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Abstract. The growing share of in-situ leaching (ISL) in global uranium mining is increasing the
demands on the efficiency of ion-exchange processing of pregnant solutions. Strongly basic anion
exchange resins that sorb uranyl sulfate or uranyl carbonate complexes are typically used for uranium
extraction. Over long periods of operation, their properties deteriorate due to the accumulation of silicon
compounds released into the solution during the leaching of silicate rocks. This review examines the
mechanisms of silicon fouling of anion exchange resins used in ISL, as well as existing methods for
desilication and regeneration. An analysis of scientific publications and technical materials shows that
fouling is primarily due to the penetration of silicic acid into the resin pores and its subsequent
polymerization. With localized increases in pH, silicate anions can also interact with exchange sites. The
formation of oligomeric and polymeric siloxane structures hinders mass transfer, blocks active sites, and
reduces the uranium sorption capacity. Alkaline treatment with NaOH and fluoride-containing reagents
are used for regeneration. Alkaline solutions are technologically simpler, but less effective against highly
polymerized silica phases and, under harsh conditions, can damage the resin. Fluoride systems provide
deeper silicon removal but place increased demands on the corrosion resistance of equipment and
wastewater treatment. Therefore, the regeneration process must ensure silicon removal without
significantly reducing the mechanical strength and sorption properties of the resin.
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1. Introduction

Uranium retains a significant role in the global energy sector as the primary
fuel for nuclear reactors generating electricity with low carbon emissions.
According to the World Nuclear Association (WNA), global uranium demand is
estimated at approximately 68,920 tU in 2025. In the baseline scenario, it could
exceed 150,000 tU by 2040, driven by a projected increase in installed nuclear
power capacity to 746 GW [1].

This demand growth is driven by the transition to sustainable energy systems
and the goal of achieving carbon neutrality by 2050, as well as the need to
diversify supplies in the face of geopolitical risks and a structural deficit in
primary uranium production. In 2024, production covered only approximately
90% of global demand, with the remainder supplied by stockpiles and secondary
sources [2]. Additional confirmation of the strategic role of nuclear energy is
reflected in projections of the International Atomic Energy Agency (IAEA),
according to which, under the high-growth scenario, global nuclear capacity may
increase 2.6-fold, from 377 GW in 2024 to 992 GW by 2050 [3].

Uranium mining is one of the technologically complex areas of mining
production, and the choice of method for developing a deposit is determined
primarily by its lithological structure and hydrogeological conditions. In 2024,
global uranium production amounted to about 60,000 tons. Underground in-situ
leaching accounted for approximately 52% of this volume, or about 31,000 tons
of uranium. With this method, the leaching solution is pumped into permeable,
water-saturated ore-bearing horizons, where uranium is converted into a soluble
form and then extracted through extraction wells. This makes it possible to
significantly reduce the volume of overburden and underground mining
operations. About 30% of the world’s uranium was extracted using the
underground method, 14 % using the open-pit method, and about another 4 % was
obtained as a by-product during the processing of other mineral raw materials.
Kazakhstan maintains the world’s leading position in terms of uranium
production volume - about 39%, or 22,000 tons, with the bulk of production based
on in-situ leaching. In Canada, which accounts for about 24% of global
production, mainly the rich in-situ deposits of the Athabasca Basin are being
developed. In Namibia and Australia, mainly open-pit and combined schemes are
used; in Australia, uranium is also obtained as a by-product at the Olympic Dam
deposit [4]. It is expected that the share of in-situ leaching may continue to grow
as deposits suitable for this method are brought into development [5].

In in-situ leaching, the solution is injected through a system of injection
wells into a mineralized aquifer. In the formation, uranium transitions from the
solid phase into the solution, after which the productive solution is pumped to the
surface through production wells. Depending on the composition of the ore, two
main leaching systems are used - acidic and carbonate. In acid-based schemes,
solutions of sulfuric acid are primarily used; in carbonate-based schemes,
solutions of sodium carbonate and sodium bicarbonate, or ammonium-containing
reagents, are used. The choice of medium depends on the mineralogical
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composition of the ore-bearing rocks and, especially, on the content of
carbonates, which consume the acid for neutralization [6, 7]. In some studies, a
CaCOs content of up to 4% is indicated as an approximate limit for applying an
acid-based scheme. With a higher carbonate content, the acid consumption
increases, so a carbonate-based scheme may turn out to be more technologically
feasible [8].

To maintain oxidizing conditions in acidic systems, H,O,, O, Fe*, or
hypochlorite are used. These reagents promote the conversion of uranium into the
mobile hexavalent form U(VI) [9]. In carbonate systems, uranium recovery is
based on the combination of oxidation and complex formation of uranyl with
carbonate ions, resulting in the formation of the soluble complex UO,(COs)s*,
which is widely applied in ISR operations in the United States. The World
Nuclear Association also emphasizes the widespread use of the alkaline ISR
variant in the United States due to the presence of acid-consuming minerals in
host formations [10].

After the PLS is lifted to the surface, uranium is recovered by
hydrometallurgical methods. For solutions with low and moderate mineralization,
ion exchange is the most widely used method, whereas at high mineralization
levels (approximately TDS above ~8000 mg/L) solvent extraction is preferred due
to the decrease in resin efficiency [11]. In ion exchange schemes, the solution is
sent to the sorption stage, where uranium is selectively fixed on anion exchange
resins with high affinity for uranyl anionic complexes. The contact of the solution
with the resin in the columns ensures the concentration of uranium in the sorbent
granules, after which the purified solution is returned to the circulation circuit or
sent for disposal [6, 12].

As the resin is saturated, an elution stage is carried out, during which
uranium is displaced from the active centers by solutions of sodium or ammonium
salts (chlorides or nitrates), which leads to the formation of concentrated uranium
eluate, which is then sent to the precipitation stage [13]. In industrial practice,
precipitation of ammonium diuranate with the addition of NHs, as well as
precipitation of uranium peroxide using H20>, are widely used; the final product
is usually obtained in the form of U3Os (yellowcake) [14].

A significant operational limitation of ion exchange systems is the
contamination and degradation of sorbents during repeated use. In addition to
uranium, resins inevitably interact with the accompanying components of
solutions, including iron, organic substances and silicon compounds. This leads to
a decrease in exchange capacity, deterioration of sorption kinetics and an increase
in reagent consumption at the desorption stage. In this regard, regular flushing,
chemical cleaning and resin regeneration are considered as necessary elements of
the technological scheme that ensure the stability of the sorption cycle [12].

Silicon compounds occupy a special place among pollutants. Silicic acid
enters the solution during sulfuric acid leaching of aluminosilicate rocks and can
accumulate in anion exchange resins to levels of about 12-17%, which is
accompanied by a decrease in the sorption capacity of uranium and a deterioration
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in the mechanical strength of resin granules [15]. The physico-chemical nature of
this phenomenon is associated with the polymerization of SiO; and the formation
of hard-to-remove deposits on the surface and inside the porous structure of the
resin, which leads to blocking of active centers and slowing down the processes
of mass transfer. Industrial practice shows that critical contamination can form
after 15-20 sorption-desorption cycles, while the mass fraction of silicon
impurities in the resin can reach tens of percent, which leads to a noticeable
decrease in the efficiency of uranium extraction.

Thus, the purification and regeneration of sorbents in the uranium industry is
not an auxiliary operation, but a system tool for maintaining the stability of the
technological process. Alkaline desilication using NaOH solutions remains the
most common approach; however, strongly basic anion-exchange resins have
limited stability in alkaline environments, requiring strict control of process
conditions and the use of protective technological measures. Increasing the NaOH
concentration promotes increased silicon desorption but also increases the risk of
degradation of the resin's polymer matrix [16].

In this context, analyzing the mechanisms of silicon contamination of ion-
exchange resins and systematizing their purification methods used in industrial
practice is particularly relevant, as silicon accumulation is considered one of the
factors limiting the efficiency of uranium sorption extraction in ISR processes.
However, an analysis of the literature shows that information on the influence of
silicon compounds on the sorption properties of resins and the effectiveness of
regeneration measures remains limited and fragmented, and the number of
publications devoted to this issue in the context of uranium sorption extraction
remains relatively small.

2. Modern Uranium Mining Methods and Their Influence on Market
Structure

Modern uranium mining is a system in which the geology of deposits and the
selected mining technology directly determine the stability of supply and, through
contracting, shape the market cycle. In-situ leaching/in-situ recovery (ISL/ISR)
dominates the current structure of global uranium mining: according to the World
Nuclear Association, in 2024 approximately 52% of uranium was mined by ISL,
approximately 44% by conventional methods (open-pit and underground mining),
and approximately 4% is recovered as a by-product. This ratio should not be
considered as a purely statistical characteristic; it reflects the technological shift
of the market towards production schemes with lower capital intensity and higher
scalability, which allows manufacturers to respond more quickly to changes in
contract demand. A later WNA estimate places the ISL share above 55%,
consistent with the forecast of 55-60% by 2026 cited above and indicates the
continued strengthening of the role of ISR technologies in the global uranium
industry [4].

Classical uranium mining includes open-pit and underground methods, the
choice of which is determined by the depth of occurrence, geometry of the ore
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body, and mining-geological conditions. In a fundamental review by the
International Atomic Energy Agency (IAEA), it is emphasized that uranium
extraction, depending on the depth of occurrence, may be carried out either by
open-pit mining (with drilling-and-blasting preparation, bench systems, and
radiometric grade control) or by underground mining [12]. From a practical
perspective, this corresponds to the scheme shown in Figure 1, which illustrates
three basic classes of uranium extraction: open-pit mining, underground mining,
and ISL/ISR.

Ore Layer

- S

Tipervious Taer

Open pit mining Underground mining In-situ mining

Figure 1 — Schematic representation of the main uranium mining methods (open-pit, underground, ISR).

Due to the high concentration of global uranium production within a limited
number of supplier countries, not only the geographical distribution of mining but
also the technological approaches used for deposit development acquire
considerable importance. Leading producing countries employ fundamentally
different mining methods — from in-situ recovery (ISR) to open-pit and
underground mining of hard ores — which results in different sensitivities of their
production systems to geotechnological, reagent-related, and infrastructural
constraints. The systematization of countries according to dominant mining
methods, based on national production profiles presented in the report OECD-
NEA/IAEA Uranium 2024: Resources, Production and Demand [5], is presented
in Table 1.

Table 1 - Distribution of Major Uranium-Producing Countries by Dominant Mining Methods (2024)

Country Dominant mining method Deposit type Notes
Kazakhstan Almost all production via ISR
Uzbekistan ISR Sandstone ISR is the pr|nC|p_aI method_
ISR is the main operating
USA
method
Canada Underground High-grade Underground mining
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unconsolidated
ores

Namibia Open-pit Granites, calcretes | Conventional mining

Australia Underground / open-pit Hard rock ores Olympic Dam, Ranger, etc.

. Sedimentary  and .

Russia Underground / ISR hard rock Mixed model

China Various ISR is being implemented

Niger Underground / open-pit Sedimentary Conventional mining

Ukraine Underground Metasomatites Underground mining

India Underground / open-pit Hard rock ores Conventional mining

. Gold-bearing .
South Africa | Underground (as by-product) conglomerates By-product uranium recovery

The transition toward ISR dominance is explained by a combination of
technological-economic and geological factors. ISL is implemented through the
circulation of leaching solutions within a permeable ore-bearing horizon and the
recovery of pregnant leach solution (PLS) to the surface through production
wells. For industrial feasibility, the presence of impermeable confining layers,
controlled hydrodynamics, and regulated solution geochemistry are critical. As
emphasized by the IAEA in its specialized publication on ISR operations, these
requirements determine both the configuration of well fields and the monitoring
regimes, and they also limit the applicability of the method according to deposit
type [7].

At the global level, WNA also confirms its technological dominance: as early
as 2022, a significant part of global uranium production was provided by
enterprises using ISR technology, with the bulk of production in the USA,
Kazakhstan and Uzbekistan coming from underground leaching [6]. This
indicates that the technological leadership actually coincides with the
geographical dominance of the sandstone uranium provinces and, consequently,
with the concentration of market supply in a limited number of jurisdictions.

The uranium market is highly sensitive to changes in production because
global supply is concentrated in a small number of countries. According to the
WNA, Kazakhstan, Canada, and Namibia together accounted for about three
quarters of global uranium production in 2024. Under these conditions, even
relatively small changes in production plans, whether caused by delays in
commissioning new capacity, logistical constraints, or regulatory factors, can
noticeably affect market supply.

Kazakhstan plays a particularly important role in this structure. The country
has remained the world’s largest uranium producer since 2009 and also holds a
substantial share of identified global uranium resources, according to the WNA
country profile. The updated country profiles contain production and resource
base indicators reflecting the long-term sustainability of supplies [17]. For the
uranium market, not only the absolute volume of production is important, but also
the technological nature of this supply: the dominance of ISR makes production
rates more sensitive to hydrochemical constraints and the state of the reagent
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infrastructure than to the traditional mining restrictions associated with the
construction of underground mines.

The distribution of uranium production volumes among the main producing
countries in 2024 is shown in Figure 2, while Figure 3 shows the distribution of
production volumes among the ten largest uranium mining companies in the
world according to WNA data for 2024.
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Figure 2 — Top-10 uranium-producing countries (2024), tU.
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Figure 3 — Top-10 uranium-producing companies (2024), tU.

Along with the ranking of producers, the ownership structure of uranium
mining companies is also of fundamental importance. According to an
intergovernmental assessment presented in the Red Book (Uranium 2024 edition,
data for 2022), of the total world uranium production national state-owned -
companies, 15% (7,181 tons) by national private companies, 33% (16,400 tons)
by foreign state-owned companies and 10% (4,970 tons) - by foreign private
companies. Collectively, the Red Book indicates that in 2022, approximately 75%
of global uranium production was associated with state-owned companies, while
25% was accounted for by the private sector [5, p. 95]. This configuration means
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that a significant part of the uranium supply may be sensitive to national policy
priorities and regulatory regimes, which is methodologically important to take
into account when interpreting market signals (without assuming any political
motivations beyond the information contained in the sources used).

Market data also shows that the observed spot price does not necessarily
reflect the dominant segment of actual trading volumes. According to data
provided by Yellow Cake, in the fourth quarter of 2024, the spot price of uranium
decreased by 10.7%, decreasing from $81.75/Ib (September 30, 2024) to
$73.00/Ib (December 31, 2024). After the end of the quarter, the decline
continued, and as of January 27, 2025, the price of it amounted to $67.30/Ib,
while the indicative long-term price for the same period decreased to $79.00/Ib. In
terms of market liquidity, the quarterly trading volume was 11.1 million Ib, while
the cumulative annual volume in 2024 reached 45.6 million Ib, compared with
56.7 million Ib in 2023. At the same time, the average annual trading volume for
the period 2020-2023 was 78.7 million Ib, and the maximum value was recorded
in 2021 (102.4 million Ib) [18]. These indicators quantitatively confirm the thesis
about the relatively small scale of the spot market segment and the potential
volatility of price indicators in conditions of limited volume of &quot;mobile
stocks&quot; available for spot operations.

In terms of final demand, the contract structure of the uranium market is well
illustrated by statistics for the United States. According to the U.S. Energy
Information Administration (EIA), in 2024, U.S. nuclear power plant owners and
operators purchased 55.9 million Ib of UsOs-equivalent, of which 49.8 million Ib
were delivered under short-, medium-, and long-term contracts, while 6.1 million
Ib were purchased under spot contracts. The weighted average purchase price in
2024 was $52.71/Ib, including $71.92/lb for spot contracts and $50.36/Ib for
contracts with a delivery period of more than one year. Furthermore, EIA data
demonstrate the dominance of external supplies in the uranium procurement
structure: of the 55.9 million Ib, supplies from foreign producers accounted for
54.6 million Ib, while U.S.-origin uranium accounted for only 4.3 million Ib [19].
In the context of this review, these statistics serve as empirical confirmation that,
even in the face of significant price fluctuations, major consumers primarily rely
on multi-year contractual agreements, while the spot market serves primarily as
an indicative measure.

These factors often cause discrepancies between planned production volumes
and actual production levels. Energy policy creates an additional level of
uncertainty. For example, in 2025, Reuters, examining the impact of government
initiatives aimed at expanding nuclear energy in the United States, cited estimates
indicating a possible acceleration in uranium demand growth due to reactor fleet
expansion plans and the development of small modular reactors (SMR). Such
trends may increase the likelihood of increased contracting activity and increase
upward price pressure in the face of limited supply growth [20].

Taken together, the presented data allow us to conclude that the current
structure of the uranium market-characterized by the technological dominance of
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ISR, high production concentration, the return of long-term contracting, and
limited spot market liquidity-increases the likelihood of periods of supply
tightness as reactor fleet demand grows, even in cases where nominal production
expansion plans appear sufficient on paper. The dynamics of World uranium
production in 2010-2024 and the forecast of its change up to 2030 are presented
in Figure 4 (according to data from [21]).

Global Uranium Production (2010-2030)

EEm Production (ktU), LHS Growth rate (%), RMS Projection (E)

Global uranium production (thousand tonnes)
Growth rate (%)

]
]

Figure 4 — World uranium production (2010-2030): production volumes (thousand tU) and growth rates
(%)

As a result, the uranium market is entering a phase characterized by three
interrelated characteristics: the technological dominance of ISR and its continued
expansion to over half of global production; the high concentration of production
in a limited number of countries and companies; and the restoration of long-term
contracting as the primary mechanism for balancing supply and demand.

Taken together, these factors explain why even moderate changes in demand
can quickly lead to a transition of the uranium market to a state of supply tension
and increased price sensitivity. Under these conditions, the sustainability of
uranium supplies is increasingly assessed not only in terms of resource
availability but also in terms of the feasibility of production plans and the
reliability of key mining centers.

3. lon-Exchange Recovery of Uranium from Pregnant Leach Solutions of In-
Situ Leaching

In industrial practice of uranium in-situ leaching, uranium recovery from
pregnant leach solutions (PLS) is carried out by the ion-exchange method, which
is based on the selective sorption of uranium(VI) anionic complexes on the
functional groups of synthetic ion-exchange resins [22]. Depending on the
chemical conditions of leaching, uranium in solution is present either in the form
of uranyl sulfate complexes (in sulfuric-acid systems) or uranyl carbonate

23



ISSN 1813-1107, elSSN 2710-1185 MNe3, 2026

complexes (in alkaline bicarbonate systems), which determines the requirements
for the type of sorbent used [7].

Under conditions of acid in-situ leaching, which is widely applied at
sandstone deposits in Kazakhstan where leaching is carried out with sulfuric acid,
uranium (V1) is predominantly present in the form of anionic complexes
U02(S04),* and UO2(S0O4)s* [23]. These complexes are recovered using strong-
base anion exchange resins (SBA). Sorption of these complexes on the quaternary
ammonium functional groups of SBA resins proceeds according to an ion-
exchange mechanism that may be represented by the following reactions:

2RN* OH™ + [UOx(S04)2] = (RaiN*)2[UOx(SO4)2] + 20H (1)
4R4N+ OH + [UOZ(SO4)3]47 = (R4N+)4[U02(SO4)3] +40H" (2)

In contrast to acidic systems, at several ISR operations in the United States
alkaline bicarbonate leaching is applied, in which uranium(VI) occurs
predominantly in the form of uranyl-carbonate complexes UO2(COs),* and
UO2(COs)s* [24]. Their recovery on SBA anion exchange resins also occurs
through exchange of the resin counter-ions for uranyl anionic complexes:

2RsN* OH + [UOz(COs)z]} = (RsN")2 [UO, (CO3),] + 20H  (3)
4R4N* OH™ + [UO,(CO3)3]* = (RaN*)a[UO2(CO3)3] + 40H  (4)

Under these conditions, such commercial strong-base anion exchange resins
as Dowex 1X8, Purolite A-520E, Purolite A500, and Lewatit S6328A are widely
used. These sorbents are applied both in resin-in-solution (RIS) column circuits
and in resin-in-pulp (RIP) processes when solid particles are present in the
productive solution.

For sulfuric-acid productive solutions it has been shown that the resin Dowex
1X8 provides a high sorption capacity and efficient desorption, enabling the
production of eluates with uranium concentrations more than twenty times higher
than those of the initial pregnant solution [25].

In carbonate ISR systems used at certain deposits in the United States,
strong-base anion exchange resins resistant to high mineralization of groundwater
are typically applied. In particular, column experiments have demonstrated that
Dowex 21K resin can provide a loading capacity of up to 49.8 mg U g* before
breakthrough during treatment of carbonate groundwater solutions [26].
Similarly, Purolite A-520E is used in RIS processes for the recovery of uranyl-
carbonate complexes from alkaline productive solutions [27].

A comparison of sorbents used in acidic and carbonate ISR circuits is
presented in Table 2.

Table 2 — Sorbents Used in Acidic and Carbonate ISR Circuits
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Resin brand Sorbent type Leaching medium RIS RIP
Dowex 1X8 H2S04 + +
Purolite A-520E H>SO04 / NaHCO3 + +
Purolite A500 SBA + +
. H2S04
Lewatit S6328A + +
Dowex 21K +
NaHCOs
Dowex 21K XLT +

Thus, in modern technological schemes for uranium recovery from pregnant
solutions of in-situ leaching, strong-base anion exchange resins are most widely
used, providing effective sorption of uranium (V1) anionic complexes in both
acidic and carbonate ISR systems. The choice of a specific resin grade is
determined by the chemical composition of the pregnant solution, the type of
leaching medium, and the engineering configuration of the sorption equipment.

4. The Problem of Silica Fouling of lon-Exchange Resins in Uranium ISR
Circuits

Under conditions of sulfuric-acid in-situ leaching of uranium (ISR/ISL),
which is predominantly applied at sandstone deposits, pregnant leach solutions
(PLS) inevitably contain, along with uranyl-sulfate complexes, significant
concentrations of dissolved silicon originating from the acid decomposition of the
silicate and aluminosilicate matrix of host rocks. Within the technological circuit
of uranium recovery, silicon is present in a set of forms including orthosilicic
acid, oligomeric polysilicic acids, and colloidal silica, and the transformation
between these forms is primarily determined by pH, temperature, and the ionic
composition of the solution.

Although at pH values typical of ISR solutions (pH ~ 1.5-2.5) the rate of
polycondensation of silicic acids may be relatively low, even minor local
deviations in acidity that occur during mixing of process streams, washing zones,
or interaction with hydrolyzing ions such as Fe** and AIPF* may initiate
aggregation of low-molecular silicon species followed by the formation of hard-
to-remove intrapore deposits on the surface and within the volume of ion-
exchange sorbents [15, p.443].

As demonstrated by Chuuman et al. [28], the initial stage of interaction
between silicon compounds and strong-base anion exchange resins proceeds
through an ion-exchange mechanism between the functional quaternary
ammonium groups of the polymer matrix of type R4N*OH" and the monosilicate
anion Si(OH);0", which may be described by the following reaction:

R4N*OH +Si(OH);0™ = RsN*OSi(OH)s+OH" (5)
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It should be noted that at the pH of 1.5-2.5 typical of ISR pregnant solutions
and with a first dissociation constant of silicic acid of about pKal ~ 9.8, silicon is
present mainly as the neutral species Si(OH)a. In the acidic sorption circuit, silica
accumulation is therefore governed chiefly by polymerization and deposition of
neutral silica within the pores, whereas the ion exchange described by reaction (5)
is relevant primarily for the OH-form of the resin and for the alkaline regeneration
stage. The sorbed monomeric forms of silicic acid subsequently undergo intrapore
polycondensation with the formation of siloxane bonds (=Si—-O-Si=), resulting in
the formation of oligomeric and polymeric structures with different degrees of
connectivity. According to NMR spectroscopy, these structures are identified as
Q'-Q?3 silicate units. It has been shown that even when less than 10% of the ion-
exchange capacity of the resin is occupied, monomeric forms (Q°) transform into
dimeric and linear polysilicates (Q*>-Q%), which is accompanied by a decrease in
the mobility of the adsorbed silicon compounds and their subsequent fixation
within the pore structure of the sorbent.

Practical observations in industrial ISR circuits demonstrate that the silicon
content in strong-base anion exchange resins may reach 12-17 wt.%, which is
accompanied by a decrease in uranium sorption capacity and deterioration of the
mechanical strength of resin beads [15, p.435]. In this context, silica fouling of
resins ceases to be considered a secondary analytical phenomenon and becomes a
factor directly limiting the operational lifetime of sorption materials.

The mechanism of this phenomenon combines deposition of neutral silica
inside the pores and competition of silicate anions with uranyl-sulfate complexes
for the active sites of strong-base anion exchange resins. In the initial state, the
resin exists in the hydroxide form RsN*OH". Upon contact with the pregnant
solution of in-situ leaching, ion-exchange sorption of the anionic uranium
complex [UO2(S0.)2]* occurs, resulting in the formation of a uranium-loaded
resin form. At the same time, part of the dissolved silicon occurs as the anion
Si(OH)30", whose share rises in local zones of elevated pH and in the OHform of
the resin after regeneration and which then competes for the same quaternary
ammonium sites; in the bulk acidic circuit the neutral form Si(OH)4 prevails and
is retained mainly through intrapore polymerization.

During the desorption stage of uranium, uranyl-sulfate complexes are
removed from the resin structure; however, silicon compounds may partially
remain within the pores and on the functional groups of the resin. This leads to
gradual accumulation of silicon in the anion-exchange matrix and to the formation
of the so-called silica fouling effect, which is accompanied by a decrease in the
availability of active sites and deterioration of the sorption properties of the
material.

Schematically, the sequence of these stages — namely the initial state of the
resin, sorption of uranyl-sulfate complexes with the competitive participation of
silicates, and the subsequent partial retention of silicon after uranium desorption —
may be represented as shown in Figure 5.
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Figure 5 — Schematic representation of the competitive sorption of uranium and silicon on an anion-
exchange resin.

The quantitative influence of accumulated silica on the sorption properties of
resins was investigated in detail by Yahorava et al. [29]. The authors
demonstrated that already at a silica content of about 6% SiO; in a gel-type RIP
resin, the loss of maximum uranium loading after 24 hours exceeds 50%, whereas
for macroporous resins a comparable decrease occurs only when silicon
accumulation reaches 25-28%. At the same time, the authors reported differences
in the morphology of deposits: in gel-type resins a diffusion film forms on the
bead surface, whereas in macroporous resins silica penetrates deeper into the
internal structure of the beads. This is confirmed by the increase in silicon
concentration toward the center of the bead at high levels of contamination.

These results are consistent with the previously proposed mechanism of
intrapore fouling, formulated by Zhang [30], according to which low-molecular
polysilicic acids are capable of diffusing into the pore space of an anion-exchange
resin, followed by aggregation and formation of intragranular deposits. In
contrast, high-molecular polysilicate species are limited by pore dimensions and
therefore predominantly precipitate on the resin surface. Taken together, these
findings indicate that the critical factor in the degradation of sorption properties is
not so much the total silicon concentration in solution but rather the presence of a
reactive oligomeric silica fraction.

The obtained results also agree with experimental observations reported by
Chuuman et al. [28, p.873], according to which the desorption of silicon from
strong-base anion exchange resins strongly depends on the degree of
polymerization of the silicate structures. Thus, structures of types Q°-Q? are
relatively easily removed during treatment with 1-2% NaOH solutions, whereas
more condensed Q2 structures are practically not desorbed even when the alkali
concentration is increased. This indicates the necessity of breaking siloxane
bridges during sorbent regeneration.

Additional confirmation of the influence of silica fouling on the kinetics of
uranium sorption is presented in the work of Litvinenko et al. [31]. The authors
showed that increasing the SiO; content in the Purolite A500U anion exchange
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resin from 0 to approximately 19.6% leads to a substantial decrease in the degree
of uranium saturation at a fixed contact time. For resin containing about 28%
silica, achieving equilibrium loading requires an increase in contact time up to 24
hours, whereas a fresh sorbent reaches comparable values within 6 hours. Thus,
the accumulation of silicon can shift the sorption process from a Kinetically
controlled regime to a diffusion-limited regime, which has direct technological
implications for column ISR circuits.

It should be noted that the negative impact of silicon on the operational
characteristics of sorption materials in ISR circuits is not limited to mechanical
blockage of the porous structure of ion-exchange resins. According to the results
reported by Sharafutdinov et al. [32], silica may participate in the formation of
stable organo-silicon complexes with humic and fulvic acids present in pregnant
leach solutions. These compounds subsequently sorb on the surface and within
the volume of both anion-exchange and cation-exchange materials.

In this case, it is assumed that fixation of silicon within the ion-exchange
matrix occurs not only in the form of polycondensed silicate particles but also as
part of sulfoghumic compounds, which are capable of partial desorption during
the regeneration stage. This results in secondary contamination of the commercial
desorbate and deterioration of its technological characteristics during subsequent
processing. Moreover, the sorbed organo-silicon complexes may serve as centers
for further fixation of trivalent cations, particularly Fe*, predominantly in an
irreversible form. This additionally reduces the efficiency of resin regeneration
and promotes accumulation of ballast components within the ion-exchange phase.

Thus, the presence of silicon in ISR pregnant solutions may be considered a
factor of complex chemical-physical contamination of strong-base anion
exchange resins, leading to a progressive decrease in their working capacity and
deterioration of cyclic stability during sorption—desorption operations.

Despite the established negative effects of silicon accumulation in ion-
exchange resins, the scientific literature contains a comparatively limited number
of studies devoted to the development of effective methods for its removal from
the structure of sorbents. The most common approach remains alkaline
desilication, based on the conversion of silica into soluble silicate forms [12, 33].

It should be taken into account that the efficiency of this process is
determined not only by the concentration of alkali but also by the degree of
polymerization of the adsorbed silicon compounds, since silicon removal in this
case occurs mainly through alkaline hydrolysis of siloxane bonds (=Si—-O-Si=)
formed during intrapore polycondensation of silicic acid [28, p.871].

At the same time, the results of column experiments by Chuuman et al. [28,
p.871] demonstrate that for the OH- form of SBA anion exchange resin, the
expected “reverse” desorption of silicon via displacement by more selective
anions X» (such as Cl-, HCOs, SO4?*) is practically not realized, although the
selectivity order for this system is given as:

SO >CI” >HCO;s > Si(OH);0 > OH~ (6)
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The authors showed that regeneration of the column using H,SO., HCI,
NaHCOs3;, and NaCl solutions results in incomplete elution of silicon, whereas
noticeable elution occurs specifically when NaOH solution is used. This indicates
that the dominant mechanism is hydrolytic destruction of polysilicates rather than
simple ion exchange.

Consequently, alkaline regeneration should be considered a process limited
by the rate of hydrolysis of siloxane bonds (=Si—-O-Si=) within the formed
intrapore polysilicates rather than solely by the concentration of exchangeable
silicon anions.

Earlier studies [15, p.436] established that treatment of anion exchange resin
with NaOH solutions of 30-50 g dm™ at 25-27 °C allows the silicon content in
the resin to be reduced to 2.91% and 1.15%, respectively, while maintaining
mechanical strength of approximately 94%. However, increasing the alkali
concentration above 100 g dm™ leads to destruction of the polymer matrix of the
sorbent. Similar concerns regarding chemical degradation of functional groups
during intensive alkaline treatment were reported by Brown et al. [34], who
emphasized the instability of certain strong-base anion exchange resins at high pH
values.

Column experiments performed by Chuuman et al. demonstrated that
increasing the concentration of NaOH increases silica elution within the range of
1-2%, whereas a further increase up to 5% practically does not produce additional
improvement. Thus, a concentration of 2% NaOH may be considered sufficient
for elution of adsorbed silicates.

The temperature factor exhibits a non-linear influence: increasing the
temperature from 25 °C to 45 °C enhances the degree of elution, whereas at 55 °C
a decrease is observed. The authors attribute this to possible repolymerization or
precipitation of silicon within the pores as a result of increasing local
concentration of monosilicate during accelerated hydrolysis [28].

This effect is important for practical technological regulations, since it
demonstrates that intensification of regeneration by heating has an optimum and
exceeding this optimum may lead to the opposite effect.

In this context, the attention of researchers has been directed toward fluoride-
containing reagent systems, which promote the formation of soluble fluorosilicate
complexes. In the work of Spirin et al. [35], it was shown that the use of a
regenerant composed of 10% HNO; + 5% HF allows the SiO, content in the resin
to be reduced from an initial 36.8% to 2.8% at a solid-to-liquid ratio of 1:4, and to
0.4% at 1:5, while maintaining mechanical strength at the level of 75-76%.

In a direct comparative experiment using the same batch of resin, a three-
stage alkaline treatment reduced the silicon content only to 11.5%, with residual
mechanical strength of approximately 40%, whereas fluoride regeneration made it
possible to achieve 6.2% SiO, with a strength of about 77%. This residual value is
higher than the 0.4-2.8% reported by Spirin et al.; the difference should be
attributed to the conditions of this comparative test (initial SiO loading, reagent
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concentration and number of contact stages) rather than to a discrepancy between

the data.

Comparable results were reported by Litvinenko et al. [36], who showed that
treatment of Purolite A500Y anion exchange resin with HF or HF + HNO;
solutions at a sorbent-to-solution ratio of 1:5 for 3 hours results in a more
pronounced decrease in residual SiO, content while causing less deterioration of
mechanical strength compared with alkaline reagents.

Table 3 presents a comparative summary of the reported chemical methods
for desilication of silica-fouled ion-exchange resins.

Table 3 — Chemical methods for desilication of silica-fouled ion-exchange resins

Method Optimfal T o
tvpe Reagent(s) processing Desilication effect Limitations Source
yp conditions
| 3
30 l\?ggﬁm SiO2 in  resin Kylyshka-
2521 °C; s oo 0 os NaOH > 100 g | [ et al
=31, ~ ) ) ' dm3  damages
Removal of | resin matrix
1-2% NaOH,; monomeric and | Partial loss of
Alkaline NaOH ~45 °C; dimeric silica (Q%- | mechanical ;h?;g}an et
desilication 5-10 min Q?); polymerized | strength '
Q?® silica remains High alkali
150-200 g dm™ | 22-35% of silica | consumption Molchanova
NaOH; <40 °C; | removed from | Possible silica etal. [16]
6-8 h fouled resin gel formation in )
SiOz2 decreases | column
69 .
3 68/Ell\éaho H; from ~3-4% to Ritcey [33]
0.1-0.3% in resin
~13 g dm?® Si
~5_70, - Q-
HF f) 7/0 HF.‘ SIL | transferred to .
=1:5;3h;RT eluate Fluoride
Fluoride Strong silica \S\?z:sttoeSItcr)gathr?td
desilication 5-9% NHF; desorption; Si .
i ! : Fluoride
NH4F S:L=1:5;3h; | concentration in handlin
RT eluate ~13-14 g g
dm Litvinenko
Moderate silica etal.
Fluoride— ~10% NH4F + | removal (~40- [31, 36]
acid ’LH%'(:)J' dilute H2SO4; | 60%), mechanical bcenzrlgzs sulfate
treatment 2o ~3h;RT strength ~90%
retained
Alkaline— 9% NaOH + 28-35g dm? Resin  strength
NaOH + 15% - .
salt (NH4)2S0 (NH2)2SOs; Si removed into | reduced to 63-
desilication 429 ~3?1'2RT4’ eluate 68%
. 10% HNO3z + .
ﬁl(j:)draje HF + 5% HF; Residual SiO2 ch;rgrgls)gve Spirin et al.
HNO3 S:L~1:4-1:5; | 0.4-2.8% in resin - [35]
treatment 1-2 h medium
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The data reported by Chuuman et al. [28, p.873] indicate that the limited
efficiency of alkaline desilication is determined not only by diffusion factors but
also by the degree of polycondensation of the adsorbed silicon compounds, since
highly cross-linked Q* structures remain resistant to desorption even at elevated
alkali concentrations.

Despite the relatively high efficiency of fluoride-based regeneration methods,
their industrial application is associated with increased requirements for corrosion
resistance of equipment and for handling fluoride-containing effluents. This
significantly limits their use as a routine regeneration procedure.

In this regard, a number of authors are considering preventative approaches
aimed at reducing the entry of reactive forms of silicon into the sorption circuit.
For example, IAEA report TRS-359 notes that high-molecular-weight polymers
can be used to remove colloidal silica from productive solutions before the
sorption stage [12, p. 87]. Furthermore, Mikhaylenko and van Deventer [37]
emphasizes the need to maintain a balance between the rate of silicon
accumulation and its removal through partial regeneration of the resin flow in
kidney-loop mode.

Another approach involves the use of macroreticular anion-exchange resins,
which demonstrate higher stability when operating in environments with elevated
silicon content. This is reflected in the patent [38], which demonstrates the
applicability of such resins in long-term contact with solutions containing 500 —
700 mg/L SiO,. Overall, an analysis of the presented studies shows that existing
desilication methods provide varying degrees of silicon removal and
simultaneously have uneven effects on the mechanical integrity of resins. In this
context, the depth of purification and the preservation of the resin granule
structure act as competing criteria.

In many published studies, desilication efficiency is assessed primarily based
on the residual SiO content and the mechanical strength of the sorbent. Data on
the recovery of uranium sorption capacity after regeneration are reported
significantly less frequently, making direct comparisons of different regeneration
methods difficult.

Additional complications arise from differences in the criteria for assessing
silicon contamination and the analytical methods used. Therefore, the results of
individual studies are not always comparable, and the transfer of laboratory data
to industrial ISL conditions remains limited.

The available data are insufficient to fully evaluate the efficiency of
desilication under ISL conditions. Further research should focus on regeneration
modes that ensure silicon removal without significantly reducing the mechanical
strength and uranium sorption capacity of ion-exchange resins during repeated
use.

5. Conclusion
An analysis of current trends in global uranium mining reveals the consistent
dominance of the in-situ leaching method, which accounts for a significant
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portion of global production. When using this technology, the efficiency of
processing pregnant solutions depends largely on the stable operation of the ion-
exchange sorbents used for uranium extraction.

One of the reasons for the reduced efficiency of ISL sorption systems is the
accumulation of silicon compounds in ion-exchange resins. Silicon enters the
pregnant solutions through the interaction of the leach solution with silicate
minerals in the host rocks. Its accumulation in the anion exchange resin structure
can lead to a decrease in uranium sorption capacity and deterioration of mass
transfer, which gradually reduces the efficiency of the sorption process.

Despite the practical significance of this problem, the mechanisms of
contamination and regeneration of ion-exchange resins from silicon-containing
compounds under uranium ISL conditions have not been sufficiently studied. The
proposed purification methods provide varying degrees of silicon removal, but
their impact on restoring the resins' sorption properties has been significantly less
studied. Therefore, further research should focus on selecting regeneration modes
that remove silicon with minimal damage to the sorbent, as well as developing
measures to reduce silicon accumulation in ion-exchange materials during long-
term operation.
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JKEP ACTBI HIAMMAJIAY MPOLECIHJEIT AHHOHAJIMACTBIPFBINI HIAWBIPJIAPIBIH
KPEMHUMMEH JIACTAHYBI: KA3IPTI TYCIHIKTEP )KOHE PETEHEPAILIMS S1ICTEPI

M.K. Kvinviukanos, b.T. Anmaiibaee*, /K.C. Kenscemaes, M.Il. Konébaesa, P.X. Illapunos, I'.K.
Manovioaes

Kaszax-bpuman mexnuxanvix ynueepcumemi, Aimamut, Kasaxcman

Tyiiinaeme. Ypaunasl onemMIik eHIIpyae ep acTbl YHFbIMaiblK miaiimanay (JKAL) yneciHiH apTysl
eHIMAI epiTiHAiIepl HOHAIMacy oHiCTepiMEH THIMAI eHAeyre KOMBLIATHIH TalalTapAbl KYIICHTEeNi.
Vpauael Oenin amy YUIiH OfeTTe YpaHHI-CyIb(aTThl HEMece YpaHHI-KapOOHATTHI KeleHAeP/Ii
COpOLMSITIANTBIH KYLITI HETI3Ai aHHOHWUTTEp KOJJAAaHbUIAJbl. ¥3aK YyaKbIT MaiJajaHFaHaa OJapblH
KaCHeTTepi CHIIMKATTHI XKBIHBICTAP/bI MIaiMaay Ke3iHAe epiTiHAire oTeTiH KPEeMHHUH KOCBUIBICTAPBIHBIH
JKUHAITybIHA 0OalIaHBICTHI HalapJaisl. Honmyna JKAIIT JKargalbIHaA KOJIJaHBLIATBIH
AQHMOHAJIMACTBIPFBILI MIAKBIPIAPIGIH KPEMHUIIMEH JTaCTaHy MEXaHU3MJIepi, COHal-aK JeCHUIMKAUs MeH
pereHepanysHbIH KOJIAHBICTAFbl ToCIAepi KapacThpblibl. FhUIBIMY jKapHsIaHbIMAAD MEH TEXHUKAJIBIK
MaTepualIapAsl Tajiay KPEMHUHMEH JacTaHy HETi3iHeH KPeMHHMi KBIIIKBUIBIHBIH IIalibIp KeyeKTepiHe
CHyl JKoHE OJaH opi HOJIHMMEpJIeHYIMeH OailaHBICTHI eKeHiH KepceTedi. pH KeprimikTi >korapblIaraH
JKaFJai/la CUIIMKAT aHUOHJapbl HOHAJIMACy OPTANBIKTAPbIMEH Jie opekeTTecyi MyMKiH. Onuromepi xoHe
MOJMMEpPi  CHJIOKCAaH —KYPBUIBIMIAPBIHBIH ~ TY3Ulyl Macca anMmacylbl KUbIHIATalbl, OeyceHi
OpTalbIKTapbl Oereiiii skoHe ypaH OOMBIHIIA COPONUSIIBIK CHIMBIMIBUIBIKTEI TOMEHIETe NI, Perenepanus
yurin NaOH epitiHmiciMeH CIATLIK eHAeYy KoHEe KypambiHIa (Topug 0ap peareHTTep KOJAaHBUIAIbL.
CinTinik epiTiHAUIEp TEXHOJOTHSUIIBIK KarblHaH KapamaibiM, OipakK >KOFapbl JOpeKese MOJHMMEpPIICHIeH
KpeMHUILI (a3aHbl j)KOr0JIa THIMIUIINT TOMEH JKOHE KaTaH PeXKUMIEPAE IIAibIpAbl 3aKbIMIAaybl MYMKIH.
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dropuari KyHenep KpeMHHHAI TEpeHIpeK >KOsbl, ajaina *aOIbIKTBIH KOPPO3HUsFa TO3IMALIIrT MeH
aFBIHIBl CYyJNapAbl Ta3apTyFa >KOFapbl Tamanm Kosasl. COHIBIKTAH PEreHepamus pPEexXHMi MIaHbIPABIH
MEXaHHUKAJBIK OEpIKTIri MEH ypaHFa KaThICThl COPOLMSIIBIK KACHETTEPIH eNeyIli TOMEHICTICH, KPEMHUIT
THIM/I JKOOJIbI KAMTaMachI3 €Tyl THiC.
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Pe3ome. Poct momu moazemHoro ckBakuHHOro BbimenaunBanus (IIB) B mupoBoil noObiue ypana
noBbIaeT TpeboBaHus K APPEeKTHBHOCTH MepepabOTKH MPOLYKTHBHBIX PACTBOPOB HOHOOOMEHHBIMU
Merofamu. J{ns M3BIEUYEHHs ypaHa OOBIYHO MPUMEHSIOT CHIBHOOCHOBHBIC aHHOHHUTBI, COpOUpYIOIIHE
ypaHWI-Cynb(aTHbIC WM YPaHWI-KapOOHATHBIC KOMIUICKCH. IIpH [UIMTENBHON OKCIUIyaTaldh WX
CBOMCTBA YXY[AUIAKOTCS H3-32 HAKOIUICHHS COCAWHEHHH KPEMHHS, MOCTYMAIOIMX B PacTBOp MPH
BBIIICIAYMBAHUN CHJIMKATHBIX MOpoJ. B 0630pe paccMOTpeHbl MEXaHHW3Mbl KPEMHHEBOTO 3arps3HEHHS
aHMOHOOOMEHHBIX CMOJ, HCIOJb3yeMbix B [IB, a Takke CylIeCTBYIOIIME CIOCOOBI NECHIMKALMU U
pereHepai. AHaIN3 HAYYHBIX TyONUKAINA W TEXHHYECKUX MaTEPHAIIOB TIOKA3BIBACT, YTO 3arpsi3HEHIE
CBSI3aHO TJIaBHBIM 00Pa3oM C POHHMKHOBEHHEM KPEMHHEBOW KHUCIIOTHI B TIOPBI CMOJIBI U €€ MOCTIEAY oL
nonumepusanueid. Ilpu  JOKaJgbHOM  TOBBINIEHMH pH  CHIMKaTHBIE AQHHOHBI  TaKXKE  MOTYT
B3aMMOCHCTBOBaTh C OOMeHHbIMH IeHTpamu. (OOpa3oBaHHE ONMIOMEPHBIX H  MOJMMEPHBIX
CHJIOKCAHOBBIX CTPYKTYp 3aTpPyIHSET MAacCONEpPEeHOC, OJIOKMPYeT AKTHBHBIE YYaCTKH M CHIDKACT
COpPOIMOHHYIO €MKOCTh IO ypaHy. I percHepanuy IPHUMEHSIOT LIeNo4Hyo o0padotky NaOH wu
¢bropunconepxkamue peareHTsl. l{enouHble pacTBOPBI TEXHOJIOTHYECKH IPOLIE, HO MeHee (P PEeKTHBHBI
IPH CHJIBHO TOJMMEPH30BAHHOW KPEMHE3eMHCTON (a3e M MPH JKECTKUX PEKMMax MOTYT IOBPEKIATH
cMoity. PTOpHUAHBIE CHCTEMBI 00ECIIEUHBAIOT Goliee TITyO0KOe yAAICHHE KPEMHHS, OTHAKO IPEABSBILSIIOT
MOBBIIICHHBIE TPEOOBaHHsI K KOPPO3HMOHHON CTOMKOCTH OOOpPYIOBaHHS M OYHCTKE CTOKOB. IToaTomy
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