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Abstract

The adsorption kinetics of phosphate on goethite has been studied by batch adsorption experiments and by in situ ATR-IR spectroscopy at
different pH, initial phosphate concentrations and stirring rates. Batch adsorption results are very similar to those reported by several authors, and
show a rather fast initial adsorption taking place in a few minutes followed by a slower process taking place in days or weeks. The adsorption
kinetics could be also monitored by integrating the phosphate signals obtained in ATR-IR experiments, and a very good agreement between both
techniques was found. At pH 4.5 two surface complexes, the bidentate nonprotonated (FeO),PO; and the bidentate protonated (FeO),(OH)PO
complexes, are formed at the surface. There are small changes in the relative concentrations of these species as the reaction proceeds, and they
seem to evolve in time rather independently. At pH 7.5 and 9 the dominating surface species is (FeO),PO,, which is accompanied by an extra
unidentified species at low concentration. They also seem to evolve independently as the reaction proceeds. The results are consistent with
a mechanism that involve a fast adsorption followed by a slow diffusion into pores, and are not consistent with surface precipitation of iron

phosphate.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Phosphate is of major concern in environmental chemistry. It
is essential for plant growth in soils and has been recognized as
one of the main nutrients that controls eutrophication in surface
water bodies [1,2]. Its transport and fate in soils and aquifers
must be well understood to better evaluate its environmental
impact.

It is well known that the mobilization of phosphate in the en-
vironment is markedly influenced by mineral surfaces. Adsorp-
tion at mineral surfaces determines the quantity of phosphate
that is retained in the solid phase of soils, groundwaters and
surface waters and therefore is one of the primary processes
that affect and control the transport and bioavailability of this
anion [3].
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Many articles have been published so far on the adsorption
of phosphate on minerals in equilibrium or near equilibrium
conditions. Most of them deal with the adsorption on goethite
(«-FeOOH), which is one of the most common and stable crys-
talline iron (hydr)oxides in natural systems. There is abundant
information on the effects of pH on phosphate adsorption on
goethite. The adsorption occurs in an ample range of pH, in-
creasing by decreasing pH. The interaction is so strong that
phosphate adsorbs even under conditions where the solid sur-
face is negatively charged [4,5]. There is also considerable in-
formation on the effects of ionic strength on the adsorption. The
experiments show that ionic strength has a relatively small in-
fluence on the adsorption behavior [6], suggesting small compe-
tition with supporting electrolyte ions. Other articles also inves-
tigate the effects of goethite crystal morphology on phosphate
adsorption—desorption [5], and competition between phosphate
and other anions for the goethite surface [7-9]. Spectroscopic
studies are less abundant but they provide very useful infor-
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mation on the identity of the surface species that phosphate
forms when adsorbed at the iron (hydr)oxide—water interface.
Tejedor-Tejedor and Anderson [10], for example, used CIR-
FTIR spectroscopy to study phosphate adsorption on goethite
and concluded that phosphate adsorbs at the surface through
the formation of three different inner-sphere surface complexes:
a monodentate nonprotonated complex, and two bidentate com-
plexes, one protonated and one nonprotonated.

Although much less studied than adsorption under equilib-
rium or near equilibrium conditions, phosphate adsorption ki-
netics at the goethite—water interface is also documented in
the literature [5,11]. The interest in studying phosphate adsorp-
tion kinetics is not only theoretical but also practical. It gives
fundamental information on the adsorption mechanism, and
valuable practical information that makes it possible to eval-
uate and predict the rate at which phosphate is sorbed by the
solid phase in soils and sediments of surface waters. Strauss
et al. [5] investigated the effects of pH, phosphate concentra-
tion and crystallinity of goethite on the adsorption kinetics of
phosphate between 30 min and 6 weeks. The data reveals that
in most goethites there is a fast initial adsorption process that
takes place in a few minutes, followed by a slower process that
may last for several days or even weeks. This two-step adsorp-
tion seems to be normal for phosphate adsorption on goethite
[11], and on many other mineral and soil surfaces [12—15]. Sev-
eral mechanisms have been proposed to explain the two-step
adsorption, although there are still some controversies about the
mechanism involved in the slow process, and more research is
still needed.

All kinetic studies regarding phosphate adsorption on goe-
thite rely on macroscopic adsorption data. No spectroscopic
study has been published so far, and thus there is a lack of
information about the type of phosphate species that become
adsorbed as a function of time. This information could be very
important to elucidate the adsorption mechanism.

This article presents a study of the phosphate adsorption ki-
netics at the goethite water interface. The effects of varying
pH, initial phosphate concentration and stirring rate are inves-
tigated. In some selected cases, batch adsorption experiments
were combined with in situ ATR-IR spectroscopy in order to
monitor the evolution of the adsorbed phosphate species as a
function of the reaction time. This gives new insights into the
adsorption mechanism.

2. Materials and methods
2.1. Goethite synthesis and general characterization

Goethite was prepared using a procedure similar to that de-
scribed by Atkinson et al. [16]. Briefly, a 5 M NaOH solution
was added dropwise (10 mL min~!) toa 0.1 M Fe(NO3)3-9H,O
solution until the pH was 12. The resulting ferrihydrite disper-
sion was aged at 60 °C during 3 days and then it was dialysed at
room temperature against doubly-distilled water until the con-
ductivity was lower than 10 uS cm™". After that, the dispersion
was freeze-dried in order to obtain a dry powder.

Powder X-ray diffraction was measured with a Phillips
PW1710 diffractometer between 10° and 70° 26 using CuK,,
radiation. Transmission electron microscopy was performed us-
ing a Phillips CM-12 microscope. Transmission FTIR spectra
were obtained with a Nexus 470 spectrophotometer, and the
BET surface area was measured by N, adsorption with a Mi-
cromeritics ASAP 2000 V3.03 instrument.

2.2. Batch adsorption kinetics

Phosphate adsorption kinetic experiments were carried out
in a cylindrical, water-jacketed reaction vessel covered with
a glass cap. Mixing was done by a magnetic stirrer, and car-
bon dioxide contamination was avoided by bubbling water-
saturated N». The reaction temperature was maintained at 25 £+
0.2 °C by circulating water through the jacket with a FAC (Ar-
gentina) water bath/circulator.

Before starting a kinetic experiment, a stock goethite disper-
sion (12.5 gL~") was prepared by adding solid goethite to a
0.1 M KNOs3 solution. The pH of the resulting dispersion was
then adjusted to the desired value by adding HNO3 or KOH
solutions. Paralelly, 100 mL of a 0.1 M KNOj3 solution con-
taining a known concentration of phosphate were placed in the
reaction vessel, and the stirring (450 rpm, except for the cases
where effects of stirring rate were investigated), N bubbling
and water circulation were switched on. Once the temperature
reached 25 + 0.2 °C, the pH of the KNOz/phosphate solution
was adjusted to the same pH value of the stock goethite dis-
persion. The kinetic experiment was started by adding 2.4 mL
of the stock dispersion to the KNOs/phosphate solution in the
reaction vessel. This time was set as the initial time of the ad-
sorption reaction. At different reaction times, a 5 mL aliquot
was withdrawn, centrifuged at 5000 rpm during 5 min and the
supernatant extracted for phosphate analysis. The reaction was
followed for 360 min and the pH was continuously checked and
kept constant by adding minute volumes of concentrated KOH
or HNO3 solutions.

Phosphate concentration was measured by the method pro-
posed by Murphy and Riley [17], using an Agilent 8453 UV-vis
diode array spectrophotometer equipped with a 1-cm quartz
cell. The detection limit was around 1 uM. Adsorbed phosphate
was calculated from the difference between the initial phos-
phate concentration and the concentration of phosphate that
remained in the supernatant solution.

In all experiments, the pH was measured with a Crison GLP
22 pH meter and a Radiometer GH2401 combined pH elec-
trode. The stirring was controlled with an IKA RH KT/C mag-
netic stirrer.

2.3. ATR-FTIR adsorption kinetics

Adsorption kinetics was also followed by ATR-FTIR spec-
troscopy using a ZnSe crystal. A stock goethite dispersion
(10 g L~") was prepared by dispersing solid goethite in a 0.1 M
KNOj; solution. The resulting dispersion was shaken during one
hour and its pH was adjusted to the desired value (either 4.5, 7.5
or 9.0). Several drops of this dispersion were placed on top of
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the ZnSe crystal and let dry under vacuum overnight in order to
form a dry goethite film. The film was then rinsed with water
to eliminate the excess of goethite particles that did not adhere
well to the crystal. Then, the film was covered with a 0.1 M
KNOj3 solution having the desired pH and a blank spectrum
was recorded in the 8004000 cm™! wavenumber range. After
this, the electrolyte solution was withdrawn and a new 0.1 M
KNOj solution having the same pH and containing 6 x 1075 M
phosphate was added. This time was set as the initial time of the
adsorption reaction. Spectra were then recorded as a function of
time. Experiments were performed with a Nicolet Magna 560
FTIR equipped with either a MCT-A or a DTGS detector. The
only important difference between these two detectors is that
MCT-A is more sensitive than DTGS, giving less scattering of
data. Additional experiments were performed in absence of the
goethite film in order to record the spectra of dissolved phos-
phate species in the KNO3 solution.

Each spectrum is the result of 256 co-added interferograms.
The spectral resolution was 2 cm~! in all cases. The working
temperature in these experiments was 25 =2 °C.

3. Results and discussion
3.1. General characteristics of the synthesized goethite

X-ray diffraction indicated that the synthesized sample was
a well-crystallized goethite, and no evidences for other iron ox-
ides phases were detected. Goethite particles had their typical
acicular shape [18] with a length of around 600 nm and a width
of around 40 nm. The specific surface area was 57 m?g~!.
Transmission FTIR spectra were also typical of goethite, show-
ing characteristic absorption bands at around 3155, 893, 796
and 640 cm~!. Very weak and not well defined vibrations also
appeared at around 1260 and 1400 cm™', which seem to in-
dicate some surface contamination with carbonate. Elemental
analysis and model calculations revealed that this carbonate
contamination may affect around 7% of the goethite surface
sites [19].

3.2. Phosphate adsorption kinetics

Fig. 1 shows the phosphate adsorption kinetics at pH 4.5
as measured by batch experiments. The different curves (ad-
sorbed phosphate, P,gs, vs time, f) with solid symbols rep-
resent different initial phosphate concentrations. All curves
have similar characteristics, showing an important and fast ad-
sorption between t = 0 and 5 min, and a slower adsorption
at longer times. Although adsorption seems to reach comple-
tion at around 300 min, some long-term kinetic experiments
showed that adsorption continues after several days, but very
slowly. For example, for an initial phosphate concentration of
5.47 x 107 M, P,q increased by around 8% between 360 min
and three days of reaction. Data in Fig. 1 are very similar to
those reported in several other articles and, as it has been pro-
posed by several authors, they suggest that adsorption takes
place in at least two interconnected processes: a very fast initial
process, which seems to take place in 5 min or less, followed
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Fig. 1. Adsorption kinetics of phosphate on goethite. Solid symbols show
experiments performed at constant stirring rate (450 rpm) and different ini-
tial phosphate concentrations: (@) 5.47 x 1075 M, (A) 2.73 x 1075 M,
(W) 1.37 x 1075 M, (@) 6.83 x 1070 M. Other symbols show experiments
performed at a constant initial phosphate concentration (5.47 x 107> M) and
different stirring rates: (A) 600 rpm, (+) 400 rpm, ((J) 200 rpm.
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Fig. 2. Adsorption kinetics of phosphate on goethite at different pH: (4) 4.5;
(A) 5.5; (x) 7.5; (O) 8.5; (+) 9.5; (W) 10.5. Initial phosphate concentration:
547 x 1075 M.

by a slower process that takes place in hours or even days [5].
Fig. 1 also shows that phosphate adsorption does not depend on
the stirring rate. This indicates that adsorption after 5 min of re-
action is not controlled by a diffusion process in the aqueous
side of the interface [20].

Fig. 2 shows the effects of pH on the adsorption of phosphate
at a constant initial phosphate concentration (5.47 x 107> M).
The behavior is similar to the reported by Strauss et al. [5]. At
a given reaction time, Pyqs decreases by increasing pH. The be-
havior at long times agrees with that reported by other authors
who measured phosphate adsorption on goethite under equilib-
rium or near equilibrium conditions, showing that the affinity
of phosphate for the goethite surface decreases by increasing
pH [4,6,7]. The general trend of long-time data is also in agree-
ment with model predictions [4,6], which indicate that under
equilibrium conditions the decreased affinity of phosphate for
the goethite surface is the result of a combined effect of the
formation of different inner-sphere surface complexes between
phosphate species and surface groups and electrostatic inter-
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Fig. 3. (a) ATR-FTIR spectra of phosphate adsorbed on goethite at pH 9.0 at different times. (b) Normalized spectra. Times in minutes are indicated in the figure.

actions between phosphate species and the charged goethite
surface.

Fig. 3 shows ATR-IR spectra of adsorbed phosphate at
pH 9. Whereas Fig. 3a shows the effect of time on the spec-
tra, Fig. 3b shows all the spectra after normalization with re-
spect to the highest absorbance. Data analysis is focused in the
900-1200 cm™! region, where bands associated with various
phosphate vibrations are found [21]. The assignment of bands
to different surfaces complexes is based mainly on the work
by Tejedor-Tejedor and Anderson [10], who studied phosphate
adsorption on goethite, and on the work by Arai and Sparks
[22], who studied phosphate adsorption on ferrihydrite. There
are still some controversies about phosphate peak assignments
on goethite, especially after the thorough study by Persson et
al. [23]. However, these authors performed IR spectra to dried
goethite samples, and as the same authors indicate, signifi-
cant shifts in bands positions can be produced by differences
in water contents. Therefore, we keep to the assignments by
Tejedor-Tejedor and Anderson [10] and by Arai and Sparks [22]
whose experimental setups were very similar to ours. Three
main bands are observed in the spectra at pH 9 (Fig. 3): one with
a maximum at 945 & 4 ¢cm~!, a second and more intense one

at 1044 + 3 cm™!, and a third one at 1089 & 3 cm™!. The band
at 945 cm~! may be somewhat affected by baseline correction
because of the strong adsorption of lattice goethite groups that
starts at around 950 cm~! and has a maximum at 893 cm~!. The
three observed bands correspond undoubtedly to inner-sphere
surface complexes since their positions are different to those of
phosphate ions in solution [10]. The intensity of the three IR
bands increases with time, indicating an increased phosphate
adsorption by increasing the reaction time. On the other hand,
Fig. 3b shows that the shape of all spectra is very similar. There
is no change in the bands position and only the relative inten-
sity of the band at 945 cm ™! changes with time. We believe that
this change is not an indication of a structural change of the ad-
sorbed phosphate species but instead an effect of the important
baseline correction that needs to be done at these wavenumbers.

The 1044 and 1089 cm~! bands were already observed by
Tejedor-Tejedor and Anderson [10] for phosphate adsorbed
on goethite. With their experimental set up, they could not
analyse the band at lower frequencies because of the strong
absorption of lattice goethite groups. These authors have as-
signed these two bands to the nonprotonated bidentate complex
(FeO),PO,, based on IR spectra of iron phosphate complexes
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Fig. 4. (a) ATR-FTIR spectra of phosphate adsorbed on goethite at pH 4.5 at different times. (b) Normalized spectra. Times in minutes are indicated in the figure.

in solution. Arai and Sparks [22], on the other hand, found three
IR bands for phosphate adsorbed on ferrihydrite: =952 cm™!,
21021 cm™~! (the most intense one) and =1088 cm !, which
were assigned to the mentioned (FeO);PO, complex on the
basis of symmetry considerations and comparisons with IR
spectra in D>O. Considering that some variation in the bands
positions may occur for phosphate complexes on goethite or
ferrihydrite, this set of band resembles that of Fig. 3. Thus,
ATR-IR data at pH 9 gives good evidence for the formation
of the nonprotonated bidentate complex (FeO),PO,, whose
surface concentration increases as the reaction proceeds. Al-
though this is the most important surface complex at pH 9,
other complexes may be also present at relatively low con-
centrations. According to Tejedor-Tejedor and Anderson [10],
the nonprotonated monodentate complex (FeO)PO3; shows IR
bands at 1001 and 1025 cm™!, and the protonated bidentate
complex (FeO),(OH)PO shows its more intense bands at 1006
and 1123 cm~!. Low concentrations of these complexes could
be the responsible for the small changes in the shape of the
spectra at around 1000 and 1130 cm~! (Fig. 3b).

Experiments performed at pH 7.5 resulted in a spectral be-
havior that was very similar to that observed at pH 9 and thus

they are not shown here. Three bands at 942 4+ 3, 1042 £ 2,
and 1085 42 cm™! were observed, whose intensities increased
as the reaction time increased. No change in the shape of the
spectra was observed after normalization. Thus, at pH 7.5 the
nonprotonated bidentate complex (FeO),PO; is also the main
species that populates the goethite surface.

Fig. 4 is equivalent to Fig. 3, and shows data recorded
at pH 4.5. The intensity of the IR bands increases as time
increases, indicating an increased phosphate adsorption. The
three bands assigned to the (FeO),PO, complex can be also
observed at pH 4.5. However, there is a change in the shape of
the normalized curves as the reaction time increases, suggesting
that at least one extra surface complex is present at signifi-
cant and detectable concentrations. This change is mainly pro-
duced in the 970-1044 cm™! range, where a shoulder at around
1008 cm~! can be observed, and in the 1080-1160 cm™! range.
Tejedor-Tejedor and Anderson [10] showed that two bands, one
with a maximum at 1006 cm™! and other with a maximum at
1123 cm™!, appeared at low pH in the spectra of phosphate
on goethite. They assigned these bands to the monoprotonated
bidentate complex (FeO),(OH)PO. Deconvolution of the spec-
tra allowed them to identify a third band for this complex, at
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982 cm~!, which was around four times less intense than those
at 1006 and 1123 cm™'. The position of these bands coin-
cides well with the spectral changes observed in Fig. 4b, and
suggests that (FeO),(OH)PO is the extra surface complex at
pH 4.5. Similar results were found by Arai and Sparks [22] for
phosphate adsorption on ferrihydrite. They proposed the forma-
tion of the (FeO),(OH)PO complex at pH < 7.5, although they
left open the possibility that other protonated complexes (pro-
tonated monodentate or monodentate with hydrogen bonding)
instead of (FeO)2(OH)PO could be present.

In order to gain more insights into the characteristics of the
spectrum of the extra complex formed at pH 4.5, a subtraction
of the normalized spectrum at 247 min from the normalized
spectrum at 5 min is shown in Fig. 4b. The so obtained dif-
ference spectrum shows a band at 1009 cm™!, another band at
1121 cm™!, and a weak band at around 930 cm™!. This dif-
ference spectrum is very similar to the spectrum attributed to
the (FeO)2(OH)PO complex by Tejedor-Tejedor and Anderson
[10], except for the weak band at 930 cm™!, which is outside
the wavenumber range investigated by these authors. It is neces-
sary to remark that the shape of the difference spectrum shown
in Fig. 4b may not coincide exactly with the shape of the spec-
trum of the (FeO),(OH)PO complex. They will coincide if no
(FeO)2(OH)PO complex exists at the surface at 247 min or
longer times, fact that is not completely true (see below). In
spite of this, the spectral subtraction is very useful because it
makes it possible to identify with good accuracy the position of
the bands assigned to the protonated bidentate complex.

Although not shown here, we have also investigated the
changes in absorbance in the 1200—1600 cm ™! range during the
kinetic runs. This is a range where adsorbed carbonate shows
important vibrations [21,24,25], and where variations in ab-
sorbance should have been detected if adsorbed phosphate dis-
placed significant amounts of carbonate impurities. No changes
were observed at any time indicating that possible carbonate
impurities, if exist, are not participating at significant extent in
the phosphate adsorption process.

An important conclusion of the work by Tejedor-Tejedor and
Anderson [10] is that the integrated absorption coefficients for
all phosphate surface complexes should be the same. This opens
the possibility of quantifying the relative adsorption of phos-
phate as a function of time from ATR-IR data by integrating
the IR absorption bands. This has been carried out by deconvo-
lution of the spectra into several peaks in the 900-1200 cm™!
range. No constrains for amount of peaks or peak positions are
actually needed in this deconvolution. The only important fact
is to obtain a good fit of the spectra in order to accurately eval-
uate their areas, which should be proportional to the amount
of adsorbed phosphate. However, spectral deconvolution under
certain constrains may be helpful to identify and quantify the
different surface complexes and to follow their evolution as the
adsorption reaction proceeds. Three gaussians corresponding to
the (FeO),PO, complex and three gaussians corresponding to
the (FeO)2(OH)PO complex were used in the deconvolution.
The position of the bands of the nonprotonated complex was
constrained to wavenumbers around 947, 1044 and 1089 cm™1;
the positions of the bands of the protonated complex were con-
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Fig. 5. Comparison of the adsorption kinetics of phosphate as measured by
batch and ATR-IR experiments. Batch: () pH = 9.0; (A) pH = 7.5; (H) pH
=4.5; ATR-IR: () pH = 9.0; (A) pH = 7.5; (O) pH = 4.5.

strained to wavenumbers around 930, 1009 and 1126 cm™!.
A very good spectral fit was found in all cases (R> > 0.995),
and the areas of the spectra could be accurately evaluated mak-
ing it possible to compare adsorption kinetics measured by
ATR-IR and batch experiments. This comparison is shown in
Fig. 5. A very good agreement can be observed at the three
investigated pH, indicating that the kinetics of phosphate ad-
sorption on goethite can be followed by integrating the ATR-IR
signal. This agreement is also consistent with the fact that ad-
sorption kinetics after 5 min of reaction does not depend on dif-
fusional processes in the solution side of the interface. In fact, if
these processes were the rate controlling ones, no coincidence
would have been expected between both types of experiments,
since batch adsorption was performed under stirring, whereas
ATR-IR was performed in a relatively quiet system, with no ex-
ternal stirring.

The deconvolution of spectra was very consistent for data
obtained at pH 4.5. The six mentioned gaussians were necessary
to obtain a good spectral fit. The peak positions for the nonpro-
tonated complex were 952 + 2, 1047 £ 1 and 1092 £+ 3 cm_l,
and their relative areas were around 0.3/1/0.7 in all the cases.
The peak positions for the protonated complex were 933 £ 1,
1012 &+ 3 and 1122 &+ 4 cm™!, and their relative areas were
always around 0.25/1/0.3. This consistency suggests that a re-
liable evolution in time of the surface concentrations of the
(FeO),PO, and (FeO)>(OH)PO complexes can be obtained.
In contrast, the deconvolution of spectra for data obtained at
pH 7.5 and 9 was not so consistent. Although using six gaus-
sians produced a very good spectral fit, the peak positions and
their relative areas changed illogically, especially for the peaks
assigned to the (FeO),(OH)PO complex. Moreover, similar fit
could also be achieved with four gaussians: the three gaus-
sians corresponding to the (FeO),PO; complex, which is surely
present at this pH, plus an extra gaussian with maximum at
101244 cm™!. In spite of these problems in deconvolution, the
results indicate that at pH 7.5 and 9 (FeO), PO is the dominant
surface complex, and that at least other surface complex (either
(FeO),(OH)PO, (FeO)PO3 or other) is also present. A rough es-
timation suggests that the concentration of (FeO),PO, should
represent around 80% of the total Pyqs.
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Fig. 6. Evolution in time of the concentration of surface complexes at pH 4.5:
(@) total; (A) bidentate nonprotonated (FeO), PO,; (M) bidentate protonated
(FeO),(OH)PO.

Fig. 6 shows the evolution in time of the surface concentra-
tion of (FeO),PO, and (FeO)2(OH)PO complexes at pH 4.5.
The concentration of both complexes increases as the reaction
proceeds, and there are some changes in the relative concentra-
tion of both species between 5 and 220 min. In fact, whereas
(FeO),PO, represents 61% of Pygs at 5 min, it becomes 68% of
Pags at 220 min. These changes, although detectable, are rela-
tively small and it seems that both complexes adsorb and evolve
in time rather independently. No figures equivalent to Fig. 6 can
be constructed for data obtained at pH 7.5 and 9, since the sur-
face concentration of the species accompanying (FeO),PO; is
relatively low and could not be accurately quantified. However,
what is clear from ATR-IR data obtained at pH 7.5 and 9, is
that the predominant species, (FeO),PO», and its accompany-
ing species evolve equally in time since the shape of the spectra
does not change as the reaction proceeds.

3.3. The slow adsorption step

Although phosphate adsorption kinetics on goethite can be
interpreted as the result of at least two interconnected adsorp-
tion steps, there is no much information regarding the mecha-
nisms of these processes at the molecular level. Actually, it is
physically unrealistic to make a clear separation between the
two mentioned steps and to identify when the initial fast step
finishes or when the slow step begins. However, there is a gen-
eral agreement in that both steps take place at very different
time scales. In fact, the initial fast adsorption process is inter-
preted as an adsorption reaction whereby dissolved phosphate
species bind rapidly surface groups at the goethite surface.
This kind of reactions usually takes place in milliseconds for
the case of ion adsorption at oxide surfaces [26,27]. The sec-
ond process is much slower and takes place in days or even
weeks. Since ATR-IR and batch adsorption experiments are
usually performed at times longer than a few minutes of reac-
tion, these techniques can provide useful information about the
slow process.

Martin et al. [28] suggested that the slow step is a slow pre-
cipitation of iron phosphate at the surface. Van Riemsdijk et al.
[15], on the other hand, suggested that it represents a slow diffu-

sion of the anion through a growing coating of iron phosphate.
Anderson et al. [11] proposed that the fast initial adsorption to
a goethite particle was followed by a slow and progressive co-
agulation due to phosphate that bonded and bridged primary
particles. Later, Torrent et al. [12] suggested that this step is a
slow diffusion of phosphate to the surface of pores located be-
tween domains of contiguous crystals or between aggregated
particles. Strauss et al. [5], provided further lines of evidences
for this diffusion mechanism. They were able to successfully
predict the effects of pH, temperature and initial phosphate con-
centration on the adsorption kinetics of phosphate on goethite
samples of varying crystallinity and surface area with a model
that assumed a fast initial adsorption reaction connected to a
diffusive penetration towards the center of the particle. Their
studies on phosphate release by concentrated HCI and NaOH
solutions were also consistent with this mechanism.

Batch experiments do not allow to distinguish among iron
phosphate precipitation at the surface of goethite, diffusion
of phosphate through a coating of iron phosphate, phosphate
bridging of goethite particles and diffusion into pores. However,
ATR-IR provides useful information in this respect. ATR-IR re-
sults are not compatible with the first two mechanisms since
they show no indication of the formation of iron phosphate dur-
ing the sorption reaction. In fact, the IR absorption bands of
several crystalline or amorphous iron phosphates are different
to those observed in Figs. 3 and 4 [23,29] suggesting that iron
phosphate is not formed within our experimental conditions.
Moreover, a sorption process that combines a fast adsorption
followed by a slow formation of iron phosphate would be re-
flected in changes in the spectra as the reaction time increases.
These changes are certainly not observed at pH 7.5 and 9.
Although some changes are observed at pH 4.5, the general
trend observed in Fig. 6 is that both adsorbed complexes evolve
rather independently giving no evidence for the formation of
iron phosphates. ATR-IR results seem to be also incompatible
with the bridging mechanism because it requires that phosphate
changes its bonding arrangement as the second step progresses.
Even though there are still some controversies about phosphate
peak assignments on goethite, as it was indicated in Section 3.2,
the invariability of the peaks positions as reaction proceeds in-
dicate that ATR-IR results are more compatible with surface
diffusion into pores, where surface complexes that are formed
after the first minutes of reaction migrate rather slowly into the
pores without changing appreciably their identity.

4. Conclusions

ATR-IR has shown to be a useful technique to follow phos-
phate adsorption kinetics on goethite. Under certain conditions,
the technique is able to distinguish the formation of different
surface complexes at the goethite—water interface during the
adsorption reaction, and to monitor the evolution in time of
these species. According to the peak assignments by Tejedor-
Tejedor and Anderson [10] and by Arai and Sparks [22], at
pH 4.5 the formation of both, (FeO),PO, and (FeO),(OH)PO
species is detected from the beginning of the experiments. Al-
though there are some changes in the relative concentrations of
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these species as the reaction proceeds, the changes are relatively
small and the species seem to evolve rather independently. At
pH 7.5 and 9, on the other hand, the dominating surface species
is (FeO),PO,, although one or more extra species may be ac-
companying it at low surface concentrations. Even though the
net surface concentration of these species increases as the re-
action proceeds, their relative concentration does not change.
The results are consistent with a mechanism that involves a fast
adsorption followed by a slow diffusion into pores.

Besides the usefulness of ATR-IR to study adsorption kinet-
ics of systems were one type of adsorbing ion is present, the
technique appears to be very promising for studying adsorption
kinetics and competition among different ions. For example, the
technique could be useful to study competition between car-
bonate and phosphate for goethite surface sites by investigating
the ATR-IR signals in the 1200-1600 and the 900—1200 cm ™!
ranges respectively. This kind of study could be very useful to
gain information on the dynamics of processes that control the
transport and fate of phosphate in soils and aquifers. In addi-
tion, ATR-IR also may become very helpful in the development
of theoretical models that describe adsorption kinetics at the
mineral-water interface. Among several models of adsorption
kinetics, the one developed by Strauss et al. [5] seems to be
the only model that takes into account both, phosphate adsorp-
tion on charged external surfaces and phosphate diffusion into
pores. This model, however, needs to be improved and modified
in order to consider the formation of the different inner-sphere
surface complexes that were detected by ATR-IR, and much
work is still needed in this respect.

Acknowledgments

We thank the Unidad de Actividad Quimica (CNEA-Consti-
tuyentes) for the use of the ATR-IR instrument and Luis Garcia
Rodenas (CNEA) and Olga Pieroni (Universidad Nacional del
Sur) for their help with the ATR measurements. This work was
financed by Fundacién Antorchas, CONICET and SECyT. C.L.
and M.B. thank CONICET for the doctoral fellowships.

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.
[3] D.L. Sparks, Environmental Soil Chemistry, Elsevier Science, New York,
2003.
[4] T. Hiemstra, W.H. Van Riemsdijk, J. Colloid Interface Sci. 179 (1996)
488.
[5] R. Strauss, G.W. Briimmer, N.J. Barrow, Eur. J. Soil Sci. 48 (1997) 101.
[6] J. Antelo, M. Avena, S. Fiol, R. Lopez, F. Arce, J. Colloid Interface
Sci. 285 (2005) 476.
[7] B.A. Manning, S. Goldberg, Soil Sci. Soc. Am. J. 60 (1996) 121.
[8] Y. Gao, A. Mucci, Geochim. Cosmochim. Acta 65 (2001) 2361.
[9] N. Xu, C. Christodoulatos, W. Braida, Chemosphere 62 (2006) 1726.
[10] M.IL Tejedor-Tejedor, M.A. Anderson, Langmuir 6 (1990) 602.
[11] M.A. Anderson, M.I. Tejedor-Tejedor, R.R. Stanforth, Environ. Sci. Tech-
nol. 19 (1985) 632.
[12] J. Torrent, U. Schwermann, V. Barrén, Clays Clay Miner. 40 (1992) 14.
[13] S. Kuo, E.G. Lotse, Soil Sci. 116 (1974) 400.
[14] N.J. Barrow, T.C. Shaw, Soil Sci. 119 (1975) 167.
[15] W.H. van Riemsdijk, L.J.M. Boumans, F.A.M. de Haan, Soil Sci. Soc. Am.
J. 48 (1984) 537.
[16] R.J. Atkinson, A.M. Posner, J.P. Quirk, J. Phys. Chem. 71 (1967) 550.
[17] J. Murphy, J.P. Riley, Anal. Chim. Acta 27 (1962) 31.
[18] F. Gaboriaud, J.J. Ehrhardt, Geochim. Cosmochim. Acta 67 (2003) 967.
[19] J. Antelo, Efecto de las sustancias himicas en la adsorcién de fosfato so-
bre goetita, Ph.D. thesis, Universidad de Santiago de Compostela, Spain,
2004.
[20] A.C. Lasaga, Kinetic Theory in the Earth Sciences, Princeton Univ. Press,
Princeton, New Jersey, 1998.
[21] G. Lefévre, Adv. Colloid Interface Sci. 107 (2004) 109.
[22] Y. Arai, D.L. Sparks, J. Colloid Interface Sci. 241 (2001) 317.
[23] P. Persson, N. Nilsson, S. Sjoberg, J. Colloid Interface Sci. 177 (1996)
263.
[24] H. Wijnja, C.P. Schulthess, Soil Sci. Soc. Am. J. 65 (2001) 324.
[25] M. Villalobos, J.O. Leckie, J. Colloid Interface Sci. 235 (2001) 15.
[26] N. Mikami, M. Sasaki, K. Hachiya, R.D. Astumian, T. Ikeda, T. Yasunaga,
J. Phys. Chem. 87 (1983) 1454.
[27] G. Sposito, The Surface Chemistry of Natural Particles, Oxford Univ.
Press, New York, 2004.
[28] R. Martin, R. Smart, K. Tazaki, Soil Sci. Soc. Am. J. 52 (1988) 1492.
[29] A.C. Chapman, L.E. Thirlwell, Spectrochim. Acta 20 (1964) 937.



	Kinetics of phosphate adsorption on goethite:  Comparing batch adsorption and ATR-IR measurements
	Introduction
	Materials and methods
	Goethite synthesis and general characterization
	Batch adsorption kinetics
	ATR-FTIR adsorption kinetics

	Results and discussion
	General characteristics of the synthesized goethite
	Phosphate adsorption kinetics
	The slow adsorption step

	Conclusions
	Acknowledgments
	References


