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Abstract. Silicon fouling of strong-base anion-exchange resins reduces the efficiency of uranium recovery from pregnant solutions generated during in situ leaching.
This study examined the acid desilication of industrially spent resin using HF and HF-HNO;solutions. The effects of reagent concentration, solid-to-liquid ratio, and treat-
ment time were evaluated. Increasing the HF concentration and the solid-to-liquid ratio enhanced silicon removal. The highest desilication efficiency, 65.5%, was achieved
with 2.0 M HNO; + 0.5 M HF at an S:L ratio of 1:5, reducing the residual Si content to 3.81 wt.%. Most silicon was removed within the first 30-90 min, after which the
rate decreased due to intraparticle diffusion limitations. Particle-size analysis showed that the resin beads largely retained their integrity after treatment. The HF-HNO,
system therefore offers a practical approach for regenerating silicon-fouled anion-exchange resins used in uranium hydrometallurgy.
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eH}]ipiCTe naﬁz[ananbmraﬂ AHUOHAJIMACTBIPT I H]aﬁblp}l])ll{ KbIIIKbIJIAbI JeCUIUKAIIUA l'lpOIIeCiH 3epTTey

Annarna. KpeMHHI KOCBUIBICTapbIMEH JIaCTAHFaH KYIUTI HEri3/li aHHOHAJIMACTBIPFBILI [IAMBIPIap KepacThl MaiMaay eHiMII epiTiHaiIepiHeH ypaH/Ibl COPOLHSIIBIK
Geurin any THiMALTIriH TOMenaeTei. JKymbicta eHepkacinTik naitnanansiran maitbipast HF sxone HF-HNO; epitinainepiMeH KbIIIKbUIIbIK ASCUIHKALSIIAY 3ePTTENI].
Pearentrep koHUEHTpauuschiHbiH, K:C KaThIHACBIHBIH JKOHE OHJCY Y3aKThIFBIHBIH dcepi Oarananasl. HF xoxuentpauusicsl MeH K:C KaTbIHACHIHBIH apTybl KPeMHHUITIIH
OeutiHy JopeKeciH )KOFapblIaTThl. EH jkorapsl necmmkanus napexeci 65,5% 2,0 M HNO; + 0,5 M HF epitinaicinge sxone K:C = 1:5 ke3inne anbsiHpl, aix Si KalIblk
meuurepi 3,81 mac.% aeitin remenaeni. Kpemuuiiain Herisri 6emiri anramks! 30-90 MuH imiHae )KOMBULIBI, KeHiH TYHipiIik imingeri anpdy3usuibik mekTeynepre oaina-
HBICTBI TIPOLIECC KBUIAAMABIFBI TOMEH L. [ PaHyITOMETPUSIIBIK Taldy MAalbIp TYHIPIIIKTEPiHiH TYTACTBIFbI cakTanFranbiH kopceTTi. HF-HNO); xyiieciH ypaH ruapomMe-
TAJUTYPrUsIChIHAA KPEMHHIIMEH JTaCTaHFaH aHHOHAJIMACTBIPFBILI IIAHBIPIAp/Abl pEreHepalusiIay YIIiH KoJlanyra 6omasl.

Tyiiinoi cesoep: ypan, dcepacmol waumanay, copoenm, KpemHuil, 0eCUIuKayus, Kolukbliobl OHOey, copbeHmmepoi peceHepayusinay.

HccnenoBanne npouecca KUCJAOTHOM JeCHIMKALMU NPOMBIIIJIEHHO 0TPA0OTAHHOH AHMOHOOOMEHHOH CMOJIbI

AHHOTaHl/lﬂ. 3ar‘p5[3H€HI/IC CHJIBHOOCHOBHBIX aHMOHOOOMEHHBIX CMOJI COCAUMHCHUAMH KPEMHHsI CHHXKACT 3q)q)CKTHBHOCTL COp6LII/IOHHOF0 W3BJICUCHUS ypaHa M3
TIPOAYKTUBHBIX PACTBOPOB IMOA3EMHOTO BBIIICTTAYNBaHUA. I/lccneuoaaﬂa KHUCJIOTHAasA ACCUIIMKAIMA IIPOMBIIIIIEHHO OTpaGOTaHHOﬁ CMOIJIBI pacTBOpaMu HF n HF—HN03
OlLIeHEeHO BIMSIHUE KOHIIGHTPALMU peareHToB, cooTHotueHus T:)K u npopomkurenbHocTH 00padoTku. YBenudenue koHueHtpaunun HF u cootHomenus T:)K noBsliimano
CTeneHb ylaleHus: KpeMHus. MakcuManbHas gecunukanus 65,5% nocrurnyrta npu 2,0 M HNO; + 0,5 M HF n T:)XX = 1:5; ocrarounoe cojepxanue Si cocrapuio 3,81
Mac. %. OCHOBHOE y#aJeHHE KPEMHHUsI IPOUCXOAUIO B mepBbie 30-90 MUH, MOCIIE YEero CKOPOCTh CHUKANACH U3-32 BHYTPUTPAHYIIBHBIX AU((Y3MOHHBIX OrpaHHYCHHUI.
['paHynomMeTpryecKuii aHaIN3 MOATBEPHI COXpaHeHHEe [eTI0CTHOCTH rpanyil. Cucrema HF—HNQ; MOXeT CTIOJIb30BAThCs VISl pereHepaliii KpeMHe3arps3HeHHbBIX aHH-

OHOOOMEHHBIX CMOJI B YPAaHOBO# TMPOMETaILTYPIHUH.

Kniwouesnle cnosa: ypau, noosemmoe ebluyeradusariie, COpoenn, KpemHuil, 0ecunukayus, KUciomuas oopabomka, peceHepayus copoenmos.

Introduction

Global demand for natural uranium is expected to rise as nu-
clear power capacity expands. Under the WNA scenarios, ura-
nium requirements could reach about 130 ktU/year by 2040 in
the base-rate scenario and around 183 ktU/year in the high-rate
scenario. The same analysis indicates that, with rapid growth
of nuclear power, uranium production could peak around the
middle of this century, increasing the risk of a widening gap
between reactor requirements and primary uranium supply [1].

Amid growing uranium demand, ISL technology has be-
come dominant in the global mining structure, accounting for
more than half of global uranium production [2]. ISL’s wide-
spread use is due to its relatively low capital intensity, reduced
environmental impact, and high economic efficiency com-
pared to traditional open-pit and underground mining methods
[3]. In sulfuric acid ISL processes, widely used at sandstone
uranium ore deposits in Kazakhstan and other countries, urani-
um is transferred to productive solutions primarily in the form
of anionic uranyl sulfate complexes [4].

In industrial practice, uranium extraction from produc-
tive ISL solutions is typically accomplished by ion-exchange
sorption using strongly basic anion-exchange resins that ex-
hibit high selectivity for uranyl sulfate complexes, stability
in acidic environments, and suitability for continuous column
operation. The efficiency of the sorption-desorption process
is largely determined by the preservation of the sorption and
mechanical properties of the ion-exchange material under
long-term cyclic operation. One of the main factors limiting
the operational stability of anion-exchange resins in uranium
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ISR systems is their contamination with silicon compounds
entering the productive solutions as a result of the sulfuric acid
decomposition of silicate and aluminosilicate host rocks. Sil-
icon compounds present in the solution, in the form of silicic
acid and reactive silicate particles, are capable of being sorbed
onto the functional groups of the resin, followed by intrapore
polycondensation and the formation of polymerized siloxane
structures within the polymer matrix. This process leads to the
blocking of active ion-exchange centers, deterioration of mass
transfer, a decrease in the uranium sorption capacity, and a
gradual degradation of the mechanical strength of the sorbent
granules [5-8]. According to industrial and laboratory studies,
the silicon content in spent uranium anion exchange resins can
reach 12—17 wt. % or more, which is accompanied by a sig-
nificant decrease in the technological efficiency of the sorption
process [8]. In this regard, the regeneration of silicon-contam-
inated sorbents is one of the key tasks in ensuring the stability
and cost-effectiveness of ion-exchange uranium extraction.
The most common industrial method for desiliconizing an-
ion-exchange resins is alkaline treatment with sodium hydrox-
ide solutions, based on the hydrolytic destruction of siloxane
bonds and the conversion of silicon into soluble silicate forms
[6]. However, numerous studies show that the effectiveness of
alkaline desilication is limited in the presence of highly po-
lymerized silicon structures, while an increase in the alkali
concentration and more stringent processing conditions lead to
the degradation of the polymer matrix and functional groups of
strongly basic anion exchange resins [8§—10]. Despite the sig-
nificant practical significance of the problem, the development
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of alternative methods for the deep regeneration of silica-con-
taminated uranium sorbents remains understudied. In particu-
lar, the number of studies devoted to the use of acidic methods
for processing silica-contaminated anion-exchange resins is
limited, and the impact of acid treatment on the degree of silica
removal, the state of the polymer structure, and the restoration
of sorbent performance requires further systematic study.

Therefore, the objective of this study is to investigate the
acidic reprocessing of anion-exchange resins contaminated
with silica compounds during the processing of uranium ISL
(in-situ leaching) productive solutions and to evaluate the ef-
fectiveness of this approach for desiliconizing sorbents and
restoring their performance properties.

Materials and Methods

Materials

The object of the study was an industrially spent strong-
ly basic anion exchange resin applied in the extraction of
uranium from productive solutions of in-situ leaching. The
silicon content in the studied industrially spent sorbent was
11.04 wt. %. According to the results of granulometric anal-
ysis (Table 1), the studied sorbent was characterized by the
predominance of granules of the medium fraction. Solutions
of hydrofluoric acid HF and HF-HNQ); mixtures of chem-
ically pure grade were used as reagents. The choice of HF
solutions and HF-HNO; mixtures as desilicate reagents is
due to the ability of hydrofluoric acid to interact with silica
to form soluble fluorosilicate compounds, whereas nitric acid
promotes the oxidation of silicon compounds and increases
the efficiency of their dissolution, which is consistent with
the literature data on the chemical dissolution of silicon in
HF/HNO; systems [11, 12].

Equipment

The sorbent was processed in a chemically resistant poly-
propylene flask. Stirring was performed using a magnetic stir-
rer. After processing, the sorbent was separated by filtration on
a laboratory filter.

Desilication Procedure

Desilication was carried out in a static mode with stirring at
room temperature. Treatment was carried out at a solid:liquid
ratio of 1:3—1:5, a contact time of 15—180 min, and a sorbent
sample weight of 25 g. After treatment, the sorbent was sepa-
rated by filtration, washed with warm distilled water to a neu-
tral pH, and dried. The filtrate was sent for analysis. All exper-
iments for each point were carried out in at least three inde-
pendent replicates. The sorbent desilication process flow chart
is shown in Figure 1. Additionally, after treatment, a compar-
ative analysis of the sorbent’s particle size distribution was

performed to assess possible changes in granule distribution
under the influence of desilication solutions.

Figure 1. Scheme of the process of desilication of the
sorbent and subsequent filtration.
Cyper 1. CopOeHTTi AecunKanusjiay Npouecidin sxone
KeHiHri cy3yaiH chI30aHycKachl.
Puc. 1. Cxema npoBeeHus npolecca IecCUInKanuu
copOeHTa M nmocJenyoulei GpuiasTpamun.

Analytical Methods

The silicon content released into solution after desilica-
tion was determined gravimetrically by analyzing the filtrate.
Based on the data obtained, the degree of silicon removal from
the sorbent was calculated using the formula:

R=(C,—C)/C, 100 %,

where C, is the 87 content in the original resin, wt. %;
C is the residual Si content in the resin after treatment, wt. %.
To monitor the effect of reagent treatment, the particle size
distribution of the sorbent after desilication was additionally
assessed.

Results and Discussion

The results showed that treatment of the anion exchange
resin with HF and HF-HNQO; solutions at a solid-to-liquid
ratio of §:L = 1:3 contributed to a decrease in silicon content
within the sorbent structure. As shown in Figure 2, increas-
ing the HF concentration was accompanied by an increase in
desilication efficiency. When using 1.0 M HF, the degree of

Table 1
Granulometric composition of the industrially spent sorbent
Kecme 1
Onoipicme naiidoananvlizan copoeHmmin; ZpanHyi0MempusIblK Kypamol
Tabnuuya 1
Tpanynomempuueckuii cocmag npOMsLILIEHHO OMPAGOMARKO20 COpOenma
Sieve cell size, mm 2.0 1.8 1.6 1.4 1.25 1.0 0.8 0.63 0.5 0.4 0.315
Fraction content, % 0 1 4 10 35 31 14 3 1 1 0
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silicon removal reached 33.2% with a residual Si content of
7.38%, whereas increasing the HF concentration to 2.0 M en-
hanced the silicon removal degree to 46.9% and reduced the
residual Si content to 5.86%. The obtained results are associ-
ated with silica dissolution and the formation of soluble fluo-
rosilicate compounds.
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Figure 2. Effect of HF concentration and HF—HNO,
systems on the degree of silicon removal and residual Si
content in the sorbent.

Cyper 2. HF xonnentpanuscsl Mmen HF—HNO,
JKylie1epiHiH KpeMHUII K010 19pexKeciHe KIHe
copOeHTTeri KaabIK Si MeJepine acepi.

Puc. 2. Bimsanune konnenrpanuu HF u cucrem HF—
HNO; Ha cTeneHsb ynajeHHs] KpeMHHUS H 0CTATOYHOE
coaep:kaHue Si B copOeHTe.

Higher desilication rates were observed using combined
HF-HNO, solutions. For the 1.0 M HNO; + 0.5 M HF system,
the silicon extraction rate was 41.5% with a residual Si content
of 6.46%. Increasing the HNO; concentration to 2.0 M while
maintaining a constant HF concentration (0.5 M) increased
the silicon removal rate to 53.2% and reduced the residual Si
content to 5.18%. This increased efficiency is likely due to the
combined action of the acidic environment and fluoride ions,
which ensure more intensive destruction of silicate deposits
in the sorbent structure. The use of more concentrated acidic
systems was also not considered to minimize potential degra-
dation of the ion-exchange resin structure during processing.

As shown in Figure 3, increasing the solid:liquid ratio has a
positive effect on desilication efficiency. For a 1.0 M HNO; +
0.5 M HF solution, an increase in the S:L ratio from 1:3 to
1:5 was accompanied by a decrease in the residual Si content
from 6.46 to 5.29% and an increase in the degree of silicon
extraction from 41.5 to 52.1%. A similar pattern was observed
for a more concentrated system of 2.0 M HNO; + 0.5 M HF,
where an increase in the S:L ratio from 1:3 to 1:5 led to a de-
crease in the residual Si content from 5.18 to 3.81% and an
increase in the degree of silicon extraction from 53.2 to 65.5%.

The obtained results indicate that increasing the solution
volume relative to the sorbent mass facilitates more complete
interaction of the reagent with silicate deposits in the resin
structure. This is likely due to improved mass transfer condi-
tions, increased availability of the active reagent, and reduced
local saturation of the solution with silica dissolution products.

As can be seen in Figure 4, the desilication process at a
solid:liquid ratio of 1:5 is characterized by uneven silicon re-
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Figure 3. The influence of solid:liquid ratio on the
efficiency of sorbent desilication.
Cyper 3. KarTbl:CYiibIK KATBIHACBIHBIH COPOEHTTI
AecHJIHMKALUsIAay THIMALTIriHe dcepi.
Puc. 3. Biusinue cooTHOLIEHNST TBEP0€:)KHIKOE HA
3 peKTUBHOCTD 1eCUITUKAINU COPOEHTA.
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Figure 4. Effect of treatment time on sorbent desilication.
Cypert 4. Onjiey yakbITHIHBIH COPOEHTTI IeCHIMKAIUSLIIAY
npouecine ycepi.

Puc. 4. Binsinue npofoKuTeIbHOCTH 00padoTKH Ha
JAeCUJIHKALNMIO COPOEHTA.

moval rates at different stages of processing. At the initial stage
of the process, intensive dissolution of silicon compounds is
observed: within the first 30 minutes, the silicon extraction
rate reaches 44.9%, with the residual Si content decreasing to
6.09%. It is likely during this period that the most accessible
and weakly bound silicate deposits localized on the surface
and in the subsurface layers of the sorbent are removed.

In the 30-90 min interval, the process rate decreases, but
desilication continues to proceed quite intensively. By 90 min,
silicon extraction reaches 65.5%, and the residual Si content
decreases to 3.81%, indicating further dissolution of more sta-
ble forms of silica within the resin structure.

A further increase in processing time to 120—180 min does
not significantly improve process efficiency: extraction in-
creases only from 65.5 to 67.2%, while the residual Si content
changes only slightly — from 3.81 to 3.61%. The obtained re-
sults indicate the gradual achievement of a quasi-equilibrium
state and the process being limited by internal diffusion of the
reagent deep into the sorbent granules.

Thus, the optimal desilication duration is approximately
90-120 min, since this interval achieves maximum silicon re-
moval with minimal increase in processing time. After desil-
ication of the sorbent, a comparative analysis of the particle
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Table 2
Comparative granulometric composition of the sorbent before and after desilication
Kecme 2
Jecunukayunza deitingi yncane Keiinzi copoenmmin canplCMulpmanbl 2panyioMempusnblK Kypamol
Tabnuua 2
Cpasnumenvhulii 2panyiomempudecKuii CoCmae copoenma 00 u nocie 0ecuTuKayuu
Sieve cell size, mm 2.0 1.8 1.6 1.4 1.25 1.0 0.8 0.63 0.5 0.4 0.315
Before desilication, % 0 1 4 10 35 31 14 3 1 1 0
After desilication, % 0 1 4 11 36 28 12.5 5.5 1 1 0
size distribution was performed to assess the effect of reagent Conclusion

treatment on the granule size distribution (Table 2). The ap-
pearance of the sorbent before and after desilication is shown
in Figure 5.

a b

Figure 5. Appearance of the sorbent before (a) and after
(b) treatment.
Cyper 5. Ouaeyre aeiiinri (a) :xoHe enaeyneH keiiinri (b)
cOpOEeHTTIH CBIPTKBI KOPiHici.
Puc. 5. Buemnnii Bug copéenra 10 (a) u nocJe (b)
00padoTKH.

It was established that after processing, no significant
change in the granulometric composition was observed, while
no noticeable destruction, deformation or change in the color
of the sorbent granules was visually detected, which indicates
the preservation of the structural integrity of the polymer ma-
trix under the studied desilication conditions. The majority of
the sorbent, both before and after desilication, was composed
of medium-sized granules, indicating that the material’s struc-
tural integrity was maintained under the selected processing
conditions. Minor changes in the content of individual frac-
tions may be due to mechanical action during mixing and
partial surface modification of individual granules during pro-
cessing.

This study investigated the feasibility of acid desilication of
industrially used strongly basic anion exchange resin used for
uranium extraction from productive in-situ leaching solutions.
Treatment with HF and HF-HNO; solutions was found to
partially remove silicon compounds from the sorbent structure
and reduce residual silicon content.

Increasing the HF concentration and increasing the
solid:liquid ratio were shown to intensify the desilication pro-
cess. The highest silicon removal rate was 65.5% using a 2.0
M HNQO; + 0.5 M HF system and a solid:liquid ratio of 1:5,
while the residual Si content decreased to 3.81 wt. %.

Kinetic studies showed that the most intense silicon remov-
al occurs during the first 30-90 minutes of treatment, while
further increases in process duration are accompanied by a
slight increase in the degree of desilication. A reasonable treat-
ment duration is 90—120 minutes. The results of particle size
analysis and visual inspection showed no significant granule
degradation after acid treatment. Unlike alkaline regeneration
methods, which can lead to degradation of the sorbent’s poly-
mer matrix, the HF and HF-HNQ; systems ensure silicon re-
moval while maintaining the resin’s structural integrity.

These results confirm the potential of HF and HF-HNO,
systems as an alternative method for the partial regeneration
of silica-contaminated anion exchange resins used in uranium
production.
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