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ABSTRACT: Phosphorus availability in soils is low due to its strong retention by
inner-sphere complexation on minerals in the clay fraction with pH-dependent charges,
such as goethite. On the other hand, sulfur has greater availability because it is retained
mainly by electrostatic attraction. We evaluated the intensities of the inner-sphere
complexation of orthophosphate and sulfate (H,PO*/HPO,” and SO,” - generically treated
as PO, and SO,) under different experimental conditions (pH, goethite purity, and contact
times) on synthetic goethite samples to establish the mechanisms and models involved
in those bonds. Inner-sphere PO, and SO, were extracted using both HNO; 1 mol L™* and
USEPA 3051A methods. Inner-sphere complexation of PO, and SO, was highest at pH 5
in relation to pH 9. Attenuated total reflectance/Fourier transform infrared spectroscopy
(ATR-FTIR) spectra showed inner-sphere complexation bands of PO, on goethite in the
protonated binuclear bidentate (pH 5) and deprotonated binuclear bidentate (pH 9)
forms. Inner-sphere complexation of PO, was much more expressive than that of SO,.
Phosphorus and sulfur oxyanions displace the diprotonated ferrol ligand (-OH,"" in
-FeOH,**?), while the -OH®* in the -Fe-OH* group are only displaced by PO,. The -0*?
ligand in Fe-O™ group is not displaced by PO, or SO,. The high surface negative charge
density of PO, defined its higher activation energy for exchanging -OH,™* and -OH®’ on
the goethite surface in relation to SO,. The proposed model can be used to reduce inner
sphere phosphate adsorption in soils and improve P fertilization efficiency for farming.

Keywords: iron oxyhydroxides, ligand exchange, activation energy, ferrol groups,
zero-point charge.
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INTRODUCTION

Iron and aluminum oxides, 1:1 phyllosilicates (kaolinite), and organic matter are colloidal
particles that have variable electrical charges due to the exposure of their ionizable
hydroxyl groups (protonation and deprotonation) (Anderson and Sposito, 1991; Fang et al.,
2019; Zhao et al., 2019). Iron oxides (oxides, hydroxides, and oxy-hydroxides) are very
common in highly weathered soils (Cornell and Schwertmann, 2003).

Generally, goethite (a-FeOOH) is the most abundant Fe oxide in the soil and has high
reactivity (Schwertmann and Taylor, 1989). Due to the lower electronegativity of Fe
in relation to Si (present in kaolinite) or Al (kaolinite and gibbsite), there is a greater
approximation of the electronic pair of the Fe-O bond towards oxygen in superficial ferrol
groups (Fe-OH), which makes hydrogen weakly ionizable (with lower acidity). The ferrol
group has a high pH of point of zero charge (pHz.) (between 8 and 9) (Alleoni et al.,
2009; Costa and Bigham, 2009; Kosmulski, 2018). As the pH of soils is normally below
this pHzc range, goethite has a predominance of positive charges (anion exchange
capacity - AEC), which facilitates outer-sphere complexation of phosphates and sulphates
and other negatives ions as well as molecules having agronomic, pharmaceutical, and
environmental importance (Gérard, 2016; Zhao et al., 2017; Essington and Stewart,
2018; Stolze et al., 2019).

Inorganic P in the soil is normally strongly inner sphere adsorbed to Fe and Al oxides
as an oxyanion (H,PO*/HPO,” - generically treated as PO,) and is not readily available
to plants, reducing the efficiency of phosphate fertilizers (Roberts and Johnston, 2015;
Gérard, 2016). Inner sphere adsorption on Fe and Al oxides is one of the main mechanisms
reducing PO, leaching and its loss to ground and surface waters in humid tropical areas
(Li and Arai, 2020). After being electrostatically attracted (outer sphere complexation),
the PO, in the Stern layer loses its hydration water and covalently bonds to the surfaces
of Fe and Al oxides in monodentate or bidentate configurations (Tejedor-Tejedor and
Anderson, 1990; Persson et al., 1996; Arai and Sparks, 2001; Luengo et al., 2006;
Kubicki et al., 2012). The same mechanism can occur with (S0,” - generically treated
as SO,) (the main source of S for plants) (Lefevre, 2004; Scherer, 2009; Hinkle et al.,
2015; Gu et al., 2016). Even with evidence of monodentate inner sphere complexation
(Hug, 1997), it is assumed that outer sphere complexation predominates between SO,
and Fe and Al oxides, while PO, is retained by inner-sphere complexation. The ability
of PO, to engage in inner sphere binding is due to its ease of displacing hydroxylated
goethite ligands - which does not happen as easily with SO,. Several studies of oxyanion
adsorption on synthetic goethite have been published (Kim et al., 2011; Kubicki et al.,
2012; Waiman et al., 2013; Abdala et al., 2015; Hinkle et al., 2015), but there is still no
information available concerning mechanisms that could explain the differences in the
intensities of the bonds between PO, and SO, and soil minerals with pH dependent charges.

Most studies propose modeling models such as the diffuse layer model (DLM) and the
charge distribution multisite complexation model (CD-MUSIC) (Stachowicz et al., 2008;
Hiemstra, 2018; Stolze et al., 2019). One of the most used techniques to relate the
models with empirical observations is the ATR-FTIR (Attenuated total reflectance/Fourier
transform infrared spectroscopy), since it provides information about the chemical bonds
involved in the ion adsorption process (Peak et al., 1999; Arai and Sparks, 2001; Yan and
Jing, 2018; Xu et al., 2019).

We sought to evaluate the intensities of inner sphere adsorption of PO, and SO, onto
synthetic goethite samples under different experimental conditions (pH, goethite purity,
and contact times) and to establish the mechanisms and models involved in those bonds.
The interaction of two pH values and two oxyanions allowed the combined discussion of
the effect of pH on the degree of protonation of ferrol groups and the activation energy
of oxyanion to break the Fe-OH bond on the surface of the goethite.
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Both chemical and physical analysis supported this study: chemical - adsorbed by inner
sphere with lower energy (extraction with HNO; 1 mol L") and, extraction of total oxyanion
adsorbed by inner sphere by EPA3051A; physical - vibrational spectroscopy (ATR-FTIR).
Goethite was chosen as the absorbent because it is the most abundant Fe oxide in soils;
phosphate and sulfate were chosen to study due to the greater environmental and
agronomic importance of inner-sphere complexation of those oxyanions. The hypothesis
of the present study was that the mechanisms of inner-sphere complexation of PO, and
SO, occur as a function of the protonation intensities of the surface ferrol groups (varying
with pH: -FeOH, ™, -Fe-OH™®?, or -Fe0™*), which define Fe-O bond strength, the contact
time of the oxyanion with the hydroxylated surface, and the ligand exchangeability of
the oxyanion.

MATERIALS AND METHODS

Goethite synthesis

Goethite was synthesized following Schwertmann and Cornell (1991), with modifications:
180 mL of KOH 3.5 mol L* was added to 100 mL of FeCl;.6H,0 1.0 mol L, under
constant stirring; the volume of the mixture was completed to 2 L with ultrapure water
(18.2 MQ.cm at 25 °C - Millipore Direct-Q System) while maintaining agitation. The
final mixture was held in an oven at 70 °C for 72 h, the residue was then washed five
times with 200 mL of ultrapure water, dried at 40 °C for 72 h, macerated, and sieved
through 0.02 mm mesh.

Purification of synthetic goethite

Part of the synthetic goethite was purified using ammonium oxalate (AO) solution (1:25)
0.2 mol L at pH 3 in the absence of light, stirring for 2 h (McKeague and Day, 1966),
resulting in two synthetic goethite samples: i) Gt - without purification with AO; and ii)
GtAO - which was AO purified.

Saturation of Gt and GtAO with P and S

Approximately 5.00 g of Gt and GtAO (both in triplicate) were separately mixed
(non-competitive saturation) with 150 mL of a 20.000 mg P or S L™ solution, prepared
with KH,PO, or K,SO,. Those procedures resulted in samples highly saturated with P and
S (600 g of P or S kg™ of goethite). This excess of P or S guaranteed the saturation of all
the outer and inner-sphere goethite adsorption sites.

This saturation procedure with P or S was repeated under the following conditions:
two pH values (5.0 or 9.0), two stirring times at pH 5.0 [a 24 h short cycle (sc), or a
240 h long cycle (Ic)], and only one stirring time at pH 9.0 (240 h - Ic). The short cycle
suspensions were stirred at 100 rpm for 24 h. For the saturation of the suspensions in
the long cycle, the samples were stirred at 100 rpm for 240 h, adopting periodic cycles
of 20 h of agitation followed by 4 h rest periods. The pH adjustments were made using
appropriate volumes of HNO; 0.5 mol L™ or NaOH solutions, checked and corrected
at the end of each stirring time cycle if necessary. Saturations were carried out in the
complete absence of light to avoid the influence of microbes.

At pH 5.0, approximately 100 % of the P and S are in their H,PO, (PO,) and SO,* (SO,)
forms, respectively (Lindsay, 1979). At pH 9.0, all of the S is in the SO, (SO,) form and
about 98 % of the P is in the HPO,” (PO,) form, with 2 % as H,PO, (PO,) (Lindsay, 1979).
The pH values of 5.0 and 9.0 were chosen as the pH of the zero-point charges of Fe
oxides (pHzc) is near 8.5 (Costa and Bigham, 2009; Kosmulski, 2018): at pH 5.0 there
is predominance of -FeOH,**> and at pH 9.0 there is a higher occurrence of -Fe0™ on
the goethite surface, which allowed us to verify the effects of the protonation intensity
of the ferrol group on Fe-O binding strength.
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After the saturation steps with PO, and SO,, the samples were transferred to cellulose
dialysis membranes (Sigma-Aldrich, reference number D9527) and immersed in ultrapure
water for 21 days, with a daily renewal of the water - a procedure designed to remove
excess PO, and SO, in solution. The samples were subsequently dried at 40 °C and sieved
through 0.2 mm mesh.

Extraction of PO, and SO, adsorbed by outer-sphere

To remove outer-sphere adsorbed PO, or SO,, the samples were subjected to the following
sequential extractions: 1) approximately 4.00 g of samples saturated with PO, or SO,
were stirred for 1 h at 100 rpm with 80 mL of Ca(NO;),.4H,0 0.5 mol L™ (Andrade et al.,
2009); the suspensions were then centrifuged at 3000 rpm for 10 min and the supernatant
discarded; this extraction procedure was repeated a second time; 2) the residue was
subsequently submitted to double anion exchange resin extraction (Mckean and Warren,
1996; Rheinheimer et al., 2000, with adaptations) involving the goethite samples being
stirred with 160 mL of ultrapure water and resin plates (AR103 QDP 434 IONICS INC.
-8.5 x 5.cm, 42.5 cm?) that have been functionalized with 160 mL NaHCO, of 0.5 mol L?;
the resin plates were then recovered, and the goethite suspensions centrifuged at 3000 rpm
for 10 min; the residues were subsequently dried at 40 °C, ground, and sieved through
0.2 mm mesh. With the extraction of exchangeable forms (outer sphere) by sequential
extractions with Ca(NO;), and anion exchange resin extraction, the quantities of PO, or
SO, adsorbed on the inner-sphere goethite could then be determined.

Extraction of PO, and SO, adsorbed on the inner-sphere goethite

Removal using HNO;1 mol L™ in a closed system

This procedure was performed according to the methodology proposed by Melo et al.
(2016). Approximately 0.2500 g of each goethite sample was placed in a teflon tube
(in triplicate) together with 9 mL of HNO; 1 mol L™. The tubes were hermetically sealed and
held in a microwave oven (Mars Xpress 6, CEM) for 5 min and 30 s, until the temperature
reached 100 °C; that temperature was maintained for an additional period of 4 min and
30 s at 800 psi of pressure. The extracts were then filtered through slow filter paper
(Macherey Nagel®), and the P and S contents were determined using inductively coupled
plasma-optical emission spectroscopy (ICP-OES). The operational conditions of the
ICP-OES with an axial configuration were: radiofrequency power - 1200 W; replicates - 3;
plasma gas flow rate - 15 L min™; auxiliary gas flow rate - 1.5 L min™; sample uptake
rate - 1.0 mL min™; nebulizer gas flow rate - 0.5 L min™'; nebulizer pressure - 200 kPa;
nebulizer type - seaspray; torch type - quartz; spray chamber - cyclonic; injector tube
diameter - 1.2 mm; signal integration time - 15 s; analytical lines - P = 213.618 nm and
S = 181.972 nm. The solid residues were recovered from the filter paper using water
jets and dried at 40 1 mol L (Melo et al., 2016).

Removal using EPA 3051A (HNO;/HCI - 3:1)

This procedure was performed according to the methodology proposed by Usepa (1998)
Approximately 0.4000 g of each sample (in triplicate) were transferred to a teflon tube
with 9.0 mL of concentrated HNO; and 3.0 mL of concentrated HCI. The tubes were sealed
and kept in a microwave oven (Mars Xpress 6, CEM) for 8 min and 40 s to raise their
temperature to 175 °C; that temperature was maintained for an additional period of 4 min
30 s. The extracts were then filtered through slow filter paper (Macherey Nagel®) and the
levels of P and S were subsequently determined by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) as described above.

X-ray diffractometry (XRD) (powder samples)

The following samples were characterized by XRD: Gt, GtAO, samples saturated with P or
S, and the residues of extractions with HNO; 1.0 mol L%, to verify the purity of the goethite
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in the saturated samples. The analyses were performed in a Panalytical X'Pert® powder
X-ray diffractometer (vertical goniometer), with a scan speed of 0.4 °28 s and a scanning
range of 10 to 60 °26. The diffractometer, equipped with a graphite monochromator,
CuKa radiation and Ni filter, was generated at 40 kV and 40 mA. A Spinner sampler
was used and XRD Data Collection Software and High Score Plus (PAN Analytical) was
employed for reading and processing the data.

Specific Surface Area (SSA)

The SSA of Gt and GtAO saturated with P and S, for characterization and comparison with
the non-saturated goethites, were determined by the BET method (Brunauer-Emmett-Teller)
using N, adsorption, Quantachrome™ Nova Stacion C 4000e Surface Area and Pore
Analyzer equipment and the Nova Win software. Approximately 0.1000 g of each sample
were weighed and transferred to tubes and taken to the stations to be degassed for
8 hat 60 °C.

Attenuated total reflectance/Fourier transform infrared spectroscopy (ATR - FTIR)

The following samples were selected to characterize the types of inner-sphere bonds
(monodentate or bidentate) formed by the saturation of goethite with PO, or SO,: 1)
GtAO pH 5, saturated with PO, or SO, by long cycle mixing; and 2) GtAO pH 9 saturated
with PO, or SO, by long cycle mixing. Sample sets 1) and 2) were also analyzed after
extracting inner-sphere adsorbed PO, or SO, with HNO; 1.0 mol L™.

The ATR-FTIR spectra were collected between 4000 and 400 cm™ using the ATR accessory
in a Bruker Invenio® R spectrometer at a resolution of 2 cm™. All spectra were collected
and processed for absorbance using Opus 8.1 software; the spectrum range of interest
was selected manually using Origin® 8.5 software in the region between 1200 to 950 cm™
and between 1300 to 950 cm™, where bands associated with the various characteristic
vibrations of phosphate and sulfate occur respectively (Wijnja and Schulthess, 2000;
Lefevre, 2004).

Scanning electron microscopy (SEM)

The raw samples of synthetic goethite were photographed in a scanning electron
microscope (SEM) model Tescan Vega 3, operated at 15 kV.

RESULTS

Goethite sample characterizations

The same XRD patterns can be seen with Gt, GtAO, and samples saturated with P and
S (Figure 1). Goethite can be classified as crystalline orthorhombic (JCPDS 29-0713)
with cell parameters a, b, and ¢ equal to 0.4608, 0.9956, and 0.302 nm, respectively
(Jaiswal et al., 2013; Mohamed et al., 2017). A peak observed only in the Gt sample at
28.4 and 40.6 °26 (Cuka radiation) can be attributed to sylvite (Sv - KCl), a mineral formed
during goethite synthesis. In the other treatments, extraction with AO and saturation
with P or S solubilized the sylvite and purified the Gt samples.

The specific surface areas (SSA) of Gt and GtAO were 32.9 and 32.6 m” g, respectively.
On average, the SSA of the samples saturated with PO, (pH 5 and 9) was 41.6 m* g™,
while the SSA of samples saturated with SO, was 37.4 m? g*. The inner-sphere
complexation of PO, or SO, made the surface relief of the goethite more irregular,
increasing its SSA.

Scanning electron micrographs show the crystals with acicular morphology (greater
growth towards the c axis) (Figure 2). Tests performed by Cornell and Schwertamann
(2003), under the same conditions as the present study, also formed acicular crystals.
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Inner-sphere complexation of H,PO,/HPO,> and SO,> (generically treated as
PO, and SO,)

The highest P content extracted with the HNO; 1 mol L™ solution (P-HNO,) was in the GtAO
pH 5 Ic treatment (mean of 830.7 mg kg™) (Figure 3a). That content was almost six times
higher than the same treatment at pH 9.0 (Gt pH 9 Ic) (143.0 mg kg™). The longer contact
time of the goethite samples with the concentrated PO, solution (long cycle treatments
- Ic) favored the inner-sphere complexation process. The GtAO pH 5 Ic adsorbed almost
twice as much PO, as GtAO pH 5 sc (Figure 3a). The inner-sphere complexation of PO,

GtAO

Gt
GtPpH5Ic
GtPpHO9Ic
GtSpHS5Ic
GtSpH9Ic
GtAO pH5 Ic

Gt Gt

Gt Gt Gt
Gt Gt Gt Gt Gt Gt Gt

Intensity (a.u.)

Sv Sv

20 30 40 50
20 (degrees)

Figure 1. X-ray diffraction patterns (powder method and Cuka radiation) of representative samples
of goethite and goethite saturated with P or S at different pHs. LEGEND: GtAO: goethite treated
with ammonium oxalate (AO); Gt: goethite without AO treatment; Gt P pH 5 Ic: goethite without
AO treatment, saturated with P, pH adjusted to 5.0, and with a long saturation cycle (240 h);
S: goethite saturated with S; pH 9: pH adjusted to 9.0; Sv: sylvite.

SEM HV: 15.0 kV WD: 5.84 mm
SEM MAG: 30.0 kx Det: SE
View field: 9.23 ym  Date (m/d/y): 08/16/18

Figure 2. Micrography (SEM) of raw synthetic goethite.
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in GtAO (purified sample) was considerably higher than in Gt, principally in the long
saturation cycle (Figure 3a).

The P contents adsorbed on the inner sphere extracted by 3051A (Figure 3b) were higher
than the contents extracted by HNO; (Figure 3a). Overall, the Box Plot scatters of the
3051A and HNO; extract treatments were very similar. The most significant difference
using 3051A was the proximity of short and long cycle saturations treatments for both
Gt and GtAO samples.

The ratios of P-3051A (higher energy)/P-HNO; (lower energy) were calculated to
evaluate the intensity of the Fe-O-P bond (strength of the inner-sphere complexation)
(Figure 4a). The ratios for all treatments were greater than 1. Comparisons of the
two sets of experiments, in which the only variable was pH (GtAO pH 5 Ic and Gt pH
5 Ic versus GtAO pH 9 Ic and Gt pH 9 Ic), showed the P-3051A/P-HNO; ratios to be
expressively higher at pH 9.

(a) (b)

I Gt pH 5 sc 3500
1000 | [ GtAO pH 5 sc 2001
| GtpH 5 Ic 1
[ GtAO pH 5 Ic 3000 - *
800 4 [ Gt pH 9 Ic == _ -
GtAO pH 9 Ic 2500
600 ]
g 2000 -
(@)
£ —— 1 ﬁ *
o 400 — 1500 -
| —— J
200 - 1000 - =i *
—— 1
=3 500 -
0 T T T T T T T T T T T T
(c) (d)
80
600 |
—
. ol ==
= ]
(@)]
£ 300
(V)]
200 |
40 - 1
100 - .
30 T T T T T T 0 T T T T T T
Treatments

Figure 3. Box-plots of the inner-sphere adsorbed P (a, b) and S (c,d) contents obtained by extraction using HNOs 1 mol L? (a, c),
and EPA 3051A (b, d) methods in samples of the different treatments. The small square inside the box plots represents the average
of the triplicates of the HNO; 1 mol L method and quadruplicates of the EPA 3051 A method, while the line indicates the median.
Gt pH 5 sc: goethite without AO treatment, pH adjusted to 5.0 and short cycle saturation (24 h); GtAO: AO treated goethite, pH
adjusted to 9.0; Ic: long cycle saturation (240 h).
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Figure 4. (a) Ratios of P inner sphere adsorbed contents obtained by extractions using EPA 3051A and HNO5 1.0 mol L. Gt pH 5 sc:
goethite without AO treatment, pH adjusted to 5.0 and short cycle saturation (24 h); GtAO: Goethite treated with AO, pH adjusted to
9.0, and Ic: long cycle saturation (240 h); (b) Ratios of P and S inner-sphere adsorbed contents obtained by the EPA 3051A extraction
method. Gt pH 5 sc: goethite without AO treatment, pH adjusted to 5.0, and short cycle saturation (24 h); GtAO: Goethite treated
with AO; Ic: long cycle saturation (240 h), and pH adjusted to 9.0

Figure 5a shows the spectra obtained by attenuated total reflectance infrared spectroscopy
(ATR-FTIR) analysis of the goethite samples saturated with PO, (pH 5 and pH 9) after
each extraction: Ca(NO;), + anion exchange resin (pH 5 and 9), followed by HNO,
1.0 mol L™ extraction (pH 5 and 9).

The spectral profiles of the samples extracted with HNO, are very similar and differ
from the profiles of samples extracted with Ca(NOs), + ion exchange resin (which are
also similar to each other). All the spectra had in common intense bands at 1008 and
1124 cm™. Both bands are attributed to protonated bidentate bonds (strong inner sphere
adsorption) between PO, (pH 5 and 9) in goethite: the most intense band at 1008 cm™ is
attributed to asymmetric (P-OFe) type stretching, and the band at 1124 cm™ to (P=0) type
stretching (Tejedor-Tejedor and Anderson, 1990; Luengo et al., 2006; Rahnemaie et al.,
2007). In addition to those two bands, the spectra of the HNO;-treated samples showed
bands at 1106, 1089 and 1044 cm™ that can be assigned to P-O type stretching in
non-protonated bidentate type bonds (Luengo et al., 2006; Rahnemaie et al., 2007).

The highest average S content extracted by HNO; was in the GtAO pH 5 sc treatment
(65.6 mg kg™), while the lowest average content was obtained in the Gt pH 9 Ic treatment
(42.8 mg kg™) (Figure 3c). The GtAO adsorbed more SO, than Gt only at pH 5 in the
short cycle saturation (Gt pH 5 sc versus GtAO pH 5 sc, and Gt pH 9 Ic versus GtAO
pH 9 Ic). When comparing the two adsorption cycles at pH 5, however, Gt in the long
cycle demonstrated better adsorption conditions (Gt pH 5 Ic).

The Gt pH 5 Ic and GtAO pH 9 Ic treatments had the maximum (492.9 mg kg™) and
the minimum average S contents by 3051A extraction (94.4 mg kg™*) respectively
(Figure 3d). As in the P saturation experiments, the pH of the medium was the main
variable influencing the inner-sphere complexation reactions of SO,. At the pH 5, the
influence of the two saturation cycle durations (sc or Ic), as well as goethite type (Gt or
GtAO) with 3051A extraction (Figure 3d) were similar to those observed for S extraction
with HNO; (Figure 3c). At pH 9, the Gt treatment resulted in the highest adsorption of SO,.
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Figure 5. Spectra of the attenuated total reflectance infrared spectroscopy (ATR-FTIR) analyses of the solids corresponding to P (a)

and S (b) -saturated goethite after extractions with: anion exchange resin - pH 5 after resin extraction (pH adjusted to 5.0 at saturation)
and pH 9 after resin extraction (pH adjusted to 9.0 at saturation) and HNO; 1.0 mol L™ (pH 5 residue HNO; and pH 9 residue HNO;).

The ratios of the average P contents and average S contents adsorbed on the inner-sphere
and extracted by 3051A were calculated (Figure 4b). Those P/S ratios were greater
than 1 under all of the different experimental conditions. In the long cycle, the total
inner-sphere complexation (P/S ratio) at pH 5 was approximately four times higher in
Gt and approximately seven times higher in GtAO. At pH 9 those ratios rise to 10 and
12, respectively.

Figure 5b shows the spectra obtained from the attenuated total reflectance infrared
spectroscopy (ATR-FTIR) analysis of goethite samples saturated with SO, (pH 5 and pH 9)
after each extraction: Ca(NOs), + anion exchange resin (pH 5 and 9) and after extraction
with HNO; 1.0 mol L™ (pH 5 and 9). The 1047 and 1251 cm™ bands are assigned to the
asymmetric stretching modes of the n;(S-O) type of binuclear bidentate inner-sphere
complexes (Wijnja and Schulthess, 2000). The band at 1251 cm™ observed in the solid
at pH 5 after resin treatment disappears when the solid is treated with HNO;. The 1137
and 1129 cm™ bands are attributed to monodentate inner-sphere bonds between sulfate
and goethite (Peak et al., 1999; Wijnja and Schulthess, 2000).

DISCUSSION

General discussion

The saturation of goethite with 600 g kg™ of P and S, after dialysis pretreatments,
resulted in the maximum contents of the forms adsorbed by outer sphere (sum of the
two extractions with Ca(NOs), and two extractions with anion exchange resin) of 107
and 1050 mg kg™ of P and S, respectively. After all these pretreatments, the maximum
contents adsorbed by inner sphere were only 3000 and 500 mg kg™ of P and S, respectively
(Figures 3b and 3d). These data show that the idealization of the adsorption test with
high doses of P and S to guarantee the complete saturation of the adsorption sites by
inner sphere and the washing of these oxyanions with dialysis for three weeks and the
sequential extractions with Ca(NO;), and anion resin were adequate.
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Inner-sphere P adsorption was higher in treatments at pH 5 than in pH 9 (Figures 3a
and 3b) due to relative increases in less-reactive negatively charged functional groups
(Fe-OH?® and Fe-0™") at the higher pH. The inner-sphere complexation process can be
explained by the concept of ligand exchange, when a hydroxyl group is exchanged for
an oxyanion (Acelas et al., 2013). Three types of functional groups can be found on the
goethite surface: Fe-OH,***, Fe-OH®?, and Fe-O**. The monoprotoned group (Fe-OH??)
prevails in both pH 5 and 9 (Boily et al., 2001), but there is a relative increase in the
form Fe-O'* at pH 9. Biprotonated Fe-OH, " and Fe;OH**> groups are more significant at
acidic pH (Antelo et al., 2005). Phosphate is adsorbed in the Stern layer by electrostatic
interactions when the pH is acidic, due to anion exchange capacities (AEC) on the Gt
surface (outer-sphere complexation). In the next step, PO, loses its hydration water
and moves from the Stern layer to an intramicellar position, forming covalent Fe-O-P
bonds (inner-sphere complexation). The -OH, ligand bound to iron (lll) in Fe-OH,™" is
unstable and easily exchangeable by PO, (Acelas et al., 2013). An inner-sphere complex
is formed by monodentate or bidentate bonds. At low pH, bidentate bonding is more
likely to occur with PO,, as there is a higher probability of displacement of two -OH,**>
ligands (Acelas et al., 2013). Thus, ligand exchange is attributed only to the Fe-OH®?
and Fe-OH,*** groups.

The longer contact time (Ic) of goethite samples with the concentrated PO, solution
favored the inner-sphere complexation process (Figures 3a and 3b), with the PO,
ions distributed in the Diffuse Layer and Stern Layer (outer-sphere complexation)
(Rahnemaie et al., 2006). The volumes of the ions are considered in this theory, and
therefore only a small number of ions PO, can be accommodated in the Stern layer due
to its finite thickness (ds.,) (Brown et al., 2016). Only this PO, from the Stern Layer in
contact with the goethite surface can lose hydration water, promote ligand exchange,
and establish inner-sphere complexation with Fe. Another PO, can then enter the Stern
Layer and follow the same inner-sphere complexation procedure. Therefore, the access
of PO, ions to the particle surface (the passage from the diffuse to the Stern layer)
requires time (Strauss et al., 1997).

The inner-sphere complexation of PO, onto GtAO was higher than onto Gt, especially
in the long saturation cycle (Figures 3a and 3b). Treatment with ammonium oxalate
(AO) favored goethite purification by, for example, removing the sylvite formed during
its synthesis (Figure 1). The P contents absorbed on the inner-sphere and extracted by
3051A were higher than those extracted by HNO; 1 mol L™ (Figure 3b). The 3051A method
(higher energy) extracted the inner-sphere adsorbed P having higher binding energy in
a thermodynamically more stable, bidentate-like form (Acelas et al., 2013). The release
of P or S by HNO; 1.0 mol L™ acid in a closed system involves hydrolysis reactions that
attack the external layers of those soil minerals, while the 3051A method promotes total
goethite solubilization (Guedes et al., 2020; Melo et al., 2016).

The P-3051A and P-HNO; ratios (Figure 4a) were greater than 1 in all treatments -
showing that a more aggressive extraction method is required to remove all of the P
adsorbed on the inner-sphere of the goethite. Comparing the two sets of experiments,
where pH was the only variable (GtAO pH 5 Ic and Gt pH 5 Ic versus GtAO pH 9 Ic and
Gt pH 9 Ic), the P-3051A/P-HNO; ratios were expressively higher in the pH 9 treatments,
suggesting that inner-sphere complexations are weaker or more easily disrupted when
P is in the H,PO, form predominant between pH 2.1 and 7.2 (Lindsay, 1979). At pH 5,
due to higher H* activity, protonation of the oxygen of the Fe-O-P bond occurs, which
changes the excess charge of this oxygen from -0.5 to +0.5 (Figures 6a and b). In that
configuration, the excess positive charge and the proton shifts the electronic density of
the Fe-O bond toward the oxygen (Figure 6b) - a shift that weakens the Fe-O bond and
favors the hydrolysis promoted by the HNO; 1.0 mol L™ solution (a lower P-3051A/P-HNO,
ratio at pH 5 - Figure 4a). On the other hand, protonation is not favored at pH 9, and the
electronic density is shifted more to the central position of the bond - which strengthens
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Figure 6. (a, b and c) Models of the bidentate bond structures from the saturation experiments
of Gt pH 5 - goethite (no OA treatment) and GtAO - goethite (OA-treated sample) with pH set to
5.0 (a) and (b) and pH set to 9.0 (c). Gray dotted lines represent the chemical bonds between Fe
and O; dashed blue lines represent the middle of the bond between Fe and O; two vertical dots
represent the pair of electrons shared between the Fe and O of the ferrol groups; (d) Schematic
spatial representation of H,SiO,. H,PO,, SO,” and NO5". Rings around the species represent the
surface negative charge density of each geometry and its ability to exchange ligands upon inner-
sphere complexation. The closer the electron pair is to the surface of the geometry, the higher
the electron density near the OH or O. The dashed gray lines represent half of the distance of the
chemical bond between the cation and the oxygen.

the Fe-O bond (Figure 6¢). Inner-sphere complexation is lower at pH 9, but its bond is
stronger than pH 5.

These structural models agree with the bands observed in the ATR-FTIR spectra (Figure 5a).
In general, the spectra of all samples (after resin extraction and in the HNO; residue, at
both pH values) indicate the formation of both inner and outer-sphere complexes with
the ligand in its protonated and unprotonated bidentate form.

The Fe-OH,*®* group also favored ligand exchange with SO, (greater inner-sphere
complexation at pH 5) (Figures 3c and 3d). The ATR-FTIR spectra (Figure 5b) at pH 5,
after the two extractions (by resin and by HNO; 1 mol L") indicate that monodentate
and bidentate inner-sphere type bonds remained. Only the bidentate inner-sphere bonds
remained after extractions at pH 9. The P/S ratios (Figure 4b) were greater than 1 in all
the different experiments, showing the higher adsorption capacity of PO, as compared
to SO, - thus demonstrating the lower ligand exchange strength of SO, relative to PO,,
mainly above neutral pH.

For the discussion of ATR-FTIR spectra, it is interesting to use the approach of comparison
between the vibrational modes of free ligand anions in the face of post-coordination
modes for selenate and sulfate (Wijnja and Schulthess, 2000). In addition to the simple
association with vibrational modes, it is also possible to relate the bands with the
symmetry of the anions. Both free phosphate and sulfate present symmetry T,. When
coordinated in the monodentate form, there is a reduction for C;, symmetry, splitting the
v; mode in two bands. When coordinated in bidentate form, symmetry is reduced to C,,,
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with v; mode being split into three new bands (Nakamoto, 1997; Wijnja and Schulthess,
2000). For uncoordinated sulfate, a band at 1100 cm™ corresponding to asymmetric
stretching mode of the v5(S-0) is observed, which splits in the bands shown in 1040,
1150 and 1250 cm™ for a coordination of the bidentate type and 1070 and 1130 cm™
for monodentate coordination (Hug, 1997). Several of such bands are evidenced in the
spectra of figure 5b, which illustrate the presence of both the coordination of the bidentate
and monodentate inner sphere, and also by the outer sphere.

There is also a difference related to PO,, in which the outer-sphere complexation bands
are not observable after the extraction procedures, being predominantly retained by
inner-sphere complexation. Besides that, it is interesting to note that a mixture of outer
and inner-sphere complexes also occurs with ferrihydrite, but at pH <7 (also below the
point of zero charge) instead pH 5, indicating the different behavior of those two iron
oxyhydroxides towards sulfate (Liu et al., 2018).

Models and Mechanisms of inner-sphere complexation

Related to goethite surfaces

It is possible to predict the displacement of the electron pair in a bond based on
electronegativity. The electron pair in Fe-O is positioned closer to the oxygen due
to its higher electronegativity (x = 3.4) as compared to Fe (x = 1.8), although the
two protons in the Fe-OH,™> group attract the electron pair even more toward the
oxygen (Figure 7a). Additionally, the two protons generate an excess positive charge
(+0.5), which also plays a role in attracting the electron pair toward the oxygen.
In the non-protonated ferrol group (Fe-0™?), the H is absent, and the electron pair
moves closer to the center of the bond (Figure 7c) - a configuration that increases
the covalent character of the bond and makes it more difficult to break. The Fe-OH?°?
group represents an intermediate situation (Figure 7b). Therefore, the electronegativity
data of the three types of ferrol groups allows us to establish the following sequence
of ease of formation of inner-sphere complexation with oxyanions by ligand exchange:
Fe-OH,**®*>> Fe-OH®® >>> Fe-0™",

Related to the ligand exchange capacity of the oxyanion

The inner-sphere complexation between a metal oxide and an oxyanion can be classified
as an acid-base reaction. The central atom of the Fe oxide in that reaction behaves as
a Lewis acid (an electron pair receptor) while the oxygens of the oxyanion behave as
electron-pair donors (Lewis bases) (Acelas et al., 2013). Because of the instability of
the -OH,**? ligand, its exchange by another Lewis base (ligand) is facilitated (Sparks,
2003). The principle of inner-sphere complexation is that the oxyanion (PO, and SO, in
the present study) has sufficient basicity, based on its negative charge density, to break
the metal-oxygen bond and form a surface complex and release water (Kubicki et al.,
2007). After breaking this bond, the oxyanion binds directly to Fe through electron pair
sharing with the oxygen of the oxyanion (inner-sphere complexation).

(a) (b) (c)

Figure 7. Schematic representation of the different protonations of the ferrol group based on the
displacement of the electron pairs of the Fe-O bonds. (a) diprotonated ferrol group; (b) protonated
ferrol group; (c) deprotonated ferrol group. Dotted gray lines represent the chemical bond between
Fe and O; dashed blue lines represent the middle of the bond between Fe and O; two vertical dots
represent the electron pairs shared between Fe and the ferrol groups.
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The inclusion of SiQ, in the oxyanion inner-sphere complexation model (Figure 6d) is due
to previous research that demonstrated that its inner-sphere complexation intensity is
equal or slightly higher than that of PO, (Hiemstra, 2018; Hilbrandt et al., 2019). At the
other extreme, NO; is quantitatively the principle anionic soil nutrient, and its inner-
sphere complexation capacity on soil colloids is unfavorable compared to other oxyanions
(Acelas et al., 2017).

In addition to those structures, the difference in electronegativity (Ay) between the
central cation and the oxygen of the oxyanions also defines the different intensities of
inner-sphere oxyanion adsorption, as they determine the strength of the Lewis base or
ligand. Covalent bonds have unequal sharing of electron pairs between the atoms, so
that one of them develops a positive partial charge (6+) while the other becomes more
electronegative and will more strongly attract the electron pair to itself and acquire a
partial negative charge (6-) that creates an inductive effect in the molecule (Macedo
and Haiduke, 2020).

The electronegativity difference of P-O in PO, is 1.2 (xO - xP = 3.4 - 2.2 = 1.2), while
the S-0 in sulfate has Ay = 0.8 (xO (3.4) - xS (2.6)) (Huheey et al., 1979), which means
that the inductive effect caused by oxygen in P-O is more intense than in S-O (greater
displacement of the electronic pair of the P-O bond toward the O of the tetrahedron
surface). The density of negative charges toward the oxygen, in addition to facilitating
electron pair donation to Fe (monodentate bond formation), confers a greater covalent
character to the adjacent P-OH bond (Macedo and Haiduke, 2020). This higher negative
charge density on the surface of the P tetrahedral, relative to the S tetrahedral, allows the
former oxyanion to promote ligand exchange with -OH,*** and -OH, ° from the goethite
surface. Sulfate, on the other hand, would have energy sufficient only to exchange the
-OH,*** group. Thus, PO, are stronger Lewis bases than SO, and will form bonds with
greater covalent characters with Lewis acids (such as the Fe in goethite). Following
this same reasoning, the electronic pairs of the Si tetrahedra (Si = 1.9) are even more
displaced toward the oxygen (6’ and H,SiO, has its greatest distribution of electrons at
the edge of the tetrahedral - which gives it greater negative surface charge density (6-)
and a greater capacity for electron sharing (strong Lewis base) - and therefore a greater
capacity for exchanging ferrol groups (Figure 6d). This does not occur with NO5” because
Ay is small in N-O (Huheey et al., 1979).

Another important characteristic is the positive charge density of the Si** core, which is
better protected by the four oxygens of the tetrahedral than the higher charge of the S°*.
The S°" tetrahedral has the lowest surface negative charge density and the least strength
to promote breakage of the Fe-OH bond of goethite at both ends of the tetrahedral
geometry. In addition to the more unfavorable positioning of its electronic pairs (farther
from the surface of the oxyanion - Figure 6d), N** is stabilized in a trigonal planar geometry.
As that geometry is only two-dimensional, the charge of the N°* core has no protection
and is projected outward, further reducing the negative charge density of this oxyanion.
The order of inner-sphere complexation reactivity of the oxyanions reported in this model
follows the sequence (from most reactive to least reactive): SiO, > PO, >> SO, >>> NO,.

Related to pH 5 and 9

The most favorable configuration for inner-sphere complexation will be at pH 5 for PO,
in the -Fe-OH,*** group of goethite, while the most unfavorable situation will be at pH 9
for SO, in the -Fe-O™** group. As a model of the inner-sphere complexation for these two
oxyanions we therefore have: i) PO, inner-sphere complexation occurs at low (5.0) and
basic pH values (9.0) with -FeOH,"** and -FeOH??; ii) SO, inner-sphere complexation
occurs both at low (5.0) and basic (9.0) pH values only with the -FeOH,™* group. The
surface charge densities of both oxyanions are insufficient to break the bonds of the fully
deprotonated ferrol groups (-FeO0™?). Examples of the inner-sphere complexation of PO,
at pH 9 on the -FeOH,*** and -FeOH®* groups for binuclear bidentate bond formation are

Rev Bras Cienc Solo 2022;46:20210146 (K]



’r-
‘
Y\

Albuguerque et al. Model of inner-sphere adsorption of oxyanions in goethite - Why is...

(1) (2)

i Outer sphere

+,OH " P | OH™?

Fe. | re/
78 L i1s Loss of P

. OH ,,,,, + IFI, hydration H,0 |7 “OH™ :O . OH
0 SNy 415 oo - A —_— o | oy —>

« BOH 7 10 H0 }

& . OH 0] 0 p 0

l 013

More stable Fe-O bond Inner sphere

| \0_1_5 Inner sphere

Figure 8. Example of inner-sphere complexation of PO, at pH 9 on the goethite surface (binuclear
bidentate bond formation).

shown in figure 8. As the density of sulfate reactive functional groups (-OH,**) becomes
reduced at pH 9 (lower probability of occurrence of two such adjacent groups), only
monodentate bonding on the goethite surface is expected for SO,.

CONCLUSION

Purification of goethite with ammonium oxalate increased inner-sphere adsorption of
H,P0O,/HPO,” and SO,” (generically treated as PO, and SO,). A longer contact time favored
the passage of oxyanions from the Stern layer to the intramicellar portion (outer sphere
to inner sphere adsorption). Oxyanion inner-sphere complexation at pH 5 is much more
expressive than at pH 9. Inner-sphere complexation of PO, at pH 5 and 9 on goethite
occur with bidentate binuclear protonated and bidentate binuclear deprotonated forms
respectively. The deprotonated form at pH 9 increases the strength and the stability of
Fe-0-P binding.

Inner-sphere complexation of PO, was much more expressive compared to SO,. Phosphorus
and S oxyanions displace the deprotonated ferrol ligand (-OH, " in -FeOH,**®), while the
-OH?in the -Fe-OH™? group is displaced only by PO,. The -O™*’ligand in Fe-O™** group is
not displaced by PO, or SO, on goethite. The high negative surface charge density of PO,
defined its greater activation energy to exchange the -OH,**> and -OH®” in the goethite
surface in relation to SO,. Overall, inner sphere oxyanion adsorption on goethite depends
on the level of ferrol protonation (variable as function of pH) and the activation energy of
the oxyanion. As a practical result to increase the P fertilization efficiency, we recommend
applying phosphate only after correcting soil acidity with limestone, which will increase
the relative density of iron groups without protonation (Fe-0™?).
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