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ABSTRACT
This study examines the sorption and desorption processes of uranium and vanadium from acidic

solutions produced during the processing of black shale ores in Southern Kazakhstan. Such ores
are considered unconventional sources of strategic metals and are of particular interest under the
conditions of limited traditional mineral resources. To evaluate efficiency, several anion-exchange
resins (AMP, AV-17, A-140, and Amberlite) were tested, allowing a comparative analysis of their
sorption capacity and selectivity. The AMP resin demonstrated the most favorable performance,
providing high uranium uptake and satisfactory vanadium recovery in sulfuric acid media.
Desorption experiments confirmed the possibility of efficient uranium transfer into the eluate,
which is of great importance for subsequent concentration and purification stages. Vanadium
recovery was limited due to the coexistence of different ionic forms of the element. The obtained
results confirm the potential of sorption technology as a reliable stage for uranium concentration
and indicate the need to apply additional methods, such as solvent extraction or selective
precipitation, to enhance the completeness of separation and recovery of the target components.
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Introduction

The modern development of science and industry
highlights the urgent need for sustainable access to
strategic mineral resources, primarily uranium,
vanadium, and rare-earth elements. These elements are
key components in nuclear energy, high-temperature
alloys, catalysts, rechargeable batteries, and other
advanced technologies [[1], [2]]. In light of limited
traditional deposits and increasing geopolitical risks,
growing attention has been directed toward
unconventional sources of raw materials, among which
black shales occupy a special place.

Black shale formations are fine-layered
sedimentary rocks enriched in carbon, organic matter,

and finely dispersed mineral phases. Their characteristic
features include high sorption capacity and the
presence of complex element associations such as V,
Mo, U, Ni, Zn, and REEs [[3], [4], [5]]. However, the
complex matrix structure, the occurrence of uranium in
sparingly soluble forms, and the incorporation of
vanadium into phyllosilicates significantly complicate
their processing [6]. Consequently, the treatment of
black shales requires combined technological schemes
that include beneficiation, activation, and subsequent
hydrometallurgical extraction stages.

One of the most promising approaches involves the

use of sorption technologies, which allow effective
concentration of uranium and associated elements
from productive solutions. A number of international
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studies have demonstrated that uranium in sulfuric acid
media forms stable anionic complexes, which can be
effectively recovered by anion-exchange resins with
high selectivity [7]. The sorption capacity of modern
resins may reach tens of milligrams per gram of material
[[8], [9]], while desorption efficiency can exceed 90%
[10].

Recent research emphasizes the application of
sorption for uranium recovery from complex solutions,
including those derived from black shales, through the
use of various types of anion exchangers and
optimization of process parameters [11]. To ensure the
reliability of results, sorption has been studied under
both static and dynamic conditions, including column
experiments and mass-transfer modeling [12].
Theoretical approaches, such as modeling the selectivity
of U and V, have also been applied to justify sorbent
selection and to predict performance [[13], [14]].

Thus, a review of the literature confirms that
sorption methods represent an efficient tool for
concentrating uranium and separating it from other
elements, including vanadium. In combination with acid
leaching, sorption forms the basis of promising
technologies for processing unconventional mineral
resources.

In our previous studies [15], it was established that
the combination of reverse coal flotation and sulfuric
acid leaching with the use of trichloroisocyanuric acid
ensured high uranium recovery (up to 94-95%) and
resulted in productive solutions containing uranium and
vanadium. These findings highlighted the importance of
preliminary carbon removal and oxidation of uranium-
bearing phases to enhance metal accessibility and
improve subsequent hydrometallurgical operations.
The present study focuses on further investigation of
these productive solutions, specifically the sorption
recovery of uranium and vanadium, in order to evaluate
the effectiveness of different anion-exchange resins and
to determine the optimal process parameters for
maximizing metal recovery. The scientific novelty of the
study lies in the mass balance analysis of sorption and
desorption processes for both uranium and vanadium,
as well as in identifying the limitations of vanadium
recovery caused by its mixed ionic forms. The obtained
results broaden the understanding of sorption behavior
in complex acidic systems and provide a basis for
improving technological flowsheets aimed at processing
black shale ores and unconventional mineral raw
materials.

Materials and methods

Materials

The object of the study was productive solutions
obtained after sulfuric acid leaching of uranium-bearing
black shale ore that had been preliminarily beneficiated
by reverse coal flotation. The ore was mined in Southern
Kazakhstan. The uranium concentration in the
productive solutions ranged from 45 to 48 mg/L, while
vanadium concentrations were 155 to 168 mg/L.

As sorbents, the following anion-exchange resins
were used: AMP, AV-17, A-140, and Amberlite. For
desorption of the saturated anion exchangers, a 1 M
ammonium carbonate solution (NH4)>COs was applied.
Laboratory glassware, beakers, a sorption column, and
vessels of various volumes were employed in the
experimental work.

Methods

Sorption and desorption experiments were carried
out in batch-operated columns. Productive solutions
were passed through a layer of anion-exchange resin
until equilibrium was achieved, after which the
saturated resin was subjected to desorption using
ammonium carbonate solution. The process was
performed under controlled hydrodynamic and
temperature conditions, ensuring reproducibility of
results.

The efficiency of sorption and desorption of
uranium and vanadium was calculated according to the
following relationships:

Mass of element in solution (m, mg):

mM=CxVn, (1)

Sorption capacity of the resin (g, g/kg):

q=m/mresin (2)
Recovery degree (E, %):
Ezmsorbminitxloo (3)

where Cis the concentration of the element (mg/L);
V is the volume of solution (L); Mresin is the mass of the
sorbent (kg); msor, is the mass of the element fixed on
the resin or transferred to the eluate (mg); and miniis the
mass of the element in the initial productive solution
(mg).

Analytical Methods and Equipment

The elemental composition of the initial and treated
samples was determined using inductively coupled
plasma optical emission spectrometry (ICP-OES) and X-
ray fluorescence (XRF) analysis. Sorption—desorption
experiments were carried out under controlled
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hydrodynamic and temperature conditions with the use
of a BT20-21 liquid thermostat (Russia) and an LS-301
peristaltic pump (China).

Results and discussion

The productive sulfuric acid solutions obtained as a
result of leaching were used in experiments on the
sorption recovery of target components-uranium and
vanadium. Uranium sorption on anion exchangers
occurs mainly due to ion exchange and complexation
with uranyl sulfate anions. The process can be
represented by the following reaction [11]:

(RN)2504 + [UOz(SO4)z] = (RN)z(UOz(SO4)2) + (504) 2 (4)
where RN is the matrix of the anion exchanger.

The kinetics of uranium sorption is governed by
mass transfer across the diffusion layer surrounding the
resin grains and strongly depends on the acidity of the
medium. As the pH increases, the sorption rate
decreases, thus prolonging the time required to reach
equilibrium. Under industrial conditions, effective
uranium recovery requires extended contact of the
sorbent with the solution [16].

Unlike uranium, vanadium exists in solutions in
various ionic forms: both as cations (in oxidation state
IV) and as anionic complexes (in oxidation state V) [17].
Consequently, two mechanisms-cation exchange and
anion exchange-are simultaneously involved in its
recovery. This particularity complicates the selective
extraction of vanadium and reduces efficiency
compared with uranium, which predominantly exists in
a single form.

The efficiency of uranium and vanadium sorption
depends on the concentration of metals, the type of ion-
exchange resin, the acidity of the medium, and the
presence of interfering ions such as S0427, NOs~, CI”, and
Fe3*. At low uranium concentrations (1-25 mg/L),
distribution coefficients are considerably higher than at
elevated concentrations (100-1000 mg/L), regardless of
the type of anion exchanger. Increased acidity,
especially when using strongly basic resins, significantly
reduces sorption capacity. Depressor anions also
diminish recovery, with their effect intensifying as their
affinity for the functional groups of the resin increases
(Figure 1) [18].

Figure 1 — Sequence of increasing depressive
effects of anions

At the stage of uranium and vanadium sorption
studies, four types of anion exchangers were tested:
AMP, AV-17, A-140, and Amberlite. The dependence of
recovery efficiency on temperature (25, 35, and 45 °C)
was also examined. The initial concentrations of
uranium and vanadium in the solution were 48 mg/L
and 168 mg/L, respectively. Each sorbent was loaded in
a single-stage mode, and the residual metal
concentrations in the raffinate were determined to
calculate recovery degrees. The efficiency of uranium
and vanadium recovery by different sorbents at various
temperatures is shown in Figures 2 and 3.
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Figure 2 — Uranium recovery as a function of temperature
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Figure 3 — Vanadium recovery as a function of temperature

For laboratory experiments, AMP resin was
selected as the sorbent due to its high sorption capacity
in acidic media (up to 80.0 g/kg at pH = 2.0). The initial
productive solution volume of 50.0 L contained uranium
andvanadium at concentrations of 45.0 and 155.0 mg/L,
respectively, corresponding to total masses of 2250.0
mg U and 7750.0 mg V. A total of 100 g of AMP resin was
loaded into the column, which under the given
conditions excluded reaching the maximum sorption
capacity. Solution delivery was provided by a peristaltic
pump at a flow rate of 0.5 L/h, while heating to 45 °C
was maintained in a thermostatic water bath (Figure 4).
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Figure 4 — Laboratory setup scheme for sorption
experiments: 1 —tank with productive solution; 2 —flask with
solution in thermostatic bath; 3 — peristaltic pump;

4 — column filled with resin; 5 — raffinate container
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Figure 5 — Mass balance of uranium and vanadium
during sorption

Figure 6 — Visual changes in AMP resin appearance

Sorption loading of the resin was conducted over
three consecutive days, 10 hours each day. As the
process progressed, a systematic decrease in the
concentrations of target elements in the solution was
observed: in the final raffinate, the residual uranium
concentration was 2.8 mg/L, and vanadium was 63.5
mg/L. Mass balance calculations showed that 2110.0 mg
U (21.1 g/kg) and 4575.0 mg V (45.75 g/kg) were sorbed
onto 100 g of resin, corresponding to recovery
efficiencies of 93.78% and 59.0%, respectively. The total
resin loading with target components reached 66.85
g/kg. The distribution of uranium and vanadium masses
between raffinate and resin is presented in Figure 5.

In addition to recovery of the target components,
partial uptake of impurity elements, mainly iron and

copper, was observed. After completion of the process,
changes in the physical characteristics of the resin were
noted: its mass increased by 15 g, granules swelled, and
their color darkened, reflecting intensive loading of
active sites with uranium and vanadium ions (Figure 6).

Comparative X-ray fluorescence analysis of the
original and saturated AMP resin samples revealed
pronounced structural and chemical modifications. In
the saturated resin, oxygen content increased from
11.49% to 15.88% and sulfur from 4.09% to 10.41%,
reflecting the accumulation of sulfate ions from the
sulfuric acid solution and a higher oxidation degree of
the organic matrix. Target elements—vanadium (4.5%)
and uranium (2.1%)—were detected in the resin, with
amounts consistent with the calculated sorption
balance.

The chlorine content decreased nearly threefold
(from 20.7% to 7.18%), indicating chloride substitution
as a result of ion exchange, characteristic of chloride-
type resins. The organic backbone, represented by
CnHan spectra below oxygen, decreased by 2.7%,
indicating partial involvement of functional groups in
sorption. At the same time, the experiments
demonstrated that the chlorine-active components of
TCCA, used for preliminary oxidation of black shale ores,
do not exert a depressive effect on the sorption capacity
of the resin.

At the next stage of the technological process,
desorption of uranium and vanadium from the
saturated AMP resin was carried out. A 1 M ammonium
carbonate solution heated to 60 °C was used in the
experiments. The column was loaded with 100 g of resin
previously washed of acid residues. The eluate volume
was 0.2 L, and the process duration was 8 hours; the
apparatus remained identical to the sorption stage.

According to mass balance analysis (Figure 7), out of
the 2110 mg of uranium accumulated in the resin (21.1
g/kg), 1996 mg was transferred to the eluate, while the
residual mass was only 120 mg (1.2 g/kg). Thus,
desorption efficiency reached 94-95%, and the overall
uranium recovery into the eluate amounted to 88-89%.
The uranium concentration in the final eluate was 9.98
g/L, confirming a high degree of enrichment.

Uranium Desorption Balance Vanadium Desorption Balance
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Figure 7 — Mass balance of uranium and vanadium
during desorption
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The behavior of vanadium differed substantially.
With an initial loading of 4575 mg (45.8 g/kg) in the
resin, only 3148 mg transferred to the eluate, while
about 1250 mg remained in the sorbent. Desorption
efficiency was approximately 69%, while the overall
recovery of vanadium did not exceed 41-43%.
Nevertheless, the concentration of vanadium in the
eluate was relatively high, 15.74 g/L, g/L-confirming the
feasibility of its further processing.

The difference in recoverability between uranium
and vanadium is determined by their chemical nature.
Uranium in sulfuric acid solutions forms stable anionic
uranyl sulfate complexes, which are effectively
desorbed by carbonate solutions. Vanadium, in
contrast, occurs in mixed forms — both anionic and
cationic — limiting its transfer into the carbonate eluate
and lowering desorption efficiency. These observations
are consistent with the literature, which emphasizes the
need for additional steps, including pH-controlled
precipitation, to enhance extraction completeness [[19],
[20]]. The presence of vanadium in productive solutions
also exerts a competitive influence on uranium sorption
and desorption, reducing their selectivity and efficiency,
which makes the problem of separation particularly
relevant [21].

The obtained results convincingly confirm the high
efficiency of uranium sorption on AMP resin: high
recovery rates were achieved while forming a saturated
sorbent with predictable loading parameters. This
allows sorption to be considered a reliable stage of
preliminary concentration. To achieve residual uranium
and vanadium concentrations of less than 1-2 mg/L in
solutions, it is advisable to use multi-stage sorption. In
industrial practice, this approach is implemented
through cascade passage of solution through multiple
columns, ensuring complete resin saturation at the
point of “breakthrough” of target ions past the last
column. Optimal parameters, including the sorption
layer length and the number of columns, are
determined by solution acidity and salt composition.

At the same time, the limitations observed in
vanadium recovery highlight the need to improve the
technological scheme. To increase selectivity and
ensure  comprehensive  separation of target
components, supplementing the sorption stage with
extraction methods is recommended, which can serve
as an effective tool for the subsequent processing of
productive solutions.

Conclusions

The conducted research confirmed the high
efficiency of the sorption method for concentrating
uranium from productive solutions of black shale ores.
Several types of anion-exchange resins (AMP, AV-17, A-
140, and Amberlite) were tested, enabling a
comparative evaluation of their performance. Among
them, the AMP resin demonstrated the best results,
achieving the highest sorption efficiency (93.8%) and
stable desorption parameters (94-95%), which ensured
an overall uranium recovery into the eluate of 88—-89%.

For vanadium, sorption efficiency was 59.0%, while
desorption efficiency was approximately 41-43%. This is
attributed to the complex chemical nature of the
element and the coexistence of both anionic and
cationic forms. Thus, AMP resin can be considered the
most promising sorbent for uranium recovery, providing
selective separation and enrichment compared with the
other tested resins.

At the same time, the limited recoverability of
vanadium and its relatively low desorption efficiency
indicate the need for further improvement of
processing schemes. To enhance separation efficiency
and selectivity, it is recommended to supplement the
sorption stage with extraction methods, which would
enable more complete recovery and separation of
uranium and vanadium within complex technological
flowsheets. Black shale ores of Southern Kazakhstan are
large-tonnage, unconventional sources of strategic
metals; therefore, the proposed approaches may be
applied in industrial processing of this type of raw
material, contributing to a more comprehensive and
efficient use of the mineral resource base.
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Kapa TakraTtac KeHaepiHiH eHimai epiTiHainepiHeH ypaH meH BaHaguia,i
CoOpbUMANDBIK KOHUEHTpauuanay

byneHb6aes M.XK., Antaii6aes b.T., Maromepgos [1.P., bakpaesa A.H., bekneucos X.K.

Memannypaus 1aHe KeH balibimy uHcmumymei AK, Cambaes yHusepcumemi, Aamamel, KazakcmaH

TYWIHAEME

Byn symbicta OHTYCTIK Ka3aKCTaHHbIH, Kapa TaKkTaTac KeHAepiH eHAey KesiHAe anblHFaH eHimaj
KbIWKBIA epiTiHainepiHeH ypaH MeH BaHaauiai copbumanay KsHe aecopbuuanay npouecrtepi
3eptrengi. MyHAan KeHaep CTpaTervanbik MeTangapablH ASCTYpAi emec Kesgepi 6osbin
TabblNaabl KaHe ACTYPNI MUHepanapl-LUMKI3aT 6asacbiHbIH, LIEKTeyNi KafaanblHAQ epeKlue
KbI3bIFYLWbIAbIK TyAblpadbl. TUiMAinikTi 6afanay ywiH aHMoHUTTEpAiH, 6ipHewe Typi (AMP, AV-17,

Makana Kengi: 2 Koipkyliek 2025 A-140 xaHe Amberlite) cbiHanfaH, 6yn onapaplH, copbumanbik, KabineTi MeH cenekTUBTINIriH
CapanTamagaH eTTi: 5 Keipkyliek 2025 CaNbICTbIPManbl TandayFa MyMKIHAIK 6epai. EH, KaKcbl HaTukenepai AMP waiibipbl KepceTTi, on
Kabbinpanabl: 25 Keipkyliex 2025 KYKIPT KblWKbIAAbI OPTada ypaHAbl KOfapbl Agperkene CiHipyAai »KoHe BaHaguit 6oibiHWa

KaHafaTTaHapAbIK KepceTKiwTepai KamTamacbi3 eTTi. [ecopbuuanbik Taxipubenep ypaHabl
3/110aTKa TUIMAI Kewipy MYMKIHAIrH pacTagbl, 6yN KOHUEHTpauua MeH Ta3apTyAblH, KewniHri
KeseHJepi YWIiH YyAKeH MaHpI3fa MWe. BaHaguiiai 6enin any snemeHTTiH, SpTYpAi MOHABIK
dbopmanapga 6onybiHa 6GalnaHbICTbl  WeKTeyni 6ongpl. ANblHFAH HITUMXKenep ypaHabl
KOHLEHTpauuAnayaplH, CeHimai caTbicbl peTiHAe COpPOUMANBIK TEXHONOTUAHbIH, HonawarbiH
pacTaipl KaHe MaKcaTTbl KOMMOHeHTTepai 6eny MeH KannblHa KenTipyAjH TONbIKTbIFbIH
JKAKCapTY YLUiH SKCTPaKUMA Hemece CeNneKTUBTI TYHAbIPY CUAKTbI KOCbIMILA d4iCTepAi KonaaHy
KaXKeTTiNiriH KepceTtesi.

TyiiiH ce30ep: ypaH, BaHaaui, copbuma, gecopbums, aHMOHMT.
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Cop6bLuMOHHOE KOHLEeHTPUPOBaHME ypaHa U BaHAAUA U3 NPOAYKTUBHbBIX pacTBOpPOB
YepHOCNaHLEBbIX pPyA,

byneHb6aes M.XK., Antaii6aes b.T., Maromepos [1.P., bakpaesa A.H., bekneucos X.K.

AO UHcmumym memannypeuu u obozaweHus, Satbayev University, Aamamel, KazaxcmaH

AHHOTALMUA

B pmaHHOM paboTe uccnenoBaHbl npoueccbl copbuun UM gecopbumm ypaHa M BaHaauA U3
NPOAYKTUBHbIX KWUCAOTHbIX PacTBOPOB, MOJIyYEHHbIX MPU NepepaboTKe YepHOCNAHUEBbIX Py
Moctynuna: 2 ceHmabps 2025
PeueHsnpoBaHue: 5 cenmabps 2025
MpuHATa B neyatb: 25 ceHmMAbpa 2025

lOHoro KasaxcraHa. Takue pyfbl OTHOCATCA K HETPAaAULMOHHBIM UCTOYHUKAM CTpaTerMyeckmx
METa/I/IoB U MpPeACTaBAAOT 0cobblii MHTEPeC B YCI0BUAX OFPaHUYEHHOCTU TPAAULMOHHOM
MUWHEpPaNbHO-CbipbeBOV 6asbl. A OUueHKN 3PEKTUBHOCTM BblIM UCMbITaHbI HECKOIbKO TUMOB
aHnoHuToB (AMIM, AB-17, A-140 n Amberlite), 4To NO3B0/IMNO NPOBECTU CPABHUTENbHbIN aHaNW3
UX COPBLMOHHON EMKOCTU U CENeKTUBHOCTU. Haunydwue pesynbTaTthl nokasana cmona AMI,
obecneunBlUan BbICOKYIO CTEMEHb U3B/EYEHWA ypaHa U yAOBNETBOPUTE/IbHbIE MOKasaTesn Mo

BaHaAMIO B CEPHOKUC/ION cpese. [ecopbLmoHHbIe 3KCMEPUMEHTbI NOATBEPAUAN BO3MOKHOCTb



https://doi.org/10.31643/2027/6445.09
mailto:mbulenbaev@mail.ru
https://orcid.org/0000-0002-5437-5436
mailto:bagdataltai9@gmail.com
https://orcid.org/0000-0002-7405-6854
mailto:davidmag16@mail.ru
https://orcid.org/0000-0001-7216-2349
mailto:bakraeva.akbota@mail.ru
https://orcid.org/0000-0002-2062-9573
mailto:zhasulan222@mail.ru

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

Sd)d)EKTVIBHOI'O nepeHoca ypaHa B 3/110aT, YTO UMeeT BaXKHOe 3HayeHune ana nocnegyrowmx cra,u,mﬁ
KOHUEHTPUPOBAaHNA U OYUCTKWU. M3BneyeHne BaHaanA OKas3anocb OorpaHuU4YeHHbIMm BCneacrTsune
CylWeCcTBOBaHMA 31eMeHTa B  Pas3/IMYHbIX UOHHbIX d;opmax. MonyyeHHble pe3ynbTaTbl
noATBEPXKAAOT NEepPCneKTUBHOCTb COp6LI,MOHHOﬁ TEXHONOTMM  KaK  HaAéXHoro 3Tana
KOHUEHTPUPOBAaHMA YypaHa W YKa3bliBalOT Ha HeO6XO,D,VIMOCTb npumeHeHunAa OO0NOJIHUTE/IbHbIX
METOAO0B — TAKUX KaK 3KCTPaKUUA UNU CENEKTUBHOE OCaxXAeHWe — ANA NOBbIWeHUA NONHOTbI
pasaeneHna U nsssevyeHUA LenesBblXx KOMNOHEHTOB.

KntoueBble cnoBa: ypaH, BaHaaui, copbums; Aecopbums; aHUOHUT.
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