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The adsorption of phosphate complexes on pure and Al-rich goethite surfaces was studied by using
density functional theory (DFT) and a periodic slab model. Several phosphate complexes are evaluated
on these surfaces, which were not studied in other earlier theoretical works. The following complexes
have been considered: bidentate binuclear (BB), bidentate mononuclear (BM), monodentate mononuclear
(MM) and monodentate binuclear (MB), with their respective mono-protonated and non-protonated
species. Our calculations indicate that the formation of all these species is possible on both goethite
surfaces. Particularly, the direct correlation between calculated vibrational frequencies of phosphate
complexes on pure goethite and experimental results indicates that some specific species are formed
at certain pH values. For these cases we are able to provide an alternative interpretation to the
experimental bands. On the other hand, the obtained vibrational frequencies of phosphate adsorbed on
Al-goethite can be useful for the forthcoming experimental results. We noticed that the band shifts are
extremely dependent on the kind of pretreated samples; for this reason the surface model used in

calculations establishes restrictions on the IR experimental results to be compared.

© 2013 Published by Elsevier B.V.

1. Introduction

Phosphate is one of the main nutrients for plants and, therefore,
constitutes a fundamental component of fertilizers used with agri-
cultural purpose in crop and fields. The indiscriminate use of these
agrochemicals is object of special preoccupation in environmental
chemistry, since phosphate is largely responsible for the eutrophi-
cation arising in nearby water bodies [1,2].

However, the transport and bio-compatibility of these nutrients
can be controlled by the retaining ability of certain mineral
surfaces. The most studied systems are iron (Fe) oxides and
oxo-hydroxides found in soils and sediments. The presence of
phosphate complexes in these minerals was evidenced using dif-
ferent experimental techniques, such as potentiometry [3,4] and
X-ray absorption [5]. Goethite is the Fe oxo-hydroxide most stud-
ied, due to its crystallinity and stability in natural ambient. The
phosphate adsorption on goethite is so strong that it can be pro-
duce even though the solid surface is negatively charged [6,7].
Phosphates are known by their capacity to form strongly bonded
complexes with the goethite surface in a wide pH range [8-12].

The FTIR spectra of phosphate adsorbed on goethite was studied
only by a limited number of authors [9-11]. As the bands origi-
nated from the O—H stretch vibrations of hydrated goethite surface
are broad and overlap with the O—H stretch modes of protonated
phosphate complexes, the freauencies commonly analyzed in
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experiments are in the interval 1200-850 cm:. Other structural
goethite bands appear also below 950 cm;.

Tejedor-Tejedor i3an1 Anderson [9] deduced, based on experi-
mental vibrational frequencies, that the spectra are modified when
increasing pH values are applied and when the phosphate surface
coverage changes, indicative that different coordination of phos-
phate with the goethite surface ions are present. The phosphate
complexes formed on goethite at different coverages are non-
protonated monodentate and bidentate for a wide pH range of
3-8 L9]. At pH = 6 these species can co-exist, where the predomi-
nant surface species would be the non-protonated bidentate binu-
clear. Analogous species were supposed to be present on TiO, [13].

On the other hand, the assigned bands previously mentioned
were questioned by other authors [10,14]. Persson et al. [10]
reported that the IR spectra for phosphate adsorbed on goethite
changes according to the pH; at lower pH values the bands are
located at 1178 and 1001 cm™!, while as the pH is raised, other
two bands appear at 1122 and 1049 cm . At the highest pH value
studied, the spectrum showed only two new bands at 1057 and
966 cm . In order to explain the changes of band positions as a
function of pH, these authors considered the molecular symmetry
of implied phosphate complexes. During the period of pH increas-
ing, the Cs,, C;, and Cs, symmetries were assigned to the same
mono-coordinated pho?phate with different protonation degree:
di-, mono-, and non-protonated complexes. However, these
authors performed IR spectra on dried goethite samples and signif-
icant shifts in bands positions could be generated by different
water contents.
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Arai and Sparks [14]| performed ATR-FTIR spectroscopic
investigations for the phosphate adsorption on ferrihydrite surface.
The results were interpreted as an evidence for the formation of
non-protonated bidentate binuclear phosphate complexes at
pH > 7.5, in co-existing with other surface species as monodentate
mononuclear. These authors showed that when the phosphates
establish hydrogen bonding with hydroxyl groups, the different
surface complexes exhibit low symmetries. Moreover they
reported that at pH < 7.5, the protonated monodentate mononu-
clear and/or protonated bidentate binuclear complexes could not
be elucidated.

In order to solve the controversy about the phosphate frequency
assignment on goethite, Kwon and Kubicki [15] studied theoreti-
cally different adsorption modes with a cluster model. The latter
consists of two edge-sharing iron octahedral clusters and does
not represent any specific goethite plane. Their calculated frequen-
cies were contrasted with the experimental values extracted from
Persson studies on dried goethite [10]. They proposed the presence
of di-protonated bidentate complex (=Fe,0,P(OH);) at low pH,
and the formation of mono-protonated monodentate LEFeOPOZ
(OH)) or non-protonated bidentante complex (—Fe;0,P0;) at
neutral pH.

On the other hand, Rahnemaie et al. [16] evaluated the PO,~
adsorption on goethite surface using an interfacial charge distribu-
tion (CD) approach based on ion adsorption and interfacial water
ordering. The charge distribution values showed the relevance
presence of a non-protonated bidentate surface complex at high
pH values and the presence of a mono-protonated monodentate
complex at low pH.

In a recent work, the characterization of phosphate and sulfate
adsorptions on Fe-(hydr)oxide surface was carried out. The reactiv-
ity, pH effect, free energies and hydrogen bonds were evaluated
through the topological analysis of the electron density (Laplacian)
[17]. They indicated the existence of positive cooperative effects
that bring additional stabilization to the studied systems.

In this work, the phosphate adsorption on the Ll 10) goethite
surface and on Al-goethite, substituted by 12.5%/mol of Al is eval-
uated theoretically. The Al content was considered taking into
account the highest amount of Al substitution found in synthetic
goethites. All the calculations were performed using a periodic
method. It is important to emphasize this point because scarce
works related to this issue were found in the open literature [18].

2. Surface models and computational details

The calculation corresponding to phosphate adsorption on goe-
thite and Al-goethite surfaces were performed in the framework of
spin-polarized DFT, using the Vienna Ab-Initio Simulation Package
(VASP) [19-21]. In this package the interaction between core states
and valence electrons is described by the projector-augmented
wave method (PAW) [22,23].

In a previous work, two different approximations were consid-
ered to treat exchange and correlation: (1) the LDA+U and (2)
GGA + U, following the approach of Dudarev for different values
of U [24]. The results indicated that best structural and energetic
description of both goethite and Al-goethite were obtained using
GGA + U with U=6 eV [25]. The Kohn-Sham valence states were
expanded in a*plane—waves basis set with a kinetic energy cutoff
of 450 eV.

Both goethite and Al-goethite surfaces were represented by slab
models. The (110) goethite surface is one of the its most usual
crystal faces of this mineral [26]. This surface can be constructed
by a stoichiometric truncation of bulk goethite, where three Fe—0O
and three hydrogen bonds need to be broken per unit cell. For the
surface model construction the cell optimized parameters of bulk

goethite (a=4.601 A, b=9.994 A and c = 3.035 A) were taken from
our previous results [25]. In our slab model the bidimensional
1 x 2 cell has 8 (FeOOH) units, i.e. its contain 4 Fe layers. After-
wards, this surface was fully hydroxylated in such a way that all
Fe ions preserve their octahedral coordination to cancel any spuri-
ous charge. Hence, the corresponding unit cell is formed by 8 (FeO-
OH) units plus 2H,0 molecules (Fig. 1a). Earlier calculations
showed that due to the small relaxations with respect to the bulk
(lower than 1%), it is possible to use this relatively thin slab [27]. A
vacuum gap of approximately 14 A was used in normal direction to
avoid the interaction between slabs. The optimized slab geometry
was obtained relaxing all the superficial OH groups and the Fe
atoms. The reciprocal space was described with a onkhorst-Pack
mesh of 2 x 4 x 1 k-points for both goethite and Al-goethite sur-
faces. All the geometries were optimized until the calculated forces
on the atoms are lower than 0.01 eV/A.

Based on our previous work and taking into account the most
stable magnetic arrangement in the bulk, the initial magnetic con-
figuration for the goethite slab was considered anti-ferromagnetic
(AFM) [25]. This magnetic phase presents the AFM + - + - sequence,
which corresponds to alternated magnetic moments of Fe atoms
along the b-vector axis. These results are compatible with experi-
ments [28] and previous calculations reported using the PBE (Per-
dew-Burke-Enzerhof) functional [27].

In case of the (110) Al-goethite surface, a 1 x 2 cell was con-
structed where one of the Fe atoms was isomorphously replaced
by one Al atom, giving an Al-substitution of 12.5 mol%. The bulk
optimized parameters with Ugr=6eV are a=4.572A b=9.919 A
and c=6.045 A. The Al-goethite surface was also fully hydroxyl-
ated (Fig. 1b). The magnetic configuration of Fe atoms was liber-
ated, considering for the initial configuration the same as that in
bulk Al-goethite with Al-substitution of 25 mol% [25]. In this case,
the position of up and down iron spin projections is alternated, as
it was observed for pure goethite. Hence, the most stable magnetic
arrangement has the same spin projection for the two Fe atoms
surrounding the Al atom.

The reaction energy of these systems was obtained taking into
account the phosphate adsorbed on the goethite surface, as the

Fig. 1. (a) Hydroxylated (110) surface of goethite and (b) hydroxylated (110)
surface of Al-goethite. Green, red, purple and cyan are the corresponding colors of
Fe, O, Al and H atoms, respectively. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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final state, and the isolated phosphoric acid and goethite, as
reactants:

Ereacc = Ephosphate/goethite - Egoethite - EH3PO4 (1)

Enspos corresponds to the optimization of a phosphoric acid
plus three water molecules that establish H-bonds with the acid.
On the one hand, Eggethite gives the energy for the optimized bare
surface of goethite. On the other hand, the optimization of phos-
phate species adsorbed on goethite surface (Ephosphate/goethite)
includes five water molecules, three of them taken into account
as in the isolated molecule of phosphoric acid, and other two water
molecules generated from the surface reaction between the phos-
phoric acid and clean goethite. In this sense, the inclusion of expli-
cit water molecules tries to mimic the solvation effect on the
reaction energies [29]. The presence up to 10 water molecules
was evaluated; the results indicated that no significant modifica-
tions are produced on the geometrical structures, reaction energies
and vibrational frequency values, with respect to the results
obtained with five explicit water molecules. The reaction energies
obtained from Eq. (1) can be used to predict which species would
be more favorable thermodynamically. Negative values indicate
an exothermic reaction.

It was observed that the reaction energies are practically
unchanged if the dipole correction is included in the calculation
of electronic energies. This correction was evaluated for different
phosphate/goethite systems and the more significant E e, differ-
ence obtained was of 0.05 eV. This difference is negligible taking
into account the magnitude of the calculated reaction energies,
as it will be shown in Section 3.

The numerical calculation of second derivatives in the potential
energy surface with the harmonic approach provided the vibra-
tional frequencies and the corresponding normal modes. A geo-
metrical displacement of 0.02A was used for the derivative
computations. Frequencies were scaled by a factor of 1.066 to cor-
rect for systematic errors, such as neglect of anharmonicity [30].
Vibrational mode assignments were made by visual inspection of
atomic displacements created during the frequency calculation
[31].

3. Results and discussion
3.1 i] 10) goethite surface

Different coordination modes of adsorbed phosphate species
were examined considering = surface complexes: protonated
(Hl) and non-protonated (Hich are the most common spe-
cies found under experimental conditions [9]. Specifically, four
coordination modes have been evaluated: bidentate binuclear
(BB), bidentate mononuclear (BM), monodentate mononuclear
(MM) and monodentate binuclear (MB), with their respective
protonated and non-protonated species. Concerning earlier theo-
retical works, the bidentate binuclear and monodentate mononu-
clear complexes with the respective protonated species were the
most studied structures [12,29]. Here, all the phosphate anchor-
ing possibilities have been considered. In Fig. 2 the optimized
geometries corresponding to these phosphate complexes are
shown.

In Table 1 the geometrical parameters and reaction energies for
the different coordination modes above mentioned are summa-
rized. Notice that the P=0 distances are unchanged for almost all
the phosphate compleﬁes formed on the goethite surface, but they
present a lengthening with respect to the isolated phosphoric acid
(df on) = 1.47 A). The MMHO species has three different P—O dis-
tances, being one of them nearly 0.1 A longer than the correspond—
ing bond in phosphoric acid. Besides, the lf—OH bonds also change

BBHO

BMH1

13

MMHO0

MMH1

Fig. 2. Optimized geometries of all phosphate complexes formed on (110) goethite
surface.

with respect to the phosphoric acid (d(P—OH)@l A), becoming
shorter for bidentate complexes, BBH1 and BMH1, and longer for
monodentate complexes, MBH1 and MMH1. The P—OH bond
lengthening in monodentate species could be associated with the
hydrogen bonds formed between the phosphate O atom and the
H atom pertaining to surface OH groups or to the explicitly water
molecule added for the solvation effect. On the other hand, the
bidentate complexes also form a hydrogen bond between the H
atom of OH group in phosphate species and the O atom of water
molecules. The presence of this hydrogen bond is corroborated
by the O —H bond elongatlon in phosphate bidentate complexes
(apprOXImately 1.05 A with respect to the value of 0.98 A for
monodentate complexes).

We also observe that the length of P—Os bonds, which are
the phosphate links with the surface, could be associated with
the E cacc Values (see Table 1). When the P—O; bond is shortened,
the phosphate complex formed on the gﬁethite surface becomes
more stable. Regarding the Fe—O bonds, their lengths are depen-
dent on the type of phosph;fte anchoring on the goethite surface.
The Fe—O distances are longer for the bidentate phosphate com-
plexes than for the monodentate ones; particularly, when the
phosphate forms the strained bidentate mononuclear complexes.
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Table 1

Reaction energies (Ereac in €V), geometrical parameters (in A), and parameters of correlation between experimental® and calculated frequencies of phosphate complexes formed

on (110) goethite surface.

PO,4 complex Ereac d(P=0) d(P—O0py) d(0s—P) d(Os—Fe) s 2P
BBHO -3.43 1.53/1.55 - 1.59 1.98/2.00 1.01 1.00"
BBH1 -3.11 1.54 1.57 1.57/1.58 2.00 1.00 1.00"
BMHO -2.81 1.53 - 1.58/1.65 2.02/2.08 1.01 0.97"
BMH1 -1.96 1.52 1.59 1.58/1.62 2.05/2.12 0.99 0.99'
MBHO -1.48 1.53 - 1.67 1.97/1.98 1.03 0.99"
MBH1 -3.36 1.52 1.63 1.59 2.04 1.01 0.94"
MMHO -3.17 1.52/1.55/1.56 - 1.60 191 1.01 0.90"™
MMH1 —3.44 1.51/1.53 1.67 1.56 1.99 0.98 0.99'
1.01 0.97"

Free H3PO,: d(P=0)=1.47 A; d(P—0};)=1.61 A,
2 Experimental data extracted from Persson Ref. [10].
b pH that the correlations are performed:
I pH=3.1.
i pH=4.2.
i pH=12.8.

Our optimized values for the BBHO, BBH1, MMHO and MMH1
geometrical parameters can be compared with previous results
reported by Rahnemaie et al. [16], performed using a DFT approach
and a cluster model. In general, the tendency observed was the
same, except that our P=0 and P—Os distances are slightly lower,
for both bidentate and monodentate complexes, than the respec-
tive values obtained by these authors; nevertheless, but they are
in agreement with the experimental value of 1.54 A for the mean
distance in PO4 minerals (ICSD) [16].

In almost all the cases, the E escc Values, around 3 eV, for the
phosphate complexes formed on the goethite surface are indicative
of a strong interaction. The most stable complexes show hydrogen
bonding between the phosphate O atoms and the H atoms of
surface hydroxyl groups. Thus, this situation can be one of the rea-
sons for the significant reaction energies attained in calculations.
Besides, another hydrogen bonding develops with the H atoms of
the explicitly included water molecules. From these results, we
can highlight that the phosphate species most probably formed
on our hydroxylated goethite surface are the BBHO and MMH1.

The net charges for the adsorbed phosphate complexes were
computed according to the atoms in molecules approach of Bader
[32] (Table 2). Notice that the amount of negative charge for the
phosphate complex depends on the type of anchoring with the
surface. The corresponding values for the bidentate complexes de-
crease in the following order: BMHO > BBHO > BMH1 > BBH1. As it
was expected, the non-protonated species have higher negative
charges, nearly 2.0e, than the mono-protonotated ones, nearly

Table 2
Bader charges (q in e) for the phosphate complexes formed on (110) goethite and on
(110) Al-goethite surface.

PO4 complex Goethite Al-goethite
q(PO4H,)* q(PO4H,)*
BBHO —1.82 -1.90
BBH1 —1.51 -1.67
BMHO —-1.95 -2.09
BMHO (Al) - -2.14
BMH1 -1.53 -1.62
BMH1 (Al) - ~1.75
MBHO -1.60 -1.67
MBH1 -1.21 -1.26
MMHO -1.66 -1.67
MMHO (Al) - ~1.89
MMH1 -1.23 -1.23
MMH1 (Al) - -133

—1.5e. This fact can be related with the presence of PO}~ and
PO,H?>~ phosphate ions, respectively. For the monodentate com-
plexes, the amounts of negative charges decrease in this ordering:
MMHO > MBHO > MMH1 > MBH1. On the other hand, though the
magnetic moments of goethite Fe atoms do not change after
adsorption of phosphate species, some smaller modifications were
observed for the O atoms surrounding the Fe atoms where phos-
phate is adsorbed.

In Table 3 the theoretical vibrational frequency values for differ-
ent phosphate complexes adsorbed on goethite, obtained with our
slab models, have been summarized. Experimental IR spectra
characterizing these systems are composed by a relatively small
number of bands. Their position and broadening are very depen-
dent on the H bonding established between phosphate and surface
hydroxyl groups. Therefore, the results of Persson et al. [10],
obtained from previously dehydrated goethite, provided different
vibrational information than those reported by Tejedor-Tejedor-
Anderson [9] and by érai—Sparks [14], on ferryhidrate. Although
the dehydration or the hydration degree of each goethite surface
is unknown, our surface model is hydroxylated and, hence it could
be considered somewhat hydrated, compared with a fully bare
goethite surface, but not at the high level proposed by Ghose
et al. [33] in their work, with up to two water layers were included.
After a first inspection of IR spectra obtained in previously
mentioned works [9,10], we can outline that the measured fre-
quencies for certain adsorbed complexes show similarities to those
calculated in the present work, pointing out that our surface model
is more comparable to a partially dehydrated goethite than to a
completely dehydrated one.

In the past, the assignation of experimental phosphate IR bands
was accomplished mostly on base to symmetry arguments for the

Table 3
Vibrational frequency assignments for phosphate complexes adsorbed on (110)
goethite surface (in cm™").

PO4 complex v(P=0)" V(P—0y) v(0Os—P)? v(0O—H)*
BBHO (C, Q 1066,-974, - 830,-817, -

BBH1 (C; 1122 1049 985,-930 2447
BMHO (Cyy) 1091,-10804 - 908,-7714 -

BMH1 (C;) 1150 1007 843,-6104 1555
MBHO (Csy) 1101,-1097;-1003;, - 806 -

MBH1 (Cy) 1120,-10954 856 591 3848
MMHO (Csy) 1092;-997-956y; - 872 -
MMH1 (C;) 1142,-1085, 765 1001 3931

2 x: corresponds to the number of H atom in the phosphate complex, 0 or 1

values.

2 a: asymmetric stretch; s: symmetric stretch; I and II: symmetric stretches of

two P=0 and other one asymmetric; Ill: symmetric stretch of three P=0.
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adsorbed complex. This procedure has limitations, such as the
phosphate bidentate (FeO),PO, complex cannot be distinguished
from the monodentate monoprotonated (FeO)(OH)PO, because
both satisfy the same C,, symmetry. An adsorbed phosphate, due
to its coordination with the surface and its interaction with surface
hydroxyls, generally shows less symmetry compared to the free
species. Therefore, taking into account our theoretical frequencies
for the different adsorbed phosphate complexes studied, we
achieve to an alternative description of experimental spectra.

Making a direct comparison between our theoretical frequen-
cies and the results of Persson et al. [10] we arrived to several cor-
relations. At low pH values the bands at 1178 and 1001 cmj can
be assigned to P=0 and P—Oy stretching bonds of BMH1 species,
respectively (see Table 3). For the first band our theoretical value
is 1150 cm_ ', which shows a small red shift 20 cm ', related pos-
sibly to the high sensibility of band position to the water content in
goethite samples and to the influence of H bonding between com-
plexes and water molecules [10]. This inference arises from consid-
ering the difference in band positions in Tejedor-Tejedor and
Persson spectra, obtained from goethite samples pretreated in a
different way [9,10]. The band position can undergo important
shifts if a significant number of water molecules are taken into
account in the frequency computation [29,34]. In our approach,
the increase of this number from 5 to 10 molecules did not modify
appreciably the frequency values. This observation is in agreement
with previous results obtained by Kubicki et al. [29] for carbonates
adsorbed on a goethite cluster.

Between pH = 4.2 and pH = 7.9, several experimental peaks and
non-well resolved bands are observed, due likely to the coexis-
tence of at least two species [10]. At pH=5.2 two well resolved
bands began to appear at 1122 and 1047 cm‘Ll, whose signals are
intensified at pH=5.7. These peaks could be assigned to the
stretching ofE:O and P—0Ou bonds of our modeled BBH1 species.
Hence, in this pH range two species, BMH1 and BBH1, coexist. At
pH =7.9, the BMH1 band disappear whereas that corresponding
to BBH1 persists with low intensity. At high values, pH =12.8,
the bands at 1057 and 966 cm;1 can be assigned to the asymmetric
and symmetric modes ofEZO bonds for the BBHO species, respec-
tively. The corresponding computed frequencies are at 1066 and
970cm . The agreement is enough satisfactory, taking into
account that some discrepancy could be expected owing to
anharmonic effects [35].

In addition to the specific analysis of each phosphate band, a
correlation between calculated and experimental frequencies was
performed in order to corroborate the assignations accomplished
before. In Table 1 the corresponding parameters for a linear corre-
lation are summarized. For that purpose, only those theoretical fre-
quencies with values close to the resolved experimental bands
were compared in the correlation. In Fig. 3, schematic views for
the phosphate complexes with better correlation are shown. At
pH = 3.1, the experimental bands at 1178 and 1001 cm~! exhibit
better correlation with the BMH1 species rather than with the
MMH1 one. The experimental bands measured at pH = 4.2, appear-
ing at 1122 and 1049 cm™!, could be attributed to BBH1, MBH1 or
MMH1 species. The linéar correlation results indicate that the
phosphate complex giving the best band description is the BBH1
species. On the other hand, the bands registered at pH=12.8,
appearing at 1058 and 966 cm~', could be attributed to BBHO,
BMHO, MBHO or MMHO speciesﬁn this case, the correlation indi-
cates that the BBHO species is the closest to the experiments. Final-
ly, in the pH interval form 4.2 to 7.9, we have the BBH1 species.

These assignations differ noticeably form those proposed by
Persson et al. [10]. From low to high pH values, these authors sug-
gest that, based on symmetry arguments, the experimental bands
above commented are due to MMH2, MMH1 and MMHO monoden-
tate species. The bands appearing at 1178 and 1001 cm~! are

A

1200
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1100 N
4
1050 n
1000 - »

950 A

Calculated frequencies (cm™)

900 -

850 -

WBBHO WBBH1 ABMHO ABMH1

®MBHO @®MBH1 MMHO ¢ MMH1

800 4= T T T
800 900 1000 1100 1200

Experimental frequencies (cm™)

Fig. 3. Correlation between experimental and calculated frequencies of our models
of phosphate surface complexes.

attributed only to species with Cs, symmetry. Consequently, they
assume that the phosphate tetrahedron of MMH2 species would
present negligible distortions, i.e., from a symmetry point of view,
the O—Fe ligand would be equivalent to the other two O—H
ligands. Notice that three of the four computed frequencies for
modeled BMH1 species, appearing at 1150, 1007 and 843 cmj,
are placed in the range of measured frequencies. Therefore they
could be attributed erroneously to a phosphate species with Csy
symmetry, which that also present three bands. We underline that
this species has not been theoretically studies before. An analogous
reasoning was applied by these authors for the assignation of
bands at higher pH values to the MMHO species, also with Cs, sym-
metry. Nevertheless, we want to emphasize that surface phosphate
complexes decrease their symmetry compared to the free species.

Our phosphate band assignations also differ from those made
by Kwon and Kubicki, based on a goethite cluster constructed by
two edge-sharing iron octahedral units [15,29]. They assigned
the measured bands at pH =4-6, 7.5-7.9 and 12.8, to the BBH2,
MMH1 and MMHO species, re?pectively. More specifically, accord-
ing to these authors, the bands at pH = 4.2 appearing at 1178, 1122,
1049, 1001 and 876 cm~! would be originated only from the BBH2
species, whilst a careful examination of results obtained by Persson
et al. [10] indicates that at pH = 3.1 the bands appearing at 1178,
1001 and 876 cm ! are already present. Hence, it can be argued
that at pH=4.2 two species coexist, one giving the latter frequen-
cies and another giving the other two, at 1122 and 1049 cm . Our
results clearly consider the presence of two phosphate ﬁ)ecies
coexisting at pH values equal or higher than 4.2: BMH1, starting
from pH = 3.1 and BBH1, starting from pH = 4.2. These two species
should continue to coexist in equivalent contributions until
pH=5.7. At pH=7.9 only the BBH1 species is preserved, and at
higher pH, the new BBHO species dominates IR spectrum, with only
an insignificant contribution from BBH1. Finally, the BBHO species
is the unique present at the highest pH value, 12.8 (see Fig. 4).

In another theoretical work by Rahnemaie et al. [16], the IR
spectra of Tejedor-Tejedor and Anderson [9] have been also inter-
preted. These authors deduced, by means of an interfacial change
distribution approach, that at low pH values the most probable
species would be MMH1, whereas for higher pH values they sug-
gest the BBHO species. These results are not in complete agreement
with the proposals by Tejedor—Tejedor and Anderson [9], because
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Fig. 4. Optimized geometries of all phosphate complexes formed on (110) Al-
goethite surface.

at low pH values the IR bands were attributed to the BBH1 species
and not to the MMH1 one.

It is outstanding to take into account that the results obtained in
the present work are concerned with all the possible reactions of
phosphate with goethite exposing only the (110) face, whilst the
experimental data are obtained from synthétic goethite samples,

where more than one crystallographic plane are exposed. Recently,
FTIR spectra were performed for phosphate adsorbed on microgo-
ethite and nanogoethite samples [12]. The authors showed that the
changes observed in band positions could be attributed, at least in
part, to the variations in different exposing facets between
samples.

3.2. (110) Al-goethite surface

All the results obtained with our model for the phosphate com-
plexes adsorbed on Al-goethite surface are summarized in Table 4.
On this surface, some phosphate complexq¢ be formed on sites
including only an atom of Al instead of Fe. is the situation for
the BMHO, BMH1, MMHO and MMH1 mononuclear species. For all
these cases, the reaction energies on both Fe and Al atoms were
calculated (see Table 4).

The P=0 bonds of these phosphate species have practically the
same distances than the corresponding complexes on pure goe-
thite. For MMHO adsorbed on Fe, P=0 distances have a difference
of 0.03 A with respect to goethite, but this difference increases at
0.06 A when it is adsorbed on the Al atom. As it was observed on
pure goethite, the P—Oy bonds are shorter for bidentate com-
plexes, BBH1 and BMH] and slightly longer for monodentate com-
plexes, MBH1 and MMH1, than for phosphoric acid.

Usually, the O,-Al bonds of bidentate phosphates are shorter
than the Os-Fe bonds and both distances are longer in bidentate
phosphates than the corresponding distances in monodentate
phosphates. Notice that, for almost all phosphate complexes
formed on both goethite and Al-goethite, the P—O; bonds show
opposite behavior, with the exception of the BM species bonded
to the Al atom of Al-goethite. In latter cases, the O,-Al distances
are lower, 0.1 A, compared to the same species formed on the
Fe atom. For the BM species, the P—0 bond linking to the goethite
O atom is longer than the P—O; bond linking to the O atom of the
surface hydroxyl group. Furthermore, these complexes have lower
stability, compared to the BB species due to their extremely con-
strained geometries.

In general, the bidentate complexes formed on Al-goethite sur-
face are more stable than the corresponding phosphate species
formed on pure goethite, with the exception of the BMHO species,
whose reaction energies are 05 0.7 eV smaller than the corre-
sponding species on goethite. lnstead the monodentate complexes
are less stable on Al-goethite than on goethite. The mononuclear
complexes formed on the Al atom have always lower reaction
energies than the complexes formed on the Fe atom on Al-goethite.

We observed that the P—O bonds of phosphate complexes
could be associated with their reaction energies, as it was also pre-
viously found on pure goethite. When the P—O; bond is shortened,
the phosphate complex formed on this surTace becomes more sta-
ble. The most stable phosphate species formed on Al-goethite are:
BBHO, BBH1, MBH1 and MMH1. We note that neither previous
experimental data nor theoretical investigations related with the
phosphate species adsorbed on Al-goethite, was found in the open
literature to be compared with our studies.

The Bader charges of phosphate species on Al-goethite are also
summarized in Table 2. The amount of negative charges for the
bidentate complexes decrease in the following order: BMHO >
BBHO > BMH1 > BBH1, whereas the values of monodentate com-
plexes decrease in the order: MMHO > MBHO > MMH1 > MBH1. In
both cases, the mononuclear species anchoring present more neg-
ative values than the binuclear species anchoring. The PO4H,
charges are nearly —2.0e for non-protonated bidentate species
and nearly —1.5e for*mono—protonated bidentate species. Instead,
the net charges of PO4H, complexes are approximately —1.7¢ for
non-protonated monodentate species and —1.2e for prf)tonated
monodentate species. The complexes formed on the Al atom have
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Table 4
Reaction energies (E e, in €V) and geometrical parameters (in A) of phosphate complexes formed on (110) Al-goethite surface.
PO, complex Ereac d(P=0) d(P—On) d(P—0s) d(Os—Fe) d(Os—Al)
BBHO -3.86 1.53/1.55 - 1.58 2.02 1.91
BBH1 -3.42 1.53 1.57 1.58 2.03 1.93
BMHO -2.38 1.52 - 1.60/1.66 2.05/2.22 -
BMHO (Al) -2.08 1.52 1.59/1.64 - 1.92/2.16
BMH1 -2.20 1.52 1.55 1.58/1.63 2.05/2.27 N
BMH1 (Al) -2.23 1.53 1.56 1.58/1.62 - 1.92/2.19
MBHO -1.44 1.53 - 1.66 1.99 -
MBH1 -3.26 1.52 1.64 1.60 2.04 N
MMHO -2.64 1.53/1.56 - 1.59 1.95 -
MMHO (Al) —2.46 1.51/1.57 - 1.59 - 1.85
MMH1 -3.62 1.54 1.61 1.56 2.00 -
MMHT1 (Al) -3.42 1.54 1.62 1.55 - 1.89

“ In parenthesis the Al atom where the phosphate complex is linked.

more negative charge than those formed on the Fe atom. As it was
found on pure goethite, the charge values are dependent on the
anchoring type with the surface and on the protonation degree.
All these values are slightly more negative when the phosphate
complexes are linked on Al-goethite surface than when they are
on pure goethite.

As it was observed on pure goethite, the adsorbed phosphate
species does not modify significantly the ion magnetic moments
in Al-goethite. Besides, the magnetic moments of O atoms
surrounding Fe and Al atoms where the phosphate is adsorbed,
undergo only slight changes.

Vibrational frequencies for phosphate complexes adsorbed on
Al-goethite surface are summarized in Table 5. Unfortunate there
are no experimental results for comparison with our calculations;
notwithstanding, we analyzed the obtained vibrational frequencies
and then, they were compared with the corresponding values for
phosphate species on pure goethite. For BMHO species, significant
differences in the frequency positions were observed, depending
on which site the phosphate is linked. The BMHO mode for pure
goethite at 1176 cm_ ' is displaced toward 1135 cm ' when this
species is adsorbed on the Al atom. This peak corresponds to the
P=0 asymmetric stretching, whereas the symmetric stretching
remains unchanged. Besides, the Os—P stretching vibrations are
blue shifted by more than 50 cm~". In case of the MMHO species
linked to the Al atom, the band ?orresponding to the symmetric
stretching of two P=0 combined with another one asymmetric,
shifts to a higher value in comparison with the linking to the Fe
atom. On the other hand, the second stretching frequency mode
for this system shifts to a lower value than MMHO on the Fe atom.
Taking into account that the frequency range where phosphate
complexes are measured and the species lightly present at high

Table 5
Vibrational frequency assignments for phosphate complexes adsorbed on (110) Al-
goethite surface (in cm™1).

PO4 complex Vv(P=0) V(P—Oy) V(0s—P) v(O—H)
BBHO (Cay) 1057,-1013; - 950,-902; -
BBH1 (C,) 1144 1042 962,-919; 2404
BMHO 1176,-1061; - 861,-769; -
BMHO (Al) 1135,-1064; - 919, -840, -
BMH1 1145 1097 933,-842; 1602
BMHT1 (Al) 1162 1052 949,-857 3103
MBHO (Csy) 1084;-1048,;-998); - 829 -
MBHT1 (Cay) 1138,-1078; 828 918 4054
MMHO 1054;-996,-964 - 892 -
MMHO (Al) 1097,-966,-942 - 921 -
MMH1 1064,-1048; 1018 950 4097
MMHT1 (Al) 1073,-1059; 1016 1010 4113

" a: asymmetric stretch; s: symmetric stretch; I and II: symmetric stretches of two

P=0 and other one asymmetric; IIl: symmetric stretch of three P=0.

pH values, we expect that both the BBHO and MMHO species could
hardly be distinguished from each other, with the exception of
using high resolution spectra. The experimental spectra showed
broadbands [9-12]; nevertheless, if such high quality spectra could
be acquired, the MMHO on Al atom would be distinguishable with
respect to the others two non-protonated species. The remaining
non-protonated complexes show some frequency shifts that allow
the assignation of correct species without difficulty.

On the other hand, at low pH values the most expected species
should be the protonated ones. The phosphate complexes, which
can be linked to the Fe or Al atom, present bands with little differ-
ences between them. Therefore, both BMH1 and MMH1 species
could not be distinguishable by the site where they are formed.
As it was mentioned above, the IR spectrum must be obtained with
high resolution to be able to assign on which atom the mono-
protonated species is formed: on Fe or Al. On the other hand, the
remaining protonated species are clearly identified.

In general, we note that a slight shift of +20 cmj can be
observed in many phosphate frequencies. These changes can be
related to very small variations of the adsorption geometries gen-
erated by the substitution of Fe atom by Al atom (see Tables 1 and
4). However, other more relevant changes take plac@ in case of
BMHO and MMH1 complexes. Despite that the respective geomet-
rical modifications are similar to those commented above, stronger
interactions are involved for the latter complexes, yielding to
greater frequency changes. They can be associated to the H bond-
ing between O atom of phosphate P=0 and H atom of Al-goethite
surface, which are not observed on pure goethite surface. From
these results, it can be notice that the phosphate-goethite interac-
tion is highly depended of the surface hydration degree. The H
bonding established between phosphate and surface hydroxyls af-
fects markedly the phosphate vibrational frequencies, with signif-
icant shift of #50 cm~!. Fitted ATR-FTIR data for phosphate
adsorbed on dried rrficrogoethite and nanogoethite surfaces
showed that some bands changed their positions or disappeared
in comparison with those of wet microgoethite and nanogoethite
samples [12].

4. Conclusions

In this work the phosphate adsorption on pure goethite and on
Al-rich goethite surfaces was evaluated. The ensemble of cases
here considered for adsorbed phosphate complexes on pure goe-
thite is larger than in earlier theoretical papers because all the pos-
sibilities were included. Taking into account that our surface model
corresponds to a hydroxylated goethite surface, not highly hy-
drated, the results were compared with specific experimental re-
sults [10]. The most satisfactory correlation was obtained by
assigning the BMH1, BBHO and BBH1 species to the experimental
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bands observed at pH = 3.1, pH =4.2-7.9 and at pH = 12.8, respec-
tively. The results reported here give a new interpretation to
experimental bands found in open literature for phosphate on
goethite.

On the other hand, the vibrational frequencies of phosphate
complexes adsorbed on Al-rich goethite were also calculated.
These results are useful because they will allow the assignation
by experimentalists to the bands obtained in FTIR spectra for phos-
phate complexes adsorbed on Al-rich goethite at 12%/mol content.
The hydration degree of both goethite and Al-goethite surfaces is
an extremely important factor for defining the phosphate band
shifts, because in this situation other interactions arise between
phosphate complexes and surface H atoms. For this reason, another
surface model is probably necessary to explain the Tejedor-Tejedor
and Anderson [9] spectra, where pre-adsorbed water molecules are
included.

Acknowledgements

The authors thank the financial support from the Consejo
Nacional de Investigaciones Cientificas y Técnicas (CONICET), the
Agencia de Promocion Cientifica y Tecnolégica (ANPCyT) and the
Universidad Nacional del Sur (UNS).

References

[1] H. Klapper, Control of Eutrophication in Inland Water, Ellis Horwood,
Chichester, 1991.

[2] Q. Zhou, C.E. Gibson, Y. Zhu, Chemosphere 42 (2001) 221-225.

[3] N. Nilsson, L. Lovgren, S. Sjoberg, Chem. Spec. Bioavail. 4 (1992) 121-130.

[4] L. Sigg, W. Stumm, Colloids Surf. 2 (1981) 101-117.

[5] N. Khare, D. Hesterberg, S. Beauchemin, S.-L. Wang, Soil. Sci. Soc. Am. J. 68
(2004) 460-469.

[6] T. Hiemstra, W.H. Van Riemsdijk, ]. Colloid Interface Sci. 179 (1996) 488-508.

[7] R. Strauss, G.W. Briitmmer, N.J. Barrow, Eur. J. Soil Sci. 48 (1997) 101-114.

[8] Y. Kim, RJJ. Kirkpatrick, Eur. J. Soil Sci. 55 (2004) 243-251.
[9] M.L Tejedor-Tejedor, M.A. Anderson, Langmuir 6 (1990) 602-611.

[10] P. Persson, N. Nilsson, S. Sjoberg, ]. Colloid Interface Sci. 177 (1995) 263-275.

[11] C. Luengo, M. Brigante, J. Antelo, M. Avena, ]. Colloid Interface Sci. 300 (2006)
511-518.

[12] J.D. Kubicki, KW. Paul, L. Kabalan, Q. Zhu, M.K. Mrozik, M. Aryanpour,
Langmuir 28 (2012) 14573-14587.

[13] P.A. Connor, AJ. McQuillan, Langmuir 15 (1999) 2916-2921.

[14] Y. Arai, D.L. Sparks, ]. Colloid Interface Sci. 241 (2001) 317-326.

[15] K.D. Kwon, ].D. Kubicki, Langmuir 20 (2004) 9249-9254.

[16] R. Rahnemaie, T. Hiemstra, W.H. van Riemsdijk, Langmuir 23 (2007) 3680-
3689.

[17] N.Y. Acelas, S.M. Mejia, F. Mondragén, E. Flérez, Comp. Theor. Chem. 1005
(2013) 16-24.

[18] K.W. Paul, ]J.D. Kubicki, D.L. Sparks, Eur. ]. Soil Sci. 58 (2007) 978-988.

[19] G. Kresse, ]. Hafner, Phys. Rev. B 47 (1993) 558-561.

[20] G. Kresse, J. Hafner, Phys. Rev. B 48 (1993) 13115-13118.

[21] G. Kresse, ]. Hafner, Phys. Rev. B 49 (1994) 14251-14269.

[22] P. Blochl, Phys. Rev. B 50 (1994) 17953-17979.

[23] G. Kresse, D. Joubert, Phys. Rev. B 59 (1999) 1758-1775.

[24] S.L. Dudarev, G.A. Botton, S.Y. Savrasov, C.J. Humphreys, A.P. Sutton, Phys. Rev.
B 57 (1998) 1505-1509.

[25] S.A. Fuente, P.G. Belelli, NJ. Castellani, M. Avena, Mater. Chem. Phys. 137
(2013) 1012-1020.

[26] J.R. Rustad, A.R. Felmy, B.P. Hay, Geochim. Cosmochim. Acta 60 (1996) 1563-
1576.

[27] B. Russell, M. Payne, L. Colombi, Phys. Rev. B 79 (2009) 165101-165114.

[28] J.B. Forsyth, L.G. Hedleys, C.E. Johnson, J. Phys. C (Proc. Phys. Soc.) 1 (1968)
179-188.

[29] J.D. Kukicki, K.D. Kwon, K.W. Paul, D.L. Sparks, Eur. ]. Soil Sci. 58 (2007) 932-
944,

[30] A.P. Scott, L. Radom, J. Phys. Chem. 100 (1996) 16502-16513.

[31] P. Canepa, R.M. Hanson, P. Ugliengo, M. Alfredsson, ]. Appl. Cryst. 44 (2011)
225-229.

[32] R.E.W. Bader, Atoms in Molecules: A Quantum Theory, Oxford Science, Oxford,
UK, 1990.

[33] S.K. Ghose, G.A. Waychunas, T.P. Trainor, PJ. Eng, Geochim. Cosmochim. Acta
74 (2010) 1943-1953.

[34] J.R. Bargar, ].D. Kukicki, R. Reitmeyer, ].A. Davis, Geochim. Cosmochim. Acta 69
(2005) 1527-1542.

[35] J.D. Kubicki, K.W. Paul, D.L. Sparks, Geochem. Trans. 9 (2008) 4-16.

Please cite this article in press as: P.G. Belelli et al., Comput. Mater. Sci. (2013), http://dx.doi.org/10.1016/j.commatsci.2013.12.030



http://dx.doi.org/10.1016/j.commatsci.2013.12.030
Original text:
Inserted Text
4.2-7.9 


	Phosphate adsorption on goethite and Al-rich goethite
	1 Introduction
	2 Surface models and computational details
	3 Results and discussion
	3.1 (110) goethite surface
	3.2 (110) Al-goethite surface

	4 Conclusions
	Acknowledgements
	References




