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Introduction 

In the face of depletion of fossil resources, the devel-
opment of nuclear power in the world is inevitable. 
Poland is one of the few developed countries, which 
does not have a nuclear power plant [1]. Therefore, 
The programme of Polish nuclear energy has recently 
been implemented. Simultaneously, the interest in 
domestic uranium ores, which fi rst appeared in the 
fi ftieth of the previous century, has been renewed. 

Uranium is still recognized as a leading fi ssion 
material. It is most often considered as the ir-
replaceable raw material for nuclear industry [2] 
and demand for uranium is expected to continue to 
rise in the foreseeable future. Therefore, studies on 
the prospects of uranium recovery from secondary 
sources are currently in progress. Although mining 
of domestic uranium deposits does not seem profi t-
able, the situation could change along with changes 
in global uranium market [3]. Challenges for the fu-
ture include the recovery of uranium from resources 
that may be of lower grade and located deeper than 
recently processed deposits. According to the current 
state of knowledge and assessment carried out by 
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the Polish Geological Institute-National Research 
Institute [4, 5] the only uranium ores found in Po-
land are of low-grade. The most promising uranium 
mineralization occurs in the Lower and Middle Trias-
sic sandstone rocks of the central part of Peribaltic 
Syneclise, where the maximum U content is 1.5%. 
The other deposits of uranium are found in the Or-
dovician Dictyonema shales of Podlasie Depression 
(North-East Poland) with uranium concentration of 
75–250 ppm. As it has been shown lately [6], the 
content of uranium in the above mentioned potential 
raw materials for the Polish nuclear industry, has 
a significant dispersion: 15–1480 ppm and 
3.3–1316 ppm, with mean values: 94.1 ppm and 
256 ppm, for dictyonema shales and sandstones, 
respectively. 

The leaching studies conducted at the Institute 
of Nuclear Chemistry and Technology (INCT) to 
develop a suitable method for extraction of uranium 
from domestic ores were described in detail in recent 
articles [7–9]. 

In the current work, acidic leaching was used for 
uranium extraction, as it has the advantages of being 
more effective – requiring lower temperatures and 
leaching times. Moreover, the particle size from the 
grinding process does not need to be very small, as it 
is required in case of alkaline leaching [10]. Sulph-
uric acid used as leaching agent, typically combines 
high leach performance and relatively low cost [11]. 

For the recovery of uranium from pregnant leach 
solutions, ion exchange separation was applied. The 
sorption of uranium from sulphuric acid solutions 
by strongly basic anion exchange resin is widely de-
scribed in literature [12–19]. Strongly basic anionic 
exchangers were often utilized in uranium industry 
[20–22] and are even recognized as the most suitable 
ion exchangers for uranium recovery [23]. Dowex 1, 
DVB gel type strongly basic anion exchanger, which 
is commercially available, was chosen for the current 
study. As can be inferred from the published data, in 
low sulphuric acid concentration, this resin seems to 
fulfi l the requirement of good selectivity for uranium 
as compared to the elements potentially present in 
the leach liquor, such as Co, Cr, Cu, Fe, La, Mn, Mo, 
Ni, Sb, Th, V, Yb and Zn. 

The usefulness of Dowex 1 for uranium recovery 
is confi rmed in numerous papers. However, the au-
thors do not provide information about the degree of 
crosslinking of the ion exchanger used. Cross-linkage 
is an essential parameter which may profoundly af-
fect the ion-exchange behaviour especially in the case 
of large complex anions [16, 24, 25]. In these works, 
the infl uence of degree of crosslinking of Dowex 1 on 
the effi ciency of uranium extraction was investigated. 

Breakthrough studies in model experiments were 
conducted with pure uranium solution for the resin 
of various degree of crosslinking: X4, X8 and X10, 
to obtain the necessary information about the ion 
exchange process aimed at selective separation of 
uranium from accompanying elements. On the basis 
of model experiments, the investigations with real 
leaching solution were carried out. 

The ultimate goal of this work is to propose the 
procedure for uranium and lanthanides extraction 

from acidic leach liquor, which can be potentially 
used in the development of Polish nuclear energy. 
Because Polish uranium ores are low-grade, the com-
bination of uranium production and the recovery of 
rare earth metals can provide economic justifi cation 
for the processing of these ores. 

Experimental section 

Materials 

Pregnant leach solutions (PLS) of dictyonema shales 
and sandstone rocks. 

Acidic pregnant leach solution of dictyonemic 
shales was obtained after leaching the uranium ore in 
an autoclave [8]. Autoclave leaching of the uranium 
ores was performed with the use of 10% H2SO4, at 
temperature range of 80–160°C, under pressure of 
3–7 bar and for 1–2 hours, to determine the optimum 
conditions for leaching. 

Large volume sample, PLS-1 (1000 mL) was 
prepared by combination of 20 independent 
acidic pregnant liquors, 50 mL each, from separate 
experiments [7]. Various samples of sandstone rocks 
were leached with 10% H2SO4 as a lixiviant in the 
presence of one of the oxidation agents (MnO2, 
KMnO4, 30% H2O2, KClO3) to convert the tetrava-
lent uranium to the hexavalent state. The samples 
of sandstones were leached within one hour at tem-
perature of 60°C. Pregnant solution was diluted with 
distilled water to the volume of 50 mL [26]. Large 
volume sample of PLS-2 (1000 mL) from leaching 
the sandstones, was prepared by a combination of 
20 independent acidic pregnant liquors. 

PLS-3 – third acidic pregnant solution, dedicated 
to a larger scale experiments, was prepared by col-
lecting 140 acidic pregnant solution samples of 
50 mL, after sandstones leaching. 

Ion exchange resins

Strongly basic ion exchange resins: Dowex 1X4 
[Cl–], Dowex 1X8 [Cl–], and Dowex 1X10 [Cl–] 
200–400 mesh (Fluka AG) were used. The resins 
were conditioned by passing through the column: 
1 mol·L–1 NaOH, distilled water and 1 mol·L–1 HCl, 
sequentially. Before carrying out the experiments, 
the resins were converted into the [SO4

2–, HSO4
–] 

forms by washing with 1 mol·L–1 H2SO4 followed by 
washing with water and dilute H2SO4 of appropriate 
concentration. All reagents were of analytical grade. 
High-purity water was obtained from the ultra-pure 
water system, Millipore. 

Instrumentation 

Philips PU 8625 UV/VIS spectrophotometer was 
employed for the measurement of absorbance of 
uranium complexes with Arsenazo III. 

Dionex 2000i/SP ion chromatograph [27] was 
equipped with analytical anion exchange column Ion 
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Pac AS9HC, connected with guard column AG9HC, 
conductivity detector CDM II and the suppression 
system ASRS 4 mm. The eluent used was 9 mmol·L–1 
Na2CO3. 

The ELAN DRC II inductively coupled plasma 
quadrupole mass spectrometer (PerkinElmer) with 
crossfl ow nebulizer with Scott double-pass spray 
chamber and Ni cones was used in the work for multi 
elemental analysis. Instrument operation conditions 
are summarized in Table 1. 

Methods 

Determination of breakthrough curves

Uranium in model experiments

Dilute H2SO4 solution of established concentration, 
containing trace amounts of uranium was con-
tinuously passed through the column: 0.071 cm2 × 
5.0 cm, fi lled with a given anion exchange resin 
(Dowex 1X4 or Dowex 1X8 or Dowex 1X10). The 
effl uent was collected in fractions of 5–100 drops in 
test tubes. The obtained fractions were then analysed 
for uranium concentration. The breakthrough curve 
was obtained by plotting C/C0 vs. U, where C is the 
concentration of uranium in the effl uent, C0 is its 
concentration in the infl uent, and U is the effl uent 
volume. The mass distribution coeffi cient  was 
calculated from the equation [16]: 

(1) 

where U0 denotes dead volume of the column [mL], 
U – effl uent volume at C = C0/2, V – free volume 
of the resin bed [mL], mr – mass of the dry ion 
exchanger [g]. 

Uranium and other examined ions in pregnant 
leach solution 

Column preparation: a glass column (0.071 cm2 × 
5.0 cm) was packed with Dowex 1X8 or Dowex 
1X10 resin. Prior to the experiments, the wet resin 
bed in the column was conditioned with excess of 
0.15 mol·L–1 of sulphuric acid solution after pre-
treating with 2 mol·L–1 H2SO4 (to convert the resin 
into the [SO4

2–, HSO4
–] forms) and rinsing with 

distilled water. 
The pregnant leach solution of dictyonemic 

shales, PSL-1 (the mixture of uranium and other 
metals in 0.3 mol·L–1 H2SO4) has been fi ltered off on 

ceramic fi lter G5 and after dilution with water (1:1) 
was continuously passed through the column fi lled 
with a given anion exchange resin: Dowex 1X8 or 
Dowex 1X10. The solution was fed into the column 
at a constant fl ow rate of 0.15 mL·min–1, controlled 
by the peristaltic pump. The effl uent was collected 
in 1.5 or 3 mL portions. 

The pregnant leach solutions of sandstones 
PLS-2 and PLS-3 (the mixture of uranium and 
other metals in 0.1 mol·L–1 H2SO4) after fi ltration 
was directly passed through the column fi lled with 
anion exchange resin: Dowex 1X10. 

Analysis of the composition of the effl uent solution 

Model experiments

The method of uranium determination by UV/VIS 
spectrophotometry is based on the complex forma-
tion of U (VI) with Arsenazo III (1,8-dihydroxynaph-
talene-3,6-disulphonic acid-bis azophenyl arsenic 
acid) in solutions of pH close to 2. The complex 
exhibits maximum absorption at the wavelength of 
655 nm [28]. The fractions of the effl uent collected 
in test tubes were diluted with appropriate and equal 
volume of water to attain pH of approx. 2. Then 
50 L of 0.01% Arsenazo III solution was added 
and the solution was mixed. After 5 minutes, the 
absorbance of fractions were measured followed by 
calculation of uranium concentration on the basis of 
the calibration curve. 

Pregnant leach solutions

Analysis of composition of the pregnant leach solu-
tions used in this work, as well as the determina-
tion of the concentrations of elements of interest in 
each fraction was performed by inductively coupled 
plasma mass spectrometry (ICP-MS). 

The following nuclides: 238U and 59Co, 63Cu, 52Cr, 
139La, 57Fe, 55Mn, 98Mo, 60Ni, 121Sb, 232Th, 51V, 66Zn 
and 174Yb were selected for quantitative measure-
ments since they were free from interference and 
were suffi ciently abundant. Obtained solutions were 
diluted with 0.7% HNO3 and indium was added as 
an internal standard prior to analysis. In-115 was 
chosen as an internal standard, due to its absence 
in the analysed samples, as well as owing to its mass 
number 115, which is between the lightest (51) and 
the heaviest (238) of the determined elements. 

For the applied procedure in case of pregnant 
leach solution ICP-MS measurements, the expanded 
uncertainty U (k = 2) ranged from 5 to 15% in de-
pendence on the element. 

As the characteristics of the pregnant solutions 
varied signifi cantly from experiment to experiment, 
the investigations were carried out using a uniform 
test-sample (PLS-1 or PLS-2, 1000 mL of volume) 
prepared by the compilation of individual portions, 
of post-leaching solution. 

Determination of sulphates in the samples of 
solutions was performed with the use of the Dionex 
ion chromatograph. 

Table 1. The experimental conditions for ICP-MS mea-
surements 
RF power
Nebulizer gas fl ow rate
Plasma gas fl ow rate
Auxiliary gas fl ow rate
Lens voltage
Detector mode
Measurement unit
Working mode

1000 W 
0.95 L·min–1 

15 L·min–1 

1.2 L·min–1 

6.75 V 
dual 
cps 

standard 

0

r

U U V
m

 
 
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Extraction of uranium from PLS-3. Large scale 
experiment 

935 mL of PSL-3 was passed through Dowex 1X10 
column (0.44 cm2 × 5 cm), previously conditioned 
with 1 mol·L–1 H2SO4 and rinsed with water. Sub-
sequently, 50 mL of 0.1 mol·L–1 H2SO4 solution 
passed through the column. Then 50 mL of 1 mol·L–1 
H2SO4 solution was introduced onto the column 
and uranium was quantitatively eluted. The purity 
of uranium extracted from pregnant leach solution 
was checked by ICP-MS analysis. 

The elemental composition of a uniform, large 
volume samples of pregnant leach solution PLS-1, 
PLS-2 and PLS-3 is presented in Table 2. The con-
centration of sulphuric acid was estimated by ion 
chromatography (IC). 

‘Yellow cake’ precipitation 

The precipitation was carried out at temperature of 
ca. 60°C. Ammonia solution (32%) was gradually 
added, while stirring, until pH 10 was obtained. 
After 30 minutes, the reaction mixture was allowed 
to cool, switching off the stirrer. Yellow precipitate 
of ammonium diuranate (NH4)2U2O7, generated 
during the production of ‘yellow cake’ was observed 
40 minutes later. After centrifugation (6000 rpm) 
the solution was decanted, then analysed. 

Results and discussion 

Uranium speciation 

Uranium forms the following stable complexes 
with sulphate ions: UO2SO4, UO2(SO4)2

2– and 

UO2(SO4)3
4–. The values of their cumulative stability 

constants ( are 64.6, 316 and 5012, respectively 
[29]. The mole fraction () of individual species 
can be calculated from the known equation [30]: 

(2) 

where L denotes ligand (in this case SO4
2– ion). 

Mole fractions of UO2
2+-SO4

2– complexes as 
a function of the ligand concentration are shown 
in Fig. 1. 

Ion exchange reaction 

As can be seen, at concentration of SO4
2– exceed-

ing 0.1 mol·L–1 uranium exists predominantly in 
the form of the anion UO2(SO4)3

4–. Its sorption by 
strongly basic ion exchange resins of Dowex 1 type 
can be schematically written as: 

Table 2. The elemental characteristics of pregnant leach solutions 

H2SO4 
concentration 

[mol·L–1]

PLS-1 
0.3

PLS-2 
0.1

PLS-3 
0.1

Content, X ± U [mg·L–1]

U     1.68 ± 0.08 14.12 ± 0.71   7.45 ± 0.37
Co     0.43 ± 0.04   0.09 ± 0.01   0.151 ± 0.015
Cr     1.68 ± 0.17   0.97 ± 0.09   0.105 ± 0.011
Cu     2.41 ± 0.24   0.41 ± 0.04   0.064 ± 0.006
Fe 477.2 ± 71.6   41.5 ± 6.2 24.2 ± 3.7
La     0.20 ± 0.02   0.11 ± 0.01   0.098 ± 0.010
Mn   25.19 ± 2.52 14.03 ± 1.40 13.69 ± 1.4
Mo     4.00 ± 0.4          nd   0.009 ± 0.001
Ni     4.82 ± 0.48   0.56 ± 0.06   0.061 ± 0.006
Sb     0.011 ± 0.001          nd   0.003 ± 0.001
Th     0.20 ± 0.01   0.03 ± 0.002   0.025 ± 0.001
V   17.78 ± 1.78   1.82 ± 0.18   1.29 ± 0.13
Yb     0.021 ± 0.003   0.01 ± 0.002   0.011 ± 0.002
Zn   92.01 ± 9.20   0.95 ± 0.09   1.24 ± 0.12
U – expanded uncertainty (k = 2).   nd – below detection limit. 
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2– concentration. 
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(3) 

where barred symbols refer to the ion exchanger 
phase and R denotes a structural unit of an ion 
exchanger. The selectivity coeffi cient is given by: 

(4) 

where  is the mass distribution coeffi cient. After 
rearrangement and transformation into logarithmic 
form, the following expression is obtained: 

(5) 

Differentiation with respect to [SO4
2–] leads to 

the equation: 

(6) 

As the strongly basic anion exchanger in contact 
with the 0.1 mol·L–1 H2SO4 is in the mixed: [HSO4

–; 
SO4

2–] form [31], one should also take into account 
the alternative reaction: 

(7) 

(8) 

(9) 

The equilibrium HSO4
– -SO4

2– in the resin is given 
by the relation [31]: 

(10) 

where: X denotes equivalent fraction of sulphate, 
barred symbols refer to the resin phase, Cr and Cs 

are the total equivalent concentrations of anions 
in the resin phase and in solution, respectively. 
The results of slope analysis (cf. Fig. 2) seem to 
indicate the increasing share of reaction (7) with 
an increase in resin crosslinking. This result is in 
apparent contradiction with the theory, because as 
follows from Eq. (10), with an increase in crosslink-
ing, the value Cr should increase and by the same 
token the share of HSO4

– in the resin phase should 
decrease. The plausible explanation could be that 
because of lower swelling and smaller water con-
tent of the resin phase, the spatial requirements for 
accommodating strongly hydrated sulphate anion 
become more unfavourable and the equivalent frac-
tion of HSO4

– in the resin phase of Dowex 1X10 from 
the beginning is considerably greater in comparison 

with the analogous situation in resins with lower 
crosslinking. The unexpectedly signifi cant increase 
of selectivity of Dowex 1X10 for uranium in the 
system studied in comparison with resins of lower 
crosslinking is an experimental fact and can be used 
with advantage for uranium separation. Numerous 
elements, such as alkaline metals, alkaline earth 
metals, Al, As(III), Au, Be, Cd, Co, Cu, Fe(II), La 
and the lanthanides, Mg, Mn(II), Ni, Sb(III), Zn, Y, 
V(IV), are not practically absorbed in the solution 
of 0.05–5 mol·L–1 H2SO4. 

Breakthrough curves 

The effect of H2SO4 concentration on the break-
through curves of uranyl ions for the resins 
Dowex 1 of different crosslinking was examined 
(Fig. 3). It is assumed in this work that the break-
through point occurs when C/C0 attains value 0.01. 
On the basis of the model experiments with uranium, 
the conditions for pregnant leach solution investiga-
tion were chosen: Dowex 1 of crosslinking X8 in 
0.15 mol·L–1 H2SO4. 

The breakthrough curves for uranium and other 
elements in leach solution PLS-1 obtained employ-
ing anion exchangers of crosslinking X8 and X10 
are shown in Fig. 4. 

Surprisingly, it turned out based on the model ex-
periments (Fig. 3) and it was confi rmed in pregnant 
leach solution investigation as well (Fig. 4) that the 
most advantageous from the technological point of 
view was the resin with degree of crosslinking X10, 
where signifi cantly higher sorption of uranium was 
noted (Fig. 5). 
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The resin of choice, with preferred crosslinking 
(X10) shows not only good selectivity for uranium 
over other impurities in the leach liquor, but it also 
has three times higher exchange capacity for ura-
nium with respect to the resin of lower crosslinking. 
As it was recognized, about 20 mg of uranium per kg 
of dry resin could be absorbed in Dowex 1X10 from 
0.1 mol·L–1 sulphuric acid, while in the case of 
Dowex 1X8 and Dowex 1X4, this quantity did not 
exceed 7 and 5, respectively. 

The breakthrough curve for uranium retained 
on Dowex 1X10 from the solution PLS-2 of higher 
uranium content (14.12 mg·L–1) and lower H2SO4 
concentration in the feed solution (0.08 mol·L–1) is 
shown in Fig. 6. 

The results of the experiments mentioned above 
served as a reference for designing the process of 
extracting uranium from pregnant leach solution, 
followed by ‘yellow cake’ precipitation. Therefore, 
the larger scale experiments were carried out, 
using PLS-3 as feed solution. After passing a large 
volume of PSL-3 (much below the breakthrough 
volume of the column with regard to uranium), the 
residues of other metals, present in the interstitial 

volume of the bed of ion exchanger, were carefully 
washed out with 0.1 mol·L–1 H2SO4. Then uranium 
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of various crosslinking (model experiments). Column: 
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was quantitatively and rapidly eluted with 1 mol·L–1 
H2SO4, as it is shown in Fig. 7. The high purity of 
uranium – only small amounts of Ag, Mo and Th was 
observed – confi rms the effectiveness of the applied 
process of ion exchange on Dowex 1X10 (Table 3). 

Recovery of uranium and lanthanides

Subsequently ‘yellow cake’, which is formed accord-
ing to the reaction: 

(11)    2UO2SO4 + 6NH4OH  (NH4)2U2O7 
                    + 2(NH4)2 SO4 + 3H2O 

has been precipitated (Fig. 8) with ca. 92% recovery 
of uranium using the procedure proposed on the 
basis of experiments described in the paper [32]. In 
this work, other valuable metals present in uranium 
ores were considered, especially the lanthanides, 
which are extremely important for the development 
of modern technology. Based on the literature [17] 
and our previous research [33] a double column 
ion exchange procedure for uranium, as well as the 
lanthanides recovery from the pregnant leach solu-
tion was proposed, see Fig. 9. 

High recovery of the lanthanides fraction 
(>99%) illustrated on the example of La, Ce and Nd 

Fig. 7. Effi ciency of uranium elution from Dowex 1X10 
using 1 mol·L–1 H2SO4. Column: 0.44 cm2 × 5 cm; volume 
of fraction 5 mL. 

Table 3. Purity of uranium after the ion exchange process 

 Element

Mass of the 
element 

introduced onto 
the column 

[g]

Mass found 
in the U 

fraction after 
processing 

[g]

% 
of element

Ag 0.711 0.045 6.3
Al 37 955 nd 0
As 21.4 nd 0
Ba 19.7 nd 0
Be 5.59 nd 0
Cd 3.32 nd 0
Ce 167 nd 0
Co 142 nd 0
Cr 98.2 nd 0
Cu 60.0 nd 0
Fe 22 639 nd 0
La 91.8 nd 0
Li 75.5 nd 0
Lu 2.51 nd 0
Mg 70 361 nd 0
Mn 12 804 nd 0
Mo 8.42 0.7 8.3
Ni 56.7 nd 0
Pb 237 nd 0
Sb 2.49 nd 0
Sc 31.8 nd 0
Se 13.4 nd 0
Sr 428 nd 0
Th 23.4 1.1 4.7
Ti 2.04 nd 0
U 6 969 6 949 99.7
V 1 214 0.1 0.01
Yb 10.7 nd 0
Zn 1 161 nd 0
nd – not detected. 

Fig. 8. ‘Yellow cake’ precipitated from acidic pregnant 
leach solution PLS-3. 

Fig. 9. Flowchart for uranium and the lanthanides recovery from the pregnant leach solution. 
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(the most abundant lanthanides) (Fig. 10), as well 
as its purity (Table 4) is worth noting. Only slight 
traces of As, Sc, Ba, Be, Cr, Mn, Mo, Sc and V were 
detected. Yttrium accompanying light lanthanides 
indicates that also heavy lanthanides (if present) 
should be recovered with high yield in this process. 

Conclusions 

As it can be concluded from the studies of uranium 
sorption on Dowex 1 for different crosslinking, the 
most effective is Dowex 1X10. In this case, the ion 
exchange sorption capacity for uranium is three 
times higher, comparing to the most frequently used 

Dowex 1X8. The conclusions derived from model 
experience have been confi rmed in studies of real 
solutions obtained after leaching uranium ores. The 
use of Dowex 1X10 is highly benefi cial for uranium 
extraction from acidic pregnant leach solutions. 

Finally, the fl owsheet for valuable metals extrac-
tion from pregnant leach liquor: uranium and the 
lanthanides, of recovery 93% and 99%, respectively, 
has been proposed. 

The proposed procedure seems to be promising, 
both on laboratory as well as on technical scale. 

The paper demonstrates the usefulness of ion 
exchange process for the recovery of some precious 
metals from raw materials. 
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