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Abstract

Higher environmental standards have made the removal of arsenic from water an important problem for environmental engineering.

Iron oxide is a particularly interesting sorbent to consider for this application. Its magnetic properties allow relatively routine dispersal

and recovery of the adsorbent into and from groundwater or industrial processing facilities; in addition, iron oxide has strong and

specific interactions with both As(III) and As(V). Finally, this material can be produced with nanoscale dimensions, which enhance both

its capacity and removal. The objective of this study is to evaluate the potential arsenic adsorption by nanoscale iron oxides, specifically

magnetite (Fe3O4) nanoparticles. We focus on the effect of Fe3O4 particle size on the adsorption and desorption behavior of As(III) and

As(V). The results show that the nanoparticle size has a dramatic effect on the adsorption and desorption of arsenic. As particle size is

decreased from 300 to 12 nm the adsorption capacities for both As(III) and As(V) increase nearly 200 times. Interestingly, such an

increase is more than expected from simple considerations of surface area and suggests that nanoscale iron oxide materials sorb arsenic

through different means than bulk systems. The desorption process, however, exhibits some hysteresis with the effect becoming more

pronounced with small nanoparticles. This hysteresis most likely results from a higher arsenic affinity for Fe3O4 nanoparticles. This work

suggests that Fe3O4 nanocrystals and magnetic separations offer a promising method for arsenic removal.

r 2006 NIMS and Elsevier Ltd. All rights reserved.
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1. Introduction

Arsenic(As)-contaminated drinking water is a major
problem around the world. Countries such as Bangladesh,
India, Vietnam, Mexico, Argentina, Chile, Hungary, Roma-
nia, and the United States face significant challenges in
meeting the newly lowered standards for As in drinking
water [1]. Several methods of As removal are already
available including precipitation, adsorption, ion exchange,
solvent extraction, nanofiltration, foam flotation, and
biological sequestration [2]. However, as recently noted these
technologies cannot perform well in actual field trials, and
improved materials and systems are needed [3]. In particular,
sorbents must be able to achieve a low As level in drinking
e front matter r 2006 NIMS and Elsevier Ltd. All rights rese
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water for geographical areas with high As concentrations.
Many papers have been published demonstrating that bulk
iron oxides have a high affinity for the adsorption of arsenite
and arsenate [1,4,5]. As can form inner sphere monodentate
or bidentate–binuclear complexes with iron oxides. Extended
X-ray absorption fine structure spectroscopy has provided
direct evidence for inner sphere adsorption of arsenite and
arsenate on iron oxides [6–8].
There are many practical and theoretical advantages of

using nanocrystals for separations. In one case, the
sorption of As onto nanostructured iron films was efficient
and of high capacity [9]. However, such solid systems can
have slow mass transport and complex recycling processes.
A better option is to use dispersed nanoparticles, which are
homogeneously distributed in solution; such a system has
favorable mass transport to surfaces and can permit
magnetic capture of depleted materials [10]. In addition,
rved.

www.elsevier.com/locate/stam
dx.doi.org/10.1016/j.stam.2006.10.005
mailto:colvin@rice.edu


ARTICLE IN PRESS

Fig. 1. Schematic of magnetic separator. A high-gradient magnetic field

column separator (a) consisting of an S.G. Frantz Canister Separator

(model L-1CN) was used for the magnetic separation experiments. The

brown Fe3O4 suspension (b) was passed through a stainless-steel wool-

packed column (c) within the magnetic separator. The colorless effluent (d)

demonstrates the removal of magnetite.
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dispersed sorbents avoid many of the classical problems of
filtration related to occluding and fouling of packed
columns and membranes. Specifically for this work,
magnetic separations are also possible for nanoscale
materials. In one case, magnetite (Fe3O4) nanoparticles in
biological separations were highly efficient because of the
extremely small particle size and a large surface area
without a high-mass-transfer resistance [11].

In this work, we show the effect of Fe3O4 particle size on
the adsorption and desorption behaviors of arsenite
(As2O5) and arsenate (As2O3). Laboratory-prepared near-
monodisperse Fe3O4 nanocrystals are compared with
commercially available Fe3O4 nanoparticles to determine
the As removal efficiency from water [12].

2. Experimental

2.1. Materials

FeO(OH) from Aldrich (iron(III) oxide, hydrated;
catalyst grade, 30–50 mesh; cat. #371254) was ground to
100–150 mesh. Oleic acid (90% technical grade) and 1-
octadecene (90% technical grade) were purchased from
Aldrich. Hexanes (certified ACS grade) were purchased
from Fisher Scientific. A 20 nm Fe3O4 sample was
purchased from ready advanced materials, and a 300 nm
Fe3O4 sample was purchased from Sigma-Aldrich. The
As(V) and the As(III) stock solutions were prepared by
dissolving the corresponding As oxides (As2O5 and As2O3)
in de-ionized water with 4 g/L NaOH.

2.2. Synthesis and preparation of magnetite nanocrystals

A scalable one-pot synthesis of Fe3O4 nanocrystals was
performed by taking a mixture of FeO(OH) (2.00mmol),
oleic acid (8.00mmol), and 1-octadecene (20.00mmol); and
heating with stirring at 320 1C and kept at this temperature
for a desired time, as seen in Yu et al. [13]. These
nanocrystals were then made water-soluble by methods
similar to those seen in the work performed by Landfester
and coworkers [14].

2.3. Magnetic separations

Magnetic separations were performed with a high-
gradient magnetic field column separator consisting of an
S.G. Frantz Canister Separator (model L-1CN), which had
a stainless-steel canister column (6.3, 25.4, and 222.3mm in
length, 35.5 cm3). The stainless-steel column was packed
with stainless-steel wool (�50 mm wire diameter), with a
packing volume of 5% of the canister (�15 g stainless-steel
wool). A magnetic field was applied, and then a sample was
passed through the column. The nanoparticles were
retained in the column as the solvent passed through.
When the magnetic field was removed and fresh solvent
passed through the column, the nanoparticles were
recovered (Fig. 1).
2.4. Sorption

Sorption studies were performed on three sizes of Fe3O4

at As concentrations ranging from 0 to 0.45mmol/L. The
concentrations of iron as Fe3O4 were 2.5 and 0.1 g/L for
commercially made 300 and 20 nm Fe3O4, respectively. The
concentration of iron as Fe3O4 was 0.011 g/L for labora-
tory-prepared 12 nm Fe3O4 nanocrystals. Adsorption
studies were conducted at pH 4.8, 6.1, and 8.0. A
background electrolyte of 0.01M NaNO3 was used for
the adsorption studies. 2(N-Morpholino)-ethanesulfonate
and Tris at 0.005M were added as buffers for 6.1 and 8.0
pH experiments, respectively. For 12 nm Fe3O4 nanopar-
ticles, 0.01M NaNO3 and 0.01M Tris buffer at pH 8 was
used as an electrolyte background solution. A trace
amount of HNO3 or NaOH was used to adjust pH. The
Fe3O4 As mixtures were equilibrated on a slowly rotating
rack that tumbled end-over-end (4 rpm) for 24 h, and
centrifuged at 4000 rpm for 30min. The supernatant
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solutions of the 300 and 20 nm commercially made Fe3O4

solutions were filtered through 0.2 mm Nalgene syringe
filters (Surfactant-Free Cellulose Acetate). For the 12 nm
laboratory-prepared Fe3O4, a magnetic field column
separator was used to separate the solid from liquid phase.
All experiments were performed in triplicate, and solutions
analyzed for As and Fe by inductively coupled plasma-
mass spectrometry (ICP-MS) (Perkin-Elmer Elan 9000)
and inductively coupled plasma-optical emission spectro-
metry (ICP) (Perkin-Elmer Optima 4300DV), respectively.

2.5. Desorption

Desorption studies were conducted only with the 20 and
300 nm Fe3O4 at pH 6.1, by adding As-free electrolyte to
the As-exposed Fe3O4 nanoparticles which were previously
used for a 24 h adsorption. Desorption experiments with
12 nm Fe3O4, however, were not performed because of
limited samples. These samples were allowed to react for
24 h on a tumbler and centrifuged. The supernatant
solution was pipetted into a syringe filter and filtered
through 0.2 mm Nalgene syringe filters.

Successive desorption was done by repeating the above
desorption procedures after the supernatant solution was
removed. As concentrations were then measured by ICP-
MS. The solid phase concentration was found from the
solution phase As concentrations by assuming mass
balance.
Fig. 2. Magnetic separation of nanoparticles. The top row shows 20 nm, agglom

the magnetic column. The middle row shows 10 nm, laboratory-prepared Fe3O4

column. The bottom row shows 22 nm, laboratory-prepared Fe3O4 in a solutio
3. Results and discussion

The synthesis of Fe3O4 nanocrystals is successful at a
variety of sizes with near-monodisperse size distributions
[13]. These particles prepared in the laboratory can be
easily dispersed in aqueous phase as described in the
previous section. This work also uses commercially
available nanoscale iron oxides. While these materials are
more polydisperse, large amounts are available and the two
sizes (20 and 300 nm) are readily suspended in water
[12,13]. In addition to a difference in size, these commercial
materials are also more aggregated in suspension than the
laboratory-prepared materials. The dispersed Fe3O4 nano-
crystals can be removed from the solution through
interactions with a magnetic column. The 20 nm commer-
cially made nanocrystals were permanently retained in the
column and could not be recovered, while the laboratory-
prepared nanocrystals were able to be recovered when the
magnetic field was turned off (Fig. 2). Furthermore, when
the magnetic field is increased, a greater percentage of
nanocrystals are retained in the column (Fig. 3).
Fig. 2 shows the starting Fe3O4 dispersions, effluents

after passage through the column at various magnetic
fields, and the solutions with the recovered nanoparticles
after removal of the external magnetic field. Initially, the
solutions are colored due to the presence of nanoparticles
(first column). When they are exposed to the magnetic
column, the nanoparticles adhere to the steel wool and the
erated Fe3O4 in an aqueous solution and the effluent after passing through

in an aqueous solution and the effluent after passing through the magnetic

n of hexanes and the effluent after passing through the magnetic column.
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Fig. 3. Magnetic field dependence of particle retention. As the magnetic

field increases, the retention of Fe3O4 nanocrystals increases.
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Fig. 4. Plot of As(V) adsorption on different magnetite nanoparticles (i.e.,

12, 20, and 300nm). The solid lines are drawn using Langmuir isotherm

equation. All adsorption data were plotted as equilibrium adsorbed

arsenic versus equilibrium arsenic in solution. In this graph, q refers to the

moles of arsenic adsorbed per mass of magnetite given in units of mmol/g.
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effluent at the bottom of the column is clear (second
column). Finally, in some cases, the nanoparticles are
recoverable once the magnetic field is removed and can be
collected in a washing procedure (third column). The
recovery process is effective for small nanoparticles, but
not for large ones. The agglomerated, commercial nano-
particles cannot be recovered from columns even under no
field. There is irreversible sorption to the column packing
materials. We speculate that their large magnetic moment
provides a remanent magnetization at zero fields. This
increases their interactions with the residual stray magnetic
fields present in the column. In contrast, the smaller
particles can be completely recovered at zero fields.
All adsorption isotherm data were represented by the
Langmuir isotherm equation, q ¼ bqmax C/(1+bC), where
b is the sorption constant (L/mmol) and qmax is the
maximum sorption density of the solid (mmol/g). Fig. 4
shows an increase in the weight-based As(V) adsorption
density with decreasing the particle size of Fe3O4.
These observations result from a higher surface area due
to the smaller particle size. The surface-based As(V)
adsorption densities were very similar for 20 and 300 nm
Fe3O4 nanoparticles; however, the adsorption density
for 12 nm Fe3O4 nanoparticles was significantly increased.
This observation may be attributed to more sites exposed
to As adsorption, since the 12 nm Fe3O4 was dispersed in
solution, while the 20 and 300 nm Fe3O4 nanoparticles
were aggregated. Similar phenomenon was observed
for As(III). In the desorption studies, no loss of
Fe3O4 nanoparticles was assumed. The data in Fig. 5
illustrate the irreversible desorption of both As(III) and
As(V) from 20 nm Fe3O4 nanoparticles. For example,
approximately 1% of the adsorbed As(III) and As(V) was
desorbed at pH 6.1. Similar desorption hysteresis was
observed at pH 4.8 and 8.0. The high adsorption capacity
and strong desorption hysteresis suggest that Fe3O4

nanoparticles can be useful in water treatment and solid
waste disposal. In Table 1, As removal efficiency was
compared assuming a treatment of 2 L of 500 mg/L As
solution with 1 kg Fe3O4. The As removal efficiency was
calculated based on Freundlich isotherm equation,
q ¼ KFCN, in the adsorption data over the range of
0–500 mg/L aqueous concentration. Decrease in residual
As concentrations and increase in As removal efficiency
were observed with smaller Fe3O4 nanoparticles. For
example, with the 12 nm Fe3O4 nanoparticles, residual As
concentrations were less than 10 mg/L and over 98% of
As(III) and As(V) was removed. Our studies show that
laboratory-synthesized 12 nm Fe3O4 nanoparticles have
high As adsorption capacities. A full treatment of the
sorption and desorption kinetics regarding the size
dependence of Fe3O4 nanoparticles has been published
elsewhere [12].
4. Conclusions

As removal efficiency depends strongly on the size of
Fe3O4 sorbents. The laboratory-prepared Fe3O4 was not
only more efficient in the removal of As, but also more
easily recovered from the column of the magnetic separator
than the commercial materials. This would be beneficial in
a water treatment system because the As-contaminated
Fe3O4 could be flushed from the column permitting reuse
of the separator system.
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Fig. 5. Adsorption and desorption of As(III) and As(V) to 20 nm Fe3O4 at pH 6.1. All data were plotted as equilibrium adsorbed arsenic versus

equilibrium arsenic in solution. In the desorption studies, no loss of magnetite nanoparticles was assumed.

Table 1

The effect of Fe3O4 size on arsenic removal efficiency

Particle

size

(nm)

As(V) or

As(III)

Initial As

concentration

(mg/L)

Residual As

concentration

(mg/L)

% removal

12 As(III) 500 3.9 99.2

20 As(III) 500 46.3 90.9

300 As(III) 500 375.0 24.9

12 As(V) 500 7.8 98.4

20 As(V) 500 17.2 96.5

300 As(V) 500 356.4 29.2

Arsenic removal efficiency was compared assuming a treatment of 2 L of

500mg/L arsenic solution with 1 kg magnetite. The arsenic removal

efficiency was calculated using Freundlich isotherm equation, q ¼ KFCN,

in the adsorption data over the range of 0–500mg/L aqueous concentra-

tions.
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