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Investigations on the pre-concentration of radionuclides (137Cs and plutonium isotopes) from fresh water on solid matrices 
are presented in this study. A particular focus was given to an innovative physico-chemical removal process such as adsorption 
of radionuclides from an aqueous medium on new type adsorbents, environmental-friendly materials. Sorption of the tested ra-
dionuclides from the lake water solution by environmental assays and synthetic sorbents was compared. Lake water was analyzed 
for main anions, micro- and macroelements, using ion and atomic absorption chromatography methods, respectively. Batch type 
and dynamic flow column laboratory experiments were performed. The sorption–desorption capacity of radionuclides by the 
tested sorbents was estimated based on the results of α- and γ-spectrometric measurements. According to the removal efficiency 
results, moss can be considered as the best sorbent for plutonium of the tested environmental-friendly sorbents, whereas the moss 
sorption capacity exceeded even that of the tested synthetic ones. The highest 137Cs removal efficiency from the lake water solution 
was obtained for granular activated carbon. Application of the dynamic flow method carried out in situ confirmed the reversibi-
lity of sorbed background 137Cs activity in the moss observed during the batch type experiments, and the method of the moss bed 
column turned to be unfit for the pre-concentration of 137Cs from the lake water.

Application of a single moss bed column for the 137Cs and plutonium isotope pre-concentration for the first time carried out 
in situ allowed us to determine the activity concentration of 239,240Pu and 238Pu in the lake water – 4.87±0.98 and 0.67±0.21 mBq/m3,  
respectively.

The reversible 137Cs and different plutonium sorption in the moss apparently indicates different binding properties of these 
radionuclides to the moss, therefore further investigations on this issue are foreseen.
Keywords: radionuclide, sorbents, batch experiments, dynamic flow method

PACS: 29.87.+g, 28.60.+s, 29.30.Kv

1. Introduction

Nuclear and non-nuclear industrialization has caused 
world-wide spreading of radionuclides, heavy metals, 
organics, etc. in the  environment. Nowadays, artifi-
cial radionuclides are found side by side with natu-
rally occurring radionuclides in the  environmental 
sam ples [1–12].

Cesium and plutonium isotopes generally exist in 
the environment as a result of releases during nuclear 
weapons testing or accidental events at nuclear facili-
ties. 137Cs is one of the main contributors to the long-
term radioactive dose to the population [13]. The ma-
jority of plutonium isotopes are α-particles emitting, 
radiotoxic, some of them are extraordinary long-lived 

(239Pu: T1/2 =  2.4×104  y.; 240Pu: T1/2 =  6.6×103 y.), and 
all of them need to be radiochemically isolated from 
environmental samples for the assessment of their ac-
tivity concentration.

Removal of pollutants from industrial wastewa-
ter and assessment of artificial radionuclide activity 
concentrations in natural water bodies are of great 
concern. The  conventional processes for removing 
heavy metals from wastewater include many processes 
such as chemical precipitation, flotation, adsorption, 
ion exchange, and electrochemical deposition. Over 
the  past decade, adsorption has become the  method 
of choice for the  purification of water and wastewa-
ter. Basically, adsorption is a  mass transfer process by 
which a substance is transferred from the liquid phase 
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to the  surface of a  solid, and becomes bound by 
physical and/or chemical interactions [14]. The main 
principle of sorbents applied for the  adsorption of 
contaminants from aquatic media is their capability 
to participate in the  sorption–regeneration cycles. 
The biosorbent of such a type – a rice straw bed col-
umn – was used to remove heavy metals (Cd and Pb) 
from single and binary solutions. The  biosorbent is 
promising because of its feature to be reused for sev-
eral sorption–regeneration cycles and the  possibil-
ity of employing this biosorbent for the remediation 
of the  actual electroplating wastewater containing 
Cd(II) and Pb(II) ions [15].

Various low-cost adsorbents, derived from agri-
cultural waste, industrial by-products, natural mate-
rials, or modified biopolymers, have been recently de-
veloped and applied for the removal of heavy metals 
from metal-contaminated wastewater [16].

Biosorption is a physicochemical process that oc-
curs naturally in certain biomass which allows it to 
passively concentrate and bind contaminants onto its 
cellular structure [17]. Biosorbents are cheaper, more 
effective alternatives for the removal of metallic ele-
ments, especially heavy metals from an aqueous solu-
tion [18]. When choosing biomass, the main factor to 
be taken into account is its availability and cheapness 
[19]. According to the factors mentioned above, bio-
mass can appear from industrial wastes and organ-
isms which can be found easily in nature or specially 
prepared for biosorption studies [20]. A wide range 
of materials have been evaluated for the  adsorption 
of heavy metals, including microbial and seaweed 
biomass (living or dead), cellular products, activated 
carbons, sewage sludges, clays and clay-like minerals, 
hybrid materials and ordered mesoporous silica [20]. 
Among these, living or dead lignocellulosic biomass 
consisting of natural polymeric materials is a promis-
ing alternative to commercial adsorbents for the pu-
rification of metal-bearing effluents [20].

Biosorption processes are still at the stage of a lab-
oratory-scale study in spite of the unquestionable 
progress [21]. In this connection, we tried to apply 
the  biosorbent-moss bed column for evaluation of 
heavy-to-measure radionuclide (the case of pluto-
nium isotopes) activity concentration in the lake wa-
ter. Data on distribution of radionuclides, especially 
of plutonium isotopes, in the freshwater column are 
scarce enough and, according to the available litera-
ture, only lake water in Greenland and Finland was 
analyzed for plutonium isotopes [22, 23].

In addition, there are no data on the activity con-
centration of plutonium isotopes in the  water of 
Lithuanian lakes. Low 137Cs and 239,240Pu activity con-
centrations in lake water require that large volumes 

of water should be analyzed. The  lake water of 20  L 
volume should be taken for 137Cs analysis [24], and 
if 134Cs is present, to determine the  134Cs/137Cs ratio 
the  lake water volume of 900 L should be used [22]. 
The concentrations of 239,240Pu and 241Am in lake wa-
ter samples of 400 L volume in Finland were investi-
gated in 2007 [23]. In 2007, the average activity con-
centrations of 239,240Pu and 137Cs in the unfiltered water 
of Lake Päijänne, Finland, were 4.9±0.9 mBq/m3 and 
19.3±1.4 Bq/m3, while the average total activities of sed-
iment profiles were 45±15 Bq/m2 and 100±15 kBq/m2, 
respectively [23]. Changes in the  137Cs activity con-
centration in the filtered water of Lake Juodis, Lithu-
ania, were in the  range of 1.4±0.2 to 3.3±0.5  Bq/m3 
within different seasons of the 2004–2006 period [25]. 
The  137Cs activity concentration in the  water of Lake 
Lago Maggiore, Italy, was rather constant at less than 
1 mBq/L in 2004 [26].

In this connection, removal of radioactive pol-
lutants and the  recovery of important radionuclides 
from Lithuanian aqueous systems require a special at-
tention. Therefore, the main aim of the current work 
was to apply some environmental-friendly biomateri-
als to the pre-concentration of 137Cs and plutonium 
isotopes from aqueous media. Considering biomate-
rials as promising alternatives to commercialized sor-
bents, the  investigation of sorption–desorption pro-
cesses of 137Cs and 236Pu to/from the tested sorbents 
as well as sorption of 137Cs, 239,240Pu and 238Pu from 
the  radionuclide-bearing fresh water onto the  moss 
bed column in situ was carried out.

2. Materials and methods

All experiments were conducted using the cesium iso-
tope 137Cs and plutonium isotope 236Pu under ambient 
conditions at pH 6H2O. The  test-solutions of 137Cs (I) 
with the concentration of 1 Bq/L and 236Pu (IV) with 
the concentration of 0.6 Bq/L were prepared in the lake 
water from commercially available 137Cs and 236Pu 
standard solutions (the Czech Metrology Institute In-
spectorate for Ionizing Radiation). The pH value of so-
lutions was adjusted to the pH value of 6 (such as that 
of natural lake water) with 6 mol/L NaOH.

2.1. Determination of physicochemical parameters of 
tested assays

The mineralization of the  surface water of Lake Ak-
mena was determined. The  lake water was analyzed 
for the anions SO4

2–, NO3, Cl–, F–, PO4
3– and the cation 

NH4
+ by means of the  ion chromatography  –  Dio-

nex 2010i with a  conductivity detector, and the  Ion 
Pac AS4A-SC column was used for anion analyses. 
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Concentrations of micro- and macroelements (Cu, 
Mn, Co, Na, Fe, Ca, Mg, Pb, K) in the lake water were 
determined by using an atomic absorption spectrom-
eter with a flame atomizer (AAnalyst 800, PerkinElmer, 
USA).

The activity concentration of 137Cs in the  surface 
water of Lake Akmena was determined by evaporat-
ing 20  L of unfiltered water and measuring the  dry 
residue γ-spectrometrically. The  initial activity (as 
a background activity) concentration of 137Cs, 239,240Pu 
and 238Pu in moss and lichen assays was estimated.

2.2. Laboratory-scale sorption experiments

Environmental assays such as moss (Ptilium crista-
castrensis), lichen (Cladonia rangiferina), mycor-
rhizal fungi chanterelles, pine needles and raw clay 
were used for 137Cs and 236Pu pre-concentration from 
the lake water. As it is known, moss, lichen and pine 
needles possess a specific ability to bind heavy met-
als and radionuclides. Chanterelles, among the main 
carbohydrates containing chitin in their composition 
[27, were selected for radionuclide sorption from an 
aqueous solution. Chitin occurs in nature as ordered 
crystalline microfibrils forming structural compo-
nents in the  cell walls of fungi and yeast [28]. Chi-
tin-based materials can be used for the treatment of 
industrial pollutants and adsorb actinides [29]. Clay, 
filter material AFA-RMP-20 and granular activated 
carbon are generally recognized sorbents.

All these materials were dried at 70 °C until con-
stant mass. Biomaterials were chopped into small 
pieces, the dried clay sample was used as it is and all 
sorbents were put into glass columns (sorbent bed 
height 11.5 cm) up to the 100 mL volume. The mass 
of separate materials used in laboratory experiments 
(moss 9.07 g, lichen 14.54 g, mycorrhizal fungi chan-
terelles 20.84 g, pine needles 15.28 g, clay 132.33 g, fil-
ter material AFA-RMP-20 12.93 g, granular activated 
carbon 29.01 g) was different in the column, but their 
volume was 100  mL. A  principal scheme of experi-
mental procedures is presented in Fig. 1.

Two sets of the  column packing were used. In 
one set, up to 100  mL of the  material was packed 
into a  separate column. The  packing of columns of 
the second set depended on the obtained sorption ca-
pability of sorbents in the first set of experiments. In 
the first column, five sorbents of equal slices of up to 
100 mL were placed from the lowest sorption capabil-
ity sorbent on the column bottom to the highest sorp-
tion capability one at the top. In the second column, 
sorbents were placed in the opposite direction – from 
the highest sorption capability sorbent at the bottom 
to the lowest sorption capability sorbent at the top.

The test-solution (volumetric solid : solution ra-
tio 1:5) was poured onto the top of the column and 
the  flow rate was regulated to 3  mL/min. The  solu-
tion, passing through sorbents, was collected, evap-
orated and prepared for the  α- or γ-spectrometric 
measurement. When the  sorption process was fin-
ished, the sorbents were taken out dividing them into 
two equal segments: upper and bottom. Both sorb-
ent segments were dried, the  effluent from the  col-
umns was evaporated and all aliquots were prepared 
for the α- or γ-spectrometric measurement. Accord-
ing to the results of spectrometric measurements we 
evaluated the activity of 236Pu and 137Cs accumulated 
by the sorbent.

2.3. Laboratory-scale desorption experiments

One set of desorption experiments was carried out ap-
plying a static batch method. For batch experiments 
9.07 g of moss and 13.89 g of lichen with known ac-
tivities of 137Cs were placed in dishes and 450 mL of 
the unfiltered lake water was added. Dishes were agi-
tated at a constant speed of 100 rpm for 20 h. After 

Fig. 1. A principal scheme of experimental procedures.
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the suspensions were shaken for 20 h, the solid and 
liquid phases were separated by filtration. The filtrate 
residue after the  evaporation and the  solid phases 
(moss and lichen) were prepared for measurements. 
The measured 137Cs activity was compared with 
the initial 137Cs activity in moss and lichen.

2.4. Application of a dynamic flow column method 
in situ

To test the 137Cs and plutonium isotope possibility 
to be pre-concentrated by an environmental-friend-
ly assay, the moss bed columns were employed on 
the shore of Lake Akmena in situ. Two columns (moss 
bed height 14  cm) were installed and packed with 
90±5  g of moss which contained 38.7±1.5  Bq/kg of 
137Cs and 0.0057±0.0009 and 0.0014±0.00041  Bq/kg 
of 239,240Pu and 238Pu, respectively. The  lake water of 
300 L volume was loaded through one column within 
100 min (flow rate 0.050 L/s) and through the second 
column within 200 min (flow rate 0.025 L/s). Samples 
of moss were prepared in the  laboratory for the  γ- 
and α-spectrometric measurement. Actually, 20  L 
of lake water was taken for the 137Cs activity con-
centration evaluation followed by evaporation and 
the γ-spectrometric measurement.

2.5. Radiochemical method and measurement of 
plutonium isotope analytes

The determination of plutonium analytes requires 
the  application of the  sample destruction method. 
The organic matter, which complicates the chemical 
Pu separation, was decomposed by heating at 550 °C 
overnight and after that to 700 °C for 2 h. The organ-
ic matter content was determined on the loss of igni-
tion. The samples were spiked with 0.0125 Bq 242Pu 
as a  yield monitor. The  236Pu analyte in the  model 
experiments was separated by applying a simplified 
radiochemical method, only the  anion-exchange 
resin column method. Plutonium isotope purifica-
tion and separation in the  environmental samples 
were based on the use of the combined two-column 
method – ion exchange and extraction chromatog-
raphy.

The measurement of plutonium analytes, emitting 
α particles, is possible when thin-layered sources are 
used. The electrochemical method was applied to ob-
tain thin layer plutonium sources for the alpha spectro-
metric measurement. Plutonium was electrodeposited 
for 1 h under direct 0.6 A/cm2 current onto a one-side 
polished stainless steel disc-electrode in a sulphate me-
dium [7, 8].

The plutonium isotopic composition and its 
amount in the  sample were determined by the use 
of a  semiconductor alpha spectrometer OctetePlus 
with ORTEC large square (450  mm2) Si detectors 
(BU-020-450-AS) with the  resolution capability of 
20 keV. The spectra were treated and analyzed apply-
ing AlphaVision and Maestro programs. The  detec-
tion limit for the counting time of 86400  s is about 
10–3 Bq for plutonium isotopes [8, 9].

2.6. 137Cs sample treatment and measurement

The solid samples were air-dried at room temperature 
and then, if needed, were burned in a muffle furnace 
up to 400  °C temperature overnight. The  aqueous 
samples were evaporated thoroughly and residual 
material was prepared for the γ-spectrometric mea-
surement. The solid and aqueous samples were ana-
lyzed for 137Cs using a CANBERRA γ-spectrometric 
system with a HPGe detector (model GC2520, 26.2% 
relative efficiency, resolution 1.76  keV/1.33  MeV) 
according to the gamma line at 661.62 keV of 137mBa 
(a daughter product of 137Cs). Measurements were 
carried out in standard geometry and at known ef-
ficiencies according to the  densities of samples. 
The measurement time needed for obtaining the ac-
ceptable low counting errors, 5–15%, varied from 24 
to 72 h. Measurement errors of the radiocesium ac-
tivity concentrations in the samples were evaluated 
by the GENIE software program [9].

2.7. Physical parameters

The removal efficiency R of 137Cs and plutonium iso-
topes by the  treated sorbents was calculated using 
the following equation [30]:

 . (1)

Here C0 (Bq/L) and Ce (Bq/L) are the initial and final 
radionuclide activity in the solution, respectively.

The removal efficiency for desorption can be cal-
culated according to the  activity concentration in 
the solid biomass:

 . (2)

The sorption/biosorption capacity qe was calculat-
ed based on the amount of the radionuclide adsorbed 
per unit dry weight of the treated sorbent mass [30]:

 , (3)
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where C0 and Ce are the initial and equilibrium aque-
ous volumetric activity (Bq/L), V  (L) is the solution 
volume, and m (kg) is the dry mass of the sorbent.

The calculated radionuclide distribution (parti-
tion) coefficient (Kd) values were presented as follows 
[31]:

 . (4)

Here C0 and Ce are the initial and equilibrium aqueous 
volumetric activity (Bq/L), respectively, V is the solu-
tion volume (L), and m is the sorbent dry mass (kg).

3. Results and discussion

3.1. Physical and chemical parameters of treated 
systems

Concentrations of the main anions (SO4
2–, NO3

–, Cl–, 
F–, PO4

3–) and the cation NH4
+ in the lake water were 

evaluated (Table 1). The basic anion in the  lake wa-
ter according to the concentration values appeared to 
be SO4

2–, whereas the PO4
3– concentration was lower 

than 0.2 mg/L (PO4
3– detection limit (d.l.) 0.2 mg/L). 

The value of NH4
+ concentration less than 0.03 mg/L 

was determined in Lake Lago Maggiore [26].

Table 1. Anion and cation concentrations in the studied 
lake water.

Ion concentration, mg/L
SO4

2– NO3
– Cl– F– PO4

3– NH4
+

14.23 0.42 4.76 0.38 d.l. 0.05

The NH4
+ concentration value was 0.05  mg/L 

(close to the value of 0.03 mg/L in Lake Lago Mag-
giore [26]) and such a concentration level is charac-
teristic of the  surface water layer due to the  rather 
high oxygen concentration. Under such oxidizing 
conditions, plutonium in the lake water could be as 
Pu(IV), Pu(V), and Pu(VI). Based on the equilibrium 
reactions, ligands, such as chloride and nitrate, form 
weak complexes with plutonium, whereas fluoride, 
sulfate, phosphate, citrate, and oxalate form stronger 
complexes. Among the strongest complexes of plu-
tonium the  hydroxy-carbonate mixed ligand com-
plexes can be mentioned (e.  g. Pu(OH)2(CO3)2

2–). 
Pu(IV), mainly as hydrolysis products and humic 

complexes, and Pu(V), mainly as PuO2
+, are general-

ly the dominant oxidation states in most natural wa-
ters [32]. In our opinion, adsorption of plutonium 
onto particulates in the lake water is quite probable 
due to the low levels of dissolved plutonium (about 
10–15 M) in the environment. Consequently, the par-
ticulates with adsorbed plutonium may be the prin-
cipal regulator of the mobility of this radionuclide in 
the lake water system.

The data of Table 2 show that the concentration val-
ues of microelements Cu, Mn, Co, Pb were lower than 
the detection limit (detection limits (d.l.), μg/L: Cu 1.5, 
Mn  1.5, Co  9, Pb  15). The  highest concentration of 
macroelements was determined for Ca, 16.2  mg/L. 
The  macroelement potassium (the competing ion of 
137Cs) showed a  rather low concentration, it equalled 
0.90  mg/L. In Italian Lake Lago Maggiore within 
the water column it was nearly constant and equalled 
1.5 mg/L [26].

Na+, K+, Ca2+, and Mg2+ as typical components 
characteristic of natural waters have a competing ef-
fect on the sorption/removal of cesium radionuclides 
from aquatic media [33]. It can be assumed that dis-
solved potassium and ammonium would compete 
with cesium for adsorption sites, thereby decrease Kd 
values.

It has been found that the Na+ and Са2+ cations 
do not affect the Cs+ sorption in a wide range of their 
concentrations (up to 250  mg/L), and the  effect of 
K+ is insignificant to the  lower concentration limit 
(50  mg/L); at higher concentrations of potassium 
ions, they have a  competing effect on the  selective 
removal of cesium from aquatic media. At the  K+ 
concentration of 50  mg/L, the  Cs+ sorption value 
decreases by a factor of almost 1.5, and at the con-
centration of 250 mg/L the K+ ions practically sup-
press the  sorption, which additionally confirms 
the  ion-exchange mechanism of the  Cs+ sorption, 
taking into account the  close radii of the  hydrated 
potassium and cesium ions [33]. Considering low 
concentration values of K, Na, and Ca in the tested 
lake water of this study (Table 2), it could be hardly 
probable that these cations affected the  137Cs sorp-
tion/desorption processes. However, it could be 
taken into account that large hydrated cations, such 
as Na+, Ca2+, and Mg2+, tend to pry the layers of sor-
bents further apart, whereas small hydrated cations, 
such as K+, have the opposite effect [33].

Table 2. Concentrations of micro- and macroelements in lake water.
Heavy metal and macroelement concentration, mg/L

Cu Mn Co Pb Na Fe Ca Mg K
<d.l. <d.l. <d.l. <d.l. 2.06 0.04 16.2 3.4 0.90
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Fig. 2. Removal efficiency of 236Pu and sorption capacity of environmental-friendly and synthetic 
sorbents from lake water spiked with 236Pu (pH 6), using the dynamic flow column method.

The mineralization of the  surface water of Lake 
Akmena during the  sampling period (autumn) was 
158.5 g/m3, while in Lake Juodis [25] the maximum 
values reached ~174 g/m3 in winter. The activity con-
centration of 137Cs in the  surface water of Lake Ak-
mena was determined to be 0.98±0.24 Bq/m3.

The initial activity (as a  background acti-
vity) concen tration of 137Cs, 239,240Pu and 238Pu in 
the  moss assay was 38.7±1.5, 0.0057±0.0009, and 
0.0014±0.00041  Bq/kg, respectively. The  initial 
concentration of 137Cs, 239,240Pu and 238Pu in the  li-
chen assay was 9.71±0.59, 0.0157±0.0018, and 
0.0032±0.0008 Bq/kg, respectively.

3.2. 137Cs and 236Pu in laboratory-scale column 
experiments

3.2.1. 236Pu and 137Cs removal from lake water by 
different sorbents

The efficiency of 236Pu removal from the  lake wa-
ter by different sorbents under the  same experi-
mental conditions was calculated applying Eq.  (1). 
It is seen (Fig. 2) that raw clay exhibited the high-
est removal efficiency, it came up to ~90%. Moss 
removed ~50% of the  initial plutonium activity in 
the  solution. Removal of Pu by assays of lichen, 
chanterelles and pine needles was in the  range of 
30–40%. The  granular activated carbon and filter 
material AFA-RMP-20 showed a very high removal 
efficiency with the  percentage of removed 236Pu in 

the range of approximately 60–70% (Fig. 2). Accord-
ing to the experimental results, the tested sorbents, 
referring to the  removal efficiency, can be ranked 
in the  following sequence: raw clay  >  granular ac-
tivated carbon  >  filter material  > moss  >  lichen  > 
mycorrhizal fungi chanterelles  >  pine needles. 
The characteristic feature for clay and moss samples 
was observed during the  process of sorption: sor-
bents became swollen and their volume in the col-
umn significantly increased. The flowing water with 
236Pu penetrated between clay particles, formed pore 
water, and the flow rate was very slow. In contrast, 
the moss volume increased due to the penetration of 
flowing water inside the moss. The amount of water 
consumed for the pore water formation in clay and 
the amount of water soaked in the moss were evalu-
ated by measuring the water volume passed through 
the column.

Although the  efficiency of 236Pu removal by clay 
is very high, clogging of the  column shortly causes 
limitations in the  application of the  clay column as 
a natural sorbent. Consequently, in studying the ra-
dionuclide removal from the aqueous medium under 
the tested conditions, the moss bed column appeared 
to be the best sorbent compared to the other environ-
mental-friendly sorbents (chanterelles, lichens, pine 
needles).

Taking into account that the  same solution vol-
ume, spiked with 236Pu, was used for each kind of 
sorbents, the sorption/biosorption capacity (Eq. (3)) 
was determined to be significantly dependent on 
the sorbent dry mass. As it can be seen, moss of all 
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tested sorbents showed the highest sorption capacity 
and the sorption capacities of the rest sorbents were 
decreasing approximately according to their mass 
(Fig. 2).

As regards 236Pu, its removal efficiency values al-
low us to state (rejecting defective clay) that moss 
can be considered as the best sorbent of the  tested 
environmental-friendly sorbents (Fig.  2), whereas 
the  sorption capacity of moss is the  largest even 
compared to that of all tested sorbents (Fig. 2).

Results of the  investigation of 236Pu sorption by 
various sorbents revealed that the raw clay column 
clogged very rapidly, and thus complicated an imple-
mentation of the experiment. Therefore, 137Cs sorp-
tion experiments were carried out with four selected 
sorbents, which showed the higest removal efficien-
cy and sorption capacity for 236Pu, i. e. moss, lichens, 
granular activated carbon and filter material AFA-
RMP-20. By analyzing the results of γ-spectrometric 
measurements and calculations in Eq. (1), we deter-
mined that granular activated carbon had the high-
est removal efficiency, about 50%, while the removal 
efficiency of the filter material AFA-RMP-20 reached 
~10% (Fig.  3). Among sorbents, environmental-
friendly materials, the  lichen bed column showed 
a  higher removal efficiency for 137Cs compared to 
that of the moss bed column (Fig. 3).

Environmental-friendly sorbents, lichens and 
moss showed a significantly larger sorption capacity 
to 137Cs, compared to those of the filter material and 
granular activated carbon (Fig. 3).

3.2.2. Mixed type sorbent columns for 236Pu removal 
from lake water spiked with 236Pu

The mixed type sorbent bed was applied to remove Pu 
from the spiked lake water solution with the purpose 
to achieve a higher accumulation efficiency of this ra-
dionuclide by means of the  mixed sorbent bed and 
the higher removal efficiency at the same time.

The set of experiments was aimed at investigating 
whether the efficiency of 236Pu removal from the lake 
water solution depends or not on the sorbent location 
in the column. For this purpose, five sorbents of equal 
slices were prepacked up to 100  mL in two separate 
columns in a different way. Column A at the bottom 
contained three sorbents of a lower sorption capacity 
for 236Pu (Fig. 2), and above those sorbents, at the top 
of the column, two sorbents of a higher sorption ca-
pacity (moss and filter material) were placed. Slices of 
sorbents in the other column, column B, were placed 
in the order opposite to that in column A. The sorbents 
of a higher sorption capacity (moss and filter material) 
were placed at the column bottom and three sorbents 
of a  lower sorption for plutonium (in Fig.  2 lichens, 
pine needles, granular activated carbon) were placed at 
the top of the column.

The lake water, spiked with 236Pu, was leaked 
through the columns under definite experimental con-
ditions. A  radiochemical analysis was performed for 
the obtained filtrates and sorbents from two columns. 
It is necessary to point out that the sorbent beds before 
the  analysis were divided into two segments/layers. 

Fig. 3. Removal efficiency of 137Cs and sorption capacity of environmental-friendly and synthetic 
sorbents from lake water spiked with 137Cs (pH 6), using the dynamic flow column method.
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The first layer of the sorbent bed of column A consisted 
of two slices (moss and filter material), whereas the sec-
ond layer included three slices (lichens, pine needles, 
granular activated carbon). The  layers of the  mixed 
sorbent bed of column B were packed in the  reverse 
order: lichens, pine needles and granular activated car-
bon in the first layer, and moss and filter material in 
the second one.

The filtration of the prepared lake water solution, 
spiked with 236Pu, through column  A started with 
sorbents of a higher sorption capacity, while through 
column B it started from sorbents with a lower sorp-
tion capacity for plutonium. The calculations of the re-
moval efficiency (Eq.  (1)) showed that within the er-
ror limits the sorbents of a higher capability (moss and 
filter material), being at the top of the column (A) or 
at the  bottom  (B) compared to the  sorbent layer of 
lichens, pine needles and granular activated carbon, 
sorbed 236Pu better, and the removal efficiency was sig-
nificantly higher (Fig. 4).

The sorbent layer of lichens, pine needles and 
granular activated carbon were found to be worse sor-
bents of plutonium from the  unfiltered lake water at 
pH of 6 compared to those of moss and filter material. 
The experimental results proved that the sorbent fea-
ture to have a higher or lower sorption capacity and 

the removal efficiency were independent of the order 
of sorbent packing in the column (Fig. 4).

3.2.3. 137Cs desorption experiments from moss and 
lichen

Laboratory-scale batch type desorption experiments 
were performed to evaluate the 137Cs background ac-
tivity desorption from moss and lichen. The  moss 
mass for the analysis was 9.07 g with the background 
137Cs activity concentration of 38.6±1.5 Bq/kg. The li-
chen mass was 13.89 g with the background 137Cs ac-
tivity concentration of 9.7±0.59  Bq/kg. The  volume 
of the  solution applied in the batch experiments was 
450 mL. Since the initial 137Cs activity concentration of 
moss and lichen samples was known, the radionuclide 
desorption/removal efficiency was evaluated applying 
Eq. (2).

The volume of distilled water decreased after its 
agitation with moss and lichen for 20 h. According 
to the  calculations, 119  mL of distilled water was 
soaked in the moss and 68 mL of water penetrated 
into the lichen. The percentage of the 137Cs desorp-
tion/removal efficiency from moss and lichen prob-
ably depends on the  volume of water, which filled 
sorbents and removed 137Cs (Table 3). To understand 

Table 3. Data of the batch type desorption of 137Cs in distilled water at 100 rpm agitation for 20 h.

Sorbent Solid phase 
mass, g

Solution volume 
after experiment, L

137Cs activity after 20 h batch experiment Removal 
efficiency, %In solid phase, Bq/kg In solution, Bq/L

Moss 9.07±0.05 0.331 24.26±1.32 0.39±0.027 37.1
Lichen 13.89±0.05 0.382 7.85±0.58 0.68±0.013 19.3

Fig. 4. Removal efficiency of 236Pu by mixed sorbents: the upper (1st layer) and bottom (2nd layer) segments 
of sorbents prepacked in columns A and B in a different way. Filtration takes place beginning with sorbents 
of the highest sorption capability and ending with the lowest capability sorbents (A), and vice versa (B).
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sorption/desorption processes better more extensive 
experiments are foreseen in the nearest future.

3.2.4. Assessment of the distribution (partition) 
coefficient Kd in tested sorbents

A generalizing approach on the use of the batch tech-
nique and flow-through method for Kd value assess-
ment is presented in [34]: “Batch tests are commonly 
used to measure Kd values. The primary advantage 
of the batch method is that such experiments can be 
completed rapidly for a wide variety of elements and 
chemical environments. The  primary disadvantage 
of the  batch technique for measuring Kd is that it 
does not necessarily reproduce the chemical reaction 
conditions that take place in the real environment. 
Flow-through column experiments are intended 
to provide a  more realistic simulation of dynamic 
field conditions and it is the second most common 
method of determining Kd values. The basic experi-
ment is completed by passing a  liquid spiked with 
the  contaminant of interest through a  sorbent col-
umn. The column experiment combines the chemi-
cal effects of sorption and the hydrologic effects of 
groundwater flow through a porous medium to pro-
vide an estimate of retarded movement of the con-
taminant of interest”.

Particularly higher values of the distribution coef-
ficients of most of the studied radionuclides between 
solid and liquid phases are obtained by the  static 
meth od. The dynamic column method (open system) 
seems to be more reliable and its results can be used 
for characterization of radionuclide transport pa-
rameters. Values of distribution coefficients Kd, stat 
(static batch method), and Kd, dyn (dynamic column 
method) of 137Cs for the same sorbents were obtained 
to be significantly different. For example, the follow-
ing differences in the distribution coefficient (cm3/g) 
values were determined: Kd, stat 610; 410; 30 while Kd, 
dyn 170; 85; 10 [35].

Based on the  distribution coefficient values, two 
types of organoclay (>2.8×103 mL/g; >1.23×103 mL/g), 
illite (>1.17×104  mL/g), chabazite (>4.0×104  mL/g) 
and surfactant modified chabazite (>6.59×103 mL/g) 
were determined to be the  most effective sorbents 
for 137Cs [36]. The  Pu(IV) Kd values from 10000 to 
40000  mL/g have been reported for smectite-rich 
sediments in the pH range of 5–12 [37].

In this study Kd values for environmental-friendly 
sorbents and synthetic ones were calculated applying 
Eq. (4). Experimental Kd values were obtained using 
the dynamic flow column method or batch tests. They 
are presented in Table 4.

Table 4. Distribution (partition) coefficient Kd values for 
tested sorbents.

Ra
di

on
uc

lid
e

Sorbent and method used

K
d, L

/k
g

236Pu

Clay (dynamic flow method) 516.9
Moss (dynamic flow method) 55.8
Mycorrhizal fungi chanterelles 

(dynamic flow method) 14.2

Lichens (dynamic flow method) 22.5
Filter material AFA-RMP-20 

(dynamic flow method) 63.8

Pine needles (dynamic flow method) 12.4
Granular activated carbon 

(dynamic flow method) 37.6

137Cs

Moss (dynamic flow method) 15.5
Lichens (dynamic flow method) 20.6

Filter material AFA-RMP-20 (dynamic 
flow method) 4.0

Granular activated carbon 
(dynamic flow method) 11.8

Moss (batch tests) 28.8
Lichen (batch tests) 7.7

3.3. Application of the dynamic moss bed column 
method in situ

The laboratory-scale experiments have shown that 
moss is the  best sorbent among the  tested environ-
mental-friendly sorbents. In order to apply the moss 
bed column for 137Cs and plutonium isotope pre-con-
centration from the lake water, a two column equip-
ment was arranged on the  shore of Lake Akmena. 
One column was able to leak water with a flow rate of 
0.025 L/s and the other with a rate of 0.05 L/s. The lake 
water of 300 L volume leaked through each column. 
It needs to be stated that moss, used as a sorbent, has 
its own background activity. 137Cs, 239,240Pu and 238Pu 
activity concentrations at zero time indicate radionu-
clide background activity concentrations in the moss 
bed (Fig. 5).

Moss taken out from the columns was at first pre-
pared for the γ-spectrometric measurement, and then 
a plutonium radiochemical analysis was carried out. 
The results obtained after the moss bed analysis are 
presented in Fig. 5.

It is obviously seen that the  background activity 
concentration of 137Cs decreased with time, where-
as those of 239,240Pu and 238Pu increased. According to 
the results (Fig. 5), during 100 min the flowing lake wa-
ter of 300 L volume removed 35.6% of the background 



B. Lukšienė et al. / Lith. J. Phys. 56, 111–123 (2016)120

137Cs activity of moss while during 200 min 71.2% of 
the background 137Cs activity was removed, meaning 
that cesium was desorbed at a much faster rate than 
sorbed to the moss bed.

The results of the measured 239,240Pu and 238Pu ac-
tivity showed that the single moss bed in the column 
had sorbed these radionuclides from the lake water. 
As the  lake water flow rate increased from 0.025 
to 0.05  L/s, the  exhaustion time reduced from 200 
to 100  min. Considering the  limited contact time 
of the  radionuclide with the  biosorbent bed, and 
the  limitation in the  radionuclide diffusion from 
the  liquid to the  solid phase at a  higher flow rate, 
the  dynamic uptake/sorption capacity of the  moss 
bed decreased. The  239,240Pu activity sorbed dur-
ing 100  min was 0.0134±0.0017  Bq/kg and during 
200  min it came up to 0.021±0.0018  Bq/kg, while 
the 238Pu activity sorbed was 0.0017±0.00057 Bq/kg 
and 0.0035±0.00057 Bq/kg, respectively. According 
to the  α-spectrometric measurements, if equilibri-
um conditions were achieved and all plutonium was 
sorbed from 300 L of the lake water during 200 min, 
the  calculated activity concentration of 239,240Pu in 
the unfiltered lake water was 4.87±0.98 mBq/m3 and 
that of 238Pu was 0.67±0.21  mBq/m3. The  activity 
concentration of 239,240Pu in the  unfiltered surface 
lake water determined in this study is quite consist-
ent with that in lake water in Finland [23]; the aver-
age activity concentration of 239,240Pu in the unfiltered 

water of Lake Päijänne, Finland, was 4.9±0.9 mBq/m3 

in 2007.

4. Conclusions

The present study has shown that according to the re-
moval efficiency results, moss can be considered as 
the best sorbent for plutonium of the tested environ-
mental-friendly sorbents, whereas the moss sorption 
capacity exceeds that of the  environmental-friendly 
sorbents and the tested synthetic ones. The highest ef-
ficiency of 137Cs removal from the lake water solution 
was obtained for granular activated carbon, and li-
chen showed higher sorption capacity parameters for 
137Cs compared to those of moss and synthetic sorb-
ents. The experimental results proved that the sorbent 
feature to have higher or lower sorption capacity and 
the removal efficiency are independent of the sorbent 
placing in the column when different kinds of sorb-
ents are sliced. The removed 137Cs background activity 
from moss and lichen during the batch type experi-
ments indicates the possibility to extract background 
radionuclides and other contaminants and probably 
to increase their sorption capability.

Application of the dynamic flow method carried 
out in situ confirmed the reversibility of the sorbed 
background 137Cs activity in the moss observed dur-
ing the batch type experiments. The flowing lake wa-
ter of 300 L volume through the moss bed column 

Fig. 5. Time-dependent changes in 137Cs, 239,240Pu and 238Pu activity concentration 
in the moss bed of 14 cm cm height in the column during dynamic flow method 
experiments in  situ. 137Cs, 239,240Pu and 238Pu activity concentrations at zero time 
indicate radionuclide background activity concentrations in the moss bed.
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desorbed 35.6 and 71.2% of 137Cs background activity, 
respectively, within 100 and 200 min. Hence, a single 
moss bed column is not a promising sorbent for 137Cs 
pre-concentration from fresh water bodies. However, 
application of the  same single moss bed column for 
the first time in  situ allowed us to determine the ac-
tivity concentration of 239,240Pu 4.87±0.98 and 238Pu 
0.67±0.21 mBq/m3 in the lake water.

To better understand the  sorption phenomenon 
and to apply a potentially useful technology in many 
areas, a series of experiments are planned to be imple-
mented in the future.
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137Cs IR PLUTONIO IZOTOPų SORBCIJOS-DESORBCIJOS BIOLOGINėSE IR 
SINTETINėSE MEDŽIAGOSE TYRIMAS

B. Lukšienė, Z. Žukauskaitė, N. Tarasiuk, E. Maceika, V. Filistovič, Š. Buivydas, L. Nedzveckienė, 
D. Jasinevičienė

Fizinių ir technologijos mokslų centras, Vilnius, Lietuva

Santrauka
Darbe pristatomi radionuklidų (137Cs ir plutonio 

izotopų) sukoncentravimo iš gėlo vandens kietose 
matricose tyrimai. Ypatingas dėmesys skirtas inovaty-
viam fizikiniam-cheminiam radionuklidų pašalinimo 
iš vandeninės terpės procesui – adsorbcijai, naudojant 
naujo tipo sorbentus, gamtines medžiagas. Tyrimai at-
likti į ežero vandens tirpalą įterpus 137Cs ir 236Pu izoto-
pus. Ežero vandenyje nustatyti pagrindiniai anijonai, 
mikro ir makroelementai, pritaikant jonų ir atominės 
absorbcijos chromatografijos metodus. Radionuklidų 
sorbcijos-desorbcijos geba buvo įvertinta pagal α- ir γ- 
spektrometrinių matavimų duomenis. Gamtinių ir sin-
tetinių sorbentų sorbcinė geba buvo palyginta taikant 
statinius (purtant) ir dinaminius kolonėlių (pratekant) 
metodus.

Pagal pašalinimo iš tirpalo efektyvumo rezultatus, iš 
visų tirtųjų gamtinių medžiagų, išskyrus molį, samanos 
gali būti laikomos geriausiu plutonio sorbentu, o sama-

nų sorbcinė geba buvo didesnė net už sintetinius sor-
bentus. Didžiausiu 137Cs iš ežero vandens tirpalo paša-
linimo efektyvumu pasižymėjo granuliuotos aktyvintos 
anglies kolonėlės.

Pritaikius dinaminį metodą, filtruojant per sama-
nų kolonėles natūralų ežero vandenį in situ, pasitvirti-
no statiniu metodu laboratorijoje gauti rezultatai apie 
137Cs grįžtamąją sorbciją samanose. Priešingai negu 
137Cs, toje pačioje samanų kolonėlėje plutonio izotopai 
buvo sorbuojami iš ežero vandens. Pagal samanų kolo-
nėlėje akumuliuotų radionuklidų α-spektrometrinius 
matavimus po radiocheminės analizės nustatyta, kad 
239,  240Pu aktyvumo koncentracija ežero vandenyje yra 
4,87±0,98 mBq/m3, o 238Pu – 0,67±0,21 mBq/m3.

Gauti skirtingi 137Cs ir plutonio sorbcijos rezultatai, 
naudojant samanas kaip sorbentą, nurodo skirtingas 
šių radionuklidų prisijungimo prie samanų savybes, 
todėl numatomi tolimesni adsorbcijos tyrimai.


