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B cmamuve ananuzupyromca pe3yibsmamosl IKCHEPUMEHMAIbHBIX UCCIE006AHUT KUHEU-
Ku oxucnenus-eéoccmanoeienus uonos Mn*(MnOs) 6 600uvix pacmeopax, uHuyuupyemwix
oelicmeuem paspaoa NOCMOAHHO20 MOKA ammochepHozo oasnenus ¢ 6o3oyxe. Pacmeop nep-
MAH2AHAMA KAUs CYHCUT KAmooom paspada. /luanazon HauaibHboIX KOHUESHMPAUUil pacmaeo-
pa no uonam Mn"* cocmasnsan (0,44-2,5) mmons/n, a moxoe paspaoa (20-60) mA. Obnapysceno,
umo Odeiicmeue papaoa npueooum K éoccmanosienuto uonoé Mn’" u obecyseuusanuio pacmeo-
pa. Oonoepemenno npoucxooum o0pazoeanue yacmuy, memnozo yeema pazmepom om 100 um oo
20 mkm. PenmezenocmpykmypHulil aHANU3 NOKA3A, YMO YacmMUuybl AGNAIOMCA AMOPPHbIMU, a
IHEP20OUCHEPCUOHHBLI PEHM2EHOBCKUIL AHAIU3 NOKA3A, YO NOPOULOK eCb OKCUO MApZaHua
(IV). H3mepena kunemuxa goccmanosnenus-okucienus uornoe Mn’. Ipeonosceno gpopmans-
HO-KUHemuuecKoe onucanue Kunemuueckux Kpuevix. llokazano, umo nojyuennsvie 0anHvlie HO
Kunemuxke eoccmanosnenus uonos Mn"" naunyuwum oopazom (korppuyuenm oemepmunayuu
R?= 0,99) mozym 6vimp onucansi cxemoii X«>Y<Z, z20e X — ucxoonoe seuecmeo, a Y u Z — npo-
Oykmul peaxkyuil. O0padomKoll KuHemu4ecKuxX Kpuevlx HA OCHOGe IMOIl cXembl HAUOEeHbl I (-
thexmugnvle Koncmanmol ckopocmeil coomeemcmeyruiux cmaouii. Oouapysiceno, umo Igh-
thexmuensle KOncmanmel cKopocmeil 3agucam om HAYaaAbHOU Konyenmpayuu pacmeopa. Ilpu
moke paspaoa 20 mA yeenuuenue konyenmpayuu om 0,44 00 2,5 monv/na npueoouno K ymeHvuie-
HUI0 KOHCHAHMbL CKOPOCMU 80CCHIAHOBIEHUA UOHOG MN™ om (2,48 + 0,5)-10° 00 (7,2 + 1,5)-10° ¢*
coomeemcmeenno. Qocyrsncoaromes 603moricHvle mexanumol npovyeccos. Ilpeononazaemcsa, umo
OCHOGHBIMU YACMUUAMU, YUACMEYIOWUMU 8 PEAKUUAX OKUCIEHUA 60CCMAHO6NEHU UOHO8 MAD-
2anya, asnaomca H.0z HO>, OH u conveamuposanuvie 31eKmponsl, KOmopbvle 00pazyromcs 6
pacmeope noo deiicmeuem pazpaod.

KiroueBble ci1oBa: mia3ma, ra3oBbIi paspsi, GU3NUYECKHe MapaMeTphl, AKTUBHBIC YACTUIIBI, MEXaHU3-
MBI TIPOIIECCOB
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OXIDATIVE-REDUCING PROCESSES WITH PARTICIPATION OF MANGANESE IONS INITIATED
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The results of experimental studies of the kinetics of oxidation-reduction of Mn™ ions
(MnOy) in agueous solutions initiated by the action of a discharge of a direct current of atmos-
pheric pressure in air are analyzed in the article. A solution of potassium permanganate served as
a discharge cathode. The range of initial solution concentrations for Mn’ ions was (0.44-2.5) mmol/,
and discharge currents (20-60) mA. It was found that the discharge action leads to the reduction
of Mn"* ions and discoloration of the solution. At the same time, dark solid particles with a size of
0.1 um to 20 um are formed. X-ray diffraction analysis showed that the particles are amorphous,
and energy dispersive X-ray analysis showed that the powder is manganese oxide (1V). The kinet-
ics of reduction-oxidation of Mn’* ions is measured. It is shown that the obtained data on the ki-
netics of the reduction of Mn’* ions in the best way (the determination coefficient R°~0.99) can be
described by the scheme X Y—Z, where X is the starting material, and Y and Z are the reaction
products. The processing of kinetic curves on the basis of this scheme found the effective rate
constants of the corresponding stages. It was found that the effective rate constants depend on the
initial concentration of the solution. At a discharge current of 20 mA, an increase in the concen-
tration from 0.44 to 2.5 mol/l led to a decrease in the rate constant for the reduction of Mn™ ions
from (2.48 £ 0.5) <107 to (7.2 £ 1.5) -107° s, respectively. Possible mechanisms of processes are
discussed. It is assumed that the main particles involved in the oxidation reactions of the reduc-
tion of manganese ions are H,O,, HO,, OH and solvated electrons that are formed in the solution
under the action of a discharge.

Key words: gas discharge, oxidation-reduction, active species. manganese ions, kinetics
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ions to Cr®* under the influence of discharges in air
and argon have been studied [5-7].

The effect of electrical discharges of atmos-
pheric pressure in various gases on water leads to the

INTRODUCTION

In the last 10-15 years, several hundred pa-
pers have been published on the effects of gas dis-

charges of various types of atmospheric pressure on
aqueous solutions [1-4]. Interest in such discharges is
due to the possibilities of using them for the imple-
mentation of water purification processes without the
use of any chemical reagents. The overwhelming ma-
jority of works are devoted to studies of degradation
processes of organic compounds. At the same time,
both industrial effluents and household waste contain
inorganic pollutants, such as heavy metals. The works
devoted to the removal of such pollutants are ex-
tremely small. The only processes of reduction of Cr®*

appearance of active particles in it, which, depending
on the conditions, can be both oxidizing agents and
reducing agents [5,8]. The radicals OH, O(®P) atoms,
hydrogen peroxide, ozone, and HO, radicals possess a
high oxidizing ability. H atoms, hydrogen molecules
and solvated electrons possess with a good reducing
ability. The formation of these particles occurs with-
out the participation of any chemical reagents. These
data show that the discharge action can initiate reac-
tions not only with chromium ions, but with ions of
other heavy metals. Therefore, the purpose of this
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work was to study the regularities of the kinetics of
the reduction of Mn™ ions under the effect of a direct
current discharge of atmospheric pressure in the air on
the KMnO4 solution. Data of this kind are not availa-
ble in the literature known to us.

METHODS OF EXPERIMENT AND METHODS
OF RESEARCHES

In this paper we used the setup described ear-
lier in [5]. The discharge at atmospheric pressure was
excited by applying a constant voltage between the
metal anode and the solution. The volume of the solu-
tion was 70 ml. The distance of the anode-surface of
the electrolyte was 10 mm. The discharge current was
varied within 20-60 mA. A solution of the desired
concentration was prepared by dissolving the sample
of potassium permanganate (KMnO.) of the analytical
grade in distilled water. The concentration range for
Mn"™ ions was (0.44-2.5) mmol/l. The concentration
of permanganate ions was measured from the absorp-
tion at a wavelength of ~ 522 nm (the maximum of
the absorption band), taking into account the baseline.
The spectrophotometer Hitachi U-2001 (Japan) was
used for the measurements. The time course of the pH
of the solution was determined by pH meter PHT-028
Kelilong, China.

Diffractometer DRON-3 (Burevestnik, Rus-
sia) was used for X-ray phase analysis.

The shape of the particles, their size and ele-
mental analysis were determined on a scanning elec-
tron microscope Tesla Vega 3SBH (Czech Republic)
with an energy dispersive X-ray analyzer Aztec EDS
(Oxford Instruments Ltd., England).

To obtain each time point of the Kinetic curve,
a fresh portion of the solution was used. Each point
on the Kinetic curve is the result of averaging over
five independent measurements.

RESULTS AND ITS DISCUSSION

Indeed, the discharge action led to the initia-
tion of chemical transformations in solution. Visually,
the solution began to discolor. Initially, its pink color
disappeared. At the same time, a solid polydisperse
reaction product began to form. The smallest fractions
of it formed a stable suspension, which was located at
the interface of solution-gas. Larger fractions were
deposited on the bottom of the reactor. With the pas-
sage of time of discharge effects, this product has dis-
appeared as a solid phase. The treated solution with
the product was centrifuged, dried and the mass of the
formed substance was determined. Its Kinetics is
shown in Fig. 1.
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Fig. 1. Change in the mass of the sediment over the processing
time in terms of manganese. It was supposed that the sediment is

MnQO.. The initial concentration is 0.37 mmol/L in terms of Mn.
1, 2, 3 —discharge currents of 20,40 and 60 mA, respectively.

4 — initial content of Mn in solution

Puc. 1. V3meHeHre Macchl 0caika BO BpeMeHH 00paOOTKH B Tiepecye-
Te Ha Maprauel. [Ipeanonaranock, uto ocanok ectb MnO2. HauasnbHas
koHrenTparwst 0,37 MMoiIb/1 B Tiepecdere Ha Mn. 1, 2, 3 — Toku pasps-
na 20, 40 u 60 MA, cOOTBETCTBEHHO. 4 — HCXOIHOE coaeprkanne Mn B
pacTBope

The dried substance had a dark color and me-
tallic luster. X-ray patterns showed that the substance
is amorphous (no reflexes). The size of the agglomer-
ates of the substance according to SEM is 2-20 um,
and its elemental composition (Mn : O = 1 : 2.2) is
close to the composition of MnO.. In this case, from
Fig. 1 it follows that for a certain time of discharge,
practically all of the manganese contained in the solu-
tion can be converted to MnO..

Due to the scattering of light by the stable
suspension, the absorption spectrum demonstrates an
increase in absorption over time (Fig. 2). This re-
quires for its processing the application of the base-
line method.

absorbance (nornowiexuve)

200 300 400 500 600 700
Wave lenght (anvuHa BonHbl), nm(HMm)

Fig. 2. Change in the absorption spectrum of the treated solution.
1-5 — processing time — 0, 30, 60, 120, 180 and 300 s, respectively. The
discharge current is 20 mA. The initial concentration is 0.44 mmol/l
Puc. 2. V3ameHeHue CrieKTpa MOTIIOMEHHs 00padaThIBAEMOTO PacTBOpA.
1-5—Bpems o6padotku 0, 30, 60, 120, 180 1 300 ¢, COOTBETCTBEHHO.
Toxk 20 MA. HavassHast konueHtpatwst 0,44 Mvoits/i
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Since the characteristic shape of the spectrum
does not change, it can be assumed that in the process
of reduction of Mn™* ions, the concentrations of Mn**
and Mn** ions in the solution are substantially less
than the concentrations of Mn™ since their extinction co-
efficients are comparable (350 nm: Mn”* — 1250 M*-cnr
1 Mn* — 2470 Mt-cm®, Mn3* — 260 Mt-cm® [9]).

The dependences of the concentration of
Mn’ ions on the time of discharge action at different
initial concentrations are shown in Fig. 3, 4. To han-
dle these dependencies, we used three possible ways
of the process: 1) XY, 2) XY — Z, 3) XY Z,
where X is the starting substance, and Y and Z are
reaction products.

The formation and dissolution of the solid in-
dicates that the stages must be at least 3.

All three schemes admit an analytical solution
of the kinetic equations. Using these equations, we
processed the obtained dependences. The quality of
the description was determined by the coefficient of
determination R?. It turned out that scheme (3) gives
the best description. For all conditions, this scheme
provides R? = 0.99 and higher.
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Fig. 3. Dependence of the concentration of Mn™ ions on the treatment
time at a current of 40 mA and different initial concentrations (1-3)
Puc. 3. 3aBUCHMOCTb KOHIEHTpali HoHOB MN™ oT Bpemenu o6pa-
60tku npu Toke 40 MA ¥ pa3HbIX HAYAIBHBIX KOHIEHTparmsix (1-3)
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Fig. 4. Dependence of the concentration of Mn"* ions on the treatment
time at a current of 20 mA and different initial concentrations (1-3)
Puic. 4. 3aBUCHMOCTB KOHIEHTpaLuu noHoB Mn™* o BpeMeHu o6pa-
GoTkH rpr ToKe 20 MA 1 pa3HbIX HAYAIBHBIX KOHIIEHTparusx (1-3)

The solution of the kinetic equations for
scheme (3) has the form;

1 1

X(t) = X —a)-ep(dy ) + ———x
(/11 - /12) (ﬂ’.l. - 12)

x[K; +(A-a) - 4] [exp(4, -t) —exp(4, -1)]}
K, K,=a-4 -4,
(K3 + K4) = (ﬂq ‘22 - Kz ’ K4)/K1;
Kz = _(/11 +Az)_ Kl - Ks _K4;
K3 :_(Al"'ﬁ“z)_Kl_Kz _K4
where X° is the initial concentration of Mn"™ ions, K;
is the rate constant of X — Y, K> is the rate constant of
X « Y, Kz is the rate constant of Y — Z, and Ky is the
rate constant of Z — Y.

The parameters A1, A2, a and K; are deter-
mined from the kinetic curves and the rate constants
Kz, Kz and K4 are calculated on their basis. The results
of calculations for this relationship are shown in Fig.

3.4 solid lines. The rate constants calculated from the
kinetic curves are given in Table.

Table

26

The rate constants

Taonuya. KoHCTaHTBI CKOpOCTeii

Discharge current 20 mA
Initial f;])gqc;?:ratlon, Ky st Ky, st Ks s Ke st
0.44 (2.4840.5)-107 (1.4£0.2)-107? (9.39+1.8)-10°3 (7.11£3)-10*
1.5 (9.2+1.8)-103 (1.3+0.2)-102 (3.17+0.5)-10° (6.61+1)-10%
2.5 (7.2£1.5)-10°3 (5.63+1.2)-10° (3.32+0.5)-10°° (1.05+£0.2)-10*
Discharge current 40 mA
0.37 (1.01£0.2)-102 (1.4+0.3)-102 (9.39+2)-103 (7.11£3.5)-10"
1.47 (1.93£0.5)-107 (1.33£0.3)-107 (2.08+0.5)-107? (5.35£2.2)-10
2.3 (2.13£0.5)-107 (1.940.5)-107? (1.54+0.4)-107? (3.3£1)-10°®
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The preservation of the discharge current en-
sures the invariance of the rates of initiation of the
formation of active species in the solution. It is clear
that the constants found are effective and the actual
processes must be at least two-particle ones. That is,
the constants must include the product of real con-
stants and corresponding concentrations. Therefore,
changes in the constants should reflect changes in the
concentrations of the corresponding active particles.

At a given discharge current, an increase in
the initial concentration leads to an increase in the
initial rate (at time — 0) of the transformation of
Mn™ ions. At a given concentration, the increase in
current also results in an increase in the rate. Current
growth provides a higher degree of conversion of Mn’* as
well as a decrease in the initial concentration (Fig. 5).

1,0
0,8
0,6

0,4

Conversion degree

0,2

0 50 100 150 200 250 300
Time, s
Fig. 5. The degree of conversion of Mn”* ions. 1-3 — discharge
current is 20 mA. 4-6 — discharge current is 40 mA. 1, 2, 3 — ini-
tial concentrations are 0.44, 1.5 and 2.5 mmol /I. 3, 4, 5 — initial
concentrations are 0.37, 1.47 and 2.3 mmol/I|
Puc. 5. Crenenn npespaienust noHo Mn’*, 1-3 — ok paspsma 20 MA.
4-6 — Tox paspsiga 40 MA. 1, 2, 3 — HayaNbHBIE KOHIICHTPALIUH
0,44, 1,5 u 2,5 mmons/n. 3, 4, 5 — HauansHBIE KOHIEHTpanuu 0,37,
1,47 u 2,3 MMonB/IT

In all cases known to us, the action of any
kind of discharge in air on water [11], aqueous solu-
tions of organic compounds [10] and chromium salts
[5, 7] leads to a decrease in the pH of the solution. A
solution of permanganate is the only one where the
medium becomes alkaline during the treatment (Fig.
6). The pH dependence on the concentration clearly
shows that this is due to the reduction of Mn™* ions, in
which H* ions must be consumed.

One of the channels for the reduction of Mn™
ions can be its known reaction with hydrogen perox-
ide. It is known that the action of any discharges, includ-
ing those used in this study, on aqueous solutions results
in the formation of hydrogen peroxide in them [12, 13].

pH
12

10

0 100 200_.. 300 00 500 600
Time (()Bpewﬁ, s(c)

Fig. 6. Changes in the pH of solutions at a discharge current of 60 mA.
1-4 —initial concentrations of the solution are 0, 0.44, 1.5 and
2.5 mmol/l, respectively
Puc. 6. Usmenenus pH pactBopoB npu Toke paspsana 60 MA.
1-4 — HavapHBIC KOHIICHTparu pacteopa 0, 0,44, 1,5 u 2,5 Mmous/m,
COOTBETCTBEHHO

The mechanism of this reaction was studied
in [14]. It was found that the rate of reduction of per-
manganate is described by the expression:

~05 V0% (k7 4 K7 (1D - N0 11,0,

The authors suggested that initiation proceeds as:

MnQO4 + H* < HMnO, (rapid establishment
of equilibrium, Ks-constant of the rate of direct reac-
tion, K5 — reverse one).

HMnO, + H;0, — HX (the limiting stage,
constant K).

MnQO4 + H,0, — X (the limiting stage, con-
stant K7).

Then K* = Ks'Ks/Ks. Further, the authors
suggest that subsequent rapid reactions convert
Mn’* to Mn?*:

MnOy4 + H,O, + 2H" = MnO," + O, + 2H,0,

MnO,* + H,O, = MnO,> + O, + 2H+,

MnO;y + H,O, + 3H* = Mn?* + HO, + 2H,0,

HO, = 1/2H,0, + 1/20..

This scheme of reactions qualitatively reflects
the observed increase in the initial rate of reduction of
MnQO4 with the increase in the discharge current,
since the rate of formation of hydrogen peroxide also
increases with increasing current [13]. It also explains
the increase in pH since, according to this scheme, the
consumption of three H* ions is required for reduction
of one MnOy ion.

The processes leading to the formation of
MnO; and its dissolution may include reactions, the
possibility of which is shown in [15]:

MnOys + 2Mn?* — 2MnO; + Mn**,

MnO; + 4H* + Mn?* — 2H,0 + 2Mn**,
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The formation of MnO is also possible in re-

actions involving Mn®", as observed in [16]:

H20

2Mn®* — Mn?* + Mn*", Mn** 22, MnO..

H+ Mn™ — H* + Mn®

The reactions considered above proceed un-

der equilibrium conditions. Additional reactions with
particles formed under the action of a discharge [17, 18]
can be the following.
Reactions of reduction:

HO, + Mn™* — Oy + Mn® + H*

Mn2* + e — Mn*

(K = 2.5-10° I/(mol-S)) [19]),
(K = 8.0-10° I/(mol-S)) [20]),
(K = 1.0°107 I/(mol-S)) [16]).

Reactions of oxidation:

MnZ* + OH — Mn3* + OH"

Of course, detailed kinetic calculations are
needed to determine what reactions the observable
regularities provide. Further research will be devoted

to solving this problem.
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