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Abstract—Comparative assessment of the prospects of development of heavy petroleum feedstock (HPF)
upgrading technologies in terms of the possibility of removal and recovery of metals contained in the feed
stock is presented. It has been shown that HPF demetallization with different efficiencies can be achieved as
a result of destructive thermal conversion of the feedstock and nondestructive mass transfer processes. Solvent
deasphalting is characterized by simplicity of engineering design and operating flexibility and makes it possi
ble to remove both asphaltenes and metals, whose deposition leads to irreversible deactivation of oil refining
catalysts. Promising lines in demetallization by destructive feedstock conversion are associated with processes
that provide the highest degree of HPF conversion and the lowest yield of the unconverted residue, in which
the feedstock metals are concentrated. In this regard, the development and implementation of petroleum res
idue upgrading technologies based on the slurry hydrocracking, fluid coking or flexicoking, and supercritical
fluid extraction processes creates real prerequisites for the organization of highconversion comprehensive
processing of heavy oils with the isolation of a metal concentrate.
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Heavy and highviscosity oil reserves are known to
make about 80% of the world oil resources [1]. By
explored reserves of heavy oil, Russia ranks third in the
world after Canada and Venezuela. The depletion of
deposits of light and mediumgravity oils in Russia
and the growing consumption of oil and oil products
result in that the proportion of heavy oils involved in
refining will inevitably increase [2]. As the gravity of
the oil increases, the amount of resin–asphaltene
compounds, heteroatoms, and metals in it increases
[3] (Fig. 1). It is these components whose presence in
significant quantities leads to a decrease in the H/C
atomic ratio in petroleum feedstock, deterioration of
its transport properties, a decrease in stability (growth
of colloidal instability) and compatibility, an increase
in carbon residue, the tendency to form solid deposits,
and corrosion of equipment [4].
A high concentration of metals, in particular vana
dium and nickel, is also a serious problem faced in the
processing of heavy petroleum feedstock (HPF), as it
leads to irreversible catalyst deactivation due to metal
deposition on the active surface, blocking the pore
space, and degradation of the catalyst structure [4]. In
addition, inorganic vanadium compounds produced
during the processing facilitate intense ash fouling and

hightemperature surface corrosion of equipment,
reduction in the service life of turbojet and diesel
engines and utility boilers, gas corrosion of active ele
ments of gasturbine engines, and growth of environ
mentally harmful emissions [5, 6].
However, metals including lesscommon and rare
earth metals are valuable associated components,
whose content in crude oils and their refining residues
is comparable to and can be even higher than their
concentration in ores [7]. For example, heavy crudes
of Russia are a potential vanadium source that is much
superior to currently existing ore sources in quality [8].
Vanadium is one of the most important strategic met
als because of its use in the manufacture of steels and
nonferrous alloys, in which it is an essential alloying
element [9]. According to published data [10, 11], the
amount of vanadium contained in the metalbearing
industrial heavy oil extracted in Russia in 2005 is about
1/3 of the amount of vanadium produced by the Rus
sian industry from its ore sources in the same year.
However, no industrialscale production of metals (in
particular, vanadium) from petroleum feedstock has
been launched in Russia, although oil refining tech
nologies that allow obtaining concentrates with a high
metal content are known around the world [11–13].
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Fig. 1. Trend in the change of the average concentrations of some components and oil properties with increasing density [3].

In particular, about 8% of the world production of
vanadium is from petroleum feedstock; in some coun
tries, this percentage is as high as 20% (the United
States) [14].
Thus, as the gravity of petroleum feedstock
increases, a greater attention is focused on the prob
lems of its demetallization for the purpose of increas
ing the efficiency and reducing the cost of oil refining
on one hand and producing the metal concentrate as a
commercial or intermediate product on the other
hand. As a consequence, it becomes necessary to opti
mize the conventional processes of pretreatment and
processing of heavy oils and heavy oil residues (HOR)
to produce concentrates with a commercial concen
tration of particular rare metals (depending on their
content in the virgin crude oil) without deterioration
of the economics of production of target petrochemi
cals [13–15]. The choice of a sustainable technology
for the processing of oils and oil residues is a quite
complicated task. Its solution depends on the feed
stock composition and properties, the range of
required oil products, availability of the technology,
availability of the relevant equipment, performance of
industrial catalysts, use of recycled materials, and so
on [11]. The possibility of largescale extraction of
metals from crude oil, inter alia, could be an impetus
for the development of more efficient and costeffec
tive technologies for the production of rare metals.
The general line in the development of petroleum
feedstock demetallization processes is the concentra
tion of metals in the residues using known oil refining
processes, in particular, the secondary noncatalytic
thermodestructive and solvent–adsorption processes
and/or catalytic cracking and hydroconversion pro
cesses. After obtaining the highconversion oil refining
residues enriched in metals or solid contacts (catalysts
and adsorbents) with the metals deposited on them,
special methods of metal recovery are used. At the
same time, crude oil can be partially demetallized dur
ing its conditioning for transportation and refining.

In this paper, we survey the most widespread and
promising processes of conditioning and processing of
heavy oils and oil residues that involve their demetalli
zation and the production of a metal concentrate.
DEMETALLIZATION IN OIL CONDITIONING
PROCESSES
Crude oils are partially demetallized during their
preparation for transportation in oilfield conditioning
plants and, subsequently, in electrostatic desalters
(EDS) at refineries [16–36].
In oil conditioning processes, alkali and alkaline
earth metals and some acidic substances (fatty acids,
naphthenic acids, and acid resins) pass into wastewa
ter, as well as vanadium, arsenic, and nickel com
pounds, which are partially concentrated on the sur
face of water globules. The onsite conditioned crude
oil is further subjected to secondary, more thorough
treatment at a refinery to have a salinity of less than
5 mg/L and a water content less than 0.1 wt %. When
the amount of chlorides is reduced down to 5 mg/L,
metals, such as iron, calcium, magnesium, and
sodium, and arsenic compounds are almost com
pletely removed from the oil and the vanadium con
tent is reduced by more than a factor of 2, a quality that
is extremely important for jet and gasturbine fuels,
petroleum coke, and other petroleum products. Even
more exhaustive desalination of oil to a chloride con
tent of less than 1 mg/L is practiced at US refineries
since the 1960s, thereby ensuring the continuous
operation of crude oil distillation units for two or more
years [16, 17].
If crude oil contains a large amount of organic
acids, an alkali solution is added to the oil, usually in
an amount of 1–5 ppm (to maintain the pH at 5.5–
7.0) in the last stage of the desalter or after it. It was
reported [18] that the desalting of Venezuela crude oil
by treating with an aqueous NaOH solution followed
by dehydration removed significant amounts of many
trace elements, including the metals sodium, nickel,
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and manganese (to 55 wt %). However, the desalted
crude oil in this case contains almost unchanged
amounts of vanadium, aluminum, and calcium. These
results can be associated with the composition of the
virgin crude oil from a particular area of its origin and
the mode of the desalting process using a chemical
reagent.
The increase in production of heavy highviscosity
oils (HVO) and natural bitumens (NB), which are an
alternative source for production of valuable metals,
brought about new dehydration and desalination
problems due to their physical and rheological proper
ties [19]. To dehydrate and desalt highviscosity crude
oil or natural bitumen extracted using special tech
niques, before sending to EDS the light solvent kero
sene is often added to them in an amount of 10–15%,
which significantly reduces the density and viscosity of
the mixture and, being a nonelectrolyte emulsifier,
dissolves a part of the solvation shells in water globules.
In this case, the properties of the emulsion approach
the properties of ordinary crude oil and water separa
tion becomes possible in two to three steps according
to the conventional electrostatic desalter flow dia
gram. A pilot ultraviscous oil conditioning plant
(UPSVN) based on this technology in the Ashal’chin
skoe oilfield of Tatarstan is described in a number of
papers [17, 20–22]. To date, produced Ashal’chinskoe
heavy, highviscosity oil is being conditioned to group
3 quality in the UPSVN with a design capacity of
50000 ton/year. Upon reaching commercial produc
tion volumes of highviscosity oil, it is planned to build
a UPSVN of a 1.0 million ton/year capacity.
However, deep demetallization of oils in conven
tional electric desalting plants is usually impossible
because transition metals form rather stable organo
metallic compounds with hydrocarbon and heteroat
omic petroleum components. Thus, research and
development works on various modifications of desali
nation processes aimed to increase the recovery of
metals [23–38] are of great current importance.
For example, a process for selective extraction of
metals, sulfur, and other elements by means of radiof
requency thinfilm electrolysis of crude oil in a flow
electrolyzer reactor was proposed in [23]. Implemen
tation of this technology reduces to the passing of oil
to be cleaned through electrolysis cells. By changing
the electrolysis conditions and current density, it
becomes possible to successively recover contaminants
(metals and nonmetals, sulfur inclusive) present in
petroleum or petroleum products. The special feature
of the electrolyzer is the design of the cells, which
ensures a minimal hydrodynamic drag at a high ratio
of the electrode surface to the treated volume, which
intensifies the process and increases its energy effi
ciency. The impurities, including metals as well, accu
mulate in the receiver fluid, which is not consumed.
The impurities are isolated from the receiver process
fluid by mechanical filtration. The recovery of the
impurities (vanadium, nickel, cobalt, molybdenum,
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and sulfur, and other compounds) can be as high as
99%.
A number of oil demetallization processes using
electrolyte systems was proposed [24–31]. Obraztsov
and Orlov [28] patented quite an effective process for
demetallization and desulfurization of crude oil in a
flow system, which provides implementation of the
reagentfree electrochemical technology with regard
to environmental requirements. According to this pro
cess, crude oil is electrochemically treated in flow
using asymmetric alternating current. The products
obtained as a result of demetallization, desulfuriza
tion, and recovery of the desired valuable components
can be used as feedstock for industrial production pur
poses. Kremer et al. [29] disclosed a method for trans
ferring metals and/or amines from the hydrocarbon
phase to the aqueous phase in refinery desalting pro
cesses by introducing an additive of a certain compo
sition into the hydrocarbon–water emulsion. This
method makes it possible to transfer the majority of
metals from the crude oil to the aqueous phase during
the desalting process. Wu et al. [31] described a tech
nique for crude oil demetallization using an electric
desalting device [31]. In dewatering–desalting pro
cesses, a demetallization agent is fed together with an
emulsifier and fresh water. The oil feedstock is further
treated in an electric field with the use of special elec
tric desalting cylinders, whereupon the next step of
this demetallization procedure is carried out. The effi
ciency of isolation of metals such as calcium, iron, and
manganese from the highviscosity oil can approach
100% under certain process conditions. The main fac
tors that affect the demetallization efficiency are the
viscosity of the crude oil, the type and dosage of the
demetallization agent, and the acidity of its aqueous
solution. Reduction in the viscosity of the oil sample
has a favorable effect on its mixing with demetalliza
tion agents and their interaction with metal ions
formed during dissociation of metal salts, such as car
boxylates and phenolates [31].
Problems of recovery of associated precious, non
ferrous, and rare metals from petroleum feeds can be
solved by introducing sorption on polymeric sorbents
into oil conditioning (dehydration and desalting) pro
cesses [32, 33]. The method of extraction of metals is
based on the results of studies of the sorption capacity
of novel domestic redox ion exchangers for metal ions.
According to the scheme proposed by the cited
authors, the crude oil desalting and dehydration step
before atmospheric–vacuum distillation of the oil is
followed by the metal recovery step comprised of add
ing a polymer, forming a metal complex, and isolating
the metals (to have the finished metal product and the
polymer at the output). Using this scheme, it is possi
ble to recover metals (zinc, copper, cobalt, nickel,
vanadium, etc.) from petroleum or petroleum prod
ucts at the conditioning and refining steps, thereby
improving the quality of the petroleum products.
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Samedova et al. [34–36] showed the feasibility of
desalting, dewatering, deasphalting, and demetalliz
ing of crude oils and their heavy residues using super
critical carbon dioxide (SCCO2) as a solvent (extract
ing agent). A new oil cleaning technology to remove
water, salts, solids, and metals using SCCO2 was
implemented on a pilot unit at the pilot plant of the
Institute of Petrochemical Processes, National Acad
emy of Sciences of Azerbaijan. This technology allows
not only for the removal of water, dissolved salts, and
suspended solids from oil, but also its deasphalting and
demetallization. Supercritical fluid extraction of oil
samples results in their dehydration (to 0.5% or even
complete absence of water), desalting (from 40.5–
54.9 mg of NaCl/L to zero level), and reduction in the
solids content from 0.0348–0.0704 to 0.0102–
0.0169% [35]. Simultaneously, the physicochemical
properties of oils are altered, namely, the density and
kinematic viscosity of the samples are decreased by the
extraction. In the oil cleaning process for the removal
of water, dissolved salts, and suspended solids, asphalt
enes and in part resins in which metals are concen
trated are precipitated. Preliminary technoeconomic
calculations showed that the energy demands of the
process of oil extraction under supercritical СО2 con
ditions are well below those of the currently used pro
cesses. The economic effect of the processing
of 6.0 million tons of oil could reach $25 million per
year [36].
A unique method for concentrating metals from
crude oil, based on the use of rotating spiral columns
(RSC), which make it possible to implement the mul
tistage liquid–liquid extraction process, was proposed
in [37, 38]. One (stationary) phase is held in the RSC
free of a solid support or sorbent medium, by the
action of the field of mass forces emerging during col
umn spinning and simultaneous rotation about the
central axis of a planet centrifuge, while the other
(mobile) phase is continuously pumped through the
column. Due to the special design features of the
rotating spiral columns, the method can be used to
extract inorganic trace elements (including metals)
from petroleum systems into the stationary aqueous
phase. The composition of the aqueous phase is deter
mined by the range of tasks to be resolved and depends
on the values of the partition coefficients of the com
ponents of interest. The recoveries of valuable metals,
such as zinc, manganese, iron, nickel, copper, cad
mium, lead, and barium, are quite high, ranging
within 75–95%.
Thus, partial demetallization of petroleum feed
stock can be accomplished in the conditioning steps,
typically, by removing the metal ions formed via disso
ciation of the corresponding salts of organic and inor
ganic acids. Application of the abovedescribed meth
ods of enhancement of the efficiency of metal recovery
from oils makes it possible to concentrate the metals in
the receiver fluid, metal complexes, resin–asphaltene
substances, or the aqueous phase, from which they can

be further isolated in the direct way. However, the oil
preparation step using either the conventional tech
nology or the newly proposed processes generally does
not suggest the recovery of metals as a final or interme
diate product at present.
DEMETALLIZATION IN OIL REFINING
PROCESSES
Depending on the quality of crude oil and its refin
ing purposes, there are two basic ways of tackling
the problem of demetallization of petroleum feed
stock [13].
The first line is aimed at the realization of separate
processing of commercially metalbearing oils. It
implies the use of geographically combined producing
and refining process flow diagram in the development
of heavy oil reserves. It should be noted that in most
cases, the separate processing of metalbearing heavy
oils using special refining technologies that suggest the
commercial production of petroleum vanadium and
other metals is impossible in practice without special
solutions on transport logistics, since heavy oil is nec
essarily mixed with light oil for technological reasons.
This leads to a decrease in the concentration of valu
able metals in the crude oil arriving at a refinery.
The scheme of separate refining of commercially
metalbearing oils was in part implemented in Canada
in the extraction of Alberta heavy bituminous oils. Its
principle is that the oil produced in the oilfield is pre
liminarily processed (upgraded) in situ in the socalled
bitumen plants into synthetic and/or semisynthetic oil
to reduce the density and viscosity and produce hydro
carbon mixtures that meet the pipeline transportation
requirements. Plants for the processing of heavy crude
into synthetic oil are often based on a combination of
conventional refinery processes for upgrading of oil
residues. The processing of vacuum residue, which
can make more than 50 wt % of natural bitumen, to
obtain lighter hydrocarbon fractions on site makes it
possible to abandon the use or reduce the consump
tion of the expensive solvent and resolve the problem
of lack of facilities for highconversion oil refining at
existing refineries [3, 39]. The quality of the products
obtained in this case and, correspondingly, their price
are substantially higher than those of the extracted raw
material, and the vanadiumcontaining concentrate
isolated as a byproduct can be used for the production
of vanadium.
The second line suggests the use of technologies for
the recovery of metals from refinery feedstocks that
contain valuable metals in concentrations below cur
rent commercial levels.
For each of the lines in the development of petro
leum vanadium reserves, its own value for the minimal
commercial concentrations of vanadium in crude oil
should be established. In the former case, the com
mercial V content will greatly depend on the condi
tions of a particular oilfield and the minimally com
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mercially viable concentration of V in the source oil
will be determined by its technologically achievable
content in the vanadium concentrate at which the
transportation of the concentrate from the oilfield to
the site of further processing will be economically via
ble. The lower limit of this estimate according to
expert appraisal will be 30 ppm (V2O5). In the latter
case, the minimal commercial concentration of V in
crude oil arriving at a refinery will be determined by its
technologically achievable content in the concentrate
at which its further processing is profitable. If the V2O5
content in the byproduct obtained at the refinery is at
least 1.0 wt %, the product will definitely be an eco
nomic raw material, since its V content is much higher
than that in commercial ores. Regarding the techno
logically achievable concentration factor of 800–900,
the minimal commercially significant vanadium con
tent in refinery crude oils is about 12 ppm (V2О5)
according to preliminary estimates [13].
The industrial oil processing at modern refineries
involves complex, multistage physical and chemical
processes on separate or combined highproduction
volume facilities (plants, shops) intended for produc
ing different components or market mix of products
[16, 40–49].
Heavy petroleum feedstock with a high metal con
tent can be upgraded in catalytic and noncatalytic
cracking or solvent–adsorption processes. More than
half (~57%) of heavy oil residues (HOR) in the world
is being processed using noncatalytic destructive pro
cesses now, of which visbreaking, coking, and gasifica
tion are the most widespread. The thermal degrada
tion processes primarily comprise the decomposition
(cracking) reactions of feedstock molecules and
cyclization and condensation reactions yielding high
molecularmass condensation products.
Due to the increase in demand for highquality
motor fuels and their price, tightening the environ
mental standards, and the decrease in demand for
boiler fuel oil, progressively increasing attention is
given to the catalytic destructive processes, in particu
lar, catalytic cracking and hydrocracking, whose pro
portion in HOR upgrading processes is about 27% and
steady increases [4, 42].
In solvent–adsorption HOR upgrading processes,
the components containing the majority of particular
trace elements are nondestructively isolated into a
separate phase. The most widespread among nonde
structive HOR upgrading and refining processes is the
solvent deasphalting (SDA) process, by which resin–
asphaltene substances and organometallic compounds
impairing to a large extent the feedstock stability and
quality are separated using a light hydrocarbon sol
vent.
A special place is occupied by processes in which
the chemical bonds of metals with the organic matrix
of petroleum components are destroyed or altered by
means of various physical and mechanical methods.
These processes include some unconventional tech
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niques of metal recovery, in particular, methods based
on the use of magnetic or electrical field, ionizing
radiation, etc.
The decision on the choice of appropriate technol
ogy for upgrading or processing of heavy petroleum
feedstock is a challenge. One of the main factors deter
mining the operational and capital costs and the yield
and quality of the final product is the feedstock com
position and, above all, the content of undesirable
components such as polyaromatic hydrocarbons, het
ero atoms, and metals. An increase in the carbon resi
due and concentration of heavy metals in the HPF
increases the rate of formation of solid deposits and
catalyst deactivation during its processing, thereby
leading to an increase in catalyst consumption and
operating costs and impeding the feedstock conver
sion. However, the applicability of catalytic processes
to the refining of heavy and extraheavy petroleum
feedstock is directly related to their instrumental
implementation and the composition and properties
of the catalysts used. Although the processing of heavy
petroleum feedstock with a carbon residue above
10 wt % and a metal content of more than 30 ppm by
fluid catalytic cracking (FCC) is in general uneco
nomic, new catalyst systems developed to date and the
engineering and technical solutions proposed for
hydrotreating make it possible to organize the effective
processing of feedstock with an API gravity less than
10 and a metal concentration over 700 ppm. In turn,
heavy petroleum feedstock of almost any composition
with very high metal and asphaltene contents can be
upgraded using noncatalytic thermal processes. How
ever, efficient disposal of the lowgrade solid residue,
whose yield increases with an increase in the feedstock
carbon residue [4] (Fig. 2), should be taken care about
in this case.
As a result of secondary oil refining processes, the
metals for the most part appear in the residual prod
ucts, such as asphalt, coke, and cracked residue, or (in
the case of catalytic and adsorption processes) are
deposited on the surface of adsorbents and catalysts,
leading to irreversible deactivation of the latter [5].
The information presented in [5] on the basic pro
cesses for upgrading of heavy oil residues as applied to
the removal of metals from their composition is com
plemented by other data in this paper and summarized
in Table 1. None of the currently used processes for
upgrading of HOR with a high metal content is abso
lutely preferable, since these processes are closely tied
to the feedstock composition and particular condi
tions, primarily, economic aspects. Thus, the overview
given below considers particular data for each of the
lines in demetallization of petroleum residues. As
regards adsorptive demetallization, it is usually carried
out in thermofor or catalytic processes and, therefore,
will be considered in the relevant sections of this paper.
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Fig. 2. General approach to the choice of HPF upgrading technology depending on the composition and properties of atmo
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SOLVENT DEASPHALTING
Among extraction technologies that result in feed
stock demetallization, solvent deasphalting (SDA)
processes have found the widest use in the refining
practice. They are based on the extraction of paraffinic
and naphthenic components of HOR with light
alkanes accompanied by coagulation and precipita
tion of highmolecularmass polycyclic asphaltenic
and resinous compounds in which the major amounts
of heavy metals and hetero atoms of the starting petro
leum feedstock are incorporated. An increase in the
molecular weight of the solvent enhances the solvent
power and increases the yield of deasphalted oil
(DAO), but it simultaneously results in deterioration
of the quality of the extract and a reduction in the
degree of feedstock demetallization [16, 49, 50, 51].
For example, an increase in the yield of DAO from 66
to 90 wt % during SDA of Athabasca bitumens using n
pentane as the main solvent led to a decrease in the
degree of removal of nickel and vanadium from ~90 to
47% [51]. One of the possible ways of resolving this
problem is adding an appropriate modifier to the non
polar hydrocarbon solvent so as to change its solvent
power and selectivity. For example, the addition of
acetone to npentane to the level of its concentration
of 20 mol % makes it possible to increase the yield of
DAO by 4% with an insignificant change in selectivity
for nickel and vanadium [51].
A promising direction in the solvent extraction
methods for the recovery of desired components is the
use of supercritical fluid extraction (SFE). Under
supercritical conditions, solvents have specific proper
ties that distinguish them from both gases and liquids.
Supercritical fluids (SCF) have a density close to that

of liquids and the viscosity close to that of gases; thus,
the diffusion coefficients in SCF are significantly
higher than those in the conventional liquids.
The solvent power of supercritical fluids almost
exponentially depends on the density, and small pres
sure changes can significantly change the solubility of
the components in the SCF. This opens an opportu
nity to finely control solubility and selectivity and eas
ily isolate and separate the components of interest
[52, 53].
Modern SDA technologies, such as the Demex
(UOP), ROSE—Residuum Oil Supercritical Extrac
tion—(Kellogg Brown & Root), and Solvahl (Axens)
processes, include the step of solvent regeneration
under supercritical conditions. This can significantly
reduce capital and operating costs for the implemen
tation of the process [54–57]. Commercial ROSE
units demonstrate cost reduction of up to 50% com
pared with the conventional SDA processes, which use
evaporation, compression, and condensation of the
solvent at its regeneration and recycle stages. Since
there is no need to vaporize the most of the solvent
from the extract solution, the size and complexity of
the unit are reduced [55]. Depending on the purpose,
the yield and composition of the deasphalted oil and
asphalt in the aforementioned processes can be con
trolled by varying the composition and properties of
the solvent and process conditions. It is noteworthy
that along with a decrease in the degree of demetalli
zation with increasing DAO yield, concentration of
HPF metals in the residue (asphalt) increases. For
example, in the Demex process intended for demetal
lization of HOR, an increase from 56 to 78 vol % in the
yield of the demetallized residue from vacuum tower
bottoms having a metal content of 98 ppm leads to a
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70–80

0–50
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* Degree of conversion of feedstock boiling above 550°C.

Metalrich adsorbent Metalrich spent
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ment; solvent treat
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catalytic cleaning

Kind of resulting metal Asphalt
concentrate

Metal recovery, %
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with to IBP > 350°C,
wt %

Process name

Principle of metal re Recovery of metals in
covery
the composition of
resin–asphaltene
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petroleum feedstock
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Removal process
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dues and coke and on
the surface of solid
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Thermal

Metalrich spent het
erogeneous catalyst,
highboilingpoint
fractions, and coke
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Hydrovisbreking; hy
drocoking; hydropy
rolysis; donor solvent
cracking

Destruction of metal
containing com
pounds by noncatalytic
hydrotreating

Combined

Cracked residue,
Heavy residue of pro
metalrich coke, solid cess
heat carrier

70–80

5–75

Hydrotreating; hydro Visbreaking; thermal
cracking
cracking; delayed
coking; fluid coking
or flexicoking

Destruction of metal
containing com
pounds by hydrotreat
ing in the presence of
catalyst

Hydrogenation

Table 1. Comparative characteristics of the basic processes of destructive and nondestructive processing of heavy oil residues that result in their demetallization
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change in the concentration of metals in the material
from 6 to 19 ppm and a simultaneous increase in
their content from 201 to 341 ppm in the separated
asphalt [54].
Among the emerging upgrading technologies based
on supercritical fluid extraction, the SELEXAsp
(selective asphaltene extraction) process designed to
remove undesirable components from natural bitumen
should be mentioned [58]. The principle of supercrit
ical fluid extraction of petroleum feedstock is based on
a combination of nonsolvent with multicomponent
phase equilibrium. The SELEXAsp process makes it
possible to selectively remove solid asphaltene parti
cles from heavy oils and oil residues and extract valu
able hydrocarbon components. In the case of deas
phalting of vacuum tower bottoms having a Conrad
son carbon residue of 19 wt % and a metal content of
242 ppm, 21.55 wt % asphaltene residue with a Con
radson carbon of 47% and a metal content of
1000 ppm is separated as a result of the process, which
make 56 and 90% of the carbon residue and metal
content, respectively, of the source vacuum bottoms.
Solvent consumption in this process is lower by 20%
than that in the ROSE process. However, since the
extraction unit operates under the supercritical condi
tions for the solvent, the pressure in the SELEXAsp
process substantially exceeds that in the ROSE process
and, as such, may lead to an increase in operating
costs [3].
Along with the use of organic compounds as a sol
vent or extractant, considerable attention begins to be
paid to inorganic substances that have a simple struc
ture and are readily available in the supercritical state.
Supercritical water is an effective demetallization
agent, a source of hydrogen, and a catalyst for hydro
genation and decomposition of vanadium and nickel
porphyrins and is capable to remove up to 80% of the
metals from the complexes and extract them into the
inorganic phase [59, 60].
The most attractive of supercritical fluids is carbon
dioxide (SCCO2), which is nonflammable, nontoxic,
cheap, and readily available. Owing to high volatility,
the solvent is easy to recover from the extract solution
simply by pressure release. Supercritical CO2 is an
effective solvent for deasphalting and demetallizing of
heavy petroleum feedstock, which makes it possible to
reduce the solvent/feedstock ratio and the solvent
regeneration cost, increase the yield of deasphalted
oil, and ensure a high degree of removal of asphaltenes
and metals from DAO, thereby eliminating the disad
vantages of the existing SDA processes that use light
hydrocarbon solvents [34]. The polarity, dissolving
power, and selectivity of SCCO2 towards certain
groups of feedstock compounds can be controlled by
adding small amounts of modifiers to the solvent [61].
The use of suitable complexing and chelating agents as
SCCO2 modifiers is quite effective for extraction of
metal ions from solid matrices, such as furnace and
gasifier fly ashes, and can hold promise for the recov

ery of valuable components from heavy petroleum
feedstock [62, 63].
It should be noted that there are numerous meth
ods for isolating metals from HOR using various acids,
alkalis, salts, and hetero compounds as solvents and
reagents that have not yet received practical applica
tion [64]. Despite the fact that these methods are
capable to extract metals, such as V and Ni, with an
efficiency greater than 97%, their major disadvantage
is often incapability or limited capability to precipitate
asphaltenes, which requires to conduct further feed
stock preparation processes for reducing its density
and carbon residue and removing hetero atoms [51].
THERMAL PROCESSES FOR UPGRADING
HEAVY PETROLEUM FEEDSTOCK
The most common thermal destructive processes
for upgrading heavy oil residues are thermal cracking,
visbreaking, delayed coking, thermofor catalytic
cracking, and flexicoking. Being run at relatively high
temperatures, all these processes lead to the formation
of gaseous products, liquid hydrocarbons with low and
medium molecular weights, heavy aromatic bottoms,
and a carbonized solid residue in the case of coking
and thermofor cracking [16, 46, 49]. Metals, including
V, are concentrated in a small volume of this carbon
residue (cracked residue, pitch, coke) and their con
centration is substantially higher than that in the oil.
The increase in the yield of liquid products and the
decrease in the yield of the resulting residue of the
thermodestructive process are accompanied by a rapid
increase in the concentration of metals in the residue.
Thermal Cracking/Visbreaking
Thermal cracking is largely used at present as a pro
cess for thermal preparation of distillate feedstocks to
coker units and production of thermally cracked gas
oil at an elevated ressure (2–4 MPa) and a tempera
ture of 500–540°C. As applied to heavy petroleum
residues, only a version of this process known as vis
breaking has remained to be of industrial importance
in modern oil refining; this is a mild cracking process
with a limited degree of thermolysis conducted at 1–
5 MPa, 430–500°C, and a residence time of 2–25 min
with the purpose of reducing the viscosity of fuel oil
without regard for demetallization of the residue
[16, 41].
Conventional visbreaking feedstock is vacuum
tower bottoms, but heavy oil, fuel oil, and asphalt can
also be processed in this way [40, 42]. Most commer
cial units operate in the residue conversion range of 20
to 30%; their basic limitation is a decline in stability of
the product with an increase in feedstock conversion,
which is associated with the deposition of asphaltenes
and coke and the formation of olefins, whose subse
quent secondary transformations can result in the for
mation of tar and hardly recyclable residues [3, 16,
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49]. In the case of the use of visbreaking for upgrading
heavy petroleum feedstock, the purpose of the process
is to obtain a maximal yield of distillate fractions,
which are then mixed to form synthetic oil. In this
case, V and Ni, which largely concentrate in the high
boilingpoint fractions and are bound to nitrogen in
porphyrin and nonporphyrin structures remain in the
residue of the thermal process, as well as relatively
small amounts of sodium and iron [4].
The world’s leading licensors of various embodi
ments of the process are considered to be Shell, whose
technologies were used to build more than 70% of
world HPF visbreaking capacity over the past 10 years,
and Foster Wheeler and UOP, companies that
designed more than 50 visbreaking units [65, 66]. The
refineries in Pavlodar, Burgas, Mazeikiai, and Omsk
use the units designed by the Grozny Research Insti
tute, and a number of other refineries employ the units
designed by the Institute of Petroleum Refining and
Petroleum Chemistry of the Republic of Bashkor
tostan.
Coking
Currently, coking becomes one of the most com
mon processes for refining and upgrading HOR with a
high metal content. Meant by coking is the process of
thermal treatment of heavy oil residues at a low pres
sure (up to 0.2–0.3 MPa) for the production of distil
lates, which are feedstock for the manufacturing of
motor fuel components and petroleum coke [46].
Unlike thermal cracking, coking is conducted under
severe conditions (high temperatures of 430–560°C
and residence times as long as several hours) with a
high degree of feedstock conversion. Cokers can pro
cess various oil residues, straightrun vacuum tower
bottoms, cracker resid, deasphalting asphalts from
lube oil manufacturing units, pyrolysis pitch, etc.
Abroad, heavy crude oil, shale oil, natural bitumen
from Athabasca oil sands, and coal tar pitch are also
used [16, 40, 41, 44, 45]. The process yields lighter
valuable products, such as gas, naphtha, light and
heavy gas oils, and solid residue (petroleum coke).
Typically, the yield of coke increases with an increase
in the carbon residue of the coking feedstock and its
quality and properties depend on the sulfur, metal, and
asphaltene contents and feedstock aromaticity [3, 4,
16, 49].
As a result of the process, metals of the petroleum
feedstock almost completely concentrate in the petro
leum coke [3]. Coker economy is determined to a con
siderable extent by the ratio and the cost of derived fuel
fractions and highsulfur solid residue of the process.
The main drawbacks of the process in the case of HPF
refining and upgrading are the formation of lowgrade
coke, a reduced yield of liquid distillate products, and
limitations due to emissions of sulfur dioxide pro
duced by burning coke. All of the resulting liquid frac
tions contain substantial amounts of unsaturated com
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pounds and require further catalytic hydrotreating to
obtain components of commercial petroleum prod
ucts [49].
Classification of the existing coking technology is
based on modes of supplying the feedstock to the reac
tion zone and unloading the solid product. Regarding
these modes, two different types of organization of the
process have found commercial use to date: semibatch
or delayed coking with continuous feed and periodic
discharge of the coke in unheated coking chambers
and fluid coking in a fluidized bed of coke as a heat
carrier.
Delayed coking processes have become the most
widespread, making it possible to obtain up to 40%
coke depending on the composition of the petroleum
feedstock. The degree of demetallization in the
delayed coking process can reach 95–98% [5]. CB & I
Lummus and Foster Wheeler (SYDEC (Selective
Yield Delayed Coking) process), leaders in the field of
efficient delayed coking technologies designed to
achieve maximum yield of distillate fractions, com
missioned more than 60 and 50 units, respectively
[65, 66].
Among thermal demetallization processes, the
Eureka process in which the thermolysis reactions also
proceed in a system of two reactors operating alter
nately is interesting. This process is much similar to
thermal cracking and visbreaking in conditions,
although it differs in reduced temperature (360–
420°C) and pressure (0.1–0.5 MPa), and to delayed
coking in duration (0.5–10 h) and instrumental
implementation. Thermal cracking reactions in the
process occur in the presence of superheated steam,
which is injected into the bottom of the reactor and
regulates the temperature of the process, stirs the reac
tion mixture, and strips distillate cracking products. In
such a reactor with direct contact of the feedstock with
the heat carrier, the cracked products are rapidly
removed from the reaction zone, thereby preventing
the formation of coke. Owing to the development of
polycondensation reactions, uncrackable hydrocar
bons appear as petroleum pitch, which is liquid under
the reactor conditions (softening point 130°C or
higher). The Eureka process can result in concentra
tion of almost the whole amount of feedstock metals in
petroleum pitch, the residue of the process. The pro
cessing of vacuum residue with a metal (Ni + V) con
tent of 338 ppm makes it possible to increase their total
concentration in the resulting pitch to 1175 ppm,
wherein the yield of the pitch is about 30% of the mass
of the vacuum residue fed [5, 11, 13, 40, 49].
Fluid Coking or Thermofor Catalytic Cracking (TCC)
Rapid development of this process in recent years
has made it possible to process the heaviest feedstock
and provide a coke yield of 10 to 25 wt %. In turn, the
use of gasification of the resulting coke powder led to
creation of a combined flexicoking process. Fluid cok
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ing is carried out at higher temperatures (510–560°C)
and shorter residence times (several minutes) com
pared to delayed coking, thus increasing the yield of
liquid products and reducing the coke yield. Flexicok
ing is a modification of the fluid coking process and
uses a coker reactor of the same design, except that it
includes an additional gasification section in which
excess coke reacts with steam and oxygen to be con
verted into a lowcalorificvalue fuel gas. The units
designed are capable of gasifying 60 to 97% of the coke
produced [4, 5, 7, 11, 13, 18, 40, 43, 46, 49, 67, 68].
The fluid coking and flexicoking processes were
designed by Exxon Mobil Research & Engineering.
Eight fluid coking plants operate since 1954 with a
total capacity of 375000 barrels/day, whereas only
five flexicoking units were built (with a capacity
179000 barrels/day) because of the necessity to use
one more reactor and a high capital cost of its imple
mentation [42].
Thermofor catalytic cracking is at present one of
the key processes for territorial and technological
combination of producing and refining heavy petro
leum feedstock with recovering useful associated com
ponents. Upgrading of heavy oil residues in TCC pro
cesses makes it possible to increase feedstock conver
sion and achieve a high yield of distillate fractions
(synthetic oil), and, unlike delayed coking, perform
cracking in the continuous mode with a lower coke
yield. Since almost all vanadium occurs in the fraction
with a boiling point of >500°C, heavier residues are
sequentially enriched in vanadium during processing
to have a maximum of its concentration in the coke [7,
68]. An increase in the “severity” of the TCC process
and a decrease in the yield of coke from the petroleum
feedstock results in a maximum enrichment of coke in
vanadium and other metals [13, 69].
The fluid coking process has been intensively
developed in recent years, and various HPF upgrading
technologies have been designed on its basis, which
differ in instrumental implementation, heat transfer
conditions, and the type of solid heat carrier. Among
these new developments, the HTL (HeavytoLight)
process intended for upgrading HPF to lighter syn
thetic oil of better quality that meets the requirements
of pipeline transportation should be noted. The heat
carrier in the HTL process is a moving, circulating bed
of hot sand. Feedstock asphaltenes are deposited on
the contact surface to form a thin film covering the
sand particles, thereby resulting in their high conver
sion. Because of a very short residence time of the
slurry in the reactor, which does not exceed 2 s, a high
yield of lighter liquid products and minimal gas and
coke formation are achieved. The process was
designed and patented by Ivanhoe Energy and is char
acterized by compactness and lower operating costs
compared to conventional upgrading processes [70,
71]. As a result of the process, the API gravity of the
upgraded product obtained from Athabasca natural
bitumen decreases from 8.5 to 18.8; the vacuum resi

due content, from 52 to 6 wt %; the V content, from
209 to 27 ppm; and the nickel content, from 79 to
15 ppm.
Viscositor, a similar thermal cracking process in a
fluidizedbed reactor, was developed by the Norwe
gian company Ellycrack AS for the onsite refining of
heavy oil [72]. In the Viscositor process, HPF is
sprayed with superheated steam and cracked by con
tacting with heated fine sand particles in the cavity of
the reactor in which a high linear velocity of the
upward flow is achieved. The solid particles heated in
a regenerator by fluidizedbed combustion of coke are
driven to the reactor by means of pneumatic conveying
with hot flue gases. The process occurs at low temper
atures due to the low partial pressure of the feedstock,
is autothermal, and requires neither the heat produced
by burning the coke formed nor the presence of a cat
alyst, instead of which finely grained minerals act as a
heat carrier. Thus, the metal content in the upgraded
product is reduced by 90%.
A unique version of thermofor cracking was devel
oped by ETX Systems. The technology is based on the
thermal cracking of HPF in contact with hot solid par
ticles fluidized by transverse gas flow and moved
through the reactor by gravity. Entering the reactor, a
heavy residue undergoes conversion to give liquid
products, coke, and gas by heat transfer from the bed
of solid particles. The coke is deposited on the surface
of solid particles, while the fluidizing gas and other
products of the process are withdrawn from the top of
the reactor. The process is carried out under less severe
conditions at relatively low temperatures, increasing
the yield of liquid products, which is higher by 9%
than the yield of hydrocarbons in the case of Atha
basca bitumen processing in a delayed coker [73].
Thus, the thermal processes are quite effective for
demetallization of heavy oil residues and metal con
centration in the product coke (pitch) or on the sur
face of solid heat carrier particles from which the met
als can be further recovered.
The known methods for the recovery of metals
from petroleum coke, ash, and other products are
described in more detail in [18, 74, 75]. For example,
vanadium pentoxide is produced on the commercial
scale in Canada, the United States, and Venezuela
from the ash of TCC coke of Venezuelan oils and
Athabasca bitumens using hydrometallurgical pro
cesses [44, 68], based on the conversion of ash and
coke metals into water or acidsoluble compounds
and the subsequent selective precipitation of V and Ni.
For materials with a high metal content, the use of
autoclaved equipment and hydrothermal media is jus
tified. A promising method is the recovery of metals
from petroleum coke by reacting with chemical oxi
dants.
By 1988, eight units for V recovery from petroleum
coke operated in Canada, Venezuela, and the United
States, where the heavy viscous oil and natural bitu
men processing technologies and are most developed
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[19, 76]. In the ash produced by coke gasification, the
vanadium content can be as high as 23000 ppm. The
total output of V2O5 derived from petroleum feedstock
in the Canadian units reaches 1660 ton/year, which is
several times higher than the country’s demand for this
valuable metal.
GASIFICATION
Gasification today is an important intermediate
step in integrated heavy petroleum feedstock process
ing schemes that, on one hand, makes it possible to
concentrate the valuable feedstock metals in the min
eral residue from which they can be directly recovered
and, on the other hand, convert its organic part into
synthesis gas, which a good fuel for power generation
or feedstock for a variety of petrochemical processes.
The desired product of the gasification process is the
synthesis gas, which is a mixture of the main compo
nents carbon monoxide and hydrogen with carbon
dioxide and methane. The feedstock of the process can
be various solid and liquid carbonaceous materials
including deasphalted asphalt, petroleum coke, and
crude oil tank bottoms. Gasification is achieved by the
complete decomposition of the carbonaceous feed
stock at high temperatures (above 1000°C) in the pres
ence of oxygen (air) and steam.
The other products are soot and bottom ash (BA).
The soot may contain a significant amount of V. At a
plant throughput of 800000 ton/year, 320 t/y of vana
dium can be obtained. Soot is subjected to controlled
oxidation in a multiport furnace. The product is a V
concentrate containing about 75% V2O5 [40]. The
majority of rare and rare earth elements concentrate in
bottom ash, which can be regarded as feedstock for
producing commercial compounds of a variety of ele
ments [7].
Almost all of the gasification projects implemented
to date prefer entrained flow gasification reactors
because of their flexibility; the possibility of processing
different carbonaceous raw materials (liquid and
solid); a high unit capacity; and, hence, economic
attractiveness. The bestknown technologies based on
entrained flow gasification reactor were developed by
Texaco (TGP process), Shell (SGP process), Sie
mensFuture Energy, Prenflo (KruppUhde), and
Conoco Phillips (EGas process) [77, 78]. About
140 SGP plants and 90 TGP plants operate over the
world [79]. A promising approach to gasification of
various carbon materials is the process in a molten
metal (iron) placed in a meltingfurnace crucible
blown with an oxygenrich gas [80].
Table 2 collates data on the performance character
istics of the thermal processing of residues of light
Devonian oil, which illustrate differences in the metal
concentration efficiency depending on the thermal
treatment process used. The characteristics of the
crude oil are as follows: density, 0.86 g/cm3;
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sulfur content, 1.6%; vanadium, 56 ppm; and nickel,
21 ppm [13].
According to the data in the table, the heat treat
mentproduced distillate fractions that boil up at tem
peratures below 500°C are almost deprived of vana
dium and nickel. The highest vanadium concentration
of 0.1–1.0 wt % is achieved in the fluid cracking coke
and in the flexicoking coke ash concentrate. Note that
the concentration of vanadium in the fluid cracking
coke is almost two times that in the delayed coking
coke.
These data indicate that refinery flow charts
including coking or flexicoking processes are the most
preferable from the standpoint of effectiveness of the
commercial development of petroleum vanadium
resources. It is in this case that a maximum concentra
tion of petroleum vanadium in coke ash residue, one
of the associated refinery products, can be achieved.
The concentration factor defined as the ratio of vana
dium concentration in the associated product to its
concentration in the feedstock can be as high as 150–
200. Further enrichment of the coke ash concentrate
in vanadium in specialized utility boilers equipped
with facilities for capturing particulate matter from the
flue gas will increase the concentration factor to 800–
900 [13]. It should be noted that the concentrations of
vanadium in the fluid cracking coke and the coke ash
concentrate are higher than in traditionally used vana
dium ores. Moreover, these values can be achieved
even in the case of refining crude oil that contains
vanadium in an amount below the commercial con
centration.
CATALYTIC PROCESSES OF REFINING
HEAVY PETROLEUM FEEDSTOCK
Catalytic Cracking
Isolation of metals from the heavy fractions of
petroleum feedstock is feasible in the case of the fluid
catalytic cracking (FCC) process. In this process, the
degradation of metal compounds in the presence of an
acid catalyst occurs and the metals are deposited on
the catalyst. The FCC process is one of the most com
mon technologies that provide a high refining effi
ciency and manufacture of the base component of
highoctane gasoline, the kerosene component, and
lower olefins (propylene and butylenes). Simulta
neously, the spent catalyst can be a raw material for the
recovery of heavy metals deposited from the feedstock.
In this process, which traditionally uses heavy distil
lates (vacuum gas oils) as a feedstock, oil residues
(atmospheric and vacuum tower bottoms) preferably
in a mixture with the distillate feedstock are increas
ingly involved. Oil residue feeds in the FCC process
are used as received or after preparation. The immedi
ate cracking of heavy feeds is the simplest process from
the engineering standpoint. However, the presence in
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Table 2. Comparative characteristics of various processes of thermal upgrading of residues (vacuum tower bottoms) of light
Devonian oil from the Romashkino field [13]
Parameter
Feed: vacuum residue
Yield on crude oil basis, wt %
Carbon residue, wt %
Contents:
sulfur, wt %
vanadium, ppm
nickel, ppm
Obtained, wt %
C5–500°C fraction
Cracked residue, pitch, coke
Content in C5–500°C fraction:
vanadium, ppm
nickel, ppm
Content in cracked residue, pitch,
and coke:
sulfur, wt %
vanadium, ppm
nickel, ppm

Process
visbreaking delayed coking

Eureka

TFC*

flexicoking

28.5
17.7

26.9
18.0

26.9
18.0

28.5
17.7

28.5
17.17

3.1
200.0
60.0

3.2
210.0
90.0

3.2
210.0
90.0

3.1
200.0
68.0

3.1
200.0
68.0

54.0
44.0

60.5
30.0

71.2
24.1

65.4
16.0

65.4
2.0

0.5
0.4

0.2
0.2

0.2
0.2

0.2
0.2

0.2
0.2

3.1
431
156

4.0
666
297

4.1
871
371

4.8
1052
365

2.1
10000
3400

* TFC stands for thermofor cracking.

the feed of metals that deactivate the catalyst leads to
rapid coking, reduces the process selectivity, impairs
the product quality, and increases catalyst consump
tion. Pretreatment of the residual feedstock improves
the yield and quality of the products of catalytic crack
ing, but it significantly increases the cost of the pro
cess.
In Western Europe, Japan, and especially the
United States, considerable experience of direct
industrial processing of residual feedstocks on FCC
units has been gained. In the United States, about 50%
of FCC units process mixed feedstock containing a
residual component, and 70 FCC units in Western
Europe and the Middle East use 10 to 100% residues
as feedstock [16, 40, 41, 43–46, 48, 81, 82].
The heavier the fractional composition of the
cracking feedstock, the higher the vanadium and
nickel content in it. The metal content of gas oil is up
to 1 ppm, whereas that of fuel oil is 170 ppm. Accord
ingly, the amount of metals on the catalyst during the
refining of such a feedstock can reach 10000–
30000 ppm versus no more than 1000 ppm in gas oil
processing. The metals adsorbed on the catalyst clog
pores and block its active sites, resulting in catalyst
deactivation, as well as accelerate the dehydrogena
tion reaction, thereby reducing the selectivity for the
gasoline fraction and its quality. Along with a reduc
tion in activity and selectivity, the formation of highly
reactive metal oxides, such as vanadium pentoxide,
contributes to the degradation of the crystal structure

of the zeolite catalyst during its regeneration [7, 68,
82–84]. Consequently, the immediate processing of
heavy oil residues with carbon residue of more than 10
wt % and a metal content more than 30 ppm results in
excessively high consumption of the catalyst and gen
erally becomes uneconomical without pretreatment of
the feedstock. For the cracking feed containing
50 ppm metals and a cat cracker capacity of about
2.7 million t/y, the amount of the fresh catalyst needed
may reach 36 t/d (if metal content on the catalyst is
1 wt %) [46].
The development of affordable, highly active, and
selective zeolite catalyst systems that are effective in
cracking of highmolecularweight hydrocarbon com
ponents of HPF and resistant to poisoning by hetero
atomic and metalcontaining compounds increases
the practical applicability of FCC processes to HPF
upgrading [85, 86]. The operation conditions of mod
ern catalytic crackers for HPF processing are charac
terized by high temperature, high feed space veloci
ties, and short contact times, which result in a
decrease in the coke yield and increase in the yield of
gasoline. To lower the temperature and partial vapor
pressure of water during the combustion of large
amounts of coke and to decrease the vanadic acid for
mation and zeolite dealumination rates, twostep
regeneration and/or cooling of a microspherical cata
lyst with an external condenser are carried out in mod
ern FCC units for oil residues. The most widely used
FCC units for HPF processing have a UOP twostage
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regenerator or two Axens regenerators with separate
air supply and flue gas withdrawal (R2R process) [46,
56, 57, 87].
To prevent catalyst poisoning with metals and
recover them, preliminarily demetallization of the
feedstock, continuous demetallization of a portion of
the catalyst circulating in the system, and use of addi
tives that passivate metal poisoning of the catalyst are
practiced [40, 46, 81, 84, 85].
For example, Atlantic Richfield designed the
Demet II process for the continuous recovery of met
als deposited on a zeolite catalyst and, further, its new
version Demet III, which is characterized by a simpler
means of metal extraction from wastewater and a lower
cost. The Demet III flow chart includes continuous
withdrawal of 15% of the catalyst from the cracker and
its treatment according to the following scheme: acti
vating the metals deposited on the catalyst, chemical
treatment of the catalyst, its washing with water to
remove V and Ni, extracting the sludge from wastewa
ter, and recycling water back into the system. The
sludge isolated from the wastewater has a high concen
tration of metals and can be used to recover them [18,
68, 82].
Texaco patented a process for catalyst demetalliza
tion, in which vanadium and nickel are converted into
volatile compounds and separated from a catalyst after
special treatment of a portion (1/3) of the circulating
catalyst. Less than 50% of vanadium and 60–40% of
nickel are retained on the catalyst. The metals are
removed as volatile chlorides and oxychlorides after
treatment with chlorine. Gulf patented a process for
demetallization of a zeolite catalyst by contacting with
compounds of bismuth and manganese or oxides
thereof [40].
Selective absorption of metal porphyrins directly
during fluidizedbed catalytic cracking with separa
tion of the catalyst for its subsequent regeneration and
the recovery of the metals was proposed. Selective
absorbers of metal porphyrins are alumina supported
on activated sponge coke; magnesium salts; dolomite;
sepiolite; carbonates; titanates; strontium, barium, or
calcium zirconate in matrices consisting of 70–90%
SiO2 and 10–30% Al2O3; activated carbon; and alumi
nosilica gel [7, 68].
From the array of available data, it follows that
feedstock for the catalytic cracking process should be
only of relatively high quality, having a high H/C
atomic ratio and a low metal content, to avoid the
problems associated with a high coke yield and high
catalyst consumption, which determine the profitabil
ity of the process. This is a major limitation on appli
cation of FCC units to refining heavy oil residues that
makes it less attractive than hydrotreating.
It is noteworthy that a number of thermal adsorp
tive deasphalting (TAD) processes for preparing HOR
to subsequent processing in FCC and hydrocracking
units have been developed on the basis of the catalytic
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cracking technology. Of the TAD processes, the ART
(Asphalt Residual Treating) process is worth noting, in
which a portion of the feedstock is vaporized and
decarbonized and demetallized in fluidized bed. This
resin–asphaltene portion of the feedstock is adsorbed
on the catalyst sorbent with partial thermal degrada
tion. Natural minerals, such as kaolin, bauxite, sepio
lite, and manganese or iron ore are typically used as
adsorbent catalysts for upgrading heavy oil fractions,
which can be modified with vanadium, nickel, chro
mium, iron, or cobalt. The degree of removal of metals
in TAD processes can reach 95%, and the concentra
tion of vanadium and nickel on the sorbent can be as
high 30000 ppm, so that the sorbents can be consid
ered a source of recovery of valuable metals [46, 49].
Hydrogenation Processes
Demetallization of petroleum feedstock is also fea
sible in the course of hydrogenation refining processes.
The principle of the removal of metals in hydroconver
sion processes is the destruction of metal compounds
by hydrogen treatment and deposition of the metals on
a heterogeneous catalyst or their concentration in the
highboilingpoint unreacted fractions or coke in the
case of using a homogeneous or nanosized catalyst [5,
7, 16, 18, 44, 46, 48, 49, 68, 88]. Quantitative assess
ment of the distribution and form of metal compounds
in the hydroconversion products is reported in [18].
By their purpose, petroleum feedstock hydrogena
tion processes are divided into hydrocracking and
hydrotreating. Hydrotreating processes are used to
improve one or more characteristics of the feedstock
and subdivided into hydrodemetallation, hydrodes
ulfurization, and hydrodenitrogenation depending on
the narrower purpose. Using this group of processes
can improve the quality by reducing the sulfur, nitro
gen, and metal contents and prepare HOR for subse
quent processing in catalytic cracker, hydrocracker,
and/or coker units. Feedstock conversion in
hydrotreating processes usually does not exceed 10%.
In turn, hydrocracking processes are conducted under
more severe conditions (pressure of 30 MPa and tem
peratures up to 450°C) resulting in quite deep (con
version greater than 25%) degradation of HPF com
ponents to decrease the size of the parent molecules.
In contrast to thermal processes, HPF hydrotreating
processes can significantly increase the quality and
yield (85% or more) of the liquid products, but they
require significant amounts of hydrogen and have high
capital and operating costs. In addition, the possibility
of their application to processing of heavy feedstocks is
usually limited by enhanced coking, the need for fre
quent catalyst regeneration, a relative low maximum
permissible concentration of metals in the feedstock,
and a short catalyst service life. As a consequence,
their use is not always costeffective [5, 41, 42, 48,
64, 89].
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In most cases, a catalyst is used for hydrotreating,
but there are also noncatalytic thermal hydrogenation
processes called hydrovisbreaking, hydropyrolysis,
etc. [16, 49]. Selection of the composition and proper
ties of the catalyst and type of a reactor or reactors for
hydrotreating petroleum feedstock is largely deter
mined by the feedstock composition, in particular, its
metal and asphaltene contents, and the desired yield
and composition of the final products [90–96]. In
general, by the engineering design of the reactor
block, hydrotreating technologies are divided into
fixed, moving, ebullated/stirred, and slurrybed
processes [91].
Fixed and MovingBed Hydrotreating Processes
Catalytic hydrotreating of heavy oil residues in
fixedbed reactors is by far the most common industri
ally developed embodiment of the process [97, 98]. In
the processing of heavy petroleum feedstock with high
coking tendency and a significant metal content, the
socalled guard reactors or guard catalyst beds are
often used. This approach can minimize the poisoning
of the underlying catalyst beds by deposition of coke
and metals on their surfaces and preclude a sharp
increase in pressure drop in the reactor in the presence
of large amounts of solid deposits. The guard beds usu
ally contain a catalyst with a large pore diameter, low
activity, and high capacity for deposition of solid par
ticles. The number of the catalyst beds to be used is
determined by the objective of the process and the
required product composition, but it largely depends
on the feedstock quality [91]. According to published
data [99], only petroleum feedstock with a metal con
tent less than 100 ppm can be processed in a fixedbed
reactor. Moreover, narrowpore catalysts with a high
activity should be used at a metal concentration of less
than 25 ppm in the feedstock. At metal concentrations
of 25 to 50 ppm, a twobed catalyst system should be
used, in which the catalyst having a higher resistance
to the deposition of metals is placed in the front bed.
Finally, if the metal content is the range of 50 to
100 ppm, a threebed system is needed, in which the
hydrodemetallization catalyst with high metal capac
ity is placed in the front guard bed [99].
The main problems with fixedbed catalytic reac
tors for HPF processing are associated with a rapid
decrease in the activity of the upstream catalyst bed by
coke and metal deposition and adsorption of other
undesirable compounds on the catalyst surface [100].
These problems can be partially resolved by the devel
opment of highly active catalysts resistant to solid
deposits; optimization of reactor loading along height
with several catalyst beds or inert particles, which vary
in grain size and shape, pore structure, and activity;
and use of special devices to ensure efficient mixing of
gas and liquid and uniform flow distribution over the
cross section of the reactor [91, 94, 96–98, 100]. How
ever, the main achievements in this area to solve the

task of continuous operation of the units are associ
ated with the use of swing reactors or guard moving
bed reactors, providing a continuous replacement of
catalyst during operation [96, 100].
The concept of using a bypass guard reactor and a
swing reactor system (SRS) was implemented in the
HyvahlS process designed by IFP (Axens). In this
design, one or more guard reactors are placed
upstream of the main fixedbed reactor. In the case of
a significant drop in catalyst activity or too large pres
sure drops in the first reactor, it is quickly turned off
and the stream is switched to the second operating
reactor, thereby allowing catalyst replacement without
stopping the process and loss of productivity. The pro
cess is conducted at high temperatures and hydrogen
pressures and short contact times and can be used for
deep processing to high feedstock conversions. The
guard reactor with a hydrodemetallization catalyst
removes most of the metals present in the feed, while
the removal of hetero atoms is achieved in the subse
quent reactor or reactors with a highperformance
hydrodesulfurization catalyst. Optimization of the
composition, catalyst load, and process conditions
makes it possible to remove 95% of metals and 92% of
sulfur from HPF with high concentrations of metals,
asphaltenes, and hetero compounds and maintain an
acceptable level of conversion within one year of con
tinuous operation [96, 97].
Among the technologies employing movingbed
reactors, the OCR (Onstream Catalyst Replacement)
process by Chevron Lummus Global (CLG) and the
HYCON process designed by Shell are most widely
used.
Placement of an OCR reactor upstream of a fixed
bed hydrodesulfurization reactor makes it possible to
increase the throughput of the system and/or upgrade
HPF with a high metal content (over 400 ppm), while
maintaining high product quality and process eco
nomics. The presence of the OCR reactor in the
hydroprocessing flow chart can increase the service
life of the hydrodesulfurization catalyst and resolve
problems associated with increased pressure drop
across the bed. In this case, the fresh catalyst is fed
from the top of the reactor and HPF enters from the
bottom. The catalyst and feedstock move in the coun
tercurrent mode, whereby the feed with a maximum
content of impurities is contacted first with the most
contaminated catalyst. At the same time, the upward
feed flow fluidizes (expands) somewhat the catalyst
bed, entraining its particles to the top of the reactor.
This arrangement improves the contact of the catalyst
with the feedstock, minimizes the problems of bed
clogging with deposits and growth of differential pres
sure. The completely spent catalyst is withdrawn from
the bottom of the reactor. Catalyst replacement in this
way is performed once or twice a week, without inter
ruption of the process [101].
Another example of a movingbed guard reactor is
the “bunker” reactor in the HYCON process.
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Depending on the feed quality, one or more of such
reactors are used ahead of the conventional fixedbed
reactor. In this process, the catalyst and heavy oil are
fed in cocurrent flow from the top of the reactor. The
catalyst particles descend under gravity at a much
lower velocity than the linear velocity of the feed and
are discharged from the bottom of the reactor. The
movement of the catalyst ensures its continuous addi
tion to and removal from the system through special
gateways on the top and bottom of the reactor without
interrupting the process. Replacement of the catalyst
enables maintaining the desired level of activity, and its
frequency depends on the catalyst deactivation rate.
Feedstock metals and salts that are removed in the
upper beds of the catalyst are discharged along with it
at the bottom of the reactor. The bunker reactor sys
tem can be used for hydroprocessing of very heavy
feeds with a metal content greater than 500 ppm. The
process conditions in this case are more severe than
those of the conventional fixedbed hydrodesulfuriza
tion reactor. For example, the pressure may exceed
200 bar and the temperature ranges from 400 to
427°C. A HYCON unit at the Shell refinery in Pernis
(Rotterdam, the Netherlands) with a throughput of
4000 tons of vacuum residue per day includes five
reactors, of which three are the “bunker” demetalliza
tion reactors and the remaining two are fixedbed
hydrodesulfurization/hydroconversion reactors. More
than 60% of the feed is converted into lighter distillate
fractions with a low sulfur content, a FCC feedstock.
An inexpensive, regenerable catalyst having a high
capacity for metals, low activity, and attrition strength
is the most suitable for HPF demetallization [91, 96,
102].
Ebullated/StirredBed Processes
In ebullated/stirredbed reactors, the feedstock
and hydrogen are fed from the bottom of the reactor
and passing through the dispenser ascend at a velocity
sufficient for expanding the bed, causing erratic, tur
bulent flow and backmixing of catalyst particles with
the gas–liquid stream. In the ebullated bed, only part
of the solid particles occur in the suspended state. The
density of the solid particles in the bulk of the bed and
the bed height and properties are controlled by the
speed of the pump, which provides a continuous cir
culation of the liquid in the reactor, and by the recycle
gas and hydrogen flow rates. The products of the pro
cess and the catalyst are separated in the upper part of
the reactor, and the catalyst circulates to the bottom of
the bed, on which it is mixed with the fresh feed
stream. The spent catalyst is discharged from the bot
tom of the reactor and a portion of the fresh catalyst is
added to the top of the reactor without interruption of
the process and disturbance of the operation mode.
The presence of a sufficiently large free space between
catalyst particles in the bed minimizes both clogging
due to the buildup of solid deposit and a rise in pres
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sure drop. Intense stirring ensures efficient contact of
the liquid, gas, and catalyst phases, minimizes tem
perature and concentration gradients in the bed, and
facilitates operation in a mode close to isothermal at
higher temperatures compared to fixedbed reactors.
In ebullated/stirredbed reactors, a catalyst with a par
ticle size of less than 1 mm can be used in some cases
because of the absence of problems due to increasing
pressure drop; thus, the rate of the process is increased
by virtue of minimizing diffusion constraints and
increasing the efficiency of utilization of the surface of
catalyst grains. The most problematic heavy petro
leum residues with high concentrations of asphalt
enes, metals, and hetero compounds, such as vacuum
tower bottoms and natural bitumens, can be used as
feedstock. The technology is quite flexible, and the
reactors can operate in either hydrotreating or hydro
cracking mode with a low or high feed conversion [91,
96, 100]. However, operation at high feedstock con
versions (>50–60%) is fraught with certain difficulties
due to the formation of deposits on the interiors of the
reactor, an increase in the deactivation rate and con
sumption of the catalyst, and a significant decrease in
stability of the resulting residue. In addition, the high
process temperatures (400–440°C) lead to deteriora
tion in the quality of the products [103].
The most widespread hydroprocessing technolo
gies using ebullated/stirredbed reactors are the LC
Fining (CLG) and HOil (Axens) processes. These
technologies are very similar in concept, but they dif
fer in reactor operation mode and design features
including specialized product separation and purifica
tion, catalyst transport, heat recovery, etc. systems. A
multistage flow diagram using multiple reactors can be
used to implement these technologies. As a rule, the
flow chart of the process comprises three reactors, the
first of which serves for hydrodemetallization and the
second and third ones are intended for hydrodesulfur
ization and/or hydrocracking. The system of addition
of the fresh catalyst and withdrawal of the spent cata
lyst enables controlling the catalyst activity and main
taining the yield and quality of the products at a con
stant level during the process and ensures continuous
operation for as long as four years. Depending on the
operation mode, the objective, and the flow chart, the
conversion of residual feedstock can reach 65–80%
with the degree of demetallization being as high as
98%. The unconverted residue can be used as a boiler
fuel component or a feedstock to coker, gasification,
and solvent deasphalting units [56, 96, 101, 104].
SlurryBed Processes
In slurrybed (slurryphase) processes, petroleum
feedstock to which a small quantity of a catalyst or cat
alyst precursor (from 0.025 to 3 wt %) is usually added
is fed together with hydrogen into the hollow shaft
(slurry) reactor and rises by upward flow. The degree of
backmixing in this case is much lower than in the ebul
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latedbed reactor. The feed and the catalyst move
cocurrently, and the flow regime can be close to the
plugflow mode, reducing the time to reach high con
versions of the feed compared to ebullatedbed reac
tors operating in modes close to complete mixing. As
in the case of ebullated bed, catalyst particles are in
motion, solving the problem of bed clogging and the
growth of pressure drop and maintaining the catalyst
activity at a constant level by the online addition of
the fresh catalyst and withdrawal of the spent catalyst.
This organization makes it possible to process extra
heavy feeds with a metal content of more than
700 ppm, and the use micrometer and nanosized cat
alyst particles significantly enhances the rate of the
process as a result of the increased surface area, better
accessibility of active sites, and the lack of intradiffu
sion constraints. The process can be carried out under
very severe conditions, at temperatures up to 480°C
and pressures up to 300 bar to the feedstock conversion
reaching 95 wt %. The catalyst, catalyst precursor, or
additive can be carbon; ironimpregnated carbon;
pure iron sulfate; ground spent heterogeneous hydro
processing catalysts; ironrich clays; and Group VI
and VIII metal compounds, such as phosphomolybdic
acid, molybdenum naphthenate, and ammonium par
amolybdate [18, 91, 103, 105–107].
The slurrybed hydrocracking process is a promis
ing hydroconversion line because of the possibility of
effective deep processing, upgrading, and demetalliz
ing of heavy oils and residues regardless of their ele
mental or group composition. About a dozen of pro
cesses of this type at different levels of their develop
ment are known to date. Some of them are being
commercialized now, and the others have passed the
pilot testing stage only [105, 106].
Among the processes at the commercialization
stage, there is the heavy oil residue hydroconversion
process designed at the Topchiev Institute of Petro
chemical Synthesis and based on the use of catalyst
nanoparticles of Mo compounds or Mo and Ni com
pounds formed in situ after preliminary dispersion of
an aqueous solution of a precursor in the feed. The
process is conducted at temperatures of 420–450°C,
relatively low pressures of 7–13 MPa, and low catalyst
concentrations in the reactor on the order of 0.05–
0.10 wt % active metal on a feedstock basis. The cata
lyst consumption is no more than 0.05% of the feed
mass. By this technology, more than 90% of the feed
stock organic compounds are converted into light
fractions that can be used for the production of motor
fuels [18, 107–110]. In this process, V and Ni con
tained in the feedstock and Mo as a part of the nano
sized catalyst concentrate in the heavy fractions
(HBPF) having a boiling point above 520°C, pro
duced by vacuum distillation of the liquid product of
the process (hydrogenate) and largely recycled to the
reactor. Based of this technology and using the input
data as obtained at the Topchiev Institute and the
Electrogorsk Institute of Oil Processing, Chevron

Lummus Global has developed a basic project of a
pilot plant for processing heavy residue of bitumen oil
with a capacity of 50000 ton a year at the TANECO
refinery.
Another slurry process that has reached the stage of
commercialization is the EST (Eni Slurry Technol
ogy) hydrocracking process designed by Snamprogetti
and EniTechnology of the Eni Group. The catalyst of
the process is ultrafine microcrystalline molybdenum
sulfide dispersed in the feedstock in the form of irreg
ular clusters with an average diameter of 0.5–2 mm,
which is formed in situ by activating oilsoluble pre
cursors. Compared with catalysts based on other tran
sition metals, such as Ni, Ru, Co, V, and Fe, this cat
alyst provides the highest hydrogenating activity and
lowest yield of gaseous hydrocarbons and coke during
HOR conversion [111]. The catalyst does not acceler
ate cracking reactions in this process, but
mediates rapid hydrogenation and saturates free radi
cals, impeding both condensation reactions and fur
ther βbond cleavage and maximizing the yield of dis
tillate fractions. The process is conducted at tempera
tures up to 460°C, hydrogen pressures up to 18 MPa,
and molybdenum concentrations in the reactor of
1000 to 5000 ppm. The feedstock conversion and the
degree of demetallization by hydrocracking can reach
90% at a degree of hydrodesulfurization of 85% [106,
112]. The catalyst consumption is yet unknown; most
likely, it is on the order of 0.1–0.25 wt %. According to
Bellussi et al. [106, 113], an industrial slurry reactor
using the EST technology was launched in 2013 at the
Sannazzaro refinery (Italy). In 2014, the company
reported the successful startup of the plant.
The CANMET hydrocracking process designed in
Canada, which provides a high degree of demetalliza
tion as a result of the conversion of a highmolecular
weight residual material into products with lower boil
ing points, is also under commercialization. The pro
cess was initially intended for upgrading of heavy oil
and natural bitumen. This technology uses an inex
pensive iron sulfatebased additive (1–5%), which
accelerates the hydrogenation reaction, inhibits the
formation of coke, and makes it possible to attain high
degrees of HPF conversion (>90%) into distillate frac
tions. The catalyst particles and almost all metals con
tained in the feed concentrate in the unreacted residue
of vacuum distillation of the liquid products [114].
Based on the reactor block of the CANMET process
and its industrially implemented Unicracking and
Unionfining technologies, UOP developed a slurry
hydrocracking process, called Uniflex, for heavy oil
upgrading. The upflow reactor of the Uniflex process
operates at moderate temperatures and pressures
(435–471°C, 138 bar). The process is mediated by an
ultrafine ironcontaining catalyst, which has activity
in hydrogenation reactions, thereby stabilizing the
resulting cracking products. During the hydrotreating
of heavy residue, a high conversion of asphaltenes is
achieved, which ensures stable operation of the reac
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tor without precipitation of the insoluble sludge and
deposit formation [115]. The main disadvantage of
this process is a high catalyst consumption reaching
0.25–1.0% of feed mass and the necessity to increase
pressure to 17–18 MPa during the processing of resi
dues of heavy highviscosity oils.
Commercialization of the hydrotreating process
named Veba Combi Cracking (VCC) and licensed by
KBR and BP [116] is also underway. In this process, a
fine powdered coal additive is suspended in the oil res
idue, wherein the additive may contain iron and other
transition metals whose primary role is to prevent coke
formation as a result of hogh conversion of asphaltenes
to lighter products and removal of the unreacted
asphaltenes as feedstock metals. Typical working con
ditions are 440–485°C and 220–250 bar [106]. The
conversion of the residual feedstock can exceed 95%.
The VCC process is based on the Bergius coal lique
faction technology implemented in Germany in the
1920–1940s. Since the 1970s, the interest in the tech
nology was revived with the aim of converting heavy
oil residues because of the rise in oil prices duirng the
oil embargo period, and a new plant with a capacity of
3500 barrels a day was built and launched in 1981 in
the city of Bottrop (Germany). A further drop in oil
prices and its retention at a low level for an extended
period has led to the shutdown of the plant in Bottrop
in 2001. Following the acquisition of Veba by BP in the
United States in 2008 VCC technology was developed,
built and launched a new pilot plant capacity of 1 bar
rel. daily [116].
Headwaters Technology Innovations Group
(HTIG) developed a process for upgrading of heavy
oils and natural bitumens by hydrocracking in the a
presence of a homogeneous catalyst called
HCAT/(HC)3. The active phase of the catalyst is
formed in the reaction system of oilsoluble precursor
additives, such as iron pentacarbonyl or molybdenum
2ethylhexanoate. The catalyst is homogeneously dis
persed in the heavy petroleum feedstock TNS, form
ing a colloidal system with the particle size close to the
size of asphaltene molecules. The colloidal or molec
ular catalyst is primarily associated with asphaltene
molecules, whose conversion increases linearly with
the conversion of the residual feedstock as a result of to
their effective hydrocracking, which prevents coke
precursors from coalescence. In the pilot plant oper
ating at different degrees of conversion of the residue
of the atmospheric distillation of HPF, including Cold
Lake natural bitumen, the consumption in molybde
num disulfide in the colloid form or 0.3 wt % molecu
lar form was 0.03.
Thus, the hydrogenation processes along with deep
demetallization results in purification and/or conver
sion (cracking) of heavy petroleum feedstock into
lighter distillate fractions that can be used to produce
high quality motor fuels and/or mineral base oils. The
recovery of metals from petroleum feedstocks can
reach 99% depending upon the catalyst type and pro
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cess conditions. When solid catalysts on porous sup
ports are used, metals contained in the feedstock are
deposited on the catalyst surface, whereas the feed
stock metals in the case of unsupported homogeneous
catalyst dispersed in HPF pass into the highboiling
point liquid product fractions and coke. The recovery
of metals from the products and solid residues (waste)
in which they are concentrated is usually carried out
using conventional hydrometallurgical and pyromet
allurgical methods.
ALTERNATIVE PROCESSES
Among alternative processes that promote the
demetallization of petroleum feedstock, the main
place is occupied by processes in which energy is sup
plied to the system using a variety of physical methods
usually accompanied by or combined with the pro
cesses of adsorption, heterogeneous catalysis, or
extraction with various solvents and reagents.
For example, Trutnev et al. [117] proposed a pro
cess for demetallizing crude oil and device for its
implementation that makes it possible to recover met
als (V, Ni, Cr, W, etc.) during thermal cracking of
crude oil. The process consists in the hydroacoustic
treatment of the liquid residue, obtained by thermal
cracking (e.g., radiationthermal cracking) and heated
to a temperature of 380–420°C, containing uniformly
dispersed fine metal or metal oxide particles. This
treatment results in separation, localization, and sedi
mentation of the fine particles by gravity, with the sed
imentation being controlled by varying the acoustic
field parameters and followed by separate removal of
the cracked residue and the precipitated particles from
the vessel, wherein the organic portion of the particles
is calcined and fired in the kiln. After calcining and fir
ing, the residue as the metallurgical sludge is sent for
recovery to specialized plants. The oil distillation,
cracking, and demetallization residue can be sent to
further processing in catalytic crackers.
The prospects of the contact demetallization of
heavy petroleum feedstock in a wave field was demon
strated by Giniyatullin [118]. The process results in
partial thermal degradation of HPF and simultaneous
deposition of metals on the contact surface. The cited
author proposed a method for enhancement of sorp
tion of organometallic compounds on the outer sur
face and in the pores of the contact catalyst and the
mechanism for demetallization in the case of iron ore
concentrate used as the adsorbent. In addition, the
possibility of selective demetallization of petroleum
feedstock without significant deasphalting was shown.
During pilot testing, the degree of deasphaltization of
atmospheric residue of one of the West Siberian crude
oils was 19% at its demetallization degree of 72%. This
demetallization process was recommended as a feed
stock preparation step for the catalytic cracking,
hydrocracking, and hydrotreating processes to pre
clude poisoning of the relevant catalysts.
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In [119, 120] it was shown that rare metals can be
concentrated using plasmaassisted pyrolysis of petro
leum residues. The authors cited developed a new pro
cess for the catalytic pyrolysis of vacuum residue in the
plasma jet of steam and hydrogenrich gas. Plasma
pyrolysis is a powerful destructive process for use in
industrial chemistry, as high temperatures and high
energy of plasma can accelerate the degradation of
molecules of vacuum residue compounds. The plasma
jet is both a heat carrier and a reactive catalytic
medium in this case. Carbon black containing nickel
and vanadium sulfides was used as the catalyst. Vana
dium and nickel, the rare metals of the feedstock, were
deposited on the surface of carbon black, which is used
as a raw material in metallurgy.
Punanova’s group [11, 68] developed a demetalli
zation process based on the use of vibration and cavi
tation effects in the presence of available and reusable
surfactants and the subsequent centrifugation and
accumulation of highmolecularweight precipitate
containing the most of vanadium concentrated in
crude oils. As a result, the recovery of petroleum vana
dium reached 50%.
Petrosonic Energy designed Sonoprocess, a simple
and efficient process for upgrading heavy oil. The
implementation of the process makes it possible to
reduce the API gravity of HPF by 5–10 degrees with a
simultaneous decrease in viscosity by 99%, in the sul
fur content by 40%, and the amount of heavy metals
by more than 70%. The proposed process was devel
oped on the basis of solvent deasphalting technology
using light hydrocarbon solvents and comprising the
steps of extraction with isolation of the insoluble frac
tion of asphaltenes, in which a significant portion of
initial heavy metals and sulfur is concentrated, and
solvent recovery from the DAO solution by evapora
tion or rectification. The main feature of this technol
ogy is the socalled sonic reactor, which uses lowfre
quency sonic energy of large amplitudes, significantly
improving the efficiency of mass transfer at the SDA
step and thereby reducing the required extraction time
from 6–10 h to 2 min. The enhancement of mass
transfer processes by intense energy supply greatly
simplifies the design of the deasphalting unit [121].
Gomez [122] patented a process for treatment of
crude oils with acid or alkali to remove sulfur and met
als using microwave heating. The experiments were
carried out in a 3L autoclave using sulfuric acid in a
nitrogen atmosphere at a pressure of 8 bar. The auto
clave was fitted with a 1.2kW microwave generator at
a frequency of 2450 MHz. Microwave radiation was
applied through a quartz window at the bottom of the
autoclave. By this arrangement of the process, it is
possible to recover more than 86% of S, Ni, and V
from the starting petroleum feedstock. Chamorro and
Romano [123] patented a similar process for simulta
neous desulfurization and demetallization of carbon
aceous materials using microwave energy and an
acidic aqueous phase. In the extraction of metals and

sulfur from petroleum coke into a medium of concen
trated sulfuric and nitric acids at a pressure of about
7 bar (extraction time 15 min), the recovery of S, Ni,
and V was more than 40%.
Thus, physical treatment methods including expo
sure to radiation of different types and frequencies and
plasma treatment hold promise for upgrading heavy
petroleum feedstock and isolating and/or concentrat
ing metals from it, particularly in conjunction with
mass transfer and catalytic processes. However,
despite the possibility of supplying energy directly to
the system and overcoming the drawbacks of the con
ventional thermal processes associated with long heat
ing times, temperature gradients, heat losses, and
harmful emissions into the environment, the physical
methods have not received widespread use. In the case
of microwave radiation, this is mainly due to the lack
of available industrial equipment that could provide
scaling the technology [124].
CONCLUSIONS
Demetallization of heavy petroleum feedstock is
generally considered in terms of the common
approaches to conditioning (upgrading) and refining
of heavy oils, which are used to improve the quality
and/or effective utilization of the organic portion of
petroleum feedstock. In this connection, the concen
tration of metals from HPF to various degrees can be
achieved as a result of both destructive thermal or cat
alytic thermal conversion processes and nondestruc
tive mass transfer processes.
The main advantages of the thermal processes of
refining heavy oil residues include smaller capital
investment and operating costs compared with the
catalytic processes, as well as their indifference to the
kind of feed, especially concerning the coking ten
dency and the metal content of the feedstock. Their
main disadvantage is the poor quality of the liquid
products.
Delayed coking is one of the most widespread ther
mal processes for upgrading of heavy oil residues with
a high metal content. The degree of demetallization in
this process reaches 95–98%, however, the main
obstacle to widespread implementation of the coking
process is the high yield of lowgrade coke having high
sulfur and ash contents. Although flexicoking holds
promise for concentration of metals, the process has
found limited application because of the high capital
costs associated primarily with the need to add a coke
gasification reactor.
A significantly higher yield and better quality of
distillate products are obtained in catalytic and hydro
catalytic processes. Resulting in demetallization,
removal of hetero compounds, and hydrogen satura
tion, catalytic hydrogenation/hydrogenolysis pro
cesses make it possible to upgrade heavy petroleum
feedstock and simultaneously produce commercial
motor fuel or highquality feedstock for further pro
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cessing. However, these processes inherently require
significant capital and operating costs associated with
high catalyst and hydrogen consumption.
Today, the general trend in the development of the
most promising processes and technologies for demet
allization of crude oils and concentration of valuable
metals is, on one hand, the creation of processes for
their isolation from the hydrocarbon feedstock at the
earlier stages of refining and, on the other hand, a sig
nificant reduction in the yield of metalcontaining
residues by implementing the slurry hydroconversion,
fluid coking or flexicoking, and supercritical fluid
extraction processes.
If the described HPF demetallization technologies
are implemented, not only significant improvement in
the quality of commercial oil and feedstock for manu
facturing the most valuable petroleum products, but
also the associated production of concentrates of rare
metals will be possible.
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