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Abstract: The steadily growing demand for non-ferrous metals, a shift to heavier crude oil recovery
and tightened environmental standards have increased the importance of heavy petroleum feedstock
(HPF) as a raw source of metals. This paper reviews the recent developments in the recovery of
vanadium and nickel from HPF. During crude oil processing and the application of its products,
HPF is converted to various metal-enriched byproducts (“heavy oil”, petcoke, ashes and slags) from
which the metals can be recovered. This paper briefly describes the sources and recovery pathways
(both mainstream and exotic), and discusses the economic viability and possible future directions.
Particular attention is paid to (i) the electrochemical recovery of metals from petrofluids and alter-
native approaches; (ii) pre-combustion metal recovery from petcoke; and (iii) metal reclamation
from fly ash from heavy fuel oil or petroleum coke combustion: hydro- and pyro-metallurgical and
bio-based techniques. The current stage of development and prospects for the future are evaluated
for each method and summarized in the conclusion. Increasing research activity is mostly observed in
traditional areas: metal extraction from fly ash and the reduction of metals from the ash to V–Fe and
Ni–Fe alloys. Bioengineering approaches to recover vanadium from ashes are also actively developed
and have the potential to become commercially viable in the future.

Keywords: vanadium; nickel; heavy oil; reclamation

1. Introduction

Metal ions, which are abundant in heavy petroleum feedstock (HPF), are pollutants,
and research on the techniques for petroleum demetallization never stops. Metal ions irre-
versibly poison the catalysts employed in oil processing and increase equipment corrosion.
Furthermore, many metal compounds, including nickel oxides and, possibly, vanadium
oxides, are carcinogens [1]. At the same time, the non-ferrous metals contained in HPF are
a valuable resource.

The most abundant metal in HPF is vanadium. In Russia, the vanadium content
of heavy petroleum recovered every year amounts to one third of the current annual
production using traditional methods. Nickel is a distant second, and cobalt is found
in sizable concentrations. Vanadium is of special interest: although it is ubiquitous in
the Earth’s crust in the forms of oxides, sulfides and phosphates, and is associated with
other metals (iron, titanium, uranium, etc.), the vanadium grade is typically too low for
direct production. Almost 70% the vanadium produced worldwide is extracted from slag
formed in the process of steel production. The world demand for vanadium amounted to
120,067 mt in 2021, and only 8% of that originated from HPF. In the US, vanadium produced
from petroleum feedstock amounted to 20% of the total in 2007 [2]. It should be noted that
vanadium supply is key for the transition to a circular economy: vanadium redox batteries
are regarded as the best option in stationary, long duration, high power applications for
their ability to sustain nearly unlimited charge–discharge cycles, safety features and the
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ease of reuse/recycling of the components and the electrolyte. The factors limiting their
application are vanadium toxicity and high vanadium costs. The transition to a circular
economy and the steady demand from the steel and biomedical industries are expected to
drive the vanadium market up at an annual rate of 8.5% through to 2033 [3]. The demand
for nickel is expected to grow by 44% by 2030 [4].

Metal recovery from crude oil demetallization waste is by no means a new field. The
efforts to recover metals started in the 1940s and have been progressing ever since. Whilst
it cannot be said that the metal recovery from HPF processing waste is rapidly growing,
the situation is changing slowly, but surely. What was considered as waste in the 1940s has
now become treasure. The three main factors in that evolving landscape are:

(i) Low-hanging fruits have mostly been reached: the depletion of fields with light
and medium oils forces the recovery of heavy oil, which constitutes 70% of all resources
that are available now [5]; the metal concentration generally grows with the asphaltene
content in the crude, which makes metal recovery more attractive;

(ii) Improvements in oil processing technologies increase the share of the crude that is
converted to fluid products, thus increasing the metal content in the residues;

(iii) The ever-tightening environmental regulations drive the search for safer and
environmentally benign techniques of metal production.

As a result, both academic and industrial research has substantially intensified over
the last 5–8 years. Remarkably, more efforts are invested in the traditional areas, e.g., the
hydrometallurgic recovery of metals from the ashes. It is worth noting that the methods
originally developed for metal recovery from mineral oils are now extended to spent
refinery catalysts, municipal waste and other sorts of refuse.

Over the last several years, several comprehensive reviews were published on neigh-
boring topics. In particular, Magomedov et al. [6] reviewed the methods of petroleum
demetallization. Kurniawan et al. [7] considered the chemistry, origins and removal of
metalloporphyrins; Yuan et al. [8] considered vanadium extraction techniques from all
possible sources. Yet, none of them actually cover the metals recovery from HPF demet-
allization residues in reasonable detail. The recovery of metals from spent catalysts and
ashes was reviewed eight years ago by Akcil et al. [9]. Spent catalysts recovery has cer-
tainly progressed towards full-scale commercial implementation. A very recent work by
Baritto et al. [10] presented an economic evaluation of the recovery of vanadium from
a spent catalyst employed in the catalytic reforming of bitumen. Data intensive process
models developed for mass and energy balances allowed for the estimation of capital and
operating costs. It was concluded that the recovery of vanadium from a spent catalyst
obtained from bitumen upgrading the operations is potentially profitable considering the
current vanadium market price. Spent catalysts from oil processing will not be considered
here in detail, because hydrometallurgical pathways are similar to those applied for ashes
and have not drastically changed since 2015, while novel biomethods were reviewed by
Pathak et al. [11]. Wastewater deserves mentioning as well, because oil conditioning and
desalting leaches substantial amounts of metals. Some additives, e.g., phosphoric acid,
facilitate demetallization during oil pre-treatments, resulting in a high metal content in the
wastewaters [12]. The methods applied to wastewater are drastically different from those
reviewed in this paper and were recently described elsewhere [13].

This paper aims at providing a critical review of the existing methodologies of metal
extraction from HPF, describing the current trends in the academic and industrial literature,
and providing at outlook for further developments in the market, which is expected to
grow [3,4]. The focus of this review is the recovery of vanadium and nickel, as they are
most abundant in HPF, and most of the research efforts focus on them. The approaches
to recovery are divided into two main categories: pre-combustion and post-combustion
(recovery from ashes). We try to cover both major pathways and alternative ideas.
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2. Vanadium and Nickel in Crude Oil

Vanadium and nickel compounds in crude oil are called “molecular fossils” due to
their origin from heme and chlorophyll. Just as in living cells, in petroleum they are
found in various coordination complex compounds, with metal porphyrins being the most
known (Figure 1). The polyaromatic structures are flat and interact favorably with other
polyaromatics via dispersion and π–π forces. Polyaromatic asphaltenes form the most
hydrophilic fraction of crude (e.g., [14]), and the metal-containing complexes shown in
Figure 1a are more hydrophilic in comparison with typical asphaltene molecules. In oil–
water emulsions, they are located near the oil–water interface, which is important in some
prospective recovery processes. In general, the metal content in crude oils increases with
the density (and with the asphaltene content, correspondingly) [15]. The vanadium content
grows with density faster than the nickel content (Figure 1b). Upon de-asphalting with
heptane, most metals remain with the asphaltene fraction: vanadium content reached 1% of
the total asphaltene mass precipitated from the heaviest oil samples (Figure 1c) [15]. As the
asphaltene content in the petroleum feedstock increases, more effort has to be invested in
demetallization, and in turn the demetallization waste becomes more valuable as a source
of metals.

Metals 2023, 13, x FOR PEER REVIEW  3  of  21 
 

 

2. Vanadium and Nickel in Crude Oil 

Vanadium and nickel compounds in crude oil are called “molecular fossils” due to 

their origin from heme and chlorophyll. Just as in living cells, in petroleum they are found 

in  various  coordination  complex  compounds, with metal  porphyrins  being  the most 

known (Figure 1). The polyaromatic structures are flat and interact favorably with other 

polyaromatics via dispersion and π–π forces. Polyaromatic asphaltenes form the most hy-

drophilic fraction of crude (e.g., [14]), and the metal-containing complexes shown in Fig-

ure 1a are more hydrophilic in comparison with typical asphaltene molecules. In oil–water 

emulsions, they are located near the oil–water interface, which is important in some pro-

spective recovery processes. In general, the metal content in crude oils increases with the 

density (and with the asphaltene content, correspondingly) [15]. The vanadium content 

grows with density faster than the nickel content (Figure 1b). Upon de-asphalting with 

heptane, most metals remain with the asphaltene fraction: vanadium content reached 1% 

of the total asphaltene mass precipitated from the heaviest oil samples (Figure 1c) [15]. As 

the asphaltene content in the petroleum feedstock increases, more effort has to be invested 

in demetallization, and  in  turn  the demetallization waste becomes more valuable as a 

source of metals. 

 

Figure 1. (a) Chemical structures of vanadium compounds in crude oil [16] (reproduced from ref.   

[16] with a permission from Elsevier), (b) vanadium to nickel ratio as a function of total vanadium 

content in the crude oil for different oil fields in Russia, (c) vanadium to nickel ratio in asphaltene 

fraction for the same oil samples upon standard extraction with heptane. Vanadium content in the 

asphaltene fraction reaches 1% mass, nickel mass is about twenty times as low (redrawn using data 

from ref. [17]). 

The metal-containing molecules with strong coordination bonds between the metal 

and the surrounding organics are separated from the lighter components by fluid/criti-

cal/supercritical extraction and broken in the processes of thermal and catalytic cracking 

of the HPF, hydrogenation, coking and gasification. Each process listed above generally 

yields a lighter fraction, is more or less conveniently usable (as fuel, in organic synthesis, 

etc.), and has a denser “residue”, enriched with carbon and heteroatoms. Metals always 

tend to stay with the residue. Each of the stages of oil processing can therefore be regarded 

as a demetallization process, which produces the desired product and “waste”, which is 

often the raw material for the next stage. The heavier products, which are of interest as 

sources of metals, are: 

Figure 1. (a) Chemical structures of vanadium compounds in crude oil [16] (reproduced from ref. [16]
with a permission from Elsevier), (b) vanadium to nickel ratio as a function of total vanadium content
in the crude oil for different oil fields in Russia, (c) vanadium to nickel ratio in asphaltene fraction for
the same oil samples upon standard extraction with heptane. Vanadium content in the asphaltene
fraction reaches 1% mass, nickel mass is about twenty times as low (redrawn using data from ref. [17]).

The metal-containing molecules with strong coordination bonds between the metal and the
surrounding organics are separated from the lighter components by fluid/critical/supercritical
extraction and broken in the processes of thermal and catalytic cracking of the HPF, hy-
drogenation, coking and gasification. Each process listed above generally yields a lighter
fraction, is more or less conveniently usable (as fuel, in organic synthesis, etc.), and has
a denser “residue”, enriched with carbon and heteroatoms. Metals always tend to stay
with the residue. Each of the stages of oil processing can therefore be regarded as a demet-
allization process, which produces the desired product and “waste”, which is often the
raw material for the next stage. The heavier products, which are of interest as sources of
metals, are:

(i) Heavy fuel oil. Although attempts to recover metals from heavy oil without combus-
tion exist, there are few and these methods are not well established.
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(ii) Asphalt, a solid or semi-solid bituminous residue from mostly critical and supercritical
extraction. Asphalt can be coked and gasified, or can be used for metal recovery as is.

(iii) Cokes from delayed coking and flexicoking; also, coke gasification produces soot
enriched with metals, which can also be used as a source of metals.

(iv) Ashes from heavy oil and coke combustion.

Below, we describe the techniques for metal recovery at each stage. The conclusion
gives a summary comparison of the approaches.

3. Pre-Combustion Metal Recovery from Fluid Oil
3.1. Electrochemical Approaches

The electrochemical methods described here attempt to break the metal complexes
in the liquid phase, and thus do away with any thermal-based demetallization treatment.
Despite the hydrophobicity of the complexes, they can be either dissolved in a non-aqueous
medium of a reasonable conductivity or dispersed in water (say, as a fine emulsion or a
micellar solution), where they can be subjected to electrochemical oxidation or reduction. It
is important that the organometallic compounds are among the most polar in the crude.

Electrochemical approaches are versatile, eco-benign and the metals can potentially be
obtained in pure, easily usable forms. The fundamental possibility of the electrochemically
assisted demetallization of porphyrins has been explored since the 1960s [18–20]. The
efficiency depends on the composition of the electrolytic medium, the electrode material and
the applied voltage. Ovales et al. [21] systematically studied the electrochemically assisted
processing of HPF, including the reduction of polyaromatic compounds, demetallization
and desulfurization. Demetallization and desulfurization of the real crudes could not be
achieved simultaneously (high metal yields corresponded to low sulfur yields). Up to 81%
of metals were successfully removed from bitumen residues, but the currents were as low
as 0.01–0.02 A/cm2 of the electrode surface, with an approximate maximum of 0.002 eq. of
metals per m2 s.

Jorge et al. [22] investigated the electrochemical decomposition of vanadyl tetraphenyl-
porphyrins dissolved in xylene and dispersed in aqueous solutions of K2SO4. The electrol-
ysis of the two-phase system was carried out potentiostatically. A steady-state regime with
a constant current density was reached. The demetallization mechanism included vanadyl
oxidation followed by the formation of cationic and zwitterionic radicals which led to the
destruction of the porphyrin cycle. This work demonstrated a possibility for vanadium
extraction via the electrolysis of a fine liquid emulsion. Welter et al. [23] attempted the
demetallization of two synthetic compounds, vanadyl (IV) meso-tetraphenylporphyrin
and vanadyl (IV) octaethylporphyrin, as well as Ayacucho Venezuelan crude oil samples
by electrochemical techniques. They found that a protonated medium was essential for
metal removal. Metal extraction resulted in the formation of free porphyrins that were
not destroyed by the electrolysis. The cycling voltammograms were measured in a wide
range of applied voltages (−2.3 to 0 V vs. Ag/Ag+) and were quite complex (Figure 2). The
best metal extraction from commercial petroporphyrins (84%) was obtained on the glassy
carbon electrode at −2.3 V in 0.1M HClO4 solution in 4/1 vol. mixture of tetrahydrofuran
and CH3OH. For crude oil samples, the best metal yield was 66.4% of graphite, while
for direct electrolysis on crude, the yields were 7.5% of vanadium, 8.2% of nickel and
79.6% of iron in charge efficiency. The ambitious goal of precipitating different metals in
relatively pure forms with a successive step-by-step reduction at different voltages was
not achieved because of very slow reduction kinetics. To increase the current, the authors
had to increase the overpotential, which resulted in different reduction reactions running
concurrently. According to the paper, “the results of commercial interest related to direct
demetallization in crude oil still remains as an open challenge for electrochemists.” As far as
we understand, this challenge still remains open as of today. A somewhat similar attempt
was made by Kurbanova and co-authors [24]. The authors used ethanol as a solvent, and
the currents were significantly higher than in previous studies, 0.035 A/m2 (assuming
we understood the text correctly). It should be noted that as soon as the crude oil (rather



Metals 2023, 13, 1031 5 of 20

than the extracted porphyrins) is diluted with expensive solvents [24], the process becomes
economically non-viable.
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Figure 2. (a) Electrochemical cell used for electrolysis of metal–porphyrin compounds in polar non-
aqueous solvents. (b) Cyclic voltammograms of mesotetraphenyl in THF/LiClO4/MeOH/HClO4
solution on platinum, voltage change rate of 50 mV/s, ambient conditions. (c) Cyclic voltammograms
of vanadyl mesotetraphenyl at the same conditions. M1 reduction wave at −1 V is associated with
direct electron transference to the porphyrin nucleus and is reversible. M2 is related to metal oxidation
and is not fully reversible. Reproduced from ref [23] with permission from Elsevier.

Afanasieva et al. [25] applied electrolysis to a micellar solution of metal-containing
asphaltenes. The authors experimented with both synthetic porphyrins and Castilla crude
oil. The oil was mixed with either 0.2M LiClO4 solution in THF and methanol (70/20 vol)
or 0.5% H3PO4 + 0.1 M LiClO4 in the mixture of THF and acetonitrile, and then the solution
was electrolyzed. Cyclic voltammograms were measured at potentiostatic conditions
between −2 V and 0 V vs. Ag/Ag+. As a result, 80%+ of the metals (V, Ni and Fe)
precipitated on the carbon electrode. Theoretically, such a method can separate the different
metals contained in the asphaltene mixture. The kinetics, however, was also a serious
problem: the currents were so low that metal separation was not achieved even in the
laboratory experiment, and the conclusion made by the authors indicated that as of 2015,
the electrochemical route was not viable. This was not surprising since the electrolysis was
performed with a non-aqueous micellar solution. Increasing the overpotential in order to
improve the kinetics was hardly reasonable due to numerous side reactions.

Electrolysis was also applied to the products of asphaltene reduction in an effort to ex-
tract vanadium and nickel [26]. Portions of the Boscan asphaltenes were treated with Raney
nickel (a fine-grained solid composed mostly of nickel derived from a nickel–aluminum
alloy [27]) and electrolyzed in LiCl solution in ethylenediamine. According to the study, the
loss in vanadium was proportional to the loss of metalloporphyrins. While interesting, this
technique does not seem economically promising: the process is quite complex, requires
the re-solubilization of asphaltenes and does not promise much in terms of kinetics.

Electrochemical techniques can also assist metal extraction by hydrogenation. For
example, Acevedo et al. [28] deposited vanadium and nickel from tetraphenylporphyrins
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dissolved in CH3Cl. Hydrogen was generated by electrolysis and diffused through a Pd
electrode which served as a catalyst in non-aqueous hydrogenation.

In summary, electrochemical methods are attractive for several reasons, and efforts
to make them viable have not ceased. The hydrophobicity of porphyrin structures still
makes electrochemical deposition very slow for the necessity to use non-aqueous solvents
or colloidal solutions. As of today, electrochemical extraction provides moderate to high
yields, but the kinetics are always questionable. The slow kinetics problem has not been
resolved, and electrochemical methods, often called “most promising” are in fact not close
to commercial applications.

3.2. Bioengineering Approaches

This section describes interesting ideas, each of which was reported in a single or
in very few research papers and/or patents. These methods are apparently far from
any commercial implementation, but deserve attention as interesting concepts for the
future. Bioengineering approaches are inspired by the vigorous efforts invested into the
biodegradation of crude oil (e.g., [29]). Metalloporphyrins are specifically targeted in a
number of studies [7]. As a result of the biodegradation of the metalloporphyrins, metal
ions are leached from the extremely stubborn asphaltene precipitate to forms that are
more or less accessible to electrochemical and other methods. Preliminary studies were
carried out on pure substances—surrogates of petroleum organometallic compounds. For
example, in ref. [30], fungal cultures of aspergillus were used to decompose vanadyloxide
octaethylporphyrin. The protoporphyrins of nickel were decomposed [31] by a very
complex process using an enzyme obtained from P. azelaica YA-1 cultures. As means to
obtain metals, bacterial and yeast cultures are hardly promising as of today: it is not even
exactly clear as to what raw source they should be applied to. Yet, it is not impossible that
crude oil biotransformation will also lead to metals in reasonable forms and quantities.

3.3. Other Alternative Approaches

Shiraishi et al. [32] proposed a photochemical process to destroy the most stable bonds
between metal and porphyrin rings. The authors first considered a simultaneous photore-
action and extraction in a two-phase oil/water system (Figure 3). The results obtained for
vanadium (IV) and nickel (II) tetraphenyl porphyrins dissolved in tetralin were compared
with the results obtained for the residues from the atmospheric distillation of a crude oil
samples. It was found that the first process was able to demetallize the “free” metallopor-
phyrins, but experienced difficulties in demetallizing “bound” metalloporphyrins, which
are strongly associated with asphaltene molecules in the oil residue. In order to weaken
this association and thus convert bound metalloporphyrins into free ones, a protonating
solvent, 2-propanol, was added to the residual oil and subjected to photoemission. Then,
the 2-propanol was evaporated, and the resulting oil residue was processed with an aque-
ous HCl solution, into which the vanadium and nickel successfully dissolved. In total,
93% of vanadium and 98% of nickel were extracted from the atmospheric residue; 73% of
vanadium and 85% of nickel were extracted from the vacuum residue, respectively [32].
This method looks interesting, but suffers from the same problems as the electrochemical
methods: the photochemical process is rather slow and the procedure requires relatively
expensive solvents.

Lebedev et al. [33] proposed metal extraction using a microwave discharge. The
focusing lens was placed against the side wall of the oil tank, and an antenna wire was
inserted into the tank. As a result of the expansion and formation of plasma around the
antenna, a solid residue of a fractal structure was formed on the wire. The residue contained
metals in high concentrations (order of magnitude greater than in the parent bitumen); the
metals were easy to leach with an acid. The practical significance of the idea is unclear,
since: (i) metals still have to be extracted from the residue; (ii) the scalability of the process
is dubious; and (iii) the process leads to the formation of conductive carbon particles in
the liquid phase, thus preventing the process from being repeated. Garyfzyanova [34] also
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proposed the application of a plasma arch to cause the pyrolysis of heavy oil products
into lighter hydrocarbons with the deposition of a residue containing soot and metal
oxides. Trutnev et al. [35] proposed sonication to facilitate the recovery of metals (V, Ni, Cr
and W) during the thermal cracking of crude oil. Finely dispersed metal oxide particles
were introduced to the liquid-like residue obtained by thermal cracking and heated to a
temperature of 380–420 ◦C. The application of an acoustic field to the dispersion is supposed
to facilitate the precipitation of the particles and separation of the metal-containing fraction,
which is periodically removed and subjected to calcination and purification, thus recovering
both metal particles and porphyrins. We are not aware of any practical application of
this idea.
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4. Pre-Combustion Metal Recovery from Petroleum Cokes
4.1. Metal Content in Petcokes

Petcoke results from the thermal cracking of heavy petroleum feedstock and is used
as a fuel and in metallurgy. As always, in coking processes the coke is a “residue” enriched
with metals, which are undesirable pollutants in metallurgy and energy production. A
DTE petcoke technical data sheet (according to ref. [36]) estimated the vanadium content
in petcokes at 0.12% and nickel content as 0.025% wt. in 2009. A recent thesis [37] cites a
vanadium content of 0.1 to 0.2% and nickel content from 0.0035% to 0.06%. The current
standard for the needle coke used in metallurgical electrode production is <0.025% vana-
dium, and the actual content is even lower [38]. ExxonMobile advertises the coke from
flexicoking units for metal reclamation [39]. This section reviews the techniques of pre-
combustion metal removal. Processing with acids, bases, sintering with salts and oxidation
are mainstream methods in the published efforts. It is worth noting that similar methods
are applied in metal extraction from stone coal, spend catalysts and other industrial waste
materials [40–43].

4.2. Pre-Combustion Metal Leaching from Petcokes

Hepworth and Slimane [44] extracted vanadium and nickel from flexicoke obtained
from Orinoco crude by leaching with acids at atmospheric pressure followed by extraction
and crystallization. They obtained 99.6% pure V2O5. Acid leaching is more effective for
a lower valence state of vanadium (V2O3) than for a higher valence (V2O5). The effect of
vanadium re-leaching following the heat treatment using H2SO4or NaOH was also studied.
Vanadium recovery increased up to 98% by repeated leaching with 2M NaOH. Ultrasound
also facilitated vanadium recovery. Alvarado et al. [45] treated coal and petroleum coke
from Venezuelan oil with HNO3 solutions (!) and subjected the result to a heat treatment
in a microwave oven. In total, 93% to 98% of vanadium was recovered from the different
samples. Sitnikova at al. [46] extracted vanadium from cokes produced by delayed coking
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and flexicoking from West Siberian HPF samples. Similarly to ref. [45], leaching was
carried out with an oxidative solution (H2SO4 + NaClO) for 4 h at 70–80 ◦C. Here, 99%
of vanadium was extracted from flexicoke, and only 40% of the available vanadium was
extracted from the cokes produced by delayed coking. Ryumin et al. [47] leached vanadium
from petroleum coke with H2SO4. The coke was pulverized to <100 µm particles, heated at
380–420 ◦C in air for 2–6 h, then processed with a H2SO4 solution for 2–3 h at 90–100 ◦C.
Depending on the acid concentration, temperature and duration, 69–92% of the available
vanadium was extracted with 40–70% (!) carbon mass loss. Rudko et al. [48,49] treated a
lab sample of coke obtained from asphaltenes of West Siberian crudes with H2SO4 and
H2SO4–HNO3 mixtures of different concentrations. Coke that was manually crushed to
100 µm particles was exposed to leaching agents for 1–2 h at 100 ◦C. The degree of extraction
reached 90%, which looks good, but no data on the carbon losses were provided.

The kinetics of alkaline leaching of vanadium from flexicoking residues was also
explored. For example, in ref [50], flexicoke pulverized to 0.09–0.106 µm-sized particles
was exposed to concentrated solutions of Na2CO3 and NaOH in the presence of a H2O2
oxidant over 5 h at 100 ◦C. The ratio of liquid and solid phases was 6 to 1. A 72.7% degree
of demetallization was achieved.

Vanadium can be extracted from petrocokes by sintering with alkali metal salts at
temperatures below salt melting, and then leaching in aqueous media with acids or bases.
Patent [51] considers flexicokes, although does not limit the application to this specific
source. The disadvantage of this method is the loss of a significant part of the carbon mass
of the coke as a result of the process. Paper [52] applies a similar method for concurrent
sulfur removal and vanadium extraction. Only 60% of vanadium was extracted.

In general, the attempts to “have your cake and eat it” (that is, to extract metals and
efficiently use the carbon as a fuel or otherwise) have a long history and have not ceased.
The problem is the high carbon loss, which increases the cost and, in many cases, low
degree of extraction. A more subtle route to do away with the oxidation step is leaching
metals from coke or asphalt gasification residue, rather than from the coke itself [53,54].
Gasification is the processing of a dried residue (coal, coke or asphalt) with steam and
oxygen at high temperatures leading to a syngas (CO, H2 or CO2) and carbon soot enriched
with metals (review [55]). By thermodynamic and kinetic modeling, the authors [53,54]
attempted to find conditions that would lead to easy-to-extract metal compounds in the
resulting soot residue. The authors found that only a small fraction of molybdenum and
nickel would be reduced to pure metals; rather they would form carbides. Vanadium
would be reduced to V2O3, especially at lower gasification temperatures. The resulting
compounds are rather difficult to dissolve (vanadium dissolves in water in vanadate forms
only), and thus the process would require an extra oxidation step. As an alternative,
the authors explored controlled soot burnout to an ash and concluded that burnout was
superior as a method for metal recovery.

4.3. Conversion of Metals Contained in Petcokes to Other Products without Prior Leaching

There are exotic ideas that target metal conversion to useful products without the
isolation and purification of vanadium and nickel compounds. Abdrabo and Husein [56]
proposed the conversion of oil demetallization waste (namely, the gasification residue) to
the dispersion of metal oxide nanoparticles in heavy oil. This interesting idea does not
however fully qualify as a technique for metal recovery. Finally, Zhan et al. [57] synthesized
a vanadium-based metal organic framework (MOF) from vanadium-containing waste:
carbon black from an oil refinery. This idea is demonstrated in Figure 4. No matter how
interesting this idea is (it is!) as a method of vanadium recovery, this work is not very
convincing, because vanadium has to be converted in a reasonably usable form before
MOF synthesis.
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Figure 4. (a) Schematic illustrations of vanadium recovery from carbon black waste into V-MOFs:
(i) synthesis of vanadium–benzene dicarboxylate, and (ii) synthesis of vanadium–naphtalenedicarboxylate
nanorods. The cycling leaching process represents the usage of the first leachate as a leaching agent in order
to increase the concentration of vanadium in the second leachate. (b) The reaction route of catalytic benzyl
alcohol oxidation over the vanadium-MOF catalyst. Color codes in molecular structures and ball–stick
models: green balls (hydrogen atoms), gray balls (carbon atoms), red balls (oxygen atoms) and pink balls
(vanadium atoms). (Reproduced from ref. [57] with permission from ACS).

5. Ashes from Heavy Fuel Oil, Petroleum Coke and Asphalt as Sources of Metals
5.1. Fly Ash from Heavy Fuel Oil and Coke Combustion

Unlike CO2 and water, metal oxides are relatively non-volatile. During the combustion
of hydrocarbon fuel, they concentrate in the solid residue, aka ashes (Figure 5). The recovery
of metals from combustion products attracts intensive efforts and is (as of today) the only
path that is industrially implemented. The implementation started back in the 1970s.
The literature review in thesis [58] already described a long research history, and as of
1988, eight units of vanadium recovery from combustion residue operated in Canada and
Venezuela (according to review [6]).

As sources of metals, heavy oil (or “heavy fuel”) fly ash (HOFA) and ashes from
petcoke combustion are of special interest. Since most metals (V, Ni, Co and Fe) are
chemically bonded to the polyaromatic fragments of the asphaltenes, they are found in
the fly ash rather than the bottom ash of the pulverized or fluidized petcoke furnaces.
Metal-containing ash is a waste and substantial efforts are being invested into its utilization
(see special issue [59] and review [60]). The most common applications for fly ash are
composites [61], waste stabilization [62] and construction materials [63]. Still, about half of
the fly ash in the US is currently landfilled [64]. Using fine heavy oil and petcoke fly ash in
concrete and asphalt concrete is safer compared to landfill depositing, as metal emissions to
the environment are much slower when the metal-containing particles remain in a stabilized
form [65]. The prospective applications of fly ashes include even soil improvement [66].
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Figure 5. Top row (a,b) particles of fly ash from semi-solid asphalt combustion. The arrows indicate
metal-rich inorganic inclusions; the carbon phase is darker gray (reproduced from ref. [67] with
permission from T&F). Bottom row (c–e) ash particles formed during the combustion of heavy
fuel oil in boilers and (f) the particle size distribution (reproduced from ref [68] with permission
from Elsevier).

5.2. Controlled Combustion and Gasification of Petcoke to Obtain Ash Enriched with Metals

Although power plants are the main sources of fly ash, sometimes it makes sense
to burn refuse polluted coke or solid asphalt resulted from demetallization via critical
or supercritical extraction. The controlled oxidation generates ash that is easy to collect
and transport.

In 1945, a patent was granted [69] in the US for a method of vanadium recovery from
oil, which involved separation of the high boiling solid or semi-solid fraction (asphalt) from
the feed oil, burning and further oxidation of the product in a controlled manner and leach-
ing the metal from the resulting ash. The patent schematically presented the construction
of the furnace for the controlled burning of the asphalt. Note that metal recovery is the
specific target of asphalt oxidation here, rather than a byproduct of power generation.

Jack and co-authors [70] studied the possibility of the extraction of iron, vanadium,
nickel and titanium by hydrometallurgical methods from petroleum coke obtained during
flexicoking from the Athabasca oil bitumen sands. When treated with strong acids, the
extraction of vanadium, iron and nickel was more than 50%, while only 20% of titanium
was extracted. By means of weak acid leaching, nickel extraction was about 30%, but no
transition to a solution of other metals was achieved. If coke obtained from the bitumen of
Athabasca oil sands by flexicoking or the usual method of delayed coking is oxidized by air
at temperatures below 500 ◦C, then the vanadium and nickel remaining in the ash are easily
leached by acid: the solid residue is treated with acids, as a result of which the metals pass
into the solution. Nickel and cobalt are extracted as cations [Co(H2O)6]2+, [Ni(H2O)6]2+,
and vanadium is extracted in the form of isopolymers; for example, (V2O7)4–, (V3O9)3–, etc.

A straightforward method of extracting vanadium from petroleum coke proposed
by Gardner [71] is based on the complete gasification of coke, the production of ash and
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combustible gas and the extraction of vanadium from the ash. For the flexicoking residue
specifically mentioned by the author, such an approach may be fully justified. For example,
two Canadian companies, MGX Minerals and Highbury Energy, announced a venture to
recover metals from excessively vast petcoke stockpiles close to the Athabasca region in
Alberta, Canada [72]. Gasification units were developed specially for the project. According
to the report [73], MGX studied thirteen coke samples from two different stockpiles. The
two stockpiles contained 0.042% and 0.046% of vanadium (wt% of dry petcoke). The ashes
contained 6.6% and 45% of V2O5, correspondingly.

5.3. Hydrometallurgical Approaches for Metal Extraction from Ash

Heavy oil fly ash (HOFA) is a by-product generated in power plants by the burning of
heavy fuel oil. The main constituent of HOFA is unburned carbon; it also contains other
elements such as As, Cd, Co, Cr, Hg, Ni, Pb Cu, Zn, Se, Ca, Mg, Na and Si. The composition
and physico-chemical characteristics of HOFA were studied quite comprehensively. HOFA
particles have a typical size of 10–100 µm [74], although the size depends heavily on the
process. The bulk density of HOFA varies from 0.50 to 1.50 g/cm3 and the porosity is
estimated as 10.31% [75]. A comparison of the BET [76] surface area and the particle
size reported in ref. [77] also suggests a substantial porosity. The metal content of HOFA
varies widely (depending on the raw material and the combustion process), but is always
significant. HOFA consists mostly of carbon [78] and contains large amounts of sulfur.
Besides vanadium and nickel, HOFA samples can contain substantial amounts of zinc
and iron, and traces of cobalt, chromium, lead and copper [68]. Carbon soot is the most
significant constituent of HOFA; the total metal content can approach 5% [68,79–82]. For
example, Jung and Mishra measured the metal content by inductively coupled plasma
atomic emission spectroscopy and X-ray fluorescence. Their samples of HOFA contained
2.2% wt vanadium, 1.9% germanium and 0.4% nickel. Carbon constituted >93% wt of the
total HOFA mass. Vanadium is mostly present in HOFA in the Mg3V2O8 form. It is worth
mentioning that the V/Ni ratio does not obey the relationships common to heavy oil [83],
possibly suggesting metal loss.

The metal content in ashes depends on the combustion process and on the ability to
collect the fly ash (by electromagnetic traps). Linak and Miller [84] burned gasified coals
and fuel oil in laboratory installations simulating power plants. Coals with various sulfur
and metal contents were used: the vanadium content ranged from 2.25 to 13 µg/g, and
the nickel content ranged from 0 to 6.4 µg/g of the raw materials. The highest content
was in a high grade fuel oil sample, 220 µg/g. Next, the metal content in the trapped
particles formed during combustion was measured. The type of combustion equipment
played an important role: during the combustion of fuel oil in narrow tubes surrounded
by water, which led to the rapid cooling of the combustion products, a large number of
very small non-trappable particles formed, and the metal content in the trapped ash was
lower. The metal content in the smaller particles was always higher than in the larger ones.
When combustion occurred in a larger volume (water was supplied in the tubes, burning
was conducted in the surrounding space), the combustion products cooled more slowly,
which led to larger particles and a vanadium content up to 13.6%. Since the processes of
burning coal and petroleum coke are similar, it is expected that in ash with a particle size
smaller than 2.5 µm, the metal content in the fine ash fraction is increased by 25–100 times
compared to the original coke. For HOFA, we might expect the ratio of 250+ times.

The main approaches to metal extraction are based on solvent extraction/leaching, roast-
ing/calcination with salts also followed by leaching and controlled oxidation to burn out the
carbon and obtain metal oxide mixture to an almost-pure form. The degree of recovery and
the selectivity are two main targets. The straightforward approach is a “hydrometallurgical”
recovery of vanadium and nickel directly from HOFA by acids [85–89], bases [90–93] or
water [94] leaching. Vanadium is oxidized to vanadate forms (by O2 [85], H2O2 [90,95],
HClO [8,96], etc. [86,87]) and precipitated with non-alkali cations or an ion exchange [97].
Then, it can be isolated and purified with recrystallization or solvent extraction [88,89]. We
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will not describe all these studies here; a comprehensive review can be found in [98] with
the focus on the removal rather than the recovery. The process can be assisted by sonica-
tion [99]. The straightforward procedure promises moderate success. Al-Degs et al. [68]
used various solvents (HNO3, NaOH, EDTA, etc.), as well as acid and base solutions on
a set of HOFA samples to extract different metals (Ni, V, Mo, Cr, Zn, Cu and Mg) and
recovered up to 95% of the total magnesium and up to 15% of the total vanadium, for
which the yields were notably low. Other published studies report a somewhat higher
recovery [100]. For example, in paper [101] leaching HOFA with 0.5 N sulfuric acid resulted
in the extraction of 65% vanadium, 60% nickel and 42% iron. During leaching in a 2M
NaOH, vanadium recovery was 80%, and nickel recovery was insignificant, which allows
for the selective recovery of metals. Selective nickel extraction was achieved with a mixture
of ammonium water and ammonium sulfate. Paper [102] followed similar pathways of
vanadium extraction from HOFA, but explored in finer details the influence of process
parameters, such as the solvent composition, time, particle size and mixing rate. Navarro
and co-authors [103] treated HOFA with alkalis to selectively separate vanadium in the
form of soluble vanadates, from which insoluble forms were precipitated with non-alkaline
metal ions. Generally, leaching at a high pH is selective to vanadium, while other metals,
including nickel and cobalt, are leached by acids. A three-step process of metal extraction
from Orimulsion fly ashes was presented by Vitolo et al. [80].

5.4. Roasting with Salts and Controlled Oxidation

Fly ash sintering (roasting, calcination) with salts in order to convert metals (vanadium
and nickel, first of all) to forms better suitable to leaching makes another group of traditional
methods that can be traced back to at least early 1980 [58]. Gomez-Bueno et al. [104] roasted
the ashes from Athabasca HPF combustion with NaCl at 875–950 ◦C prior to leaching with
an alkali at boiling temperatures. The authors recovered 85% of the available vanadium.
Holloway et al. applied a very similar approach to oil sands fly ash [105]. The same
group examined the selectivity of vanadium extraction and found that roasting with high
amounts of Na2CO3 allowed for the selective recovery of vanadium, and somewhat later,
they proposed the production technology [106]. Recent developments include roasting
oxidation for the selective recovery of vanadium that could be leached by water, and nickel
that could only be recovered with acids [107]. More than 80% of the available vanadium
was recovered as a result.

The approaches to fly ash from petcoke combustion are similar. Vasilyeva et al. [108]
studied the elemental composition of ash produced by the combustion of petcokes of
Syrian origin. The very scheme of leaching vanadium compounds dates back to a very old
patent [109]. Most attempts to isolate metals involve the roast-and-leach approach [110]. For
example, Rezai et al. [111] recently applied roasting with Na2CO3 and nitric acid leaching to
extract a wide group of metals from coal coke. Ziyadanoğullari [112] applied the roast-and-
leach approach to asphalt residue after critical solvent extraction and was able to recover
70%+ of the available vanadium. Petcokes are more often subjected to controlled oxidation
prior to calcination with salts in order to remove most of the remaining carbon [113,114].
Kadhim [115] applied a two-stage process: first, the ash was treated with air at 650 ◦C and
850 ◦C in order to reduce the carbon content. Then, the product was processed with NaOH
to extract the vanadium. Vitolo et al. [80] also conducted preliminary oxidation with air at
650 to 1150 ◦C, below the initial deformation temperature of the fly ash. The temperature
of the preliminary burning step substantially influences the outcome. Above 950 ◦C, the
volatilization of vanadium and the formation of V–Ni refractory compounds adversely
affected the recovery of vanadium. The burning temperature of 850 ◦C was found to be the
optimum as a result of the trade-off between the overall vanadium recovery yield (83%)
and the V2O5 weight percentage in the precipitate (84.8%). For coke from oil obtained
from the oil sands of Western Canada, a complex process was proposed [116], including:
(i) the burning of ash in the presence of oxygen and NaCl (5 to 35% wt of the petcoke)
at temperatures ranging from 700 ◦C to 950 ◦C; (ii) leaching of the residue with aqueous
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solutions at pH = 5–12 and temperatures ranging from room to boiling until a significant
portion of the vanadium dissolves; and (iii) precipitation of metavanadate ammonium with
a solution of ammonium chloride or sulfate acidified to a pH = 2–3.

Volkov et al. [82] published a detailed analysis of HOFA roasting with Na2CO3 followed
by aluminothermic melting. The process leads to a “slag” enriched with V, Ni and Fe in
various forms (NaMg4(VO4)3, NaVO3, CaxMgyNaz(VO4)6; (FeV2O4), V2–x–y–zFexAlyCrzO3,
Mg1–x–y–zNixFeyVzO). The metals were leached with either acid or base solutions. Leaching
from the slug was far more effective compared to the direct leaching from the HOFA source
(72.3–96.2% V and about 90% Ni was recovered with H2SO4). A somewhat similar method
was previously applied to vanadium-containing sludge, which is a byproduct of vanadium
pentoxide obtained by hydrometallurgical methods. Vanadium was mostly in the FeO·V2O3
form. The authors explored various oxidation roasting methods for a sludge treatment to
facilitate vanadium extraction. Oxidation roasting of the sludge at 1000 ◦C with 1% CaCO3
increased the acid-soluble V2O5 from 1.5% to 3.7% and lowered the content of FeO·V2O3
from 3% to 0.4% [117]. Vanadium and nickel from flexicoking waste were isolated by
Queneau et al. [118] by pressure oxidation: steam with a pH = 9.5 was supplied under
pressure in an industrial-type facility. Exothermic reactions produced enough steam to
generate enough electricity to make the process self-sustainable. Vanadium and nickel are
concentrated in some kind of ash in carbonate forms and converted to high purity salts
and then oxides with extraction and crystallization. The general scheme of vanadium and
nickel extraction from fly ash is shown in Figure 6.
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according to the literature. There are many modifications of this process; for example, Liu et al. [8]
describe chlorination-based methods.

5.5. Pyrometallurgical Methods

Pyrometallurgical approaches [119–122] are qualitatively different from sintering
with salts or controlled oxidation; their product are alloys of the target metals with a
less expensive metal, usually Fe. For example, Xiao et al. [120] suggested an interesting
pyrometallurgical method to recover vanadium by obtaining a ferrovanadium alloy from
two industrial waste resources: petcoke fly ash and flue dust. A ferrovanadium alloy with
about 20 wt% vanadium was obtained at 1550 ◦C. On average, about 30% of the metal
yield was obtained during smelting of the mixture of petroleum fly ash to flue dust in a
4/5 weight ratio. Sun et al. [122] proposed a pyrometallurgical process to recover nickel
in the form of an Fe–Ni alloy from coal fly ash, spent petroleum catalyst, CaO, Fe powder
and H3BO3.
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Finally, Tectonics’ DC operates a plasma arc melting furnace (PAF) to recover metals
from the ash that is used just as any ore [123]. In PAF, the content is melted under an inert
gas atmosphere at an ambient pressure with the plasma arc torch column which provides
temperatures sufficient for the production of metals. Wet materials containing substantial
amounts of water can be heated safely and effectively in a plasma arc smelting furnace.
The recovery of nickel as an Fe–Ni alloy and a vanadium-rich slag is achieved with a
carbothermic reduction process common in pyrometallurgy: nickel and iron oxides are
reduced by carbon. Then, vanadium as an Fe–V alloy from the first stage slag is obtained
via reduction with aluminum. Nickel and vanadium are thus obtained separately in this
two-stage process. Further processing of the alloys (especially the first stage Fe–Ni alloy)
may be required to meet the standard ferroalloy specifications.

5.6. Bioengineering-Based Approaches to Post-Combustion Extraction Metals

Bioengineering approaches to vanadium and nickel separation from ashes appear to
be far from production but potentially promising [124]. Li and co-authors [125] studied the
metabolism of vanadium in technologies where coke was mixed with an organic matter of
biological origin. It must be said that the bio-demetallization of coal combustion products
has been studied for quite a long time, and it is based on the consumption of carbon
residues by microorganisms. Rasulnia and Mousavi [126] applied fungal microorganisms,
including ordinary penicillin, to produce vanadium and nickel from ashes (Figure 7). The
utilization of carbon for the vital activity of fungi leads to the release of metals, because
microorganisms do not absorb metal ions, which in high concentrations are harmful to
them. Fungal cultures are introduced to fairly dense suspensions of ash in water. Metal ions
can be precipitated into insoluble forms. At a temperature of 60 ◦C, 90% of vanadium and
about half of nickel were extracted within a week. The process is long but environmentally
benign. Generally, the idea of the biological extraction of metals received wide interest,
including applications to metallurgical slag [127], the ash from municipal waste [128–130],
wastewater treatment and the extraction of metals from the wreckage of electronic devices
(review [131]).
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Figure 7. The effect of bioleaching in FE-SEM images of the surface morphology of the original HOFA
particles (left) and the before and after bioleaching at ×6.00 K magnification (right). Reproduced
from ref. [126] with permission from RSC.

6. Conclusions

Table 1 lists the main approaches to metal reclamation from the products of HPF
processing, their advantages and disadvantages, the stages of development and commer-
cialization. The successful commercial projects of metal extraction from HPF have existed
for decades. Nevertheless, they remain relatively small and “local”: metal reclamation
seems to have not reached the scale comparable with traditional sources—the slag from
steel production and the direct production from vanadium-bearing ores. Post-combustion
metal extraction from power plant ashes and gasification residues is the only route of metal
recovery from the HPF commercially explored on a regular basis as of today. Metal-polluted
ash is really a waste that needs to be safely disposed of. In general, the approaches to recov-
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ery are somewhat similar to those applied to the metal extraction from slag. The important
difference is the high carbon content of the fly ashes, while the slag consists primarily of
metal oxides, silicates and phosphates, [132] with V2O5 content up to 20 wt% [133] (we did
not review the vanadium extraction from the slag since it is mostly of non-petroleum origin
and was described extensively [133,134]). The environmental challenges specific to the fly
ashes are related to the ash capture (as we showed, metals are contained in a small particle
fraction that needs to be captured), storage and transportation. Pyrometallurgy is energy-
intensive, but relies on relatively traditional smelting technologies. The hydrometallurgical
route is the most studied in the literature and can be easily adjusted to the various types of
raw materials. Most research efforts are also concentrated in these traditional and mature
areas. The progress is mostly incremental and follows the prospective industrial demand.

Table 1. Summary of the main methods of vanadium and nickel extraction from HPF demetallization
residues.

Source Method Advantages Disadvantages

Heavy oil
Electrochemical:

Emulsification/solvation in
non-aqueous solvent, electrolysis

Convenient,
environmentally benign, Very slow

Very unlikely to reach
industrial implementation

potentially selective

Coke Leaching with acids, solvents Simple Loss of reagents on
carbon oxidation

In perspective, inferior to
other methods

Coke or
solid asphalt Oxidation or gasification to ash Produces syngas

Good way to utilize low
quality or refuse material

Implementation underway

Ash from
heavy oil and

coke combustion

Hydrometallurgy: oxidation–
roasting–leaching–precipitation

Source is really a waste;
Extraction is a low

energy process

Complex, multi-stage; fly
ash collection, storage and
transportation is difficult

Most used and studied, will
remain for a while

Pyrometallurgy: reduction to
V–Fe and Ni–Fe alloys

Metals obtained in
convenient form

Energy consumption,
expensive equipment

Ready technology, will
remain for a while

Bioengineering Environmentally benign Slow, not studied enough Years of research needed,
but potentially viable

Where we may expect serious developments is metal reclamation from the residues
resulted from the on-site supercritical extraction of the lighter components from heavy oil.
The on-site extraction and hydrocracking of super heavy oils are aimed at resolving the
transportation problem: currently, very viscous heavy oil is often diluted with lighter oils
just to be transported to refineries. The on-site extraction yields liquid and solid products
that are much easier to deal with. Whether the semi-solid asphalt obtained on-site is worth
further cracking processing depends on the original crude and the extraction conditions,
which can be tailored to deeper extractions (less saturates and lower aromatics on the
residue; more organometallic compounds in the deasphaltate) or shallower extractions
(deeper demetallization; more SAR in the residue). In the case of a deeper extraction, the
asphalt might likely be treated similarly to petcoke with gasification and hydrometallurgical
extraction, but further research to optimize the extraction and metal reclamation is needed.

The other area of actively increasing research activity is bio-extraction from ashes
with fungi species known to accumulate vanadium and/or consume the carbon fraction
of the ashes. How long it may take to develop into ready technologies is hard to predict;
it is possible that the bioengineering methods will never become commercially viable.
As we may see from the review, the pre-combustion extraction of metals from petcoke,
electrochemical extraction and exotic methods are very far from commercial application
and are unlikely to develop into real technologies anytime soon.
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