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GENERAL DESCRIPTION OF THE WORK

Relevance of the topic and degree of development. Vanadium
and its compounds are strategically important materials and play an
important role in the development of steels, ion batteries, catalysts
and many new products with high functional properties. The amount
of vanadium produced worldwide is 116 thousand tons/year, which
indicates a high demand for it. In particular, vanadium oxides are
extensively used in energy storage systems, including as electrolytes
in vanadium redox flow batteries (VRFBs) and as electrode materials
in lithium-ion and sodium-ion batteries*.

The expansion of vanadium'’s application areas and its high eco-
nomic value in the international market make it urgent to explore new
and alternative raw material sources for the production of the metal?2,

Vanadium is the 22nd most abundant element in the Earth's
crust, with an average abundance of about 1.5-102%. Although more
than 65 minerals of this element are known, it is not found free in
nature. Vanadium is mainly present in various minerals as isomor-
phic mixtures, which is one of the main factors that makes it difficult
to extract it on an industrial scale.

At present, the industrial production of vanadium and its com-
pounds is primarily based on the processing of vanadium-bearing
titanomagnetite, uranium-vanadium sandstones, and high-grade vana-
date ores. However, the progressive depletion of these conventional
vanadium resources has intensified interest in the development of
alternative feedstocks. Consequently, considerable research efforts
have focused on the recovery of vanadium from secondary and

1 Shin, J. New operating strategy for all-vanadium redox flow batteries to mitigate
electrolyte imbalance / J.Shin, S. Jeongmin, K. Chanyoung [et al.] // Journal of
Power Sources, -2022, -v. 526, -p. 231144.

2 Kurniawan, K. A Review on the Metallurgical Recycling Process of Vanadium
from Secondary Resources / K.Kurniawan, S.Kim, M.Bae [et al.] // Mineral
Processing and Extractive Metallurgy Review, -2023, 45(1):-p..2243007

% Liu, T. Review on the separation and recovery technologies for vanadium and
impurities in complex leaching solution / T. Liu, T. Liping, Z. Yimin [et al.] //
Separation and Purification Technology, -2026, vol.387, -p.136709.
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unconventional resources, including coal fly ash, petroleum coke,
bauxite residues, industrial wastes, spent catalysts, and metallurgical
slags, as sustainable and economically viable sources of this strategi-
cally important metal.

The content of vanadium (V) oxide in alunite ore varies between
0.04-0.05%. Since the production of clay-soil (Al>Oz) belongs to the field
of multi-tonnage processing, even the presence of a small amount of
vanadium in the raw material can be considered a great potential source
for its acquisition. The complex processing of alunite ore has been studied
by a number of researchers, including G.V.Labutin, H.B.Shakhtakhtinski,
E.A.Tagiyev, T.D.lsrafilov and others*. However, since these approaches
have a number of difficulties, such as the release of harmful gas-ash parti-
cles into the environment as a result of the combustion of alunite ore, con-
tamination of the aluminate solution with foreign ions, its inability to be
recycled, and the use of only rich ore in the studies, the processing of alu-
nite ore in our studies was carried out directly with an alkaline solution
without burning. Since the aluminate solutions obtained at this time are
periodically returned to the process, the amount of vanadium in the solu-
tion gradually increases significantly. The extraction of vanadium during
the complex processing of alunite leads to both the production of pure
aluminum oxide and the recovery of the precious metal, as well as to an
environmentally friendly waste-free technology.

The complex processing of alunite ore is a combined extraction
method, which ensures the extraction of vanadium along with alumi-
num, potassium and other main components during processing. This,
in addition to ensuring more efficient use of resources, creates condi-
tions for reducing the volume of technogenic waste and minimizing
harmful environmental impacts.

The main directions of the research are to study the chemistry
of the existing forms of vanadium compounds in the products of alu-
nite processing, to determine its location at each stage of the process
and to find a new processing method that ensures the selective sepa-
ration of V20s. Today, the mining and metallurgical industry faces an

* Taghiyev, 1. Cost Effective Technology of Alunite Ore Processing / E.I.Taghiyev,
E.Taghiyev, L.Agayeva // International Journal of Chemistry, -2019, vol. 11,-p.36-41.
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important task of obtaining valuable materials, including vanadium
compounds with high physicochemical properties (vanadium (V)
oxide, ferrovanadium, vanadium carbide, etc.) by creating innovative
technologies. In this regard, the topic of the dissertation work solves
an important scientific and technological problem, and is relevant by
contributing to the development of efficient approaches for the
recovery and use of vanadium from alternative raw material sources.

The object and subject of the research. The object of the re-
search was alunite ore samples taken from the Zaylik alunite deposit lo-
cated in the Dashkesan region of the Republic of Azerbaijan. The trans-
formations occurring during the extraction of vanadium compounds from
alunite ore, the mechanism of their formation, and the factors affecting
the efficiency of the process are the subject of the research.

Aims and objectives of the research:

Purpose and objectives of the research: The aim of the present
study is to develop an environmentally safe and efficient method for
the production of high-purity V20s by investigating the chemical
regularities governing the separation stages of vanadium-containing
compounds in the form of selective concentrates during the complex
processing of alunite ore.

To achieve the stated objective, the following tasks were
formulated and accomplished:

- Investigation of the distribution of vanadium between alumi-
nate solutions and alunite slurry during the dissolution of alunite ore
in alkaline and acidic media according to the major components, as
well as the study of the kinetics of vanadium transfer into solution
upon adjustment of the aluminate solutions to the required alkali
concentration;

- Study on the optimization of vanadium extraction from alunite
ore into aluminate solutions through regression modeling;

- Study of phase transformations occurring in the V20s5-H,SO4-
SO3-H>O system obtained during sulfation of alunite slurry and
investigation of thermal decomposition of the obtained vanadyl sulfate
compound (VOSQO4-3H20) by physicochemical analysis methods;

- The study aimed to determine the optimal conditions for the
precipitation of vanadium from aluminate solutions in the form of
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ammonium metavanadate and ammonium polyvanadate, to investi-
gate the phase composition of the obtained precipitates using physi-
cochemical characterization methods, and to evaluate the Kkinetic
parameters of the precipitation process;

- Synthesis of an iron-modified activated carbon (Fe—AC)
nanocomposite, adsorption recovery of vanadium from alunite-
processing solutions using the Fe—AC nanocomposite and determina-
tion of the thermodynamic parameters of the adsorption process
based on the Langmuir and Freundlich isotherm models.

Research methods. During the course of the study, X-ray diffrac-
tion (XRD), X-ray fluorescence (XRF), infrared spectroscopy (IR),
differential thermal analysis (DTA), thermogravimetric analysis (TGA),
scanning electron microscopy (SEM), energy-dispersive spectroscopy
(EDS) and photometric analysis methods were employed.

The main provisions of the defense.

- Investigation of the effect of various factors (temperature,
time, ratio of solid:liquid phases, mixing speed, alkali concentration)
on the release of vanadium into the solution during the alkaline pro-
cessing of raw alunite ore and statistical analysis of the process using
the mathematical regression method,;

- Precipitation of vanadium from aluminate solutions in the
form of ammonium metavanadate and ammonium polyvanadate
compounds, followed by the production of high-purity V.Os.Finding
the conditions for the precipitation of vanadium in the form of
ammonium metavanadate, ammonium polyvanadate compounds and
obtaining pure V20s;

- Investigation of the conditions for the transfer of vanadium
into the solution during the sulfation of alunite slurry, thermolysis of
the VOSQO4-3H20 compound;

- Adsorption of vanadate ions from aluminate solutions and
solutions obtained from the processing of alunite slurry with iron
activated carbon (Fe-AC) nanocomposite, study of the main factors
affecting adsorption, selection of optimal conditions.

Scientific novelty.

-The optimum conditions for the precipitation of vanadium
from aluminate solutions in the form of ammonium metavanadate
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(NH,VO3), ammonium polyvanadate ((NH,4).VO16) and calcium
pyrovanadate (Ca,V,0,) were determined. The Kinetic parameters
and mechanism of the precipitation process were investigated.

- New intermediate compounds formed during the thermal
decomposition of vanadylsulfate (VOSO,-3H,0), obtained in the
V,05-H,S0,-S0O5-H,0 system, were identified within the tempera-
ture range of 100-700°C. These compounds include VOSO,-2H,0,
VOS0,-H,0, VOSO,, (VO,),S0,.

- The adsorption conditions for vanadium recovery from solu-
tions obtained during alunite ore processing using the Fe—AC nano-
composite were investigated, and the main factors affecting the sorp-
tion process, including sorbent dosage, pH, initial vanadium concen-
tration, temperature, and contact time, were determined. Langmuir
and Freundlich adsorption isotherms were constructed, and the ther-
modynamic parameters of the sorption process were evaluated. The
adsorption models demonstrated that both the Langmuir and Freun-
dlich equations adequately describe the adsorption characteristics.

- A technological flowsheet for the production of V.0s was pro-
posed based on the investigation of the chemical regularities governing
vanadium enrichment during the complex processing of alunite ore.

Theoretical and practical significance of the research: The
theoretical significance of the research lies in the scientific substanti-
ation of vanadium recovery from aluminate solutions and alunite
sludge during the complex processing of alunite ore.

Kinetic and thermodynamic quantities of processes, constants
characterizing isotherms, thermal decomposition products of vanadyl
sulfate obtained from the V20s-H2S04-SO3-H20 system and adsorp-
tion results with Fe-AC nanocomposite can be used as material in
international information systems.

The practical significance of the work is that, as a result of the
conducted research, the recovery of gallium and vanadium alongside
aluminum during the complex processing of aluminate solutions was
achieved. Based on these results, a patent entitled “Method for the
Extraction of Gallium and Vanadium from Aluminate Solutions” was
granted by the Intellectual Property Agency of the Republic of
Azerbaijan (Patent No. 1 2023 0073).
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The results of the research may be proposed for implementation
in the technology of complex processing of alunite ore at the Ganja
Alumina Plant. The regularities established in this study may also be
applied to the processing of other vanadium-containing materials.

Approbation and implementation: A total of 17 scientific works
have been published on the subject of the dissertation, including 6
journal articles (4 of which were published in journals indexed in the
WOS and Scopus international databases), 1 patent and 10 conference
proceedings.

The materials of the dissertation were presented and discussed
at the following scientific conferences:

Proceedings of the 10th International Scientific and Practical
Conference Scientific research in XXI century Ottawa, Canada (11-
12 noyabr 2021); The 21st ICS International Chemistry Congress,
Aserbaijan Shahid Madani University, Tabriz, Iran (26-28 iyul
2022); Azerbaijan; VI International scientific Conference of Young
Researchers, BMU. Baki, Azarbaycan (29-30 aprel 2022; 28-29 april
2023; 26-27 aprel 2024); Umummilli lider Heydor ®liyevin anadan
olmasinm 99-cu ildénimino hosr olunmus Tolobo vo Goanc
todqgigatcilarin 11 Beynolxalq elmi konfranslari, BANM, Baki,
Azorbaycan (18-19 aprel 2022; 12 aprel-3 may 2023; 23 aprel-1 may
2024; 6 dekabr 2024); BMU Azorbaycanda su ehtiyyatlart: Problemlor
Vo yeni ¢agiriglar AZTU, Baki, Azarbaycan (29 oktyabr 2024).

Name of the organization where the dissertation has been
performed: The dissertation work was carried out in the laboratory
“Processing of non-ferrous and ferrous metal-containing mineral raw
materials” of the ARETN Institute of Chemistry, Department of
Chemistry (formerly the laboratory “Processing of non-ferrous metal-
containing mineral raw materials” of the M. Naghiyev Institute of
Catalysis and Inorganic Chemistry).

Structure and scope of the dissertation. The total volume of
the dissertation is 171 pages. The dissertation consists of an introduc-
tion (12149), 5 chapters (Chapter | 51505, Chapter 11 16424, Chapter
I11 38520, Chapter 1V 16530, Chapter V 34129), conclusions (2525
characters), 59 figures, 15 tables, 2 schemes and a list of 176 refer-
ences, and concludes with abbreviations, symbols and appendices.
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Personal contribution of the author. The author independently
carried out all laboratory experiments conducted within the frame-
work of the dissertation research.

The processing and interpretation of the experimental results,
their presentation at scientific conferences, the preparation of scien-
tific articles for publication, and the writing of the dissertation were
performed directly by the author.

Main Content of the Work

The introduction substantiates the relevance of the research
topic, defines the aim of the study and the tasks required to achieve
the stated objective, presents the main scientific propositions submit-
ted for defense and discusses the scientific novelty and practical sig-
nificance of the work.

The first chapter of the dissertation analyzes the main vanadi-
um minerals, reserves and the current state of vanadium production.
In addition, this chapter provides information on the properties of
vanadium and the chemistry of its most important compounds, the
ionic species present in solutions, as well as methods for its separa-
tion by precipitation, adsorption, and extraction techniques.

At the end of the chapter, information is provided on the extraction
of vanadium from various types of raw materials, including industrial
waste, titanomagnetites, coal, fuel oil combustion ash and bauxites.

Analysis of the reviewed literature showed that, despite the
existence of many methods and technologies for the extraction of
aluminum and other valuable components (fertilizers, alkalis, and
acids) from aluminum-containing ores such as bauxite, alunite, and
nepheline, the concentration and accumulation stages occurring dur-
ing the extraction of vanadium from alunite ore have not yet been
comprehensively investigated. In order to obtain vanadium-
containing products with high recovery efficiency, it is necessary to
study the chemistry, mechanism, and Kinetic regularities of the trans-
formations taking place during the processing stages of alunite ore.

The second chapter, this section is devoted to the materials
and methods used in the study and provides information on the
chemical and mineralogical composition of the investigated alunite
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ore, the determination of vanadium by various analytical methods,
and the adsorption of vanadium ions from solutions

The investigations were carried out using an average ore
sample delivered to the Ganja Alumina Plant from the Zaglik alunite
deposit for processing. According to the results of X-ray fluores-
cence analysis, the chemical composition of the ore sample was as
follows (wt.%): Al,O5; — 26.44; SiO, — 33.45; Fe,O3 — 3.85; TiO, —
0.45; Cr,05; — 0.41; K,0 — 5.21; Na,O — 1.85; SO; — 27.15; V205 —
0.0487; Ga,03 — 0.003; MnO — 0.005; CaO — 0.07; As,0s— 0.005;
SrO - 0.3; P.Os — 0.215; F — 0.29 and H,O (moisture) — 0.25.

The results of X-ray phase analysis indicate that the ore contains
the minerals alunite (55.1%), kaolinite (dickite) (12.3%), quartz (25.2%)
and hematite (7.4%).

The third chapter of the dissertation is devoted to the investi-
gation of the conditions for the extraction of vanadium into solution
during the alkaline leaching of alunite ore.

In the present study, the processing was carried out by monitoring
the dissolution dynamics of vanadium contained in alunite ore into the
solution. It was established that, without a roasting stage, a 5% alkaline
solution at 95°C decomposed up to 92.0% of the alunite mineral within
30 minutes, while the decomposition degree reached 96.6% after 60
minutes. Under the same conditions, a 10% alkaline solution was capable
of decomposing up to 98% of the alunite mineral.

Among the minerals present in alunite ore, alunite is the one
that dissolves most readily in alkaline solutions.

K2SO4-Alx(SO4)3 - 2Al,03-6H20 + 12NaOH = 3(Na20-Al203)
+ 3NaSO4 + K2SO4+12H20 (1)

The crystal structure of the minerals (alunite, kaolinite, hematite,
quartz) in alunite ore cannot be completely decomposed with ordinary
solvents (water and acids). It is impossible to extract vanadium from
alunite by processing it in water, but it is possible to extract up to 10%
of vanadium into the solution by dissolving it with HCI and HNO3,
and up to 57.14% with sulfuric acid. The main difficulties encountered
during the acid treatment of alunite ore are the contamination of the
aluminate solution with iron ions, the inability to recycle the solution
back into the process, and the achievement of more favorable results
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only when processing higher-grade ores. Taking these factors into
consideration, the processing of alunite ore was mainly carried out
using alkaline solutions. In experiments, the dynamics of vanadium
release into the solution was studied by changing various parameters
(alkali concentration, temperature, solid: liquid phase ratio, time).

It was found that when the mixing speed during processing was
increased above 700 rpm, the concentrations of Al and V in the solu-
tion did not change, therefore, mixing was mainly carried out at this
speed in experiments. In the studies, the optimal solid:liquid phase
ratio was taken as 1:6.

The dissolution dynamics of vanadium into solution were in-
vestigated by different parameters, including alkali concentration,
temperature, solid-to-liquid ratio and leaching time.

The alkali concentration, temperature, and solid-liquid ratio
significantly affect the extraction efficiency of vanadium into solu-
tion. It was found that treatment of alunite ore with a 10% NaOH
solution at a solid-to-liquid ratio of 1:6 for 2 hours at 60°C resulted
in the extraction of 50.2% of gallium and 49.23% of vanadium into
solution. When the temperature was increased to 90°C, the extraction
efficiencies increased to 90.1% for gallium and 71.3% for vanadium.
The results of the experiments are presented in Table 1.

Table 1
Effect of temperature on the extraction of vanadium and gallium
(CnaoH =10%, T =2 h, S:L = 1:6, Maunite=50q) [9]

Temperature 50 °C 60°C | 70°C 80°C 90 °C
The amount of Ga in the
solution is mg/! 2.2 2.68 3.16 3.7 4.1
Percentage of separation of 186 50.2 70 82 90.1

Ga, %

The amount of V'in the 109 | 2584 | 3092 | 3693 | 4268
solution is mg/I

V separation, V, % 36.2 49.23 58.9 69.2 71.30

An analysis of the dissolution dynamics of aluminum, gallium, and
vanadium from alunite ore at different leaching times shows that when
alunite ore is leached in a 10% sodium hydroxide solution at 90°C for 1
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hour, the extraction of aluminum reaches 98%, while the extraction effi-
ciencies of gallium and vanadium are 65% and 52.4%, respectively.

Increasing the leaching time to 2 h causes no significant change
in aluminum extraction, while gallium and vanadium extraction
increase to 90.1% and 71.3%, respectively. Vanadium transfer into
solution during alunite ore processing was also predicted using the
mathematical regression method. This approach made it possible
to determine the optimum alkali concentration, temperature, and
leaching time for maximum vanadium extraction while reducing time
and material consumption. Based on the regression equation, statistical
analysis was performed, and the average approximation error and
root mean square deviation were calculated.

A three-factor experimental design was employed in the study
(N = 2k = 8). The effects of three factors on vanadium extraction effi-
ciency were investigated: Z; — NaOH concentration (5-10%), Z, — solution
temperature (40-90°C), and Z; — leaching time (30—120 min).

After verifying the reproducibility of the experiments and calculating
the variance, the regression coefficients were determined using the matrix
method. The regression equation was expressed as follows:

Y =15.9564 — 0.23X; + 0.231X, + 0.03429X; (1)

It was established that the coefficient X, indicates that, beyond an
alkali concentration of 10%, each 1% increase in concentration decreases
vanadium extraction by 0.23%. The coefficient X, shows that a 10°C in-
crease in temperature increases vanadium extraction by 0.23%, whereas
the coefficient X5 indicates that each additional minute of leaching time
increases vanadium extraction by 0.034%. At alkali concentrations above
10%, vanadium extraction decreases because undissolved silicon and iron
oxides increase, promoting vanadium sorption onto their active sites.
Several methods, including adsorption, solvent extraction, electrolysis,
and precipitation, have been proposed for vanadium recovery from com-
plex technological solutions. For aluminate liquors, the selected method
must recover vanadium without affecting aluminum, the main product.
The aluminate solution (Km = 1.88; Al,O; = 74.5 g/L; Na,O =85.2 g/L;
Ga,0; = 0.124 g/L; V.05 = 0.678 g/l) contains aluminum together with
valuable vanadium and gallium. Therefore, this study investigated the
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simultaneous recovery of Al, V, and Ga based on the principle of inte-
grated processing. The method entitled “Recovery of Ga and V from
aluminate solutions,” developed by the authors, has been patented by the
Intellectual Property Agency (Patent No. | 2023 0073) [7]. According to
this method, aluminum, then gallium and then vanadium are separated
from the recirculated, concentrated aluminate solutions in the form of
concentrates. By gradually adding a 1 N sulfuric acid solution to the
aluminate liquor, aluminum hydroxide was first precipitated, followed
subsequently by the precipitation of gallium hydroxide.

Na[AI(OH)4] + H*— AI(OH)s |+ H,0 + Na* (pH=12.8-9.5) (2)
Na[Ga(OH)4] + H*—Ga(OH)s|+ H,0 + Na*(pH=9.5-7.0) (3)

Al(OH)z and Ga(OH)s precipitate at pH=9.5 and pH=7.0,
respectively, at 90%. At this pH value, vanadates present in the
solution practically do not precipitate and therefore accumulate
and become concentrated in the aluminate liquor.

The mother liquor separated from aluminum and gallium com-
pounds consists of sodium vanadate, sodium sulfate, and potassium sul-
fate salts. First, the solution containing these components is heated to
boiling point (125°C-130°C) and cooled to 30-40°C. At this time,
Na>SO4 and K>SO salts crystallize together and are separated from the
vanadate solutions. After evaporation, the concentration of vanadium in
the solution varies between 1.5-2g/l (V20s). By precipitating vanadium
from these solutions with slaked lime, a concentrate in the form of
calcium pyrovanadate is obtained.

The optimal process conditions were determined as follows: ini-
tial vanadium concentration, Cv(V20s) = 1.5 g/l; temperature, 80-95°C;
reaction time, T =2 h; pH = 10-11 and molar ratio CaO/V0s = 10:1.
Under these conditions, approximately 95% of vanadium precipitated
in the form of calcium pyrovanadate.

The kinetics of the precipitation process were investigated and
the activation energy was calculated to be E, = 14.6 kJ-mol™. This
relatively low value indicates that the process proceeds under diffu-
sion-controlled conditions. The individuality and phase purity of the
synthesized calcium pyrovanadate were confirmed by X-ray diffrac-
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tion analysis, corresponding to PDF (01-070-0942)( Figure 1).

A PDF 01-070-0942 Ca2(V207)(H20)2 Calcium vanadium oxide hydrate

Counts.

PR JOL OO0 O JO U0 O T,
>

\ PR R PR A

n

2Theta (Coupled TwoTheta/Theta) WL=1.54060

Figure 1. XRD pattern of calcium pyrovanadate [17]

The fourth chapter investigates the precipitation of vanadium
as ammonium salts from aluminate solutions obtained during alunite
ore processing. Precipitation with ammonium sulfate was studied in
both alkaline and acidic media. Experimental results showed that a
solution containing 6.95 g/L NaVO3 forms white ammonium meta-
vanadate (NH,VO;) at 25°C and pH 7-9, whereas red-brick ammo-
nium polyvanadate ((NH,),V¢O16) precipitates at 90-95°C and pH
2. The precipitation isotherms of meta- and polyvanadates as a func-
tion of solution pH are presented in Figure 2.

120

100 -

80 -

60 - —— metavanadat

¢Okma faizi, %o

—fll— polivanadat
40

20 4

0

0 > a 6 5 10
pH
Figure 2. Effect of solution acidity (pH) on the degree of vanadium

precipitation in the form of ammonium metavanadate and polyvana-
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date (Cyuyo, = 6.950/1, (NH2):504:V20s = 3,0-4,0:1) [8]

Due to the presence of alkali metal sulfates in the solutions ob-
tained from the processing of alunite ore, precipitation was carried
out not with NH4ClI (to avoid introducing extraneous CI" ions into the
solution), but with a (NH4)2SO4 solution. The precipitation reactions
are expressed as follows:

2NaVOs+ (NH4)2S0s= 2NHsV O3+ NaxSO4 4)

To determine the optimum precipitant dosage, different
amounts of ammonium sulfate were added to sodium vanadate solu-
tions. Under optimum conditions (12% (NH,),SO,, pH 8, 25°C, 2 h),
97% of vanadium precipitated as ammonium metavanadate
(NH4,VO3). Acidification of the resulting NH,VO3 suspension with
sulfuric acid at 90°C and pH 2 converted ammonium metavanadate
into ammonium polyvanadate through the formation of hexa-
vanadates (polyvanadates):

6NH4VO3 + 2H2SOs — (NH4)2VeO16 + 2(NH4)2S04 + 2H0  (5)

The diffractograms of the obtained ammonium metavanadate
and ammonium polyvanadate compounds are given in Figure 3.

8.0e+003 1 PDF 01-078-3028 Ammonium metavanadate - (NH4)(VO3)
1

6.0e+003|

4.0e+003|

- M s

0.0e+ OOO
60

6.0e+003 1 1 PDF 01-079-2031 Ammonium polivanadate - (NH4)2(V6016)

5.00+003 2 PDF 01-079-2031 Ammonium oxo-hexavanadate - (NH4)2(V6016)

b) 4.00+003

= 3.0e+003

1
2.0e+003 1
2 2 1
1.00+003 2 4 h 2 2 ﬂ
10 20 40 50 60

nten lty

0.0e+003

2 Theta (deg)

Figure 3. The X-ray diffraction patterns of the precipitates obtained at
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different solution acidity: pH=8 (a) and pH=2 (b) [8]

The diffraction peaks of the precipitate obtained at pH=8 corre-
spond to the orthorhombic structure of the ICPDC database [01-078-
3028] card, and the diffraction peaks of the precipitates obtained at pH=2
correspond to the [010792031] card. The obtained precipitates were
characterized by both SEM-EDS and IR spectroscopy analysis methods.

In subsequent studies, the effect of temperature on the precipi-
tation of vanadium in the form of NH4VO3 was studied. The results
of experiments conducted at different temperatures (20°C, 30°C,
40°C) as a function of time are given in Figure 4.

Increasing the temperature from 20°C to 40°C causes a decrease
in the percentage of vanadium precipitation in the form of ammonium
metavanadate. 1T 91% of the vanadium in the solution precipitates in the
form of NH4VOs within 3 hours at 20°C, then increasing the tempera-
ture to 40°C under the same conditions reduces the percentage of vana-
dium precipitation to 70%. A comparison of the water solubility of both
salts showed that ammonium polyvanadate hydrolyzes less in water
than ammonium metavanadate. Thus, when studying the temperature
dependence of the solubility of NH4VOgz in water, it was determined that
0.48 g at 20°C, 0.84 g at 30°C, and 1.32 g and 2.42 g at 40°C and 60°C,
respectively, dissolve in 100 ml of water. Ammonium polyvanadates
pass into the solution as a solution at a concentration of 0.17 g/l at 20°C
and 0.33 g/l at 95°C. This increases the importance of precipitation in
the form of ammonium polyvanadates.

100 4
90 -
80
70
60

—g—20°C
50

—&—30°C
40 -

Precipitation, %

40°C
30

20
10

0+ )
0 50 100 150 200 250
Time, min

Figure 4. Effect of mixing time on the degree of vanadium
precipitation at different precipitation temperatures:
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20 °C, 30°C, 40°C (NaVO3 - 6.95 g/L; (NH,4),SO04/V,05 = 2) [8]
During the process, the kinetic parameters of precipitation were
calculated using the Avram Kinetic equation:

o=1-¢ k" (2)

Here o - is the percentage of vanadium deposition depending
on time, k - is the reaction rate constant, t - is the duration of the
precipitation, n - is the kinetic parameter characterizing the reaction
sequence. When n<0.5-1, the diffusion process; when n>1, the
kinetic process is characterized.

The dependence of the reaction rate constant on temperature is
expressed by the Arrhenius equation:

k=Ae &/ 3)

The activation energy value was calculated based on the
tangent of the slope of the straight line obtained from the graph of the
reaction rate constant versus temperature (Figure 5).

0,00315 0,0032 0,00325 0,0033 0,00335 0,0034 0,00345

y =-2220.2x +2,9581
R2= 10,9954

47 -

48 -

/T

Figure 5. Relationship dependence of the reaction rate constant [12]

The calculated activation energy (18.4 kJ/mol) indicates that
precipitation is diffusion-controlled. Such processes are characterized
by low temperature dependence (activation energy <20 kJ/mol) and
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are independent of mixing. The precipitate was separated by filtra-
tion, dried, and thermally decomposed in a muffle furnace at 550°C
to obtain V,0s.

2NHsVO3; ——» 2NH3+V205+H,0 (6)

The EDS analysis confirmed the high purity of the obtained
V,05 product, which contained 99.52 wt.% V,0s. The remaining
0.48 wt.% consisted of trace impurities, including Si (0.005 wt.%),
Fe (0.08 wt.%), P (0.01 wt.%), S (0.007 wt.%), As (0.006 wt.%), and
K,O + Na,O (0.15 wt.%).The individuality of the precipitate was
confirmed by X-ray diffraction analysis (PDF 01-072-0433).

In the fifth chapter, the extraction of vanadium from alunite
slurry was investigated. Alunite slurry has the following chemical
composition, %: K>0-0.07, Na,0-0.23, Ca0-0.28, Al03-4.53, Si0,-82.2,
Fe203-8.60, MgO-0.17, Mn0-0.01, P,0O5 — 0.24, SO3-0.15, V20s-0.099,
Ga — 0.005, TiO2- 1.15, Rb-0.0012. During alunite ore processing,
dickite and hematite remain undecomposed and concentrate in the
slurry. As vanadium is isomorphously substituted for aluminum in
the dickite lattice, it is also enriched in the slurry. To convert vanadi-
um into a soluble form, the slurry is sulfated, causing dickite decom-
position and transformation of vanadium into vanadyl sulfate.The
sample was mixed with concentrated sulfuric acid (p = 1.84 g/cm?®) at
a sample-to-acid mass ratio of 2:1 and dried in a drying oven at a
temperature of 130°C for 12 hours.

At this time, the vanadium compound in the slurry is converted
into vanadyl sulfate by the action of concentrated sulfuric acid and
sulfur gases:

V205+S02+H2504—2V0S04+H0 @)

The sulfated mass is then burned in a muffle furnace at a tem-
perature of 550°C. During sulfation, sulfates of iron, aluminum, tita-
nium and vanadium compounds contained in the alunite slurry are
obtained. During 550°C burning, iron, titanium and partly aluminum
sulfates decompose from the oxides contained in that mass and ac-
cumulate in the residue in the form of oxides. When the sulfated
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mass is dissolved in water, vanadium easily passes into solution.

The results of the X-ray analysis of the blue crystalline precipi-
tate obtained in the V20s5-H2SO4-SO3-H.O system prove that it is
VOS04-3H,0 (PDF 01-072-0912) (Figure 6).

900 1 1 PDF 01-072-0912 VOSO4(H20)3 Bobjonesite, syn
2 PDF 01-028-1435 VOHSO4 vanadium sulfate hydroxide
800 3 PDF 00-036-0543 VOS04*1.5H20 Vanadyle sulfate hydrate
700
1
600 1
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Figure 6. XRD pattern of VOSO4:3H20 freshly precipitated in the
V7205-H2S04-SO3-H,0 system [6]

The phase composition of the initial substance and its thermal
decomposition products was confirmed by IR spectroscopy (Fig. 7, a).
As can be seen from the IR spectrum, the precipitate consists of the
H,O molecule (valence absorption band at 3592 cm™ and deformation
absorption band at 1651 cm™) and valence and deformation absorp-
tion bands at 1154 cm™ corresponding to the SO4* ion and 428.9 cm™!
corresponding to the SO+ ion (Fig. 7, b, ¢, d). The absorption band at
721 cm™ observed in all samples corresponds to the valence vibration of
the asymmetric bond of V-O-V.

The thermal decomposition of the VOSQO4-3H.O compound is
stepwise and is observed in DTA with endoeffects at t= 130; 217;
424; 520 and 600°C with weight losses (Figure 8).
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Figure 7. IRspectra of VOSO4-3H0 (a); products of its thermolysis at
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Figure 8. DTA and TG data for VOSO4-:3H,0O (m=5.6 mg) [5]

The loss of water of crystallization occurs in three stages: the
first stage at 130°C, the second at 217°C, and the third stage at
424°C. In the temperature range of 130-217°C, 1 molecule of water is
released from the VOSO4-3H>O compound. According to the TQ
curve, the mass loss at this stage is 11.59% of the total mass
(m=0.65mg):

VO0S04-3H2,0 —— VOS04-2H,0 + H20 (t<217°C)  (8)

In the second stage (217-400°C), one more water molecule is
separated from the VOSQO4-2H,O compound. At this time, according
to the TG curve, the total mass loss is 1.28 mg (0.63 mg in the sec-
ond stage). This is a mass loss corresponding to 21.81% of the total
mass (theoretical 22.08%).

VOSO4 -2H,0—— VOSO4 -H,0 + H,0 (t<400°C)  (9)

Below 500°C, the water in the compound is completely sepa-
rated (0.61 mg in the third stage). The total loss up to 500°C
(0.65+0.63+0.61=1.89 mg) is 1.89 mg or 33.17%, which corresponds
to the separation of 1 more mole of water (theoretically 33.129%):
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VOS04:H20 —— VOSO4 + H20 (t<500°C) (10)

In the IR spectrum of this stage, the bands corresponding to the
deformation vibrations of the water molecule (220°C-1618cm?,
400°C-1629cm™) are fully visible, but the formation of the VOSO4
phase (924cm™? band) also occurs. This band corresponds to the va-
lence vibration of the V=0 group. While a broad band characteristic
of the SO4% group with a frequency of 1111.8cm™ is observed in the
IR spectrum of the product obtained without thermal decomposition
at 600°C, the band corresponding to the water molecule disappears,
which differs from the IR spectrum of the sample obtained without
decomposition at 400°C.

In the VOSO4-3H,0 sample, a rapid weight loss is observed at
500°C and vanadyl sulfate is converted to vanadium oxosulfate
(V204(S0q)).

2VOS0s—— (VO,)2S04 + SO, (>500°C) (11)

The formation of vanadium oxosulfate is confirmed by the IR
spectrum. In the compound formed at 600°C, a broad-band valence
vibration characteristic of the (5042 group (~1069cm™) and a band
characteristic of the (VO2),S04 compound (~815.18cm™) can be ob-
served. In the thermolysis products obtained at 700°C, the absorption
band characteristic of the SO4>" group disappears, but a band charac-
teristic of V20s is formed in the sample. The total mass loss at the
end of the thermolysis is practically 50.73%.

(V0O2)2S04 — 3 V,05 + SOz + 1/2 02 (>6000C) (12)

Thus, it can be said that the decomposition of the compound
VOS043H20 is a multi-step process, which proceeds with the formation
of the following intermediate products:

VOS04-3H,0—3%C 5 vyOS04-2H,0 —2C 5 \/OSO4-H,0

4200C_,\/OS0s—N9C 5 (VO,)2S0s —C 5V,05  (13)

As a result of the conducted studies, it was determined that the
precipitate obtained in the V20s-H2S04-SO3-H.O system corresponds
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to the formula VOSO4-3H20 and its thermal decomposition occurs in
several stages. VOSO4-3H,0 dehydration occurs in 3 stages, and VOSO4
decomposition occurs in two stages.

Adsorption of vanadium by iron with activated carbon nano-
composite (Fe-AC). During the experimental studies, an Fe-AC
nanocomposite synthesized from activated carbon and iron(l1) sulfate
was used as the adsorbent. Incorporation of FeOOH (goethite) into
the activated carbon matrix enhanced its sorption capacity, while the
combined effect of the FeOOH active sites and the porous carbon
structure resulted in high vanadium adsorption. XRD analysis con-
firmed the presence of the goethite phase, with diffraction peaks
matching the standard FeOOH pattern (PDF 01-074-3080) (Fig. 9).

900 1 PDF 01-071-5066 Fe203 Hematite
2 PDF 01-074-3080 FeO(OH) Iron (lll) oxide hydroxide

40 50 e0 70
2 Theta

Figure 9. XRD pattern of Fe-AC nanocomposite [2]

Comparison of the obtained experimental results shows that the
sorption capacity of the synthesized Fe-AC nanocomposite is higher
than that of activated carbon. Therefore, the experiments were con-
tinued with this sorbent. Adsorption experiments were statistically
carried out using the Fe—~AC nanocomposite in vanadate solutions
with different initial concentrations (Co= 25-200 mg/L). The equilib-
rium sorption capacity (q.) and sorption efficiency (R, %) were
calculated using Egs. (4) and (5), respectively:

Ge = (Co-Ce) % (4)
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R= %-100% (5)

0

where q. is the equilibrium sorption capacity (g/g or mol/g); Co and
C. are the initial and equilibrium concentrations of vanadium in the
solution (g/l), respectively; V is the volume of the solution (I); and m
is the mass of the sorbent (g).

One of the main factors affecting vanadium adsorption is the
pH of the solution. Figure 10 shows the dependence of vanadium ad-
sorption by activated carbon (AC) and iron-activated carbon (Fe-AC)

nanocomposite on the pH value of the medium.
100
920 ——AC

80 ~i—-Fe-AC
70
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precipitation rate, %
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pH
Figure 10. Effect of pH on vanadium adsorption results using AC
and Fe-AC on the pH of the medium (C,=100 mg/l, ma4s=0.25 g, T=298K,
7=180 min.) [2]

The Fe-AC nanocomposite exhibited a sorption capacity of 110
mg/g, significantly higher than that of activated carbon (39 mg/g), owing
to the presence of FeOOH active sites. As shown in Figure 10, maximum
vanadium adsorption occurred at pH 2.5-4.5, where vanadium predomi-
nantly exists as polyanions (H2V1002s* and HV1002*). At pH 4.5, ad-
sorption was enhanced by electrostatic attraction between negatively
charged vanadium species and positively charged adsorbent sites, leading
to Fe-O-V bond formation. At pH >6, adsorption decreased because of
the lower affinity of vanadate anions and competition from OH™ ions.
Under optimum conditions (50-100 mg/L V, pH 4.5), the adsorption
efficiency reached 86%. The SEM-EDS analysis of the adsorbent after
adsorption is presented in Figure 11.
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Figure 11. Result of SEM-EDS analysis of Fe-AC sorbent after
sorbtion [2]

Vanadium adsorption increased rapidly during the first 15
min, gradually approached equilibrium within 60 min, and reached
equilibrium after 180 min due to saturation of the adsorbent active
sites. The adsorption behavior was evaluated using the Langmuir and
Freundlich isotherm models. According to the Langmuir model, ad-
sorption occurs as a monolayer on energetically uniform active sites.

C C 1

[

L_C, ©)
0. O max KL “Oax

-where . is the amount of adsorbed vanadium (V) ions at
equilibrium (mg/g), gmax 1S the maximum adsorption capacity (mg/g),
Ky is the Langmuir constant (I/g) and C. is the equilibrium concen-
tration of the sorbate in solution (g/L).

The adsorption process occurring at active centers with differ-
ent energies of adsorbents with heterogeneous surfaces is character-
ized by the Freundlich model. The linear equation of the Freundlich
model is expressed as follows:

lgge= IgKr + nlgCe (7

- where Kk is the Freundlich constant related to the sorption capacity
of the adsorbent (mol/g) and n is the adsorption intensity parametr.

According to the results obtained, Langmuir and Freundlich
isotherms were constructed (Fig. 12).
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Figure 12. Adsorption isotherms of vanadium (V) ion with Fe-AC
nanocomposite: Langmuir (a) and Freundlich (b) models [2]

Both isotherms describe the adsorption of vanadium on Fe-AC
nanocomposite satisfactorily, which is characterized by high correc-
tion factors. The correction factor is close to unity (R?=0.999), which
indicates that the adsorption results are in full agreement with the
Langmuir model at the selected temperature. The chemical interac-
tion occurs between the vanadate ion and the active sites.

Since the correction factor found according to the Freundlich
equation (R?=0.983) at the studied temperatures is lower than the
Langmuir correction factor, equation (6) fully describes the sorption.

Following the sulfation of alunite sludge with concentrated sulfu-
ric acid and subsequent roasting of the sulfated mass at 550°C, water
leaching of the calcined product resulted in the selective dissolution of
vanadium and aluminum compounds into the aqueous phase. Mean-
while, iron was converted into stable iron oxide phases and remained in
the solid residue together with silicon oxide. This behavior enabled the
effective separation of vanadium and aluminum from iron-bearing and
siliceous components of the sludge. The concentration of vanadium in
the resulting solution reaches 244 mg/l. V20s. In the next stage, vanadi-
um is separated from the solution by adsorption.

Adsorption constants of vanadium ion adsorption at different
temperatures were determined based on Langmuir and Freundlich
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isotherms (Table 2).

Table 2

Equilibrium adsorption constants of vanadium(V) ions on
the Fe—AC nanocomposite [1,10]

Langmuir equation Freundlich equation
T Qmax; Mg/g Ky, I/mg R2 Ke, I/mg n R?
298 72 0.16 0.999 21 2 0.983
308 110 0.12 0.992 15 15 0.982
318 152 0.1 0.992 10 0.5 0.980

As a continuation of the research, the thermodynamics of the
process were studied. Thermodynamic studies proved that the sorp-
tion process is spontaneous. The enthalpy (AH), free energy (AG)
and entropy (AS) during the adsorption of vanadium by Fe-AC nano-
composite were calculated using the following equations (9-11)

Kads=Qmax - KL (8)
AG= -RTInKgs (9)
AS = (AH-AG)/T (10)

RT.T,InK,K
HY=—— 2 (11)

Tz 'T1

First, the equilibrium adsorption constants at different tempera-
tures were calculated using Equation (8). The maximum adsorption
capacity (gmax) and the Langmuir equilibrium constant (K.) were de-
termined by the graphical method based on the linear dependence of
Ceq 0N Ceg/Qeg. In the linearized form of the Langmuir equation, the
slope of the straight line corresponds to 1/gmax, While the intercept
represents 1/(qmax- KL). The calculated thermodynamic parameters are
presented in Table 3.

The positive value of AH indicates that the adsorption is endo-
thermic (AH=10.94 kC/mol). Also, the positive value of entropy
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(AS= 57.05 C/mol- K) indicates an increase in the chaotic state at the

substance/solution boundary during adsorption. The negative value

of free energy (in the range of -6.05 to -7.19 kC/mol) indicates the
spontaneous (arbitrary) nature of adsorption.

Table 3

Thermodynamic parameters of adsorption of vanadium (V) ions

by Fe-AC nanocomposite at different temperatures and

pH=4.5[1,10]
T (K) AG (kC/mol) AH (kC/mol) AS (C /mol-K)
298 -6.05
308 -6.63 10.94 57.05
318 -7.19

The generalization of the experiments conducted during the
research can be described by the following block diagram. Finally, a
principle technological scheme for the concentration and extraction of
vanadium during the processing of alunite ore was proposed (Fig. 13).

leaching T=90°C,
1=2 h, S:L=1:6
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Figure 13. Principle technological scheme of obtaining V.05 from
complex processing of alunite ore [6]
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Thus, by an environmentally friendly method, without energy
consumption, without burning, by carrying out complex processing
of alunite, pure V.05 was finally obtained and its existence was con-
firmed by physicochemical analysis methods. As a result of the con-
ducted studies, it was determined that during the complex processing
of alunite ore, along with macrocomponents (Al203, H2SO4, K2S04),
it is possible to selectively obtain vanadium compounds.

CONCLUSIONS

1. The effects of various factors on the leaching of vanadium during
the alkaline processing of raw alunite ore were investigated. It was
determined that up to 98% of the alunite mineral dissolved and
passed into solution when leaching was carried out with a 10% al-
kaline solution at 90°C for 2 h, a solid-to-liquid ratio of 1:6, and a
stirring rate of 700 rpm. Under these conditions, 71.3% of the va-
nadium contained in the ore was transferred into the solution [7,9].

2.To refine the optimum conditions obtained, the experimental re-
sults were modelled using the mathematical planning method (re-
gression analysis), and the following regression equation was es-
tablished: Y = 15.9564 — 0.23X: + 0.231Xz + 0.03429X;. It was
determined that the vanadium extraction increased with increasing
alkali concentration up to 10%; however, beyond this value, each
1% increase in alkali concentration reduced vanadium extraction
by 0.23%. An increase in temperature by 10°C increased the ex-
traction by 0.23%, while an increase in leaching time by 1 min in-
creased the extraction by 0.034% [16].

3. The optimum conditions for the recovery of aluminium and vanadium
from aluminate solutions were determined. By neutralizing the solution
with a 5% sulfuric acid solution, AI(OH)s (90%) was precipitated at pH
9.0-9.5, while Ga(OH)s (90%) was precipitated at pH 6.8-7.5. Alkali
metal sulfate salts were subsequently separated from the remaining so-
lution by crystallization, and finally, the vanadium concentrate was
precipitated using a slaked lime solution [11].

4. Vanadium was precipitated from sodium vanadate solutions contain-
ing 1.5-2.0 g/ V20s by adding calcium hydroxide at a molar ratio of
Ca0:V:20s = 10:1. Under the conditions of 85-90°C, 2 h, and pH 10—
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11, up to 95% of the vanadium was precipitated in the form of calci-
um pyrovanadate salts. The precipitation kinetics were investigated,
and the activation energy was calculated (E, = 14.6 kJ-mol™)[13, 17].

5.The conditions for the precipitation of vanadium in the form of
ammonium metavanadate and ammonium polyvanadate com-
pounds have been studied. It has been established that vanadium
precipitates from a solution containing sodium vanadate (6.95 g/l
NaVOs) at pH=8 and 25°C as ammonium metavanadate (NHsVOs),
and at pH=2 and 90-95°C as ammonium polyvanadate (NHa)2V ¢O1s)
salts. The kinetics of the process have been studied, and the kinetic
parameters (n=1, Ea=18.4 kC/mol) have been determined. It is
concluded that the precipitation process occurs in the diffusion
region [8,12].

6. The thermal decomposition mechanism of vanadyl sulfate (VO-
S04:3H-0) obtained in the V20s—H>SO.~SOs—H20 system was in-
vestigated in the temperature range of 100—700°C. It was estab-
lished that the thermolysis of VOSOa4-3H20 proceeds through five
stages with the formation of intermediate products [4,5]:

VOS043H,0 —2%C 5 \V0S04-2H,0 —2°C 5 \VOSO4-H,0

—929C_ L \JOS04—2PC 5 (V02)2S05 —C 5,05
7.Optimal conditions for adsorption of vanadium from alunite pro-
cessing solutions by iron-activated carbon (Fe-AC) nanocomposite
have been found. It was found that at pH=4.5, adsorption of vana-
dium from the solution at a concentration of 100 mg/l reaches 86%
within 3 hours [2,3].

8. The results of adsorption of vanadium from alunite slurry processing
solutions with Fe-AC were investigated according to Langmuir and
Freundlich isotherms. While the adsorption capacity of vanadium
from solutions with activated carbon was 39 mg/g, the adsorption
capacity with Fe-AC nanocomposite was 110 mg/g. The thermo-
dynamic parameters of adsorption were determined as AH=10.94
kC/mol, AS=57.05, and AG=-6.63 kC/mol at 308K. This indicates
that the sorption of vanadium ions occurs mainly due to active
centers on the surface of the adsorbent [2,10].
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