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Microwave Solid-Phase Synthesis of Ni-Co Ferrites and their Activities  

in Liquid-Phase Oxidation of m-Xylene 

In this paper, the activity of mono- and di-substituted cobalt and nickel ferrites prepared by microwave solid-

phase synthesis was studied in the reaction of liquid-phase oxidation of m-xylene to m-toluic acid. It was es-

tablished that among the tested samples, the di-substituted ferrites of spinel structure with the composition of 

Ni0,6Co0,4Fe2O4 have the shortest induction period and the highest initial rate of oxygen absorption. In order 

to clarify the role of the active surface of the Ni0.6Co0.4Fe2O4 catalyst and the volumetric conversions of 

m-xylene in the nucleation stage of primary xylyl radicals, the dependence of the induction period. Further-

more the rate of oxygen absorption was investigated as a function of the time of introduction of the inhibitor 

into the oxidized m-xylene at different ratios of the total size of the heterogeneous surface to the volume of 

m-xylene loaded into the reactor (S/V). The dependence of the selectivity of the process to the targeted prod-

uct, m-toluic acid, on the specific surface area of the catalyst samples was established and it was shown that 

selectivity to the by-product, m-methylbenzyl alcohol, increased and selectivity to m-toluic acid decreased in 

the case of cobalt ferrite with a relatively low specific surface area. It was shown that at the first stage reac-

tion (5–10 min.), i.e., in conditions of an as yet undeveloped radical chain reaction, in the presence of disub-

stituted ferrites of the composition (Ni1–xCoxFe2O4), in comparison with monosubstituted ferrites, a higher ini-

tial rate of formation of the primary oxidation product of m-xylene — m-methylbenzylhydroperoxide (main 

intermediate product obtained during formation of m-toluic acid) is observed. The correlation of the activity 

of mono- and disubstituted Ni-Co ferrites, in the conditions of developed heterogeneous catalytic conversion 

of m-xylene, disubstituted Ni-Co ferrites are also characterized by higher rate of heterogeneous nucleation of 

free radicals and heterogeneous catalytic conversion of the intermediate product — m-toluic aldehyde to 

m-toluic acid. This, in turn, provides a high degree of selectivity for the targeted product with the yield of 

79.8 %. 

Keywords: nanodispersed catalysts, monoferrits, diferrits, solid-phase synthesis, natural magnetite, micro-

wave radiation, liguid-phase oхidation, heterogeneous-catalytic conversion. 

 

Introduction 

The study of the heterogeneous catalytic liquid-phase oxidation patterns of alkyl aromatic compounds 

in the presence of metal compounds of variable valency is of great importance in the streamlined synthesis of 

the products of this reaction, which are mainly mono- and poly-carboxylic acids [1–8]. 

These compounds are of significant practical value for organic synthesis due to their functionality, for 

example, in the preparation of widely-used physiologically active substances and pharmaceuticals [9–11]. 

One of the effective methods for directing the above-mentioned liquid-phase process in the direction of 

high rate, conversion and selectivity to targeted products is the use of highly-dispersed (nano-sized) hetero-

geneous catalysts — complex metal oxides of variable valency [12–19]. 

In particular, due to such universal properties as high thermodynamic stability and corrosion resistance, 

mechanical hardness and high adsorption capacity, spinel-type ferrites with single and double displacement 

of Fe2+ and Fe3+ atoms with variable valence metals are of interest as potential heterogeneous catalysts of this 

type [20, 21]. 

The preceding studies [22, 23] present the results of microwave solid-phase synthesis of mono-

substituted and double Ni–Co ferrites completed on the basis of Ni(II), Co(II) oxides and natural magnetite 

concentrate taken from the Dashkesan magnetite deposit (Gazakh economical region, Dashkesan city, Azer-

baijan) and their initiating activity estimation in the reaction of liquid-phase oxidation of alkyl aromatic hy-

drocarbons. 
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It was found that a high initial formation rate of the primary product of m-xylene oxidation, 

m-methylbenzylhydroperoxide, a crucial product that determines the efficiency of further development of the 

reaction in the direction of the formation of m-toluic acid, is observed in the presence of samples with a spi-

nel structure (Ni1–xCoxFe2O4) formed under the thermal influence of microwave radiation, under conditions 

of an undeveloped radical-chain reaction. 

A series of experiments were conducted to determine the activity of the synthesized catalysts. This arti-

cle presents the results of the study of the heterocatalytic nucleation and continuation of chains in the initial 

period and during the period of the developed reaction of liquid-phase oxidation of m-xylene to m-toluic ac-

id, in the presence of both monosubstituted Ni- and Co-ferrites, and ferrites of the composition 

Ni0.6Co0.4Fe2O4 

Experimental 

As precursors for the solid-phase synthesis of nickel-cobalt mono- and di-substituted ferrites, divalent 

metal oxides MO: CoO (purity 99.9) and NiO (purity 99.9), m-xylene, as well as magnetite concentrate 

(Fe3O4) with an iron content of 70.4 % were used. 

Prior to their heat treatment by microwave radiation the aforementioned oxides and magnetite were sub-

jected to solid-phase interaction through simultaneous mechanical mixing in an electric agate mortar and 

pestle for 1 hour. 

Thermal treatment of ferrite samples was carried out in an installation designed on the basis of a mi-

crowave oven EM-G5593V (Panasonic) with a resonator volume of 25 liters in the varying the magnetron 

power between 200–800 W with an operating frequency of 2450 MHz. The charge temperature was con-

trolled with a CEM DT-8858 infrared pyrometer with a temperature measurement range of 50–1300 °C. 

The conditions required for the formation of phase composition of the samples and their morphology 

are described in detail in [22, 23]. The samples used in this study were finely dispersed crystallites with line-

ar dimensions in the range of 80–170 nm and a specific surface area of 11–63 m2/g which varied depending 

on the chemical composition. 

Characteristics of metal oxides used in our work CoO (Purity 99.9, GOST 4467-79 Russia) and NiO 

(purity 99.9, GOST 4331-78 Russia), m-hylene (GOST 9410-78), magnetit concentrate Fe2O3 with 70 % 

(GOST 16589-86) are presented in [24–27]. 

The conversion of m-xylene was carried out in an installation combining a reaction unit — a bubble 

column with dout = 25 mm, h = 100 mm with an external circulation circuit of gas flow (N2+O2). The device 

design enabled carrying out the reaction both in the mode of stationary values of partial pressures of oxygen 

in the circulation circuit (flow-circulation mode) and in a continuously changing partial pressure of oxygen 

due to flow (or circulation) rate (circulation mode). 

m-Xylene was converted in a solution of o-dichlorobenzene (Tb = 179 °C), which was inert to oxidative 

transformation under the experimental conditions. The inert diluent of the contacting air flow was nitrogen 

previously purified from oxygen impurities over a Cu/SiO2 catalyst. 

The partial pressure of oxygen in the circulating gas flow was also varied by introducing reduced O2 

from a gas-cylinder. The concentration of oxygen dissolved in the liquid phase was calculated using chroma-

tographic technique for determination of the gas content in hydrocarbons [28] which is dependent on the par-

tial pressure of oxygen in the bubbling gas flow. 

The main part of the component composition of the liquid phase of the catalysts was identified by gas 

chromatographic analysis comparing the values of the retention volumes of the reaction products with those 

found for individual reactive products. 

Quantitative analysis of gas-liquid chromatography was performed by the internal standard method (oc-

tanol-1 label) on an LKhM-80 MD device (3rd model) using a flame ionization detector with controlled heat-

ing of the column heating oven. Silicone SE-30, 10 % on a solid support of hezosorbe AWHMD was used as 

a stationary phase. 

The concentration of carbon dioxide in the gaseous mixture at the outlet of the reactor was determined 

using a gas chromatograph (LKhM-80 MD device, detector — katharometer column, l = 3.6 m, dout = 3 mm, 

filled with the “Porapak QS” phase) with controlled heating thermostat in the temperature range 30÷65 with 

the rate of temperature elevation of 3/min. A mixture of oxygen and nitrogen was separated into individual 

components in the parallel column, l = 1.2 m, dout = 3 mm, filled with NaX zeolite. 

The carrier gas (He) rate in the columns was maintained within the range of 50–65 mL/min. 
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The content of m-methylbenzylhydroperoxide in the catalyzate was determined by iodometric titration 

of samples according to the technique described in [29] in the presence of starch as an indicator and was cal-

culated using the formula:  

 % hydroperoxide
200

V M

Q


=


,  (1) 

where V — volume of 0.1N Na2S2O3 solution used for titration of released iodine; М — molecule weight of 

hydroperoxide (137 atomic mass unit), Q — weighed sample of catalysate. 

In order to identify the dependence of the absorption rate of oxygen by the reaction medium on its con-

centration in the liquid phase, by special experiments, it was established that the dissolution isotherms of the 

oxygen in the reaction mixture in the region of observed linearity: 

 
2 2 2O O OC K P=  , (2) 

where CO2
·10–3, mol/L concentration of dissolved oxygen; KO2

 — solubility coefficient of O2 in m-xylene at 

fixed temperature; PO2
 — partial pressure of oxygen in the gas flow, it was established that the temperature 

dependence of KO2
 coefficient is described by the following equation: 

 
2

6500
lg OK

R T
= −


, (3) 

here, 6500 is activation energy of dissolution of oxygen in m-xylene; R — universal gas constant 

R =  8,314 462 618 153 24  J/(mol∙К); T — temperature, K. 

The rate of nucleation of free radicals was measured according to the following procedure. The rate of 

oxygen absorption (W0) in the presence of the free radical inhibitor N,N´-di-β-naphthyl-p-phenylenediamine 

(5.5÷6.0·10-4 mol/L) introduced into the system during the reaction was calculated using the formula: 

 inh

inh

2 [InH]
W

S


=

 
, (4) 

where Winh — the inhibitor consumption rate (mol/m2 min), Δ[InH] — the amount of consumed inhibitor 

(mol); S — the surface area of the catalyst sample (m2), 2 — the stoichiometric inhibition coefficient, τinh — 

the time period on the abscissa axis at extrapolation in coordinates 1/W0 – τ (Fig. 1). The moment of intro-

duction of the inhibitor was taken as the beginning of the time coordinate. The consumption of the inhibitor 

was monitored by the accumulation of a colored product of its oxidation — di-β-naphthyl-p-quinonediimine, 

the concentration of which in selected catalytic samples was determined on an SF-4A spectrophotometer in 

regard to light wave absorption at λmax = 480 μm and molar extinction coefficient ε = 1.1·104 L/mol·cm. 

Selectivity to targeted products was evaluated as ratio of yield of corresponding product to conversion 

of m-xylene to the total reaction products: 

 (wt. %) 100i
i

i

Q
S

Q
= 


, (5) 

 where Si — selectivity to targeted product of reaction; Qi — weight of target products (g), Qi — total amount 

of obtained products (g). 

The statistical manipulation of the experimental results was ultimately aimed at determining the confi-

dence interval boundary [29]: 

 , ,;     n p n p

S S
M t M t

n n

 
− + 

 
, (6) 

where М — average value of the data extraction; S — standard deviation; tn, p — table value of Student’s 

distribution with a number of degrees of freedom (n) and confidence factor (Р); n — number of elements in 

taken extraction of corresponding experiments. 

Calculation was carried out using MS Excel (Windows 10) computational hardware and software in 

confidence level Р = 95 % and preliminary computation of the standard deviation (S), in n = 3–4 sample 

size. 

Results and Discussion 

The objective of the experiments was to ascertain whether the inhibitor could potentially impede the 

formation of free radicals. To this end, the initial rates of oxygen absorption were measured under conditions 
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where identical quantities of freshly prepared catalysts and catalysts filtered from a solution (5.5×10⁻⁴ mol/l) 

of the inhibitor, N,N´-di-β-naphthyl-p-phenylenediamine, were employed. 

The experiments mentioned above, demonstrated that the amount of a chemisorbed inhibitor present 

was insufficient to impede the nucleation centers of free radicals on the surface of catalysts. Consequently 

the observed difference in oxygen absorption rates in the absence and presence of the inhibitor can be at-

tributed to the interaction of the inhibitor and free radicals in the bulk liquid phases (Fig. 1). 

 

 

Figure 1. The kinetics of oxygen adsorbtion in the absence of an inhibitor (A), with the introduction of (5.5×10-4 mol/L) 

N,N´-di-β-naphthyl-p-phenylenediamine (B) (marked with an arrow) and the reciprocal value of the absorption rate  

of oxygen in the presence of a catalyst with the composition Ni0.6Co0.4Fe2O4. Temp. 413 K, the ratio of the catalyst sur-

face area to the volume of the hydrocarbon phase (S/V) = 2·105 m–1. Confidence level Р = 95 % and sample size n = 3 

Experiments in which the initial rates of oxygen absorption were measured in the presence of identical 

loads of samples of freshly prepared catalysts and catalysts filtered from a N,N´-di-β-naphthyl-

p-phenylenediamine solution (5.5×10–4 mol/L) showed the absence in noticeable quantities of the chemi-

sorbed inhibitor capable of blocking the nucleation centers of the free radicals. 

Figure 2 shows a histogram representing the dependence of the initial rate of heterogeneous catalytic 

chain initiation during the oxidation of m-xylene in the presence of synthesized Ni–Co ferrites and the con-

version rate which does not exceed 3–5 %. At this conversion rate the formation of free radicals by hydrop-

eroxide branching of chains and, consequently, the effect of the radicals on the kinetics of the radical chain 

process can be disregarded. 

 

 

Figure 2. Dependence of the induction period (τ) and the initial absorption rate of oxygen (Wo2)  

in the presence of synthesized catalysts in the liquid-phase oxidation of m-xylene. Conditions: Temperature 403 K;  

the weight concentration of catalysts is 2.5 %. Confidence level Р = 95 % and sample size n = 3, 4. 

The initiating activity data of the synthesized double Ni–Co ferrites were compared with the activities 

of mono-substituted samples, as well as a mechanical mixture of ferrites (NiFe2O4 + CоFe2O4) taken in a 

mass ratio of 1:1. 
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It has been established that the introduction of the inhibitor at the starting moment of the reaction does 

not result in complete inhibition of oxygen absorption, and this fact is not due to the insufficient efficiency of 

the used inhibitor, but is associated with the presence of uninhibited heterogeneous catalytic conversion pat-

tern of xylene. Among the tested samples, spinel samples with the composition Ni0.6Co0.4Fe2O4 are character-

ized by the shortest induction period and the highest initial rate of oxygen absorption. 

The dependence of the induction period and the rate of oxygen absorption on the time of introduction of 

the inhibitor into the oxidized m-xylene at different ratios of the total value of the heterogeneous surface to 

the volume of m-xylene charged into the reactor (S/V) was studied in order to clarify the role of the active 

surface of the Ni0,6Co0,4Fe2O4 catalyst and the volumetric transformations of m-xylene in the stage of nuclea-

tion of primary xylyl radicals. 

It can be seen in Figure 3 that with an increase in the S/V ratio the amount of the introduced catalyst in-

creases, a more intense decay of the induction period is observed starting from the time of introduction of the 

inhibitor. 

 

 

Figure 3. Dependence of the induction period and the rate of oxygen absorption on the time of introduction  

of the inhibitor during the conversion of m-xylene in the presence of the catalyst Ni0.6Co0.4Fe2O4;  

and the value of the rate of oxygen absorption at the time of introduction of the inhibitor.  

(1 and 2) — S/V = 31.4·105 m-1; (3, 4) — 15,7·105 m-1. (Conditions: temp. 403К, p = 0,25 at.; Vm-xyl.= 40 mL,  

Vgas = 35 L/h). Confidence level Р = 95 % and sample size n = 3–4 

In this case, there is also a more intense increase in the absorption rate of oxygen measured at the time 

of introduction of the inhibitor. 

This phenomenon can be attributed to the heterogeneous catalytic nucleation of free xylyl radicals dur-

ing the interaction of the converted m-xylene with the active surface of the Ni0.6Co0.4Fe2O4 catalyst. 

At the same time, a more intense decay of the induction period is observed starting from the time of in-

troduction of the inhibitor during the period of the developed reaction. 

This indicates an increase in the proportion of the branched chain mechanism in the formation process 

of free radicals, which occurs in the bulk of the liquid phase of oxidized m-xylene in the presence of a less 

catalyst sample by mass (Fig. 3). 

As is known, the composition of hydrocarbon oxidation products, including alkyl aromatic compounds, 

is determined by various directions of conversions of the primarily formed peroxide radicals ROO. During 

conversion in the bulk of the liquid phase, the main direction of the homogeneous chain continuation reac-

tion is the interaction of the initial hydrocarbon with the formation of hydroperoxides [30–35]: 

 ROO· + RH → ROOH + R·  (7) 

The decomposition of hydroperoxides catalyzed by the heterogeneous surface usually leads to the for-

mation of the corresponding alcohols as molecular products: 

 S* + ROOH → [ROOHδ–….Sδ+] 

 [ROOHδ–….Sδ+] → RO·+ [Sδ+….OHδ-]  (8) 

 RO· + RH → ROH + R· 

As an alternative reaction of chain continuation may involve the interaction of peroxide radicals with 

active centers located on the surface of the catalysts resulting in the formation of aldehydes: 
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 RH2OO· + S* → [RH2OO·…. S*] 

 [RH2OO·…. S*] → RHO + [Sδ+…. OHδ–] → S* + RO· + H2O (9) 

 [Sδ+….O-O..δ–] + RHO → [Sδ+….O-OHδ–] + RO· 

Analysis of the composition of the catalyzate in the initial and subsequent periods of the reaction pro-

ceeding in the presence of mono- and di-substituted ferrites showed that the selectivity to m-methylbenzyl 

alcohol increases (Tables 1, 2) in cobalt ferrite with a relatively low specific surface area. 

T a b l e  1  

Conversion of m-xylene in the presence of mono- and di-substituted ferrites of Co and Ni  

(Conditions: Temp. 403 K; Vm-xylene = 40 ml; ʋ air flow 35 L/h) 

S/V 

м–1 

×105 

τ, 

reac-

tion 

time, 

min 

Conver-

sion of  

m-xylene, 

% 

Selectivity to reaction products % (wt.) 

(± Confidence interval with Student’s distribution in α = 0.05) 

Hydroperoxide of 

m-methyl benzele 

m-methyl-

benzyl alcohol 

m-toluic 

aldehyde 

m-toluic 

acid 

i-phthalic  

acid 

NiFe2O4 (Ssp. sur. = 23 m2/g) 

5.75 

5.75 

5.75 

20 

60 

120 

4.2 ±0.7 

15.8±0.6 

51.6±0.8 

3.7±0.7 

2.3±0.8 

1.8±06 

31.5±0.8 

13.2±0.3 

8.8±0.9 

46.5±0.7 

44.8±0.6 

27.2±0.8 

18.3±0.5 

39.7±0.5 

60.6±0.4 

– 

– 

1.6±0.8 

CoFe2O4 (Ssp. sur. = 11 m2/g) 

2.75 

2.75 

2.75 

20 

60 

120 

3.4±0.5 

14.4±0.3 

47.7±0.2 

4.2±0.5 

2.8±0.6 

2.2±0.8 

32.8±0.6 

14.6±0.4 

10.6±0.6 

47.3±0.2 

42.3±0.5 

23.8±0.6 

15.7±0.4 

38.9±0.3 

59.7±0.2 

– 

1.4±0.9 

3.7±0.5 

Ni0.6Co0.4Fe2O4 (Ssp. sur.= 63 m2/g) 

15.70 

15.70 

15.70 

20 

60 

120 

6.3±0.8 

27.2±0.5 

68.6±0.2 

2.8±0.7 

1.6±0.8 

0.8±0.9 

15.6±0.5 

10.8±0.7 

5.4±0.8 

48.4±0.2 

32.8±0.5 

19.4±0.6 

33.2±0.3 

53.1±0.2 

70.2±0.2 

– 

1.7±0.8 

4.2±0.6 
*Ssp. sur. — Specific surface area of the catalyst. 

T a b l e  2  

Conversion of m-xylene in the presence of mono- and di-substituted ferrites of Co and Ni  

(Conditions: Temp. 413 K; Vm-xylene = 40 ml; ʋ air flow 35 L/h) 

S/V 

м-1 

×105 

τ, 

reac-

tion 

time, 

min 

Conver-

sion of  

m-xylene, 

% 

Selectivity to reaction products % (wt.) 

(± Confidence interval with Student’s distribution in α = 0.05) 

Hydroperoxide of 

m-methyl benzele 

m-methyl 

benzyl alcohol 

m-toluic 

aldehyde 

m-toluic 

acid 

i-phthalic  

acid 

NiFe2O4 (Ssp. sur. = 23 m2/g) 

5.75 

5.75 

5.75 

20 

60 

120 

6.8±0.6 

25.3±0.5 

54.2±0.5 

3.2±0.7 

1.8±0.8 

1.3±0.8 

28.7±0.5 

10.2±0.5 

6.4±0.3 

37.5±0.3 

35.6±0.4 

22.3±0.4 

30.6±0.3 

52.4±0.3 

67.2±0.2 

– 

– 

2.8±0.8 

CoFe2O4 (Ssp. sur. = 11 m2/g) 

2.75 

2.75 

2.75 

20 

60 

120 

6.2±0.5 

34.4±0.3 

49.6±0.3 

3.4±0.5 

2.4±0.6 

1.7±0.5 

30.4±0.2 

12.3±0.5 

8.8±0.5 

42.5±04 

37.4±0.5 

21.4±0.5 

23.7±0.5 

45.4±03 

63.8±0.2 

– 

2.5±0.7 

4.3±0.6 

Ni0.6Co0.4Fe2O4 (Ssp. sur.= 63 m2/g) 

15.70 

15.70 

15.70 

20 

60 

120 

10.3±0.4 

37.4±0.3 

75.3±0.2 

1.7±0.6 

1.2±0.7 

0.5±0.9 

10.2±0.3 

7.6±0.5 

3.8±0.6 

37.8±0.2 

22.6±0.5 

9.7±0.6 

50.3±0.3 

64.9±0.2 

79.8±0.3 

– 

3.7±0.6 

6.2±0.5 

 

This fact can be interpreted as evidence for the predominance of the hydroperoxide mechanism of chain 

continuation in the presence of cobalt monoferrite. In this case, as illustrated in Figure 2, the rate of chain 

continuation in the bulk liquid phase with the participation of m-methylbenzylhydroperoxide (Scheme 8) is 

greater than the rate of chain continuation with the participation of m-toluylaldehyde (Scheme 9) during the 

period of the developed reaction. 
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Assuming that the formation process of the free radicals is determined by the stage of heterogeneous 

catalytic initiation of chains under conditions of an undeveloped chain reaction. Consequently it may be pos-

sible to estimate the rate of this process in the form of the difference between the rate of oxygen absorption 

in the presence of the inhibitor and the rate of chain inhibition: 

 WR = – Winh (10) 

 

 

Figure 4. Dependence of the initial rate of heterogeneous catalytic initiation of chains on the surface of NiFe2O4 (1); 

CоFe2O4 (2) and Ni0,6Co0,4Fe2O4 (3) samples on the ratio of their total surface area to the initial volume  

of m-xylene (S/V), which is variable by changing the catalyst loading; Conditions: reaction temperature 413K,  

volume of loaded m-xylene; 40 mL, ʋ air flow 35 L/h. Confidence level Р = 95 % and sample size n = 3 

The observed proportionality of WR to the amount can be explained by the following scheme of free 

radical formation during the interaction of m-xylene with active centers on the heterogeneous surface of the 

catalyst (it is assumed that step 2 is slow): 

 (oxid.) (reduc.)1.   RH Z R Zik
+ ⎯⎯→   (11) 

 2
(reduc.) (oxid.) 2

slow
2.   Z Z H

k
⎯⎯⎯⎯→ +

,
 

where Z(oxid.) — oxidized center, Z(reduc.) — reduced center located on the surface of the catalyst. 

The results presented in Tables 1 and 2, demonstrate that the catalysts are involved in the initiation and 

continuation of reaction chains, as well as in the formation of oxygen-containing molecular reaction products 

in the heterocatalytic liquid-phase oxidation process of m-xylene in the presence of both mono- and di-

substituted ferrites. 

It was established that, based on a set of parameters including the selectivity towards the targeted prod-

uct — m-toluic acid, di-substituted Ni–Co ferrites exhibited an advantage under comparable reaction condi-

tions by a relatively high rate of heterogeneous nucleation of free radicals and further heterogeneous catalytic 

conversion of the intermediate product — m-tolualdehyde into m-toluic acid. 

Conclusions 

Summarizing the results of the research, we can state that mono- and di-substituted nickel and cobalt 

ferrites synthesized by microwave solid-phase synthesis, particularly samples of the Ni0.6Co0.4Fe2O4 compo-

sition with a spinel structure, are characterized by higher rate of oxygen adsorbed by the reaction system in 

the initial period and in the period of the developed reaction of liquid-phase oxidation of m-xylene to 

m-toluic acid. 

The high rate of heterogeneous catalytic conversion of the intermediate reaction product — m-toluic al-

dehyde into m-toluic acid provides the high selectivity to the targeted product of the process. 
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