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a b s t r a c t

We studied the sorption of As(III) and As(V) onto ferrihydrite as affected by pH, nature and con-
centration of organic [oxalic (OX), malic (MAL), tartaric (TAR), and citric (CIT) acid] and inorganic
[phosphate (PO4), sulphate (SO4), selenate (SeO4) and selenite (SeO3)] ligands, and the sequence of
anion addition. The sorption capacity of As(III) was greater than that of As(V) in the range of pH
4.0–11.0. The capability of organic and inorganic ligands in preventing As sorption follows the sequence:
eywords:
orption
errihydrite
s(III)

SeO4 ≈ SO4 < OX < MAL ≈ TAR < CIT < SeO3 � PO4. The efficiency of most of the competing ligands in pre-
venting As(III) and As(V) sorption increased by decreasing pH, but PO4 whose efficiency increased by
increasing pH. In acidic systems all the competing ligands inhibited the sorption of As(III) more than
As(V), but in alkaline environments As(III) and As(V) seem to be retained with the same strength on the

peti
III) or
s(V)
ompetition
rganic and inorganic ligands

Fe-oxide. Finally, the com
than together or after As(

. Introduction

Arsenic (As) is an element ubiquitous in the environment and is
xtremely toxic for humans, animals and plants [1,2]. Arsenic con-
amination in water is a worldwide problem, because in drinking
ater it is rapidly and directly sorbed by humans [1,3–5]. Devel-

ping countries are the most severely affected by the arsenic crisis,
ut the situation is especially alarming in south and southeast Asia
3,6]. The seriousness of this problem has led the World Health
rganization to describe it as the greatest mass poisoning in human
istory. An examined 35 million people in Bangladesh and 6 million

n West Bengal are at risk [2,5,7].
In soils high concentrations of As can originate from different

ources, as weathering of rocks or minerals with high As contents,
iological activities and anthropogenic activities, such as mining
melter, disposal waste and application of As fertilizers and pesti-
ides.

Many inorganic and organo-arsenical forms are present in nat-
ral environments, but the most common are arsenite [As(III)] and
rsenate [As(V)]. The predominant As speciation is strongly influ-
nced by the redox potential and pH [5,7,8]. Arsenite is 25–60 times

ore toxic and mobile than As(V), which mainly arise from its

tate as H3AsO3 at pH < 9.0, as compared to the charged species
hich predominate in a wide pH range (H2AsO4

− between 2.5 and
, HAsO4

2− between pH 7.0 and 12.0 [4,5,7,8].

∗ Corresponding author. Tel.: +39 081253 9175; fax: +39 081253 9186.
E-mail address: violante@unina.it (A. Violante).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.02.071
ng anions prevented As(III) and As(V) sorption more when added before
As(V).

© 2011 Elsevier B.V. All rights reserved.

The mobility of As compounds in soil–water–plant systems is
affected by sorption/desorption on/from soil components or copre-
cipitation with metal ions [9–13]. The importance of oxides (mainly
Fe-oxides) in controlling the mobility and concentration of As in
natural environments is well known [4,5,8,9,12–14]. In particu-
lar, As(V) demonstrates a high affinity for most metal hydroxides
and clay minerals, whereas As(III) has a strong preference for
hydroxides of iron. At circumneutral pH values and higher, As(III)
usually adsorbs to a greater extent on ferric hydroxides than As(V)
[8,15,16].

Many studies on the structures of As(V) adsorption complexes
on various Fe oxyhydroxides have been carried out using X-ray
adsorption spectroscopy, whereas very few have been focused
on As(III) [4,5,8,13,17–19]. The formation of various inner-sphere
complexes has been suggested as the primary mechanism for the
sorption of As(V) on iron oxides [13,17]. However, both inner-
sphere complexes and outer-sphere complexes have been found
in the sorption of As(III) on different iron oxides [13,19]. Ona-
Nguema et al. [19] found using EXAFS spectroscopy that As(III)
forms bidentate mononuclear edge-sharing and bidentate binu-
clear corner-sharing on ferrihydrite. A redox reaction between
Fe(III)-oxide and As(III) did not occur within 72 h, indicating that
the kinetics of the redox reaction between As(III) and Fe(III) is rel-
atively slow [20].
As reported by Inskeep et al. [21] on iron oxides, the sorp-
tion capacity of As(III) compares or exceeds that of As(V),
the former showing an adsorption envelope centered at pH
8.0, while the latter increases continuously with decreas-
ing pH, but caution should be used in drawing conclusions

dx.doi.org/10.1016/j.jhazmat.2011.02.071
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:violante@unina.it
dx.doi.org/10.1016/j.jhazmat.2011.02.071
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egarding binding strength from the magnitude of reten-
ion.

Numerous studies have been carried out on the sorption of
s(III) and As(V) onto Fe or Al oxides [4,8,9,22]. The presence of

norganic and organic ligands affects the sorption of As onto soil
inerals and soils by competing for available binding sites and/or

educing the surface charge of the sorbents [8,10,12,23–26]. The
ompetition in sorption is affected by the affinity of the compet-
ng anions for the surfaces of the sorbents, the nature and surface
roperties of the minerals and soils, the surface coverage and the
eaction time.

Competition between As(V) and phosphate has been widely
tudied [4,7,8,10–12,27,28] but scant attention has been devoted
o compare the effect of different inorganic and organic ligands on
he adsorption of As(V) and As(III) onto soil components [24,25,29].
ow molecular mass organic ligands (particularly aliphatic acids,
uch as acetic, oxalic, tartaric, succinic, malic, and citric acids) are
bundant in the rhizosphere, being continuously released by plant
oots and microorganisms ([8,30] and references there in). Their
resence may affect the mobility of As at soil–root interface.

In order to have useful information on the factors which may
nfluence the mobility and potential toxicity of arsenic in natural
nvironments, we carried out a study on the sorption of As(IIII) and
s(V) onto ferrihydrite as affected by pH, nature and concentra-

ion of organic [oxalic (OX), malic (MAL), tartaric (TAR), and citric
CIT) acid] and inorganic [phosphate (PO4), sulphate (SO4), sele-
ate (SeO4) and selenite (SeO3)] ligands, surface coverage and the
equence of anion addition.

. Materials and methods

All chemicals were reagent grade and used without further
urification. Solutions were prepared with Mill-Q (18 M�-cm)
ater. Plastic volumetric flasks and reaction vessels (polypropy-

ene) were cleaned with HNO3 1% and rinsed several times with
eionized water before use.

.1. Formation and characterization of ferrihydrite

Ferrihydrite was prepared by precipitating 0.1 mol L−1 Fe(NO3)3
t pH 5.5 with 0.5 mol L−1 NaOH at a rate of 0.5 mL min−1. The final
olume was adjusted to 1 L. After 24 h of aging at 20 ◦C, the suspen-
ion was washed, dialysed with deionized water and freeze-dried.
he precipitate was identified by X-ray diffraction (XRD), infrared
pectroscopy and electron microscopy.

The X-ray diffraction patterns of randomly oriented sample
ere obtained using a Rigaku diffractometer with Fe-filtered
oK� radiation generated at 40 kV and 30 mA (Rigaku Co., Tokyo).
he infrared spectrum of the sample was obtained using diffuse
eflectance infrared Fourier transform (DRIFT) spectroscopy anal-
sis. Sample preparation for DRIFT determination was as follows:
.2 mg of sample was mixed with 200 mg of KBr (Fourier-transform

nfrared [FT-IR] grade, Aldrich Chemical Co.). The DRIFT spectra
ere obtained using a PerkinElmer Spectrum One FT-IR Spec-

rophotometer (PerkinElmer Instruments, Wellesley, MA). The
nstruments had a spectral resolution of 1 cm−1. Finally, for trans-

ission electron microscopic (TEM) examination, one drop of
ample suspension before freeze-drying was deposited onto a C-
oated Forvar film Cu grid. The TEM micrograph was taken with a

hilips CM 120 microscope (Philips, Eindhoven, the Netherlands).

The surface area of ferrihydrite was determined by H2O sorption
t 20% relative humidity [31] and the point of zero charge (PZC)
as determined by laser Doppler velocimetry-photon correlation

pectroscopy (Beckham Coulter Electronics, Hialeah, FL)
aterials 189 (2011) 564–571 565

2.2. As(III) and As(V) isotherms

One hundred milligrams of ferrihydrite, in triplicate, was equi-
librated at 20 ◦C with 19.5 mL of 0.02 mol L−1 KCl at pH 5.0 or 6.0.
Suitable amounts of 0.01 mol L−1 solutions containing K2HAsO4
or K2HAsO3 were added to obtain an initial As(V) or As(III) con-
centration in the range 5 × 10−4 to 10−2 mol L−1. The pH of each
suspension was maintained constant (5.0 or 6.0) by the addition
of 0.1 or 0.01 mol L−1 HCl or NaOH using a stirred pH-stat appara-
tus. The final volume was 20 mL and the final solid/solution ratio
was 5 g L−1. The suspensions were shaken for 24 h in a water bath at
20 ◦C, centrifuged at 10,000 × g min−1, and filtered using membrane
filters (0.45 �m). The filtrates were stored at 2 ◦C until analysis.

The concentrations of As(III) and As(V) in the solutions were
determined as described below. Arsenite and As(V) sorption was
calculated from the difference between the initial and final As(V)
and As(III) concentration in the solutions.

2.3. Kinetics of sorption of As(III) and As(V)

The kinetics of As(III) and As(V) by the Fe-oxide was stud-
ied by the conventional batch method. One hundred milligram
of the sorbent was added to a series of 50-mL flasks (in tripli-
cate), which contained 19.5 mL of 0.02 mol L−1 KCl. The pH of the
suspensions were then adjusted to 6.0 with 0.01 or 0.1 mol L−1

HCl or KOH. Suitable amounts of 0.01 mol L−1 solution contain-
ing K2HAsO4 or K2HAsO3 (pH 6.0) were added to each flask
to obtain a final As(III) and As(V) concentration, respectively of
7 × 10−3 and 4 × 10−3 mol L−1, corresponding to 1400 [As(III)] and
800 [As(V)] mmol kg−1 (near to the maximum amount determined
by As(III) and As(V) isotherms). The suspensions were shaken in a
shaker with a constant-temperature water bath of 20 ◦C from 0.167
to 48 h. The pH of the suspensions was measured during the reac-
tion period and was kept constant. The suspensions were brought
to 20 mL and rapidly filtered through a 0.22 �m filter. The As(III)
or As(V) concentration was determined as reported below and the
amount sorbed was calculated by taking the difference between
the initial and final concentration.

2.4. Sorption of As(V) and As(III) as a function of pH

One hundred milligrams of ferrihydrite, in triplicate, was equi-
librated at 20 ◦C with 19.5 mL of 0.02 mol L−1 KCl at different pH
values from 4.0 to 11.0). Predetermined quantities of 0.01 mol L−1

solutions containing As(III) or As(V), previously adjusted at pH
4.0–11.0, were pipetted into the flasks in order to yield nearly the
maximum adsorption of each oxyanion, as previously determined
by sorption isotherms. The pH of each suspension was kept constant
for 24 h by adding 0.1 or 0.01 mol L−1 HCl or KOH. The final suspen-
sions (20 mL) were centrifuged at 10,000 × g for 20 min, and filtered
through a 0.22-�m filter. Arsenite and As(V) were determined in
the supernatants as described below.

2.5. Sorption of As(III) and As(V) in the presence of inorganic and
organic ligands

Sorption experiments of As(III) and As(V) in the presence of
organic (OX, TAR, MAL and CIT) and inorganic (PO4, SO4, SeO4, and
SeO3) ligands (all the reagents used are K-salts) were carried out
at pH 5.0 and 6.0 by adding suitable amounts of As(III) or As(V)

(at about 60% surface coverage, as referred to sorption isotherms)
together with the competing ligand (As + ligand systems) at initial
ligand/As molar ratio (R) of 1 and 2. The pH of each suspension (5.0
or 6.0) was kept constant for 24 h by adding 0.1 or 0.01 mol L−1 HCl
or KOH. Some experiments were carried out also at pH 4.0 and 9.0.
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Table 1
Isotherm parameters for the sorption of As(III) and As(V) on ferrihydrite at pH 6.0.

Freundlich model Langmuir model
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Kf (mmol kg−1) n R2 qm (mmol kg−1) K R2

As(III) 1469 4.3 0.98 1337 35.2 0.88
As(V) 752 12.7 0.99 745 70.3 0.98

In order to study the sequence of anion addition on As sorp-
ion, experiments were carried out by adding As(III) or As(V) 5 h
efore the addition of the competing organic or inorganic ligand (As
efore ligand systems) or by adding the competing ligand 5 h before
rsenic (ligand before As systems) at R = 1, keeping the suspensions
o react for 24 h after As addition.

.6. As(V) and As(III) determination

The concentration of As(III) and As(V) in the supernatants
as determined by inductively coupled plasma (ICP-AES, Var-

an, Liberty 150) and Dionex DX-300 Ion Chromatograph (Dionex
o, Sunnyvale, CA), respectively, as described in previous studies
10,11]. The amounts of As(III) and As(V) sorbed was determined
y the difference between the quantity of As added initially and
hat present in the supernatants. The data are the mean of three
eterminations. The ±values in the tables indicate error standard.
he intraday repeatability study was carried out by the injection
f the same standard solution five consecutive times (n = 5) in the
ame day under the same conditions. The interday precision was
arried out for three successive days using the same solution. The
elative standard deviation of these measurements was between
% and 3%.

. Results and discussion

.1. Characterization of the metal oxide

The Fe oxide obtained at pH 5.5 was identified to be ferrihy-
rite. The X-ray pattern of this sample showed four characteristic
road peaks centered at 0.254, 0.225, 0.198, and 0.148 nm (Fig. 1A).
he FT-IR spectrum and TEM indicated that this material was a
ery poorly crystallized material, with particles less than 100 nm
n size, which appear usually aggregated (Fig. 1B and C). The sharp
eak at 1384 cm−1 in the FT-IR spectrum (Fig. 1B) indicates pres-
nce of nitrate as impurity. Ferrihydrite showed a surface area of
80 m2 g−1 and a PZC of 7.5.

.2. Sorption isotherms of As(III) and As(V)

The sorption isotherms of As(III) and As(V) on ferrihydrite at
H 6.0 are depicted in Fig. 2. The sorption data were fitted by Lang-
uir equation (Eq. (1)) and Freundlich equation (Eq. (2)) as reported

elow:

e = qmKCe

(1 + KCe)
(1)

e = KfC
1/n
e (2)

here Ce and qe are the amount of As(III) or As(V) in the solution
mmol L−1) and sorbed on ferrihydrite (mmol kg−1), respectively,
m and Kf stand for the maximum amount of As(III) or As(V) that
ay be sorbed, while K and n are the constant related to the sorption
nergy or sorption intensity.
The sorption data were described better by Freundlich equation

han by Langmuir equation (Table 1). The maximum sorption of
s(III) and As(V) on ferrihydrite at pH 6.0 as revealed by Freundlich
quation was 1469 and 752 mmol kg−1, respectively. The n value
Fig. 1. X-ray powder diffractogram (A), FT-IR spectrum (B) and transmission elec-
tron micrograph (C) of the iron precipitation product. Bar indicates 100 nm.

from Freundlich fitting and K value from Langmuir fitting of As(V)
were both greater than that of As(III) (Table 1), indicating a greater
affinity of ferrihydrite for As(V) than for As(III).

3.3. Effect of pH on the sorption of As(III) and As(V)

In the range of pH 4.0–11.0, the sorption capacity of As(III) was
always greater than that of As(V) (Fig. 3). The sorption of As(V) onto
ferrihydrite was highly pH dependent and decreased by increasing
pH from 4.0 to 11.0 from 1000 to 200 mmol kg−1, due to the repul-
sion between the more negative charged As(V) species and the

surface sites [9]. In contrast, As(III) sorption was practically con-
stant in the range 4.0–9.0 and, then decreased at pH > 9.0, being
As(III) practically uncharged up to pH 9.0. Similar results were
found by other researchers [15,21,24,27].
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ig. 2. Freundlich (A) and Langmuir (B) fitting for the sorption isotherms of arsenite
nd arsenate on ferrihydrite at pH 6.0.

Dixit and Hering [15] found that As(V) sorption onto ferrihydrite
as more favourable than As(III) at low pH values, but the opposite
as true at high pH values. These authors found that with ferrihy-
rite the crossover pH (i.e. the pH value at which As(III) and As(V)
ere equally sorbed) was about 6.5 with 50–100 �M total As. Varia-

ions in crossover pH values (an increase to higher pH by decreasing
s concentration) were found by many authors [9,15,16,32] using

errihydrite or goethite as sorbents and were attributed to differ-
nces in the sorbate and sorbent concentrations. In our study, the
ack of a crossover in the range of pH 4.0–11.0 must be attributed to
he greater sorbate and sorbent concentration used in comparison

o the other studies previously cited. Raven et al. [9] showed that
s(III) has a greater sorption capacity on ferrihydrite and goethite

han As(V) except at very low solution concentrations.
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Fig. 3. Effect of pH on the sorption of arsenite and arsenate on ferrihydrite.
Fig. 4. Effect of reaction time on the sorption of arsenite and arsenate on ferrihydrite
at pH 6.0 at about 100% of surface coverage (A); kinetics of sorption of arsenite and
arsenate using the Elovich model (multiple linear segments better describe arsenate
sorption, dashed line) (B).

3.4. Kinetics of sorption

Fig. 4A shows the effect of reaction time on the sorption of As(III)
and As(V) onto ferrihydrite at pH 6.0 and at about 100% of surface
coverage. Among the kinetics models tested (first order, parabolic
diffusion, pseudo-second-order and Elovich model), the fit for the
sorption data was obtained best using the pseudo-second-order
(Eq. (3)) and Elovich model (Eq. (4); Table 2) [23], reported below:

t

qt
= 1

(kq2
e)

+ t

(qe) h
= kq2

e (3)

qt =
(

1
ˇ

)
ln(t) +

(
1
ˇ

)
ln(˛ˇ) (4)

where qt and qe are the amounts of arsenite or arsenate sorbed
at time t and at equilibrium (mmol kg−1), h and ˛ are the ini-
tial sorption rate (mmol kg−1 h−1) in pseudo-second-order model
and Elovich model, respectively, k is the rate constant of sorption
(kg mmol −1 h−1) in pseudo-second-order model, whereas ˇ is the
desorption constant (kg mmol−1) in Elovich model.

In soil chemistry, the Elovich equation has been usually used
to describe the kinetics of sorption/desorption of nutrients and
pollutants on soils and soil components [23]. Fig. 4B shows the

sorption of As(III) and As(V) using the Elovich model. The sorption
reactions of As(III) and As(V) can be explained as a biphasic pro-
cess, the first sorption process occurring during the initial period of
10 min. (0.167 h) and the subsequent sorption occurring during the
reaction period of 0.167–48 h. After 0.167 h, 64% of As(III) and 43%
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Table 2
Kinetic parameters for the sorption of As(III) and As(V) on ferrihydrite at pH 6.0.

Pseudo-second-order model Elovich model
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qe (mmol kg−1) h (mmol kg−1 h−1) k

As(III) 1312 6098 0.0035
As(V) 707 1527 0.0031

f As(V), initially added, were sorbed onto the Fe-oxide (Fig. 4B).
ultiple linear segments could describe the kinetics process of

s(V) (dashed line in Fig. 4B), indicating a possible changeover
rom some type of sites to others [23]. Multiple linear segments
ere not observed for As(III), probably being the reaction kinetics
articularly fast.

Faster initial sorption rate of As(III) than As(V) was revealed
y the fitting with both the models (Table 2). Greater k value of
s(III) than As(V) also indicated that the sorption rate of As(III) in

he whole sorption process was higher than that of As(V).
The ˇ value of As(III) was also greater than that of As(V) and

ay suggest a greater desorption tendency of As(III) than As(V),
onfirming a greater affinity of ferrihydrite for As(V) than for As(III)
Table 1).

.5. Effect of inorganic and organic ligands on the sorption of
s(III) and As(V)

Tables 3 and 4 show the amounts of As(III) sorbed at pH 5.0
Table 3) and of As(III) and As(V) sorbed at pH 6.0 (Table 4) on
errihydrite in the absence or presence of inorganic and organic
nions added at R of 1 and 2. Arsenite and As(V) were added at
0% of surface coverage as determined by the sorption isotherms
Fig. 2). Finally, the Tables 5 and 6 show the effect of anion addition
n the sorption of As(III) and As(V) onto the Fe-oxide.

The presence of inorganic and organic ligands influenced the
orption of As(III) and As(V) onto ferrihydrite by competing for
vailable binding sites and/or reducing the surface charge of the
orbent [7,8,10,23–26]. The efficiency of each ligand was calculated
sing the following expression [10]:

nhibition Efficiency (IE) of a ligand (%)

=
[

1 − As sorbed in the presence of a ligand
As sorbed when applied alone

]
× 100

Our data evidence that the sorption of As(III) and As(V) was

ffected by the nature and concentration of the anions, pH and
equence of addition of arsenic and competing ligand to the sorbent
Tables 3–6). However, the inorganic and organic ligands showed
tremendous difference in preventing As fixation. Phosphate and

eO3 were the most efficient, whereas SO4 and SeO4 were the

able 3
orption of As(III) onto ferrihydrite at pH 5.0 in the absence and presence of inorganic
nd organic ligands at initial ligand/As(III) molar ratio (R) of 1 and 2; 1000 mmol kg−1

f As added.

Ligand As(III) sorbed Efficiency As(III) sorbed Efficiency
R = 1 R = 2
mmol kg−1 % mmol kg−1 %

No ligand 940.4 ± 16.9 – 940.4 ± 16.9 –
SO4 887.1 ± 17.4 5.70 ± 0.1 874.7 ± 20.6 7.0 ± 0.2
SeO4 896.1 ± 14.8 4.70 ± 0.1 865.4 ± 22.8 8.0 ± 0.2
SeO3 681.1 ± 12.3 27.6 ± 0.9 498.9 ± 14.5 46.9 ± 1.2
PO4 534.3 ± 14.2 43.2 ± 1.1 392.5 ± 13.1 58.3 ± 1.4
Ox 831.2 ± 18.2 11.6 ± 0.7 772.2 ± 23.6 17.9 ± 0.4
Mal 708.0 ± 12.6 24.7 ± 0 .7 641.8 ± 18.8 31.8 ± 1.3
Tar 692.5 ± 18.4 26.4 ± 1.0 658.3 ± 16.4 30.0 ± 1.0
Cit 680.1 ± 14.8 27.7 ± 1.2 616.9 ± 19.7 34.4 ± 1.5

Values indicate error standard (SE).
R2 ˛ (mmol kg−1 h−1) ˇ (kg mmol−1) R2

0.99 4.0 × 1012 0.0221 0.98
0.99 4.4 × 104 0.0140 0.97

weaker. In fact, at pH 6.0 and R = 1 (Table 4), PO4 prevented As(III)
sorption of 48.3%, SeO3 of 22.3%, whereas SO4 and SeO4 had a neg-
ligible influence in inhibiting As(III) fixation (<2.5%). By increasing
R to 2 the inhibition increased to 69.3% for PO4, 32.5 for SeO3, and
3.8 for SeO4.

The ability of inorganic and organic anions to inhibit (or retard)
As(III) and As(V) sorption onto ferrihydrite was (Tables 3–6):

SeO4 ≈ SO4 < OX < MAL ≈ TAR < CIT < SeO3 << PO4

The data reported in Tables 3–6 clearly evidence that at pH 5.0
and 6.0 all the inorganic and organic ligands used inhibited the
sorption of As(III) more than As(V) in spite of greater amounts of
the latter were fixed onto the surfaces of ferrihydrite in all the range
of pH studied and, particularly, at pH ≥ 6.0 (Fig. 3). At pH 6.0 and at
initial ligand/As molar ratio = 2 the efficiency of PO4 in preventing
As(III) sorption was 69.3% versus 57.4% for As(V), that of SeO3 was
32.5 versus 20.1 and, finally, the efficiency of the organic ligands in
preventing As(III) sorption ranged from 11.7% for OX to 21.2% for
TAR and 26.5% for CIT, whereas their capacity in inhibiting As(V)
was in the range 7.5% for OX to 14.8% for TAR. Usually, at pH 6.0
and both R = 1 or 2, PO4 showed a capacity to prevent As(III) or
As(V) fixation more than two times that of SeO3 and three times
that of TAR and MAL.

The efficiency of most of the competing ligands in prevent-
ing As(III) sorption increased at pH 5.0 (Table 3), particularly for
MAL, TAR, and CIT, but decreased for PO4. In previous works
[8,10,12,26,29] it has been demonstrated that organic ligands were
more effective in preventing As(V) sorption onto soil components
in acidic systems, whereas the efficiency of PO4 in inhibiting As(V)
sorption increased by increasing pH (as discussed below).

The efficiency of SO4 and SeO4 in preventing As(III) sorption
increased at pH 5.0, but these anions still appeared to compete
slightly with As(III) and had a negligible effect on As(V) sorption at
pH 6.0 (and 4.0, as discussed below), even at SO4 (or SeO4)/As molar
ratio of 2 (Tables 3 and 4). These results are not surprising because
it is well kwon that SO4 and SeO4 usually form outer-sphere
complexes onto the surfaces of variable charge minerals. Some
authors [33–35] demonstrated by EXAF that SeO4 forms a mix-
ture of outer- and inner-sphere surface complexes onto goethite
and ferrihydrite, but inner sphere surface complexes decreased
by increasing pH from 3.5 to 6.0, whereas SO4 forms both outer-
sphere and inner-sphere surface complexes on goethite at less
than pH 6.0, outer-sphere complex at pH > 6.0, but forms predom-
inantly outer-sphere surface complexes on ferrihydrite. Liu et al.
[29] demonstrated that SO4 did not compete efficiently with PO4
and OX at pH > 5.0, but was able to inhibit PO4 and OX sorption
particularly at pH < 5.0 on goethite. This behaviour was attributed
to the possibility of SO4 to form inner-sphere complexes at low pH
values.

We carried out some experiments at pH 4.0 and R = 1 and 2,
which evidenced that the efficiency of these ligands in preventing
As(III) and As(V) sorption increased. Precisely, their inhibition effi-

ciency for As(III) was 6.4% (SO4) and 5.8% (SeO4) at R = 1 and 9.2%
(SO4) and 7.8% (SeO4) at R = 2, whereas their efficiency in prevent-
ing As(V) was lower and, precisely, 1.5% (SO4) and 2.4% (SeO4) at
R = 1 and 2.5% (SO4) and 3.9% (SeO4) at R = 2, confirming that these
ligands have an almost similar capacity in preventing or retarding
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Table 4
Sorption of As(III) and As(V) onto ferrihydrite at pH 6.0 in the absence and presence of inorganic and organic ligands at initial ligand/As(III) and As(V) molar ratio (R) of 1 and
2. 1000 mmol kg−1 of As(III) added; 600 mmol kg−1 of As(V) added n.d. stands for not determined.

Ligand As(III) sorbed Efficiency As(III) sorbed Efficiency As(V) sorbed Efficiency As(V) sorbed Efficiency
R = 1 R = 2 R = 1 R = 2
mmol kg−1 % mmol kg−1 % mmol kg−1 % mmol kg−1 %

No ligand 969.1 ± 18.4 – 969.1 ± 18.4 – 600.0 – 600.0 –
SO4 954.4 ± 22.3 1.5 ± 0.1 954.4 ± 24.7 1.5 ± 0.1 600.0 0.0 598.8 ± 11.8 0.2
SeO4 948.2 ± 19.0 2.2 ± 0.1 932.7 ± 18.6 3.8 ± 0.2 600.0 0.0 594.6 ± 13.5 0.9
SeO3 753.1 ± 16.8 22.3 ± 0.9 654.2 ± 17.4 32.5 ± 1.2 485.2 ± 12.8 19.1 ± 0.6 467.5 ± 12.7 20.1 ± 0.9
PO4 501.0 ± 14.2 48.3 ± 1.7 297.5 ± 12.0 69.3 ± 2.8 344.8 ± 8.7 41.1 ± 1.2 249.3 ± 14.8 57.4 ± 2.7
Ox 893.4 ± 25.1 7.8 ± 0.4 856.1 ± 33.8 11.7 ± 0.6 568.2 ± 13.9 5.30 ± 0.3 541.7 ± 16.7 7.50 ± 0.3
Mal 839.0 ± 19.7 13.4 ± 0.6 770.2 ± 21.5 20.5 ± 1.0 515.7 ± 15.8 11.9 ± 0.4 501.9 ± 15.8 14.3 ± 0.7
Tar 837.4 ± 14.8 13.6 ± 0.5 763.9 ± 22.5 21.2 ± 0.9 509.1 ± 11.5 13.0 ± 0.5 499.0 ± 12.4 14.8 ± 0.6
Cit 778.4 ± 17.4 19.7 ± 0.9 712.2 ± 23.8 26.5 ± 1.2 n.d. – n.d. –

± Values indicate error standard (SE).

Table 5
Sorption of As(III) onto ferrihydrite at pH 6.0 in the absence and presence of inorganic and organic ligands at initial ligand/As(III) molar ratio of 1, when As(III) and a ligand
were added together [As(III) + ligand systems], or As(III) was added 5 h before a ligand [As(III) before ligand systems], or when a ligand was added 5 h before As(III) [ligand
before As(III)systems] 1000 mmol kg−1 As added.

Ligand As(III) sorbed Efficiency As(III) sorbed Efficiency As(III) sorbed Efficiency

As(III) + ligand systems As(III) before ligand systems Ligand before As(III) systems

mmol kg−1 % mmol kg−1 % mmol kg−1 %

No ligand 969.1 ± 18.4 – 969.1 ± 18.4 – 969.1 ± 18.4 –
SO4 954.4 ± 22.3 1.5 ± 0.1 959.4 ± 27.2 1.0 ± 0.1 921.6 ± 26.7 4.9 ± 0.2
SeO4 948.2 ± 19.0 2.2 ± 0.1 957.5 ± 24.8 1.2 ± 0.1 929.3 ± 24.9 4.1 ± 0.1
SeO3 753.1 ± 16.8 22.3 ± 0.9 794.6 ± 20.8 18.0 ± 0.7 594.0 ± 31.9 38.7 ± 1.4
PO4 501.0 ± 14.2 48.3 ± 1.7 n.d. – n.d. –
Ox 893.4 ± 25.1 7.8 ± 0.4 917.7 ± 19.8 5.3 ± 0.2 863.5 ± 25.1 10.9 ± 0.5
Mal 839.0 ± 19.7 13.4 ± 0.6 861.5 ± 22.3 11.1 ± 0.5 805.3 ± 17.8 16.9 ± 0.7

.6 ± 3

.9 ± 3

n
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n
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m
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a
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±

Tar 837.4 ± 14.8 13.6 ± 0.5 857
Cit 778.4 ± 17.4 19.7 ± 0.9 816

.d. stands for not determined; ± values indicate error standard (SE).

s(III) and As(V) sorption. Some experiments carried out using a
oncrystalline Al-oxide and mixed Fe–Al oxides (unpublished data)
eems to demonstrate that SO4 inhibit As(III) and As(V) sorption
ore than SeO4. The effect of these ligands in competing with other

nions on different sorbents and at different pHs deserves closer
ttention.

Among the organic ligands used in this work CIT showed a
apacity to inhibit As(III) and As(V) sorption greater than MAL,
AR, and OX (in the order cited). Indeed, it is not easy to explain
hy CIT, MAL and TAR inhibited As sorption more than OX. Dynes

nd Huang [36] showed that the ability of 12 LMMOAs (including

IT, OX and MAL) to inhibit SeO3 sorption on poorly crystalline Al
ydroxides was usually correlated with the stability constant of the
l–organic solution complexes. The larger the stability constant the
ore effective the organic ligand was in competing with SeO3 for

able 6
orption of As(V) onto ferrihydrite at pH 6.0 in the absence and presence of inorganic an
ere added together [As(V) + ligand systems], or As(V) was added 5 h before a ligand [A

efore As(V)systems] 600 mmol kg−1 As added.

Ligand As(V) sorbed Efficiency As(V) sor

As(V) + ligand systems As(V) bef

mmol kg−1 % mmol kg−

No ligand 600.0 – 600.0
SO4 600.0 0 600.0
SeO4 600.0 0 600.0
SeO3 485.2 ± 12.8 19.1 ± 0.6 514.8 ± 1
PO4 344.8 ± 8.7 41.1 ± 1.2 408.0 ± 2
Ox 568.2 ± 13.9 5.30 ± 0.3 583.2 ± 2
Mal 515.7 ± 15.8 11.9 ± 0.4 561.6 ± 2
Tar 509.1 ± 11.5 13.0 ± 0.5 569.4± 2

Values indicate error standard (SE).
1.6 11.5 ± 0.4 789.8 ± 22.0 18.5 ± 0.7
2.7 15.7 ± 0.6 697.5 ± 26.9 28.0 ± 1.1

the sorption sites of Al precipitation products. However, some of
the organic acids competed less successfully than expected based
on their stability constant values. In this work, the stability con-
stants of OX, MAL, TAR and CIT with Fe(III) (1:1) were, respectively,
7.6, 7.1, 7.4 and 11.2, so the weaker efficiency of OX with respect
to MAL or TAR cannot be attributed to a lower affinity of this lig-
and for Fe [37]. A possible explanation is the decrease of the net
surface charge after adsorption of polyvalent acids. Jara et al. [38]
demonstrated that the PZC of a synthetic allophane coated with iron
oxide (5% of Fe2O3) was 4.82 but shifted to lower pHs when CIT or
OX anions were sorbed. In their experiments CIT decreased the PZC

more than OX, precisely to 3.57 and 4.05, respectively. Probably,
the addition of OX reduced the surface charge of ferrihydrite less
than the other organic ligands and, consequently, OX had a lower
efficiency in preventing the sorption of As(III) and As(V). Being CIT,

d organic ligands at initial ligand/As(III) molar ratio of 1, when As(V) and a ligand
s(V) before ligand systems], or when a ligand was added 5 h before As(V) [ligand

bed Efficiency As(V) sorbed Efficiency

ore ligand systems Ligand before As(V) systems

1 % mmol kg−1 %

– 600.0 –
0 600.0 0
0 597.0 ± 12.0 0.5

8.9 14.2 ± 0.6 453.6 ± 20.0 24.4 ± 1.0
0.7 32.0 ± 1.3 289.8 ± 11.3 51.7 ± 1.9
2.4 2.8 ± 0.1 553.2 ± 14.7 7.8 ± 0.3
1.8 6.4 ± 0.3 514.2 ± 16.8 14.3 ± 0.5
4.3 5.1 ± 0.2 505.2 ± 13.4 15.8 ± 0.6
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ig. 5. Efficiency of phosphate in inhibiting arsenite and arsenate sorption onto
errihydrite at different pH values at PO4/As molar ratio R of 1 and 2. The surface
overage of As was near 100%.

AR and MAL greater anions than OX a steric effect cannot be ruled
ut.

Our experiments were carried out in acidic systems. However,
ecause the sorption of As(III) was much greater than that of As(V),
articularly in alkaline environments (Fig. 2), it may be possible
o hypothesize that at high pH values As(III) may be sorbed more
ffectively than As(V). For this reason, we have carried out further
xperiments on the effect of PO4 at pH 9.0 and at R = 1 and 2 on
he sorption of As(III) and As(V). We found that the efficiency of
O4 was practically similar for As(III) and As(V). In fact, at R = 1, PO4
educed As(III) and As(V) sorption of 52.7% and 55.5%, respectively,
hereas at R = 2 reduced the sorption of As(III) and As(V) of 76.9

nd 74.1, respectively. Our experiments seem to demonstrate that
t high pH values both As(III) and As(V) are retained with almost the
ame strength on the surfaces of ferrihydrite, whereas at pH < 7.0,
s(V) is sorbed with a relatively stronger strength than As(III), as
epicted in Fig. 5.

.6. Effect of the sequence of anions addition on As(III) and As(V)
orption

The efficiency of inorganic and organic ligands was also studied
t pH 6.0 by differently adding the competitive anions to ferrihy-

rite. Arsenite or As(V) were added together with the competing

igand (As + ligand systems) (Tables 3–4), 5 h before (As before
igand systems) or after the competing anions (ligand before As
ystems) (Tables 5 and 6).

[

aterials 189 (2011) 564–571

The sequence of anions addition strongly affected the sorption
of As(III) and As(V). The efficiency of the foreign anions was greater
in the ligand before As systems than in the As + ligand and As before
ligand systems, in the order listed [10,11]. The efficiency of the inor-
ganic and organic ligands in all the systems was always greater in
preventing As(III) than As(V) sorption. By adding each of the com-
peting anions after As(V) (As before ligand systems), their efficiency
in inhibiting As(V) sorption was drastically reduced, and precisely,
2.5–1.9 times lower for the organic ligands and about 1.3 times
lower for SeO3 and PO4, as referred to the inhibition values ascer-
tained for As + ligand systems, whereas their efficiency in inhibiting
As(III) was reduced 1.5–1.2 times by the organic ligands and about
1.2 times lower for SeO3. Sulphate and SeO4 showed at pH 6.0 a
very low but clear influence in preventing As(III) sorption, partic-
ularly in ligand before As systems (4.9–4.1%; Table 5), whereas for
As(V) their influence was always negligible (Table 6).

4. Conclusions

The data reported in this work evidence that the sorption of
As(III) and As(V) onto ferrihydrite is affected by the nature and
concentration of organic and inorganic anions, pH and sequence
of addition of As and the competing ligand. The efficiency of the
anions studied in preventing As sorption was as follow:

SeO4 ≈ SO4 < OX < MAL ≈ TAR < CIT < SeO3 << PO4

However, whereas PO4 efficiency increased by increasing pH,
the efficiency of the other ligands increased by decreasing pH.
Furthermore, in acidic environments all the ligands inhibited the
sorption of As(III) more than As(V), in spite of greater amounts of
the latter were fixed on ferrihydrite in the range of pH 4.0–11.0.
However, in alkaline systems As(III) and As(V) appear to be retained
with the same strength.

These findings give important information on the factors which
affect As mobility in soil environments, including at the soil–plant
interface where low molecular mass organic ligands are continu-
ously released.
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