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Abstract

The electrochemical oxidation of p-nitroanilline and p-nitrophenol on lead dioxide anodes, modified by different
ionic dopants has been investigated. The general mechanism of the oxidation of organic compounds of aromatic
nature includes oxidizing of compounds to the intermediates with quinoid structure, reactions of aromatic ring
opening and formation of aliphatic products (mainly acids) and in ideal case - the complete mineralization to CO:
and H:0. According to obtained results one can conclude that both reactions occur via formation of p-benzoquinon.
Calculations, based on Kinetic studies of the reaction, have shown that the rate constant of the degradation of the
organics involved depends on the composition of the electrode material and varies due to the nature and the
content of ionic additives in lead dioxide. The maximum interest for the electrochemical destruction of organic
substances represents lead dioxide electrodes modified by bismuth to which a rate constant of p-nitroaniline
oxidation increases in 1.6 times compared with nonmodified electrodes. Maximum electrocatalytic activity is
achieved by increasing the proportion of a-phase, on the one hand, and increase the crystalline zone of oxide on the
other, which leads to increased amounts of oxygen containing particles strongly bounded to the electrode surface
that participate in the electrochemical oxidation of aromatic compounds.

Keywords: electrochemical oxidation, hydroxyl radicals, lead dioxide, methanesulfonate electrolyte.

EJIEKTPOXIMIYHE OKUCHEHHA 4-HITPOAHIJIIHY TA 4-HITPO®EHOJIY HA
MOJANPIKOBAHUX PbO2-EJIEKTPOJAX

Ouecsa b. lllMmuukoBa,! Tetsina B. Jlyk'siHeHko,! Poccano AMagenni,?2 Onekcanap b. Beniuenkol”
1/IBH3 «YkpaiHcokull depacasHull XiMiko-mexHoa02iuHUll yHieepcumemy, np. ['azapina 8, m. [Jninpo, 49005 Ykpaina
2]SOF-CNR giddinenHsi 8 ®eppapi, denapmamenm ximii ma gpapmayii, Yuisepcumem Deppapu,
sy /1. bopcapi, 46-44121 ®eppapa, Imanis

AHoTarnis

JdocnigkeHo eseKTpoxiMiuyHe OKHMCHEHHS N-HITpoaHiJiHy Ta n-HiTpodeHOsy Ha AiOKCMAHOCBUHLEBUX aHOAAX,
Mo diKoBaHMX Pi3HUMH iOHHUMM J06aBKaMU. 3arajibHUil MexaHi3M OKMCHEHHS OpPraHiYHMX CHOJIYK apOMaTH4YHOI
NPUPOAU BK/IHYAE OKUCHEHHA A0 NPOMDXHMX CHOJYK i3 XiHOIJHOI0 GYA0BOI0, peaKiii apoMaTUYHOr0 PO3iMKHEHHSA
Kijiba Ta ¢opmyBaHHA anipaTHYHUX NPOAYKTIB (rOJIOBHUM YMHOM, KHCJIOT) i B ilea/ibHOMy BUNAAKYy - NMOBHA
miHepasisanis go CO:z i H20. Pe3yabTaTu JocaijKeHb IOKa3a/Iy, 0 06U ABI peaKiii NpoxXoJATh Yyepe3 yTBOPEHHA N-
6eH30XiHOHY. POo3paxyHKH, 3aCHOBaHi Ha KiHETUYHHUX J0C/IiAKeHAX, N0Ka3a/Iy, [0 KOHCTAHTU WBUAKOCTI pyHHanii
AOCJIiP)KYBaHUX OPraHiYHUX CHOJIYK 3ajieKaTh BiJ CKJaAy eJIeKTPOAYy Ta BapilIOThCA 3aJIe’KHO BiJ, NpUpoOAH Ta
KiJIbKOCTi MoAUQiKyIOYUX J06aBOK y IIIOMOYM Aiokcuai. HailGinbmuii iHTepec A esleKTpOXiMiyHOI pyHHanii
OpraHiyHMX CHOJIYK NpeACTaBIATb MoaudikoBaHi BicMyToM AiOKCMAHOCBMHIEBI aHOAHU, [ SKMX KOHCTAaHTa
IBUAKOCTI OKUCHEHHS N-HiTpoaHiNiHy 36inbmyeThbcsa B 1.6 pa3iB mopiBHAHO 3 HeMOAU(PIKOBAHUM NOKPUTTAM.
MakcuMaJ/ibHa e/1eKTPOAKTUBHICTh KaTajlizaTopa A0CATraeTbcA 3a 36i1blIeHHA YacTKUu o-pa3y, 3 0AHOro GOKy, Ta
36i/IbIIeHHA KiJIbKOCTi J1aGi/IbHUX OKCUTeHOBMiCHMX 4YacTOYOK Ha MOBEpPXHi esjieKTpoay, fAKi 6epyTh y4acTb B
€/J1IeKTPOXiMiYHOMY OKHCHEHHi apOMaTHYHHX CIOJIYK, 3 IHIIIOr0 GOKY.

Karouosi cosa: enekTpoxiMiuHe OKHCHEHHS, Ti[POKCHII-paiUKaJIH, IJIIOMOYM iOKCH/JI, METAHCYJIbPOHATHUHN eJIeKTPOJIIT.
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IJIEKTPOXUMHUYECKOE OKUCJ/IEHUE 4-HUTPOAHUJIMHA U 4-HUTPOPEHOJIA HA
MOANPUIIUPOBAHHBIX PBO2-3JIEKTPOJAX
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2JSOF-CNR omdeaenue 8 Peppape, denapmamerHm xumuu u gapmayuu, YHusepcumem Peppapel,
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AHHOTanug

HcciiepoBaHo 3JIEKTPOXMMHUYECKOE OKHCJIEeHHEe NM-HUTPOAaHW/JIMHA U N-HUTpodeHoJa Ha AUOKCUAHOCBMHIOBBIX
aHOJAaX, MOAMPHUIUMPOBAHHBIX PAa3/JIMYHBIMU MOHHBIMH J06aBKaMu. 06U MeXaHU3M OKHUC/JEHUS OpraHu4YecKux
coeJUHeHNH apoMaTH4YeCKOil NMPHUPOABI BK/IOYAaeT OKHMCJIeHHe A0 NMPOMEeXYTOYHbIX COeAUHEHMH C XMHOUJHBIM
CTPOEHHEM, peaKIlid apoOMaTH4YeCKOro pa3MbIKaHUA KoJbLa U GopMHUpPOBaHUA aIuPaTHYECKUX NPOAYKTOB
(rn1aBHBIM 06pa3oM, KHCJIOT) U B HAea/]bHOM cjly4yae - NoJHAasA MHMHepaau3apmAa Ao COz u Hz0. Pe3yiabTaThl
HCC/IeA0BaHUI MOKa3aJ/M, YTO 00e peaK iy NpoTeKalT Yepe3 o6pa3oBaHue n-6eH30XUHOHA. PacyeTnbl, 0CHOBaHHbIE
Ha KMHETHYeCKHUX MCC/IeJ0BaHUAX, TOKa3a/Iy, YTO KOHCTAaHThl CKOPOCTH pa3pylleHUs HCCIeAyeMbIX OpraHuyecKux
coeJUHEeHUH 3aBHCAT OT COCTAaBa 3JIEKTPOJA M BapbUPYIOTCA B 3aBUCHUMOCTH OT NPHPOJbI M KOJHYeCTBA
MOJUPUIUPYIOIIUX A06GABOK B AUOKcHAe cBUHIA. HanGoib1muili MHTEpec AJid 3/71eKTPOXUMHYECKOro paspyleHus
OpraHM4ecKMX coeJUHEeHMH NpejCcTaBAAIT MOAUPUIMPOBAaHHbIE BUCMYTOM AWOKCUJHOCBHHIIOBbIE aHOABI, AJIA
KOTOPBIX KOHCTAHTA CKOPOCTM OKHMC/JIeHUs n-HUTPOaHW/IMHA yBejluyuBaeTcd B 1.6 pa3 mo cpaBHEHUI0 C
HeMOJUPUIUPOBAHHBIM MNOKPbITHEM. MakcuMa/ibHasg 3JIEKTPOAKTUBHOCTb KaTajlu3aTopa JOCTUraeTcs IpH
yBeJIMYeHHHU A0JM «-(pa3bl, C OJHON CTOPOHDbI, U yBeJMYEHHH KOJIMYECTBA JIAGH/JIbHBIX KHCJI0POACOAEpPKALIUX
YacTUL, Ha NMOBEPXHOCTHU 3JIEKTPOJA, KOTOpPble YYaCTBYWOT B 3JIEKTPOXMMHUYECKOM OKHCJEHUM apOMaTH4YeCKUX
CcoeAAHEeHUH, C ApYyroi CTOPOHBI.

Kstouesble €/108a: 3J1IEKTPOXMMHUYECKOE OKUCIEHHE, THAPOKCU/I-PaIUKaJIbl, JUOKCHU/] CBUHIA, METAHCY/IbGOHATHBIH 3JIEKTPOJIUT.

Introduction

The line of research involved in the manuscript
belongs to the world's key development priorities
of modern chemistry and attracted considerable
attention of researchers as indicated by the large
number of publications. The results on the use of
advanced catalytic oxidation method (advanced
oxidation process — AOP) achieved over the last 5
years for the destruction of chemical and
biological toxins and pollutants listed in review
[1]. Based on the information provided in
the publications [2-4], clearing of the aquatic
environment from pollution by anthropogenic
organic chemicals are known to be a very difficult
problem even in industrial enterprises, which are
widely used chemical reagent methods. Attempts
to transfer this experience in agriculture in
general has not been successful because the
traditional methods and technologies are not
adapted to the conditions of agriculture require
huge capital costs for associated infrastructure
and industrial engineering of the necessary
reagents of shipping them over long distances to
the place of use.

An alternative to traditional methods of water
purification from toxic aromatics are electro-
chemical technologies that should be attributed
to relatively reagent less, as latter are formed at
the time of use. Other advantages include their
efficiency, ease of use, ease of automation,
modularity structures and the flexibility to scale
based on the needs in use [5]. These techniques
are promising for the treatment of water from a

wide range of organic compounds of different
types [6], for example, phenolic compounds [7; 8]
and pesticides [9]. The electrochemical degradation
of toxic pollutants is achieved both through direct
transfer of electric charge between the electrode
and the organic compounds and secondary
chemical reactions, the oxidant in which are
oxygen-containing radicals formed during
electrolysis of water molecules. In both cases the
optimal choice of anode material is critical, not
only ratio, and direction of oxidation depends on
it. For example, some electrodes in the oxidation
of organic compounds may form polymers due to
the nucleophilic attack of neutral molecules by
radicals [10]. In recent years, a large number of
materials have been used for the selective and
non-selective anodic oxidation of resistant
organic compounds, but the problem of choosing
the optimal and chemically stable material still
remains an open question requiring further study.

Experimental and Methods

All chemicals were reagent grade. Platinized
titanium was used as substrate. Titanium sheet
was treated as described in [11] before platinum
layer depositing. Lead dioxide coatings were electro-
deposited at anodic current density 10 mA - cm-2
from methanesulfonate electrolytes that contained
1M CH3SO3H, 0.1 M Pb(CH3S03)2 and 0.1 M Bi(NOs)s,
Ce(N03)3, (CH3COO)4SD, Kz(NiFs), Kz(Sl’lFs) as
dopants. The determination of modifying additive
in anodic materials was carried out with Graphite
furnace atomic adsorption spectroscope [GF-AAS]
model Analyst 800.
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Having in mind that the challenge in PbO;
research is to obtain an electrochemically active
and durable material, in this work we electro-
deposited PbO; from  CH3SOs; -containing
medium.

Since methanesulfonate is becoming the most
popular electrolyte for PbO; electrosynthesis due
to probability of the deposition of coatings up to
2 mm thick with low internal stresses [12], we
chose these electrolytes because they are easy to
prepare and work with; and PbO; obtained in this
medium has satisfactory mechanical properties
and significantly different electrocatalytical activity
in respect to coatings, obtained in traditional
nitrare baths.

X-ray powder diffraction data were collected
on a STOE STADI P automatic diffractometer [13]
equipped with linear PSD detector (transmission
mode, 20/w-scan; Cu Kai radiation, curved
germanium (111) monochromator; 26-range
6.000<260<102.945 20 with step 0.015 26;
PSD step 0.480 °26, scan time 50 s/step).

Qualitative and quantitative phase analysis
was performed using the PowderCell program
[14]. For selected samples with relatively high
degree of crystallinity the Rietveld refinement
was carried out using FullProf.2k (version 5.40)
program [15].

XPS studies were carried out on a PHI 5000
spectrometer using monochromatic AlKa radiation
for excitation. The BE value of C(1s), due to advent-
tious carbon and residual solvent, is 284.8 [+0.3] eV.

The electrooxidation of organic compounds was
carried out in undivided cell at jo=50mA cm-2.
The volume of anolyte was 50 cms3. Solution,
containing phosphate buffer (0.25 M Na;HPO4 +
0.1 M KH;PO4) + 2-10-* M organic compound,
(pH= 6.55) was used as electrolyte. Stainless
steel was used as cathode. Modified lead dioxide
electrodes were used as anodes. Electrode surface
area was 1 cm?2.

Analyses of the reaction products were
conducted by HPLC using a Shimadzu RF-10A xL
instrument equipped with a Ultraviolet SPD-20AV
detector and a 30 cm Discovery® C18 column.
Ozone analysis was carried out mostly by
iodometric titration [16]. In some cases the results
were checked by the spectrophotometric method.
The formation of colored compounds during
electrolysis was followed by UV-visible spectroscopy.
The changing of the concentration of the organic
substance during the electrolysis was measured
by sampling (volume of 5 cm3) at regular intervals
and measuring the optical density of the solution
in the ultraviolet and visible region (wavelength

range 200-570 nm) using a Kontron Uvikon 940
spectrometer. Solution, containing phosphate bulftfer,
was used as reference solution.

Results and Discussion

Electrochemical degradation of organics in the
wastewater is known to be a very important task.
The development of electrode materials used for
wastewater treatment is recognized as the subject
of many investigations. Synthetic diamond electrodes
modified with boron (BDD), for example, commonly
used as electrocatalysts [17], as well as anodes
based on PbO; [18]. It should be noted that in the
first case the basic problem is the high power
consumption due to the low conductivity
of modified synthetic diamond, which makes
them unsuitable for use as anodes in industry.
Thus, more promising are materials based on lead
dioxide, the more so because of their electro-
catalytic activity, which can be significantly increased
by the modification.

The process of oxidation of organic substances
is not necessarily a direct electrochemical process.
Quite likely, it occurs via oxidants generated in
the primary electrochemical reaction, for example,
the formation of hydroxyl radicals and ozone.
So this process is a secondary chemical process.
It should also be noted, that it is not always taken
into account the fact that the oxygen evolution
reaction on the electrode can occur in conjunction
with other reactions with the transfer of oxygen,
such as oxidation of organic [17; 19] or inorganic
compounds [18], which are not necessarily
implemented independently of other.

The effectiveness of such processes depends
on the ratio of the rates of reactions both of the
formation and the disappearance of OH-radicals.
The accumulation of a sufficient amount of radicals
on the electrode surface and the near electrode
layer facilitates their interaction with inorganic
and organic compounds, causing partial or complete
destruction of these compounds [12].

The synthesis of strong oxidants such as ozone
can be assigned to another group of anodic
reactions occurring at high anodic potentials
with oxygen-containing particles participation.
Since ozone formation occurs simultaneously
with the oxidation processes of organic
compounds [20; 21], its synthesis in the electrolysis
process can contribute to the destruction of toxic
organic substances. As one can conclude from the
obtained results, the current efficiencies of ozone
evolution on electrodes deposited from methane-
sulfonate electrolytes are approximately three
times lower than on the materials obtained from
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nitrate bath [22]. Modification by ionic additives
increases the current efficiency of ozone, but the
latter is characterized by the values in the range
of a few percent [12].

An observed phenomenon is caused by differences
in the chemical and phase composition of deposits
obtained from nitrate and methanesulfonate
electrolytes, namely, in the degree of surface
hydroxylation. As the oxygen species strongly
bounded with the electrode surface are involved
in the process of ozone evolution [23], the
decrease in their number would lead to a decrease
in current efficiencies of ozone evolution, which
is observed in the case of coatings obtained from
the methanesulfonate electrolytes [22; 24; 25].

In order to determine the influence of deposition
conditions and the composition of the anode
materials, based on lead dioxide, on their electro-
catalytic activity in respect to the oxidation of
organic toxicants 4-nitroaniline and 4-nitrophenol
were selected as model aromatics. This choice was
due to the fact that the electrochemical incineration
of phenolic compounds on the different electrodes is
well studied process, so the attention can be focused
only on the clarifying of the role of the anode material.

Thus, in particular, a considerable number of
publications are devoted to aromatic compounds
electrooxidation, in which PbO and other oxides
of noble metals are used as anode materials [2;
12; 26]. The anodic oxidation of phenols may
occur in two pathways, depending on the acid-
base properties of the system [27-31].

Oxidation of p-nitroaniline. As it is noted in
[32], the general mechanism of the oxidation of
organic compounds of aromatic nature will include
oxidizing of compounds to the intermediates with
quinoid structure, reactions of aromatic ring
opening and formation of aliphatic products
[mainly acids] and in ideal case - the complete
mineralization to CO; and H;0. According to [33],
quite a number of intermediates are produced
during anodic oxidation of p-nitroaniline.
The primary intermediates include maleic acid
and benzoquinone.

The mechanism of p-nitroaniline electro-
oxidation on modified lead dioxide electrodes
was considered in detail in our previous
publications [12]. The HPLC investigation has
shown 1,4-benzoquinone as the major aromatic
intermediate. Only aliphatic acids can be detected
in a solution after long-term electrolysis.

Electronic absorption spectra of solutions at
different electrolysis time were taken in order to
determine the time of the disappearance of
intermediate aromatic products and a change in
the concentration of the initial compound.

Fig. 1 shows the absorption spectra in the visible
and UV regions obtained at different times of
electrolysis in a phosphate buffer on nonmodified
lead dioxide anode.

It should be noted that electrocatalytic activity
of lead dioxide anodes in respect to the oxidation
of p-nitroaniline depends on the concentration of
methanesulfonate ions in the deposition electrolyte.

600

A/ nm

Fig. 1. The absorption spectra of p-nitroanilline solution (initial concentration 2-10-*M) obtained at different time
of electrolysis in a phosphate buffer on lead dioxide anode
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Fig. 2. The plot of apparent heterogeneous rate constant of p-nitroanilline oxidation on PbOz-anodes versus
the concentration of CH3SO3Na in the deposition solution

The dependence has extreme character with a
maximum at 0.1-0.3 M concentrations of CH3SO3zNa
(Fig. 2). As follows from the obtained results
(Table 1), the chemical composition of lead dioxide
is practically no changed. In this case, structural
factors play a significant role. Maximum electro-
catalytic activity is achieved by increasing the
proportion of o-phase, on the one hand, and
increase the crystalline zone of oxide on the
other, which leads to increased amounts of oxygen
containing particles strongly bounded to the
electrode surface that participate in the electro-
chemical oxidation of aromatic compounds [12].

Table 1

The phase composition of lead dioxide coatings
depending on deposition conditions

Deposit T/K Content /wt.%/
o-Pb02/B-Pb0O2
PbO: 282 59/41
PbO2 298 90/10
Pb02-1.81 wt.% Bi 282 5/95
Pb02-0.019 wt.% Ce 298 83/17
Pb02-1.81 wt.% Sn 298 44/56
Pb02-0.042 wt.% Ni; 0.043 wt.% F 298 0/100
Pb02-1.56 wt.% Sn; 0.04 wt.% F 298  38/62

Obtained results can be satisfactorily described
in the framework of the mechanism [12], wherein
the primary intermediate is benzoquinone. Since
the electrochemical destruction of p-nitroaniline
occurs via the formation of benzoquinone,
electrochemical destruction of this compound was
investigated further. Fig. 3 shows the absorption

spectra of p-benzoquinone solution obtained at
different time of electrolysis in a phosphate
buffer on lead dioxide anode. Kinetic parameters
of the electrochemical oxidation of p-benzoquinone
were commented in [12].

The processes of p-nitroaniline electrochemical
oxidation on unmodified and modified lead dioxide
electrodes occur qualitatively the same and differ
only in the rate. This suggests the invariability of
the mechanism of p-nitroaniline oxidation on
different materials that allows one for a correct
comparison of their electrocatalytic activity.

According to calculations (Table 2), based on
kinetic studies of the reaction rate constant of
p-nitroaniline degradation depends on the
composition of the electrode material and varies
due to the nature and content of ionic additives in
lead dioxide.

The maximum interest for the electrochemical
destruction of organic substances represents lead
dioxide electrodes modified by bismuth to which
a rate constant of p-nitroaniline oxidation increases
in 1.6 times compared with nonmodified electrodes
(see Table 2). In other cases, the rate constants
are comparable.

Oxidation of p-nitrophenol. Since mechanism
of electrooxidation of p-nitrophenol was considered
in detail previously, let’s concentrate only of the
effect of dopants on the reaction rate. Fig. 4
shows the absorption spectra of p-nitrophenol
solution obtained at different time of electrolysis
in a phosphate buffer on lead dioxide anode.
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1.6

A, nm

Fig. 3. The absorption spectra of p-benzoquinone solution (initial concentration 10-4M) obtained at different time
of electrolysis in a phosphate buffer on lead dioxide anode

As was suggested in [12], maleic acid and
a stoichiometric amount of NO3- were detected as
electrolysis products by high performance liquid
chromatography. The primary aromatic intermediate

Table 2

Kinetic parameters of the electrochemical oxidation of
p-nitroaniline (2-10-4 M) on modified PbOz-anodes

in this case was also a 1,4-benzoquinone, but its Apparent
concentration was an order of magnitude higher Anode ?:E:Z%%Z‘;;ﬁ:s
than in the oxidation of p-nitroaniline [12]. The k-102, min-1 '
latter indicates a more effective destruction of the PbO: 1.68
aromatic ring in the case of p-nitroaniline. Pb02-1.81 wt.% Bi 2.76

As one can conclude from obtained results Pb0,-0.019 wt.% Ce 136
(Table 3) rate constants of p-nitrophenol oxidation Pb0>-1.81 wt.% Sn 1.38

) el Pb02-0.042 wt.% Ni; 0.043 wt% F  1.66
on modified lead dioxide electrodes somewhat Pb02-1.56 wt.% Sn; 0.04 wt.% F 1.38

lower than those for p-nitroaniline [12].

0.8

0.6 |-

04 |-

02} -

A/ nm

Fig. 4. The absorption spectra of p-nitrophenol solution (initial concentration 2-10-4M) obtained at different time
of electrolysis in a phosphate buffer on lead dioxide anode
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Table 3

Kinetic parameters of the electrochemical oxidation of
p-nitrophenol (2:10-4 M) on modified PbOz-anodes

Apparent
Anode heterogeneous rate
constant, k-102, min-1
PbO0: 0.84
Pb02-1.81 wt.% Bi 0.88
Pb02-0.019 wt.% Ce 0.52
Pb02-1.87 wt.% Sn 0.54

Pb02-0.042 wt.% Ni; 0.043 wt.% F 0.82
Pb02-1.56 wt.% Sn; 0.04 wt.% F  0.52

Conclusions

The processes of electrochemical oxidation of
investigated organic compound on unmodified
and modified lead dioxide electrodes occur
qualitatively the same and differ only in the rate.
This suggests the invariability of the mechanism
of their oxidation on different materials that
allows one for a correct comparison of their
electrocatalytic activity.

According to calculations, based on kinetic
studies of the reaction rate constant of organic
compounds degradation depends on the
composition of the electrode material and varies
due to the nature and content of ionic additives in
lead dioxide.

The maximum interest for the electrochemical
destruction of organic substances represents lead
dioxide electrodes modified by bismuth to which
a rate constant of p-nitroaniline oxidation increases
in 1.6 times compared with nonmodified electrodes.
In other cases, the rate constants are comparable.
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