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DESILICATION OF MACROPOROUS ANION-
EXCHANGE RESINS USING HYDROFLUORIC
ACID IN URANIUM HYDROMETALLURGY

Abstract. Macroporous anion exchange resins of the «Ambercept 920», «Purolite 500» and «APM» grades were used. The thermodynamic parameters of the ion ex-
change reaction were calculated using a modified Debye-Hiickel model, considering the limita-tions of its applicability at high ionic strength. It has been established that
ammonium bifluoride (VH HF,) effectively desilicifies macroporous anion-exchange resins used in uranium hydrometallurgy. At a concentration of 30-50 g/dm?, a degree
of desiliconisation of 96,3 £ 1.2% is achieved, with a reduction in strength of no more than 10-12%. The process follows pseudo-second-order kinetics (R?= 0,992). The
formation of a stable SiF complex (4G =—7,3...—13,0 kJ/mol) has been demonstrated. The results obtained confirm the high efficiency and technological feasibility of
using NH HF, for the regeneration of ion-exchange resins.

Keywords: anion-exchange resins, uranium hydrometallurgy, desiliconisation, mechanical strength, ammonium bifluoride, thermodynamic analysis.

YpaH ruapoMeTaIyprusichblH/Ia MaKPOKeYeKTi aHHOHAJMACTBIPFBIII IIAWBIPJIAPAbI (PTOPCYTeK KbIIIKbIILIHBIH

K6éMeriMeH KpeMHHUIieH Ta3apTy

Amnparna. «Ambercept 920», «Purolite 500» sxone « APM» MapKaibl MAKpOKEYESKTi aHHOH aJIMacThIPaThIH IAWbIpIap KOIAaHbULIb. MOH amMacy peakuusiChIHbIH Tep-
MO/MHAMHUKAJIBIK [TapaMeTpIIepi JKOFapbl HOHBIK KYIITI KOJAaHy LIEKTEYJIepiH eckepe OThIPhIN MoanuduKanusitanran Jlebaii- Xokeab MoiesTi apKbUIbl ecenTei. AMOHHI
6udropuni (NH,HF,) ypasn rupOMeTaTyprusicblHa KOJIaHBUIATEIH MaKpPOKEYeKTI aHHOH AJIMACTBIPATHIH MIAWBIPIAPAbl THIMAI ACCHITHKALMSIANTHIHBI AHBIKTAIIbL.
30-50 r/aM*® KOHIIEHTpaIHsIa KpeMHHIIEH Ta3apTy gapexeci 96,3 + 1,2%-ra xereni, an 6epikrik 10—-12%-nan apTeik ToMeHaemeiai. [Iporece nceBaoeKiHIIi peTTik Ku-
Herukara 6arbiHazb! (R? = 0,992). Typaxrsl SiFs? kemenHin (4G° = —7,3...—13,0 x/Ix/Moub) Ty3inyi gonenaensi. Ansiuran Hotwkenep NH HF ,-Hi HOH alIMacThIpaThiH
aibIpIap/bl pereHepalisiay YIiH KOIAaHy/IbIH KOFapbl THIMIUTITT MEH TeXHOIOTUSIIBIK MYMKIH/IITIH pacTaiabl.

Tyiinoi co30ep: anuon aimMacmulpamoii WAnbLIPAAp, YPan SUOPOMEMaiypusicol, KPeMHULIOeH Mazapny, MeXanuKkauibly 06epikmix, amMmonuil Gugpmopuoi, mepmoou-
HAMUKANBIK MANOAY.

OﬁeCerMHl/IBaHI/le MaKpPOIOPUCTBIX AHNOHOOOMEHHBIX CMOJI npu nmoMomu (l)TOpOBOZIOpO}]HOﬁ KHCJ0TBI B THAPOME-

TAJJyPrum ypana

AnHoOTanus. Vcronp30Baauch MakporopucTbie aHHOHOOOMEHHbIE CMOJIBI Mapok «Ambercept 920», «Purolite 500» u «APM». TepMoAMHAMHYECKHE MapaMeTPbl
peaKIuy HOHHOro 0OMeHa ObLIM PACCYUTaHBI C UCIIOIb30BaHHEM Moan(HIMpoBaHHOMH Mosenu Jlebas-XI0KKels ¢ y4eToM OrpaHHYeHHil ee NPUMEHUMOCTH IIPU BBICOKOH
MOHHOI cuiie. YetaHoBieHo, uto oudropuy ammonus (NH/HF:) > dekTiBHO yaanseT KpeMHUI 13 MAKPOIIOPUCTHIX aHUOHOOOMEHHBIX CMOJI, HCTIONIB3YEMBIX B THIPOME-
Tayutypruu ypasa. [Ipu konnenrpannu 30-50 r/am® qocturaercs creness aecmuimbukanun 96,3 + 1,2%, npu 95ToM CHIKEHHE IPOYHOCTH cOCTaBiseT He 6oiee 10—12%.
ITporece mpoTeKaer 1o KMHETHKE IICeBI0BTOPOro nopsiyika (R? = 0,992). lokasano o6pasoBanue crabuibaoro komrrekca SiFs? (AG® = —7,3...—13,0 x/lx/moins). [Toy-
YEHHBIE PE3YJIbTaThl OATBEPHKIAIOT BEICOKYIO 3((DEKTHBHOCT H TEXHOJIOIMYECKYIO OCYIECTBUMOCTD ncnonb3osanus NH.HF2 s pereHepalii HOHOOOMEHHBIX CMOJI.

Knrwuesvle cnoea: anuoHOOOMeHHbIE CMONbL, 2UOPOMEMANTYPRUS YPAHA, 0OECKpeMHUBAHIUE, MEXAHUYECKAs NPOYHOCHIb, OUGMOPUO AMMOHUS, MEPMOOUHAMULECKULL

aHanus.

Introduction

Ion-exchange technologies are widely used in uranium ex-
traction, particularly in in-situ leaching (ISL). During opera-
tion, polystyrene-divinylbenzene anion exchangers become
contaminated with silicon and silicates, reducing exchange
capacity and impairing hydrodynamic characteristics. Silica
precipitates or adsorbs on the granule surface, penetrates the
macroporous resin and increases towards the granule centre
[1]. As poisoning impurities accumulate, regeneration is re-
quired to restore sorption capacity.

The main silica-removal methods are coagulation (includ-
ing heterocoagulation), flocculation, baromembrane treatment
and sorption. Recent studies (2022-2025) identify coagula-
tion, adsorption and membrane filtration as the principal ap-
proaches [2], although their technological implementation is
complex. Therefore, adapting established treatment methods
to the specific composition of productive uranium solutions is
preferable to developing a new sorbent.

Literature data indicate that silicon can be removed using
adsorbents and absorbents (aluminium oxide, aluminium and
iron hydroxides, magnesium dioxide), complexing agents (po-
tassium fluoride, hydrofluoric acid, ammonium molybdate),
resins (Duolite A-102, Geon, Purolite) and coagulants (gela-
tin, gum arabic, guar gum) [3]. Sorbents and coagulants may
cause uranium co-precipitation; fluorine-containing reagents
are therefore promising because they form stable SiF6> com-
plexes [4].
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The most effective methods for removing silicon from
ion-exchange resins are alkaline desiliconisation and bifluo-
ride treatment. Conventional alkaline treatment uses NaOH at
pH 12,8-13,2 with protective additives [5]. Increasing NaOH
from 20 to 60 g/dm? raises desilication from 52% to 84%; the
optimal 40-60 g/dm’ range reduces silicon to 1,6-3,5%. At 40
g/dm?, one treatment removes 79,7% of silicon, while a second
treatment can achieve complete removal.

Repeated alkaline treatment partly restores exchange ca-
pacity but degrades the polymer matrix and lowers mechanical
strength: by more than 5% after one treatment and by about
18% after a second. Protective salts can reduce this effect, but
their type and concentration require additional study for mod-
ern resin grades.

Fluorine-containing additives for silica removal are less
extensively studied. Reported reagents include ammonium
bifluoride (VH4HF?2), ammonium fluoride (NH4F), sodium
tetrafluoroborate (NaBF4) and disodium fluorophosphate
(Na2PO3F) [6]. Hydrofluoric acid and its salts are effective
but their use is constrained by equipment corrosion and possi-
ble product contamination [7]. Studies [8, 9] describe HF for-
mation from ammonium bifluoride and sulphuric acid and its
subsequent reaction with silica, aluminosilicates and quartz:

NH,HF, + H,S0,— NH,SO, + HFE. (1)

6HF + Si0, — SiF, + 2HF + 2H,0. )
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CaAlL,SiO, + 16HF — 2AIF, + 2SiF, + 8H,0 + CaF, (3)

Hydrofluoric acid therefore destroys silica-bearing and alu-
minosilicate deposits, improving effective porosity and filtra-
tion characteristics; HF is largely consumed by reaction with
quartz.

Given that, in aqueous solutions, silicon exists mainly in the
form of weak orthosilicic acid

HSi0o, s H,Si0; + H* 4

and anion exchangers in the sulphate form interact in the
technological cycle with the dissociated form of silicic acid
and sorb silica in the form of a hydrosilicate ion:

R-N*(CH,),HSO, + H,SiO; — R-N*(CH,),HSiO; +
+ HSO, + H,0. (5)

When bifluoride reacts with sorbed silica, a hexafluorosili-
cate ion is formed:

HSiO; + 6HF — SiF + 3H,0 + H". (6)

The fluorosilicate formed displaces the silicate from the ion
exchange resin phase:

2(R-N*HSiO;) + 6HFy — (R-N*)2SiF, +
+ 2HSiO; + 6HFE. (7)

A simplified overall ionic equation for the interaction pro-
cess between anion ex-changers that have sorbed silica with
bifluoride would take the following form:

R-N*HSiO; + 6 HF; — R-N'F- + SiF > +
+ 5HF + 3H,0. (%)

Although fluoride-containing reagents are known to dis-
solve silica, their use for regenerating macroporous anion-ex-
change resins under real uranium-hydrometallurgical condi-
tions remains insufficiently studied. In particular, the effects
of NH4HF2 concentration on desilication, sorbent mechanical
strength and process thermodynamics require evaluation.

Materials and Methods

A method for studying the desilication of ion exchangers
with ammo-nium bifluoride

Ammonium bifluoride reacts with sulphuric acid to form
hydrofluoric acid and ammonium sulphate. The resulting HF
is highly reactive toward silica-containing compounds and can
therefore remove silicon and fouling deposits from ion-ex-
change resins.

The effect of NH4HF2 concentration was studied under
static conditions using the setup in Figure 1: sorbent volume
0.2 dm?* L:S = 3:1; contact time 10-180 min; temperature
(20 + 2) °C. Experiments were performed in triplicate (n = 3);
results are mean + standard deviation, with 95% confidence
intervals calculated using Student’s t-distribution.

Kinetic data for 10-180 min were fitted to first- and sec-
ond-order models and the Weber-Morris intradiffusion model.

Figure 1. Laboratory setup for the removal of silicon
from anion exchangers under agitation:

1 — laboratory beaker; 2 — stirrer; 3 — stand.
Cyper 1. ApajacTbIpFbIll apPKbLIbI AHUOH
AJIMaCTBIPFBIIITAPAAH KPEeMHHUIII KeTipyre apHaJIFaH
3ePTXAHAJIBIK KOHBIPFBI:

1 — 3epmxananvix mensypa,; 2 — apanacmuipolid;

3 — wmamus.

Puc. 1. JIaGoparopHasi yCTAaHOBKA 10 YAaJICHHIO KPEMHHUSA
W3 AHHOHUTOB B aTUTAIIMOHHOM peKUMe:

1 — nabopamopmnulii cmakan, 2 — mewanka, 3 — wmamus.

Desilication tests used a sorbent from a NAC Kazatomprom
JSC facility consisting of a mixture of «Ambercept 920,
«Purolite 500» and «<APM» anion-exchange resins.

Electron microscopy was used to compare silicon-saturated
(~20-22 wt % 8i02) and silicon-depleted sorbent samples.

Analytical-grade ammonium bifluoride (NH4HF2) was
used; working solutions of 20-70 g/dm*® were prepared with
distilled water.

NH4HF?2 concentration was determined titrimetrically and
silicon gravimetrically.

Mechanical strength was assessed by a drum abrasion test
simulating operational loads and expressed as relative sor-
bent-volume loss after the standard test.

Sorbent morphology and elemental composition were stud-
ied by SEM-EDS using a JSM 6610 LV microscope (JEOL, Ja-
pan) with an INCA Energy 450 system (Oxford Instruments),
comparing initial silicon-saturated and treated samples.

Results and Discussion

Figure 2 compares silicon-saturated sorbent with samples
treated using ammonium bifluoride (SEM, JSM 6610 LV, JEOL).

Figure 2(a) shows a developed surface with fine inclusions
and needle- and plate-like silicon-containing deposits, con-
firming saturation of the sorbent with silicon compounds.

After NH4HF?2 treatment (Figure 2(b)), the surface be-
comes more uniform and contains fewer crystalline deposits,
indicating silicon removal. Isolated microcracks are also visi-
ble, probably due to reagent action on the surface layer.

According to electron microscope images, the grains of the
silicon-saturated sorbent are covered with «flakes» of various
sizes and shapes (Figure 3).

Silicon-saturated particles are covered by unevenly distribut-
ed «scaly», needle- and plate-like formations that create a rough
surface layer attributable to silicon-containing compounds.

Topnuwuit sicypnan Kazaxcmana Nel0’ 2026
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silicon-enriched sorbent, wt. %

canmax, GotviHwa %

At higher magnification (Figure 3(b)), the «flakes» appear
as elongated plate- and needle-like crystals of heterogeneous
size, sometimes grouped together. This confirms formation of
a silicon-containing surface layer. Table 1 and Figures 4 and 5
present their chemical composition.

Table 1
Results of chemical analysis of the «flakes» on the grains of

Kecme 1

Kpemnuiitmen oaitvimoinzan copoenmmin 0anuienepinoezi
WICANNAKWLANAPObIH) XUMUANLBIK MAN0ay Hamudicenepi,

Taonuua 1

PeSlebmambl XUMUUECKO20 anaiu3a «4eutyexk)» Ha 3epnax
HACLIULCHH 020 KDEMHUEM copﬂeuma, sec. %

Spectrum | Fe | O | Al | Si S w | cl
5 0,6 158,2(0,7(398]| 0,4 | 0,3
Figure 2. The microstructure of sorbent samples 6 03 |358 463 | 1.7 70 | 03
saturated with silicon (a) and after treatment with 7 0: 4l 6: 11053 8: 5 0: 5 4: 1 :

ammonium bifluoride (b).

Cypert 2. KpemHniiMeH KaHBIKKAH COPOEHT Y.riiepiHin
MHMKPOKYPBLIBIMBI () K9HEe aMMOHUI OudTOpUAiMEeH
OH/IeTeHHEeH KeiliHri MUKPOKYpPbLUIBIMBI (D).

Puc. 2. MukpocTpyKkTypa 00pa3ioB cOpOeHTOB,
HACBILIIEHHBIX KPeMHUEM (@) ¥ MocJie OUHCTKHU
OndTopuaom ammonus (6).

DL e
SElI  20kV WD10mm  SS30 x300 50um e

SEI  20kV_ WD10mm  SS30

(®)

Figure 3. Microstructure of the «flakes» on the surface of
the sorbent grains at different magnifications: a — x300;
b — x3000. Figure 5. Spectral image of the chemical analysis results

Cyper 3. CopOenr TyiiipmikTepinin 0eTingeri
«KaOBIPIIAKTAPABIH» MUKPOKYPBLIBIMBI dPTYPJIi
Yiaxkeiitysaepae: a — x300; 6 — x3000.

Puc. 3. MuUKpoCTpPYKTYypa «4elryexk» Ha MOBEPXHOCTH
3epeH copOeHTa NPU Pa3JIMYHBIX YBeJudeHusax: a — x300;
b — x3000.
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saturated sorbent.

for a silicon-saturated sorbent.

Figure 4. Electron micrograph of the surface of a silicon-

Cyper 4. KpemuuiiMen KaubIKKaH CopOeHT 0eTiHiH
3JIeKTPOH/IBI DeifHeci.

Puc. 4. DiekTpoHHOe H300paxkeHUe NOBEPXHOCTH
cop0eHTa, HACHIIIIEHHOT0 KPeMHHUEM.

Cypert 5. KpeMHuiiMeH KaHBIKKAH COPOEHTTI XUMUSIJIBIK

TaJiiay HOTHKeJIePiHiH crekTpIik OefiHeci.

Puc. 5. CnekTpajibHOe H300paskeHHe Pe3yJIbTATOB

XMMHUY€ECKOr0 aHAJIN3a HACHIIIEHHOT0 KPeMHHEM
copoeHnra.
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Chemical analysis shows that the «flakes» contain mainly sil-
icon, sulphur and iron. SEM-EDS confirms that the initial sili-
con-saturated ion exchanger is covered by complex deposits that
block pores and impair mass transfer (Table 1). After NH4HF2
treatment, the granule surface changes markedly; local micro-
analysis results are given in Table 2 and Figures 6 and 7.

Table 2
Results of chemical analysis of the sorbent surface during
purification with ammonium bifluoride, % by weight
Kecme 2
Ammonuit oughmopudimen mazapniy npoyecinoe copoenm
Oemin XumuanvlK, manoday Hamuoicenepi, canmax, oouvinua %
Tabnuua 2
Pes3ynvmamul Xumuueckozo ananu3a ROGEPXHOCHU copOeHma
6 npouecce O4UCMKU OUpPmMmopudom ammonus, eec. %

Spectrum w Ca F Si S Ci
3 1,4 | 20,5627 | 11,0 | 3,6 0,8
61,6 | 144 | 94 | 2,1

Figure 6. Electron micrograph of the sorbent surface
during purification with ammonium bifluoride.
Cypert 6. AMMonuii oudropuaiMer Tazapry npouecinie
copOeHT OeTiHiH 21eKTPOH/BI OeiiHec.

Puc. 6. DiiekTpoHHOE U300pakeHHe MOBEPXHOCTH
copOeHTa B mpouecce OYUCTKH OMPTOPHIOM aMMOHWUSI.

After NH4HF2 treatment, the granule surface becomes
smoother and silicon decreases to 11-14% (Table 2). Fluorine

4
o 08 01

Figure 7. Spectral image of the chemical analysis results
of the sorbent during the purification process using
ammonium bifluoride.

Cypet 7. AMMoHuii 6uTopuaiveH TazapTy npouecinue
cOpOEHTTI XHMHSUIBIK TAJIAAY HITUKEIEPiHiH CeKTPIIIK
OeiiHeci.

Puc. 7. CnexkTpajnbHoe n300paskeHHe pe3yJibTaToB
XHMHYeCKOro aHAJIH3a cOpOeHTa B Ipolecce OYMCTKHU
O0npTOPUIOM AMMOHHUS.

in the EDS spectra (61-62%) confirms participation of HF2~
in the reaction.

The results indicate chemical conversion of silicates into sol-
uble fluorosilicate complexes rather than simple mechanical re-
moval. Silicon depletion correlates with restoration of the pore
structure. Table 3 summarises solution and resin composition af-
ter purification and the mechanical strength of the treated sorbent.

Table 3 and Figures 8—10 show that 20-70 g/dm* NH4HF2
provides high silicon removal. At 40-50 g/dm?, residual $iO2
in the ionite is negligible. Increasing concentrations of HF2~
and HF convert silicate groups into stable, soluble SiF67,
shifting equilibrium toward silicon desorption in accordance
with reaction (8). The limiting stage is the surface chemical
reaction between HF2~ and silicate groups.

Kinetic fitting showed that the desilication process is best
described by the pseudo-second-order model (R? = 0,992),
consistent with the conclusion that the surface chemical re-
action between HF2~ and silicate groups controls the process.

An important advantage is preservation of resin integrity:
30-50 g/dm* NH4HF?2 provides effective desilication while
maintaining acceptable mechanical strength.

Table 3
Results of the desiliconisation process of the ion exchange resin using NH HF,
Kecme 3
NH HF, komezimen uonummin KpeMHuiicizoeny npoyeciniy Hamuosicenepi
Taonuya 3
Pezynomamut npoyecca oveckpemnusanun uonuma ¢ NH,HF,
Concentration of 8i0, in solution R . Degree of Mechanical
Sample Ne NH HF,, g/dm? ’ g/dm? © | $i0; inthe resin, % desilicoiisation, % strength, %
1 20 3,26 £0,10 2,7+ 0,08 77,96 + 1,20 93,5+1,5
2 30 5,60+0,15 1,57 £0,05 87,18 £ 1,20 92,0+1,3
3 40 7,53 £0,20 0,42 +0,03 96,57 + 1,20 84,0+ 1,8
4 50 8,51+0,25 not found 100,0 £ 0,5 79,5+2,0
5 60 8,28 + 0,25 not found 100,0 £ 0,5 79,5+2,0
6 70 8,51+0,15 not found 100,0 £ 0,5 79,0+ 1,8
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Figure 10. Effect of NH,HF, concentration on the
mechanical strength of the anion exchanger (mean =+
standard deviation, n = 3).

Cypet 10. NH HF, koHneHTpanusicbIHbIH AHUOHUTTIH
MeXaHHUKAJBIK OepikTirine acepi (oprama + cTaHAAPTTHI
aybITKY, n = 3).

Puc. 10. Bausinue konuentpauuu NH,HF, na
MEXaHU4YeCKYI0 MPOYHOCTh AHHOHHTA (CpeaHee +
CTAaHJAPTHOE OTKJIOHeHue, n = 3).

Figure 8. Effect of the mass concentration of NH,HF,
on the silicon content in the solution (mean + standard
deviation, n = 3).

Cyper 8. NH HF, maccaibIK KOHIEHTPAUUSCbIHbIH
epiTinaiferi kpeMHuii KypaMmbiHa dcepi (oprama %
CTAHAAPTTHI aybITKY, N = 3).

Puc. 8. Binssnue maccoBoii konuentpanuu NH HF,
Ha coJiep:KaHUe KPeMHHs B pacTBope (cpeanee
CTaH/IapPTHOE OTKJIOHeHHe, n = 3).

As shown in Figure 10, resin mechanical strength remains
above 79% even at the highest reagent concentrations. At low-
er NH4HF2 concentrations it increases slightly from 87% to
91-93%, probably because removal of surface deposits reduc-
es structural defects.

Figure 9 shows how the sorbent’s purification efficiency
varies with the mass concentration of the bifluoride solution
used.

100 Table 4 presents the performance criteria for bifluoride pu-
rification in comparison with alkaline desiliconisation.
i Table 4
a; Quantitative criteria for purification using various reagents
i v Kecme 4
2 Opmypni peazenmmepmen ma3anayoviy; CaHObIK
2w Kpumepuiinepi
g Taonuua 4
g = Konuuecmeennvie Kpumepuu o4ucmKu paznuiHslmMu
peazenmamu
0 10 20 30 40 50 60 70 80 Reagent
Concentration of NH,HF,, g/dm* Parameters NH_HF, NaOH
Degree of
Figure 9. Relationship between the degree of desiliconisation desiliconisation, % 96-100 80-84
of the anion exchange resin and the. c(fncentration of NH,HF, Number of cycles 1 )3
(mean =+ standard deviation, n = 3). 5
Cyper 9. AHHOHMTTIH KpeMHMIici3aeHy JopesKeciHin Loss of strength, _A’ 10-12 15-20
NH,HF, KoHIeHTpanusichIHA ToyeJIiIiri (opTama + Reagent consumption, 90-150 similarly
CTAaHJAPTTHI ayBITKY, N = 3). kg/m?
Puc. 9. 3aBucuMoOCTH cTeneHH 00eCKPeMHHBAHUSA Mechanism complex alkaline
annoHuTa oT KoHueHTpauuu NH, HF, formation hydrolysis

(cpenHee + cTaHJAPTHOE OTKJIOHeHUe, n = 3).
Bifluoride treatment achieves a high degree of desiliconisa-
Figure 10 illustrates the effect of the mass concentration of  tion in one stage, whereas alkaline treatment usually requires
the ammonium bifluoride solution on the mechanical strength ~ several cycles. At L:S = 3:1, NH4HF2 consumption is 90—
of the regenerated sorbent. 150 kg per 1 m® of sorbent, comparable with alkaline desilica-
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tion. Fewer regeneration cycles reduce total operating costs by
20-25%. In addition, bifluoride treatment is less destructive to
the polymer matrix, extends sorbent service life and is thermo-
dynamically favoured by formation of SiF6*".

Thus, bifluoride treatment is preferable where repeated re-
generation would accelerate sorbent abrasion and degradation.
Alkaline treatment remains applicable when reagent economy
is prioritised, provided the number of cycles and protective
additives are controlled.

To further evaluate the driving force of the process, ther-
modynamic parameters were calculated using the extended
Debye-Hiickel equation.

For ion-exchange equilibrium, the thermodynamic equilib-
rium constant K and standard Gibbs free energy 4G° were de-
termined for reaction (8); water activity was taken as 1:

5
K= aR—N+F_aSiF§‘aHF
Ap_ntpein=— A0 p—
R-N*HSi03 UHF;

Since the sorbent’s ion-exchange groups are in the solid
phase, their activities can be expressed in terms of the ratio of
equivalent fractions in the sorbent:

g-ntr- XF
2
AR-N*HSsIOF Xsi

where X is the equivalent fluorine content in the sorbent;
X; — equivalent silicon content in the sorbent.
The activity of the dissolved particles was calculated as:

a; = y;C
where a;, — the activity of the i-th component;
y; — activity coefficient of the i-th component;
C; — the molar concentration of the i-th component.

For a solution of ammonium bifluoride with a mass concen-
tration of 30 g/dm?, the molar concentration is:

=39 0,526 mol/dm’.
57

The ionic strength was calculated using the following equa-
tion:

1 2
=22 Cizj,
where C — molar concentration, mol/dm?;
z — ion charge.
For NH,;* and HF, ions, the ionic strength is:

I= % (0,526 + 0,526) = 0,526.

The activity coefficients were determined using the extend-
ed Debye-Hiickel equation:

l _ —Aziz\ﬁ
09Yi = i Bapvr

where A — the Debye—Hiickel constant, equal to 0,509 (298 K);

B — the Debye-Hiickel constant, equal to 0,328 (298 K);

a; — effective ionic radius, 4;

I — ionic force.

The activity coefficient for HF, at z=—1 and a = 4 A will
be:

-0,509x1x0,725
ZOSOIx X0 0,189
1+0,328x4x0,725

logy =

Yur; = 0,65

The activity coefficient for SiF,> atz=—2 and a=~ 5 A will
be:

-0,509x4x0,725 _
1+0,328x5x0,725 0,676

logy =

Ysipz- = 0,21

The effective radii adopted for HF2~ (4 A) and SiF6* (5 A)
follow literature data for hydrated ions [10, 11] and permit es-
timation of activity coefficients at an ionic strength of about
0.5 mol/dm?.

Given a mass concentration of ammonium bifluoride of
30 g/dm’, a mass concentration of SiQ, in the solution of
5,6 g/dm’, and a molar mass of SiF ;> of 144 g/mol, the molar
concentration of SiF > will be

56
Coipz- = 7., = 0,0389 mol/dm?,
and the activity:

agipz-= 0,21 x 0,0389 = 0,00817.
Given that the molar concentration of HF, is =~ 0,526 mol/
dm? and the activity coefficient y = 0,65, the activity of HF; is:

apr; = 0,65 x 0,526 = 0,342,

Then a®yp; = (0,342)° = 0,0016.
The equilibrium coefficient was calculated using the equa-
tion:

K~ (Xr/Xsi) x0,00817
= 0,0016

At a recovery rate of = 87 %, the ratio

Xp 0,87
— = — = 06,69.
X5 013 ’

6,69x0,00817 _
Then K = 0,0T = 34,2.

AG° was calculated using the equation:

AG°=—-RT In K,
where R — the gas constant, equal to 8,314 J/(mol*K);

T — process temperature 298 K;

In K=3,53.

AG°=-8,314x 298 x 3,53 =— 8740 J/mol =— 8,74 kJ/mol.

The results of calculations for the equilibrium constant
and standard Gibbs energy of reaction (8) at different con-
centrations of ammonium bifluoride, using the extended De-
bye-Hiickel equation, are presented in Table 5.
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Table 5
Results of thermodynamic calculations for the desiliconisation of ion exchange resin using NH4HF?2
Kecme 5
NH4HF?2 Konoana omuipsin uon aimacmulpy waisipolH 0eCUIUKAHUAUUANAY OOUbIHILA MEPMOOUHAMUKATIBIK
ecenmeynepoin Hamusicenepi

Taonuua 5
Pe3ynomameul mepmoounamuieckux pacuemos npoyecca ooeckpemuusanusn uonuma c NH4HF?2
. . Standard
Concentration Molar concentration, | Ionic ACtl.Vlty ACtl.Vlty Equilibrium Gibbs
5 5 coefficient for | coefficient for .
NH HF,, g/dm mol/dm force ) .y coefficient energy, kJ/
HF, SiF;

mol

20 0,351 0,351 0,69 0,28 18,4 -73

30 0,526 0,526 0,65 0,21 34,2 -8,7

40 0,702 0.702 0,61 0,17 62,5 - 10,3

50 0,877 0.877 0,58 0,14 95,8 -11,3

60 1,053 1,053 0,55 0,12 138,0 -123

70 1,228 1,228 0,52 0,10 185,0 -13,0

With increasing NH4HF2 concentration, K rises from 18,4
to 185 and 4 G° decreases from —7,3 to —13,0 kJ/mol (Table 5),
demonstrating increasing thermodynamic favourability. Nega-
tive 4G° values confirm stable formation of SiF6* and a shift
of equilibrium toward silicon removal.

The Debye-Hiickel equation has limitations at elevated ion-
ic strength. At I > 0,5, a possible error of 8-12% should be
considered; nevertheless, the model is suitable for qualitative
trends and AG® estimation. For greater accuracy, the Pitzer
model may be used [12].

Thus, the values of K and 4G° indicate a significant thermo-
dynamic advantage, the stability of SiF ;> formation, and the
high selectivity of the process.

Conclusion

Experiments confirmed that ammonium bifluoride effec-
tively regenerates silicon-saturated anion exchangers.

The optimal NH4HF?2 concentration of 30-50 g/dm?® pro-
vides up to 100% silicon removal while preserving acceptable
resin mechanical strength.

Using the extended Debye-Hiickel equation at I = 0,526
mol/l gives K~ 34 at 298 K. As NH4HF2 increases from 20 to
70 g/dm?, AG° changes from —7.3 to —13.0 kJ/mol, confirming
increasing stability of SiF6 formation and high selectivity of
bifluoride regeneration.

Thermodynamic and experimental data indicate the follow-
ing regeneration mechanism:

- penetration of HF2~ and HF into the macroporous resin
and access to active sites;

- reaction with silicate groups fixed in the polymer ma-
trix;

- formation of stable soluble SiF 67~

Si0, + 6HF — SiF > + 2H,0, 9)

which shifts equilibrium toward silicon removal;

- desorption of SiF6* and restoration of ion-exchange ca-
pacity.

The method is technologically feasible and can reduce op-
erating costs by extending resin service life in uranium-solu-
tion processing.

The results correspond to current hydrometallurgical trends
(2022-2025) toward selective impurity removal with minimal
damage to sorbents. Unlike alkaline hydrolysis, fluorine-con-
taining reagents selectively convert silica into a soluble, ther-
modynamically stable form.
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