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The models and analytical solutions for description of the extraction of “*U and **®U isotopes complexes in case
of availability of water microdrops located both in a uniform temperature field and in a non-uniform temperature
field of the heated from bellow horizontal layer of the supercritical carbon dioxide are suggested. It has been
indicated that in a uniform temperature field the efficiency of supercritical fluid extraction with carbon dioxide
complexes of uranium isotopes reaches a maximum at the limit of water solubility in supercritical carbon dioxide.
Theoretical calculations have demonstrated that the maximum concentration of *°U isotope complexes heated from
below in a supercritical carbon dioxide layer reaches 1.2% and is observed near the lower layer boundary. The
procedure for supercritical fluid extraction with carbon dioxide is described, in which the concentration of **°U
isotope complexes in the supercritical fluid will be higher than the natural one.

INTRODUCTION

It is known that water plays an important role in
supercritical fluid extraction with carbon dioxide (SFE-
CO,). The availability of macroquantities of added
water facilitates the extraction of metal complexes into
supercritical carbon dioxide (SC-CO,) [1] or liquid CO,
[2].

With no water the processes of extraction of metal
complexes are missing at all [3].

Due to significant effect of the added water on the
processes of SFE-CO,, it should be noted that the molar
fraction of water dissolved in SC-CO, at a temperature
of 40 °C and an almost twofold increase in pressure
(from 10 to 20 MPa) changes 1.36 times from 0.00428
to 0.0058 [4, 5].

Thus, proceeding from [4,5] it is possible to
determine the amount of water dissolved in SC-CO,
which is required for carrying out SFE-CO,, i.e. excess
water does not enter SC-CO, and does not participate in
the extraction.

In addition, it is shown in [6] that the full use of
water dissolved in SC-CO, also provides efficient SFE-
CO.. It is shown here that the dependence of SFE-CO,
efficiency has a peak nature: with an increase in the
amount of added water the extraction -efficiency
increases and reaches its maximum value when the
amount of water is equal to the limit of its solubility in
SC-CO,. Further increase in the amount of added water
leads to decreasing SFE-CO, efficiency. The
determined dependence of the extraction efficiency on
the amount of added water was physically substantiated
using the principle of detailed balance formulated by A.
Einstein through the example of two-level systems [6].
To describe the solubility of uranium complexes in
SC-CO, concentrated in water microdrops together with
pure water microdrops, a double two-level model is
proposed. The results obtained from this model are in
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quantitative agreement with the experimental data,
which indicates the adequacy of the proposed model.

Since the chemistry of metal complexing is the same
for all its isotopes, it is of interest to study the SSFE-
CO, complexes of metal isotopes. This study is
legitimate due to the difference in water microdrops
containing isotope complexes in terms of mass and
probability of induced transitions between energy
levels.

The aim of this work is to study the application of
two-level systems to describe the spatially uniform
distribution of complexes of 2°U and *®U isotopes in
SC-CO, layer heated from below.

MODEL OF DESCRIPTION OF EXTRA-
CTION OF #°U AND *®*U ISOTOPES
COMPLEXES IN A LAYER OF SUPER-
CRITICAL CARBON DIOXIDE IN THE
PRESENCE OF WATER MICRODROPS
IN A UNIFORM TEMPERATURE FIELD

Let us consider SFE-CO, of uranium complexes
under the condition of maintaining a constant
temperature of SC-CO, in its entire volume. In this case,
there is no convective heat and mass transfer in the
supercritical fluid and the probabilities of induced
transitions are constant values independent of
temperature.

It is known that the most notable quantities out of 16
isotopes of natural uranium are isotopes of **U
(99.275%) and U (0.720%) [7]. Therefore, we will
consider uranium consisting of these two isotopes.

To describe SFE-CO, of uranium complexes
consisting of %°U and *®U isotopes in the presence of
water microdrops in a uniform temperature field the
results of previous experimental and theoretical studies
presented in [6] are applicable.

However, now to describe the SFE-CO, extraction
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of the uranium complex consisting of ?*U and *°U
isotopes in the presence of water we will use a triple
two-level system, the scheme of which is shown in
Fig. 1. In this figure the index « takes the values ¢, x1
or x2, which means water drops with uranyl nitrate
complex based on #®U + TBP isotope or water drops
with uranyl nitrate complex based on #°U + TBP
isotope, respectively.

We believe that formation of particles of types x1
and x2 at level 2 is explained by the selective
accumulation of uranyl nitrate complexes based on
281 + TBP isotope and uranyl nitrate complexes based
on #*U + TBP isotope in different water microdrops.
This selectivity can be explained by the formation of
associates in water microdroplets [6] and is indirectly
confirmed in experiments [8]. Thus, based on the above,
it can be argued that at level 2 the relative content of
uranium isotopes in particles of types x1 and 2
should correspond to the natural one.

a a
1 n1 81
a a
Mg |iog "
a
2 n2 82

Fig. 1. Scheme « of two-level systems with
populations n;*, n; .
The arrows show the induced transitions between
energy levels with the corresponding probabilities:

Hy, — down; 1y, —up; where 1z, = 14y

As before [6], we believe that dissolved SC-CO,
microdrops of types ¢, k1 or x2 are accumulated at
level 1. At level 2 microdroplets of types 6, x1 or k2
are concentrated, which held by a filter paper. We
believe that the following relationship between the free
energies of the levels is valid:
g~ re?>e~el eyl

Induced transitions of microdrops of types ¢, k1 or
k2 from level 2 to level 1 are independent and
competing processes.

The independence of the induced transitions means
no effect of two-level systems on one another.

The competition between the processes of induced
transitions is due to the fact that the volume of level 1 is
limited by the value 0.5-n;(0) [6].

The isotopes 2°U and **U have very similar
chemical properties. Therefore, they form the same

chemical compound UO, (NO,), , which by addition of
two TBP molecules forms a uranium complex
UO, (NO,),-2Tb® high soluble in SC-CO, [3], where

TB® — tributyl phosphate. Selective release of uranium
complexes with different isotopes by water microdrops
and formation of microdrops of types x1 and x2 is
apparently associated with formation of various
supramolecular assemblies from these two isotopes [9]
which arise as a result of spontaneous association [10,
11].
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The probabilities of induced transitions of
microdrops of types x1 and x2 [6] are higher than

those of water microdrops 6 (7, 147 > 14, ). However,

the latter will also fill the upper energy level 1 although
slower while limiting the volume of possible location of
microdrops x1 and x2.

The initial equations for describing the induced
processes in independent two-level systems presented in
Fig. 1 have the form [6]:

() =(ng =n ) N =—(n )

(N“) =—(n5 —n) N«
The solution of the system of equations (1) gives the
following expression for the population of level 1 with
microdrops of type «:

ny (t)=%n;’ (0)(l—exp(—}/“t)), 2

M)

where y* =2Ng w5, N§=N“(O)—n22(0), n’(0)=0,

N“(0)>>n; (0).
It is easy to show that, when filling the top level, the
inequation must be fulfilled:

S ()52 (0), ®

The limit ratio is valid for the number of microdrops
of types x1 and x2 at level 1:

)], 40 (1), <5 (800 (0). @

The effect of water microdrops ¢ on the extraction
efficiency of microdrops of type x1 can be described in

another way. If assume N*'~N°>>1, then it is easy to
show from (9) that the following equation is valid:

dy oy

=45 = , 5

dx  'x ®)
y()=n'(t)-n*(t), x(t)

x1 6 -1
0, = 1, (ﬂlz) >1.
The solution of equation (5) has the form [6]:
0 () =n ()G s ()-m (0, (6)

¢, =n5(0)(n2(0)) " >0 — the

t—oo

where
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—
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where integration

constant.

It follows from equations (3), (6) that the efficiency
of extraction of microdrops of type x1 in SC-CO,
decreases with increasing the number of water
microdrops ¢ .

The same conclusion is valid for microdrops of type
k2 with the only difference that constants C, and ¢, in

the expression (6) must have different values:

C, =n}’ (O)(n; (0))7()2 and &, = 1 (ﬂfg) ' respectively.
The conclusion about the power-law dependence of
the efficiency of uranium extraction on the water added
to SC-CO, (5) is qualitatively confirmed by the
experimental results [6].
It follows from equation (6) that the extraction
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efficiency of microdrops of type «1, defines as
difference in the number of water microdrops at the

lower and upper energy levels (ng*(t)—n/*(t)) . If

t—oo

we take into account the experimental fact that the
extraction efficiency of uranium complexes is a
maximum when the amount of water is added to
SC-CO, which corresponds to its solubility limit [6],
then expression (5) can takes the form:

yl(X)=y10—C'-|X—X10|M, (7)
where y, (x) — the extract yield (%); x — the amount of

added water (ul); x,, — the limit of water solubility in
SC-CO,.

Optimization (7) according to the experimental data
of SFE-CO, uranium complexes [6] gives the following
values of constants:  y,,=957, X, =53.6;

C'=2.2-10% g, =2.46. Thus, the theoretical value of

the maximum extraction efficiency is about 96% and
corresponds quantitatively to the experimentally
measured value.

The obtained results to describe the efficiency of the
extraction of microdrops of type x1 can also be used to
describe the efficiency of the extraction of
microdroplets of type x2, with the only difference
being that constants Y;,; C';z in (6) must be

replaced by Y,,; C"; u, respectively. However, to

determine these constants it is necessary to carry out a
series of experiments to reveal the dependence of the
extraction efficiency of microdrops of type x2 on the
amount of added water.

Summarizing the results of study of SFE-CO,
complexes of 2°U and **®U isotopes in the presence of
water microdrops in a uniform temperature field we can
draw the following conclusions:

— the use of a triple two-level model SFE-CO, of
25 and **U isotopes complexes in the presence of
water microdrops in a uniform temperature field has
shown that the efficiency of their extraction increases
with increasing the amount of water;

— the maximum efficiency of the extraction of
complexes of isotopes *U and *®*U in the presence of
water microdrops in a uniform temperature field is
achieved for the amount of water at the limit of its
solubility in SC-CO, and under the condition of its
complete connection with complexes of uranium
isotopes;

— for the amount of water exceeding the solubility
limit in SC-CO, the efficiency of extraction of %°U and
28 isotopes complexes in the presence of water
microdrops in a uniform temperature field decreases.

MODEL OF DESCRIPTION
OF EXTRACTION OF %y
AND ?*®U ISOTOPES COMPLEXES IN A
LAYER OF SUPERCRITICAL CARBON
DIOXIDE HEATED FROM BELLOW IN THE
PRESENCE OF WATER MICRODROPS

Consider a horizontal infinite layer of supercritical
fluid bounded from above and below by horizontal
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planes z=0 and Z =h. The temperature of the upper
T, and lower T, (T, >T,) boundaries of the layer is

fixed. The axis Z is oriented parallel to the direction of
free fall acceleration and temperature rise. For
simplicity of calculations we assume that the
temperature gradient is constant:

VT =4, (8)

Tl

T, - = . . L
where B :ZT, €, — unit vector in the direction of

the axis z ; h — reactor height.

Heating from below the supercritical fluid layer
should lead to convective mass transfer [12] in the form,
for example, of a cylindrical convective cell [13], in the
center of which the fluid moves from the lower
boundary to the upper one with a constant velocity
directed against the axis Z and equal to —v . In

addition, the numbers of quanta of fluid N“ and the
probabilities of induced transitions s, will have a

dependence on coordinate Z in the uniform
temperature field. Under such conditions the equations
(1) are transformed to the form:

on’ on’ o ol o w
o Vg (N (ns =ny).
ony onZ o ala
_at2 —V—az2 =y (2)N“(ng —ny"), (9)
ON* ON* o ala  —a
ot v oz =~ (2)N (nz—nl),

where index « still takes values ¢, 1, x2.
Let us find solutions to equations (8) in the simplest

case, when the probabilities of induced transitions g,
can be represented as linear functions in coordinate Z :
15 (2) = 145, (0)(L+227) (10)

where

o L@ p o)

wy(0) a2 |, _o a(0) aT |, _,

Let us consider the case when the frequencies of the

induced transitions 4 (z) are positive functions of

coordinate Z . This requirement imposes the condition

that the parameter is positive 4“: A% >0.
The transition in the original equations (9) to

variables &, (z,t)= t(1+ A2+ %ithj transforms them

to the form:
ony
o8,
)
ON“
og,
where to simplify writing the notation z“ = 4, (0) was
introduced.
The choice of new variables in the form &, (z,t) is
associated with the fact that it allows to ensure the

pN“(ng —n),

1)

:—,u“N“(n;’—nf),
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coincidence of level populations at the initial moment of
time (t=0) for the system of equations (9) with the
initial conditions of the system of equations (11) in new
variables &, (z,t)=0,ie. & (2,0)=0.

Due to the mutual independence of the systems of
equations of two-level systems for particles of type «,
we will seek their solutions in the corresponding
variable & .

There are six integrals to find solutions to the system
of equations (11)'

0y (&,)+n
N“(&,)+n
where  nj =n7(0),

constant values.
Using (12) it is easy to obtain solutions to the
system of equations (11):

5 (&,)=n+ny;
1 (&,)=Ng +ny,
ne=n;(0), Ny =

(12)

N“(0) -

N,
N“(&) = :

10 20 a a

1+W8Xp(—2ﬂ Neqé:a)

NG +n% Mo —N% (“ g Je;
2 2 N
n (&)= o : ;

1+ N0 20 24 Nggé,

2Ng
né’(éa)=n{2+n§o—

a a
nlo +n20 n n

[ ﬁ’]exp 2uNEE, )

2 Ny
20
g Pl 2N
a a nfé—ng‘o HHN
where Ng = Ng +—=—= — equilibrium numbers of

fluid quanta for particles of type .
Let us consider solution (13) for populations of
levels 1 and 2 with particles of types x1 and x2 if

conditions N =0, N >>ni™* are satisfied. In

this case, solutions (13) can be represented in a
simplified form:

¥ (8~ 2 {l-on(2uNz ) W
ng(ga)zn—go(lJrexp(—Zy“N;ga)). (15)

Let us analyze these solutions.

It follows from expressions (15) that at level 2 the
number of particles of type x2 at the initial moment of
time t=0 (here £,=0) is equal to ny and must
correspond to the natural content: nj> ~0.72-107nj .

As follows from expressions (14), that at a long
extraction time (t —o0), which is equivalent to large
values &, the number of particles of type o at level 1
tends to half the value of their initial amount at level 2.

At sufficiently short times the expressions (14) show
inhomogeneity of distribution of particles of type «

along the coordinate z .
From (14) we determine the relative concentration of
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particles of type x2 at level 1 (%):
e (Ee)
nfz (§K‘2)+ nfl (5/\'1)

1
1—exp| —24°N**t| 1+ 1 ,z+ = AVt
N 072 p[ H eq ( K2 2 K2 )j

0.9928 1—exp( gu“lN“t[l+/1 Z+ ;l V'ED

Calculation of concentration (16) at the values of
dimensionless parameters hu NG N =1.47,

hu?NgZ NV =05, hi, =004, hi,=40 shows that

by the moment of time t*=0.046h/V a certain

proportion of particles of type K‘2 move to level 1. The
dashed line in Fig. 2 shows dependence (16) to the

instant of time t**>. The constant V can be determined
from the condition that the extraction time is

t“> =30 min, and the reactor height — h =21.8, see [8].
Fig. 2 shows that the theoretical curve sz(z,t“z)
of concentration of particles of type x2 is in good

Ci%(z,t)=

(16)

agreement with the curve C(z):0.3+0.85% obtained

experimentally in [8].

The practical application of the dependence (16) is
that at the intermediate stages of SFE-CO, at t <t** an
increase in the concentration of particles of type x2
relative to the natural one can be achieved in a certain
volume of supercritical fluid.

To do this it is necessary at a time instant of SFE-

CO, process equal to t** =0.046h/V to discharge the
fluid located in the interval 0.6<z/h<1 into the

receiving chamber at atmospheric pressure. In this case,
the concentration of particles of type x2 included in the
discharged fluid (the composition of these particles
includes the isotope of ***U) will be higher than the
natural one.

From (14) it follows that the spatial distribution of
particles of type x1 at level 1 at the same time instant

t =t** is determined by the expression:
—2uNgt*? 1+4K1z+11ﬂvﬂ2
Cfl(Z,tKZ):&;S[l—e H ( 2 ]] (17)

and is of the order of 6.5%.
1.2

1.0

0.8

0.6

041

Isotope concentration, %

0.2

0 0.2 0.4 0.6 0.8 1
Vertical coordinate, z/h

Fig. 2. Concentration of particles of type x2 —
c (z,t"z) (dotted line) at level 1 at the time instant

t*? =0.046 h/V. Solid line — experiment [8]
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It follows from (16), (17) that at sufficiently short
times of SFE-CO, the inhomogeneity of distribution of

particles of type « along the coordinate Z appears.
This inhomogeneity of particles distribution along the
coordinate at short extraction times makes it possible to
estimate the concentration of particles of types x1 and
K2.

Thus, based on the results of studying the model
proposed in the work for describing SFE-CO,
complexes of U and ?**U isotopes in a layer of
supercritical carbon dioxide heated from below in the
presence of water microdrops, the following
conclusions can be drawn:

— a system of equations to describe the change in
population levels by particles of type « in a layer of
supercritical carbon dioxide heated from below is
obtained and its solutions are found;

— it is shown that the frequencies of induced

transitions of particles of type o - 14, (z) are increasing

functions of temperature T ;

— the phenomenon of competition between particles
of type « when they move to level lis described: more
mobile and more numerous particles of type ¢ can
move to this level faster, and, thereby, reduce the
number of positions to which particles of types 1 or
x2 profess;

— it is determined that at long extraction times
(t— o) the number of particles of type « transited to
level 1 tends to half the value of their initial amount at
level 2;

— at relatively short extraction times tV/h~0.046

the dependence of populations of the levels of particles

of types 1 and x2 on coordinate Z is manifested;

— the maximum concentration of particles of type
x2 reaches 1.2% and is observed near the heated
boundary of the fluid layer;

— the procedure for SFE-CO, has been determined,
in which the concentration of particles of type x2
included in the discharged fluid (the composition of
these particles includes the isotope of **U) will be
higher than the natural.

CONCLUSIONS

A model for describing SFE-CO, complexes of *°U
and **®U isotopes in a uniform temperature field in the
presence of water microdrops is proposed. It is shown
within the framework of this model that in a triple two-
level model with a uniform temperature field the
extraction efficiency of uranium isotope complexes
increases with an increase in the amount of water and
reaches a maximum for the amount of water at the limit
of its solubility in SC-CO, and under the condition of its
complete connection with complexes of uranium
isotopes. The efficiency of extraction of ?°U and **U
isotopes complexes in the presence of water microdrops
in a uniform temperature field decreases for an amount
of water exceeding the limit of solubility in SC-CO,.

The multilevel model is proposed and the system of
equations for describing SFE-CO, complexes of
isotopes 2*U and U in a layer of supercritical carbon
dioxide heated from below is obtained in this paper also.

104

The condition when the frequencies of induced
transitions of particles of type « are increasing
functions of temperature T is considered.

The analytical solutions of the system of equations
described the change in the population of level 1 by
particles of type « in a layer of supercritical carbon
dioxide heated from below are found within the
framework of the proposed model.

The phenomenon of competition between the
particles of type « during their transition to level 1 is
described, which lies in the fact that more mobile and
more numerous particles of type 6 can quickly move to
this level and, thereby, reduce the number of positions
to which particles of types x1 or x2 can profess.

The analysis of the obtained analytical solutions has
shown that at long extraction times (t — oo0) the number
of particles of type a moved to level 1 tends to half the
value of their initial amount at level 2. At relatively
short extraction times tV/h ~0.046 the dependence of

level populations on coordinate z appears.

It is shown that the maximum concentration of a
particle of type 2 reaches 1.2% and is observed near
the lower, heated boundary of the fluid layer.

The procedure for SFE-CO, carrying out when the
concentration of particles of type x2 (the composition
of these particles includes isotope **U) in the
supercritical fluid will be higher than the natural one has
been determined.
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MOJEJIb OIMTUCAHUS SKCTPAKIIMU KOMIIJIEKCOB U30TOIIOB YPAH-235
N YPAH-238 B IIOJOI'PEBAEMOM CHU3Y CJIOE
CBEPXKPUTHYECKOI'O JUOKCHUJA YIJIEPOJA

b.B. bopu, C.®. Cxopomnasn, B.U. Tkauenxo

[IpennoxxeHbl MOCTN U HAWJACHBI aHATUTHUECKHUE PEIICHUS JJIsl OTMUCAHUS DKCTPAKIIMH KOMIUIEKCOB M30TOTIOB
25y y B8y MIpU HAJIMYUU MUKPOKAMENb BOJIbI, HAXOASIIMXCS KaK B OJHOPOJHOM TEMIEPAaTypHOM IIOJie, TaK U B
HEOJHOPOJHOM TIOJie TeMIIepaTyphl TOJOTPEBAEMOI0 CHU3Y CJOS CBEPXKPUTHYECKOTO AMOKCHIA YIJepoja.
IToka3aHo, YTO B HEOJHOPOTHOM IIOJIEe Temrmeparyp 3()(EeKTUBHOCTh CBEPXKPUTUUCCKON (DIFOMIHOU IKCTPAKIIUH
JIMOKCUJIOM YTJIepoJia KOMIUIEKCOB M30TOMOB ypaHa JOCTHUTaeT MakCMMyMa Ha Tpejesie pacTBOPUMOCTH BOJBI B
CBEPXKPUTUYECKOM TUOKCHJIE YIiepoaa. TeopeTHuecKMMH pacieTaMy MOKa3aHo, YTO B MOJOTPEBAEMOM CHHU3Y CIIO€
CBEPXKPUTHUYECKOTO IHOKCHAA YTIIEpOoAa MaKCHMalbHas KOHIICHTPAIUS KOMIUIEKCOB HM30TOIOB 2®Y nocruraer
BenmmuuHEI 1,2% n HabmomaeTcs BOMM3M HIDKHEH rpaHUNbI ciiost. OTHCaH MOPSA0K MPOBEACHHUS CBEPXKPUTHICCKOM
(hIrOMITHONW OSKCTpPaKIWHM IHOKCHIOM VIJepoja, IMpH KOTOPOM KOHIICHTPALUsS KOMIDIEKCOB H30TOIA Y g
CBEPXKPUTHYECKOM (hirrome OymeT BBIIIE PUPOTHOM.

MOJIEJIb OIUCY EKCTPAKIIII KOMILIEKCIB I30TOIIIB YPAH-235 I YPAH-238
Y IHAPI HAAKPUTUYHOI'O JIOKCHUAY BYIJIELIO, IO HIAITPIBAETHCS 3HU3Y

b.B. bopu, C.®. Ckopomna, B.1. Tkauenko

3anponoHOBaHO MOJENI Ta 3HAWICHO aHANITHYHI PO3B'S3KH IS OMHUCY SKCTPAKIii KOMIUICKCIB 130TOIIB B §
80 npu HasBHOCTI MiKpOKpameib BOMM, IO 3HAXOAATHCA SIK B OJHOPIAHOMY TEMIIEPATypHOMY IO, Tak i B
HEO/IHOPITHOMY TEMIIepaTypHOMY HOJI TeMIeparyp Iapy HaAKpPUTHYHOTO JIOKCHAY BYTJIEIIO, IO IMiJirpiBacThCs
3Hn3y. [loka3aHo, 110 B OJHOPITHOMY TMOJIi TemIepaTyp e(QEeKTUBHICTb HAJKPUTHUYHOI (IIOIAHOI eKcTpakiil
JUOKCHJIOM BYIJIEII0 KOMIUIEKCIB 130TOMIB ypaHy JOCsra€ MakCHMyMy Ha MeXi pPO3YMHHOCTI BOIU B
HaJKPUTHYHOMY HIOKCHJI BYIJIEHO. TeOpeTHYHUMH pO3paxyHKaMy MOKa3aHO, IO MaKCHUMalbHa KOHLEHTpALlis
KOMILTeKCiB i3oTomiB 2°U gocsrae Bemmumum 1,2% y mapi HaIKPUTHYHOTO JIOKCHLY BYIJIEIIO, IO MiirpiBaeThes
3HHU3Y, 1 CHOCTEPIraeThesl MOOJIN3Y HIKHBOT MexXi 1mapy. OmucaHo MOPSAOK MPOBEJEHHST HaIKpUTHIHOT (uiroinHoT
eKCTPAKIIi] JIOKCHIOM BYIJIELO, TPH SKOMY KOHLEHTpaIlis KoMIuiekciB i3otony “*°U y HagkputHaHOMY (mioimi
Oy BHILIE TIPHPOIHON.
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