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ABSTRACT 

This work presents the results of a series of experiments on heavy oil transformation in a steam-and-air 

environment at the temperatures and pressures that ensure the presence of water in the steam, the subcritical, and the 

supercritical states. As a result of heavy oil exposure to water, it has been found that in various thermodynamic conditions, 

water shows different reactivity and selectivity. In a series of experiments of the hydrothermal effect at temperatures in the 

range between 360 and 420 °C and the pressures in the range between 4 and 24 MPa, a decrease in the content of aromatic 

and resinous hydrocarbon compounds and reduced density of liquid end products have been detected. It has been shown 

that supercritical water provides the most significant formation of light fractions: compared to the source oil, their content 

increases 2.5 times. Mostly paraffin-naphthenic hydrocarbons are formed on the background of aromatic and resinous 

hydrocarbons destruction, while subcritical water ensures less significant formation of light fractions (their content 

increased by 73 %, compared to the source oil); however, it contributes to the most significant reduction in the content of 

asphaltenes (by 53 rel% compared to the source oil). The greatest degree of sulfur removal is mostly ensured by 

supercritical water. 
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1. INTRODUCTION 

Deteriorating structure of the reserves of the 

conditioned hydrocarbon raw materials and increased 

energy consumption entail the need to introduce 

unconventional oils, which make up more than 50 % of the 

world's oil reserves. The most popular methods of 

affecting heavy oil are thermal, in particular, using water 

in various thermodynamic conditions. The use of water is 

an environmentally friendly alternative source for 

upgrading heavy oil and meets the requirements of "green 

chemistry" [1]. 

In the studies [2 - 6], attention was paid to the 

effect of aquathermolysis on heavy oil in the temperature 

range of 185 - 265 °C and the pressure of 1 - 50 atm. 

These thermodynamic conditions resulted in reduced 

viscosity due to the reactions of cracking and extraction. 

The results of aquathermolysis [7, 8] of four types of 

heavy oil with various viscosity showed that the resin-

asphaltene substances in all experiments became saturated, 

aromatic hydrocarbons formed gases H2, CO2, CO, H2S, 

and CH4 [9, 10]. H2S formation sharply increases at the 

temperatures above 240 °C [11], while the content of other 

gas components increases at the temperatures above 

280 °C, which is the consequence of the onset of the 

thermal cracking reaction [12, 13]. The chemistry of oil 

changes with increasing the temperature: the content of 

asphaltenes reduces, which makes it possible to obtain less 

viscous oil containing greater amounts of low-boiling 

fractions. For instance, heavy oil aquathermolysis to 

325 °C reduces viscosity from 1,105 Pa٠sec to 1.5 Pa٠sec 

[14]. New formation of low-molecular components is a 

consistent result of resins and asphaltenes cracking toward 

the formation of paraffin-naphthenic and aromatic 

structures. The use of superheated steam in works [15, 16] 

results in reduced sensitivity of the aquathermolysis 

process during the reaction upon reaching the equilibrium. 

According to the authors' research [17], no significant 

viscosity reduction occured at temperatures below 280 °C. 

In a series of experiments, viscosity reduction to 80 % is 

achieved with a relatively short process of hydrothermal 

exposure with the use of subcritical water at the 

temperatures above 350 °C and the pressures above 200 

atm. The authors argue that the destruction of aliphatic 

links C-C, C-O, and C-S with the formation of mostly 

aromatic structures is a chemical source of viscosity 

reduction. The mass share of the fractions boiling below 

300 °C increases by 8 %. The decrease in the sulfur 

content is associated with breaking the C-S bonds between 

benzothiophenes and dibenzothiophenes. 

The role of water in preventing the reactions of 

asphaltenes sealing was discussed in works [18 - 24]. The 

transformation of asphalt-resinous components in 

supercritical water is a causal inference of forming high 

content of light fractions of crude oil boiling at T < 300°C 

[25 - 28]. Researchers attribute the high yield of light oil 

fractions and lower coke yield to the "supersolvent" ability 

and the unique dispersion ability of supercritical water [29 

- 31]. Besides, supercritical water effectively performs the 

desulfurization of heavy sour crude oil with broken C-S 

bonds [32 - 34], forming hydrogen sulfide. 

This work was aimed at determining regularities 

in the changes in the composition and the properties of 

heavy oil in a vapor-and-air medium at the temperatures of 
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360 - 420 °C and the pressures of 4 - 29 MPa. This work is 

a continuation of the studies described in works [35-37].  

 

2. METHODS 

The object of the study was heavy oil from the 

Ashalchi oil field, which was characterized by the absence 

of n-alkanes, and by the predominance of isoprenoid 

hydrocarbons of the іC14 - іC20 row, among which the 
maximum concentration was observed for pristane and 

phytane. The oil was characterized by the following 

physicochemical properties: density - 0.9857 g/cm
3
, 

asphaltene content - 7.7 wt%, resins - 37.8 wt%, water 

content - 3.48 vol%, and sulfur content - 2.8 wt% Distilled 

water was used for exerting the hydrothermal effect on the 

source oil; the thermodynamic conditions of the 

experiments ensured the transition of distilled water to the 

state of superheated steam, as well as to the sub- and 

supercritical state. The water in the process of 

aquathermolysis can act not only as a heat carrier and a 

solvent for organic compounds but also as a reagent due to 

decreasing the logarithm of the ion product, indicating an 

increase in the acidic and basic properties.  

The water to oil ratio was 1:1. The experiments 

were performed in an isothermal reactor with a volume of 

250 cm
3 
at T = 360 – 420 °C and P = 4 - 24 MPa. The time 

of heating to the required temperature was 40 minutes. 

After that, at this temperature, the experiment continued 

for 20 minutes.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure-1. The thermobaric conditions of experiments 

No. 1-4. 

 

In experiment No. 1 (T = 360 °C, P = 4 MPa), the 

water was in the state of superheated steam. In the 

conditions of experiment No. 2 (T = 360 °C, P = 21 MPa), 

the water was in the subcritical state. The water in the 

supercritical state was in experiment No. 3 (T = 420 °C, P 

= 24 MPa). Experiment No. 4 was performed without 

water as the reference for comparative analysis; the 

temperature and pressure were similar to those in 

experiment No. 3 (Figure-1). 

 

3. RESULTS AND DISCUSSIONS 

The experiment with the use of supercritical 

water (T = 420°C, P = 24 MPa) was characterized by the 

greatest density reduction (to 0.7162, which was 27 rel% 

lower compared to the source oil) accompanied by the 

natural reduction in the content of the fraction boiling at T 

= 350°C and more (by 13.4 rel% compared to the source 

oil). The 2.5-fold increase in the content of the fraction (at 

b.p. of 200 °C) (Figure-2) and the increase in the content 

of paraffin-naphthenic hydrocarbons (PN HC) by 67 rel%, 

compared to those of the source oil, as well as the 

reduction in the content of aromatic hydrocarbons (Ar HC) 

by 60 rel%, resins (R) by 45 rel%, and asphaltenes (A) by 

28.5 rel% (Table-1) are causal inferences of the 

destruction of high-molecular polycondensed oil 

compounds with the separation of peripheral alkyl 

substituents. 

The lowest formation of fractional low-boiling 

hydrocarbons (b.p. of 200°C from 6.5 % to 8.1 %) was 

observed in the experiment in the medium for anhydrous 

oil cracking (T = 420 °C, P = 24 MPa), where the content 

of asphaltenes (A) increased by 22 % rel, which was the 

result of the reactions of carbonization and densification.  
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Table-1. The data about group composition of oils 
 

Experiment No. 

The density of the 

aquathermolysis 

product, kg/cm
3
 

Group composition, wt% 

PN 

HC 
Ar HC R A 

Source oil 0.9857 40.8 13.7 37.8 7.7 

1. Superheated 

steam 
0.9723 53.7 13.3 25.9 7.1 

2. Subcritical 

water 
0.9125 61.2 12.9 22.3 3.6 

3. Supercritical 

water 
0.7162 64.7 68.2 5.5 20.8 

4. Anhydrous oil 

cracking 
0.915 73.8 62.0 7.2 12.7 

 

 
 

Figure-2. The data of the fractional composition of 

aquathermolysis products 

 

The process of heavy oil hydrothermal 

conversion in superheated steam (T = 360°C, P = 4 MPa) 

is characterized by an increased share of the fraction (b.p. 

200 °C by 46 rel%) and increased by 31 rel% content of 

paraffin-naphthenic compounds, compared to the source 

oil. The process of resins and asphaltenes destruction is 

the most intensive: their content reduced by 31rel% and 

8 rel%, respectively. 

The effect of water on the oil at the subcritical 

state (T = 360 °C, P = 21 MPa) is the result of the greatest 

reduction of the content of asphaltenes (by 53 rel% 

compared to the source oil) in the liquid product, which is 

explained by the fact that subcritical water, in addition to 

the functions of an agent preventing the reactions of 

compaction and coke formation and reducing the partial 

pressure of oil hydrocarbons, also has the functions of 

a reagent participating in the transformation reactions. In 

the subcritical state, water has an ionization constant three 

orders higher than the ionization constant in normal 

conditions and can participate as a donor of hydrogen 

proton in the hydrogenation reactions of heteroatomic oil 

compounds, such as resins, asphaltenes, and their thermal 

degradation intermediates during aquatermolysis. 

Based on the indicators of elemental analysis, the 

thermal destruction of heavy oil in all experiments was 

described by the behavior of the desulfurization reaction, 

which was characterized by reduced sulfur presence (from 

2.8 % to 1.8 - 0.4 %) (Table-2). It may be assumed that 

due to the removal of sulfur, the formation of hydrogen 

sulfide and sulfur oxides is possible.  

 

Table-2. The data of the elemental analysis of oil and 

liquid products. 
 

Experiment No. 
Elemental analysis, wt% 

C H S N 

Source oil 80.6 12.8 2.8 0.4 

1. Superheated steam 82.5 10.9 0.4 0.4 

2. Subcritical water 81.3 11.2 1.8 0.5 

3. Supercritical water 77.8 11.7 1.0 0.5 

4. Anhydrous oil 

cracking 
78.6 12.1 1.1 0.5 

 

It should also be noted that the presence of 

nitrogen after the experimental processes remains 

permanent, which is caused by the presence of nitrogen in 

the source oil in thermally stable tetrapyrrole compounds 

and vanadyl-porphyrinic complexes, rather than in 

aliphatic and aromatic amines.  

During experiment No. 3 at the temperature of 

420 °C and the pressure of 24 MPa, converted oil shows 

reduced Newtonian viscosity from 2.20 to 2.11 Pa·sec, 

compared to the source oil (Figure-3). 
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Figure-3. The index of the viscosity anomaly in the source 

and converted oil. 

 

This change in the rheological properties of the 

newly formed oil is the result of both increasing the 

amount of low boiling fractions and breaking the C-S 

bonds in its resinous-asphaltene components. The end 

product of hydrothermal exposure in experiment No. 2 (T 

= 360 °C, P = 21 MPa) with subcritical water also features 

the two-fold reduction of viscosity, compared to that of the 

source oil. 

In the conditions of the hydrothermal conversion 

of heavy high-viscous oil products, the following reactions 

prevail: destruction of heteroatomic -C–N-, -C–O-, -C–S- 

and -C-C- bonds, dealkylation of paraffin-naphthene and 

aromatic structures, dehydration of n-alkanes and 

naphthenic compounds (N2↑), dehydrocyclization of n-

alkanes, opening of naphthenic rings, cyclization of 

alkenes, and dehydrocondensation of aromatic compounds 

(coke formation) (N2↑), as well as hydrogenation 
(hydration), hydrodealkylation, isomerization of high-

molecular n-alkanes, hydrolysis of heteroatomic 

compounds, desulfurization, denitration, decarboxylation, 

gasification, and polycondensation (Table-3). 

 

Table-3. The prevailing reactions of extraviscous oil transformation in hydrothermal conditions with particles 

of metal oxides. 
 

Experim

ent No. 
Water state 

Hydrothermal conditions 

The prevailing reactions of type B² 

superviscous oil conversion 
Oil / 

water 

ratio 

Temperatu

re, °C 

Pressure, 

MPa 

1 Superheated steam 1:1 360 4 
dehydration, desulfurization, 

polycondensation, dealkylation 

2 Subcritical 1:1 360 21 
dehydration, desulfurization, denitration, 

dealkylation 

3 Supercritical 1:1 420 24 
dehydration, desulfurization, denitration, 

opening of naphthenic rings, dealkylation 

4 
Without water 

(reference) 
1:1 360 21 

dehydration, dehydrocondensation, 

polycondensation, desulfurization to a lesser 

extent, denitration 

 

4. CONCLUSIONS 

The results of the experiments in heavy oil 

conversion in the vapor-and-air medium, at the 

temperatures and pressures that ensure the presence of 

water in the state of superheated steam and in subcritical 

and supercritical states have been shown. It has been 

found that, depending on the thermodynamic states, water 

has different reactivity to transformations of heavy oil 

hydrocarbon components. It has been shown that 

supercritical water contributes to the most significant 

formation of light fractions with Tb.e. = 350 °C: their 

content increased 2.5 times, compared with the source oil. 

The formation of a large number of paraffin-naphthenic 

compounds due to the destruction and subsequent 

hydrogenation of polyaromatic and resin-asphaltene 

substances is characteristic of the hydrothermal effect of 

water on oil in the sub- and supercritical state. The greatest 

degree of sulfur removal is ensured by supercritical water. 

Subcritical water, unlike supercritical water, ensures the 

formation of 73 rel% of new light fractions, and 

contributes to decreasing the content of asphaltenes by 

53 rel%, compared to the source oil.  
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