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In this study, nanocomposites composed of magnetite nanoparticles (MNPs) coated with polyaniline fabricated by in situ
polymerization were prepared for arsenic adsorption. Properties of particular MNPs and their nanocomposites were
characterized with scanning electron microscopy, X-ray diffraction spectroscopy, and Fourier transform infrared spectroscopy.
The As(III) concentration before and after adsorption on nanocomposites was detected by atomic absorption spectroscopy
method and then compared with the results measured by a self-developed potentiostat system with anodic stripping
voltammetry method. The polyaniline coating resulted in an improvement for As(III) adsorption ability of magnetite
nanoparticles, and among the three compositions of PAni/MNP nanocomposites, the 5 wt% PAni showed the highest capability
of As(III) adsorption (or removal) of 50mg/g. Performing pH investigation, the concentration of remaining As decreased when
pH increased from 2 to 5 and reached saturation value at higher pH. Above all, the electronic device can be integrated with
As(III) removal system using PAni/MNP nanocomposites, proving to act as an independent monitoring system, and even more
the adsorbent on the composites could be removed and the recyclability of the material was also investigated.

1. Introduction

Arsenite (As III) and arsenate (As V) are arsenic (As) com-
pounds in water which are recognized globally by their
extreme health hazards. The acute exposures to arsenic com-
pounds may cause many organ malfunctions (especially the
kidney) and several types of cancers [1]. A dose of arsenic
which may induce fatal effects for matures is 120–200mg per
kg body weight (MPBW) and 20 MPBW for infants [2, 3].
The inorganic As(III) compounds in water are reported to
have higher toxicity than the organic ones [4, 5]. Because
arsenic is an ubiquitous element of the outer rock layer, it
may naturally contaminate at high levels the groundwater
elsewhere [6, 7]. In 2010, the World Health Organization
(WHO) recommended a maximum contaminant level (MCL)
for arsenic in drinking water at 10 ppb.

A trace of As(III) in water can be detected by several
methods, such as the inductively coupled plasma mass
spectroscopy (ICP-MS) or atomic absorption spectroscopy
(AAS). However, those instruments are expensive and com-
plicated with long-time sample preparation [8]. Recently,
electrochemical method has attracted a large attention of
researchers thanks to its sensibility, low cost, and ability to
detect very low concentration of analytes [8, 9]. Electrochem-
ical sensors found its application in DNA identification [10],
glucose measurement [11], and environmental monitoring
[12]. As for example, As(III) ions were detected by anodic
stripping voltammetry (ASV) method with a low limit of
detection [13, 14]. The researchers have kept studying to
develop a cost-effective device for on-site heavy metal ion
detection in water. Besides, the price of a commercial electro-
chemical instrument can be up to $10,000 or higher and it is
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not suitable for field measurement. In this work, we present a
self-developed system on chip- (SOC-) based potentiostat for
signal processing of sensors. The circuit was then used to
measure As(III) concentration.

Besides, arsenic treatment is highly motivated. Among
the materials used for arsenic adsorbents, magnetite nano-
particles (MNPs) provide various possibilities of cost per
value reduction as well as removal efficiency. Such material
is easily attracted by low magnetization field [15–17] and
obtained in a massive amount through some hydrothermal
synthesis. In addition, the desorption processes to recycle
these MNP adsorbents are possible for several times of use
[17]. Therefore, many researchers have focused on MNPs
for arsenic adsorbent. However, the problem of using nano-
sized magnetite for adsorbent is generally laid on their ease
of oxidation-induced transformation to maghemite (γ-
Fe2O3) and hematite (α-Fe2O3). Oxidation together with
agglomeration of MNPs often elevates when the size of parti-
cles decreases. In addition, the strong magnetic dipole–dipole
interaction and Vander Waals attractive forces among the
nanoparticles also cause the particles to aggregate [18]. These
problems reduce not only the magnetization degree but also
the affinity of magnetite toward arsenic [19, 20]. To maintain
adsorptive functionality of MNPs under a corrosive condi-
tion, numerous manipulation methods have been proposed,
including surfactant-supported nanosuspension and poly-
mer coating [21, 22]. Among those, nanocomposite of MNPs
with polyaniline (emeraldine base coating) has been exten-
sively studied in syntheses and applications for medical and
environment purposes. Compared to many coating poly-
mers, polyaniline (PAni) is highly compatible in bio- and
environment applications due to its good environment sta-
bility, low monomer cost, ease of syntheses and purification,
and convenient degrading process [23, 24]. The PAni/MNP
nanocomposite can also be mixed with other polymer sub-
strates such as poly(p-hydroxyaniline) and polyacrylonitrile
to increase hydrophilicity of materials in aqueous media
and mechanical strength of materials in product processing
[24, 25]. Nevertheless, it is noticeably remarked that there
has been no study informing PAni-coated MNPs to be an
As(III) adsorbent as well as performing recyclability of this
material in metal ion adsorption.

In this study, we focused on synthesis of PAni-coated
MNPs for As(III) adsorption. The morphology and recycla-
bility of nanocomposites were evaluated. The detection of
As(III) was conducted with the ASV method using a self-
developed potentiostat and paired with AAS methods.

2. Materials and Methods

2.1. Chemicals. Iron(II) chloride tetrahydrate (FeCl2.4H2O),
iron(III) chloride hexahydrate (FeCl3.6H2O), sodium arse-
nite (NaAsO2) as an As(III) compound, aniline, isopropanol,
HCl solution, phosphate-buffered saline (PBS, pH=7.4), and
ammonium persulfate were purchased from Sigma-Aldrich
(Missouri, USA). Ammonium hydroxide solution (25%
NH3 in H2O) was purchased from Kanto (Shanghai, China).
Deionized (DI) water was produced by deionizer system EW-
01503-20, Cole Parmer (Illinois, USA), with a resistivity of

17MΩ·cm. Solutions of 1 ppm As(III) were prepared as stock
solutions. DI water, prepared solutions, and solid materials
were kept in nitrogen gas atmosphere before use. HCl and
PBS solutions were prepared to control the pH of tested solu-
tions in the range of 2–8 at room temperature.

2.2. Preparation of Polyaniline/MNP Nanocomposites and
Magnetite Nanoparticles (MNPs). 5ml of 0.4M FeCl3 and
10ml of 0.3M FeCl2 aqueous solutions were mixed in the
rubber-plugged flask with nitrogen gas flow. The mixing
solution was agitated for 10 minutes at 70°C. After that, an
excessive amount of ammonia for the final pH of 13 was
quickly dropped into the flask to get black precipitated
MNP product. Reaction solution was centrifuged to obtain
the deposition; the supernatant was discarded. The final
deposition part was rinsed 6 times by DI water, being centri-
fuged and kept in deoxygenated DI water.

A predetermined amount of MNPs was mixed with DI
water (100 weight equivalent amount) and isopropanol (20
weight equivalent amount) and then kept in a sonicator at
room temperature for 1 hour to homogeneously disperse
the MNPs. A predetermined amount of aniline hydrochlo-
ride was added into the prepared suspension and magneti-
cally stirred for 1 hour. Three different weight equivalences
of aniline monomer (5%, 10%, and 15% versus MNPs) were
used for coating. The oxidant (NH4)2S2O8 and HCl were
added into the reaction flask with a molar ratio equivalent
to 1.25 and 0.25 of aniline monomer. All solutions were
cooled down to 4°C in an ice bath and kept under deoxygen-
ated atmosphere. The reaction was carried out for 20 hours in
nitrogen gas flow. After the reaction, the mixture was centri-
fuged and rinsed 5 times by DI water then rinsed in acetone
for 2 times to remove water. Finally, the obtained greenish
black powders were dried in a vacuum at 40°C for 2 hours.

2.3. Characterization of MNPs and Polyaniline/MNP
Nanocomposites. The shape and size distribution of MNPs
as well as the nanocomposites were observed by scanning
electron microscopy (SEM) (GeminiSEM, ZEISS Germany).
The magnetic property was measured by a vibrating-sample
magnetometer DMS 880 (ADE Technologies, USA). The
standard crystal structure of Fe3O4 was confirmed by X-ray
diffraction spectroscopy (XRD) (D2 PHASER 2nd, Bruker
SingaporePte. Ltd.). The formationofPAni andnanocompos-
ites was investigated by Fourier transform infrared spectros-
copy (FTIR) (Spectrum One, PerkinElmer, Massachusetts,
USA). The ions compositions of resulted solutions were
confirmed by AAS (iCE 3400 AA, Thermo Fisher Scientific,
Massachusetts, USA).

2.4. Arsenic Adsorption Ability and Recyclability Evaluation.
Adsorption experiments were performed under deoxygen-
ated atmosphere. 1mg of each adsorbent was stuffed into a
glass tube container (2 cm in length, 0.5 cm in diameter).
1ml arsenite solutions (As III) of different concentrations
were injected into the containers for immersion. The pH
range in this study for arsenic adsorption test was investi-
gated from 2 to 8, and the adsorption time was from 10 to
60 minutes. Adsorbent containers were sealed by rubber
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plugs and shaken horizontally by an autoshaker. After
immersion time, a cotton fiber was used to replace rubber
plugs and the resulted As solutions were moved out by nitro-
gen gas flow through adsorbent containers. The resulted
solution samples were filtered through a 0.22μm syringe fil-
ter with mixed cellulose ester membrane (Millipore, USA),
and then the final As(III) concentrations in the filtrates were
determined by AAS analyses. To perform a desorption
experiment, the adsorbent container was washed by 1ml
acetone and immersed in free-arsenite aliquot (pH=3).
The containers were sealed by rubber plugs and shaken for
12 hours. Released As solutions were filtered with the above-
mentioned procedure and taken into AAS analyses. To eval-
uate the maximum adsorption ability of materials, each 1 g
adsorbent was immersed in a 1 l aqueous solution of 1 ppm
As(III) for 20 minutes.

2.5. Detection of Arsenic Ions Using ASV and Electrochemical
Sensor. The electrochemical sensor was designed in triple-
electrode configuration: working electrode (WE), reference
electrode (RE), and counter electrode (CE) (Figure 1). Dur-
ing the data acquisition, the voltage between the WE and
RE was kept stable and the current generated at the WE
was measured. The self-fabricated sensor is illustrated in
Figure 1(b), in which all three electrodes were made of gold
and the working area of the WE is parallel assembled wires
of 2μm× 400μm× 0.1μm each.

The ASV has a great advantage in heavy metal detection
because of its specificity and high sensibility. Apart from
arsenic, this method can also be used to detect copper ion
(Cu2+) or antimony ion (Sb3+) [26]. Anodic stripping volt-
ammetry (ASV) measurement includes accumulation and
stripping phases. In a sample solution containing As(III), at
the accumulation step, the As(III) deposited on the WE
under the attractive force due to applied negative voltage
and reduced to As(0). In a latter stripping phase, all accumu-
lated metals will be stripped off the surface of the WE and
oxidized, resulting in an electrochemical current peak which
is proportional to the amount of adsorbed metal ions on the
WE under the accumulation phase as well as the concentra-
tion of ions in the solution.

Firmware for programed measurement was written in C
for Cypress CY8C27443. The integrated chip can provide a
digital-to-analog converter (DAC) up to 9 bits and analog-
to-digital converter (ADC) up to 14 bits. Text liquid crystal
digit (LCD) screen and buttons were used for user interface.

The DAC signal was provided for the electrochemical reac-
tion, then the generated signal was processed and came back
to the microcontroller via ADC. The raw signal was then con-
verted into digital and transmitted to a computer via the uni-
versal asynchronous receiver/transmitter (UART) protocol.

The hardware is the heart of the design. The circuit dia-
gram of the system was shown in Figure 2. For simplicity, it
was built from instrumentation amplifiers (INA) combined
with operation amplifiers (OPA). The power is supplied from
a linear regulator or USB port. The circuit uses an instrumen-
tation amplifier to measure the current produced at the WE
via a sensing resistor. The value of the sensing resistor as well
as the gain of instrumentation amplifier can be adjusted so
that the measured current range can be changed. High-
quality instrumentation amplifier is advantageous over
OPA transimpedance amplifier due to low DC offset, low
drift, low noise, and high common mode rejection ratio
which are suitable for high-precision applications. By using
INA and careful processing, the resultant current in nA range
can be measured. The voltage applied in the accumulation
stage at the WE is negative referred to RE, so that the DAC
signal must go through a negative shift and then the proc-
essed signal must be leveled up to match with the allowed
input range of ADC. The offset voltage was also provided
by a channel of microcontroller. The connection of opera-
tional amplifier (OA) to the RE was to ensure that there is
no current that comes in or out of the electrode which will
make the electrochemical system unstable [27, 28]. The exci-
tation signal from the OA will be injected to the CE; the
inverted form of applied voltage will appear at the WE due
to the negative feedback loop between electrodes [29]. To
avoid the noises from the environment and inside of the sys-
tem’s setup, some low-pass filter (LPF) had been used to
decrease the influence of unwanted signal.

Raw ADC signal was transmitted directly to the com-
puter via the UART protocol. The program was written in
LabVIEW (National Instruments Corporation, Austin,
Texas, USA) which shows the responding current vs. time
in seconds.

3. Results and Discussion

3.1. Characterization of Adsorbents. SEM images of bare
MNPs and of PAni/MNPs with 5%, 10%, and 15% aniline
monomer are shown in Figure 3. Magnetite was formed
in a coprecipitation with increasing temperature under
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Figure 1: (a) Concept of 3-electrode measurement sensor; (b) electrode configuration and the inset showing the SEM image of WE.
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aggressive agitation, then followed by sonication resulting in
nanoparticles with diameter from 8 to 12 nm (Figure 3(a)).
MNPs were routinely stored in deoxygenated DI water before
each characterization and syntheses, to maintain the disper-
sion and minimize the prospect of being oxidized. The

morphologies of nanocomposites were differentiated by the
feeding ratios of aniline salt monomer versus MNPs. The
particles of nanocomposite with 5% of aniline monomer
were formed in round shape with a diameter range of 15–
30 nm (Figure 3(b)); meanwhile, with 10% aniline monomer,
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Figure 2: Block diagram of potentiostat.
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Figure 3: SEM images of (a) bare MNPs, (b) 5% PAni/MNPs, (c) 10% PAni/MNPs, and (d) 15% PAni/MNP nanocomposites.
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the nanoparticles were bonded to form a building-flock
shape (Figure 3(c)). In a nanocomposite with 15% aniline
monomer feed, it is difficult to see the separation of particles
because the nanoparticles, nanoflocks, and short nanofibers
are located in a thick polymer matrix (Figure 3(d)).

Together with morphology, the magnetic property of
PAni/MNPs was also investigated in order to reveal the rela-
tion between nanocomposites’ structure and their adsorption
ability. As shown in Figure 4, the magnetization momenta of
nanocomposites decreased as the composition of coating
PAni increased. The reduction of magnetization momenta
corresponds to larger radii of nanounits in nanocomposite
materials, which was caused by the coverage of PAni layer,
while the size of magnetization centers (MNPs) was not
changed. Due to higher magnetic field dwelling, the SEM
image contrast of bare MNPs (Figure 3(a)) was lower than
that of PAni/MNPs (Figures 3(b)–3(d)). By coating with
PAni, the agglomerations of particles were supposed to
declined, leading to higher surface area ratio of nanocompos-
ites. The magnetization reduction at a particle surface as well
as charge elevation at the surface of nanocomposites may
lead to an antiagglomeration effect of the PAni layer [30, 31].

Figure 5 shows the XRD patterns of MNPs and PAni/
MNPs showing 7 peaks which characterized for magnetite
crystal of 111, 220, 311, 400, 422, 511, and 440 planes. No
peak of hematite was observed in the XRD spectrum [32]
meaning that the obtained nanoparticles contain maghemite
or magnetite.

Direct oxidative polymerization of PAni had been per-
formed with three aniline monomer compositions. The FT-
IR spectra (Figure 6) of PAni, bare MNPs, and PAni/MNP
nanocomposites were shown in Figure 6. In the case of PAni,
the peaks at 1600, 1480, 1300, and 1172 cm−1 are attributed to
C=C stretching of the quinoid ring, C=C stretching of the
benzenoid ring, C–N stretching of the benzenoid unit, and
N=quinoid=N vibration [33], respectively. The spectrum of

bare MNPs exhibits characteristic peaks at 3450 and
1650 cm−1, which can be assigned, respectively, to O-H
stretching and O-H bending vibration of water molecule
existing in the physical adsorption or ferrofluid [30]. The
strong peaks at 690 and 628 cm−1 are attributed to the
stretching vibration mode of Fe–O bonds in the crystalline
lattice of Fe3O4. The spectrum of PAni/MNP composite
exhibits almost the same vibrational bands as pure PAni,
but characteristic peaks shifted to lower wave number,
e.g., from 1600 to 1571 cm−1 with C=C stretching of the
quinoid ring. The shifting of the peaks can be attributed to
the interaction of 3d orbit of ferrite with nitrogen atoms in
PAni to form coordinate bonds [30], which is similar to the
band shift on the FTIR spectrum of metal-ligand complexes
[34]. Therefore, the shoulder peak around 1620 cm−1 on the
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spectrum of the composite is attributed to O-H vibration of
water molecules that exists in hydrogen bonding with N-H
groups of PAni. The characterization peak can be explained
by two reasons. Firstly, the hydrogen bonding interaction
leads to the slight shift of O-H vibration to a lower wave
number. Secondly, hydrogen-bonded OH groups also have
broader adsorption bands [34]. These results also demon-
strate that the coating of PAni to the surface of the magnetic
particles occurs through the hydrogen bonding between N-H
groups in the PAni and OH group of bonded water molecules
in the ferrofluid, leading to the encapsulation of magnetic
particles by PAni [30].

3.2. Adsorption Ability of PAni/MNP Nanocomposites.Maxi-
mum adsorption values of the adsorbent were examined by
immersing each adsorbent in excessive 1 ppm As(III) solu-
tion and followed by the previously described immersing
steps. As shown in Figure 7(a), the concentration of the
remaining As(III) decreased when the pH increased from 2

to 5 and reached a saturation value at higher pH. In investi-
gating the pH range, the 5% PAni composite showed the
highest adsorption ability toward As compared to 10% and
15% PAni ones and MNPs, too. The similar result was found
when varying adsorption time (Figure 7(b)), and the As(III)
adsorption reached saturation state after 20 minutes. A histo-
gram of As(III) adsorption ratios of MNPs and PAni/MNPs
nanocomposite at optimized condition was illustrated in
Figure 7(c), in which the maximum adsorption ratio was
attained with the sample of 5% PAni/MNP composite. The
adsorption was improved because of the tolerating effect of
electron-rich phenyl rings on the side chain of PAni, which
enhanced the affinity of Fe(II) in MNPs [30]. It is supposed
that PAni may interact with MNPs in a dynamic model, by
which the polymer layer partly covers the MNP surface,
allowing a slight planar movement of some fragments on
each other. Diffusion of As(III) to the MNP surface could
be available with suitable distances between MNP and PAni.
According to the reports of Liu et al. [35] and Yang et al. [36],
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Figure 7: Adsorption behavior of PAni/MNPs over (a) pH in 20 mins and (b) immersion time at pH5; (c) histogram presents maximum
As(III) adsorption ratios of MNPs and PAni/MNP nanocomposite at an optimized condition.
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the oxidation of MNPs might also be suppressed by the inter-
action of electron-rich PAni layer on the MNP surface.
Besides, in an acidic medium, the amine (-NH-) units of
PAni might act as competitive factors to attract the proton-
ated species from MNPs’ surfaces [30].

3.3. Operation of Developed Potentiostat Circuit in As(III)
Measurement. A portable potentiostat circuit along with
the electrode system was used to determine As(III) con-
centration in the solution as follows: (1) stripping stage
at −0.45V for 100 s; (2) stability stage at −0.3V for
10 s, and (3) applied potential then jump to stripping
voltage at 0.6V at the rate of 1V/s. The mentioned
potential is between the WE and RE. The results mea-
sured with our potentiostat are shown in Figure 8. The
portable potentiostat can measure the trace of As(III) at
the concentration of 10 ppb, which is the critical level
suggested by the WHO. The corresponding peak current
and measured concentration of As(III) are a first order
and linear function (Figure 8(b)). For each As(III) con-
centration, three ASV measurements were performed sim-
ilarly using three separate sensors. Using the developed
calibration curve, As(III) concentrations of posttreatment
as well as desorption were evaluated during real-time
operations of adsorbents.

3.4. Evaluation for Adsorbent’s Adsorption, Desorption, and
Corrosion. Resulted As solutions after adsorption at pH=2
and pH=5 were used as samples for simple measurement
by developed ASV sensing system; the second batch of each
solution was separated for confirmation by AAS measure-
ment. Quantitative results of measurements were compared
in Table 1. At a higher As(III) concentration from 70 to
100 ppb, the ASV sensing system showed high accuracy with

a deviation of 3–5%. In a smaller and narrower range, 10–
20 ppb, the accuracy was lowered but the deviations of about
10% are acceptable.

Along with the observation for adsorption ability, the
desorption behavior of 5% PAni/MNP nanocomposite was
also evaluated. Each desorption step was performed in 24
hours in a free-arsenite aqueous solution of pH=3. After 4
times of desorption, the 5%-PAni/MNP nanocomposite
remained its high adsorption ability of 82.74% As(III) ions
uptaken. Desorption ratios of 50% experienced 5 times of
operation (Table 2).

With the result, this PAni/MNP nanocomposite can be
recycled for at least 4 times in reality. Additionally, the
released Fe concentration after each adsorption/desorption
step was compared between 5% PAni/MNPs and bare MNPs
as corrosion indicator. In the case of nanocomposite, the
released amounts of Fe tended to decrease, while those
tended to increase in the case of bare MNPs (Table 2). At
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Figure 8: (a) ASV curves of different As(III) concentrations; (b) dependence of peak current versus As(III) concentration in ASV
measurement.

Table 1: Adsorption behavior of MNPs and PAni/MNPs after 20
minutes. The analysis results obtained by developed ASV sensing
system and AAS.

Adsorbent

Remained As
conc. by ASV

(mg/l)a

Remained As
conc. by AAS

(mg/l)b
Difference

pH= 2 pH= 5 pH=2 pH= 5

MNPs 0.094 0.025 0.091 0.028 3.2–10.7%

5% PAni 0.085 0.010 0.082 0.009 3.6–10.0%

10% PAni 0.074 0.012 0.076 0.013 1.3–7.6%

15% PAni 0.066 0.019 0.071 0.022 4.6–13.6%
aASV measurement by developed sensor; busing AAS method for
confirmation.
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such a low pH value equal to 3, PAni showed good protection
for MNPs as expected. The released amount of Fe from the
nanocomposite might closely correspond to the physically
adsorbed Fe during synthesis. In the acidic medium, MNPs
were degraded; therefore, irons were found to be easily
released (Table 2, (c)). In the nanocomposite forms, MNPs
were covered by PAni, the solving process of iron by acidic
medium was declined, and as a result, the released amounts
of iron approached the constant after several recycle times
(Table 2, (c)).

4. Conclusions

The adsorbent material was a nanocomposite prepared by
coating of nanosized magnetite (MNPs) with polyaniline
(PAni) in direct oxidative polymerization. The PAni/MNP
nanocomposite exhibited better ability in arsenite removal
than the bare magnetite. The polyaniline coating showed
advantages in reducing not only agglomeration but also cor-
rosion of MNPs and accordingly helped the adsorbent to
maintain its adsorbing ability over several recycling times.
The maximum adsorption ratio of the nanocomposite was
obtained at 50mg/g with aniline composition of 5 wt%. A
compact ASV-based sensing system was developed to
directly evaluate the performance of adsorbent versus arse-
nite concentration. Using a self-fabricated triple-gold elec-
trode, a calibration curve was built with limit-of-detection
(LOD) as low as 10ppb As(III). The design of this study
can provide a real-time/rapid treatment and observation for
highly toxic As(III) contamination in water resources follow-
ing the recommended standard of the World Health Organi-
zation (WHO).
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