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ABSTRACT. Magnetite and zirconium oxide (Fe;04/ZrO,) nano composite, Fe;O4 and ZrO; nanoparticles were
synthesized by a chemical co-precipitation method and hydrothermal decomposition of zirconium metal organic
framework, respectively. The structural and morphological properties of the as-synthesized materials were
characterized by X-ray diffraction and scanning electron microscope. Electrochemical properties of carbon paste
electrode (CPE) modified by Fe;O4, ZrO, and Fe;04/ZrO, nano composites were studied using cyclic voltammetry
and electrochemical impedance spectroscopy in the presence of 2 mM K;Fe(CN)¢/0.1 M KCI aqueous solution.
Voltammograms acquired on Fe;04/ZrO,/CPE showed an enhancement of the oxidation current density compared
to the other modified electrodes. By applying the Randles-Sevcik equation, the CPE modified by Fe;04/ZrO, nano
composite resulted in an electroactive surface area of 0.0978 cm?; about twice to that of the unmodified CPE (0.0458
cm?). The electrochemical sensor was used for the detection of ascorbic acid (AA). Under optimized condition (pH
4) the sensor exhibits sensitivity of 10 pA/uM; LOD of 0.46 uM; LOQ of 1.53 uM and a linear range of 1-6 uM
AA. The Fe;04/ZrO,/CPE has also shown accepted reproducibility (% recoveries 93.54%); RSD of 2.4% and stable
response of 96.91% of the initial current after 30 days of storage.
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INTRODUCTION

L-Ascorbic acid (AA), also known as vitamin C is an organic compound with the molecular
formula C¢HgOg [1-2]. AA is biologically active; exists as an ascorbate anion in various biological
fluids under physiological conditions. It is a water-soluble substance that is essential for all
humans. Many natural sources, including fresh fruits and vegetables, provide AA in large
quantities. Fruits like oranges, citrus fruits, tomatoes, papaya, pumpkin, and strawberries; fresh
vegetables like cabbage, cauliflower, and red and green peppers are the most abundant sources of
AA. Ascorbic acid is widely needed for biological processes, in the pharmaceutical industry and
in the food industry [1-4]. The role of AA in antioxidant and therapeutic purposes makes it an
important food component. The food industry uses AA as an additive, a reducing agent, and
stabilizer of the color, taste, and odor of food. Therefore, AA is important for quality control in
foods, drinks and used to prolong commercial products' shelf life. This is due to its ability to
protect oxidizable constituents by scavenging singlet oxygen, a species that accelerates oxidation
reactions [5-8].

The body requires AA mainly a cure for scurvy, anemia, cardiovascular diseases, and Diabetes
mellitus, and common cold, infectious and liver diseases. It also helps to form collagens protein
that has a role to maintain bones, teeth and in wound healing [1, 8, 9]. AA aids the absorption of
inorganic iron, lowering the level of plasma cholesterol and prevents the formation of nitrosamine.
The biological metabolic activity of folic acid, tryptophan, and tyrosine is also influenced by its
role [3]. An AA dose between 0.6 to 2 mg is recommended for proper function of the body [10].
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It is also reported that an overdose of AA in some people has side effect such as stomach
discomfort, diarrhea, and nausea and skin irritation. Taking AA more than 2 g of body pool
inhibits natural processes of its metabolites such as oxalic acid. The loss of taste and aroma in
food and beverages may be caused by its excess presence in the body. Therefore, monitoring AA
levels in biological fluids has become paramount important. Likewise, ascertainment of AA in
medicinal formulations, quality control stage in foods and beverages has given serious attention
[11].

Different methods such as chemiluminescence [1, 12], chromatography [13], spectrophoto-
metry [14, 15], and mass spectrometry [16] and flow injection [17, 18] have been used to
determine the content of AA in various samples. FTIR-ATR, UV-Vis spectrophotometric and
iodimetric titration methods have also been used for the determination of AA in different food,
fruit and vegetable samples. For example, Yisak et al. [2] reported the content of AA from
aqueous extract of white and brown teff grain and in the baked food called injera using iodimetric
titration and UV-Vis spectrophotometric methods. Belete et al. [3] employed an iodometric
titration and UV-Vis spectrophotometric method to measure the level of ascorbic acid and its
antioxidant properties in fruits that are available on the market. FTIR-ATR and UV-
spectrophotometric methods were also employed by Hagos and co-authors [4] to establish the
level of AA in the soluble extracts of pumpkin flesh, peel, and seeds. However, these techniques
have some limitations; some of them require expensive instrumentation, long times for analysis
and some of them need skilful workers for operation. These drawbacks affirm the need to develop
more rapid, sensitive, accurate, simple operation mode and low cost methods such as electro
analytical for the determination of AA.

Electroanalytical methods are better than other methods due to their quick analytical
responses, high sensitivity, selective determination, low sample requirement, and low power
consumption. They are also simple to operate, low cost, reproducible, robust, and are
environmental friendly [19]. The working principle in electrochemical methods is that they
generally produce electrical signals for example; identified as peak current proportional to the
quantity of the target substance that undergoes oxidation or reduction reactions in a selected
potential window. The amount of AA in aqueous solution and in solutions which contains both
paracetamol and AA were tested using differential pulse voltammetry (DPV) in this study. DPV's
advantage in removing charging current allows for accurate determination of small quantities of
electro active substances, including AA, using this method. Moreover, its sensitivity is superior
to that of the classical cyclic voltammeter methods.

Electrochemical oxidation of AA on unmodified electrodes undergoes an irreversible process.
2,3-Diketogluconic acid is formed during subsequent hydrolysis [20], it is adsorbed at the
electrode surface, results electrode fouling and high over-potential requirements. In addition to
this, it hampered the reproducibility, selectivity and sensitivity of the electrodes. Moreover, using
unmodified electrodes, it is a challenge to selectively oxide AA from biological molecules such
as, dopamine and uric acid, since these substances electrochemically oxidize in similar potential
window as that of AA. To overcome these problems, use of electrode modified by different
materials such as carbon nanotubes [21, 22], graphene [23], ionic liquid [24], conducting polymers
[25], metal nanoparticles [26, 27], metal complexes [28, 29] and polymeric films [30, 31] and
enzymatic detection [32] have been reported.

Among conventional electrodes, electrochemical quantification of AA content in a sample has
been reported using a glassy carbon electrode [33]. Likewise, there are reports in the literature
that the amount of AA can be determined utilizing carbon paste electrode (CPE) [34] because of
its inherent advantages like low background current and simple renewability of the surface of the
electrode. On top of this, fabrication of the carbon paste electrode is easy, it does not require
extensive pretreatment, it can be used for longer operational time, and its suitability for
modification attracts researchers to use it in a variety of sensing applications. The performance of
CPE like selectivity and sensitivity could be enhanced by incorporating various materials as
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electrode modifiers in the carbon paste. For example, transition metal oxides, metal nanoparticles
and composites have been served as CPE modifiers [6]. Among metal oxides, Fe;O4 nanoparticles
have attracted many researchers due to their remarkable performance as adsorbents, catalysts and
energy storage materials [10]. In addition to this, the magnetite nanoparticles owed additional
advantages: low cost, good catalytic performance, easy preparation and compatibility [26, 34].

The fact that as prepared Fe;O, nanoparticles commonly have tendencies to undergo
agglomeration and surface oxidation by aging, their performance as electrochemical sensors is
hindered significantly. To overcome these shortcomings, preparation of composites of Fe;O4 with
other nanoparticles using various synthesis protocols in recent years, has led to development of
their application in diverse fields. One of the motivating areas of magnetic nanoparticles is their
use in electrochemical sensor development. Fe;O, nanoparticle produced by Kingsley et al. [34],
ZrO; nanoparticle synthesized by Baghizadeh et al. [35], Fe;04/SiO; nano composite formed by
Nejad et al. [36] and TiO,/Fe;04 nano composite produced by Jahani and Beitollahi [37] to modify
CPE for voltammetry determination of AA is available in the literature. There is still a demand
for developing new electrochemical sensors for stable, rapid, precise as well as sensitive
determination of AA.

Preparation of magnetite and zirconium oxide nanoparticles has attracted researchers’ interest
since they have remarkable properties in their catalytic activity; possess a high surface area to
volume ratio and their stability for longer times. Fe;04/ZrO, nano composite synthesis and
applications have been reported to remove nitrate and phosphate ions in aqueous media [38, 39].
As far as our knowledge is concerned, no report in the literature is available detecting
electrochemically AA using Fe;04/ZrO, nano composite modified CPE. Therefore, this work
reports the synthesis of Fe;04/ZrO, nano composite for the modification of a bare CPE to be
applied as stable electrochemical sensor. Differential pulse voltammetry was used to detect low
concentration of AA in solutions and determination of AA in the presence of paracetamol.

EXPERIMENTAL
Instruments

Electrochemical experiments were conducted using Bas100B, USA electrochemical analyzer, a
three-electrode cell arrangement. Unmodified and modified CPE (diameter = 3 mm size) as a
working electrode, platinum wire as a counter electrode and Ag/AgCl filled internally with 3 M
KCl was used as reference electrodes. The X-ray diffraction (XRD) pattern was recorded with
XRD (X’Pert ProPANalytical outfitted with an X-ray source of a CuKa radiation having a
wavelength of 0.15406 nm. Scanning electron microscope (SEM) (model Hitachi TM1000 with
EDX detector) functioning at accelerated voltage of 20 kV was used for morphological analysis
of the as synthesized nano composite.

Chemicals and reagents

Ferric chloride hexahydrate (FeCls.6H,O, 99%), ferrous chloride tetra hydrate (FeCl,.4H,O,
99%), zirconium oxychloride octahydrate salt (ZrOCl,.8H,0, > 95.5%), benzene dicarboxlic acid
(H.BDC, 98%), dimethyl formamide (DMF), methanol (98%), acetic acid, 99.9%, sodium
hydroxide, 99%, and hydrochloric acid, 37%, were obtained from Sigma-Aldrich. Potassium
chloride, potassium iron(IIl) hexacynide, 95%, fine graphite powder, 95%, paraffin, 98%
collected from Merck, sodium acetate 98%, from BDH and ascorbic acid (CsHsOs, 99%) from
Blulux laboratories were used as received. AA stock solutions, having a 0.2 M concentration,
were prepared in 25 mL of water; 0.88 g of AA powder was dissolved by ultra-sonication. Then,
AA solutions of different concentrations (1-6 pM) were prepared using acetate buffer solution.
Acetate buffer solution (0.2 M), a supportive electrolyte, was prepared by mixing 8.2 g of sodium
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acetate in 5.7 mL of acetic acid into a volumetric flask, 500 mL. The desired pH (2 to 5) value of
the buffer solution was adjusted using either 0.2 M CH3COOH or 0.2 M NaOH. These solutions
were kept in a refrigerator at 4 °C. In the preparation of all solutions, double distilled water was
used during the experimental work.

Synthesis of Fe;Oq, ZrO; and Fe;04/ ZrO; nano composite

Magnetite was produced by using the chemical co-precipitation method as described in the literature
[40]. Stiochiometrical estimated amount of 8.1 g of FeCl,.4H,0 and 3 g of FeCl3.6H,O were dissolved
in 100 mL of HCl solution (0.3 M). Subsequently, this solution was added into 120 mL of NaOH (3 M)
aqueous solution drop wise over a period of 2 h by constantly stirring at a temperature of 80 °C under
N, atmosphere. Meanwhile, the pH of the mixture was kept constant at pH 12 by applying either NaOH
or HNOs with a concentration of 0.1, 0.01 and 0.001 M solutions. The resulting suspension was left for
4 h to facilitate for the precipitation of a solid at the bottom. Finally, the settled phase, suspension of
Fe;04 was washed several times with deionized water and allowed to dry at 60 °C for 24 h to obtain
Fe304 nanoparticles, which was the desired product.

Nanoparticles of ZrO, were prepared from metal organic frame works precursor according to the
literature [41]. In a typical synthesis, zirconium oxychloride octahydrate salt 3.94 g is dissolved in 50
mL of DMF and then stirred for 30 min. In another volumetric flask, 2.06 g of H,BDC was added into
50 mL of DMF, and then the solution was stirred for 30 min to dissolve. Next to this, the metal salt
solution was added slowly to the linker solution. These samples were kept in the oven adjusted at a
temperature of 120 °C a reaction to proceed for 24 h. After centrifugation at 2500 rpm for 30 min, a
precipitate was obtained. The resulting precipitate is sequentially washed three times with DMF and
methanol to remove impurities. After the product was dried overnight at room temperature, it was
calcined at 500 °C for 6 h to produce ZrO, nanoparticles.

The sensing material, Fe304/ZrO, nano composite was prepared with the synthesis protocol Fe and
Zr to 75:25 of mole ratio (Scheme 1). First, magnetite suspension was produced using a similar
procedure as stated above. In the second step, a magnetite—zirconia oxide nano composite was produced
by precipitation of ZrO, nanoparticle over the suspension of Fe;O4. To obtain the desired product, 1.6
g of ZrOCl,.8H,0 was dissolved in 100 mL deionized water; the formed solution was added into the
Fe;04 suspension. It was followed that the solution was ultrasonicated for 10 min at pH 8, adjusted
using either NaOH or HCI with a concentration of 0.1, 0.01 and 0.001 M. Subsequently, it was
magnetically stirred for 1.5 h at the temperature of 70 °C under N, atmosphere. Finally, using a
permanent magnet, the composite was separated from the solution. After, it was washed several times
with deionized water to remove impurities; the product was dried at 60 °C for 24 h.

NaOH/HNO;
NaOH ZrOC1, 8H.0
m —~ .
£ - >
R | H 8 Ultrasonication v
Stirving pH 12 p Stirring Washing
FeCl4H,0 —— m— :
FeCl.6H,0| 80°C o Sie Draying
e =5 Ny atmo Magnelic Separation §H P
HC1 Fea0, Suspension

Scheme 2. Synthesis of Fe;04/ZrO, nano composite.
Preparation of bare and modified carbon paste electrode

Graphite powder, 5 g and 1.8 mL of paraffin oil as pasting liquid at a ratio of (75:25% w/w) were
mixed. First, both components were carefully mixed with a glass rod in mortar. Secondly, it was
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rubbed by intense pressing with the pestle. These steps were performed for 30 min to obtain a
mixture well homogenized. The paste formed was kept for 24 h for self-homogenization. The
ready prepared paste was then packed into a plastic tube (inner diameter of 3 mm). The filling
process was made step by step in small portions by pressing closely before adding the next one.
Meanwhile, a copper wire was inserted to provide electrical contact. After that, the prepared CPE
was left for 12 h before use. The fabricated electrode is made to have a shiny appearance by
polishing with paper before utilization. CPE modified by Fe;04/ZrO, nano composite was
constructed by mixing together graphite (2.01 g), Fes04/ZrO; (0.39 g) and paraffin oil (0.6 g).
Next to this, the same steps and procedures listed above to prepare CPE were followed to prepare
the proposed sensor for the detection of AA. To compare the performance of the nano composite
with that of pristine Fe;O4 and ZrO, nanoparticles modification of CPE using these materials was
performed using the same procedure.

Electrochemical characterization of modified CPE

The electrochemical properties of CPE and modified by Fe;O4 and ZrO; nanoparticles and their
composites were characterized using Ks;[Fe(CN)g]/0.1 M KCl as an electrochemical testing
material by cyclic voltammetry in potential window from -200 mV to + 600 mV vs. Ag/AgCl
reference electrode at various scan rates (10, 25, 50, 75 and 100 mV/s). Moreover, electrochemical
impedance spectroscopy (EIS) was used for characterizations of the electrodes by applying a
formal potential of Fe(CN)6>”*, an ac voltage of amplitude of 10 mV and in the frequency range
from 1-100 kHz. Electrochemical behavior of AA was investigated using CPE modified by nano
materials in 0.2 M acetate buffer solution of pH 4 and at a scan rate of 100 mV/s. Furthermore,
the behaviors of Fe(CN)6>* on modified CPE at different scan rates (10 to 100 mV/s) was also
conducted using 2 mM AA and pH 4 acetate buffer solution.

The effect of pH on the anodic peak current and peak potential of ascorbic acid was studied
during the pH optimization experiment in 0.2 M acetate buffer solution. The pH was varied from
2 to 6 in the presence 2.5 mM AA. The study was performed with CV at a scan rate of 100 mV/s.
This study also assisted in assessing proton participation in the electrochemical process, including
the proton/electron ratio. Voltammograms of differential pulse voltammetry were recorded using
experimental parameters, a pulse potential of 50.0 mV, pulse duration of 50.0 ms and pulse period
of 0.2 s in 1 to 6 uM standard solution of AA. Prior to running each experiment, the solutions
were bubbled with nitrogen gas (analytically pure with 99.99 %) for 5 min to remove dissolved
oxygen. Method validation experiments were also conducted under optimized experimental
conditions. All electrochemical experiments were carried out at room temperature.

RESULTS AND DISCUSSION
XRD analysis

The XRD diffraction patterns of the synthesized Fe;O4 and ZrO, nanoparticles and the binary
Fe304/ZrO; system are displayed in Figure 1. The patterns at scattering angles (20): 30.6°, 35.5°,
45.0° 50.2° and 60.3° correspond to the distinguishing characteristic peaks of the tetragonal
structure of ZrO; nanoparticle (Figure 1a) (JCPDS No. 70-1769). The result indicates ZrO,
nanoparticle is highly crystalline and different from hydrous zirconia [41]. According to a
literature report, the diffraction pattern from 27 to 32° degree contains the strongest line for
monoclinic ZrO; as well as the tetragonal structure. Even though the tetragonal ZrO, phase is
expected from ZrO, nanoparticles calcined below 500 K, the presence of the monoclinic phase is
also evidenced in this work. Zirconia, therefore, exists in this study as a mixture of two phases,
the predominant phase being the tetragonal structure.
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Figure 1. XRD pattern of (a) ZrO,, (b) Fe;O4 and (c¢) Fe;04/ZrO, nano composite.

The diffraction peaks at 20 = 35.4° and 63.2° are the characteristics peaks normally observed
for Fe;04 nanoparticles (Figure 1b) (JCPDS No. 3-0863). In the case of Fe304/ZrO, nano
composite the distinguishing diffraction peaks of magnetite and zirconium oxide (28.0°, 30.6°,
50.2° and 60.3°) were demonstrated. Since the composite was not calcined, the peak’s intensity
decreased compared to the pristine ZrO, nanoparticles. It was also noticed that the diffraction at
20 = 30.3° is due to Fe;04 and ZrO, interaction. The crystal size of the nano composite was
calculated using the Debye-Scherer equation.

kA

D(nm) = B cos@

M

where D holds the usual definition of crystal size in nm, k is the Scherer constant (0.89), 8 which
represents the full-width-at-half-maximum of the reflected XRD peak in radians, whereas, A
stands for the wavelength of X-ray (0.15406 nm), and 6 half diffraction angle of peak (in degree).
The crystalline sizes of Fe;04, ZrO, and Fe;04/ZrO; nano composite were 9.8, 51.5 and 52.11 nm
respectively.

SEM analysis

Figure 2 demonstrates a SEM micrograph and the distribution profile of the elements obtained by
EDX for ZrO,/Fe;O4 mixture, Fe3O4/ and ZrO; nanoparticles. The morphological image appeared
to be inhomogeneous, and the nanoparticles were lined up in black with white spots in the case of
crystalline ZrO, (Figure 2a). The SEM image of the as-synthesized Fe;O4 materials (Figure 2b)
showed no distinct morphology due to the agglomeration of irregular shaped nanoparticles of
different sizes. The morphological image of the composite nanoparticles indicates ZrO,
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nanoparticles are deposited over the agglomerated magnetite nanoparticles (Figure 2c). Figure 2d
shows the EDX spectra of the binary composite. The elemental composition showed the amount
of Fe in the range from 83.6- 94.8% (average = 88.4%) whereas Zr varied between 5.2 and 16.5%
(average = 11.7). The EDX values are not close to the theoretical values we set for the bulk, that
is 75% Fe and 25% Zr which revealing the heterogeneity of the binary system. Besides, SEM
focuses on elemental composition more on the surface, that the bulk, as the result disparity
between values obtained from EDX spectra and bulk is not uncommon.
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Figure 2. SEM images of a) ZrO,, b) Fe3O4 and ¢) Fe;04/ZrO; and d) EDX spectra of Fe304/ZrO,
nano composite.

Electrochemical properties of the modified CPE

Electrochemistry of unmodified and Fe;O4/CPE, ZrO,/CPE and Fe;04/ZrO,/CPE were
characterized using Fe(CN)s*"* (2 mM)/0.1 M KClI as electrohemical probe employing cyclic
voltammetry in a potential window from -0.2 to 0.6 V and at various scan rates as of 10 to 100
mV/s. Voltammograms for Fe(CN)¢** recorded at different electrodes are depicted in (Figure
3a-d). One can see that the intensity of oxidation and reduction peak current of Fe(CN)¢*"* at CPE
modified by Fe;04/ZrO, nano composite increases remarkably by about 10-fold (Figure 3d) in
comparison to the other electrodes. It was also found that the anodic peak current of the
Fe(CN)¢*"* redox system on ZrO,/CPE was larger than that on Fe;04/CPE and bare CPE (Figure
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3a-c). This phenomenon is ascribed to the synergetic effect of increased electrode surface area as
shown below and the good electronic conductivity of both ZrO, and Fe;O4 nanoparticles.
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Figure 3. CVs of Fe(CN)s>’* on CPE a) bare, b) modified by Fe;Oa, ¢) modified by ZrO, and d)
modified by Fe;04/ZrO, nano composite at scan rates of 10, 25, 50, 75 and 100 mV/s)
and (e) Nyquist plot of Fe(CN)s>** in 0.1 M KCI, (Inset) is an equivalence circuit.
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Meanwhile, it was also found that the redox peak potential of Fe(CN)s*”* almost remains
constant at lower scan rates on all electrodes. Furthermore, the voltamogram of Fe(CN)g "+
demonstrates an ideal peak-to-peak separation (AEp) potential which occurred in the range of 60
to 80 mV and the ratio of the peak currents are nearly one. These results illustrates the reversibility
of the redox probe on various modified CPE.
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Figure 4. Plot of iy, vs. v of Fe(CN)s>’* on CPE a) bare, b) modified by Fe;Os, ¢) modified by
Zr0, and d) modified by Fe;04/ZrO, nano composite.

Electrochemical impedance spectra of bare and modified CPE were also investigated in the
presence of Fe(CN)¢*** as an electro active material in 0.1 M KCI solution by applying an ac
amplitude potential 10 mV, formal potential 0.21 V and frequency from 10 to 1000 Hz region.

Figure 3e depicts the EIS spectra of the Nyquist diagrams of Fe(CN)s*"* at CPE (a) and
modified by Fe;O4 (b), ZrOs (c) and Fe;04/ZrO; (d). Inset is an equivalent circuit, where, Rs is the
solution resistance, R is a charge transfer resistance, Z,, is the Warburg impedance and Cq is the
double layer capacitance. It was recorded that CPE modified by the binary system gives a small
semicircle (Re) in the high frequency region followed by ZrO,, Fe;O4 and bare CPE. This result
manifests the good electrical conductivity of Fe;O4 and ZrO, nanoparticles that can effectively
decrease the charge transfer resistance between the electrode and electro active species. The
estimated charge transfer resistance values of the Fe(CN)¢>* redox system at Fe;04/ZrO,
nanomaterial modified CPE was about 4 times higher (976 Q) than Fe;04/CPE (2420 Q) and
ZrO,/CPE (2168 Q). Low charge transfer resistance implies high conductivity for the magnetite
composite consistent to that of the CV results [42].
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The Randles-Sevcik equation (2) was applied to estimate the active surface area of both bare
and modified CPE.

ipa = 2.687 x 10°n*2ADY/?v*/2C @)

where n = 1, the number of electrons involved in the redox reaction, 4 = the area of the electrode
given in cm?, D = 5.15x10° cm?/s, the diffusion coefficient of KzFe(CN)g [43], C = 2.0x1073
mol/cm?, the concentration of K3Fe(CN)s, and v is the scan rate in V/s. The plot of iy vs. v was
a straight line with good regression coefficient (Figure 4a-d) indicating the process is diffusion
controlled. The active surface area of the electrodes calculated from the slope were 0.0458 cm?
for bare CPE, 0.046 cm? for CPE modified by Fe;0s, 0.069 cm? for ZrO, and 0.0978 c¢cm? for
Fe304/Zr0;. These results indicate that CPE modified using Fe;04/ZrO; nano composite electro
active surface area was higher by about 2 and 1.5 folds to that of bare and Fe;O4 or ZrO, modified
CPE. The fact that ZrO, and Fe;O4 nanoparticles characterized by high surface area to volume
ratio, there presence in the nano composite enhances the electro active surface area synergistically.

Effect of pH

Ascorbic acid electrochemical behavior is highly influenced by the pH of aqueous solutions. The
effect of pH on the electrochemical behavior of AA was investigated by CV at a scan rate of 100
mV/s. The pH of 0.2 M acetate buffer solution was changed from 2 to 6 in the presence of a 2.5
mM standard solution of AA. Figure 5a illustrated voltammograms obtained during the
electrochemical oxidation of AA on Fe304/ZrO2/CPE. The oxidation peak current starts to rise in
the initial step with increase in pH until the current reaches the maximum value at pH 4 (Figure
5b). As the pH of the solution increases further, it tends to decrease the height of the anodic wave.
This may be due to the existence of unfavorable oxidation kinetics as the result of the repulsive
electrostatic interactions between OH anion and ascorbate anion that can further decrease the
concentration of AA reaching to the electrode surface. The optimum experimental condition, pH
4.0, was selected for subsequent investigations. Another observation made here was that the
anodic peak potential is gradually shifted towards a negative value as the solution pH increased,
suggesting the involvement of protons during the AA electrochemical oxidation. The anodic peak
potential varies linearly with pH, 0.065 V/pH is the slope of the plot which is close to the ideal
value 0.059 for one electron transfer process, demonstrating the involvement of equal numbers of
protons and electrons with a ratio 1:1, during the oxidation reaction of AA (Figure 5c). This
illustrates that AA proceeded with two step consecutive one electron transfer reaction to form
ascorbate radical and dehydroascorbic acid respectively. Scheme 2 shows a net reaction
mechanism that demonstrates the oxidation of AA at modified CPE, which is consistent with the
literature report [8].

OH
HO. 7
— (o]
o
= — O + 2H" + 2e
HO o Ho S
HO” Ascorbic acid HO Dehydroascorbic acid

Scheme 2. The proposed reaction mechanism of AA at Fe;04/ZrO, modified CPE.
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Figure 5. a) CVs obtained on Fe;04/ZrO,/CPE in 0.2 M acetate bufter in various pH values (2, 3,
4,5 and 6) in the present of 2.5 mM AA at a scan rate of 100 mV/s; b) plot anodic ipa vs.
pH of solutions; c) plot of the anodic Ey, vs. pH of solutions.

Electrochemical behavior of AA at the Fe;O4/ZrO,/CPE

Ascorbic acid is an electro active biological compound. It is oxidized at low potential, and this
property motivates researchers to use electrochemical methods for the determination of AA.
Ascorbic acid electrochemical oxidation mechanism involves a sequence of steps. In the first step,
electrons are transferred reversibly followed by an irreversible chemical reaction. The net overall,
reaction is an irreversible process by producing dehydroascorbic acid. During the reaction, an
electro-inactive product, 2,3-diketogulonic acid can be produced as dehydroascorbic acid opens
the part of lactone’s structure. This substance has a tendency to be easily absorbable at the surface
of an electrode, which can cause an electrode fouling [10]. In this work, AA (2.5 mM)
electrochemical oxidation on Fe;04/ZrO,/CPE was conducted using cyclic voltammetry and for
comparison purpose, AA oxidation on CPE modified by Fe;O4 and ZrO, particles was also
assessed in the acetate buffer solution and at optimum pH 4 and 100 mV/s scan rate.
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As seen in Figure 6i(a), AA anodic peak potential was appeared around 0.40 V on bare CPE
and the intensity of the peak current was 67 pA. After modification, AA anodic peak potential
moved to the negative direction 0.32 V at Fe;04/CPE, 0.24 V at ZrO,/CPE and 0.20 V at
Fe;04/ZrO,/CPE while the peak current intensity from 160 pA Figure 6i(b), 283 nA Figure 6i(c)
and 335 pA Figure 6i(d), respectively. The lowering of onset and peak potential of AA at modified
electrodes are attributed to a catalytic property of Fe;O4 and ZrO, nanoparticles. Equally, at
Fe;04/ZrO,/CPE, AA oxidizes at a potential lower than the others as a result of a synergistic effect
of'the two oxides in the composite. As can be seen in the voltammograms, the composite modified
electrode provided enhanced anodic peak intensity nearly 5 and 2 folds higher than the value of
bare and magnetite modified CPE. This may be accounted to the relatively high active surface
area of Fe;04/ZrO, composite enabling the surface of the electrode to absorb more AA thereby
enhancing the signal of AA during oxidation. In all cases, no peak was formed during the cathodic
scan, demonstrating the AA oxidation process that follows an irreversible reaction. The oxidation
of AA at modified CPE with a considerable shift of oxidation potential towards negative and a
remarkable enhancement of the anodic peak current nearly five folds at Fe;04/ZrO,/CPE could be
due to electro catalytic and large surface area of the composite. The result indicates that a
synergetic effect of Fe;O4 characteristic surface adsorption process [44] and ZrO; electro-catalytic
nature [45] in significantly improving the electro activity of the electrode toward AA oxidation.
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Figure 6.1) CVs of AA (2.5 mM) a) bare CPE, CPE modified by b) Fe;O4, ¢) ZrO, and d)
Fe;04/Zr0,, in acetate buffer solution (0.2 M) of pH 4 and at v = 100 mV/s, ii) CVs of
AA (2.5 mM) at CPE modified by Fe;04/ZrO; in acetate buffer solution (0.2 M) of pH
4 and at v= 10, 25, 50, 75 and 100 mV/s), iii) plot of ip, vs. v'2, iv) plot of B, vs. Inv.
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Effect of scan rate

The scan rate effects on electrochemical oxidation process of AA (2.5 mM) in acetate buffer
supporting electrolyte (0.2 M) was studied using cyclic voltammograms on Fe;04/ZrO,/CPE.
Figure 6(ii) depicts recorded voltammograms at different potential scans (v = 10, 25, 50, 75 and
100 mV/s). As can be seen from the voltammogram curve, the peak potential becomes more
positive as the scan rate is raised indicating an irreversible reaction of AA at the surface of
Fe304/ZrO; nano composite. It was also noted that the magnitude of the anodic peak current
increased as potential scans were made larger. Plot of peak current (i,,) vs. square root of scan
rate (v'?) results in a linear relation as shown (Figure 6(iii)) with a regression equation ip, (LA) =
104.45v (mV/s)"?+ 106.15 (R?= 0.9976). This result confirms that with sufficient over potential,
AA oxidation is a diffusion control process.

Kinetic information in the electrochemical oxidation of AA was studied by calculating on
electron numbers from the slop of E; vs. Inv, (Figure 6(iv) a slope of 0.082 V) using Equation 3
for diffusion less process [46]. This result gives a hint that a single electron was involved in the
reaction that determines the electrode rate, taking the value of the electron transfer coefficient (o)
equal to 0.3.

RT
slope = P 3
In addition to this, equation (4) was used to calculate the product an,, where n, is the number of
electrons involved during the electro oxidation step that determines the rate both on unmodified
and modified CPE.

an. = 2077
¢ (Bp=Epp)

C))

where Epp; stands for a potential at the corresponding value to ipp, the oxidation of AA on bare
CPE, the product value of an, was found to be 0.38 whereas oxidations of AA on CPE modified
by Fe304, ZrO,, and Fe;04/ZrO; nanomaterial were found to be 0.34, 0.29, and 0.20 respectively.
These results clearly show that not only electrochemical oxidation of AA peak current is enhanced
as a result of modification of CPE by various nano materials, but also a lower required over
potential for the electro oxidation of AA at the same electrode surface. This is attributed to Fe;O,
and ZrO; nano materials synergistically enhancing the catalytic electrochemical oxidation of the
AA. Based on this finding and also supported in the literature [36] the mechanism of AA
electrochemical oxidation process on Fe3;O4/CPE surface seems to follow equations (5) and (6).
The Fe;0,4 reduction in the first step produces Fe(II) cations, which are subsequently followed by
oxidation to generate Fe(I1I) cations. This electro catalytic behavior Fe;O4 and ZrO, nano particles
possess (where AA oxidation may be complex) could be the reason for the lower over potential
required for the electro oxidation of AA on modified CPE surfaces. The catalytic process
involving Fe;O4:

Fe;0s + 8H' +2e¢  — 2Fe** + 4H,0 Q)
2Fe** —» Fe*' + e (6)
Performance of Fe;04/ZrO,/CPE sensor for the determination of AA

Anodic peak current formed as a result of electro oxidation of AA at Fe;04/ZrO,, a nano
composite modified CPE surface was applied for the detection of AA in aqueous solution.
Differential pulse voltammetry (instrumental parameters: 50.0 mV pulse potential, 50.0
millisecond pulse duration and 0.2-s pulse period) was performed under optimized condition pH

4 acetate buffer solution (0.2 M) at potential scan rates of 100 mV/s containing various 1 to 6 uM
concentration of AA. The response of Fe;04/ZrO»/CPE sensor to a range of concentration of AA
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is displayed in (Figure 7(a)). The finding indicates that anodic peak current of AA at the surface
of the developed sensor was linearity dependent on AA concentration (with a linear regression
equation in(pA) = 9.91857/(uM/L) - 7.19; correlation coefficient R?> was found to be 0.9952)
(Figure 7(b)). The sensor exhibited good sensitivity of 10 pA/uM; a limit of detection (LOD),
0.46 uM and a limit of quantification (LOQ), 1.53 uM of AA; using LOD = 3o/a and LOQ =
100/a formula respectively (where ‘o’ stands for standard deviation of the background current and
‘a’ is the slope read from the calibration plot).

Table 1 compares the proposed sensor (FesO4/ZrO,/CPE) performance with other sensors
reported in the literature for the determination of AA. Accordingly, the developed sensor showed
lower limit of detection to AA concentration compared to some CPE modified by other materials.
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Figure 7. (i) DPVs of AA on Fe304/ZrO,/CPE in an acetate buffer solution (0.2 M), pH 4 [(a-f),
1,2,3,4,5,6 uM AA] and (b) Plot of ip, vs. concentration of AA.

Table 1. Performance of AA sensors constructed using transition metal oxide nanoparticles and composites.

Modified electrodes | Method (ui?rllf)llt’ 11\*/012;2) Llnc(:irNr[e)mge LOKI:; td (e;iit)lon Reference
Fe;04/CPE DPV - 90.9-4700 0.251 [35]
Zr0,/CPE SWV 0.07-850 9 [36]
Ti02/Fe304/CPE DPV 2.5-100 0.23 [38]
Fe304/Si02/CPE DPV 1-900 1.13 [37]
FeOs/Au film Amp 1281.9 25-10,000 1 [47]
ZnO-Au/GCE DPV 264.16 100-4000 4.699 [48]
CdO/SPCE DPV 420 5-150 0.0535 [49]
Mn-SnO> SWV 1092 1-900 0.058 [45]
MnO: graphite | CV 0-2.5mol/L | 0.4 [50]
composite electrode
Fe3;0Z4/rO2/CPE DPV 1-6 0.46 Present
work

Reproducibility, stability and analytical applications

The reproducibility, stability and applications of Fe3O4/ZrO,/CPE sensor were validated by
applying DPV and taking repeated five consecutive measurements of AA (2 uM) in acetate buffer
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solution (0.2 M). Good in the accepted range, 2.4% relative standard deviation (RSD) was
obtained (Table 2). The result confirmed that the proposed method is precise, and it can be applied
for assessing the level of AA in various samples including in pharmaceutical drug and biological
fluids. Besides, the sensor was able to retain 96.91% of the initial current response after 30 days
the electrode was kept at a temperature of 20-22 °C, this demonstrates that the proposed method
was stable (Figure 8).

Table 2. Precision and amount of AA in parcetamol by DPV (n = 5).

Precision
Standard solution | Mean concentration Apparent % | %RSD
taken (UM) found (uUM) recoveries
AA 2.00 1.86 99.91 24
Assay of AA in paracetamol
Tablet Added (uM) Spiked (uM) | Amount of AA obtained (LM) % recovery
Paracetamol 1.00 1.09 0.155 93.5

The capability of Fe;04/ZrO,/CPE for the electrochemical determination of AA in various
samples, its performance was verified by assessing the content of AA using DPV under optimum
experimental conditions in a solution of paracetamol (2 uM) that contains AA (0.1 pM) in an
acetate buffer. Paracetamol tablets used to prepare a solution were purchased from the local
market. The result demonstrates that AA was not detected in aliquots of paracetamol sample. The
sample was then spiked with 1.0 uM AA known concentration. The calibration curve (Figure 7(ii)
was used to calculate the unknown concentration of AA (value of X) using equation y = A + B*X.
where A is the intercept and B is the slope and the value of'y is the peak current from the recorded
DPV measurement for the spiked 1.0 uM AA solution plus the paracetamol sample. Therefore,
the amount of AA obtained in paracetamol solution was found to be 0.155 uM (Table 2). The
result demonstrates that the AA concentration was slightly larger than that of the expected value,
0.1 uM. This comes about most probably due to the presence of paracetamol, which could bring
the matrices effect. Furthermore, satisfactory recovery concentrations of AA in paracetamol
(93.54 %) indicate high reproducibility. These values showed that the method developed for the
electrochemical detection of AA was precise and also accurate, demonstrating the sensor is
appropriate for the determination of AA in various samples as well as in pharmaceutical tablets.
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Figure 8. Dependence of peak current with time for 2 uM AA in 0.2 M acetate buffer solution pH
4.
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Limitation of the study

This study's capacity to evaluate ascorbic acid in the presence of possible interfering materials
and to maximize particular experimental parameters was limited. These affected determining the
sensor's selectivity, sorting out the ideal composition ratio for making the best carbon paste
electrode and determining the impact of differential pulse voltammetry parameters. In addition,
there were time and chemical constraints during the study that prevented a couple of the
experiments from being repeated to verify the findings. As a result, some of the plots are reported
without showing the margin of error.

CONCLUSION

The Fe;04/ZrO, nanomposite was successfully synthesized by a co-precipitation method.
Fe;04/ZrO; nano composite modified carbon paste electrode was developed for sensing AA. The
fact that magnetite has a high absorption capacity together with ZrO, high surface area and good
catalytic property offered a significant decrease in over potential and improves the electrical signal
of AA. The Fe;04/ZrO,/CPE sensor showed good stability and sensitivity towards
electrochemical oxidation of AA. The developed sensor exhibited satisfactory results of with LOD
0f 0.46 uM. This value is comparable with other electrochemical sensors reported in the literature.
Moreover, the Fe;04/ZrO,/CPE sensor was accurate for determining the concentration AA in
paracetamol. Hence, the Fe;04/ZrO,/CPE sensor may act as a good candidate for sensing AA
within various samples.
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