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Abstract: This article introduces a new type of carbon paste electrode prepared from black raw 

shungite. In powdered form, this carbonaceous material was mixed with several nonpolar binders. 

The resulting shungite pastes were microscopically and electrochemically characterized. Mixtures 

of several pasting liquids with different contents of shungite powder were tested to select the opti-

mal composition and compared with other types of carbon paste-based electrodes made of graphite 

and glassy carbon powder. In terms of physical and mechanical properties, shungite paste elec-

trodes (ShPEs) formed a composite mass being like dense pastes from glassy carbon microspheres, 

having harder consistency than that of traditional graphitic carbon pastes. The respective electro-

chemical measurements with ShPEs were based on cyclic voltammetry of ferri-/ferro-cyanide redox 

pairs, allowing us to evaluate some typical parameters such as electrochemically active surface area, 

double-layer capacitance, potential range in the working media given, heterogeneous rate constant, 

charge-transfer coefficient, exchange current density, and open-circuit potential. The whole study 

with ShPEs was then completed with three different examples of possible electroanalytical applica-

tions, confirming that the carbon paste-like configuration with powdered shungite represents an 

environmentally friendly (green) and low-cost electrode material with good stability in mixed aque-

ous-organic mixtures, and hence with interesting prospects in electroanalysis of biologically active 

organic compounds. It seems that similar analytical parameters of the already established variants 

of carbon paste electrodes can also be expected for their shungite analogues. 

Keywords: shungite; carbon pastes; microscopic study; electrochemical characterization; reaction 

kinetics; electroanalytical applications 

 

1. Introduction 

In general, a carbon paste electrode (CPE), invented by Adams in 1958 [1], is a par-

ticular type of the heterogeneous sensors widely applicable in electrochemistry and elec-

troanalysis. CPEs are made up of carbon paste, representing a mixture of carbon/graphite 

powder with a binder/pasting liquid firmly packed into an electrode holder. In order to 

improve their physicochemical properties, commonly used graphitic powders can be re-

placed by alternate carbonaceous materials [2,3]. They are represented by some synthetic 

products, namely, powdered glassy carbon [4], acetylene black [5], milled carbon fibers 

[6], and carbon nanoparticles [7], including ball-shaped fullerenes [8], carbon nanohorns 

[9], both multi- and single-walled carbon nanotubes [10], and single-layer graphene sheets 

[11]. Yet another alternative is a very popular boron-doped diamond [12]. In addition to 

all these carbon-based materials, some special clays [13] or transition-metal carbides [14] 

are now also of interest. 

At present, cheaper and more environmentally friendly natural carbonaceous mate-

rials like natural graphite [15] activated carbon [16], charcoal black [17], calcined petro-

leum coke [18], biochar [19,20], and so-called shungite are coming to the fore, especially 
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as the constituents of supercapacitors [21], photocatalysts [22], Li-ion battery anodes [23], 

environmentally friendly adsorbing agents [24], or in the configurations of electroanalyt-

ical devices [25]. 

Regarding the latter-mentioned shungite, which is a semi-trivial name for an amor-

phous metamorphic form of mineralized carbon, it is classified into five categories accord-

ing to its carbon content [26]. With the highest content (up to 98% (w/w) carbon), we have 

the shungite type 1, also called noble or elite shungite, which is regarded as the most 

promising variant for electrochemical applications [25]. Solid electrodes made by grinding 

raw shungite stones were shown to be comparable to the commercial glassy carbon elec-

trode [25]. However, all solid electrodes lack some of the advantages offered by composite 

materials, namely, extractive accumulation of the analyte into the pasting liquid and sim-

ple modification by mixing in a suitable modifier. 

Quite surprisingly, among the myriad of various CPEs proposed during more than 

six decades of carbon pastes in electrochemistry and electroanalysis [2,3], there is no spe-

cial study that has dealt with the configurations of the shungite paste type, except one 

report with more or less preliminary information [27]. Thus, there is still a space to fill up 

the existing gap and introduce for the first time such a shungite paste electrode (ShPE) in 

a study featuring respective microscopic and electrochemical characteristics, including a 

necessary comparison with the most widely used CPE and related glassy carbon paste 

electrode (GCPE) [28]. 

In this work, commercially available shungite powder with 50% (w/w) carbon has 

been selected and the basic physicochemical and electrochemical characterization of the 

corresponding ShPE carried out, including the optimization of the corresponding paste 

composition for use in both purely aqueous and mixed-solvent media. To demonstrate 

the electroanalytical usefulness of the new ShPE tested, three different applications have 

been examined, namely, (i) voltammetric detection of pesticide fenhexamid in 10% (v/v) 

methanolic medium, (ii) determination of vitamin B2 in acidic aqueous solutions for an 

ShPE modified with MnO2 redox mediator, and, finally, (iii) potentiometric titration of 

surfactants with an ShPE containing 2-nitrophenyl octyl ether as the pasting liquid. 

2. Materials and Methods 

2.1. Reagents and Chemicals 

Manganese (IV) oxide powder, ≥98.0% riboflavin (VB2), ≥98.0% fenhexamid (FNX), 

≥98.5% potassium hexacyanoferrate (II) trihydrate, 98% sodium dodecyl sulfate (SDS), 

and cetylpyridinium chloride (CPC) were purchased from Merck KGaA (Darmstadt, Ger-

many). Raw shungite powder (mesh: 1–20 µm) was obtained from Skywest Trading s.r.o. 

(Prague, Czech Republic), whereas carbon powder (≥5 µm; natural and chemically puri-

fied product from graphite mines in Český Krumlov, Czech Republic [15]) was purchased 

from Maziva Týn s.r.o. (Týn and Vltavou, Czech Republic), and glassy carbon powder 

(particle size: 2–10 µm [4]) from HTW Hochtemperatur-Werkstoffe GmbH (Thierhaupten, 

Germany). As the paste binders, silicone oil (SO) of viscosity ≥ 8000 cSt from Lučební zá-

vody (Kolín, Czech Republic), mineral oil (MO), paraffin wax (PW), tricresyl phosphate 

(TCP), vaseline (VA), and 99% 2-nitrophenyl octyl ether (NPOE), all coming from Merck, 

were selected. Organic solvents, such as ~96% ethanol, ≥99.9% methanol (MeOH), 

≥99.9% acetonitrile, and ≥99.9% acetone originated from Honeywell (Seelze, Germany) 

and served to prepare the mixed working media. 

Glacial acetic acid (85%), (ortho)phosphoric acid (H3PO4, 98.5%), boric acid (s), so-

dium hydroxide (98.5%), sodium dihydrogen phosphate dihydrate, sodium hydrogen 

carbonate, sodium carbonate, potassium chloride, and 35% hydrochloride acid were used 

for preparation of 0.1 mol L−1 Britton Robinson buffers (BRB; pH 2–6), 0.1 mol L−1 phos-

phate buffer (PB; pH 7), 0.1 mol L−1 hydro-carbonate buffer (CB; pH 9), and 0.01 mol L−1 

HCl + 0.1 mol L−1 KCl (pH 2), all being from Lach-Ner s.r.o. (Neratovice, Czech Republic). 
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Ultrapure water with resistivity of ≥18.3 MΩ cm was obtained from a Milli-Q® deioniza-

tion unit from Merck Millipore (Burlington, MA, USA). 

2.2. Apparatus 

All voltammetric experiments were performed in a three-electrode configuration 

consisting of one type of a CPE as the working electrode, a reference Ag/AgCl reference 

electrode with a 3 mol L−1 KCl salt bridge from Metrohm (Herisau, Switzerland), and a 

platinum sheet from Elektrochemické detektory (Turnov, Czech Republic) completing the 

cell as the auxiliary electrode. All the specified electrodes were immersed into a voltam-

metric cell containing 10 mL of the working medium chosen and being connected to a 

potentiostat/galvanostat (type Autolab PGSTAT101) and controlled by Nova software 

(version 1.11.0), both again from Metrohm. 

Potentiometric titrations were carried out in a titration flask containing 5 mL of 

0.01 mol L−1 SDS solution agitated at 400 rpm and indicated by CPE/NPOE versus refer-

ence Ag/AgCl using a portable pH meter CPH 52 from Elteca (Turnov, Czech Republic). 

Each titration was performed by manual dosing of a titration reagent (0.01 mol L−1 CPC), 

again with agitating at 400 rpm. 

Scanning electron microscopy (SEM) utilizing the secondary-electron (SE) mode was 

the technique of choice for imaging the microstructures of the shungite powder and en-

ergy-dispersive X-ray spectroscopy (EDX) for semi-quantitative determination of impuri-

ties when using an SEM apparatus TESCAN VEGA3 SBU with an EDX probe Bruker X-

Flash Detector 410-M from TESCAN s.r.o. (Brno, Czech Republic). In order to achieve a 

high resolution of individual particles, the shungite powder had to be gold-plated with a 

2 nm layer before microscopic investigation. 

2.3. Preparation of Shungite Paste Electrodes 

The corresponding carbonaceous paste electrodes were prepared from the respective 

powder (graphite, glassy carbon, and shungite) and a liquid binder selected. The optimum 

ratio between these main constituents was 4:1 (w/w). These pastes were made by hand-

mixing in a ceramic mortar for 10 min to ensure the homogeneous distribution of carbon 

particles throughout the mixture [29]. The resulting pastes were then packed into a cavity 

of Teflon® piston-driven electrode holders of our own design [30] with two holders of dif-

ferent surface diameter, 3 mm for voltammetric and 10 mm for potentiometric measure-

ments. 

The height of column of rather dense shungite paste in the holder’s cavity had to be 

kept maximally 1 cm due to its difficult extrusion. Also, a freshly prepared shungite paste 

electrode had to be left unused at least for one day, which allowed it to achieve needful 

self-homogenization being necessary for stable electrochemical behavior, as generally rec-

ommended for all types of carbon pastes [2,29]. Finally, the surface of ShPEs or CPE was 

renewed manually by extruding a small portion of carbon paste and smoothing it with a 

filter paper. 

2.4. Electrochemical Experiments 

Voltammetric techniques, such as linear sweep voltammetry (LSV) and cyclic volt-

ammetry (CV), were used for the electrochemical characterization of the carbonaceous 

paste electrodes. Studies of electrode kinetics were performed in 1 mmol L−1 K4[Fe(CN)6] 

in 0.1 mol L−1 PB (pH 7). Setting parameters of these techniques were as follows: potential 

step (Estep) of 5.0 mV and scan rate (ν) ranging from 0.01 to 1.0 V s−1. Unless stated other-

wise, all the changes in experimental and instrumental conditions are listed in the legends 

of the corresponding figures. 
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3. Results and Discussion 

3.1. Microscopy of Shungite and Shungite Paste 

In comparison with planarly structured graphite sheets (Figure 1A) or spatially ar-

ranged glassy carbon globules (Figure 1B) in the respective paste variants, the resulting 

shungite paste resembles an inhomogeneous conglomerate (Figure 1C). As can be seen in 

Figure 1D, powdered ground shungite is made up of sharp-edged particles whose size 

ranges from ≥2 µm to 10 µm, when even a few larger pieces may be found. Energy-dis-

persive X-ray (EDX) microanalysis (see Figure 2) shows that shungite powder contains 

approximately 50% carbon, 33% oxygen, 15% silicon, 2% aluminum, and 1% potassium, 

while the rest represents traces of magnesium, iron, and sulfur (all in w/w). The carbon is 

formed by the smallest particles, typically in micrometer range and only rarely reaching 

larger size. Such are represented mainly by quartz and some aluminosilicates of variable 

composition, although these minerals can also be found among fine particles. Impurities 

of sulfur and iron indicate the presence of pyrite in the raw shungite material. 

 

Figure 1. Detailed secondary electron images (SEM magnitude: ~2.05 × 103) of conventional CPE (A), 

GCPE (B), and ShPE (C), all with 20% (w/w) silicone oil content and commercially available shungite 

powder gold-plated with a 2 nm layer (D). 

 

Figure 2. Energy-dispersive X-ray spectrum of the raw shungite powder purchased from Skywest 

Trading s.r.o. (Prague, Czech Republic). 
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3.2. Effect of the Carbon Paste Binder 

At first, a general morphology of mixtures in Figure 1A,C corresponds quite well to 

our previous SEM studies with typical carbon pastes [4], having shown that solid particles 

of carbonaceous materials are almost totally covered by a very thin film of liquid binder. 

This is the case of both mixtures investigated herein made of irregular non-spherical 

shungite powder or from spherical glassy carbon particles [28] when the respective mi-

crostructures reveal very similar intimate coverage by molecules of the same density of 

silicone oil. Seven organic binders, namely, VA, MO, SO, PW, TCP, NPOE, and PP, were 

investigated as potentially suitable pasting liquids for the preparation of shungite paste 

electrode. Shungite pastes made of highly viscous binders, such as PW or SO (polydime-

thylsiloxane with molecular weight ≥8000 g mol−1) [29], and subsequently filled into a cav-

ity of Teflon® piston-like electrode holder from University of Pardubice (Pardubice, Czech 

Republic) [30], look like solid composites. The other shungite pastes were very similar to 

their glassy carbon paste analogues, and regarding their consistency and physical prop-

erties, this means more plasticity. Nevertheless, they are still tighter than those prepared 

from common mineral or silicone oils [2,3]. 

3.3. Effect of Binder Content in Shungite Pastes on Their Physical Properties 

Basically, graphite sheets [31] and spherical particles of glassy carbon [4,28] are not 

capable of absorbing a higher ratio of liquid binder than some nanomaterials, such as car-

bon nanotubes [10], graphene sheets [11], and carbon nanohorns [9]. The inability of the 

binder to penetrate onto the microstructure of non-porous carbonaceous materials makes 

the resulting pastes more viscous when the binder content exceeds 25–30% (w/w), because 

the individual particles are not in close contact, which is reflected in a principal increase 

in ohmic resistance [32]. The same phenomenon was also observed for shungite pastes, 

which could be expected because shungite powder represents more or less an aggregate 

of crumbs of amorphous carbonaceous rock (with irregularly shaped particles). Regard-

less of the type of binder used, shungite paste with content lower than 15% (w/w) forms a 

rather compact composite, which may inhibit surface renewal by otherwise effective me-

chanical wiping. By considering all the above facts, binder content between 15 and 

20% (w/w) should be taken as optimum to obtain a paste mixture with suitable properties 

for electrochemical measurements. 

3.4. Composition of the Working Medium 

Numerous measurements using linear sweep voltammetry (LSV) performed in com-

monly used buffers of pHs ranging from 2 to 9 have shown that shungite paste is a stable 

heterogeneous material in all typical aqueous media. In addition, if such a paste is pre-

pared from highly viscous silicone oil (≥8000 cSt) [33], it can then be characterized by good 

resistance towards the dissolution effect of polar organic solvents (MeOH, EtOH, MeCN, 

and acetone) and the respective mixtures withstand in media containing them up to 

80% (v/v). In comparison with generally less stable graphitic pastes, the much better me-

chanical properties of silicone oil-based shungite pastes may significantly expand their 

application in the electrochemistry and electroanalysis of nonpolar organic substances. In 

addition, because of extractive/adsorptive accumulation of nonpolar electrochemically ac-

tive substances onto ShPEs, there are further possibilities to adapt some ultrasensitive an-

alytical methods for their use in extractive stripping voltammetry [2,3,33]. 

3.5. Electrochemical Characterization of Shungite Paste Electrode 

Usually, important criteria obtainable during the electrochemical characterization of 

a new specific electrode material are sought with regard to its upcoming applications. 

Among them, one should evaluate potential ranges defined by the cathodic and anodic 

potential limits (𝐸𝑙𝑖𝑚
𝑐   and 𝐸𝑙𝑖𝑚

𝑎  ), double-layer capacitance (CDL), kinetic parameters like 

heterogeneous rate constant (k0), charge-transfer coefficient (α), exchange current density 
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(j0), and open circuit potential (OCP). All these characteristics were also investigated 

within this study with paste electrodes prepared from graphite, glassy carbon, or shungite 

powder, and the corresponding results and observations are presented separately in the 

following subsections. 

3.5.1. Residual Current of Shungite Paste Electrode 

The potential range of the new shungite paste has a major effect upon the scope of its 

electroanalytical utility [28]. In the case of shungite as such, its potential range can also be 

considered as a measure of electrochemical stability, allowing one to support the redox 

couples of battery chemistry, because even trace amounts of oxygen or hydrogen evolu-

tion are able to seriously deteriorate the cycle life of batteries [34]. 

Unlike for the CPEs and GCPEs tested, a gradual increase in the baseline response 

was observed for ShPEs, as can be seen in Figure S1 (belonging into Supplementary Ma-

terials). The ShPE displays almost comparably broad potential range as the other CPE 

variants mentioned above [28]. For a still-acceptable value of background currents of 

~30 µA cm−2, the widest potential range could be achieved in a neutral medium of 

0.1 mol L−1 PB (pH 7), namely, from −1.4 to +1.7 V, whereas the shortest potential range 

(≥2.25 V) was obtained in slightly alkaline solution of 0.1 mol L−1 CB (pH 9; from −1.0 to 

+1.25 V). Finally, the potential range (≥2.4 V), defined by limiting values −0.95 and +1.45 V 

was determined for 0.01 mol L−1 HCl (pH 2). 

3.5.2. Double-Layer Capacitance of Shungite Paste Electrode 

As evident from Figure 3, the background (baseline) currents linearly increased with 

higher scan rates. The slope (k) of the regression equation characterizing this relationship 

represents the double-layer capacitance (CDL) [35]. For aqueous solution of 0.1 mol L−1 KCl, 

a double-layer capacitance of ~10 µF cm−2 was found representing the CDL value for a 

graphite-based paste electrode with non-activated carbon materials [36]. This was similar 

to CDL values reported for different paste electrodes made of carbon black and silicone or 

mineral oil, all ranging from 2.1 to 37.3 µF cm−2 [37]. 

 

Figure 3. Double-layer-capacitance measurements obtained by cyclic voltammetry of 0.1 mol L−1 

KCl recorded on conventional CPE (a), GCPE (b), and ShPE (c) at Estep = 5.0 mV and ν = 0.01, 0.05, 

0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 V s−1. Associated figures represent plots of background-current response 

at 0 V vs. scan rate. 
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In contrast, the ShPE shows almost five times higher CDL (~50 µF cm−2), which is still 

at least two times lower than that for the GCPE (~130 µF cm−2). Moreover, it was experi-

mentally confirmed (Figure S2) that the CPE enriched by 10% (w/w) non-covalently func-

tionalized reduced graphene oxide (NFG) exhibited a double-layer capacitance of 

~100 µF cm−2. A similar value was achieved for the ShPE modified with only 

5% NFG (w/w), indicating some promise for applications as a structural supercapacitor 

[38]. 

From a practical point of view, paste mixtures from different carbonaceous powders 

can be considered to give rise to simple variants of composite materials, such as dispersion 

of carbon particles or graphene platelets from shungite rocks, in a highly viscous poly-

mer [39], applicable in the development of supercapacitors. 

3.5.3. Electrochemical Activity of Shungite Paste Electrode 

At the solid-liquid interface, electrochemical activity is generally defined as a meas-

ure of the electron flow between a solid electrode and an electroactive substance in the 

working electrolyte solution and, therefore, it is considered to be one of the most im-

portant parameters for characterization of various electrode materials [40]. To compare 

the electrochemical activity of ShPEs with other paste electrodes, their performances were 

investigated by cyclic voltammetry in 0.1 mol L−1 PB (pH 7) containing 1 mmol L−1 

K4[Fe(CN)6], at a scan rate ranging from 50 to 500 mV s−1 (Figure 4). 

 

Figure 4. Cyclic voltammograms of 1 mmol L−1 K4[Fe(CN)6] in 0.1 mol L−1 PB (pH 7) recorded on 

conventional CPE (a), GCPE (b), and ShPE (c) at Estep = 5.0 mV and ν = 50, 100, 150, 200, 250, 300, 350, 

400, 450, and 500 mV s−1. Inserted figures represent the respective trumpet plots. 

As can be assumed, the operational capabilities of paste electrodes fundamentally 

depend on the ratio between the powdered carbon moiety and pasting liquid, as well as 

upon the type and quality of both main paste constituents. For the constant content of 

silicone oil (20% w/w), the comparable heterogeneous rate constants (k0) could be deter-

mined when using the Nicholson method [41] for the Fe2+/Fe3+ redox couple in the CPEs 

and ShPEs, which is illustrated by the data in Table 1. Nearly the same k0 value of 

0.062 cm s−1 was reported for optimal composition of the glassy carbon paste [28]. Since 

the shungite powder is made up of particles with diameter ≥2 µm (comparable size of 

common graphite and glassy carbon in powdered form), almost identical values of elec-

trochemically active surface area (ECSA) could be evaluated for the investigated trio of 

paste electrodes. Also, as shown by the values presented in Table 1, a content of 20% (w/w) 

silicone oil in the paste mixture is not optimal in the case of the glassy carbon paste, re-

flected in twice-higher peak separation (ΔEp) and a slightly higher ratio of the peak cur-

rents (Ipc/Ipa). 
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Table 1. Overview of calculated electrochemical parameters. 

Sensor R/Ω cm ECSA/cm2 ΔEp/mV  Ipc/Ipa k0/cm s−1 αa OCP/V j0/A cm−2 

CPE 4.6 0.066 88.0 1.051 0.0084 0.52 −0.133 7.9 × 10−8 

GCPE 9.2 0.061 214.6 1.105 0.0011 0.52 −0.141 1.6 × 10−7 

ShPE 80.0 0.079 112.2 0.937 0.0063 0.50 −0.085 1.3 × 10−7 

Notes: Data (excluding the first four) were obtained from cyclic voltammetry of 0 and 1 mmol L−1 

K4[Fe(CN)6] for carbon paste electrodes with 20% (w/w) silicone oil content in 0.1 mol L−1 PB (pH 7) 

at scan rates ranging from 50 to 500 mV s−1. 

Furthermore, Figure 5 depicts the Tafel plots for the [Fe(CN)6]4−/[Fe(CN)6]3− redox 

couple obtained for all the types of paste electrodes. The linear relationships between 

overpotential (η) and logarithm of current density (j), the so-called Tafel behavior, were 

found by extrapolation (R2 > 0.9957) and yielding the values of the exchange current den-

sities (j0) and anodic barrier symmetry factor (βa), which could be replaced by the anodic 

charge-transfer coefficients (αa) for the single-step reaction Fe2+ to Fe3+ investigated [42]. 

As the exchange current density indicates the spontaneous reaction rate at equilibrium 

potential, it can be deduced that shungite paste and glassy carbon paste (~1.5 × 10−7 A cm−2) 

are superior in this respect to traditional graphite pastes, as evident from values in Table 1. 

The calculated αa values close to a theoretical value of 0.5 then suggest that anodic oxida-

tion is not favored over cathodic reduction and vice versa, which is also illustrated by 

symmetrical curves in the trumpet plots in Figure 4. 

 

Figure 5. Tafel plots for the CPE (blue), GCPE (red), and ShPE (green curve) immersed in 0.1 mol L−1 

PB (pH 7) in the presence of 1 mmol L−1 K4[Fe(CN)6] at a scan rate of 100 mV s−1. 

Since open-circuit potential (OCP) represents the electrode potential at which no cur-

rent flows between the working electrode and the reference, the immersed working elec-

trode adopts the OCP, which defines its ability to be either oxidized or reduced [43]. As 

documented in Table 1, the OCP of paste electrodes vs. SCE increases in the order 

GCPE < CPE < ShPE, revealing a slightly higher thermodynamic stability of ShPEs, hence 

their lesser readiness to be oxidized. This fact is then confirmed by the gradual increase in 

the background currents during the LSV experiments, as seen in Figure S1. 

3.6. Three Examples of Electroanalytical Applicability of Shungite Paste Electrodes 

This section offers a first insight into electroanalytical utility of ShPEs, when three 

examples are selected to demonstrate, mainly, some specific features of the shungite-

based paste revealed during our introductory characterization described in the previous 

sections. 
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3.6.1. Voltammetric Analysis of Fungicide Fenhexamid 

In electroanalysis of pesticides, CPEs and related configurations have always been 

quite a frequent choice, and respective methods comprise a wide spectrum of analytes 

with respect to their chemical composition or use in agriculture [2,3]. To examine the elec-

troanalytical performance of ShPEs in aqueous-organic mixtures, a fungicide fenhexamid 

(FNX) used as the active ingredient of Teldor® SC from Bayer (Leverkusen, Germany) was 

deliberately selected due to its low solubility in purely aqueous working media. Thus, the 

electrode tested should exhibit a certain degree of stability in the presence of organic sol-

vents. As can be seen in Figure 6, in a buffer with 10% (v/v) MeOH, it gives rise to a well-

developed anodic peak, slightly broader due to a more deformed baseline, but, in overall, 

comparable to an analogical response at the parent GCPE [44]. Then, after investigating 

electroanalytical performance of both paste electrodes under comparison, practically the 

same results can be achieved. This is documented by the corresponding linear ranges 

(from 2 to ≥100 µmol L−1 FNX for GCPE and from 2.4 to ≥100 µmol L−1 FNX for ShPE), and 

the slope values 2.365 µA cm−2 µmol−1 L with R2 = 0.9957 for GCPE and 

2.2511 µA cm−2 µmol−1 L with R2 = 0.9970 for ShPEs, both paste mixtures containing the 

same amount of 20% (w/w) silicone oil. Initial values of linear ranges represent limits of 

quantification (LOQ), which were calculated according to the already known equation 

LOQ = 10s/k, where s is the standard deviation of repetitive measurements of 10 µmol L−1 

FNX (N = 5) and k is the slope of the corresponding calibration curves. Otherwise, these 

essays have confirmed that ShPEs can serve in the same way as GCPEs, being known for 

their stability in mixed supporting media, in which traditional CPEs composited from 

common graphite are generally vulnerable. 

 

Figure 6. Voltammograms of 0 (dotted line), 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 µmol L−1 FNX 

(solid lines) obtained for GCPE (a) and ShPE (b) in 0.1 mol L−1 BRB containing 10% (v/v) MeOH 

(pH 4) when using SWV at Estep = 5.0 mV, Eampl = 30 mV, and f = 40 Hz. 

3.6.2. Voltammetric Analysis of Vitamin B2 

Also, vitamins often belong among determined analytes for carbon paste-based elec-

trodes in numerous configurations comprising both bare (unmodified) and modified var-

iants. The samples of interest were usually various food supplements or pharmaceutical 

formulations [45], a typical example being a manganese dioxide-modified CPE for volt-

ammetric determination of riboflavin (VB2) [46]. The electrode of this type was also cho-

sen for this second example tested in two variants as CPE/MnO2 and its shungite analogue 

(ShPE/MnO2) when using differential pulse voltammetry (DPV), as shown in Figure 7. 
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Linear dependencies of the current density on the logarithm of the VB2 concentration 

(0.1–10 µmol L−1) can be obtained for both variants, which can be described by equations 

and characterized by coefficient of determinations, namely, j = 35.424logc + 16.078 with 

R2 = 0.9963 for CPE/MnO2 and j = 10.532logc + 3.114 with R2 = 0.9966 for ShPE/MnO2. 

 

Figure 7. Voltammograms of 0 (dotted line), 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10 µmol L−1 VB2 (solid lines) 

obtained for CPE/MnO2 (a); voltammograms of 0 (dotted line), 2, 4, 6, 8, 10, 12, 14, 16, 18, and 

20 µmol L−1 VB2 (solid lines) obtained for ShPE/MnO2 (b). Supporting electrolyte: 0.1 mol L−1 BRB 

(pH 2); DPV mode, Estep = 5 mV, Eampl = 25 V, and ν = 50 mV s−1. 

Despite a markedly lower sensitivity for ShPE/MnO2, it was still possible to achieve 

a very low LOQ of 91.3 nmol L−1 VB2, which suggests that ShPEs can also be purposely 

modified like other CPEs. Furthermore, theoretical values of detection limits (LOD) were 

calculated to be 6.9 nmol L−1 VB2 for CPE/MnO2 and 27.4 nmol L−1 VB2 for ShPE/MnO2 

according to the already known equation LOD = 3.3s/k, where s is the standard deviation 

of repetitive measurements of 1 µmol L−1 VB2 for CPE/MnO2 or 2 µmol L−1 VB2 for 

ShPE/MnO2 (N = 5) and k is the slope of the corresponding calibration curves. 

3.6.3. Potentiometric Indication in Titrations of the Surfactants 

Besides conventional acid-base titrations [47], a solid shungite electrode covered with 

ion-selective membrane has already been introduced as an interesting alternate indicator 

electrode for potentiometric determination of the total content of anionic and cationic sur-

factants [25]. Figure 8 illustrates the possibility of using a special carbonaceous paste with 

2-nitrophenyl octyl ether (NPOE) as a pasting liquid, allowing one to extract some ion-

pairs which can then be adapted for potentiometric titration of surfactants without need 

to use an ion-selective membrane. That such an indicator as a CPE is functioning properly 

can be documented on a set of titration curves whose steep potential jumps reflect the 

content of 2-nitrophenyl octyl ether in the paste, as well as the type and amount of carbo-

naceous material used. Comparable maximum values of potential jump were obtained for 

paste electrodes containing 40% NPOE in CPEs, 30% NPOE in GCPEs, and 20% NPOE in 

ShPEs. When evaluating the depicted curves from an economic point of view, it seems 

more advantageous to choose rather cheap shungite powder, because its use also signifi-

cantly reduces the required amount of pasting liquid in the paste mixture. 
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Figure 8. Typical potentiometric curves for three repetitive titrations of 5 mL 0.01 mol L−1 SDS solu-

tion titrated against 0.01 mol L−1 CPC solution when using CPE/40%NPOE (a), GCPE/30%NPOE (b), 

and ShPE/20%NPOE (c), all in w/w. 

4. Conclusions 

In this article, shungite in a fine powdered form is used as a carbonaceous moiety in 

the paste-like configuration, giving rise to a special type of CPE that can be classified as a 

shungite paste electrode (ShPE). As found in our initial physicochemical and electrochem-

ical characterization, the shungite paste exhibits more or less similar microscopic structure 

to traditional carbon pastes made of graphitic carbon. In contrast to them, shungite paste 

is denser and looks like a composite, which is apparently given by rather rough particles 

with highly irregular shapes (like miniature cornflakes) allowing them to be coated more 

tightly with the pasting liquid. 

Regarding electrochemical characterization and some studies dealing with reaction 

kinetics, the shungite paste behaves similarly to traditional carbon pastes from powdered 

graphites, but in overall it is closer to a special paste-like mixture made of glassy carbon 

powder. This is because of the above-mentioned harder consistency, due to which the 

shungite paste exhibits enhanced stability in the presence of organic solvents in the sup-

porting electrolyte, which can be advantageous in electroanalytical measurements with 

numerous organic and biological compounds. On the other hand, the very tough con-

sistency of shungite paste is also behind a more difficult manipulation with its filling into 

the cavity of the electrode holder. Finally, this feature is also a probable reason for some-

what higher background currents in voltammetric measurements. 

It should be emphasized also here that this study has for the first time proved the 

functionality of powdered shungite in the configuration of CPEs. For this purpose, one 

can see a certain likeness with natural graphite which was unearthed in local graphite 

mines in South Bohemia [15] and has repeatedly been shown to be fully comparable to 

graphites traditionally used for spectroscopy. Also, as powders, both shungite and natural 

graphite share one indisputable advantage, namely, that they are far less expensive than 

synthetic carbonaceous products, including the above-mentioned spectroscopic graphites 

or often preferable new forms of carbon nanomaterials. 

In a wider perspective, shungite pastes seem to be applicable in specific electroana-

lytical devices, for instance, as miniature sensors and electrode cells for portable electro-

chemical analyzers which could find broad applications in various fields of industry. In 

addition, one can predict that heterogenous materials composed of shungite powder have 

some promise for fabrication of supercapacitors or anodes applicable in lithium-ion sec-

ondary batteries. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/chemosensors12070118/s1, Figure S1: Linear sweep voltam-

mograms of 0.1 mol L−1 PB (pH 7) recorded on CPEs (blue), GCPEs (red), and ShPEs (green curve) 

at a scan rate of ν = 50 mV s−1; Figure S2: Double-layer-capacitance measurements obtained by cyclic 
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voltammetry of 0.1 mol L−1 KCl recorded on CPE modified with 10% (w/w) reduced graphene oxide 

at Estep = 5.0 mV and ν = 0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 V s−1 (left). The associated figure plots 

the dependence of background-current response at 0 V on scan rate (right); Figure S3: The corre-

sponding calibration curves of VB2 obtained at CPE/MnO2 (blue) ShPE/MnO2 (green) in 0.1 mol L−1 

BRB containing 10% (v/v) MeOH (pH 4) when using SWV at Estep = 5.0 mV, Eampl = 30 mV, and 

f = 40 Hz. 
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