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Abstract. The paper describes a new method for obtaining glassy carbon nanocomposite materials con-
taining metals. New method for composite electrode production offers excellent mechanical and galvanic
contact of active nanoparticles and glassy carbon matrix. Both glassy carbon, iron and magnetite nanopar-
ticles were formed simultaneously upon calcination of phenol-formaldehyde resin and iron carboxylate so-
lution in N,N-dimethylformamide. According to transmission electron microscopy, scanning electron mi-
croscopy and powder x-ray diffractometry, iron forms particles of 10 ... 30 nm in size, uniformly distri-
buted in the glassy carbon matrix and the main phases of iron are Fe and Fe;O,. The electrochemical beha-
vior of the material in the presence of phenol was examined in detail and a square wave voltammetry me-
thod was developed for the detection of phenol, which enabled precise and accurate detection in the concen-
tration range from 3 to 150 um. During the work, conditions for the most accurate determination of phenol
in aqueous solutions were found. The detection limit and the limit of quantitative determination of phenol in
aqueous solutions on selected electrodes were determined. Finally, the method was successfully applied to
control the concentration of phenol in the water of the Miass River, where it showed very little influence of
pollutants and sensitivity to phenol.

Keywords: glassy carbon composite, FesO4 nanoparticles, square wave voltammetry, phenol detection

For citation: Zherebtsov D.A., Tolstoguzov D.S., Shtin S.V., Smolyakova K.R., Matveev K.V.,
Stankovic D.M. Iron enriched domestic glassy carbon composite as powerful tool for the phenol sensing.
Bulletin of the South Ural State University. Ser. Chem. 2025;17(4):127-137. DOI: 10.14529/chem250414

Hay4yHas ctatbs
YK 544 + 546 + 54.05
DOI: 10.14529/chem250414

OEOFALI.I,EHHI3||7I XXENE30OM CTEKNOYIMEPOOHbIA KOMMNO3UT
KAK MOLWWHbIN UHCTPYMEHT ANA OATYUKOB ®PEHOJIA

[.A. Xepebuyoe'®, [].C. Toncmoay3soe’, C.B. Limun*, K.P. Cmonsikoea®,
K.B. Mameeeg", [].M. CmaHkosuy’

! fOxHO-Ypanbckuli 2ocydapcmeeHHbili yHUsepcumem, YensbuHck, Poccusi

% Benepadckutl yHusepcumem, benapad, Cepbusi

29 zherebtsov_da@yahoo.com

Annomayus. B craTbe ONHUCHIBACTCS HOBBIA METOJI MOJYYCHHUS CTEKIOYTICPOTHBIX HAHOKOMIIO3UTHBIX
MaTepHUAJIOB, COJEPKANIUX MeTaubl. HOBBIM METOJ| MOTydeHHs] KOMIIO3UTHBIX 3JIEKTPOJIOB 00ECIICUUBACT
OTJIMYHBIA MEXaHUYECKUI M TaJbBaHWYCCKHHA KOHTAKT aKTHBHBIX HAHOYACTHI[ U CTCKJIOYTJICPOJIHOW MaT-
punbl. I[Ipu mpokamuBanuy (GeHOAPOPMATBICSITHIHON CMOJNBI M pacTBOpa KapOokcumiaTta skene3a B N,N-
JuMeTmIhopMaMuie OJHOBPEMEHHO OOpa3yIOTCS HAHOYACTHIBI CTEKIIOYIJIepOJa, JKeJie3a M MarHeTUTa.
[To maHHBIM TPOCBEYMBAOIIEH AIEKTPOHHON MHUKPOCKOIHH, CKAHUPYIOMIEH 3JICKTPOHHOW MHKPOCKOITUH U
TIOPOIIKOBOW PEHTTCHOBCKON NHU(PaKTOMETPHUH, kKejle30 o0pa3yeT dacTuilsl pazmepom 10...30 HM, paBHO-
MEpHO paClpee/ieHHbIe B CTEKJIOYIJIEPOJIHON MaTpuile, a OCHOBHbIMH (hazamu kejesa sBisitoTcs Fe u
Fe304. [lerasibHO HCCIIE0BAHO IEKTPOXMMHUUECKOE TIOBE/ICHHE MaTepuaia B MPUCYTCTBUH (eHoa U pas-
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paboTaH METOJ KBaApaTHO-BOJIHOBOHM BOJBTAMIIEPOMETPHH IUIS ONpenencHus (eHoma, YTO IMO3BOJIMIIO
IIPOBOAUTH TOUHOE U HAJEKHOE NETEKTUPOBAHUE B AMana3oHe KoHUeHTpauuii ot 3 1o 150 mxm. B xoze pa-
0OTHI HAalIGHBI YCIIOBUS U HanOosee TOYHOTO OmpeeNeHus (eHoIa B BOAHBIX pacTBopax. OmpenereHs!
npenen oOHapyXEHUsI U Mpeel KOJMIECTBEHHOTO ONPeAeIeHUs ()eHOIa B BOAHBIX PAacTBOpax Ha BBIOpaH-
HBIX 3JIEKTpoAax. MeTox yCHEeNnHO NPUMEHEH Al KOHTPOJIST KOHIEHTpanuu (eHosna B Bojie pekn Muacce,
TZie OH MOKa3aJ KpaifHe Majoe BIMSHHUE 3aTrpS3HAIOMINX BEIECTB M TyBCTBUTEIBHOCTH K (DEHOITY.

Knrwouesvie cnosa: cTeknoyrieponHblii KOMIIO3UT, HaHOYACTUIB! Fe3O,, KBapaTHO-BOJIHOBAS BOJIBT-
amrepoMeTpusi, oOHapyskeHue QeHona

Jlna wumuposanusn: Iron enriched domestic glassy carbon composite as powerful tool for the phenol
sensing / Zherebtsov D.A., Tolstoguzov D.S., Shtin S.V. et al. // Bectauk FOYpI'Y. Cepus «Xumus». 2025.
T. 17, Ne 4. C. 127-137. DOI: 10.14529/chem250414

Introduction

Due to the increase in the anthropogenic load on the environment, every year rises an accumula-
tion and concentration of pollutants in the water sources, in living organisms themselves [1-3],
in plants [1, 3-5] and, as a result, in food [1-5]. The tightening of regulatory requirements for the qual-
ity of the environment, food and the standard of living of people requires the development of new me-
thods and materials for the determination in liquid media (for example, water, blood, urine, wine) [6—
8] of the residual content of harmful and hazardous organic compounds, for example such as antibac-
terial, antifungal and antiviral agents [3, 9]. Thus, phenolic compounds are part of the disinfectants
widely used in the context of the COVID-19 pandemic. Therefore, the analytical determination of phe-
nols and their derivatives is of great interest in the field of environmental protection, preservation of
human health, and sustainable development of future generations.

In determining the content of organic compounds electrochemistry is a powerful and versatile tool,
which is able to detect low analyte concentrations [3]. One of the main advantages of electrochemical me-
thods is the direct analysis of the complex mixtures without the tedious and time-consuming steps of sample
preparation. Electrochemical methods based on the use of improved electrodes [10, 11] make it possible to
determine trace amounts of organic substances in various media with a high degree of accuracy and minimal
cost. Voltammetric sensing of phenolic compounds after HPLC column increases sensitivity by orders of
magnitude comparing to standard UV sensing [5]. Electroanalytical methods are well suited for the determi-
nation of phenolic compounds in industrial, environmental [11-15], or food samples [5, 8].

Carbon paste electrodes for the analysis of phenolic solutions, excludes additional processing of
electrodes between studies, for example, laborious polishing [7]. The carbon paste electrode for phenols
sensing may contain a single-walled carbon nanotube composite [15], multi-walled carbon nanotubes
modified with cobalt phthalocyanine [16], natural calcium phosphate [17], modified glassy carbon with
single-walled carbon nanotubes [18], glassy carbon electrode coated with a graphene/polymer film [19].
Recent review presents technologies for manufacturing electrochemical sensors for detection of phenolic
compounds using carbon nanomaterials such as graphene and its derivatives, carbon nanotubes, carbon
nitride, carbon dots, carbon nanofibers, carbon nanospheres, and mesoporous carbon [20].

The sensitivity and selectivity of the sensors may be improved by adding metal oxides to the carbon
filler. Iron oxides are known as one of the very electrochemically active species. Magnetite nanopar-
ticles were added into carbon paste electrode to be used as electrochemical sensor for sinapic acid, sy-
ringic acid and rutin [8]. Determination of these phenolic compounds in real red and white wine samples
showed superior sensitivity, selectivity, reproducibility, stability, and low cost compared to magnetite-
free screen-printed gold electrodes. The nanocomposite Fe,Os/reduced graphene oxide was fabricated
for the electrochemical detection of acetaminophen [21]. A highly sensitive amperometric glucose bio-
sensor was developed using maghemite (y-Fe,O3) nanoparticles ~20 nm in size [22]. Review [23] de-
scribes iron oxide nanoparticles usage in electrochemical nanobiosensors, including immuno-, enzymat-
ic, DNA-, and aptamer types.

Phenol was also detected using electrodes modified with other metals. Platinum nanoparticles depo-
sited on graphite-like carbon nitride [24], platinum electrode with poly(3-methylthiophene) film [25],
bismuth nanoparticles and tyrosinase [26], reduced graphene oxide (rGO) with zinc oxide [27]. The ter-
nary oxide (Sr, Ni, Zn)O was used for detection of hydroquinone [28].
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Resuming, the catalytic effect of metal oxides on the detection of phenolic substances is a fast-
growing topic, and obtaining an electrode material with a wide detection range and a low sensitivity lim-
it is still an urgent task. The mixing of catalytic nanoparticles and the glassy carbon powder in the paste
electrode results in a point contact between the particles and to a significant galvanic resistance between
them. In this work, we propose a new method for the synthesis of glassy carbon composites containing
iron oxide, and validated the sensitivity and dynamic range of the electrochemical determination of phe-
nol in water.

Materials and methods

Preparation of Fe;O,/C composites. All chemicals were of analytical grade and were used as sup-
plied from Vekton (Sankt-Peterburg, Russia) without further purification. Synthesis of iron-carbon na-
nocomposite was carried out by the original method. As a source of iron, its organic salts were used.
Anthranilic, phthalic or benzoic acids in a little excess were added to 10% NaOH to form solutions of its
sodium salts. These solutions were mixed with an equivalent amount of 10% FeCl; solution. The preci-
pitated iron salts were filtered off, washed and dried in air. Novolac phenol-formaldehyde resin was
used as a source of glassy carbon. N,N-dimethylformamide has been used as a common solvent for iron
salts and phenolic resin. As a reference sample, pure glassy carbon was prepared according to the same
scheme, without any iron salts. The labeling of the obtained composites corresponds to the iron carbox-
ylate used for the synthesis: Anthr, Phthal, and Benz, respectively, for iron anthranilate, phthalate, and
benzoate, as well as GC for the glassy carbon material.

To the 3 g of phenol-formaldehyde resin the proper amount of Fe carboxylate was added, so that
5% metal per 95% carbon to be obtained in the Phthal and Benz composites, and 0.5% metal per 99.5%
carbon in the Anthr composite (Fig. 1). To these mixtures 7 ml of N,N-dimethylformamide was added as
a common solvent. After that, the flasks were closed and kept for 2 days at 100°C. After cooling, the
flasks with the obtained polymer gels were placed in a stainless steel container filled with charcoal, pre-
venting oxidation of samples. The container was heated to 600°C for 24 hours, then from 600 to 900°C
for 2 hours.

The resulting composite nanomaterials were studied by powder X-ray diffraction, transmission and
scanning electron microscopy, and X-ray fluorescence spectroscopy. The metal content in the composite
was refined by the combustion method. Additionally, the value of benzene vapor absorption on the
ground composite was determined.

Carbon composites were grinded and passed through a 50 um sieve, after which a paste for the elec-
trode was prepared using vacuum oil with 80:10 powder to oil ratio. The homogeneous paste was
pressed into a 3 mm bore diameter polypropylene tube electrode.

f\f\
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Fig. 1. Scheme for the synthesis of carbon composite materials

Chemicals and Apparatus. All chemicals were of analytical grade and were used as supplied
without any further purification. Boric acid, acetic acid, phosphoric acid, sodium hydroxide, potassium
chloride (KCI), potassium ferricyanide (Ks[Fe(CN)g]), potassium ferrocyanide (Ks;[Fe(CN)¢]) and phe-
nol were supplied by Vekton (Sankt-Peterburg, Russia).
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For the electrochemical study, a VoltMetrika R-150X potentiostat-galvanostat (Russia) and a Corr-
test CS2350 bipotentiostat-bigalvanostat (China) were used. In the three-electrode cell the glassy carbon
cup was used as a counter electrode and the reference was a silver chloride electrode.

To evaluate the catalytic properties of the composites, cyclic voltammetry was performed in an
aqueous solution with 0.1 M KCI, 0.005 M Ks[Fe(CN)g], 0.005 M K4[Fe(CN)g]. The study took place in
the potential range from —0.3 to +0.6 V at a scanning rate of 10 to 150 mV/s. The same solution was
used for EIS measurements using potential of 0 V and frequency range from 0.01 to 10° Q at amplitude
20 mV.

After working with a solution of Fe™ ™, the influence of pH on phenol oxidation in buffer solutions
with pH from 2 to 12 was studied. Experiments were carried out on the same electrodes (1 mM phenol,
potential range —0.1...+1.5 V, scan rate 50 mV/s). Supporting electrolytes (Britton-Robinson buffers)
were prepared with a mixture of acids (0.04 M CH;COOH, 0.04 M H3PQO,, 0.04 M H3;BOs). The solution
1 M NaOH was used to adopt desired pH.

Then, at the optimal pH, a series of CVs were carried out with an increase in the phenol concentra-
tion from 1 uM to 1 mM. Prior each new cycle, the surface of the paste electrode was cleaned by cutting
off a 0.1 mm thick layer of paste.

Next, a series of voltammograms was made on a bipotentiostat-bigalvanostat using square wave
(SW) and differential pulse (DP) voltammetry methods with increasing phenol concentration from 0.1
UM to 1 mM. The operating characteristics of the methods were optimized: for SW — wave frequency
40 Hz, wave amplitude 50 mV, scanning speed 50 mV/s, for DP — wave amplitude 80 mV and wave
time 40 ms, total pulse time 200 ms, scanning speed 50 mV/s.

+2/+3

Results and discussion

Morphology and structure of the Materials. According to scanning electron microscopy, it can be
concluded that particles of crystalline phases form agglomerates ranging in size from 20 to 200 nm
(Fig. 2). Transmission electron microscopy reveals iron containing particles of 10 ... 30 nm in size, and
often these particles are surrounded by a multilayer “blanket” of graphite, 5 ... 10 nm thick. Benzene
vapor adsorption was measured at partial pressure 0.7 P, of saturated benzene vapor above grinded
composites. Per 100 g of Anthr, Phthal and Benz composites it was absorbed 7.2, 15.9 and 14.1 g of
benzene. These values are proportional to microporosity and surface area of the material.

X-ray phase analysis allows to conclude that all three composites contain graphite, magnetite Fe;O,4
and cementite Fe;C (Fig. 3). The sizes of crystalline particles determined from reflection broadening are
in the range of 2 ... 20 nm (Table 1). The Rietveld analysis of diffraction patterns made it possible to
estimate the ratio of these phases, and combustion at 700 °C — the total content of iron (Table 2).

Table 1
The sizes of crystalline particles

Composite | Size according to powder X-ray diffraction | Particle size according to TEM/SEM data
(nm) (nm)
Graphite: 3

Fe;O,: 20

Anthr Fe.C: 15 20...30/30... 200
Fe: 4
Graphite: 4
FesO4: 12

Phthal Fe.C: 2 20...30/30...60
Fe: 5
Graphite: 4
Fe;0,: 6

Benz FesC: > 10...25/20...30
Fe: 8
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e) f)
Fig. 2. Morphology of Anthr (a, b), Phthal (c, d), Benz (e, f) composites according to scanning (a, c, €)
and transmission (b, d, f) electron microscopy
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Fig. 3. X-ray diffraction patterns of composites. Reflections are labeled by corresponding phase
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Composition of samples

Table 2

Composite Phase composition (wt. %) Total Fe content (wt. %)
GC GC: ~100 0
Graphite: ~10

Fe30,: 0.03

Anthr FesC: 0.07 0.40
Fe: 0.30
GC: ~90
Graphite: ~85
Fe30,: 0.66

Phthal Fe;C:  0.04 5.3
Fe: 4.6
GC: ~10
Graphite: ~85
Fe30,: 0.59

Benz FesC: 0.01 57
Fe: 5.1
GC: ~10

Electrochemical Characterization of the Electrodes. EIS and CV measurements were utilized in the
analysis of electrochemical properties of the prepared materials within the field of electroanalytical chemi-
stry. The examination of the samples using the [Fe(CN)s]* ™ redox probe revealed that the Phthal composite
exhibited the lowest resistance (Fig. 4a). The Rct value for the Phthal electrode was calculated to be around
300 Q, while the other electrodes displayed higher values: bare GC electrode 510 Q, Anthr electrode 900 Q,
and Benz modified electrode 1200 Q. Similarly, cyclic voltammetry provided comparable results.
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Fig. 4. 0.1 M KCI, 0.005 M K3[Fe(CN)g], 0.005 M K4[Fe(CN)¢] solution: Nyquist plots (a),
CV at 50 mV/s (b), CV at 10-150 mV/s for Phthal (c) and dependence of peak current on scanning rate for Phthal (d)
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The highest currents for reduction and oxidation peaks were observed with the same electrode. The
Benz electrode exhibited a similar current response, while the Anthr and bare GC electrodes demon-
strated lower currents (Fig. 4b). Additionally, the Phthal electrode displayed the smallest peak-to-peak
separation, indicating excellent diffusion capabilities and low resistance at the electrode-testing solution
interface. Considering these findings, we recommend further analysis using the Phthal electrode. To fur-
ther investigate the electrocatalytic properties of this electrode, we examined the effect of scanning
speed on the catalytic response in the same solution. The results are summarized in Figs. 4c and 4d. In-
creasing the scanning speed from 10 to 150 mV/s resulted in a linear increase in the peak currents for
both redox processes. This linearity is demonstrated by the corresponding linear equations given in Fig-
ure 4d. The linear relationship between peak currents and scanning rates suggests that the processes at
the electrode surface are adsorption-controlled. This assumption is further supported by a slight, yet no-
ticeable, shift in the peak potentials — oxidation towards more positive values and reduction towards
more negative values, indicating adsorption-controlled reactions.

Optimization of Experimental Parameters. Phenol oxidation using all three prepared electrodes
showed oxidation peaks at around 1V Fig. 5a. Comparing current values the highest current was ob-
tained using Phthal modified electrode. It is worth mentioning that current differences were not signifi-
cantly big, and that other two electrodes showed around 15 ... 20 % lower currents. In addition, back-
ground current for Phthal electrode was lowest promising best analytical parameters after optimization.
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Fig. 5. Phenol oxidation: peaks on three electrodes (a),
phenol CV on Phthal electrode in buffer solutions, C=1 mM (b),
dependence of the peak potential on pH on Phthal electrode (c),
dependence of current in relation to pH on Phthal electrode (d)

In accordance with this study and with electrochemical characterization of the electrodes, Phthal
modified electrode was used for all further investigations. The synthesized composite was used for phe-
nol detection. Firstly, to determine the conditions under which the obtained composites exhibit the
greatest sensitivity, a CV was carried out in buffer solutions with pH from 2 to 12 (Fig. 5b ... d). Consi-
dering the phenol oxidation peak current over whole tested range, the pH = 2 was found to provide most
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pronounced, well defined and shaped peak (Fig. 5b). Thus, this pH was selected for all further studies.
Fig. 5¢ illustrates the dependence of the peak potential on pH. In acidic environments from pH 2
to pH 7, we can observe a linear relationship expressed by the inserted equation. The slope of this curve
is 50 mV, which is close to the value of 59 mV for processes involving equal numbers of protons and
electrons. This behavior is expected for analytes with phenolic groups where 2 protons and 2 electrons
are involved in an electrochemical oxidation reaction with a quinone structure as the end product of the
reaction. The dependence of current in relation to pH, shown in Figure 5d, indicates that the highest cur-
rent was achieved at pH 2, so this pH was used for all further research and development of the detection
method.

Development of analytical procedure. SW voltammetry is of great importance in electrochem-
ical analysis as it allows for quick and sensitive detection of redox reactions. It enables the measurement
of low concentrations of analytes and provides valuable information about their electrochemical beha-
vior. Because of this, we selected SWV to develop an electroanalytical method for the detection of phe-
nol using our developed method. Fig. 6a shows the voltammograms obtained by successively adding a
standard solution of phenol in the range of concentrations from 3 to 150 um, while Fig. 6b depicts the
linear dependence of the peak current intensity depending on the concentration. As can be seen, the li-
near curve is divided into two parts and the first part is in the concentration range from 3 to 40 um while
the second is in the concentration range from 40 to 150 um. This behavior and the existence of 2 slopes
through the linearity range can be related to the adsorption of the analyte on the electrode surface. At
lower concentrations, the contribution of adsorption is smaller and there is a more significant participa-
tion of the diffusion process, while at higher concentrations the electrode reaction is controlled exclu-
sively by adsorption. Limit of detection (LOD) and limit of quantification (LOQ) were determined based
on formulas, respectively. The values of LOD = 1.9 pm and LOQ = 4.9 um were obtained. The reprodu-
cibility, repeatability and stability of the sensors were also investigated. By recording 5 voltammograms
for a concentration of 30 um phenol using the same electrode, under optimized conditions a difference in
current was obtained which was 4.5%. At the same time, this concentration was tested with 5 different
electrodes. In this study, the difference in current initiation was 4.1%. The response of this phenol con-
centration was monitored with the same sensor for a month, and measurements were taken every other
day. Current differences during this study were up to 5%. All these values show that the developed sen-
sor shows a stable response over time as well as decisive parameters of the reproducible method, so
based on these results it can be concluded that the precision and accuracy of the method are at a satisfac-
tory level and that it can be used for application in real samples.

25 1 150 uM .
—100 pM
< 20 A —60 uM < 4
3: —40 uM = 3]
= 157 ——25 M s
2 1o —ewm g 7
O —10 }JM % 1 1
5 . . 7uM °c,rc=<=
07 09 11 137 oM 0 20 40 60 80 100120140
Evs. Ag/AgCl,V ——3 UM C (PhOH), uM
a) b)

Fig. 6. SWV curves of phenol oxidation (a) and peak current versus concentration at SWV (b).
Equations refer to diffusion part of dependence

Interferences Studies. Investigation of the effect of interfering ions was done using common ca-
tions and anions found in water. This was done in accordance with the idea to investigate the use of the
proposed sensor for the detection of phenol in surface water. The tested cations and anions (Na, K, Mg,
Ca, Cu, Co, Cl, NO3, SO,) showed no significant change in the peak current for 40 pm phenol, since the
change was less than 10% of the initial value. All tested ions were at a concentration 10 times higher
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than the analyte. Based on this, we can conclude that the proposed method is sufficiently selective and
that there is a possibility of its use for monitoring the concentration of phenol in water.

Application of the method in natural water. The practical use of the method was tested in surface
water obtained from the Miass River in the city of Chelyabinsk. Since the initial tests showed that there
is no detectable concentration of phenol in this water, we tried to spike the sample with different concen-
trations of phenol covering the entire linear range as in the case of the development of the detection me-
thod. It is important to note that the basic electrolyte was prepared using 10 ml of BRBS buffer and 40
ml of river water. Fig. 7 shows the linear curve of SWV voltammogram current dependence on phenol
concentration. As can be seen, the appearance of this curve is identical to the case of method develop-
ment, so it can be concluded that there is no significant matrix effect of natural waters on the determina-
tion of phenol using our sensor. Slightly lower values of the current can be attributed to the conductivity
(due to dilution), while the only influence of the matrix can be seen in a slightly higher value of the
background current, but this is an expected effect.

2,00 A
1,50 -

1,00 -

Current Ipa, pA

0,50

0,00 T T T T T
0O 20 40 60 80 100

C (PhOH), uM

Fig. 7. Calibration curve obtained in Miass river water

Conclusions

Nanocomposites of glassy carbon matrix with Fe;0,, Fe;C, and Fe nanoparticles have been success-
fully prepared by “one pot” route. Introduction of iron salts into phenolic resin solution made it possible
to obtain after calcination a reliable mechanical and galvanic contact of nanoparticles with a glassy car-
bon matrix.

The resulting composite with content of about 5 wt. % iron are sensitive for phenol oxidation with a
linear range of 3 ... 150 uM. This approach enables the domestic production of all components of elec-
trochemical sensors, which can be significant for the development of a sustainable, environmentally
friendly analytical method.
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