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A novel nitrite sensor was constructed via electropolymerization of L-cysteine on the multiwalled carbon
nanotubes and then immobilization of cationic poly(diallyldimethylammonium chloride) coated Fe3O4

nanoparticles through electrostatic interaction at glassy carbon matrix. Under the optimized conditions,
the obtained sensor exhibited good electrocatalytic activity for the oxidation of nitrite, and the peak
current of nitrite increased linearly with its concentration from 7.49 � 10�6 to 3.33 � 10�3 mol/L
(R = 0.9998) with the detection limit of 8.46 � 10�7 mol/L (S/N = 3). Moreover, the sensor exhibited good
sensitivity, stability and repeatability with potential applications.
Crown Copyright � 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Nitrite is commonly used as an industrial salt and food additive.
Thus, nitrite is widespread within environment and physiological
systems. According to World Health Organization, the maximum
permissible amount of nitrite ion in drinking water is 50 mg/L
[1,2]. Nitrite, in high levels, can form nitrosamines by interacting
with amines, which are toxic and carcinogenic substances [3]. So
an accurate determination of nitrite is important to protect envi-
ronmental and reduce the health risks. Many techniques have been
developed for determining nitrite, such as flow injection analysis,
colorimetric method, chemiluminescence, electrochemical analysis
and so on [4–7].

Among them, electrochemical methods are often favored over
others due to the easy operation, fast response and relatively low
cost [8]. Recently, different kinds of electrochemical nitrite sensors
have been fabricated based on the chemical modification of
electrode [9–12].

Fe3O4 magnetic nanoparticles (NPs), a half-metallic metal oxide
with the inverse spinel structure [13], possess appealing magnetic
properties, nontoxicity, easy synthesis and electrocatalytic capabil-
ity. From the references, nitrite sensors based on Fe3O4 NPs have
been reported with excellent electrocatalytic performance toward
nitrite oxidation [14–16].

However, pure magnetic nanoparticles are very likely to
aggregate and sensitive to oxidation for their large ratio of surface
area to volume and high chemical reactivities, resulting in poor
dispersibility and limiting their application to some extent [17].
Among extensive applications in magnetic resonance imaging,
drug delivery, catalyst and biosensor [18–21], surface modification
of Fe3O4 NPs is an important step because it prevents the Fe3O4 NPs
from aggregating, improves NPs stability in suspension and
enhances biocompatibility of NPs [22]. Thus, numerous coating
materials, such as Pt [14], Au [16], polypyrrole [17], polydopamine
[23] and citrate [24] were used to modify the surface of Fe3O4 NPs.
Satisfactorily, polymer coating has good biocompatibility, stability,
and provides a useful platform for further functionalization. As
reported by Cheng et al. [25], Fe3O4 NPs were functionalized with
cationic poly(diallyldimethylammonium chloride) (PDDA) and
applied to colorimetric sensing of glucose and selective extraction
of thiol, developing a new way for the synthesis of bifunctional
NPs.

In this paper, positively charged PDDA coated Fe3O4 NPs
(PDDA–Fe3O4) were prepared successfully by coprecipitation
method. Based on this, a novel sensor was constructed through
immobilization PDDA–Fe3O4 on miltiwalled carbon nanotubes
(MWCNTs) film modified with L-cysteine at glassy carbon (GC)
matrix. The proposed composite film combined the high surface-
to-volume ratio of MWCNTs, the electrocatalytic activity of L-cys
and PDDA–Fe3O4 NPs, their synergistic effect was contributed to
excellent electrocatalytic performance for the oxidation of nitrite.
Compared with other related reports, the proposed nitrite sensor
showed high sensitivity, wide linear range, low detection limit,
good stability and repeatability.
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Fig. 1. XRD patterns of the prepared Fe3O4 NPs (a) and PDDA–Fe3O4 NPs (b).
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2. Experimental

2.1. Instruments and reagents

Electrochemical measurements were performed using a CHI650
electrochemical workstation (CHI, USA) with a conventional three-
electrode system, which was constituted with a GC electrode as
working electrode, a platinum wire as counter electrode and a
Ag/AgCl (saturated KCl) as reference electrode. The morphological
characterization of the synthesized PDDA–Fe3O4 NPs were exam-
ined using X-ray diffraction (D8 Advance, Bruker) and transmission
electron micrograph (JEM-100CX II, Japan).

MWCNTs (Diameter 10–15 nm, University of Marburg,
Germany, Department of Chemistry, Materials Science Center);
poly(diallyldimethylammonium chloride) solution (PDDA)
(Sigma–Aldrich); L-cysteine (L-cys) (Tianjin Guangfu Chemical
Reagent Co.); NaNO2 (Tianjin Deen Chemical Reagent Co.);
FeCl3�6H2O and FeSO4�7H2O (Shanghai No. 1 Reagent Factory);
28% ammonia aqueous solution. Other reagents were of analytical
reagent grade. All solutions were prepared with doubly distilled
water.

2.2. Synthesis of PDDA–Fe3O4 NPs

According to the reference [25], a modified method was used to
synthesize cationic PDDA coated Fe3O4 NPs. A solution (100 mL)
containing 2.7031 g FeCl3�6H2O, 1.3901 g FeSO4�7H2O and PDDA
(v/v, 1.0%) was deoxygenated by stirred vigorously with nitrogen
gas for 20 min, followed by heating to 80 �C. Then 28% ammonia
aqueous solution (10 mL) was added dropwise into the heated
solution. The solution was cooled to room temperature after
reaction at 80 �C for 1 h. The precipitate was collected through cen-
trifugation, washed several times with doubly distilled water, and
dried under vacuum at 65 �C for 7 h to obtain the products.

2.3. Preparation of the sensor

A GC electrode was polished with 1.0, 0.3, and 0.05 lm Al2O3

slurry in turn and sonicated in 1/1 nitric acid, ethanol and doubly
distilled water for 3 min, respectively, dried at room temperature
for use.

8 lL 1.15 mg/mL DMF-dispersed MWCNTs suspension was
casted on the GC electrode surface and dried it under the infrared
lamp to get a MWCNTs/GC electrode.

The electropolymerization of L-cys on the MWCNTs/GC elec-
trode was carried out by cyclic scanning in the potential range of
2.5 V to �1.0 V for 5 cycles in 0.1 mol/L PBS (pH 6.0) with
5 mmol/L L-cys using a scan rate of 100 mV/s. The resulting L-cys/
MWCNTs/GC electrode was rinsed with doubly distilled water to
remove the physical adsorbed L-cys and dried at room tempera-
ture. Then the L-cys/MWCNTs/GC electrode was immersed in the
positively charged PDDA–Fe3O4 NPs aqueous dispersion for 1 h to
fabricate the PDDA–Fe3O4/L-cys/MWCNTs/GC electrode.
3. Results and discussions

3.1. Characterization of Fe3O4 NPs and PDDA–Fe3O4 NPs

As shown in the Fig. 1, the XRD patterns of the Fe3O4 NPs (a) and
PDDA–Fe3O4 NPs (b) were examined. From the figure, the diffrac-
tion peaks at 2h angles of about 30.5�, 35.5�, 43.0�, 53.8�, 57.0�
and 62.7�, which could be indexed to (220), (311), (400), (422),
(511) and (440) planes of the face-centered cubic lattice of
Fe3O4, respectively. These characteristic peaks of the PDDA–Fe3O4

NPs were consistent with those of the Fe3O4 NPs, reflecting that
adding PDDA to a precursor solution did not perturb the formation
of the Fe3O4 NPs.

Fig. 2 displayed the TEM images of Fe3O4 NPs (A) and PDDA–
Fe3O4 NPs (B). The Fe3O4 NPs were nanosized and the average size
was approximate 10–15 nm with uniform distribution. After being
coated with PDDA, the average diameter of PDDA–Fe3O4 NPs was
about 20–25 nm.

3.2. Optimization of experimental parameters

3.2.1. Effect of WMCNTs dispersion amount
The effect of the modification amount of MWCNTs on the

response peak current of 0.5 mmol/L nitrite was investigated. As
shown in Fig. 3, the response peak current of nitrite enhanced
gradually with increasing volume of MWCNTs from 2 to 8 lL, then
almost did not increase from 8 to 10 lL. When further increasing
the modification amount, the peak current showed a decreasing
tendency. This might because that excessive thickness of the film
would hinder the electron transfer on the sensor surface. So, the
optimum amount of MWCNTs was 8 lL.

3.2.2. Effect of L-cys electropolymerization cycles
Cyclic voltammetry was used to form the polymer film with

different cycles. Inset of Fig. 4 showed that L-cys (PBS, pH 6.0)
was electrochemically polymerized on the surface of MWCNTs/
GC electrode successfully. Fig. 4 demonstrated that the response
current increased with the increasing of polymerization cycles
from 0 to 5 and then decreased tendency when the polymerization
cycles was more than 5. So, 5 cycles of electrochemical polymeri-
zation was selected as the optimum condition.

3.3.2. Influence of pH
The influence of the solution pH on the peak current was stud-

ied from 4.0 to 8.0. As shown in Fig. 5, the peak current increased
with the increasing of pH up to 5.5 and decreased at higher pHs.
The peak current reached a maximum at pH 5.5. At pH values
lower than 5.5, the lower current might be caused by the proton-
ation of nitrite ions. At pH values higher than 5.5, the lower current
might because that the oxidation of nitrite was inhibited by oxide
layers on the electrode surface. Therefore, pH 5.5 was used for
further studies.

3.4. Electrocatalytic oxidation of nitrite at different electrodes

Cyclic voltammetry was applied to investigate the electrochem-
ical behaviors of 0.5 mmol/L nitrite at bare GC, MWCNTs/GC, L-cys/
MWCNTs/GC and PDDA–Fe3O4/L-cys/MWCNTs/GC electrodes in



Fig. 2. TEM images of the prepared Fe3O4 NPs (A) and PDDA–Fe3O4 NPs (B).

Fig. 3. Influence of MWCNTs amount on the peak current of nitrite.

Fig. 4. Influence of L-cys electropolymerization cycles on the peak current of
0.5 mmol/L nitrite in 0.1 mol/L PBS; Inset: Electropolymerization of 5 mmol/L L-cys
at MWCNTs/GC electrode in 0.1 mol/L PBS (pH 6.0) using a scan rate of 100 mV/s.

Fig. 5. Influence of pH on the peak current of 0.5 mmol/L nitrite in 0.1 mol/L PBS.
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0.1 mol/L PBS (pH 5.5). As shown in Fig. 6(A), only a small and wide
peak was observed at bare GC electrode (curve a). Compared with
bare GC electrode, the oxidation peak enlarged at the MWCNTs/GC
electrode (curve b) and the potential shifted negatively. The
surface area was enlarged by the three-dimentional porous struc-
ture of MWCNTs, which was conducive to diffusion and adsorption
of nitrite to the electrode surface, but the MWCNTs/GC electrode
exhibited large charging current. A more obvious increase of
oxidation current and decrease of overpotential could be observed
at L-cys/MWCNTs/GC electrode (curve c), indicating L-cys had good
electrocatalytic activity for the oxidation of nitrite. Furthermore,
PDDA–Fe3O4/L-cys/MWCNTs/GC electrode (curve d) presented a
well-defined oxidation peak, largest response current and the most
negative peak potential.

Moreover, cyclic voltammograms of nitrite at PDDA–Fe3O4/L-
cys/MWCNTs/GC electrode in the absence (curve e) and presence
(curve f) of 0.5 mmol/L nitrite were obtained and shown in
Fig. 6(B). Clearly, no electrochemical signal was seen in curve e,
an obvious and specific signal peak occurred in curve f, indicating
that the nitrite sensor based on PDDA–Fe3O4/L-cys/MWCNTs com-
posite film possessed excellent electrocatalytic property for the
oxidation of nitrite. Therefore, the synergetic function of MWCNTs,
L-cys and PDDA–Fe3O4 was contributed to the enhancement of the
oxidation peak current of nitrite at the prepared sensor.
3.5. Effect of scan rate

Scan rate could influence the response current of nitrite. Fig. 7
showed cyclic voltammogram of the sensor at various scan rates



Fig. 6. (A) CVs of bare GC (a), MWCNTs/GC (b), L-cys/MWCNTs/GC (c), and PDDA–Fe3O4/L-cys/MWCNTs/GC (d) electrodes in 0.1 mol/L PBS (pH 5.5) containing 0.5 mmol/L
nitrite; (B) CVs of PDDA–Fe3O4/L-cys/MWCNTs/GC electrode in 0.1 mol/L PBS (pH 5.5) with the absence (e), and presence (f) of 0.5 mmol/L nitrite.

Fig. 7. (A) CVs of PDDA–Fe3O4/L-cys/MWCNTs/GC electrode in 0.1 mol/L PBS (pH
5.5) containing 0.5 mmol/L nitrite at different scan rates (from a to n: 40, 60, 80,
100, 120, 140, 160, 180, 200, 220, 240, 260, 280, 300 mV/s); (B) Plots of the
dependence of the peak current on the scan rates.

Fig. 8. Electrochemical response curves at the PDDA–Fe3O4/L-cys/MWCNTs/GC
electrode in 0.1 mol/L PBS (pH 5.5) with different concentrations of nitrite (from a
to m: 0, 0.00749, 0.0249, 0.0744, 0.099, 0.123, 0.361, 0.698, 0.909, 1.11, 1.67, 2.73,
3.33 mmol/L); Inset: Plots of peak currents vs. [NO2

�].

Table 1
Comparison of other related modified electrodes for the determination of nitrite with
the prepared sensor.

Refs. Modified electrode Linear range
(mol/L)

Detection limit
(mol/L)

[9] L-cys/GC 1.0 � 10�6–4.4 � 10�5 1.0 � 10�7
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in 0.1 mol/L PBS of pH 5.5 containing 0.5 mmol/L nitrite. Inset of
Fig. 7 indicated the oxidation peak currents increased linearly with
the square root of scan rates in the range of 40–300 mV/s, which
was described by the following equation: Ip (lA) = 2.309
+ 0.9392 t1/2 (mV/s) (R = 0.9993), suggesting that the process of
nitrite oxidation was controlled by diffusion.
[10] Pd-Fe/GC 6.0 � 10�6–5.0 � 10�3 2.0 � 10�6

[11] Au/MA/GC 1.0 � 10�5–1.0 � 10�3 8.9 � 10�7

[12] Cyt c/L-cys/Au 5.0 � 10�6–4.5 � 10�4 1.5 � 10�7

[15] {Hb/Fe3O4@Pt}
n/CS/GC

1.5 � 10�6–1.2 � 10�4 2.9 � 10�7

This work PDDA–Fe3O4/L-cys/
MWCNTs/GC

7.49 � 10�6–3.33 � 10�3 8.46 � 10�7
3.6. Analytical characteristics

Under the optimized conditions, electrochemical response
curves at the PDDA–Fe3O4/L-cys/MWCNTs/GC electrode were
obtained in 0.1 mol/L PBS (pH 5.5) containing different concentra-
tions of NaNO2 and shown in Fig. 8. Obviously, the oxidation peak
currents increased gradually with the increasing concentration of
NaNO2. Inset of Fig. 8 represented the calibration curve for the
determination of NaNO2. Linear dependency could be observed
between the current response and concentration of nitrite in the
range of 7.49 � 10�6–3.33 � 10�3 mol/L, the linear regression
equation was Ip (lA) = 3.857 + 31.71C (mmol/L) with a correlation
coefficient of 0.9998. Furthermore, a low detection limit of
8.46 � 10�7 mol/L nitrite was determined at the signal-to-noise
ratio of 3.

As could be seen from Table 1, these results were comparable or
better than nitrite detection with other related sensors, such as
wider linear range or lower detection limit.
3.7. Stability and repeatability

Stability and repeatability were two key factors to evaluate
nitrite sensor performance based on PDDA–Fe3O4/L-cys/MWCNTs
composite film. For detection of 0.5 mmol/L nitrite, the response
current remained nearly 94.7% of its initial value after successive
scanned for 20 cycles. And the relative standard deviation (RSD)
for 7 successive determinations was about 1.4%. Thus, the pro-
posed method had good stability and repeatability for nitrite
determination.



Table 2
Results of the recovery experiment.

Added
(mmol/L)

Measured value
(mmol/L)

Recovery (%) Average
recovery (%)

0.361 0.357 98.9 101.4
0.698 0.686 98.3
0.909 0.976 107.4
1.67 1.74 104.2
2.73 2.68 98.2
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3.8. Interferences

Possible interferences for the detection of nitrite at the PDDA–
Fe3O4/L-cys/MWCNTs/GC electrode were investigated by adding
various species into the PBS (pH 5.5) containing 0.5 mmol/L nitrite.
The results indicated that common ions, such as NH4

+, Na+, K+, Ca2+,
NO3
�, SO4

2� and CH3COO� had no interference on nitrite determina-
tion by the proposed electrode even when they were present in
100-fold excess over nitrite. Other potential organic interferences
had also been examined. It was found that 50-fold citric acid,
glucose and sodium citrate also had no significant interference
for the detection of 0.5 mmol/L nitrite, indicating that the devel-
oped sensor possessed high selectivity for determination of nitrite.

3.9. Applications

The proposed PDDA–Fe3O4/L-cys/MWCNTs/GC electrode was
applied to detect the concentration of nitrite under the optimized
conditions. Standard addition method was adopted to estimate the
accuracy. The determined concentrations and calculated recoveries
were listed in Table 2. Clearly, the results were satisfactory with
the recovery in the range of 98.2–107.4%. This indicated that the
prepared sensor was reliable for the detection of nitrite.
4. Conclusions

In this paper, PDDA coated Fe3O4 NPs were prepared by the
coprecipitation method. PDDA–Fe3O4/L-cys/MWCNTs/GC modified
electrode was constructed via electropolymerization and electro-
static interaction. Cyclic voltammetry was applied to investigate
the performance of nitrite on the sensor. Combined the advantages
of PDDA–Fe3O4, L-cys and MWCNTs, the prepared sensor showed
good electrocatalytic activity for nitrite oxidation and displayed
wide linear range, low detection limit, good stability and selectiv-
ity, which showed a wide prospect for potential applications.
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