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Abstract-A laboratory study is made of Tc, Np, and Pu accumulation by natural and sterilized silts collected
from two typical eutrophic and dystrophic lakes of the Moscow oblast. After a short inductive period (13
3 days), the rate of Tc uptake by the eutrophic lake silt is about twice that by the dystrophic lake silt (at a dry
solid to liquid phase ratio of 0.033 g ml31). The rate is only slightly temperature-dependent, being practically
constant (at a level of about 3% per day) under certain conditions. The distribution coefficients after a month
of contact were found to be 1700+50 and 56+5 ml g31 for the eutrophic and dystrophic lake silts, respec-
tively. Sulfate and nitrate have an inhibiting effect on the Tc uptake. Efficient desorption of Tc from bottom
sediments can be realized only in the presence of an oxidant (H2O2), suggesting the reductive mechanism
of Tc sorption on silts, complicated by either complexation with microorganism cell components or by intra-
cellular deposition.

Both physicochemical (sorption) and microbiologi-
cal processes play an important role in radionuclide
accumulation in bottom sediments. The topicality
of studying these processes is associated with such
practical aspects as (1) prediction of environmental
behavior of radionuclides and (2) development of
biological methods for treatment of low-level wastes.
While bioaccumulation of nonradioactive toxic metals
is extensively studied, being even applied to industrial
wastewater treatment systems, radionuclide bioaccum-
ulation research represents a relatively new area. The
works on bioaccumulation of radionuclides on indi-
vidual cell cultures and their metabolism products
were reviewed in [1, 2].

Accumulation of such environmentally mobile
radionuclides as Tc and Np by the natural microbial
community (one of the major components of the most
of natural water reservoirs) is suggested to be the key
for comprehension of their behavior in aquatic eco-
systems. However, this process is little understood
yet. While quite definite and consistent data were
obtained on the mechanism of Np and Pu sorption on
sea, river, and lake bottom sediments, those obtained
for Tc are rather contradictory, presumably owing to
changing Tc uptake mode with changing conditions
[2319]. For example, it was stated in a series of works
[336] that Tc occurs in sea, river, and lake water only
ÄÄÄÄÄÄÄÄÄÄÄÄ
1 Reported at the Third Russian3Japanese Seminar on Techne-

tium (Dubna, June 233July 1, 2002).

in the form of chemically inert TcO3
4, and pertech-

netate even was proposed to be used as a tracer for
studying water flow. Later, its was demonstrated that
the Tc behavior is actually more complex, depending
on a series of factors such as the organic matter con-
tent and composition, season, etc. [1, 2, 7316]. Never-
theless, the kinetics and mechanism of Tc bioaccumu-
lation in various aquatic ecosystems are insufficiently
understood yet. For example, bottom sediments mostly
consist of about hundred lines of bacteria [1, 2, 20]
in a mixture with a number of minerals both initially
paving the lake bottom [19] and newly formed, e.g.,
iron sulfides [20], demonstrating different (from
very low to very high) Tc concentration factors [73
10], which complicates analysis of Tc behavior in
natural aquatic systems.

The Tc distribution coefficients for bottom sedi-
ments of various water reservoirs were reported in
[11314]. In a model water reservoir composed of
natural water and actual bottom sediment, Blaylock
et al. [15] revealed the differences in the concentration
factors for various components of bottom sediment
(microalgae, animal plankton, etc.). The total Tc up-
take rate was 3.2% per day. Milton et al. [16] ob-
served the retention of noticeable amounts of Tc by
certain kinds of bottom sediments of the Techa River,
particularly, by the sediment fractions characterized
by limited access for air. Similar behavior was ob-
served in studying sediments of the Irish Sea [17] and
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Norwegian fjords [18]. At the same time, Barci-Funel
[21] revealed the lack of Tc accumulation in bottom
sediment of the Rhone River. It was demonstrated
in studying Tc sorption on mineral rocks of bottom
sediment of the Lake Karachai (Chelyabinsk oblast)
[19] and on rocks of the water-bearing strata in the
Krasnoyarsk krai [22] that Tc(VII) is only slightly
sorbed, whereas reduced forms of Tc are sorbed to
a considerably greater extent [19, 23]. It should be
pointed out that, until now, the most of authors
focused on the effect of humic acids and also on the
chemical mechanisms of sorption, and the only work
[24] was devoted to analysis of macrokinetic param-
eters of sorption on lacustrine sediments. However,
the effects of sediment components other then humics,
composition of the aqueous phase, and temperature
are little understood, as well as such important issues
as seasonal variations and reversibility of radionuclide
bioaccumulation on natural sediments.

Here we report the results of a laboratory model
study of bioaccumulation of redox-sensitive long-lived
radionuclides. The main focus was made on 99Tc, and,
to compare with the behavior of more comprehensive-
ly studied radionuclides, in some experiments we also
studied the behavior of 239Pu and 237Np under similar
conditions.

EXPERIMENTAL

Subjects of study. We studied silts collected from
two typical lakes of various trophisms situated in the
Moscow oblast: comprehensively studied [25] eutro-
phic Lake Beloe (Kosino lakes group) and dystrophic
Lake Torfyanoe (Shatura region).

Lake Beloe occupies about 22 hectares; its maxi-
mal depth is 15 m. This is a highly productive lake.
In the maximal productivity period, the surface water
layer is rich in oxygen, and the organic matter content
in water and silt increases. In turn, excessive levels
of degradable organic materials lead to depletion of
oxygen and creation of anaerobic conditions near the
bottom, and anaerobic sulfate-reducing bacteria and
methanogens become the dominant populations. The
H2S production rate per kilogram of wet silt ap-
proaches 1.7 mg day31. The redox potential (Eh) in
the silt decreases to 370 mV (against Ag/AgCl elec-
trode). Silt and bottom water samples were collected
from the lake using a Molchanov bottle in April
(through an ice-hole) and in August (from a boat).
The sampling depth was about 9 m. The bottom sedi-
ment of the eutrophic lake was mainly formless organ-
ic detritus, gray colored, with a smelt of H2S. The

Microbial composition of bottom sediment and deep water
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÂÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Microorganism ³ Cells per milliliter
ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÅÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Microalgae ³ 106

Bacteria: ³

sulfate-reducing ³ 104

methanogens ³ 104
3105

nitrifying ³ 103
3104

denitrifying ³ 105

ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÁÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ

Notes: Vsed : Vw = 1 : 3; Msem : Mw = 1 : 30. Total = 2 0 109

bacteria g31. pH 7.0 (stable); Eh 30.20 V (SHE) (in the
bulk of the sediment). Bottom water: [HCO33] = 13
4 mg l31, [HSO34] = 0350 mg l31, and [Cl3] = 35 mg l31.
Summer3autumn season: the sediment is rich in digest-
ible organics; and winter3spring season: the sediment is
rich in fermented organics.

second object of this study was Lake Torfyanoe (area
about 0.5 hectare, maximal depth 3 m) supplied with
peatbog water. Dystrophic lake sediment was 98%
organic peat and humics and 2% sand.

The pH and Eh of the lake water were monitored
with a Radekis potentiometric system (Hungary) using
combined electrodes (Ioniks Alfa, Limited Liability
Company, Russia). The water pH was 7.0+0.1 and
6.5+0.1 (for both actual and sterilized samples) for
the eutrophic and dystrophic lakes, respectively. These
values remained unchanged throughout the experi-
ment. Eh measured 0.531 cm above the sediment sur-
face was 3200 and 3115 mV (against standard hy-
drogen electrode) in the eutrophic and dystrophic
lakes, respectively. The potential remained unchanged
in sample bottles stoppered with wads of cotton wool
without stirring, and increased to +100 mV only at
vigorous stirring and aeration.

The suspended material (silt) to water volume ratio
(Vsed : Vw) in the batches was 1 : 3, and the dry solid
to water ratio (Msem : Vw), about 0.025 g ml31.

The microbiological composition of silt was deter-
mined by inoculation into various nutrient media, fol-
lowed by microbiological analysis (see table).

The samples were sterilized using standard meth-
ods [25] using either 2% Formalin or g-irradiation
(60Co source, dose rate about 1 Mrad h31).

Radionuclides used. In the work we used the long-
lived radionuclides 99Tc, 237Np, and 239Pu purchased
from the Izotop Joint-Stock Company and additionally
checked for quality by a- and b-ray spectrometric
methods. Radionuclides in the form of 0.01 M solu-
tions of Na99TcO4 and 237Np(V) and 239Pu(VI) per-
chlorates were introduced into natural samples con-
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taining bottom sediment and bottom water, to obtain
the 237Np(V) and 239Pu(VI) concentrations of 10353
1036 M and the 99Tc(VII) concentration of 10343
1036 M at the beginning of the experiment.

Radionuclide bioaccumulation kinetics. Native
and sterilized silt samples and also reference samples
(distilled water) were thoroughly stirred and poured
into 500-ml cylinders, to obtain a 37.5-cm liquid
column over the sediment. Then estimated volumes of
radionuclide-containing solutions were added, and the
contents of cylinders were thoroughly stirred again,
stoppered with wads of cotton wool, and allowed to
stand at room temperature in a weakly illuminated
place. At fixed intervals 1-ml samples were taken
from the aqueous phase of the biosystem, centrifuged
for 10 min at 10 000 rpm, and the radioactivity of
the solution was measured with a Beckman LS 6500
multimode liquid scintillation counter. The complete-
ness of separation of the microsuspension by centri-
fugation was confirmed using ultrafilterfugation. Also
we determined the particle-size distribution for various
Tc forms of occurrence using centrifugation at 10 0003
15 000 rpm (56380 g), and ultrafiltration through
polysulfone membranes (Rainin Instr. Co.; mean
molecular weight range 5000330 000, pore size 0.053
0.22 mm). The same membranes were used, when
required, for separation of microorganisms from the
aqueous phase. The results given in tables and figures
were obtained in three replicate runs each.

Desorption of 99Tc from silt samples. After bio-
accumulation of Tc was complete (the residual Tc
concentration in the aqueous phase became <1% of
the initial), silt samples were thoroughly shaken, 8-ml
samples were taken, and the solid phase was separated
by centrifugation and decanting. Then distilled water,
1 M HCl, 1 M NaClO4, and 5% or 15% H2O2 (5 ml
each) were added, and the specific activity of Tc in
the liquid phase was monitored for 135 days with
a liquid scintillation counter. Desorption of Tc
from silt samples dried for 1 month or sterilized was
studied similarly.

Concentration of H2S in silt samples. The H2S
concentration was determined iodometrically using
back-titration [26]. The results were corrected for the
presence of reducing agents other than H2S in the
samples. For this purpose, an excess of CdCl2 was
added to a reference sample to remove H2S, and then
the sample was titrated.

RESULTS AND DISCUSSION

In this work we used two approaches to equilibra-
tion of bottom water3sediment system: (1) simulation

Fig. 1. Radionuclide uptake by the eutrophic lake sediment.
[Tc]0 = [Np]0 = [Pu]0 = 1035 M.

of thorough mixing with a rotary apparatus and
(2) simulation of hypolimnionic transfer to the sedi-
ment phase upon settling (without mixing). It was
demonstrated that, in the first case, i.e., with vigorous
mixing of the sediment and water phases and at least
short-term air access, the microbiological composition
of the sediment changed, including decrease in the
content of anaerobic microflora and its displacement
by aerobic microflora. In this case, we observed ac-
celerated sorption of Np and Pu, but decelerated up-
take of Tc. In the second equilibration mode, varia-
tions in the microbiological composition were mini-
mized, and Tc uptake by virtue of exchange with
microflora proceeded more rapidly by a factor of 23
3 than in the first equilibration mod; remaining, how-
ever, remarkably slower as compared to the diffusion
transport of Tc in the water phase. Since preservation
of the microbiological composition of the sediment
was thought to be a necessary condition for simulating
the behavior of radionuclides in the system in hand,
all the further experiments were performed using
equilibration mode 2.

No more than 5% of the aqueous phase was totally
sampled throughout the experiment. Speciation by
ultrafiltration revealed that more than 95% of Tc
that remained in the aqueous phase occurred as truly
soluble TcO3

4 species throughout the experiment. Data
on the Tc, Np, and Pu uptake by the eutrophic and
dystrophic lake sediments are given in Figs. 133. The
uptake half-time of Tc, Np, and Pu by the eutrophic
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Fig. 2. Np uptake by the dystrophic lake sediment: (1) na-
tive silt + water, 15oC, Vsed : Vw = 1 : 3; (2) native silt +
water, 15oC, Vsed : Vw = 1 : 3.5; (3) native silt + water,
6oC, Vsed : Vw = 1 : 3.5; (4) native silt + water, 6oC,
Vsed : Vw = 1 : 3; (5) native silt + water + 0.02 M H2CO,
15oC; (6) native water, 15oC; and (7) native water + 0.02 M
H2CO, 15oC.

lake sediment is 480, 10, and <1 h, respectively. The
kinetic curves of Np and Pu uptake show two different
sections: rapid uptake in the first hour, when, respec-
tively, 60 and 50% of the initial radionuclide content
is absorbed by the eutrophic and dystrophic lake sedi-
ments, and slow accumulation, when Np is practically
totally (98399%) absorbed by the eutrophic and
dystrophic lake sediments in one and two months,
respectively (Fig. 2).

After introduction of Np into the dystrophic lake
water containing no sediment phase, about 30% of Np
was bound to natural water-soluble humic acids (con-
centration of humic acids in the dystrophic lake water
was up to 0.5%; they readily precipitated on acidifica-
tion to pH 1). In the eutrophic lake water, the humic
acid concentration was below 0.005%, and the frac-
tion of Np bound to them was no more than 1%.

The Tc uptake half-time was 0.5 and 1 month on
the average for the eutrophic and dystrophic lake sedi-
ments, respectively (Fig. 3). For one series of samples,
the Tc uptake rate was practically constant (Fig. 3,
curve 1; Fig. 4, curves 2, 4; and Fig. 6, curves 2, 4),
and for another series, we observed a 233-day induc-
tion period and inconstancy in the uptake rate (Fig. 1;
Fig. 5, curves 133; and Fig. 6, curves 1, 3). The
typical mean Tc concentration factor (Kd) was 1700+
50 and 56+5 ml g31 (contact time 1550 h) for the

Fig. 3. Tc uptake by (1, 2) bioactive and (3, 4) sterilized
bottom sediments (60Co, 0.75 Mrad) of (1, 3) eutrophic and
(2, 4) dystrophic lakes. [Tc]0 = 1035 M, 15oC.

Fig. 4. Tc uptake by the eutrophic lake sediment. [Tc]0 =
1035 M. Temperature (oC): (1) 22, (2) 18, (3) 15, and
(4) 6. (6) Sterilized winter silt, 6oC and (7) sterilized
summer silt, 20oC.

Fig. 5. Substrate effect (additions of sulfate and nitrate)
on the kinetics of Tc uptake by the eutrophic lake sediment
(20oC, [Tc]0 = 1035 M): (1) no addition, (2) 80 mg l31

Na2SO4, (3) 80 mg l31 NaNO3, and (4) sterilized sample +
80 mg l31 Na2SO4.

eutrophic and dystrophic lake sediments, respectively
(recalculated to dry sediment). The induction period
was somewhat longer (335 days) with the silt samples
collected from running water zones (Fig. 5, curve 1)
and also with samples to which sulfate or nitrate was
added (Fig. 5, curves 2, 3).
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Fig. 6. Effect of the aqueous phase composition on Tc
uptake by the eutrophic lake sediment aged for 6 months at
6oC. [Tc]0 = 1.1 0 1034 M. (1) 15oC, distilled water;
(2) 15oC, native water; (3) 6oC, distilled water; (4) 6oC,
native water; (5) reference (g-ray sterilized native water and
silt, absorbed dose 0.75 Mrad).

Fig. 7. Kinetics of Tc desorption from (1) kaolin-supported
TcO2 and (2) eutrophic lake sediment under the action of
5% H2O2.

The experiment with a sterile aqueous phase of the
eutrophic lake (silt and microorganisms were removed
by filtration trough 0.02-mm membranes) revealed no
reduction of Tc during 30 days. In similarly prepared
aqueous phase of the dystrophic lake, about 3% of Tc
was bound in 15 days to dissolved humic and fulvic
acids, whereas the major part (95%) remained as truly
soluble Tc(VII).

We observed practically complete (~98399%) Tc
uptake by the eutrophic and dystrophic lake sediments
in 1 and 2.5 months, respectively. The same samples
of silt from the dystrophic lake, but g-ray sterilized
([H2S]0 = 0.001 M), did not demonstrate such a high
sorption capacity. They absorbed only 5% of Tc in
30 days if the condition of sterility was met. Similar
behavior was observed for sterilized samples of winter
silt of the eutrophic lake (Fig. 4), whereas sterilized
samples of summer silt of this lake absorbed up to
15% of Tc in a month, presumably, by virtue of higher
initial concentration of biogenerated hydrogen sulfide
in them ([H2S]0 = 0.05 M). These data are well con-
sistent with the conclusion made in [27] that sulfide
accelerates sorption of Tc on inorganic precipitates.

However, our results showed that, on changing the
natural water for distilled water, which strongly de-
creased the initial H2S concentration ([H2S]0 =
0.0002 M) as well as the potentiality for its further
generation, because of the lack of dissolved sulfate,
the final value of the Tc uptake by the silt, despite the
appearance of the induction period, was even higher
than with native bottom water (Fig. 6). Therefore, it
is quite clear that the effect of H2S is not the most
significant factor influencing the Tc uptake by bottom
sediments.

Speciation of technetium by centrifugation at
10 000 rpm and ultrafilterfugation through 0.053
0.22-mm membranes (mean molecular weight range
5000330 000) revealed that more than 90% of Tc that
remained in the aqueous phase was represented by
truly soluble ionic forms.

The microflora of the lakes contributes significant-
ly to Tc transport to bottom sediments. Evidently, just
the activities of some microorganisms capable of
anaerobic respiration are responsible for Tc uptake, as
supported by the observed competitive transport of
sulfate, nitrate, and pertechnetate (but not chloride) to
bottom sediments. Addition of sulfate or nitrate
decelerated the Tc uptake by sediments (Fig. 5). In
this case, the lack of the contribution of the ion ex-
change to the Tc uptake was confirmed in experiments
on Tc desorption from bottom sediments with reagents
of various natures (H2O, 1 M HCl, 1 M NaClO4, and
15% H2O2). The Tc desorption factors obtained with
these reagents were 0.05, 0.05, 0.08, and >0.99,
respectively. These results revealed that the microbial
reduction of Tc is the main factor controlling the Tc
transport to bottom sediments.

We compared the Tc desorption rates from the
eutrophic lake sediment and technetium dioxide
deposited on finely dispersed kaolin as a support.
Supported hydrated TcO2 was prepared by the reac-
tion of 0.2 M N2H5Cl with 4.2 0 1035 M NaTcO4
(500 ml) at 60oC and pH 8.5 (NaOH) in the presence
of 200 mg of kaolin. The resulting precipitate was
separated from the solution by centrifugation and then
washed with distilled water under deaerated condi-
tions. Desorption of Tc from the resulting precipitate
was performed with 5% H2O2. Initially desorption
proceeds at a constant rate, and then it decelerates in
proportion with the residual Tc content in the solid
phase. Desorption of Tc with the same reagent from
the eutrophic lake sediment initially proceeds at a
lower rate (Fig. 7). Two hours after the beginning
of the experiment, the desorption accelerates, so
that the degree of desorption approaches 95397%
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in the next 334 h. Evidently, this is associated with
microbial intracellular fixation of reduced technetium,
which decreases the accessibility of thus fixed Tc
species for a time required for the cell wall decom-
position.

We believe that the main mechanism of Np, Pu,
and Tc accumulation in the biosystems studied is
reduction of the indicated elements to Me(IV), fol-
lowed by sorption of hydrolyzed forms on organic
residues of bottom sediments. The kinetic study [28]
demonstrated that, at the TcO3

4 and S23 concentration
used in this work, reduction of pertechnetate with
hydrosulfide is inhibited. Therefore, we suggest that
reduction of Tc(VII) and its further uptake by the
sediment components are associated with microbial
activity, primarily with that of sulfate-reducing micro-
organisms capable of reducing Tc(VII) quite rapidly
[5]. The difference in the uptake rates of Np, Pu, and
Tc, particularly, the slower Tc uptake can be attri-
buted to higher chemical stability of Tc(VII) com-
pared to Np(VI). The mechanism proposed is well
consistent with the above-mentioned sulfate-mediated
deceleration of Tc uptake (sulfate competes with Tc,
as electron acceptor, in chemosynthesis occurring
in chemosynthetic bacteria). For the alternative mech-
anism involving Tc reduction by sulfide generated
from sulfate, the opposite effect should occur, and ad-
dition of nitrate should have no effect at all. A signifi-
cant difference in the Tc uptake rates (5 and 15% per
month) was observed for sterilized silt samples col-
lected in the winter and summer seasons. Presumably,
this is associated with a decrease in the hydrosulfate
concentration in the silt in the winter period due to
artificial aeration and depression of metabolism at low
temperatures.

Sediments of freshwater lakes of the eutrophic type
demonstrate high sorption capacity. The Tc uptake
rate was practically unchanged over the Tc concentra-
tion range 103431036 M. We observed only insig-
nificant decrease in the Tc uptake rate (by less than
10%) in the 6-month consecutive sorption runs with
introduction of fresh portions of Tc into the same
sample.
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