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surface OH groups during adsorption, because the position of characteristic P\O vibrational
bands can shift depending on reaction conditions, pH or adsorbed phosphate content.
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Adsorption and desorption kinetics were studied at pH 6 and different initial phosphate

Phosphate

concentrations to achieve varying phosphate coverage on the mineral surfaces. For gibbsite

Adsorption

the formation of AlHPO4 and Al2HPO4 can be assumed, while for ferrihydrite, a FeHPO4 or

Desorption

Fe2PO4 complex and the precipitation of FePO4 with longer equilibration time were proposed.

Surface complexation

Fe2HPO4 or a Fe2PO4 surface complex was deduced for Fe-hydroxides, an AlH2PO4 surface

Precipitation

complex was identified for Al-hydroxide, and both displayed either hydrogen bonds to

FT-IR

neighboring hydroxyl groups or hydrogen bonds to outer-sphere complexes. Fe:Al-hydroxide
mixtures with high Al ratios showed a low phosphate desorption rate, while ferrihydrite and
the Fe:Al-hydroxide mixtures with high Fe ratios had almost negligible desorption rates. It was
concluded that within the weakly associated amorphous FeO(OH) materials, FePO4 precipitated, which was bound by outer-sphere hydrogen bonds. With high Al ratios, desorption
increased, which indicated weaker phosphate binding of both inner-sphere and outer-sphere
complexes and hence, either no or minor quantities of precipitate. Ferrihydrite showed a more
rigid structure and a lower extent of precipitation compared to amorphous Fe-hydroxide.
© 2017 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
Sorption of phosphorus by soil minerals such as iron and
aluminum-(hydr)oxides is of interest because of its critical role

in terms of limitation as a nutrient for plant uptake, but also due
to leaching effects and surface runoff into water bodies caused
by excess fertilization, leading to eutrophication (Sims and
Pierzynski, 2005). Notably, the formation of these iron and
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aluminum-hydroxides is characteristic during soil alteration
and strongly affects phosphorus transport and bioavailability
by adsorption and desorption processes. Due to the important role of phosphate in the environmental nutrient cycle,
the reactions of phosphate with pedogenic iron and aluminumhydroxides have been thoroughly studied (Arai and Sparks,
2001, 2007; Barrow, 1983; Hinsinger, 2001; Krumina et al., 2016;
Torrent et al., 1992). A major aspect is the kinetics of adsorption
and desorption on soil iron and aluminum-particles, showing
a biphasic behavior including a very fast initial adsorption
process during the first 2 hr, followed by a slow reaction
phase (Luengo et al., 2006; McLaughlin et al., 1977; Reddy
et al., 1999; Shang et al., 1992; Strauss et al., 1997; Torrent
et al., 1992; Willett et al., 1988). Adsorption experiments
with synthetic iron and aluminum-(hydr)oxides showed the
occurrence of ligand exchange and the formation of stable
inner-sphere surface complexes with metal ions (Goldberg and
Sposito, 2008; Parfitt, 1979). Torrent (1997) summarized theories
explaining the slower process step with the formation of initial
mononuclear complexes and transformation to binuclear complexes, competition with anions on the surface or surface
precipitation processes, respectively. This can also be attributed to the diffusion of phosphate into the inner particle pores
of hydroxides (Chitrakar et al., 2006). It was reported that
the phosphate uptake increased with increasing initial phosphate concentration in the same ratio (Talebi Atouei et al., 2016),
while the degree of crystallinity or porosity of hydroxides
affects the extent of phosphate adsorption (Parfitt, 1989). Mineral
crystallinity is an important aspect in phosphate sorption
processes, since soils contain amorphous, poorly crystalline and
well-crystallized hydroxides during pedogenesis, offering varying
properties such as specific reactive surface area (Scheffer et al.,
2010). Also, hydroxides occur as multi-component solids in soil
systems, and affect phosphate adsorption behavior (Anderson
and Benjamin, 1990).
Further investigations are needed in the area of connecting
the detailed characteristics of adsorbed surface complexes
with the change of binding motifs over time and their impact
on desorption behavior. Gibbsite and ferrihydrite are the most
common aluminum and iron hydroxides in soils, and their
surface properties are well characterized; hence, they are
good model minerals for investigation of phosphate surface
reactions (Antelo et al., 2010; Arai and Sparks, 2001; Arlidge
et al., 1963; Johnson et al., 2002; Khare et al., 2007; Krumina
et al., 2016; Laiti et al., 1996; Li et al., 2013; Lijklema, 1980;
Persson et al., 1996; Zheng et al., 2012). The objective of this
work was to detect changes in phosphate binding motifs on
gibbsite, ferrihydrite and binary iron and aluminum hydroxide
surfaces with varying degrees of crystallinity during short- and
long-term equilibration times with varying phosphate concentration, by using Diffuse reflection (DRIFT) Fourier-transform
infrared (FT-IR) spectroscopy. On the basis of these investigations, amorphous iron and aluminum hydroxide mixtures were
used to compare phosphate adsorption mechanisms. Besides
the symmetric and asymmetric P\O stretching vibrations,
which have been widely used for phosphate species symmetry
analyses (Arai and Sparks, 2001; Krumina et al., 2016; TejedorTejedor and Anderson, 1990), the OH stretching bands and
their changes during adsorption were included for speciation
of the adsorbed phosphate surface complexes. Adsorption and

desorption experiments were used to identify the different
binding mechanisms and phosphate binding forms, which
were detected after adsorption and contributed primarily to
desorption. Furthermore, the sorption mechanism of phosphate on soil mineral particles is highly pH dependent and
the phosphate binding motifs change with pH, as shown by
several studies (Antelo et al., 2005; Laiti et al., 1998; Rahnemaie
et al., 2007; Weng et al., 2011). With the background that
eutrophication of rivers and lakes caused by over-enrichment
with phosphorus is still a widespread problem, for which nonpoint-sources from agricultural soils are the main polluters
(Carpenter et al., 1998), this study focused on the pH
conditions of agricultural soils, which range most frequently
between pH 5.0 and 6.8 (Scheffer et al., 2010), where phosphate shows its optimal availability due to the high solubility
of Fe- and Al-phosphates (Johnson et al., 2002; Scheffer et al.,
2010). Due to this reason, the pH for the adsorption and
desorption experiments was set to a value of 6.

1. Materials and methods
1.1. Adsorbents
The commercially available synthetic adsorbent used in this
study was gibbsite (analytical grade, Merck Millipore, Merck
KGaA, Darmstadt, Germany). 2-line-ferrihydrite was prepared
according to Schwertmann and Cornell (2008), for which 350 mL
of 1 mol/L KOH was added to 500 mL of a 0.2 mol/L Fe(NO3)3 ∙9
H2O-solution, until a pH of 7.5 was reached. The developed
precipitate was centrifuged and washed for 5 min at 12134 ×g
(Avanti J-25 Centrifuge, Beckman Coulter, Brea, USA), subsequently frozen, freeze-dried, and stored in a desiccator. The
mixed iron-aluminum-hydroxides (Fe:Al-hydroxide) were prepared as described by Sujana et al. (2009), for which 0.1 mol/L
Fe(NO3)3 ∙9 H2O and 0,1 mol/L Al(NO3)3 ∙9 H2O were mixed
in molar ratios Fe to Al of 1:0, 10:1, 5:1. 1:1, 1:5, 1:10 and 0:1,
adjusted to a pH of 6 with 5 mol/L KOH, equilibrated for 1 hr, and
centrifuged for 5 min at 12134 ×g. The washed precipitate
was dried at 60°C and ground into a powder. All chemicals
used for preparation of adsorbents were of analytical grade,
and the solutions were prepared with ultrapure water. The
elemental composition of the adsorbents was verified by using
SEM–EDX, scanning electron microscopy (DSM 962, Zeiss,
Oberkochen, Germany) with energy dispersive X-ray spectroscopy (X-Max 50 mm2 with INCA, Oxford Instruments, Abingdon,
Great Britain). The formation of pure Al(OH)3 and FeO(OH) for the
amorphous hydroxides was revealed. Determination of the
adsorbent crystallization as well as amorphous structures was
carried out by X-ray diffraction (XRD) using a PANalytical
Empyrean powder diffractometer (Almelo, Netherlands) from
GFZ Potsdam, with a theta–theta-goniometer, Cu-Kα radiation
(λ = 0.15418 nm), automatic divergent and anti-scatter slits and
a PIXcel3D detector. Diffraction data were recorded from 4.6°
to 84.9° 2ϴ with a step-size of 0.0131 and a step time of 58.4 sec.
The generator settings were 40 kV and 40 mA. Specific surface areas of all adsorbents used as well as the coated silica
sand were determined with an Autosorb-1 (Quantachrome,
Odelzhausen, Germany) using a five-point BET-measurement
(Brunauer–Emmett–Teller) and nitrogen as the adsorptive
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medium. An outgas test was performed to verify the completed
outgas procedure for each adsorbent.

1.2. Adsorption and desorption experiments
Phosphate adsorption was investigated with batch experiments, in
which a solid-solution ratio of 1:20 was chosen for gibbsite, and a
solid-solution ratio of 1:200 was chosen for ferrihydrite and the
Fe:Al-hydroxide mixtures due to their high specific surface areas
and P-adsorption capacity. The initial P-concentrations for the
adsorption experiments were 150 μmol/L (P150), 1000 μmol/L (P1000)
and 2000 μmol/L (P2000) KH2PO4 for gibbsite and 1000 μmol/L,
2000 μmol/L and 5000 μmol/L (P5000) KH2PO4 for ferrihydrite and
the Fe:Al-hydroxides with a 0.01 mol/L CaCl2-background
electrolyte solution, adjusted to a pH of 6 with 1 mol/L KOH.
The initial phosphate concentrations were chosen to achieve
different levels of phosphate coverage of the minerals at
specific time steps according to prior observed adsorption
capacities for gibbsite (Borggaard et al., 2005; van Emmerik et
al., 2007; van Riemsdijk and Lyklema, 1980) and ferrihydrite
(Borggaard et al., 2005; Freese et al., 1999; Torrent, 1997; Willett
et al., 1988). After starting the adsorption experiments, the
samples were horizontally shaken for 24 hr at 150 revolutions/
min. For phosphate measurements, the gibbsite and ferrihydrite samples were centrifuged for 15 min at 336 × g, while
the Fe:Al-hydroxide samples were centrifuged for 15 min at
21572 ×g to achieve a clear supernatant. The clear supernatant
was filtered by using P-poor Whatman 512 1/1 filters. For FT-IR
spectroscopic measurements, the remaining solid matter was
dried for 24 hr at 40°C. The phosphate content in the solution
was measured by the method of Murphy and Riley (1962).
Prior to the desorption experiments, fine granulated,
washed and calcined silica sand (particle size 0.2–0.8 mm,
Merck Millipore) was coated with the adsorbents according
to Scheidegger et al. (1993). The pure silica sand did not
show any phosphate sorption. To 10 g of the adsorbent,
0.01 mol/L of a NaNO3-solution, adjusted to pH 6, was added
to a final volume of 100 mL. 100 g of pure silica sand was
added to the suspension and it was shaken for 24 hr at room
temperature. After settling of the coated sand, the supernatant was decanted and the material was washed several times
with the 0.01 mol/L NaNO3-solution at pH 6 and in a final step
with ultrapure water to remove hydroxide traces and soluble
salts. The coated silica sand was oven-dried at 60°C for 48 hr
(Freese et al., 1999). The content of Fe and Al of the coated
silica sand was analyzed by using ICP-AES (Unicam iCAP6000
Duo, Thermo Fisher). For this test, 1 g of the coated silica
sand sample was diluted into 50 mL PE-bottles and dissolved
by adding 1 mL of concentrated H2SO4 following a 30 min
ultrasonic treatment. The silica was filtered and filled up to a
final volume of 50 mL. Prior to desorption, the adsorbents
were preloaded with 100 mL of a 1500 μmol/L KH2PO4 solution. After shaking for 24 hr at 150 revolutions/min, the
adsorbents were centrifuged for 5 min at 2000 r/min. The
supernatant was filtered and the solid matter was briefly diluted
with 50 mL of ultrapure water to remove non-adsorbed phosphate. The solid matter in ultrapure water was centrifuged again
and the supernatant was combined with the prior filtered
supernatant to obtain a mixed sample for the measurement of
adsorbed phosphate content on the hydroxide-coated silica sand.
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Desorption was conducted with a 0.01 mol/L CaCl2-background electrolyte solution and a solid-solution ratio of
1:20. Goethite was chosen as a reference, since the phosphate
binding has been described in detail in several previous studies
as either bidentate (Kubicki et al., 2012; Luengo et al., 2006;
Tejedor-Tejedor and Anderson, 1990) or monodentate surface
complexes (Kubicki et al., 2012; Loring et al., 2009; Persson et al.,
1996).

1.3. Fourier transform infrared spectroscopy
After adsorption experiments, the powdered samples were ovendried at 40°C, stored overnight in a desiccator and analyzed
without further treatment prior to FT-IR spectroscopic measurements. IR spectroscopic measurements were carried out
by measurement of the absorbance in the FT-IR DRIFT mode
(Tensor 27 HTS-XT, Bruker, Billerica, USA) with 40 scans per
sample, a wavelength range from 4000 to 400 cm− 1, and a
resolution of 1.9 cm-1. For evaluation, the spectra were offsetnormalized, cut-off at 500 cm− 1 and converted to Kubelka–
Munk units.

2. Results
2.1. Characterization of minerals
The amorphous nature of the Fe:Al-hydroxide mixtures, the
poor crystallinity of ferrihydrite as well as the high crystallinity of
gibbsite were confirmed by X-ray diffraction patterns (Fig. 1).
Gibbsite was identified as α-Al2O3·3H2O with a monoclinic crystal
system. The two characteristic broad bands of 2-line-ferrihydrite
with d-values of 2.57 and 1.54 were also observed weakly in
the Fe:Al-hydroxides with a predominant proportion of Fe. With
increasing Al ratio, slight peaks were developed, indicating a
nascent but weak crystallization process. The specific BET surface
areas of the pure minerals and the minerals applied on silica are
given in Table 1. The samples showed higher specific surface area
with increasing Fe ratio. Accordingly, increasing amounts of Al in
the binary systems caused a decrease in the specific surface area.

2.2. Kinetics of phosphate adsorption
The phosphate adsorption by gibbsite increased strongly with
increasing initial phosphate concentration and totaled 100%
(3.44 μmol/m2) for P150, 45% (10.40 μmol/m2) for P1000 and 41%
(18.81 μmol/m2) for P2000, respectively (Fig. 2, Table 2), after an
adsorption time of 2688 hr (16 weeks). A comparison of the
lowest initial phosphate concentration with the next level of
concentration showed that an almost 6.5-fold higher phosphate
solution concentration led to a 3-fold higher adsorption relative
to the specific surface area. A doubling of the concentration
from P1000 to P2000 gave a 1.8-fold increase, and a 5.5-fold
increase compared to the phosphate adsorption for P150 of.
After a period of 2688 hr nearly all of the initial phosphate
concentration in the P150 solution was adsorbed. P1000 and P2000
had effective phosphate adsorption of 45% and 41%, respectively.
The kinetic curves also showed a continuing phosphate adsorption for P2000 until 2688 hr of reaction time. The adsorption
kinetics of ferrihydrite showed an adsorbed phosphate amount of

178

J O U RN A L OF E N V I RO N ME N TA L S CI EN CE S 70 (2 0 1 8 ) 1 75– 1 8 9

to the specific surface area increased with increasing Al ratio,
and was highest for Fe:Al-hydroxide mixtures containing 1 Fe:10
Al and decreased for 0 Fe:1 Al (Fig. 3). The adsorbed phosphate
was slightly lower for pure amorphous Fe-hydroxide (1 Fe: 0 Al)
compared to ferrihydrite, but substantially higher for pure
Al-hydroxide compared to gibbsite. While the ratio of phosphate
adsorption related to the initial phosphate concentration was
1:2:4.6 for the amorphous samples with predominant Fe
(including 1 Fe:1 Al), this ratio changed to 1:2.1:5.7 in the
pure Al-hydroxide samples. In general, the amount of adsorbed
phosphate as a percentage of the initial concentration increased
with decreasing Al-content (Fig. 4).

2.3. FT-IR spectroscopic investigation of phosphate adsorption
Several studies investigated phosphate adsorption on different
hydroxyl surfaces such as goethite, ferrihydrite or gibbsite,
whereupon characteristic infrared spectroscopic vibrations were
analyzed. Depending on the protonation state and the symmetry
of the phosphate species in solution, the observed frequencies in
this study were assigned according to described frequencies by
Tejedor-Tejedor and Anderson (1990), Persson et al. (1996) and
similar results of Arai and Sparks (2001). An overview of the
described phosphate frequencies is given in Table 3.
Using the position of characteristic P\O bands to assign the
molecular symmetry of the adsorbed complex can be difficult
due to peak shifts depending on reaction conditions and sample
treatment, such as adsorbed phosphate content, pH or moisture
(Arai and Sparks, 2001; Krumina et al., 2016; Nanzyo, 1986;
Persson et al., 1996; Tejedor-Tejedor and Anderson, 1990; Zheng
et al., 2012). According to the mentioned reasons and due to the
absorption bands of the minerals themselves, the vibrational
bands of phosphate could not be identified, so the OH stretching
vibrational bands of the FT-IR spectra were utilized to analyze
changes of structural and surface OH groups during adsorption.
An overview of the OH vibrations used for gibbsite, ferrihydrite
and the Fe:Al-hydroxides is given in Table 4.

Fig. 1 – X-ray diffraction patterns of gibbsite, ferrihydrite and
amorphous Fe:Al-hydroxide mixtures in the ratio 1 Fe:0 Al, 10
Fe:1 Al, 1 Fe:1 Al, 1 Fe:10 Al and 0 Fe:1 Al.

100% for P1000 and P2000 (0.80 μmol/m2 and 1.59 μmol/m2,
respectively), and 99% for P5000 (3.66 μmol/m2) (Fig. 2). With
increasing phosphate concentration, the adsorption increased
in nearly the same ratio of 1:2:4.6 (adsorbed P for P1000:P2000:P5000).
The amount of adsorbed phosphate for the amorphous Fe:Alhydroxides is given in Fig. 3a–c and Table 2. While the adsorbed
phosphate content of the Fe:Al-hydroxide mixtures with predominant Fe content and the 1 Fe: 1 Al-mixture amounted
to nearly 100% for P1000, P2000 and P5000, the Fe:Al-hydroxide
mixtures with predominant Al content adsorbed lower amounts
of phosphate. With increasing Al content, phosphate adsorption
of 90%, 84% and 68% for P1000, 91%, 86% and 71% for P2000, and 97%,
94% and 82% for P5000, respectively, was measured (Fig. 3a–c).
It can be seen that the amount of adsorbed phosphate relative

2.3.1. Gibbsite
The IR spectrum of pure gibbsite showed seven vibrational bands
in the range from 3629 cm−1 to 3402 cm−1. The pronounced
band at 3629 cm−1 with a shoulder at 3612 cm−1, and the bands
at 3542 cm−1 and 3510 cm−1 are assigned to stretching vibrations

Table 1 – Specific surface of the crystalline and amorphous Fe- and Al-hydroxides and the content of Fe and Al coated on
silica sand.
Specific surface (m2/g) a

Mineral
Amorphous Fe:Al-hydroxide
mixtures

a

n = 2.

Gibbsite
Ferrihydrite
1 Fe:0 Al
10 Fe:1 Al
5 Fe:1 Al
1 Fe:1 Al
1 Fe:5 Al
1 Fe:10 Al
0 Fe:1 Al

Pure mineral

Coated silica sand

0.87 ± 0.0
251.75 ± 2.7
297.33 ± 10.4
227.07 ± 7.1
203.80 ± 0.9
73.69 ± 8.0
0.79 ± 0.0
0.75 ± 0.0
1.12 ± 1.1

0.08 ± 0.0
19.12 ± 2.6
13.07 ± 3.0
11.78 ± 1.7
8.99 ± 0.2
6.29 ± 0.3
0.07 ± 0.0
0.31 ± 0.0
0.04 ± 0.0

Content of Fe and Al on
coated silica sand (mg/g)
0.15
39.74
43.84
35.26
32.44
24.73
2.16
3.52
0.09
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Fig. 2 – Phosphate adsorption kinetics of gibbsite (P150, P1000,
P2000) and ferrihydrite (P1000, P2000, P5000).

of non-hydrogen-bonded terminal OH-groups in the [001]
plane of the crystal (Egorova and Lamberov, 2015; Kloprogge
et al., 2002; Novák et al., 1990; Phambu et al., 2000), interlayer
hydrogen-bonded OH-groups between gibbsite slabs (Egorova
and Lamberov, 2015; Novák et al., 1990) and lateral hydroxyl
groups (Phambu et al., 2000), respectively. Vibrations at 3402 cm−1
and 3384 cm−1 can be assigned to OH-groups in the plane of
gibbsite layers (Egorova and Lamberov, 2015). Bands at 1139 cm−1,
982 cm−1 and 919 cm−1 can be described as in-plane deformation
vibrations of OH-groups and correspond to bands in the hydroxyl
stretching region (Ruan et al., 2001b), while bands at 892 cm−1
and 824 cm−1 belong to out-of-plane deformation OH-vibrations
(Kloprogge et al., 2002). Kolesova and Ryskin (1959) reported
that the bending hydroxyl vibration at 1139 cm−1 was influenced
by hydrogen bonds, while the 982 cm−1 and 919 cm−1 bands
were due to bending vibrations of weakly interacting hydroxyl
groups. Thus, the band around 919 cm−1 can be assigned to
a non-hydrogen-bond hydroxyl deformation vibration of an
Al(OH)Al-group (Frost, 1998; Ruan et al., 2001b).
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During phosphate adsorption, only minor intensity changes
were detected in the IR spectrum of gibbsite. To better discern
the observed vibrational changes during phosphate adsorption,
the OH-stretching region was cut between the different peaks
and offset-normalized (Fig. 5). While the intensity of the
of non-hydrogen-bonded terminal OH-groups in the [001]
plane of the crystal at 3629 cm−1 decreased over time for P150
and P1000, this peak increased during the first week of adsorption
and decreased in the remaining adsorption period for P2000.
A slight shift of the shoulder at 3612 cm−1 to lower wavelength
can be observed. The peak of the interlayer hydrogen-bonded
OH-groups at 3542 cm−1 also decreased over time for all initial
phosphate concentrations. The vibration of the lateral hydroxyl
groups at 3510 cm−1 showed a similar increasing intensity
for all initial phosphate concentrations and a slight shift to
lower wavelength during the adsorption process. Vibrations of
the OH-groups in the plane of the gibbsite layers between
3425 cm−1 and 3380 cm−1 increased very weakly for P150, and
more intensely for P2000, but after an adsorption time of 2688 hr
the intensity of the peak leveled out at the base level. Somewhat
similar changes were apparent for the vibrational bands at
1139 cm−1, 982 cm−1, 919 cm−1 and 892 cm−1 (Fig. 5). For P150 and
P1000, the peak intensities increased with increasing adsorbed
phosphate concentration until an adsorption time of 1344 hr,
and decreased in the last measured adsorption step of 2688 hr.
For P2000, the peak intensities increased until an adsorption time
of 2 hr and started decreasing with further adsorption steps. In
general, the intensities increased with phosphate adsorption,
but no discrete P-O vibrations or shifted bands were observed
during the process of phosphate adsorption.

2.3.2. Ferrihydrite
In the IR spectrum of pure ferrihydrite, three bands were identified
(Fig. 6a and c). The broad adsorption band around 3575 cm−1 can
be associated with surface-bonded and structural OH-groups
(Russell, 1979; Tüysüz et al., 2008). A broad band occurred,
including two distinctive vibrations at 1661 cm−1 and 1426 cm−1,
which are attributed to H2O and Fe-OH vibrations, respectively
(Rout et al., 2012; Tüysüz et al., 2008), and a less distinctive
vibration at 1539 cm−1, associated with a Fe\O vibration (Tüysüz
et al., 2008). A sharp band at 761 cm−1 can be assigned to the
bending vibration of OH-groups of Fe\OH (Rout et al., 2012). At the
start of phosphate adsorption, a vibrational band with a weak
shoulder appeared at lower wavelength, at 1125 cm−1 (P1000). With

Table 2 – Phosphate adsorption rates of gibbsite, ferrihydrite and amorphous Fe:Al-hydroxide mixtures after 2688 hr and
initial phosphate concentrations of 150, 1000, 2000 and 5000 μmol/L.
Phosphate adsorption (μmol/m2)

Initial P

Gibbsite
Ferrihydrite
1 Fe:0 Al
10 Fe:1 Al
5 Fe:1 Al
1 Fe:1 Al
1 Fe:5 Al
1 Fe:10 Al
0 Fe:1 Al

150 μmol/L

1000 μmol/L

3.44 ± 0.0
–
–
–
–
–
–
–
–

10.40 ± 0.2
0.80 ± 0.0
0.67 ± 0.0
0.88 ± 0.0
0.98 ± 0.0
2.71 ± 0.0
224.81 ± 4.8
224.86 ± 1.1
121.02 ± 4.7

2000 μmol/L

5000 μmol/L

18.81 ± 0.4
1.59 ± 0.0
1.35 ± 0.0
1.77 ± 0.0
1.95 ± 0.0
5.40 ± 0.0
462.48 ± 8.0
465.30 ± 4.1
252.80 ± 1.4

–
3.66 ± 0.0
3.11 ± 0.0
4.11 ± 0.0
4.56 ± 0.1
12.57 ± 0.0
1142.20 ± 5.4
1170.62 ± 12.0
689.06 ± 17.2
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Fig. 3 – Phosphate adsorption kinetic of amorphous Fe:Al-hydroxide mixtures at P1000, P2000 and P5000.

increasing initial phosphate concentration, this band shifted
to 1130 cm−1 for P2000 and to 1140 cm−1 for P5000. The broad
vibrational band in the range of 1661 cm−1 to 1426 cm−1
degenerated, and only a weak vibration at 1664 cm−1 remained.
The Fe\OH band at 764 cm−1 showed a decreasing intensity for
P1000 and P2000 at the beginning of the adsorption experiments, but
increased to the initial value after 2688 hr of reaction time. For
P5000, the Fe\OH band had a consistently lower intensity during
the whole adsorption time. Also, the intensity of the OH-vibration
at 3575 cm−1 decreased during the adsorption process; however,
this decrease was permanent only for P5000 after 2688 hr.

2.3.3. Amorphous Fe:Al-hydroxide
The IR spectra of the amorphous Fe:Al-hydroxides showed a
vibrational band in the OH-stretching region in the range from
3745 cm−1 to 2645 cm−1, which generally can be assigned
to structural and surface-bonded OH-groups (Fig. 6). While
the width of the band stayed constant during transition, the
intensity increased and the peak shifted to higher wavelength

Fig. 4 – Correlation of the amount of adsorbed phosphate and
the Fe- and Al-content of the mineral samples for initial
phosphate concentrations of 1000 μmol/L, 2000 μmol/L and
5000 μmol/L.

(from 3433 cm−1 to 3616 cm−1) with increasing Al-content (Fig. 7).
This could indicate the preferred formation of hydrogenbonded OH-groups in Fe-hydroxides and the formation of
non-hydrogen-bonded OH-groups in Al-hydroxides (Hass
et al., 2000), or an increasing amount of structural instead
of surface-bound OH in Fe-hydroxides (Russell, 1979). The
splitting and shifting of this vibration is obvious in the 1 Fe:1
Al-hydroxide sample. The amorphous Fe-hydroxide showed
similar vibrations to those of the poorly crystalline ferrihydrite
(Fig. 8). A characteristic band between 751 cm−1 and 761 cm−1
with two small features at higher wavelength on the slope can be
found for both samples. By comparison with the ferrihydrite
infrared spectrum, it can be deduced that this vibrational band in
the amorphous sample was associated specifically with Fe\OH
bonding. With increasing Al ratio, a shift of this vibration to
higher wavelength at 1068 cm−1 was observed, which can be
assigned to Al\OH bonding due to the lower atomic mass of Al
compared to Fe, and hence, the higher vibrational frequency. A
weak band of ferrihydrite at 1661 cm−1, which can also be found
in the spectrum of amorphous Fe-hydroxide at 1634 cm−1, and
more pronounced in Al-hydroxide at 1639 cm−1, can be assigned
to the bending mode of molecular H2O-groups (Myronyuk et al.,
2016; Schwertmann and Fischer, 1973) (Fig. 8). A wide difference
can be observed according to a set of vibrational bands in the
wavelength range of 1350 cm−1 to 1500 cm−1, which is very weak
in the ferrihydrite spectrum, more pronounced in the amorphous Fe-hydroxide, and strong in the Al-hydroxide spectrum.
The IR spectrum of gibbsite showed no band in this wavelength
range. This band with multiple vibrations was assigned as Fe\O
and Fe\OH for ferrihydrite (see above) and can be correlated to
Fe\O and Fe\OH vibrations in the Fe-hydroxide sample. Due to
the slight shift to higher frequency in the Al-hydroxide, the
vibration can also be correlated to Al\O and Al\OH vibrations.
During phosphate adsorption a new band around 1100 cm−1
appeared, which can be assigned to P\O bonding (Krumina et al.,
2016; Persson et al., 1996; Sun and Xue, 2013; Tejedor-Tejedor and
Anderson, 1990), while the precise position depends on the Fe:Al
ratio and the P-concentration (Fig. 6). This band belonged to
observed reference fundamental frequencies of the vibration of
the PO4 in H2PO−4, which are described in Table 3. The IR spectra
of the Fe:Al-hydroxides showed broad vibrational bands in
the range of 510 cm−1 to 1210 cm−1 prior to the phosphate
adsorption; hence, other phosphate vibrations were overlaid or
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Table 3 – Described frequencies and symmetry of dissolved
phosphate species.
PO4 symmetry

Frequency (cm− 1)

Description

PO3−
4
HPO2−
4

Td
C3v

H2PO−4

C2v

1006
1077
989
847
1155
1075
940
874
1174
1006
890

vas P\O
vas P\O
vs P\O
v P\OH
vas P\O
vs P\O
vas P\OH
vs P\OH
v P_O
vas P\OH
vs P\OH

H3PO4

C3v

v: vibration, vs: symmetric vibration, vas: asymmetric vibration.

poorly observable. As the ratio of Fe to Al changed, the broad
band changed in this wavelength range and the suggested
overlaid phosphate peaks were visible at about 995 cm−1 and
815 cm−1. Certainly, this possible P-O band could also be due to
the integrated Al\OH vibration. Also, the frequencies of the set
of peaks changed with increases in the adsorbed phosphate
concentration and Fe:Al ratio, and the clear and sharp asymmetric P\O vibration around 1100 cm−1 will be used for further
analysis.
A further change in the IR spectra during phosphate
adsorption can be observed in the OH-binding regions. For
the pure Fe-hydroxide sample, the peak of the OH-stretching
vibration shifted with increasing adsorbed phosphate concentration from 3433 cm−1 to 3467 cm−1, and the intensity
decreased with adsorption time and increasing initial phosphate concentration. The Fe\O and Fe\OH vibrations at
1401 cm−1 and 1352 cm−1 decreased immediately with the
adsorption process and disappeared completely at P5000. The
Fe\OH band at 751 cm−1 shifted slightly to 761 cm− 1 for P1000,
but the shift was reversed with higher adsorbed phosphate
concentration. In addition, the intensity of this band decreased with increasing phosphate adsorption. The H2O band
at 1634 cm− 1 was observable at all times and increased from
P1000 to P5000. Overall, the infrared spectra showed a fast
adsorption process in the beginning and almost no further
changes over time. Only the OH stretching vibration showed
long-term changes. In the 10 Fe:1 Al-hydroxide sample, the
OH stretching band shifted from 3485 cm− 1 to 3469 cm− 1 and
the intensity decreased with increasing initial phosphate
concentration. The observed changes were similar to those
of the 1 Fe:0 Al-hydroxide samples. The intensities showed
more differentiated long-term changes. The OH-stretching
vibration for the 5 Fe:1 Al-hydroxide sample shifted from
3502 cm−1 to 3487 cm− 1, and the intensity also decreased with
increasing initial phosphate concentration. This was more
distinctive in the P5000 samples. The intensities of the Fe\OH
band at 760 cm−1 decreased as well; again, this decrease
was stronger in the beginning and a slight increase for P1000
and P2000 was observed. The 1 Fe:1 Al-hydroxide showed
a differentiation of the OH-stretching vibration with three
peaks at 3623 cm−1, 3532 cm− 1 and 3490 cm−1, which were still
visible in the in the phosphate adsorption spectra. The peak
at 3532 cm−1 shifted slightly to 3535 cm− 1, and the peak at

Table 4 – Observed frequencies of OH vibrations of gibbsite,
ferrihydrite and Fe:Al-hydroxides.
Frequency (cm−1)
Gibbsite
3629

3542
3510
3402
3384
1139
982
919

892
824
Ferrihydrite
3575
1661

1539
1426
761
Fe:Al-Hydroxides
3616–3433

1635
1401–1458
1352–1375
1050
990
809
760

Description
[001] plan OH
non-hydrogen
bond
INTERLAYER OH
hydrogen bond
LATERAL OH
} in plane OH
} in plane
deformation OH
deformation OH
from Al(OH)Al
non-hydrogen
bond
} out of plane
deformation OH

Surface and
structural OH
H2O

Fe\O
} Fe\OH

Surface and
structural OH
non-hydrogen bond
>3500 < hydrogen
bond
H2 O
Fe/Al\O
Fe/Al\OH

Reference
Egorova and Lamberov,
2015; Kloprogge et al.,
2002; Novák et al., 1990;
Phambu et al., 2000
Egorova and Lamberov,
2015; Novák et al., 1990
Phambu et al., 2000
Egorova and
Lamberov, 2015
Ruan et al., 2001b
Ruan et al., 2001b;
Frost, 1998

Kloprogge et al., 2002

Russell, 1979; Tüysüz
et al., 2008
Myronyuk et al., 2016;
Rout et al., 2012;
Tüysüz et al., 2008
Tüysüz et al., 2008
Rout et al., 2012; Tüysüz
et al., 2008

Hass et al., 2000; Russell,
1979; Tüysüz et al., 2008

Myronyuk et al., 2016
Tüysüz et al., 2008
Rout et al., 2012; Tüysüz
et al., 2008

} Al\OH

Fe\OH

Rout et al., 2012;
Tüysüz et al., 2008

3490 cm−1 shifted to 3496 cm−1, respectively. The intensities of
the bands decreased with increasing phosphate adsorption, but
in comparison to the pure hydroxide sample the vibrational band
intensity increased with adsorption time. Also, the intensities of
Fe\OH\Al vibrations in the range from 1049 cm−1 to 857 cm−1
increased slightly with the adsorbed phosphate concentration
for P1000 and P2000. Additionally, the intensity of both the Fe\O
and Al\O as well as the Fe\OH and Al\OH vibrations at
1439 cm−1 and 1364 cm−1, respectively, decreased in general, but
stayed visible for P1000 and P2000. They were observable for P5000
samples until an adsorption time of 2 hr. The OH band of the 1
Fe:5 Al-hydroxide sample shifted from 3592 cm−1 to 3560 cm−1
and the intensity increased with increasing initial phosphate
concentration, but decreased with adsorption time, especially
in P2000. For the 1 Fe:10 Al-hydroxide, the OH stretching
vibration shifted from 3603 cm−1 to 3550 cm−1. The intensity
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Fig. 5 – Edited Fourier-transform infrared (FT-IR) spectra of gibbsite during phosphate adsorption.
increased with increasing adsorbed phosphate concentration,
but decreased for all treatments in the beginning of the
adsorption process, and for P5000 after an adsorption time of
672 hr. The Fe\OH vibration intensity slightly increased over
time, while that of the Al\OH vibration seemed to decrease in
P5000. For the pure Al-hydroxide, the OH-stretching band showed
a broadening of the peak at P1000 and P2000, and a shift from
3616 cm−1 to lower wavelength, resulting in three apparent
peaks (3572 cm−1, 3534 cm−1, 3499 cm−1) at P5000. The two peaks
at 3534 cm−1 and 3499 cm−1 were only slightly visible in the
pure spectra. Also, the intensity of this vibration increased
with adsorption time and adsorbed phosphate concentration.
The Al\OH vibrations at 1068 cm−1, 995 cm−1, 839 cm−1 and
809 cm−1 increased in intensity more strongly over time compared to the Fe-dominated hydroxide samples the same was true
for the P\O vibration. Also, the H2O band at 1639 cm−1 was
observable at all times and increased from P1000 to P5000. The
Al\O band at 1458 cm−1 decreased and shifted to lower
wavelength, whereas the Al-OH vibration at 1375 cm−1 shifted
only slightly to lower frequency but increased during adsorption.
However, an asymmetric P\O vibration at around 1150 cm−1
could be observed. In general, the P-O vibration shifted during the
transition from pure Fe-hydroxide to pure Al-hydroxide from
lower to higher frequency. This was more pronounced for higher
adsorbed phosphate concentrations. The wavelength shifted
from 1110 cm−1 to 1131 cm−1 for P2000 and from 1128 cm−1 to
1174 cm−1 for P5000, respectively.

2.4. Phosphate desorption
Gibbsite and the pure Al-hydroxide showed the highest
phosphate release capacities, with 42.6% and 38.2% after
1344 hr (Fig. 9). Both showed slightly lower desorption rates
compared to a desorption rate of 47.9% for goethite, as a well
characterized crystalline Fe-hydroxide (treated by the same
method). Hydroxide mixtures with a predominant ratio of Al

had a substantially lower rate of phosphate release compared
to gibbsite or the pure Al-hydroxide, with 1.5% for 1 Fe:5 Al
and 5.5% for 1 Fe:10 Al, respectively. Ferrihydrite and the pure
Fe-hydroxide showed almost no or very minor phosphate
desorption, with 0.3% and 0.1% after 1344 hr, respectively,
and the 1 Fe:1 Al-hydroxide had a similar low phosphate
release of 0.1%. For the 10 Fe:1 Al and 5 Fe:1 Al samples, a
desorption rate of 0% was determined; however, the residual
phosphate concentrations were close to or under the detection limit. The initial desorption rate within the first 2 hr was
high, but decreased after 168 hr. Due to the relatively low
amount adsorbed onto the minerals coated on silica prior to
desorption, possible vibrational bands of phosphate were
overlaid by the distinctive bands of the silica sand.

3. Discussion
3.1. FT-IR spectroscopic experiments during phosphate adsorption
3.1.1. Gibbsite
For gibbsite, several studies have described the formation of
inner-sphere complexes between phosphate and the alumina surface in combination with outer-sphere complexation.
Zheng et al. (2012) reported that at lower pH with H2PO−4 as the
dominant phosphate species, the inner-sphere surface complex between phosphate and the alumina surface is of the
diprotonated monodentate type, with hydrogen-bonding to
outer-sphere complexes, or the monoprotonated bidentate
binuclear type with the same symmetry. It was possible that
both binding forms existed simultaneously. van Emmerik
et al. (2007) described a mixture of inner-sphere and weakly
bound outer-sphere complexes depending on pH and phosphate
concentration, with predominantly inner-sphere complexes
found at a pH of 6.5. It was suggested that monodentate
inner-sphere complexes are bound to singly coordinated reactive

J O U RN A L OF E N V I RO N M EN TA L S CI EN CE S 70 (2 0 1 8 ) 1 7 5– 1 8 9

183

Fig. 6 – FT-IR spectra of ferrihydrite and amorphous Fe:Al-hydroxide mixtures 1 Fe:0 Al, 10 Fe:1 Al, 5 Fe:1 Al and 1 Fe:1 Al, 1 Fe:5
Al, 1 Fe:10 Al and 0 Fe:1 Al in the OH stretching region from 3800 to 2500 cm−1 (a, b) and in the OH stretching region from 1800 to
500 cm−1 (c, d) during phosphate adsorption. Please notice the different scaling of the Kubelka–Munk units in (a) and (b).

184

J O U RN A L OF E N V I RO N ME N TA L S CI EN CE S 70 (2 0 1 8 ) 1 75– 1 8 9

Fig. 7 – FT-IR spectra of amorphous Fe:Al-hydroxide
mixtures in the OH stretching region.

Al-OH sites on the edge of the gibbsite crystals (Parfitt et al., 1977;
van Emmerik et al., 2007).
The increase and slight shift of the lateral Al\OH groups
was a result of additional OH groups formed during adsorption of AlH2PO4 complexes, while in-plane OH groups
were not affected by the adsorption process. With increasing
equilibration time, the Al\OH peaks decreased, which can be
due to reduced protonation and the formation of AlHPO4 and
Al2HPO4. The constant increase of adsorption at long reaction
times, at which no equilibrium plateau was reached, led to
the conclusion that precipitated AlPO4 seemed to be formed
as well (Johnson et al., 2002; van Emmerik et al., 2007; van
Riemsdijk and Lyklema, 1980; Zheng et al., 2012). Laiti et al.
(1998) described the initial formation of a monodentate innersphere complex as a precursor for a formed AlPO4 phase,

which was low at pH 6, but increased substantially at pH 7.
Johnson et al. (2002) described a decrease in the relative
amount of AlPO4 precipitate formation with increasing pH
due to the increasing solubility of AlPO4 at pH values around 6.
In this case, the adsorption experiments were conducted
at pH 6, where the relative amount of AlPO4 precipitate is
limited by its increasing solubility as mentioned above, and
Al- or Fe-phosphates were described as having their optimal
phosphate availability (Blume et al., 2010; Johnson et al.,
2002). Nevertheless, amorphous aluminum phosphate can be
formed, for which the extent of precipitation is limited by
the phosphate concentration. It was implied that surface
precipitates, which do not necessarily need to be formed by
surface reactions, may occur on the Al2\OH face sites of
the gibbsite crystal in close contact with water molecules or
surface hydroxyl groups (van Emmerik et al., 2007).
With regard to the described P\O vibration in Table 3,
a distinctive band should appear around 1155 cm−1. Other
than a change in intensity, no distinctive P-related vibrational
change was observed. The visibility of this band can be hindered
by the Al\OH vibration. With the lowering of symmetry of the
adsorbed phosphate species, the symmetric P\O band shifted
to higher wavelength. Laiti et al. (1996) described this phenomenon of poorly resolved P\O bands, which was caused by the
low symmetry of the complexes on the aluminum oxide surface
and differences in the structural environment, which led to
four vibrational bands and a weaker interaction of phosphate
and alumina. They formulated, amongst others, AlHPO3 and
AlH2PO4 surface complexes with similar low symmetry (C1).
Connor and McQuillan (1999) described a general Cs symmetry
for monodentate monoprotonated, monodentate diprotonated
and bidentate monoprotonated adsorbed phosphate species
with four vibrational bands, similar to the result of Laiti et al.
(1996). A lowering in symmetry can also occur due to the
influence on surface complexes by hydrogen bonds (Arai
and Sparks, 2001). Hence, a differentiation between surface
complex and precipitation could not be well evaluated solely by
consideration of the P\O peak. Both adsorption processes, on
the plane and on the edge of the gibbsite crystal, respectively,
proceeded more slowly with lower initial phosphate concentration. Due to the significantly lower specific surface area
compared to ferrihydrite but higher amount of adsorbed
phosphate over time, the continuously increasing phosphate
adsorption without reaching an equilibrium plateau, also
observed by Lookman (1995), and the minor changes of the
infrared spectra, can be interpreted according to additional
formation of outer-sphere complexes.

3.1.2. Ferrihydrite

Fig. 8 – Comparison of FT-IR spectra of pure amorphous
Fe:Al-hydroxides, ferrihydrite and gibbsite in the
wavelength range from 1900 cm− 1 to 500 cm− 1.

Previous studies divided the adsorption process into three
stages, in which the first two stages included the formation
of bidentate binuclear surface complexes and the third stage
involved the formation of three bonds between phosphate
and iron for both migration and precipitation, respectively
(Nanzyo, 1986; Parfitt, 1979, 1989), since a long equilibration
time resulted in the formation of a stable mineral-phosphate
phase (Persson et al., 1996). Also, Nanzyo (1986) specified the
adsorption of amorphous iron phosphate and partly bidentate
binuclear surface complexes. Further studies also described a
bidentate binuclear complex as the dominant surface species
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of adsorbed phosphate (Khare et al., 2007; Nanzyo, 1986;
Parfitt, 1979), specified as prevalently nonprotonated (Antelo
et al., 2010; Arai and Sparks, 2001). Krumina et al. (2016)
and Borggaard et al. (2005) also suggested the formation
of a mononuclear monodentate surface complex between
phosphate and ferrihydrite.
When orthophosphate ions were added to the reactive
metal-hydroxide surface groups by ligand exchange, surface
(and structural) OH or H2O molecules were released and a
phosphate surface complex was formed (Goldberg and Sposito,
2008; Parfitt et al., 1975; Torrent et al., 1992), which would be
observed by a decrease in the intensity of the OH stretching
band. Certainly, the OH vibrations of the adsorbed phosphate
species were also included in this vibrational band (Persson
et al., 1996; Tejedor-Tejedor and Anderson, 1990). On the basis
of similar changes in the FT-IR spectra and corresponding to
findings in the goethite structure reported by Ruan et al. (2001a),
it was assumed that the Fe\O and Fe\OH bands at 1539 cm−1
and 1426 cm−1 correspond to the Fe\OH bending vibration at
761 cm−1. Also, the degeneration of the Fe\OH bending band
showed the release of OH groups by attached phosphate and
the development of Fe\O\P bonds. The observed P\O band at
1125 cm−1, with a weak shoulder around 1055 cm−1, can be
assigned to the bands of the H2PO−4 phosphate species, forming
a FeHPO4 surface complex, also described by Tejedor-Tejedor
and Anderson (1990). This can be supported by only minor
variation of the OH stretching vibration, indicating almost
no change of bound OH groups at low phosphate content
and short equilibration time. However, with continuing equilibration time, the OH band intensity decreased, indicating
the conversion of FeHPO4 to Fe2PO4. Also, the Fe\OH band
increased in intensity and did not reach a steady state until
higher adsorbed phosphate content, indicating liberation of
reactive OH sites. A possible explanation can be the precipitation of FePO4, as shown by Nanzyo (1988), with longer
equilibration time.
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With increasing phosphate concentration, the decrease of
the OH band continued with longer equilibration time and
showed less strong reversibility. In addition to the P\O peak
at 1130 cm−1 with a weak shoulder at 1065 cm−1, a new weak
peak at 1012 cm−1 appeared. These are in good agreement with
the earlier reported H2PO−4 bands. Including the permanently
decreased Fe\OH band at P5000, possible surface complexes
could be Fe2PO4 or FePO4, according to Tejedor-Tejedor and
Anderson (1990), the latter of which had a higher C3v symmetry,
which is not consistent with the P\O peak position. Fe2PO4
was more reasonable; certainly, the phosphate peak position
indicated a lower symmetry. Arai and Sparks (2001) explained
possible molecular configurations and mentioned the symmetry
lowering effect of hydrogen bonds.

3.1.3. Amorphous Fe:Al-hydroxide mixtures
In general, the FT-IR spectra of amorphous Fe- and Al-hydroxides
differed regarding the OH stretching vibration region. A shift of
the OH vibrational band to lower wavelength can be related to the
formation of hydrogen bonds (Al-Abadleh and Grassian, 2003)
within the mineral sample. Hence, one possible explanation
could be a higher amount of hydrogen bonds in the Fe-hydroxide
samples and hence, hydrogen bond-affected binding sites, while
the Al-hydroxide samples developed predominantly free OH
groups. Another explanation could be the predominant formation of bulk OH groups in the Fe-hydroxide compared to more
surface OH groups in Al-hydroxide samples (Russell, 1979). The
latter case by itself would not explain the highly different specific
surface areas. The observed formation of Al(OH)3 and FeO(OH) led
to the conclusion that the iron(III) oxide-hydroxide was mainly
associated by hydrogen bonds, while the aluminum hydroxide
was mainly associated by covalent OH bonds (Hass et al., 2000).
Also, the OH stretching vibration for Al-hydroxides increased
compared to the Fe-dominated samples. Including also the
increasingly intense molecular H2O band at 1639 cm−1, it was
concluded that the Al-hydroxides contained more molecular

Fig. 9 – Phosphate desorption kinetics of gibbsite, ferrihydrite and goethite (a), and amorphous Fe:Al-hydroxide mixtures in
0.01 mol/L CaCl2 at pH 6 (b).
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water compared to the Fe-hydroxides, which was not removed
during desiccation. Myronyuk et al. (2016) described a decrease of
the specific surface area as a result of a reduced water adsorption,
and hence, in lower intensity OH stretching bands. Despite
a more intense OH stretching vibration, Al-hydroxide had a
lower specific surface area. It can be concluded that the higher
amount of molecular water, which was not attached on possible
binding sites and was removed during the outgassing procedure,
increased the OH band but not the specific surface area. The shift
of the OH vibration during the adsorption process to higher
wavelength in the Fe-hydroxides and to lower wavelength in the
Al-hydroxides showed both the formation of hydrogen bond- as
well as non-hydrogen bond-affected OH groups.
Similar to the ferrihydrite samples, the P\O peak shifted
continuously to higher frequency with increasing adsorbed
phosphate. The highest wavelength was observed in the
pure Al-hydroxide samples with a value of 1174 cm−1 and
the lowest in the pure Fe-hydroxide samples, with 1128 cm−1.
Besides the phosphate loading, this can be explained by the
lower atomic mass of the associated Al ions compared to the
Fe ions, similar to the Fe/Al\OH vibrations.
The FT-IR spectra of amorphous Fe-hydroxide showed
an increase of molecular water for all concentration levels,
but a decrease of OH groups until P2000 adsorption. Also, the
bending Fe-OH vibration at 751 cm−1 decreased more strongly
with increasing adsorbed phosphate content due to the release
of OH groups from the surface. It was concluded that OH groups
released from the mineral surface formed H2O molecules,
which were located within the amorphous particle structure
and protected from the exsiccation process after adsorption.
The Fe\O and Fe\OH bands around 1400 cm−1 and 1350 cm−1
were affected during adsorption and disappeared from P1000
to P5000, since the binding changed to Fe\O\P, which was
reflected in a broad stretching vibration with a peak at
1102 cm−1. A number of vibrations could not be observed;
however, a lower symmetry than Td for PO3−
4 can be concluded
on the basis of the peak position. Compared to the ferrihydrite
sample, the Fe\OH vibrations were shifted to lower wavelength, which indicated the influence of the hydrogen bonds on
the peak position. For P1000, a FeHPO4, Fe2HPO4 or a Fe2H2PO4
surface complex can be assumed according to the minor
changes observed for the OH band. The OH band shift from
3433 cm−1 to 3467 cm−1 suggested the adsorption of covalently
bonded (Shirodkar et al., 1990) as well as hydrogen-bonded
phosphate complexes. The amount of hydrogen-bonded phosphate seemed to be higher than in the ferrihydrite samples. The
residual Fe\O and Fe\OH bands at 1401 cm−1 and 1352 cm−1
showed that not all possible surface sites were occupied during
adsorption. With increasing phosphate adsorption, the OH
peak decreased continuously, indicating the loss of free and
hydrogen-bonded OH groups, and hence, the formation of a
FePO4 (C3v), Fe2PO4 (C2v) or Fe2HPO4 (C1) surface complex
(Tejedor-Tejedor and Anderson, 1990). Even if no phosphate
vibrations were detected, the Fe\O\P peak was observed at
slightly higher wavelength, which revealed the formation of a
complex with symmetry lower than C2v. Thereby, Fe2HPO4 or
Fe2PO4 were possible binding motifs, which can also be affected
by additional molecular environmental conditions, lowering
the symmetry. This can occur in hydrogen bonds to neighboring
hydroxyl groups or hydrogen bonds to outer-sphere complexes.

Since no maximum adsorption capacity was reached in
the kinetic experiments, the still-available OH groups can be
related to free Fe\OH binding sites or the adsorbed protonated
phosphate species.
In contrast, for the pure amorphous Al-hydroxide, the
flattening of the OH peak and the stronger appearance of
integrated vibrations in the Al-hydroxide samples showed the
increase of hydrogen-bonded molecules and the simultaneous
decrease of free OH groups. While the Fe-hydroxide showed one
distinctive band beside the P\O peak at a wavelength below
1000 cm−1, the Al-hydroxides had two vibrations. However, a
conclusion regarding the symmetry of the adsorbed complex
cannot be drawn due to the mineral-specific absorption bands,
but if the OH stretching vibration is taken into account, the
formation of AlHPO4, Al2HPO4 or Al2H2PO4 could be assumed.
With increasing phosphate content, the OH peak increased
strongly, indicating the preferred formation of AlH2PO4 (Zheng
et al., 2012) and either the binding on neighboring Al ions by
hydrogen bonds or the development of outer-sphere complexes. This was also suggested by the less-strong degeneration
and slight shift of the Al\O and Al\OH vibrations in the range
from 1460 cm−1 to 1350 cm−1, leading to the conclusion that
not all binding sites were affected by phosphate adsorption
with increasing Al ratio, resulting in a low probability of a
multidentate binding mechanism, and a change of the molecular environment by formation of hydrogen bonds.
While 10 Fe:1 Al-hydroxide mixtures indicated the predominant formation of precipitated and hydrogen-bonded phosphates, the 5 Fe:1 Al-hydroxide mixtures showed a distinctive
inner-sphere complexation, developing a nonprotonated
mineral-phosphate complex. The 1 Fe:1 Al-hydroxide mixture showed an observable separation of the integrated OH
stretching peaks, which showed that especially the free OH
groups were influenced during adsorption, while a shift to a
higher or lower amount of hydrogen bonds was not observed.
The 1 Fe:5 Al- and 1 Fe:10 Al-hydroxide samples showed a similar
complexation mechanism for P1000 and P5000, but a different
spectral response for P2000. Kinetic experiments involved a similar
amount of phosphate adsorption for both mixtures, certainly
higher compared to pure Al-hydroxide. Anderson and Benjamin
(1990) assumed a dominant type of particle interaction and its
influence on surface reactions for binary hydroxide systems.
However, the fluctuating intensity of the OH vibration of the
mixed hydroxides could reveal the simultaneous presence of
phosphate binding mechanisms, linked either to amorphous
Fe-hydroxide or Al-hydroxide, overlaid in the FT-IR spectra and
hence, not able to be clearly analyzed by the spectroscopic
experiments performed.

3.2. Kinetics of adsorption and desorption
One aspect influencing the phosphate adsorption behavior in
soil systems is the impact of dissolved ions. Amongst others,
Ca2+ is an important cation in the solution phase of natural
systems. Therefore, it is necessary to work with an electrolyte
background solution during sorption experiments, and it was
found that an increase of ionic strength of the background
electrolyte solution resulted in an increase of phosphate
adsorption due to the addition of negative charge, which
decreases the electrostatic repulsive force and induces Ca2+
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adsorption, leading to a more positive charge on the surface
(Antelo et al., 2005; Talebi Atouei et al., 2016). Arai and Sparks
(2001) determined this effect for Na+, and the formation
of outer-sphere complexes by electrostatic interaction. If the
adsorbed phosphate ions were bound by forming outersphere complexes, the symmetry reduction was caused only
by protonation and not by phosphate binding onto the mineral
surface. The vibrational bands should appear at similar
wavelengths for the dominant phosphate species at a given
pH (Arai and Sparks, 2001).
According to the adsorption capacities for gibbsite and
ferrihydrite given in the literature, the actual amount of
adsorbed phosphate, in particular for ferrihydrite, was larger
than earlier reported values (Borggaard et al., 2005; van
Emmerik et al., 2007; van Riemsdijk and Lyklema, 1980).
Especially for the amorphous Al-hydroxide, the formation
of outer-sphere complexes was assumed due to the high
phosphate adsorption compared to the low specific reactive
surface area. As already mentioned, the observed infrared
spectra with the averaged vibrational bands of phosphate
(Kubicki et al., 2012) and the absorption bands of the minerals
themselves prevent an accurate description of the symmetry
and protonation mode of surface complexes. However, the
shift of the P\O vibration to higher wavelength and the sharp
band profile as well as the pH of 6 indicated the formation of
H2PO4 outer-sphere complexes. An increasing phosphate
concentration strengthened this effect, and led to a higher
ratio of adsorbed phosphate compared to initial phosphate
concentration, as shown in the adsorption measurements.
If H2PO−4 was bound by weak hydrogen-bonded outer-sphere
complexes, desorption experiments should lead to a higher
phosphate release compared to stronger covalent inner-sphere
binding. Since the FT-IR spectra of Fe-hydroxide indicated a
higher amount of hydrogen bonds both before and during
adsorption, the phosphate desorption rate should be higher
compared to Al-hydroxide. The opposite was observed, leading
to the conclusion that during adsorption, as a result of the
weakly associated FeO(OH) molecules, FePO4 precipitate was
formed, which was bound by outer-sphere hydrogen bonds
and not dissolved during desorption due to the low solubility
(Scheffer et al., 2010). The slightly higher desorption rate (0.14%)
of pure Fe-hydroxide compared to Fe\Al-hydroxide mixtures
with predominant Fe (0%) showed a slightly higher amount of
desorbable and hence, less stably bound phosphate on pure
Fe-hydroxide samples. This indicated the binding of phosphate
on already precipitated FePO4 due to fewer available Fe\OH
reaction sites. With increasing Al content and decreasing Fe
content in the Fe\Al-hydroxide mixtures, the lower amount
of Fe contributed completely to the precipitation of adsorbed
phosphate, and the contribution of phosphate bound to Al
during desorption can either be neglected or was superimposed
by the precipitated FePO4. With high Al ratios, desorption
increased, which indicated weaker phosphate bonding of both
inner-sphere and outer-sphere types, respectively. Ferrihydrite
had a slightly higher desorption rate compared to amorphous
Fe-hydroxide, which can be explained by the more rigid
structure of the former and a lower extent of precipitation.
The surface speciation of phosphate on goethite at nearneutral pH was reported as bidentate (Rahnemaie et al., 2007),
and assuming that no other binding motif was present, the
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following conclusions for gibbsite were made: phosphate
adsorption on gibbsite could not be weaker than bidentate
due to having desorption rates in the same range as goethite.
The slightly lower phosphate release can be explained by
AlPO4 precipitation between gibbsite layers. Nevertheless,
weakly bound outer-sphere complexes that can readily desorb
from the mineral surface represented a higher amount of total
desorbed phosphate compared to strong bound inner-sphere
complexation.

3.3. Crystallinity
The OH groups in the layers of gibbsite showed only minor and
nonpermanent changes in intensity, so it was concluded that
no phosphate was bound within the crystal structure. The
amorphous Al-hydroxides were characterized by a less-rigid
crystal structure, which led to better accessibility of reactive
sites within the particle structure and hence, a higher amount
of adsorbed phosphate relative to the reactive surface. Also, the
poorly crystalline character of ferrihydrite enabled the migration of phosphate into the mineral particles, where phosphate
started to form surface complexes as shown by Willett et al.
(1988) and described by Parfitt (1989). This was observed with
the increase of molecular water within the particle structure,
and not affected by desiccation as well. Hence, the amorphous
structure can affect the extent of precipitation by better
accessibility of both surface and structural reactive binding
sites, respectively.

4. Conclusions
For gibbsite, phosphate adsorption occurred mainly on the
surface of the particles, while in-plane reaction sites were not
affected, and with increasing reaction time, the formation of
AlHPO4 and Al2HPO4 can be assumed. Due to an increase of
adsorption during long-term reaction times, the precipitation of
AlPO4 on the Al2OH face sites or hydrogen-bonded outer-sphere
complexes were concluded. The differentiation between surface
complexes and precipitation could not be well evaluated solely
by consideration of the P\O peak, and the absorption bands of
the minerals themselves prevented an accurate description of
the symmetry and protonation mode of the surface complex, so
that the lower symmetry of the adsorbed phosphate complex
can be interpreted according the formation of outer-sphere
complexes. For ferrihydrite, the initial appearance of a FeHPO4
surface complex, conversion to a FeHPO4 or Fe2PO4 complex
and the precipitation of FePO4 with longer equilibration time
were described. Fe2HPO4 or a Fe2PO4 surface complex were
deduced for Fe-hydroxides, and an AlH2PO4 surface complex
for Al-hydroxide, and both revealed either hydrogen bonds
to neighboring hydroxyl groups or hydrogen bonds to outersphere complexes. Gibbsite and pure Al-hydroxide had the
highest phosphate release capacities, but were slightly lower compared to goethite as reference. The Fe:Al-hydroxide
mixtures with high Al ratios showed a substantially lower
phosphate desorption rate compared to gibbsite or pure
Al-hydroxide, while ferrihydrite and the Fe:Al-hydroxide mixtures with high Fe ratios had almost no or a minor desorption
rate. These results led to the conclusion that even a higher
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quantity of weak hydrogen bonds did not enhance desorption
and as a result of the weakly associated amorphous FeO(OH)
molecules, and FePO4 precipitate was formed, which was bound
by outer-sphere hydrogen bonds and not dissolved during
desorption due to its low solubility. Fe:Al-hydroxide mixtures
indicated the precipitation of Fe PO4 as well which, because of
the lower Fe amount, completely contributed to precipitation.
With high Al ratios, desorption increased, indicating weaker
phosphate binding of both inner-sphere and outer-sphere
complexes and hence, either no or a minor quantity of precipitation. The less-rigid structure of amorphous hydroxides
led to the higher accessibility of reactive sites within the particle
structure and a higher amount of migrated and adsorbed
phosphate relative to the reactive surface area. Ferrihydrite
had a slightly higher desorption rate compared to amorphous
Fe-hydroxide, which can be explained by the more-rigid structure of the former and a lower extent of precipitation. Phosphate
binding on gibbsite could not be weaker than bidentate due to
having desorption rates in the same range as goethite. Further
investigations should deal with the questions of how different
inorganic and organic desorption solutions influence phosphate binding during desorption, and if they can affect the
mobilization of precipitated phosphate.
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