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A B S T R A C T

The complexation mechanisms involved in As(III), As(V) and P(V) adsorption by iron-coated cork granulates, at
environmentally relevant conditions (Ci=1mg L−1 and presence of background electrolyte), are analysed in
this work.

Adsorption kinetics and potentiometric titration data were acquired for the three species. It was found that
the adsorption rate was faster at 0.01 mol L−1 than 0.1 mol L−1 IS. Kinetic data were well fitted by the pseudo-
first-order model for As(V) and P(V) and by the pseudo-second-order and Elovich models for As(III).

The adsorbed amount at equilibrium and the adsorption edges showed that As(III) adsorption was favoured at
lower IS (especially at low pH), while As(V) and P(V) were favoured at higher IS (especially at higher pH). It is
likely that all three species are adsorbed by inner-sphere complexation, although uptake of neutral As(III) is
more affected by ion pair formation. In the case of As(V) and P(V), higher electrolyte uptake led to a decrease of
the repulsive interactions and increased adsorption.

The surface charge estimation and modelling using a quasi-Gaussian Sips distribution function of affinity
constants confirmed the likelihood of inner-sphere complexation. It is presumed that phosphate competes with
hydroxyl ions for adsorption sites, leading to pH increase due to OH− release in ligand exchange reactions.

It was verified that most adsorption mechanisms responsible for uptake onto pure iron oxides are also ap-
plicable in iron-coated adsorbents.

1. Introduction

Arsenic is a metalloid whose presence in water is a major risk for
public health worldwide [1]. It is classified as a class 1 carcinogen and
its concentration in drinking water is limited to a maximum allowed
value of 10 μg L−1 as recommended by the World Health Organization
[2]. For this reason, water sources contaminated with arsenic need
proper treatment before they become suitable for human consumption.
One of the most successful methodologies applied for this purpose is
adsorption onto iron-based materials [3]. A study on the development
of iron-coated cork granulates for As uptake has been recently reported
[4].

Phosphorus belongs to the same group of the periodic table as ar-
senic, and consequently shares with it many chemical properties. In

fact, most arsenic toxicity can be attributed to its substitution of
phosphorus in biological processes [3,5]. In their pentavalent states,
both As and P are usually present as oxyanions surrounded by four
oxygen atoms, one double-bonded and three single-bonded, in a tetra-
hedral structure [6,7], and their acidity constants are very similar [7,8].
However, the environmental behaviour of As and P differ due to their
different sensitivity to redox conditions. While phosphorus is rarely
found in an oxidation state other than P(V), arsenic can be found as As
(III) in anoxic systems, such as groundwaters [1,6]. Chemical and
biological interactions that determine toxicity, adsorption, and com-
plexation, to name a few, can vary greatly whether As is found in the
trivalent or the pentavalent form.

The interaction of As and P with iron oxide surfaces is of great
importance, as it influences their environmental fate and determines
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the effectiveness of iron-based adsorbents in their removal from water.
Most researchers agree that, since Fe oxides and hydroxides show high
selectivity towards the pnictogens, these are likely to be adsorbed
through specific inner-sphere complexation [9–11]. Nevertheless,
electrostatic interactions may play a role in As attraction to iron surface
groups, given the reported variations of adsorption capacity with pH
according to speciation [4,12–14]. Similarly, phosphate may be elec-
trostatically bound to iron oxyhydroxides at acidic pH [8].

A possible methodology for the identification of the main com-
plexation mechanism responsible for an adsorbate’s uptake is the study
of its adsorption behaviour with varying ionic strength. When the ad-
sorbed amount decreases with the presence of other ions, this indicates
that adsorption occurs on non-specific sites, i.e., by outer-sphere com-
plexation [15,16]. On the other hand, if the adsorption capacity is
unaffected or positively affected by ionic strength, it is likely that the
interactions are specific, corresponding to the formation of inner-sphere
complexes [17–19]. Furthermore, inner-sphere complexation may also
alter the surface charge of the adsorbent, leading, in the case of anion
uptake, to the lowering of the point of zero charge (pHPZC) [20].

Previous research has shown that iron-coated cork granulates are
promising adsorbents for As(III) and As(V) removal from water.
Although this material’s maximum adsorption capacity is lower than
that of pure iron oxide materials, it proves to be a suitable carrier for
practical applications, since iron oxides are usually present in powder
form, and as such are not adequate for adsorption column configura-
tions [4]. At the same time, it is believed that a better understanding of
complexation interactions is crucial for the design of effective treatment
systems that are robust enough to withstand a wide range of environ-
mental conditions and possible competitive effects between adsorbed
species. In a previous study by the authors on antimony uptake by iron-
coated cork granulates the effect of pH, ionic strength and surface
charge on both Sb(III) and Sb(V) adsorption at environmentally re-
levant concentrations was assessed, and related to inner- and outer-
sphere complexation mechanisms [21]. The present work aims to apply
the same methodology in order to identify the type of complexation
mechanisms involved in As(III), As(V) and P(V) uptake by the same
adsorbents. Although several studies can be found on As and P com-
plexation on iron oxides [10,19,20,22–30], to the authors’ knowledge,
there are few papers [31] on the description of these mechanisms in
iron-coated materials. It is, therefore, important to obtain novel data
and verify if the same theoretical explanations for As and P uptake hold
for low-cost, environmentally friendly adsorbents, which will be more
widely used in practical applications such as water treatment technol-
ogies.

2. Materials and methods

2.1. Materials

The raw cork granulates (RCG) used for this study were supplied by
Corticeira Amorim, S.G.P.S. in the particle size of 0.8–1.0 mm. The iron-
coated cork granulates (ICG) were produced from these materials fol-
lowing a coating procedure with iron oxyhydroxide precipitates from a
FeCl3 0.05mol L−1 solution neutralized at pH 7, as optimized in a
previous study [4]. RCG were contacted with this suspension in a 20 g
L−1 solid/liquid (S/L) ratio, in a rotating shaker (SB3, Stuart) at 20 rpm
during 24 h at a controlled temperature of 20.0 ± 0.5 °C. They were
then washed with distilled water for five short cycles and left to dry in
an oven (60 ± 1 °C) overnight. The iron content (determined after acid
digestion of the coated solids) was on average 24 ± 2mg g−1.

Arsenic and phosphorus solutions were prepared from commercial
stock solutions: 1000 ± 3mg L−1 of As(III) in 4% HNO3 (SCP Science),
1000 ± 3mg L−1 of As(V) in 2–5 % HNO3 (Chem-Lab), and
10,000 ± 40mg L−1 of P as H3PO4 in 2–5 % HNO3 (Chem-Lab).

2.2. Analytical methods

2.2.1. Arsenic
Total arsenic concentrations were determined by graphite furnace

atomic absorption spectrometry (GFAAS) in the range 3−50 μg L−1

after proper dilution of the samples. The equipment for this purpose
was a GBC GF3000, SensAA Dual spectrometer, operating at a wave-
length of 197.3 nm, lamp current of 5.0 mA, slit width of 1.0 nm and
with a 70 s heating program culminating with the reading at 2400 °C
vaporization temperature.

2.2.2. Iron
Total dissolved iron was determined by flame atomic absorption

spectrometry (FAAS) in the range 0.1−5mg L−1, using a spectrometer
GBC 932 Plus operating at a wavelength of 248.3 nm, lamp current of
5.0 mA and slit width of 0.2 nm, under air-acetylene flame.

2.2.3. Phosphorus
Dissolved phosphate was determined as phosphorus content by the

colorimetric method with ascorbic acid (Standard Methods 4500-P E
[32]), in the range 0−1mg L−1 of P. A combined reagent consisting of
H2SO4 (95 %, AnalaR NORMAPUR, VWR), potassium antimony tartrate
(> 99 %, ACRÓS Organics), ammonium molybdate (ACS, Reag. Ph.
Eur, AnalaR NORMAPUR, VWR) and ascorbic acid (AnalaR NORMA-
PUR, VWR) was used to develop molybdenum blue colour whose in-
tensity was measured at 880 nm in a UV–vis spectrophotometer (UV-
6300PC, VWR).

Nomenclature

Symbols

a Initial adsorption rate (mg g−1 h−1)
b Reciprocal of the surface coverage when the adsorption

rate is 1/e of its initial value (g mg−1)
Cf Final concentration of the adsorbate (mg L−1)
CH Proton concentration (mol L−1)
Ci Initial concentration of the adsorbate (mg L−1)
k1 Pseudo-first-order kinetic constant (h−1)
k2 Pseudo-second-order kinetic constant (g mg−1 h−1)
K’j,H Median value for the affinity distribution of protons to the

binding group j
m Mass of adsorbent (g)

mH,j Width of the peak in the Sips distribution
N Number of points
q Adsorbed amount (mg g−1)
qe Adsorbed amount at equilibrium (mg g−1)
qexp Experimental value of q (mg g−1)
QH Adsorbed amount of protons (mmol g−1)
Qmax,j Overall charge of the binding group j (mmol g−1)
qpred Predicted value of q (mg g−1)
r2 Correlation coefficient
s2 Variance of the model
t Time (h)
T Temperature (ºC)
V Solution volume (L)
w Number of parameters estimated by the model
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2.3. Adsorption tests

2.3.1. Adsorption kinetics with varying ionic strength
The adsorption kinetics at environmentally relevant concentrations

(1 mg L−1) of As(III), As(V) and P(V) were assessed by performing batch
adsorption assays with varying contact time (15min (when necessary),
30 min, 1 h, 2 h, 4 h, 8 h, 16 h, 24 h, and 40 h and 48 h (when neces-
sary)). For all species, a series of assays was performed with an ionic
strength (IS) of 0.01mol L−1, and another with 0.1 mol L−1 IS, with
NaCl as the background electrolyte, except for As(III) and As(V) where
KNO3 was used due to chloride interference with As measurement by
GFAAS. The initial pH was adjusted to 9 for As(III) and 3 for As(V) and
P(V), according to previous optimization [4], using NaOH and HNO3

solutions.
The batch adsorption assays were carried out by contacting 45mL of

a 1mg L−1 solution of As(III), As(V) or P(V) with 2.5 g L−1 ICG in
50mL tubes for the determined time in a rotating shaker at 20 rpm, at a
controlled temperature of 20.0 ± 0.5 °C. After contact, the aqueous
samples were filtered through 0.45 μm acetate cellulose filters and
analysed for As by GFAAS, P by the colorimetric method, and Fe by
FAAS. The adsorbed amount (q, mg g−1) was calculated by the fol-
lowing equation:

=
−

q
V C C

m
( )i f

(1)

Where V is the solution volume (L), Ci and Cf are the initial and final
concentrations of the adsorbate (mg L−1), respectively, and m is the
mass of adsorbent (g).

2.3.2. Potentiometric titrations and acquisition of the adsorption edges
Potentiometric titrations of ICG surface at ionic strengths of 0.01

and 0.1 mol L−1 were carried out in the presence of As(III), As(V) or P
(V). For each titration point, 45mL of a neutral 1 mg L−1 solution of As
(III), As(V) or P(V) with added 0.1 mol L−1 HCl (0.1 to 0.5 mL) or
0.1 mol L−1 NaOH (0.1 to 0.5 mL) was contacted with 2.5 g L−1 of ICG
for 24 h in a rotating shaker at 20 rpm and controlled temperature of
20.0 ± 0.5 °C. Neutral and basic solutions were bubbled with N2 be-
fore addition of the adsorbent in order to minimize the dissolution of
CO2 and the interference of carbonates. Blank assays were carried out in
order to determine the baseline behaviour in the absence of ICG. After
the predetermined contact time, samples were filtered, the final pH was
measured and As or P were analysed by GFAAS or colorimetry, as ap-
propriate. The adsorbed amount was calculated by Eq. (1).

All adsorption assays were carried out in duplicate and the average
values were used as final results. The standard uncertainty was esti-
mated taking into account the propagation of uncertainties in mea-
surement and the absolute deviation between replicates and the
average.

3. Results and discussion

3.1. Adsorption kinetics

The adsorption kinetics obtained at different ionic strengths, in
environmentally relevant concentrations (1 mg L−1 As(III), As(V) or P
(V)) and the respective best fitting models are presented in Fig. 1.

Three adsorption kinetic models were used to describe the adsorp-
tion data for each case, namely the pseudo-first-order model (Eq. (2))
[33], the pseudo-second-order model (Eq. (3)) [34] and the Elovich
model (Eq. (4)) [35]:

= − −q q e(1 )e
k t1 (2)

Fig. 1. Adsorption kinetics of a) As(III) (pH 9), b) As(V) (pH 3) and c) P(V) (pH 3), at 0.01 and 0.1 mol L−1 IS (Ci=1mg L-1; S/L =2.5 g L-1; T=20.0 ± 0.5 °C),
along with the best fitting model curve for each dataset (error bars: standard uncertainty).
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=
+

q
k q t

k q t1
e

e

2
2

2 (3)

= +q
b

abt1 ln(1 ) (4)

Where q (mg g−1) is the adsorbed amount at time t (h), qe (mg g−1) is
the adsorbed amount at equilibrium, k1 (h−1) is the pseudo-first-order
kinetic constant, k2 (g mg-1 h-1) is the pseudo-second-order kinetic
constant, a (mg g-1 h-1) is the initial adsorption rate, and b (g mg-1) is
the reciprocal of the surface coverage when the adsorption rate is 1/e of
its initial value.

The fitting of the models to the experimental data was carried out by
non-linear fitting using software CurveExpert Professional v. 2.6.4. The
fitting results for all models are presented in Table 1.

Fig. 1 clearly shows that the adsorbed amount is negatively affected
by ionic strength in the case of As(III), but positively influenced for As
(V) and P(V). Moreover, the adsorption rate is faster for all adsorbates
at the ionic strength of 0.01mol L−1, with the difference being more
pronounced for As(III) and P(V), for which the kinetic constants vary by
an order of magnitude (Table 1). This effect on the uptake kinetics had
already been observed for the adsorption of Sb(III) and Sb(V) on ICG
[21].

For both pentavalent pnictogens, kinetics were well described by
the pseudo-first-order model. This model is indicative of fast, mono-
layer physisorption, and this is likely to occur since the initial adsorbate
concentration is low and thus so is the surface coverage of the ad-
sorbent. At pH 3, ICG surface is positively charged [4], and therefore
attracts the negatively charged oxyanions of As(V) and P(V), which are
in the form of H2AsO4

− [36] and H2PO4
− [37], respectively. However,

the equilibrium adsorbed amount for both As(V) and P(V) increased
with ionic strength, which is indicative of chemical covalent linkage
and inner-sphere complexation mechanisms [19,26].

Meanwhile, adsorption of As(III) presents slower kinetics, better
described by the pseudo-second-order or Elovich equations, suggesting
the occurrence of chemisorption and heterogeneous, multilayer binding
[38,39]. Nonetheless, the equilibrium adsorbed amount was higher for
the lower level of ionic strength, implying that outer-sphere com-
plexation mechanisms were at play for which the electrolyte ions
competed with arsenite anions [19].

Because some of the models presented similar r2 and SE, an F-test
was also carried out to compare the model fits for each scenario, ac-
cording to the equation:

=F s
s
A

B

2

2 (5)

Where sA2 is the variance of model A and sB2 is the variance of model B,
each one calculated by:

=
∑ −

−
=s

q q
N w

( )i
N

exp pred2 1
2

(6)

Where qexp is the experimental value of q, qpred the predicted value of q
according to the model fit, N is the number of points and w the number
of estimated parameters in the model. The F-value as calculated by Eq.
(5) was then compared to the critical F-value for a confidence level of
95 %. It was found that for As(III), 0.01mol L−1 IS, As(V), both IS
scenarios, and P(V), 0.1 mol L−1 IS, the model fits did not present a
significant difference; only the Elovich model for As(III), 0.1 mol L−1 IS
and the pseudo-first-order model for P(V), 0.01mol L−1 IS were sig-
nificantly better than the other models. This could explain the existence
of both physical and chemical adsorption mechanisms occurring in
most of these cases, since different kinetic models are suitable for most
of the scenarios.

A slight desorption of iron was observed in almost all of the kinetic
studies, with a maximum observed for As(V) at pH 3 and 0.1 mol L−1

IS, after 48 h contact, of 2.8 ± 0.1mg L−1. However, this did not seem
to have any influence on the adsorbed amounts, since, for instance, for
the same species at 0.01mol L−1 IS both the As adsorbed amount at
equilibrium and the desorbed iron amount were lower.

Further studies on the adsorption edges of all three kinds of anions
under study aimed to clarify their uptake mechanisms.

3.2. Adsorption edges

The variation of the adsorption edges of As(III), As(V) and P(V) on
ICG with ionic strength was assessed at environmentally relevant con-
centrations (Ci=1mg L−1). The results are depicted in Fig. 2.

The results corroborate the conclusions drawn from the equilibrium
adsorbed amounts reported for the kinetic studies. Fig. 2a shows that As
(III) uptake is favoured at lower ionic strength, in particular at low pH,
while Figs. 2b and c show the inverse for As(V) and P(V), that is, that
adsorption is increased at higher ionic strength, especially at higher pH.

Desorption of iron in these studies was also slight, always below
3mg L−1, and without any observable effect on the adsorbed amounts.
For all scenarios it had a tendency to be higher at more acidic (< 3) and
more basic (> 10) pH.

Comparing these and the kinetic results with a previous study on As
uptake by ICG [4], it can be concluded that both As(III) and As(V)
trends of variation with pH and time differ between low and high
surface coverage. At an initial concentration of 25mg L−1, As(III)

Table 1
Model parameters obtained for the fitting of pseudo-first-order, pseudo-second-order and Elovich models to the adsorption kinetics data of As(III), As(V) and P(V)
(Ci=1mg L−1; S/L =2.5 g L−1; T=20.0 ± 0.5 °C) at different ionic strengths.

As(III), pH 9 As(V), pH 3 P(V), pH 3

IS (mol L−1) 0.01 0.1 0.01 0.1 0.01 0.1

Pseudo-first-order model (Eq.
(2))

qe (mg g−1) 0.46 ± 0.02 0.33 ± 0.02 0.4227 ± 0.0003 0.4419 ± 0.0009 0.341 ± 0.002 0.41 ± 0.01
k1 (h−1) 3.2 ± 0.7 0.6 ± 0.2 6.7 ± 0.3 5.5 ± 0.2 4.3 ± 0.2 0.64 ± 0.08
r2 0.667 0.803 0.966 0.956 0.986 0.973
SE 0.05 0.05 0.001 0.002 0.005 0.03

Pseudo-second-order model
(Eq. (3))

qe (mg g−1) 0.49 ± 0.01 0.35 ± 0.02 0.4245 ± 0.0007 0.445 ± 0.001 0.352 ± 0.005 0.46 ± 0.02
k2 (g
mg−1 h−1)

12 ± 3 2.5 ± 0.7 134 ± 17 68 ± 8 25 ± 4 1.7 ± 0.4

r2 0.860 0.918 0.914 0.939 0.942 0.968
SE 0.03 0.03 0.002 0.003 0.01 0.03

Elovich model (Eq. (4)) a (mg g−1 h−1) (0.6 ± 1.1) × 103

(n.s.)
1.2 ± 0.2 n.c. n.c. (0.7 ± 3.5) × 105

(n.s.)
0.8 ± 0.4

b (g mg−1) 25 ± 5 18.9 ± 0.8 n.c. n.c. 50 ± 16 11 ± 2
r2 0.826 0.987 n.c. n.c. 0.636 0.915
SE 0.03 0.01 n.c. n.c. 0.03 0.05

n.s. – not significant; n.c. – non convergent.
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adsorption was faster than As(V) [4], while the opposite was observed
for an initial loading of 1mg L−1 As (Fig.1, Table 1). At higher surface
coverage, uptake of As(III) increased with pH with a maximum at pH 9;
however, by Fig. 2a, the same does not apply at lower surface coverage,
when the adsorbed amount varies little with pH and even seems to
decrease with increasing pH for 0.01mol L−1 IS values. In a similar
fashion, at higher surface coverage pH 2 was identified as providing the
highest As(V) adsorption [4], which decreases steadily with increasing
pH; at lower surface coverage, however, As(V) uptake is maximum for a
wider pH range (3–7), starting to decrease only for values above 8.
These results are in accordance with previous studies of As(III) and As
(V) adsorption kinetics and envelopes on ferrihydrite [40].

It has been stated that As(III) adsorbs more weakly than As(V) onto
iron oxides at low pH [7,20,41], and in fact it is in the range 3–5 that a
higher influence of IS is observed for the trivalent oxidation state
(Fig. 2a), suggesting the occurrence of outer-sphere complexation.
However, electrostatic attraction between As(III) and the surface is
unlikely since in this range of acidic pH, it is present in the neutral
form, H3AsO3 or As(OH)3 [36]. Still, as the surface is positively
charged, as it is below the pHPZC (estimated as 6 for ICG [21]), at-
traction of NO3

−, the ion of the electrolyte, may occur, as it is nega-
tively charged, and its uptake may lead to a coverage of surface sites,
hindering As(III) access for specific binding. Uptake of As(III) is likely to
occur as inner-sphere complexes in the remaining sites, by ligand ex-
change with OH−, as it has been proposed by several authors to be the
main binding mechanism [20,26]. Binding of oxyanions is often as-
sumed to occur at singly-coordinated Fe surface groups (≡FeOH, or, in
their protonated/deprotonated forms, ≡FeOH2

1/2+ and ≡FeOH1/2-

[42]), which are dominant at the ferrihydrite surface [43]. Stachowicz
et al. [44] maintain that As(III) adsorption may occur in its neutral form
as a monodentate or bidentate complex, depending if it binds with one
or two surface groups:

≡ + ⇌ ≡ +1 FeOH(s) As(OH) (aq) FeOAs(OH) (ads) H O(l)3 2 2 (7)

≡ + ⇌ ≡ +2 FeOH(s) As(OH) (aq) Fe O As(OH)(ads) 2H O(l)3 2 2 2 (8)

These authors also demonstrated that bidentate binding is usually
predominant, with monodentate binding only becoming relevant at
lower pH. Since monodentate complexes are tendentially weaker than
bidentate bonds, if they are more affected by the formation of outer-
sphere complexes with electrolyte ions, this influence may contribute to
the higher dependence of As(III) adsorbed amount with ionic strength
at low pH.

The binding of As(V), on the other hand, has often been modelled on
iron oxides based on the formation of three types of complexes: pro-
tonated bidentate, non-protonated bidentate, and protonated mono-
dentate [44]:

≡ + + ⇌ ≡

+

+ −2 FeOH(s) 3H (aq) AsO (aq) Fe O AsOOH(ads)

2H O(l)
4

3
2 2

2 (9)

≡ + + ⇌ ≡ ++ −2 FeOH(s) 2H (aq) AsO (aq) Fe O AsO (ads) 2H O(l)4
3

2 2 2 2

(10)

≡ + + ⇌ ≡ ++ −1 FeOH(s) 2H (aq) AsO (aq) FeOAsO OH(ads) H O(l)4
3

2 2

(11)

Surface complexation modelling carried out on crystalline goethite
surfaces usually indicates bidentate binding as the predominant form of
complexation for As(V) [19,44,45], but for amorphous ferrihydrite,
some authors successfully consider monodentate binding as the main
adsorption mechanism [25,46,47]. Most studies, however, maintain
that it is difficult to distinguish monodentate and bidentate binding
based on the available experimental data [20,44,48–50]. Nevertheless,
the results presented in Fig. 2b are closely in accordance with predic-
tions made for As(V) adsorption on goethite by Antelo et al. [19], with a
decrease in adsorbed amount starting at neutral pH, and slightly
sharper for lower IS. The increased uptake caused by higher IS in the
alkaline pH range, especially above the pHPZC, is probably due to a
decrease of the repulsive interaction between the surface and the anion,

Fig. 2. Adsorption edges of a) As(III), b) As(V) and c) P(V), at 0.01 and 0.1mol L−1 IS (Ci=1mg L-1; S/L =2.5 g L-1; T=20.0 ± 0.5 °C) (error bars: standard
uncertainty).
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produced by the presence of electrolyte [19,51].
A few authors also suggest that surface precipitation of ferric ar-

senate may occur as an adsorption mechanism for As(V) at higher As
loadings [18,25,50]. This phenomenon was found to be particularly
relevant at acidic pH, due to the larger extent of Fe dissolution [25],
and therefore may be responsible for the marked increase of As(V)
uptake with decrease of pH previously observed at higher surface
coverage [4].

Regarding phosphorus, the trend of phosphate adsorption variation
with pH and IS is also in accordance with previous results reported for
iron oxides, with constant uptake at acidic pH and a decrease with
increasing pH, sharper than that observed for As(V) [19,22,27,28].
There is, however, less agreement over the mode of phosphate binding
than arsenate binding in the literature. Overall, six types of complexes,
monodentate and bidentate with different degrees of protonation, have
been proposed as possible contributors to phosphate binding on singly
coordinated surface groups [52]:

≡ + + ⇌ ≡ ++ −1 FeOH(s) H (aq) PO (aq) FeOPO OH(ads) H O(l)4
3

3 2

(12)

≡ + + ⇌ ≡ ++ −1 FeOH(s) 2H (aq) PO (aq) FeOPO OH(ads) H O(l)4
3

2 2

(13)

≡ + + ⇌ ≡ ++ −1 FeOH(s) 3H (aq) PO (aq) FeOPO(OH) (ads) H O(l)4
3

2 2

(14)

≡ + + ⇌ ≡ ++ −2 FeOH(s) 2H (aq) PO (aq) Fe O PO (ads) 2H O(l)4
3

2 2 2 2

(15)

≡ + + ⇌ ≡ ++ −2 FeOH(s) 3H (aq) PO (aq) Fe O POOH(ads) 2H O(l)4
3

2 2 2

(16)

≡ + + ⇌ ≡ ++ −2 FeOH(s) 4H (aq) PO (aq) Fe O P(OH) (ads) 2H O(l)4
3

2 2 2 2

(17)

Studies on phosphate complexation on goethite have proposed with
equal success models based on the three monodentate complexes (Eq.
(12)–(14)) [28,53,54], on two bidentate complexes (mostly Eqs. (15)
and (16)) [19,55], or on a combination of both monodentate and bi-
dentate complexes [23,52]. Studies on ferrihydrite have also proposed
similar configurations of bidentate complexation [22,24] or mono-
dentate complexation [27]. If a combination of bidentate and mono-
dentate binding is present, it is likely that bidentate binding is favoured
at low pH [19,22,23,51], which helps to explain stronger adsorption in
this range.

The effect of ionic strength on P(V) adsorption at higher pH may
also be caused, as for As(V), by a reduction of the electrostatic repulsion
between surface and anion through electrolyte uptake. In particular,
this is found to be more pronounced for phosphate because P has been
found to be more sensitive to pH and ionic strength changes [19] and
has more affinity for ion pair formation with Na [54].

3.3. Surface charge

The surface charge was estimated by the adsorbed amount of pro-
tons QH (mmol g−1), which was modelled using a bimodal distribution

of affinity constants, following a quasi-Gaussian Sips distribution
function [56] with a local Langmuir-Freundlich isotherm. As a simpli-
fication, two types of sites are considered: acidic sites with low intrinsic
constant and basic sites with high intrinsic constant.
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(18)

Where Qmax,j is the overall charge of the binding group j (mmol g−1),
K’j,H is the median value for the affinity distribution of protons to the
binding group j, CH is the proton concentration (mol L−1), and mH,j is
the width of the peak in the Sips distribution (0<mH,j<1).

The model was fitted using the methodology presented by Vilar
et al. [57]. The obtained parameters are shown in Table 2 and the re-
sults for surface charge, along with the model curves, are presented in
Fig. 3. For comparison purposes, the surface charge and models without

Table 2
Parameters obtained in the fitting of the Sips distribution function for different ionic strength conditions and in the presence of the different adsorbed species.

IS
(mol L−1)

Adsorbed species (Ci=1mg L−1) logK'1,H Qmax,1 (mmol g−1) mH,1 logK'2,H Qmax,2 (mmol g−1) mH,2 r2

0.01 As(III) 3.4 0.32 1.0 11.0 0.66 0.4 0.989
As(V) 4.1 0.14 1.0 11.0 0.71 0.4 0.984
P(V) 2.3 1.47 0.9 11.0 0.68 0.4 0.936

0.1 As(III) 3.6 0.27 0.8 11.0 0.90 0.3 0.993
As(V) 2.9 0.47 0.6 11.0 0.76 0.3 0.992
P(V) 4.4 0.12 1.0 9.4 0.25 1.0 0.986

Fig. 3. Experimental data and Sips distributions of surface charge of ICG in the
absence and presence of As(III), As(V) and P(V) (Ci=1mg L−1; S/L =2.5 g
L−1; T=20.0 ± 0.5 °C) in a) 0.01mol L-1 IS and b) 0.1 mol L-1 IS (error bars:
standard uncertainty).
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As or P are presented as previously determined [4,21].
At an ionic strength of 0.01mol L−1, the charge distributions ob-

tained in the presence of the species under study are all very similar to
the original surface charge distribution of ICG (Fig. 3a). The only no-
ticeable difference is a slight decrease of the pHPZC and an increase in
positive surface charge at acidic pH for As(III) and P(V). Decrease of the
isoelectric point (IEP) or pHPZC has been reported to occur in the for-
mation of inner-sphere complexes [19,28,58,59]. However, this de-
crease was also found to be dependent on the surface loading of the
adsorbate [28,59]. In this study, the initial concentration of 1mg L−1

As or P corresponds to 13.3 μmol L−1 As or 32.3 μmol L−1 P. These lead
to very low surface loadings that correspond, at most, to the ratios of
10−20mmol-As mol-Fe−1 or 30−40mmol-P mol-Fe−1. Naturally,
their effect on the adsorbent’s surface charge is also low.

Nevertheless, at the higher ionic strength of 0.1mol L−1 a sig-
nificant increase on the pHPZC can be found when P(V) is adsorbed
(Fig. 3b). This is contrary to the aforementioned studies that reported,
for instance, a decrease in IEP after P adsorption on goethite [28].
However, in the quoted study, the original pHPZC was high (about 8.8),
as it is expected for pure iron oxides, while for ICG, as the iron coating
is not homogeneous and both iron and organic groups interact with
protons, the pHPZC falls in the neutral to acidic range, around 5–6
[4,21]. In the present study, the pHPZC becomes more alkaline after
phosphate is adsorbed but it is shifted towards more neutral values,
close to 7. It is possible that phosphate is acting as a buffer in these
conditions. Another possibility is the occurrence of competition be-
tween phosphate and hydroxyl (OH-) at the iron oxide surface, leading
to OH- release by ligand exchange with the phosphate ions [38,46].
This would cause a rapid increase in pH and overall increased H+

consumption in the alkaline range, as depicted in Fig. 3b.
At higher IS, ion pair formation with Na and K on the iron oxide

surface may also be enhanced [19,22,54]. For the pentavalent species,
which are negatively charged in the neutral to alkaline pH range, it may
bear no effect and even enhance their uptake. For the neutral As(III),
while a higher amount of positively charged ions bound at the surface
may not interfere with As uptake (Fig. 2a), they may increase the up-
take of negatively charged OH−, explaining the slight increase in ne-
gative charge in this pH range observed in Fig. 3b.

4. Conclusions

This study allowed to gain some insight on the complexation me-
chanisms of As(III), As(V) and P(V) on iron-coated cork granulates at
environmentally relevant conditions.

The adsorption kinetics suggests a combination of physisorption
mechanism, described by a pseudo-first-order model, and chemisorp-
tion mechanism, described by a pseudo-second-order model, with more
prevalence of the former for the pentavalent species As(V) and P(V),
while of the latter for As(III). However, the adsorption edges at different
ionic strengths indicated otherwise, with As(III) adsorption being fa-
voured at lower ionic strength and As(V) and P(V) uptake enhanced at
higher ionic strength. The results indicate that both physical and che-
mical adsorption mechanisms are involved in the uptake of all these
species in environmentally relevant conditions.

Given the unlikelihood of outer-sphere complexation of As(III), it is
proposed that it is bound by inner-sphere complexation, but that
monodentate binding may be affected by outer-sphere complexation of
electrolyte anions. As(V) and P(V) are also likely to form inner-sphere
rather than outer-sphere complexes at the iron oxide surface, possibly
by a combination of both monodentate and bidentate binding; for As
(V), ferric arsenate precipitation may also be present, which would be
detrimental for future adsorbent regeneration and reuse.

Surface charge estimation by potentiometric titration confirmed the
likelihood of inner-sphere complex formation for all three species,
along with outer-sphere complexation and ion pair formation with
electrolyte ions. Phosphate may act as a buffer in these conditions and

suffer competition with hydroxyl ions, leading to increased pH and H+

consumption in the alkaline range.
The application of previous literature on As and P adsorption onto

iron oxides to interpret their uptake mechanisms onto iron-coated cork
granulates confirms that the iron coating is responsible for adsorption.
At the same time, this is one of the first studies that verifies that
complexation mechanisms on pure iron oxides and iron-coated ad-
sorbents are very similar.

This can be especially useful since conclusions drawn for iron-
coated adsorbents help to determine the sensitivity of As(III), As(V) and
P(V) adsorption to treatment conditions, thereby aiding in the optimi-
zation of their removal in water treatment systems.
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