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Abstract In this paper, a facile immobilization of copper
hexacyanoferrate nanoparticles (CuHCFNP) on a paraffin
wax-impregnated graphite electrode (PIGE) was carried
out using the room-temperature ionic liquid (RTIL) 1-
ethyl-3-methylimidazolium tetrafluoroborate (EMIMBFEF,)
as an ionic binder. The characteristics of the CuHCFNP/
EMIMBEF, gel-modified electrode were investigated by
cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) techniques, and the modified electrode
morphology was also characterized using field emission
scanning electron microscopy (FESEM). The electrocata-
lytic behavior of butylated hydroxyl anisole (BHA) at the
modified electrode has been investigated in 0.1 M KNOj
in static and dynamic conditions. Under the optimum con-
ditions, the oxidation peak current was proportional to the
BHA concentration in the range from 1.5 to 1000 uM
with a detection limit of 0.5 uM (S/N = 3). The proposed
method was applied to determine BHA content in real
samples with satisfactory results.
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Introduction

Nanomaterials have fascinated a huge interest in recent years
because of the unusual mechanical, electrical, and optical
properties endowed by confining the dimensions of such ma-
terials and because of the combinations of bulk and surface
properties to the overall behavior. One need only consider the
staggering developments in electrochemical sensors to appre-
ciate the potential of materials with reduced dimensions.
Electrochemical sensors have an increasing demand for deter-
mining the low concentration of biological, environmental,
and industrial significant samples as simple, inexpensive,
and rapid analytical methods [1-3]. Most development in
the electrochemical sensors in the recent years has originated
from nanomaterial-based modified electrodes for enhanced
sensitivity and selectivity [4—06].

Metal hexacyanoferrates, a class of polynuclear mixed-
valence compounds, have attracted much attention because
of their special properties such as ion-exchange selectivity,
electrochromism, solid-state batteries, photoimage formation,
magnetism, and electrochemical sensors [7-9]. Among many
transition metal hexacyanoferrates, copper hexacyanoferrate
(CuHCF) has been studied widely because they exhibit useful
applications in catalysis and biosensing determinations
[10—12]. CuHCF nanoparticles (CuHCFNP) offer higher cat-
alytic efficiency per gram than the bulk one due to their larger
surface-to-volume ratios [13, 14].

Room-temperature ionic liquids (RTILs) are a class of
materials which have attracted the attention of many sci-
entists as holding a great promise for green chemistry
applications [15]. RTILs have significant characteristics,
including a wide electrochemical window, low vapor pres-
sure, high thermal stability, good ionic conductivity, and
no hydrogen evolution [15]. The electrochemical applica-
tions that involve RTILs comprise the electrochemical
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devices like in batteries, capacitors, fuel cells, photovol-
taics, actuators, and electrochemical sensors [16—18].

Recently, carbon ionic liquid electrodes (CILEs), with the
advantages of low cost, ease of preparation, high conductivity,
wide electrochemical windows, antifouling effect, and renew-
able surface, have been widely used in the field of electrochem-
ical sensing [19-22]. CILE can be prepared by substituting a
non-conductive organic binder with high conductive ionic lig-
uids, which exhibit superior electrochemical performances
over the traditional working electrodes [23]. Numerous elec-
trochemical sensors were reported earlier using CILEs [19-24].
However, only very few reports are available using RTIL as a
binder in immobilization of redox mediators [25, 26].

Butylated hydroxyl anisole (BHA) is a commonly used
phenolic preservative in commercial products such as vitamin
tablets, edible oils, confectionary, food packing, animal feed,
cosmetics, and junk food. BHA is added to food products to
improve their stability, especially to prevent rancidity in prod-
ucts containing lipids or fats. BHA is exclusively used in food
products because of its ability to remain active even at high
temperatures while cooking or baking. Even though it is wide-
ly used, excessive use of BHA can bring about some physical
ailments such as hyperactivity in children [27] and allergy in
adults. Furthermore, a large dose of BHA can cause tumors in
lab animals. As BHA is an extensively used food preservative
and also toxic at higher amounts, it is necessary to develop a
fast, accurate, and reproducible method for the determination
of BHA [28, 29].

However, to the best of our knowledge, no study has report-
ed yet about the determination of BHA using a CuHCFNP/
EMIMBF, gel-modified electrode. In the present work, an
RTIL (EMIMBF,) is used as the binder for immobilization of
a CuHCFNP in a paraffin wax-impregnated graphite electrode
(PIGE). From our earlier reports [25, 26], the nanocomposite
was based on the idea that the CuHCFNP with EMIMBE,
could enhance the electron transfer rate and also exhibit in-
creased sensitivity and stability for BHA determination.

Experimental
Chemicals

A spectroscopic-grade graphite rod (3 mm diameter) was used
as received from Aldrich. 1-Ethyl-3-methylimidazolium tetra-
fluoroborate (EMIMBF,) was purchased from Alfa Aesar.
BHA was obtained from HIMEDIA Laboratories Pvt. Ltd.,
India. Potassium hexacyanoferrate, copper chloride, and po-
tassium chloride were of analytical grade. pH was varied using
0.1 M HNOj; and 0.1 M NaOH solutions. All other reagents
were of analytical grade and used without further puri-
fication. All aqueous solutions were prepared with
double-distilled water.
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Instrumentation

UV-vis was obtained with a fiber-optic spectrometer (Ocean
Optics, Inc., FL, USA) with a DT lamp. XRD analysis was
performed on a Bruker model D8 using Cu K« radiation. A
field emission scanning electron microscopy (FESEM) image
of the electrode surface was obtained on SU6600 field emis-
sion scanning electron microscopy (Hitachi, Japan). TEM im-
ages were obtained using a Hitachi H7650 Microscope.

Electrochemical measurements were performed with a CHI
660B electrochemical workstation (CH Instruments, USA)
controlled by a personal computer. A three-electrode system
was employed in this study. A platinum wire and a saturated
calomel electrode (SCE) were used as auxiliary and reference
electrodes, respectively. All potentials were referred to the
latter. The modified electrode employed as the working elec-
trode was prepared according to the procedure described be-
low. A magnetic Teflon stirrer was provided for the convective
transport during the amperometric measurements. All the ex-
periments were performed at room temperature.

Synthesis of ChaHCFNP

In a typical procedure, 70 mL of 0.01 M aqueous solution of
CuCl, was added slowly to 70 mL solution of 0.05 M
K3Fe(CN)g containing 0.05 M KCl under stirring [14]. After
complete addition, the mixture was vigorously agitated for
15 min and then directly subjected to centrifugation. The
retentate was continuously washed with double-distilled water
several times and then collected after centrifugation and dried
overnight in vacuum to get a light-green-colored powdered
substance. The ChHCFNP could be redispersed in distilled wa-
ter and ethanol, which were suitable for further characterization.

Construction of the CuHCFNP/EMIMBF, gel-modified
electrode

About 10 mg of CuHCFNP mixed with 5 uL. EMIMBF, was
ground with an agate mortar for about 10 min, and a fine gel
was obtained. PIGE with a circular surface diameter of 3 mm
prepared as reported [30] was used for electrode modification.
One end of the electrode was carefully polished on a smooth
surface and with emery paper, washed with distilled water,
and dried in air. Then, the polished surface was coated with
CuHCFNP/EMIMBEF, gel by mechanical transfer. Finally, the
gel on the electrode surface was spread with a spatula to have a
thin gel film on the PIGE surface, which was used as the
working electrode. For comparison, a CuHCFNP/paraffin
oil gel-modified electrode was also prepared using paraf-
fin oil as a non-ionic binder with CuHCFNP and the same
procedure was followed. A CuHCFNP-modified electrode
was also prepared through mechanical immobilization of
CuHCFNP (without RTIL).
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Fig. 1 a UV-vis spectrum of CUHCFNP. b XRD pattern of CuHCFNP

Determination of BHA commercial samples

BHA in spiked samples of commercially available dry potato
flakes was investigated. The potato flakes were crushed in an
agate mortar. About 500 mg of the powdered sample was
spiked with a known amount of the standard solution of
BHA and placed into a 10-mL centrifuge tube. The extraction
was carried out with 5 mL of a 10 % methanol-water solution.
The mixture was mechanically shaken for 20 min, and after
centrifugation at 3000 rpm for 30 min, the supernatant extract
was collected. The supernatant extract was added to 0.1 M
KNO; in the electrochemical cell and BHA were analyzed
by a standard addition method.

Results and discussion

UV-vis and XRD of the potassium-copper
hexacyanoferrate nanoparticles

The UV-vis spectrum of CuHCFNP exhibits a strong absor-
bance at 305 nm and a broad absorption around 420 nm
(Fig. 1a). The absorption at 305 nm can be assigned to the
ligand to metal charge transfer (LMCT) band of [Fe"(CN)],
and that at 420 nm due to the d-d transitions of Cu". This
observation is consistent with an earlier report [31], which
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indicates the formation of CUHCFNP. XRD analysis has been
applied to determine the structure and average size of the
CuHCFNP. CuHCFNP showed broad peaks, which can be
indexed as a face-centered-cubic (fcc) structure (Fig. 1b),
where the peak positions are identical to CuHCF pattern
(JCPDS card, file no. 86-0513). It can be observed that the
peaks are broader, indicating the existence of crystallites of
nanometer in size. The average crystalline size, which was
determined from the half-width of the diffraction peaks by
using the Debye—Scherrer equation, was approximately
32 nm in diameter.

HRTEM, FESEM, and EDS analysis

Figure 2a shows the typical HRTEM image of the synthesized
CuHCFNP, where a fairly uniform particle size is clearly seen.
The particles are dispersed in the aqueous solution with no
evidence of aggregation. The particle shape is spherical and
the size distribution is ranging from 20 to 60 nm. The EDS
pattern reveals that the CUHCFNP is composed of K, C, N, Fe,
and Cu which are the elements present. The EDS spectra
showed peaks for Cu and Fe at 8.1 and 6.4 keV, respectively,
confirming the presence of these elements in the CuHCFNP.
The amount of the Cu is almost equal to the amount of Fe
atoms. The proposed empirical formula of the CUHCFNP may
be given as KCu[Fe(CN)g] (figure not shown). The

Fig. 2 a HRTEM image of
CuHCFNP. FESEM images of b
the CuHCFNP/EMIMBF, gel-
modified electrode and ¢ the
CuHCFNP/paraffin oil gel-
modified electrode
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morphology of the CUHCFNP/EMIMBE, gel-modified elec-
trode was characterized using FESEM (Fig. 2b). The
CuHCFNP was homogenously dispersed in the EMIMBEF,
IL and evenly coated in the electrode surface without any
aggregation owing to the highly conductive IL. In the case
of the CuHCFNP/paraffin oil gel-modified electrode, the
CuHCFNP was sparingly distributed in severe aggregation
(Fig. 2c¢).

Cyclic voltammetric studies of the modified electrodes

The cyclic voltammograms of the different modified elec-
trodes such as bare electrode, CuHCFNP-modified electrode,
CuHCFNP/paraffin oil gel-modified electrode, and
CuHCFNP/EMIMBF, gel-modified electrode in 0.1 M
KNOsj at the scan rate of 20 mV s ' are shown in Fig. 3a. It
was found that there was no electrochemical response for the
bare electrode (curve a). The CV of the CuHCFNP-modified
electrode was studied under the same condition (curve ¢), and
it has shown a pair of well-defined redox peaks with the an-
odic and cathodic peak potentials of 0.68 and 0.61 V, respec-
tively, which is due to the redox reaction of Fe[(CN)q]*
“/Fe[(CN)s]*" present in CuHCF. The paraffin oil-
CuHCFNP-modified electrode (curve b) has shown a pair of
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(d) CuHCFNP/EMIMBE, gel-modified electrode in 0.1 M KNOs,
with the frequency swept from 1 Hz to 0.1 MHz. Inset: modified
Randles equivalent circuit diagram and enlarged view of the
CuHCFNP/EMIMBF, gel-modified electrode

redox peaks but the anodic and cathodic potentials were ob-
served at 0.72 and 0.57 V, with the peak-to-peak separation
(AE,) of 0.15 V, which indicates that the electron transfer rate
in the CaHCFNP is decreased due to the non-conductive lig-
uid paraffin binder enhancing the ohmic resistance of the cell,
resulting in a distorted voltammogram. On the other hand, for
the CUHCFNP/EMIMBFEF, gel-modified electrode, a pair of
well-defined redox peaks appeared (curve d) with enhanced
peak currents and lesser anodic and cathodic peak potentials
(0.67 and 0.62 V) and the AE,, has decreased to a greater
extent (50 mV). The results indicate that the CuHCFNP/
EMIMBEF, gel-modified electrode has shown better reversibil-
ity than the CuHCFNP/paraftin oil gel-modified electrode and
the CuHCFNP-modified electrode, suggesting that the pres-
ence of RTIL (EMIMBF,) promotes the rate of the electron
transfer of the modified electrode.

Electrochemical impedance spectroscopy of the modified
electrodes

Electrochemical impedance spectroscopy (EIS) was
employed to investigate the charge transfer behavior at the
modified electrodes (Fig. 3b) and was also compared with that
of the bare electrode. The electrode was scanned in the range

Fig. 4 a Dependence of the peak 50 150 b
current (I, and Z,,c) vs. scan rate 40a . 100 - Cathodic
(). b Dependence of the peak z ig Cathodic < /M
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S o
g -0+ £
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O .30 - © 100
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Fig. 5 a Cyclic voltammograms
of the (@) bare electrode, (b) bare
electrode in the presence of

2.4 x10"* M BHA, (¢)
CuHCFNP/EMIMBF; gel-
modified electrode, and (d)
CuHCFNP/EMIMBF, gel-
modified electrode in the presence
of2.4x10* M BHA; electrolyte,
0.1 M KNOg; scan rate,

20 mV s~ b Plot of the catalytic
current versus concentration of
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of 1 Hz to 0.1 MHz. All experimental plots could be well
described theoretically with the generalized Randles model.
The modified Randles equivalent circuit model was chosen to
fit the measurement results (Fig. 3b inset circuit). The charge
transfer of the cations between the solution and the
CuHCFNP/EMIMBEF, gel-modified electrode and the trans-
port of these ions within the composite can be described well
with the suggested model. Figure 3b shows the Nyquist plot
for the four different modified electrodes. It was observed that
the CuHCFNP/EMIMBEF, gel-modified electrode offered the
least resistance to charge transfer at the formal potential of the
electrode when compared to the other modified electrodes.

The electron transfer resistance (R.) of a CuHCFNP-
modified electrode (without RTIL) was estimated to be
339.5 Q (curve b). With the CuHCFNP/paraffin oil
gel-modified electrode, an R value of 8.1 K€ (curve c) was
obtained, which could be due to the interface effect obtained by
presence of the non-conductive liquid paraffin binder enhancing
the ohmic resistance. When the CuHCFNP/EMIMBF, gel was
coated on the electrode surface, the charge transfer resistance
was reduced to 96.0 Q2 (curve d). The enlarged EIS plot of the
CuHCFNP/EMIMBEF, gel-modified electrode is shown in curve
d of Fig. 3b. The result indicates that the electron transfer was
accelerated on the CuHCFNP/EMIMBF, gel-modified elec-
trode, which was attributed to the high ionic conductivity of
the RTIL present with the C’uHCFNP.

Electrochemical oxidation

2K,Cu"[Fe"(CN),]

0 01 02 03 04 05 06 07 08 09 10 0 50
Potential (V vs. SCE)

00 150 200
[BHAL/(uM)

Effect of scan rates

The cyclic voltammograms of the CulCFNP/EMIMBF, gel-
modified electrode were recorded at different scan rates in the
range 5-150 mV s'. Both the anodic and cathodic peak cur-
rents were found to increase upon increasing the scan rates.
Also, at lower scan rates (<40 mV s '), the peak currents are
linearly proportional to the scan rate, confirming that the re-
dox reaction is a surface-confined process (Fig. 4a). However,
at higher scan rates (v > 50 mV s '), the peak currents were
proportional to the square root of the scan rate, which indicates
that the redox process is a diffusion-controlled process (Fig.
4b) [32, 33].

The electrochemical rugosity (I') or surface concentration
of the electroactive species was also estimated [20]. The " of
the modified electrode was calculated to be 9.1 x 10~ mol/
cm? at a scan rate of 20 mV s .

Electrocatalytic oxidation of BHA at the modified
electrode

The modified electrode was employed for the electrocatalytic
oxidation of BHA and the CVs obtained are shown in Fig. Sa.
Curves a and c correspond to the voltammograms of the bare
electrode and modified electrode, respectively, in 0.1 M
KNOs in the absence of BHA, and curves b and d correspond

» 2KCu'[Fe"(CN)]+ 2K * + 2e-

T

OH

Chemical oxidation

2KCu"[Fe"(CN) ]+ 2K * +

» 2K,Cu''[Fe"(CN) ]+ +CH;OH + 2H*

H,0

o)
HsC™

BHA

o)
TBQ

Scheme 1 The electrocatalytic oxidation mechanism of BHA at the CuHCFNP/EMIMBE, gel-modified electrode
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to those obtained in the presence of 1.42 x 10> M BHA,
respectively. The response of the bare electrode to the oxida-
tion of BHA (curve b) was much less pronounced than that
obtained with the modified electrode (curve d). As could be
seen, the modified electrode exhibited an enhanced anodic
current at a lower potential in the presence of BHA, which is
indicative of the electrocatalytic process occurring at the mod-
ified electrode surface. For each addition of BHA, a corre-
sponding increase in anodic current was observed. The mod-
ified electrode showed a linear response for the catalytic oxi-
dation of BHA. The linear range for the determination of BHA
is from 1.5 x 107 to 1.0 x 10> M with a correlation coeffi-
cient 0£0.9923 (Fig. 5b). The electrocatalytic oxidation mech-
anism of BHA to #-butyl quinone (TBQ) at the CuHCFNP/
EMIMBF, gel-modified electrode is given in Scheme 1.

Effect of pH and long-term stability of the modified
electrode to BHA determination

The impact of pH on the electrocatalytic activity of the mod-
ified electrode in the pH range from 2 to 9 was studied. Figure
6a depicts the variation of the anodic peak current for the
oxidation of 2.75 x 10* M BHA at different pH values. The
maximum current response for oxidation was obtained at
pH 7.0, and a decrease in current at higher pH values was
observed which is due to the hydroxylation of the mediator.
Hence, pH 7.0 was chosen as the optimum pH for the deter-
mination of BHA. The pH of the supporting electrolyte was
maintained using 0.05 M phosphate buffer for subsequent
experiments of electrocatalytic oxidation of BHA.

The electrocatalytic activity of the CuAHCFNP/EMIMBF,
gel-modified electrode was studied for a period of 60 days in
the presence of 3.2 x 10* M BHA, and the results showed
that the modified electrode retained 96.1 % response at the end
of the period. For studying the stability of the modified elec-
trode for amperometric determination of BHA over a longer
time period, current measurements were made for a 5-h dura-
tion at a time interval of 30 min. Figure 6b shows that the
modified electrode responded almost equally in the entire time
scale under hydrodynamic conditions, showing the
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remarkable stability of the modified electrode for
electrocatalysis. It can be noticed from the figure that the
modified electrode exhibits an almost constant response, sug-
gesting the stable immobilization of the CuHCFNP in the
electrode surface with the aid of RTIL.

Linear sweep voltammetry and chronoamperometric
studies

In order to study the applicability of the CuHCFNP/
EMIMBEF, gel-modified electrode for the determination of
BHA in flow systems, linear sweep voltammograms have
been recorded by measuring the current for different fixed
potentials as shown in Fig. 7. The catalytic current observed
with the modified electrode (curve b) was much higher and
also at a lower potential for the detection compared to the bare
electrode (curve a). The electrocatalytic current at the modi-
fied electrode was found to be maximum at 0.68 V (Fig. 7).
This behavior illustrates that the oxidation of BHA is greatly
enhanced at the CuHCFNP/EMIMBF, gel-modified electrode
due to electrocatalysis which is effectively assisted by the
highly conductive RTIL. Hence, a potential of 0.7 V was
selected as the working potential for amperometric

20
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Fig. 7 Linear sweep voltammetry obtained with the (a) bare electrode
and (b) modified electrode in the presence of 9.5 x 107> M BHA.
Electrolyte, 0.1 M KNOs; stirring rate, 300 rpm
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determination of BHA using the CuHCFNP/EMIMBFEF, gel-
modified electrode.

The amperometric response of the CuHCFNP/EMIMBEF,
gel-modified electrode towards the oxidation of BHA was
tested by the successive addition of 0.5 mL of 2 mM BHA
to the stirring supporting electrolyte solution of 0.1 M KNO;
(0.05 M phosphate buffer, pH 7) at an operating potential of
0.7 V, and a part of the measurement is shown in Fig. 8a. Each
addition of BHA caused a rapid change in the current which
attained a constant value in a fairly short time (less than 5 s).
The catalytic currents exhibited quite good reproducibility and
a good linear relationship for BHA was obtained as shown in
Fig. 8b. Such a good response of the CuHCFNP/EMIMBF,
gel-modified electrode to oxidation of BHA under dynamic
conditions justifies its viable application in flow systems.

Interference studies

The specificity of the CuHCFNP/EMIMBF, gel-modified
electrode to BHA determination in the presence of some pos-
sible interfering substances like butylated hydroxyl toluene
(BHT), ascorbic acid (AA), citric acid, lactic acid, propyl gal-
late, and various cations and anions was examined for their
influence on the determination of 30 uM BHA. It is well
known that AA and BHT coexist with BHA in many samples,
which may affect the determination of BHA. It was observed
from CV studies that the oxidation of BHT at the modified
electrode took place at a higher potential when compared to
BHA. The results exhibit that it is sufficient to allow the deter-
mination of one of the compounds in the presence of another.
The experiment showed that a 500-fold excess of BHT, citric
acid, lactic acid, and propyl gallate did not interfere with the
determination of BHA. The cations and anions such as Ca2+,
Ba>*, Mg®", NO;~, and SO,* had negligible effects in the

determination of BHA. However, AA is significantly interfer-
ing with the BHA determination. The interference from AA
can be easily eliminated by coating the surface of the modified
electrode with Nafion as reported elsewhere [34]. Thus, the
results reveal that this CuHCFNP/EMIMBF, gel-modified
electrode has reasonable selectivity for BHA determination.

Commercial sample analysis

The practical utilization of the CuHCFNP/EMIMBF, gel-
modified electrode for the determination of BHA in real sam-
ples was tested by measuring the concentration of BHA in
potato flake samples using the CV technique. The results are
summarized in Table 1. The recovery ranged from 97.04 to
99.20 %, which showed that the proposed method is a reliable
one for the estimation of BHA using three different potato
flake samples.

Conclusion

In summary, the main feature of this work is enhancing the
electron transfer rate of the redox mediator CuHCFNP using

Table 1  Determination of BHA in dry potato flake samples
Sample Concentration of BHA (uM) Recovery (%)
Added Found®
50 49.60 +1.20 99.20
50 48.52 £ 0.53 97.04
50 49.12 £ 0.75 98.24

# Average of five replicate measurements (+ standard deviation)
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RTIL (EMIMBF,) as an ionic binder. The CuHCFNP/
EMIMBF, gel-modified electrode showed an excellent elec-
trocatalytic performance towards oxidation of BHA, which
was due to the presence of ionic liquid in the CuHCFNP in
the electrode surface. Finally, the proposed method was suc-
cessfully applied to the commercially available dry potato
flake samples. Also, the application of this modified electrode
to determine some biological and environmental analytes is
under progress.
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