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Abstract

Determining the vitamin C (ascorbic acid) content in citrus fruits is crucial for dietary and
nutritional considerations. Traditional analytical methods for ascorbic acid analysis often
involve expensive and less portable electrodes, limiting their practicality in food analysis.
This study focuses on the quantification of ascorbic acid in citrus fruits using a cost-effective
and portable carbon screen-printed electrode. The efficiency of these electrodes was
assessed using cyclic voltammetry and linear sweep voltammetry due to the irreversible
oxidation behavior of ascorbic acid. A comparative analysis was performed with glassy
carbon, carbon paste, and commercial carbon screen-printed electrodes, focusing on sensi-
tivity variations based on analyte concentration and scanning rate. The carbon screen-
printed electrode demonstrated superior sensitivity to the other electrodes tested,
establishing it as a practical alternative for ascorbic acid analysis in citrus fruits. This study
employed the standard addition method in conjunction with linear sweep voltammetry to
accurately determine ascorbic acid concentrations in pear-orange, Tahiti lemon, and
Ponkan tangerine samples. The obtained values were cross-referenced with existing
literature data, enhancing our understanding of vitamin C content in these citrus fruits.
Overall, this research highlights the potential of the carbon screen-printed electrode as a
valuable tool for vitamin C analysis, offering new insights into food science and nutrition.
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Introduction

Vitamin C, also known as ascorbic acid (AA), is a water-soluble essential nutrient with profound
physiological significance. It assumes the form of the biologically active L-enantiomer, L-ascorbic
acid, featuring a y-lactone structure. Under physiological conditions, ascorbic acid exhibits a
hexanoic sugar acid structure and maintains its ionic state as the ascorbate anion due to the
presence of two dissociable protons, characterized by pKa values of 4.17 and 11.57 [1].

L-ascorbic acid readily oxidizes, forming the basis for its electrochemical detection. It establishes
an irreversible redox pair with dehydroascorbic acid [1]. The acidity of AA is influenced by the
conjugation of the carbonyl on carbon 1, notably enhancing the acidity of the hydroxyl on carbon 3
(pKa = 4.17), while the hydroxyl on carbon 2, as part of an enol, exhibits equivalent acidity with a
pKa of 11.57 [2-4]

Vitamin C has diverse properties, including its redox capabilities, which play a crucial role in
electrochemical, biochemical, and pharmacological systems. It serves as a potent antioxidant,
combating diseases caused by free radicals, such as heart disease [1]. Additionally, it contributes to
iron absorption, collagen synthesis for cell growth and regeneration, immune response activation,
wound healing, osteogenesis, and the maintenance of capillaries, bones, and teeth. Notably,
humans, along with certain primates and guinea pigs, rely on dietary intake due to a genetic
mutation that prevents the synthesis of ascorbate (the anionic portion of AA).

Given the paramount importance of vitamin C, various methods are employed to detect and
qguantify it, including spectroscopy, chromatography, and electrochemistry. In electrochemistry,
carbon materials are highly exploited as electrode surfaces. This is due to the fact that, in addition
to being chemically inert and low-cost compared to other materials, carbon materials also have a
low background current and a wide potential window.

The glassy carbon electrode (GCE), sometimes referred to as a "conventional" electrode, has
large overpotentials for oxygen and hydrogen evolution and is chemically stable. Compared to the
carbon paste electrode (CPE), for example, it has, according to studies, much higher currents, even
though both electrodes have the same surface area [1]. However, the CPE has a significantly lower
background current, which makes it superior to glassy carbon from the point of view of background
signal characteristics. In addition, it offers few beneficial properties, including repeatability, stability,
and surface renewability, and has been explored by several authors [5,6], who have proven its
effectiveness in both bare and modified forms.

However, while traditional electrochemical techniques with GCE and CPE offer high sensitivity,
commercial carbon screen-printed electrodes (C-SPEs) have emerged as a more practical, easy-to-
use, cost-effective, and efficient alternative. Recent studies, including [7], have demonstrated
superior current responses C-SPEs compared to unmodified GCE, as well as its practicality, saving
the effort, time and materials spent preparing a good carbon paste to be used as a CPE. Further-
more, the versatility of screen-printed electrodes has led to their increased application in analyzing
a wide range of samples, simplifying the detection process by requiring only a solubilized matrix
drop, such as powder or tablet [7].

Therefore, this study aims to compare the oxidation behavior of ascorbic acid using three carbon
electrodes shown in Figure 1, i.e. GCE, CPE and C-SPE, highlighting their respective advantages and
disadvantages. Citrus fruits, including pear-orange, Tahiti lemon, and Ponkan tangerine, served as
the sample matrix, and the analysis employed cyclic voltammetry (CV) and linear sweep voltam-
metry (LSV) techniques, using C-SPE as the working electrode after proving its efficiency compared
to other carbon electrodes.
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Figure 1. Electrodes used for the electrochemical setup: (a) glassy carbon electrode; (b) carbon paste
electrode; (c) carbon screen-printed electrode wire as working electrode, reference electrode and auxiliary
electrode

Experimental

Electrochemical setup

The experiments employed a glass cell equipped with three electrodes, a Metrohm® saturated
Ag/AgCI/KCl, 3 mol L reference electrode, a platinum wire auxiliary electrode, and GCE, CPE, and
C-SPE as working electrodes, each with a physical area of 0.0707 cm?. The electrolyte solution,
prepared in-house using Sigma Aldrich products, consisted of a 0.1 mol L™ buffer solution of potas-
sium phosphate monobasic (99 % purity) and sodium phosphate dibasic heptahydrate (99 % purity),
adjusted to pH 5.5 using a Mettler Toledo digital bench pH-meter, which has been used in other
studies that have proven its effectiveness, due to the presence of ionizable hydrogens in the
structure of the ascorbic acid molecule [2]. The active surface area of GCE, CPE, and C-SPE was cal-
culated using the Randles-Sevéik equation [8] with 5 mmol L Ks[Fe(CN)e] in 0.5 mol L KCl, at scan
rates ranging from 5 to 200 mV s7, resulting in areas of 0.027, 0.044 and 0.063 cm?, respectively.

Carbon paste electrode preparation

The CPE was created by blending 0.35 g of graphite powder (Fisher Scientific, 99.9 % purity) with
0.15 g of paraffin (Sigma Aldrich) at a 7:3 weight ratio. The mixture was heated in a mortar over a
heating mantle at approximately 100 °C until it formed a paste, which took about 10 minutes. This
paste was then packed into a cylindrical plastic tube resembling a syringe and compressed using a
copper rod. Finally, the electrode surface was polished using abrasive paper, resulting in a 3 mm
diameter electrode.
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Standard ascorbic acid preparation

The chemical structure of AA is drawn in Figure 2a. For the analysis of AA oxidation profiles using
carbon working electrodes, a 0.1 mol L'* AA standard solution was prepared by dissolving 0.4403 g of
standard AA (100 % purity) from Sigma-Aldrich in 25 mL of deionized water using a 25 mL flask.

Analysis of standard ascorbic acid with glassy carbon electrode

For standard AA analyses, 100 pL aliquots of the 0.1 mol L™* AA solution were sequentially added
to 10 mL of 0.1 mol L phosphate buffer (pH 5.5), serving as the electrolyte in an electrochemical
cell. The glassy carbon electrode, 3 mm diameter, from Metrohm®, was employed as the working
electrode. Cyclic voltammograms were recorded after each 100 puL AA addition to confirm the
irreversibility of the oxidation process. This was done by varying AA concentration at the constant
scan rate, and subsequently, the scan rate varied at a constant AA concentration. Experimental
conditions for cyclic voltammetry included scanning rates of 50 mV s for concentration analysis
(ranging from 0.99 to 4.76 mmol L) and 5, 10, 25, 50 and 100 mV s for scan rate analysis,
maintaining a fixed final AA concentration of 4.76 mmol L. The potential range was set from -0.4
to +0.9 V, with a current scale of 5 mA.

Analysis of standard ascorbic acid with carbon paste electrode

At this stage, five 100 pL aliquots of the 0.1 mol L™ AA standard solution were added to 10 mL of
0.1 mol L phosphate buffer, pH 5.5, which acted as the electrolyte in the electrochemical cell, using
the CPE as the working electrode. Linear voltammograms were then generated for the addition of
100, 200, 300, 400 and 500 pL of AA solution. The experimental conditions for the linear sweep
voltammetry were a scanning rate of 50 mV s in the concentration variation analysis, which ranged
from 0.99 to 4.76 mmol L. As for GCE, potential scan rates of 5, 10, 25, 50 and 100 mV s were
applied in the rate variation analysis with a fixed final concentration of 4.76 mmol L of the AA
standard. The potential range was between -0.2 and +1.5 V, with a current scale of 5 mA.

Analysis of standard ascorbic acid with carbon screen-printed electrode

A 3 mm diameter carbon screen-printed electrode with Metrohm®'s patented carbon ink was used
as a working electrode. To enhance peak quality, larger volumes (ranging from 11 to 15 pl) of the
0.1 mol L'*AA standard solution were added to a fixed volume of 0.1 mol L phosphate buffer, pH 5.5,
to increase the sample concentration in the analysis. Experimental conditions for LSV included
potential scanning rates of 50 mV s* for concentration analysis (ranging from 23.9 to 30 mmol L?) and
5, 10, 25, 50 and 100 mV s for the scan rate analysis, maintaining a constant final AA concentration
of 30 mmol L. The potential range was set between -0.4 and +1.1 V, with a current scale of 5 mA.

Comparison of standard ascorbic acid analysis using three electrodes

First, to carry out the standard ascorbic acid analyses, five 0.5 pL aliquots of the 0.1 mol L!
ascorbic acid standard solution were added to a fixed volume of 0.1 mol L'! phosphate buffer, pH 5.5,
which acted as the electrolyte in the electrochemical cell, using C-SPE as the working electrode
again. Linear voltammograms were generated with the same concentrations previously calculated
for GCE and CPE. Experimental conditions for linear sweep voltammetry included potential scanning
rates of 50 mV s for concentration analysis (ranging from 0.99 to 4.76 mmol L). The potential
range was set between -0.4 and +1.1 V, with a current scale of 5 mA.

Next, to compare the signals obtained from the three electrodes, all with 3 mm diameter, the
same AA concentration was utilized for each. Experimental conditions for LSV included fixed AA
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concentration (4.76 mmol L) for all three electrodes, scan rates of 50 mV s, potential range from
0.0to +1.0V, and a current scale of 5 mA.

Cyclic voltammetry and linear sweep voltammetry

Cyclic voltammetry and linear sweep voltammetry techniques were chosen to study the oxidation
of ascorbic acid in standard solutions and citrus fruits due to the simplicity of these two techniques,
which were sufficient for the qualitative and quantitative analysis of the analyte. Metrohm®
AUTOLAB 128N potentiostat coupled to a computer was used for data acquisition.

Preparation and analysis of ascorbic acid in citrus fruits

Fruit juice was extracted using a manual juicer, filtered, and then combined with phosphate
buffer solution pH 5.5 (0.1 mol L'!). An 18 pL aliquot of the mixture was added to the working
electrode region of the C-SPE for AA determination using the standard addition method. Different
standard AA solutions (0.05 mol L for pear-orange, 0.1 mol L for Tahiti lemon, and 0.05 mol L for
Ponkan tangerine) were employed. LSV was conducted with a potential range from -0.4to +1.2V, a
scan rate of 50 mV s, and a current scale of 5 mA.

Results and discussion

Analysis of standard ascorbic acid using GCE

The AA oxidation profile at GCE was analyzed as the concentration varied. Figure 2b shows that in
higher sample concentrations, the anodic current at +0.6 V rises proportionally to electrolyte
concentration, which is in line with theoretical expectations [9]. The potential shift observed
corresponds to concentration changes, affirming the irreversible nature of the AA oxidation process.
This data was used to construct a concentration-current graph.

In this study, the graph depicts a linear relationship between current and AA concentration,
which aligns with the expected irreversibility of the reaction [10]. The linear fit equation, y = a + bx,
provides the angular (b =8.72 pA mmol L?) and linear (a = 6.27 pA) coefficients. AA signal increased
with concentration, resulting in one well-defined linear range, as displayed in Figure 2c.

The high Pearson correlation coefficient (r = 0.953) signifies a strong positive correlation between
analyte concentration and current intensity, indicating their direct proportionality. Finally, the limit
of detection (LoD), representing the minimum detectable concentration, can be calculated using the
equation proposed by [9]. The limit of detection is calculated using the equation LoD = 3s/m, where
3 is the confidence factor, s represents the standard deviation of the blank, and m stands for the
angular coefficient of the analytical curve. By substituting the given values into the equation, the
LoD is determined by Equation (1):

LoD =3s/m = (3x5.1 pA)/(35 pA/(4.76-0.99) mmol L'!) = 1.64 mmol L* (1)

The determined limit of detection (LoD) at GCE of 1.64 mmol L is higher than the initial addition
of AA at 0.99 mmol L, which indicates that the chosen analyte quantities did not significantly differ
from the blank (phosphate buffer solution at pH 5.5). The LoD represents the lowest concentration
distinguishable from the electrolyte with a high level of confidence. Consequently, concentrations
below the detection limit should be considered less reliable. Specifically at GCE, only the concen-
tration of 0.99 mmol L' cannot be readily distinguished from the blank, while concentrations
ranging from 1.96 to 4.76 mmol L™ surpass LoD and are considered valid.
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Figure 2. (a) Chemical structure of AA; (b) cyclic voltammograms at 50 mV s of GCE in 0.1 mol L™
phosphate buffer, pH 5.5, and varying the final AA concentration from 0.99 to 4.76 mmol L*;
(c) linear correlation between peak current and AA concentration

Following this, the oxidation behavior of AA was examined with varying potential scan rates (Figu-
re 3a). The oxidation potential in these voltammograms shifts towards more positive values, surpass-
sing +0.6 V (potential associated with the occurrence of anodic current peaks)—as both the scan rate
and concentration rise. Additionally, it is evident that the intensity of the anodic peak current escalates
with a higher scan rate. Using this data, a relationship between the peak current (ip) and the square
root of the scan rate (v/2) is illustrated in Figure 3b. A closer examination of the variation of peak
current with the scan rate shows a linear correlation between the peak current and the square root
of the scan rate (r = 0.99). This indicates that the oxidation process occurring on the electrode surface
is primarily diffusion-controlled rather than adsorption-controlled—the latter being the alternative
possibility. This finding aligns with previous studies [2] that have similarly drawn this conclusion.
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Figure 3. (a) Effect of scan rate on cyclic voltammetric response of GCE in 0.1 mol L phosphate buffer, pH 5.5,
and final AA concentration of 4.76 mmol L% (b) linear plot of peak current vs. square root of scan rate
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Analysis of standard ascorbic acid using CPE

The AA oxidation profile was scrutinized for concentration variations, this time employing the
CPE. Similar to the GCE, anodic peaks emerged upon adding aliquots of the AA solution, signifying
its oxidation. These peaks are manifested at +0.75 V, denoting the potential at which AA undergoes
oxidation, as confirmed by the recorded electron transfer. Notably, there was a slight shift in
oxidation potential, transitioning from 0.6 to 0.75 V in comparison to the peaks observed with the
GCE. This shift was attributed to the excess of paraffin in the CPE, which acts as a binder, filling the
interstitial spaces between the particles and consequently adjusting the AA oxidation reaction to a
slightly higher potential. Subsequently, mirroring the procedure with the GCE, a graph correlating
current with concentration was constructed using the standard AA (Figure 4a). This graph reaffirms
the linear relationship between the current (uA) and the concentration of AA (mmol L) (Figure 4b),
as expected for an irreversible reaction [10]. Utilizing the linear fit equation, y = a + bx, we derived
the values of b and a, corresponding to the angular and linear coefficients of the line, respectively.
These values were b = 14.17 pA mmol L't and a = 14.58 pA.

(a)

140 A

(b)

—s— Electrolyte
——(0.99 mmol/L
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+— 2.91 mmol/L
+—3.85 mmol/L
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E/V vs. Ag/AgCl caa/ mmol L1
Figure 4. (a) Linear sweep voltammograms (LSV) at 50 mV s of CPE in 0.1 mol L™ phosphate buffer, pH 5.5,

and varying the AA final concentration from 0.99 to 4.76 mmol L%; (b) linear correlation between peak
current and AA concentration

As previously mentioned, the closer the correlation coefficient is to 1, the stronger the linearity
between the two variables. Consequently, the coefficient determined using the analytical curve,
r=0.97, confirms this linearity and establishes the direct proportionality between electrolyte concen-
tration and current intensity. Finally, the limit of detection (LoD) was calculated by Equation (2):

LoD =3s/m = (3-6.5 pA)/((60 pA/(4.76-0.99) mmol L) = 1.2 mmol L? (2)

The determined LoD is 1.2 mmol L', which is a value above the AA concentration of the first
addition (0.99 mmol L'!) and below the others, demonstrating that the amounts of analytes chosen
were significantly different from the blank (electrolyte-phosphate buffer solution pH 5.5), with the
exception of the first addition, which is unreliable. Therefore, the results for CPE could be validated
only for concentrations between 1.96 and 4.76 mmol L.

In the following, the analysis of AA oxidation was extended to varying scan rates, now for the CPE
(Figure 5a). This dataset facilitated the creation of linear plots illustrating peak potential against the
square root of the scan rate (Figure 5b). From this graph, a direct correlation was evident between
the peak current and the square root of the scanning rate (r = 0.987). This indicates that the
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oxidation process on the electrode surface primarily follows a diffusion-controlled reaction rather
than an adsorption-controlled one. This observation aligns with previous findings using the glassy
carbon electrode and is consistent with conclusions drawn in other studies [2].
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Figure 5. (a) Effect of scan rate (5 to 100 mV s?) on LSV responses of CPE in 0.1 mol L™ phosphate buffer,
PH 5.5, and final AA concentration of 4.76 mmol L%; (b) linear plot of peak current vs. square root of scan rate

Analysis of standard ascorbic acid using carbon screen-printed electrode

To compare the three electrodes, an analysis was carried out using standard ascorbic acid at
somewhat higher concentrations than those used for GCE and CPE in order to ensure its electro-
chemical response.

In this phase, the oxidation profile of AA was scrutinized with varying concentrations. With new
volumes of standard AA solution, the anodic peaks shifted to a potential of +0.8 V. This shift was
attributed to the escalated AA concentrations. Additionally, it was noted that the anodic current
surged in tandem with concentration increments. This observation aligns with the previously
emphasized principle that conductivity is directly linked to analyte concentration [9].

Upon the completion of the analyses utilizing the standard AA, a graph correlating current to con-
centration was developed, mirroring the procedure applied to the other electrodes (Figure 6b). Once
again, the linearity between peak current (uA) and the concentration of AA (mmol L?) was evi-
dent [10]. Through the equation derived from the linear fit, y = a + bx, we derived the coefficients b
and a. Specifically, the angular and linear coefficients were determined to be b = 16.4118 pA mmol L?
and a =-77.7762 uA, respectively (Figure 6b).

The obtained Pearson correlation coefficient (r = 0.983) from the analytical curve affirms a direct
proportionality between the electrolyte concentration and current intensity. Moving on to the calcu-
lation of the limit of detection (LoD), a critical parameter for sensitivity, since it is the smallest amount
of analyte in the test sample that can be truly distinguished from zero, Equation (3) [9] is applied:

LoD = 3s/m = (3-47.9 pA)/(115 pA/(30-23.9) mmol L) = 7.63 mmol L1 (3)

LoD value of 7.63 mmol L is notably lower than the initial AA concentration of 23.9 mmol L
introduced, underscoring the robust sensitivity of the printed electrode. This ensures that the

selected analyte concentrations were significantly distinct from the blank (electrolyte-phosphate
buffer solution at pH 5.5), substantiating the validity of the obtained results.
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Figure 6. (a) LSV curves at 50 mV s of C-SPE in 0.1 mol L'* phosphate buffer, pH 5.5, and varying the AA final
concentration from 23.9 to 30 mmol L%; (b) linear correlation between peak current and AA concentration

To investigate the behavior of ascorbic acid oxidation concerning varying scan rates, Figure 7a
stands as a crucial source of insights. The voltammograms within the figure distinctly portray a notable
trend, a discernible shift in the oxidation potential towards more positive values as the scan rate pro-
gressively increases. Alongside this observation, it becomes evident that the anodic peak current expe-
riences a surge in intensity concomitant with the escalating scan rates. It is worth noting that a scan
rate of 50 mV s'* was employed in the other experiments, and as a result, the additional peaks linked
with the carbon screen-printed electrode (C-SPE) were distinctly identified at a potential of 0.8 V.
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Figure 7. (a) Effect of scan rate on LSV responses of C-SPE in 0.1 mol L'* phosphate buffer, pH 5.5, and final
AA concentration of 30 mmol L2; (b) linear plot of peak current vs. square root of scan rate

Valuable insights into the oxidation behavior of ascorbic acid under varying scan rates can be
obtained from LSV curves presented in Figure 7a. A graph depicting the peak current in relation to
the square root of the potential sweep rate (v*) is presented in Figure 7b, unveiling a strikingly linear
relationship between the peak current and the square root of the scan rate (with a correlation
coefficient of r = 0.987). This observation indicates that the oxidation process transpiring on the
electrode surface is predominantly governed by diffusion as opposed to adsorption. This finding is
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in alignment with prior observations utilizing GCE, CPE, and corroborating studies [2], which have
likewise arrived at a similar conclusion. This insight further contributes to the comprehensive
understanding of the intricacies governing the oxidation behavior of ascorbic acid.

Comparison of standard ascorbic acid analysis using the three electrodes

To compare the three electrodes, an analysis was carried out using standard ascorbic acid in the
same concentrations as those used for GCE and CPE. It can be seen that using C-SPE at lower
concentrations, the anodic peaks showed potentials of +0.3 V to +0.6 V. As shown in the previous
analyses, this shift occurs as the concentration of ascorbic acid increases.

Again, a graph correlating current to concentration was developed, from which it is possible to
observe the linearity between peak current (uA) and the concentration of AA (mmol L1). Using the
equation derived from the linear fit, y = a + b, it is possible to obtain the angular and linear coef-
ficients, which correspond to b = 28.7375 uA mmol L' and a = -5.69623 pA, respectively (Figure 8b).
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Figure 8. (a) LSV curves at 50 mV s of C-SPE in 0.1 mol L' phosphate buffer, pH 5.5, and varying the AA final
concentration from 0.99 to 4.76 mmol L%; (b) linear correlation between peak current and AA concentration

The obtained Pearson correlation coefficient (r = 0.99) from the analytical curve affirms a direct
proportionality between the electrolyte concentration and current intensity. Moving on to the
calculation of the limit of detection (LoD), a critical parameter for sensitivity, since it is the smallest
amount of analyte in the test sample that can be truly distinguished from zero, the equation by [9] is
applied:

LoD = 3s/m = (3-6.32404 pA)/(120 pnA/(4.96-0.99) mmol L) = 0.63 mmol L? (3)

The determined LoD is 0.63 mmol L2, a value lower than the initial AA concentration of
0.99 mmol L? introduced, underscoring again the robust sensitivity of the printed electrode,
demonstrating that the selected analyte concentrations were significantly distinct from the blank
(electrolyte-phosphate buffer solution at pH 5.5) and proving the validity of the obtained results.

Finally, comparing the three electrodes, GCE, CPE and C-SPE, at the same concentration of
4.76 mmol L'}, we obtain the results shown by the voltammograms in Figure 9. A notable potential
shift was observed in the three voltammograms. It transitioned from +0.5 to +0.7 V when moving
from the C-SPE to the GCE and then further to +0.8 V from the GCE to the CPE. In an intriguing
departure from theoretical expectations [1], the anodic peak current registered for the CPE (80 pA)
exceeded that of the GCE (52.9 pA). This trend persisted across all other concentrations and rates.
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This inversion suggests that the custom-made electrode demonstrated heightened sensitivity
compared to the conventional electrode, possibly attributed to the lower ohmic resistance of the
paste in contrast to the GCE.

In addition, the C-SPE demonstrated a notably higher current response, registering at 129 uA,
compared to the unmodified GCE. This observation aligns with the anticipated outcomes as
indicated in prior research [11]. Furthermore, it surpassed the peak current recorded by the CPE,
showcasing superior sensitivity in comparison to the other electrodes.

120

100

80

I/ uA

60

40

20

0.0 4

= : , : . ' ;
0.0 0.2 0.4 06 08 1.0
E/V vs. Ag/AgCl

Figure 9. LSV curves at 50 mV s of GCE, CPE and C-SPE in 0.1 mol L! phosphate buffer, pH 5.5, with the AA
final concentration 4.76 mmol L

It is worth noting that all electrodes proved efficient in generating the AA oxidation profile. They
exhibited high sensitivity while maintaining a low background current, indicating minimal noise
interference in the readings.

Determining the concentration of ascorbic acid in different juice samples using C-SPE

Due to its superior characteristics, as shown in the comparison above, C-SPE was used for AA
determination in different juice samples (pear-orange, Tahiti lemon, and Ponkan tangerine). A
standard addition method was employed, following a well-established protocol in which a sample
of unknown initial concentration of analyte Cx exhibits a signal intensity of /x. Subsequently, a
precisely measured quantity of known standard S is introduced into an aliquot of the sample,
resulting in an observed signal denoted as Is:x for this solution. The addition of the standard induces
a change in the original concentration of the analyte due to dilution.

Application of standard addition method for ascorbic acid quantification

For notation purposes, let Cx represent the diluted concentration of the analyte, where 'f'
signifies "final". Similarly, the concentration of the standard in the final solution is denoted as Cs,. It
is important to note that the chemical species X and S are identical [9]. As per the fundamental
principle, the signal is directly proportional to the concentration of the analyte.
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The standard addition method involves adding known concentrations of a standard solution to a
sample with an unknown initial concentration of the analyte, ascorbic acid. This process results in a
change in the original concentration of the analyte due to dilution, allowing for precise
determination. Equation (4) represents this relationship:

X; _ X
— = (4)
Cs, +fo Is+x
The equation above shows that the signal is directly proportional to the concentration of the
analyte, where Cx is the concentration of the analyte in the initial solution, Cs; + Cx is the
concentration of the analyte plus the standard in the final solution, / is a sign of the initial solution

and Is.x is signal of the final solution. The deduction mechanism is given by Equation (5):

Ix = kCx, (5)
Is+x = k(Cs; + Cx;) (6)
where k is a constant of proportionality. Dividing Eq. (5) by Eq. (6), we get Equation (7):

I, kC, C

o - (7)

L k(c,+c,) (¢, +c,)
For an initial volume Vy of the unknown sample and the added volume Vs of standard with

concentration Cs, the total volume is V = Vg + Vs and the final concentrations in equation (6) are
presented by Equations (8):

V,

Co= Gy (8a)
V,

C, =C, VS (8b)

The dilution factor, Vo/V, is crucial in these calculations. By expressing the diluted concentration
of the analyte Cx in terms of the initial concentration Cx, we can solve for Cx, given that all other
variables are known.

Determining the concentration of ascorbic acid in pear-orange

Experimental data in Figure 10a shows that the anodic current is directly proportional to the
concentration of AA. The addition of specific volumes of standard AA solution leads to correspon-
ding increases in current.

(a) (b)

] 250 -
140 4 —=— Sample o
«— 1st Addition |-~
] - -
120 2nd Addition 200 4
100 4 < e
—5
=
4 = 150 -
< % 80 S
33 o
~ = 60 4 >
- = =
T 100
40 - &
- y=14.20352 + 39.93326x
£0 50 4 : Pearson's r= 0.99996
0.0 4 .
]
-20 T T T T T T T \ o T T T T T T T
-0.4 0.2 0.0 02 0.4 06 0.8 10 12 -2 -1 0 1 2 3 4 5
E/V vs. Ag/AgCl Gsi (Ve/ Vo) /gl

Figure 10. (a) LSV curves at 50 mV s’ of C-SPE in 0.1 mol L™ phosphate buffer pH 5.5 and AA sample present
in the juice of a pear-orange and two added volumes (5 and 10 L) of 0.05 mol L™ AA standard solution;
(b) determination of AA concentration in pear-orange using standard addition method
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These data points and known parameters will be used to generate a linear equation for further
analysis. A series of data points representing concentrations of standards added to the sample are
calculated for the x-axis: Cx, (Vs / Vo), and corresponding signals (/s:x) adjusted for volume ratios, are
calculated for the y-axis: Is«x (V / Vo).

For the initial volume of unknown sample (Vo) = 0.018 mL and initial concentration of standard
Cs,=0.05 M = 8.8 g L'}, the needed parameters and calculated standard AA concentrations and
corresponding currents are summarized in Table 1.

Table 1. Analytical parameters and calculated concentrations of standards and resulting current responses for
AA determination in pear-orange by standard addition method: Vo= 0.018 ml, Cs;= 0.05 mol L' = 8.8 gL™

Vs/mL /S+x/LlA V/ mL Vs/Vo V/ Vo Csi(Vs/Vo)/gL{L Is+x (V/Vo)/},LA
0 14.72 0.018 0.000 1.00 0.00 14.72

0.0050 87.03 0.023 0.280 1.28 2.46 111.4

0.010 135.0 0.028 0.550 1.55 4.89 210.0

The linear Equation (9) shown in Figure 10b can be derived from the obtained data in Table 1:
y =14.20352 + 39.93326x (9)

Using Eq. (9), it can be easily calculated that for y =0, x=1]-0.36 g L'!| =0.36 g LY or 360 L.

The experimental analysis revealed that the concentration of AA in the pear-orange sample was
determined to be 360 mg L. This value comes with a calculated uncertainty of + 32.4 mg L%, which
was derived using the propagated errors of the coefficients obtained from the software.

This result implies that the actual concentration of AA in pear oranges lies within the range of
327.6t0392.4 mg L.

Repeatability study

It's worth noting that variations in fruit variety may account for the observed differences in AA
concentration. To validate the repeatability of this experiment, it was conducted in triplicate using
two additional samples from the same batch of oranges.

To evaluate the repeatability of the analysis, the same orange juice sample underwent two
additional LSV analyses. The entire initial procedure was repeated. The first repetition is referred to
as duplicate analysis, and the second as triplicate analysis, yielding new peak potential and current
values, which are presented below.

Duplicate analysis: Upon conducting the duplicate analysis (Figure 11a and 11b), the linear
Equation (10) derived from the obtained data was:

y =24.07257x + 6.80553 (10)

Solving for xwheny =0, x=]-0.283 g L!| =0.283 g L.

The concentration of AA found in the pear-orange through duplicate analysis was determined to
be 283 mg L1. This measurement comes with an associated uncertainty of + 29 mg L. Therefore,
the experiment suggests that the concentration of AA within pear oranges is within the range of 254
to 312 mg L.

Comparing this duplicate measurement to the value obtained in the initial analysis, the relative
error ranged from -22.47 to -20.49 %. Notably, the concentration of AA in the duplicate analysis was
lower than in the first assessment. However, it's essential to consider that both analyses were
performed on the same orange, contributing to a reduced margin of error compared to literature
data obtained from diverse experiments.
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Figure 11. LSV curves at 50 mV s of C-SPE for a duplicate of the AA sample present in the juice of a pear-

orange and for two added volumes of 0.05 mol L™? AA standard solution, in 0.1 mol L, phosphate buffer

pH 5.5, scan rate 50 mV s, (b) determination of AA concentration in duplicate pear-orange sample using
standard addition method

Triplicate analysis (Figures 12a and 12b): Using the linear fit equation, y = a + bx, it is possible to
obtain Equation (11) from Fig. 12b:

y = 24.34109x + 6.521 (11)
Solving for x when y = 0, we find that x = |-0.268 gL ™| =0.268 g L.
(a) (b)
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—+— 2nd Addition | it
| ;
60 1 10{:1]
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Figure 12. LSV curves at 50 mV s of C-SPE for a triplicate of the AA sample present in the juice of a pear-
orange and for two added volumes of 0.05 mol L™ AA standard solution in 0.1 mol L2, phosphate buffer
pH 5.5; (b) determination of AA concentration in triplicate pear-orange sample using standard addition

method

The concentration of AA found in the pear-orange was quantified to be 268 mg L?, with an
associated uncertainty of + 34.2 mg L. Based on this experiment, it can be inferred that the
concentration of AA in pear-orange ranges from 233.8 to 302.2 mg L. The standard deviation
calculated for the three concentration values obtained was 49.36 mg L.

Comparing this triplicate analysis to the value obtained in the first measurement, the relative
error ranged from -28.63 to -22.99 %. This indicates that the concentration of AA in the triplicate
analysis was also lower than in the first assessment.
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To include the error bar of the replicates, a graph was generated (Figure 13) of the mean of the
values corresponding to the y-axis by the values of the x-axis - the same for the three measurements
since the dilution factor is maintained: O for the sample, 0.28 for the first addition and 0.56 for the
second addition).

From the graph, it is possible to obtain the linear Equation (12):

y =11.20558 + 28.40392x (12)

Setting y = 0, the equation was solved for x, yielding |-0.394| g L-1, whose modulus corresponds
to 0.394 g L-1, accompanied by an uncertainty of + 37.4 mgL. The relative error of this value
compared to the literature is from -36.27 to -13.77 %.

200 +

¥ =11.20558 + 28.40392x
r?=0.99556

150

-

100 4

Mean Js-x (V/ Vo) / A

Gsi (Vs/ Vo) /gl

Figure 13. Determination of AA concentration in pear-orange using the standard addition method with error
bars considering the mean of three measurements

Although the observed error, considering the three measurements, is reasonable (given the
variety among the fruits themselves), when we look at each replicate individually, it is notable that
in comparison to the duplicate analysis, the relative error of the triplicate was between -7.95 and -
3.14 %. In other words, the concentration in the triplicate analysis was lower than in the first and
second analyses. This discrepancy may be attributed to the degradation of AA over time, as these
samples of juice originated from the same orange and were subjected to the environmental
conditions of temperature, light, and oxygen. Hence, to ensure more precise results, the analyses
conducted on Tahiti lemon and Ponkan tangerine were performed only once, preventing potential
degradation of vitamin C due to prolonged exposure to ambient conditions.

Experimental determination of ascorbic acid concentration in Tahiti lemon

As seen in Figure 14a, the anodic currents measured at C-SPE in solutions containing juice sample
of Tahiti lemon increase after additions of AA standard samples. For Vo = 0.018 mL and
Cs,=0.1 mol L' =17.6 g L' the needed parameters used for calculations of standard concentrations
and corresponding currents are summarized in Table 2.

Table 2. Analytical parameters and calculated concentrations of standards and resulting current responses for
AA determination in Tahiti lemon by standard addition method: Vo= 0.018 ml, Cs,= 0.1 mol L = 17.6 gL™

Vs/mL /S+X/HA V/ mL Vs/ Vo V/ Vo Csi (Vs/ Vo)/g Lt Is+x (V/ Vo) / },LA
0.000 17.67 0.018 0.000 1.00 0.00 17.67
0.005 51.00 0.023 0.280 1.28 4.89 65.17
0.010 74.21 0.028 0.550 1.55 9.78 1154
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Figure 14. (a) LSV curves at 50 mV s of C-SPE in 0.1 mol L phosphate buffer pH 5.5 containing AA sample
present in Tahiti lemon juice and two added volumes (5 and 10 ulL) of 0.01 mol L'* AA standard solution;
(b) determination of AA concentration in Tahiti lemon juice using standard addition method

The linear equation derived from data in Table 2 and shown in Figure 14b is:
y =17.20833 + 9.99693x (13)

Setting y = 0, the equation was solved for x, yielding -1.72 g L. This value was converted to a
positive value, resulting in 1.72 g L'1. Therefore, the concentration of AA in the Tahiti lemon was
determined to be 1720 mg L, accompanied by an uncertainty of + 131.4 mg L.

Thus, the experiment indicates that the concentration of AA present in the Tahiti lemon is between
1588.6 and 1851.4 mg L. Compared to the TACO Table [12], the AA content in a lemon weighing
approximately 100 g is around 38.2 mg. Therefore, considering that the lemon used yielded 35 mL and
weighed 120 g (the theoretical value is 45.84 mg and the experimental value is within the range of
55.6 and 64.8 mg), the relative error presented had a range of 21.29 to 41.36 %.

Determining the concentration of ascorbic acid in Ponkan tangerine

LSV curves for C-SPE in a solution containing Ponkan tangerine juice are presented in Figure 15a.
For Vo =0.018 mL and Cs, = 0.05 mol L' = 8.8 g L™ the needed analytical parameters for calculations
of standard concentrations and corresponding currents are summarized in Table 3.
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Figure 15. (a) LSV curves at 50 mV s of C-SPE in 0.1 mol L™ phosphate buffer pH 5.5 containing AA sample
present in Ponkan tangerine juice and two added volumes (5 and 10 ul) of 0.05 mol L AA standard
solution; (b) determination of AA concentration in Ponkan tangerine juice using standard addition method
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Table 3. Analytical parameters and calculated standard concentrations and resulting current responses for AA
determination in Ponkan tangerine by standard addition method: Vo= 0.018 ml, Cs,= 0.05 mol L' =8.8 g ™!

Vs/mL /s+x/|.lA V/mL Vs/Vo V/Vo Csi(\/s/\/o)/gl._1 /s+x (V/ Vo)/},lA
0.000 12.84 0.018 0.00 1.00 0.00 12.84
0.005 74.09 0.023 0.280 1.28 2.46 94.67
0.010 123.6 0.028 0.550 1.55 4.89 192.2

The linear Equation (14) derived from data in Table 2 and shown in Figure 15b is:
y =10.05882 + 36.66987x (14)

Wheny =0, x=-0.27 g L', equivalent to 0.27 g L'X. Consequently, the concentration of AA found
in the Ponkan tangerine was 270 mg L't with an uncertainty of + 100 mg L.

Thus, the experiment indicates that the concentration of AA present in the Ponkan tangerine is
between 170 and 370 mg L. Compared to the TACO table [13], the AA content in a Ponkan
tangerine of approximately 100 g is around 48.8 mg. Therefore, considering that the tangerine used
weighed 143.3 g (the theoretical value would be 69.93 mg) and yielded 60 mL of juice (experimental
value between 10.2 and 22.2 mg), the relative error presented had a range of -85.4 to -68.2 %.

Again, the value found was lower (as with the pear-orange), which could be due to intra-species
variation in the fruit itself but could also be due to losses during the procedure.

Conclusion

In summary, this study thoroughly evaluated the efficacy of various carbon electrodes (including
the conventional glassy carbon electrode and highly sensitive carbon paste electrode) composed of
graphite powder and paraffin, and the cost-effective commercial carbon screen-printed electrode.
Among these, the C-SPE exhibited good performance in terms of anodic peak current, demonstra-
ting its robustness, cost-effectiveness, and ease of use, thus positioning it as a compelling alternative
for practical applications.

The effectiveness of the C-SPE was validated through its successful application in determining
vitamin C concentrations in different citrus fruit samples using the standard addition method in
conjunction with linear sweep voltammetry. The results for the ascorbic acid concentration in pear-
orange ranged from 327.6 to 392.4 mg L* in the first analysis, as subsequent analyses were affected
by degradation. For Tahiti lemon and Ponkan tangerine, the concentrations were 1588.6 to
1851. mg Lt and 170 to 370 mg L%, respectively. These findings indicate that, among the fruits
analyzed, Tahiti lemon is the richest source of vitamin C, making its consumption highly recom-
mended for individuals needing to supplement this vitamin.

The applied voltammetric method, specifically LSV, for ascorbic acid determination, proved to be
highly sensitive, rapid, and reproducible, particularly given the inherent variability among different
fruit samples. These results underscore the considerable potential of C-SPE for practical applications
in vitamin C analysis. Moreover, the development and utilization of specialized electrodes, such as
C-SPE, reflect a broader trend in the field of food analysis, enhancing both precision and efficiency
in nutrient quantification.
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