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Abstract. The paper presents the research results of the uranium recovery equilibrium by granular ion exchange
resins from the solution that simulated radioactively contaminated groundwater accumulated in the Centralnyi Yar
radioactive tailing site at the former Prydniprovsk Chemical Plant (Kamianske, Ukraine), one of the largest Soviet
uranium ore processing facilities. This site was among the oldest tailing facilities at this plant; it was commissioned
without any engineering protection of the bottom resulting in migration of water contaminated with radionuclides into the
local aquifer. Radioactive waste accumulated in it features a strong acidic reaction (pH 2.5 to 4.0). Based on the
preliminary study of uranium sorption by different types of sorption materials, ion exchange resins with quaternary
ammonium, benzylpyridinium, and iminodiacetic acid functionalities were selected to study the recovery equilibrium.
Uranium recovery was studied in a batch mode using the different portion technique by contacting sorbent portions with
20 cm? of the acidic solution that simulated radioactive water in the Centralnyi Yar tailing facility. Recovery was carried
out during for 24 hours at a temperature of 20+2 °C. Uranium concentration in the aqueous phase was measured by
photocolorimetry with Arsenazo Il at a wavelength of 655 m; uranium content in solid phase was calculated by mass balance.
The moisture content in sorbents and the simulated solution acidity were measured according to general procedures. Equilibrium
experimental data were processed by Freundlich, Langmuir, and Sips models using non-linear regression; determination
factor value was used as a criterion for selecting the best one. Based on the experimental data, it was revealed that ion
exchange resin AM-p with quaternary ammonium functionalities and Lewatit MDS TP 208 with iminodiacetic ones
featured the highest sorption capacity. Experimental data were also processed using the linearized form of the
Dubinin-Radushkevich equation. Sorption characteristic energy (14.87 kd/mole to 21.68 kJ/mole) has indicated that the
ion exchange mechanism involved chemisorption. Basic parameters of uranium equilibrium sorption (constants of
mathematical models, maximum sorption capacity, heterogeneity factors) were calculated based on the models used.

Keywords: uranium, sorption, equilibrium, ion exchange resins, simulated solution.

1. Introduction

Processing residues of uranium-containing ores and other mineral raw materials
accumulated in tailing sites at the industrial site of former Prydniprovsk Chemical Plant,
one of the largest Soviet uranium ore processing facility, and adjacent territories feature
an increased content of uranium-thorium radionuclides; they are sources of human
exposure and environmental pollution [1, 2].

Centralnyi Yar tailing site is among the oldest tailing facilities at Prydniprovsk
Chemical Plant. It was commissioned in the early 1950s. The tailing site was
located in a natural ravine on the upper terrace of the Dnipro River without any
engineering protection of its bottom that resulted in the infiltration of radionuclide-
contaminated groundwater from the tailing site into the local aquifer. The waste
accumulated in the tailing site features a strong acidic reaction (pH is 2.5 to 4.0) [3].

Previously, we studied [4] uranium recovery from uranium-contained solutions
that simulated the contaminated groundwater in the Centralnyi Yar tailing site and
the one accumulated in the basement of building No. 103 at former Prydniprovsk
Chemical Plant using granular ion exchange resins and sorbents produced by
modification of vegetal raw materials. The uranium distribution factor was
calculated for the wide range of granular sorbents and phosphorylated apricot kernel
and walnut shell.
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This research aimed to study the equilibrium of uranium recovery with ion
exchange resins from the solution that simulated the radioactively contaminated
groundwater formed in the Centralnyi Yar tailing site.

2. Experimental part

Materials and reagents. We have selected domestic and foreign ion exchange
resins with different functionalities [5—7] based on the previous study results [4]:

- quaternary ammonium: Puromet MTAG6002PF, Ambersep 920U, AM-p,
AM-p-2, Lewatit MonoPlus M 500;

- benzylpyridinium: AMP;

- iminodiacetic acid: Lewatit MDS TP 208, Puromet MTS9300.

To measure parameters of the uranium equilibrium sorption from radioactively
contaminated water with ion exchange resins, we prepared the acidic solution that
simulated radioactive water in the Centralnyi Yar tailing facility based on the data
given in [4]: U-20.0 mg/dm3, NO;—7.81 mg/dm3, MgCl,—93.3 mg/dm?,
CaCl,— 332 mg/dm3, KCI - 19.1 mg/dm?3, MgSO;— 1 535 mg/dm3,
NaSO4— 297 mg/dm3, H,SO4— 68.4 mg/dm?®, pH = 3.0. Chemicals used during the
measurement were at least reagent grade.

Experimental procedure. We studied uranium equilibrium distribution between the
sorbents and the simulated solution using the different portion technique in a static mode
by contacting sorbent portions with 20 cm® of the solution during 24 hours at a
temperature of 20+2 °C using the 357-type temperature-adjusted mixer (Elpan, Poland).
Solid and liquid phases were separated after sorption. Uranium concentration in the
aqueous phase before and after uranium sorption was measured using photocolorimetry
procedure [8] with Arsenazo 111 at a wavelength of 655 nm. Uranium content in sorbents
was calculated by mass balance. The moisture content in sorption materials and the acidity
of simulated solution were measured according to the procedures described in [4].

3. Results and discussion
Resin equilibrium capacity (g, mg/g) was calculated by the difference of uranium
concentrations in the aqueous phase before and after sorption using the formula:

q= ([U ]ini _rLU ]eq)'v | )

where [U]ini and [U]eq are uranium initial and equilibrium concentrations in the
aqueous phase, correspondingly, mg/dm?®; V is the simulated solution volume, dm?,
m is the resin portion weight on an oven-dry basis, g.

Experimental data were processed by the most widely used Freundlich (2),
Langmuir (3), and Sips (4) mathematical models [9] using the non-linear regression
analysis to calculate quantitative parameters of the uranium recovery equilibrium
with ion exchange resins from the simulated solution:
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q=Kg - [Uleg )

where K is the constant, (mg/g)(mg/dm?®)/"; ne is an empiric factor; [U]eq is the ura-
nium equilibrium concentration, mg/dm3;

_ Om - K- [U]eq
1+ Ky - [Uleq

©)

where gm is the maximum sorption capacity, mg/g; K. is the constant, dm3/mg; [U]eq
is the uranium equilibrium concentration, mg/dm3;

— qm : KS ) [U]er::ls
1+K, - [UL

(4)

where gm is the maximum sorption capacity, mg/g; Ks is the constant, dm®mg; [U]eq
is the uranium equilibrium concentration, mg/dm?; ns is the heterogeneity factor.

The OriginPro 2016 software package (demo version) was used to process experimental
data and find the equation factors. Tables 1-3 contain the results of the experimental data
processing for the specified uranium concentration range when recovering uranium sorption.

Table 1 — Experimental data processing results using the Freundlich equation

Resin Parameters
Kr, (mg/g)(mg/dm?) /" Ne R?

AMP 18.48 1.561 0.9967
AM-p 52.52 2.869 0.9477
AM-p-2 14.73 1.876 0.9855
Lewatit MonoPlus M 500 18.41 2.276 0.9765
Puromet MTA 6002 PF 33.73 3.657 0.8718
Lewatit MDS TP 208 51.18 2.537 0.9289
Puromet MTS9300 28.18 2.400 0.9543
Ambersep 920U 17.65 2.183 0.9600

Table 2 — Experimental data processing results using the Langmuir equation

Resin Parameters

m, Mg/g Ki, dm/mg R?

AMP 117.8 0.1593 0.9867
AM-p 88.24 1.626 0.8824
AM-p-2 88.96 0.1296 0.9929
Lewatit MonoPlus M 500 77.03 0.1926 0.9424
Puromet MTA 6002 PF 66.15 0.7985 0.9495
Lewatit MDS TP 208 116.6 0.7464 0.7536
Puromet MTS9300 76.85 0.5108 0.9643
Ambersep 920U 74.03 0.2079 0.9803
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Table 3 — Experimental data processing results using the Sips equation

Resin Parameters
m, Mg/g Ks, dm*/mg Ns R?
AMP 2679 6.93107 0.6504 0.9966
AM-p 4765 1.115107? 0.3527 0.9474
AM-p-2 83.97 0.1306 -1.056 0.9930
Lewatit MonoPlus M 500 2 298 8.0410° 0.4476 0.9762
Puromet MTA 6002 PF 55.43 0.6401 -2.148 0.9940
Lewatit MDS TP 208 27 970 1.8310° 0.3951 0.9287
Puromet MTS9300 84.50 0.4551 0.8845 0.9649
Ambersep 920U 64.46 0.2025 -1.221 0.9822

The determination factor value (R?) was used as the criterion for selecting the
sorption equilibrium model. Figures 1-2 show experimental data as well as the plots
of isotherm models with the highest determination factor for the studied sorbents.
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Figure 1 — Isotherms of uranium recovery from the acidic simulated solution
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Figure 2 — Isotherms of uranium recovery from the acidic simulated solution

It may be seen from the above data that the following ion exchange resins — AM-p
with quaternary ammonium functionalities and Lewatit MDS TP 208 with
Iminodiacetic groups — feature the highest sorption capacity within the studied
range of uranium concentration.

Experimental data were also processed with the Dubinin-Radushkevich model in
the linearized form [10]:

R2T?2 1
Ing=Inqg,, — [In(1+
g2 [U].,

)12 ()

where gm IS the maximum sorption capacity, mmole/g; E is sorption characteristic
energy, J/mole; [U]., is the uranium equilibrium concentration, mg/dm3; T is tem-
perature, K.
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Table 4 presents maximum equilibrium capacity and sorption characteristic
energy.

Table 4 — Parameters of the Dubinin-Radushkevich equation

Resin E, kl/mole gm, mmole/g R?
AMP 14.87 5.314 0.9960
AM-p 21.32 1.746 0.9555
AM-p-2 15.23 3.068 0.9893
Lewatit MonoPlus M 500 17.46 1.616 0.9730
Puromet MTA 6002 21.34 1.054 0.8878
Lewatit MDS TP 208 21.68 1.674 0.8892
Puromet MTS9300 17.61 2.305 0.9401
Ambersep 920U 16.23 2.262 0.9667

Values of sorption characteristic energy (14.87 kJ/mole to 21.68 kJ/mole) indicate
lon exchange mechanism of the recovery process involving chemisorption [10].

4. Conclusions

Based on experimental data, it was revealed that ion exchange resins AM-p with
quaternary ammonium functionalities and Lewatit MDS TP 208 with iminodiacetic
groups featured the highest sorption capacity within the studied uranium
concentration range when recovering it from the acidic solution, which simulated
radioactively contaminated water formed in the Centralnyi Yar radioactive waste
tailing facility.

The basic parameters of the uranium equilibrium recovery were calculated (model
constants, maximum capacity, heterogeneity factor) for the studied sorption materials
using Freundlich, Langmuir, Sips, and Dubinin-Radushkevich sorption equilibrium
models. It was found that the uranium recovery mechanism involved chemisorptions.

The work was done within research project DR 0122U001317.
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PIBHOBATI'A BUJTYYEHHA YPAHY IOHOOBMIHHUMU CMONAMU 3 PO34UHY, LLLO MOOENKOE
PALIOAKTUBHO 3ABPYOHEHI NIA3EMHI BOOU
KoposiH B., lNozopenos KO, Kopmixa X.J1., LLlecmak KO., Bansies O.

AHoTauia. Y cTaTTi HaBedeHi pesynbTaTW [JOCHIMKEHHS PIBHOBArk BWUITYYEHHS ypaHy rpaHynboBaHUMU
iOHOOBMIHHAMK CMOMamMK 3 PO3YMHY, SIKUIA MOZENOBAB PagioaKTMBHO 3abpydHEeH Nig3eMHi BOAM Y XBOCTOCXOBMLL
pagioakTueHux BigxogiB «LleHTpanbHuit Ap» KONMWHBLOrO BMPOOHMYOrO 06'eaHaHHs «[TpMAHINPOBCHKMIA XiMIYHMI
3aBog» (M. Kam'sHcbke, YkpaiHa). Lle cxoeuwe 6yno ogHum 3 HaWcTapiwux Ha LbOMY MignpueMcTBi; BOHO 6yro
BBEAEHE B ekcnnyaTauito 6e3 Oyab-AKoro iHXEeHEepHOro 3axuCTy AHWLA, WO MpWU3Beno Lo Mirpauii 3abpyoHeHux
pagioHyknigamum BOA4 Yy MICLUEBMA BOLOHOCHWWA TrOPM3OHT. PafioakTWBHI BigXo4W, HAKOMWYeHi B HbOMY, MatoTb
cunbHokueny peakuito (pH Big 2,5 0o 4,0). Ha ocHoBi nonepeaHbOro AocnimkeHHst copbuii ypaHy pisHUMM Tunamu
copbeHtiB 6yno obpaHO cmonM 3 YETBEPTUHHUMM aMOHIEBMMY, OeH3WUnnipuaMHieBUMM Ta  iMiHOAIaLEeTaTHUMM
(pyHKUIOHANBbHUMK rpynamu. PiBHOBAry BMRYYEHHSI ypaHy BMBYANM y CTAaTUYHOMY PEXMMI METOOOM Pi3HUX HABaXOK
LLISIXOM KOHTaKTYBaHHs NopLi copbeHTy 3 20 cm® MogenbHOro po3ynHy NpoTsarom 24 rogu npu Temnepartypi 2012 °C.
KoHUeHTpauito ypaHy y BOAHIA asi BuMiptoBani (HOTOKONOPUMETPUYHUM METOAOM. PiBHOBaXHi eKCnepuMeHTanbHi
AaHi 0bpobnsnu 3a gomomorot mogenen PpenHgnixa, Jlenrmiopa Ta Cinca MeTogoM HemniHIMHOTO perpecinHoro
aHaniay, kputepiem BuOOpY Haikpawoi Mogeni Crnyryearno 3HavyeHHs koedvilieHTa paeTepmiHauii. Ha oCHOBI
EKCNEPUMEHTANbHNX OaHUX BM3HAYEHO, WO iOHOOOMiHHA cmona AM-p 3 YETBEPTMHHUMM aMOHIEBMMM Tpynamu Ta
Lewatit MDS TP 208 3 imiHogiaueTaTHUMKM rpynamm mMaioTb HalBuLly COpOLiMHY €MHICTb. EKCmepuMeHTanbHi gaHi
0bpobnsnu 3a gonomorowo pisHaHHS [y6iHiHa-PagyLwkesnya B niHeapnsoaHin copmi. EHepris copbuii (Big 14,87 go
21,68 k[x/morb) Bkasye Ha IOHOOBMIHHMIA MexaHi3M, Lo BKMKYae xeMocopbuito. Ha OCHOBI BUKOPUCTaHUX MoZenen
pO3paxoBaHi OCHOBHI MapaMeTpu PIBHOBaXHOI cOpOUil ypaHy (KOHCTaHTX MaTeMaTU4HWX MOAENeN, MakcuMarbHy
COpOUiiHY EMHICTb, KOEILLIEHTI FETEPOrEHHOCTI).

Kntovosi cno.a: ypaH, copbuis, piBHoBara, ioHOOBMiHHI MO, MOAENbHUIA PO3UMH.
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