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Abstract⎯Combined cement matrixes are proposed for petrification of organic liquid radioactive liquid
wastes (spent tributyl phosphate in hydrocarbon solvent, process oil) containing radionuclides 137Cs and 90Sr.
The high level of filling of the matrixes with waste is achieved by premixing thermally expanded graphite with
the latter. To confine cesium firmly, bentonite clay additions with a montmorillonite content not less than
65 vol % should be included in the compounds. It is demonstrated that the desired content of extracting agent
in the compound is 25 vol % and that of oil is 20 vol %. The minimum time of aging of the compounds before
transportation for long-term storage or burial should be not less than 42 days from the moment of cement
mixing. The moisture-resistant enamel coating of the surface of compounds does not prevent substantial dif-
fusion of 137Cs. However, it slows down the water absorption by the cement, thus postponing the beginning
of transition 137Cs and other radionuclides to the liquid phase. The strength of the compounds obtained in the
paper complies with the standardized values (GOST R 51883-2002). The average leaching rate of 137Cs is not
more than 1 mg/(cm2 day) and that of 90Sr + 90Y is not more than 0.1 mg/(cm2 day). The leaching kinetics
of cesium radionuclides from the compound has a diffusive character. The leaching kinetics of strontium and
yttrium radionuclides from the compound has a sorption-desorption character. The leaching rates of radio-
nuclides of elements of groups I, II, and III form the following series: R(137Cs) > R(90Sr)  R(90Y).

Keywords: radioactive oils, cesium, strontium, cement compounds, thermally expanded graphite, mechanical
strength, leaching rate
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INTRODUCTION
Organic radioactive liquid wastes (RLW) (organic

RLW—ORLW) form a specific group of radioactive
wastes. The feature of ORLW is that they cannot be
efficiently or in some cases even subjected to conven-
tional reprocessing methods used for water systems.

Organic wastes are represented mostly by used
extracting agents, their solvents, and process oils con-
taminated with uranium and plutonium isotopes, fis-
sion products, tritium, and other radionuclides. As a
rule, this type of ORLW represents the mixture of var-
ious kinds of oils containing hydrocarbons of lighter
fractions, water, and solid particles. These used oils are
beyond decontamination and recirculation. Their
conversion by oxidation is ineffective because of for-
mation of the coke fraction. That is why long-term
storage in metal storage tanks is at present moment the
only method to handle radioactive oils.

Extraction is the main industrial method of spent
nuclear fuel (SNF) reprocessing: selective recovery of
metal ions from aqueous solutions by certain organic

compounds, for example, by tributyl phosphate (TBP)
hydrocarbon solvent in its mixture with hydrocarbon
solvent. The spent extracting agent containing TBP,
solvent, and their products of radiation, thermal, and
chemical decomposition belongs to ORLW of moder-
ate activity level. As well as the spent oils, it is contam-
inated for the most part with uranium, plutonium, and
fission products. Unfortunately, at radiochemical
plants, not much attention is paid to deactivation of
such type waste. The controlled storage in the liquid
state directly on site is used as a temporary response to
the problem.

According to the national health and safety regula-
tions, all liquid radioactive wastes should be subjected
to solidification before transportation/shipment for
long-term storage or burial. During solidification of
organic RLW, it is possible to use practically any solid
matrixes synthesized by the cold procedure. Portland
cement is the most available material possessing such
properties. However, the simple cementation of
ORLW has a major drawback: only a small quantity of
waste (up to 10–12 vol %) can be included in the
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cement under the condition that its monolithic form
will be retained. It is possible to achieve a high level of
inclusion in a cement compound with preliminary
absorption of ORLW by porous carbon-based materi-
als: for example, by thermally expanded graphite
(TEG). Thus, a cohesive product able to form com-
pounds with cementing materials [1] is obtained as a
result of petroleum oil absorption by TEG.

Low leaching rates of radionuclides and high
mechanical strength are basic requirements applicable
to the cement compounds containing radioactive
wastes.

In the present study, the following problems were
formulated: to determine the retentive capacity of
compounds of the general composition “OLRW–
TEG–cement–bentonite” in relation to 137Cs and 90Sr
(long-lived fission products) and the mechanical
characteristics of these compounds; to recommend
the formula of a compound that complies with the
standardized document (GOST R 51883-2002).

EXPERIMENTAL
To obtain TEG, the chromium sulfate synthetic

method was used. This method is economical and can
be easily implemented in industrial conditions [2].
Foundry graphite GF-1 (GOST 5279-74) was used as
the raw material. Synthesis included the following
stages: graphite surface oxidation by a saturated aque-
ous solution of crude chromic anhydride, chemical
intercalation of 94% sulfuric acid (reagent grade),
hydrolysis of the obtained graphite bisulfate, leaching
of graphite oxide by distilled water, drying at 120°C,
and expansion by microwave heating. The synthesized
TEG bulk density was 10 g/L. The characteristics of
graphite obtained by such method are presented in [3].

The radioactive solutions simulating two main
types of ORLW (extracting agent and oil) were pre-
pared in the following manner. Aqueous solutions of
137СsNO3 or 90SrС12 (radionuclides without a carrying
agent) were emulsified with a nonionized surfactant
triton Х-100 (Sigma-Aldrich) in 30% TBP solution
(>99%, Merck) in n-dodecane (pure grade). To simu-
late partial decomposition of the extracting agent
when subjected to hydrogen nitrate and ionizing radi-
ation [4], in some cases, dibutylphthalate acid (DBPA,
97%, Acros) in the amoung of 10–30 vol % of TBP was
added. In a similar way, the imitator of the spent
radioactive oil was prepared: salt solutions of 137СsNO3
and 90SrCl were emulsified in vacuum oil VO-1 with
triton X-100.

The obtained solutions were absorbed by the pow-
der TEG; the latter was taken in amount of 1 g per 20 g of
the imitator ORLW. After 3 days of curing, the formed
solid material was mixed with a cement dough. Port-
land cement M-500 was used for preparation of
cement compounds. The water–cement ratio (WC)
against the advice [5] was varied in the range from 0.3

to 0.4, which was sufficient for a complete hydration of
cement minerals, but in this case, layering of the
included materials and cement dough was still not
observed during the setting time. To improve the
retentive capacity in relation to radionuclides, benton-
ite clays in the amount of 3–9% of dry cement mass
was added to some compounds. Two samples of differ-
ent origin with a significantly different content of
montmorillonite (the main source material of benton-
ite clays) were used for comparison: B4 (Dashukovka
region of the Cherkassy deposit, Ukraine, montmoril-
lonite content of 65–85% [6]) and BT (Tagansk deposit,
Kazakstan, montmorillonite content >90% [7]). To
determine whether the moisture-resistant coating of
cement stone produces additional resistance to diffu-
sion of radionuclides, several cement blocks were
coated with enamel with chlorinated rubber base
(Dufa) at the concrete strength development stage.
Cement compounds were aged in the forms during 28
(in some cases  42) days for strength development. The
solid cement blocks were in the form of monolithic
cylinders of height equal to the diameter (3.2 cm);
the geometrical area of the blocks was about 48 cm2

and mass was around 30 g. The range of the initial
activities of the blocks was 0.03–8 MBq from 137Cs
and 0.1–0.8 MBq from 90Sr + 90Y in equilibrium.
Radionuclides were not added in the samples pre-
pared for structural tests.

The content of the obtained compounds is pre-
sented in Table 1. Blocks of batches of Cs and Sr were
prepared for experiments on leaching of the corre-
sponding radionuclides. Blocks of batches P1–P5
were subjected to a shatter test. Here, the blocks of
batch P1 were not subjected to any preliminary stresses.
The blocks of batch P2 were tested by 30 freezing cycles
down to –18°С and defrosting up to +22°С (defrosting
was performed with complete immersion of the blocks
in tap water. Duration of stay of the blocks of batch P3
in water at 22°С (for shatter tests) was 90 days. Dura-
tion of stay of the blocks of batch P4 in water at same
temperature was increased to 180 days. Certain blocks
of batch P5 were subjected to irradiation by γ rays of 60Со
with dose rate of 0.08 Gy/s. During irradiation, these
blocks received a dose a bit more 250 kGy, that is, one-
fourth of the dose specified by GOST. However, accord-
ing to the estimation, for the spent extracting agent with
specific activity of 107 Bq/kg, this dose will be accumu-
lated in 1000 years, even though all this activity is due to
long-lived α-emitting radionuclides (which is unlikely).
Another part of the blocks of batch P5 was exposed to γ
radiation as well and received the GOST specified dose
(1 MGy). The compression strength of samples was
determined with a hydraulic press; the compression
strength measurement error was ~0.05–0.1 MPa.

The samples of compounds that contained radionu-
clides were introduced in closed fishbowls with 200 mL
of distilled water. Leaching of 137Cs and 90Sr + 90Y was
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Table 1. Composition of cement compounds and character of test carried out

* Blocks were coated with chlorinated rubber enamel; concrete strength development was prolonged to 42 days.
** Absorbed dose was about 250 kGy. 

*** Concrete strength development was prolonged to 42 days.

No. Imitator ORLW Composition 
of imitator WC Additives, vol % Batch

1* Exraction agent 8.5 0.3 Cs, Sr
2* 11 0.3 Cs, Sr
3* 14 0.3 Cs, Sr, P1, P3, P5**
4* 17 0.3 Cs, Sr
5* 20 0.3 Cs, Sr, P1, P2, P3, P5**
6* 20 0.3 3% B4 Cs, P2
7* 20 0.3 6% B4 Cs, P2
8* 20 0.3 9% B4 Cs, Sr, P2
9 20 0.3 5% B4 Cs, P1***

10 20 0.3 5% BТ Cs, P1***
11 21 0.3 Cs***
12 25 0.3 P1, P3, P5**
13 25 0.3 10% DBPA Cs
14 25 0.3 20% DBPA Cs
15 25 0.3 30% DBPA Cs
16 30 0.3 P1, P3, P5**
17 35 0.3 P1, P3, P5**
18 35 0.3 6% B4 P1, P3, P5**
19 15 0.35 P1
20 20 0.35 P1
21 25 0.35 P1
22 15 0.4 Cs, Sr, P1, P2, P3, P4, P5
23 20 0.4 Cs, Sr, P1, P2, P3, P4, P5
24 25 0.4 Cs, Sr, P1, P2, P3, P4, P5
25 15 0.4 5% BT Cs, P1, P2, P3, P5
26 20 0.4 5% BT Cs, P1, P2, P3, P5
27 25 0.4 5% BT Cs, P1, P2, P3, P5
28 25 0.4 3% BТ P1
29 25 0.4 6% BТ P1
30 Oil 15 0.35 Cs, Sr, P1, P2, P3, P4, P5
31 20 0.35 Cs, Sr, P1, P2, P3, P4, P5
32 25 0.35 Cs, Sr, P1, P2, P3, P4, P5
33 15 0.35 5% BT Cs, P1, P2, P3, P5
34 20 0.35 5% BT Cs, P1, P2, P3, P5
35 25 0.35 5% BT Cs, P1, P2, P3, P5
36 20 0.35 3% BТ P1
37 20 0.35 6% BТ P1
38 20 0.35 5% B4 Cs, P1***
39 20 0.35 5% BТ Cs, P1***
40 15 0.4 5% B4 P1
41 20 0.4 5% B4 P1
42 25 0.4 5% B4 P1
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performed at the room temperature (22°С) in static
conditions.

Measurements of 137Сs activity were performed on
a MKS-01A scintillation γ spectrometer (RDC Ampli-
tuda) with a Na(Tl) detector for 1 h for each sample.
The leaching water of each sample was decanted in a
separate Marinelli beaker, and after the measurement
was completed, it was drained into the RLW recepta-
cle. Then the compound was f looded with fresh water.
The statistical error of measurement of 137Cs activity
was not more than 10%. Water samples with volume of
20 mL from each specimen were sampled and 20 mL
of distilled water was added to the leaching water to
measure the activity of 90Sr + 90Y. Activity measure-
ment was performed using Cherenkov radiation on an
300-SL liquid scintillation spectrometer (Hidex) for 1 h.
The statistical error of the activity measurement was
not more than 5%.

The specific activity of the initial imitators of
ORLW was determined in a similar way.

RESULTS AND DISCUSSION
Strength Tests

The compressive loads tests of the blocks without pre-
liminary exposures (ultimate compression strength P1)
and also blocks preliminarily subjected to 30 freezing–
defrosting cycles (P2), stay in water for 90 days (P3)
and 180 days (P4), and exposure to γ radiation (P5) are
presented in Table 2.

The results of structural tests demonstrate that, for
compounds with WC = 0.3, 0.35, and 0.4 containing
the extracting agent in the amount of 15–25 vol % and
not subjected to any preliminary exposures, the com-
pression strength is not less than the specified norms
(Р1 ≥ 4.9 MPa). At the same time, no positive results
were obtained for the blocks containing the extracting
agent in the amount of 30–35 vol %.

Comparing the strength characteristics of com-
pounds with WC = 0.3 (samples 3, 5, 12, 16–18), one
can note a general tendency of the strength improve-
ment for the samples subjected to irradiation, freezing,
or long stay in water in comparison with the samples
that were not subjected to such exposures. However,
the compression strength of samples with WC = 0.4
(samples 22–27) after thermal, immersion, and radia-
tion exposures decreases in comparison with the sam-
ples with control compounds, though staying within
the specified norms.

The blocks that stayed in water for 180 days are an
exception: here, in some cases, an increase in strength is
observed. Upon compression of such samples (25–27)
on a hydraulic press, it was observed that plastic defor-
mation precedes their shattering.

For compounds containing a mineral oil as ORLW,
the strength of some samples is higher than the accept-
able limit even after temperature and other exposures

(excluding compound 32 containing 25 vol % oil). By
and large, the strength of compounds with the extract-
ing agent is higher than those containing the same
quantity of the oil. This is explained by the capacity of
oil to be adsorbed more securely on solid surfaces,
making the coating impervious to water. Hydration of
minerals of cement in such conditions at first slows
down and then eventually stops, resulting in failure of
concrete strength development. Thus, the results
demonstrate that the desired content of the extracting
agent in a cement compound is up to 25 vol %, and
that of oil is up to 20 vol %: a lower content ORLW is
not worthwhile owing to the considerable increase in
solidified waste, and a higher content is not appropri-
ate because of the decrease in strength below the spec-
ified limit.

The impact of bentonite clays on the strength of
compounds can be characterized as a negative one
(nevertheless, as will be seen in what follows, selective
sorption properties of bentonite in relation to cesium
make its inclusion in the compound worthwhile. The
property of bentonite to bind large quantities of water
causes a deficit of free water available for hydration of
clinker minerals. In this case, the more hydration is
hindered, the less quantity of bentonite will produce
the specified effect. Nevertheless, water will bind to
clinker minerals much more strongly than to benton-
ite. There is reason to believe that the given water defi-
cit is temporary and an increase in the holding period
of cement blocks for concrete strength development
will make it possible to obtain samples complying with
GOST standards. From these considerations, the
strength development for compounds 9, 10, 38, and 39
was prolonged to 42 days. As follows from the results
(Table 2), the given assumption was confirmed: the
strength of the blocks that had not been subjected to
preliminary exposures proved to be more than two
times higher than the minimum permissible value. In
the given case, the composition of the bentonite clay
was irrelevant. Taking into consideration that a
decrease in strength of the studied compounds is not
observed with any kind of impacts (thermal, immer-
sion, radiation), one can conclude that the increase in
the curing time by half instead of the usually accepted
28 days will guarantee sufficient mechanical strength
after such impacts as well.

Leaching of 137Cs
The level of leaching of radionuclides was deter-

mined by the formula

(1)

where AΣ is the total activity that passed into the water
from the moment of the first sampling, Bq; a0 is the
initial volume activity of the imitator ORLW, Bq/mL;
and V is the volume of the imitator ORLW in the
block, mL.

Σ=
0

,AS
a V
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The kinetic curves of leaching (dependences of S
on time t) of 137Cs from blocks 1–5 containing the
extracting agent and coated with a chlorinated rubber
enamel are presented in Fig. 1. The moment of first
appearance of 137Cs in the water at the detection level
t1 (1 day) is (henceforward) the time reference point.

For compounds 1–7, this moment occurs on days 9–
10 of the contact with the water, while the egress of
cesium from all other compounds is already observed
during the first day of leaching. The kinetic curve of
leaching of 137Cs from sample 11 not coated with the
enamel is presented in the same figure. Comparing it

Table 2. Compression strength limits of cement compounds, MPa

* Numbering corresponds to Table 1.
** Blocks were destroyed immediately after extraction from the form.

Compound

Compression strength limits of cement compounds subjected to the following factors, MPa

without exposure 30 cycles
of freezing–defrosting water 90 days water 180 days γ radiation

P1 P2 P3 P4 P5

3 16.39 9.45 20.06
5 6.75 13.40 6.94 8.68
6 6.27
7 5.01
8 6.75
9 10.81

10 10.83
12 4.82 5.79 7.71
16 2.89 3.47 5.79
17 ** 2.51 3.28
18 ** 1.93 1.74
19 14.63
20 11.46
21 7.31
22 14.63 13.65 12.19 16.83 9.03
23 11.46 10.24 12.92 15.12 9.27
24 8.53 9.01 7.56 19.98 10.49
25 6.83 7.07 15.86 11.71
26 6.58 6.09 12.92 11.47
27 4.88 5.85 4.88 6.83
28 7.13
29 6.09
30 12.19 9.01 7.56 12.44 9.51
31 8.29 5.36 5.36 6.34 7.07
32 4.87 3.41 4.63 5.12 4.39
33 7.07 4.14 6.59 11.95
34 5.12 3.09 3.90 3.66
35 2.68 3.42 3.17 2.68
36 4.14
37 3.66
38 11.83
39 11.04
40 4.14
41 5.85
42 5.36
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with the curve for sample 5 containing practically the
same amount of extracting agent, one can notice that
cesium leaching rates are pretty close in both cases as
well. The given results indicate that cesium leaching
from the compound occurs only owing to water
absorption by it and that the enamel coating prevents
its penetration into the cement stone; the coating itself
is not a barrier to cesium diffusion.

When comparing cesium leaching rates from
blocks 22–24 and 30–32 (Fig. 2), one can observe a
monotonic dependence of the speed of the process on
the content of ORLW: it grows with filling of the com-
pound with organic matter. Here, radionuclide leach-
ing from the compound with oil is slower than that
from the compound with the extracting agent evi-
dently because of the different viscosity of these liq-
uids (the viscosity of oil is higher by one to two orders
of magnitude), which depends inversely on the diffu-
sion coefficient. Increasing the water–cement ratio
from 0.3 to 0.4 (Figs. 1 and 2) will improve fixation of

cesium in the compounds containing the extracting
agent. Nevertheless, as will be seen in what follows, the
general result remains inadequate in this case as well.

The presence of the spent extracting agent DBPA
in the imitator (Fig. 3) affects (positively) the cesium
fixation in the compound apparently because of for-
mation of this metal salt, which has lower diffusion
mobility than the hydrated ion. Here, the samples with
10, 20, and 30% DBPA in TBP demonstrate close
cesium leaching rates with their tendency to decrease
upon increasing the ratio of additive. It should be
noted that concentrations of the spent extracting agent
in DBPA are incommensurably smaller [4]. With this
consideration in mind, one can deduce that in actual
systems formation DBPA will not result in an increase
in cesium leaching.

As anticipated, the presence of bentonite clays has
the greatest effect on retention of cesium in the compo-
sition of the compound. However, for compounds 25–27
and 33–35, a decrease in the leaching rate is observed

Fig. 1. Leaching curves of 137Cs from compounds 1–5 cov-
ered with enamel and compound 11.
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only when filling the matrix with the extracting agent
instead of oil (Fig. 4). This difference is due to the lower
diffusion mobility of cesium in the oil than in the
extracting agent. Consequently, diffusion of cesium to
particles of montmorillonite in the first case takes
more time.

   Thus, the cement compounds studied in this work
after 28 days of curing even approximately cannot be
considered as equilibrium systems. Besides hydration
of clinker minerals and the strength development
stage, processes of migration of the radionuclide from
one phase to another one take place there. This idea is
confirmed also by the results presented in Fig. 5.
Increasing the content of bentonite clay B4 in com-
pounds 6 and 7 from 3 to 6% of dry cement weight
results in a five- to sevenfold decrease in the leaching
rate. Moreover, cesium leaching from compound 8
containing 9% B4 was not observed over a period of
50 days at all. The curing of these samples before the
tests lasted 50% longer, i.e., 42 days. Hence, sorption
of cesium is a rather lengthy process. Its rate spikes
with an increase in the bentonite content. However, as
noted above, the strength of the compound can
become inadequate with too high a bentonite content.

The difference in sorbing properties of bentonite
clays B4 and B5 is clearly seen when comparing the
results obtained with samples 9, 10 and 38, 39. Ben-
tonite from the Tagansk deposit containing a large
quantity of montmorillonite (the most active cesium
sorbent) decreases the leaching rate better at the
matched content of the clay in the compound. This
difference is the most striking in the case of the com-
pounds with the extracting agent. Low mobility of
cesium in the oil is the reason.

Thus, for full implementation of the sorbing prop-
erties of bentonite clays in relation to cesium and
improvement of mechanical strength of the matrix,
one should increase the curing time of the real cement
compounds with ORLW before transportation for
long-term storage or burial.

The results of approximation of kinetic curves by
the power function [3]

(2)

are presented in Figs. 1–5 by solid lines. The exponent
P in most cases is far from 0.5, suggesting a compli-
cated character of diffusion of 137Cs in the matrix.
Thus, for the compounds not coated with an enamel
and not containing bentonite, the value of P is in the
range of 0.35–0.45. For compounds containing ben-
tonite, it is much less—0.2–0.3. Here, one can see that
the last experimental points are situated below the
approximating curve. This implies that diffusion
inside the compound is the limiting stage of the pro-
cess, and the effective diffusion coefficient decreases
gradually owing to additional hydration of cement
minerals upon contact with water and continuing
sorption of cesium by montmorillonite.

( ) = Pconst S t t

For compounds 1–5 coated with the chlorinated
rubber enamel, the exponent P grows from 0.6 to 1
with decrease in the content ORLW in the compound.
In this case, the transfer of the radionuclide from the
solid state to the liquid one is limited by the permea-
bility of the coating and the active force of the process
(the concentrated pressure) stays practically constant
until the leaching level becomes significant.

According to GOST R 51883-2002, the value that
determines the radionuclide fixation reliability in the
composition of the compound is the leaching rate R,
which can be obtained via the leaching level as

(3)

where m is the weight of the block and F is the area of
the open geometrical surface.

As calculated according to Eq. (3), the average
leaching rates 137Cs corresponding to t = 28 days are
presented in Table 3. One can see that the leaching rate
not exceeding the standard of 1 mg/(cm2 day) by
GOST is observed only for the compounds containing
bentonite in an amount not less than 5% (samples 7–
10, 38, 39).

Leaching of 90Sr and 90Y

The leaching level of the sum of radionuclides 90Sr
and 90Y was calculated by formula (1). The leaching
kinetic curves are presented in Figs. 6 and 7. The
moment of first contact of the compound with water is
the time reference point. For compounds 1–6 and 8
(Fig. 6), a multitude of irregular jumps on the depen-
dence of the leaching level on time was observed
during the whole experiment. Most likely, they were
caused by the presence of suspended particles, which

= ,mR S
Ft

Fig. 5. Leaching curves of 137Cs from compounds 6–10
containing extracting agent and compounds 38–39 con-
taining oil (all compounds contain bentonite; curing time
was increased to 42 days).
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induced a significant error when determining minor
activity.

Comparing the curves for samples 5 and 8, one can
notice that leaching of 90Sr and 90Y in the last case pro-
ceeds 1.5–2 times slower. Hence, inclusion of the ben-
tonite clay in the compound results in sorption of not
only cesium but also strontium, which complies with
the data [5]. As for 137Cs, the enamel coating slows
down the water absorption by cement: the start of the

observed output of activity from blocks 1–5 and 8 was
on days 5–10 of the contact with water. At the same
time, comparison of the results presented in Figs. 6
and 7 demonstrates that the coating significantly
decreases the leaching rate of 90Sr and 90Y. The values
of the average leaching rates of these radionuclides are
presented in Table 4.

From the results, one can deduce that the leaching
rate of 90Sr and 90Y does not exceed 0.1 mg/(cm2 day)
for all compounds in contrast to 137Cs. In this case, it
grows insignificantly when filling the compound with
ORLW. A reliable dependence of the leaching rate on
the type on ORLW has not been obtained.

As is well known, in conditions of radioactive equi-
librium of 90Sr and 90Y, yttrium makes the main con-
tribution (more than 95%) to the apparatus spectrum
of Cherenkov radiation [8]. Measurement of water
samples performed by us over 2–3 days of leaching do
not demonstrated any noticeable changes of activity in
comparison with the first measurements. Therefore,
90Sr and 90Y are present in samples in an equilibrium
amount. This being the case, one can estimate the
individual leaching rates of strontium and yttrium.

If we assume the rates of transition of 90Sr and 90Y
to the liquid state to be constant (which can be done
because of the linear character of the kinetic curves),
then the quantity of atoms of radionuclides NSr and NY
in the leaching water as a function of time t will be gov-
erned by the following differential equations:

(4)

(5)

where rSr and rY are the rates of transition to the liquid
phase of 90Sr and 90Y, respectively, s–1; and λSr and λY
are the decay constants of 90Sr and 90Y, respectively.

= − λSr
Sr Sr Sr,

dN r N
dt

= − λ + λY
Y Y Y Sr Sr,

dN r N N
dt

Table 3. Average leaching rate of 137Cs after 28 days

* Numbering corresponds to Table 1.
** Cesium activity proved to be lower than the detection level.

Compound*
R,

mg/(cm2 day)
Compound*

R, 
mg/(cm2 day)

1 1.60 22 8.85

2 2.80 23 9.81

3 6.26 24 10.1

4 4.91 25 4.40

5 10.2 26 5.20

6 1.34 27 6.25

7 0.21 30 4.02

8 <0.05** 31 4.95

9 0.92 32 5.63

10 0.52 33 6.15

11 16.5 34 5.84

13 4.12 35 5.96

14 4.16 38 0.94

15 3.82 39 0.80

Fig. 6. Leaching curves of 90Sr + 90Y from enamel-covered
compounds 1–5 and compound 8 (containing bentonite).
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Fig. 7. Leaching curves of 90Sr + 90Y from compounds 22–24
containing extracting agent and compounds 30–32 contain-
ing oil.
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The solution of the system of these equations for the
current activities ASr and AY in the water has the follow-
ing form:

(6)

(7)

It follows that the ratio of activities AY/ASr will with
good accuracy be equal to one in the case where their
transition rates to the liquid phase are related in the
same way as the half-lives, or

The dependence of the ratio AY/ASr on time at var-
ious values of x = rY/rSr (Fig. 8) makes it possible to
establish that the leaching rate of 90Y is 0.02–0.03% of
the leaching rate of 90Sr, i.e., negligibly small. Com-
paring the results obtained in this study, one can
notice that the leaching rates of radionuclides of ele-
ments of groups I, II, and III from cement compounds
with ORLW form the following series:

( )−λ= − Sr
Sr Sr 1 ,tA r e

( )
−λ−λ

−λ ⎛ ⎞λλ= − + + +⎜ ⎟λ − λ λ − λ⎝ ⎠

YSr
Y SrY

Y Y Sr
Sr Y Y Sr

1 1 .
tt

t eeA r e r

= λ λ =Y Sr Sr Y 0.0002536.r r

We note that the approximation of the curves of
strontium leaching from compounds 22–24 and 30–
32 by Eq. (2) gives values R = 0.65–0.75. In this case,
the first points in time keep a linear dependence (R = 1)
best. This and a relatively small leaching rate suggest
that in the given case the process is limited not by dif-
fusion but by the transition of radionuclides from one
phase to another. Inasmuch as strontium is a chemical
analog of calcium, its observed small leaching rate from
the cement compounds is a result of exchange processes
of calcium to strontium in the composition of minerals
of the cement matrix: 3CaO · SiO2, 2CaO · SiO2,
3CaO · Al2O3, 4CaO · Al2O3 · Fe2O3, etc. The retention
mechanism of yttrium by the compound appears to be
similar.

CONCLUSIONS
It is proposed to use combined cement compounds

containing ORLW preliminarily mixed with TEG at
the weight ratio of 20 : 1 and Portland cement M-500
with a bentonite clay additive (5% of dry cement
weight) with montmorillonite content not less than
65% and water (WC = 0.3–0.35) for petrification of
such ORLW as spent TBP in hydrocarbon solvent and
process oil. The optimal filling of the compound with
extracting agent is 25%, and with oil, it is 20 vol %.
The minimum aging time of the compounds before
transportation for long-term storage or burial should
be not less than 42 days from the moment of mixing of
cement.

The strength of the compounds with the given
composition complies with the standardized values
(GOST R 51883-2002). The average leaching rate of
137Cs is not more than 1 mg/(cm2 day); for 90Sr + 90Y,
it is not more 0.1 mg/(cm2 day).

It has been established that leaching kinetics of
cesium radionuclides has a diffusional character and
that of strontium and yttrium is of sorption-desorption
nature. The leaching rates of radionuclides of elements
of groups I, II, and III form the following series:
R(137Cs) > R(90Sr) @ R(90Y).

The moisture-resistant enamel coating of the sur-
face of compounds does not create a significant barrier
to diffusion of 137Cs. However, it slows down the water
absorption by cement, thus postponing the beginning
of transition of 137Cs and other radionuclides to the
liquid phase.
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