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Abstract

A new sensitive and selective molecularly imprinted electrochemical sensor was developed for Azorubine determination. This
sensor was based on molecularly imprinted polymer composed of poly(1-naphthylamine), triphenylamine (as cross-linkers)
and dispersed MnO, nanorod particles on graphite nanopowders. The structure of the prepared nanocomposite was char-
acterized by X-ray powder diffraction, energy-dispersive X-ray spectroscopy, field emission scanning electron microscopy,
transmission electron microscopy and Fourier transform infrared spectroscopy. Calibration curve of the imprinted sensor
was linear in the concentration range 1-12 mg L™! with a detection limit of 0.57 mg L™". The application of the sensor was

checked by the determination of Azorubine in a water sample.

Keywords Poly(1-naphthylamine) - Nanomanganese oxide - Graphite nanopowder - Molecularly imprinted
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Introduction

Natural and synthetic colors are extensively used in various
food and cosmetic industries. Since natural food colors are
relatively unstable and are more expensive than synthetic
ones [1], a great amount of synthetic dyes are currently con-
sumed in a variety of foods, drinks, candies, and sweets [2].
Although azo dyes are the largest group of dyes used in
more than half of the global dye productions [3], some of
them have been confirmed to be genetically toxic [4]. The
permitted amount of these dyes is strictly regulated because
of their potential risk to human health. The lists of permitted
food colors vary from country to country [5]. Thus, monitor-
ing and controlling the levels of dyes in food stuffs are of
paramount importance [6, 7].

A great number of analytical techniques have frequently
been used for the determination of food colorings [8—16].
These techniques include spectrophotometric methods [8,
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9], thin-layer chromatography [10], voltammetry [11], polar-
ography [12], capillary electrophoresis [13], ion chromatog-
raphy [14], and high-performance liquid chromatography
[15, 16]. However, some of these methods lack selectivity,
need to complicated pretreatment and/or require relatively
expensive apparatus.

The selective attitude of molecularly imprinted poly-
mers (MIPs) allowed these materials to have recently been
accepted widely as new prominent molecular recognition
materials for preparing chemical sensors [17-22]. Their
advantages such as stability, low cost and easy producibility
relative to the similar biological species used in biosensors
including antibodies and enzymes are among the highlighted
characteristics of MIP-based sensors [20, 23, 24].

Various chemical sensors have been prepared using MIPs
for molecular recognition followed by appropriate signal
transductions such as impedimetric [25], potentiometric
[26], voltammetry [27] and quartz crystal microbalance
[28] techniques. Since electrochemical techniques allow
sensitive, simple and inexpensive detection of a variety of
analytes, it would be a promising alternative for dye analysis
in food samples [12, 29-32].

Azorubine (disodium 4-hydroxy-3-(4-sulfonato-
1-naphthylazo)-1-naphthalenesulfonate), named also Car-
moisine, is an authorized food color, often used in European
countries, but it is considered a violation in Norway, Sweden
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and the United States [33]. In the present work, the prepara-
tion of an Azorubine—-MIP based on poly(1-naphthylamine)
(PNA) and manganese oxide (MnO,) nanocomposite on
graphite nanopowders (Gr), abbreviated as PNA@MnO,/
Gr, is reported. The synthesis and characterization of the
Azorubine-molecularly imprinted PNA @MnO,/Gr nano-
composite are reported in detail. MnO, was used because it
is suggested that it increases the nanocomposite conductiv-
ity. Furthermore, the interaction of MnO, with both Azoru-
bine and aniline monomers during polymerization leads to a
more efficient imprinting process, and the presence of MnO,
allows also a better adhesion of the graphene oxide and pol-
ymer. The prepared MIP was used for the preparation of
Azorubine-selective voltammetric sensor. The applicability
of the sensor was examined by determination of Azorubine
in water samples.

Experimental
Materials and methods

1-Naphthylamine (for synthesis, Merck), triphenylamine (for
synthesis, Merck), Azorubine (analytical standard, Sigma-
Aldrich), ethanol (Ph Eur, Merck), hydrochloric acid (puriss,
Fluka), sulfuric acid (GR for analysis, Merck), nitric acid
(suprapur, Merck), sodium hydroxide (pellets, Merck),
ammonium persulfate (reagent grade, Sigma-Aldrich),
potassium chloride (extra pure, Merck), potassium perman-
ganate (for analysis, Merck) and graphite (Merck Millipore)
were used for the synthesis of the studied MIP and prepa-
ration of the Azorubine electrochemical sensor. Deionized
water (resistance > 18.2 MQ cm) was used throughout the
experiments and was provided by a water purification system
(Zolalan, M-UV-3*, Iran). Electrochemical measurements
were performed on a three-electrode system voltammeter
(Metrohm 797 VA Computrace, Switzerland). The work-
ing electrode was composed of a layer of the molecularly
imprinted nanocomposite PNA @MnO,/Gr connected to the
voltammeter by a copper wire. The auxiliary and reference
electrodes were a platinum wire and a saturated calomel
electrode, respectively. Nanophase materials were char-
acterized by field emission scanning electron microscopy
(FE-SEM, Mira 3-XMU system, USA). The X-ray powder
diffraction patterns were recorded on a Brucker XRD dif-
fractometer (B8-Advance, Germany) using Cu Ko radiation
in the range 26 =5-60° at 40 kV. Fourier transform infrared
spectra were obtained using a FT-IR Bruker Vector 22 (Ger-
many) spectrophotometer. Transmission electron micros-
copy (TEM) observations were carried out using a Philips
instrument (model CM 120, Holland) with an image analysis
system apparatus. An ultrasonic cleaner Codyson (model
CD-4820, China) bath which worked at 170 W power and
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50/60 Hz was used for ultrasonic irradiations. Centrifuga-
tions were assisted with a centrifuge Heraeus (Labofuge 300,
Germany).

Preparation of MnO,/Gr and molecularly imprinted
PNA@MnO,/Gr synthesis

A mixture of graphite (0.40 g) and potassium permanga-
nate (10.54 g) in 100 mL of sulfuric acid (2 mol L™ 1) was
stirred for 72 h at 100 °C. This mixture was then dispersed
with sonication for 30 min. The product was separated by
centrifugation, washed with deionized water and dried at
room temperature. In this procedure, MnO,/graphite (MnO,/
Gr) was obtained by low oxidation of graphite surface and
reduction of permanganate ion to manganese dioxide.
Then, a mixture of 1-naphthylamine (0.25 g), nanocom-
posite MnO,/Gr (0.10 g), 0.21 g of the cross-linker triph-
enylamine and 0.20 g Azorubine in 60 mL of mixed ethanol/
water (3:1 V/V) solvent was sonicated for 30 min. Polymeri-
zation took place by the addition of ammonium persulfate
(0.20 g) to the mixture under ultrasonic irradiation for a
further 80 min at 30-50 °C. The product (PNA @MnO,/Gr)
was washed thoroughly with mixed ethanol/water (5:3 V/V)
solvent. Non-imprinted (NIP) nanocomposite PNA @MnO,/
Gr was synthesized in the same way except that the template
molecule (Azorubine) was absent. The route of the prepara-
tion of MnO,/Gr and the synthesis of the studied MIP are
illustrated in Fig. 1.

Preparation of the Azorubine sensor

To prepare the working electrode for Azorubine, the syn-
thesized PNA @MnO,/Gr-imprinted nanocomposite pow-
der was added to the silicon oil mixed with a stainless steel
spatula, the excess of silicon oil was taken off with the aid of
a sheet of paper. The final paste was used to fill a hole (3 mm
in diameter, 1 mm in depth) at the end of an electrode body.
This layer was connected to the voltammeter by a copper
wire. The sensor performance was evaluated by cyclic vol-
tammetric system using the prepared sensor in hydrochloric
acid solution (0.1 mol L™!) in the applied voltage range — 1
to 0.3 V.

Results and discussion
Preparation of the Azorubine-MIP

Graphite nanopowder anchored with nanoparticle manga-
nese oxide was prepared by an in situ one-pot procedure.
During the reaction, the reduction of potassium permanga-
nate to manganese dioxide nanorod, and the oxidation of
graphite surface occur simultaneously. This allowed the
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Fig. 1 Schematic representa-
tion of the anchoring of MnO,
nanoparticles on graphite nano-
powders (a) and the synthesis of
Azorubine—imprinted nanocom-
posite PNA@MnO,/Gr (b)
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formation of MnO,/Gr nanocomposite structure, including
nanorods of MnQO,. The space between these nanoparticles
was filled by nanopowder graphite (Fig. 1). It is noteworthy
that the presence of graphite improves significantly the con-
ductance of MnO, nanorods.

The synthesis of molecularly imprinted nanocomposite
of PNA@MnO,/Gr and their corresponding non-imprinted
nanocomposite (NIP) was carried out using a bulk polym-
erization method. The MIP and the corresponding NIP
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(b)

were prepared using 1-naphthylamine as the monomer. The
amine functionalities in this monomer allowed the interac-
tion with the template (i.e. Azorubine molecule), leading
to the formation of well-defined imprinted cavities. The
template was then removed from Azorubine—MIP mate-
rials by the extraction of Azorubine using a mixture of
ethanol/water (1:1 V/V), to afford the free imprinted cavi-
ties for the selective rebinding of the template molecules.
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Characterization

The FT-IR spectra of PNA and PNA@MnO,/Gr are shown
in Fig. 2. The spectra of PNA (Fig. 2a) showed the wave-
number bands at 3355 and 2924 cm™! corresponding to N-H
stretching of amine and aromatic C—H stretching in PNA
skeleton, respectively. The absorption peaks corresponding
to imine stretching mode appear at 1732 and 1653 cm™!,
while the peak at 1594 cm™! is assigned to the N=Q=N
quinonoid ring skeletal (Q) vibrations, and the peak at
1506 cm™! appears due to N-B-N, benzenoid ring skeletal
(B) vibrations. The band located at 1290 cm™ ! is attributed
to the C—N stretching vibration of an aromatic amine. The
peak at 1156 cm™! corresponds to BNH* =Q and B-NH-B
vibrations [34]. The presence of peaks at 769 cm™' is con-
sistent with the polymerization of 1-naphthylamine through
N-C linkages. A comparison of the spectrum of PNA with
that of PNA@MnO,/Gr (Fig. 2b) allowed attributing the
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Fig.2 FT-IR spectra of PNA (a) and PNA@MnO,/Gr (b)

B
D 869 mm

o8
SEM HV: 150KV
View fold: 277 ym Oet: 58

SEM MAG: 75.0 kx  Date(misly) 102614

SEMHV: 150 KV WO: 1434 mm

560 re View Beid: 138 pm Dot: BSE

SEM MAO: 150 kx  Date(maby): 10/27/14

band at 524 cm™! of the latter to the Mn—O vibration. The
other significant peaks in the FT-IR spectrum of the nano-
composite PNA @MnO,/Gr were almost the same described
in the PNA spectrum. The interaction of MnO, and PNA
made the peaks of PNA shift slightly to the lower wavenum-
bers in peak position and obviously weaken peak intensities
with respect to that of PNA.

Figure 3 includes the FE-SEM images of the MnO,
nanorods (a), the distribution of the MnO, nanoparticles (b),
and the SEM images of the Azorubine-molecularly imprinted
polymer (c). These images confirmed a size of ~20 nm for
the formed manganese dioxide rods and their homogeneous
dispersion on the surface of graphite nanopowders.

The chemical composition of the prepared PNA@MnO,/
Gr nanocomposite was examined by EDX spectrum (Fig. 4).
This spectrum depicts the presence of C, N, O, Mn and Au
elements in the sample. The presence of carbon, nitrogen
and oxygen can be attributed to the organic components of
PNA and graphene. The presence of signals of manganese
signifies the anchored manganese dioxide in the structure
of the prepared nanocomposite. The signal of gold resulted
from the cover used for EDX analysis. The corresponding
peaks of carbon, nitrogen, oxygen and manganese elements
approved the PNA @MnO,/Gr nanocomposite formation.

The prepared TEM of the nanocomposite PNA @MnO,/
Gr showed that MnO,/Gr powder is totally covered by the
polymer (Fig. 4). The XRD pattern of PNA@MnO,/Gr
(Fig. 4) contains seven characteristic peaks at 26 values of
8.9°, 18.1°, 25.8°,28.8°, 37.6°, 46.0°, 49.8° which was con-
sistent with the standard XRD data for MnO, (JCPDS card
no. 00-044-0141) and the peaks at 7.9°, 15.9°,23.9°, 32.1°,
40.4°, 46.6°, 52.2°, 57.9° (JCPDS card no. 01-074-2328)
for graphite nanopowder. These characteristics approved
the attachment of MnO, nanoparticles on the surface of the
graphite nanopowder.

SEM HV_ 1508V
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Fig.3 FE-SEM images of a MnO, nanorod, b MnO,/Gr nanocomposite and ¢ PNA @MnO,/Gr nanocomposites
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Fig.4 The EDX spectrum of PNA@MnO,/Gr nanocomposite, TEM
and the XRD pattern of non-imprinted PNA@MnO,/Gr

Azorubine-MIP sensor

The cyclic voltammetry (CV) as a sensitive electro-
chemical method was used for examining the ability of
the prepared Azorubine—MIP sensor designed for the
determination of Azorubine. The prepared sensors based
on the PNA@MnO,/Gr nanocomposite immersed in a
solution of hydrochloric acid (0.1 mol L™!) were used
as indicator electrodes for verifying its electrochemical
behavior in cyclic voltammetry experiments. The poten-
tial applied onto the electrodes was swept in the range
—1to +0.3 V, at a scan rate of 0.1 V s~!. The cyclic
voltammograms of the copper wire electrode modified
with the Azorubine—-MIP and that of non-imprinted (NIP)

Potential (V)

Fig.5 Cyclic voltammograms of Azorubine obtained using the indi-
cator electrodes based on the Azorubine—-MIP (a) and that of the NIP
(b) nanocomposite PNA@MnO,/Gr. Experimental conditions: con-
centration of Azorubine 6 mg L™ in hydrochloric acid (0.1 mol L™1);
scan rate 0.1 V 57!

PNA @MnO,/Gr nanocomposite in hydrochloric acid solu-
tion (0.1 mol L™ 1) containing Azorubine (6 mg L~ 1 are
depicted in Fig. 5.

The obtained cyclic voltammograms (CV) on the MIP
electrode showed a significant reduction peak at —0.2 V
and oxidation peak at 0.06 V, at the scan rate of 0.1 V s~ I
The CV of the electrode covered with NIP presented a
small peak at about 0.06 V. This indicated the nonspecific
adsorption of Azorubine on the MIP and the pronounced
role of the MIP on the response of the sensor to Azorubine.

Anodic and cathodic peaks that appeared in the forward
and reverse scans, respectively, suggested a quasi-revers-
ible electrochemical attitude of Azorubine at the surface
of the indicator electrode. The presence of cathodic peak
current observed for PNA@MnO,/Gr was described by
considering the reduction of the azo group to amine in
a single-step process. These data are also important to
assess the feasibility of the electrochemical degradation of
azo dyes [35]. A suggestion for the mechanism of the azo
group reduction process in acidic media can be expected
as a two-step process shown below:

R2 R2

N—™/—N

R1 R1
It is noteworthy that for such reduction process, in neu-
tral or weak acid media, some two or three electron reduc-

tion mechanisms resulting in hydrazo compounds as final
products have been proposed [36].
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Fig.7 Cyclic voltammograms of Azorubine (a) and Rhodamine B
(b) using the electrode prepared based on the Azorubine—imprinted
polymer PNA@MnO,/Gr. Experimental conditions: concentration of
Azorubine and Rhodamine B 6 mg L™ 1 electrolyte 0.1 mol L' HCI;
scan rate 0.1 V 57!

The cyclic voltammograms and the potentials correspond
to the current peaks of the electrodes contacting with Azoru-
bine solutions (1, 3, 6 and 12 mg L™ 1) in the range 25-180 s
before recording the cyclic voltammograms. As instance,
the cyclic voltammograms and the potentials of the current
peaks for the solution of 6 mg L™' are shown in Fig. 6. An
independency to the contact time, in the studied range, of
the electrode response confirmed the reversibility and rapid
binding of the analyte by the investigated MIP.

Characteristics of the prepared sensor

To evaluate the selective behavior of the prepared sensor
toward Azorubine, its cyclic voltammogram (6 mg L™') in
a 0.1 mol L™! of hydrochloric acid and with a scan rate of
0.1 V s~! was compared with that of Rhodamine B under the
same conditions. This dye was tested because the unauthor-
ized use of this dye in food products in place of Azorubine
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Fig.8 CV diagrams of the reduction currents of various concentra-
tions of Azorubine in 0.1 mol L™! of hydrochloric acid and scan rate
0.1Vs™!
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Fig.9 Calibration curve of the investigated MIP-modified sensor’s
response as a function of Azorubine concentration. Error bars are
+ standard deviation for 1o,_; (n=3)

is illegal sometimes. The results are shown in Fig. 7. This
comparison showed the excellent selectivity of the prepared
sensor based on the imprinted PNA @MnO,/Gr nanocom-
posite toward Azorubine.

The examination of the voltammetric response of the
investigated sensor as a function of the Azorubine concen-
tration (Fig. 8) has proved the linear response of the elec-
trode in the range 1-12 mg L' of Azorubine, in 0.1 mol L™!
solution of hydrochloric acid. The corresponding calibration
curve is shown in Fig. 9. The linear equation at potential
—0.2 V was i=0.94 Cy, 0 upine +4-80 (with R*=0.98), in
which “7” is the absolute current in uA, and Cy,orupine 1S
the Azorubine concentration in mg L™'. Linear calibration
model was used to compute the LOD and LOQ using the
equations LOD = 3s,,,/m and LOQ = 10s,,,/m, where s, is
the standard deviation of the blank response and m is the



Journal of the Iranian Chemical Society (2018) 15:2713-2720 2719
Table 1 Comparison of different electrochemical methods in the determination of Azorubine

Electrode Method LDR?*(mg L~ 1 LoD® (mg L™ ' LOQ® (mg L~ D) Investigated interference References
Mercury DPP 0.02-4.0 —d 0.042 Ponceau 4R, Allura red [37]
Bismuth film/glassy carbon DPV 0-60 3 9 Amaranth, Poceau, Allurared [38]
MWCNT/glassy carbon DPV 0.27-2.5 0.06 - Tetrazine, sunset yellow [39]
NiO/CNTs/carbon paste (6\Y% 35-327 0.01 —d Tetrazine [40]
MnO,/1-naphthylamine/graphite CV 1-12 0.57 1.92 Rhodamine B 6 This work

“Linear dynamic range
"Limit of detection
‘Limit of quantification

4Not reported

slope of the calibration curve. The estimated LOD and LOQ
were 0.57 and 1.92 mg L™, respectively.

Characteristics and analytical performances of the devel-
oped sensor together with those of some previously reported
electrochemical sensors for the determination of Azorubine
are shown in Table 1.

Application of the sensor

The application of the proposed MIP electrochemical sen-
sor was evaluated by the determination of spiked Azoru-
bine in a well water sample (University of Zanjan campus,
Zanjan, Iran). 50 mL portions of the sample, acidified to
0.1 mol L~ ! with HCI, were spiked with different amounts
of Azorubine. The final concentration of the analyte in these
samples ranged 1-12 mg L~!. Each solution was used for
three independent cyclic voltammetric determinations. The
variation in determined currents, at potential —0.2 V, as a
function of Azorubine concentration gives a straight line
(i=0.89 C,orupine +3-97; R*=0.97), showed the ability of
the prepared sensor for the determination of Azorubine in
such samples.

Conclusions

MnO, nanorod particles were in situ grown on the nano-
powder of graphite. The PNA@MnO,/Gr nanocomposite
was prepared via polymerization of 1-naphthylamine on the
surface of MnO,/Gr nanocomposite. Azorubine molecularly
imprinted PNA @MnO,/Gr nanocomposite was successfully
applied for the preparation of an Azorubine sensor. The
proposed sensor offered the simplicity in design and short
measuring time. It exhibited a wide linear calibration range,
a good sensitivity and repeatability. This sensor was applied
for the determination of Azorubine in a well water sample
with satisfactory results.
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