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COMPOUNDS ON OXIDATION PROCESSES 

OF HYDROCARBON FUELS 
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the USSR, SU-634055 Tomsk, USSR 

(Received 20 April 1987) 

The effect of the structure of organic sulfur compounds on the oxidation processes of individual hydrocar- 
bons and commercial jet and diesel fuels has been studied. The inhibiting properties of sulfur compounds 
become manifest at low optimum concentrations; at higher concentrations a considerable increase in the 
oxidation rate is observed and formation of insoluble oxidation products such as gums and sediments 
occurs. When the structure of organic sulfur compounds is close to that of the hydrocarbon medium, 
minimum amounts of insoluble oxidation products are formed. 

Key nords: Disulfides, thiols, thiophanes, thiophenes, sulfides, sulfonic acids, sulfinic acids, the inhibition 
coefficient. 

Organic sulfur compounds occur in all petroleum hydrocarbon fuels. With rising boiling 
point the concentration of sulfur compounds in petroleum fractions increases.' 

Experimental results obtained in the study of the effect of sulfur compounds on the 
oxidation processes of jet (TS-1)' and diesel (DZ)§ fuels are reported. 

Individual and native sulfur compounds isolated from Samotlor crude (West Siberia) 
as well as individual hydrocarbons and commercial jet and diesel fuels freed from sulfur 
compounds have been studied (Tables 1, 2). The purity of the individual sulfur com- 
pounds studied was 99.92-99.95 wt. YO. 

All sulfur compounds inhibit the oxidation of hydrocarbons and mixtures thereof. A 
significant decrease is observed in the rate of reaction of initiated cumene oxidation 
carried out at 65 "C in the presence of sulfur compounds (Fig. 1). The induction period 
increases and the uptake of oxygen decreases (Figs. 2-4). The observed inhibition of the 
oxidation process can probably be accounted for by the readily proceeding termination 
of the oxidation chains. The radicals formed from the inhibitors are unreacfive and 
hence they are not involved in the subsequent reactions of chain elongation, recombina- 
tion occurring among the radicals themselves as well as between the radicals on the one 
hand and the active chain centres on the other. The inhibition coefficient is 1-2, which 
is equal to the number of oxidation chains broken by one inhibiting group. 

The mechanism of oxidation rate inhibition can be suggested based on the analysis of 
the variation of the oxidation rate W versus the initiation rate Wi . For the oxidation of 

'TS-I fuel is used for jet passenger aircrafts. 
"DZ fuel is used for diesel high-speed engines in winter. 
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384 G .  F. BOLSHAKOV 

Figure 1 The effect of sulfur compounds (0.01 wt. %) on initiated cumene oxidation. The curve 
correspond to those used in Table 1. 

numbers 

pure hydrocarbons and mixtures thereof and for second-order chain terminations the 
following equations hold: 

w = K,J(W,/Kd [RHI 
W = WY5 K,Kc'.~ [RH] 

In the presence of an inhibitor and in the absence of second-order chain termination, 

W = W,K, [RH]/(f K, [InH]) 

where K,, K, and K, are the constants determining the reaction rates: 

RH + 0, R' + H,O, + R 
R O ; + R O ; - % R O O R + 0 2 0 r R O H + 0 , + R  = 0 

RO; + InH % ROOH + In' 

f is the inhibition coefficient determining the number of radicals subject to termination 
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OXIDATION PROCESSES OF HYDROCARBON FUELS 385 

n0 140 
OXIMTION TIME, m'in 

Figure 2 The effect of sulfur compounds (0.01 wt. Yo) on noninitiated isopropyldecalin oxidation at 150 "C. 
6', 9': the sulfur compound concentration constitutes 0.3 wt. Yo (as recalculated for sulfur). 

on a single inhibitor molecule and characterizing the inhibition time of oxidation; K, is 
the rate constant of the interaction occurring between the peroxide radicals and the 
inhibitor; i t  characterizes the inhibition rate of oxidation. 

Thus, the inhibition activity increases with f, K, and [InH]. 
The structure of the sulfur compounds affects their inhibition rates (Figs. 1-4). The 

order of sulfur compounds studied with respect to their inhibition efficiency is as follows: 
thiophenes < sulfides < disulfides < thiols'. A detailed study made on the inhibition 
efficiency of sulfur compounds of each class relative to their structure permits to arrange 
these sulfur compounds in the following order of increasing inhibition efficiency (Table 
3, Figs. 2-4). It should be noted that these data were obtained for sulfur compounds 
of each class, the molar concentration of the functional group (as recalculated for sulfur) 
being similar in the hydrocarbons. The mass concentration of the sulfur compound is 
different (Table 1). 

The inhibiting properties of sulfur compounds become manifest at low optimum 
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OXIDATION PROCESSES OF HYDROCARBON FUELS 

60 x 
OXIDA 

I@ 
'ON TIME, min 

Figure 3 The effect of sulfur compounds (0.01 wt. %) on the noninitiated oxidation of TS-I fuel at 150 'C. 
7', 8', 9': the sulfur compound concentration constitutes 0.3 wt. YO (as recalculated for sulfur). 

concentrations (0.01-0.03 wt. YO).' At higher concentrations the oxidation rate increases, 
exceeding to a considerable extent the oxidation rate of the pure hydrocarbons (Figs. 
2-4). The formation of insoluble oxidation products such as sediments and gums occurs 
at a greater ratet. A series of experiments were conducted to elucidate the mutual effect 
of the structures of sulfur compounds and of the hydrocarbon medium on the formation 
of insoluble oxidation products. 

Individual sulfur compounds (0.2 wt. Yo as recalculated for sulfur) were added to 
individual hydrocarbons. The mixtures obtained were heated in an oxygen atmosphere 
in air-tight vessels for 6 h at 150 "C at a liquid/vapor phase ratio of 1 : 10. After the 
oxidation the amount of sediments and gums insoluble in the oxidation products was 
determined. 

'The insoluble oxidation products formed in fuels, especially in those for flying vehicles, are extremely 
undesirable because of their adverse effect on the vehicle operation reliability'. 
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388 G.  F. BOLSHAKOV 

Figure 4 
3’. 7’: the sulfur compound concentration constitutes 0.3 wt. % (as recalculated for sulfur). 

The effect of sulfur compounds (0.01 wt. %) on the noninitiated oxidation of DZ fuel at 150 “C. 

Chemical analyses of the sediments formed show that they contain significant quan- 
tities of acids (70-90%) which titrate with a distinct potential jump (Table 4). 

Oxidation of mixtures containing alkanes, cycloalkanes and linear aliphatic sulfur 
compounds and thiophanes leads to the formation of sediments whose average mole- 
cular weight is 670-810. With decreasing molecular mass of the hydrocarbon medium 
the molecular mass of the sediment also decreases. Sediments with a similar elemental 
composition are formed due to the oxidation of hydrocarbon/aliphatic sulfur compound 
mixtures. On oxidation of these mixtures the least amount of solid phase is formed in 
the case where the structure of the carbon skeleton of the hydrocarbon medium is similar 
to that of the sulfur compounds (Table 4). This is exemplified by the oxidation of 
n-hexadecanell -nonanethiol mixtures. In this case the least amounts of solid particles 
are formed relative to other mixtures. When the sediment was heated for 2.5 h at 150 “C 
in a specially designed unit particles with a radius of 500-550 A were f ~ r m e d . ~ . ~  Thous- 
ands of “average” conventional molecules of the sediment are involved in the formation 
of these particles. The formation of the solid phase occurs solely due to the presence of 
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OXIDATION PROCESSES OF HYDROCARBON FUELS 389 

Table 3. The effect of sulfur compounds on the initiated cumene oxidation at 343 K 

Compound (Sulfur compounds). lo2 K, , 1 /(mole s) f 
number* 

as recalcu- 
lated 
for sulfur, 
Wt.  VQ mole/l wt. YQ 

1 
2 
3 
4 
5 
7 
6 
8 
9 

10 
11 
24 
12 
13 
10 
11 
24 
12 
23 
13 
14 
15 
16 
14 
15 
16 
17 
18 
19 
17 
18 
19 
21 
22 

1 
1 
I 
I 
I 
I 
I 
I 
1 
1 
I 
1 
1 
1 

10 
10 
10 
10 
10 
10 

1 
I 
1 

10 
10 
10 
3 
3 
3 

20 
20 
20 
12 
12 

0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.27 
0.135 
0.27 
0.27 
0.27 
0.27 
0.27 
2.7 
2.7 
2.7 
2.7 
2.7 
2.7 
0.135 
0.135 
0.135 
1.35 
1.35 
1.35 
0.81 
0.81 
0.81 
5.4 
5.4 
5.4 
3.2 
3.2 

5.0 
3.9 
3.4 
5.0 
6.8 
4.3 
3.9 
5.7 
3.3 
9.0 
5.4 
5.4 
6.7 
5.8 

89.5 
53.8 
53.8 
67.0 
60.7 
58.2 
4.5 
3.4 
3.9 

45.4 
34.1 
38.5 
17.1 
12.6 
14.0 

113.9 
83.88 
93.1 
76.7 
85.5 

(0.9 f 0.2)- 103 

(1.2 f 0.4). 103 
(1.1 f 0.3)*10’ 

(1.4 f 0.3)*10’ 
(1.9 f 0.5)*10’ 
(2.7 f 0.3)*103 
(2.9 f 0.3).10’ 
(8.7 f 0.7)*104 

(43.40 f 0.6)-104 
(0.8 f 0.3)*10* 
(0.9 f 0.4). lo2 
(0.9 0.5). 10’ 
(1.2 f 0.3). 10’ 
(1.4 f 0.4)*10’ 

(0.9 f 0.3). 10’ 

(1.3 f 0.4).101 
(1.5 f 0.6)*101 
(1.6 f 0.7)-101 
(1.2 f 0.6)-102 

(0.8 f 0.2)*10’ 

(0.8 f 0.4). 10’ 

(1.8 f 0.5) 1 0  
(2.1 f 0.5) 10’ 
(1.3 f 0.2) 10’ 
(1.4 f 0.4) 10’ 
(1.7 f 0.7) lo’ 
(0.9 f 0.3) 10‘ 
(1.2 f 0.4) 10’ 

(1.3 f 0.7) 10’ 
(1.4 f 0.6) lo3 
(1.6 f 0.7) lo3 
(1.7 f 0.8) lo3 
(1.8 f 0.9) 10’ 

(1.8 f 0.2) 102 

0.09 
0.1 1 
0.13 
0.18 
0.30 
0.33 
0.35 
0.52 
0.98 

~ 

- 
- 
~ 

- 

0.07 
0.12 
0.12 
0.13 
0. I4 
0.15 
- 
- 
- 

0.18 
0.28 
0.32 
- 
- 

- 

0.17 
0.20 
0.23 
0.19 
0.20 

*See Table 1 

oxidized sulfur compounds in the mixture, for no sediment is formed on oxidation of 
pure alkanes/cycloalkanes. The products formed as a result of oxidation and condensa- 
tion contain aliphatic chains of considerable length; these compounds should be readily 
soluble in alkanes and cycloalkanes, especially in n-hexadecane. On further condensa- 
tion, the size of the oxidized molecules increases to hundreds of Angstrom and a solid 
precipitate is formed. 

IR spectra taken for the sediments formed by oxidation of mixtures containing a 
mixture of alkanes and cycloalkanes with aliphatic sulfur compounds display a number 
of similar bands, which testifies to the occurrence of similar structural groups and bonds. 
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390 G.  F. BOLSHAKOV 

Table 4. Characteristics of the solid phase formed on oxidation of hydrocarbon mixture in the presence of 
sulfur compounds* 

Sulfur Amount of Elemental composition. YO Molecular Total acid Carboxylic Sulfonic 
compound sediment, mass number, acids, acids, 
number** mg/lOOml c H s 0 mg KOH/lOOg wt. % wt. % 

I 2 3 4 5 6 7  8 9 10 

3 
1 

14 
15 
13 
10 
23 
24 
I I  
17 
19 

I 
14 
10 
1 

13 
15 
24 
19 

1 
14 
10 
24 

1 
13 
15 

I 
10 
14 
3 
13 
15 
19 

- 
18.7 

187.4 
9.8 

152.7 
9.2 

137.4 
9.4 
9.9 

10.1 
5.8 

87.4 

18.9 
161.1 
11.2 

190.3 
152.4 
163.8 
10.2 
81.4 

15.6 
12.4 
11.0 
9.9 

194. I 
178.2 
172.6 

38.4 
27.5 
32.7 
27.8 
27.4 
20.3 
8.2 

in n-hexadecane 
60.3 9.5 8.2 22.0 579.2 50.1 
55.2 6.3 11.5 27.0 760.3 48.4 
61.2 9.8 8.0 23.0 590.4 49.3 
52.3 6.8 12.0 28.9 786.3 44.3 
53.9 6.4 11.9 27.8 585.7 46.3 
62.3 9.2 8.1 20.4 762.8 52.3 
55.4 6.2 10.9 27.5 593.0 49.1 
60.9 8.8 8.7 21.4 752.3 48.4 
61.1 10.0 9.0 19.9 802.0 58.4 
57.3 6.1 11.8 25.0 595.4 32.4 
62.2 7.0 10.3 20.5 656.0 46.0 

60.9 8.8 8.0 22.3 810.1 52.4 
62.3 8.5 7.9 21.3 782.1 48.3 
61.8 7.9 8.1 22.2 792.1 47.8 
57.3 7.0 10.4 25.3 602.0 47.0 
58.4 6.4 9.8 25.4 588.0 43.1 
59.3 6.3 10.2 24.2 608.0 46.4 
61.4 8.4 8.1 22.1 777.3 42.0 
60.3 7.2 9.7 22.8 659.0 50.1 
in alkanes and cycloalkanes isolated from TS-I fuel 

61.2 8.0 8.2 22.6 754.2 53.4 
60.3 8.3 8.3 23.1 734.1 50.0 
60.4 7.8 8.0 23.8 762.4 48.4 
59.8 7.9 7.9 24.4 732.8 49.0 
57.4 6.2 9.8 26.6 586.3 47.0 
58.3 6.2 10.0 25.5 594.0 44.3 
57.0 6.4 10.9 25.7 597.3 46.2 

57.1 8.3 11.2 23.4 630.4 42.4 
58.0 8.1 11.5 22.4 627.5 43.4 
58.7 8.2 10.3 22.8 632.8 40.2 
60.4 9.6 8.3 21.7 590.3 44.2 
61.0 9.3 8.2 21.5 578.6 43.8 
60.8 9.7 8.5 21.0 585.9 42.4 
62.4 9.8 8.0 17.9 594.2 38.2 

in dodecylcyclohexane 

in isopropylbenzene 

22.5 
15.7 

. 17.3 
12.3 
14.3 
17.4 
12.1 
13.1 
20.1 
88.4 
16.1 

10.1 
17.2 
16.3 
8.4 

16.4 
12.3 
14.3 
14.0 

8.3 
14.3 
16.4 
17.0 
7.0 

16.4 
17.3 

24.3 
22.4 
23.8 
17.4 
12.2 
16.3 
32.4 

77.5 
84.3 
82.7 
87.7 
85.7 
82.6 
87.9 
86.9 
70.9 
11.6 
84.9 

89.9 
82.8 
83.7 
91.6 
83.6 
87.7 
85.7 
86.0 

91.7 
85.7 
83.6 
83.0 
93.0 
83.6 
82.2 

75.7 
77.6 
76.2 
82.6 
87.8 
85.7 
67.6 

* oxidation carried out for 6 h at 150 C in an oxygen atmosphere at a liquid/vapor phase ratio of 1 : 10. 
**see Table I. 

The IR spectra show intense C-H bands assigned to CH, and CH3 groups of aliphatic 
compounds (2960, 2920, 2850, 1460, 1380 and 720cm-I). 

An absorption of medium intensity shifted to the 1680-1650cm-' region is evidence 
for C=O . . . . HO hydrogen bonds, the C=O group being assigned to esters, acids and 
ketones (1420cm-' ). The sediment spectra show bands in the 3550-3520 and 3450cm-' 
regions which may be assigned to the stretchingvibrations of OH groups linked by 
intramolecular hydrogen bond. There are also bands showing the presence of >SCo "B 
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groups assigned to covalent sulfonates of the R'O-SO2-R2 type (1420-1330, 1200- 
1145cm-I). An absorption near 1130cm-' must be due to sulfinic esters of the R'- 
S -0-R' type. It should be noted that the sediments contain no sulfones and sulfoxides, 
I1 
0 
which signifies that the sediment molecules are formed by sulfur compound molecules 
with broken C-S bonds. The absorption near 930-1350cm-' may be due to thioacids 
and their derivatives. 

The situation is changed when mixtures of alkanes and cycloalkanes with aromatic 
sulfur compounds are oxidized. In this case a solid phase is formed the composition and 
molecular mass of which remain essentially the same irrespective of whether the said 
mixtures are oxidized in the presence of diphenyl sulfide, diphenyl disulfide, thiophenol 
or 3-methylbenzothiophene. The sediments formed due to the oxidation of these mix- 
tures have a lower molecular mass (560-580) relative to the sediments formed by 
oxidation carried out in the presence of aliphatic sulfur compounds. Chemical and 
spectral analyses reveal the similarity of the composition and structure of the sediments 
formed by oxidation of mixtures containing a mixture of alkanes and cycloalkanes and 
diphenyl sulfide, diphenyl disulfide, thiophenol and 3-methylbenzothiophene. The com- 
position of the mixture and the stuctures of the alkanes and cycloalkanes are of minor 
significance. 

The sediment spectra contain absorption bands of high intensity associated with 
covalent R'OS0,R2 sulfonates (1420 and 1200cm-'), sulfonic acids (1 15O-12O0, 1010- 
1080 and 630cm-'), sulfinic acids (1090 cm-') and sulfinic acid esters (1 140cm-I). 
Absorption bands due to CH bonds of CH, and CH, groups (2960,2920 and 2850 cm-' ) 
are indicative of the fact that alkane and cycloalkane molecules are involved in the 
formation of the solid phase, some of the chains consisting of four or more CH, groups. 
Since aromatic hydrocarbons contain no such chains, it is a further indication of the role 
played by the alkanes and cycloalkanes in the formation of the solid phase. However, 
these bands are of low intensity, which signifies that aliphatic structures play a minor 
role in the formation of the solid phase. There is unambiguous evidence of the occur- 
rence of benzene rings (1620 and 3050cm-') and of disubstituted species (960-1000, 
735-770 cm-' ). Since the original sulfur compounds contain a monosubstituted benzene 
ring, the formation of disubstituted species most probably occurs via HOC6H4SO; and 
HOC6H4 SO; . Oxidation of mixtures containing 3-methylbenzothiophene leads to the 
formation of sediments the spectra of which display a considerable amount of disub- 
stituted benzene rings (960-1000 and 736-772 cm- ' ) and of unsaturated R' R2C=CH, 
species (885 cm- ' ) out-of-plane deformation vibrations being assigned to the C-H bond 
appearing in the 885 cm-' region. 

Thus, the oxidation of thiophenol, diphenyl sulfide and diphenyl disulfide results in 
the formation of 

H O ~ S O ~ H  

species of similar structure, while the oxidation of 3-methylbenzothiophene gives 
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392 G. F. BOLSHAKOV 

species which show a strong tendency of oxidative condensation and hence play a 
significant role in the formation of the solid phase. Aromatic sulfonic acids and phenol- 
sulfonic acids interact with alcohols and hydroxyacids to give compounds which pre- 
cipitate on further condensation. The IR spectra taken for the sediments display clearly 
defined absorption bands of C=O and OH groups (1700-1720 and 3630, 3550-3450, 
3400 cm- I ,  respectively) assigned to alcohols, ketones, acids and hydroxy acids which 
were quantitatively determined by chemical methods. The absorption bands of high 
intensity displayed in the IR spectra around 3400cm-’ persist even on dilution, which 
is evidence of the presence of associates linked with intramolecular hydrogen bonds. 

Sulfur- and oxygen-containing compounds show a tendency to coagulation when 
mixtures of these compounds and of aromatic sulfur compounds are oxidized since the 
oxidation products formed contain aromatic structures capable of association. Due to 
a striking dissimilarity observed between aromatic sulfur compounds and the hydrocar- 
bon medium with respect to their chemical nature the sediments formed consist of 
particles of much greater size. The number of particles formed in this case is greater 
relative to that formed due to the oxidation of mixtures containing aliphatic sulfur 
compounds, alkanes and cycloalkane~.~ 

Based on the experimental data obtained it can be stated that: 
1. Organic sulfur compounds used at optimum concentrations are capable of effective- 

ly inhibiting the oxidation of hydrocarbons. 
2. Organic sulfur compounds may be arranged in the following order according to 

their inhibitive properties displayed towards oxidation of hydrocarbons at elevated 
temperatures: thiophenes < thiophanes (sulfides) < disulfides < thiols. The correlation 
of the inhibitive properties of sulfur compounds depends to a considerable degree on the 
structures of their hydrocarbon skeletons. 

3. Organic sulfur compounds occurring in hydrocarbon fuels tend to enhance the 
formation of insoluble oxidation products in these fuels. The amount of oxidation 
products formed depends on the structures of the sulfur compounds and of the hydro- 
carbon medium. 

4. When the structure of organic sulfur compounds is close to that of the hydrocarbon 
medium (ArS-Ar, AlkS-Alk) the least amounts of insoluble oxidation products are 
formed; however, when the structures of the sulfur compounds differ significantly from 
that of the hydrocarbon medium (ArS-Alk, AlkS-Ar) iarge amounts of these products 
are formed. 
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