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Abstract. The effect of the nature and concentration of d-metal salts attached to synthetic zeolites NaA 

and KA on the kinetic and stoichiometric parameters of the chemisorption-catalytic oxidation of sulphur 

dioxide with air oxygen at ambient temperature was studied. It was found that the adsorption capacity 

of NaA zeolite relative to SO2 is 100 times higher than that of KA zeolite; the time of protective action 

of NaA and KA zeolites increases upon modification with transition metal salts and with an increase of 

their content in the compositions. It was shown that the formation of inner and outer sphere complexes 

and the relationship between them is determined by the nature and concentration of metal ions and by 

the nature of the carrier. It was proven that the chemisorption-catalytic process ends with the oxidation 

of SO2 to H2SO4. 
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Introduction 

Sulphur dioxide is known as the most 

widespread environmental pollutant. Various 

chemisorbents and catalysts are commonly used 

to reduce its concentration in the air. The most 

effective chemisorbents are natural and synthetic 

zeolites [1-4], activated carbons [5], carbon fibre 

materials [6,7], metal oxides [1,8-10]. SO2 is 

oxidized to H2SO4 at ambient temperature in the 

presence of dissolved metal complexes according 

to Eq.(1). 
 

2SO2 + О2 + 2Н2О = 2H2SO4 (1) 
 

Numerous studies have been carried out on 

SO2 oxidation in solutions and drops, which 

resulted in establishing the conditions of catalysis 

by compounds of Cu(II,III) [11,12], Fe(II,III)  

[13-16], Mn(II) [11,17 -19], Co(II) [20] and 

revealed the complexity of the kinetics and 

mechanisms of these reactions. Due to different 

conditions of research, in many cases there is a 

discrepancy between the results obtained by 

different authors. A generalizing analysis of the 

literature data [21-24] underlines the great 

importance for the theory of homogeneous 

catalytic oxidation reactions and for 

understanding the mechanisms of SO2 conversion 

in the atmosphere. However, dissolved metal 

complex catalysts for SO2 oxidation have limited 

application in air purification practice. Metal 

complex compounds fixed on various supports 

have numerous advantages, but the activity of 

such compositions has been studied scarcely in 

reactions with SO2 [25-29]. The advantage of 

such catalysts is the simple technology of their 

preparation, the ability to vary their activity over a 

wide range due to the nature of the d-metal salts, 

the support, and other components that make up 

the catalyst compositions. Co
2+

, Mn
2+

, Cu
2+

, Fe
3+

 

and Pd
2+

 are used as metal ions of variable 

valence, and natural zeolites play the role of 

carriers [25-30]. Synthetic zeolites KA and NaA, 

CaA, NaX possess a high adsorption capacity in 

relation to SO2 and provide protective properties 

for up to 120 minutes [3,4], however, these have 

not been practically studied as carriers of d-metal 

salts interacting with SO2. Increasing the 

protective properties of synthetic zeolites in 

relation to SO2 by modifying them with salts of 

transition metals is a question of current interest. 

The aim of this work was set to study the 

effect of the nature and concentration of d-metals 

salts fixed on synthetic zeolites NaA and KA on 

the protective properties of compositions and 

stoichiometric parameters of sulphur dioxide 

chemisorption-catalytic oxidation by air oxygen at 

ambient temperature. 
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Experimental 

Materials  

CuCl2, Cu(NO3)2, CoCl2, MnCl2, NiCl2 

(p.a. grade, Sigma-Aldrich, USA) and synthetic 

zeolites NaA and KA (Ishimbay specialized 

chemical plant of catalysts, Russia) were used in 

this study. 

Methods 

Synthetic zeolites NaA and KA with 

SiO2/Al2O3= 2.0 were used in the work; the pH of 

the suspensions was 10.38 and 10.08, 

respectively. Samples of synthetic zeolites 

modified with salts of transition metals were 

obtained by the method of impregnation by 

moisture capacity: 10 g of zeolite NaA and KA 

zeolites dried at 110°C, with an average grain size 

of 0.75 mm were placed in a Petri dish, and then 

impregnated with aqueous solutions of salts МХ2 

(М= Cu
2+

, Co
2+

, Mn
2+

, Ni
2+
; Х= Cl

- 
, NO3

-
) 

(Sigma-Aldrich, USA) at given concentrations of 

components. Such choice of metal cations is due 

to their activity (excluding Ni
2+

), in the reaction 

with SO2 in the liquid phase [11,19,20]. The 

nature of the anion significantly affects the 

activity of transition metal cations in redox 

transformations [26,27]. The wet sample was 

dried in an oven in air at a temperature of 110°C 

to constant weight. The MX2 content in the 

composition was calculated per unit weight of  

dry carrier. 

Physical characterisation  

X-ray phase analysis was carried out  

using a Siemens D500 (Germany) powder 

diffractometer in copper radiation (CuK,  

= 1.54178 Å), with a secondary beam graphite 

monochromator. To record the diffractograms, the 

test samples were thoroughly grinded in an agate 

mortar and placed in a glass cuvette with a 

working volume of 210.1 cm
3
.  

Scanning electron microscopy (SEM) 

studies of morphology and determination of local 

composition were performed by electron probe 

microanalysis on a scanning electron microscope 

JSM-6390LV (Japan). 

Samples were examined by IR spectroscopy 

using Perkin Elmer FT-IR Spectrometer (USA) 

Frontier (400-4000 cm
-1

, with a resolution of  

4 cm
-1

). The spectra were registered in KBr tablets 

obtained at a ratio of 1 mg of substance per  

200 mg of KBr . 

Thermogravimetric (DTG-DTA) 

investigation of initial and chemically modified 

synthetic zeolites samples (0.25 g) were 

performed on a Paulik F., Paulik D. and Erdey A. 

(Hungary) derivatograph with a four-channel 

microvolt recorder. The furnace temperature was 

increased at a heating rate of 10°C/min in the 

temperature range of 20-1000ºС with an accuracy 

of ±5%. 

Investigation of the chemisorption-catalytic 

process   
A gas-air mixture (GAM) with SO2 

concentration of 150 mg/m
3
 was obtained by 

mixing a purified air flow and a flow of pure SO2 

in a special mixer. The initial and final 

concentrations of SO2 were measured using a 

667EKh08 electrochemical gas analyser (made by 

“Analitprilad”, Ukraine) with the minimal 

detectable SO2 concentration of 2 mg/m
3
. 

The dynamics of SO2 adsorption onto the 

studied compositions was investigated in a  

flow-through gas thermostated at 20°C setup, in a 

glass reactor with a fixed layer of sorbent  

sample weighing 10 g under the following 

conditions:     
in = 150 mg/m

3
; t= 20°C; 

volumetric flow rate of GAM - 1 L/min, sorbent 

grain size of 0.5-1.0 mm, linear flow rate of GAM 

at 4.2 cm/s, relative humidity of GAM at 76%. 

The amount of absorbed SO2 (Qexp, mol) 

was calculated using experimental data, which are 

given in the coordinates  SO2 – . The 

stoichiometric parameter n= Qexp/Qtheor was 

calculated taking into account the stoichiometry 

of the reactions according to Eqs.(2,3). 
 

SO2 + 2Cu
2+

 + 2H2O = H2SO4 + 2Cu
+
 + 2Н

+        
(2) 

 

2SO3
2-

 +M
2+ 

= [M(SO3)2]
2-                           

                (3) 
 

where, M= Mn
2+

, Co
2+

, Ni
2+

. 
 

To assess the protective properties of 

synthetic zeolites and their modified metal salts 

forms, the following parameters were used:  

0- period of time during which the dynamic 

absorption curve     

 
= 0; GAM- time of protective 

action; time to reach the maximum  

allowable concentration, for the working area  

it is 10 mg/m
3
 [28]. 

 

Results and discussion 

X-ray phase analysis of the studied zeolites 
Diffraction patterns of the initial and 

modified with copper (II) chloride NaA and KA 

zeolites are shown in Figure 1(a)-(d) these are 

characterized by a set of reflections, the position 

and intensity of which correspond to the NaA and 

KA zeolites [31]. Additional reflections were not 

detected on the diffraction patterns of CuCl2/     
(   = NaA, KA) samples, the structure of zeolites 

did not undergo any changes, the interplanar 

distances did  not change, but the intensity of the 
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base lines slightly decreased, which indicates on a 

decrease in the relative crystallinity (IR, %)  

(Table 1). The crystallite sizes of the studied 

samples were calculated using Scherer's formula. 

As can be seen from the obtained results  

(Table 1), the crystallite sizes of the initial NaA 

and KA differ slightly, but are in accordance  

with the data [32]. The crystallite sizes  

decrease with the modification by copper(II) 

chloride, which indicates the amorphization of  

the samples. 

Morphology of the zeolites 

SEM images of NaA and KA samples and 

modified samples CuCl2/    (   = NaA, KA) are 

presented in Figure 2. The following features are 

established. Characteristic depressions (cavities) 

filled with a fine-crystalline phase are found on 

the surface of the NaA zeolite (Figure 2(a)); 

clearly faceted cubic particles have a size of  

0.7-1 μm. SEM images of the CuCl2/NaA sample 

(Figure 2(b)) showed that the general surface 

appearance is similar to the original zeolite, but 

along with cubic crystals, crystallites with a 

broken shape are visible, indicating amorphization 

of the sample and lower relative crystallinity 

(Table 1). The surface morphology of the zeolite 

KA (Figure 2(c)) and the sample CuCl2/KA 

(Figure 2(d)) differs from the above samples. 

There are no cavities on the surface of KA zeolite; 

aggregated particles have an irregular shape of 

cubes and spherulites (globules). 

As can be seen from the data (Figure 2(d)), 

Cu(II) chloride does not make any noticeable 

changes in morphology. It should be noted that 

our data on the morphology of NaA zeolite are in 

agreement with the results [32]. There is no 

description of the morphology of KA zeolite in 

the available literature. 
 

 

 

Table 1 

X-ray spectral parameters of synthetic zeolites and their modified forms with CuCl2. 

Sample 
d, Ǻ  

(three reflections with the highest intensity) 
IR, % D, nm 

NaA 8.689 3.707 2.982 100 116.3 

CuCl2/NaA 8.686 3.706 2.981 92 103.2 

KA 8.684 3.705 2.980 100 132.5 

CuCl2/KA 8.680 3.702 2.979 96 123.0 

 

 

 
 

(a) (b) (c) (d) 

 

Figure 1. X-ray diffraction patterns of the initial samples of zeolites NaA (a), KA (b) and modified with CuCl2 

samples: CuCl2/NaA (c); CuCl2/KA (d). 
 

 

  

(a) (b) (c) (d) 

 

Figure 2. SEM images of samples NaA (a), CuCl2/NaA (b), KA (c), CuCl2/KA (d). 
 

93 



T. Rakitskaya et al. / Chem. J. Mold., 2021, 16(2), 91-101 

 

FT-IR investigations 

Figure 3 shows a fragment of FT-IR spectra 

recorded for NaA and KA zeolites in the region of 

stretching and bending vibrations of the crystal 

framework. The bands were assigned according to 

the data from the literature [33]. The IR spectra of 

the two samples practically coincide and do not 

change upon the modification with metal salts. 

Adsorbed sulphur dioxide in the presence of air 

oxygen and water vapours on the surface of many 

carriers is converted into sulphuric acid [5-7].  
 

 
Figure 3. FT-IR-spectra of samples  

KА (1) and NaA (2). 

 

The IR spectra of the initial NaA and KA 

samples, as well as after adsorption of SO2, are 

almost identical. This is explained by the fact that 

the absorption bands of chemisorbed molecules of 

SO2 and SO4
2-

 ions [34–36], as well as absorption 

bands of synthetic zeolites, overlap. 

For sulphate ion detection, NaA and KA 

samples were washed in distilled water, filtered 

off, and barium chloride solution was added to the 

filtrate; the formed precipitate was separated, 

washed and dried at 110°C. The IR spectra of the 

two precipitates show absorption bands for 

BaSO4. In the case of NaA ν, cm
-1

: 1196; 1117; 

1078; 984; 609, and in the case of KA the 

absorption bands at 1192; 1125; 1083 cm
-1

 are 

less intense. The obtained data agree with the 

known values ν, cm
-1

: 1199; 1108; 1072; 983; 609 

from the literature [37]. 

Thermochemical properties  
Figure 4 shows TG and DTG-DTA 

dehydration curves of NaA and KA zeolites 

samples and their forms modified with CuCl2. 

Usually, dehydration of synthetic zeolites is 

accompanied by the loss of physically adsorbed 

water (100°C) and water molecules coordinated 

by cations (range from 100 to 350°C); 

dehydroxylation of surface groups occurs in the 

temperature range 320-540°C; isolated OH groups 

predominate at a temperature of ˃400°C [38,39].  

 
 

 

 

 
Figure 4. TGA curves of initial and modified with CuCl2 chloride synthetic zeolites samples. 
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As can be noticed from the data of Figure 4 

and Table 2, the initial NaA and KA zeolites have 

similar thermochemical characteristics, and the 

modification by copper(II) chloride leads to a 

decrease in the content of surface OH groups, 

which indicates the progress of the reaction 

according to Eq.(4), and Cu(II) is firmly held on 

the surface of the carrier as a result. 

 

 -ОН

 -ОН
 + CuCl2    

 -О

 -О
     Cu + 2НСl                (4) 

 
Kinetics of SO2 adsorption by NaA and KA 

samples 

The kinetics of SO2 adsorption onto NaA and KA 

samples was studied. Figure 5 shows the time 

dependence of SO2 final concentration      

 
) 

after passing of the gas-air mixture through the 

adsorbent bed KA (curve 1) and NaA  

(curve 2). The kinetic curves have a characteristic 

form: the presence of areas where     

 
= 0; 

reaching the maximum permissible concentration 

for SO2 after a certain time (τmax) at the outlet of 

the reactor (      
= 10 mg/m

3
); the adsorption 

process ends when     

 
     

  . 

It can be seen that for the NaA zeolite  

the protective action time is 280 min, and for  

KA is only 3 min; zeolite NaA adsorbs  

109∙10
-5

 mol of SO2, which is 100 times more 

than for KA. 

Hydrated NaA samples with different water 

content 

It is known that the adsorption of water 

vapor suppresses the adsorption of SO2 by  

various adsorbents [40]. Kinetic curves of SO2 

adsorption by hydrated NaA samples at  

different water content are shown in Figure 6.  

The profiles of the kinetic curves for  

air-dry (curve 1) and hydrated (curves 2-4) 

samples are similar, however, with an  

increase in mH2O
 the parameters τ0, τMPC and Qexp 

decrease. 

Kinetics of adsorption of SO2 by zeolites NaA, 

KA, modified with salts of transition metals 

The influence of the nature of metal ions 

and anions, as well as the zeolite nature  

on the kinetics and mechanism of  

chemisorption-catalytic oxidation of SO2 by air 

oxygen was studied on the samples МХ2/   , 

where Cu
2+

, Mn
2+

, Co
2+

, Ni
2+

; X= Cl
-
,  O3

-
; 

  =  aА, KA. 
 

Table 2 

Results of thermogravimetric analysis of synthetic zeolites samples and forms modified with CuCl2. 

Sample 

ТМ of 

endothermic 

effect, °  

Mass loss, % 
 ОН, 

mmol/g by ТМ 
in the interval 

25-110°  25-300°  25-1000°  

KА 230 9.6 2.0 13.6 18.8 5.8 

NaA 220 9.2 2.4 13.6 18.8 5.8 

СuCl2/KА 230 9.6 2.0 13.6 18.0 4.9 

СuCl2/ aА 230 10.0 2.0 14.0 18.4 4.9 

 

 

  
Figure 5. Time dependence of     

  for adsorption of 

SO2 from gas-air mixture  

by air-dry zeolites KA (1) and NaA (2). 

Figure 6. Time dependence of     
 

 for adsorption of 

SO2 from the gas-air mixture at different water 

content on the NaA zeolite. 

    , g/g: dry air (1); 0.03 (2); 0.06 (3); 0.1 (4) 
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In the case of NaA zeolite, due to the high 

adsorption capacity and long protective action 

time, hydrated МХ2-Н2О/ aА samples 

(m    =  0.1  /g  were used to determine the 

effect of MX2 content on the kinetics of process. 

In the case of low-activity zeolite KA, air-dry 

MX2/KA samples were used. Figure 7(a) and 

Figure 7(b) show the kinetic curves of     
f

 time 

dependence for samples CuX2-H2O/NaA and 

CuCl2/ KA (Figure 7(c)). It can be noticed that, 

regardless of the Cu(II) precursor and the type of 

zeolite, the profiles of the kinetic curves are 

identical and are characterized by the parameters 

τ0, τMPC. Based on the results of kinetic and 

stoichiometric data analysis (Table 3), the 

following conclusions can be drawn. With an  

 

increase in CCu(II), regardless of the Cu(II) 

precursor, the parameters τ0, τMPC and the amount 

of reacted sulphur dioxide (Qexp) increase; the 

influence of the anion nature (Cl
-
, NO3

-
) in the 

composition of the Cu(II) salt and the zeolite 

nature on the parameters of the SO2 oxidation 

process is described by the following sequence: 

CuCl2-Н2О/ aА˃ Cu(NO3)2-Н2О/ aА˃ CuCl2 

(KА). When determining the parameter n, the 

value of Qtheor was calculated taking into account 

the stoichiometry of reaction Eq.(1).  

Thus, the obtained results show that in all  

cases, except for  Сu(II)= 29∙10
-5 

mol/g,  

Cu(NO3)2-Н2О/ aА and CuCl2/KА, Qexp˃ Qtheor, 

which indicates multiple (n˃ 1) participation of 

Cu(II) in SO2 oxidation by air oxygen. 

Table 3 

Effect of ССu(II) on the protective and stoichiometric parameters of SO2 oxidation by air oxygen  

in the presence of CuX2/NaA(KA)-compositions. 

  u(II)10
5
, 

mol/g 
0, min MPC, min Qexp10

4
, mol SO2 Qtheor10

4
, mol SO2 by (2) n 

CuCl2-H2O/NaA 

0 40 90 4.71 - - 

2.9 190 240 8.17 1.45 5.6 

5.9 470 570 18.30 2.95 6.2 

11.7 570 630 19.30 5.85 3.3 

29.0 690 730 21.80 14.50 1.5 

Cu(NO3)2-H2O/NaA 

0 40 90 4.71 - - 

2.9 80 130 6.29 1.45 4.3 

5.9 150 210 8.96 2.95 3.0 

11.7 180 240 9.47 5.85 1.6 

29.0 240 290 10.50 14.50 0.7 

CuCl2/KA 

0 1 3 0.17 - - 

2.9 80 130 4.06 1.45 2.8 

5.9 110 145 6.09 2.95 2.1 

11.7 150 180 7.00 5.85 1.2 

29.0 200 250 7.56 14.50 0.5 

 
 

 
(a) (b) (c) 

Figure 7. Time dependence of     
 

 for SO2 oxidation by air oxygen in the presence of CuCl2-H2O/NaA (a), 

Cu(NO3)2-Н2О/NaА (b) and CuCl2/KA (c) at different Cu(II) contents.  

 Сu(II)∙10
5
, mol/g: 0 (1); 2-2.9 (2); 5.9 (3); 11.7 (4); 29.0 (5). 
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Figure 8 shows the typical kinetic curves 

for the oxidation of SO2 by air oxygen in the 

presence of samples МCl2-H2O/NaA (Figure 8(a)) 

and МCl2/KA (Figure 8(b)), where М= Mn
2+

, 

Со
2+

, Ni
2+

;  M(II)= 2.910
-5

 mol/g. The profiles of 

the kinetic curves are identical and the parameters 

0 and MPC are determined by the nature of the 

metal ion and zeolite (Table 4). It should be noted 

that in the case of NaA, hydrated samples were 

studied, whereas in the case of KA air-dry 

samples were used. In this regard, only intra-

series patterns can be considered. The following 

series of the influence of the nature of the metal 

ion on the time of the protective action of the 

samples were obtained: for hydrated  aA:  i(ІІ) 

 Сo(ІІ) Mn(ІІ); for air-dry KА:  i(ІІ) Mn(ІІ) 

 Сo(ІІ). 

On the mechanism of surface complexes 

formation  

The analysis of a large number of works 

showed that the immobilization of metal cations 

by zeolites is carried out by the mechanism of ion 

exchange and/or adsorption. According to the ion 

exchange mechanism, the ions present in the 

pores of the crystal lattice of zeolites (H
+
, Na

+
, 

K
+
, Ca

2+
, etc.) are replaced by metal ions from 

solutions. Chemisorption, which is an alternative 

mechanism of sorption, always leads to the 

formation of stable intra- and extraspheric 

complexes, where the functional groups of the 

zeolite framework form chemical bonds with 

metal ions [41]. Intraspheric complexes of 

transition metal ions are formed as a result of the 

following reactions according to Eqs.(5,6). 

 

  -ОН + M
2+

    -ОM
+
 + Н

+ 
                      (5) 

 

2 -ОН + M
2+

   ( -О)2M + 2Н
+ 

                 (6) 

 

The extraspheric complex is formed as a 

result of electrostatic interaction according with 

Eq.(7). 

 

( -О

)2 + M

2+
  ( -О


)2 ---M

2+
                    (7) 

 

where, T is the symbol corresponding to the 

central atom of the surface, namely Si, Al. 

 

Usually during the adsorption of metal ions, 

there are both intra- and extraspheric complexes, 

and their ratio can be determined by studying the 

desorption of metals. 
 

 

Table 4 

Protective and stoichiometric parameters of sulphur dioxide oxidation in the presence of compositions 

МCl2/NaA(KА) by CМ(ІІ) = 2.910
-5

 mol/g. 
 

Sample τ0, min MPC, min Qexp.10
4 
mol SO2 Qtheor10

4
, mol SO2   by (3) n 

NiCl2-H2O/NaA 30 60 3.70 5.80 0.6 

MnCl2-H2O/NaA 200 270 10.20 5.80 1.8 

СoCl2-H2O/NaA 160 240 12.27 5.80 2.1 

NiCl2/KA 90 140 6.35 5.80 1.1 

MnCl2/KA 260 310 10.60 5.80 1.8 

СoCl2/KA 270 330 14.20 5.80 2.5 

 

 

 

 

 
(a) (b) 

Figure 8.  Time dependence of     
  for SO2 oxidation by air oxygen in the presence of  

МCl2/NaA (a) МCl2/KА (b) compositions. М(II): Ni(ІІ) (1); Mn(ІІ) (2); Сo(ІІ) (3). 
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Eq.(5) and Eq.(6) are supported by data on 

a decrease in the content of OH groups, for 

example, when Cu(II) chlorides are fixed on NaA 

and KA zeolites (Table 3). The formation of two 

types of surface complexes on the surface of 

zeolites was confirmed by experiments on 

desorption of metal ions with water at 20°C and 

by testing samples in a reaction with sulphur 

dioxide. Figure 9 shows the results of testing  

the initial CuCl2-H2O/NaA samples at the 

concentration  Cu(II)= 2.910
-5

 (curve 1) and 

29.010
-5

 mol/g (curve 2) and the same samples 

after desorption of Cu(II) ion (curves 4, 5), as 

well as the initial composition CoCl2/KA at 

CСo(II)= 2.910
-5

 mol/g (curve 3) and after 

desorption of cobalt (II) (curve 6).  

It can be seen that at  Сu(II)= 2.910
-5

 mol/g 

in the CuCl2-H2O/NaA sample, the profiles of the 

kinetic curves for the initial sample and after 

desorption in Cu (II) practically coincide  

(Figure 9(a), curves 1, 4 ), which indicates the 

predominant formation of surface complexes by 

Eq.(5) or Eq.(6). With an increase in the content 

of copper (II) chloride to 29.010
-5

 mol/g  

(Figure 9(a), curve 2), two types of complexes are 

formed on the surface according to reactions 5-7. 

The outer-sphere copper (II) complex is easily 

desorbed by water, and the remaining copper (II) 

strongly bound to the surface ensures the 

oxidation of SO2 (Figure 9(a), curve 5). The data 

on testing the CoCl2/KA sample before and after 

desorption of cobalt (II) (Figure 9(b), curves 5,6) 

indicate that at CСo(II)= 2.910
-5

 mol/g, on the 

surface of the KA zeolite intra- and outer-sphere 

complexes are formed, the contribution of which 

to the total process of SO2 oxidation is 

approximately the same. 

On the mechanism of SO2 oxidation by air 

oxygen  

Sulphur dioxide is a reducing agent for 

which the values of the redox potential depend on 

the pH of the medium. For suspensions of 

synthetic zeolites NaA and KA, the pH of the 

suspension is in the range of 10.08-10.38, so the 

most possible will be the following 

electrochemical reaction according to Eq.(8). 
 

SO4
2‾

+ H2O +2e = SO3
2‾

+2OH
¯    

(-0.93 V)        (8) 

Due to the orbital mismatch, SO2 and O2 

molecules do not react directly with each other by 

Eq.(1). In order to lift the symmetry ban, 

transition metal ions are used [42], the 

mechanisms of action of which have been studied 

in detail for homogeneous liquid-phase reactions 

and are generalized in [21-24,41]. The literature 

discusses mainly three types of mechanisms: 

radical-chain with one electron transfer [13,16, 

21-23], non-radical with two electrons [18,19] and 

combined, which includes elements of the two 

previous mechanisms [16]. In the case of a radical 

mechanism, the first stage of the chain initiation 

in general will be written as follows, according  

to Eq.(9). 

 

Mn ++    
      

   +  M(n-1)+ 
                            (9) 

 

This reaction most often occurs when  

M
n+

= Cu
2+ 

[11], Fe
3+ 

[11,15,16]. Next, oxygen 

interacts with the sulphite radical according  

to Eq.(10). 

 


3SO  + O2  SO 

5
 (10) 

 

 

 

  
(a) (b) 

Figure 9. Time dependence of     
 

 for SO2 oxidation by air oxygen with initial compositions CuCl2-H2O/NaA 

(1,2) (a) and CoCl2/KA (3) (b) and with compositions after desorption of Cu (II) (4,5) (a) and Co (ІІ) (6) (b) 

СCu(II)10
5
, mol/g: 2.9 (1); 29.0 (2); СCо(II)10

5
, mol/g: 2.9 (3). 
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The cycle ends with the return of M
n +

 in 

the reaction. There is evidence that the  

radical-chain mechanism is slowing down of the 

process through inhibitors, such as mannitol, 

which capture free radicals [43]. The general 

reaction scheme Eq.(1) in the presence of a CuCl2 

catalyst can be written as follows, according  

to Eqs.(11,12). 
 

2CuCl2 + SO2 + 2H2O =  
 

                             2CuCl + H2SO4 + 2HCl, 

 
(11) 

 

4CuCl + O2 + 4H
+
 + 4Cl

- 
=  

 

                                   4CuCl2 + 2H2O. 

 

 
(12) 

 

According to Eq.(11), Cu(II) is reduced to 

Cu(I), and SO2 is oxidized to sulphuric acid. 

Oxygen by Eq.(12) regenerates Cu(II) and returns 

it to the reaction; stoichiometric coefficient  

n> 1 (Table 4). 

In the case of Co(II), Mn(II) and Ni(II), the 

interaction with SO2 is more complicated, as 

corresponding ions have reduced form and are not 

able to take part in the reaction of chain initiation 

Eq.(9). In general, the most probable is a non-

radical two-electronic mechanism, which is 

responsible for the internal spherical reaction 

according with Eq.(13-16) [17-19].    
  

M2+ +    
    MSO3 (13) 

MSO3 +    
   [М(SO3)2]2- (14) 

[М(SO3)2]2- + O2  [M(SO3)2O2]2- (15) 

[M(SO3)2O2]2-      
  + M2+ (16) 

 

As a result of the intermediate complex 

transformation, where the oxygen molecule 

interacts with coordinated sulphite ions, M
2+

 

returns to the reaction cycle. In this case, the 

stoichiometric coefficient n must be determined 

taking into account the total Eq.(3). In the case of 

Mn(II), Co(II) and Ni(II) the mechanism of 

oxidation of these ions by oxygen to Mn(III), 

Co(III) and Ni(III) is not excluded, which occur 

very slowly in aqueous solutions [12,18]. In the 

case of fixation of Mn(II) and Co(II) on carriers 

due to the activation of the oxygen molecule by 

the surface [44], this process becomes  

more probable. 
 

Conclusions  

In the work, commercial synthetic zeolites 

of NaA and KA brands were used as carriers of 

transition metal salts. Chemisorption-catalytic 

compositions MX2/   (  = NaA, KA; M
2+

= Cu, 

Mn, Co, Ni; X= Cl‾, NO3‾) for the oxidation of 

sulphur dioxide with air oxygen at ambient 

temperature and high humidity were obtained. 

The initial carriers and chemisorption-catalytic 

compositions were studied by XRD, SEM, FT-IR 

spectroscopy, TG, DTG-DTA. Zeolites NaA and 

KA have the same parameters of the crystal 

structure, which do not change when modified 

with transition metal salts. Under their influence, 

a slight decrease in the relative crystallinity was 

observed. 

The study has shown that NaA and KA 

samples differ in morphology. Clearly faceted 

cubic particles with a size of 0.7-1.0 µm were 

observed for zeolite NaA. Zeolite KA is 

characterized by aggregated particles of irregular 

shape of cubes and spherulites. When applying 

salts of transition metals, the shape of these 

particles is slightly disturbed.  

According to the data of thermogravimetric 

analysis, the Cu(II) ions practically do not affect 

the temperature of the first (and only) 

endothermic effect, however, they reduce the 

content of OH groups due to the reaction of 

surface complexation.  

It has been proven that the oxidation of SO2 

with atmospheric oxygen in the presence of 

MX2/   compositions is a chemisorption catalytic 

process with a different mechanism of action of 

transition metal cations. In the case of Cu(II), it is 

reduced with SO2 to Cu(I), which is oxidized by 

atmospheric oxygen to Cu(II) and returns again to 

the reaction. In the case of Co(II), Mn(II), and 

Ni(II), the process proceeds through the formation 

of an intermediate complex with SO2 and O2 

molecules and the inner-sphere oxidation of SO2 

to H2SO4. 
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