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Abstract 

Liquid phase oxidation process of naphthene-paraffin concentrate extracted 

from diesel fraction of Azerbaijani petroleums 216-350C mixture has been 

studied with atmospheric oxygen in the presence of -diketonates of metals 

with variable valencies as Co, Cr, Ni and Mn as the complexes with 2,4-

dinitrophenylhydrazine. Spectral peculiarities of -diketonates of metals and 

the complexes on their bases have been studied. The catalytic activity of the 

used metal -diketonates differs significantly due to their structural 

peculiarities and quantity of donor centers. Influence of -diketonates of 

these metals on the oxidation process has revealed that catalytic effect of Mn 

compound, taken at mass concentration of 0.1-0.3% is higher than other 

complexes: so, total yield of synthetic and oxysynthetic acids by using Mn -

diketonate in oxidation process at 125-140C amounts to 21.3-33.0%. This 

index amounts to 15.3-19.2% by using Cr -diketonate that is also proved by 

low acidic oxidation number. The yield of synthetic and oxysynthetic acids 

significantly increase by the increase in the catalyst amount in oxidation 

process from 0.1% to 0.3%. Addition of -diketonates of nitroradical-

containing compounds transition metals into ligand environment leads to 

increase in the rate and selectivity of the oxidation reaction and decrease in 

temperature (130C) and amount of the catalyst (from 0.3% to 0.2% mas. on 

raw material) by oxidation of naphthene-paraffin concentrate with 

atmospheric oxygen resulting in obtaining synthetic and oxysynthetic acids. 

The yield of petroleum acids increases from 33% to 40.1 % mas. by joint use 

of modified -diketonates of Cr and Co 

Keywords: liquid-phase oxidation, diesel distillate,-diketonate, metals with variable 

valencies, petroleum acids 

Introduction 
The urgency of the problem of obtaining synthetic naphthenic acids is determined by a 

wide area of use. Plasticizers, components of highly effective fuel and oil compositions, 
synergistically active reagents preventing acidic corrosion of metals, catalysts, emulsifiers, 
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bactericides, surfactants, solvents of polymers, dyes and rubber, varnish components, antiseptic 
agents, additives to printing inks and anti-knock additives are obtained on the basis of them in 
industry. Given the demand for naphthenic acids and the fact that the need for them is higher 
than natural resources and their possible development, the relevance of obtaining them 
synthetically on the basis of available raw materials becomes clear. The most industrially proved 
method for producing synthetic petroleum acids is the oxidation of petroleum fractions by 
atmospheric oxygen in the presence of various catalysts - naphthenates and transition metal 
complexes [1-6]. The nature of oxidation relies heavily on the structure of naphthenic 
hydrocarbons and the presence of alkyl radicals in them, initiating a chain oxidation reaction. 
The presence of radicals, as well as the cycle size has a significant effect on the reaction [7, 8]. 
The primary intermediate molecular oxidation products are hydroperoxides that selectively 
decompose with the formation of alcohols, acids, carbonyl compounds, esters and etc. by 
increasing the process temperature and the nature of the used catalyst. Catalysts allow oxidation 
to be carried out at lower temperatures and inhibit the formation of undesirable products. 

The rate of hydrogen abstraction from the methyl group of the cycloparaffin ring by 
peroxide radicals was determined [9] by comparing the rates of cycloalkane autooxidation with 
atmospheric oxygen of different ring sizes - cycloalkanes from C7 to C12, methylcycloalkanes 
from C6 to C9, ethylcycloalkanes from C5 to C9. 

 The reactivity of the tertiary C-H group can be calculated from the amount of tertiary 
alcohol formed after the reduction of oxides by the oxidation of substituted cycloalkanes. As 
expected, the reactivity of the C-H bond is especially high in six-membered and higher — in 
seven- and eight-membered cycloparaffins [10]. The destruction processes of oxygen-containing 
derivatives of hydrocarbons are also considered. The importance of these reaction routes is 
emphasized and it’s noted that their implementation significantly depends on the reaction 
conditions and the initial hydrocarbon structure. 

Activation of C-H bond in cycloparaffins is the most important task in homogeneous 
catalysis [11]. A large number of metal complexes have been found that can activate the C-H 
bond in cycloalkanes. It is much more difficult to subject the cycloparaffin molecules to 
functionalization, i.e., to replace the hydrogen atom with a functional group (-OH, -COOH, Hal, 
etc.). Today, there are several industrial processes for oxidative functionalization of saturated 
hydrocarbons, in particular, CH into cyclohexanol and cyclohexanone, and then into adipic acid 
[12]. The presence of alkyl substituents in the cycloparaffin molecule initiates the oxidation 
reaction. However, the correct selection of catalysts and reaction conditions allows us to lead the 
process to the way of oxygen atom transfer, i.e. by the molecular mechanism and carry out 
oxidation simultaneously with saving the cycloalkanes configuration. The liquid-phase oxidation 
of naphthenes extracted from Balakhany petroleum, with atmospheric oxygen using Co, Cr, Mn, 
and Ni naphthenates, as well as their binary mixtures, made possible to obtain SPA with a yield  
up to 21% [13]. The analysis of the studies’ results describing the use of homogeneous metal-
containing catalysts reveals that depending on the type of catalyst, the electron-accepting 
properties of the central atom change significantly, leading to a significant strengthening or 
weakening of the -O-O bond of the hydroperoxide coordinated with the catalyst. It was 

established that, depending on the number of -electrons in the metalcomplex compounds with 
the participation of metals with variable valencies gain additional stability due to the stabilization 
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of ligands [14, 15]. In the oxidation of cycloparaffins in the presence of homogeneous catalysts - 
compounds of metals with variable valencies - the catalyst is involved in all elementary stages of 

oxidation. -diketonates of metals have a wide field of application; catalysts of oxidation, 

polymerization and also in the production high-temperature superconductors [16, 17]. Metal -
diketonates are the most convenient model for studying of chelate complexes in the oxidation 
reaction of various substrates, however, these compounds were not used in the aerobic oxidation 
of petroleum naphthenic hydrocarbons. 

The work objective is studying of aerobic oxidation process of naphthenic hydrocarbons 

isolated from the petroleum fraction, both in the presence of transition metals -diketonates and 
also their modified forms. 

Experimental Part 

A diesel distillate (fraction at 216-350C), isolated from Azerbaijani petroleums mixtures 
was selected as the object of the studies. 

The diesel distillate was previously dearomatized. The physicochemical properties of the 

prepared naphthene-isoparaffin concentrate are as follows: ρ 20

4  = 0.8294 g/cm
3
; n 20

d =1.4677; 

mol. mas. = 187; pour point = -41.5 °C. The dearomatized petroleum fraction was oxidized in a 
bubble-type flow reactor equipped with sensors for automatic control of temperature and air 
flow, refrigerators for condensation of the evaporating components of petroleum feedstocks, and 
traps for collecting volatile reaction products. The reaction was carried out at temperature of 
125-140 °C and air flow rate of 0.03 m

3
 / kg·h. 

For the purpose of determining the acid (A.n.) and ether numbers (E.n.) the samples were 
selected in the course of the reaction. In order to avoid over-oxidation and for the purpose of 
selective isolation of synthetic petroleum acids (SPA), the reaction was carried out after the 
oxidation value reached A.n. = 50-70 mg KOH / g. The oxidate was divided into saponifiable 
and unsaponifiable components, and then SPA was separated from oxysynthetic petroleum acids 
(OSPA) by the known method [5]. 

-Diketonates of transition metals (Co, Cr, Mn, Ni) were synthesized by the known 
method [18], and their structural properties were determined using modern spectroscopic 
devices. 

                                
                       Manganese -diketonate           Cr -diketonate   

The phase composition of transition metal -diketonates was studied using “PANanalitical 
EMPYREAN” X-ray diffractometer, and thermal stability by thermogravimetric analyzer — 
LINSEIS STA PT 1600. 
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         Fig. 1. Diffraction pattern of synthesized chromium β-diketonate 

The calculation of the diffraction pattern shown in Fig. 1 indicates the presence in the 

spectrum of lines with d = 8.0730 (I = 100%); 6.91464 (I = 58.21%); 6.6233 (I = 59.44%); 

5.3241 (I=15.9%); 3.7619 (I=20.6%) Ǻ and others, corresponding to the most intense reflections 

of chromium β-diketonate of monoclinic structure. More than 95% mas. of the synthesized 

sample consists of this compound. 

 
Fig. 2. Diffraction pattern of synthesized nickel β-diketonate 

The calculation of the diffraction pattern of the synthesized sample of nickel β-diketonate 
(Fig. 2) indicated the presence of bands with d = 10.4526 (I = 100%); 5.4448 (I = 12.76%); 
5.3561 (I = 10.99%); 3.4834 (I = 7.51%); 4.8013 (I = 6.63%); 3.7927 (I = 4.40%) in its spectrum 
corresponding to the most intense lines of nickel β-diketonate. 
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Modification of metal β-diketonates was carried out under the following conditions: 

solution of -diketonate Cr, Co, Mn in ethanol with stirring (Т = 0C,   = 2 h) was added to 2,4-
dinitrophenylhydrazine. The precipitate was separated, dried and recrystallized from ethanol. 

Results and Discussions 
Earlier [4,5], we found that during aerobic oxidation, metal salts with variable valencies 

are directly involved in all stages of the liquid phase oxidation of olefins with the formation of 
intermediate complex compounds, both with molecular reaction products and with radicals. The 
composition of the oxidation products depends on the nature of the catalyst, on the position of 
the metal in the periodic system - complexing agent (i.e., filling of d-electron levels), on the 
structure of the catalyst ligand environment, changeable in the oxidation process and on the 
reaction medium. The salts of metals with variable valencies can slow down, accelerate and 
direct the reaction of liquid-phase oxidation in the direction of obtaining certain products. Using 
metal salts with variable valencies that are strong complexing agents and have different 
coordination numbers, oxidation products, including radicals as catalysts for liquid-phase 
oxidation of naphthenic hydrocarbons, are able to be included in the coordination spheres of 
complexes and it is accompanied by a redistribution of coordination places and the formation of 
complex of new composition with different energetic properties. These conversions determine 
the process rate and the direction of the reactions for the formation of the oxidation products. 
The process of aerobic oxidation in the liquid phase was studied at various concentrations of      

-diketonates of Me and the results are presented in Tab. 1. 

Table 1. The results of napthene-paraffinic concentrate oxidation in the presence of Cr, Mn, Co and 

Ni -diketonates (t=135-140°C, air flow rate of 0.3 m3/kgh, the reaction duration – 5 h  
The catalyst 

amount on the 
crude,% 

Oxidate SPA OSPA SPA+OSPA 

A.n., 
mg KOH/g 

Yield, % A.n., 
mg KOH/g 

Yield,% A.n., 
mg KOH/g 

Yield,% Yield, % 

- diketonate Cr 

0.1 39.1 82.0 125.8 10.3 118.5 5.0 15.3 

0.2 42.0 93.0 138.2 12.5 125.2 6.8 19.3 

0.3 30.6 89.0 130.2 10.0 115.8 9.2 19.2 

-diketonate Mn 

0.1 42.3 94.2 138.7 12.8 120.2 8.5 21.3 

0.2 52 96.2 136.0 14.0 125.2 10.0 24.0 

0.3 60 96.0 144.5 13.5 122.6 19.5 33 

-diketonate Co 

0.1 38.5 95 135.2 11 119.8 8.0 19.0 

0.2 52.5 95.8 142.2 12.7 124 6.5 19.7 

0.3 53.4 95.4 140.8 13.2 124.6 8.6 21.3 

-diketonate Ni 

0.1 36.2 95.4 136 11.2 115.4 9.0 20.2 

0.2 50.5 96.2 140.5 13.7 122.4 7.0 20.1 

0.3 50.6 95.4 138.8 12.2 125.2 8.5 20.7 
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As is evident from the Tab. 1, the catalytic activity of the used -diketonates of metals 

differs and it is associated with their structural peculiarities and the number of donor centers. 

Considering the effect of the complexes on the oxidation process reveals that the catalytic effect 

of Mn complex, taken at mass concentration of 0.1-0.3%, is higher than that of other complexes: 

thus, the total yield of SPA + OSPA while using Mn complex amounts to 21.3-33.0%. For Cr 

complex, this indicator is 15.3-19.2%, which is also confirmed by the low A.n. of oxidate.  

Increase in the amount of catalyst in the oxidation process from 0.1% to 0.3% causes a 

significant increase in the yield of both SPA and OSPA. On the basis of the analysis of data from 

previous studies, conditions were selected that ensure the maximum selectivity for the oxidation 

of naphthene-paraffin concentrate to synthetic petroleum acids in the presence of -diketonates, 

metals without the addition of electron-donor ligand. 

As is evident from the data of Tab. 1, it can be seen that manganese-containing catalyst has 

the highest activity in the series of used chelate complexes of metals with variable valencies.  

Catalytic activity of Ni (II) and Cr (III)-containing complexes is approximately the same, 

however, the yield of oxidate is higher in the sample containing Ni (III) cation. As can be seen 

from the data given in Tab. 1, with equal value of the used catalysts Mn (II), Co (II) - 0.3% on 

the crude, the yield of synthetic naphthenic acids is the same 13.5% and 13.2. However, the yield 

of oxynaphthenic acids is significantly higher (19.5% vs 8.6%) by using Mn (II). In addition, the 

acid number of oxidate and SPA is maximal while using -diketonate of Mn. 

Thus, the optimal concentration in the reaction for 5 hours amounts to 0.3% for the 

presented complexes. The total acid yield is maximum at this concentration. The excess amount 

of complexes has a role of an inhibitor in the process. This effect of catalysts can also be 

explained by the fact that they undergo various complex chemical and physicochemical 

conversions in the oxidation [9]. The use of manganese chelate complex leads to the prevailing 

formation of oxyacids and, in general, increase in the yield of acids mixture (33.0%). 

According to the general patterns of the liquid-phase oxidation reaction, the addition of 

oxygen to naphthenic hydrocarbon molecule occurs according to the following scheme: 

 

RH + O2  R  +HO 

2  

The chain of oxidative transformations starts with the free radical (R  ) formed in the 

system and it is alternation for the following reactions: 

 

R  +O 2                   RO 

2  

RO 

2 +RH                   ROOH+ R

 

The addition of oxygen to the radical R

 occurs very quickly with constant rate of 10

7
-10

8
 

l/mol and practically without activation energy. 

The process of aerobic oxidation of naphthene-isoparaffinic concentrate in the liquid phase 

was studied at various ratios of the most active -diketonates of Cr and Mn. The results are 

presented in Tab. 2. 
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Table 2.  The results of naphthene-paraffinic concentrate oxidation in the presence of                       

-diketonates mixture of Cr and Mn (t=135-140°C, air flow rate 0.3 m
3
/kg∙h,                

reaction time 5 h) 

  

Catalyst 

A.n. of 

oxidate 

mgKOH/g  

 

SPA OSPA SPA+OSPA 

Yield,% A.n./ E.n.,      

mg KOH/g 

Yield, 

% 

A.n., 

Mg KOH/g 

Yield,  

% 

1 Cr:Mn = 1:1 60.2 11.8 147.6 / 22.8 16.0 118.6 26.8 

2 Cr:Mn= 2:1 61.1 12.1 151.2 / 23.4 15.8 116.4 26.9 

3 Cr:Mn= 3:1 63.8 15.0 176.0 / 22.0 20.1 145.4 36.7 

 As is evident from the data given in Tab. 2, the combined use of two chelate complexes of 

Cr and Mn allows to increase SPA yield and the best result was obtained using a mixture of 

catalysts with a 3-fold molar excess of the chromium complex. Thus, the total yield of SPA + 

OSPA amounts to 36.7%. This is the highest result and A.n. of SPA is 176 mgKOH / g, and A.n. 

of OSPA is 145.4 mg KOH/g. We also studied the oxidation reaction of naphthene-isoparaffin 

concentrate on the selected catalyst depending on the content of the catalytic mixture and time. 

The results are presented in Tab. 3. 

Table 3. Duration effect of naphthene-isoparaffin concentrete oxidation in the presence of                 

-diketonates of Cr and Mn (molar ratio of 3:1, t=135-140°C, air flow rate 0.3m
3
/kgh)  

The obtained data, presented in Tab. 3 show that the oxidation process with an increase in 

the reaction time from 5 to 6 h leads to a deterioration in the properties. Thus, A.n. and the yield 

of SPA decreases, the same tendency in the production of OSPA; A.n. of SPA using 0.2% of CT 

with a reaction time of 5 h amounts to 176 mgKOH/g with yield of 15%, reaction time of 6 h 

with the same catalyst content, the coefficient of A.n. decreases to 149.0 mg KOH / g, and the 

Catalyst 

amount on 

the crude, %  

 

Oxidate SPA OSPA SPA+OSPA 

A.n., 

mgКОН/g 

Yield, % A.n., 

mgКОН/g 

Yield, % A.n., 

mgКОН/g 

Yield, % Yield, % 

During 5 h 

0.1 58.9 97.7 150 13 148 15 28 

0.2 68.3 95 176 15 145.4 20 36.7 

0.3 63.2 96 150.5 15 130.2 14 29 

0.4 63 95.6 140.9 14.2 122.6 14 28.2 

0.5 61.8 95.2 138.5 13.5 125.8 14.2 27.7 

During  6 h 

0.2 57.2 94.3 149.0 12.8 121.3 17.5 23.1 

0.3 64 94.8 145.2 12.2 116.2 16.8 29.0 

0.5 65 94.2 144.5 12 115.7 16.5 28.5 
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yield is 12.8%. This proves a decrease in the selectivity of the oxidation process. 

It is known that, depending on the number of d-electrons in a metal, complex compounds 

of metals with variable valencies get additional stability due to the stabilization of ligands. The 

peculiarity of the liquid-phase catalytic oxidation of naphthenic hydrocarbons is a decrease in the 

initial activity of metal-containing complexes during the reaction. One of the ways for increasing 

the catalytic activity of metal-containing complexes is the addition of donor-acceptor additives 

of promoting effect into the coordination sphere of ligands. Addition of additives - electron-

donor ligands causes a significant increase in the selectivity catalyzed by transition metal 

acetylacetonates. 

The reaction was studied in the presence of complexes of -diketonates of various metals 

with 2,4-dinitrophenylhydrazine (DNPhH) for determination of the effect of electron-donor 

complexing additives on the selectivity of oxidation and the yield of SPA and OSPA. For the 

purpose of establishing the promoting effect of nitroxyl radicals in the ligand environment of 

metals, Me (Acac)n derivatives were tested both individually and in the mixture in the oxidation 

reaction of naphtheno-iso-paraffinic concentrate (Tab. 4). 

Table 4. Test results of 2,4-dinitrophenyl derivatives of -diketonates of transition metals in the 

process of liquid-phase oxidation of the naphthene-isoparaffinic fraction                                        

(t = 125-130°C, air flow rate 0.3 m3 / kg ∙ h, reaction time 5 h) 

 

 

№ 

Catalyst 

(cat. amount -

0.2%) 

A.n. of 

the 

oxidate, 

mgКОН/g 

SPA OSPA SPA+ОSPA 

Yield, 

% 

A.n., 

mg КОН/g 

Yield, 

% 

A.n., mg 

КОН/g 

Yield,  

% 

1 The complex 

of -dike-

tonate of  Мn 

with 2,4-

DNPhH 

77 18 153 16 143 34 

2 The complex 

of -dike-

tonate of  Cr 

with 2,4-

DNPhH 

51.8 13.2 139.4 10 135.37 23.2 

3 The complex 

of -dike-

tonate  Со  

with 2,4-

DNPhH 

52.5 15 146.47 11 105 26 
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Cont. of Tab. 4 

4 The complex 

of -diketo-

nates  Cr and 

Mn with 2,4-

DNPhH 

(1:3) 

60 15.2 133.6 18.5 120.6 33.7 

5 The complex 

of -diketo-

nates  Cr and 

Co with 2,4-

DNPhH 

(1:3) 

62.8 17.0 147.6 23.1 124.0 40.1 

       

6 

The 

complexes of  

-diketo-

nates  Cr and 

Mn with 2,4-

DNPhH 

(3:1) 

55.0 17.5 136.0 18.8 126.5        36 

   7 

    

The 

complexes of 

-diketo-

nates of  Cr 

and Co  with 

2,4-DNPhH 

(3:1) 

 

61.3 

 

 

16.7 

 

141.5 22.0 119.0 

 

38.7 

 

Note: test №7 was carried out at 135-140
0
С 

As is evident from the data of Tab. 4, the addition of ligands influences on the progress of 

the oxidation process differently. Thus, the complexes of Cr (III) and Co (II) with 2,4-

dinitrophenylhydrazine separately increase the yield of SPA. The total acid yield is 26%, and the 

catalyst content in the mixture is reduced to 0.2%. At the same CT concentration, the acid yield 

does not exceed 19.7% by using unmodified diketonates of these metals. However, the joint use 

of these complexes causes a significant increase in the yield of acids - 40.1%. In the course of 

the studies, it was also found that carrying out the reaction at 135-140С is impractical, because 

the reaction proceeds with a maximum yield of acids with a high acid number at 125-130С. In 

the case of using modified forms of -diketonates of various metals, the transfer of the oxygen 

atom from the nitroligand also occurs. The nitrosyl complex formed in the reaction is oxidized 

by atmospheric oxygen: 
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2LMe(NO) + O2 2LMe(NO2) 

The increase in temperature up to 140C does not lead to the increase in the selectivity of 

the process however increase in the duration in the range of 3-5 h contributes to the maximum 

conversion of the crude. By changing the metal atom in the coordination sphere, it is possible to 

carry out the oxidation of the selected end-product. Thus, the yield of OSPA is maximum and 

reaches 23.1% using complexes of -diketonates Cr and Co with 2,4-DNPH (1: 3), the yield of 

SPA reaches 18%, and .n. is 153 mgKOH / g by using the complex of -diketonates of Mn with 

2,4-DNPH. Getting maximum yield of the acid in the presence of Co and Cr complexes mixture 

by the oxidation of the naphthene-isoparaffin fraction proves a significant role in changing the 

population of d-electrons for determining the nature of the initiation of free radicals, as well as 

the value of the intermediate complex decay rate constant [19]. 

The addition of electron-donor NO2 groups into the ligand environment of Co (II)              

-diketonate leads to a decrease in the concentration of hydroperoxide, that can be explained by 

a decrease in the equilibrium constant of the complex formation reaction (CoLn ... ROOH) and 

an increase in the rate constant of its decomposition into free radicals as a result of interaction 

reaction of the complexes with RO 

2 , as well as the hydroperoxide decomposition: 

 RO 

2  + CoL
2

  ROOH + CoL 

2  

 CoL 

2

 
+ RH  R



 + CoL
2

 

 CoL 3  + ROOH  CoL
2

OH + RO


 

 CoL 3  + ROOH  CoL 2 + HL + RO 

2  

Catalytic activity of complexes with mixed ligands is increased as a result of the 

weakening of Co-O and Co-N bonds in the chelate in the result of increased asymmetry of the 

ligand field [20]. 

It should be noted that the presence of the metals with variable valencies of bond 

isomerism in beta-diketonates as well as the existence in polymer form in solution have 

significant influence on the catalytic activity [16].  

Thus, as a result of the studies, it was found that addition of nitroradicals into the ligand 

environment of -diketonates of transition metals causes an increase in the rate and selectivity of 

the reaction, and also helps to decrease the process temperature by oxygenated air oxidation of 

naphthene-paraffin concentrate to produce synthetic and oxysynthetic acids. The yield of 

petroleum acids mixture amounts to 40.1% by the joint use of modified -diketonates of Cr and 

Co.  
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