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Abstract�Sorption of U, Ra, and Th from multicomponent aqueous salt solutions on hydrolyzed wood lignin
is studied. The mechanism of radionuclide sorption from saline solutions is suggested on the basis of the
results of sequential extraction.
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Making decision on a sorbent for deactivation of
natural waters is a difficult task. Such a sorbent
should meet a series of requirements; the major
among them is its ability to tightly fix radionuclides.
Because of a great diversity of radionuclide speciation
in natural waters, it appears advisable to use polyfunc-
tional sorbents, e.g., hydrolyzed wood lignin. We
demonstrated previously [1, 2] that it tightly absorbs
Th, U, and Ra from aqueous solutions of various
acidities. In this case, Ra and Th are effectively
sorbed at pH 3�9, and U, at pH 6�9. Our results
showed that the sorption of radionuclides on lignin
may proceed by several mechanisms including surface
absorption of colloids and pseudocolloids, ion ex-
change, complexation with ionic species of radionu-
clides, and formation of strong sorption complexes
with organic-bound species. An IR study of the
U-loaded sorbent showed for the first time that the
interaction of the carboxy and phenolic groups of lig-
nin with uranium occurs as ion exchange between the
hydrogen ion and uranyl and its hydrolyzed species,
and also by the coordination mechanism with the for-
mation of oxonium complexes.

In this study we examined the capacity of hy-
drolyzed wood lignin to sorb radionuclides from
multicomponent aqueous salt solutions.

EXPERIMENTAL

Working solutions were prepared by adding potas-
sium, calcium, and ammonium nitrates, ammonium
dihydrogen phosphate, and magnesium and ammoni-
um sulfates to a solution of dioxouranium nitrate

[UO2(NO3)2]. The elements were taken in amounts
typical of soil solutions in loam podzolic soils [3].
The salinity of the resulting solution amounted to
3.3 mg-equiv l�1 (Table 1). The radionuclidic com-
position corresponded to the natural mixture of iso-
topes [4]. The initial concentrations of the radionu-
clides were as follows: Th 1.0 and 10.0 mg l�1, U 1.0
and 10 mg l�1, and Ra 1.19 and 11.90 ng l�1, which is
higher by 1�3 orders of magnitude than the maximal
permissible concentrations of 232Th, 238U, and 226Ra
in potable water [5]. The initial (before sorption) pH
of the liquid phase was 6. The sorption experiments
were carried out in the static mode at room tempera-
ture. Each experiment was replicated three times.
In all the experiments, the sorption time was 24 h.
The particle size of hydrolyzed lignin was 0.25�
0.5 mm. The Komarov’s lignin fraction in the sorbent
was 82 wt % at the ash content of 6%. Prior to use,
weighed portions of hydrolyzed lignin were kept in
distilled water for 1 day, to increase its specific sur-
face area. After the sorption, the phases were sepa-
rated by filtration. The degree of recovery and distri-
bution coefficient were estimated from the metal
concentration loss in the liquid phase. The concentra-
tions of Th, U, and Ra were determined by the pho-
tometric, luminescence, and emanation methods,
respectively [6�8]. The tightness of fixation of the
radionuclides on the sorbent was studied by sequential
extraction with distilled water and 1 M solutions of
CH3COONH4 and HCl. The residual radionuclides in
the sorbent phase constitute the so-called tightly fixed
fraction. The statistical data treatment was carried out
by the standard methods [9].
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Table 1. Mineral composition of simulated solutions
������������������������������������������������������������������������������������

Solution no.
� K+ � NH4

+ � Mg2+ � Ca2+ � H2PO4
� � SO4

2� � NO3
�

�������������������������������������������������������������������������
� mg-equiv l�1

������������������������������������������������������������������������������������
1 � 0 � 0 � 0 � 0 � 0 � 0 � 0
2 � 0.012 � 0.10 � 0.028 � 0.024 � 0.024 � 0.066 � 0.075
3 � 0.06 � 0.50 � 0.14 � 0.12 � 0.12 � 0.33 � 0.37
4 � 0.12 � 1.00 � 0.28 � 0.24 � 0.24 � 0.66 � 0.75

������������������������������������������������������������������������������������

It is well known that the salinity of the liquid phase
considerably influences the sorption efficiency [10�
12]. Analysis of the published data shows that, in
saline solutions, sorption on lignin is a resultant of
several processes, whose contribution depends directly
on the sorbent and sorbate properties. According the
the theoretical concepts [10�12], the suppression of
the sorption may be caused by the competition for the
active sites on the background of a manyfold excess of
alkaline-earth metal and other cations and also by
the formation of poorly sorbable species, among them
complex ions of the sorbate. Very likely, a decrease
in the sorption originates from the salt effect, i.e.,
an increase in the solubility of precipitates in the
presence of electrolytes not containing the same ions
[15]. At the same time, in the presence of sufficiently
high concentrations of the precipitating ions, in multi-
component systems, some additional precipitation and
coprecipitation reactions can occur, as well as coagula-
tion of radio- and pseudocolloids, thus favoring the
recovery of radionuclides from the liquid phase.
Furthermore, addition of electrolytes into sorption sys-
tems containing humus substances increases the asso-
ciation of humic acids and surface tension on the
sorbents, thus promoting the physisorption of radio-
nuclides on them [16, 17].

Our results show that the sorption of Th on hy-
drolyzed lignin is controlled primarily by reactions
promoting its absorption (Table 2; Figs. 1a, 1b).
The high degree of radionuclide recovery is observed
in both the radioactive saline solutions and the solu-
tions without addition of inorganic salts. Depending
on the experimental conditions, from 95.2 to 98.9% of
Th was sorbed on lignin. Increasing salinity only
slightly influenced the sorption tightness (Figs. 1a,
1b). Thus, with and without addition of the mineral
salts, the water-soluble and exchangeable fractions
of Th in the sorbent phase were small (their total con-
tent was within 8.5%). The water-soluble fraction,
which is less tightly bound to the sorbent, ranged
from 2.3 to 8.4%. With increasing initial radionuclide

concentration, the content of this fraction significantly
(p < 0.05) increases. The exchangeable fraction of Th
was smaller by a factor of 10 and more as compared
to the water-soluble fraction, and at an initial Th con-
centration of 1.0 mg l�1, its content was lower than
the detection limit. Generally, from 91.5 to 97.0% of
Th sorbed from the saline solutions was tightly bound
to the sorbent. With increasing salinity, the degree of
Th recovery significantly (p < 0.01) increased. In this
case, from 28 to 41% of the adsorbed Th was very
tightly fixed on the sorbent, i.e., was not eluted with
reagents commonly used for such a characterization.
Comparative analysis of the sorption characteristics
shows that introduction of calcium, potassium, ammo-
nium, and magnesium salts into the solution increased
the selectivity of Th sorption on lignin in five cases
of six. In four cases, the Th distribution coefficient
significantly (p < 0.001 and 0.05) exceeded the values
obtained without addition of the mineral salts. Par-
ticularly, at an initial Th concentration of 10.0 mg l�1

it increased from 127.5 to 320 ml g�1. Thus, in most
cases, with increasing salinity, the Th sorption selec-
tivity significantly increases as well as the tightly
fixed fraction, whereas the less tightly bound fractions
(soluble in water and ammonium acetate solution) de-
crease. The sorption from less concentrated Th solu-
tions is characterized by higher distribution coeffi-
cients and desorption parameters, all other conditions
being equal. It follows from the corresponding chemi-
cal equilibrium equations and solubility products that,
in our sorption system, highly selective precipitation
of Th as a phosphate should occur [SP Th3(PO4)4 =
2.6 �10�79] [18]. Our estimates show that the initial
phosphate concentration in the solution was at least
1.9 �10�11 M. In our experiments, the Th concentra-
tion was 4.3 and 43.0 �M, i.e., the liquid phase
contained Th and phosphate in concentrations suf-
ficient for the precipitation of thorium phosphate.
However, visually we observed no formation of a pre-
cipitate. Most likely, the precipitation is suppressed
through stabilization and masking of the Th cations
and its hydrolyzed species with some organic com-
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Table 2. Sorption efficiency of radionuclides from saline solutions on hydrolyzed wood lignin [initial Th, U, and Ra
concentrations in the liquid phase are 1.0, 1.0, and 1.19 � 10�6 (upper row) and 10.0, 10.0, and 11.9 �10�6 mg l�1 (lower
row), respectively]
������������������������������������������������������������������������������������

Solution �
Radionuclide

� Concentration in liquid phase � Distribution coefficient, �
Degree of recovery, %

no. � � after sorption, mg l�1 � ml g�1 �
������������������������������������������������������������������������������������

1 � Th � 0.03�0.01 � 340.0�10.0 � 98.27�0.07
(reference) � � 0.75�0.00 � 127.5�0.4 � 95.47�0.03

� U � 0.09�0.02 � 107.0�9.0 � 94.60�0.40
� � 5.20�0.08 � 13.2�0.4 � 69.00�7.00
� Ra � (0.11�0.02) � 10�6 � 73.0�7.0 � 92.30�0.60
� � (3.51�0.27) � 10�6 � 23.0�2.0 � 79.00�2.00

2 � Th � 0.027�0.001 � 380.0�10.0 � 98.47�0.07
� � 0.80�0.01 � 119.0�2.0* � 95.20�0.10*
� U � 0.03�0.00** � 300.0�40.0** � 97.90�0.30**
� � 13.66�0.73 � 17.0�3.0 � 73.00�5.00
� Ra � (0.14�0.08) � 10�6 � 150.0�70.0 � 92.00�5.00
� � (1.62�0.54) � 10�6* � 70.0�20.0 � 90.00�4.00

3 � Th � 0.025�0.001 � 390.0�10.0* � 98.50�0.06
� � 0.55�0.02*** � 177.0�5.0*** � 96.70�0.10***
� U � 0.08�0.01 � 120.0�10.0** � 94.50�0.60
� � 5.37�0.41 � 17.0�2.0 � 68.00�3.00
� Ra � (0.14�0.05) � 10�6 � 90.0�30.0 � 92.00�5.00
� � (2.02�0.02) � 10�6* � 43.4�0.6 � 90.00�4.00

4 � Th � 0.019�0.000 � 520.0�10.0*** � 98.87�0.03**
� � 032�0.05*** � 320.0�40.0*** � 98.10�0.20***
� U � 0.03�0.00*** � 380.0�20.0*** � 98.43�0.07***
� � 5.77�0.41 � 12.0�1.0 � 66.00�2.00
� Ra � (0.27�0.03) � 10�6** � 22.8�0.0** � 82.80�0.00***
� � (2.42�0.02) � 10�6* � 35.3�0.3** � 85.50�0.10*

������������������������������������������������������������������������������������
Note: The differences from the reference are significant at the following levels: * p < 0.01, ** p < 0.01, and *** p < 0.001.

pounds [12, 19�21]. Note that the presence of organ-
ics is inevitable in weakly acidic solutions in equilib-
rium with lignin. Our results show that Th is sorbed
by the same mechanism from both saline solutions
and solutions with no addition of mineral salts. As
the dominating mechanisms we suggest the coordina-
tion of hydrolyzed Th species to the electron-donor
groups of the sorbent and also the adsorption of Th
complexes with humus acids, including colloid and
pseudocolloid complexes. It may be suggested also
that, in saline solutions, these processes are promoted
by the solubilization of humus acids associated with
the lignin matrix, followed by their coagulation. Less
tightly fixed Th species are, presumably, those physi-
sorbed or absorbed through incorporation of Th in
the associates formed by the low-molecular-weight
fraction of humus matter. In weakly saline solutions
(solution no. 2), the increase in the fraction of less
tightly bound Th species in the sorbent phase is ac-
companied by the statistically significant (p < 0.05)
decrease in the sorption efficiency and selectivity.

Most likely, this is due to changes in the surface prop-
erties of lignin and also due to the salt effect. In this
case, the indicated suppressing effects surpass the con-
tribution of the factors promoting the sorption. In
more concentrated saline solutions, the major factor
controlling the sorption is thought to be the coagula-
tion.

The sorption of uranium is characterized by small
contribution of the ion-exchange mechanism and rela-
tively equal distribution of U between other fractions
obtained by sequential extraction (Figs. 1c, 1d). The
efficiency and selectivity of U sorption depend on its
initial concentration to a larger extent than on the
salinity of the liquid phase. The tenfold increase in the
U concentration resulted in a statistically significant
(p < 0.001) decrease in the distribution coefficient
from several hundreds to 12�17 ml g�1, which was
accompanied by the decrease in the sorption efficiency
from 94.5�98.4 to 66�73%. In this case, we observed
a change in the fraction distribution of U. The acid-
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Fig. 1. Fraction distribution of radionuclides in hydrolyzed lignin at various initial radionuclide concentrations. (A) Sorption and
(n) solution number. Fractions: (w) water-soluble, (e) exchangeable, (a) acid-soluble, and (f) tightly fixed. Radionuclide concen-
tration in the liquid phase, mg l�1: Th: (a) 1.0 and (b) 10.0, U: (c) 1.0 and (d) 10.0, Ra (ng l�1): (e) 1.19 and (f) 11.9.

soluble fraction decreased from 39�49 to 17�30%,
while the water-soluble fraction increased from 16.8�
22 to 29�44%. At the same time, an increase in the
salinity of the liquid phase had practically no effect
on the sorption, all other conditions being equal. At
higher initial concentration of U in the liquid phase,
the salt effect was more clearly pronounced. In this
case, with increasing salinity, the fixed fraction sig-
nificantly decreased (p < 0.05). These results suggest
that the contributions of different sorption mechan-

isms depend primarily on the initial U speciation in
the liquid phase, and only in the second place, on the
functionality and other characteristics of lignin. Strong
fixation of U is suggested to occur through coordina-
tion of its hydrolyzed species to the active electron-
donor sites of the sorbent, adsorption of U complexes
with humus acids, and precipitation of poorly soluble
uranyl phosphates on the lignin surface. A significant
contribution of the latter mechanism is supported by
both our and published data. For example, in the case
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of solution no. 4 (Table 1), after addition of ammoni-
um dihydrogen phosphate, the equilibrium concentra-
tions of the dihydrogen phosphate, hydrogen phos-
phate, and phosphate ions are estimated to be 0.24 �

10�3, 1.5�10�5, and 1.9 �10�11 M, respectively
(KdisII = 6.34 �10�8, KdisIII = 1.26 �10�12). It was
demonstrated [22] that, in weakly acidic and neutral
natural waters with a phosphate concentration above
1 �M, U occurs predominantly in the form of uranyl
phosphate complexes. Therefore, in the liquid phase
of our sorption system, various uranyl phosphate
complexes should be formed, which, competing with
the hydrolysis and complexation with humus acids
and thus changing the initial U speciation, could sig-
nificantly alter the sorption mechanisms and param-
eters. At a U concentration of 10.0 mg l�1 (42.0 �M),
the solubility products of several phosphate complexes
are attained at once (SP UO2HPO4 = 2.11 �10�11,
SP NH4UO2PO4 = 4.36 �10�27, and SP KUO2PO4 =
7.76 �10�24) [11, 18]. We monitored their formation
by changes in the color and clarity of the initial uranyl
nitrate solutions and also in the U sorption efficiency.
With increasing salinity of the uranyl nitrate solution,
the water- and acid-soluble fractions of U in the
sorbent phase increased. The increase in the former
fraction can be attributed to the facilitated physisorp-
tion of soluble organic and uranyl phosphate complex
ions and compounds. Most likely, the most part of
the acid-soluble fraction is composed by the above-
mentioned poorly soluble phosphates.

In the solutions with a uranium concentration of
1.0 mg l�1, the salinity level only slightly influenced
the sorption capacity of lignin. In this case, not the
salt concentration, but the fact itself of the increased
salinity of the initial solutions is of the critical im-
portance for the change in the sorption characteristics.
The reason could be in some specific reactions not
affected drectly by the ionic composition of the liquid
phase, but indirectly subjected to its modifying effect.
The processes promoting strong fixation of U on lig-
nin are coordination of hydrolyzed uranyl ions to
the active electron-donor sites and adsorption of com-
plexes with humus acids. In solutions of higher salin-
ity, these processes are promoted by the coagulation,
as demonstrated by a strong tendency of lignin to
absorb hydolyzed radionuclide species [11] and also
by the clearly pronounced dependence of the U sorp-
tion on its initial concentration in the liquid phase.

The sorption on lignin reduced the Ra concentra-
tion in the saline solutions by a factor of 3.5�11
(Table 2). The degree of Ra recovery ranged from 79
to 92%, from 37 to 54% of the adsorbed element

being tightly fixed on the sorbent. The Ra sorption
selectivity increased in the saline solutions, but re-
mained rather low (distribution coefficient ranged
from 23 to 150 ml g�1). Generally, the selectivity in-
creased with increased salinity, as demonstrated by
five experiments. Statistically significant difference of
the selectivity from the reference solution (no addition
of mineral salts) was observed in two experiments
(p < 0.05). In this case, on the one hand, the presence
of competing ions stimulated an increase in the selec-
tivity, but on the other hand, the same effect was ob-
served with decreasing salinity level within the ex-
perimental range (0.3�3.3 mg-equiv l�1). In the solu-
tions of higher salinity (solution no. 4) with a lower
initial radionuclide concentration, we observed sig-
nificant changes in the fraction composition of the
adsorbed species (Fig. 1e, 1f).

The desorption of radium is characterized by rela-
tively uniform distribution of Ra between the fractions
obtained by sequential extraction (Figs. 1c, 1d).
A considerable amount of Ra was found in the solu-
tion obtained after treatment with 1 M ammonium
acetate, which is consistent with the alkaline-earth
nature of the sorbate, suggesting a significant contri-
bution of sorption by the ion-exchange mechanism.
At the same initial Ra concentration, the salinity level
only slightly influenced the amounts of the water-
soluble and exchangeable fractions in the sorbent
phase, demonstrating strong fixation of Ra. At the
same time, with increasing Ra concentration, we ob-
served a statistically significant decrease of the tightly
fixed fraction from 30�32 to 15�18% (p < 0.05).
At a Ra concentration of 1.19 ng l�1, with increasing
salinity level, the amount of the acid-soluble fraction
increased from 7.7 to 19�22% and the tightly fixed
fraction decreased from 47 to 30�32%.

Our results show that the selectivity and efficiency
of sorption on hydrolyzed wood lignin increase with
increasing salinity and decreasing starting radionu-
clide concentration in the liquid phase. Furthermore,
the sorption characteristics could be strongly affected
by the mobilization of the native ions from the sorbent
into the solution. Previously Khmelinin [23] reported
that addition of salts into the liquid phase promotes
solubilization of the potassium, sodium, calcium, and
magnesium ions from lignin. It is known also that,
when the calcium ions and organic substances are
simultaneously present in the solution, the degree of
Ra recovery with natural sorbents generally increases
[24]. In this regard we suggested that the increased
efficiency and selectivity of radionuclide sorption
from saline solutions is caused by its ion-exchange
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reactions stimulated by the solubilization of the native
elements from lignin, and also by the occlusion of the
radionuclide with formation of colloidal aggregates
of humus acid compounds with components of the
liquid phase. The observed statistically significant
decrease in the degree of recovery (p < 0.001) and
distribution coefficient (p < 0.01) in solution no. 4
with a total salinity of 3.3 mg-equiv l�1 and a Ra
concentration of 1.19 ng l�1 can be attributed to par-
tial degradation of these colloidal structures by virtue
of the salt effect.

CONCLUSIONS

(1) In aqueous solutions with a salinity from 0.3 to
3.3 mg-equiv l�1, containing potassium, calcium, and
ammonium nitrates, ammonium dihydrogen phos-
phate, and magnesium and ammonium sulfates, hy-
drolyzed lignin keeps its sorption capacity with re-
spect to uranium, radium, and thorium. Several mech-
anisms controlling the sorption characteristics of
radionuclides in saline solutions act simultaneously.
The sorption of Th is characterized by small amount
of water-soluble and exchangeable Th species in the
lignin phase, while the sorption of U, by a small
amount of the element in the exchangeable fraction
and nearly equal distribition between the other frac-
tions. In the case of Ra, the element is practically
equally distributed among the fractions different in
the tightness of fixation on lignin.

(2) The increase in the salinity level and decrease
in the initial Th and Ra concentrations result in in-
creasing degree of recovery and sorption selectivity
of the elements, as demonstrated by the increase in
their distribution coefficients and in the fraction of
tightly fixed radionuclide species. The coagulation
of colloid compounds can play a significant role in
absorption of Th from saline solutions. The increased
Ra sorption efficiency from saline solutions is caused,
most likely, by ion-exchange reactions stimulated by
the solubilization of the native elements from lignin,
and also by the occlusion of the radionuclide with
formation of colloidal aggregates of humus acid
compounds with components of the liquid phase.

(3) At a fixed U concentration, increasing salinity
has no effect on its absorption or results in statistically
insignificant changes. With increasing U concentra-
tion from 1.0 to 10.0 mg l�1, the distribution coeffi-
cient as well as the fraction of tightly fixed U species
significantly decrease. Strong fixation of U is sug-
gested to proceed through coordination of its hy-
drolyzed species to the active electron-donor sites

of the sorbent, adsorption of U complexes with humus
acids, and precipitation of poorly soluble uranyl phos-
phates on the lignin surface.
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