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The Karatau black shale petroleum-like strata (Southern Kazakhstan) belong to rocks with high 
organic matter content and are compositionally close to the classical Domanik formations of the 
Volga–Ural petroleum province. They were formed in marine basins with limited hydrodynamics, high 
concentrations of organic matter, and low oxygen levels. These conditions ensured the accumulation 
of hydrogen-rich sapropelic organic matter and created favorable conditions for metal enrichment 
(V, Mo, Ni, U). In the Karatau black shale ores, vanadium occurs at concentrations of 0.05–0.2% 
V2O5, predominantly in the form of vanadyl porphyrins (V–organic complexes) associated with oil 
and bitumen. From black shale petroleum-like formations, vanadium is obtained in the form of 
ammonium metavanadate.

Ammonium metavanadate is a key intermediate product for the production of high-purity 
vanadium, which is widely used in metallurgy, the chemical industry, and increasingly in energy 
storage systems such as vanadium redox flow batteries. The quality of the electrolyte in these systems 
critically depends on the purity of NH4VO3, the precursor of compounds such as V2O5 and VO2.

This study considers chemical and physicochemical methods for purifying NH4VO3, with a 
focus on the efficiency of removing impurities such as Na, Mg, P, Al, K, Ca, Cr, Mn, Fe, Ni, As, Mo, 
Cd, Ba, Pb, and Si. Aluminum sulfate (Al2(SO4)3) was used in the first two purification stages and 
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showed high efficiency in removing phosphorus (65.3% in the first stage, 99.03% in the second), 
silicon (63.16% and 94.74%), as well as manganese and arsenic (>90%). The total impurity removal 
reached 26.44% after the first stage and 36.95% after the second.

Subsequent three-step recrystallization further increased the purity: 69.31% after the first stage, 
87.65% after the second, and 91.97% after the third. After all five stages, an NH4VO3 solution with 
a purity of 99.94% was obtained.

KEYWORDS: oil shales, ammonium metavanadate, purification, vanadium, impurities, ion 
exchange, sorption.
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Каратауские черносланцевые нефтеподобные толщи (Южный Казахстан) относятся 
к породам с высоким содержанием органического вещества и близки по составу к класси-
ческим доманиковым формациям Волго-Уральской нефтегазоносной провинции. Они фор-
мировались в морских бассейнах с ограниченной гидродинамикой, высокой концентрацией 
органики и пониженным кислородным режимом. Это обеспечило накопление сапропелевого 
органического вещества, богатого водородом и формирование благоприятных условий для 
обогащения металлами (V, Mo, Ni, U). Ванадий в черносланцевых рудах Каратау содержит-
ся в концентрациях 0,05–0,2% V2O5, основные формы нахождения это ванадил-порфирины 
(V–органические комплексы), ассоциированные с нефтью и битумом. Из черносланцевых 
нефтеподобных образований ванадий получают в виде метаванадата аммония. 

Метаванадат аммония является ключевым промежуточным продуктом для получения 
высокочистого ванадия, широко используемого в металлургии, химической промышленно-
сти и все чаще в системах накопления энергии, таких как ванадиевые проточные окисли-
тельно-восстановительные аккумуляторы. Качество электролита в этих системах кри-
тически зависит от чистоты NH4VO3, предшественника таких соединений, как V2O5 и VO2.

В данном исследовании рассматриваются химические и физико-химические методы 
очистки NH4VO3 с акцентом на эффективность удаления примесей таких элементов, как 
Na, Mg, P, Al, K, Ca, Cr, Mn, Fe, Ni, As, Mo, Cd, Ba, Pb и Si. Сульфат алюминия (Al2(SO4)3) ис-
пользовался на первых двух этапах очистки и показал высокую эффективность в удалении 
фосфора (65,3% на первом этапе, 99,03% на втором этапе), кремния (63,16% и 94,74%), 
марганца и мышьяка (более 90%). Общая степень удаления примесей достигла 26,44% 
после первого этапа и 36,95% после второго.

Последующая трехступенчатая перекристаллизация еще больше повысила чисто-
ту: 69,31% после первого этапа, 87,65% после второго и 91,97% после третьего. После 
всех пяти этапов был получен раствор NH4VO3 с чистотой 99,94%.

КЛЮЧЕВЫЕ СЛОВА: нефтеподобные сланцы, метаванадат аммония, очистка, ва-
надий, примеси, ионный обмен, сорбция.
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Қаратау қарасланецті мұнайтәрізді қабаттары (Оңтүстік Қазақстан) органикалық 
заты жоғары жыныстарға жатады және құрамы бойынша Еділ-Орал мұнайгазды провин-
циясының классикалық доманикалық формацияларына жақын. Олар гидродинамикасы шек-
теулі, органика концентрациясы жоғары және оттегі мөлшері төмен теңіздік бассейн-
дерде қалыптасқан. Бұл сутекке бай сапропельдік органикалық заттың жиналуына және 
металдармен (V, Mo, Ni, U) байытылуына қолайлы жағдай жасады. Қаратау қарасланецті 
кендерінде ванадийдің концентрациясы 0,05–0,2% V2O5 құрайды, ал оның негізгі түрлері 
мұнай және битуммен ассоциацияланған ванадил-порфириндер (V–органикалық кешендер) 
болып табылады. Қарасланецті мұнайтәрізді түзілімдерден ванадий аммоний метавана-
даты түрінде алынады.

Аммоний метаванадаты металлургияда, химия өнеркәсібінде және барған сайын 
жиі энергияны сақтау жүйелерінде, мысалы ванадийлі редокс-ағындық аккумуляторларда 
кеңінен қолданылатын жоғарытазартылған ванадийді алудың негізгі аралық өнімі болып 
табылады. Бұл жүйелердегі электролит сапасы NH4VO3 тазалығына, сондай-ақ V2O5 пен 
VO2 сияқты қосылыстардың прекурсорына тікелей тәуелді.

Бұл зерттеуде NH4VO3-ті тазартудың химиялық және физика-химиялық әдістері 
қарастырылып, Na, Mg, P, Al, K, Ca, Cr, Mn, Fe, Ni, As, Mo, Cd, Ba, Pb және Si сияқты қоспа-
ларды жою тиімділігіне баса назар аударылды. Алғашқы екі тазарту сатысында алюми-
ний сульфаты (Al2(SO4)3) қолданылып, фосфорды (бірінші сатыда – 65,3%, екінші сатыда 
– 99,03%), кремнийді (63,16% және 94,74%), марганец пен мышьякты (>90%) жоюда жоға-
ры тиімділік көрсетті. Қоспаларды жоюдың жалпы дәрежесі бірінші сатыдан кейін 26,44% 
және екінші сатыдан кейін 36,95% құрады.

Кейінгі үш сатылы қайта кристалдандыру тазалықты одан әрі арттырды: бірінші са-
тыдан кейін – 69,31%, екінші сатыдан кейін – 87,65% және үшінші сатыдан кейін – 91,97%. 
Барлық бес сатыдан кейін NH4VO3 ерітіндісі 99,94% тазалыққа жетті.

ТҮЙІН СӨЗДЕР: мұнайтәрізді сланецтер, аммоний метаванадаты, тазарту, ванадий, 
қоспалар, ион алмасу, сорбция.

ntroduction. The Karatau black shale strata (Southern Kazakhstan) belong to rocks 
with a high content of organic matter (OM) and are similar in composition to the 
classic Domanik formations of the Volga–Ural petroleum province. They were 

formed in marine basins with limited hydrodynamics, high concentrations of organic matter, 
and reduced oxygen conditions. This led to the accumulation of sapropelic organic matter rich 
in hydrogen and created favorable conditions for enrichment with metals (V, Mo, Ni, U) [1–3].

I
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The petroleum source potential of the Domanik-type oil-bearing shale formations 

of Karatau is as follows:
- Organic matter content (OM): up to 10–20%, predominantly kerogen type II.
- Oil generation: up to 30–40% of OM can be converted into liquid hydrocarbons 

during catagenesis.
- Catagenetic stage: part of the Karatau Domanik shales lies within the “oil window” 

(60–120 °C).
- Prospects: the shales may serve as a source of hard-to-recover oils, bitumen, and gas.
- Processing technologies: pyrolysis, hydropyrolysis, and catalytic hydrogenation 

make it possible to obtain up to 10–15% of liquid hydrocarbons.
Thus, the Domanik formations of Karatau are potentially significant petroleum source 

rocks that can be processed as an alternative source of hydrocarbons.
Vanadium in the Karatau black shale ores is present in concentrations of 0.05–0.2% 

V2O5, locally up to 0.3%. The main forms of occurrence are vanadyl porphyrins (V–
organic complexes) associated with oil and bitumen [4–6].

The studies present technologies for processing petroleum-like black shale ores to 
obtain ammonium metavanadate [7–9].

Concerns about the environmental impact of fossil fuel combustion and the depletion 
of its reserves have led to the increasing utilization of renewable energy sources derived 
from solar, wind, and hydropower. However, the intermittent and variable nature of these 
renewable resources poses significant challenges for their integration into power grids. One 
of the most promising solutions to this problem is the deployment of large-scale electrical 
energy storage (EES) systems, which are widely regarded as an effective approach to 
enhancing the reliability, power quality, and economic efficiency of renewable energy 
utilization [10].

Redox flow batteries (RFBs) are gaining global attention, with the market expanding 
at a compound annual growth rate (CAGR) of approximately 32% and projected to 
reach USD 950 million by 2025. Large-scale RFB manufacturing facilities are under 
construction, including a 3 GWh per year plant in Saudi Arabia and an 800 MWh facility 
in Dalian, China.

The advantages of redox flow batteries include environmental friendliness, low 
operating costs, maintenance intervals of at least one year, long cycle life exceeding 
20,000 cycles, inherent safety due to non-flammability and explosion resistance, the 
lowest levelized cost of storage (LCOS) among electrochemical storage systems, a wide 
operating temperature range (from –30 to +60 °C), and an energy efficiency of about 75%. 
Moreover, RFBs are easily scalable: increasing the storage capacity merely requires larger 
electrolyte tanks interconnected with additional pipelines and pumps [11,12].

At present, researchers from American Vanadium, in collaboration with the U.S. 
National Renewable Energy Laboratory (NREL, Colorado), are developing the vanadium-
based CellCube flow battery. According to the developers, the commercialization of these 
systems will represent a significant milestone for the renewable energy sector in the United 
States. RFBs are considered virtually the only technology capable of safely and effectively 
storing large volumes of intermittent renewable energy from solar and wind sources. In 
addition, they can rapidly deliver stored electricity even after extended idle periods.
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Figure 1 – Schematic representation of the structure of a redox flow battery

The leading global players in RFB research and development include the Chinese 
company BYD and the Japanese company Subaru, both of which are implementing 
lithium–vanadium batteries in their electric vehicles. Furthermore, companies such as 
Beijing Jinneng and Beijing Puneng Technology, which manufacture vanadium batteries, 
are major consumers of vanadium electrolytes [13,14].

Despite the numerous advantages of redox flow batteries, they still lag behind lithi-
um-ion systems in terms of market competitiveness. The key limitation is the cross-con-
tamination of liquid electrolytes, which substantially shortens device lifetime. An effec-
tive solution to this issue is the use of vanadium-based electrolytes for both half-cells 
(Figure 1). The principal advantage of vanadium electrolytes is their long service life. 
Currently, vanadium redox flow batteries are regarded as the most technologically mature 
system among developed redox-based storage technologies. Since electrolytes are stored 
externally and circulated through the electrochemical stack, coupled redox reactions oc-
cur simultaneously at both electrodes across the membrane. During charging, VO²+ ions 
are oxidized to VO²

+ at the positive electrode, while V³+ ions are reduced to V²+ at the 
negative electrode; during discharging, the reverse reactions take place. Nevertheless, 
the widespread adoption of vanadium redox batteries is constrained by the high global 
market price of vanadium. For example, in a 10 kW/120 kWh system, the electrolyte ac-
counts for approximately 31% of the total cost, whereas in a 10 MW/40 MWh system it 
rises to about 43% [15]. 

Despite all their advantages, redox flow batteries have not yet been able to compete 
effectively with lithium-ion batteries. The primary reasons are the issue of cross-
contamination between liquid electrolytes and the purity of the electrolytes themselves, both 
of which significantly shorten device lifetime. While the problem of cross-contamination 
can be mitigated by improving the cell design and the proton-conducting membrane, the 
production of high-purity electrolytes requires the use of raw materials of superior quality.

The vanadium redox flow battery (VRFB) is considered a promising system for long-
term and large-scale energy storage [16,17]. These batteries predominantly employ high-
purity vanadium compounds, with purities ranging from 98.0% to 99.99%. The purity of 
the vanadium electrolyte plays a critical role in the overall battery performance — the 
higher the quality of the raw material, the better the electrochemical characteristics of 
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the electrolyte. Impurities in the electrolyte can give rise to multiple issues: competitive 
reactions between impurity ions and vanadium ions reduce battery efficiency; in the 
positive electrode chamber, impurity ions may deposit on the graphite felt electrode, 
blocking its pores and decreasing the effective surface area, thereby impairing charge–
discharge performance; in the negative electrode chamber, impurity ions can influence 
the hydrogen evolution overpotential, while gas formation may disturb internal pressure 
balance. Additionally, impurity ions can shorten the lifetime of the proton exchange 
membrane and reduce vanadium ion stability, ultimately leading to premature electrolyte 
degradation [18].

Therefore, the development of technologies for producing ultra-pure vanadium 
compounds is of great importance. The quality of the electrolyte is strongly dependent 
on the purity of ammonium metavanadate (NH4VO3), which is a critical precursor for the 
production of intermediate compounds such as V2O5 and VO2. Undesirable impurities 
including Fe³+, Al³+, Ca²+, SiO2, PO4³-, and others can significantly deteriorate the quality 
of NH4VO3.

This study systematizes the approaches to the purification of ammonium metavanadate, 
with a focus on chemical and physicochemical methods for obtaining a high-purity product.

Experimental Methodology
Ammonium metavanadate (NH4VO3) used in this study was obtained from the 

processing of black shale deposits in Karatau (Kazakhstan) [7-9]. The composition of 
NH4VO3 was as follows (wt.%): Na – 0.7828; Mg – 0.0189; P – 0.513; Al – 0.574; K – 
0.0809; Ca – 0.421; Cr – 0.0404; Mn – 0.0431; Fe – 0.676; Ni – 0.00412; As – 0.00296; 
Mo – 0.023; Cd – 0.000202; Ba – 0.0029; Pb – 0.00432; Si – 0.09.

Elemental analysis was performed using ICP-MS (Inductively Coupled Plasma Mass 
Spectrometry), a highly sensitive analytical technique for quantitative determination of 
elemental composition.

Purification Methods
A total of 200 g of NH4VO3 was dissolved in 2000 mL of hot water at a concentration 

of 100 g/L. The solution was filtered to remove mechanical impurities.
Removal of silicate and phosphate compounds: a 10% solution of aluminum sulfate 

Al2(SO4)3 was added to the solution. The process was carried out at a temperature of 50–
60 °C, with pH adjusted to 6.0–6.5. The solution was stirred for 40 minutes, followed by 
settling for 1 hour.

Recrystallization: the NH4VO3 solution was heated to 75–85 °C, and the pH was 
adjusted to 9.0 using ammonia (NH4OH). Heating was then turned off to allow slow 
crystallization with minimal stirring as the temperature was gradually reduced to 8–5 °C. 
The resulting crystals were filtered and washed with cold distilled water.

Results and Discussion
The most effective method for purifying NH4VO3 is a combined approach, in which 

recrystallization is first performed to partially remove impurities, followed by coagulation to 
eliminate silicon and phosphate compounds, and then a three-stage recrystallization process.

3.1. Purification of Ammonium Metavanadate from Phosphorus and Silicon
When dissolved in water, aluminum sulfate forms Al³+ and SO4²- ions. In solution, Al³+ 

reacts with phosphate (PO4³-) and silicate (SiO3²-) anions to form insoluble precipitates. At 
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the same time, colloids are coagulated, making their removal by filtration easier. Vanadate 
remains mostly in solution [12,13].

Al2(SO4)3+6H2O→2Al3++3SO4
2−+6H2O                                    (1)

In this case, aluminum ions are partially hydrolyzed (reaction 2):

Al3++3H2O⇌Al(OH)3↓+3H+                                             (2)

Aluminum hydroxide precipitates as a gel, contributing to the coagulation of 
phosphorus and silicon (reactions 3-5):

Al3++PO4
3−→AlPO4↓                                                      (3)

Al3++3SiO3
2−+xH2O→Al2Si3O12

.xH2O↓                                    (4)

2Al3++3H2SiO3→Al2Si3O7(OH)3
.H2O↓+3H+                                (5)

These compounds precipitate out, removing impurities from the solution. The results 
of the experiments are presented in Table 1. 2 stages of purification were carried out to 
obtain a minimum content of impurities, especially phosphorus and silicon.

Table 1 – Results of experiments of 2 stages of aluminum sulfate cleaning

Metals Content, g/l

1 cleaning 2 cleaning

Metal content, g/l Degree of 
purification, % Metal content, g/l Degree of 

purification, %

Na 0,07828 0,0645 17,60 0,0598 23,61

Mg 0,00189 0,00123 34,92 0,00109 42,33

P 0,0513 0,0178 65,30 0,0005 99,03

Al 0,0574 0,0507 11,67 0,0586 -2,09

K 0,00809 0,0063 22,13 0,00411 49,20

Ca 0,0421 0,0397 5,70 0,0336 20,19

Cr 0,00404 0,00149 63,12 0,00101 75,00

Mn 0,00431 0,00247 42,69 0,00032 92,58

Fe 0,0676 0,0543 19,67 0,0501 25,89

Ni 0,000412 0,000378 8,25 0,000314 23,79

As 0,000296 0,0000198 93,31 0,000011 96,28

Mo 0,0023 0,002 13,04 0,0021 8,70

Cd 0,0000202 0,00002 0,99 0,0000155 23,27

Ba 0,00029 0,00018 37,93 0,0001 65,52

Pb 0,000432 0,000385 10,88 0,000301 30,32

Si 0,019 0,007 63,16 0,001 94,74

Сумма 0,3377602 0,2484728 26,44 0,2174715 36,95
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As the analysis results show, phosphorus was removed by 65.3% during the 1st 

cleaning, and phosphorus was purified by 99.03% during the 2nd cleaning. Silicon was 
removed by 63.16% in 1 purification, and phosphorus was purified by 94.74% in the second 
purification. Also, over 90% of Mn and as have been purified. In total, the impurities were 
purified by 26.44% in 1 purification, and by 36.95% in 2 purifications. 

Recrystallization
A solution with a total impurity content of 0.2174715 g/l (217.4715 mg/l) is sent 

for recrystallization. When ammonium metavanadate is dissolved in water, dissociation 
occurs (reaction 6):

NH4VO3 (solid)⇌NH4
+(aq)+VO3

_(aq)                                  (6)
The ammonium cation and vanadate anion pass into solution. As the temperature 

decreases, the solubility of the salt decreases, and a state of supersaturation is reached, 
in which Vo3

_ and nh4
+ form the solid phase nh4vo3 again. Different substances have dif-

ferent saturation temperatures and a different tendency to form crystals, according to the 
thermodynamic stability of the crystal lattice of the purified substance and impurities. 
Upon slow cooling, NH4VO3 preferably crystallizes, since slow cooling promotes the 
formation of large, pure crystals - the ions have more time for "orderly" incorporation 
into the lattice. Thus, recrystallization is an effective way to obtain high-purity NH4VO3 
[19,20]. Recrystallization is repeated in 3 stages until the impurities are finally removed 
and vanadium is reached in solution. The results of the experiments of 3-stage recrystal-
lization of NH4VO3 are presented in Table 2.

Table 2 – Results of experiments of 3 stages of recrystallization

Metals Content,
mg/l

1 recrystallization 2 recrystallization 3 recrystallization

Metal 
content, mg/l

Degree of 
purification, 

%

Metal 
content, mg/l

Degree of 
purification, 

%

Metal 
content, mg/l

Degree of 
purification, 

%

Na 59,8 12,3 79,43 7,753 87,04 н/о 100,00

Mg 1,09 0,05 95,41 0,04 96,33 0,166 84,77

P 5 4,7 6,00 3,78 24,40 2,175 56,50

Al 58,6 18 69,28 2,529 95,68 0,663 98,87

K 4,11 1,8 56,20 1,481 63,97 0,421 89,76

Ca 33,6 17,1 49,11 1,937 94,24 0,881 97,38

Cr 1,01 0,346 65,74 0,259 74,36 0,0365 96,39

Mn 0,32 0,094 70,63 0,0399 87,53 0,0353 88,97

Fe 50,1 10,963 78,12 7,951 84,13 0,201 99,60

Ni 0,314 0,1264 59,75 0,01479 95,29 0,00963 96,93

As 0,011 0,004 63,64 н/о 100,00 н/о 100,00

Mo 2,1 0,1753 91,65 0,08753 95,83 0,0428 97,96

Cd 0,0155 0,0083 46,45 0,00753 51,42 0,00443 71,42

Ba 0,1 0,069 31,00 0,0357 64,30 0,013 87,00

Pb 0,301 0,0862 71,36 0,0274 90,90 0,017 94,35

Si 1 0,92 8,00 0,92 8,00 0,9 10,00

сумма 217,4715 66,7422 69,31 26,86285 87,65 5,56566 91,97
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As can be seen from the results, recrystallization is an effective method of purification 

from impurities. According to the results of the experiments, purification to 69.31% was 
achieved at stage 1, purification to 87.65% was increased at stage 2 of recrystallization, 
and 91.97% was purified from impurities at stage 3 of recrystallization. Figure 2 shows 
the generalized results of the 5 stages of purification from impurities.

In the above figure, you can see at what stage the best result from the experiments 
was obtained. Thus, as a result of 5 purification steps, ammonium metavanadate with a 
purity of 99.94% was obtained in the solution.

Conclusion
Cleaning NH4vo3 requires a multi-step approach. According to the results of the above 

work, combined chemical and physico-chemical methods are recognized as the most 
effective. The first and second stages of purification use Al2(SO4)3, which is most effective 
for phosphorus, silicon, manganese, arsenic and partially for other metals. As the analysis 
results show, phosphorus was removed by 65.3% during the 1st cleaning, and phosphorus 
was purified by 99.03% during the 2nd cleaning. Silicon was removed by 63.16% in 1 
purification, and phosphorus was purified by 94.74% in the second purification. Also, 
over 90% of Mn and As have been purified.  In total, the impurities were purified by 
26.44% in 1 cleaning, and by 36.95% in 2 cleaning. Next, 3 stages of recrystallization 
were performed.  According to the results of the experiments, purification to 69.31% was 
achieved at stage 1, purification to 87.65% was increased at stage 2 of recrystallization, 
and 91.97% was purified from impurities at stage 3 of recrystallization. Thus, as a result 
of 5 purification steps, NH4VO3 with a purity of 99.94% was obtained in the solution. 
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