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Abstract. The paper presents the research results on uranium recovery from the solutions that simulated
radioactively contaminated groundwater in the Centralnyi Yar tailings site and the water accumulated in the basement of
building No. 103 at the former Production Union Prydniprovsk Chemical Plant using granular ion exchange resins and
sorbents produced by modification of vegetal raw materials. Based on the literature data, we selected resins produced
by domestic (Smoly JSC) and foreign (Lanxess, Purolite, DuPont) manufacturers and contained quaternary ammonium,
benzylpyridinium, carboxylic and iminodiacetic acid functional groups. In addition, the sorption materials based on
phosphorylated vegetal material — crushed kernel of apricot Prunus Armeniaca L. and walnut Juglans Regia L. shell -
were used during the study. Uranium equilibrium distribution between sorbents and simulated solutions was studied in a
static mode using the different portion technique by contacting sorbent portions with 20 cm3 of the simulated solution for
24 hours at a temperature of 20+2 °C. Uranium concentration in the aqueous phase was measured by
photocolourimetry with the Arsenazo Ill indicator. As a result of the study, it was found that resins with iminodiacetic acid
functionalities featured the highest sorption capacity compared with other ones. The capacity of sorbents made of
phosphorylated vegetal materials significantly decreased with the increase of the simulated solution pH. Experimental
data on uranium sorption from simulated solutions by granular sorbents and ones made of phosphorylated vegetal raw
materials were processed using the Henry equation. It was determined that the uranium distribution factor for granular
sorbents decreased in the following sequence when removing it from the solution simulated the groundwater inside the
Centralnyi Yar tailing site (cm®¥g): Lewatit MDS TP208 (39 450) > Puromet MTA 6002 (16 250) > AM-p (13 880) >
Puromet MTS9300 (14 310) > AMP (12 310) > Ambersep 920U (9 006) > AM-p-2 (6 930) > Lewatit MonoPlus M 500
(6 610) > Purolite AS30E (3 830) > Purolite C-115 (1 580) > Lewatit CNP-80 (1 110). The values of the uranium distribution
factor were 1635 (AMF) and 1074 (OMF) for the sorbents based on phosphorylated vegetal materials when removing
uranium from the simulated solution with pH = 3.0, and 129 (AMF) and 140 (OMF) for the simulated one with pH = 8.2.
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1. Introduction

Production Union Prydniprovsk Chemical Plant (PCP) was among the first
facilities involved in processing various uranium ores and concentrates. During the
facility operation (1948-1991), nine radioactive waste tailing sites were formed
significantly impacting the environment [1, 2].

Based on the literature data [3], it was defined that migration of radionuclides and
chemicals from the tailing facilities, which are located at the former PCP site,
contaminate groundwater in the under-surface water-bearing stratum with uranium
1sotopes (238, 234), cations and anions (sulphate, calcium, magnesium, etc.) typical
for the hydrometallurgical processing of uranium ores. Besides, the toxic metal (Mn,
Pb, Ni) content significantly exceeded the maximum allowable concentrations for
potable water. Discharge of contaminated groundwater into Konoplianka River, a
tributary of Dnipro River, resulted in the pollution of the biggest Ukrainian river with
toxic chemicals and an increase of uranium isotope concentration.

There are more than 150 buildings and engineering structures [4] within the former
PCP site; among them, 28 structures (including buildings No. 103, No. 104 and some
others) were directly involved in the processing of uranium-containing ores. A huge
amount of fine radioactive materials was accumulated in them. These materials were
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accumulated in basements and migrated to the adjacent areas due to air flows and
atmospheric precipitations that penetrate into the destructing buildings and structures.

Sustainable management of the radioactive waste generated during uranium ore
processing requires the development and implementation of effective ways and
means to improve environmental safety by applying efficient and affordable recovery
methods for uranium compounds and uranium decay elements from dilute aqueous
solutions formed during their migration to surface and ground water.

Sorption materials are widely used for selective uranium extraction due to their
complete insolubility in the aqueous phase, low physical destruction rate, high
sorption and kinetic properties, and osmotic stability.

This research aimed to study uranium sorption from uranium-containing solutions
that simulated radioactively contaminated groundwater in the Centralnyi Yar tailing
site and the water accumulated in the basement of building No. 103 at the former
PCP using granular ion-exchange resins and sorption materials produced by
modification of vegetal raw materials.

2. Experimental part

Materials and reagents. We selected granular ion exchange resins with different
functionalities, both of domestic (Smoly JSC) and foreign (Lanxess, Purolite,
DuPont) manufacturers, based on the literature data on uranium recovery from
different media including seawater [5-7]:

- quaternary ammonium: Puromet MTA6002PF [8], Purolite AS530E [9],
Ambersep 920U [10], AM-p [11], AM-p-2 [12], Lewatit MonoPlus M 500 [13];

- benzylpyridinium: AMP [14];

- carboxylic acid: Purolite C115 [15], Lewatit CNP 80 [16];

- iminodiacetic acid: Lewatit MDS TP 208 [17], Puromet MTS9300 [18].

Additionally, GoPur 3000 [19] was studied; it is a two-in-one polymeric
sorbent/flocculant containing amide oxime and hydroxamic functional groups. This
material combines the advantages of both inorganic precipitation of metal hydroxides
and organic flocculation.

To prepare sorbents based on modified vegetal raw materials, we used crushed
kernels of Prunus Armeniaca L apricot (AMF sorbent) and Juglans Regia L. walnut
shells (OMF sorbent). The work fraction 1.6 mm to 2.0 mm was sieved using the
MLW Thyr 2 laboratory vibrating sieve. Subsequently, the work fraction was
mercerized in the 85 g/dm?® NaOH solution for 1 hour in a water bath at a Solid-to-
Liquid phase ratio of S:L = 1:1. After mercerization, the materials were washed in
distilled water upon attaining pH = 7. Then, phosphorylation was carried out with a
solution containing 18 % H3;PO4, 32 % H,0O, and 50 % (NH),CO: initially, the
sorbent portions were soaked in the solution for a day at room temperature, then — at
a temperature of ~140 °C to 150°C for 4 hours. After cooling, the samples were
washed in distilled water to pH = 7 and transformed to the H-form with a 5% HCI
solution at a Solid-to-Liquid phase ratio of S:L =1:4 for 24 hours. Finally, the
resulting phosphorylated sorbents were washed in distilled water to pH = 7 and dried
to air-dryness.
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The moisture content of the phosphorylated natural sorbents was 10 % for AMF
and 14 % for OMF. Total static exchange capacity was 70 mg-eq/g for AMF and
56 mg-eq/g for OMF.

The initial simulated solution was prepared by dissolving uranyl nitrate in
distilled water to produce a nitrate solution with a uranium concentration of
500 mg/dm?’. Subsequently, we took the required amount of the initial solution and
added reagents according to the composition of the radioactively contaminated water,
which was defined in [20, 21], and brought it to volume with distilled water. The
final simulated solutions had the following composition:

- the solution that simulates the groundwater in the Centralnyi Yar tailing site
[20]: U — 15.0 mg/dm?, NOs; — 7.81 mg/dm?, MgCl, — 93.3 mg/dm?, CaCl, —
332 mg/dm?, KCI — 19.1 mg/dm?, MgSO,4 — 1 535 mg/dm?, Na,SO,; — 297 mg/dm’,
H,S0,4 —68.4 mg/dm?, pH = 3.0;

- the solution that simulated the “basement” water accumulated in building No. 103
at PCP [21]: U — 23 mg/dm’, NO;™ — 12.0 mg/dm’, NaHCO; — 387 mg/dm?, CaCl, —
83.4 mg/dm?, KCl - 4.60 mg/dm?, MgSO, — 139 mg/dm’; pH = 8.2.

Chemicals used during the measurement were at least reagent grade.

Experimental procedure. Uranium equilibrium distribution was studied between
the sorbents and simulated solutions by 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.

Analytical procedure. Uranium concentration in the aqueous phase was measured
by photocolorimetry [22] with Arsenazo III indicator using a SPEKOL 11
spectrophotocolorimeter in a 10-mm pathway cell at a wavelength of 655 nm.
Uranium content in a sorbent was calculated by mass balance.

Moisture weight fraction in the sorbents was measured by drying their portions in
the MLW WS 100 drying oven at a temperature of 105 °C to a constant weight and
weighing them using the Axis ANG220C analytical laboratory balance.

The total static exchange capacity of the sorbents produced by phosphorylation of
vegetal raw materials was measured according to GOST 20255.1-89.

The solution acidity was measured using a combined glass electrode ESC-
10603/7 and an OP-211/1 pH meter.

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:

0l -1,)7 0

m

where: /U], and [UJ., are uranium initial and equilibrium concentrations in the
aqueous phase, correspondingly, mg/dm?; ¥ is the simulated solution volume, dm?, m
is the resin portion weight on an oven-dry basis.
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Table 1 contains the data on uranium recovery with the sorption materials based on
phosphorylated vegetal raw materials from simulated solutions with pH values of 3.0

and 8.2.
Table 1 — Uranium capacity for the sorbents based on phosphorylated vegetal feedstock
Resin . Solution . Uranium
weighed Moisture portion Uranium nt tial equilibrium Capacity
portion content volume concentration concentration q,
m, o v, [, [Uleo mg/e
g & cm’ mg/dm mg/dm’
1 2 3 4 5 6
Simulated solution with pH = 3.0
OMF
0.0182 13.93 20 15.29 6.89 9.21
0.0135 13.93 20 15.29 8.49 10.07
0.0075 13.93 20 15.29 11.10 11.21
AMF
0.0175 10.01 20 15.29 5.88 10.73
0.0131 10.01 20 15.29 8.01 11.09
0.0079 10.01 20 15.29 9.37 14.95
Simulated solution with pH = 8.2
OMF
0.0510 13.93 20 24.02 17.36 2.61
0.0357 13.93 20 24.02 18.62 3.02
0.0276 13.93 20 24.30 20.53 2.73
AMF
0.0536 10.01 20 24.02 16.51 2.80
0.0359 10.01 20 24.02 20.01 2.23
0.0189 10.01 20 24.02 21.80 2.34

Experimental data demonstrated a significant decrease in the capacity of the
phosphorylated vegetal feedstock when increasing the simulated solution pH. Such a
change in capacity was also noted [20] for the phosphorylated cellulose-based sorbents;
it was caused, probably, by the formation of poorly recovered uranium complexes [20].

Table 2 presents the results of uranium recovery by ion exchange resins and
GoPur3000 sorbent/flocculant.

Table 2 — Uranium capacity for granular sorbents
when recovering from the simulated solution with pH=3.0

Resin weighed | Moisture |Solution portion | Uranium initial | Uranium equilibrium .
portion content volume concentration concentration Capacity
m, g W, % V, cm? [U]ini, mg/dm’ [U]eq, mg/dm® g, mg/g

1 2 3 4 5 6
Sorbents with quaternary ammonium functionalities
Puromet MTA 6002 PF

0.0148 39.10 20 13.47 0.80 17.12

0.0102 39.10 20 13.47 1.11 24.17

0.0060 39.10 20 13.47 2.51 36.74
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continuation of table 2

1 | 2 3 \ 4 | 5 | 6
Ambersep 920U
0.0111 53.47 20 13.47 1.54 21.46
0.0077 53.47 20 13.47 2.23 29.10
0.0047 53.47 20 13.47 4.80 36.56
Purolite A-530
0.0106 46.50 20 14.22 4.62 18.04
0.0079 46.50 20 14.22 5.61 21.77
0.0042 46.50 20 14.22 7.96 30.04
Lewatit MonoPlus M-500
0.0143 38.93 20 15.80 2.49 18.62
0.0101 38.93 20 15.80 3.67 23.93
0.0062 38.93 20 15.80 5.25 33.87
AM-p-2
0.0106 56.77 20 13.47 2.10 21.48
0.0074 56.77 20 13.47 3.28 27.58
0.0045 56.77 20 13.47 5.76 34.64
AM-p
0.0105 48.12 20 15.50 0.88 27.78
0.0078 48.12 20 15.50 1.79 35.23
0.0039 48.12 20 15.50 4.52 55.68
Sorbents with benzylpyridinium functionalities
AMP
0.0116 42.34 20 15.50 1.60 23.87
0.0085 42.34 20 15.50 2.25 31.28
0.0047 42.34 20 15.50 4.18 47.89
Sorbents with carboxylic acid functionalities
Purolite C-115
0.0096 52.84 20 14.22 7.51 13.95
0.0071 52.84 20 14.22 8.74 15.39
0.0039 52.84 20 14.22 11.28 15.25
Lewatit CNP-80
0.0112 44.62 20 14.22 8.51 10.22
0.0081 44.62 20 14.22 9.57 11.42
0.0045 44.62 20 14.22 11.58 11.63

Sorbent with iminodiacetic acid functionalities

Lewatit MDS TP 208

0.0092 53.10 20 15.50 0.54 32.55
0.0069 53.10 20 15.50 0.88 42.14
0.0038 53.10 20 15.50 1.99 72.03
Puromet MTS 9300
0.0100 50.91 20 14.22 1.07 26.40
0.0074 50.91 20 14.22 1.72 33.97
0.0037 50.91 20 14.22 4.22 53.66
GoPur3000 sorbent/flocculant with amide oxime and hydroxamic functionalilites
0.0092 10.08 20 14.22 10.21 8.76
0.0067 10.08 20 14.22 10.52 10.98
0.0038 10.08 20 14.22 12.15 10.99
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The data showed that the sorbents with iminodiacetatic acid functionalities
featured a higher capacity as compared with other ion exchange resins. GoPur 3000
has not removed uranium from the simulated solution with a high pH value (8.2).

We have not tested granular sorbents for uranium recovery from the model
solution with pH = 8.2 since it is not economically feasible to use expensive granular
resins to treat small values of the water accumulated in the basement of buildings.

Experimental data on uranium recovery from simulated solutions by different
sorbents were processed with a Henry equation that describes sorption at low
equilibrium concentrations of the recovered component most adequately [23]:

q:KH'erqJ ) (2)

where: ¢ is the sorbent equilibrium capacity, mg/g, [U.,] is uranium equilibrium
concentration, mg/dm?, Ky is Henry constant, dm?/g.

We used OriginPro 2016 software (demo-version) to fit experimental data and to
calculate Henry equation coefficients.

Processing results are given in Table 3, which contains Henry isotherm
parameters (Henry constant, dm®/g, determination factor R?) as well as uranium
distribution factor (Kq, cm?/g), which was calculated based on the Henry constant.

Table 3 — Henry isotherm parameters and uranium distribution factor

Sorbent \ Equation | R | Kgcmlg |
Simulated solution with pH=3.0
Sorbents with quaternary ammonium functionalities
Puromet MTA 6002 PF q=16.25-[Us] 0.968 16 250
Ambersep 920U q=9.01[Ue] 0.931 9010
Purolite A-530 q=3.83-[Ue] 0.999 3 830
Lewatit MonoPlus M-500 q=16.61[Ue] 0.997 6610
AM-p-2 q =6.93-[Ue] 0.959 6 930
AM-p q=13.88:[Ue] 0.922 13 880
Sorbents with benzylpyridinium functionalities |
AMP | q=1231-[Uy] | 0989 | 12310 |
Sorbents with carboxylic acid functionalities |
Purolite C115 q=1.58-[Ue] 0.980 1580
Lewatit CNP 80 q=1.11-[Ue] 0.993 1110
Sorbent with iminodiacetic acid functionalities |
Lewatit MDS TP 208 q=39.45-[Ue] 0.972 39 450
Puromet MTS9300 q=14.31"[Us] 0.946 14 310
GoPur3000 sorbent/flocculant |
GoPur 3000 | q=093[U4] | 0994 | 930 |
Phosphorylated vegetal raw sorbents |
AMF q=1.57[Ue] 0.990 1570
OMF q=1.13-[Ue] 0.987 1130
Simulated solution with pH=8.2 |
AMF q=0.12-[Ue] 0.9586 120
OMF q=0.15-[Ue] 0.993 150
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According to the research performed, uranium distribution factor decreased within
the following sequence for granular ion exchange resins when recovering it from the
simulated solution with pH=3.0 (cm’/g): Lewatit MDS TP208 (39 450) > Puromet
MTA 6002 (16 250) > AM-p (13 880) > Puromet MTS 9300 (14 310) > AMP (12 310) >
Ambersep 920U (9 010) > AM-p-2 (6 930) > Lewatit MonoPlus M 500 (6 610) >
Purolite A530E (3 830) > Purolite C-115 (1 580) > Lewatit CNP-80 (1 110) >
GoPur 3000 (930) (Figure 1).
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30000 1
25000 1
20000 7
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15000 1
10000
5000 3

Figure 1 — Uranium distribution factor during its recovery by various sorbents from the
solution that simulates underground water in the body of the Centralnyi Yar tailing site

The distribution factor for AM-p-2 resin correlated with the one that has been
calculated for the system AM-p-2 — uranyl sulphate simulated solution with uranium
concentration 4 mg/dm? to 7 mg/dm? [25, 26].

For the sorption materials produced by the vegetal feedstock phosphorylation, the
uranium distribution factor was 1570 (AMF) and 1 130 (OMF) when recovering
uranium from the simulated solution with pH = 3.0 and 120 (AMF) and 150 (OMF) —
for the simulated solution with pH = 8.2. These values correlated with the total static
exchange capacity of these materials.

4. Conclusions.

Based on the experimental results, it was found that ion exchange resins with
iminodiacetic acid functionalities recovered uranium the best from the solution,
which simulated radioactively contaminated groundwater formed in the Centralnyi
Yar tailing site at the former Production Union PCP (distribution factor was
14 310 cm®/g and 39 450 cm®/g depending upon the resin brand). At the same time,
resins with carboxylic acid resins demonstrated the worst sorption (1 110 cm®/g and
1 580 cm®/g, respectively). The distribution factor for nitrogen-containing adsorbents
changed from 3 830 cm?/g to 16 250 cm?®/g. For the phosphorylated sorbents based on
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crushed apricot kernels (AMF) and walnut shells (OMF), the distribution factor was
1 570 cm®/g and 1 130 cm®/g, correspondingly, close to the values featured for ion
exchange resins with carboxylic acid functionalities.

Distribution factor decreased to 120 cm*/g (AMF) and 150 cm?/g (OMF) for the
phosphorylated vegetal materials during uranium recovery from the solution that
simulated radioactively-contaminated water accumulated in the basement of building
No. 103.

The work was done within research project DR 0122U001317.
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AOCNIMKEHHA COPELIli YPAHY 3 PO3YMHIB, LLIO MOLENIOIOTb PALIOAKTUBHO 3ABPYHEHI
BOAU, COPBEHTAMU PI3BHOIO NOXOMKEHHA
KoposiH B., lNoeopenos FO., KopmiHa X., LLlecmak FO., Bansesg O.

AHorTauifi. B poboti HaBegeHi pe3ynbTatit OCAIMKEHHS COPOLIMHOTO BUMyYEHHS YpaHy 3 YPaHBMICHUX PO3YMHIB,
WO MOAENioTb padioakTMBHO 3abpyaHeHi nig3emHi Bogu xsoctocxoBuwla «LleHTpansHuid fAp» Ta nigBanbHi Boau
Byaisni Ne 103 konuwHboro BO «[1X3», rpaHynsoBaHumu copbeHTamm Ta copOLUiiHAMKM MaTepianamm Ha OCHOBI
MOAMIKOBAHOI POCIMHHOI CMPOBMHU. Ha OCHOBI NiTepaTypHUX LaHux Ana AocnimkeHHs Bynu BigibpaHi rpaHynboBaHi
iOHOOBMIHHI cmonmn BiTumsHaHOro (AT «Cmonn») Ta 3akopgoHHoro BupobHuutea (Lanxess, Purolite, DuPont) 3
YETBEPTUHHUMK aMOHIEBUMYW, GeH3MNNIpUAIHIEBUMI, KapOOKCUNbHUMKM — Ta iMiHOZiaueTaTHUMKU  (PYHKLIOHANbHUMM
rpynamu. Kpim Toro, ans gocnimxkeHHs 6ynu BUkopucTaHi CopbeHTH Ha OCHOBI (POCCHOPMLOBAHOT POCIMHHOI CUPOBUHM
- nogpibHeHy KicTouky abpukoca Prunus Armeniaca L. Ta Wwkapnyny ropixa Bonocskoro Juglans Regia L. PiBHoBaxHWi
po3Moain ypaHy Mix copbeHTamn Ta po3umHami, WO MOLENOTb PagioaKTUBHI BOAW, BUBYAMM B CTATUMHOMY PEXWMI
METOLOM Pi3HWUX HABAXOK LUMSIXOM KOHTAKTyBaHHs copbeHTy 3 20 CM3 po3ymHy MpoTAroM 24 roguH npu Temnepartypi
2012 °C. KoHueHTpaLito ypaHy Yy BOAHIA dasi BUMIptoBanu hOTOKONOPUMETPUYHUM METOLOM 3 iHAMKATOPOM apceHaso
[Il. BusHaueHo, wo copbeHT 3 iMiHoAiaLeTaTHUMM Tpynamm MatoTb HanbINbLUy EMHICTb, HiX iHLI iOHOOOMIHHI cMOnK.
EMHiCTb  COpOEHTIB Ha OCHOBI MOAMMIKOBAHOI POCIMHHOI CUPOBWMHW CYTTEBO 3HWXKYETbCA 3i 30inblieHHsM pH
MOZENbHOro Po3umnHy. EkcnepumeHTanbHi gaHi Wwopo copbuii ypaHy 3 MOLENbHWUX PO3YMHIB rpaHynbOBaHUMM
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copbeHTamn Ta mMaTepianamu Ha OCHOBI (POCGOPMILOBAHOI POCIMHHOI CUPOBUHW Byni 06pobneHi piBHAHHAM [eHpi.
Bu3HaueHo, Lo KoedilieHT po3noginy ypaHy Ans rpaHynboBaHUX COPOEHTIB 3HWKYETHCA Y HACTYMHiA NOCMILOBHOCTI
Mpy AOr0 BWITYYEHHI 3 PO34MHY, LLO MOZENOE BOAM, YTBOPIOBaHI y Tini xBocTocxoBuwwa «LleHTpanbHuin Ap» (em3r):
Lewatit MDS TP208 (39450) > Puromet MTA 6002 (16250) > AM-n (13880) > Puromet MTS9300 (14310) > AMTI1
(12310) > Ambersep 920U (9010) > AM-n-2 (6930) > Lewatit MonoPlus M 500 (6610) > Purolite AS30E (3830) > Purolite
C-115 (1580) > Lewatit CNP-80 (1110) > GoPur 3000 (930). inst copbeHTiB Ha OCHOBI hOCEOPUIEOBAHOI CUPOBUHM
3Ha4eHHs koediLieHTy po3noginy ypaHy cknaganu 1570 (AM®) Ta 1230 (OM®) npu Buny4YeHHi ypaHy 3 MOAEMNbHOTO
po3uuHy 3 pH=3,0 Ta 120 (AM®) i 150 (OM®) ans moaenbHOro posunHy 3 pH=8,2.

KnioyoBi cnoBa: ypaH, MogenbHi po3unHu, copbuisi, rpaHynboBaHi copbeHTH, (hoctopunboBaHa POCHWHHA
CMpOBUHa.



