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Competitive Adsorption of As(III) and As(V) by Ferrihydrite:
Equilibrium, Kinetics, and Surface Complexation

Pengfei Qi -+ Thomas Pichler

Abstract The competitive/simultaneous adsorption of
arsenite (As(IIl)) and arsenate (As(V)) onto ferrihydrite
is one of main processes controlling the distribution of
arsenic under oxidizing conditions in the natural envi-
ronment. Adsorption reactions of As(IIl) and As(V)
with ferrihydrite were investigated by employing a com-
bination of batch adsorption experiments and Fourier
transform infrared (FTIR) spectroscopy measurements
in single and binary systems, i.e., both As species were
present at the same time. Isotherm studies showed that
the adsorption of As(Il) in the binary system was less
than that in single system, indicating that As(V) hin-
dered As(Ill) adsorption. The presence of As(Il) had
almost no impact on As(V) adsorption at pH 5 in the
binary systems. Freundlich model described the equilib-
rium data well (R*>0.94), and the adsorption affinity
onto ferrihydrite was in the following order: As(III)-
single > As(Il)-binary > As(V)-single > As(V)-binary.
Kinetic data of As(IIT) and As(V) from single and binary
systems were both well described by pseudo-second-
order equation (R*>0.98). FTIR showed that after
adsorbing of either As species, a new peak occurred at
826 cm ! due to the formation of Fe-O-As bonds, indi-
cating that competition between As(IIl) and As(V)
could take place on the surface sites as a result of the
formation of a similar surface complexes.
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1 Introduction

Arsenic (As) is a contaminant that occurs naturally in many
regions of the world. It is one of public concerns due to its
toxic properties, which is harmful to public health (Mandal
and Suzuki 2002; Villaescusa and Bollinger 2008). In
aquatic environments arsenate (As(V)) and arsenite
(As(IIl)) are the dominant inorganic species under oxidiz-
ing and reducing conditions, respectively, and their distri-
bution generally depends on pH and redox potentials
(Oremland and Stolz 2003; Price et al. 2007, 2013a, b;
Smedley and Kinniburgh 2002). Under a wide range of
environmental conditions, As(V) occurs as the negatively
charged HAsO4> complex, while As(IIl) occurs as the
neutrally charged H3AsO5° complex. The adsorption of As
onto solid particles in aquifer matrices plays an important
role in controlling its retention and mobility in the envi-
ronment (Stollenwerk 2003). Adsorption by hydrous ferric
oxides (HFOs), which are common minerals, is believed to
be one of the main processes controlling the distribution of
As species under oxidizing conditions in natural systems
(Maji et al. 2012; Pichler et al. 1999; Waychunas et al.
1993). Contaminated water often contains both As redox
species, which brings importance to the study of simulta-
neous adsorption of As(Ill) and As(V) in binary systems.
We previously presented new information about the com-
petitive adsorption of As(Ill) and As(V) onto ferrihydrite
as a function of parameters such as pHs, adsorbent



dosages, concentration of coexisting As species, and order
of addition (Qi and Pichler 2014). However, to our knowl-
edge, there has not yet been a report to probe the mecha-
nism of competitive adsorption of As(Ill) and As(V) onto
ferrihydrite by a combination of batch adsorption experi-
ments and spectroscopy measurements.

Adsorption equilibrium and dynamics are important
for describing the adsorption process, and numerous
papers have been reported to study the adsorption kinet-
ics and isotherms of As in single systems (Banerjee et al.
2008; Kundu and Gupta 2006a; Maji et al. 2011, 2013a,
b; Raven et al. 1998; Smith and Naidu 2009). Few
studies have considered the adsorption kinetics and
isotherms of As(III) and As(V) under competitive con-
ditions. For example, Maiti et al. (2012) studied com-
petitive adsorption kinetics of As(IIl) and As(V) on
treated laterite. Fourier transfer infrared (FTIR) spec-
troscopy has been widely used as a direct approach to
study the mechanism of As adsorption onto iron oxides.
For example, Goldberg and Johnston (2001) found that
As(V) formed inner-sphere and As(III) formed both
inner and outer-sphere complexes on amorphous iron
oxides using both FTIR and Raman spectroscopies.
However, most spectroscopy studies were based on
batch experiments of each individual As redox species,
and there is no spectroscopy data available for the
competitive adsorption of As(III) and As(V) on
ferrihydrite.

In this study, we present new data about the compet-
itive adsorption of As(II) and As(V) onto ferrihydrite
through applicable isotherm and kinetic models both in
single and binary systems. This study also provides an
insight into the mechanism of competitive adsorption of
the two As redox species by a combination of batch
adsorption experiments and FTIR spectroscopy
measurements.

2 Materials and Methods
2.1 Materials and Reagents

All of the chemicals used in the experiments were of
analytical grade and used without further purification.
Distilled deionized (DDI) water was used to prepare the
standard solutions and dilute the samples.
Na,HAsO,7H,O (Sigma-Aldrich, Spain) was dissolved
in DDI water to obtain a primary stock solution of
1000 mg/L As(V). Another stock solution of 1000 mg/L

As(IIT) was prepared by dissolving As,O3 (Sigma-Aldrich,
Spain) in a 4 % NaOH solution. All of the working As
solutions were prepared by diluting the stock solutions
with DDI water each time.

Ferrihydrite was synthesized by following the method
used in our previous study (Qi and Pichler 2014), which
consisted of adding a 1 M solution of KOH (Sigma-
Aldrich, Germany) to 500 mL of a 0.2 M of
Fe(NO»);'9H,0 (Alfa Aesar, Germany) at a constant rate,
until the pH increased to 7.4+0.1 until precipitation of
ferrihydrite commenced. The ferrihydrite was identified as
two-line ferrihydrite by X-ray diffraction analysis (XRD).
The surface area of the freeze-dried ferrihydrite was
120 m*/g determined with the Brunauer-Emmett-Teller
(BET) method.

2.2 Adsorption Experiments

All of the adsorption experiments were conducted with a
background electrolyte of 0.01 M NaCl at room tempera-
ture around 20 °C. Possible oxidation of As(IIT) during the
experiments was monitored following Qi and Pichler
(2014), and oxidation was not observed (Qi and Pichler
2014). Kinetic experiments were undertaken in single and
binary systems at pH 5 and pH 9. Exactly 50 mg of
ferrihydrite was added to a series of 50-mL polythene vials
and suspended in a solution containing either As(III),
As(V), or a mixture of both species. Initial concentrations
of As(Ill) and As(V) in each systems were identical
(50 mg/L). The vials were capped and shaken in a
Rotoshake (RS12/RS8) at 20 rpm, and the samples were
taken at regular time intervals (0.083, 0.25, 0.42,0.67, 1, 2,
4, and 24 h). After shaking, the suspensions were imme-
diately filtered using 0.25-um syringe filters and stored at
4 °C until determination of total As or As speciation.
Single and competitive adsorption isotherm experi-
ments were performed at pH 5 at room temperature. For
single systems, the experiments were initiated by
suspending 50 mg of ferrihydrite in a solution contain-
ing either As(II) or As(V) with an initial concentration
of' 10, 25, 40, 50, 60, 80, 100, and 125 mg/L. For binary
systems, the same dosage of ferrihydrite was suspended
in a solution containing a mixture of As(Il) and As(III),
where each of the two species had the same initial
concentration as in single systems. The pH of the sus-
pensions was adjusted to 5 by HCI or NaOH, and the
tubes were sealed and shaken continuously in a shaker
for 24 h after which they were filtered and analyzed. The
suspensions were filtered using syringe filters, and the



supernatant was analyzed for total As or As speciation.
Adsorption capacities were calculated according to the
following equation:

(CO_Ce) 14
m

(1)

where O, (mg/g) is the equilibrium adsorption capacity;
Cy and C, are the initial and equilibrium concentrations
(mg/L), respectively; V is the volume of adsorption
solution (L); and m is the mass of ferrihydrite (g).

0. =

2.3 Analytical Methods

Total concentrations of As were determined by inductively
coupled plasma optical emission spectrometry (ICP-OES)
using an Optima 7300 instrument (Perkin Elmer). The
detection limit of As was 0.02 mg/L, and the analytical
error was better than +2 %. Concentrations of As specia-
tion were analyzed by hydride generation-atomic fluores-
cence spectroscopy (HG-AFS) on a PSA 10.055 Millen-
nium Excalibur system coupled to a liquid chromatogra-
phy (LC) system. The detection limits were 0.17 pg/L for
As(IIT) and 0.38 pg/L for As(V) (Wu and Pichler 2014).

2.4 Adsorption Models
2.4.1 Adsorption Isotherms

The Langmuir and Freundlich isotherm equations, prob-
ably the most common isotherm models, were used to
describe the equilibrium characteristics of the adsorption
experiments. The Langmuir isotherm theory assumes
that the adsorption takes place on specific homogeneous
sites of the adsorbent, which indicates that once an
adsorbate molecule occupies a site, no further adsorp-
tion can take place at that site (Kundu and Gupta
2006b). The model is defined as:

_ bceqm
1= 15nC,

(2)

where ¢, and b can be determined from the intercept
and slope of the equation; C, is the equilibrium metal
concentration (mg/L); ¢, is the adsorption capacity at
equilibrium (mg/g); ¢,, is the Langmuir adsorption ca-
pacity (mg/g); and b is the Langmuir constant (L/mg).

The Freundlich model assumes heterogeneous sorp-
tion on the surface sites with different energies (Sar
etal. 2011) and is defined as:

q,=K;Cl/" (3)

The magnitude of the value of 1/n generally ranges
from 0 to 1 as a measure of adsorption intensity, where
Kis the constant representing the adsorption capacity.

2.4.2 Adsorption Kinetic Models

The adsorption kinetics data were assessed using first-
and pseudo-second-order models, which are given by
the following two equations:

k
log(q.~q,) = logqe—ﬁt (4)

i — L il ( 5 )
q; kz‘]ﬁ 9e

where ¢, and ¢, represent the amount of As adsorbed at
any time ¢ and at equilibrium time, respectively; k;
represents the first-order model adsorption rate constant
(h™"); and k, is the rate constant of sorption of pseudo-
second-order model (g mg ™' h™).

2.5 FTIR Investigation

The Fourier transform infrared (FTIR) spectroscopy
spectrograms of ferrihydrite before and after adsorption
of As(Il) and As(V) under single and binary conditions
were obtained using transmission mode (Thermo-Nico-
let Avatar 370 FTIR), with a wave number ranging from
400 to 4000 cm'. The samples were ground and
pressed into disks mixing with dried spectral grade
potassium bromide (KBr). All FTIR measurements
were conducted at room temperature.

3 Results and Discussion
3.1 Single Adsorption Isotherms

Isotherm studies were performed by varying the adsorbate
concentrations with a fixed adsorbent dosage. The adsorp-
tion isotherm experimental data of As(V) and As(III) under
single and competitive conditions are shown in Fig. | as
well as the non-linear fits of the isotherm models. Both the
adsorption of As(Ill) and As(V) increased with growing
initial concentrations. As(V) reached a sorption maximum
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Fig. 1 Adsorption isotherms of As(III) and As(V) on ferrihydrite
in single and binary systems at pH 5. The symbols show the
experimental results, and the solid lines represent the non-linear
fitting of a Langmuir adsorption and b Freundlich adsorption
models

and achieved equilibrium at an initial As(V) concentration
of 80 mg/L, whereas the adsorption of As(Ill) increased
continuously and there was no evidence for a plateau in its
adsorption isotherm. This indicates that adsorption of
As(IIT) did not attain equilibrium in the range of concen-
trations studied. Moreover, As(Ill) was more favorably
adsorbed onto ferrihydrite than As(V) particularly at high
initial As concentrations, which is consistent with previous
observations (Qi and Pichler 2014; Raven et al. 1998).
According to electrostatic attraction, it is generally predict-
ed that the negatively charged As(V) species should be
more strongly adsorbed by iron hydroxides than the non-
charged As(Ill) species. However, the prediction is con-
trary to some reported experimental results (Qi and Pichler

2014; Raven et al. 1998). The higher adsorption of As(III)
onto ferrihydrite could possibly be caused by surface
ligand bonding (Jain et al. 1999) or by forming of ferric
arsenite on the surface sites.

The non-linear fitting parameters for the Langmuir
and Freundlich models are shown in Table 1. As indi-
cated by the value of R?, the Freundlich model effec-
tively described the experimental data for both the ad-
sorption of As(Ill) and As(V) in the single component
systems. The constant value of K¢ for As(Il) was higher
than for As(V), which indicated that As(Ill) had a sig-
nificantly higher affinity for surface sites onto ferrihy-
drite than As(V). The better fit of the Freundlich model
to our data suggests that the adsorption of As(IIl) and
As(V) onto ferrihydrite was more likely related to multi-
layer adsorption, and the surface sites were heteroge-
neous for As(IlIl) and As(V) with the distribution of
different adsorption energies.

3.2 Competitive Adsorption Isotherms

Under binary conditions, As(IIl) was more strongly
adsorbed on the surface sites than As(V) at high initial
adsorbate concentrations, just as observed in single sys-
tems. Moreover, the presence of As(III) seemed to have no
pronounced inhibitory effect on As(V) adsorption, while
As(II) adsorption was sensitive to the coexistence of
As(V). The amount of adsorbed As(Il) decreased in the
presence of As(V) from 86 to 62 mg/g at an initial con-
centration of 125 mg/L, resulting in an inhibitory effect of
approximately 38 %. The results of the competitive iso-
therm experiments demonstrated that the presence of
As(Ill) had an insignificant influence on the adsorption
of As(V), while As(Il) adsorption was negatively affected
by As(V) at low pH. This could be due to the fact that
As(V) was strongly adsorbed on surface sites at low pH

Table 1 Comparisons of Langmuir and Freundlich isotherm
model parameters for As(III) and As(V) adsorption on ferrihydrite
in single and binary systems

Ton System Langmuir Freundlich
b qm R’ Kf n R?
(L/mg)  (mg/g)
As(V) Single 0.09 42.39 0.873 10.5 3.34 0.997
As(V) Binary 0.2 35.85 0.803 14.5 4.88 0.996

As(Ill) Single 0.26 87.43 0.937 26.63 3.07 0.943
As(Ill) Binary 0.06 71 0.892 10.51 2.41 0978




values via coulombic force and Lewis acid-base interac-
tions (Banerjee et al. 2008). Furthermore, the amount of
adsorbed As(V) increased with growing initial concentra-
tion and then reached a plateau just as observed in the
single system, while As(II) adsorption seemed to increase
continuously and did not reach equilibrium.

The experimental data of the competitive adsorption
experiments showed an excellent fit to the Freundlich
isotherm model. A higher value of the exponent 1/n or
K led to a higher affinity and greater heterogeneity of
the adsorbent sites (Wu et al. 2013). As shown in
Table 1, the value of Krof As(Ill) obtained under binary
conditions decreased remarkably compared to that ob-
tained under single conditions, which indicates that the
presence of As(V) has a negative effect on As(III)
adsorption. The value of K, of As(V) in the presence
of As(IIl) was higher than in the single system, which
implies that the addition of As(IIT) had no inhibitory
influence on As(V) adsorption at pH 5. The surface sites
on ferrihydrite for As were deemed heterogeneous, and
the adsorption affinity decreased in the following order:
As(IIT)-single > As(IIl)-binary > As(V)-single > As(V)-
binary.

3.3 Adsorption Kinetics

The adsorption kinetic curves of As(Ill) and As(V) in the
single and binary systems are shown in Fig. 2. The ad-
sorption for both As(Ill) and As(V) was initially rapid,
followed by a slower phase until gradually approached
equilibrium. But some differences were found in their
adsorption behavior. For example, As(Ill) adsorption in
the single solute system occurred rapidly with over 80 % of
removal after 2 h at a pH of 5, whereas the rate of As(V)
adsorption was slower than that of As(II) with approxi-
mately 70 % of removal in the same time span. The rate of
As(IIT) adsorption was independent on the solution pH,
and the As(V) adsorption rates decreased with increasing
pH. Similarly, Raven et al. (1998) reported that As(IIl) was
faster adsorbed onto ferrihydrite than As(V) at relatively
high initial As concentrations, and the rate of As(V) ad-
sorption was dependent on the solution pH and was faster
at low As concentrations. Zhang et al. (2007) observed that
As(Ill) adsorption was particularly fast during the first
hour, in which nearly 80 % of the As(Ill) was removed
from solution. The adsorption of As(V) on two-line ferri-
hydrite increased rapidly during the first 2 h but then
reached a plateau (Frau et al. 2010), which could be
attributed the higher affinity of As(Ill) relative to As(V).
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Fig.2 Time of a As(Ill) and b As(V) adsorption onto ferrihydrite
in single and binary systems, respectively (pHs 5 and 9; initial As
concentration 50 mg/L)

As(III) adsorption in single and binary systems follow-
ed an identical pattern at pH 9. It indicates that the presence
of As(V) had an insignificant influence on the adsorption
rate of As(Ill) at higher pH values. However, the amount of
adsorbed As(IIl) in the binary systems was less than what
was observed in the single system at pH 5 at the same time
intervals. For example, 68 % of As(Il) was removed in the
binary system, while approximately 76 % of As(Ill) was
removed in the single system within the first 2 h. Approx-
imately 80 and 91 % of As(III) adsorption were completed
after 24 h in the binary and single systems, respectively.

It seemed that the presence of As(Ill) did not signifi-
cantly affect the As(V) adsorption kinetics at pH 5, which
is similar to the observations obtained from the isotherm
studies. But As(V) adsorption was slowed and decreased
in the presence of As(II) at pH 9. It could be ascribed that



As(IIT) is more strongly adsorbed at higher pH values and
thus outcompeted As(V). A previous study reported sim-
ilar results that As(V) adsorption in the presence of a non-
competitor anion such as chloride was rapid but was three
times slower in the presence of a stronger competitor anion
such as phosphate (Frau et al. 2010).

The adsorption kinetics experimental data was analyzed
by two kinetics models using linear methods, pseudo-first-
order and pseudo-second-order models, as shown in Figs. 3
and 4. The adsorption rate constants and other parameters
obtained from the two kinetic models are listed in Table 2.
Since As(V) adsorption dramatically decreased at higher
pH values, the experimental data of As(V) which were
obtained at pH 9 were omitted from the model. The
adsorption kinetics of As(Ill) and As(V) in single and
binary systems were all correlated with a pseudo-second-
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Fig. 3 Pseudo-first-order kinetic plots of As(Ill) and As(V) at
different pH values in a single and b binary systems
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Fig. 4 Pseudo-second-order kinetic plots of As(IIl) and As(V) at
different pH values in a single and b binary systems

Table 2 Kinetics parameters obtained from pseudo-first-order
model and pseudo-second-order model

Adsorbate pH  Single systems Binary systems

k2 qe R2 kZ qe R2

Pseudo-first-order model
As(V) 5 0.67 1778 0915 096 2291 0.805
As(ll) 5 1.11 19.50 0.885 0.86 19.95 0.90
As) 9 1.17 1820 0.907 140 15.85 0.788
Pseudo-second-order model
As(V) 5 031 1923 0987 0.13 2273 0991
Asl) 5 026 37.04 0997 030 3571 0.997
As(ll) 9 027 3695 0997 029 4348 0.999
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Fig. 5 Comparisons of FTIR spectra of ferrihydrite (Fh) before
and after adsorbing either of the two As species or both at pH 5 and
at an initial As concentration of 80 mg/L

order model with high correlation coefficients (R*). This
suggests that the two As redox species are adsorbed onto
ferrihydrite by a rate-determining mechanism under both
single and binary conditions. The adsorption of both
As(IIT) and As(V) was initially fast but then slowed down,
probably due to an insufficient amount of adsorption sites.
The small change in the value of &, for As(Ill) either alone
or in the presence of As(V) indicates that As(V) had an
insignificant influence on the As(Ill) adsorption rate. The
lower value of &, for As(V) in the binary system suggests
that the presence of As(Ill) negatively affects the rate of
As(V) adsorption. It seems that the influence on the ad-
sorption rate by competition is somehow contrary to the
observed for the amount of As adsorbed at equilibrium.
Furthermore, according to the adsorption isotherm data,
the ferrihydrite adsorption sites were not saturated for
As(1Il), and thus the value of ¢, calculated from the
pseudo-second-order equation cannot be considered accu-
rate. Consequently, although the second-order equation
provides a good description for the data, some deviations
could exist for our results. For example, the value of ¢,
calculated for As(Il) in the binary system should be
similar to that calculated in the single system at pH 9.

—FeOH «— H,AsO,
—FeOH «— H;AsO,

3.4 FTIR Spectra Analysis

To obtain further insights into the adsorption mechanisms
of As(Ill) and As(V) under competitive conditions, FTIR
spectroscopy was used to probe the nature of the interac-
tion between the adsorbed As redox species and ferrihy-
drite. Figure 5 shows the FTIR spectra of dried ferrihydrite
before and after the adsorption under both single and
binary conditions at a pH of 5. The peak near 3400 cm ™'
observed for all samples could be ascribed to OH
stretching, while the peak at about 1630 cm ! could be
assigned to deformation and vibration of the H-O-H band
for water molecules, indicating the presence of
physisorbed water on ferrihydrite (Ren et al. 2011; Zhang
et al. 2009). The spectra of ferrihydrite after the individual
adsorption of As(IIl) and As(V), and simultaneous adsorp-
tion of both species had a similar shape and similar band
positions (Fig. 5), suggesting that both As redox species
could share a similar adsorption mechanism. After the
adsorption experiments, a new peak appeared in the ferri-
hydrite spectra at around 826 cm ™. The appearance of this
peak can be assigned to the occurrence of Fe-O-As bonds,
which is an indication of the possible formation of inner-
sphere bonds. This implies that both the adsorption of
As(IIT) and As(V) can be achieved through inner-sphere
surface complexes with the formation of Fe-O-As bands.
This is in good agreement with previous spectroscopic
studies about As(V) adsorption onto ferrihydrite, which
also reported that at about 830 cm_l, the observed band
was attributed the stretching vibration of As-O coordinated
with an Fe atom (Gao et al. 2013; Jia et al. 2007). Seem-
ingly, the competition between the two species takes place
on the surface sites of ferrihydrite (as illustrated in Fig. 6).
The presence of As(V) had a significant negative influence
on the adsorption of As(IIl) at pH 5 in the binary systems,
indicating that a fraction of As(IIl) species could not
combine with the surface functional group strongly and
directly. Inner-sphere complexes are in general more stable
than outer-sphere complexes (Bradl 2004) and not easy to
be substituted by other metal ions. Thus the competitive
adsorption experimental results imply that As(V) could be
strongly adsorbed onto ferrihydrite by inner-sphere com-
plexes. As(IIT) could be weakly bonded on the surface sites
by a combination of inner-sphere and outer-sphere

—Fe--- 0—As(V)
—Fe--- O—As(lll)

compete

Fig. 6 A schematic of the mechanism depicting the competition between As(III) and As(V) for ferrihydrite surface sites



complexes since As(I1I) adsorption was negatively affected
by the presence of As(V), although the FTIR spectra did
not provide direct evidence for the formation of mixed
inner- and outer-sphere complexes. Nevertheless, addition-
al spectroscopic techniques are required to explore the
surface properties of ferrihydrite following the simulta-
neous adsorption of both As species.

4 Conclusions

In this paper, the nature of the competitive adsorption of
As(IlT) and As(V) on ferrihydrite was studied by using a
combination of batch adsorption experiments and spectros-
copy measurements. The isotherm studies showed that
As(IIT) adsorption onto ferrihydrite was largely impeded
by the presence of As(V) particularly at pH 5 under binary
conditions, whereas the presence of As(Ill) had an insig-
nificant influence on As(V) adsorption. Non-linear regres-
sion analysis was carried out to determine the best model
for the equilibrium adsorption data under single and binary
conditions. The adsorption under both conditions was well
described by the Freundlich model, indicating that the
adsorption sites on ferrihydrite for As are heterogeneous.
The kinetics of As(III) and As(V) adsorption followed a
pseudo-second-order model, suggesting that adsorption of
both As(III) and As(V) was controlled by a rate-
determining mechanism. The FTIR spectroscopy analysis
offered direct evidence that both of the two As redox
species could compete for ferrihydrite surface sites in
binary systems, since they share a similar adsorption mech-
anism through the formation of Fe-O-As bonds.
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