complexation modelling using DLM under a range of various
HFO specific surface area. The majority of the experiments
were conducted in mixture of the HFO samples with surface
areas ranging from 96-220 m*/g. Various values for laboratory
synthesised surface areas of HFO have been reported, includ-
ing 200-750 m?*/g by Hofmann et al. (2004) and 200-350 m?*/g
by Hiemstra et al. (2009). On the other hand, Villalobos and
Antelo (2011) compiled HFO surface areas ranging from 300 up
to 1 120 m?/g, indicating the wide range of measured specific
surface area. According to Villalobos and Antelo (2011), aging,
freezing temperature and carbonate inclusion can cause vari-
ous HFO-specific surface areas. Technical difficulty in com-
pletely excluding atmospheric CO, during HFO synthesis and
subsequent particle growth was suggested as the main cause of
diminished specific surface area (Villalobos and Antelo, 2011).
HFO synthesis at high Fe concentration was also suggested as a
possible cause of reduced surface area by Hiemstra et al. (2009).
Antelo et al. (2010) recommended conducting potentiometric
titration at various background electrolyte ionic strengths to
estimate a compromise surface area, provided that the freshly
synthesised HFO does not aggregate into a more crystalline
form. Hofmann et al. (2004) concluded that exclusion of CO,
was achieved through N, gas bubbling during HFO synthesis,
but the theoretical surface area was not achieved. The rela-
tively lower specific surface areas in this study are highly likely
to have been caused by aging and carbonate inclusion during
HFO synthesis.

Measured surface area values were not adopted quantita-
tively in surface complexation modelling exercises because,
when used alongside the recommended HFO weak-site density
of 3.11 pumol/m? (Dzombak and Morel, 1990; Ryden et al., 1977a;
Ryden et al., 1977b), anomalously low values (by several orders of
magnitude) are predicted for phosphate adsorption equilibrium
constants of surface complexes of >FeO-H,PO,, >FeO-HPO,
and >FeO-PO *. A possible explanation could be the adsorption
isotherm data covering a narrow range of pH values.

Reactive site density is difficult to estimate experimentally
from various saturation of surface sites with ions (Hiemstra
etal., 2009). Villabos and Antelo (2011) reported a range of
values of reactive site density for HFO between 8.8 and 9.1 nm?,
whereas Hiemstra et al. (2009) distinguished site densities with
respect to coordination of surface groups as singly cordinated
groups forming bidentate complexes and double corner/edge
sharing with 2.5 £ 0.1 and 3.5 + 0.4 nm?, respectively, as well
as 1.2 £ 0.2 nm~for triply coordinate surface groups. The data
presented in this research, albeit with a different unit, is com-
parable to the value suggested by Dzombak and Morel (1990)
and Svjerjensky (2003). Therefore a compromise was adopted
in this study, where a site density of 3.11 pmol/m?* was assumed,
and a surface area of 120 m*/g was constrained by an optimal
fit to the trends in experimental data obtained in 500 pumol
phosphate/g HFO experiments (maximum loading), as shown
in Fig. 5. Table 2 shows that, although the specific surface area
constrained by the model in this study is lower than most
values, the final surface complexation constant would not be
significantly altered.

In an effort to minimise errors associated with variable
surface areas, and to standardise model equilibrium constants
of the study to values that may be applied to a wide range
of potential conditions, the predicted values of the current
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investigation were recalculated to be consistent with the pro-
posed standard state of Sverjensky (2003) for mineral surface
sites and species. Sverjensky (2003) reported that equilibrium
constants for conventional surface complexation reactions such
as Egs (1), (2) or (3) may be recalculated in reference to an arbi-
trary standard state according to the following equation:

Ko = K ([NAJIN'A%)C, 5)

where:
K™ is the apparent intrinsic equilibrium constant under
arbitrary conditions at 298 K and 100 KPa N is surface site
density of the solid sorbent (sites/m?)
A, is the specific surface area of the solid sorbent (m?*/g)
C, is the amount of sorbent present (g/¢)
N is the hypothetical site density at the adopted standard
state
A* is the hypothetical specific surface at the adopted stand-
ard state
K®ntjs the standard state intrinsic equilibrium constant

A hypothetical surface site density of 10'® sites/m? and a hypo-
thetical specific surface area of 10 m?/g at standard reference
condition was adapted from Sverjensky (2003). The model
values for log K ™, log K,™ and log K™, recalculated in terms
of log K® ™, log K® ™ and log K® ™, are shown in Table 2. The
relative standard deviations among individual model values for
log K°,™ and log K® ™ are smaller in magnitude than those for
log K, and log K,™.

The results of the current investigation are compiled based
on the work of Sverjensky (2003), which show that deviations
among model values for adsorption equilibrium constants can
be minimised by accounting for differences in assumed mineral
properties via a reference-state correction such as Eq. (5). In
the case of log Kl‘“‘, one value was used for all model calcula-
tions, while different surface areas were used; therefore Eq. (5)
produces a variance in log K® ™ values that is an artefact of
the calculation. The recalculated standard-state equilibrium
constants shown in Table 2 may be compared directly with
those obtained in other experiments where different values for
specific surface area or site density have been assumed, by rear-
ranging Eq. (5) appropriately and solving for the desired values.
Equilibrium constants of different reactions, obtained by dif-
ferent authors, and calculations based on different assumptions
regarding the HFO surface, may be reconciled quantitatively
and used in concert to provide an improved depiction of chemi-
cal speciation equilibria under a wide range of conditions.

Figures 5-9 illustrate model curves for phosphate adsorption
onto HFO using the estimated log K™, log K,™ and log K,™ val-
ues (solid lines), calculated using JCHESS, alongside the experi-
mental data. The figures also depict model curves (dotted lines)
that are calculated using the recommended phosphate adsorp-
tion equilibrium constants of Ryden et al. (1977a) and Ryden et
al. (1977b). The trends shown in Figs 5-9 demonstrate that the
values of Ryden et al. (1977a) and Ryden et al. (1977b) cannot
account for phosphate adsorption throughout the range of condi-
tions examined in this study, and substantially underestimate
the extent of phosphate adsorption at circum-neutral to basic pH
conditions, and at low loading. The extent of underestimation is
greatest under conditions where PO * accounts for a substantial
fraction of dissolved phosphate activity, because the principal
difference between earlier estimates of phosphate adsorption and
the estimates obtained in this study lie in the predicted stability
constant of the >FeO-PO > surface complex.
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Under acidic pH conditions, there is little difference
between the previous and newly predicted values of log K™
and log K™, mainly because of maximum phosphate adsorp-
tion. Quantum mechanics calculation was used by Wang et
al. (2013) to postulate that diprotonated bi- and mono-dentate
complexes dominate phosphate adsorption on HFO within a
pH range of 4 to 6 . Similar conclusions were drawn by Antelo
et al. (2010), whereas Luengo et al. (2006) proposed protonated
bidentate phosphate surface complexes at lower pH condition
using attenuated total reflection-infrared (ATR-IR) spec-
troscopic measurements. On the other hand the presence of
non-protonted bidentate complexes at pH 7.5 was confirmed by
Arai and Sparks (2002). Nevertheless, the majority of previous
studies did not rule out the presence of unidentified surface
species at various pHs. It was also suggested that conclusions
drawn regarding surface complexes of HFO are generally
taken based on goethite as a proxy mineral and therefore HFO
surface characterisation still lacks accuracy (Antelo et al., 2010;
Kare et al., 2011; Arai and Sparks, 2002).

The phosphate loading, being much lower than the avail-
able reactive site density, must also be taken into consideration
to avoid precipitaiton. In this instance, precipitation is ruled
out because it has been confirmed that the adsorption reaction
within or lower than the maximum site density is reversible
with the kinetic experiments (Fig. 2). At higher pH values,
especially above the pH of zero proton charge (PZPC of ~8.7),
the HFO surface (>FeOH") is deprotonated having a net nega-
tive charge, which tends to electrostatically repulse the domi-
nating aqueous phosphate species HPO,* and PO,* (Antelo
et al. 2010). The discrepancy observed between this study and
the previously published surface complexation constant (K,)
for circum-neutral to pH 8.7 is marginal, implying that the
surface complexes and the actual model predictions are fairly
acceptable.

However, at sufficiently higher pH, the significant differ-
ence (up to 3 orders of magnitude) between the calculated and
published K, value can only be justified by the presence of
unidentified surface species, as suggested by previous publica-
tions (Antelo et al. 2009; Luengo et al. 2006; Arai and Sparks,
2002). It is anticipated that significant errors could arise when
values of Ryden et al. (1977a) and Ryden et al. (1977b) are used
to predict the reactive transport of phosphate, for instance,
in carbonate-buffered aquifers, as those values substantially
under-predict the extent of phosphate adsorption under neutral
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to basic conditions. The modest discrepancy between the model
and the measured analytical data in this study could most
likely be explained by the interference of carbonates, especially
at higher phosphate loading and sufficiently higher pH values
consistent with the carbonate co-adsorption on goethite results
of Villalobos and Leckie (2001) and Kanematsu et al. (2011).

The combined adsorption edges of the various phospate
loadings (12 pmol/¢ p/g HFO - 500 umol/€ p/g HFO) demon-
strate sharp adsorption edges in low phosphate loadings when
compared to adsorption edges at higher phosphate loadings
(Fig. 10). The model-fitting exercise, with a close match between
predicted and measured adsorption edges, is qualitative evi-
dence that singly-coordinated surface groups dominate the
entire pH range, in line with previously published studies
(Antelo et al. 2010; Hiemstra et al. 2009).

In the pH range higher than 8.7, >FeO-HPO, and
>FeO-PO,* are the dominant surface complexes. In this inves-
tigation, the inclusion of triply-coordinated surface groups in
the model exercise did not improve the fits and therefore was
not considered to contribute significantly to the adsorption
process. Direct surface spectroscopic measurements by various
researchers indicate that there are unidentified surface groups
(Antelo et al. 2009; Luengo et al. 2006; Arai and Sparks, 2002)
suggesting that there is a high level of uncertainty in the exist-
ing knowledge of HFO surface complexes at higher pH values.
Previously published works of Wang et al. (2013), Antelo et al.
(2010), Kare et al. (2011) and Arai and Sparks (2002) show that
the non-protonated mono-dentate binuclear complex is the
predominant mode of phosphate adsorption on the three Fe
(hydr)oxides. The improved model-fits achieved in the current
investigation, within a wide range of pH conditions, various
phosphate loadings and background electrolyte ionic strengths,
qualitatively suggest insignificant contribution of other surface
complexes not incorporated in the modelling process.

Moreover, under natural conditions where extreme phos-
phate loading is present, as in heavily over-fertilised agri-
cultural settings, the current model results do not predict
substantially different phosphate speciation than would the
values of Ryden et al. (1977a) and Ryden et al. (1977b), unless
pH is greater than ~8. However, at lower phosphate loading,
typical of most polluted natural settings, the results from the
current study demonstrate, and predict, substantially more
phosphate adsorption onto HFO under circum-neutral to basic
pH conditions.
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CONCLUSIONS

Adsorption of dissolved phosphate onto synthetic hydrous fer-
ric oxide (HFO) was measured in the laboratory as a function
of pH, ionic strength, and phosphate relative concentration.
An increase in background ionic strength showing enhanced
adsorption, especially at high loadings and high pH conditions,
implies that phosphate adsorption on HFO is an inner-sphere
ligand exchange process. A reversibility expriment confirms
that phosphate adsorption within the measured phosphate
loadings and solution conditions is a ligand exchange reaction
with no or negligible precipitation.

Relatively low specific area surface of HFO nano-particles
measured in the current study is likely due to agregation caused
by ageing and freezing-thawing temperatures as well as diffi-
culty in excluding CO, during the HFO sythesis process. Three
complexation constants with singly coordinated >FeO-H,PO,,
>FeO-HPO, and >FeO-PO * surface complexes fairly describe
the adsorption process within a wide range of solution condi-
tions. The fit for the complexation constant (K,) at higher pH
conditions (pH > 9.5) is more accurate than previously pub-
lished values and may be compared directly and quantitatively
with adsorption equilibria for other reactions obtained by
assuming different properties for the HFO surface. The minor
discepancy between the modelled and measured adsorption
data in this study can be best explained by unidentified sur-
face complexes, as confirmed by direct spectroscopic surface
characterisations.
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