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A B S T R A C T

Iron oxides are widely used as adsorbents to remove pollutants because of their excellent surface
activities and resultant significant adsorption capabilities. In an effort to study the adsorption and
desorption behavior of arsenic in aqueous solutions containing magnetism iron oxide (MIO),
solid-–liquid separations were conducted in the laboratory using synthetically-prepared solu-
tions. Results indicate that arsenic can be easily adsorbed and the adsorption can be described
using Langmuir and Freundlich equation. It was determined that the capability of MIO for arsenic
adsorption depended primarily on the surface activity of the adsorbent, pH of the solution, and
arsenic speciation. Optimization adsorption was found to occur between pH 6.0 and 9.4 for arsenic
(III) and pH less than 5.0 for arsenic (V). Adsorbed arsenic (V) could be easily desorbed from using
a 10 percent solution of sodium hydroxide whereas arsenic (III) was found to be recalcitrant.
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1. Introduction

Arsenic contamination can occur in aquatic and
terrestrial environments due to the widespread
application of pesticides, smelters, coal-fired power
plants and dissolution of arsenic-enriched minerals
[1]. Arsenic is a cancer causing substance which is pre-
dominantly present as inorganic species in natural
water system. Long-term uptake of arsenic contami-
nated water causes liver, lung, kidney, bladder, skin
and nerve tissue damages [2]. Therefore, it is urgent
and important to remove arsenic and its compounds
from wastewater and contaminated drinking water.
Over the years many technologies have been devel-
oped for the removal of arsenic from aqueous environ-
ments. However, adsorption has emerged as a more
popular alternative because of its simplicity and poten-
tial to offer a sludge-free operation [2,3]. According to

previous studies, iron oxides, including oxyhydroxides
and hydroxides, such as amorphous hydrous ferric
oxide (FeOOH), goethite (a-FeOOH) and hematite
(a-Fe2O3), are promising effective adsorptive materi-
als for arsenic removal from water due to its unusual
surface activity and high adsorption affinity towards
arsenic [4]. Although somewhat good results have
been obtained, some deficiencies, such as poor per-
formance for arsenite anion and difficulty with regen-
eration of spent adsorbents, still plagued the practice
of arsenic removal from aqueous systems by the
use of iron oxide. Furthermore, typically powered
form of the adsorbents makes the separation of iron
oxide from treated water inefficient [1–4]. In this
study, the arsenic adsorption properties of the mag-
netism iron oxide compound (MIO) and the deso-
rption of adsorbed arsenic were investigated. This
adsorption material can be separated from water
easily due to its magnetism nature and then be
recycled after the regeneration.�Corresponding author
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2. Materials and methods

2.1. Chemicals

All chemicals used were analytical reagent grade.
Solutions were prepared from sodium arsenite (NaAsO2)
for arsenic As(III) and sodium arsenate (Na3AsO4) for
arsenic As(V).

2.2. Prepartion of MIO [5]

MIO was synthesized through the reaction of ferrous
sulfate (FeSO4�7H2O) and ferric chloride (FeCl3�6H2O)
in an alkali medium at 90�C. The synthesized material
was washed with deionized water, and subsequently
dried at 100 + 5�C inside an 101-4 electrothermal oven
(Nanjing Suote Ganzao Shebei company, China), then
ground in agate pot by manual and sieved through a
100 mesh sieve. The X-ray diffraction (XRD) analysis for
the MIO crystallography was performed on a Rigaku
(Japan) D/Max-3B diffractometer equipped with a
monochromated Fe Ka radiation. The monochromated
radiation had a tube voltage of 40 kV, a tube current
of 20 mA and the count time was 0.5 s/0.02�.

2.3. Arsenic adsorption isotherm tests

To a series of 250 mL conical flasks were added
50 mL of 1–60 mg/L arsenic solutions and 50 mg of
MIO. The pH was adjusted to 7.0 using 0.1 mol/L
hydrochloric acid (HCl) or sodium hydroxide (NaOH)
solutions. All samples were shaken at 250 rpm and
room temperature (25 + 0.5�C) in a mechanical shaker
(Changzhou Guohua Electric Appliance Co. Ltd) for
1 h, then were balanced 24 h. The suspension in each
flask was filtered through a 0.45-m membrane filter
and the filtrate was analyzed for As(III) and As(V) in
24 h. The amount of As(III) and As(V) uptake by MIO
was calculated from the decrease of its concentration in
solution. The data of arsenic adsorption were fitted
with Freundlich and Langmuir isotherm models. The
Langmuir isotherm is expressed as follows:

qeq ¼
bQmaxCeq

1þ bCeq

where Qmax (mg/mL) is the maximum adsorption
capacity, Ceq (mmol/L) is the equilibrium solute con-
centration, and b is the equilibrium constant related
to the energy of sorption (L/mmol).

The Freundlich isotherm is expressed as follows:

qeq ¼ KC1=n
eq

where K is the empirical constant ((mg/mL)/
(mmol/L)1/n) and n the empirical constant

(dimensionless). A nonlinear regression was applied
to obtain all Langmuir and Freundlich isotherm
parameters.

Arsenic desorption Kinetics, in a 500 mL flask, 250
mL of 10% NaOH solution and 250 mg of saturated
arsenic adsorbed MIO were mixed. The suspension
was stirred at 250 rpm. The initial pH of the solution
was 7.0, and the temperature was kept at 25+0.5�C.
At regular time intervals an aliquot of 2 mL of superna-
tant was withdrawn for arsenic analysis.

Experiments were performed with the same proce-
dure as described above to determine the effects of pH,
ion strength and temperature on arsenic adsorption
except that different solution conditions were con-
trolled. 20 mg/L arsenic solutions with ion strength
of 0.1 mol/L sodium chloride (NaCl) and with a series
of initial pH at 3.0–10.0 were used in pH effect experi-
ments. 20 mg/L arsenic solutions with a constant pH
7.0 and with a series ion strength at 0–2.0 mol/L NaCl
were adopted in ion strength effect experiments. For
temperature effect experiments, 20 mg/L arsenic solu-
tions at different temperature of 20, 30, 40, 50, and 60�C
were studied, and pH and ion strength were main-
tained at 7.0 and 0.1 mol/L NaCl, respectively. To
ensure the accuracy, reliability and reproducibility of
the collected data, all batch experiments were carried
out in duplicate and the mean values are presented.

2.4. Methods of analysis

The solutions were spectrophotometrically ana-
lyzed for arsenic by the silver diethyldithiocarbamate
method [6]. Total iron analysis was performed by
1,10-phenanthroline method as described in standard
methods (APHA, 1985) [7]. Measurements of pH were
made with a pH electrode and pHS-3C digit acid-
ometer (Shanghai Rex Instrument Factory) calibrated
with three buffer solutions at pH4.00, 6.86, and 9.18.
The point of zero charge (pHPZC) were determined
using a batch equilibration method [12].

3. Results and discussion

3.1. Characterization of MIO

The crystallographic structure can be identified by
XRD pattern of the MIO sample in Fig. 1. The narrow
and strong XRD reflections indicated that it was well
crystallized. It was found that all the diffraction peaks
could be well indexed to the inverse cubic spinel
structure (JCPDS card No. 85-1436). Meanwhile, the
crystal grains were perfect, evidenced by the sharp
and strong diffraction peaks. And there are not any
additional peaks in Fig. 1, showing that the MIO
sample has high purity.
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3.2. Adsorption isotherms

Fig. 2 shows the adsorption isotherm curve of
arsenic. More arsenic were adsorbed with the increas-
ing equilibrium arsenic concentration in solution
under the same conditions. The amount of As(V)
adsorbed was slightly higher than that of As(III), which
is disagreement previous research results that the dif-
ference is great between the adsorption of As(V) and
As(III) on iron oxides [1,2,4]. The adsorption of arsenic
with increasing equilibrium arsenic concentration can
be divided into two stages, a rapid enhancement in
arsenic adsorption as equilibrium concentration of
arsenic is low, and a slow increase of that as equili-
brium concentration of arsenic is high. This is possibly
related to the degree of surface coverage of MIO by
arsenic adsorbate. The potential of arsenic adsorption
is relatively greater as the surface coverage is low
because more activated adsorption sites are readily
accessible, while the situations are on the contrary as
the surface coverage is high because few unoccupied
adsorption sites are retained. Therefore, the amounts
of adsorbed arsenic increase only slowly as the equili-
brium concentration of arsenic increase up to 23.2 and
25.1 mg/L for As(V) and As(III), respectively.

As seen from Table 1, the adsorption data fitted
Freundlich isotherm equation and Langmuir equation
well. As the super activity and hydrolysis ability of
As(V) are more than that of As(III), and the affinity of
iron oxides to As(V) are stronger than to As(III), the
amount of As(V) adsorption is more than that of As(III)
on MIO. Alternatively, the specific structure of spinel
structure compound oxides might be the second reason
for the adsorption difference of As(III) and As(V) [8].

As shown in Fig. 3, the desorption of As(III) and
As(V) on MIO is time dependent. The process of
arsenic desorption is quick firstly, and then slowly
approaches the equilibrium. The amount of arsenic
desorbed is 60–80% of the overall desorption within 5
min. The desorption percentage of equilibrium is
66.3% for As(III) and 86.2% for As(V), indicating that
the adsorbed arsenic can be effectively washed out
with 10% NaOH solution, while the desorption percen-
tage of As(V) is considerably greater than As(III).

3.3. Effect of pH on As(III) and As(V) adsorption on MIO

To determine the optimum pH for adsorption of
arsenic over MIO, the uptake of arsenic as a function
of pH was studied. The adsorption of arsenic in the
range of pH 3–10 is shown in Fig. 4. The optimal pH
for As(III) adsorption is observed in the range of
6–9.4. Beyond the optimal pH range, As(III) uptake
significantly decreased. The optimal As(V) adsorption
occurred under acidic conditions, and As(V) uptake
significantly decreases as pH rises in the range of
5–10. When pH is above 5.8, MIO has higher adsorb-
ing capability to As(V) than to As(III), but lower when
pH less than 5.8.

Regardless the influence of electrostatic attraction,
ionic exchange and the coordinate complexing on
arsenic adsorption, it is most advantageous for arsenic
adsorption when arsenic is in anion form and the
absorbent with positive charge. pH affects significantly
the speciation of arsenic in solution and the surface
charge of the solid particles [3]. Arsenate species and
their corresponding stability pH values are H3AsO4

(pH<2), H2AsO4
� (pH 2–7), HAsO4

2� (pH 7–11), and
AsO4

3� (pH > 12). Trivalent arsenic is stable as neutral
H3AsO3 at pH < 9, while H2AsO3

�, HAsO3
2�, and

AsO3
3� are stable species in the pH ranges of 9–12,

12–13, and >13, respectively. According to amphoteric
dissociation theory, the surface of solid adsorbent is
positively charged when the equilibrium pH values are
below the point of zero charge (pHPZC), and it will be
negatively charged when the equilibrium pH above
pHPZC. The adsorption reactions between arsenic spe-
cies and metal oxides with pHPZC > 7 in acidic environ-
ment are as follows [9]:
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Fig. 2. Adsorption isotherm of arsenic on MIO. Solid lines
indicate Freundlich equation prediction, dashed lines indi-
cate Langmuir equation prediction.
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Fig. 1. Powder X-ray diffraction patterns of synthesized MIO.
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-----M OH2ð Þþ2 þH3AsO3 ! -----M OH2ð Þ2 Hð ÞAsOH

-----M OH2ð Þþ2 þH2AsO�4 ! -----M OH2ð Þ2 Hð ÞAs OHð Þ2

In neutral and alkaline environment, they are
expressed as:

-----M OH2ð Þ�2 þH2AsO�3 þH3AsO3 ! -----MO2AsOH�

-----M OH2ð Þ�2 þHAsO2�
4 ! -----MO2As Oð ÞOH�

The pHzpc obtained for MIO was pH 8.5. As the
equilibrium pH increases up to pH 8.5, the decreased
amount of arsenate adsorption is attributed to the
decreasing electrostatic attraction between the surface
of MIO and anionic arsenate species. The lower
amount of arsenate adsorption at pH above 8.5 could
be due to an increased repulsion between the nega-
tively charged arsenate species and negatively charged
surface sites. Since arsenite species have less negative
charge compared to arsenate species at pH < 9, they
do not exhibit as much repulsion, and as a result,

arsenite is preferably adsorbed by MIO in a wide
pH range. An increase of negatively charged arsenite
species and negatively charged surface sites might be
the reason for the decrease in the adsorption yield
above pH 9.4.

Tests show that the adsorption of As(III) at acidic
pH is a hydrogen-release process, in contrast to a
hydrogen-consuming process at alkaline pH. Thus,
under separate acidic and alkaline conditions, further
increase in acid and alkali strength will impel the
adsorption reaction from the right side towards the left
side and lead to the reduction of As(III) adsorption
with increasing intensity of acidity and alkalinity. The
favored As(III) adsorption at nearly neutral pH is a
result of insignificant release (or consumption) of
hydrogen during the reaction of H3AsO3 and MIO.

3.4. Effect of ion strength on As(III) and As(V) adsorption
on MIO

Fig. 5 shows relationship between adsorption of
As(III) & As(V) on MIO and ion strength. The amount
of As(III) and As(V) adsorbed by MIO increase with the
ionic strength of background electrolyte NaCl

Table 1
Coefficients of isothermal adsorption model fitting of arsenic removal

Freundlich Equation Langmuir Equation

logqe ¼ logkþ 1
n logCe R Se R Se qmax

mg/g

As(V) logqe ¼ 0:5942logCe þ 1:0495 0.9761 0.115 0.9937 0.015 58.8
As(III) logqe ¼ 0:5832logCe þ 1:003 0.9886 0.078 0.9932 0.018 55.2

where qe is the uptake capacity, qmax is the maximum uptake capacity, Ce is the equilibrium concentration, k, relative to the
sorption capacity (mg/g), n, affinity coefficient, a, binding constant (L/mg), R, correlation coefficient and Se is the standard
deviation.—
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Fig. 3. Relationship between time and arsenic desorption in
10% NaOH solution at 25 + 0.5�C.
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Fig. 4. Effects of pH on arsenic adsorption. The ionic strength
of background electrolyte NaCl is 0.1 mol/L and the added
arsenic is 20 mg/L.
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increasing, there are significantly correlative between
arsenic adsorption and the concentration of NaCl
(qAs(III) ¼ 0.6719CNaCl þ 16.91, R2 ¼ 0.9387; qAs(V) ¼
0.614 CNaCl þ 17.679, R2 ¼ 0.9584). When NaCl
increases from 0 to 2mol/L, the adsorption amount of
As(III) and As(V) increase from 16.74 and 17.52 mg/g
to 18.13 and 18.84 mg/g respectively, and the extent
of As(III) adsorbed increasing is more than that of
As(V).

As the adsorption competition on MIO surface
between Cl� and arsenic anion, it is disadvantageous
to arsenic adsorption with the ionic strength of back-
ground electrolyte NaCl increasing [10].

According to Gouy-Chapman formula, the surface
potential of MIO particulate isj0:

f0 ¼ fs þ �;

where js is the Stern layer potential and � is the diffu-
sion layer potential.

j0 keeps constant in a certain pH, jsand � change as
the double electric layer compressed for increasing
electrolyte concentration [11]. According to this for-
mula, the surface positive charge of MIO slightly
increases as an increasing ion strength increases at
pH 7.0, which is advantageous to arsenic adsorption.
The ion strength had different effects on As(III) and
As(V), indicating other mechanism may exist.

3.5. Effect of temperature on As(III) and As(V) adsorption
on MIO

As arsenic is widely found in hot well water, it is
necessary to investigate the effect of temperature on
arsenic removal-adsorption. Fig. 6 shows the effect of
temperature on arsenic adsorbed by MIO. The amount
of As(III) and As(V) adsorbed by MIO obviously
decreases with temperature from 20 to 60�C, As(III)

and As(V) from the adsorption of 9.74 and 10.40 mg/
g to 8.80 and 9.04 mg/g, the extent of adsorption
decreasing are 0.4 and 2.3 mg/g, respectively, and
the decreasing extent of As(V) adsorption is higher
than that of As(III). The results indicate that the
adsorption process of arsenic is exothermic reaction.
Arsenic is adsorbed by the coexistence heteroge-
neous oxides of MIO, and the adsorption process is
non-homogeneous reaction. Under the conditions of
this experiment at pH 7.0, iron oxide has variable
positive charge (the PZC of iron oxide was more than
7.0). As seen from the Gouy-Chapman formula [11]:
Surface potential f0:

f0 ¼
2:303kT

e
ðpH0 � pHÞ

Surface charge density s0:

s0 ¼
2N"kT

p

� �1=2

sinh 1:5zðpH0 � pHÞ

where T is absolute temperature (K), K is Boltzmann
constant (1.38 � 10�23J/K), e is electric charge (1.602
� 10�19 coulomb), N is avogadro’s number (6.02 �
l023 /mol), � is dielectric constant and Z is ion value.
Therefore, the surface charge density and potential
increase with an increasing temperature, which is
beneficial to arsenic adsorption on the iron oxide and
promote the adsorption of arsenic on MIO.

4. Conclusions

MIO can effectively remove arsenic from aqueous
solution via adsorption. It was slight difference
between the adsorption capacity of MIO for As(V) and
As(III), and has 3.6 mg/g higher adsorption capacity
for As(V) than As(III) according to Langmuir equation
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prediction. The adsorption was effected by pH, ionic
strength and temperature. The optimal pH for As(III)
adsorption is in the range of 6–9.4, and under acidic
conditions for As(V). Arsenic adsorption increased
with an increasing of ionic strength and a decreasing
of temperature. Adsorbed arsenic could be effectively
removed using 10% NaOH solution, and the deso-
rption proceeds to a completion very fast. In 5 min the
amount of arsenic desorption reaches 60–80%, while
As(V) desorption was more easier than that of As(III).
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