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Ultrafine  iron  oxide  (�-Fe2O3) nanoparticles  were  synthesized  by  a solvent  thermal  process  and  used
to  remove  arsenic  ions  from  both  lab-prepared  and natural  water  samples.  The  �-Fe2O3 nanoparti-
cles  assumed  a near-sphere  shape  with  an average  size  of  about  5 nm.  They  aggregated  into  a highly
porous  structure  with  a high  specific  surface  area  of  ∼162  m2/g,  while  their  surface  was  covered  by
high-affinity  hydroxyl  groups.  The  arsenic  adsorption  experiment  results  demonstrated  that  they  were
effective, especially  at low  equilibrium  arsenic  concentrations,  in  removing  both  As(III)  and  As(V)  from
lab-prepared  and  natural  water  samples.  Near  the  neutral  pH,  the adsorption  capacities  of  the  �-Fe2O3
rsenate
dsorption
ompeting anions
-Fe2O3 nanoparticles

nanoparticles  on  As(III)  and  As(V)  from  lab-prepared  samples  were  found  to be no less  than  95  mg/g  and
47 mg/g,  respectively.  In  the presence  of  most  competing  ions,  these  �-Fe2O3 nanoparticles  maintained
their  arsenic  adsorption  capacity  even  at very  high  competing  anion  concentrations.  Without  the  pre-
oxidation  and/or  the  pH  adjustment,  these  �-Fe2O3 nanoparticles  effectively  removed  both  As(III)  and
As(V)  from  a contaminated  natural  lake  water  sample  to meet  the  USEPA  drinking  water  standard  for

arsenic.

. Introduction

Arsenic is well known for its toxicity to human beings [1].
ong-term exposure to arsenic contaminated water causes skin,
ung, bladder, and kidney cancer as well as pigmentation changes,
kin thickening (hyperkeratosis), neurological disorders, muscular
eakness, loss of appetite, and nausea [2]. Arsenic contamina-

ion in natural water is a worldwide problem, as reported in the
SA, China, Chile, Bangladesh, Mexico, Argentina, Poland, Canada,
ungary, New Zealand, Japan, Vietnam, and India [3–5]. To avoid

he adverse health effects of arsenic, the World Health Organization
WHO) suggested that the maximum contaminant level (MCL) for
rsenic in drinking water should be lowered from 0.05 to 0.01 mg/L
6]. To implement such a stricter MCL  requires the development
f simple, cost effective approaches for As removal from drinking
ater.

Various arsenic removal technologies have been developed for
rsenic removal from contaminated water sources, including pre-
ipitation, membrane processes, ion exchange, and adsorption

1,3,7]. Because of its simplicity, potential for regeneration, and
ludge free operation, adsorption technique is attracting more and
ore attentions [1,8]. In natural water environment, arsenic is
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mostly found in inorganic form as oxyanions of trivalent (As(III))
or pentavalent arsenic (As(V)) [9].  It is generally reported that
As(III) does not have a high affinity to the surface of various
adsorbents compared to As(V) because As(III) exists mainly as non-
ionic H3AsO3 at pH values ranging from weakly acidic to weakly
alkaline [10], even though As(III) is more mobile and toxic in
biological systems than As(V). Thus, a pre-treatment of As(III)
by oxidizing it to As(V) and/or adjusting the pH value of water
before coagulation–precipitation or adsorption processes is nec-
essary and recommended for the effective removal of As(III) from
water [11,12]. However, for the treatment of large natural water
bodies contaminated with As(III), it is difficult or even impossible to
conduct such a pre-treatment and after-treatment pH adjustment.
Thus, it is desirable to develop adsorbents with a good adsorption
effect on both As(III) and As(V) without pre-treatment [13].

Because of their low cost and affinity to arsenic, various
iron oxides, including amorphous hydrous ferric oxide (FeOOH),
goethite (�-FeOOH), and hematite (�-Fe2O3), have been exten-
sively studied in various forms for the removal of arsenic from
water [14–29].  Although the amorphous FeOOH and goethite have
the high surface areas, which are deemed beneficial to the adsorp-
tion process, they are not stable and could easily decompose or

form low surface-area crystalline iron oxides during the synthe-
sis and usage, which will greatly reduce their As removal capacity
[18]. �-Fe2O3, however, has a high stability, which may  have great
potential for the removal of arsenic [7].  Till now, most reports on

dx.doi.org/10.1016/j.jhazmat.2011.04.111
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:qili@imr.ac.cn
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he arsenic removal by �-Fe2O3 are concentrated on using natural
ematite [7,14,20–26]. Reports are limited for the use of synthetic
ano-sized �-Fe2O3 to remove arsenic (most on As(V)) [27–29],  and
o systematic study had been made on the removal of As(III) from
ater with nano-sized �-Fe2O3.

In this study, ultrafine �-Fe2O3 nanoparticles were synthesized
y the solvent thermal process and their adsorption effect on As(III)
nd As(V) were investigated in both lab-prepared and natural water
amples at near neutral pH environment. Partly becauae of the large
urface areas, these ultrafine �-Fe2O3 nanoparticles demonstrated

 strong adsorption of both As(III) and As(V) in lab-prepared water
amples, especially when the arsenic contamination concentration
as low. The strong arsenic adsorption was not greatly affected

y the presence of competing anions. Consequently, these �-Fe2O3
anoparticles successfully removed most of the As(III) and As(V)
ontamination from natural water samples of Lake Yangzonghai,
hich included multiple competing ions such as Cl−, SO4

−2, and F−,
o meet the USEPA standard for arsenic in drinking water. With fur-
her development, this technology may  offer a simple single-step
reatment option to treat arsenic contaminated natural water with-
ut the pretreatment as required of the current industrial practice.

. Experimental

.1. Chemicals and materials

All the reagents are of analytical grade and used as received. Fer-
ic chloride anhydrous (FeCl3, 99.0 wt%, Chemical Reagent Co. Ltd.,
eijing, PR China) served as the iron source in the solvent ther-
al  process. Ethanol (C2H5OH, ≥99.0 wt%, Yili Chemical Reagent

o. Ltd., Beijing, PR China) was the solvent. Sodium hydroxide
NaOH, 98 wt%, Tianjin Damao Chemical Reagents Development
enter, Tianjin, PR China) was chosen to be the precipitation
gent. As(III) and As(V) stock solutions (∼200 mg/L) were prepared
y dissolving sodium arsenite (NaAsO2, 99.0 wt%, Shanghai Tian
i Chemical Institute, Shanghai, PR China) and sodium arsenate
Na3AsO4, 99.0 wt%, Shanghai Tian Ji Chemical Institute, Shang-
ai, PR China) into deionized water, respectively, and stored in
he dark in a refrigerator at 4 ◦C. For the study on the effect of
ompeting coexisting anions on arsenic adsorption, the stock solu-
ions (1 M)  of NaF, NaCl, NaNO3, Na2SO4, NaHCO3, Na2HPO4·12H2O,
nd Na2SiO3·9H2O (≥99.0 wt%, Shenyang Guo Yao Technology,
henyang, China) were prepared by dissolving the respective chem-
cals in deionized water. Concentrated hydrochloric acid (HCl,
2–38%, Tianda Chemical Reagents Factory, Tianjin, PR China) was
sed to stabilize the arsenic species after treatment. For com-
arison, a commercially available �-Fe2O3 powder (98%, average
ize ∼ 100 nm,  specific surface area ∼ 11.2 m2/g, the Shenyi Chemi-
al Reagent Co. Ltd., Shenyang, PR China) was evaluated for arsenic
dsorption against the ultrafine �-Fe2O3 nanoparticles synthesized
n this study.

.2. Preparation of ultrafine ˛-Fe2O3 nanoparticles

In a typical process, the synthesis involved three steps. First, a
olution of FeCl3 at a concentration of 0.1 M was obtained by dis-
olving 1.13 g anhydrous FeCl3 into 80 mL  ethanol in a beaker. 0.8 g
aOH was then added into the FeCl3 solution. After 1 h of the reac-

ion between FeCl3 and NaOH at room temperature under constant
agnetic stirring, a precursor solution was obtained in the form of a

ellow-brown suspension. Next, the precursor solution was  trans-

erred into a 100 mL  Teflon-lined autoclave. The autoclave was  then
laced in an oven preheated to150 ◦C and kept in the oven for 2 h
efore the oven was cooled to room temperature naturally. Finally,
he red precipitation in the autoclave was washed three times using
Materials 192 (2011) 131– 138

distilled water to remove NaCl, once using alcohol, and then dried
at 80 ◦C for 12 h to obtain ultrafine �-Fe2O3 nanoparticles.

2.3. Characterization of ultrafine ˛-Fe2O3 nanoparticles

The crystal structure of �-Fe2O3 nanoparticles was analyzed by
X-ray diffraction (XRD) on a D/MAX-2004 X-ray powder diffrac-
tometer (Rigaku Corporation, Tokyo, Japan) with Ni-filtered Cu
K� (� = 1.54178 Å) radiation at 56 kV and 182 mA.  The 2� range
used in the measurement was  from 20◦ to 80◦. Transmission
electron microscopy (TEM) was used for the morphology obser-
vation of �-Fe2O3 nanoparticles on a JEM 2100 transmission
electron microscope (JEOL Corporation, Tokyo, Japan) operated at
200 kV. TEM sample was made by dispersing �-Fe2O3 nanopar-
ticles in ethanol, applying a drop of the dispersion on a Cu grid,
and drying in air. Brunauer–Emmett–Teller (BET) surface area
and the pore-size distribution (PSD) of �-Fe2O3 nanoparticles
were measured by N2 adsorption–desorption isotherm with an
Autosorb-1 Series Surface Area and Pore Size Analyzers (Quan-
tachrome Instruments, Boynton Beach, FL, U.S.A.). Prior to the
experiments, samples were dehydrated at 130 ◦C for 12 h. The rel-
ative pressure (P/P0) of 0.1018–0.3056 was  used to determine the
BET surface area. The pore-size distribution (PSD) was calculated
using the desorption branches of the N2 adsorption isotherm and
the Barrett–Joyner–Halenda (BJH) formula [30]. The average pore
diameter was obtained from the PSD curves. The IR–vis spectra
of �-Fe2O3 nanoparticles were measured at room temperature in
transmission mode by the Fourier transform infrared spectroscopy
(FTIR, Bruker TENSOR 27, MCT  detector) with a resolution of 4 cm−1.
Samples for FTIR observation were ground with spectral grade KBr
in an agate mortar.

2.4. Batch arsenic adsorption experiments

All the experiments of arsenic adsorption were carried out at
∼25 ◦C. During the arsenic removal experiment, the arsenic solu-
tions were stirred magnetically to disperse �-Fe2O3 nanoparticles
to ensure a good contact with arsenic contaminations. After recov-
ering the adsorbent by centrifugation at 104 rpm for 30 min, one
drop of concentrated HCl was  added into the clear solution to avoid
the potential oxidation of As(III) to As(V). The As(III) and As(V) con-
centrations of the aqueous solutions were determined by an atomic
fluorescence spectrophotometer (AFS-9800, Beijing Ke Chuang Hai
Guang Instrument Inc., Beijing, PR China) with the valence analysis
function. Detailed information on experiment conditions could be
found in the Supplementary Information.

3. Results and discussion

3.1. Crystal structure and morphology of ˛-Fe2O3 nanoparticles

Fig. 1a shows the XRD pattern of �-Fe2O3 nanoparticles syn-
thesized by the solvent thermal process at 150 ◦C, in which all
diffraction peaks are in good agreement with rhomb-centered
hexagonal (rch) �-Fe2O3 (a = 5.035 Å, c = 13.74 Å, JCPDS Card No.
03-0664). No other peaks were observed, indicating that the
as-synthesized sample consists of high-purity, well-crystallized
�-Fe2O3 nanoparticles. This observation demonstrates that the sol-
vent thermal process used here is conducive to the decomposition
of Fe(OH)3 and the crystallization of �-Fe2O3. The solid reaction to
produce �-Fe2O3 nanoparticles usually requires a heat treatment
at an elevated temperature, e.g., at ∼400 ◦C, for the phase transi-

tion from Fe(OH)3 to �-Fe2O3 [31]. Thus, the production cost could
be reduced with this solvent thermal process due to the elimina-
tion of the heat treatment, allowing for an energy-efficient way to
synthesize ultrafine nanoparticles.
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ig. 1. (a) X-ray diffraction pattern, (b) TEM image, and (c) HRTEM image of �-Fe2O3

anoparticles.

Fig. 1b shows the TEM image of the final product after washing
nd drying. After washing with distilled water and ethanol, ultra-
ne and dispersed �-Fe2O3 nanoparticles were obtained which had

 narrow size distribution of ∼3 to 8 nm.  Fig. 1c shows the high
esolution TEM (HRTEM) image of one ultrafine �-Fe2O3 nanopar-
icle, which demonstrates that these nanoparticles have a high
egree of crystallinity. A set of lattice planes with the d-spacing
f ∼0.2074 nm could be easily identified, which corresponds to the
2 0 2) plane of hexagonal �-Fe2O3 phase. This observation suggests
hat these near-spherical nanoparticles are composed of single
ematite crystals.

.2. Surface properties of ultrafine ˛-Fe2O3 nanoparticles
The N2 adsorption/desorption isotherms of ultrafine �-Fe2O3
anoparticles are shown in Fig. 2a, where adsorption followed the

ower curve and the desorption followed the upper curve. From
Fig. 2. (a) BET curve, (b) Mesopore size distribution, and (c) IR spectra of �-Fe2O3

nanoparticles.

the isotherms, the BET specific surface area of the nanoparticles
was calculated to be ∼162 m2/g, corresponding to an average par-
ticle diameter of 7.0 nm.  The shape of the BET curve suggests that
there is not much micro-porosity in these �-Fe2O3 nanoparticles.
Fig. 2b shows the pore size distribution of these nanoparticles. Most
pores were mesoporous with an average pore diameter of ∼5.6 nm,
which should reflect the inter-particle porosity in the �-Fe2O3
nanoparticle aggregates. The total pore volume was  determined
to be 0.3877 cm3/g. Thus, these �-Fe2O3 nanoparticles created by
the solvent thermal process have a relatively large surface area and
pore volume, which is desirable for adsorption.

Fig. 2c shows the FTIR spectra of the �-Fe2O3 nanoparti-
cles. Two strong adsorption bands at ∼560 and 471 cm−1 were

observed, which are the characteristic of crystalline �-Fe2O3 phase.
A strong adsorption peak was  founded at 1384 cm−1, which repre-
sents the vibration frequency of the coordinated hydroxyl groups.
At 1623.9 cm−1, there was also a strong adsorption peak for
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ig. 3. Adsorption kinetics of arsenic in lab-prepared water samples on �-Fe2O3 n
oncentartion of ∼0.095 mg/L.

ydroxyl bending vibration belonging to physically adsorbed H2O.
t 3388.8 cm−1, the hydroxyl stretching vibration frequency could
e found. [32,33]. These observations demonstrate that the �-Fe2O3
anoparticles have high adsorption capacities to H2O and hydroxyl
roups exist on their surfaces. The combination of a large sur-
ace area and the existence of surface hydroxyl groups on these
-Fe2O3 nanoparticles should result in strong arsenic adsorption

rom water.

.3. Kinetic studies on As(III) and As(V) adsorption by ˛-Fe2O3
anoparticles

The kinetics of As(III) and As(V) adsorption at different �-
e2O3 nanoparticle loadings in the lab-prepared water samples are
hown in Fig. 3. Most of As(III) and As(V) were removed from the
ontaminated water samples in a short time, before the arsenic
oncentrations gradually approached a plateau. With the increase
f �-Fe2O3 nanoparticle loading, the removal rate increases and
he final equilibrium arsenic concentration in the treated water
amples decreases. Fig. 3a shows the variation of the As(III) concen-
ration with time at an initial As(III) concentration of ∼0.115 mg/L.
t demonstrates that the removal of As(III) by �-Fe2O3 nanopar-

icles occurred very rapidly. For example, around 74% As(III) was
dsorbed in just 30 min  when the �-Fe2O3 nanoparticle loading
oncentration was merely 0.04 g/L. The final equilibrium As(III)
oncentration was about 0.002 mg/L after the treatment, which is

able 1
inetics parameters for As(III) and As(V) adsorption onto �-Fe2O3 nanoparticles.

Initial As concentration (mg/L) As(III) 

0.115 

Materials Loading (g/L) 0.01 0.02 0.04 

qe (mg/g) 8.92 5.46 2.86 

Kad (mg/(g min)) 0.002 0.006 0.027 

h  = Kadqe
2 (mg/(g min)) 0.159 0.179 0.221 

r2 0.999 0.998 0.999 
articles: (a) with initial As(III) concentration of ∼0.115 mg/L, (b) with initial As(V)

far below the USEPA limit for arsenic in drinking water. When the �-
Fe2O3 loading was slightly raised to 0.06 g/L, the equilibrium As(III)
concentration could be lowered to zero (less than the instrument
detection limit of 1 × 10−4 mg/L), representing a 100% removal.
Fig. 3b shows the variation of the As(V) concentration with time
at an initial As(V) concentration of ∼0.095 mg/L. Similarly, �-Fe2O3
nanoparticles demonstrated a strong adsorption effect for As(V).
When the �-Fe2O3 loading was only 0.02 g/L, the final equilibrium
As(V) concentration could be lowered to zero, representing a 100%
removal. Thus, a single step arsenic removal process is possible with
these �-Fe2O3 nanoparticles, without pretreatment (oxidation and
pH adjustment) and post-treatment pH adjustment.

The above kinetic experimental results could be best fitted into
a pseudo-second-order rate kinetic model developed by Ho [34]
with the data analysis and graphing software OriginPro 8 (OriginLab
Corporation, Northampton, MA,  U.S.A.). This observation is similar
to the result reported by Meng and co-workers [35]. The integrated
pseudo-second-order rate expression [36] is given in Eq. (1):

t

qt
= t

qe
+ 1(

Kadq2
e

) (1)
where qe and qt are the amount (mg/g) of arsenic adsorbed at
equilibrium and at time t, respectively, and Kad is the rate con-
stant of adsorption (mg/(g min)). The kinetics parameters obtained
in fitting the experimental data are summarized in Table 1. The

As(V)

0.095

0.06 0.005 0.007 0.01 0.02
1.92 8.87 8.01 7.12 4.78
0.086 0.004 0.006 0.019 0.033
0.317 0.315 0.385 0.963 0.754
0.999 0.999 0.998 0.999 0.999
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ig. 4. The equilibrium adsorption isotherm of arsenic on �-Fe2O3 nanoparticles: 

s(V)  concentration was high (up to 200 mg/L), (c) the equilibrium As(III) concentra
o  0.05 mg/L).

dsorption data for As(III) at an �-Fe2O3 loading of 0.06 g/L and
or As(V) at an �-Fe2O3 loading of 0.02 g/L were not used in the
tting because all arsenic species were removed and the qe value
ould not be determined. Fig. 3c and d demonstrate that the exper-
mental data could be well fitted with the linear form of the
seudo-second order model. The closeness of the square of the
orrelation coefficients r (r2) to 1 indicates that this kinetic model
tted the experimental data accurately. The initial adsorption rate

 (Kadq2
e, mg/(g min)) could be used an indicator of the adsorp-

ion rate, especially at the beginning of the adsorption process. It
s clear that h increases steadily with the increase of the adsorbent
oading for both arsenic species. From Table 1, it is evident that at
ow arsenic concentrations, the initial adsorption rate of As(V) on �-
e2O3 nanoparticles is higher than that of As(III) under the similar
xperimental conditions, indicating that these �-Fe2O3 nanoparti-
les remove As(V) faster than As(III). Similar results were observed
or the adsorption of As(III) and As(V) onto ferrihydrite surface [37].

.4. Equilibrium adsorption isotherm studies on As(III) and As(V)
dsorption by ˛-Fe2O3 nanoparticles
The adsorption capacities of �-Fe2O3 nanoparticles for As(III)
nd As(V) near the neutral pH environment were investigated by
he equilibrium adsorption isotherm study as demonstrated in

able 2
qulibrium adsorption isotherm fitting parameters for As(III) and As(V) onto �-Fe2O3 nan

Equilibrium arsenic concentration upper limit (mg/L) As(III) 

0.03 

Linear

Fitting isotherm K 216 

r2 0.993 

b  1.77 
e equilibrium As(III) concentration was high (up to 200 mg/L), (b) the equilibrium
as  low (up to 0.03 mg/L), and (d) the equilibrium As(V) concentration was low (up

Fig. 4; the parameters obtained in fitting the experimental data
(with OriginPro 8) are summarized in Table 2. Fig. 4a demonstrates
the As(III) equilibrium adsorption isotherm. The As(III) adsorption
data could be best fitted with the Freundlich isotherm as given in
Eq. (2):

qe = KFc1/n
e (2)

where qe is the amount (mg/g) of As(III) adsorbed at equilibrium,
ce is the equilibrium As(III) concentration (mg/L) in water samples,
and KF and n are the Freundlich constants of adsorption.

The adsorption capacity of the �-Fe2O3 nanoparticles synthe-
sized in this study for As(III) did not reach the adsorption saturation
even when the equilibrium As(III) concentration reached 200 mg/L.
It could further increase with the increase of the equilibrium As(III)
concentration. The experiment result here shows that the adsorp-
tion capacity of these �-Fe2O3 nanoparticles for As(III) at the near
neutral pH environment should be larger than 95 mg/g. Fig. 4b
demonstrates the As(V) equilibrium adsorption isotherm. The As(V)
adsorption data could be best fitted with the Langmuir isotherm as

given in Eq. (3):

qe = qmKLce

(1/KLce)
(3)

oparticles.

As(V)

200 0.05 200

Freundlich Linear Langmuir

KF 12.55 K 70.56 qm 46.8
r2 0.970 r2 0.992 r2 0.970
n 2.53 b 5.02 KL 0.011
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Fig. 5. Comparisons of As(III) and As(V) adsorption kinetics between our �-Fe2O3

nanoparticles and commercial �-Fe O powder: (a) with initial As(III) concen-
36 W. Tang et al. / Journal of Haza

here qe is the amount (mg/g) of As(V) adsorbed at equilibrium,
m is the maximum As(V) adsorption capability amount (mg/g),
e is the equilibrium As(V) concentration (mg/L) in water samples,
nd KL is the Langmuir constant of adsorption. The maximum As(V)
dsorption capability was determined at ∼47 mg/g at pH ∼7.

Due to its acute toxic nature, the MCL  for arsenic in drink-
ng water was recently lowered to 0.01 mg/L. Thus, the amount of
rsenic that an adsorbent could adsorb at low equilibrium concen-
rations is more important than its maximum adsorption capability
n estimating its performance for arsenic removal applications.
ig. 4c and d demonstrates the equilibrium adsorption isotherms
nder the neutral pH condition at low equilibrium arsenic concen-
rations for As(III) and As(V), respectively. Under such conditions,
he amounts of As(III) and As(V) adsorbed at equilibrium increase
y a linear relationship with the increase of the equilibrium arsenic
oncentration, as described by Eq. (4):

e = K ce + b (4)

here qe is the amount (mg/g) of arsenic adsorbed at equilibrium, ce

s the equilibrium arsenic concentration (mg/L) in water samples, K
L/g) and b are the adsorption constants. At an equilibrium arsenic
oncentration of 0.01 mg/L (the standard for drinking water), the
mounts of adsorbed As(III) and As(V) were around 4 mg/g and

 mg/g, respectively. Due to the higher specific surface area, the
uperior arsenic adsorption capacities of these �-Fe2O3 nanoparti-
les at such low equilibrium arsenic concentrations is comparable
o or even better than the reported adsorption capacities of vari-
us iron oxides at much higher arsenic equilibrium concentrations
over several hundreds of times at tens of ppm).

When the arsenic equilibrium concentration was less than
.03 mg/L, the amount of As(V) adsorbed at equilibrium was more
han the amount of As(III) adsorbed at equilibrium by these �-Fe2O3
anoparticles, but it was less than the amount of As(III) adsorbed at
quilibrium when the equilibrium arsenic concentration was more
han 0.03 mg/L. This observation may  be attributed to the different
urface charge conditions of As(III) and As(V) species under the neu-
ral pH environment. As(III) exists predominantly as non-charged
3AsO3 when pH is less than 9.2, while the predominant As(V)

pecies exist as negatively charged H2AsO4
− or HAsO2

2− in the pH
ange from 2.2 to 11.5 [38]. At the neutral pH environment, the sur-
ace of �-Fe2O3 nanoparticles is negatively charged (the isoelectric
oint or, IEP, at pH 4.9). There should be little repulsive interaction
etween the nanoparticle and the non-charged As(III) so that the
dsorption of As(III) should continue to increase with the As(III)
oncentration until all the active adsorption sites are occupied.
owever, for As(V), the negatively charged �-Fe2O3 nanoparticle

urface exerts a coulomb repulsive force to the negatively charged
s(V) species, and the adsorbed As(V) species should also have a
epulsive effect on As(V) species still in the solution. Therefore, with
he increase of the equilibrium arsenic concentration, the amount
f As(III) adsorbed at equilibrium would exceed the amount of As(V)
dsorbed at equilibrium after a critical equilibrium concentration,
s observed experimentally.

.5. As(III) and As(V) adsorption comparison with commercial
-Fe2O3 powders

To demonstrate the superior arsenic removal effect of the �-
e2O3 nanoparticles synthesized in this study, they were compared
o a commercial �-Fe2O3 powders. Fig. 5a demonstrates the As(III)
emoval percentage in water samples at two different initial As(III)
oncentrations after the treatment by the two adsorbents. When

he initial As(III) concentrations was 1.421 mg/L and the mate-
ial loading was 0.1 g/L, the �-Fe2O3 nanoparticles synthesized in
his study could remove 87% As(III) in the water sample, while
he commercial �-Fe2O3 powders could remove only 31% As(III)
2 3

trations of ∼0.078 mg/L and ∼1.421 mg/L, respectively; (b) with initial As(V)
concentrations of ∼0.095 mg/L and ∼0.923 mg/L, respectively.

in the water sample. For the lower initial As(III) concentration of
0.078 mg/L at a lower material loading of 0.01 g/L, about 94% As(III)
was removed by the newly synthesized �-Fe2O3 nanoparticles
and the remaining As(III) concentration was less than 0.01 mg/L,
while the commercial �-Fe2O3 powders could remove only 18%
As(III) under the same experiment conditions. Similar results were
observed for As(V) removal. Fig. 5b demonstrates that the newly
synthesized �-Fe2O3 nanoparticles could remove more than twice
of the As(V) removed by the commercial �-Fe2O3 powders. Thus,
it is clear that the new �-Fe2O3 nanoparticles are superior in the
removal of arsenic from contaminated water samples because of
their higher specific surface area, to the commercial �-Fe2O3 pow-
ders.

3.6. Effect of competing anions on the As(III) and As(V) adsorption

The existence of various ions in natural water may  present
potential competitions to arsenic adsorption, which may  greatly
degrade the arsenic removal performance by adsorption on fer-
ric oxide [39,40]. The most abundant competing anions present
in natural water are fluoride (F−), chloride (Cl−), nitrate (NO3

−),
sulfate (SO4

2−), carbonate (HCO3
−), phosphate (HPO4

2−) and silica
(SiO3

2−) [41]. Accordingly, the effects of those competing anions,
including F−, Cl−, NO3

−, SO4
2−, HCO3

−, HPO4
2− and SiO3

2−, on
arsenic adsorption by the �-Fe2O3 nanoparticles were studied as

functions of the competing ion concentrations. The material loading
of �-Fe2O3 nanoparticles was fixed at 0.05 g/L, and the results are
summarized in Table 3. The presence of Cl−, NO3

−, and SO4
2−, even

at very high concentrations (100 mM),  showed no or just a slight
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Table  3
Effect of competing anions for As(III) and As(V) onto ˛-Fe2O3 nanoparticles (note, the removal effect was  set as 100% without competing anions).

Form of As Competing anion concentration (mM)  % As removed in the presence of:

F− Cl− NO3
− SO4

2− HCO3
− HPO4

2− SiO3
2−

As(III) 0 100 100 100 100 100 100 100
10  93.2 95.1 93.8 95.8 91.9 58.0 94.4

100  88.9 98.0 97.2 93.5 83.4 37.0 52.7
As(V) 0 100 100

10 71.4  99
100  33.7 100

Table 4
Water quality data of Yangzonghai Lake water.

Component Concentration (mg/L)

F− 0.54
Cl− 5.77
NO3

− 1.08
SO4

2− 121.91
HCO3

− 89
Total P 0.061
Na 170
K 5

d
t
i
t
o
a
t
t
e
p

3
˛

A
t
L
r
t
l

F
f
l

Ca 24
Mg  29

eterioration effect on the adsorption of both As(III) and As(V) on
he �-Fe2O3 nanoparticles, while H2PO4

− and SiO3
2− could signif-

cantly decrease their arsenic adsorption (especially to As(V) when
heir concentrations were high). This result is consistent with the
bservation of Jeong et al. [42]. The concentrations of competing
nions used in this study are much higher than arsenic concentra-
ion (from over 560 times to 5600 times). The results demonstrate
hat the �-Fe2O3 nanoparticles are able to remove arsenic species
ven in the presence of exceptionally high concentrations of com-
eting anions used in this study.

.7. As(III) and As(V) removal in natural water samples by
-Fe2O3 nanoparticles

To examine the removal effect of the �-Fe2O3 nanoparticles on
s(III) and As(V) in the natural water environment, arsenic adsorp-

ion studies were conducted with the natural water samples from

ake Yangzonghai in the Yunnan Province of China, which was
ecently contaminated by industrial arsenic pollutions. The con-
amination was found in over 600 million tons of the lake water,
eaving tens of thousands of people living around the lake without

ig. 6. The decrease of As(III) and As(V) concentration in a natural water sample
rom Lake Yangzonghai with the increase of the treatment time at a 0.1 g/L material
oading of �-Fe2O3.
100 100 100 100 100
.4 100 91.8 75.5 12.4 33.3

 98.0 77.6 63.3 5.5 18.2

access to the lake water for drinking and irrigation. Water qual-
ity analysis of the lake water (shown on the Table 4) indicates
that besides arsenic, fluoride, chloride, nitrate, sulfate, phosphate,
carbonate, and sodium ions were the primary impurities. Fig. 6
demonstrated that the �-Fe2O3 nanoparticles could effectively
remove both As(III) and As(V) simultaneously from this natural
water sample, in which the As(III) and As(V) concentrations were
found at ∼0.044 mg/L and ∼0.071 mg/L, respectively. Only with a
low material loading of 0.1 g/L (0.01 wt%), about 98% As(III) and 96%
As(V) were removed by the �-Fe2O3 nanoparticles and the total
arsenic concentration in the treated lake water sample was  reduced
to less than 0.01 g/L, meeting the USEPA standard for arsenic in
drinking water. Thus, the �-Fe2O3 nanoparticles are effective in
removing both As(III) and As(V) from the natural water without
the pre-oxidation and/or the pH adjustment.

4. Conclusions

Ultrafine �-Fe2O3 nanoparticles were successfully synthesized
by the solvent thermal process at low temperatures without the
addition of surfactants or templates. These �-Fe2O3 nanoparticles
have a high specific surface area of ∼162 m2/g, and are rich in the
surface hydroxyl groups. They demonstrated strong adsorption for
As(III) and As(V) in the lab-prepared and natural water samples. The
adsorption capacities of the �-Fe2O3 nanoparticles for As(III) and
As(V) were found to be over 95 mg/g and 47 mg/g, respectively, in
the under neutral pH environment. The arsenic adsorption was  par-
ticularly strong at very low arsenic concentrations and even in the
presence of competing ions at very high concentrations. The high
arsenic adsorption capacity at low equilibrium arsenic concentra-
tions should benefit the applications of these adsorbents in real
water environment where most contaminated water sources have
relatively low arsenic concentrations. As these ultrafine �-Fe2O3
nanoparticles could effectively remove most of arsenic contamina-
tions (both As(III) and As(V)) from natural water samples of Lake
Yangzonghai to meet the USEPA standard for arsenic in drinking
water with only a relatively low material loading concentration
(0.1 g/L), without the pre-oxidation and/or the pH adjustment, they
may  offer a simple single step treatment option to treat arsenic con-
taminated natural water effectively with relatively low cost and
easy operation.
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