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ABSTRACT: The research results of poly(1-naphthylamine)/Fe3O4 (PNA/Fe3O4) nano-
composites synthesized by a chemical method for As(III) wastewater treatment are
presented in this paper. XRD patterns and TEM images showed that the Fe3O4 grain size
varied from 13 to 20 nm. The results of Raman spectral analysis showed that PNA
participated in part of the PNA/Fe3O4 composite samples. The grain size of PNA/Fe3O4

composite samples is about 25–30 nmmeasured by SEM. The results of vibrating sample
magnetometer measurements at room temperature showed that the saturation magnetic
moment of PNA/Fe3O4 samples decreased from 63.13 to 43.43 emu/g, while the PNA
concentration increased from 5% to 15%. The nitrogen adsorption–desorption isotherm
of samples at 77 K at a relative pressure P/P0 of about 1 was studied in order to investigate
the surface and porous structure of nanoparticles by the BET method. Although the
saturation magnetic moments of samples decreased with the polymer concentration
increase, the arsenic adsorption capacity of the PNA/Fe3O4 sample with the PNA
concentration of 5% is better than that of Fe3O4 in a solution with pH = 7. In the solution
with pH>14, the arsenic adsorption of magnetic nanoparticles is insignificant.

KEYWORDS: poly(1-naphthylamin)/Fe3O4 nanocomposite; magnetization; arsenic
adsorption
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1 Introduction

Transition metal-doped Fe3O4 magnetic nanomaterials are
attractive [1–5] because they have applications in many
fields: information storage, ink, arsenic [6–10], heavy
metal treatment [11–13], cancer treatment and dye
pollution treatment in the wastewater [14–16]. Magnetic
nanoparticles express many special properties when their
specific surface areas increase. Various metal oxide
heterostructures, such as meso-porous Al2O3, TiO2, CuO,
ZrO2 and MnO2 [1,17–23], have been investigated for the
removal of Cd, Cr and As. However, using these oxides for
arsenic absorption faces problems in recovering from
aqueous solutions and leaving residuals in the solution.
Recently, researchers studied the possibility of magnetic
nanoporous materials as the arsenic absorbent. These
magnetic nanoporous materials bearing adsorbed arsenic
can be conveniently separated from aqueous solutions with
the assistance of an external magnetic field. It is believed
that the nanosized ferrites can exhibit improved physical
and chemical properties and hence can effectively be used
for various applications. At present, researchers are
interested in the chemical instability and the decrease of
saturate magnetic moment of Fe3O4 over time and their
effectiveness in application [10,19,24–29].
In order to stabilize the chemical properties of materials,

Fe3O4 was doped with some transition metals. In terms of
Fe3O4 crystal structure, the unit cell of spinel ferrite
(AB2O4) consists of cubic closed-packed arrays of oxygen
ions which result in two kinds of interstitial sites denoted as
tetrahedral A-site (Fe3+) and octahedral B-site (n(Fe2+):
n(Fe3+) = 1:1) [19,25]. In the work reported by Ref. [26],
the magnetization of Ni1 – xZnxFe2O4 samples (x = 0, 0.5
and 1) was changed by substitutions of Ni2+ ions into A-
sites and B-sites, meanwhile the substitution of Zn2+ ions
into a preferential site for A-sites. Thus, the increasing
content of nonmagnetic Zn2+ ions into A-sites caused
strong decrease of the saturation magnetization of
Ni1 – xZnxFe2O4 samples when x is close to 1 [26]. Besides,
the Ni0.5Zn0.5Fe2O4 sample [10] with the saturation
magnetic moment of 46.1 emu/g and the specific surface
area of 49.0 m2/g achieved the arsenic equilibrium
adsorption quantity of 7.2 mg/g when the initial arsenic
concentration reaches 3 mg/L.
Recently, the composite materials of iron oxide-coated

sand (IOCS) and iron oxide-coated diatomite (IOCD) [30–
31] were investigated on the influential factor to remove
arsenic. Some papers presented on the application of poly-

(1-naphthylamine) (PNA) in sensitive ethanol chemical
sensor and PNA/ZnO nanocomposites in degradation of
methylene blue dye [32–33]. However, there is not any
announcement about the arsenic adsorbed capacity of
polymer/Fe3O4 nanocomposite materials. In this report, we
present our research results about the synthesis, magnetic
properties, microstructure of PNA/Fe3O4 nanocomposite
materials and the influence of PNA concentration to the
arsenic adsorbed capacity in water at different pH values.
Due to the nature that the adsorption process was attributed
to the inelastic exchange interaction energy between the
arsenic and the porous materials with high specific surface
area of adsorption substance, parameters of the arsenic
adsorption isotherm process are studied and calculated
using the Langmuir isotherm equation [6,10,17].

2 Experimental

The high-purity initial chemicals from Merck Chemical
Company were used: FeCl3$6H2O; Na2SO3; acetone with
99% purity; the solutions: NH3 with concentration of
25 mol.% and the original AsO3 solution with the arsenic
concentration of 1 g/L (1 g/L = 106 ppb corresponding to
105 times higher than that allowed arsenic level of 10 ppb
regulated by the World Health Organization (WHO),
European Commission (EC) and United States Environ-
mental Protection Agency (US EPA)). Besides, the NaOH
and HCl solutions were also used to adjust the pH of
solution.

2.1 Synthesis of Fe3O4

The FeCl3$6H2O solution containing Fe3+ was mixed with
a Na2SO3 solution. These mixed solutions were stirred
until they turned to yellow in color. Then the NH3 solution
was added dripping slowly, drop by drop, until pH = 10.
The solution with black color was obtained after it was
stirred for 30 min. The magnetic materials were obtained
by using magnets, and then passed through a filter. These
powders were dried at 50°C in low-pressure conditions for
48 h. These dried products was finely ground that called
Fe3O4 nanoparticles. Chemical reactions occur in the
synthesized process as follows:

2FeCl3 þ Na2SO3 þ H2O ! 2FeCl2 þ Na2SO4 þ 2HCl

(1)

2FeCl3 þ FeCl2 þ 8NH3 þ 4H2O ! Fe3O4# þ 8NH4Cl

(2)
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2.2 Synthesis of PNA/Fe3O4 nanocomposites

Synthesis of PNA/Fe3O4 nanocomposites by the polymeri-
zation method takes place according to the following
steps:
1) The exact amount of Fe3O4 was taken into 100 mL of

distilled water. Adding 40 mL of isopropanol and C10H9N
naphthylamine, respectively, and stirred strongly for 1 h.
2) Then the amount of (NH4)2S2O8 solution was added

dripping slowly, drop by drop, in which the molar ratio
between the C10H9N monomer and the (NH4)2S2O8

oxidizing agent is 1:1.5. These black-blue mixed solutions
were stirring for 2 h with exothermal reaction.
3) The powders were filtered and then were dried by

Labconco freeze concentration apparatus (USA) for 5 h
with the pressure of 1 mPa at – 40°C temperature.
In this topic, Fe3O4, PNA (M0) and PNA/Fe3O4

nanocomposite powders (forming with the PNA mass
ratio of 5%, 10% and 15% are signed as M1, M2 and M3,
respectively) are shown in Table 1.

The microstructure of the samples was measured by X-
ray diffraction (XRD, D5005, Bruker), transmission
electron microscopy (TEM, JEOL 5410 TEM NV) and
scanning electron microscopy (SEM, S4800-NIHE) mea-
surements. Their magnetic properties were measured using
a vibrating sample magnetometer (VSM). The mesopore
structure of samples was measured by the Brunauer–
Emmett–Teller (BET) method using TriStar 3000 V6.07A
instrument with TriStar 3000 V6.08 software.
Raman scattering investigations at the 633 nm wave-

length with the laser beam energy of 3 mWwere performed
on the Ramanlog 9I (USA) equipment. The obtained
powders were mixed into an As(III) solution with an
arsenic concentration of about 105 times higher than the
allowed level and stirred for 20 min. In order to determine
the saturated adsorption capacity of the material, the
arsenic concentrations in the solution before and after
stirring were measured using atomic absorption spectro-
scopy (AAS, 6300 Shimadzu).

3 Results and discussion

3.1 Microstructure properties

Figure 1 shows the XRD patterns of Fe3O4 and M1 samples
in which diffraction peaks coincide with the standard
spectrum in the Roentgen diffraction pattern. Therefore,
these samples are single phase with the cubic structure of
centered face. The diffraction pattern of polymer-coated
Fe3O4 sample (M1) completely is the same of Fe3O4

sample, so this issue proves that the coated polymers do not
affect the crystal structure of Fe3O4. The lattice constants of
the Fe3O4 and M1 samples were calculated from the Bragg
diffraction condition 2dsinθ = nl by the equation: a =

dhkl
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
, where dhkl is the distance between the

lattice planes. Using the Debye–Scherrer formula D = 0.9l/
(βcosθ) (here, l is the wavelength of line Cu Kα (1.5416
Å), β is the full width at haft maximum and θ is the
diffraction angle), the particle sizes were calculated for
Fe3O4 and M1 samples. By this ways, the lattice constant
values and particle sizes of the samples seem no difference
between Fe3O4 and M1 samples. The calculated values
of lattice constant and the particle size are 8.376 Å and
14.49 nm, respectively, for these samples.

Image TEM in Fig. 2 shown the agglomerate of
nanocomposite grains in M3 sample with sizes from 13
to 20 nm. As PNA polymers are of the amorphous
materials, the particle size for M1 sample could be
calculated by the Debye–Scherrer equation of about
14.49 nm that is the size of the core Fe3O4 crystal structure.
Thus, the size results from the TEM image are lager than

that from the XRD pattern of samples, and these results are
consistent and demonstrate the shell–core structures of the
material nanocomposite.

Table 1 Compositions of Fe3O4, M0, M1, M2 and M3 samples

Sample
Weight /g

Fe3O4 PNA

Fe3O4 20 0

M0 0 3.0

M1 20 1.0

M2 20 2.0

M3 20 3.0

Fig. 1 XRD patterns of Fe3O4 and M1.
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The SEM images (see Fig. 3) also show that the
nanocomposite particles of about 25–30 nm have high
uniformity and were created by covering the polymer the
outside of Fe3O4 particles.

The inset of Fig. 4(a) shows Ramman spectrum of
Fe3O4 with two small peaks at the wavenumbers 360 and
666 cm–1. Meanwhile, Ramman spectra of M0 (PNA) and
M3 samples (two curves in Fig. 4(a)) show the character-
istic peaks of PNA in samples, in which the 1495 and
1547.8 cm–1 peaks of M3 with stronger intensity are very
close to the 1446–1492 and 1571 cm–1 peaks of PNA
nanoglobules [32]. This range is characteristic the valence
oscillation of C = C group, the C = N chemotherapy group,
and the N –H, C –H, C –C groups. The 1359.55 cm–1 peak
is close to the Raman shift of 1351 cm–1 [32] assigned to
C –N+ stretching modes of delocalized polaronic charge
carriers. In addition, the 1149.96 cm–1 peak of M3 sample is
also very close to the Raman shift at 1154 cm–1 of PNA
[32] that is corresponding to the oscillation frequency of
the C –C stretching/C –H plane bending group. Thus, the
results of Raman spectral analysis showed that the PNA
with the structure in Fig. 4(b) participated in part of the
composite samples and it expressed the oxidation state with
the oscillation groups of υC –N, υC –N+ and δC –H.
These results demonstrate that the nanocomposite grains

were formed by polymerization of monomers on the

surface of metal oxide particles.

3.2 Magnetic and chemical instability of Fe3O4 sample

First, the stability of magnetic, microstructure property of
Fe3O4 was investigated by examining a sample right after
synthesized and that sample after 2 months. Curves a and b
in Fig. 5 showed that the saturate magnetic moment of
Fe3O4 sample decreased from 63.13 to 56 emu/g,
corresponding to freshly synthesized sample and this
sample measured after 2 months of synthesis. This decrease
was attributed that after formation, Fe3O4 material is easy
to be oxidized into g-Fe2O3 due to the effects of oxygen in
air as following equation:

4Fe3O4 þ O2 ! 6Fe2O3 (3)

The appearance of γ-Fe2O3 phase can be seen in Raman
spectra of Fe3O4 sample freshly synthesized and after 2
months (see the inset in Fig. 5). In the Raman spectrum of
the pristine sample (curve a in Fig. 5), a peak with the
wavenumber of 668 cm–1 can be observed corresponding to
the A1g oscillation mode of Fe3O4. In addition, the peak at
360 cm–1 with small intensity can also be detected which
was attributed to the presence of the γ-Fe2O3 phase with
such a tiny amount that it could not be detected by the XRD
measurement. The appearance of the γ-Fe2O3 phase in the
pristine sample might originate from the synthesis process
in which the oxidation of Fe2+ into Fe3+ happened because

Fig. 2 TEM image of M3.

Fig. 3 SEM images of PNA/Fe3O4: (a) M1; (b) M2.

Fig. 4 (a) Ramman spectra of M3 (PNA/Fe3O4) sample and M0

(PNA) sample (inset: Fe3O4 sample). (b) PNA structure.
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the samples were synthesized in the atmosphere. On the
other hand, for the Raman spectrum of the 2 month-old
Fe3O4 sample, peaks at 360, 486 and 1360 cm–1

corresponding to A1g oscillation modes of γ-Fe2O3 were
observed. Also, the 668 cm–1 peak of the spectrum in the
inset of Fig. 5 showed signs of splitting into two peaks at
666 and 710 cm–1. The appearance of additional peaks
suggested that Fe3O4 is easy to be oxidized to form γ-
Fe2O3. The change of magnetic moment and the chemical
instability of the Fe3O4 sample might lead to the
unexpected phenomena affecting to their application
ability.

3.3 Magnetic properties of Fe3O4 and PNA/Fe3O4

Due to Fe3O4 is easy to be oxidized in atmosphere to form
γ-Fe2O3. Thus, the coating of Fe3O4 nanoparticles by PNA
polymer is the optimal solution to stabilize magnetic and
chemical properties of samples.
The magnetization curves of Fe3O4, M1, M2 and M3

samples (Fig. 6) expressed the super-paramagnetic proper-
ties with Hc value of about 3 Oe (sample Fe3O4 at the inset
of Fig. 6). As shown in Table 2, the M0 sample is of the
non-magnetic material. Thus the magnetic moment of
PNA/Fe3O4 decreased from 63.13 to 43.43 emu/g with the
increase of the PNA concentration from 5% to 15%.
However, the polymer shell contributed to the chemical
stabilization of Fe3O4 cores, so the magnetic moment of
samples is stable over time.

3.4 Arsenic adsorption capacity

In order to evaluate the arsenic adsorption capacity of
Fe3O4, M1, M2 and M3 samples, all the studies of the
influence of polymer concentration, pH, and adsorption

equilibrium time on the arsenic adsorption capacity were
carried out at room temperature. For each measurement, the
concentration of the original As(III) solution was fixed at
106 ppb (105 times higher than the permitted level by the
WHO). Each adsorbent of Fe3O4, M1, M2 and M3 with the
mass of 0.01 g was put into the original arsenic solution.
Then the mixture solution was stirred for 20 min for all
samples. In these adsorption isotherms, the arsenic
concentrations in the solutions before and after adsorption
were measured by AAS.

3.4.1 Investigation of the effects of pH on the arsenic

adsorption

The influence of pH level on the arsenic adsorption
capacity of adsorbent materials was investigated shown in
Fig. 7 for Fe3O4, M1, M2 and M3 powders. These adsorbent
materials of 0.01 g were used to adsorb arsenic in 100 mL
solutions with the initial arsenic concentrations at different
pH levels from 1 to 14. After stirring for 20 min and
filtering the precipitate, the remaining arsenic concentra-
tions were measured by AAS, 630 Shimadzu. Figure 7
shows the dependence of the remaining arsenic concentra-
tion as a function of the pH level of the solution. It can be
seen that when the pH level of the solution was from 5 to 8,
the arsenic adsorption was better. When the pH was higher
than 12, the arsenic adsorption capacity of material is
decreased clearly. Especially for the pH of 14, the sample
did not adsorb As. The dependence of arsenic adsorption
capacity on the pH level of solution can be explained by the
different dissociation ability of As(III) corresponding to
each different pH values in water and decomposition state
of adsorbent. Easy to see that the arsenic adsorption of
material M1 is stronger than that of Fe3O4 and even PNA
non-magnetic materials (M0) also adsorb arsenic at the pH

Fig. 5 Magnetic moment of Fe3O4: measured sample after 2
months (a); new synthesized sample (b). (Inset: Ramman spectra).

Fig. 6 Magnetic moment of samples (inset: the superparamag-
netic properties with small Hc).
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level of solution from 5 to 8. When pH is about 7, the
influence of pH on the arsenic adsorption capacity can also
be caused by an oxidation state of PNA (original υC –N+).
Thus, it has the contribution of electrostatic affinity
interaction between the materials to creating As(III)
anion adsorption. At a high pH, As(III) exists as
H2AsO3

– and HAsO3
2– anions, simultaneously the surface

of the nanoparticles is negatively charged. On the other
hand, the surface charges appeared on the surface of
nanoparticles, and they push anions in the solution. Thus,
the adsorption process decreases with the corresponding
increase of the pH level. Especially at pH = 14, due to a
large electrostatic repulsion, the material has no arsenic
adsorption capacity.
In the environment with pH< 5, the adsorption material

can be decomposed a part, so the adsorption of the material
is decreased. For this investigations, the sample amounts of
1 g of Fe3O4 are added to 100 mL solutions with pH = 1
and 2, respectively, after that they are stirred for 20 min.
After filtering the precipitations, the dissolved iron ion
concentration in solution is measured by an atomic
absorption spectroscopy. The results showed that the
reaction between Fe3O4 and the acid created the dissolved
iron ions in solution with Fe concentration of 0.21 ppb (for
pH = 1), and 0.13 ppb (for pH = 2), respectively. However,
the iron ions did not appear in the solution of pH = 7.
Although the decomposition of Fe3O4 is small, it is
attributed to the low arsenic adsorption in the pH< 5.
Meanwhile, this material is quite stable in neutral
environment because no appearance of iron ions in solution
of pH = 7. From the results in Fig. 7, it can be seen that
Fe3O4 is also stable in alkaline environment of pH = 14. So
these findings suggest the de-adsorption method in a
solution of pH = 14 to reuse the adsorbent in many times.

3.4.2 Adsorption equilibrium time

Adsorption equilibrium time was evaluated by measure-
ments of remaining arsenic concentrations in solution pH 7
after each interval stir different (after 10, 15, 20, 25, 30, 50
min) for the Fe3O4, M0, M1, M2 and M3 adsorbents as
shown in Fig. 8. The observed results showed that after 20
min stirring period, the remaining arsenic concentrations
stay in equilibrium.

3.4.3 Adsorption kinetic, specific surface area and porous

properties of adsorbents

The experimental results and above analysis showed that
the inelastic exchange interaction energy between the
porous materials with high specific surface area of
adsorption substance was occurred at the surface of
nanoparticles, affecting mainly to their adsorption capacity.
In order to thoroughly explain the nature of the As(III)
treatment mechanism of nanoparticles, the nitrogen
adsorption–desorption isotherms of typical samples
(0.54 g of Fe3O4 and 0.54 g of M1) at 77 K were studied in
order to investigate the surface and mesopores structure of
nanoparticles by the BET measurement [34] on TriStar
3000 V6.07 A equipment with TriStar 3000 V6.08
software. The adsorption hysteresis was observed in the
region of a relative pressure P/P0 ≈ 1 (P0 the saturation
pressure of the nitrogen gas). The collision of nitrogen
molecules with nanoparticles is taken to be inelastic, so that
the nitrogen molecular remains in contact with the
nanoparticles for a time before returning to the gas phase.
This time delay is taken as responsible for the phenomenon
of adsorption that demonstrated by equation [30] as
follows:

Fig. 7 Dependence of the remained arsenic concentration as a
function of the pH.

Fig. 8 Determination of equilibrium time of arsenic absorption.
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P

VaðP0 –PÞ
¼ 1

Vm
⋅
P

P0
(4)

where Va is the quantity of gas adsorbed at pressure P, and
Vm is the quantity of gas adsorbed when the entire surface
is covered with a mono molecular layer. From the above
analysis, the Langmuir model is appropriate for the arsenic
adsorption in the pH = 7 environment that is similar to the
nitrogen adsorption process of adsorbents at a temperature
of 77 K. Thus the adsorbents were studied to examine their
porosity and surface properties by the BET measured
method [6–7,34] and the Langmuir isotherm equation.
The insets in Figs. 9 and 10 depict the nitrogen

adsorption–desorption isotherm curves for typical Fe3O4

and M1 samples, respectively. These hysteresis loops are
attributed mesopore characteristic capillary condensation
of nitrogen at standard conditions for temperature and
pressure (STP) between nanoparticles of Fe3O4 and M1.
The adsorbed quantities standardized to convert become
the characteristic quantities of porosity such as the

cumulative pore volume (cm3/g) and average pore size.
The changes in slope of this hysteresis loop and its general
shape gave a quick overview of how porosity was
distributed in the samples. Figures 9 and 10 provide the
fundamental means, in which the pore volume is
concentrated and its distribution is characteristics through
average pore size. The pore size distribution calculated by
the BET method [10,34] at relative pressure P/P0 ≈ 1. From
Figs. 9 and 10, the maximum absorption volumes (dV/dD
vs. pore size range ofD) belongs to pore size range of about
12–15 nm. The specific surface areas of samples calculated
by the BET method are presented in Table 2.

3.4.4 Maximum arsenic adsorption capacity

In order to determine the arsenic adsorption capacity of
nanopowders in the pH = 7 environment, the adsorbent
material of 0.01 g was used to adsorb the arsenic in 100 mL
solutions with initial arsenic concentrations of 150 ppb
maintained at pH = 7. After stirring for 20 min and filtering
the precipitate, the remaining arsenic concentrations (in
ppb) were measured by AAS. From the above analysis, the
Langmuir model is appropriate for the arsenic adsorption in
the pH = 7 environment that is similar to the nitrogen
adsorption process of adsorbents at a temperature of 77 K.
Thus, the maximum arsenic adsorption capacity qmax

corresponding to a unit volume of adsorbent (mg/g) is
calculated by the Langmuir isotherm equation in equili-
brium point at pH = 7 and 300 K [6,10,17]:

Cf

q
¼ 1

qmax

� �
Cf þ

1

bqmax
(5)

The form of graphs is y = ax + c, with y = Cf/q, x = Cf, a =
1/qmax, c = 1/(bqmax). Among them, Cf is the remaining
arsenic concentration (mg/L) at equilibrium was measured
on AAS, q is the arsenic adsorption capacity at equilibrium
corresponding to a unit volume of adsorbent (mg/g), and b
is the constant characterizing the interaction of the
adsorbent and adsorbed substances.
The dependence of Cf/q on Cf is shown in Fig. 11. From

Fig. 9 The pore distribution is characteristics through average
pore size of Fe3O4 sample (inset: the adsorption–desorption
isotherm curve of N2 at 77 K).

Fig. 10 The pore distribution is characteristics through average
pore size of M1 sample (inset: the adsorption–desorption isotherm
curve of N2 at 77 K).

Table 2 Specific surface area, saturate magnetic moment and
maximum absorption capacity of Fe3O4, M0, M1, M2 and M3

Sample
BET specific surface area

/(m2$g–1)
Saturate magnetic
moment /(emu$g–1)

qmax /(mg$g–1)

Fe3O4 100.28 63.13 32.88

M0 5.32 0.00 23.45

M1 99.08 58.38 46.97

M2 38.35 56.73 37.74

M3 43.06 43.43 20.27
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these plots, the calculated values of qmax for Fe3O4, M0,
M1, M2 and M3 are presented in Table 2.

Although, the saturation magnetic moment and the
specific surface area of PNA/Fe3O4 decreased with the
increase of the polymer concentration, Table 3 shows the
arsenic adsorption capacity of materials to be sorted in the
order M1, M2, Fe3O4, M0 and M3, in which qmax of the M1

material is larger than that of Fe3O4 and the results in Ref.
[6] in the same conditions at pH 7. The results in Table 3
are also fit well with the experimental results shown in
Fig. 8 with the pH = 7 solution.

However, the polymer shell contributed to the chemical
stabilization of Fe3O4 cores, so the magnetic moment of
samples is stable over time. Besides, Table 2 shows that the
non-magnetic nanomaterial (M0 sample) with the specific
surface area 5.32 m2/g also absorbed arsenic with qmax =
23.45 mg/g.
This issue proved the contribution of PNA to the arsenic

adsorption capacity in solution. When pH ≈ 7, the influence
of pH on the absorption capacity of arsenic can also be
caused by the oxidation state of PNA (original υC –N+), and
it has the contribution of affinity electrostatic interactions
between nanoparticles, creating anions adsorbed As(III).
When the solution with a high pH (e.g., pH = 14, in Fig. 7),
arsenic is less adsorbed by the absorbents. This can be
explained by the high pH (at pH> 10) PNA converted
from the oxidation state to deoxidize state, so the

interactions between the absorbents and the anion As(III)
in the form of H2AsO3

– and HAsO3
2– were decreased

markedly (Fig. 7). In pH< 5 the adsorption of material
may decrease by the decomposition in part of materials in
highly acidic environments. To investigate the decomposi-
tion of absorbents, the amounts of 1 g of Fe3O4 and M3 of
samples is added to 100 mL of HCl with pH = 1 and 2 and
stirred for 20 min. After filtering the precipitate, the soluble
iron ion concentrations in the HCl solution were examined
by AAS Shimadzu 6300 and were calculated as shown in
Table 3.
Although the decompositions of Fe3O4 and PNA/Fe3O4

composite were small, they can also decrease the arsenic
adsorption capacity in the environment with pH< 5.
Meantime, the appearance of iron ions do not see in

solution with pH≥7, this issue proved quite durable
materials in a neutral and alkaline environment. In alkaline
medium, Fe3O4 and the composite materials of PNA/Fe3O4

are fairly stable, so the above results suggest the desorption
method in solution pH = 14 to reuse the adsorbents in many
times.

4 Conclusions

The PNA/Fe3O4 nanocomposite materials have been
successfully synthesized with different polymer concentra-
tions. The PNA/Fe3O4 nanoparticles are capable of As(III)
adsorption, but the arsenic adsorption capacity of M1

nanocomposite is better than Fe3O4. The optimal condi-
tions for As(III) adsorption is pH ≈ 7 and the adsorption
time is 20 min. The dynamics of arsenic adsorption is
explained on the basis of the BET method and the
Langmuir isotherm adsorption on the surface of porous
nanomaterials. In an environment with pH> 14, these
materials could be reabsorbed and reused.

Abbreviations

Fig. 11 The Langmuir adsorption isotherm curves.

Table 3 Soluble iron ion concentration in the HCl solution

pH
Soluble iron ion concentration /ppb

Fe3O4 M3

1 0.21 0.17

2 0.13 0.13

7 – –

AAS atomic absorption spectroscopy
BET Brunauer–Emmett–Teller
IOCD iron oxide-coated diatomite
IOCS iron oxide-coated sand
PNA poly(1-naphthylamine)
SEM scanning electron microscopy
STP standard conditions for temperature and pressure
TEM transmission electron microscopy
VSM vibrating sample magnetometer
XRD X-ray diffraction
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