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In the present study, an electrochemical sensor based on the electrode (SiMImCl/C) consisting of graphite and silica, 
grafted with 1-n-propyl-3-methylimidazolium chloride was used for ascorbic acid (AA) quantification in pharmaceuticals 
and food formulations. Cyclic voltammetry and electrochemical impedance spectroscopy were applied for electrochemical 
characterization of the SiMImCl/C electrode. The cyclic voltammetry study revealed that the oxidation of AA on this 
electrode is an irreversible process, realized by adsorption and diffusion limited step. The differential pulse voltammetry 
was applied to develop a procedure for the AA determination. The linear range was found to be 0.3–170 μmol L-1 and 
the limit of detection – 0.1 μmol L-1. The proposed SiMImCl/C electrode has long term stability and does not show 
electrochemical activity towards the analytes, which commonly coexist with AA. The sensor was successfully used for 
quantification of AA in food and pharmaceutical formulations.
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В даному дослідженні електрохімічний сенсор на основі електроду (SiMImCl/C), що складається з графіту 
та кремнезему з ковалентно закріпленим 1-н-пропіл-3-метилімідазолій хлоридом, було використано 
для кількісного визначення аскорбінової кислоти (АК) в фармацевтичних засобах та продуктах 
харчування. Електрохімічні властивості SiMImCl/C електроду охарактеризовано за допомогою циклічної 
вольтамперометрії та електрохімічної імпеданс спектроскопії. Згідно з результатами циклічної 
вольтамперометрії, окиснення АК на електроді є необоротнім процесом, швидкість якого контролюється 
як стадією дифузії активних форм до/від приповерхневого шару електроду, так і їх адсорбцією/десорбцією 
на поверхні електроду. Для розроблення процедури визначення АК було використано диференціально-
імпульсну вольтамперометрію. Діапазон лінійності градуювального графіку становить 0.3–170 μмоль/л, 
а межа виявлення – 0.1 μмоль/л. Запропонований електрод SiMImCl/C має високу стабільність та низьку 
чутливість по відношенню до різних супутніх компонентів АК. Сенсор було успішно використано для 
визначення АК у продуктах харчування та фармацевтичних засобах.

Ключові слова: аскорбінова кислота, сенсор, вольтамперометрія, органо-неорганічний гібрид, іонна рідина

Електрохімічний сенсор на основі графітового електроду 
модифікованого силікагелем, що містить 1-н-пропіл-3-метил-
імідазолій катіони, для визначення аскорбінової кислоти¤
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Among the wide range of natural products, 
L-ascorbic acid or Vitamin C (AA) plays one of 
the essential roles in the pharmaceutical industry. 
Excluding its natural formation in living organisms, 
annual AA global production is estimated at 
approximately 110 000 metric tons [1]. The outstanding 
importance of AA lays in the diversity of biochemical 
processes, which depend on the presence of ascorbic 
acid. Also, it is a cofactor for several essential 
enzymatic reactions, such as collagen and carnitine 
syntheses. Furthermore, being one of the most 
effective and widespread antioxidants, AA is believed 
to have a protective effect against various oxidative 
diseases, for example, cardiovascular diseases, 
different types of cancer, AIDS, the common cold and 
mental illnesses [2-5]. As AA is not produced by the 
human body [6] it is a vital constituent of nutritional 
and many pharmaceutical supplements [7]. Thus, the 
determination of AA is important in the quality control 
of pharmaceuticals. Monitoring of AA level has its 
applications in several biological studies. The content 
of AA is used to establish the quality, sanitary state 
and commercial value of many food products [8], and 
changes in ascorbic acid’s concentration can help 
determine postmortem interval in forensic science [9].

AA is usually determined by means of direct titration 
[10], chromatographic [11, 12], spectrophotometric 
[13] and solid phase spectrophotometric methods 
[14]. AA steadily takes part in redox processes, thus 
electrochemical methods can be applied as well. 
The electrochemical approach can present some 
advantages over spectroscopic and chromatographic 
ones, including fast determination, small sample 
quantities, low cost and elimination of pre-
concentration steps [15, 16].

Over the past years, many carbon-based working 
electrodes have been proposed for AA determination, 
including electrodes, modified with metal and metal 
oxide nanoparticles [17-21]; alkylimidazolium salts 
[17-19, 22]; graphene and its derivatives [5, 23, 24]; 
multi-wall carbon nanotubes [19, 21, 25]; polymers 
[5, 26]; etc. One can clearly see that most of the 
novel sensors are based on unique and exotic 
materials, requiring specific synthetic conditions 
and expensive reagents. Silica-based materials are 
inexpensive analogs and are very common among 
the modifiers of carbon electrodes [27-29]. These 
materials are comparatively easy to synthesize, and 

they exhibit high hardness, stability, high surface 
area, and porosity. Additionally, silica is suitable to be 
functionalized with different organic groups, in order 
to prepare silica hybrid materials [28, 29]. Grafting the 
appropriate functional groups onto the silica surface 
can provide good selectivity and high sensitivity of 
the sensors towards specific types of analytes. In the 
case of organic acids, a possible way to achieve the 
stated properties is to immobilize organic cations, 
including ionic liquid precursors, on the silica surface. 
This allows the bounding of anionic forms of organic 
acids onto the surface as counterions, providing 
an increase of the local analyte concentration and 
facilitating electron transference, thus lowering the 
oxidation potential and enhancing sensitivity. 

The recent application of silica with immobilized 
basic groups in the electrochemical determination of 
AA confirms the statement above [30]. Ionic liquids 
are widely used in electrode modification to improve 
sensing properties. They are deposited as a film on 
carbon glass electrodes [31, 32], used as a binder 
in carbon paste electrode and stabilizer of metal 
nanoparticles [20, 22].

Silica grafted with 1-n-propyl-3-methylimidazolium 
chloride (SiMImCl), was actively studied in the last 
couple of years [33-36]. This silica-organic material 
has already shown feasibility for electrochemical 
determination of certain analytes, such as catechol 
derivatives, uric acid and NADH [35, 37]. In this study, 
we present the application of graphite electrode 
modified with SiMImCl for AA determination.

Experimental part
Material preparation
Silica Davisil™, grade 646, particle size 20–35 

mm) was used as a matrix for the immobilization of 
alkylimidazolium by grafting reaction (SiMImCl). The 
3-n-propyltrimethoxysilane-1-methylimidazolium 
chloride was reacted with the silica surface using 
ethanol as a solvent, under stirring (during 24 h) and 
heating (60 °C) [33, 34]. The modified silica after 
washing with ethanol for 6 h in Soxhlet extractor was 
treated under vacuum (133 mPa) at 50 °C to eliminate 
solvent. The specific concentration of the grafted 
groups was estimated by elemental analysis and 
was found to be 1.00 ± 0.02 mmol·g-1. A schematic 
representation of the grafting reaction can be seen in 
Fig. 1.

Fig. 1 Scheme of the SiMImCl synthesis.
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Apparatus and reagents
The N2 adsorption-desorption isotherms were 

measured using Tristar 3020 Kr Micromeritics 
equipment at liquid nitrogen boiling point. The material 
was treated under vacuum for 12 h at 120 °C. The BET 
(Brunauer, Emmett and Teller) multipoint technique 
and BJH (Barret, Joyner, and Halenda) method [38] 
were used to calculate specific surface areas and the 
pore size distribution.

The main part of the electrochemical measurements 
was performed on the Potentiostat/Galvanostat 
P-30I (Elins, Russia). Additional experiments were 
carried out with the PGSTAT20 (Metrohm Autolab, 
the Netherlands) and IviumStat (Ivium Technologies, 
the Netherlands). A three-electrode cell has consisted 
of the auxiliary electrode (platinum wire), reference 
electrode (silver chloride electrode, Ag/AgCl/(3M 
KCl)) and graphite electrode as the working electrode. 
Electrochemical measurements were performed at 
20 °C in KCl solution (1 mol L-1).

All of the used chemicals were of analytical grade 
and purchased from KhimLaborReactive (Ukraine) or 
Aldrich. Doubly distilled water was utilized to prepare 
solutions. To avoid degradation of AA, a freshly 
prepared solution was used in each electrochemical 
measurement. Both the electrochemical cell and flask 
with AA solution were protected from light with foil.

Graphite powder (99.99 %, Aldrich) and paraffin 
(98 %, KhimLaborReactive, Ukraine) were used 
for the preparation of the electrode. The phosphate 
buffer solutions (PBS; 0.1 mol L-1) were used to adjust 
necessary pH values.

Preparation of the electrode
The working electrode (hereafter called SiMImCl/C) 

was prepared according to recently reported 
procedure [35, 37]. The mixture (50 mg) of material 
and graphite powder, at an equal mass ratio, was 
pressed under 2.5 ton. The resulting disk (6 mm in 
diameter, thickness ~ 0.01 cm) was treated with pure 
liquid paraffin at 70 °C and under vacuum (133·mPa) 
to eliminate adsorbed gases. Afterward, disk’s surface 
was cleaned from paraffin by emery paper and the 
obtained disk was glued to the end of a glass tube. A 
copper wire inserted inside the tube was connected to 
disk surface using graphite powder. The unmodified 
silica/graphite electrode (Si/C) was prepared in the 
same way to be used for the comparison.

Real sample preparation
For the approbation of the procedure on real 

objects, the following dietary supplements and 
pharmaceuticals were used: Vitamin C Injection 
solution (Pharmaceutical company «Zdorovye»), 
Vitamin C 500 (Kyiv Vitamin Plant), baby food «Peach» 
(«HiРР») and fresh Orange juice.

The working solutions were prepared according to 

the following procedures. 0.9 mL of injection solution 
was placed in a 50 mL flask, then 3.88 g of KCl was 
weighed on an analytical balance and transferred to 
the flask and the volume of the solution was adjusted 
to the mark with PBS. 1 pill of Vitamin C 500 was 
dissolved in the small volume of PBS and then diluted 
to 1 L with the same solution. 15 g of baby food was 
dissolved in a small quantity of PBS. The system was 
then filtered into a 500 mL flask and the volume of 
the solution was adjusted to the mark with PBS. Fresh 
juice was prepared using a mechanical squeezer 
and filtered into a beaker. 20 mL of the filtrate was 
transferred into a 25 mL flask, then 1.94 g of KCl was 
added and the volume of the solution was adjusted to 
the mark with PBS. The standard addition method was 
used to determine the AA content.

The titration method
The following method was used to find the amount 

of AA in orange juice. 50 mL of the orange filtrate,  
4 mL of sulfuric acid (6 mol L-1) and 20 mL of iodine 
solution (0.01 mol L-1) in a KI (0.1 mol L-1) solution 
were successively transferred in Erlenmeyer flask. The 
excess of iodine was titrated with sodium thiosulfate’s 
(0.02 mol L-1) solution, in the presence of starch.

Results and discussion
Textural analysis
Textural characteristics of the modified and unmod-

ified silica were investigated using N2 adsorption-de-
sorption isotherms. Since the material was pressed 
under 2.5 ton for the preparation of the SiMImCl/C 
electrode, the textural properties of nonpressed and 
pressed SiMImCl were also compared. The isotherms 
and the pore size distribution curves are shown in 
Fig. 2 and inset of Fig. 2 respectively. The surface area 
and pore volume values are presented in Table 1. All 
isotherms are type IV, typical of mesoporous mate-
rials, with inflections under high relative pressure [38]. 
It is clearly seen that the grafting reaction produces 
a decrease in pore volume (Fig. 2 and Table 1) which 
is accompanied by a decrease in the pore diameter 
(Inset Fig. 2). This behavior is compatible with the sur-
face coverage by the 1-n-propyl-3-methylimidazolium 
group. After applying pressure, a significant decrease 
of approx. 50 % in pore volume was observed (Fig. 2 
and Table 1). Pore size also decreased, as the max-
imum of the diameter distribution curve shifted from 
13 to 6 nm (Inset Fig. 2). However, the surface area 
of the pressed SiMImCl did not undergo such a signif-
icant decrease (Table 1).

Still, the pore diameter of pressed SiMImCl material 
is large enough to allow the diffusion of AA species 
inside the pores, since the size of AA is approximately 
0.7 nm, as was estimated by AM1 semi-empirical 
method.
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Sample BET surface area (m2 g-1) Pore volume (cm3 g-1)
pure silica 255 ± 5 1.167 ± 0.003

nonpressed SiMImCl 220 ± 5 0.946 ± 0.001
pressed SiMImCl 205 ± 5 0.406 ± 0.001

Table 1. Textural characteristics of materials.

Fig. 2 N2 adsorption-desorption isotherms. Inset: the BJH pore size distribution curves.

Electrochemical characterization of SiMImCl/C 
and Si/C

The electrochemical characterization of both 
electrodes was performed by means of cyclic 
voltammetry (CV) and electrochemical impedance 
spectroscopy (EIS). Fig. 3a shows CVs of both 
electrodes using the redox couple ferricyanide/
ferrocyanide (1 mmol L-1) as a probe. There is a well-
defined pair of redox peaks in a -- 4

6
3
6 Fe(CN)Fe(CN)  

system using either one of the electrodes and 
an increase in the intensity of the peak current is 
observed with the SiMImCl/C electrode. Also, an 
increase in the peak current and a decrease in the 
difference between peak potentials are observed for 
SiMImCl/C when compared with the Si/C, indicating 
that the electron transference reaction is kinetically 
and thermodynamically favored on the SiMImCl/C 
electrode surface.

It was found that the grafting of 1-n-propyl-3-
methylimidazolium chloride on the silica surface 
results in a significant increase (more than 5-fold) 
of the electroactive area of the SiMImCl/C electrode 
when compared to Si/C. This is caused by the 
presence of grafted methylimidazolium cations on the 
silica surface of SiMImCl/C. These groups may attract 
the negatively charged anions from the ferricyanide/
ferrocyanide couple, improving the redox process and 
increasing the peak current accordingly.

EIS is a suitable method for monitoring the  
impedance changes between Si/C and SiMImCl/C 
electrodes. Fig. 3b shows the electrochemical 

impedance spectra obtained using both electrodes  
in the presence of the redox species 

-- 4
6

3
6 Fe(CN)Fe(CN) . The semicircle diameters 

of the Nyquist plot reflect the electron transference 
resistance (Rct), which depends on the electron 
transference from redox species to the electrode’s 
surface. The average value of Rct for SiMImCl/C was 
approximately 50 Ω, while for Si/C the Rct was 5000 
Ω. This indicates that the modification of silica surface 
by ionic liquids enhances the charge transference 
process and supports the data obtained with CV.

Electrochemical behavior of AA at the SiMImCl/C 
electrode

To evaluate the electrode performance, 
electrooxidation of AA on SiMImCl/C was studied and 
compared with one on Si/C. The CVs were registered 
in solution with absence and presence of AA (160 
mmol L-1) in the potential range from - 0.2 to + 0.8 V at 
a scan rate of 20 mV s-1. The data is shown in Fig. 4. 
There are no redox processes on the electrodes 
immersed in the solution of PBS (pH 6.5).

It is clearly seen that the SiMImCl/C electrode, 
in comparison to the Si/C one, demonstrates 
electrochemical response to the addition of AA with 
the oxidation peak potential at + 0.21 V. These results 
indicate that the grafting of methylimidazolium cations 
reduces the oxidation peak potentials and increases 
the resolution of the AA signal on the electrode. 
Additionally, no reduction peaks are present in CVs 
on either electrode, so the oxidation of AA is an 
irreversible process under the chosen conditions.
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Fig. 3 Electrochemical characterization of both electrodes in the solution containing 1 mol L-1 of KCl and 1 mol L-1 
of -- 4

6
3
6 Fe(CN)Fe(CN) : a) CVs of the Si/C (dash line) and SiMImCl/C (solid line) electrodes at scan rate 

25 mV s-1; b) Nyquist plots of the Si/C (triangle) and SiMImCl/C (cycle) electrodes.

Fig. 4 CVs of the Si/C and SiMImCl/C obtained in the PBS (pH 6.5) in the absence and presence of 160 mmol L-1 
of AA at scan rate 20 mV s-1.
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The influence of pH on the analytical response of 
AA at SiMImCl/C electrode was evaluated in PBS with 
5.5, 6.5 and 7.5 values of pH. The highest anodic peak 
current was observed in solution with pH = 6.5, so this 
solution was chosen for further studies. Additional 
measurements showed that signal response is 
almost constantant in pH from 6.2 to 6.6. At optimal 
conditions, AA exists in solution in a dissociated state  
(pKa = 4.2) [39]. The dissociated AA species interact 
with the charged surface sites, decreasing the 
oxidation potential and enhancing sensitivity.

The influence of oxygen was also estimated. 
The difference of analytical signal in argon and 
ambient atmosphere was less than 5 %. Therefore, 
to simplify the procedure, the following experimental 
measurements were performed at room atmosphere.

The preconcentration time and potential have 
great influence on the metrological characteristics 
of the voltammetric methods. In order to provide the 
highest sensitivity and lowest detection limit of AA 
measurements, these parameters were optimized. 
Preconcentration potential was investigated in the 
wide range, from - 300 to + 300 mV with the step of  
50 mV. The best signal to background relation and well-
shaped AA peak were observed with preconcentration 
potential of - 200 mV, therefore this value was applied 
in the following experiments. The influence of second 
parameters on the analytical signal was minor and 

independent on the AA concentration. The optimal 
time was chosen to be 120 s.

Analytical characteristics and influence of the addi-
tional components

Fig. 5 shows DPVs recorded with different AA 
concentrations. The oxidation peak current grows as 
AA concentration increases, from 0.3 to 170 μmol L-1. 
The linear dependence of the electrochemical signal 
on concentration c (AA) is expressed by the equation: 
Ipa (A) = 6.69 ∙ 10-7 (± 0.02 ∙ 10-7) + 1.60 ∙ 10-2 (± 0.01 ∙ 10-2) 
x c(AA, mol L-1), with R2 = 0.999. The limit of detection 
(LOD) was found to be 0.1 μmol L-1 and sensitivity 
was equal to 16 nA L μmol-1.

The metrological characteristics are presented in 
Table 2. The proposed electrode stays in line with the 
novel sensors reported over the last few years. The 
LOD value is comparable with that of electrodes based 
on nanomaterials – nanoparticles, carbon nanotubes 
or graphene, which are expensive, require specific 
preparation conditions and high-purity reagents. 
Therefore, the proposed SiMImCl/C electrode can be 
a good low-cost alternative to novel sensors for clinical 
diagnostics, food and pharmaceutical industries.

In addition, the method “added-found” was used to 
evaluate the precision and accuracy of the proposed 
procedure. As it can be seen in Table 3, the SiMImCl/C 
electrode showed satisfactory recoveries in these 
conditions.

Fig. 5 DPVs at the SiMImCl/C in the PBS (pH 6.5) containing different concentrations of AA. Inset: the calibration 
plot.

Table 2. Comparison between existing electrodes and the proposed one.

Electrode Linear range (μmol L-1) LOD (μmol L-1) Ref.
Poly-L-Cys/GPE1

IL-BN-Fe3O4NPs/GCE2

BMITB/NiO/NPs/CPE3

NiO/MWCNTs/[Bmim]BF4/CPE4

ZnO/CNT/CPE5

CNTs-Mn NPs/GCE6

CdO/NPs/ILs/CPE7

1-580
1-12

0.08-380
0.1-1000
0.1-450
60-4000
0.07-480

0.2
0.042
0.04
0.06
0.07
0.1
0.03

[5]
[17]
[18]
[19]
[20]
[21]
[22]
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Electrode Linear range (μmol L-1) LOD (μmol L-1) Ref.
APMCNTPE8

Poly(Py-oPD)/PGE9

Au-SiO2@PANI/CPE10

PG/GCE11

Gr/CuPc/PANI/SPE12

e-FGPE13

rGO-SnO2/GCE14

SiMImCl/C

0.02-120
1-1000
150-800

9.00-2314
0.5-120
20-400

400-1600
0.3-170

0.08
0.26
3.8
6.45
0.063
2.0
38.7
0.1

[25]
[26]
[30]
[40]
[41]
[42]
[43]

This work

Table 2. (continuation).

1 poly-L-cysteine graphene platform electrode
2 glassy carbon electrode modified with composite based on 1-butyl-3-methyl imidazolium tetra fluoroborate 
ionic liquid, boron nitride, and magnetite nanoparticles
3 Carbon paste electrode modified with NiO nanoparticle and 1-butyl-3-methylimidazolium tetrafluoroborate
4 NiO-multiwall carbon nanotube nanocomposite modified carbon ionic liquid paste electrode
5 Carbon paste electrode modified with ionic 1-methyl-3-butylimidazolium bromide
6 glassy carbon electrode modified with manganese nanostructured carbon nanotubes based composite
7 Carbon paste electrode modified with a CdO nanoparticle and 1-methyl-3-butylimidazolium bromide
8 p-aminophenol modified carbon nanotubes paste electrode
9 pencil graphite electrode modified with a molecularly imprinted copolymer of pyrrole and o-phenylenediamine
10 gold decorated SiO2@polyaniline core-shell microsphere modified carbon paste electrode
11 pristine graphene / glassy carbon electrode
12 graphene / copper(II) phthalocyanine-tetrasulfonic acid tetrasodium salt /polyaniline / screen printed electrode
13 exfoliated flexible graphite paper
14 glassy carbon electrode modified with reduced graphene oxide – tin oxide composite

Table 3. AA added found test with SiMImCl/C (n = 3, P = 0.95).

AA content (mg) Recovery (%)Added Found
9.20
16.07
25.54

9.09 ± 0.04
16.24 ± 0.07
25.62 ± 0.01

99 ± 1
101 ± 1
100 ± 1

DPV technique was also utilized to estimate the 
repeatability and reproducibility of the proposed 
electrode. The experiments were performed in a 
solution containing 160 μmol L-1 of AA. 

Repeatability, as the relative standard deviation 
(RSD) of four measurements obtained at the same 
electrode in the same conditions, was found to be 
1.5 %. Reproducibility, as RSD of four analyses with 
four different sensors prepared in the same way, was 
equal 2.2 %. Moreover, measurements were carried 
out with five electrodes prepared on five different 
days. In this case, the RSD value was 3.2 % for the 
same concentration level.

The stability of SiMImCl/C was investigated by 
CV in the presence of 100 μmol L-1 of AA. After 100 
cycles, minor decreases of electroanalytical response 
was observed. After being stored in PBS at room 
temperature for three months, the oxidation peak 
potential remained the same, while current reduced 
by only 3 % of the original value. The obtained results 
confirm that the proposed SiMImCl/C electrode has 
long term stability.

Electrochemical behavior of AA was also studied 
in the presence of different substances to estimate 
the interference effects. There were no meaningful 
changes (less than 1 %) in the signal response of  
50 μmol L-1 of AA in the presence of glucose (40 
mmol L-1), potassium tartrate (30 mmol L-1), potassium 
citrate (30 mmol L-1), potassium oxalate (25 mmol L-1), 
potassium sulfite (30 mmol L-1), calcium chloride (25 
mmol L-1), potassium nitrate (30 mmol L-1), sodium 
chloride (50 mmol L-1), copper chloride (2.5 mmol L-1), 
iron (III) chloride (2 mmol L-1).

Real sample analysis
The applicability of the proposed electrode 

was tested by the determination of AA in samples 
of commercially available products containing 
ascorbic acid. Again, the results of the experiments  
(Table 4) show acceptable recovery and good 
agreement with the stated AA content. This suggests 
that the electrode can be applied in quality control in 
the food and pharmaceutical industries.
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Conclusions
The graphite electrode, modified with silica 

containing charged 1-n-propyl-3-methylimidazolium 
groups, has been used as the electrochemical 
sensor for the selective and sensitive electro- 
chemical determination of AA. Cyclic voltammetry 
measurements and electrochemical impedance 
spectroscopy have shown that the modification of the 
silica with an organic cation significantly increases 
the electrochemical activity of the electrode towards 
analytes, capable of dissociation with the formation  
of the anion in aqueous media. Under the optimal 
conditions, the proposed SiMImCl/C electrode shows 
metrological characteristics, appropriate for AA 
determination in micro quantities, with the linear range 
being 0.3-170 μmol L-1, and the limit of detection 

being 0.1 μmol L-1. These parameters are in line 
with other electrodes reported in recent years. The 
SiMImCl/C electrode has shown high stability and 
good reproducibility over long term use. Real sample 
analysis confirms the applicability of the electrode in 
AA determination in pharmaceuticals and nutrition 
products.
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Table 4. AA determination by SiMImCl/C (n = 3, P = 0.95) in the real samples.

Sample AA content (mg) Recovery (%)Stated Found
Injection solution 50 49.5 ± 0.2 99 ± 1

Vitamin C 500 500 505 ± 7 101 ± 1
Baby food «Peach» 37.5 38.1 ± 0.6 102 ± 2

Orange juice 40.9* 40.8 99 ± 1
*obtained by standard titration method
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