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Abstract 

There have been presented the results of liquid-phase aerobic oxidation of 

naphthene-paraffinic hydrocarbons, separated from 217-349
0
С fractions of 

Azerbaijan oils in the presence of the reduced graphene oxide. There have been 

studied dependences of the yield of synthetic petroleum acids and oxyacids on 

the catalyst concentration, reaction time and solved optimization problem of 

obtaining oil acids and oxyacids. There have been found out optimal conditions 

for carrying out of the process 
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Introduction 

Perspectivity of hydrocarbons aerobic liquid-phase oxidation processes is determined by 

saving of the synthesis products with high selectivity, significancy and easier handling, 

comparatively [1-3]. Whereas, molecular oxygen is easily accessible and it is simultaneously 

pure oxidant by environmental point of view, partial oxidation reaction in the presence of it is in 

greater interest. Experimental use of liquid-phase oxidation reactions by air oxygen of 

hydrocarbons, separated from oil or oil fractions in the presence of special catalysts, activating 

both O2 molecule and oxidation substratum, leads the reaction for forming of target product. A 

wide range of acids with a variety of applications is formed by oil hydrocarbons oxidation. 

Synthetic petroleum acids (SPA) are used for syntheses of chemical products, including 

desiccants, homogeneous catalysts, corrosion inhibitors, surfactants etc [4-6]. However, in the 

liquid-phase oxidation process of petroleum hydrocarbons, simultaneously with SPA, 

oxysynthetic petroleum acids (OSPA) are also formed in a significant amount, which have wide 

application in industry [7,8]. 

Thereby, the process of obtaining the mixtures of SPA and OSPA could be recommended 

for commercial implementation, therefore it is necessary optimization of the process by 

contemporary computer programs. 

Thus, the aim of this work was studying of liquid-phase oxidation of naphthene-paraffinic 

hydrocarbons in the presence of the reduced graphene oxide by the methods of statistical 
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working of experimental data and solution of the task of optimization of the process of jointly 

obtaining of SPA and OSPA. 

Experimental Part 

Diesel fraction of Azerbaijan oil mixtures was taken as an object of study. The fraction 

was dearomatized. All of the characteristic properties of initial diesel, and also naphthene-

paraffinic fractions, separated from it, have been presented in the work (Tab.1, Fig.1 and 2) [9]. 

Table 1. Physical-chemical indices of the diesel fraction before and after the extraction 

Indices Diesel fraction 

Before extraction After extraction 

Molecular weight, Mw 225 200 

Density, ρ
20

4 , kg/m
3
 842 835.9 

Refraction coefficient, 
20

Dn  1.4677 1.4638 

Kinematic viscosity, at 20°C, mm
2
/s 5.71 5.52 

Freezing temperature, °C minus 41.4 minus 51 

Boiling temperature, °C 217-349 220-340 

Acid number (A.n.), mqKOH/q 1.73 - 

Iodine number, at100 q fuel, qJ2 2.25 - 

Amount of sulfur, % wt. 0.0936 0.03 

Amount of the aromatic hydr., % wt. ~17-18 1 

IR-spectra of the samples (before and after dearomatization) were taken on ALPHA İQ-

Furye spectrometer, produced by BRUKER company of Germany and presented in Fig. 1 and 

Fig. 2. 

              
Fig. 1. IR-spectrum of diesel fraction                         Fig.2. IR-spectrum of dearomatized diesel  

fraction 

Fig. 1 and Fig. 2 presents that, according to the IR-spectrum of diesel fraction before 

dearomatization, there have been obtained: pendulum vibrations of –C-H bonds of –CH2 groups 

on 722 cm
-1

, 742 cm
-1 

absorption band; deformation vibrations of  –C-H bonds of –CH2 groups 

on 1376 cm
-1

, 1458 cm
-1 

absorption band, correspondingly valence vibrations of –C-H bonds of –
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CH3 and –CH2 groups on 2853 cm
-1

 və 2922 cm
-1

,2953 cm
-1

; valence vibrations of C-H bonds 

and C=C benzene ring on 1604 cm
-1

 and 3046 cm
-1

 absorption bands. 

IR-spectrum of dearomatized diesel fraction presents that aromatic hydrocarbons in the 

fraction have been minimized.  

Catalytic process of oxidation have been carried out in reactor of bubble type by 300 

l/kg·h. air speed at 135-140
°
С during 5-6 h in the presence of different amounts of catalyst. As 

the catalysts there have been used the reduced graphene oxide, two modifications – spherical – 

RGO-1 and pulverulent – RGO-2 taken in the amount of 0.02-0.2%. After the oxidation the 

target products (SPA and OSPA) have been separated from the oxidate according to the known 

method by precipitation with light benzine or petroleum ester [10, 11]. Test results are presented 

in Tab. 2. 

Table 2. Results of oxidation of naphthene-paraffinic hydrocarbons in the presence of reduced 

graphene oxide (RGO-1)  

As seen from Tab.2, crude loss in oxidation process is insignificant – the yield of oxidate 

amounts to 96-97%. By increase of catalysts content from 0.02 up to 0.1 according to the raw 

material, the yield of SPA + OSPA increases from 9.4 up to 36.2% (after 5 h). But by increase of 

the content from 0.1 up to 0.2% the yield of acid mixture reduces from 35.0% to 27.3%. 

A.n. of SPA amounts to 155 mg KOH/g when the catalyst density is 0.1% wt., but when a.n. of 

OSPA is 115.2 mg KOH/g  in 0.2 % wt. density, it varies correspondingly as 141.8 mg KOH/g 

and 115 mg KOH/g.  So, that taking the catalyst amount more than 0.1% wt., causes the 

reduction in the yield of SPA and OSPA. On the other hand, when the catalyst amounts to 0.2% 

wt., acid number of the obtained acids mixture is reduced than in 0.1% wt. 

Dependence of oxidation processes results on the time in the presence of RGO has been 

studied, too. Meantime, the catalyst amount according to the crude is 0.1% wt. and temperature  - 

135-140C. The process has been carried out for 7 hours, the yield and acid number of every 

sample, taken after an hour has been determined. The results obtained are set into Tab. 3 and 

Fig.3.  

 

 

 

Catalyst 

content, 

% mas. 

Oxidate SPA OSPA SPA+ОSPA 

A.n., 

mgКОН/g 

Yield, 

% 

A.n., 

mgКОН/g 

Yield,

% 

A.n., 

mgКОН/g 

Yield, 

% 

Yield, 

% 

0.02 35 82.5 112.8 7.4 100.8 2 9.4 

0.05 58.2 96.2 139.5 13 119.5 9 22 

0.07 59 96.5 140.8 13.8 120 14.2 28 

0.1 66.7 97.3 155 14.0 115.2 21.0 35.0 

0.15 66 96.9 140.5   15 112 17.2 32.2 

0.2 63 96.2 141.8  13.2 115 14.1 27.3 
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Table 3.  The results of the dependence of oxidation process of naphthene-paraffinic 

hydrocarbons in the presence of RGO-2 (t=135-140°C, air velocity - 300 l/kg∙h, the 

catalyst density on the crude – 0.1%) 

Reaction 

time, hour 

A.n. of 

oxidate, 

mgKOH/g 

The yield of the 

acids, % 

A.n. of the acids, 

mgKOH/g 

Yield of 

SPA+OSPA, % 

OSPA SPA OSPA SPA 

1 12.5 – 3.2 – 108.6 3.2 

2 18 3 6 105.5 110.7 9 

3 31.56 7 7.5 110.8 121.2 14.5 

4 51.5 17 16.2 112.3 146.9 33.2 

5 66.7 21.2 15 115.2 155 36.2 

6 68.5 24.8 12.3 116.8 154.5 35.1 

7 68.2 28.7 6.3 116.2 152.8 35 

As is seen on the table and graph, the yield and acid number of the obtained acids mixtures 

is higher in 5 hour duration of the oxidation process. So, that beginning from the 6th hour, both 

the yield and also acid number of the obtained SPA and OSPA mixture become reducing. It 

proves the reduction of oxidation process selectivity. It should be noted, that in 5-hour duration 

of the process, the obtained SPA+OSPA mixture has the most optimal acid number, yield and 

molecular weight that it is considered one of the main bases for SPA and OSPA obtaining 

process. From this point of view, it may be noted that, 5 h of the reaction duration and 0.1% wt. 

of the catalyst density may be considered as the optimal conditions for oxidation process of 

napthene-paraffinic hydrocarbons in the presence of RGO-2. 

 
 

Fig.3. Dependence of oxidation process of naphthene-paraffinic hydrocarbons in the presence of 

RGO-2 on the time 

 

RGO-2 
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Results and Discussion  

Based on the above-mentioned data, one may conclude that reduced graphene oxide has 

high activity in the process of transformation of naphthene-paraffinic hydrocarbons to SPA and 

OSPA by their oxidation in liquid phase and exceeds the traditional metal-containing catalysts 

significantly.  

So, based on the researches, it has been determined, that the optimal conditions for aerobic 

oxidation of naphthene-paraffinic hydrocarbons separated from 217-349C fraction of 

Azerbaijani oils mixture, in liquid phase in the presence of RGO-2 is as following: the catalyst 

density – 0.1% wt., temperature 135-140C, the reaction duration – 5 h. This condition allows 

obtaining the industrially SPA+OSPA mixture of high quality. 

Development of experimental data has been carried out on the basis of the methamatical 

statistics, consisting of the following stages: 

 establishing the relationship between the factors that affect the process in the form of a 

regression equation; 

 evaluation of the significance of the coefficients of the obtained model; 

 analysis of the model sensitivity on disturbance; 

 finding the optimal conditions for the process flow; 

 solving of the problem of process stability 

The first stage concerns correlation identification that characterizes the strength of the 

relationship in the data. Searching of correlation dependence leads to probable connection of one 

input variable Xi with another output quantity Y. 

Based on the experimental data, correlation was established between the input factors of 

the process: ratio of the catalyst to raw material X1, the acid number of the oxidant X2, 

mgKOH/g; yield of oxysynthetic naphthenic acid X3,% and the output factors, which are:  

oxidant yield Y1,%; synthetic naphthenic acid yield Y2,%; output SPA + OSPA Y3,%. 

There are various analytical methods for determining the coefficient of pair correlation. 

On the basis of the formula: 

n n n

i i i i

i=1 i=1 i=1

n n n n
2 2 2 2

i i i i

i=1 i=1 i=1 i=1

n x y - x y

r =

[n x - ( x ) ][n y - ( y ) ]

  

   

    (1) 

qualitative and quantitative properties of connection closeness between the input and output 

factors can be determined (Tab. 2). The results of the calculation revealed that the correlation 

coefficients found are in the range from 0.3 to 0.5 on the Cheddock scale, the connection 

tightness is weak. 

However, for statistical research, it becomes necessary determining of not only the 

correlation between the characteristics being studied, but also establishing of a certain functional 
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relationship between them using regression analysis that predicts one variable based on another 

one [12]. 

Taking into account that the number of experiments is m = 7 and factors n = 3, the output 

function can be represented as a linear polynomial: 

3,1
3

1

0  


jXaaY
i

jijj                    (2) 

where Yj — response; Xj — factor; aij — coefficients in regression equation. 

For this purpose, the function D = bbdesign (nfactors) of Matlab-6.5 program [13] was 

used, which allows obtaining the matrix D of the Box-Benckin plan for nfactors exp. The 

number of experiments in the matrix is equal to the number of factors. The elements of the 

matrix D are 1 and -1 coding maximum and minimum factor values, respectively. Blocks allow 

to group experiments in such way as to minimize the influence of changes in external conditions 

on the values of the parameters being evaluated. 

To determine equation coefficients, S-plus 2000 professional program developed by 

Mathworks was used for statistical data analysis, calculation of regression coefficients and 

coefficients of pair correlation for the specified samples. 

For solving this problem, the following adequacy criteria are used: 

1. The method of least squares, according to which the square of the deviation of the 

observed values of the effective indicator Yi from the model values Yi = f(Xi,), is 

minimized, where  =  (0, 1, …k)
T  are regression equation coefficients that is sought by 

the method of: 


 min)),((

1

2



n

i

ii XfY

 
Resulted regression is called as medium-square regression. 

2. The method of least squares, according to which the sum of the absolute deviations of 

observed values of the experimental values from the model Yi = f(Xi,), is minimized, i.e. 


 min),(

1




n

i

ii XfY

 
Resulted regression is called as medium-absolute. 

3. The minimax method is reduced to minimizing the maximum deviation modulus of the 

observed experimental parameter Yi from the model value f(Xi,), i.e. this model is 

minimaxed. 

Estimation of regression coefficients significance is confirmed by  significant coefficient 

of multiple correlation, the Student's test, and by an error in the approximation of the experiment, 

which has the form of: 

1

1
2

b

a
t =

S
, 
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where 2

bS  — error in the experiment. 

The resulting regression equations have the following form: 

Y1 = 79.34+0.00012X1 + 0.0045X2 - 1.08X3+3.083X1X2 - 16.14X1X3 + 0.055X2X3 

+0.00011X1
2
-0.05298X3

2
 

Y2 = -7.163+0.00011X1 + 0.4275X2 + 1.34X3 - 2.16X1X2 + 9.604X1X3 - 0.03X2X3 

+0.00011X1
2
-0.003X3

2
 

Y3 = -7.17+0.00012X1 + 0.43X2 + 2.35X3 - 2.154X1X2 + 9.61X1X3 - 0.032X2X3 

+0.00012X1
2
-0.0027X3

2 

Fisher’s test was used to verify the adequacy of the model obtained: 

2

ad

2

t

S
F =

S
, 

where 2

adS    and 2

tS   corresponding to the variance of adequacy and reproducibility. On the basis 

of the calculations obtained. 

4598.0
1011875.0

1046.5
F

7

9

p 









 

With a significance level of 5%, the calculated value is Ft = 4.49. As FpFm, the statistical 

model adequately describes studied process and can be used to determine the optimal process 

parameters (Tab. 4) [14]. 

Table 4. Comparison of experimental and calculated indices 

Y1 Y1p Y2 Y2p Y3 Y3p 

80 79.98 5.6 5.427 8.4 8.323 

82.5 82.48 7.4 7.24 9.4 9.35 

96.2 96.11 13 11.86 22 21.08 

96.5 96.36 13.8 11.97 28 27.46 

97.3 97.05 15 14.94 36.2 35.81 

96.9 96.71 15 14.55 32.2 31.08 

96.2 96.05 13.2 13.28 27.3 26.67 

It is necessary to solve the system of equations to determine the coordinates of S-center 

points of the surface being optimized: 
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which allowed us to find the canonical form of equation  (1)  

2

4

2

3

2

2

2

11 6.435.032.385.4556.98 xxxxY       (3) 

As can be seen from equation (3), coefficient values have the same signs and they are 

negative, i.e. the response surface is an elliptical paraboloid, and its center is the maximum. Fig.4 

reveals the response surface: 

 

Fig. 4. Response surface for three factors exp. 

Matlab-6 program was used to solve the optimization problem, this program contains 

modern algorithms for solving the linear programming problem.             

The maximum of the functional was taken as the optimization criterion,  
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Fmax = f(x1, x2, x3, x4) 

 

 with the following limitations on the process indicators: 

0    X1   0.2;  35   X2  66.7 ;  2.  X3  21.2. 

Calculations revealed that the highest yield of the oxidate Y1  100 % can be get at         

X1 = 0.024;  X2 = 60.13;  X3 = 16.96; synthetic naphthenic acid Y2   15.6 at X1 = 0.2;                

X2 = 62.5;   X3 = 9.78; SPA+OSPA  Y337 at  X1 = 0.04 ;  X2 = 42.58;   X3 = 21.2. 

The results are well in keeping with the experimental properties. 
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