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Abstract. The methods of periodates and sodium percar-
bonate activation are considered for planning strategic
approaches to increasing the efficiency and intensity of
oxidative degradation of organic pollutants in aquatic
environments. A classification of periodate activation
methods is proposed, including activation methods by
external energy effects, catalytic activation methods, and
other activation methods (e. g., by hydrogen peroxide, by
hydroxylamine, activation in alkaline medium). Activa-
tion methods for sodium percarbonate were divided into
homogeneous and heterogeneous activation methods.
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1. Introduction

The periodate ion (10, ) is an oxidant with a redox

potential of +1.6 V', The main disadvantage of direct perio-
date oxidation is its selectivity. Thus, periodates are primarily
used for the oxidation of alcohols, aldehydes, ketones, and
carboxylic acids, that is, organic compounds with vicinal
groups. Therefore, these oxidants need to be activated to
expand the spectrum of organic pollutants in aqueous media
that can be effectively oxidized using periodates.

Sodium percarbonate, like periodates, has signifi-
cant potential for use in water purification technologies. It
serves as a carrier of “solid hydrogen peroxide”. Unlike
liquid hydrogen peroxide, sodium percarbonate is ther-
mally more stable, exhibits oxidative properties over a
wider range of pH values, and the costs of its storage and
transportation are significantly lower. The oxidative effi-
ciency of sodium percarbonate can be significantly en-
hanced through its activation, which is accompanied by
the generation of additional reactive oxygen species.
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The focus of this review is aimed at familiarization
with the activation methods of periodates and sodium
percarbonate, as well as the corresponding advanced oxi-
dation processes of organic pollutants in aqueous media.

2. Activation of Periodates

Among the strategic approaches to activate perio-
dates, the use of three main ones can be distinguished: 1)
external energy influences (ultraviolet or visible irradia-
tion, thermal energy); ii) catalysts (based on metals or
their compounds, based on carbon and its compounds); iii)
other activation methods (by hydrogen peroxide, in an
alkaline medium, by hydroxylamine).

2.1. Activation by External Energy Effect

2.1.1. Activation by Ultraviolet or Visible
Irradiation

Compared to those advanced oxidation processes,
during the realization of which only hydroxyl radicals are
generated, a variety of reactive species are formed as a

result of photoactivation of periodates by UV irradiation.
For example, at pH=5, as a result of periodates activation

by UV irradiation, intermediates such as iodyl (IO3),
periodyl (IO;), hydroxyl radicals (*OH ), and atomic
oxygen (O(’P)) are formed. The final products of perio-

date photolysis are iodate ions (10; ), oxygen (O,), ozone
(03), and hydrogen peroxide (H,O;). Among the mecha-
nisms of periodate photoactivation, the most cited is the
mechanism proposed by Wagner and Strehlow® (pH=5):
Initiation
10, +hv > 105+ 0%, k=23x10"s", (1)
10, +hv = 10; + OC’P), k=1.5x10"*s"". )
Propagation
0" +H' ¢ 'OH, k=10* dm’/molxs™,  (3)
*OH + 10, — OH" +10;, k=4.5x10° dm’/molxs ', (4)
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10, +10; - [0;, +10;, ks=5.0x10° dm’/molxs ™', (5)

10; + *OH — [0} + OH", k¢=2.9x10® dm*/molxs ', (6)

OC’P)+0, — 0,, k=4.0x10’ dm’/molxs ", (7)
0, +10; > 10;, +0,, kg=10° dm*/molxs . (8)
Termination
2°0H — H,0,, ky=5.0x10" dm’/molxs™,  (9)
2105 —» 1,0,, k1¢=5.0x10° dm’/molxs™',  (10)
210 — 1,0, k1=4.7x10° dm’/molxs ", (11)

20(°P) — 0,, ki=5.4x10"* cc’xmolecule *xs ™', (12)
1,0, +H,0 > 10, +10; + 2H,

ki5=4.5%x10* dm’/molxs ", (13)
1,0, + H,0 > 10, +10; +2H" +0,,
k14=1.5%x10® dm’/molxs ™. (14)

Under alkaline conditions' (pH=11), periodates ex-
ist in a hydrated dimeric form (H,1,0;). The result of its

activation by UV irradiation is the formation of hydroxyl
and iodyl radicals (Scheme 15).

H,L,O}; + hv — *OH +105. (15)

These radicals play a key role in the oxidative deg-
radation of organic pollutants in aqueous media.

The use of UV irradiation to activate sodium perio-
date (the initial NalO4 concentration in the reaction medium
—3x10° mol/de) for 90 min made it possible to reach a
degradation degree of the acid orange 10 azo dye, which
was equal to 99.2 %>. The conditions of oxidative degrada-
tion were as follows: the initial dye concentration in its
aqueous solution 50 mg/dm3 ; temperature of the reaction
medium 20+1 °C; initial pH 5.4; UV irradiation intensity
15 mW/cm’. With a further increase in the initial concentra-
tion of sodium periodate in the reaction medium above
3x10~ mol/dm’ , the rate of termination reactions increases
(reactions (9)—(14)), leading to a slight decrease in the ini-
tial degradation rate of acid orange 10 dye (Fig. 1).

In photocatalytic systems (using photosensitive ma-
terials, such as TiO,), periodates serve as quenchers of
conduction band electrons to inhibit the rapid recombina-
tion of electrons and holes generated under UV irradia-
tion’. Zhang et al.” used scavenging experiments to iden-
tify the contribution of reactive species (generated in the
UV/TiOy/periodate process) to the degradation of Rhoda-
mine B dye and proposed the following sequence:
0. >h" >10; and 10; > O(°P)>"OH..

It was  established that when  using
UV/TiOy/periodate process (the photo-reactor scheme is
shown in Fig. 2) within 10 min, a complete (100 %) degra-
dation of Orange G azo dye (initial dye concentration —
50 mg/dm’; reaction volume — 400 mL) was achieved. The
conditions of the experimental studies were as follows:
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pH~6.5; temperature 20+2 °C; periodate concentration
10° mg/dm’; TiO, concentration 4x10* mg/dm’; UV irra-
diation intensity 4750 pW/cm®; wavelength of UV irradia-
tion 254 nm. In this case, the degradation rate constant of
the Orange G dye was 0.282 min ', and the electrical en-
ergy consumption was estimated at 2.21 kWhm */Order.®
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Fig. 1. Effect of the initial periodate concentration on the initial

degradation rate of acid orange 10 ([acid orange 10], = 50 mg/L,

20+1 °C, initial pH 5.4, UV irradiation intensity — 15 mW/cm®)’
under the terms of the Creative Commons CC BY license
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Fig. 2. The photo-reactor scheme for experimental studies
of the degradation of Orange G azo dye using the
UV/TiO,/periodate process® under the terms of the Creative
Commons CC BY license

Bendjama ef al.’ found a weak inhibitory effect of
dissolved gases (O,, Ar, N,) on the degradation of Sa-
franin O azine dye in water using the UV/TiO,/periodate
process.
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New heterostructured photocatalysts (AglO4/ZnO,
AglO4/TiO,)"" " with different AglOy4 contents (from 5 to
20 wt. %) were synthesized for the degradation of dyes
under visible light. For example, the AglO4/TiO, photo-
catalyst shows excellent photoactivity and stability during
the degradation of Rhodamine B: using 0.3 g/dm’ of pho-
tocatalyst with 10 wt. % of AglO4, a 98 % degradation
degree of dye was achieved''.

2.1.2. Thermal Activation

Lu et al.? proposed the thermo-activated periodate
oxidation process (heat energy/periodate) for tetracycline
degradation. It was found that the removal of tetracycline
from water strongly depended on the temperature of the
reaction medium. Thus, when using the heat en-
ergy/periodate process for 60 min with an initial pollutant
concentration (tetracycline) in water of 50%10°% mol/dm’
and periodate of 500%x10°° mol/dm’ , and in the case of
increasing the temperature of the reaction medium from
30 to 80 °C, the degree of tetracycline degradation in-
creased from 18.1 to 89.3 %, and the rate constant of oxi-
dative degradation increased from 0.003 to 0.036 min .
The activation energy of tetracycline degradation using
the thermo-activated periodate oxidation process was
46.2 kJ/mol. Based on scavenging experiments and EPR
experiments, it was confirmed that the main reactive oxy-

gen species in the heat energy/periodate system were 107,
singlet oxygen ('0,), and *OH (Fig. 3).

Heat Heat
energy energy
JOs H,0 2 H* + OH-

/\ /“/ \./@

Intermediates
oo ho
Fig. 3. The proposed mechanism of the thermo-activated
periodate oxidation process (heat energy/periodate)

2.2. Activation by Catalysts

2.2.1. Activation by Transition Metals and Their
Compounds
Transition metals and their compounds (most

commonly oxides or sulfides) have excellent electron
transfer capability and redox performance’. So, they can
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easily activate periodates to generate reactive oxygen
species, which participate in the degradation of organic
pollutants in aqueous media.

Various forms of iron (Fez+, nano zero-valent iron
(nZVI))B*15 and its compounds (a—F620316, FeS”) are
used for the efficient activation of periodates in oxidative
degradation processes of phenol, its chloro- and nitro-
derivatives, bisphenol A, and various pharmaceuticals
(such as antibacterial and anti-inflammatory agents).

Iron (II) is oxidized to iron (III) by the periodate
ion (Scheme 16) or by oxygen dissolved in the aqueous
medium (Eq. 17) "®

Fe(Il) +10; + H,0 — Fe(Ill) + 10; + O + 2H", (16)
Fe(Il) + O, — Fe(Ill) + O . (17)

In addition, the formation of Fe(IV) is possible
(Eq. (18))"”

Fe(Il) +10; — Fe(IV)O*" + 10;. (18)

The values of standard redox potentials (EO) for
systems containing Fe(IV) were as follows'”:
E’(FeO*/Fe0")=1.30 ¢V;  E"(FeO*'/FeOH*")=1.95 eV
E’(FeO/[Fe(H,0), T )=2.00 eV. Forms of Fe(IV), un-

like hydroxyl radicals, are characterized by a long “life-
time”: the half-life period is approximately ~7 s. Self-
decomposition of Fe(IV) leads to the formation of Fenton-
like systems (scheme 19)*

2Fe(IV) — 1/3H,0, + 2Fe(Ill) + 1/30,. (19)
Excess of Fe(Il) can lead to the “absorption effect”

of Fe(IV) (Eq. 20)
Fe(IV) + Fe(Il) — 2Fe(I1I). (20)

Therefore, as a result of the periodates activation
by iron(II) compounds, a complex of oxidants is formed.
The latter contains periodyl and iodyl radicals (results of
hydroxyl radicals “capture” by periodate and iodate ions
according to Eq. (4) and Eq. (6), respectively), superoxide
radical anion, hydroxyl radicals, singlet oxygen, and com-
pounds of Fe(IIl) and Fe(IV) with well-defined oxidative
properties. This confirms the possibility of neutralizing
the selectivity of periodate oxidation and, consequently,
significantly increasing its efficiency and expanding the
range of organic pollutants that are subject to degradation.

As a result of the periodate co-activation by the
catalyst (o0-Fe,O3) and visible irradiation (the vis-a-
Fe,Os/periodate system), almost 100 % degradation of 4-
chlorophenol was achieved within 60 min'®. The degrada-
tion rate constant was 0.1015 min'. The experimental
conditions were as follows: the initial concentration of 4-
chlorophenol — 10~* mol/dm’; the initial concentration of
periodate — 10~ mol/dm’ ; the a-Fe,O5 content in the reac-
tion medium — 0.4 g/dm3 .

Besides iron-based catalysts, compounds of other
transition metals are used to activate periodates: various
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Mn species (Mn(II), Mn(III), and Mn(IV))lg’zl’zz, In,05%,
Ru-supported Co30,4*, sulfide-modified cobalt silicate™.

2.2.2. Activation by Carbon-Based Materials

The carbon-based materials used to activate perio-
dates include N-doped iron-based porous carbon (Fe@N-
C)*, pyrolyzed iron-nitrogen-carbon catalyst (FeNC)*"**,
visible-light-induced polymeric carbon nitride®, atomi-
cally dispersed Co active sites supported by N-doped
graphene™, atomically dispersed Mn on carbon nano-
tubes® 1, and sewage sludge-derived biochar®> %,

Luo et al® noted that the use of the Fe@N-
C/periodate system for the degradation of sulfisoxazole
(concentration in the reaction medium is 5 m;g/dm3 ) for
10 min resulted in a degree of pollutant degradation of
86.3 %. In this case, the degradation rate constant of sul-
fisoxazole was 0.196 min '. The conditions of the study
were as follows: pH of the reaction medium 3.0; tempera-
ture 25 °C; initial concentration of periodate 0.5%
10 mol/dm’ ; catalyst content (Fe@N-C) in the reaction
medium 0.05 g/dm3 . Based on the results of scavenging
experiments, it was concluded that the reaction mechanism
for the Fe@N-C/PI system involved electron transfer.

The use of the FeNC/periodate system for the deg-
radation of organic micropollutants demonstrated high
oxidation rates for phenol, 2,4,6-trichlorophenol, and
Rhodamine B, In this case, 100 % removal efficiency of
these pollutants was achieved within 10 min.

For periodate activation, biochar obtained from py-
rolysis of anaerobic sewage sludge at 800 °C (SBC-800)
without any pretreatment was used. The use of the SBC-
800/periodate system for the degradation of the azo dye
Acid Orange 7 (initial concentration in the reaction me-
dium — 20 mg/dm’) over 90 min made it possible to reach
a degradation degree of 97.6%. The degradation rate
constant of Acid Orange 7 was 0.0716 min . The experi-
mental conditions were as follows: pH of the reaction
medium 3.0; temperature 25 °C; initial concentration of
periodate 10~ mol/dm’; catalyst content (SBC-800) in the
reaction medium 0.4 g/dm’. It was found that singlet oxy-
gen production and electron transfer mediated by the
SBC-800-periodate complex were the dominant mecha-
nisms for Acid Orange 7 oxidation.

2.3. Other Activation Methods

Other methods of periodate activation include acti-
vation by hydrogen peroxide, hydroxylamine, and activa-
tion in an alkaline medium.

The mechanism of periodate activation by hydro-

gen peroxide was considered in detail in our previous

2,39

works™™. The Peroxate process (H,O,/10,) was used

for the oxidative degradation of thiazine dyes — Methylene
blue® and Toluidine blue®. Chadi e al.*® found that hy-
droxyl, iodyl radicals, and singlet oxygen play a key role
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in Toluidine blue degradation. Ultrasound intensifies heat
and mass transfer processes, thereby enhancing the effi-
ciency of organic pollutant degradation3 24145 For exam-
ple, the use of the ultrasound/H,0,/KIO, process (the
Sonoperoxate process) for the oxidative degradation of
Methylene blue for 60 min increased the degree of dye
degradation by 18.5 % (from 55.6 to 74.1 %), compared
to the use of the H,O./KIO, process3 ° The research condi-
tions were as follows: reaction volume 1 dm’ ; pH ~7.0;
initial temperature 17 °C; the initial concentration of Me-
thylene blue 62.6x10°° mol/dm’; the molar ratio of Me-
thylene blue: H,O,:KIO4 = 1:100:25; ultrasonic power
180 W.

Using scavenging experiments and the spin-
trapping electron paramagnetic resonance (EPR) tech-
nique, it was confirmed that the main reactive oxygen
species of the periodate/hydroxylamine system were
*OH, HO: and 'O, % The periodate/hydroxylamine
system was used for the rapid (within 2 min) degradation
of 4-chlorophenol and 2,4,6-trichlorophenol, as well as for
the inactivation of Gram-positive (S. aureus) and Gram-
negative (E. coli) bacteria with producing singlet oxy-
gen as the dominant disinfectant.

In potassium periodate-based advanced oxidation
processes, singlet oxygen was generated in alkaline condi-

tions (pH greater than 8) by O} reacting with H,O and
10, 7
205 +2H,0 —» '0, +H,0, + 20H",
10, +207 +H,0 —»10; +2'0, +20H".

20
22)

3. Sodium Percarbonate Activation

Sodium percarbonate (SPC or peroxymonocarbon-
ate of molecular form Na,CO;:1.5H,0,) is characterized
by a high redox potential value (1.8 V)*. Therefore, SPC
is proposed to be used as an alternative to H,0,*"° solu-
tion for the oxidation of organic pollutants in natural and
wastewater. Compared to liquid H,O,, which is used di-
rectly as an oxidant and based on which numerical vari-
ants of the Fenton process are implemented, SPC has
many advantages: it can be used in a wide range of pH>'>
(H2O, as an oxidant has high oxidizing properties in a
narrow range of pH = 2.5-3.0); it acts as a buffer”; char-
acterized by high stability and explosion safety®; transpor-
tation and storage costs are much lower’". As a result of
the SPC decomposition, non-toxic substances characteris-
tic of natural aquatic environments (CO,, water, sodium
carbonate, and hydrogen carbonate) are formed. There-
fore, its use allows to implement “green” technologies.
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As a “solid” form of hydrogen peroxide, SPC can
directly oxidize various pollutants in water, similar to
H,0,. Oxidation of organic pollutants occurs due to the
formation of hydroxyl radicals:

H,0, <> 2°OH. (23)

At the same time, part of the hydrogen peroxide
decomposes with the formation of molecular oxygen,
which has much less pronounced oxidizing properties:

2H,0, »2H,0+0,. (24)

The oxidation potential of hydroxyl radicals de-
pends on pH and decreases from 2.8 at pH 3.0 to 1.5 V in
an alkaline medium. However, carbonate ions included in
SPC contribute to the transformation of hydroxyl radicals
into other reactive radicals™. Thus, the oxidation potential
of H,0O; increases in the system due to the formation of
reactive peroxymonocarbonate™. As a result of the homo-

lysis of the O—O bond, hydroxyl (*OH ) and hydroperoxyl
(HO? ) radicals, anion radicals (carbonate — CO5 , and
superoxide — O3"), singlet oxygen ('O, ) are formed ac-
cording to the following reactions:

HCO; +H,0, »HCO, + H,0, (25)
HCO;, —>CO’" + *OH, (26)

CO:" +H,0, - HCO; + HO:, 27)
HO, -0} +H", (28)

0) +H,0,—'0,+"OH + OH", (29)
0y +°OH—'0, +OH". (30)

The effectiveness of the oxidizing action of SPC is
significantly increased due to the action of catalysts and/or
energy activation, which cause additional formation of
hydroxyl, superoxide, carbonate (E = 1,78 Vat

co3 /coy
pH 7.0) and other radicals®’. According to the mechanism,
SPC activation methods are divided into homogeneous
and heterogeneous.

3.1. Homogeneous Activation of SPC

Methods of homogeneous SPC activation can be
divided into physical and homogeneous catalytic methods.

3.1.1. Hydrodynamic Cavitation Activation
of SPC

Hydrodynamic cavitation (HC) is one of the effec-
tive methods of neutralizing organic pollutants™’. How-
ever, some pollutants, for example, estrogens, are resistant
to the action of HC®. At the same time, the efficiency of
advanced oxidation processes (AOPs) is significantly
increased when using HC as an activating physical ef-
fect® . During an emergency, cavitation microbubbles
appear, which subsequently collapse, leading to a local
increase in temperature (10,000 K) and pressure (up to

123

1,000 MPa) ®. As a result, water decomposes with the
formation of reactive oxygen species (O, °‘OH,
HO; )®%7 In addition, extremely high shear stresses and

shock waves generated by the cavitation phenomenon
occur during emergencies. They contribute to the destruc-

tion (sonolysis) of water with the formation of *OH and

H* radicals and pollutants, primarily with a large molecu-
lar weight, with the formation of intermediate products.
Intermediate compounds are more prone to interaction
with radicals, for example, “OH, which increases the
overall rate of degradation and/or mineralization of pollut-

ants. "OH radicals diffuse in the liquid and react with
pollutant molecules, which leads to their oxida-
tion/mineralization®. The synergistic effect of HC in
combination with H,O, was confirmed during the treat-
ment of large volumes of wastewater at sewage treatment
plants™.

HC was used for the homogeneous activation of
SPC in the processes of estrogen oxidation® due to the
disintegration of SPC under conditions of high shear stress
and multiphase bubble flow. In this work, it was also
established that the decrease in estrogen concentration is
observed for a long time after the cessation of the HC
action, which lasted no more than 20 seconds. A similar
effect was observed during the oxidative destruction of
benzene (the degree of decomposition reached 98 %) in
oxidizing conditions, which was explained by the radical
mechanism of the process initiated with the help of HC®.

The effectiveness of cavitation processes of pollut-
ant destruction depends significantly on the structural
features of the hydrodynamic cavitator™ **®. Under op-
timal conditions of the process in the jet type HC, the
efficiency of energy use reaches 93 %.

3.1.2. SPC Activation Using Ultrasound

The use of ultrasound in water purification is ac-
companied by the phenomenon of acoustic cavitation,
which, like HC, generates hydroxyl radicals’. Therefore,
the effect of ultrasound, which is mostly used together
with other methods of SPC activation71’72, is similar to that
of HC. In particular, the simultaneous activation of SPC
by ultrasound and ultraviolet irradiation (AOP — US/UV-
LEDs/SPC) provided a synergistic effect during the oxida-
tive degradation of the Acid Orange 7 dye due to an in-

crease in the intensity of the formation of *OH radicals’>
due to the participation of peroxymonocarbonate ions in
this process (HCO, ). Due to the simultaneous action of
ultrasound and ultraviolet in the reaction medium, both

parallel and sequential processes are possible, which result
in an increased yield of hydroxyl radicals’":

H,0 —»))) H' + "OH, 31)
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H*'+H,0, - "OH+H,0, (32)
HCO; + H,0, - HCO, + H,0, (33)
HCO;, —)))"OH + CO7, (34)
HCO, + hv —» "OH + CO7, (35)
HCO, +H® — "OH + HCO:;. (36)

This ensured the degree of degradation of Acid
Orange 7 dye 93.7 % at the power of ultrasound (20 kHz)
100 W, intensity of UV irradiation 2.55-2.71 mW/cm’ s
pH 6.0, and activation time 5400 s’

Implementation of the modified sono-Fenton proc-
ess (AOP — US/Fe*"/SPC)"" allowed to achieve a degree
of the antibiotic metronidazole degradation of 90.2 % at
an ultrasonic irradiation power of 140 W, time of 7 min,
and the FeSO, concentration of 1 g/dn’.

3.1.3. Activation of SPC by Contact Plasma

SPC activation occurs due to the interaction of
electrons generated during the plasma discharge between
the electrode above the surface of the solution and the
surface of this solution with hydrogen peroxide to form
*OH radicals:

e +H,0, > OH + "OH. 37

The plasma generates UV irradiation, and ozone is
formed in the air. These factors cause the formation of

hydroxyl radicals according to the following main proc-
7375
esses’”

H,O0, + hv - 2°0OH, (38)
H,0, +0, -» HO, + O, + "OH, (39)
O, +0OH — HO, +2°0, (40)
‘O+H,0—>2"0OH. (41)

SPC with a concentration of 0.12x10° mol/dm’ , ac-
tivated by plasma (AOP — P/SPC) at a voltage of 18 kV for
1800 s made it possible to reduce the content of dimethyl
phthalate in an aqueous solution by 92.1 % (initial concen-
tration was 1 g/dm’. The authors believe that the oxidative
degradation of dimethyl phthalate occurred due to hydroxyl
radicals, superoxide anion radicals, singlet oxygen, and
carbonate anion radicals”, which can be formed during the
interaction of a carbonate ion with a hydroxyl radical, the
generation of which was considered above:

CO; + "OH — OH +CO7. (42)

As a result of SPC activation by a plasma dis-
charge, the degree of tetracycline degradation was reached
94.3 % (voltage 4.8 kV; time 300 s; tetracycline initial
concentration 20 mg/dm’, SPC initial concentration
52x10°° mol/dm’)™.

The complex mechanism of SPC activation by a
plasma discharge and its interaction with pollutants can be
depicted schematically (Fig. 4).
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*OH, 02, HO?',
CO3™, 10, H20;

Fig. 4. Proposed mechanism for the plasma-involved SPC oxi-
dation of contaminants

3.1.4. Activation of SPC by Ultraviolet Irradiation

Under the action of ultraviolet (UV) irradiation in
an aqueous medium of hydrogen peroxide as a component
of SPC decomposes with the formation of hydroxyl radi-
cals’®:

H,O0, + v <> 2°OH. (43)

They further react with carbonate/hydrogen car-
bonate ions with the formation of carbonate radicals ac-
cording to Eqgs. (44)—(45):

*OH +CO; — COy +OH’, (44)
‘OH + HCO;, — CO; +H,0. (45)

Due to the high redox potential, carbonate radicals
can oxidize organic pollutants in water. For example,
under the action of UV irradiation (AOP — UV/SPC), the
degree of bisphenol A degradation reached 87.8 %'®. The
use of this AOP ensured the degradation of other com-
pounds containing aromatic groups such as naphthalene’’,
albendazole™, aniline”, and ciprofloxacin hydrochlo-
ride®.

In the modified photo-Fenton process using SPC
(AOP — UV/Fe*'/SPC), effective oxidative degradation of
both polycyclic aromatic compounds®** and dyes, in
particular, Acid Green 16*, occurred. Hydroxyl radicals
in this process are additionally generated with the partici-
pation of iron (II) ions®'

Fe’* +H,0, + v — Fe’* + "OH + OH". (46)
However, advanced photochemical processes using

SPC are appropriate for the treatment of water environ-
ments without suspended particles.
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3.1.5. Activation of SPC by Metal Ions

To activate SPC, compounds containing metal ions

with variable oxidation states (Me"" ), which interact with
hydrogen peroxide, are used. This generates not only
hydroxyl radicals but also a superoxide anion radical®:
Me™ + H,0, > Me™"* + *OH+OH",  (47)
Me""* + HO; — Me"" + 05 + H". (48)
The rate of reaction (47) increases with the increase
in the concentration of metal ions in the reaction medium
and decreases in the series
Co® >Mn>" > Fe’ > Fe** > Cu®. . The introduction of
spirits or other aprotic solvents into aqueous systems in-
creases the reactivity and, as a result, the degree of tetra-
chloromethane degradation®. The efficiency of organic
compounds (AOP — Fe*'/SPC) oxidation increases due to
the addition of compounds capable of forming chelates to
aqueous media: oxalic or citric acids, glutamate, and cys-
teine®*®. Enhancement of the oxidative action of
Fe’*/Fe*" ions was also obtained by introducing tungsten
dioxide into the reaction system as a co-catalyst for the
decomposition of SPC and oxidation of metronidazole,
which, under O}I)timal conditions, was completely removed
within 10 min®’.
These processes can be implemented in a narrow
pH range, which is their significant drawback.

3.2. Heterogeneous Activation of SPC

Homogeneous processes, in which SPC is activated
by metal ions, are limited by a narrow range of pH values
and the lack of the possibility of reusing the catalyst, in
particular, Fe*". This drawback was eliminated by using
molybdenum powder®. In this system, sulfamethoxazole
(SMX) degraded almost completely in 60 min, and the
process rate was significantly higher than that without
dispersed molybdenum. SMX oxidation involved hydro-
xyl (at pH 7.0 it played a dominant role), carbonate, and
superoxide radicals, which were formed according to the
following schemes:

Mo’/Mo** + Fe* —Fe®* + Mo*"/Mo®", (49)
Fe’* + H,0, > Fe'" + 2°OH, (50)
*OH +CO> - OH +CO;", (51)

CO; +H,0, »>HO; + HCO;, (52)
HO, >H" +05, (53)

Fe** + 0, > Fe’ + 07, (54)

0% +Mo*/*OH — Mo*" +'0,. (55)

The high stability of Mo particles and the possibil-
ity of their reuse were revealed.

Zero-valent molybdenum was also used in the syn-
thesis of Mo/carbon composites with a core-shell structure
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and in the form of nanorods for the activation of sodium
percarbonate. The MoCN-600/SPC system was used for
the efficient degradation of tetracycline®. Using the EPR
method, it was established that the dominant type of active
oxygen was the carbonate radical anion. Compared to
H,0,, the MoCN-600/SPC system has significantly higher
catalytic activity during the decomposition of tetracycline
in a wider pH range.

Copper-modified zeolites also proved to be an ef-
fective SPC activator in tetracycline removal processes’".

Active oxygen was in the form of "OH, 'O,, CO; and
o7 .

An advanced process involving a heterogeneous
copper compound (CuO/SPC/AA, AA — ascorbic acid)
was implemented for the oxidative degradation of sul-
famethazine in a wide pH range (3.0-9.0)°". The main
form of active oxygen in an acidic medium was the hy-
droxyl radical. In a neutral and alkaline media, it plays a
secondary role, which is formed as a result of Cu(Ill)
hydrolysis.

The use of zero-valent iron as the SPC activator in
the Fenton-like processes of organic pollutants degrada-
tion is rather reduced to a donor of iron(Il) ions’*"

2Fe”+ 0, + 2H" — Fe*" + H,0, (56)
with the simultaneous generation of additional amounts of
the oxidant — hydrogen peroxide. Therefore, catalysis with
the participation of zero-valent iron particles can be at-
tributed to a mixed heterogeneous-homogeneous method
of SPC activation. Bimetallic Fe’/Co° particles deposited
on TEMPO-oxidized cellulose nanofibers (TOCNF
Fe/Cu) were used to activate SPC in the processes of chlo-
roform oxidative degradation from groundwater’. In a
neutral medium, the removal of chloroform exceeded
97.3 % within 180 min. The main role in oxidation was
played by O] and "OH .

Natural zeolite” was used as a nanoscale zero-
valent iron (nZVI) carrier used for SPC activation. With
the help of the NZ-nZVI/SPC system, the majority (more
than 90 %) of dyes are removed from water within
180 min. By increasing the loading of nZVI and the SPC
concentration, a significant degree of bisphenol (BPA)
degradation is achieved”. As a result of surface corrosion,
iron(IT) and (III) ions are released and radicals are gene-
rated, the first of which was dominant in the process of
BPA oxidation.

The complex action of iron and copper as SPC ac-
tivators is shown on the example of chalcopyrite
CuFeS,”. It is considered as a “green catalyst” — a donor
of iron and copper sulfides. Due to the mixed valence of
copper and iron, a very efficient transfer of electrons is
achieved, which is important in oxidation processes.
Therefore, with the participation of CuFeS,, AOP is im-
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plemented as a variant of Fenton’s reaction. Surface ions
Cu' and Fe®* of chalcopyrite play a major role in the acti-
vation of SPC”. In addition, this catalyst contributes to
the generation of O] , and *OH . The formed sulfide ion
together with the interaction between Cu” and Fe’" con-
tribute to Fe’*/ Fe*" cycles on the catalyst surface, which
has a positive effect on the generation of reactive oxygen
species.

4. Conclusions

This review focuses primarily on the activation
methods of periodates and SPC. Methods of periodate
activation were proposed to be classified into methods of
activation by external energy effects (ultraviolet or visible
irradiation, thermal energy), methods of catalytic activa-
tion (by transition metals or their compounds, by carbon-
based materials), and other activation methods (by hydro-
gen peroxide, by hydroxylamine, in alkaline conditions).
Methods of SPC activation were divided into homogene-
ous methods (using hydrodynamic cavitation, ultrasound;
by contact plasma; by UV irradiation; by metal ions) and
heterogeneous methods (by solid dispersed metal/bimetal
particles, including immobilized on zeolite; by natural
minerals, such as chalcopyrite) of activation. It was estab-
lished that the qualitative composition of reactive oxygen
species generated during the activation of periodates or
SPC is determined by the activation method. Considering
the need to follow the principles of energy- and resource-
saving during the development of advanced oxidation
processes for organic pollutants in aqueous media, the
most reasonable are strategic approaches for oxidant acti-
vation, which are based on combinations of external en-
ergy effects with catalysts (transition metals or their com-
pounds, carbon-based materials).
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AKTHUBOBAHI IEPHOJATH I HATPIIO
MEPKAPBOHAT Y IEPEJIOBHUX ITPOLIECAX
OKHCHEHHSI OPTAHIYHHX 3ABPY/THIOBAYIB
BOJHHMX CEPEJOBHIIL. OTJISIT

Anomauyin. Posensnymo memoou akmusayii neptiooamis i
Hampito nepkapooHamy Ojist NIAHYBAHHsL CMPAMEZiYHUX Ni0X00i8 00
nioguwentss  egpekmueHocmi il IHMEHCUBHOCMI  OKUCHIOBATLHOL
Oezpadayii opeaniuHux 3a6pyOHI08ayie 800HUX cepedosuly. 3anpo-
NOHOBaHO Klacuixayilo memoodie axmusayii nepiooamie Ha Me-
Moou aKmueayii 306HIUHIMU eHePeemUUHUMU BNIUBAMY, MemOoOu
Kamanimuynoi akmueayii i inui Memoou akmueayii (600HI0 NepoK-
CUOOM, 2iOPOKCUIAMIHOM, Y JYJHCHUX yM0o8ax). Memoou axmusayii
Hampiro nepkapboHamy nooLIeHO HA Memoou 20MO2eHHOI ma 2eme-
PO2EHHOT akmueauyii.

Knrouosi cnosa: akmusayis; neptiooam, Hampilo nepxap-
bonam; nepedosi Npoyecu OKUCHEHH, YIbMPA3EyK, Kamanizamop.



