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a  b  s  t  r  a  c  t

Superparamagnetic  ascorbic  acid-coated  Fe3O4 nanoparticles  with  a high  specific  surface  area  were  suc-
cessfully  synthesized  via  an environmentally  friendly  hydrothermal  route  in  the  absence  of  any  templates.
The  as-synthesized  ascorbic  acid-coated  Fe3O4 nanoparticles  have  a diameter  of  less  than  10  nm,  thus
leading  to a high  specific  surface  area  of  about  179  m2/g,  which  is  even  larger  than  those  of  well-defined
mesoporous  structures.  The  only  used  capped  agent  is  ascorbic  acid,  which  serves  as a  functionalized
eywords:
e3O4

uperparamagnetic
anoparticles
dsorbents
rsenic removal

molecule  to  make  sure  the  high  dispersibility  and  stability  of  the  ascorbic  acid-coated  Fe3O4 nanoparticles
in  aqueous  solution.  The  ascorbic  acid-coated  Fe3O4 nanoparticles  exhibit  superparamagnetic  properties
at  room  temperature  and  saturation  magnetization  approaches  40 emu  g−1. The  ascorbic  acid-coated
Fe3O4 nanoparticles  were  evaluated  as  an  absorbent  to remove  heavy  metal  arsenic  from  wastewater.
The  adsorption  data  obeyed  the  Langmuir  equation  with  a  maximum  adsorption  capacity  of 16.56  mg/g
for arsenic  (V), and  46.06  mg/g  for arsenic  (III).
. Introduction

The removal of arsenic (As) from natural waters has attracted
onsiderable attention because of its toxicity to environment and
uman health. As well known, the most commonly existing forms of
rsenic species in aqueous environments are arsenate (as H2AsO4

−

nd HAsO4
2−) in well-oxidized waters and arsenite (as H3AsO3

0

nd H2AsO3
−) in reduced environments [1,2], while arsenite is

5–60 times more toxic than arsenate and more mobile in the envi-
onment [3].  Arsenic is known to easily deposit in certain organs
y drinking arsenic-laden water and consuming crops grown from
rsenic-accumulated soils, respectively, including the skin, liver,
ung, and kidney, a pattern compatible with arsenic-associated can-
er in these organs. Therefore, it is really necessary to remove
rsenic from water to make sure that our environment is safe.
ecently, it has been reported that Fe3O4-based materials are very
ffective in the removal of arsenic (arsenate and arsenite) due to
heir strong adsorption activities and the properties of being easily
eparated, collected and reused by an external magnetic field [4–6].
he removal of adsorbents from solution with the use of magnetic

eld is more selective and efficient than centrifugation or filtration.

n the recent years, Fe3O4 nanoparticles have attracted increas-
ng research attentions in the field of environment protection and
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remediation because of their unique properties described above
[7–11]. However, these adsorbents are difficult to recycle, since
Fe3O4 is highly susceptible to oxidation because of its small size
when exposed to the atmosphere [4,12].  To overcome this draw-
back, the surface functionality of Fe3O4 nanoparticles was achieved
by some researchers. For example, Fe3O4 nanoparticles modified
with an oleic acid ligand exhibit an improved uptake for capturing
arsenic (III) and arsenic (V) [6];  thiol functionalized superparamag-
netic Fe3O4 nanoparticles exhibited effective removal of toxic soft
metals such as Hg, Ag, Pb, Cd, and Tl from aqueous systems [7];
chitosan coated Fe3O4 nanoparticles could be used as a magnetic
nano-adsorbent for the removal of heavy metal ions such as Cu(II)
[8]; humic acid (HA) coated Fe3O4 nanoparticles (Fe3O4/HA) were
developed for the removal of toxic Hg(II), Pb(II), Cd(II), and Cu(II)
from water [9].

To ensure high adsorption performance of Fe3O4 nanoparticles,
high surface area and dispersibility are quite necessary because
these two factors can improve interfacial interaction between
adsorbents and heavy metal ions. Recently, several methods have
been developed to fabricate porous Fe3O4 nanostructures in order
to obtain high surface area. However, no desirable results are
reported. Thermal decomposition of the iron precursor in organic
solution is the most commonly used synthetic route. But organic

phase reaction generally suffers from not only toxic organic solvent,
high-cost, hardly washing surfactant, or a high reaction temper-
ature of 400 ◦C [13], but also the formation of some byproducts,
such as ferrihydrite (Fe5HO8·4H2O), akagenite (�-FeOOH), Fe(OH3),

dx.doi.org/10.1016/j.jhazmat.2012.03.073
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:caomh@bit.edu.cn
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tc. Thus, the final product usually is a mixture of two  or three
hases, thus limiting their direct application in water systems
14]. Therefore, it is still challenging to develop a simple, low-cost,
nd environmentally friendly green route for synthesizing high-
urface-area Fe3O4 nanoparticles with high water dispersibility.

Here, we present a simple green route for synthesizing
igh-surface-area ascorbic acid-coated Fe3O4 nanoparticles under
ydrothermal conditions by using FeCl3·6H2O, N2H4·H2O, and
scorbic acid (Vc) as precursors. The as-synthesized ascorbic acid-
oated Fe3O4 nanoparticles exhibit high water solubility. More
mportantly, they possess a lager surface area of 179 m2/g, which
s the first report of Fe3O4 nanomaterials with such a high surface
rea to date. The ascorbic acid-coated Fe3O4 nanoparticles exhibit
uperparamagnetic properties at room temperature and saturation
agnetization approaches 40 emu  g−1. They were evaluated as an

bsorbent to remove heavy metal arsenic from wastewater. The
aximum adsorption occurred at pH = 7 with values of 16.56 mg/g

or arsenic (V), and 46.06 mg/g for arsenic (III) when initial arsenic
oncentration was kept at 1 mg/L.

. Experimental

.1. Synthesis of ascorbic acid-coated Fe3O4 nanoparticles

All chemicals used were analytical grade without further purifi-
ation. In a typical synthesis, 1 mmol  of FeCl3·6H2O was  dissolved
n 40 mL  distilled water under vigorous magnetic stirring to form a
lear solution, followed by the addition of 3 mmol  of ascorbic acid
nd 5 mL  of N2H4·H2O (50% v/v). Then the solution was transferred
nto 60 mL  Teflon-line stainless steel autoclave, heated at 180 ◦C in
n electric oven for 8 h, and then cooled to room temperature nat-
rally. The precipitate was collected by centrifugation and washed
ith deionized water and absolute ethanol several times and dried
nder vacuum at 60 ◦C for 6 h.

.2. Characterizations

The size and morphology were observed by transmission elec-
ron microscope (TEM) and high resolution TEM (HRTEM) on a JEOL
EM-2010F at an acceleration voltage of 200 kV. Sample was pre-
ared by placing a dilute particle suspension onto 400 mesh carbon
rids coated with Formvar film. The crystalline structure of the
roduct was characterized by a Rigaku/Dmax2000 diffractometer
ith Cu K� radiation (� = 1.5418 Å) and the scan step was 0.02 in 2�.
aman spectroscopy was carried out using a Renishaw inVia Raman
pectrometer equipped with a Leica microscope and a 633 nm laser.

 drop of the colloid suspension was placed on a quartz slide and
llowed to dry before raman scattering measurements. The laser
ower was set at 2 mW at the exit of the microscope objective.
ourier transform infrared (FTIR) spectrum was measured on a
ruker tensor 27, spectrometer from 4000 to 400 cm−1, and the KBr
isk method was employed. Magnetic measurement was carried
ut on a quantum Design MPMS-XL5 SQUID magnetometer with
he filed sweeping from −60000 to 60000 Oe at room temperature.
eta potential was carried out on Zetasizer Nano Series (ZS90). The
runauer–Emmett–Teller (BET) surface area was measured on a
icromeritics ASAP 2010 analyzer. The hydrodynamic size of par-

icles in water was measured using a Brookhaven 90 plus particle
ize analyzer. Inductively-coupled plasma spectrometer (ICP) was
arried out on Jarrel-ASH (ICAP-9000).
.3. Heavy metal absorption tests

Arsenic is considered as highly toxic pollutant in water resources
nd their efficient removal from water is of great importance. To
terials 217– 218 (2012) 439– 446

evaluate the absorption ability of our sample, heavy metal absorp-
tion tests were carried out. NaAsO2 and NaAsO4·12H2O were used
as the sources of As (III) and As (V), respectively, and the pH values of
the solution were adjusted using NaOH or HCl. In a typical removal
procedure, ascorbic acid-coated Fe3O4 nanoparticles were added
into 25 mL  of As(III) solution (0.10 mg/L), sealed and shaken for
24 h with 60 rpm at room temperature. After shaking, the mixtures
were placed under an external magnetic field and Fe3O4 sample
was separated from solution. Arsenic concentration in the super-
natant solution was measured, by using inductively coupled plasma
atomic emission spectroscopy (ICP-AES). Every experiment was
performed in triplicate and average values were used in the graph.
The minimum detection limit of ICP-AES for arsenic was  0.003 mg/L.
The adsorption capacity was  roughly estimated by equation 1 as
follows:

qe = (C0 − C)V
W

(1)

where qe (mg/g) is the adsorption capacity, C0 (mg/L) is the initial
concentration of the arsenic solution, C (mg/L) is the equilibrium
concentration of arsenic ions, V (L) is the initial volume of the
arsenic solution, and W (g) is the weight of the adsorbent.

3. Results and discussion

3.1. Composition, size and morphology

In our experiments, ascorbic acid was  used as a ligand. The
advantages of the ascorbic acid are its water solubility in aque-
ous solution and strong coordination ability with transition metals.
Fig. 1a shows the XRD pattern of the sample obtained with 3 mmol
of ascorbic acid. The diffraction peaks at 2� = 30.1◦, 35.3◦, 43.0◦,
57.2◦, and 62.6◦ match well with those from the JDPCS card (19-
0629) for magnetite, and without indication of other crystalline
byproducts. The average particle diameter can be estimated using
Scherer’s formula [15] to be about 5 nm by using the strongest
peak (3 1 1) at 2� = 35.3◦. To exactly determine that the sample is
Fe3O4, not �-Fe2O3, Raman spectrum has to be used as an alterna-
tive tool for distinguishing the different structural phases of iron
oxides. Fig. 1b depicts the Raman spectrum of the sample at room
temperature. The peak at 668 cm−1 was  observed, which is typi-
cal characteristic of Fe3O4, while for �-Fe2O3, three strong peaks at
695, 500, and 352 cm−1 are generally found [16]. Therefore, both the
XRD pattern and Raman spectrum confirmed that the composition
of the sample is Fe3O4, not �-Fe2O3.

The morphology and microstructure of the as-synthesized
Fe3O4 sample were investigated by transmission electron
microscopy (TEM). As shown in Fig. 2a, the sample consists of small
nanoparticles with relatively uniform size and shape. The average
size of the particles is about 5 nm.  The high-resolution transmis-
sion electron microscopy (HRTEM) is presented in Fig. 2b, which
clearly shows that the product is highly crystalline despite the small
particle size. The typical lattice fringe spacing, determined to be
0.296 nm,  corresponds to the spacing of the (2 2 0) planes of Fe3O4.

To highlight the effect of the ascorbic acid on the shape and
size of the Fe3O4 sample, a series of controllable experiments were
carried out, in which we only change the amount of the ascorbic
acid while other reaction parameters were kept constant, same
as those in experimental section described above. Fig. 3 shows
the XRD patterns and TEM images of the samples obtained with
different amounts of the ascorbic acid. It is found that without
ascorbic acid, Fe3O4 phase is still obtained (Fig. 3a), but the par-

ticles are irregular and nonuniform (Fig. 3b). When the amount
of ascorbic acid was increased to 1 and 2 mmol, respectively,
the size of the as-resulted particles (Fig. 3c and d) remarkably
decreases compared with the case of no ascorbic acid and distinct
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ig. 1. (a) XRD pattern and (b) Raman spectrum of the as-prepared ascorbic acid-
oated Fe3O4 nanoparticles.

ggregation was observed for both cases. In addition, the size of

he particles for the 2 mmol  of ascorbic acid is smaller than that for
he 1 mmol  ascorbic acid, which could also be further confirmed
y XRD patterns (Fig. 3a). When the amount of ascorbic acid was

ncreased to 3 mmol, namely, the optimum synthesized condition,

Fig. 3. (a) XRD patterns of the products with different Vc amounts, TEM images of
the  products with different Vc amounts (b) 0, (c) 1 mmol, (d) 2 mmol.

Fig. 2. (a) TEM and (b) HRTEM images of the as-prepared ascorbic acid-coated Fe3O4 nanoparticles.
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ig. 4. DLS plots of the ascorbic acid-coated Fe3O4 nanoparticles with different Vc
mounts (a) 3 mmol, (b) 2 mmol, (c) 1 mmol.

onodisperse and uniform nanoparticles were detected, as pre-
ented in Fig. 2a. For all samples obtained with the ascorbic acid, the
iffraction peaks are clearly wider than those for the case without
he ascorbic acid. Further increase in the amount of ascorbic acid
4 mmol) leads to the formation of hollow and amorphous nanos-
ructures, as shown in Fig. 3a and e. The reason for this behavior is
ot yet clear and further investigation is ongoing.

In order to understand the dispersability of the nanoparticles
n water, we have measured the dynamic light scattering (DLS)
f the nanoparticles. As shown in Fig. 4, the nanoparticles with

 mmol  of ascorbic acid have an average size of 80.2 nm.  Combining
ith the result of TEM, the nanoparticles have slight aggregation.
hen the amount of ascorbic acid decreased to 2 and 1 mmol,

he average diameter of the nanoparticles increased to 92.1 and

19 nm,  respectively. Especially for the case of 1 mmol  of ascorbic
cid, the nanoparticles also have a wider range of hydrodynamic
ize (75–416 nm). These results clearly demonstrate that coating
e3O4 nanoparticles with ascorbic acid could efficiently reduce
terials 217– 218 (2012) 439– 446

their aggregation. In addition, the nanoparticles obtained with 3
and 2 mmol  of ascorbic acid both have a same polydispersity index
of 0.005, while that with 1 mmol  of ascorbic acid has a larger
polydispersity index of 0.205, indicating that when the amount of
ascorbic acid used is larger than 2 mmol, the obtained particles have
a good dispersity in water.

Above results clearly show that the presence of ascorbic acid
is beneficial to obtain small size nanoparticles and the amount
of ascorbic acid used has an important effect on the crystalliza-
tion and size of the final product. To further understand the role
of ascorbic acid in the formation of small size Fe3O4 nanoparti-
cles, the Fourier transform infrared (FT-IR) spectrum was  used to
characterize the surface structure of the Fe3O4 nanoparticles. For
comparison, FT-IR spectrum of the ascorbic acid was also carried
out, as shown in Fig. 5a. The Fe3O4 nanoparticle sample as well
as ascorbic acid feature bands in the range of 3160–3430 cm−1,
assignable to the O–H vibration, the bands at 2943 and 2976 cm−1

to C–H stretching vibration, the bands at 2835 and 1476 cm−1 to
CH2 stretching modes, and the one at 1602 cm−1 to C O stretch-
ing vibrations. For the Fe3O4 nanoparticle sample, the band at
580 cm−1 is typical characteristic for Fe–O [17,18]. However, the
presence of two strong bands at 1024 and 1091 cm−1, assignable
to C–O–C symmetric stretching mode, and the absence of the band
at 1651 cm−1, assignable to C C stretching vibration mode, point
to the fact that ascorbic acid is probably oxidized to dehydroascor-
bic acid under basic conditions (Fig. 5b). This redox reaction may
occur between ascorbic acid and Fe3+, which has been reported
before [19]. In our experiments, when ascorbic acid was added to
yellow FeCl3 aqueous solution, the color of FeCl3 aqueous solu-
tion changed immediately from yellow to colorless, indicating the
formation of Fe-ascorbic acid coordination compound (Fig. 5c).
When this compound was treated under hydrothermal condi-
tion, Fe3O4 nanoparticles were obtained, accompanied by the
oxidation of the ascorbic acid into dehydroascorbic acid. The mul-
tiple hydroxyl groups of dehydroascorbic acid chelate with the
Fe atoms of Fe3O4 as a coating agent to form steric hindrance,
similar to the conventional surfactants and stabilizers [20,21],
thus resulting in the formation of monodisperse nanoparticles. It
is interesting to note that the obtained Fe3O4 nanoparticles can
be easily dispersed in water to form transparent colloids, which
can be ascribed to the abundant hydrophilic groups surrounding
the nanoparticles (Fig. 5d). In addition, the Fe3O4 nanoparti-
cles could be easily separated from the solution by a magnet
(Fig. 5d).

3.2. Magnetic properties

The magnetic properties of the ascorbic acid-coated Fe3O4
nanoparticles were investigated at room temperature. Fig. 6 shows
the magnetic hysteresis curves measured at 300 K, with the field
sweeping from −60 000 to 60 000 Oe. It can be seen that the sample
exhibits a superparamagenetic characteristics and saturation mag-
netization is 40 emu  g−1, which is higher than those of similar sized
Fe3O4 nanparticles prepared by the liquid–solid–solid synthetic
route [14] (D = 5 nm,  Ms = 14.6 emu  g−1) or reflux method [18,22]
(D = 4 nm,  Ms = 18 and 3 emu  g−1), and the standard hydrothermal
method [21,23] (D ≈ 4 nm,  Ms = 16.43 and 14.82 emu  g−1). Apart
from the particle size and crystallinity, there are many factors such
as surface spin-canting, surface disorder, surface ligands, cation site
distribution, and stoichiometry deviation that affect the magnetic
properties of nanoparticles, even when synthesized by the same

approach [24,25]. Thus it can be seen that the ascorbic acid-coated
Fe3O4 nanoparticles obtained by this synthesis route used here pos-
sess a high saturation magnetization. This feature is beneficial for
their application in adsorption as adsorbents.
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F and Vc (red line). (b) Proposed oxidation process of the Vc, (c) the photos of FeCl3 aqueous
s d-coated Fe3O4 nanoparticles and Fe3O4 sample obtained without Vc in aqueous solution.
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ig. 5. (a) FT-IR spectra of the ascorbic acid-coated Fe3O4 nanoparticles (black line) 

olution  before and after Vc addition, (d) photos of the dispersiveness of ascorbic aci

.3. Heavy metal absorption experiment

Before adsorption experiments are performed, we first mea-
ured the Brunauer–Emmett–Teller (BET) surface area of the
scorbic acid-coated Fe3O4 nanoparticles, which is an important
actor that affects the behavior of a sorbent. For comparison, that
f Fe3O4 particles obtained without ascorbic acid has also been
easured. The BET surface area of the ascorbic acid-coated Fe3O4

anoparticle powder is 178.48 m2/g, which is much higher than
hat of Fe3O4 sample obtained without ascorbic acid (15.63 m2/g).
his value is even larger than that of Fe3O4/graphene composites
4]. The relatively large surface area is beneficial for the adsorp-
ion of harmful or toxic molecules if the ascorbic acid-coated Fe O
3 4
anoparticles are used as an adsorbent. Second, we  investigated the
urface electrical characteristic of the ascorbic acid-coated Fe3O4
anoparticles in water by zeta potential measurement, since zeta

Fig. 6. Magnetization curves of Fe3O4 nanoparticles.

Fig. 7. (a) Zeta potential of ascorbic acid-coated Fe3O4 nanoparticles in an aqueous
solution at pH = 7, (b) the influence of pH on As (III) and As (V) adsorption efficiency
(%) from stock solution (adsorbent concentration: 60 mg/L, contact time: 24 h).
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Table 1
the pH values of water before and after the removal of arsenic.

1 2 3 4 5 6 7 8 9 10

As(III) pH Before 2.01 3.02 5.16 6.99 8.14 9.08 10.12 10.94 11.90 12.94
After 2.32 3.4 5.41 8.79 8.84 8.98 9.25 9.69 11.54 12.88
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As(V)  pH Before 2.06 3.01 5.04 6.93 

After  2.26 3.13 5.18 7.97 

otential measurement could provide an important criterion for
s to choose harmful compounds to be adsorbed. The sample
o be measured was prepared by directly dispersing the ascor-
ic acid-coated Fe3O4 nanoparticles in deionized water to form a
omogeneous solution and the pH value of this solution is about 7.
s shown in Fig. 7a, the zeta potential of the sample is about 24 mV,
hich indicates that the surface of the ascorbic acid-coated Fe3O4
anoparticles is positively charged. This result also suggests that
his materials can be used a potential adsorbent for the removal
or the metal negative ions. As we know, arsenic(III) and arsenic(V)
enerally exist in aqueous solution as AsO3

3− and AsO4
3−, respec-

ively. Therefore, we used the synthesized ascorbic acid-coated
e3O4 nanoparticles to investigate their application for the removal
f arsenic. To the best of our knowledge, among all the naturally
ccurring groundwater contaminants, arsenic is by far the most
oxic, and thus its efficient removal from water is of great sig-
ificance. In addition, the unique advantage of the as-synthesized
scorbic acid-coated Fe3O4 nanoparticles with the functionality of
ehydroascorbic acid for water treatment is that on the one hand,
hey are hydrophilic and can be well dispersed in water solution,
nd on the other hand, they can be separated from water by using

 magnet (Fig. 5d). While the Fe3O4 particles obtained without
scorbic acid are non-soluble in water solution.

For water treatment, it is well known that any strategy to
emove arsenic from groundwater must take into consideration
afe containment of the arsenic removed with no adverse ecological

mpact. So, we first investigated the pH change of the wastewa-
er before and after the removal of arsenic. Batch adsorption tests
ere carried out with As(III) and As(V) stock solution (1.0 mg/L)

nd 60 mg/L of adsorbent. As shown in Table 1, the pH value keeps

Fig. 8. Zeta potential of ascorbic acid-coated Fe3O4 nanoparticles in a
7.94 9.07 10.01 11.04 11.97 13.02
8.11 8.44 9.81 10.74 11.74 12.94

almost constant before and after the removal of arsenic, indi-
cating that Fe3O4 adsorbent has no effect on the water quality.
This feature is particularly important for the purifying of drinking
water.

It has been addressed in the references that the sorption behav-
ior of arsenic is strongly influenced by the pH value of solution
[1,26]. So, in our experiments, we  first investigated the effect of pH
value on arsenic(III) and arsenic(V) removal capacity by the ascor-
bic acid-coated Fe3O4 nanoparticles, where the experiments were
achieved at different pH values in the range of 2–13 for same con-
tact time of 24 h. Fig. 7b clearly shows that in the acidic pH range
of 2–7, both arsenic(III) and arsenic(V) adsorption by the ascorbic
acid-coated Fe3O4 nanoparticles are not significantly affected by
pH value, and the removal percentage of arsenic(III) and arsenic(V)
basically remains constant at 45%. But when pH is adjusted to higher
than 7, the removal percentage of arsenic(III) and arsenic(V) drops
sharply less than 15%, which is similar to the result of arsenic
removal by mixed magnetite-maghemite [26]. This result indi-
cates that the ascorbic acid-coated Fe3O4 nanoparticles can remove
arsenic(III) and arsenic(V) more readily in an acidic pH range. The
amount of arsenic(III) and arsenic(V) uptake both decreased with
increasing pH, which may  be attributed to zeta potential change
of the ascorbic acid-coated Fe3O4 nanoparticle solution at different
pH values. The zeta potentials of the ascorbic acid-coated Fe3O4
nanoparticle solution at 2, 5, 8, and 12 of pH values are shown in
Fig. 8. It can be clearly seen that the zeta potential of the ascorbic

acid-coated Fe3O4 nanoparticle solution gradually changes from
positive at a low pH value to negative at a high pH value. Therefore,
in the pH range of 2–7, ascorbic acid-coated Fe3O4 nanoparticles
could adsorb negatively charged arsenic(III) and arsenic(V), while

queous solution at different pH values (a) 2, (b) 5, (c) 8, (d) 12.
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ig. 9. The effect of ascorbic acid-coated Fe3O4 nanoparticle adsorbent dosage on
dsorption of total arsenic ions.

n the pH range of 8–12 they are not favorable adsorbed since they
re negatively charged. This result is well agreement with that
eported by Hu et al. [10].

Second, we tested the effect of absorbent concentration on
rsenic(III) and arsenic(V) removal capacity. The absorption of
rsenic at different absorbent concentrations is shown in Fig. 9.
n this test, the total concentration of arsenic aqueous solution was
ept at 0.12 mg/L. Fig. 9 clearly discloses that the removal efficiency
f arsenic increases with the increase of the ascorbic acid-coated
e3O4 nanoparticle concentration. The percentage of the removal
ncreases markedly from 12.5% to 97.5% by increasing the con-
entration the ascorbic acid-coated Fe3O4 adsorbent from 5.67 to
00.13 mg/L. Actually, the arsenic equilibrium concentration drops
o well below 0.042 mg/L at the absorbent concentration of 60 mg/L.
inally, the effect of contact time on arsenic adsorption was  also
nvestigated. 25 mL  of 0.1 mg/L arsenic solution and 60 mg/L of the
scorbic acid-coated Fe3O4 nanoparticles were mixed at pH = 7. The
ffect of contact time on uptake of arsenic ion is shown in Fig. 10.  It
an be clearly seen that for both cases, the removal mainly includes
rsenic rapid uptake within 0.5 h of contact time and slower one, in
hich the rapid process may  be attributed to the external surface
dsorption. In addition, the removal efficiency of As(III) is higher
han that of As(V) at same initial arsenic concentration of 0.1 mg/L.
bout 50% of the arsenic (III) was removed during the initial 0.5 h of

he adsorption process, but for arsenic (V) only 30% was removed

ig. 10. The effect of contact time on the removal of As (III) and As (V) by the ascorbic
cid-coated Fe3O4 nanoparticle.
Fig. 11. Equilibrium isotherm for the adsorption of As(III) ions (a) and As(V) (b) on
the  ascorbic acid-coated Fe3O4 nanoparticles at pH 5 and 300 K (fitted by linearized
Langmuir isotherm).

within same time. The reason may  be probably due to their different
charges.

The adsorption equilibrium isotherms for the adsorption of
arsenic(III) and arsenic(V) at pH = 7 and 300 K are shown in Fig. 11,
respectively, where adsorbent concentration of 60 mg/L was  used.
The adsorption data were fitted according to the linear form of the
Langmuir adsorption equation as following [8,27]:

Where Ce is As ions equilibrium concentration in solution, q is
the adsorption capacity based on the dry weight of nano-adsorbent,
qm is the maximum adsorption capacity, and K is the Langmuir
adsorption equilibrium constant. The plot of Ce/q vs Ce at various
initial As ion concentrations yielded straight lines, revealing that
the adsorption of As ions follows the Langmuir adsorption equa-
tion. From the slope and intercept, the values of qm and K might be
estimated to 46.06 mg/g and 0.1686 Lmg−1 for As(III), 16.56 mg/g
and 1.42 Lmg−1 for As(V), respectively, which are better than the
reported results of magnetite-maghemite nanoparticles for arsenic
adsorption [26]. The difference for As(III) and As(V) adsorption may
be probably due to that the adsorption free energy of As(III) ions is
lower than that of As(V) ions [26].

As we  know, the leaching of sorbent components into the

treated water is unfavorable, although ascorbic acid-coated Fe3O4
is nontoxic. We  measured leaching of the synthesized ascorbic acid-
coated Fe3O4 nanoparticles with different concentrations in As(III)
aqueous solution of 0.12 mg/L (PH = 7.0). As shown in Table 2, for all
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Table 2
Leaching of Fe after suspending different concentrations of ascorbic acid-coated Fe3O4 in As(III) aqueous solution of 0.12 mg/L.
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[

Added ascorbic acid-coated Fe3O4 (mg/L) 5.67 12.29 17.95 

Leached Fe3+ concentration (mg/L) 0.01 0.056 0.021 

ases the concentrations of Fe ions are less than 0.1 mg/L, in which
he concentration of Fe ions was measured by Inductively-coupled
lasma spectrometer (ICP). Such a low leaching concentration of Fe

ons indicates the high stability of the ascorbic acid-coated Fe3O4
anoparticles.

. Conclusion

In summary, we presented a simple, environmentally friendly
ydrothermal method to obtain superparamagnetic high-surface-
rea Fe3O4 nanoparticles. The use of the ascorbic acid not only
mproves the dispersability of Fe3O4 nanoparticles in aqueous sus-
ensions, but also effectively inhibits the leaching of Fe into the
olution. The prepared Fe3O4 nanomaterials showed an excellent
bility to remove heavy metal arsenic ions in water. The applica-
ion of Fe3O4 nanoparticles for heavy metal removal has a great
otential in waste water engineering.
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