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Abstract

The high content of metal- and sulfur-containing compounds in the composition 
of heavy oil residues leads to negative impacts during their processing, the use of 
catalysts and equipment. To solve this problem, various methods of demetallization 
and deasphalting are proposed. The article provides information on various 
methods of demetallization, desulfurization and coking of heavy oil residues. The 
disadvantages of the considered methods are shown, and a thermal adsorption 
processing method is proposed as an effective method of demetallization and 
desulfurization. The results of demetallization and desulfurization of vacuum 
residue from the Pavlodar Petrochemical Plant (Kazakhstan) using various 
adsorbents: serpentine, zeolite modified with wollastonite and coke, kaolin clay 
with coke are presented. The maximum degree of demetallization of 81‒94% with 
respect to vanadium and nickel is observed when using kaolin clay modified with 
coke as an adsorbent and during the process at 400 °C for 4 h. The maximum 
degree of desulfurization 39.6% is observed during the process using zeolite 
modified with wollastonite and coke at 400 °C for 3 h. After demetallization and 
desulfurization, the vacuum residue was subjected to a coking process to produce 
coke with improved performance and yield. Coke with good yield (32%) and low 
values of ash and mass fraction of total moisture is obtained by vacuum residue 
coking after demetallization with kaolin clay modified with coke.
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1. Introduction

Sulfur and metal-containing compounds are 
present in the composition of oil and oil products, 
which deactivate the catalysts of secondary pro-
cesses, lead to equipment corrosion, and reduce the 
quality of oil products obtained. Basically, they ac-
cumulate in heavy oil residues, which provides for 
their preliminary treatment and demetallization.

For the preparation of heavy oil feedstock for 
deep processing at refineries, preliminary deas-
phalting and demetallization processes are used, 
in which the viscosity, density and coking behav-
ior of oil products decrease, the content of metal 
compounds in it decreases and clarification occurs 
[1]. The removal of asphaltenes also results in the 

removal of complexes of vanadium, nickel and or-
ganic compounds with heteroatoms, especially ni-
trogen and sulfur.

Currently, in the oil industry, the demetalliza-
tion of heavy oil feedstock is carried out by the 
processes of solvent extraction, deasphalting, hy-
drogenation and thermal destruction.

Various options for extraction methods of dea-
sphalting are summarized in the paper [2]. The 
uniqueness of the developed technical solutions 
lies in the implementation of the features of the 
multi-stage extraction process in oil refining - con-
tacting oil with solutions (or vapors) of inorganic 
acids, which allows only by changing the distribu-
tion coefficients of inorganic components to sepa-
rate them from the oil (organic phase) into anoth-
er phase without changing the physical chemical 
properties and structural composition of oil sup-
plied for processing.
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Extraction of metal-containing compounds, in-
cluding metal porphyrins, from petroleum fractions 
with a boiling point above 300 °C is carried out 
with a mixture of 90‒60 vol.% pyrrolidone-2 and 
10‒40 vol.% C1‒C3 alcohol. The content of metals, 
in particular vanadium, according to the authors of 
[3], decreases 10‒15 times.

However, solvent processes are characterized 
by high energy intensity, increased operating and 
capital costs, and lead to the formation of an even 
heavier asphalt residue than vacuum residue.

Chemical methods include the use of the com-
plexing agent demetallization, thermal processes 
related to visbreaking and coking, and hydrogena-
tion.

Chemical methods of demetallization involve 
the destruction of the bond of metals with the or-
ganic matrix of oil components, or the transfer of 
metal-containing components of oils into another 
chemical form, which is accompanied by a loss 
of their solubility in the oil environment. A fairly 
high degree of demetallization of oils and petro-
leum products is achieved when they are treated 
with acids. The most widely used acids are sulfu-
ric, various sulfonic acids (methanesulfonic acid, 
p-toluenesulfonic acid, sulfobenzoic, sulfosalicyl-
ic, sulfonyl), hydrofluoric in the presence of hydro-
gen, polyphosphoric, and phosphorous, hydroxy-
carboxylic. Reducing and oxidizing agents are 
used to reduce the content of metals in oil systems 
[4]. 

When the metal-containing components of oils 
interact with some chemical compounds, products 
are formed that are insoluble in a hydrocarbon me-
dium.

Chamorro et al. [5] studied the removal of met-
als and sulfur in carbonaceous material under mi-
crowave heating, the degree of Ni and V removal 
reached 80 and 99%, respectively, using an acidic 
solution during microwave irradiation of 15 min.

Wen et al. [6] used microwave heating to re-
move Ni and V from Iranian and Shengli crude oils 
using sodium dimethyldithiocarbonate as a demet-
allizing agent in the presence of water. The feasi-
bility study has been demonstrated with removal 
rates of 45‒49% for Ni and 70‒87% for V, over a 
temperature range of 80‒90 °C, microwave power 
of 100‒800 W and treatment time of 5‒60 min.

Organic demetallizing agents such as cationic 
starches (CS), carboxymethylchitosan (CT) and 
chitosan Schiff base have been proven high effi-
ciency in conditions of exposure to microwaves. A 
number of cationic starches with varying degrees 

of substitution were synthesized by the reaction of 
soluble starch with NaOH and an esterifying agent 
consisting of a quaternary ammonium salt. The 
higher the degree of substitution of CS for cations, 
the greater the effect of electrostatic adsorption 
of positive ions of heavy metals. When using car-
boxymethylchitosan (CT-50) as a demetallization 
agent, the efficiency of Ni and V removal reached 
69.8% and 93.7%, respectively, under mild pro-
cessing conditions. Microwaves are believed to 
enhance molecular motion. The structure of organ-
ic compounds Ni and V became loose; they were 
adsorbed in CT-50 and reacted with amino (-NH2) 
and carboxylic (-COOH) groups [7‒9].

Although demetallization using microwave ra-
diation has shown influence on the removal of Ni 
and V, lower thermal efficiency and conversion 
rate were found, in addition, the mechanism under 
microwave irradiation is still unclear [10].

Recently, there has been a tendency to develop 
processes of an intermediate type between ther-
mal and catalytic, the so-called hydrothermal pro-
cesses, such as hydropyrolysis, hydrocoking, hy-
dro-visbreaking, donor-solvent cracking, however, 
they are limited by the conversion depth, but are 
free from restrictions on the content of metals in 
heavy oil residues [11‒14].

The main drawback is the low quality of the 
products obtained, and for the processes of ther-
mal cracking and visbreaking (these processes are 
exclusively intended for processing heavy oil res-
idues as well as the process of demetallization and 
desulfurization), there is also a limited conversion 
depth.

The hydrogenation process consists in the hy-
drofining of oil or its fractions on catalysts in the 
presence of hydrogen under pressure, as a result of 
which more than 70% of the metals are precipitated. 
In fact, they are a kind of adsorption-catalytic pro-
cesses of demetallization of petroleum feedstock, 
since the destruction of petroleum-containing met-
al-containing compounds is accompanied by the 
subsequent adsorption of the liberated metals on 
the catalyst. A distinctive feature of hydrogenation 
methods in comparison with adsorption-catalytic 
methods is that the destruction of the bond of met-
als with the organic matrix of petroleum compo-
nents is carried out by hydrogenolysis of the bonds 
of carbon atoms with heteroatoms (N, S, O), with 
which petroleum metals are mainly associated.

The most widespread in world practice are the 
following processes of demetallization and desul-
furization of oil residues:
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– hydrotreating processes are designed to re-
duce the content of sulfur, nitrogen, asphaltenes, 
metal compounds and reduce residual feedstock in 
order to obtain high-quality boiler fuel or for fur-
ther processing in hydrocracking, coking, catalytic 
cracking;

– hydro-visbreaking-aqua conversion allows 
obtaining hydrogen from water under visbreaking 
conditions by introducing a composition of two 
catalysts based on base metals into the feed togeth-
er with water (steam). In the process of aqua con-
version, a significantly greater decrease in the vis-
cosity of the heaviest components of boiler fuels is 
provided with higher conversion of feedstock [15];

– hydrocracking is intended for catalytic hydro-
cracking and desulfurization of residual feedstock 
in reactors with the suspended catalyst to obtain 
high-quality distillates and refined low-sulfur boil-
er fuel [16, 17].

Significantly higher parameters of yield and 
quality of distillate products and gas are charac-
teristic of catalytic and hydrocatalytic processes. 
However, they have significant capital and operat-
ing costs associated with the high consumption of 
catalyst and hydrogen. In addition, they are adapt-
ed to processing only relatively favorable raw ma-
terials in terms of sulfur, metals and coking prop-
erties; in these processes, heavy oil residues can be 
processed only after preliminary demetallization 
by various processes.

To increase the yield of coke obtained from 
the vacuum residue, a method for producing coke 
with preliminary demetallization and desulfuriza-
tion of a heavy oil residue using an adsorbent is 
proposed. Preliminary demetallization and desul-
furization of coking raw materials are carried out 
according to the method presented in the article 
[18]. In previous works, for the process of demet-
allization and desulfurization of vacuum residue, 
we tested adsorbents based on zeolite modified 
with xerogel of vanadium (V) oxide and titanium 
compounds [19]. Preliminary demetallization of 
the primary coking feedstock – vacuum residue 
allows to reduce hydrogen consumption, to ex-
tract an additional 90% of metals and asphaltene 
components from petroleum feedstock before the 
coking process, to increase the yield and improve 
the quality of coke produced. The process of pre-
liminary demetallization and delayed coking is an 
affordable way to process oil residues of any type 
and additionally obtain raw materials for catalytic 
processes, as well as improve the quality of mar-
ketable coke.

In the process of demetallization and desulfur-
ization, structural changes occur in the composition 
of the tar, leading to a wide variety of high molec-
ular weight compounds, namely the appearance of 
isomeric forms, as well as various combinations of 
aliphatic, hydroaromatic, aromatic hydrocarbons 
and their derivatives [20].

In this regard, the aim of this work is to develop 
an effective method for thermoadsorption demetal-
lization of heavy oil residues.

2. Experimental part

The raw material for the demetallization and 
coking processes was vacuum residue ‒ the raw 
material of the delayed coking unit of the heavy 
oil residue processing complex of Pavlodar Petro-
chemical Plant LLP (Kazakhstan). Vacuum resi-
due has the following characteristics: appearance 
‒ a viscous inactive fluid, mass fraction of wa-
ter ‒ up to 0.1 wt.%; the content of vanadium is 
0.049‒0.054%; nickel content ‒ 0.0049‒0.0058%; 
the iron content is 0.0033%; mass fraction of sul-
fur – 1.72‒2.73%; ash content – 0.02 wt.%; coking 
ability ‒ 14 wt.%; density at 20 °С ‒ 981.0 kg/m3; 
boiling point ‒ 380 °C.

The process of demetallization and desulfur-
ization of vacuum residue from the Pavlodar Pet-
rochemical Plant was carried out in an enlarged 
installation with two reactors at different tempera-
tures and times at atmospheric pressure [18]. Vac-
uum residue is passed in the reactor through a fixed 
adsorbent bed at a temperature of 300‒400 °С, 
at a feed rate of 1‒3 l/h, with an exposure of the 
feedstock in the reactor 0.5‒3.0 h at atmospheric 
pressure. According to results, contacting the feed-
stock with the hot adsorbent hydrocarbon vapors 
are formed, which, in a mixture with water vapor, 
are transported to the vapor line. During the pas-
sage through the first section of the pipe, various 
transformation reactions occur: easy conversion, 
demetallization and partial desulfurization.

After demetallization and desulfurization, the 
treatment product is heated in a tube furnace at 
an initial temperature of 420‒460 °C and the tem-
perature of coking is brought to 490‒510 °C. The 
temperature of the vapor exit from the furnace is 
440‒460 °C, the volume of raw materials is 1 l, the 
coking time is 8 h.

The batch-type laboratory coking unit is de-
signed to carry out the process of delayed coking 
of heavy oil residues. The general diagram of the 
laboratory coking unit is shown in figure.  
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Fig. Scheme of a plant for coking heavy oil residues: 1 ‒ a coking reactor; 2 ‒ an electric furnace; 3 ‒ a manometer; 
4 ‒ a thermocouple; 5 ‒ a control valve; 6 ‒ a reflux condenser; 7 ‒ a thermostat.

The vacuum residue sample, after demetalliza-
tion and desulfurization by the adsorption method, 
is loaded into the reactor. After the top cover of 
the reactor is covered and it is installed in its place 
in the installation, it is checked for tightness by 
conducting a pneumatic test. For this, the coking 
gas evacuation system is disconnected and the ni-
trogen cylinder hose is attached to the connector. 
With control valve 5, the pressure is set, exceeding 
the operating pressure by 1.5 times. The valve is 
closed and the system is tested for leaks for 5 min. 
The unit is checked for leaks by soaping the flange, 
threaded and welded joints with soapy water. After 
checking the tightness, open the valve and release 
the pressure from the reactor. The detected defects 
are eliminated. Then the pressure is set back into 
the reactor. After the pressure is built up, valve 5 
is closed, a system for removing gases and liquid 
coking products is connected to the connector. The 
temperature rise in the reactor is carried out at a 
rate of 2 °C per minute. The coking time is the 
time from the establishment of the operating tem-
perature of the coking reactor to the end of coking. 
The pressure is measured by a manometer 3. After 
reaching the required pressure in the reactor, the 
pressure is manually controlled by slowly opening 
valve 5 to release vapors and gases that increase 
the required pressure in the reactor. Hot vapors and 
gases from the reactor pass to refrigerator 6, part 
of the vapors, being cooled and condensed, pass-
es into the coking distillate, which is collected in 
the separator. After cooling, the coking gases are 
sent to the gasometer, then to be removed from the 
laboratory unit to the exhaust ventilation system. 
Discharge of gases and vapors of the coking re-
actor and gases from the separator is carried out 

one hour before the end of coking. The pressure 
is released slowly through the valve. At the end 
of the process, turn off all electrical appliances at 
the installation, close the water supply to the re-
frigerators. The reactor is then cooled by natural 
ventilation of the air. After cooling the reactor, it 
is disassembled with the resulting coke unloading.

The sulfur and metal contents were determined 
by a Xenemetrix X-Calibur energy dispersive fluo-
rescence X-ray spectrometer.

This paper presents the results of testing adsor-
bents based on serpentine, zeolite and kaolin clay 
for the demetallization and desulfurization of vac-
uum residue.

A sample of the serpentinite rock of the Kem-
pirsai massif in the Aktobe region was made at the 
Don Mining and Processing Plant and is represent-
ed by lumpy material, 2‒10 cm in size. The chemi-
cal composition of the averaged raw material sam-
ple (wt.%): SiO2 ‒ 34.8; MgO ‒ 39.0; Al2O3 ‒ 0.9; 
Fe2O3 ‒ 7.3; Cr2O3 ‒ 1.5; CaO ‒ 0.8; p.p.p. ‒ 15.7. 
To increase the strength of the rock, it was crushed 
to 0.074 cm, followed by firing at a temperature of 
1200‒1250 °C for 2 h.

3. Results and discussion

When testing adsorbents based on serpentine, 
oil from the Karazhanbas field was also tested to-
gether with vacuum residue. The demetallization 
temperature was 350‒400 °C, the time was 3 h. 
The test results (Table 1) showed that the content 
of metals and sulfur in the vacuum residue after 
the process decreases slightly: the content of va-
nadium decreases from 0.054 to 0.046%, and the 
content of iron, nickel and sulfur is practically 
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does not change. In the case of oil demetallization, 
a decrease in the vanadium content by an order of 
magnitude is observed ‒ from 0.14 to 0.013%, iron 
‒ from 0.021 to 0.0032, and nickel ‒ from 0.007 
to 0.0054. However, the sulfur content remained 
unchanged.

Due to the low degree of demetallization and 
desulfurization of vacuum residue on serpentine 
adsorbents, further experiments were carried out 
on adsorbents with modified zeolite and kaolin 
clay.

Zeolite KN-4 (produced by the Novosibirsk 
Plant of Chemical Concentrates) has the following 
indicators: specific surface area 329 m2/g, mechan-
ical strength 5.9 MPa, granule diameter 3.1‒4.0 
mm, Al2O3 mass fraction ‒ 10.13%. During the 

Table 1
Results of demetallization and desulfurization of vacuum residue and oil on adsorbents based on serpentine

Raw materials Т, °С τ, hour The content of elements in the vacuum 
residue, %

S V Fe Ni
Vacuum residue - - 1.72 0054 0.0033 0.0058
Vacuum residue after processing 
(serpentine unburnt)

350 3 1.70 0.046 0.0033 0.0051
400 3 1.68 0.054 0.0031 0.0058

Vacuum residue after processing (burnt serpentine) 350 3 1.68 0.053 0.0031 0.0058
Oil - - 2.80 0.140 0.021 0.007
Oil after treatment 350 3 2.80 0.013 0.0032 0.0054

process of vacuum residue demetallization, the 
lower reactor of the installation is filled with ze-
olite activated at 250 °C for 2 h, the upper reactor 
is filled with wollastonite and coke. The process 
temperature was 400 °C and the process time was 
from 0.5 to 3.0 h. As can be seen from Table 2, an 
increase in temperature led to positive results of 
demetallization and desulfurization of the vacuum 
residue. The maximum decrease in the metal con-
tent is observed within 2 h of the process: vanadi-
um decreases from 0.049 to 0.0095%, iron ‒ from 
0.0033 to 0.0007, nickel ‒ from 0.0049 to 0.0008. 
At the same time, the sulfur content also decreas-
es from 2.73 to 2.09%. The maximum decrease in 
sulfur content is observed within 3 h of the process 
‒ sulfur decreases from 2.73 to 1.65%.

Table 2
Results of demetallization and desulfurization of vacuum residue on various adsorbents

Raw materials Т, °С τ, hour The content of elements in the vacuum residue, %
S V Fe Ni

Vacuum residue - - 2.73 0.049 0.0033 0.0049
Adsorbent based on zeolite, wollastonite and coke

Vacuum residue after processing 400 0.5 2.46 0.049 0.0020 0.0049
1.0 2.24 0.012 0.0012 0.0008
1.5 1.80 0.015 0.0014 0.0012
2.0 2.09 0.0095 0.0007 0.0008
2.5 2.07 0.024 0.0005 0.0019
3.0 1.65 0.024 0.0033 0.0023

Adsorbent based on kaolin clay modified with coke
Vacuum residue after  processing 350 1 2.58 0.033 0.0033 0.0031

400 2 2.39 0.034 0.0010 0.0031
2.5 2.61 0.039 0.0011 0.0035
3 2.39 0.020 0.0007 0.0021
4 2.53 0.0027 0.0006 0.0026
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Industrial processes of thermal adsorption re-
finement of hydrocarbon residues: ART (Asphalt 
Residual Treating) and AKO (adsorption-contact 
cleaning) are carried out with adsorbents based on 
kaolin at higher temperatures of 450‒520 °C and 
a pressure of 0.1‒0.2 MPa. Therefore, kaolin clay 
was chosen as the basis of the adsorbent, but the 
process was carried out at relatively low tempera-
tures.

Test kaolin clay modified 50 wt.% coke as 
an adsorbent gave even more positive results. In 
this case, the process temperature was 350‒400 
°С, time 1‒4 h. As can be seen from the tabular 
data, the metal content in the vacuum residue is 
reduced as much as possible during the process for 
4 h at 400 °C. Under these conditions, the vanadi-
um content decreases from 0.049 to 0.0027%, iron 
from 0.0033 to 0.0006%, nickel from 0.0049 to 
0.0026%. The sulfur content compared to zeolite 
and wollastonite decreased relatively little ‒ from 
2.73 to 2.39%.

Table 3 compares the degree of demetalliza-
tion and desulfurization of vacuum residue on the 
tested adsorbents. As can be seen from the tabular 
data, the adsorbent based on zeolite, wollastonite 
and coke shows the highest degree of extraction 
‒ 39.6%, while the degree of demetallization is 
78‒83%. The adsorbent based on kaolin clay and 
coke showed a maximum degree of vanadium de-
metallization ‒ 94.5%, iron ‒ 81.8%, but the degree 
of desulfurization is 12.4%.

After the demetallization and desulfurization 
process, the vacuum residue coking process was 
carried out to obtain coke with improved phys-
ico-chemical characteristics. Table 4 shows the 
values of the yield and physico-chemical character-
istics of coke obtained from vacuum residue with-
out preliminary treatment and after demetallization 
using various adsorbents and process conditions. 
As can be seen from the table, the yield of coke 
from the vacuum residue without pretreatment was 
18.9% and it is characterized by low values of the 

Table 3
Degree of demetallization and desulfurization of vacuum residue on various adsorbents

Adsorbent Degree of desulfurization,% Degree of demetallization, %
V Fe Ni

Serpentine 2.3 14.8 6.1 12.1
Zeolite with wollastonite and coke 39.6 80.6 78.8 83.7
Kaolin clay modified with coke 12.4 94.5 81.8 57.1

Table 4
Yield and physico-chemical characteristics of coke obtained under various conditions

Raw materials for receiving coke Physico-chemical characteristics of coke
Mass fraction of 
total moisture, %

Mass fraction 
of volatiles, %

Ash content, % Yield, %

Vacuum residue without pretreatment 0.89 7.91 0.53 18.9
Vacuum residue after demetallization with 
zeolite at 400 °C for 3 h 1.02 7.88 0.40 27.0

Vacuum residue after demetallization with zeolite 
modified with V2O5 xerogel at 400 °C for 3 h 3.0 7.16 0.42 34.4

Vacuum residue after demetallization 
with serpentine at 400 °C for 3 h 1.39 4.59 0.45 32.0

Vacuum residue after demetallization with 
wollastonite at 400 °C for 2 h 2.27 5.68 0.58 12.0

Vacuum residue after demetallization with 
wollastonite and serpentine at 400 °C for 3 h 1.29 8.33 0.31 23.2

Vacuum residue after demetallization with 
kaolin clay at 400 °C for 4 h 1.14 6.0 0.25 32.0

Requirements State Standard 22898-78 no more than 
3.0

no more than 
6.0-9.0

no more than 
0.6 -
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mass fraction of total moisture and ash, but the mass 
fraction of volatile substances in coke is considered 
to be high 7.91%. In the composition of coke ob-
tained from vacuum residue after demetallization 
with zeolite at 400 °C for 3 h, the mass fraction 
of total moisture slightly increases to 1.02%, the 
mass fraction of volatile substances and ash content 
decrease to 7.88 and 0.4%, respectively. The coke 
yield rises to 27.0%. When using a zeolite modified 
with a 1% vanadium oxide xerogel as an adsorbent, 
coke is characterized by a high value of the mass 
fraction of total moisture of 3%, however, the mass 
fraction of volatile substances decreases to 7.16%, 
the ash content is 0.42%. At the same time, the coke 
yield turned out to be a maximum 34.4%.

The use of serpentine as an adsorbent for vac-
uum residue demetallization made it possible to 
obtain coke with low indicators of the mass frac-
tion of total moisture and volatile substances, ash 
content. Demetallization of vacuum residue with 
an adsorbent based on wollastonite at 400 °C for 
2 h and further coking led to the formation of coke, 
characterized by a high mass fraction of total mois-
ture (2.27%), but its yield decreased to 12.0. Mod-
ification of wollastonite with serpentine led to a 
decrease in the mass fraction of total moisture and 
an ash content of coke, an increase in the yield of 
coke, however, the mass fraction of volatile sub-
stances increased to 8.33%.

Coke obtained from vacuum residue after de-
metallization in the presence of kaolin clay has a 
yield of 32%, the mass fraction of total moisture 
is 1.14%, volatiles ‒ 6.0%, and the minimum ash 
value ‒ 0.25%.

Of the coke samples presented in the table, 
coke obtained from vacuum residue after prelimi-
nary demetallization with kaolin clay has the most 
improved physico-chemical characteristics. Ac-
cording to physicochemical parameters, the coke 
sample meets the requirements of State Standard 
22898-78 and the coke yield is 32%.

4. Conclusion

Thus, the thermal adsorption process of demet-
allization and desulfurization of vacuum residue 
from the Pavlodar Petrochemical Plant was carried 
out in the presence of various adsorbents and under 
various conditions. At this stage of research, ther-
mal adsorption treatment on kaolin clay with coke 
at a temperature of 400 °C for 4 h is recommended 
to reduce the metal content in the vacuum residue; 
to reduce sulfur content, heat adsorption treatment 

on a zeolite with wollastonite and coke at a tem-
perature of 400 °C for 3 h.

Then, after preliminary demetallization and de-
sulfurization, the vacuum residue coking process 
was carried out to obtain coke. Coke with improved 
physico-chemical characteristics is obtained from 
vacuum residue after thermal adsorption treatment 
with kaolin clay, which showed the highest degree 
of demetallization. In the future, coke samples will 
be analyzed to determine the content of metals and 
sulfur. 
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