Article
pubs.acs.org/Langmuir

Closer Look at As(III) and As(V) Adsorption onto Ferrihydrite under
Competitive Conditions
Pengfei Qi and Thomas Pichler*
Geochemistry & Hydrogeology, Department of Geosciences, University of Bremen, Klagenfurter Straße, 28359 Bremen, Germany
ABSTRACT: Batch experiments were conducted in order to investigate the
competitive interaction of arsenite (As(III)) and arsenate (As(V)) onto
ferrihydrite as a function of initial pH, adsorbent dosage, concentration of
coexisting ligands, and order of addition. The pH generally had a great impact on
adsorption under both single ion and competitive conditions. However, the
amount of As(V) in solution was the controlling factor of adsorption behavior,
and As(III) more or less outcompeted As(V) across the pH scale from 4 to 10.
Under competitive conditions, i.e., both species were present at the same time,
As(III) and As(V) were adsorbed almost equally up to a pH of 5 at an adsorbent
dosage of 0.5 g/L and up to a pH of 6 at an adsorbent dosage of 1 g/L. This was
contrary to the theoretical prediction that As(V) should adsorb more strongly
than As(III) at pH values below the point of zero charge (pzc) of ferrihydrite of
about 7 to 8. At low pH, As(V) impedes the adsorption of As(III) but to lesser
degree than As(III) impedes As(V) adsorption at a pH above 6. The eﬀect of As(III) on the adsorption of As(V) increased with
an increase in pH, and the adsorption of As(V) was almost absent at pH 9 at an adsorbent dosage of 1 g/L and at pH 8 at an
adsorbent dosage of 0.5 g/L. In the range of ferrihydrite dosages from 0.2 to 1.6 g/L, As(III) was adsorbed preferentially over
As(V) under the availability of less adsorbent. The order of anion addition also had signiﬁcant eﬀects on their competitive
adsorption behavior: the ﬁrst species was always more favored to compete for the adsorbing sites than when the two species were
added to the suspensions simultaneously.
Hering11 pointed out that the sorption of As(V) onto HFO and
goethite was more favorable than that of As(III) below pH 5 to
6. Jain and Loeppert16 observed that As(V) was better adsorbed
than As(III) on ferrihydrite at low pH and at a low initial
concentration, while the opposite occurred at a high initial
arsenic concentration. Raven et al.9 reported that As(V)
adsorption was greater than As(III) adsorption at a lower pH
whereas As(III) adsorption was greater at a higher pH or at
high arsenic concentrations.
As(V) mainly formed inner-sphere complexes on hydrous
ferric oxide (HFO), whereas As(III) was retained by a
combination of inner- and outer-sphere surface complexes.17−19
The presence of competing anions, such as sulfate,
bicarbonate, silicate, selenium, and antimony, signiﬁcantly
aﬀects As adsorption.20−22 For example, phosphate is a major
competitor for both As(V) and As(III).23 Similarly, the
presence of As(III) might inﬂuence the adsorption of As(V)
and vice versa. Most research into As adsorption involved only
single-component adsorption of either As(III) or As(V). Only a
few studies concerning the competitive adsorption of As(III)
and As(V) exist. Jain and Loeppert16 also found that in the
dual-anion system at equimolar As concentrations of ≤156 mg·
L−1 each, As(V) inﬂuenced the retention of As(III) in the pH
range of 4 to 10 more pronouncedly than As(III) inﬂuenced

1. INTRODUCTION
Arsenic (As), a natural metalloid, is present in virtually every
part of the environment, including the atmosphere, soil, rocks,
water, and food, which can have an impact on human health,
something that has been recognized as a global problem.1−3
Trivalent As (As(III)) and pentavalent As (As(V)) are regularly
detected in groundwater, and both species are known to exist.
Exposure to inorganic arsenic (As(III) or As(V)) aﬀecting the
lungs, skin, liver, kidney, and blood vessels was recognized to be
a risk for human. As(V) and more toxic As(III) must be
removed from drinking water when concentrations are above
what is considered safe for human consumption.4,5 Among a
number of techniques, such as chemical precipitation, ion
exchange, ﬁltration, and reverse osmosis, adsorption is
considered to be an inexpensive, simple, safe, and versatile
method for the removal of As.6 In nature, adsorption onto the
mineral ferrihydrite seems to be the main mechanism for
controlling the fate and transport of As.7 Thus, numerous
studies quantiﬁed As(V) and As(III) adsorption behavior on
iron oxides and hydroxides, such as ferrihydrite, goethite, and
hematite.8−11 Up to a pH of about 7 to 8, the surface of
ferrihydrite is mainly positively charged, and theoretically the
adsorption of the As(V) oxyanion, HAsO42−, should be favored
over that of the neutrally charged As(III) complex, H3AsO3.
There is, however, a discrepancy between theoretical
considerations and experimental observations. Several studies
concluded that As(V) adsorption is pH-dependent whereas
As(III) adsorption is less aﬀected by pH.12−15 Dixit and
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the retention of As(V). Goldberg24 reported that the presence
of As(III) had no competitive eﬀect on As(V) adsorption, and
the inﬂuence of As(III) adsorption on As(V) was minor and
apparent only for kaolinite and illite.
To understand better the competition between As(III) and
As(V) for adsorption sites on ferrihydrite, a set of experiments
were carried out for the individual species, i.e., either As(III) or
As(V) was present or both species were present at the same
time. The objectives of this work were to evaluate (1) the
individual and competitive adsorption of As(V) and As(III)
within a wide range of pH (4−10) at diﬀerent adsorbent
dosages; (2) the competition as a function of adsorbent
dosages; (3) the eﬀect of increasing concentrations of As(III)
on the removal of As(V) and vice versa; and (4) the order of
species addition on competitive adsorption.

Figure 1. X-ray diﬀraction pattern of the synthesized ferrihydrite.

speciation. Arsenic speciation was measured, and As(V) was
undetectable in the supernatant of As(III) adsorption. In addition,
dissolved iron was negligible, indicating that the oxidation of As(III)
did not occur. Similarly, previous studies also reported that no
oxidation occurred within 72 h,26 and Manning et al.14 found no
heterogeneous oxidation of As(III) to As(V) on goethite using
spectroscopy (XANES). In addition, Zhao et al.27 showed that As(III)
oxidation on ferrhydrite did not occur at low Fe/As ratios. The
oxidation of dissolved As(III) to As(V) by atmospheric oxygen is
unlikely because the reaction vessels were capped, oxygen diﬀusion
was slow, and the As concentrations were suﬃciently high.28
Therefore, the oxidation and reduction of As is not a disturbing
factor in our competitive adsorption experiments.
To study the eﬀect of the adsorbent dosage on adsorption, a series
of 50 mL As solutions containing As(III), As(V), or a mixture of both
species were equilibrated with increasing amounts of adsorbent (0.2 to
1.6 g/L) for 24 h in a shaker at pH 6.
To investigate the competitive eﬀect of As(III) on the adsorption of
As(V) at pH 4 and vice versa at pH 4 and 9, the competition during
adsorption was evaluated by varying the individual concentrations of
As(V) and As(III). A mixture of As solution, with the concentration
ratio of As(III)/As(V) (or As(V)/As(III)) from 0 to 2.5, was brought
into contact with 1 g/L adsorbent, and the residual arsenic species
were determined after 24 h.
Experiments with the simultaneous and sequential addition of
As(V) and As(III) were carried out for a series of initial As
concentrations. During the simultaneous addition experiments, a
mixture of both species with equal concentrations was brought into
contact with 25 mg of ferrihydrite at the same time. The mixture was
then shaken for 48 h. During the sequential addition experiments,
As(III) was ﬁrst added to 25 mg ferrihydrite and then shaken for 24 h.
The same concentration of As(V) was then added after 24 h and
shaken for an additional 24 h. In another experiment, the order was
reversed: As(V) was added ﬁrst and shaken for 24 h, and then As(III)
was added and shaken for another 24 h. The supernatants of all
experiments were analyzed for As speciation.
2.3. Analytical Methods. As species were separated by liquid
chromatography (LC) using a Hamiltion PRP-X100 column, and the
concentrations were determined by hydride generation atomic
ﬂuorescence spectroscopy (HG-AFS) on a PSAnalytical Millennium
System, which was directly coupled to the LC system. The detection
limits of this method for As(III) and As(V) are 0.17 and 0.38 μg/
L,29,30 respectively, with a precision of ±2%. The ﬂow rate was 1.5
mL/min, and a 20 mM phosphate buﬀer (H6NO4P, Fluka, India) was
used as the mobile phase. The pH of the mobile phase was adjusted to
6 with ammonia. A detailed description of the analytical procedures
can be found elsewhere.31
The total As concentration was measured by inductively coupled
plasma−optical emission spectrometry (ICP-OES) on an Optima
7300 DV instrument. On the basis of at least three repeat
measurements, the analytical precision was estimated to be between
2 and 3% and the detection limit was 0.02 mg/L.

the surface area of freeze-dried ferrihydrite was 120 m2/g, as analyzed
by the BET (Brunauer−Emmett−Teller) method. The discrepancy
between this value and the theoretically possible value may due to the
aggregation of the nanoparticles.25
2.2. Experimental Procedure. The experiments of As(III) and
As(V) adsorption were carried out in 50 mL polyethylene vials. A
solution of As(III) or As(V) of known concentration or their mixture
in equal concentrations was pipetted into vials in contact with 0.5 or 1
g/L adsorbent (molar ratio of Fe/As corresponding to 8.48 or 16.96).
The vials were capped and shaken in a Rotoshake (RS12/RS8) at 20
rpm at room temperature for 24 h. Kinetics experiments were carried
out and 24 h reaction time was adequate to reach equilibrium. The pH
of the suspension was adjusted using HCl or NaOH at the beginning,
and once the experiment approached equilibrium, the ﬁnal pH was
measured to assess the change in pH during the experiment. The
suspensions were ﬁltered with a syringe ﬁlter with a pore size of 0.45
μm, and the supernatant was then analyzed for total As or As

3. RESULTS
3.1. Eﬀect of Initial pH. Figures 2 and 3 show the
relationship between the initial solution pH and the percentage
of As adsorbed under single and competitive conditions at
diﬀerent ferrihydrite dosages. The As(V) adsorption eﬃciency
is clearly dependent on pH, with a higher adsorption capacity at
lower pH, decreasing with increasing pH. A diﬀerent trend was
observed for As(III) adsorption, which was more or less
constant over a wide pH range. The shapes of the As(V)
adsorption edges in the presence of As(III) were similar to
those observed without As(III), and the inﬂuence of As(III) on
As(V) adsorption was negligible under acidic conditions.
Competition between the two species was demonstrated by
the change in adsorption behavior relative to the availability of
adsorption sites. In Figure 2 at a ferrihydrite dosage of 1 g/L,

2. MATERIALS AND METHODS
2.1. Materials. Distilled deionized water (DDI) with a resistivity of
better than 18 MΩ·cm was used to prepare all of the solutions. Stock
solutions of As(V) and As(III) (1000 mg/L) were prepared by
dissolving of Na2HAsO4·7H2O (Sigma-Aldrich, Spain) and As2O3
(Sigma-Aldrich, Spain) in the DDI water and 4% NaOH solution,
respectively. To maintain a relatively constant ionic strength, all
working As solutions were freshly prepared with a background
electrolyte concentration of 0.01 M NaCl. Other reagents used, such as
HCl, NaOH, and NaCl, were at least analytical grade.
Ferrihydrite was synthesized according to the method of
Schwertmann and Cornell25 by adding dropwise and under constant
stirring a 1 M solution of KOH (Sigma-Aldrich, Germany) to 500 mL
of 0.2 M Fe(NO3)3·9H2O (Alfa Aesar, Germany) until the pH
increased to 7.4 ± 0.1 and ferrihydrite stared to precipitate. The
precipitate was then washed with DDI water, freeze dried, ground, and
stored in polyethylene bags in the refrigerator. X-ray diﬀraction
analysis of the material conﬁrmed two-line ferrihydrite (Figure 1), and
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Figure 2. Percent adsorption of As(III) and As(V) onto ferrihydrite as
a function of initial pH in single and competitive adsorption
experiments (single adsorption, concentration of each As species, 50
mg/L; competitive adsorption, As(III) and As(V), 50 mg/L each;
initial pH range from 4 to 10; adsorbent dosage, 1 g/L).

Figure 4. Eﬀect of adsorbent dosage on the removal of As(V) and
As(III) in single and competitive adsorption experiments (single
adsorption, concentration of each As species, 50 mg/L; competitive
adsorption, As(III) and As(V), 50 mg/L each; pH 6; adsorbent
dosage, 0.2 to 1.6 g/L).

adsorption percentages of As(V) and As(III) were 68.3 and
93.4% at a ferrihydrite dosage of 1 g/L, while their adsorption
percentages under competitive conditions were 50.2 and 73.9%,
respectively. Competition was weaker with increasing ferrihydrite dosage; i.e., the inhibitory extent on As(III) adsorption by
As(V) was around 26 versus 6.25% at a ferrihydrite dosage of
0.8 versus 1.6 g/L. This suggest that the competition increases
with a decreasing number of adsorption sites and could be
considered for site heterogeneity on the surface of ferrihydrite.
3.3. Eﬀect of Increasing Concentration of As (III) (or
As(V)) on the Adsorption of As(V) (or As(III)). Figure 5

Figure 3. Percent adsorption of As(III) and As(V) onto ferrihydrite as
a function of initial pH in single and competitive adsorption
experiments (single adsorption, concentration of each As species, 50
mg/L; competitive adsorption, As(III) and As(V), 50 mg/L each;
initial pH range from 4 to 10; adsorbent dosage, 0.5 g/L).

As(V) adsorption remained relatively constant until a pH of 6,
while at a ferrihydrite dosage of 0.5 g/L, adsorption decreased
at pH greater than 5. The presence of As(V) always had an
inhibitory impact on the adsorption of As(III) over a wide pH
range (4−10) at each ferrihydrite dosage studied. The
inhibitory eﬀect on As(III) adsorption by As(V) is stronger
at low pH than at high pH. The quantities of As(III) adsorbed
decreased under competitive conditions compared to those
adsorbed when As(III) was added alone. For example, at a
ferrihydrite dosage of 1 g/L and at pH 4, 90.4% of As(III) was
adsorbed in the single-species system but only 63.3% of As(III)
was adsorbed in the presence of As(V).
3.2. Eﬀect of Adsorbent Dosage. The adsorption
capacity can be aﬀected by the quantity of adsorbent,
particularly under competitive conditions. The dependence of
As adsorption on the adsorbent dosage from 0.2 to 1.6 g/L is
shown in Figure 4 as the removal of the two As species from
solution, i.e. adsorption, increased with increasing ferrihydrite
dosage. Compared to the adsorption of a single species, at a
ferrihydrite dosage of less than 0.4 g/L, less As(III) was
adsorbed under competitive conditions, whereas As(V)
adsorption was negligible. Both As(III) and As(V) uptake
under competitive conditions was lower than their respective
adsorption during single-species experiments; i.e., the individual

Figure 5. As(III) adsorption behavior under increasing concentrations
of As(V) (As(V)/As(III) concentration ratio r1 = 0 to 2.5; pH 4 or 9)
and As(V) adsorption behavior under increasing concentrations of
As(III) (As(III)/As(V) concentration ratio r2 = 0 to 2.5; pH 4).

presents the amount of As(III) adsorbed on ferrihydrite at pH
4 and 9 in the presence of increasing concentrations of As(V).
The adsorption of As(V) at low pH 4 under the condition of
increasing concentration of As(III) is shown in Figure 5. The
initial concentration ratio of competing and objective ions
(As(V)/As(III) = r1 or As(III)/As(V) = r2) ranged from 0 to
2.5.
The amount of As(III) adsorption decreased gradually with
an increase in r1 from 0 to 2.5 at both pH values, i.e., from 59.7
to 43.4 mg/g at pH 4 and from 63.8 to 58.7 mg/g at pH 9. The
decline in As(III) adsorption was larger under acidic conditions
than under alkaline conditions. The adsorption envelope stayed
the same up to an r1 of 1.5. Comparatively, the quantities of
As(V) adsorbed remained practically constant at pH 4 for r2
11112
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As(III) or As(V) adsorbed, it did not have a considerable
inﬂuence on the total amounts of As(III) and As(V) adsorbed
(Figure 8). It is evident that the ﬁrst As species was always

ranging from 0 to 2.5. Therefore, the adsorption of As(III) was
disturbed in the presence of As(V) and decreases as the
abundance of As(V) increases. The adsorption of As(V) was
irrespective of the presence of increasing concentrations of
As(III).
3.4. Inﬂuence of the Order of Addition. The competitive
adsorption experiments with As(III) and As(V) added
simultaneously and sequentially were conducted at pH 5.
Figures 6 and 7 show the amounts of As(V) and As(III)

Figure 8. Total amounts of As(V) and As(III) adsorbed onto
ferrihydrite under competitive conditions as a function of exposure
order (pH value 5; adsorbent dosage 0.5 g/L; As(III) added 24 h
before As(V); As(V) added 24 h before As(III); and the two species
added simultaneously).

more favored to compete for the adsorption sites than when the
species were added simultaneously. This is particularly true
once the conditions get more and more competitive.

Figure 6. Adsorption behavior of As(V) under competitive conditions
as a function of exposure order (pH value 5; adsorbent dosage 0.5 g/L;
As(V) added 24 h before As(III); As(III) added 24 h before As(V);
and the two species added simultaneously).

4. DISCUSSION
4.1. Arsenic Adsorption Behavior under Varying pH.
The solution pH is an important control for the distribution of
the As species, which in turn strongly aﬀects the adsorption.
The adsorption of As(V) was favored at low pH and decreased
considerably with increasing pH, while the pH had a minor
inﬂuence on As(III) adsorption, which corresponds to their
adsorption behavior under competitive conditions (Figures 2
and 3). The dependence of As(V) adsorption on pH may be
caused by (1) electrostatic attraction and (2) the formation of
inner-sphere complexes by ligand exchange. 18 Speciﬁc
adsorption may occur between uncharged species H3AsO30
and HFO.8,32 It was reported that the mechanism of adsorption
of As(III) may be a complexation reaction rather than a surface
potential.33 Contrary to theoretical considerations, As(III)
showed a higher aﬃnity than As(V) even at low pH in our
single adsorption experiments. Contrary to theoretical considerations, As(III) showed a higher aﬃnity than As(V) even at
low pH in our single adsorption experiments. A study by
Chakravarty et al.34 showed that ferruginous manganese ore
was an eﬃcient adsorbent for both arsenic species but showed a
higher adsorption for As(III). Similar ﬁndings were observed by
others who reported that As(III) was adsorbed more strongly
than As(V) on ferrihydrite at high As concentrations of 13.3
molAs kgfer−1 and 3.47 molAs kgfer−1.9,16 At low As concentrations, the adsorption of As(III) was approximately equal to
that of As(V).9 In this study, the As(III) adsorption was already
stronger at a lower As concentration of 0.67 molAs kgfer−1 than
those reported by Raven et al., which should be caused by a
lower surface area of the ferrihydrite used in this study of 120
m3/g, and hence fewer adsorption sites. The eﬀect is identical
to that of increasing the As concentration in solution. The ﬁnal
pH of As(V) adsorption drifted 1 to 2 units to higher pH
compared to the initial pH. HAsO42− is the predominant
dissolved species in the pH range of 3 to 6, and the adsorption
of As(V) is supported by the existence of H+. No addition of

Figure 7. Adsorption behavior of As(III) under competitive conditions
as a function of exposure order (pH value 5; adsorbent dosage 0.5 g/L;
As(III) added 24 h before As(V); As(V) added 24 h before As(III);
and the two species added simultaneously).

adsorbed at diﬀerent initial As concentrations when the
competing species were added (a) at the same time, (b) 24 h
before, and (c) 24 h later. The results show that the order of
addition had a signiﬁcant inﬂuence on the amount of either
As(III) or As(V) adsorbed in the experiments with both species
present at the same time. The overall amount of arsenic
adsorbed increased with the initial As concentrations.
Most arsenic was adsorbed when the main species were
added to ferrihydrite 24 h prior, while the smallest amount of
arsenic was adsorbed when the competing species were added
24 h prior (Figures 6 and 7). The amount of arsenic adsorbed
was between these two values, when both the main and
competing species were added at the same time. In other
words, when As(III) and As(V) were added simultaneously, the
ability of As(V) to prevent the adsorption of As(III) was
slightly greater than that in the As(V) before As(III) systems
whereas lower than those in the As(III) before As(V) systems.
However, compared to the order of addition aﬀecting either
11113
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H+ may contribute to the lower adsorption of As(V). The pH
variation during the adsorption should attract attention in case
it is useful in explaining the adsorption mechanism which is still
unknown.
4.2. Competitive Interaction between As(III) and
As(V). Under competitive adsorption conditions, As(III) and
As(V) were adsorbed in almost equal amounts up to a pH of 5
at a adsorbent dosage of 0.5 g/L and up to a pH of 6 at an
adsorbent dosage of 1 g/L (Figures 2 and 3). This ﬁnding was
contrary to the common belief that As(V) is more strongly
adsorbed that As(III) at a pH below its point of zero charge
(approximately 7 to 8). At the same time, As(V) aﬀects the
adsorption of As(III) but to a lesser degree: as the pH
increases, As(III) is more strongly adsorbed (Figures 2 and 3).
This is even more pronounced as adsorption conditions
become more competitive: the ferrihydrite dosage decreases
to 0.5 g/L (Figure 3), which demonstrates the greater aﬃnity of
As(III) for ferrihydrite across the whole pH spectrum studied.
The potential of As(III) to outcompete As(V) under
competitive conditions is further demonstrated in Figures 4
and 5. Compared to As(V), As(III) was adsorbed preferentially
at lower ferrihydrite dosages at a pH below the PZC during
competitive adsorption, which is in agreement with the result
that As(III) generally showed a higher aﬃnity for adsorption
onto ferrihydrite than did As(V). Only when there was virtually
no more competition with abundant adsorption sites for both
species at a high ferrihydrite dosage was As(V) adsorbed almost
as much as As(III) (Figure 4). These ﬁndings are consistent
with studies that reported that the adsorption of As(V) on
goethite and ferrihydrite can be lessened by the presence of
As(III) at high pH values, while the adsorption of As(III) was
inﬂuenced by As(V) over a wide range of pH.16,35
The inhibitory eﬀect on the adsorption of As(III) by As(V) is
stronger at low pH, the value of which ranged approximately
from the pK1 to the pK2 of As acid (H3AsO5, pK1 = 2.3, pK2 =
6.8). This may be ascribed to the fact that As(V) was more
strongly retained on ferrihydrite by electrostatic attraction in
this pH range, while As(III) may be loosely bound on the
surface sites and can be partially replaced by As(V). It was
reported that As(III) was less strongly adsorbed than As(V) on
goethite.23 As pointed out by Jain et al.,36 the uncharged As(III)
species would likely be less retained on the surface of
ferrihydrite than the negatively charged As(V) species. Another
explanation according to Arai et al.37 is that As(V) forms innersphere complexes regardless of the pH and ionic strength and
that As(III) forms inner-sphere complexes at low pH but
together with outer-sphere complexes with increasing pH. The
inner-sphere complex of As(V) may aﬀect the formation of
inner-sphere As(III) complexes on ferrihydrite at low pH.
4.3. Mechanism of Arsenic Adsorption under Competitive Conditions. Anions could be adsorbed on the
adsorbents through nonspeciﬁc and/or speciﬁc adsorption. It
has been shown that the electrostatic interaction, surface
complexation and speciﬁc adsorption are the main adsorption
mechanisms for the adsorption of arsenic on iron oxides.38
During competitive adsorption with suﬃcient As(III) and
As(V) present in solution, both As(III) and As(V) were
adsorbed onto ferrihydrite (Figure 3). We found that As(III)
continued to be strongly adsorbed when the adsorption sites
were not available for excess As(V) at high pH. Moreover, the
total amount of As(III) and As(V) adsorbed in the competitive
adsorption experiments was signiﬁcantly larger than either As
species adsorbed but lower than the sum total of each As

species adsorbed when added alone. The oxide surface contains
adsorption sites which are accessible to both species where
competitive adsorption could take place and adsorption sites
which are species-exclusive.39 It is pointed out that the iron
oxides have two types of surface sites, one of which is accessible
to both As(V) and phosphate and one type for phosphate
only.40 The competitive adsorption between As(III) and As(V)
may take place only for sites accessible to both species.
The sequence of contact with ferrihydrite had a signiﬁcant
eﬀect on the adsorption of either arsenic species (Figures 6 and
7). If added in sequence, either As(III) ﬁrst or As(V) ﬁrst, the
species which was added ﬁrst can occupy the adsorption sites
more successfully. During simultaneous addition, the two
species may be expected to compete for some sites directly, but
during sequential addition, the ﬁrst species must be desorbed
before the second ion can be adsorbed. Previous studies also
reported that the order of anion addition aﬀected the
adsorption of phosphate and As(V) on the surfaces of
goethite.41,42 The results may indicate that only a small fraction
of the adsorbed arsenic is desorbed and replaced by the
competing ions added later. It is evidence that both As(III) and
As(V) adsorption are dominated by forming stable surface
complexes (inner-sphere complexes) on HFO.
4.4. Implication for As(III) and As(V) Mobility in the
Environment. The relative aﬃnity for the adsorption of
As(III) and As(V) onto ferrhydrite depends on the pH of the
solution, the adsorbent dosage, and competing ions. In single
systems, As(III) was adsorbed more favorable than was As(V)
over the studied pH ranges. However, As(V) was adsorbed to a
similar extent as As(III) at low pH under competitive
conditions (Figures 2 and 3). The presence of As(V) would
decrease the aﬃnity of As(III) on the surface of HFO.
These results have some implications for the mobility of As
in the environment. The general recognition that As(III) is
more soluble and mobile than As(V),5 due to As(III) weakly
adsorbed on iron oxides, is one-sided and oversimpliﬁed. The
greater aﬃnity of As(III) for adsorption onto ferrihydrite
suggests that the existence of iron hydroxides in the soil must
exert an inhibitory eﬀect on its mobility. In the aquatic system,
As(V) may compete for the surface sites of HFO, and thus
some As(III) may desorb. Thus, the presence of As(V) would
enhance the mobility of As(III), and As(III) may be slightly
more agile than As(V) under acidic aqueous conditions.

5. CONCLUSIONS
The dependence of As(V) adsorption on pH and the
independence of As(III) adsorption with respect to pH were
observed in both single and competitive adsorption experiments. Contrary to the theoretical prediction that As(V) should
adsorb more strongly than As(III) at pH values below the point
of zero charge (pzc) of ferrihydrite of about 7 to 8, As(III)
more or less outcompeted As(V) across the pH scale from 4 to
10. At low pH, As(V) impedes the adsorption of As(III) but to
a lesser degree than As(III) impedes As(V) adsorption at a pH
above 6, which is below the PZC of ferrihydrite. The eﬀect of
As(III) on the adsorption of As(V) increased with an increase
in pH, and the adsorption of As(V) was almost absent at a pH
of 8 to 9. The decrease of adsorbed As(III) was higher at low
pH ranging from pK1 to pK2 for arsenate acid and lower with
increasing pH. The decrease in adsorbed As(III) also depended
on the concentrations of coexisting As(V). The order of species
addition had a signiﬁcant eﬀect on their competitive adsorption
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because each arsenic species could occupy the adsorption sites
successfully when in contact with ferrihydrite ﬁrst.
The results conﬁrm that there was competition during the
simultaneous adsorption of As(III) and As(V). It is inferred
that the competition is limited on some adsorption sites which
are common to both As(V) and As(III). Ferrihydrite displays
an inhibitory eﬀect on As(III) mobility in the environment,
although the presence of As(V) enhances the mobility of
As(III) and As(III) may be slightly more mobile than As(V)
under acidic conditions.
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