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DYNAMICS OF URANIUM SOPRTION BY AM-p ANIONITE FROM THE HEAP LEACHING
SOLUTION

Abstract. The paper presents the research results on the dynamics of uranium sorption by AM-p anionite from the
sulphuric solution produced after heap leaching at the State Enterprise Eastern Ore Dressing Complex, the only Ukraini-
an facility involved in the uranium ore mining and processing. AM-p is a macroporous anion-exchange resin with benzyl
trimethylammonium functionalities and cross-linked styrene-divinylbenzene matrix. The study was carried out at the
Central Research Laboratory of the factory. The heap leaching solution had the following composition: [U] = 0.158 g/dm3,
[Fe3*] = 0.54 g/dm3, [Fe?*] = 0.27 g/dm?3, [NOs7] = 0.18 g/dm?, pH = 1.64. The solution was fed from bottom to top through
a glass column loaded with 32.33 g of the resin at a temperature of 20+2 °C at a flow rate of 1.167-10-2dm?3/min (7 bed
volumes per hour). Samples were taken every 120 minutes. Uranium concentration was measured by titrimetry. Resin
capacity was calculated by the difference in uranium concentration in the aqueous phase before and after uranium recovery
calculated to the weight of the absolutely dry sorbent. The resin was saturated with uranium for 86.0 hours with a total
dynamic exchange capacity 146.2 mg/g. The breakthrough curve was adequately fitted with Thomas, Yoon-Nelson,
Bohart-Adams, and Modified Dose-Response models in non-linearized and linearized forms, model parameters were
calculated and compared with experimental data. The best results were obtained for the modified dose-response model
MDR (R? = 0.9953). All studied models in a non-linearized form have shown higher agreement with the experimental
data confirming their applicability for describing uranium recovery in column mode. Thus, the resin capacity by the non-
linearized form of the Thomas model (142.5 mg/g) was closer to the total dynamic exchange capacity defined experi-
mentally (146.2 mg/g) as compared with the same value defined by the non-linearized form (155.5 mg/g). The time re-
quired for the uranium 50% breakthrough (1) calculated using linearized form of the Yoon-Nelson model (2,727 minutes)
significantly exceeded the one calculated by experimental data (2,322 minutes).

Keywords: uranium, sorption, anionite, heap leaching solution, column mode.

1. Introduction

AM-p anion exchange resin manufactured by Smoly Joint-Stock Company [1] is
among the resins commonly used to recover uranium.

Authors studied [2] uranium recovery by strong-base anionites AMP, AM-p,
Lewatit K6267, Lewatit MonoPlus MP600XL, Purolite A500u and Purolite A600u in
batch and column modes at different temperatures. They calculated the dynamic ex-
change capacity of the materials at the uranium breakthrough 0.5 mg/dm? and 6 °C to
8 °C. Besides, the authors defined that intra-particle diffusion was the limiting step
for all studied sorbents, and diffusion factors were calculated.

We had studied previously [3] the equilibrium of uranium recovery using granular ion-
exchange resins from the solution that simulated radioactively contaminated groundwater
accumulated in the radioactive waste tailings site Centralnyi Yar at the former Production
Union Prydniprovsk Chemical Plant. The uranium recovery equilibrium was studied in a
batch mode using the different portion technique. Experimental data were processed with

the Freundlich, Langmuir, and Sips models using non-linear regression analysis. It has
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been found that AM-p anionite had the highest sorption capacity along with Lewatit
MDS TP 208 resin. Using the linearized form of the Dubinin-Radushkevich equation,
we calculated sorption energy (21.32 kJ/mol), which indicated an ion-exchange mecha-
nism of uranium recovery, including hemisorption.

This paper presents the results of uranium sorption by AM-p anionite in column
mode from the sulphuric heap leaching solution formed at State Enterprise Eastern
Ore Dressing Complex (SE ShidGZK), the only Ukrainian facility involved in the
uranium ore mining and processing [4].

2. Experimental part

2.1 Materials and reagents.

AM-p anionite is a macroporous anion-exchange resin with benzyl trime-
thylammonium functionalities and cross-linked styrene-divinylbenzene matrix. Table
1 contains the basic parameters of the resin.

Tablel — Parameters of AM-p anion exchange resin

Parameter Value
lonic form Chloride
Total exchange capacity by chloride-ion, mg-eq/g Max. 3.4
Moisture content, % 50 to 55
Particle size range, mm 0.8t0 2.5
Volumetric ratio of effective fraction, % 98
Mechanical strength, % 99
Specific volume, cm3/g 3.2t03.3

We performed experiments using the sulphuric heap leaching solution formed at
SE  ShidGZK  with the following composition:  [U] = 0.158 g/dm?,
[Fe®] = 0.54 g/dm?3, [Fe**] = 0.27 g/dm?, [NOz] = 0.18 g/dm?3, pH = 1.64.

Chemicals used during the measurement were at least reagent grade.

2.2 Experimental procedure.

We studied uranium recovery with AM-p ionite in a column mode at the Central
Research Laboratory of SE ShidGZK. Experiments were carried out in a glass col-
umn with a diameter of 24 mm at a temperature of 20+2 °C. The column was loaded
with 32.33 g of the resin (97 cm?, moisture content was 54.76 %, specific volume was
3.00 cm®/g, grain size ranged from 0.80 mm to 1.25 mm). The resin bed height was
21.44 cm.

The heap leaching solution was fed from bottom to top at a flow rate of
1.167-102dm3/min (7 bed volumes per hour) that corresponded to a linear rate of
2.58 cm/min. Samples were taken every 120 minutes.

2.3. Analytical techniques.
Uranium concentration was measured by titrimetry [5]. Resin capacity (Qexp, Mg/g)
was calculated by the difference in uranium concentration in the aqueous phase before
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and after uranium recovery recalculated to the weight of the absolutely dry resin.

Moisture weight fraction was measured in the resin by drying it in a dryer at
80 °C until reaching a constant weight and subsequently weighing the resin portion
on an analytical balance.

3. Results and discussion
Figure 1 illustrates the uranium breakthrough curve (concentration-time profile) in
coordinates F=Ci/Cy vs BV, where: Co Is uranium concentration in the initial solution

(0.158 g/dm3); C; is uranium content in the i portion of the solution pumped (g/dm3),
BV is the number of the bed volumes pumped through the resin.
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1 —experiment, 2 — Yoon-Nelson model, 3 — Thomas model, 4 — Bohart-Adams model, 5— MDR model

Figure 1 — Uranium breakthrough curve by AM-p anionite and mathematical models in non-
linearized form

Total dynamic exchange capacity (TDEC) Qex (Mg/g) was calculated using the
formula:

n
(V-Co—V; -C; )-1000

Qexp = i=1m : 1)

where: V is the total amount of the solution pumped through the resin until equaliza-
tion of the uranium concentration, dm?; V; is the volume of the solution i" portion,
dm?; m is the dry resin weighed portion, g.

The experiment has shown that the resin was saturated with uranium after pump-
ing 60.18 dm?® of the solution during 86.0 hours.

Total dynamic exchange capacity of the resin (Qexp) Was 146.2 mg/g during urani-
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um sorption from the heap leaching solution, or 48.73x10% mg/dm?® (Nexp).

The uranium breakthrough curve was processed using the Thomas, Yoon—Nelson,
Bohart-Adams, and the Modified Dose-Response (MDR) models, which are widely used
to predict breakthrough curves and describe the dynamic behaviour of fixed-bed col-
umns. The model parameters were calculated by fitting the experimental data using non-
linear and linear regression analysis with the OriginPro software package [6—10].

The Thomas model is used the most widely due to its simplicity and applicability.
It is based on the assumption that the sorption process is not limited to a chemical
reaction and is controlled by mass transfer at the phase boundary. It is also assumed
that the sorption equilibrium is fitted by the Langmuir isotherm, while its Kkinetics
obeys the pseudo-second-order model. The Thomas model in non-linearized form is
described by the equation:

C; 1
C—'= K-gom , )
0 I+exp(— 0 —KCot)

where: Kr is the Thomas rate constant (dm3/(mgxmin)); do is the resin capacity by
uranium (mg/g); t is time (min); m is the resin weighed portion (g); Q is the solution
flow rate (dm3/min).

The Yoon-Nelson model is a simple assumption that does not consider the proper-
ties of the sorbent and adsorbate, nor the physical parameters of the sorbent bed. Ac-
cording to the model, the decrease of adsorption rate is directly proportional to the
target component recovery and breakthrough:

% 1 1 ’ ®)
o l+exp(Kyy(z-t))

where: t is time (min); Kyy is the Yoon-Nelson constant (1/min); z is the time required
for the 50 % uranium breakthrough (min).

The Bohart-Adams model assumes the sorption rate depends on both the concen-
tration of recovered species in solution and the resin remaining capacity. This model
in non-linearized form is described by the equation:

C; 1
C—' = > , (4)
O 1+exp(KagNo— —KagCot)

-
where: Kag is the Bohart-Adams rate constant (dm3/(mg-min)); No is sorption capaci-
ty (mg/dm?); v is the flow linear rate (cm/min); Z is the sorbent bed height in the col-
umn, cm; t is time (min).

The Modified Dose-Response Model (MDR) is widely used for predicting the
breakthrough curve and describing the fix-bed column behaviour in column mode:
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C 1
—+ =l-— = (5)
Coj 1+ (C0Qya

QoM

where: t is time (min); go Is theoretical maximum sorption capacity (mg/g); Q is the
solution feed rate (dm®/min); m is the sorbent portion weight (g), and a is the shape
parameter, which defines the heterogeneity degree of sorption sites and the mass
transfer rate. a>1 indicates an S-shaped curve and high process efficiency.

Simulation results using non-linearized form of the models are given in Figure 1
and in Table 2.

Table 2 — Parameters of the sorption dynamics models in non-linearized form

Model Parameter Value
TDEC (Qexp), mg/g 146.2

Experiment Volumetric sorption capacity (Nexp), mg/dm?® 48.73%x10°
Time required for 50 % breakthrough (zexp), min 2 322

Rate constant (Krn), dm®/(mgxmin) 8.53x10°
Thomas Sorption capacity (qo), mg/g 142.5
Determination factor (R?) 0.9889

Sorption rate constant (Kag), dm/(mgxmin) 8.53x10°

Bohart-Adams Bed sorption capacity (No), mg/dm? 47.51x10°
Determination factor (R?) 0.9889

Yoon-Nelson constant (Kyn), 1/min 1.35x10°3
Yoon-Nelson Time required for 50 % breakthrough (z), min 2 499
Determination factor (R?) 0.9889

Flow rate (Q), dm*/min 1.167x107?
MDR Model constant (a) 3.263
Maximum capacity (go), mg/g 134.1
Determination factor (R?) 0.9935

Resin capacity (qo) calculated using the Thomas model (142.5 mg/g) was close to
the total dynamic exchange capacity (Qe = 146.2 mg/g) defined experimentally. The
resin volumetric rate by the Bohart-Adams model (47.51-10° mg/dm?) correlated with
the experimental result (48.73-10° mg/dm?®). The time required for the uranium 50%
breakthrough (z) calculated by the Yoon-Nelson fit (2,499 minutes) agreed with the
time calculated using experimental data (zexp). Test data are adequately described by
all models with a high determination factor.

Below are the linearized forms of models:

Thomas

G Kt ggm
In(=L —1)= 120" _ K- Cpt: 6
(Co ) 0 1Co (6)

Yoon-Nelson
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In( ) Kynt = Kyn7;

CO -
Bohart-Adams

Z
-)=KagCot —Kapg N0 —

In
(Co -

MDR

(g ) =a 2T —a n(a).

(7)

(8)

(9)

Figure 2 and Table 3 present the simulation results using the above models in lin-

earized form.

T v T d T T T T T g T T 1
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BV

1 —experiment, 2 — Yoon-Nelson model, 3 — Thomas model, 4 — Bohart-Adams model, 5 — MDR model

Figure 2 — Uranium breakthrough curve by AM-p anionite and mathematical models in linearized

form

Resin capacity (qo) calculated using the linearized form of the Thomas model was
155.5 mg/g while the resin volumetric capacity (No) by the linearized form of the Bo-

hart-Adams model equalled 51.82x10° mg/dm?q.

The time required for the uranium 50% breakthrough (z) calculated by the Yoon-
Nelson fit (2,727 minutes) significantly exceeded the one calculated by experimental
data (zexp= 2,322 minutes). The breakthrough curve is fitted with a non-linearized
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form of Thomas, Yoon-Nelson and Bohart-Adams with a determination factor
R? = 0.9411, which is lower than the results obtained with non-linear regression anal-
ysis (R? = 0.9889).

Table 3 — Parameters of the sorption dynamics models in linearized form

Model Parameter Value
TDEC (Qexp), mg/g 146.2

Experiment Volumetric sorption capacity (Nexp), mg/dm?® 48.73%x10°
Time required for 50 % breakthrough (zexp), min 2322

Rate constant (Krn), dm®/(mgxmin) 1.025x10°
Thomas Sorption capacity (qo), mg/g 155.5
Determination factor (R?) 0.9411

Sorption rate constant (Kag), dm/(mgxmin) 1.025x10°

Bohart-Adams Bed sorption capacity (No), mg/dm? 51.82x10°
Determination factor (R?) 0.9411

Yoon-Nelson constant (Kyn), 1/min 1.62x107
Yoon-Nelson Time required for 50 % breakthrough (z), min 2 727
Determination factor (R?) 0.9411

Flow rate (Q), dm*/min 1.167x10%
MDR Model constant (a) 3.071
Maximum capacity (go), mg/g 127.2
Determination factor (R?) 0.9665

4. Conclusion

Based on the experiments, it may be concluded that AM-p anionite effectively re-
covered uranium from the heap leaching solution in column mode. The resin was sat-
urated with uranium within 86.0 hours, and its total dynamic exchange capacity was
146.2 mg/g.

All studied models in a non-linearized form showed higher agreement with the
experimental data confirming their applicability for describing uranium recovery in
column mode. The best results were obtained for the modified dose-response model
MDR (R? = 0.9953).
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OWHAMIKA COPBLIIl YPAHY AHIOHITOM AM-n 3 PO34MHY KYMYACTOr O BUNYTOBYBAHHA
KoposiH B.1O., lNoeopenos KO.M., LLlecmak FO.I". Bansiee O.M., lNinb4uk B.B., loysap FO.A.

AHoTauia: Y cTaTTi HaBedeHi pesynbTaTi OOCHIMKEHHS OuHaMiKW copbuii ypaHy anioHiTom AM-n 3 cipyaHoro
PO34YMHY, OTPUMAHOTO MiCMS  KynyacToro BWMYroByBaHHA Ha [lepxaBHoMy nignpuemctBi  «CXigHWA  ripHUYo-
3barayyBarnbHuit KOMGIHATY — eQMHOMY B YKpaiHi mignpuemcTai, Wo 3aimMaeTbes BUOobyTKOM Ta nepepobko ypaHoBOI
pyan. AM-n — Lie MakponopyBaTa aHioHo0OMiHHa cMona 3 GEH3UNTPUMETUNAMOHIEBAMI (DYHKLIOHANBHAMM TpynamMn Ta
3LUMTOI0 MATPULEID HA OCHOBI MOMIMEpPY CTUPEH-AMBiHINGeH3eH. [ocnimkeHHs nposogumv y LleHTparnbHii HaykoBo-
AOCNigHMLbKIN nabopaTopii nignpuemcTBa. Po34nH Kynyactoro BunyroByBaHHs MaB HacTynHuii cknap: [U] = 0,158 r/ame,
[Fe**] = 0,54 rigm?, [Fe?*] = 0,27 r/am3, [NOs] = 0,18 r/gm®, pH = 1,64. Po3uuH nogasanu 3Hu3y Bropy Yepes CKIsHy
KOMOHY, 3aBaHTaxeHy 32,33 r cMonu, npu Temnepatypi 20+2 °C 3i wamnakicTio noToky 1,167x10-2 gm¥/XB (7 KONOHOYHUX
ob'emis Ha roguHy). lMpobu Bigbupamm koxHi 120 xBUnuH. KOHUEHTpaLito ypaHy BUMIpIOBanu TUTPUMETPUYHUM
MeTOAOM. EMHICTb CMOMM PO3PaxoByBani 3a PiHULIEI0 KOHLEHTPALl ypaHy y BOAHIA dhasi Ao Ta Micns BUNMyYeHHs
ypaHy y nepepaxyHky Ha macy abconotHo cyxoro copbenty. Cmona 6yna HacuyeHa ypaHom npotsrom 86,0 rogux,
3aranbHa auHamiyHa oBMiHHa eMHICTb cknana 146,2 mr/r. BuxigHy KpuBy BWUIyYeHHS ypaHy 3 BUCOKUM KOeqilieHTOM
AeTepMiHaLii anpokcumysanu mogenamu Tomaca, FOHa-HenbcoHa, Boxapta-Agamca Ta MOAM(IKOBaHO MOAENMH0
«f03a-peakuisy y HeniHeapn3oBaHii Ta niHeapu3oBaHin ¢opMi, NPOBEAEHO PO3paxyHOK NapameTpiB Mogenen Ta ix
MOPIBHSHHSA 3 eKCepUMEHTaNbHUMKM JaHuMK. Haikpaldi pesynbtati Oynu oTpumadi ns Mogeni «mogudikosaHa fosa-
peakyis» MDR (R? = 0,9953). Bci gocnimkyBaHi mMogeni B HeniHeapu3oBaHin hopMi Manu Kpally Y3rofKeHicTb 3
eKkcnepuMeHTanbHUMK JaHUMK, WO NiATBEPAKYE iX NPUAATHICTb AN ONUCY BUNYYEHHS ypaHy B AUHAMIYHOMY PEXUMI.
Hanpuknag, emHicTe cmonu, wo Gyna pospaxoBaHa 3a HeniHeapu3oBaHo dopmoto Moaeni Tomaca (142,5 mr/r) Byna
Brvk4ot0 4O 3aranbHOi AMHAMIYHOT 0OMIHHOT EMHOCTI, BU3HAYEHO! ekcnepuMeHTanbHoO (146,2 Mr/r), NOPIBHAHO 3 TUM
CamMUM 3HAYEHHSIM, BU3HAYEHWUM 3a HeniHeapuaoBaHow topmoto (155,65 mr/r). Yac, HeobxigHui ans npockoky 50 %
ypaHy, po3paxoBaHui 3a niHeapu3oBaHow opmoro Mogeni KOHa-HenbCcoHa (2727 XBUMMH), 3HAYHO NEPEBULLMB Yac,
pO3paxoBaHWi 3a EKCNEPUMEHTANbHUMI SaHUMK (2322 XBUMWHMK).

Knto4oBi cnoBa: ypaH, copbuisi, aHIOHIT, pO34iH Kyn4acToro BUNyroBYBaHHS, AUHAMIYHUI PEXUM.
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