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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%
V.05, 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 NH,VO;, the precursor of compounds such as V,0s and VO..

This study considers chemical and physicochemical methods for purifying NH,VOs, 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 (Al,(SO,)s) 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 NH,VO; solution with
a purity of 99.94% was obtained.

KEYWORDS: oil shales, ammonium metavanadate, purification, vanadium, impurities, ion
exchange, sorption.
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Kapamayckue yepHocnaHuesbie HeghmernodobHbie monwu (FOxHbIl KazaxcmaH) omHocamcs
K nopodam ¢ 8bICOKUM COOepxxaHUeM op2aHUYeCcKoe2o gewecmsa u briu3ku rno cocmasy K Kraccu-
Yeckum OoMaHUKo8bIM ¢hopmayusim Boneo-Ypanbsckol Hegpmeea3oHocHoU nposuHyuu. OHU ¢hop-
mMuposanuck 8 MOPCKUX bacceliHax ¢ o2paHu4eHHoU 2udpoduHaMUKoU, 8bICOKOU KOHUeHmpauuel
Op2aHUKU U MOHUXXEeHHbIM KUCITOPOOHbLIM PEXUMOM. Mo 06ecrequsio HakornieHue canpornenesozo
opeaHu4ecKoeo seujecmaa, 6o2amozo 8000p0AOM U ghopmuposaHuUe briazonpusimHbiX ycriosul 0nsi
oboeauweHusi memannamu (V, Mo, Ni, U). BaHadul e yepHocnaHuyesbix pydax Kapamay codepxum-
cs1 8 koHueHmpauusix 0,05-0,2% V,0s, 0CHOBHbIE (hOPMbI HAXOXOEHUST MO 8aHaOUJT-MOPEUPUHBI
(V—opzaHu4eckue KOMIIeKchbl), acCCoUUUpPO8aHHbIE C HeQhmbko U bBumyMom. M3 yepHocnaHUuesbix
HegpmernodobHbix obpasosaHuli eaHadul rosy4yarom 6 sude MemasaHadama aMMOHUS.

MemasaHalam aMMOHUSI S18/1SIEMCS KITKOYEBLIM [POMEXYMOYHLIM rMPOOyKMOom Orisi osly4YeHuUst
8bICOKOYUCMO20 8aHa0Us, WUPOKO UCIOb3YyeMO20 8 Memariypauu, XUMUYecKoU npoMbIUIEeHHO-
Cmu U 8ce Yauje 8 cucmemax HaKoMIeHUs 3HepauU, makKux Kak eaHadueable pomoYHbIe OKUC/IU-
mernbHO-80cCmaHo8UMErbHbLIE aKKyMyrisimopsbl. Kayecmeo anekmposiuma 8 amux cucmemax Kpu-
muyecku 3agucum om yucmomsl NH,VO;, npedwecmeeHHuUKka makux coeduHeHul, kak V,0s u VO.,.

B daHHOM uccnedosaHuUU paccMmampuearomcesi XuMu4yeckue U ¢hu3uko-xumudeckue Mmemoobl
oyucmku NH,VO; ¢ akyeHmom Ha aghgpekmusHocmb ydaneHusi npumecel makux 311eMeHmos, Kak
Na, Mg, P, Al, K, Ca, Cr, Mn, Fe, Ni, As, Mo, Cd, Ba, Pb u Si. Cynsgham antomurusi (Al,(SO.)s) uc-
r1on1b306arsics Ha rnepsbix 08yX amarnax O4UCMKU U roKa3sars 8bICOKY a¢chghekmueHOCmb 8 yoaneHuu
¢ocgpopa (65,3% Ha nepsom amane, 99,03% Ha emopom amane), kpemHusi (63,16% u 94,74%),
MapeaaHya u Mbiwbsika (bonee 90%). Obwasi cmeneHb yOaneHus npumecel docmuana 26,44%
rocrne nepeoeo amana u 36,95% nocne emopoeo.

lMocnedytowas mpexcmyneH4Yamas nepekpucmarnnudayusi euwe 6obwe nosgbicusa Yucmo-
my: 69,31% nocne nepsoeo amana, 87,65% nocne emopoeo u 91,97% nocne mpemseeo. Nocne
gcex namu amanos bbin rnony4eH pacmeop NH,VO; ¢ yucmomoti 99,94%.

KITKOYEBBIE CJIOBA: HegpmenodobHble cnaHubl, MemasaHadam aMMOHUS, O4UCMKa, 8a-
Hadud, npumecu, UOHHbIU 0bMeH, copbyusi.
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Kapamay kapacnaHeuymi myHalimapi3di kabammapbi (OHmycmik KasakcmaH) opeaHuKarsbIK
3ambl XoFrapbl XbIHbiCMapFra xamaobl XoHe Kypambl 6olbiHwa EQin-Opan myHatiea3obl posuH-
UUSICbIHbIH KraccuKarblKk 0oMaHuKarblk ghopmayusnapbiHa xakbiH. Onap au0poduHaMuKachl WekK-
meyni, opeaHuKa KOHUeHMpPayUsiChl Xofapbl XoHe ommeai Meswepi memeH meHi30ik 6accelH-
Oepde KanbinmackaH. byn cymekke 6aul canponens0ik opeaHUKasbiK 3ammblH XUHaybIHa XoHe
memandapmen (V, Mo, Ni, U) 6alibimbinybiHa Konalnsl xardaul xacadbl. Kapamay kapacnaHeumi
KkeHOepiHOe saHaduliOiH koHueHmpauyusicsl 0,05-0,2% V,0s Kypaliobl, an oHbIH Hezisai mypnepi
MyHall xoHe bumyMMeH accoyuayusinaHraH eaHadusn-nopghupuHoep (V—opaaHukarnbiK keweHOep)
6orbin mabbinadsi. KapacnaHeumi myHaltimapiadi my3inimoepdeH saHaduli aMMOHUL MemasaHa-
Oambl mypiHOe arnbiHaobI.

AmMoHul memasaHadambl Memaiypausda, Xumusi eHepKacibiHOe xeHe bapraH calbIH
XKUi 3HepausiHbl cakmay XyuenepiHoe, Mbicasibl 8aHadullsni pedoKc-arbIHObIK akKyMyrsmoprapoa
KeHiHeH KondaHblramblH XofapbimasapmbiiraH eaHaoulioi anydbiH Hezi3ai aparibiK eHimMi 601bin
mabsbinadsl. byn xylenepdeai anekmponum canacsl NH,;VO; ma3ansirbiHa, coHOau-aK V>,0s neH
VO, cusikmbl KocbklnbicmapObiH NpeKypcopbiHa mikenet mayernoi.

Byn 3epmmeyde NH,VO3s-mi masapmydbiH XUMUSIIbIK XaHe ¢hu3uKka-xuMusnsiK adicmepi
kapacmabipbinbin, Na, Mg, P, Al, K, Ca, Cr, Mn, Fe, Ni, As, Mo, Cd, Ba, Pb xaHe Si cusikmbi Kocria-
napdbl ot muimdinieiHe 6aca Hazap aydapbinObl. AnFawKbl €Ki masapmy cambiCbiHOa atoMu-
Hut cynsghamsi (Alx(SOy)s) KondaHblnbin, pocghopdsi (6ipiHwi cambida — 65,3%, ekiHwi cambida
—99,03%), kpemHulidi (63,16% xoHe 94,74%), mapaaHey neH Mbiwubskmel (>90%) xor0da xofa-
pbl muimdinik kepcemmi. Kocrnianapdbi xo0t00biH xarnrbl 0spexeci bipiHwi cambiOaH KeliH 26,44%
XKeHe eKiHwi cambidaH KeliH 36,95% Kypaolsbi.

KediHei yw cambinbl Kalima kpucmandaHObipy ma3sasnbikmbl 00aH api apmmbipObl: bipiHwi ca-
mbidaH keliH — 69,31%, ekiHwi cambiOaH KeliH — 87,65% xoHe ywiHwi cambidaH keliH — 91,97 %.
bapnbik 6ec cambidaH ketiiH NH,VOsepimindici 99,94% masarnbikka xemmi.

TYWIH CO3[EP: myHalimapi3di craHeumep, aMmoHuil MemasaHadamsl, masapmy, eaHadutl,
Kocrnanap, UoH anmacy, copbyusl.

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].

. ntroduction. The Karatau black shale strata (Southern Kazakhstan) belong to rocks
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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%
V,0;s, 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.

HE®Tb 1 FA3 & 2025 5 (149) 89
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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 I). 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, VO?* ions
are oxidized to VO:" 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].

Figure 1— Schematic representation of the structure of a redox flow battery

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 (NH,VOs), which is a critical precursor for the
production of intermediate compounds such as V,05 and VO,. Undesirable impurities
including Fe**, Al**, Ca*', SiO,, PO,*, and others can significantly deteriorate the quality
of NH,VO;.

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 (NH,VO;) used in this study was obtained from the
processing of black shale deposits in Karatau (Kazakhstan) [7-9]. The composition of
NH,VO; 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 NH,VO; 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
Al(S0,); 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 NH,VO; solution was heated to 75-85 °C, and the pH was
adjusted to 9.0 using ammonia (NH,OH). 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 NH,VO; 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 AI** and SO,* ions. In solution, AI**
reacts with phosphate (PO,*) and silicate (SiO;*) 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].

AlL(SO,),+6H,0—2AP*+3S0,*+6H,0 (1)
In this case, aluminum ions are partially hydrolyzed (reaction 2):
AP*+3H,0=Al(OH),|+3H" (2)

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

APF+PO," —AIPO,| 3)
AP*+38i0,>+xH20—ALSi,0,,xH,0| )
2AF*+3H,Si0,—ALSi,0(OH),-H,0 | +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

1 cleaning 2 cleaning
Metals Content, g/l
Metal content, g/I pu?izgzii zf % Metal content, g/l pu?izgzieo zt %

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
Cymma 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/1 (217.4715 mg/1) is sent
for recrystallization. When ammonium metavanadate is dissolved in water, dissociation
occurs (reaction 6):

NH,VO; (solid)=NH, (aq)+VO; (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 Vo, and nh, form the solid phase nh,vo, 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, NH,VO; 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 NH,VOs
[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 NH, VO, are presented in Table 2.

Table 2 — Results of experiments of 3 stages of recrystallization

1 recrystallization 2 recrystallization 3 recrystallization
Metals Content,
mg/I Metal Degree of Metal Degree of Metal Degree of
content, mg/I puriﬁoc ation, content, mg/I Rudbestl content, mg/I pRCSto
% % %
Na 59,8 12,3 79,43 7,753 87,04 H/0 100,00
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 33,6 171 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 H/0 100,00 H/0 100,00
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
cymma 217,4715 66,7422 69,31 26,86285 87,65 5,56566 91,97
HE®Tb 1 FA3 & 2025 5 (149) 93



PASPABOTKA

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.

100,00
80,00
60,00
40,00
20,00
0,00 I —— e e I,,, —
Na Mg Ct Mn Fe Ni As Mo Si
_20’0% 1 purification AI2(SO4)3, % w2 purification AI2(SO4)3, % u | recrystallization
2 recrystallization 3 recrystallization

Figure 2 — Generalized results of 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 NH,vo; 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 Al,(SO,);, 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, NH,VO; with a purity of 99.94% was obtained in the solution. €3
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