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Introduction

D
uring oil processing, vanadium and nickel cu-

mulate in heavy fractions, especially in fuel oil 

[1]. When fuel oil is burned at a thermal power 

plant, a significant amount of technogenic wastes (ash) 

is formed. Nowadays, there are more than 110 thousand 

tons of such ashes on the territory of Russia, and the 

number continues to grow. For example, the Murmansk 

thermal power plant alone currently produces more than 

1000 tons of ash per year [2]. These ashes contain up to 

20% of V2O5, whilst traditional vanadium raw materials 

(titanomagnetites) have to contain only 1.5–2% of V2O5 

for profitable processing. Furthermore, vanadium in the 

ashes is partially present in a soluble form, which poses a 

serious environmental threat to ground waters and basins 

[3–5]. Subsequently, developing a technology for utiliza-

tion and neutralization of vanadium-containing fuel oil 

burning wastes is important from both economic and eco-

logical point of view. The problem of extraction of vanadi-

um and other valuable components has been widely con-

sidered in several scientific articles [6–8]. However, due to 

highly heterogeneous composition of ashes and ash slimes 

no universally efficient technology for their processing has 

yet been designed. Hence, further research in this field 

is required.

Materials and research methods

For our research we used a sample of ash from the state 

district power plant (GRES) in the town of Konakovo. The 

sample has the following composition, % : Fetotal (45.0), 

FeO (57.86), SiO2 (9.05), V2O5 (7.82), CaO (3.40), Al2O3 

(2.72), NiO (0.74), MnO (0.04), MgO (0.70), Na2O 

(0.36), Cr2O3 (0.01), SO3 (5.94), C (4.23), LOI (6.3).

Sodium carbonate (coarseness: –0.1 mm, grade: CP) 

was added as an additional reaction ingredient for sintering. 

Sulphuric acid (grade: CP) was used for leaching.

Here we will describe the preparation of samples, 

roasting and leaching. First of all, the initial ash was mixed 

with sodium carbonate, and both dry and wet mixing 

were applied as well as the subsequent briquetting and 

drying. The obtained charge samples (or briquettes) were 

roasted in a muffle furnace at the temperature of 300–

500 oC in an air atmosphere. After that, the samples were 

consecutively leached in water and acid.
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The water leaching lasted one hour at the temperature 

of 70–80 oC and the ratio of S:L = 1:20. After the leaching 

we filtered the solution and determined the level of V2O5 

in it, whilst the solid residue was acid-leached for one hour 

in a 3% sulphuric acid at a room temperature and the ratio 

of S:L = 1:20. After the leaching we filtered the solution 

and analys edit for the presence of V2O5 and Ni. We used 

the Mohr salt titration method to estimate the vanadium 

content in the solutions [9]. The content of nickel in 

the solutions was estimated by the atomic absorption 

spectrophotometry method by using the Thermo scientific 

Ice 3000 series instrument.

We used the FACT software package to perform the 

thermodynamic calculations [10].

The X-ray phase analysis of the samples was carried out 

with the DRON-3M diffractometer with CuK �-radiation.

Results and discussion
According to the X-ray phase analysis data, the main 

phase of the ash is goethite FeOOH. Vanadium in the ash 

is distributed between VO2·V2O3, spinel FeO·V2O3 and 

vanadium bronze NaV6O15. The ash also contains calcium 

sulphite CaSO3, calcium aluminosilicate CaAl2Si2O8, 

quartz and soot carbon.

As the oxidation level of vanadium in the initial ash is 

V3+ and V4+ and vanadium practically does not dissolve 

in water, only 1.9% of vanadium is extracted by water 

leaching. However, even such a low level of extraction 

is rather harmful for environment as the maximum 

permissible concentration of V2O5 in water should not 

exceed 0.1 g/m3 [7]. To estimate the possibility of direct 

extraction of valuable components, we performed ash 

leaching in a 3% sulphuric acid. Under these conditions, 

the extraction level of vanadium was 55.1% thanks to a 

good solubility of V4+ compounds [11]:

VO2 + H2SO4 = VOSO4 + H2 O  (1)

The ash contains 0.74% of NiO which, possibly, does 

not form independent compounds and is present mainly 

in an oxide form together with FeO. Nickel is almost 

unextractable by water leaching (the extraction level is 

only 0.5%). The level of extraction by acid leaching equals 

57.0% thanks to the formation of a very soluble nickel 

sulphate according to the reaction:

NiO + H2SO4 = NiSO4 + H2O

(�G298 = –95 kJ/mole) (2)

To increase the level of extraction of vanadium from 

ashes, we must oxidize vanadium to V5+ and bind it into 

soluble compounds. Oxidizing roasting with addition of 

Na2CO3 allows us to obtain soluble sodium vanadates, 

suitable for further extraction.

Fig. 1 shows the results of the research on the influence 

of the duration of oxidizing roasting on the total extraction 

levels of vanadium and nickel after consecutive water and 

sulphuric acid leaching. We established that 60 minutes of 

oxidizing roasting allows us to increase the extraction level 

of vanadium to 66.5%, whilst the extraction level of nickel 

was 53.5%. Extending the duration does not increase the 

extraction levels.

We studied the possibility of increasing the extraction 

level of vanadium through wet mixing of ash with soda. Wet 

mixing should enable a better contact between reagents 

and fuller transfer of vanadium into water-soluble sodium 

vanadates. If the amount of added sodium carbonate is 

increased to 50%, almost all of vanadium transfers into 

soluble forms. Table 1 shows the results of the study on 

the influence of the charge mixing type on the extraction 

levels of vanadium and nickel.

Wet mixing at the water leaching stage increases 

the extraction level from 27.4% to 41.1% and the total 

extraction level from 63.9% to 78.5%. This is conditioned 

by two factors. Firstly, wet mixing enables a more even 

distribution of soda in the ash mass and significantly 

increases the contact surface, which accelerates diffusion 

processes when roasting is performed without a liquid 

phase. Secondly, this type of mixing is accompanied by 

partial alkaline leaching, which also leads to the growth 

of extraction level of vanadium through dissolution of 

vanadium bronze NaV6O15 [11].

Also, by applying wet mixing we increase the extraction 

level of nickel from 42.8% to 56.8%, which is slightly lower 

than by applying direct sulphuric acid leaching (57.0%). 

This may be related to the formation of nickel ferrite 

poorly soluble in a 3% sulphuric acid solution during 

roasting – according to the reaction (3):
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Table 1. 
Influence of charge mixing type on the extraction levels

of vanadium and nickel

Type
of mixing

Extraction of V2O5, % Extraction 
of Ni, %Water 3% H2SO4 Overall

Dry 27.4 36.5 63.9 42.8

Wet 41.1 37.4 78.5 56.8

Fig. 1. Dependence of the extraction level of elements on the duration 

of oxidizing roasting of ash at the temperature of 350 oC with 

addition of 20% of Na2CO3 and dry mixing
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NiO + Fe2O3 = NiFe2O4

(
 
�G298 = –17.3 kJ/mole) (3)

We studied the influence of the added amount of 

sodium carbonate on the extraction of vanadium and 

nickel into solutions after water and the subsequent 

sulphuric acid leaching of the charge, roasted at different 

temperatures (Fig. 2). We established that by increasing the 

temperature of oxidizing roasting from 300 oC to 400 oC 

and the amount of soda in the charge from 4.5 to 50%,we 

increase the extraction level of vanadium from 59.7 to 

80.5% through the growth in formation of water-soluble 

meta-, ortho- and pyrovanadates of sodium, according to 

the reactions (4)–(6):

Na2CO3 + V2O5 = 2NaVO3 + CO2 (4)

2Na2CO3 + V2O5 = Na4V2O7 + 2CO2 (5)

3Na2CO3 + V2O5 = 2Na3VO4 + 3CO2 (6)

However, when roasting at the temperature of 500 oC 

by adding 4.5–20% of soda, we observed that the total 

extraction level of vanadium decreased to 50.1%–54.8%, 

mostly due to decrease at the water leaching stage. The 

most probable explanation is that this temperature 

initiates the process of formation of sodium silicate with 

interaction of sodium carbonate and quartz according to 

the reaction (7), which causes deficiency of sodium 

cations, required for formation of soluble vanadates. 

This is confirmed by thermodynamic calculations 

(Fig. 3) which show that the process of formation of 

sodium silicate develops in the temperature range of 400–

500 oC (673–773 K):

Na2CO3 + SiO2 = Na2SiO3 + CO2 (7)

According to our calculations, binding the whole 

SiO2 (9.1%) into sodium silicate requires the addition of 

nearly 16% of Na2CO3. Subsequently, when increasing 

the amount of soda to 30% and higher, we observed 

a considerable growth of the total extraction level of 

vanadium to 81.4–89.2% due to formation of water-

soluble sodium vanadates. Most probably, the growth of 

extraction is caused by extraction of vanadium, connected 

with silicates, and by more complete decomposition of 

spinel FeO·V2O3 according to the Reaction (8):

4(FeO·V2O3)+ 5O2 = 4V2O5+2Fe2O3 (8)

We must note that in the case of deficiency of sodium 

cations the products of oxidation of spinel FeO·V2O3 at 

the temperatures over 450 oC interact immediately with 

formation of iron pyrovanadate FeVO4, which is partially 

soluble in sulphuric acid solution (Reaction (9)). At the 

same time, this leads to a slight decrease in extraction of 

vanadium [11]. 

V2O5 + Fe2O3 = 2FeVO4 (9)

Fig. 4 shows extraction of nickel from solution after 

sulphuric acid leaching, depending on the temperature of 

roasting and the amount of soda. The extraction levels of 

nickel at the temperatures of 300 °C and 350 °C are almost 

the same. They grow from 47.4–48.3% to 55.2–56.7% 

when adding higher amounts of sodium carbonate. When 

roasting at the temperature of 400 °C the results slightly 
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Fig. 2. Dependence of the extraction level of vanadium on the addition 

of Na2CO3 at different temperatures: 

 1 – 300 oC; 2 – 350 oC; 3 – 400 oC; 4 – 500 oC, where 1 �–4 � is 

the extraction as a result of water leaching, whilst 1–4 is the 

total extraction

Fig. 3. Dependence of �G reactions (4)–(7) on thetemperature of 

oxidizing roasting

Fig. 4. Dependence of the extraction level of nickel on the amount 

of the added soda at different temperatures:

 1 – 300 oC; 2 – 350 oC; 3 – 400 oC; 4 – 500 oC
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decrease to 45.0–53.7% as the process of decomposition 

of spinel FeO·V2O3 (Reaction 9) with formation of Fe2O3 

starts in these conditions, which is followed by formation 

of poorly soluble nickel ferrite NiFe2O4. When increasing 

the temperature to 500 °C and adding 4.5–20% of soda, 

we observed that the extraction level of nickel increased to 

51.4–52.2%. This is a result of a limited formation of nickel 

ferrite due to binding of Fe2O3 into iron pyrovanadate 

(Reaction (9)).

When the amount of added soda is 30% or higher, 

the extraction level of nickel decreases considerably to 

21.2–31.0%. The analysis of solutions after water leaching 

in the case of samples, roasted at the temperature of 

500 oC, showed almost no extraction of nickel into the 

solution, which excludes the formation of a water-soluble 

nickel sulphate. According to the results of our analysis, 

the residue has the following composition after sulphuric 

acid leaching, %: Fe2O3 (56.9), SiO2 (18.0),V2O5 (2.1), 

Al2O3 (2.1), NiO (1.4), (K, Na)2O (1.1), SO3 (1.5), 

P2O5 (0.07), LOI (15.6) etc. Subsequently, under the above 

mentioned conditions, nickel remains in the solid phase. 

The decreasing extraction level of nickel is thus related to 

formation of a poorly soluble nickel ferrite according to 

the Reaction (3) which is intensified through oxidation of 

spinel (Fe, Ni)O·V2O3 (Reaction (8)) and interaction of 

V2O3 with Na2O,where a considerable amount of Fe2O3 

and NiO is released.

Therefore, at oxidizing roasting at the temperature of 

500 oC with addition of 30–50% of soda, we noticed a 

considerable growth of the extraction level of vanadium 

and more than a doubled decrease in extraction of nickel. 

As the total value of vanadium in ash is ten times higher 

than the value of nickel, we chose a maxim extraction of 

vanadium as our priority task. The question of increasing 

the extraction level of nickel remains open. However, 

taking into account our experience and positive results 

of our research on sulphuric acid leaching of nickel from 

ferrous raw materials (lateritic ores) [12–13], we can 

assume a considerable improvement of this parameter in 

our further research.

Based on the obtained data, we offer a schematic 

diagram of fuel oil ash processing (Fig. 5). This diagram 

shows the introduction of ash at the wet briquetting stage 

with addition of 50% of soda. After drying, the obtained 

briquettes go through 60 minutes of oxidizing roasting 

at the temperature of 500 oC. We then leach the roasted 

product in water at the temperature of 80 oC for 60 minutes. 

During this process nearly 82.0% of V2O5 goes into the 

solution, whilst almost all of nickel remains in the solid 

residue. After filtration, the solution is returned to the 

water leaching stage in order for the concentration of 

vanadium to exceed 20 g/l of V2O5. Vanadium is then 

extracted from the vanadate solution by sedimentation 

of ammonium vanadates and their subsequent drying and 

calcination [14–15]. We thus obtain a marketable high-

purity vanadium pentoxide. To extract nickel, we leach 

the solid residue with a 3% sulphuric acid for 60 minutes. 

We applied well-known methods to extract nickel from 

a sulphuric acid solution [16]. The solid residue, whose 

mass equals 42.4% of the mass of the initial ash, contains 

56.9% of Fe2O3, 2.1% of V2O5, 1.4% of NiO etc. It poses 

no harm to the environment and may be further processed 

as iron-ore or titanomagnetite raw materials at the existing 

enterprises with extraction of iron, vanadium and, 

perhaps, nickel.
Conclusion

Based on the performed research, we established the 

chemical and phase compositions of fuel oil ash. Thanks 

to oxidizing roasting and the subsequent water leaching 

we managed to selectively release vanadium and nickel. 

Furthermore, we applied wet mixing with soda, which 

significantly improved the extraction levels of vanadium 

and nickel.

We also studied the influence of Na2CO3 additives, the 

temperature and the duration of roasting on extraction of 

vanadium and nickel. We established that when roasting 

at the temperature of 500 oC for 60 minutes and adding 

50% of Na2CO3, the level of extraction of vanadium into a 

water solution equals 80.5%, whilst the level of extraction 

of nickel into a sulphuric acid solution equals 21.2%.

Based on our research, we offer a schematic diagram 

of ash processing with extraction of vanadium and nickel.

Our research was carried out with the support of a 
prog ram of Presidium of RAS (Filing number of Research, 
Development and Technological Work: АААА-А18- 
118032690052-5).
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