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The kinetics of the arsenate-induced desorption of phosphate from goethite has been studied with a batch
reactor system and ATR-FTIR spectroscopy. The effects of arsenate concentration, adsorbed phosphate,
pH and temperature between 10 and 45 °C were investigated. Arsenate is able to promote phosphate des-
orption because both oxoanions compete for the same surface sites of goethite. The desorption occurs in
two steps: a fast step that takes place in less than 5 min and a slow step that lasts several hours. In the slow
step, arsenate ions exchange adsorbed phosphate ions in a 1:1 stoichiometry. The reaction is first order

izgv: re‘j(sc:hange with respect to arsenate concentration and is independent of adsorbed phosphate under the experimental
Iron oxide conditions of this work. The rate law is then r = k,[As], where r is the desorption rate, k, is the rate constant
Oxoanions and [As] is the arsenate concentration in solution. The values of k, at pH 7 are 1.87 x 107> Lm~2 min~! at
Adsorption 25°C and 7.95 x 107> Lm~2 min~" at 45°C. The apparent activation energy of the desorption process is

51 kJmol~'. Data suggest that the rate-controlling process is intraparticle diffusion of As species, prob-
ably As diffusion in pores. ATR-FTIR spectroscopy suggests that adsorbed phosphate species at pH 7 are
mainly bidentate inner-sphere surface complexes. The identity of these complexes does not change during

desorption, and there is no evidence for the formation of intermediate species during the reaction.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Phosphate and arsenate are of major concern in environmental
chemistry. Phosphate is not toxic, but is one of the main species
responsible for eutrophication of fresh water bodies [1,2]. It is often
added to soil as a plant nutrient. Arsenate is toxic and carcinogenic.
Health problems related to its high concentration in groundwaters
have been worldwide recognized [3,4]. It can be present as a natural
contaminant or it may be added to soils as a pesticide.

The mobilization of phosphate and arsenate in the environment
is significantly influenced by adsorption-desorption processes on
mineral surfaces. Many studies have been performed regarding
adsorption-desorption of these anions and their protonated species
on different solid phases [5-8]. In particular, ferric oxides and
hydrous ferric oxides have been widely studied due to their abun-
dance in soils and sediments [9-13]. Understanding the reactions
between these solids and phosphate and arsenate is a key factor for
understanding and modelling their environmental behaviour.

Phosphorus and arsenic are both Group 15 (5A) elements of
the periodic table, and thus phosphate and arsenate are species
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that have very similar structure [14] and chemical reactivity. They
have very similar adsorption behaviour on solid surfaces [15,16].
On goethite, for example, they both adsorb with high affinity in
an ample interval of pH [17-19], and the adsorption decreases by
increasing the pH. Gao and Mucci [17] showed that under the same
experimental conditions the adsorbed amount of phosphate and
arsenate under equilibrium or near equilibrium situations only dif-
fers by around 10 or 20%. Adsorption constants of arsenate and
phosphate on goethite are rather similar [18], indicating that they
have the similar reactivity and react with the same surface sites.
In addition, Luengo et al. [19] have also shown that the adsorption
kinetics on a goethite sample is very similar in an ample range of pH,
temperature and initial anion concentration. Such as these, there
are several other articles showing the similarities in the adsorption
of phosphate and arsenate on goethite [20-22].

The similarities in the adsorption of phosphate and arsenate
are not only apparent from macroscopic adsorption data. There
is also spectroscopic evidence indicating that both anions form
the same kind of surface complexes with goethite. Tejedor-Tejedor
and Anderson [23], for example, suggested by using CIR-FTIR spec-
troscopy that phosphate adsorbs at neutral pH values mainly
through the formation of bidentate surface complexes. The same
conclusions were obtained by Luengo et al. [24], who monitored
the adsorption kinetics of phosphate on goethite by ATR-FTIR, and
suggested that the mentioned bidentate complexes are the main
surface species during adsorption at pH 7.5. On the other hand,
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O’Reilly et al. [25] found with EXAFS the same kind of inner-sphere
surface complexes formed by arsenate at the goethite surface at
pH 6. Although it is sometimes difficult to prove with FTIR, EXAFS
or other spectroscopies the exact nature of the adsorbed species,
data suggests that both phosphate and arsenate form inner-sphere
complexes with the same kind of surface groups in goethite.

In view of the similarities in their structure, reactivity and type of
surfaces complexes formed at the goethite surface, phosphate and
arsenate must compete for adsorption sites on this solid. Indeed,
phosphate has beenreported to suppress the adsorption of arsenate
(and vice versa) on goethite and many other oxides, clay minerals
and soils [16]. Similar competing behaviour was shown by Manning
and Goldberg [15] on goethite and gibbsite, although they propose
inaddition that some surface sites were uniquely available for either
phosphate or arsenate. Hongshao and Stanforth [21] also reported
competing behaviour on goethite when both anions were added
simultaneously to a goethite suspension.

The competition can be also studied by desorption experiments.
Hongshao and Stanforth [21], for example, induced phosphate
desorption from goethite by adding arsenate, and vice versa. By
quantifying simultaneously the concentration in solution of both
anions, they could monitor the displacement of the adsorbed anion
by the competing one at different times. Frau et al. [26] studied the
effects of phosphate and other ions on the desorption kinetics of
arsenate from ferrihydrite-bearing natural samples. They showed
that phosphate is a strong competitor of arsenate. Such as these,
there are many other articles reporting desorption of phosphate by
arsenate or vice versa [15,16,22,25,27,28].

Most articles regarding adsorption, desorption and competition
between phosphate and arsenate on solid surfaces are focussed
on experimental data obtained under equilibrium or near equi-
librium conditions. There is less information on the kinetics of
these processes. This kind of information is valuable for a better
understanding of the mechanisms of the adsorption-desorption
processes of these oxoanions. Thus, the aim of this article is to study
the desorption kinetics of phosphate from goethite as induced by
the presence of arsenate. Phosphate is adsorbed first and then arse-
nate is added to promote phosphate desorption. The decrease in
adsorbed phosphate is monitored as a function of time, and the
effects of arsenate concentration, initial adsorbed phosphate, pH
and temperature on the desorption rates are evaluated.

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

Goethite was prepared using a procedure similar to that
described by Atkinson et al. [29]. Briefly, a 5M NaOH solution was
added dropwise (10mLmin~1) to a 0.1 M Fe(NO3)3-9H,0 solution
until the pH was 12. The resulting ferrihydrite suspension was aged
at 60°C for 3 days and then it was washed with doubly distilled
water until the conductivity was lower than 10 wS cm~1. After that,
the suspension was freeze-dried in order to obtain a dry powder.
Teflon containers were used for the synthesis because pH 12, high
temperature and long ageing times could lead to silicate contami-
nation. All solutions were prepared with purified water, boiled and
purged with N, to avoid carbonate contamination. Purging with
N, was also performed during the mixing of the NaOH and the
Fe(NOj3)3-9H,0 solutions. Powder X-ray diffraction (measured with
a Rigaku Geigerflex diffractometer between 2° and 40° 20 using
CuK,, radiation) showed that the synthesized sample was a well-
crystallized goethite. Transmission FTIR spectrum (obtained with a
Nexus 470 spectrophotometer) was also typical of goethite, show-
ing its characteristic absorption bands at around 3155, 893, 796
and 640 cm~"! [18,23,28]. No signs of carbonate bands at around
1335 and 1490 cm~! were found [30]. The N,-BET surface area was

77.8m? g~ as measured with a Quantachrome Nova 1200e instru-
ment. Scanning electron microscopy (performed with a Leo EVO-40
XVP instrument) showed that goethite is present as large particles
having up to around 40 pm size. These particles, however, are aggre-
gates of much smaller acicular particles of around 0.3 wm length
(see supplementary material).

2.2. Batch experiments

Adsorption-desorption experiments were carried out in a cylin-
drical, water-jacketed reaction vessel covered with a glass cap.
Mixing was done by a magnetic stirrer, and carbon dioxide con-
tamination was avoided by bubbling N,. The reaction temperature
was maintained at 25+ 0.2 °C (except for the cases where effects
of temperature were investigated) by circulating water through the
jacket with a FAC (Argentina) water bath/circulator.

Before starting an adsorption-desorption experiment, a stock
goethite suspension (15.5gL~!) was prepared by adding solid
goethite to a 0.1 M KNOjs solution. The pH of the resulting suspen-
sion was then adjusted to 7.0 (or other desired value) by adding
HNOj3 or KOH solutions. 100 mL of a 0.1 M KNO3 solution containing
a known concentration of phosphate (5.48 x 10> M) were placed
in the reaction vessel, and the stirring (450 rpm), N, bubbling and
water circulation were switched on. This initial phosphate con-
centration was the same in all batch experiments (except when
the effects of initial adsorbed phosphate were investigated, where
3.55 x 10> and 2.03 x 10~ M phosphate concentrations were also
used) and was chosen to obtain high surface coverages, as deduced
from adsorption isotherms (see below). Once the temperature
reached the desired value, the pH of the KNO3/phosphate solution
was adjusted to 7.0 (or the other desired value) by adding HNO;
or KOH. The experiment was started by adding 2.0 mL of the stock
suspension to the KNO3/phosphate solution in the reaction vessel
to produce phosphate adsorption. At different adsorption times, a
4.0 mL aliquot of the well-mixed suspension was withdrawn, cen-
trifuged at 1050 x g during 5min and the supernatant extracted
for phosphate analysis. The phosphate adsorption reaction was fol-
lowed for 90 min.

The desorption kinetics experiment was started by adding a
known volume of a 1.61 x 10~3 M arsenate solution, whose pH was
previously adjusted to the working pH. This volume was chosen so
that the ratio between total phosphate and total arsenate (Pr/Ast)
in the vessel was either 1:3, 1:1 or 3:1 in molar/molar units in
most cases. After the addition of arsenate, 5.0 mL aliquots of the
suspension were withdrawn at different times, centrifuged and the
supernatant separated for phosphate analysis. The desorption reac-
tion was followed for 390 min in experiments performed at 25 + 0.2
and 10 £ 0.2 °C. This time was shortened to 210 min for experiments
performed at 4540.2°C since at longer times some evaporation
that significantly affected the results was detected.

Phosphate concentration in the supernatants was measured
by the malachite green spectrophotometric method proposed by
Linge and Oldham [31], after arsenate reduction with acidified
sodium sulphite. In addition, in order to investigate if there was
simultaneous adsorption of arsenate, the total anions concentra-
tion (phosphate + arsenate) was measured by the molybdenum blue
method proposed by Tsang et al. [32], reading the absorbance at a
wavelength of 880 nm, where both anions have the same molar
extinction coefficient. UV-Vis spectra were recorded with an Agi-
lent 8453 UV-Vis diode array spectrophotometer equipped with a
1-cm quartz cell.

In all experiments the pH was continuously checked and kept
constant by adding minute volumes of concentrated KOH or HNO3
solutions if necessary. The pH was measured with a Crison GLP 22
pH meter and a Radiometer GH2401 combined pH electrode. The
stirring was controlled with an IKA RH KT/C magnetic stirrer.
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Besides these kinetic experiments, a phosphate adsorption
isotherm was performed by adding appropriate volumes of
1.61 x 10~3 M KH,PO4 to 0.2 mL of goethite suspensions (15.5gL™1)
in 0.1 M KNOs, at pH 7.0 and 25 °C. The suspensions were shaken for
90 min, followed by centrifugation and supernatant analysis. The
same procedure was used to measure an adsorption isotherm for
arsenate, using in this case appropriate volumes of 1.61 x 1073 M
KH;AsO4. Phosphate or arsenate concentrations were measured by
the mentioned malachite green spectrophotometric method [31].

2.3. ATR-FTIR experiment

The desorption of phosphate by addition of arsenate was also
followed by ATR-FTIR spectroscopy as a complementary technique.
A stock goethite suspension (5gL~1) in 0.1 M KNO3 solution was
shaken during one hour and its pH was adjusted to 7.0. Several drops
of this suspension were placed on top of the ZnSe crystal of the ATR
accessory 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 KNOs solution of pH 7 and
a blank spectrum was recorded in the 800-4000 cm~! wavenum-
ber range. After this, the electrolyte solution was withdrawn and
a new 0.1 M KNOs solution having the same pH and containing
1 x 1074 M phosphate was added. Spectra were then recorded as
a function of time during 120 min to follow phosphate adsorption
as previously described [24]. After this, the solution was withdrawn
and anew 0.1 M KNOj3 solution now containing 1 x 10~% M arsenate
at pH 7 was added. This was set as the initial time for the desorp-
tion experiment. The spectra were recorded as a function of time
during 92 min to follow phosphate desorption. Experiments were
performed with a Nicolet Magna 560 FTIR equipped with a DTGS
detector. Each spectrum is the result of 256 co-added interfero-
grams. The spectral resolution was 2 cm~! in all cases. The working
temperature in these experiments was 25 +2°C.

3. Results and discussion

Fig. 1 shows the adsorption isotherms of phosphate and arsenate
at pH 7. Both anions show very similar isotherms. This similar-
ity, which has been reported in many other articles, reflects the
similarity in the affinity of both anions for the goethite surface.
Adsorption increases up to concentrations of around 2 x 107> M
and then becomes almost independent on the concentration of
oxoanions, nearly reaching a plateau value. The coincidence in
the plateau values is consistent with ATR-FTIR [23,24] and EXAFS
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Fig. 1. Phosphate and arsenate adsorption isotherms on goethite in 0.1 M KNO3 at
pH 7 and 25°C: (#) phosphate; () arsenate.
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Fig. 2. ATR-FTIR spectra of surface phosphate species during desorption after addi-
tion of arsenate at pH 7.0. Values of t4 in minutes are indicated in the figure.

[25] data, which show that both anions form very similar sur-
face complexes on goethite, mainly bidentate complexes, occupying
the same amount of sites at the surface per adsorbed oxoanion.
These plateau values are also within the values normally found for
goethites [18,24,33].

Fig. 2 shows the evolution in time of ATR-FTIR spectra of
a goethite that has been first subject to phosphate adsorption,
followed by an introduction of arsenate to induce phosphate des-
orption. The spectrum at the desorption time, tg., zero is the
spectrum registered immediately before the introduction of arse-
nate. The bands shown by the spectra are the typical ATR-FTIR
absorption bands of adsorbed phosphate at pH around 7 [23,24],
and they correspond to the mentioned bidentate surface com-
plexes. Data shows that there is an important decrease in the
intensity of the spectrum after 6 min of reaction and that this
decrease is less marked at longer desorption times. The decrease
in the signal indicates that phosphate desorbs after arsenate addi-
tion. Thus, desorption is relatively fast between 0 and 6 min and
then becomes slower. Complete desorption is not expected in this
kind of experiments since both phosphate and arsenate are present
in the system at significant concentrations.

Fig. 2 also shows that the shape of all spectra is very similar.
There is no change in the bands position and only their inten-
sity is decreasing upon desorption. Thus, the presence of arsenate
does not change the binding mode of phosphate, and phosphate
remains adsorbed as a bidentate complex during desorption. There
is no evidence for the formation of intermediate species during
desorption. The data is analogous to the findings by O'Reilly et al.
[25] for the reverse process. For the phosphate-induced desorp-
tion of arsenate from goethite, these authors found that arsenate
remained always as a bidentate complex during desorption, since
no changes in its binding mode were detected by EXAFS. Unfortu-
nately, although Fig. 2 clearly indicates that arsenate is inducing
phosphate desorption, the simultaneous adsorption of arsenate
could not be monitored by ATR-FTIR. According to Parikh et al.
[34] arsenate bands appear at 875 and 908 cm~! on birnessite and
hydrous manganese oxide. If this is the case for arsenate on goethite,
this IR region is almost coincident with the strong absorption bands
of goethite, impeding the analysis of arsenate bands by ATR-FTIR.

Fig. 3 shows the total anions (phosphate + arsenate) concentra-
tion in the supernatant as a function of time for several desorption
experiments. Time zero in these experiments corresponds to the
time of arsenate addition, and the first data point is obtained after
5 min of reaction. In all cases the sum of the concentrations of phos-
phate and arsenate in the supernatant remains constant in time.
The invariability of total anions concentration as the reaction pro-
ceeds means that any amount of adsorbed arsenate is corresponded
with the same amount of desorbed phosphate, i.e., arsenate ions
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Fig. 3. Total (phosphate +arsenate) concentration in supernatant as a function of
desorption time at pH 7 for the different experiments performed. x, 25 °C and Pr/Ast
1:3;0,10°Cand Pr/Ast 1:1; O,45°Cand Pr/Ast 1:1; ¢, 25°Cand Pr/Ast 1:1; A,25°C
and Pr/Ast 3:1.

exchange adsorbed phosphate ions in a 1:1 stoichiometry. A 1:1
exchange stoichiometry is expected at high surface coverages, close
to surface saturation. Under this extreme condition, since there are
no available sites at the goethite surface for arsenate adsorption,
arsenate has to exchange with adsorbed phosphate and thus the
total anions concentration in the supernatant remains unchanged.
Similar exchange results were informed by Hongshao and Stan-
forth [21] mainly under conditions of high surface coverages. This
behaviour is not so simple at low surface coverages, where arsenate
has available surface sites for adsorption and it may simply adsorb
without any exchange occurring [21].

The 1:1 stoichiometry deduced from Fig. 3 is true for times
longer than 5min, since the first data point was obtained at this
desorption time. It is very difficult, however, to achieve the same
conclusion for desorption times between 0 and 5 min. When the
total anions concentration in the supernatant measured in the
experiments is compared to a theoretical value calculated as the
sum of phosphate remained in solution after phosphate adsorp-
tion plus added arsenate, the experimental values were around 10%
(between 8% and 12%) lower than the calculated ones. An exact
1:1 stoichiometry between t;4,; 0 and 5 min requires a coincidence
between these two values. The 10% difference may suggest that
some arsenate is rapidly adsorbed first without any exchange occur-
ring at the beginning of the reaction. However, since phosphate is
near its adsorption maximum, the availability of adsorption sites
for arsenate should be very low, and the 10% difference may be
due to a systematic and unknown error, possibly related to some
interference between phosphate and arsenate, which is rather com-
mon in this kind of spectrophotometric methods [32]. Fortunately,
this possible error does not affect the quantification of phosphate,
which is directly measured with the malachite green method [31].
It may affect, however, the quantification of arsenate, which has
to be indirectly estimated from the difference between total anions
concentration and phosphate concentration. Therefore, to avoid any
error in the analysis of the results, reactions rates were quantified
from the decrease in adsorbed phosphate (or from the increase in
desorbed phosphate) as a function of time.

Fig. 4 shows the results of batch adsorption-desorption experi-
ments at 25 °C at three different concentrations of added arsenate.
The adsorbed amount of phosphate, P,4, is plotted as a function of
time. Time zero corresponds here to the beginning of the phosphate
adsorption experiment, whereas the dashed line in the figure indi-
cates the time of arsenate addition. Phosphate adsorption curves
coincide because they were all done with the same initial phosphate
concentration. The last adsorption points, in addition, coincide with
the plateau values seen in the isotherms (Fig. 1). The kinetics of
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Fig. 4. Phosphate adsorption-desorption curves at pH 7 and 25°C. The vertical
dashed line indicates the time of arsenate addition. Phosphate concentration was
5.48 x 10~5 M in all experiments. Pr/Asr ratio: ¢, 3:1; O, 1:1; 0J, 1:3. Lines in the
desorption part of the figure show predictions with Egs. (1) and (2) and parameters
in Table 1.

phosphate adsorption is in agreement with previously published
data, showing a fast initial adsorption followed by a slower adsorp-
tion [10,19,21]. After arsenate addition, phosphate desorption takes
place. As it occurs with adsorption, there are also two well dis-
tinguished steps in phosphate desorption (better seen for data
obtained at high arsenate concentrations): a fast step that takes
place between the time of arsenate addition and the first desorp-
tion point measured at 5 min of desorption, and a slower step taking
place afterwards. The fast step is seen as an abrupt decrease in
P,4s immediately after arsenate addition. All data points, therefore,
belong to the slow step and thus all the measured rates correspond
to this step [19]. The two-step process is in agreement with ATR-
FTIR data (Fig. 2), that shows a relatively fast desorption up to 6 min
of desorption, followed by a slower desorption at longer times.

Fig. 4 shows that an increase in arsenate concentration pro-
duces an increase in phosphate desorption. A similar behaviour is
found for adsorption-desorption experiments at 45 °C and different
concentrations of added arsenate (Fig. 5). In order to estimate the
desorption rates, the amount of desorbed phosphate was calculated
as:

Pdes:P1+P2(1—e_ktd“) (1)

where Py, is the amount of desorbed phosphate during the des-
orption time t,., and P;, P, and k are constants. A similar equation
was used successfully to fit the two-step adsorption of phosphate
and arsenate on goethite [19] and can be equally used to fit here

toq (Min)
0 100 200 300
20 I | 1 1
ati® DM
154
&
e I
—_ ]
2 1.0 1
E I
et 1
v’a; 1
o g5 ]
]
I
1
0.0 L, . T T
0 100 200 300 400 500

t (min)

Fig. 5. Phosphate adsorption-desorption curves at pH 7 and 45°C. The vertical
dashed line indicates the time of arsenate addition. Phosphate concentration was
5.48 x 107> M in all experiments. Py/Asr ratio: ¢, 3:1; O, 1:1; 0, 1:3. Lines in the
desorption part of the figure show predictions with Egs. (1) and (2) and parameters
in Table 1.
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Table 1
Best fitting parameters for experimental data.

225

Pr/Ast Pr (molL-1) pH T(°C) Py (pmolm~—2) P, (pmol m—2) k (min—1) 1o (wmolm—2 min—1)
3:1 5.48 x 10> 7.0 45 1.31x 10! 2.46 x 10! 3.82x 103 9.39x 104
1:1 5.48 x 103 7.0 45 3.00 x 10! 9.50 x 10! 5.00 x 103 475 x 1073
1:3 5.48 x 103 7.0 45 4.60 x 10! 1.30 1.00 x 102 1.20 x 102
3:1 5.48 x 10> 7.0 25 6.00 x 102 9.00 x 102 2.00x 103 1.8 x 1074
1:1 5.48 x 10> 7.0 25 1.01 x 10! 5.19 x 10! 2.00x 103 1.04 x 103
1:3 5.48 x 103 7.0 25 5.38 x 10! 7.31x 107! 422 %103 3.08 x 103
1:1 5.48 x 105 7.0 10 0 3.54x 10! 1.16x 103 411 x 104
1:1 5.48 x 10> 45 25 3.03x 10! 523 x 107! 9.00 x 1073 479 x 1073
1:1 5.48 x 103 9.5 25 1.24x 10! -2 0 0

0.4:1 2.03x 10 7.0 25 7.40 x 102 4.96 x 10! 2.00x 103 9.92 x 104
0.7:1 3.55x 10 7.0 25 1.31x 10! 3.83x 10! 2.00x 1073 7.66 x 104

2 Not estimated.

the two-step desorption process of phosphate. The value of P; rep-
resents the amount of phosphate that is desorbed during the fast
process, which leads to the abrupt decrease in P,y immediately
after arsenate addition. The term P,(1 — e~*tdes) is the amount des-
orbed in the slower process. To fit data such as those plotted in
Figs. 4 and 5, P, is calculated as

Pads = Yads,0 — Pdes (2)

where Py o is the amount of adsorbed phosphate just before arse-
nate addition.

The phosphate desorption rate at any point of the slow process,
r, can be known by differentiating Eq. (1) with respect to time

r= dpdes

— — —ktg
qr = kye 3)

from which the initial desorption rate, ro, can be estimated by eval-
uating Eq. (3) at tges =0,

ro = kP, (4)

It must be noted that a good data fit with Egs. (1) and (2) is
not a prove for a certain adsorption mechanism. The data could be
also well fitted with other kinetic equations such as the Elovich
equation [35]. The equations are just used here to have a good esti-
mation of ry from the use of all data points in the fitting. Table 1
lists the values of Py, P, k and rg for all the conditions studied. It
is clear that ry increases by increasing arsenate concentration at
a given temperature. Moreover, rq vs. arsenate concentration plots
(not shown here, see supplementary material) give straight lines
for data at 25°C (slope: 1.87 x 10-> Lm~2 min~!, y-axis intercept:

tyes (MIN)

20

e

0.0 T T T T

0 100 200 300 400 500
t (min)

Page (Hmol m?)

Fig. 6. Phosphate adsorption-desorption curves at different initial concentration of
phosphate at pH 7 and 25°C. The vertical dashed line indicates the time of arse-
nate addition. Arsenate concentration was 5.30 x 10~ M in all experiments. Initial
concentration of phosphate: ¢, 5.48 x 107> M; O, 3.55 x 107> M; [, 2.03 x 107> M.
Lines in the desorption part of the figure show predictions with Egs. (1) and (2) and
parameters in Table 1.

0,72=0.99) and 45 °C (slope: 7.95 x 10-> Lm~2 min~!, y-axis inter-
cept: 0,2 =0.99), showing a linear dependence between desorption
rate and arsenate concentration.

Fig. 6 shows the effects of initial adsorbed phosphate (initial
surface coverage with phosphate) on the desorption process. The
shape of the desorption curves and the values of g are very similar
in all cases, indicating no effect of initial surface coverage on the
desorption rate under the experimental conditions investigated.

Fig. 7 shows the effects of pH at constant phosphate and arsenate
concentration. Although phosphate concentration was the same in
all experiments, adsorbed phosphate (data before arsenate addi-
tion) varies with pH. The adsorption decreases slightly between pH
4.5 and 7.0, and strongly between 7.0 and 9.5. This is often found for
phosphate adsorption on goethite, which shows a relatively small
variation with pH in acidic media and a relatively strong pH depen-
dency in alkaline conditions [15]. Desorption is strongly affected
by pH. The higher desorption rate is found at pH 4.5, followed by
a slower rate at pH 7.0. At pH 9.5 no desorption could be detected.
Desorption seems to be so slow at this high pH, that most varia-
tions in P,y and data scattering here are believed to reflect small
pH changes during the experiment.

Since there is a 1:1 exchange stoichiometry, the overall desorp-
tion reaction can be written as a simple exchange process:

Pads + As — Asads +P (5)

where P4 and As,ys denote adsorbed phosphate and arsenate
species respectively, whereas P and As denote phosphate and arse-
nate species in solution respectively. The rate law for this process

Pgs (MOl M2)
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Fig. 7. Phosphate adsorption-desorption curves at different pH for a Pr/Ast ratio
1:1 at 25°C. The vertical dashed line indicates the time of arsenate addition. Phos-
phate concentration was 5.48 x 10~> M in all experiments. pH: ¢, 4.5; O, 7.0; [0, 9.5.
Lines in the desorption part of the figure show predictions with Egs. (1) and (2) and
parameters in Table 1.
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is defined as
r= kPl [As]" (6)

where [As] is the concentration of arsenate species in solution, k;
is the rate coefficient or rate constant, and n and m are the partial
reaction orders. The linear dependency between rate and arsenate
concentration indicates that m = 1, and the independence of the rate
with initial adsorbed phosphate indicates that n=0. Thus, the rate
law can be written as a pseudo first order rate equation

r = ke[As] (7)

and the value of k; is directly the slope of the ry vs. arsenate con-
centration curve.

Actually, the overall reaction given by Eq. (5) surely occurs in
several steps involving at least [36,37] i) transfer of As from the
solution bulk to the goethite surface (this may include diffusion in
bulk solution and intraparticle diffusion such as pore diffusion), ii)
chemical reaction exchange of As for P (this could include chemi-
cal binding of As to the goethite surface followed by the chemical
detachment of P), and iii) transfer of displaced P species from the
goethite surface to the solution bulk. Any one or more of these steps
can be the rate-controlling step, and some information about it can
be obtained from the rate law. If either transfer of As to the surface
or chemical binding of As to the goethite surface is rate-controlling,
the rate should be dependent on arsenate concentration and inde-
pendent of initial adsorbed phosphate, in agreement with the rate
law shown by Eq. (7). If either chemical detachment of P or trans-
fer of displaced P to the solution is rate-controlling, the rate should
depend on both, arsenate concentration and initial adsorbed phos-
phate, which is not the case found here. Additional evidence for a
mechanism involving As transport or As binding as rate-controlling
steps can be obtained from pH effects on the desorption rate. A pH
increase will increase the net negative charge (or reduce the net
positive charge) of the surface, resulting in a slower attachment of
anionic As species, and a slower reaction rate. The opposite pH effect
is expected for a mechanism having P detachment or P transfer from
the surface as the rate-controlling step.

The effects of temperature are better visualized in Fig. 8, which
shows the adsorption-desorption curves at 10, 25 and 45°C for a
1:1 Pr/Ast ratio. An increase in temperature increases the desorp-
tion rate of phosphate. The apparent activation energy, Eapp, of the
process can be estimated by applying the Arrhenius equation to the
studied system:

ky = AeEapp/RT (8)
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Fig. 8. Phosphate adsorption-desorption curves at different temperatures for a
Pr/Ast ratio 1:1 at pH 7. The vertical dashed line indicates the time of arsenate addi-
tion. Phosphate concentration was 5.48 x 10~> M in all experiments. Temperature:
0,10°C; O, 25°C; 0,45 °C. Lines in the desorption part of the figure show predictions
with Egs. (1) and (2) and parameters in Table 1.

where A is the Arrhenius pre-exponential term, R the gas constant
and T the absolute temperature. According to this equation, a In(k;)
vs. T~ plot should be a straight line with slope Eqyp R~ This plot for
data between 10 and 45 °C (not shown here) did result to be linear
(slope, —6094K-1, r2=0.99) leading to a value of 51 k] mol-! for
Eqpp. This value means that the rate decreases by a factor of around
10 by decreasing the temperature from 45 to 10°C.

Besides providing the temperature dependence of the rate
of reaction, the magnitude of the activation energy can be
also helpful in the evaluation of the rate-controlling process.
Sparks [36], for example, indicates that typical values of Egpp are
<21 kI mol-! for diffusion-controlled processes in water, and that
particle-controlled processes have higher values: 20-40 k] mol~!
for diffusion-controlled processes in pores within the particles,
and 42-84kJmol-! for processes controlled by chemical reac-
tions at mineral surfaces. Lasaga [37], on the other hand, states
that diffusion-controlled processes in solution have Eqpp values
<21KkJmol~!, but that reactions where the breaking of bonds in
crystals is rate-controlling should have relatively high Egpp val-
ues, similar to those of diffusion in solids (83-336 k] mol~1). He
also points out that most activation energies for a wide variety
of mineral-solution processes lie within these two ranges (in the
range 42-84kJmol-1), and attributes these relatively low values
to the catalytic effect of adsorption or to the presence of surface
defects. Agbenin and van Raij [38], on the other hand, interpreted
activation energy values between 42 and 49 k] mol~! for phosphate
desorption from soils to intraparticle diffusion processes.

An Egpp of 51k mol~! allows to rule out diffusion in solution,
and indicates that the rate control is within the particle, either As
diffusion in pores or As chemical binding to the surface. Diffusion in
pores is in agreement with the interpretation given by Agbenin and
van Raij [38], and chemical binding is in agreement with the Egpp
ranges provided by Sparks [36] and Lasaga [37]. Chemical binding,
however, appears to be very rapid for As on goethite. Grossl et al.
[39] have shown that this binding has time scales in the order of
milliseconds, which is much faster that the times scales found in
this work.

4. Conclusions

Phosphate desorption from goethite is induced by arsenate
because both oxoanions have similar structure and reactivity, and
thus they compete for the same surface sites of goethite. As it occurs
with phosphate adsorption, the desorption occurs in two steps: a
fast step that takes place between the time of arsenate addition
and the first desorption point measured at 5min of desorption,
and a slower step that lasts several hours. This two-step desorp-
tion can be deduced from both, batch desorption experiments and
ATR-FTIR measurements. Batch desorption data indicate that there
is a 1:1 exchange between arsenate and phosphate during the slow
step, and the process is first order with respect to arsenate con-
centration and independent of initial adsorbed phosphate. The rate
law, together with pH effects and the apparent activation energy of
the desorption process suggest that the rate-controlling process is
intraparticle diffusion of As species, probably As diffusion in pores.
ATR-FTIR indicates that at pH 7 the adsorbed phosphate species are
mainly bidentate inner-sphere surface complexes. The identity of
these complexes does not change during desorption, and there is
no evidence for the formation of intermediate species during the
reaction.
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