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Fluoride adsorption onto Fe(Ill) modified montmorillonite was investigated using batch experiments. The
effect of reaction time, pH, ionic strength and phosphate, as a competitive anion, was evaluated. Kinetics
indicated that adsorption obeys a pseudo-first-order rate law which involves two steps. The fast one
(bulk transport/surface reaction) occurs instantaneously. The slower (diffusion in pores) takes hours to
complete. The adsorption rate increases by increasing the fluoride concentration and by decreasing pH.
The presence of phosphate reduces fluoride adsorption and reveals that both ions are in competition for
surface sites. The reduction in fluoride adsorption when phosphate is present depends on the order of
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Fﬁi’g;ﬁes adsorbate addition. The higher fluoride adsorption occurs when both anions are added simultaneously,
Phosphate whereas when either fluoride or phosphate is added first, the fluoride adsorption is lower. The presence

of fluoride does not have a measurable effect on phosphate adsorption. The results obtained contribute to
our understanding of the mobility of fluoride in surface water which has naturally high levels of fluoride,

Competitive adsorption
Fe(Ill)-montmorillonite

in both the presence and absence of phosphate.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In relation to human health, fluoride in drinking water has
a narrow beneficial concentration range. A low amount ingested in
water is usually considered helpful in the prevention of dental
cavities, particularly among children (Sujana et al., 1998). In
contrast, an excessive amount ingested in drinking water can lead
to various diseases (Mohapatra et al., 2009); fluorosis being the
most common symptom of high fluoride ingestion. A fluoride
concentration of about 0.6—1.2 mg L™ in drinking water can cause
dental fluorosis (WHO, 2004). This range varies according to factors
such as weather. In temperate climates, symptoms of dental fluo-
rosis do not appear, even when the drinking water contains fluoride
concentrations between 1.5 and 2.0 mg L~!; in hot climates,
however, where water consumption per day is greater, the disease
can occur at much lower concentrations (Cao and Li, 1992; WHO,
2003). The maximum concentration of fluoride permitted in
drinking water for human consumption is 1.5 mg L~ (WHO, 2003).
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Fluoride contamination in surface water and groundwater arises
both from natural and from anthropogenic activities (Camargo,
2003). It is found in plants, soil, and phosphate fertilizers
(Loganathan et al., 2001). Slow dissolution of fluoride-containing
rocks is one of the most common ways that fluoride is released
into groundwater (Camargo, 2003). Minerals containing fluoride
include fluorite, apatite, cryolite and topaz. Biotite, muscovite and
hornblende can also contain high concentrations of fluoride (Deer
et al,, 1992). In water, inorganic fluorides usually remain in solu-
tion (as fluoride ions) under conditions of relatively low pH and
hardness as well as in the presence of ion-exchange materials such
as bentonite clays and humic acids (Pickering et al., 1988).

While phosphorous is an essential nutrient in aquatic environ-
ments, in excess, however, its concentrations cause eutrophication
in lakes and reservoirs (Klapper, 1991). The harmful consequences
of eutrophication have been historically recognized and numerous
studies have been carried out worldwide in order to understand
and control this process (Withers and Jarvie, 2008). The
geochemical behaviors of phosphate have been the subject of
numerous studies in various disciplines (Borgnino et al., 2006a,
2006b; Harvey and Rhue, 2008; Spiteri et al., 2008).

Under certain conditions fluoride and phosphate could be
released and then be re-adsorbed, from sediment to water column
and vice versa. Usually, both anions could be adsorbed in iron-
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containing minerals, as both anions have a relatively strong affinity
for metal hydroxides, especially iron and aluminum hydroxides
(Antelo et al., 2005; Luengo et al., 2007; Tang et al., 2009a,b). For
that reason, during the last decades, a great deal of research has
centered on the adsorption capacity of phosphate and fluoride onto
different minerals surfaces (Kau et al., 1998; Harrington et al., 2003;
Zhu et al., 2004, 2006; Borgnino et al., 2009), since their mobility
and bioavailability in natural environments is affected by its
adsorption on particulate matter. A few studies have been con-
ducted using Fe hydroxide coating phyllosilicates (Borgnino et al.,
2009), although in natural environments, fluoride and phosphate
are commonly adsorbed onto Fe hydroxide coatings, but not solely
onto pure Fe/Al hydroxides.

Although the adsorption—desorption behavior of fluoride and
phosphate onto metal hydroxides, phyllosilicate minerals and soils
has been researched (Kau et al., 1998; Loganathan et al., 2001;
Antelo et al, 2005; Tang et al., 2009a,b), investigation of the
competitive effect of phosphate on fluoride adsorption, and vice
versa, remains limited. In this regard, Tang et al. (2009a) and Kumar
et al. (2009) investigated the adsorption of fluoride onto granular
ferric hydroxide, including the effect of pH, ionic strength,
temperature and major co-existing ions. The competitive effect was
analyzed in terms of the decreasing adsorption capacity of fluoride
in the presence of different competitors (phosphate, chloride,
sulfate and carbonate). The competition with other anions, such as
arsenate and selenate, was also studied by Tang et al. (2009b), in
this case onto activated alumina. On the other hand, Zhu et al.
(2007) analyzed the co-sorption and desorption of fluoride and
phosphate on soil, and concluded that the presence of phosphate
could markedly enhance fluoride adsorption, which could be
attributed to the formation of surface (Al,Fe)—F—P precipitation.

This study primarily aims to investigate the adsorption of fluo-
ride onto Fe(Ill)-montmorillonite and to analyze the competition
effect between fluoride and phosphate for Fe(Ill)-montmorillonite
sites. Fluoride adsorption kinetics was conducted under various
experimental conditions and the data obtained was then fitted with
different kinetic models. In addition, adsorption isotherms were
evaluated. For the competition study, a series of experiments were
carried out to assess the effects of phosphate concentration and the
order of addition of adsorbates on the adsorption of fluoride and
phosphate. The results obtained may contribute to our under-
standing of the mobility and bioavailability of both anions in
contaminated aquifers and groundwater resources.

2. Material and methods

All solutions were prepared from analytical reagent grade
chemicals and purified water (Milli-Q system).

2.1. Fe(lll)-montmorillonite (Fe-M) synthesis and general
characterization

The Fe-M sample employed is the same one used in previous
research (Borgnino et al., 2009). Briefly, 550 mL of a 0.01 M Fe(III)
nitrate solution (pH 3.5) was mixed with 250 mL of a 2.2% Na-M
dispersion in water at the same pH with vigorous stirring for 2 h.
A NaOH solution was then added drop by drop up to pH 9; the
dispersion was stirred for another 3 h. Finally, the solid was washed
with water and dried at 60 °C for 3 days. The resulting solid has an
iron content of 77.3 mg g~ ! and a surface area of 567 m? g/,
measured by the methylene blue adsorption method (before the
modification the surface area of Na-M was 800 m? g~ 1). More than
60% of the total Fe(Ill) in this sample corresponds to interlayer/
sorbed Fe(III) as XRD pattern and Mossbauer spectra indicated. The
remaining fraction was already present in Na-M (structural Fe).

If some ferrihydrite was formed as an associated phase, it has not
been detected in the diffraction pattern (Borgnino et al., 2009). The
net surface charge of Fe-M is always negative in the pH range
4.0-9.0, as demonstrated thought electrophoretic mobility
measurements (Borgnino et al., 2010).

2.2. Adsorption experiments

2.2.1. Adsorption kinetics

Batch experiments were used to investigate the fluoride kinetics
at different pH levels and concentrations. The reaction was carried
out in a cylindrical, water-jacketed reaction vessel covered with
a cap. Mixing was performed with a magnetic stirrer; during the
kinetic adsorption experiments special care was taken to avoid the
presence of CO,, by keeping the Fe-M suspensions in a N, atmo-
sphere. The reaction temperature was kept at 25.0 + 0.5 °C. To
obtain the adsorption kinetics of fluoride in the Fe-M sample,
known amounts of Fe-M (1 g L~') were suspended in 0.01 M
NaNOs. After 24 h of pre-equilibration, and upon reaching
a constant temperature of 25.0 4 0.25 °C, a well-known volume of
a 0.01 M fluoride solution (NaF) prepared in 0.01 M NaNOs3 was
added, the initial fluoride concentration range thus being
0.105—0.526 mM (2—10 mg L~ 1). After that, the pH of the suspen-
sion was adjusted by the addition of either HNO3 or NaOH until the
desired pH was obtained; this moment was set as the initial time of
the kinetic adsorption experiment. At different reaction times, an
aliquot was withdrawn, centrifuged at 9000 rpm for 5 min, filtered
through a 0.45 um cellulose membrane filter and the supernatant
separated for fluoride analysis. The reaction was studied for
310 min; the pH was continuously checked and kept constant by
adding a minute volume of concentrated 0.1 M HNO3 or NaOH.
Measurements were performed in duplicate, and the errors were
around 5%.

2.2.2. Adsorption isotherm

Adsorption edges and isotherms were carried out in the same
way that kinetics was performed. Briefly, different volumes of the
fluoride solution were added to a Fe-M suspension, so that the
initial concentration of fluoride varied between 0.27 and 3.70 mM
(5—70 mg L~ 1). Ionic strength of 0.01 M NaNO3 was used and the pH
studied was 4.5 and 7.0. For edge isotherm, the selected concen-
tration of fluoride corresponds to the highest concentration used in
the kinetic experiments (0.526 mM). A pH range of 3.5-9.0 and
different ionic strengths (0.1 and 0.01 M NaNOs3) were selected for
the adsorption study. For both experiments, after the samples were
shaken for 24 h at room temperature (25.0 + 0.5 °C), the super-
natant solutions were analyzed for pH with an Orion glass
combined electrode. The tubes were then centrifuged at 9000 rpm
for 5 min, the supernatant filtered through a 0.45-um cellulose
membrane filter and finally the supernatant was separated for
fluoride analysis. Measurements were performed in duplicate, and
the errors were around 5%.

2.2.3. Competitive adsorption experiments

The competition experiments were carried out at pH 4.5 and 7.0.
First, the effect of phosphate on fluoride adsorption was analyzed.
In this case, the addition of both anions was simultaneous. The
initial concentration of fluoride varied between 0.27 and 3.70 mM
and volumes of phosphate solution (prepared in 0.01 M NaNOs3)
were added, so that the two initial concentrations of phosphate
evaluated were 0.30 mM and 1.0 mM. The values of the phosphate
initial concentration selected correspond to those required to
produce low and high saturation adsorption values in isotherm
(middle and plateau values) for phosphate adsorption onto Fe-M
(Borgnino et al., 2009). Furthermore, different ways of fluoride
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and phosphate addition were also considered, i.e.: (i) fluoride
addition after phosphate, (ii) simultaneous addition of fluoride and
phosphate, and (iii) phosphate addition after fluoride. In these
experiments, the phosphate concentration evaluated was 0.30 mM.
In all cases, the concentration of Fe-M was 1 g L~! and the ionic
strength was 0.01 M NaNOs. Once the samples were shaken for 24 h
at room temperature (25.0 + 0.5 °C), the supernatant solutions
were analyzed for pH, centrifuged at 9000 rpm for 5 min, filtered
through a 0.45 pm cellulose membrane filter, and the supernatant
was then separated for fluoride and phosphate analysis.

2.3. Chemical analysis

The total fluoride concentration in the supernatant clear
solution was measured using an ion-selective electrode (ISE 25)
connected to an Orion pH meter. Prior to obtaining fluoride
measurement, a volume of ionic adjusting buffer (TISAB) was added
to each solution, and after 30 min the fluoride concentrations were
determined (TISAB: 58 g NaCl + 57 ml acetic acid + 10 Na—citrate,
adjusted to pH 5.2 with 5 M NaOH in a total volume of 1 L). The
TISAB solution was used to adjust the ionic strength and pH solu-
tion, and to eliminate any interference from high levels of
aluminum and iron present in the solution (Shen et al., 2003). The
same volume of TISAB was also added to the standard fluoride
solutions, thus obtaining a calibration curve.

Phosphate concentrations were measured by the method
proposed by Murphy and Riley (Murphy and Riley, 1962) using
a UV-VIS spectrophotometer (Shimadzu UV—VIS 1700) equipped
with a 1-cm quartz cell.

The phosphate and fluoride adsorbed was calculated from the
difference between the initial anion concentration and the
concentration that remained in the solution.

3. Results and discussion
3.1. Batch adsorption kinetics
Fig. 1a illustrates the results obtained for fluoride adsorption

kinetics on Fe-M at pH 4.5 for four different loading conditions. As
discussed herein, fluoride adsorption increases with decreasing pH;
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therefore only data at a pH level of 4.5 was selected, in order to have
a relatively high adsorption. The adsorption increased quickly to
almost 50—55% within the first 5 min; over 95% of the fluoride
adsorption was achieved within 3 h. This equilibrium time seems to
differ for similar materials. For instance, Zhu et al. (2006) indicated
that 10 min is necessary to achieve fluoride adsorption equilibrium
on hydroxyaluminum-montmorillonite, whereas 40 min is
required for a granular ferric hydroxide (GFH) (Kumar et al., 2009).
Tang et al. (2009a) also found this time to be longer (5 h) for a GFH.
A similar result was reported for a siderite (Liu et al., 2009), while
for a Fe—Al—Ce trimetal oxide, the recorded time was 10 h (Wu
et al.,, 2007). Despite these differences, the shape of the kinetic
curves is similar: the adsorption is fast within the first minutes and
then is much slower during the remainder of the experiment, until
the equilibration is reached. Our adsorption kinetic data (Fig. 1a)
indicated a very fast initial process between t = 0 in the first 5 min.
After the fifth minute, adsorption takes place at a much slower rate.
It is important to note that with our experimental set-up, 5 min was
the minimal time required to extract the first sample.

According to the kinetic data obtained from the experiments,
pseudo-first-order (Lagergren, 1898), pseudo-second-order (Ho
and McKay, 1999) and Elovich’s equation (Chien and Clayton,
1980) have all been used to explain the adsorption mechanism.
The corresponding equations are shown in Table 1 (see
Supplementary Material). A kinetic equation used by Luengo et al.
(2007), based on a pseudo-first-order reaction and two-step
processes, was also used (eq. (4) in Table 1 of Supplementary
Material). For all the models evaluated, the determination coeffi-
cient 2 was applied to determine which of the kinetic models
linear forms fit best. Plotting In (ge — g¢) against t, a linear function
can be obtained and the rate constant, kq, for the pseudo-first-order
model can be calculated. For the pseudo-second-order model a plot
t/q: versus t should give a straight line and g. and k, can be
determined from the slope and intercept of the plot. Regarding to
the Elovich model, the values of constants « and § can be obtained
from the slope and intercept of the straight line plot of g; versus In t.

For our kinetic data, 12, k; and k, and the adsorption capacity at
equilibrium ge, calculated and experimental, are listed in Table 1 of
Supplementary Material. Data indicate that for the model of
pseudo-first-order, the rate constant k; is relatively low and the
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Fig. 1. a) Adsorption kinetics of fluoride onto Fe-M at different initial concentrations: 0.105 mM (diamonds); 0.263 mM (triangles); 0.370 mM (squares); 0.526 mM (solid circles).
Solid concentration: 1 g L™, temperature: 25.0 + 0.5 °C. Lines show predictions for fluoride adsorption using the two-step pseudo-first-order kinetic model. b) Different kinetic
modeling of the adsorption of fluoride onto Fe-M. I) pseudo-first-order kinetic model; II) pseudo-second-order model; III) Elovich model; IV) two-step pseudo-first-order kinetic
model. Initial fluoride concentration: 0.526 mM, solid concentration: 1 g L™, temperature: 25.0 + 0.5 °C. Insets: linear equation of kinetic models.
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determination coefficient is not the highest observed
(? = 0.986—0.993). The linear fits obtained by applying the pseudo-
second-order model with the determination coefficient values
ranging from 0.987 to 0.998 indicate that the kinetics behavior can
be better approximated to the pseudo-second-order kinetics. For
this model the rate constant (k;) decrease with increasing initial
concentrations, which could be attributed to the increased number
of fluoride ions available for adsorption (Camacho et al., 2010).
Elovich coefficients, @ and (3, represent the initial rate of adsorption
(umol m~2 min~!) and the rate of desorption (imol m 2 min~!),
respectively. The behavior observed when the initial concentration
increases, is the expected.

As was above mention, according to the 12 values obtained, the
pseudo-second-order model produced a higher determination
coefficient for all the initial fluoride concentration, which may
imply that the pseudo-second-order model best explains the
adsorption process. This approach has been widely used in previous
reports (Kumar et al.,, 2009; Liu et al., 2009; Chen et al., 2010).
However, in this study when the nonlinear method was applied to
experimental data (using the integrated form of kinetic models),
a better analysis was obtained. For our data, the pseudo-second-
order reaction (Fig. 1b-II) would suitably fit data for longer times,
but would fail in the first data, which is important in determining
the initial adsorption rate. On the other hand, Elovich’s equation
(Fig. 1b-III) seems to fit well with all the data, despite having the
lowest 12 values (Table 1). The pseudo-first-order equation appears
to properly represent the shape of the curve; but, as Table 1
(in Supplementary Material) and Fig. 1b-I show, the predicted
amounts of fluoride adsorbed are smaller than the experimentally
values (by almost half), which would be it suggesting that the
adsorption of fluoride does not follow the pseudo-first-order rate
mode. Therefore, as noted by Ho (2006), it is inappropriate to use
only the determination coefficient > when comparing the best-
fitting of the kinetic models. The nonlinear method could be the
most effective option to obtain the corresponding kinetic param-
eters and to deduce the order rate of the process.

As previously stated, the adsorption of fluoride takes place in at
least two different processes. The slow process (rate-limiting) is
considerably slower than the other and takes hours (or days) to
complete. The markedly different time scale of these two processes
allows for the assumption that in comparison to the slow process,
the fast process is nearly instantaneous. Based on this concept,
Luengo et al. (2007) used a pseudo-first-order kinetic model that
took into account both processes and focused on the analysis of
data in the slow process, for which experimental data is readily
available. For our experimental data, this model improves the
goodness-of-fit (Fig. 1b-IV). In the initial condition of t = 0, the
maximum amount of fluoride adsorbed is zero. Afterwards,
a significant amount of fluoride was quickly adsorbed during the
fast process. This step is represented by the term g in the equation
(eq. (4) in Table 1 of Supplementary Material). As reported by
Luengo et al. (2007), a factor analogous to (1 — e ) could be placed
by multiplying q; in the equation. However, since this process is
rapid, its constant rate is assumed to be particularly large, so that
the factor is equal to 1. The slow process began with a certain
amount of fluoride in surface, which was adsorbed during the fast
process. The term ¢ (1 — e ) is the amount adsorbed due to the
slow process and represents a pseudo-first-order kinetics process
in which g3 is the amount adsorbed due to the slow process and k is
the rate constant for this slow process. Thus, the amount adsorbed
at the equilibrium (ge = q1 + ¢2) is consistent with that of the
experimental data (Fig. 1b-1V). Additionally, although not shown
here, the rate of the slow process (v2,0) depends linearly on the
amount of fluoride adsorbed during the fast process (> = 0.999,
p < 0.001). This indicates that the adsorption rate of the slow

process is directly related to the amount of fluoride adsorbed
during the fast process. The direct correlation between v, and g3
(7 = 0.997, p < 0.001) may also indicate that the slow process is
controlled by a pseudo-first-order reaction. Based on these find-
ings, we proposed a pseudo-first-order reaction model involving
a two-step process as the main mechanism responsible for fluoride
adsorption onto Fe-M.

Sparks (2003) indicated that bulk transport and chemical reac-
tions on the surface are fast processes, while diffusion transport
(film diffusion and intraparticle diffusion) are slow processes, and
thus rate-limiting steps. Many authors (Kumar et al., 2009; Liu et al.,
2009; Chen et al., 2010) have used the model proposed by Weber
and Morris (1962) to identify whether the intraparticle diffusion
process is a rate-limiting step. The linear form of intra particle
diffusion model is given by

qe = kipt®® +C (1)

where C is the intercept, related to the thickness of the boundary
layer and k;p is the intraparticle diffusion rate constant. For this
model, it is essential that when the intraparticle diffusion is the sole
rate-limiting step, a plot of q; vs t°° is a straight line passing
through the origin. Otherwise, both process simultaneously rate-
limit the steps (Weber and Morris, 1962; Liu et al., 2009; Chen
et al,, 2010). A plot of the quantity of fluoride against the square
root of time is shown in Fig. 2. Since the first data obtained with our
experimental set-up was at 5 min, the values of fluoride adsorption
for t < 5 min were estimated from the kinetic model proposed. This
data (gq1) was then included in this graph for 0 < t < 5. From this
figure, is it clear that the plot is not linear over the entire range of
time. The graph reflects three stages, with an initial portion fol-
lowed by an intermediate linear portion and a plateau. This implies
that bulk transport and surface adsorption (stage 1) was very fast,
consistent with the analysis previously performed. Then a stage of
diffusion transport (stage 2) was attained and maintained for
171 min. Finally, an equilibrium adsorption (stage 3) followed.
Therefore, fluoride ions were first quickly transported and adsor-
bed onto the most readily available adsorption sites, and then were
slowly transported and retained by the particles until equilibrium
was reached.

Fig. 3 shows the effect of pH on the adsorption kinetics at pH 4.5,
7.0 and 9.0 and 0.526 mM initial fluoride concentration. At a given

0.5

tO.S(min-O.S)

Fig. 2. Intraparticle diffusion kinetic modeling of fluoride adsorption onto Fe-M.



G. Bia et al. / Journal of Environmental Management 100 (2012) 1-9 5

0.7 Y
0.6 -é‘ o
'“-E 0002
05 2.,
o e
E
=
E
2
4
=~
/f/ﬁ*j oo ]
[ O
. * ES
1 1 1
200 250 300 350

Time(min)

Fig. 3. Kinetic adsorption of fluoride at different pH levels. Initial fluoride concentra-
tion 0.526 mM. Solid concentration: 1 g L™', temperature: 25.0 + 0.5 °C. Cross: pH 9.0,
open circles: pH 7.0, solid circles: pH 4.5. Lines show predictions for fluoride adsorp-
tion using the two-step pseudo-first-order kinetic model. Inset: initial kinetic rates for
pH 4.5, 7.0 and 9.0.

time, the adsorption increases as the pH decreases. The values of ¢,
and g, obtained with the kinetic model proposed also increase as
the pH decreases, suggesting that the pH affects both processes. The
adsorption rates of the slow process (v20), which were also ob-
tained with the kinetic model, depend on the pH decreasing rapidly
as pH increases from 4.5 to 7.0 and more slowly from 7.0 to 9.0
(inset Fig. 3).

3.2. Effect of pH and ionic strength

The effect of pH and ionic strength on fluoride adsorption was
examined (Fig. 4). Fluoride adsorption increases from pH 5.0 to 3.7.
Between 5.0 and 7.0 the adsorption is almost constant, while for
a pH higher than 7.0, a slight decrease in fluoride adsorption is
observed. Because HF is weakly ionized in solution at low pH values
(pKa = 3.2), the corresponding uptake of fluoride is reduced at an

0.35

\

e o Oﬁ'@\

2
F . (umolm™)

Fig. 4. Effect of ionic strength on fluoride adsorption. Open circles: 0.1 M NaNOs, solid
circles: 0.01 M NaNOs.

acidic pH, and consequently a fraction of the fluoride becomes
unavailable for adsorption. Our experimental minimum pH condi-
tion was 3.5, so this pH may be close to the higher pH adsorption
value. The fact that fluoride adsorbs significantly onto the net
negative surface of Fe-M (Borgnino et al., 2010) indicates that
adsorption is not driven by electrostatic interactions. The net
electrostatic repulsion between Fe-M and fluoride appears to be
overcome by some kind of specific interaction, such as the forma-
tion of inner-sphere surface complexes between fluoride and Fe(III)
species. This type of interaction can be evaluated by the effect of
ionic strength on the adsorption process. Fig. 4 shows that no salt
effect is found in fluoride adsorption, supporting the premise that
an inner-sphere surface complex may be present (Stumm and
Morgan, 1996). The small decrease in the adsorption of fluoride at
low pH and high ionic strength may be only a consequence of
aggregation of Fe-M particles. This process, which is more favorable
at low pH, could block some sites of Fe-M edges involved in the
adsorption of fluoride. Therefore, adsorption can be explained as
amechanism of a ligand-exchange reaction, where fluoride ions are
exchanged against OH™ ions (Hiemstra and Van Riemsdijk, 2000).
The effect of pH on fluoride adsorption is likewise a consequence of
both the specific binding of fluoride ions onto Fe-M surface groups
and the electrostatic repulsion; at low and intermediate pH,
adsorption is more favorable because the edge Fe-M surface sites
are positively charged, promoting the specific interaction. At a high
pH, surface sites and fluoride ions are negatively charged and,
although adsorption occurs, the electrostatic repulsion between
fluoride ions and negatively charged sites increases. As a result the
fluoride adsorption decreases.

3.3. Fluoride adsorption and phosphate competition

Adsorption can be explained based on a number of theoretical
models, where Langmuir and Freundlich models are the most used.
Its mathematical form is written as:

G Ce 1

= —
Je Gmax  qmaxKy

where qmax is the maximum adsorption capacity corresponding to
complete monolayer coverage (umol m~2) and K is a constant
indirectly related to adsorption capacity and energy of adsorption
which characterizes the affinity of the adsorbate with the adsor-
bent. A straight line is obtained when Ce/qe was plotted against Ce
and gmax, and Ki could be calculated from the slopes and intercepts.
The equation for Freundlich model is commonly represented by

(2)

Inge = InKf + %ln Ce (3)

where Kr and n are the Freundlich constants characteristics of the
system, indicating the adsorption capacity and the heterogeneity of
the adsorbent, respectively. From the slope and intercept of the
straight portion of the linear plot obtained by plotting In g. against
In C. the values of Freundlich parameters were calculated.

Fig. 5 shows isotherm for fluoride adsorption onto Fe-M at pH
4.5 and 7.0. As the competition between fluoride and phosphate
was also studied, the corresponding isotherm for phosphate at the
same pH has been included in the figure for comparative purposes
(inset Fig. 5). The Langmuir and Freundlich models were used to
estimate the parameters of adsorption (see Table 2 in
Supplementary Material). Table 2 shows that the Langmuir
isotherm model has higher determination coefficients 12 (>0.978)
indicating that the Langmuir model fits the experimental data well.
The Langmuir model supposes that uptake of ions occurs on
a homogenous surface by monolayer adsorption without any
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Fig. 5. Fluoride adsorption isotherms onto Fe-M. Solid circles: pH 4.5; open circles pH:
7.0. Inset: phosphate adsorption isotherms on Fe-M. Solid circles: pH 4.5; open circles:
pH 7.0. Lines represent the fit by the Langmuir equation.

interaction between adsorbed ions, with homogeneous binding
sites, equivalent sorption energies, and no interaction between
adsorbed species. It is important to mention that, although the
Langmuir model fits the experimental data does not mean that the
adsorption of fluoride and phosphate onto Fe-M takes place
according with the conditions established by the model. Despite
this, data obtained with the models (K, qmax) can be useful for
comparative purposes of the adsorption behavior.

The fluoride adsorption increases as the pH decrease (Fig. 5) and
the corresponding values of qmax estimated using Langmuir
approach are 0.90 and 0.76 pmol m~2 for pH 4.5 and 7.0, respec-
tively. Two important results can be derived from Fig. 5: i) the
fluoride gmax values obtained are much higher than those corre-
sponding to phosphate (see also Table 2 in Supplementary
Material); and ii) the affinity of phosphate for the Fe-M surface is
really stronger than for fluoride ions (Table 2 in Supplementary
Material). The higher fluoride adsorption capacity may be a conse-
quence of the small fluoride ion size that phosphate shows
(fluoride = 0.133 nm; phosphate = 0.22 nm). As a consequence the
fluoride can more easily diffuse into pores than phosphate is able
to. Additionally, as noted previously, fluoride forms inner-sphere
surface complexes with OH™ groups and the main complex
involved is the single coordinated surface complex. In contrast to
fluoride, phosphate may form a monodentate and a bidentate
surface complex. Borgnino et al. (2010) found that nonprotonated
bidentate  ((FeO);PO,) and monoprotonated  bidentate
((FeO),0HPO were the main surface complexes at pH 4.5, while
nonprotonated  bidentate and nonprotonatedmonodentate
((FeO),P0, or (FeO)PO3—H) and (FeO)PO3) were the surface
complexes at pH 7.0 and 9.0. This means that when a bidentate
surface complex is formed, phosphate anions occupy (or block)
more surface sites than fluoride. As a result, for the same initial
surface conditions and initial anion concentration, the maximum
amount of phosphate adsorbed is lower in relation to that obtained
with fluoride ions.

3.3.1. The effect of phosphate on fluoride adsorption: pH and
different initial phosphate concentrations

Fig. 6a shows the fluoride isotherm for pH 4.5 and 7.0 in the
presence and absence of two initial phosphate concentrations, and
in simultaneous addition of both anions. The adsorption values

obtained, for phosphate or fluoride were compared with the
isotherm adsorption values reached in the absence of the
competitor. For fluoride adsorption at both pH levels, the adsorp-
tion decreases as the concentration of phosphate increases. This
suggests that because of the above-described adsorption mecha-
nism, a competition adsorption process between fluoride and
phosphate occurs. Electrostatics may also play a role in the
competition. Since both anions are negatively charged, an increase
in the phosphate concentration may also increase the negative
electrical potential near the Fe-M interface. Therefore, the overall
affinity of fluoride anions for the surface should be decreased and
its adsorption reduced. In addition to competition and some elec-
trostatic effect, the larger size of the phosphate anion may block
part of the surface when it is adsorbed, decreasing the ability of
fluoride anions for diffusing into pores. With regards the pH effect,
at a lower pH the competition is stronger than at higher levels. At
pH 4.5, phosphate reduces fluoride adsorption by 80%, while at pH
7.0 its reduction of fluoride is 58% (at the highest phosphate
concentration in both cases). This result is expected because more
phosphate is adsorbed at a lower pH (Borgnino et al., 2010). In
addition, consistent with the explanation above, phosphate forms
bidentate surface complexes at pH 4.5 and 7.0, although the mon-
odentate is also formed at pH 7.0. As a consequence, to adsorb
phosphate as a bidentate complex, more surface sites are occupied
by phosphate, while fewer are available for fluoride and a larger
decrease in fluoride adsorption is detected at pH 4.5.

Fig. 6b shows the effect of fluoride on phosphate adsorption. For
pH 4.5 and 7.0 at the two initial phosphate concentrations evalu-
ated, there is a slightly decrease in the adsorption of phosphate
with the increase of fluoride concentration in the solution. In
addition, the amount of phosphate adsorbed is similar to that
which is obtained in the absence of fluoride for both initial phos-
phate concentrations at pH 7.0, but only for low phosphate
concentration (0.30 mM) at pH 4.5. This behavior reflects the
greater phosphate surface affinity for Fe-M, because it is adsorbed
in its maximum adsorption capacity despite the competition of the
fluoride. However, at a pH of 4.5 along with a high phosphate initial
concentration (1.0 mM), the values of adsorbed phosphate are
lower than those which are achieved in the absence of fluoride
(0.03 pmol m~2 instead of 0.16 pmol m~2). In this case, the initial
phosphate concentration is higher and both ions must compete
simultaneously for common sites. The adsorption process probably
still requires extra time to approach equilibrium. The experiment
was run for 72 h and the phosphate adsorption increased in ~3
times; however, it failed to reach the equilibrium value obtained in
the absence of fluoride.

3.3.2. The effect of phosphate on fluoride adsorption: order of
addition

In the environment, it is likely that fluoride and phosphate are
sequentially introduced and accumulate into soil or sediment. The
different methods of addition may lead to different impacts on
phosphate and fluoride adsorption. Fig. 7a and b show the effects of
phosphate addition on fluoride adsorption at pH 4.5 and 7.0, at an
initial phosphate concentration of 0.30 mM. The reduction in
fluoride adsorption varies depending on the order of the addition of
adsorbates. For example, when fluoride is added at the beginning of
the experiment (F + P), the subsequent addition of phosphate
induces its adsorption, and phosphate must be adsorbed by dis-
placing some previously adsorbed fluoride ions. The amount of
phosphate adsorbed (Fig. 7c and d) coincides with phosphate
adsorption in the absence of fluoride, but the fluoride adsorbed
largely decreases (77% for pH 4.5 and 67% for pH 7.0), in relation to
the case of fluoride alone. When phosphate is added first (P + F),
fluoride appears not to be able to displace the phosphate ions
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Lines represent the fit by the Langmuir equation.

which have been previously adsorbed, as the amount of phosphate
adsorbed closely coincides with those obtained in the absence of
fluoride (Fig. 7c and d). In this case, a further decrease in fluoride
adsorption (Fig. 7a and b) may be produced by the fact that the
previously adsorbed phosphate blocks some surface pores, thereby
preventing fluoride diffusion into the pores. In contrast, the
simultaneous addition and adsorption of both adsorbates (F and P)
suggests that fluoride and phosphate should be adsorbed simul-
taneously at the Fe-M surface and should compete for common
sites. In this case, the reduction in fluoride adsorption is lower than
in the other cases. This behavior can be related to the type of surface
complex that phosphate develops with Fe-M surface sites. When
both adsorbates are simultaneously added, an increase in the
negative electrical potential near the interface is expected. As a
result, the fluoride is adsorbed by a single coordination with
hydroxyl anions; but the phosphate should be adsorbed as a mon-
odentate surface complex (rather than its bidentate form that
usually form at pH 4.5 and 7.0). This change in the phosphate
adsorption mode is a response to the fact that when the mono-
dentate surface complex is developed, the negative charge of the
phosphate ion is further from the negative surface charge of Fe-M,
and thus the electrostatic repulsion is reduced and adsorption
occurs (Hiemstra and Van Riemsdijk, 1999). This disposition of
phosphate ions on the surface allows for a greater number of
surface sites available to adsorb fluoride (and phosphate simulta-
neously), so the quantity of fluoride adsorbed is higher than when
obtained through the other manners of addition. In contrast, when
phosphate (or fluoride) is added first, there is no competition
between the anions for the surface sites. Consequently, the surface
phosphate complex favored at pH 4.5 and 7.0 is the bidentate form,

although the monodentate should also be present at pH 7.0
(Borgnino et al., 2010). Therefore, more surface sites would be
occupied by adsorbed phosphate, and fewer sites would be avail-
able for fluoride adsorption (at least half), hence a larger decrease in
fluoride adsorption can be observed. In each these examples, the
phosphate adsorption is similar (Fig. 7c and d) and coincides with
the values obtained in the phosphate isotherm in the absence of
a competitor. This is a consequence of the stronger affinity of
phosphate, producing a preferential adsorption even when fluoride
is present.

The difference in fluoride adsorption observed when the order
of addition is varied may also be due to the fact that equilibrium
may not always be achieved under the conditions studied. When
both anions are added simultaneously, equilibrium seems to be
reached, and thus the higher value of fluoride adsorption is
observed. However, when one of the anions is added first, equi-
librium would probably not be achieved due to the slower
desorption rate of the anion previously adsorbed, especially when
the phosphate is added first. Antelo et al. (2007) found similar
results for humic acid adsorption on goethite and its competitive
interaction with phosphate.

3.4. Environmental implications

The findings presented here are of important significance to
understanding the mobility of fluoride in water with elevated
natural levels of fluoride, in both the presence and absence of
phosphate. First, fluoride could be adsorbed onto Fe-M in the pH
range of surface water and groundwater (pH range 6—8), and its
adsorption is higher than previous values reported for individual
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sediment component minerals such as GFH (Tang et al., 2009a;
Kumar et al.,, 2009), kaolinite (Kau et al., 1997), alumina (Tang
et al.,, 2009b) and bentonite (Kau et al., 1997), but slightly lower
than for hydroxyaluminum-montmorillonite (Zhu et al., 2006). This
indicates that although the weathering of fluoride minerals may act
as an internal continuous source of fluoride, the presence of clay
minerals coated with Fe hydroxides (in the silt-size fraction of
sediments) can retain fluoride through its adsorption, which
reduces their mobility and, therefore, its bioavailability in aquatic
environments. On the other hand, the presence of phosphate
reduces its adsorption. This behavior would suggest that, in situa-
tions where both ions are present at the same time (e.g.: eutrophic
environments whose sediments have a composition rich in fluoride
minerals), phosphate is preferentially retained in the solid phase
while fluoride decreases its adsorption; so its movility and
bioavailability is enhanced.

4. Conclusions

The study of fluoride adsorption and its competition with
phosphate is valuable in understanding the movement of these
species in the environment. Fluoride adsorption obeys a pseudo-
first-order rate law consisting of two steps: the fast step that ari-
ses almost instantaneously in the first minutes, and the slow step
that takes hours or days to complete. Bulk transport and surface
reaction are involved in the fast process, while the slow process is
controlled by the diffusion in pores. The adsorption rate increases
by increasing the fluoride concentration and by decreasing the pH.

Comparing the individual fluoride and phosphate adsorption
capacities onto Fe-M, fluoride adsorbs more than phosphate;

however, the former has a stronger surface affinity. Regarding
competition, data for fluoride and phosphate adsorption onto Fe-M
reveals that both adsorbates compete for common surface sites. The
presence of phosphate reduces fluoride adsorption and decreases
as phosphate concentration increases. Additionally, this reduction
depends on the order of adsorbate addition. The higher fluoride
adsorption occurs when both anions are added simultaneously,
whereas when either the fluoride or phosphate is added first, the
fluoride adsorption is lower. The type of surface complex that
phosphate forms with surface sites and/or extra time needed to
reach complete equilibrium explains the difference in fluoride
adsorption when the order of addition is varied. The presence of
fluoride has no measurable effect on phosphate adsorption.
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