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Abstract
The researches presented in this work were devoted to electrochemico-chemical regeneration of exhausted electrode made of
expanded graphite (EG). The aimed process was conducted by electrochemical treatment and ozone flow performed together in
wet environment. EG was covered with insoluble products of incomplete oxidation of phenol formed during cyclic voltammetry
measurement. The same electrochemical technique was applied for evaluation of regeneration efficiency. To understand the
process of EG regeneration, the electrode was characterized by calculating of BET surface, FTIR and XPS analysis. Moreover,
SEM images of the investigated samples were also done. Obtained results have showed the success of regeneration treatment,
which led to significant enhancement of electrode activity compared to original EG. The present work also revealed that the
mechanism of phenol electrooxidation is changed after the regeneration treatment of electrode material. This effect is probably
caused by the modification of chemical composition of EG surface due to its interactions with OH radicals intensively generated
during the process of regeneration.
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Introduction

The development of modern world is connected with the pro-
duction of more and more pollution, which requires working
out newmethods to copewith them.One of themost dangerous
and toxic substance is phenol. It can be neutralized to non-toxic
carbon dioxide CO2 and water H2O by biodegradation [1–3],
chemical [4], electrochemical [5–7], and photochemical oxida-
tion. Electrochemical methods are widely used because they
can be highly controllable thus enabling the formation of prod-
uct of a desired properties. There are many factors, such as type
of electrode material, electrode mass, pH and type of electro-
lyte, temperature, initial concentration of phenol, which have
influence on the course of phenol electrooxidation. Variety of

electrodes were used in the process of electrochemical oxida-
tion of phenol, for example platinum [8], IrO2 [9], RuO2 [10],
SnO2 [11], and PbO2 [12]. Among the electrodes successfully
used for phenol oxidation are also carbon electrodes made of
graphite [13], expanded graphite [7, 14], active carbon [15],
and boron-doped diamond [16].

Regarding the electrochemical oxidation of phenolic com-
pounds it should be mentioned one major problem. In some
cases, phenol is oxidized only partially and the unwanted by-
products are formed. They can react with each other thus
creating an insoluble layer of oligomeric products on the sur-
face of electrode. That effect is strongly undesirable because
the oligomer layer is electrochemically inactive and lowers the
current flow, which means that the electrode becomes useless
from the practical point of view. The above mentioned prob-
lem is observed for various types of electrodes [17–20]. That
undesired behavior also occurs for the graphite-based elec-
trodes [7, 14, 21]. On such a case, there is a need to regenerate
the spent electrodes enabling its reuse. Depending on the type
of electrode, the process of regeneration can be realized by
thermal [15, 22, 23], chemical [24], and electrochemical treat-
ment [7, 14, 21, 25, 26].

Two main criteria are used for estimation of regeneration
efficiency. One of them is based on the degree of recovered
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electrochemical activity, whereas the latter one is associated
with the mass loss of regenerated material due to aggressive
regeneration treatment. Our previous works have shown that
owing to the electrochemical methods, it is possible to recover
and even significantly improve the initial activity of graphitic
electrodes without damage to its structure [14, 25].

Ozone is a highly reactive molecule. Hence, in wastewater
treatment, it can be used as disinfectant or biocide, oxidant to
remove organic pollutants and as well as a pre- or post-
treatment agent in other processes, such as flocculation or
sedimentation [27]. What is more, ozone is commonly used
for creation as well as modification of active surface of carbon
materials [24, 28, 29]. In each case, ozonation increases oxi-
dation degree, because of effective formation of functional
groups containing oxygen. Most of the processes are held in
gas phase, but there are examples of ozone treatment which
were realized in liquid environment (acidic, basic, or neutral)
[30, 31]. Among the carbon used for ozone treatment were
active carbons, carbon black, carbon fibers, and graphitic ma-
terials [28, 29].

Ozone can be also used for regeneration of spent elec-
trodes. In this case, process is usually conducted by ex-
posing the electrode to ozone flow under different con-
ditions, such as treatment duration, ozone concentration,
environment, temperature, and supporting treatment like
ultrasounds or UV radiation. The crucial factor seems to
be the time of ozonation; however at some point, the
longer time gives no more better result. Process of ozone
regeneration is performed in gas phase, but liquid envi-
ronment like water, bases, or acid solutions is also used
[32, 33]. Despite the conditions used, in many cases, the
mechanism of ozone regeneration is similar. Ozone plays
a role of oxidant which reacts with substance occupied
the electrode surface. When liquid solution is used,
ozone can be the oxidant itself or be a factor to produce
oxidants for indirect regeneration.

The purpose of this paper was to examine the process of
regeneration of expanded graphite being exhausted with olig-
omeric products of phenol oxidation. The considered regener-
ation comprises of interactions between EG/oligomer and OH
radicals intensively created during joined ozone and electro-
chemical oxidation processes.

Experimental

Preparation of expanded graphite

Expanded graphite (EG) was obtained by thermal exfoliation
of graphite intercalation compound with sulfuric acid (H2SO4-
GIC), which was synthesized in process of anodic oxidation
of flaky graphite in 18 M H2SO4 [7].

Preparation of electrode and electrochemical
measurements

EG electrode was subjected to cyclic voltammetry measure-
ments realized with three-electrode system. Process of electro-
chemical oxidation of phenol was performed with a scan rate
0.1 mVs−1 in the potential range from the rest potential of
electrode (ER) to 0.8 V. Electrolyte was composed of 0.5 M
aqueous solution of KOH containing 0.1 M phenol. The refer-
ence electrode was Hg/HgO/0.5 M KOH (0.117 V vs. NHE),
whereas graphite rod (5 mm in diameter) served as a counter
electrode. EG being a powder type electrode was put around a
graphite rod (5 mm in diameter) in a pocket made of porous
non-active material. Graphite rod was playing a role of current
collector. In each case, the mass of working electrode was equal
to 15 mg. After the process, spent electrode (EG/oligomer) was
taken out from the cell, rinsed with distilled water and left to dry
on air. All electrochemical measurements were conducted using
AUTOLAB potentiostat-galvanostat (model PGSTAT 30).
Process of EG/oligomer regeneration was carried out for 1 h
in 6 M KOH using potentiostatic method with constant poten-
tial 1.3 V. The rest part of electrochemical system was the same
as that used for phenol oxidation. The turbulent flow of ozone
with rate of 0.9 dm3/min was introduced by hose. Ozone was
gathered from ozone generator supplied with air. In order to
estimate the efficiency of regeneration process, the regenerated
EGwas used as a working electrode for phenol electrooxidation
performed under the same conditions as previously described.
The comparison of current charges associated with peak of
phenol oxidation for regenerated sample with that noted for
original EG was a source of information on efficiency of resto-
ration of electrode activity. Samples gathered after 3 cycles of
voltammetric oxidation of phenol and regeneration were denot-
ed as EG-3Ph and EG-3Ph reg, respectively.

Properties of EG electrode before and
after regeneration

Taking into account, the properties of EG three following
aspects were studied: morphological properties, chemical
composition of surface, and the development of specific sur-
face area. The first aspect was examined by scanning electron
microscopy (SEM) (S-3400N, Hitachi microscope) using a
voltage acceleration of electron beam equal to 15 keV.
Information on chemical composition was acquired from the
FTIR and XPS spectroscopy investigations. FTIR measure-
ments were conducted on JASCO model FT/IR-6700 spec-
trometer, using KBr technique, whereas the XPS measure-
ment was performed with VSW spectrometer equipped with
hemispherical analyzer. The changes within the specific sur-
face area of EG due to its regeneration were determined from
the N2 adsorption isotherms measured at 77 K with ASAP
2010 apparatus.
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Concentration of OH radicals

In order to propose a mechanism of EG-3Ph regeneration, an
analysis of OH radicals concentration in the electrolyte was
done. The preparation process was based on Peralta work [34]
but with some modifications. The samples used for OH radi-
cals determination were the following solutions: (1) 6MKOH
acquired after electrochemical regeneration of EG-3Ph, (2)
6 M KOH gathered after electrochemical-chemical regenera-
tion of EG-3Ph, and (3) ozonated 6 M KOH.

After regeneration and/or ozonation to the solution was
added salicylic acid (2 mL) in amount equal to KOHmolarity.
Salicylic acid reacts with OH radicals yielding 2,5-DHBA
(dihydroxybenzoic acid) and 2,3-DHBA (dihydroxybenzoic
acid). Another product of the abovementioned reaction could
be catechol, but in this case, it was not detected in the inves-
tigated solutions.

Analytical system

The concentrations of 2,5-DHBA and 2,3-DHBA in samples
were determined using liquid chromatography (UltiMate
3000, Dionex, Sunnywale, CA, USA) coupled with a mass
spectrometer (API 4000 QTRAP, AB Sciex, Foster City, CA,
USA). Acids were separated on C18 column (Hypersil Gold
C18 RP, 100 × 2.1 mm × 1.9 μm, Thermo Scientific, USA)
with an isocratic mobile phase consisting of acetonitrile and
water with 0.1% formic acid (1:1, acetonitrile–water, v/v). The
flow rate was 0.2 mL/min, the injection volume was 10 μL.
The column was kept at 35 °C. The mass spectrometer was
operated in turbo ion spray in the negative ion mode. All acids
were detected using the following settings for the ion source
and mass spectrometer: curtain gas 10 psi, nebulizer gas
40 psi, auxiliary gas 40 psi, temperature 450 °C, ion spray
voltage − 4500 V. Quantification was performed by multiple
reaction monitoring (MRM). The mass transition used for 2,5-
DHBA was m/z 153→ 109 (with a declustering potential −
55 Vand collision energy − 30 V) and for 2,3-DHBAwasm/z
153→ 109 (with a declustering potential − 35 Vand collision
energy − 22 V).

Standard solutions and sample preparation

A stock standard solutions for each compound was prepared
in acetonitrile. The solution was stored at 4 °C.

All samples were filtered and diluted. The method of mul-
tiple standard additions was used for evaluation of each com-
pounds concentration. The sample and sample spiked stan-
dard mixture at three different concentrations (0.0005; 0.001
and 0.0025 μg/mL) was determined by LC-MS/MS. Standard
spikes were added to the sample directly before the analysis.
An example of the standard addition is shown in Fig. 1.

Results and discussion

Electrochemical oxidation of phenol

Cyclic voltammograms recorded during electrochemical oxi-
dation of 0.1 M phenol dissolved in 0.5 M KOH at electrode
made of expanded graphite are presented in Fig. 2. Phenol
electrooxidation is depicted as a huge anodic peak recorded
during the forwarded scanning. During the first cycle, maxi-
mum of this peak appears at around 0.55 V but for the next
cycles, its location is shifted towards the lower potentials
(0.48 V). The significant decrease in intensity of anodic peak
after the first cycle is connected with the formation of insolu-
ble layer of oligomer being product of the incomplete oxida-
tion of phenol [18–20]. For the first cycle charge of anodic
peak is equal to 13.99 C, whereas for the second and third
cycle reached 8.87 C and 8.68 C, respectively (Table 1). The
observed deterioration in electrochemical activity of EG elec-
trode due to its blocking by passive oligomer justifies the
necessity of its regeneration. Hence, our further investigations
were focused on the process of electrochemico-chemical re-
generation of spent EG electrode. The conducted regeneration
was based on the anodic oxidation of EG supported by the
gaseous ozone passed through the electrolyte in which the
regeneration was performed.

Figure 3 presents cyclic voltammograms recorded during
phenol oxidation at electrode made of EG underwent regen-
eration. The shape of the obtained curves is similar to that
shown for original EG (Fig. 2). One can also observe a huge
anodic peak responsible for the phenol oxidation. It is located
at the potential of about 0.42 V. For the second and third
cycles, the mentioned peak can be seen at lower potential
0.4 V. It is worth to note that the location of phenol oxidation
peak is slightly shifted towards the less positive potentials as
compared to the not regenerated electrode (Fig. 2). For the
regenerated electrode during the first cycle, charge of anodic
peak was equal to 45.04 C, whereas for the second one only
21.99 C (see Table 1). It can be observed that by comparing to
the original EG activity of regenerated electrode is doubled
and even more (see Fig. 4). Our previous papers [18, 20] have
already mentioned about that phenomena but in this case, the
observed rise is significantly larger.

By comparing the location as well as intensity of the con-
sidered peak, it can be stated that the mechanism of phenol
oxidation significantly differs depending on the applied elec-
trode. For the regenerated electrode (see Fig. 3), process of
phenol oxidation starts at lower potential compared to the
untreated electrode (see Fig. 2). Maximum of phenol oxida-
tion peak for regenerated EG is also shifted towards the less
positive potentials. Additionally, the intensity as well as cur-
rent charge associated with the peak of phenol oxidation for
regenerated electrode is markedly higher as compared to the
original electrode. The abovementioned observations indicate
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that the electrochemical oxidation realized together with
ozone treatment of spent EG electrode not only recover but
significantly improves its electrochemical activity. The differ-
ences in the course of CVs suggest that the regeneration treat-
ment considerably modify electrode material by making it
much more active and suitable for phenol oxidation.

In order to understand the origin of activity increment due
to regeneration treatment, the additional investigations were
performed. The sample of original EG being free of oligomer
underwent electrochemical oxidation with accompaniment of
ozone treatment under conditions employed for EG/oligomer
regeneration. Such modified EG was used as a working elec-
trode during the electrochemical oxidation of phenol and CVs
recorded in 0.1 M phenol dissolved in 0.5 M KOH are shown
in Fig. 5. As can be seen, the course of voltammetric curves

significantly differs compared to that observed for original
(Fig. 2) as well as for regenerated EG (Fig. 3). The most
pronounced differences are related with the intensity and lo-
cation of anodic peak associated with the reaction of phenol
oxidation. It indicates that the oxidative treatment of EG re-
sulted in increment of its electrochemical activity towards the
phenol electrooxidation. Anodic charge associated with phe-
nol oxidation on modified EG (EG-KOH-O3) is over twice
higher than that noted for original EG (Table 1). It is worth
to note that this relation is observed not only for the first cycle
but for all presented. On the other hand, it should be empha-
sized that the activity level of modified EG is over 1.5 times
lower as compared to that observed for the first cycle for
regenerated electrode (EG-3Ph reg) (Fig. 3). By comparing
the successive cycles, it is clear that for both cases, the elec-
trochemical activity appear on very closed level. One of the
possible explanation of this behavior may be associated with
the modification of oligomer occupied the surface of EG. Due
to regeneration treatment oligomeric film considerably chang-
es its properties thus improving the electrochemical activity of
EG electrode.

The supposed changes in oligomer behavior resulting im-
provement of electrochemical activity of regenerated

Fig. 1 Multiple standard curve of
2,5-DHBA for sample of
electrolyte after electrochemical-
chemical regeneration of
expanded graphite covered in
phenol during 3 cycles of
electrooxidation

Fig. 2 Cyclic voltammograms for original EG recorded in 0.1 M phenol
in 0.5 M KOH

Table 1 Values of anodic charge calculated for the investigated samples
on the basis of cyclic voltammetry measurements

EG [C] EG-3Ph reg [C] EG-KOH-O3 [C]

Cycle 1 13.99 45.04 29.52

Cycle 2 8.87 21.99 20.85

Cycle 3 8.68 18.21 17.94

Cycle 1–3 31.54 85.24 68.31
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electrode towards the process of phenol oxidation most likely
are associated with the modification of EG especially chemi-
cal composition of its active surface. Hence, this issue be-
comes the goals of our further investigations.

XPS measurements

Table 2 contains information on surface content of EG, spent
EG, and regenerated EG calculated on the basis of XPS mea-
surements. It can be easily observed that due to phenol oxida-
tion the amount of oxygen on EG surface increases. The olig-
omer layer which is formed on EG surface during phenol
electrooxidation involves oxygen containing bonds. From
the O1s spectra shown in Fig. 6 it can be seen that the regen-
eration reduces total oxygen content but it is still higher than
that noted for original EG. It proves that despite some changes
in chemical composition, the persisting oligomer still involved

some oxygen bonds. Taking into account the particular com-
position of surface of the regenerated sample, an increment in
concentration of O=C bonds probably pertaining to ketones,
lactones, or carboxylic is easily seen from the O1s spectrum.
On the other hand, the amount of O−C bonds of phenolic or/
and etheric group decreases due to regeneration treatment. It
means that O−C bonds being the main component of oligomer
film generated on EG surface during the phenol oxidation
disappear or/and are transformed into the C=O during the
regeneration treatment. These observations well coincide with
the results gathered from the C1s spectra seen in Fig. 7. Peak
B on spectrum for EG-3Ph reg probably arises from the pres-
ence of C−O bonds (phenolic, ether) but it can be also asso-
ciated with K−O bond, which could be built-in during the
regeneration performed in KOH containing electrolyte.
Taking into account its participation in a whole C content, it
is seen that the concentration of C−O and/or K−OH bonds
grow up during phenol oxidation and simultaneously slightly
decreases after the regeneration treatment. It should be noted
that the most pronounced influence of electrolyte on the com-
position of electrode surface is associated with the presence of
peak at 293.6 eV. This signal is likely associated with the
potassium ions being incorporated into the oligomer chain
during the regeneration treatment. The O1s/C1s ratio calculat-
ed from the concentration of C−O bond (peak C) on O1s
spectrum and peak B on C1s spectrum for EG-3Ph reg
reached 0.28 whi le for EG sample af ter phenol
oxidation (EG-3Ph) is equal to 0.12. It indicates that for re-
generated sample, the higher participation in peak B on C1s
spectrum might have K−O bond than C−O. Peak C on the
deconvoluted spectra C1s (Fig. 7) represents double bonds
between C and O of quinone and carbonyl functionalities.
C1s spectrum for EG after its regeneration treatment (EG-
3Ph reg) involves two new peaks as compared to the spectra

Fig. 3 Cyclic voltammograms recorded in 0.1 M phenol in 0.5 M KOH
for EG after its regeneration (EG-3Ph reg)

Fig. 4 Comparison of anodic
charges recorded during
electrochemical phenol oxidation
for original and regenerated EG
electrodes
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recorded for original EG and EG after 3 cycles of phenol
electrooxidation (EG-3Ph). The former one (peak D) can be
ascribed to the C=O bonds pertaining to carboxylic groups,
whereas the latter peak (peak F) reveals the presence of K
containing bonds. The latter effect most likely arises from
the interactions between the electrolyte and oligomer covering
the EG surface. It should be also noted that the regeneration
treatment of EG/oligomer composite decreases signals associ-
ated with the graphitic skeleton (peaks A and E).

From the XPS results, it is clear that wet ozone treatment
performed together with electrochemical oxidation change the

chemical surface of regenerated EG. Some of transformations
within the surface oxide bonds are accompanied by the for-
mation of a new one composed of potassium ions. The last
statement is proved by two new peaks appearing at 293.6 eV
which show building-in of the potassium ions.

FTIR measurements

Figure 8 displays FTIR spectra recorded for the investigated
samples, whereas Table 3 involves the assignment of the
bands seen on the presented infrared spectra. The comparison
of FTIR spectra for original EG, EG after phenol oxidation,
and EG after regeneration treatment allow to evolve the cru-
cial differences in chemical composition of their surfaces. It
seems that the most valuable information can be gained from
the region of 1000–2000 cm−1, therefore only this part of
whole spectrum is shown in Fig. 8. Bonds seen at wavenum-
ber of 1219, 1292, and 1398 cm−1 are connected with the
graphite matrix itself without functionalities. What is interest-
ing, bond at 1219 cm−1 assigned to the ring vibrations is ob-
served for samples EG and EG-3Ph reg but not for EG-3Ph. It
well correlates with the appearance of E peak on XPS spectra
of C1 region (Fig. 7). Most of the presented bands being
associated with the oxygen containing surface functionalities
are shown between 1400 and 2000 cm−1. It can be easily
perceived that more of them were created during regeneration
treatment of EG. From the data shown in Table 3, it is clear
that the regeneration increases the concentration of C =O and
COO bonds which also agrees with the XPS results. Bands at

Fig. 5 Cyclic voltammograms for original EG underwent oxidative
treatment (electrochemical and ozone) recorded in 0.1 M phenol in
0.5 M KOH

Table 2 XPS results: surface composition of original EG, EG after 3 cycles of phenol oxidation (EG-3Ph), and after regeneration treatment (EG-3Ph
reg)

Spectrum Peak/
sample

EG EG-3Ph EG-3Ph reg The assignment of XPS peaks

Total
content

Total
content

Total
content

(eV) (at.%) (at.%) (eV) (at.%) (at.%) (eV) (at.%) (at.%)

O1s A 530.4 0.09 3.35 530.6 0.94 13.05 531.3 2.09 9.26 O=C (ketone, lactone, carboxylic)
[30, 31]

B 532.1 0.80 531.6 3.54 532.7 3.57 O=C (carbonyl) [32]

C 533.4 1.16 533.3 7.83 534.1 2.89 O-C (phenolic, etheric) [27, 31]

D 534.7 1.30 534.8 0.86 535.7 0.71 Chemisorbed oxygen [33]

C1s A 284.6 61.12 95.65 284.6 47.27 86.95 284.6 35.64 90.74 C (graphitic carbon) [27, 31–33,
35]

B 285.9 20.70 285.7 27.98 285.5 23.24 C-O (phenolic, etheric) [31, 36]
or K-O [37]

C 287.3 8,2 287.4 8,23 286.7 15.50 > C =O (quinone, carbonyl) [31,
32]

D 288.2 7.41 C =O (carboxyl) [31, 32]

E 290.7 6.56 289.2 3.47 290.1 3.09 π-π transition in aromatic
systems [27, 31–33, 35]

F 293.6 5.86 C-KOH [37]
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wavenumber of 1537, 1555, 1663, 1692, and 1775 cm−1 can
be assigned to the C =O bonds in carboxylic acids, ketones,
and quinones, respectively. The appearance of the
abovementioned bonds is also revealed from C1s spectrum
of XPS analysis (see Fig. 7). The bands at 1692 and
1752 cm−1 are ascribed to C =O stretch vibrations in ketones
and lactones. The appearance of these groups is confirmed on
XPS spectrum of a O1s region recorded for the regeneration
sample (see Fig. 6) (Table 3).

Summarizing the obtained results, it can be pointed out that
the phenol oxidation significantly changes the surface of the
electrode by formation of oligomeric structures but subse-
quently performed regeneration treatment involved simulta-
neous electrochemical and ozone oxidation in turn modify
the surface of electrode thus allowing its reuse.

BET measurements and SEM observations

BETanalysis reveals information on changes in EG structure due
to its regeneration treatment. The started EG exhibits BET sur-
face area of 30.5 m2 g−1 whereas the BET surface of EG after

3 cycles of phenol electrooxidation falls down to 7.1 m2 g−1. The
huge decrease in specific surface area due to phenol oxidation
proves the presence of passive oligomer layer. That non-
conductive layer is responsible for theworsening of electrochem-
ical activity observed on voltammogram during the second cycle
of cyclic voltammetry oxidation of phenol. After regeneration
treatment, the specific surface area in turn rises to 21.8 m2 g−1

but it does not reach the original development area value. It might
be explained by the fact that persisted oligomer layer still occupy
the EG surface. It is possible that due to regeneration treatment,
the oligomer layer becomes much more porous as compared to
that gathered after phenol oxidation. In some part, the
abovementioned suppositions are confirmed by the SEM images
for the EG before and after regeneration treatment (Fig. 9). In
order to understand the impacts of electrochemical oxidation and
subsequent regeneration treatment on morphology of EG, the
SEM image of original EG was added (Fig. 9a). SEM micro-
graph obtained for EG after its use in process of phenol
electrooxidation (Fig. 9b) undoubtedly proves the appearance
of oligomeric film. Almost whole surface of EG is coated with
a thin layer of oligomer. Only central part of flake seems to be

Fig. 6 XPS spectra of O1s region

Fig. 7 XPS spectra of C1s region
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uncovered depicting a characteristic accordion like structure of
exfoliated graphite. After the regeneration treatment some part of
oligomer are removed from the graphite surface. However, some
residuals of oligomer still occupied the EG surface which is
illustrated by the curled up and irregular elements seen in the
middle of the SEM image shown in Fig. 9c. SEM image of
regenerated EG recorded under higher magnitude also revealed
the increased concentration of edges as well as surface defects
(see Fig. 9d). Due to regeneration chemical composition of EG
significantly changes by some transformations and in the func-
tionalities originally present on EG sample as well as formation
of a new one mainly by incorporation of potassium ions. As can
be seen from the SEM images, the regeneration treatment

involved electrochemical oxidation and chemical treatment by
agents formed by ozone interactions with KOH electrolyte also
results in increased concentration of surface defects as well as
edges. These elements may play a role of active centers in which
the oxygen functionalities can be build.

OH radicals analysis

It is assumed that OH radicals play a main role during the
regeneration of spent EG electrodes.

The abovementioned radicals are formed during the both
electrochemical as well ozone regeneration. In order to con-
firm our hypothesis the concentration of OH radicals in

Table 3 The assignment of the
FTIR bands shown in Fig. 8 No. Peak (cm−1) Surface

group
Assignment Reference

This
work

Reference

A 1796 1740–1800 C =O Stretch in saturated aliphatic carboxylic
acids

[38, 42]

B 1775 ~1775 C =O Stretch in phenyl acetates [38, 42]

C 1752 1740–1765 C =O Stretch in lactones [38, 42]

D 1699 1698 COO Stretch of COO [38, 42]

E 1692 1694 C =O Stretch in aliphatic ketones [39, 43]

F 1663 1540–1700 C =O Quinone or conjucted ketone [38, 45]

G 1630 1629 C = C Stretch of C = C in aromatic rings [41, 44]

H 1621 1580–1660 C = C Conjugated with C = C or C =O [38, 45]

I 1555 1558 C =O Stretch of C =O [41, 44]

J 1537 1530–1610 COO Asymmetric in aromatic acid salts [38, 42]

K 1513 1510 C = C Highly red-shifted C = C [40, 45]

L 1398 1360–1430 CH=CH cis [42]

M 1292 1270–1350 CH3 symmetric [42]

N 1219 1180–1220 Ar Ring vibrations [42]

Fig. 8 FTIR spectra recorded for
original EG, EG after 3 cycles of
phenol electrooxidation (EG-3Ph)
and ozone wet treated (EG-3Ph
reg)
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electrolyte after regeneration treatment under different condi-
tions was performed. The compounds were determined in a
non-spiked and spiked at three levels: 0.0005, 0.001, and
0.0025 μg/mL. Determination was performed in accordance
with details given in BAnalytical system^. The obtained re-
sults are shown in Table 4. As can be seen, only 2,5-DHBA
were identified in the all samples. The highest concentrations
were determined for sample of 6 M KOH solution beforehand
underwent ozonation (1112.10 μg/mL), whereas the lowest
were observed for sample of electrolyte of 6 M KOH after
electrochemical-chemical regeneration of EG-3Ph conducted
in ozone flow (486.56 μg/mL). 2,3-DHBAwas identified only
in the case of ozonated 6 M KOH solution (213.20 μg/mL).

These results indicate that both during electrochemical re-
generation itself and electrochemical regeneration supported
by ozone, OH radicals are formed. At the beginning, it may be
thought that ozonation limits the number of created radicals.
Therefore, a solution of 6 M KOH without the sample of
exhausted expanded grapite, was ozonated to check it.
Surprisingly, it seems that process of ozonation creates incred-
ible number of OH radicals. It indicates that during the process
of joined regeneration of EG-3Ph, significantly higher amount

of OH radicals is consumed to oxidize oligomer layer on elec-
trode surface compared to the process realized only by elec-
trochemical mode.

Conclusions

The researches have shown that inactive EG electrode coated
with oligomeric film being the product of incomplete phenol
electrooxidation can be successfully regenerated using joined
electrochemical and ozone wet treatment not only to give back
the previous activity but also to improve it almost double. The
results of XPS and FTIR analyses revealed changes in chem-
ical composition of EG surface due to regeneration treatment.
Compared to the initial EG, it can be observed lowering the
concentration of graphitic carbon which is accompanied by
the modification of oxygen containing surface functionalities.
The most pronounced result of regeneration treatment is asso-
ciated with the increment in concentration of C=O bonds
pertaining to carbonyl as well as carboxyl groups. The men-
tioned investigations also showed that the potassium ions
from the solution are built-in on oligomer covering the surface

Fig. 9 SEM micrographs of
original EG (a), EG after 3 cycles
of phenol electrooxidation (EG-
3Ph) (b), and regenerated EG
(EG-3Ph reg) (c, d)

Table 4 Concentration [μg/mL]
of 2,5-DHBA and 2,3-DHBA in
samples of electrolytes used

Sample of electrolyte 2,5-
DHBA

2,3-
DHBA

6 M KOH after electrochemical regeneration of EG-3Ph 844.83 –

6 MKOH after electrochemical-chemical regeneration with ozone flow of EG-3Ph 486.56 –

6 M KOH after ozonation 1112.10 213.20
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of EG electrode. The study of electrolyte composition has
shown that the quantity of OH radicals being created during
the regeneration treatment changes. Significantly higher con-
centration of OH radicals is reached during the joined regen-
eration evidencing the highest efficiency of chemical interac-
tions between OH radicals and electrode surface. Taking into
account, all results, the modification of surface oxygen
groups, and the presence of K ions being incorporated into
the oligomer chain may be the key factor which improves the
activity of EG electrode during electrooxidation of phenol.
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