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Process modeling of 180 isotope separation using
stochastic exchanges of isotopic components in a
packed distillation column
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[ran component distillation approach was studied. The mathematical
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through statistical methods based on stochastic exchanges and
probability of molecular collisions. In this modeling, to calculate
the liquid-vapor equilibriums, the separation factor (a) or
volatility was considered as a function of column temperature.
Then equations of this model were solved by numerical
techniques in Matlab programming and distributions of isotopic
water components were obtained in the distillation column
under total reflux conditions. The simulation results showed that
the separation factor has a significant effect on the 180 isotope
separation as the H-labeled light components increased in the
condenser above the column; the HD and D-labeled heavy
components increased in the boiler due to the difference of the
separation factor. Then experimental results of 180 in the
condenser above the column and the reboiler from a semi-
industrial plant were compared with the simulation results,
which it showed a good conformity between the modeling and
pilot results.
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Introduction elements such as H,'¢0 and H;!80, a practical

method of isotope separation is distillation
Oxygen naturally consists of three isotopes of [5-9]. The abundance of 180 isotope in natural
160, 170, and *#0. The isotopes are widely used  \yater is very small (about 0.2%) and more
in natural and physical sciences such as  than 2000 equilibrium stages are required to
agricultural, environmental, biochemical separate it. So, to produce a high enrichment
researches, medical diagnosis, etc. Some of 180 isotope, the distillation cascade
typical methods to enrich the stable isotopes columns are designed. By using this cascade
like 180 are chemical exchange processes, columns, the vapor and liquid products with
diffusion-based separation, laser separation very high concentrations of (or even pure)
methods and distillation [1-4]. Due to relative | ;,5re volatile and less volatile components,

difference vapor pressure between the respectively, can be obtained (Figure 1).
different isotopes of lights and heavy
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FIGURE 1 Schematic cascade tower of water distillation for 180 isotope separation

Since process takes a lot of time (more
than one year) to achieve steady state
condition, the real experiments for process
assessments are very difficult, so there are
only a few experimental works on 180 isotope
separation. The most studies on the 180
production were done by Dostrovsky and
Wolf et al. [10-11]. Moreover, a few modeling
studies were presented by some researchers.
In 1963, Fraenkel and Raviv developed a
modeling based on plate by plate calculations
with considering three isotopic elements of D
(Deuterium), 170 and 180 under steady state
conditions [12]. other
researchers have developed the modeling
with separation columns in series by ASPEN
simulation software [13-14]. In 2016, Gao et
al. studied static and dynamic modeling of 180
isotope separation by considering the effect
of deuterium isotope on the 180 isotope

In recent years,

separation [15]. In these simulations, three
relative isotopes of D, 180 or 70 were
considered using the constant values of
1.054, 1.006, and 1.003 for separation factor
in the modeling.

The literature available indicated changing
of process condition such as pressure or
temperature in the distillation process which
can change separation factor [16].
Furthermore, according to several kinds of
isotopic molecules that exist in water, it
should be considered as a multicomponent
system. There are 18 isotopic molecules for
the water by combination of H, D, T, 160, 170
and 180 which T (tritium) isotope can be
ignored due to its low concentration in the
water. Due to this issue, 9 compounds have
been studied in this study which their names
and physical properties are listed in Table 1
[17-18].

TABLE 1 The water isotopic molecules and their physical properties

Component  H:160 H2170 H:180 HD160 HD170 HD180 D2160 D2170 D2180
Mv(i}:icg“}fr 18.01056 19.01478 20.01481 19.01684 20.02106  21.02109  20.02312 21.02734 22.02736
Natural
Abundance  99.7317  0.0372  0.199983 0.031069 0.0000116 0.0000623 0.0000026  ~5nM ~26nM
%
Interactions and collisions between The objective of this paper is to present a

isotopic components in water lead to a
complex isotope exchange reaction network
[19]. These isotopic exchanges can change the
concentration profile of the components
along the
equilibrium between the components and
cause increase or decrease of the separation
efficiency.

column by creating a new

distillation modeling with multicomponent
approach of water distillation for 180 isotope
separation. New work in this research
includes: Estimation of isotopic equilibrium
between liquid-vapor phases using statistical
collision,
considering the separation coefficient as a

function of column temperature (In the

methods based on molecular
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models presented by previous researchers, a
constant separation factor is considered).

Due to the limitations of constructing a
cascade of columns, the
simulation results reported in the literature
have not been confirmed by experimental
data. However in this study, the model was
evaluated using experimental data from a
pilot column operating under total reflux
conditions.

distillation

Material and method

The distillation column used in this study had
a diameter of 0.15 m and a height of 24 m and
was filled with Sulzer-CY packing. The
column was operated under total reflux
condition and vacuum operating pressure for
eight days to reach steady state condition. In
this study, the distillation column was
charged with 68 kg of the water, containing
12.7% of 180 and 10.2% of D isotopes that
was supplied by a semi-industrial plant. The
unit was operated for 8 days (192 hr) under
total reflux condition and the samples were
taken from the condenser and the reboiler of
the column every 24 h and were analyzed
with a LGR (isotope-ratio analyzer). Since the
column was working at total reflux condition
and also the fact that both the physical
property and latent heat of all the isotope
components are close to each other, the
values of internal liquid and vapor flows were
considered to be the same. The values of
these internal flows were obtained from the
so that
maximum internal flow in the column was
calculated 35 kg/hr, which was below the
flooding point. The vacuum pressure of 30kPa
was supplied by means of a vapor ejector at
the top of the The pressure
difference was considered linearly for each
stage of column and related temperature was

reboiler and condenser duties

column.

estimated from vapor pressure correlation
such as Antoine equation. The holdup values
of the column packing were determined

through measuring the reboiler and
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condenser inventory and calculating the

differences between them with the charged
values.

Mathematical equations

The distillation process was modeled by
deriving a series of algebraic and ordinary
differential equations (ODEs), which were
obtained by applying the mass balances
between internal flows of the column. The
following assumptions were used in dynamic
simulation of the process:

e The liquid and vapor of each stage are in
equilibrium.

e The operation is adiabatic and in this
modeling was ignored ignores the heat of
mixing and the difference between enthalpy
of the two phases.

e Because of the physical property
similarities of the isotopic water component,
heat and energy balance was not considered
in this modeling.

e Due to the operation of the column at
vacuum pressure, the equilibrium
calculations of the phases were performed
using the rules of ideal systems.

Basic equations

The model equations were written with
considering the
follows:

above assumptions as

- Overall mass transfer equation:
am;

—F =Vt L =V — L (1)

- Partial mass transfer equation for mixture

components:

dxi‘j
Mj—2=VisYijer + LimaXijo1 = Viyij —
iji,j (2)

- Vapor-liquid equilibrium equation
Vij = kijxij (3)

Where L and V are the liquid and vapor
flow rate in the column, M is the column
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inventory, x and y are the isotopes
compositions, k is the equilibrium constant, i
and j are the number of components and
equilibrium stages.

The values of the isotope component
concentrations in the vapor phase can be
calculated from the concentrations in the
liquid phase and separation factor values of
each component from an equilibrium relation
of a multicomponent system as [20]:

Vi =t (4)

c
i=1 XiXi

The reboiler and condenser equations are
written as follow:

axij

R. Lashkarboluki and M.H. Mallah

dxi‘j
Mj—2 = Vns1Vin+1r — LnXin (6)

1<i<n, j=N+1@ Reboiler

N is the equilibrium stage that was estimated
about 150 by Fenski-Underwood method
based on steady state concentration of D and
180 at the condenser and the reboiler of
column [21]. In 1968, Van Hook presented a
correlation for calculating vapor pressures of
all the water isotopic components [22]:

Ln P“;% = % + % +C (7)

where P is the vapor pressure. Through
the equation 9 and the values for coefficients
A, B, and C, the vapor pressures of each water
isotopic components can be calculated. The

coefficients are shown in Table 2.

TABLE 2 The coefficients of vapor pressure correlation for Temperature range of 0—130 °C

Mj?=L0xi_0—V1yi'1 , 1<i <n,
j= 0@ Condensor (5)
i A
D016 49314.9
HDO?16 26398.8
H,017 1057.8
H,018 1991.1
D,017 50338.2
HDO?1” 27458.3
D,018 51251.8

Given that the left side of Equation 6, i.e.
the ratio of wvapor of each
component to the lightest component of
water, is equal to the separation coefficient of
water isotopes, it can be used to calculate the
separation coefficient in modeling. The
separation factor means the
differences between the components or ratio
of their vapor pressures which was written as
follows:

pressure

volatility

J’i/ i P,
a; = —yr/);i = P_r (8)

Isotopic exchanges and equilibrium

In the water distillation process, the isotope
exchanges of components are inevitable. This
interaction is the same with reaction and can
create lighter or heavier components at each
equilibrium stage. A typical exchange that

B C
-164.266 0.140049
-89.6065 0.075802

-2.2400 0.000668
-4.1887 0.001197
-166.780 0.141349
-92.0736 0.076889
-169.027 0.142509

occurs among three isotopes is presented as
follows:

The equilibrium constants of reaction for
water isotopes and their kinetics are not
clearly specified. So here the statistical
procedure for calculating the equilibrium
concentration of isotopic reactions were used
[23]. Some of these equations are as follows:

[H,%0]=(1-xp) X150 (10)
[HD'®0]=2(1-xp)xpX;50 (11)
[D2180]=XD2X180 (12)

Equations 9-11 are obtained based on
stochastic exchanges and probability of
molecular collisions in the liquid phase. For
example, HD180 is calculated as follows:
Pup1go = 2Pup X Pigo = 2xuxp(X180)
=2(1-xp)XpX180 (13)
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P here is the probability of collisions between
molecules that forms a new component. In
the above equations, Xp, Xi7 and Xigo have
been defined as follows:

D
Xp= [D][+][H] =(Xp,0+0.5Xupo)/ (Xp,0+XHD0 +XH,0) (14)

X180 =$=X 186 +Xyp18gtXp, 18 (15)
[160]+[170]+[180] ~"Hz "0 “HD™"0 “D,™0

[170]
X170 = —————————— =X 17,+X +X 16
170 = [160]+[170]+[180] _~Hz'70T*HD07*D,'70 (16)
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The relative concentrations of D and 180 or
170 measured by LGR were used in order to
compare between the model results and the
experimental data. The
concentrations in the modeling were
equations 14-16 and
reversely by equation 9-11. The isotopic
concentrations for feed were calculated by

the same method from isotope components of
D and 180 and 170 as shown in Table 3.

relative

calculated from

TABLE 3 Initial concentrations of the feed in the distillation column

Component H:1¢0 H:170 H:180 HD160 HD70 HD180 D210 D270 D2180
Feed
Concentration 0.68618221 0.00081309 0.0786296 0.1960520 0.0002323 0.022465 0.01400371 1.659- 0.0016046

%

The equations from 1 to 8 express that the
water distillation process is modelled by
classical
vapor/liquid equilibrium stage without any
reaction or isotopic exchange. The outgoing
liquid stream passes to a reactor where

method as a conventional

Then, the stream leaving this reactor passes
on to the next equilibrium stage. This
modeling approach was used by Davis et al. in
a distillation column in which formaldehyde
reacts with water and methanol (Figure 2)
[24].

isotopic exchange is established (Equation 9-

11). |
Lﬂ H\-

Vapor-Liguid Equilibrium

| Without reaction

l

1
Reaction H

|

Vapor-Liquid Equilibrium

| this part will solved with equation 1-8

this part will solved with equation 12-14

| Without reaction |

Lﬂ’ H\

FIGURE 2 Equilibrium stage model used by Davies et al.

Numerical solution S). The simulation run time of the proposed
_ model for 150 equilibrium stages was
The Euler's method in the Matlab approximately 12 hr.

programming was applied to solve the
equations on a system of dual core CPU i5 and
speed clock of 1.8GH and 6GB RAM. To
increase precision, high
division applied to the time step (i.e. 0.00005

discretization
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Results and discussion
Isotopic water components distribution

The concentration distributions of isotopic
components in each equilibrium stage for
time period of 192 hr are presented in
Figures 3, 4, and 5. As can be seen from the
figures, during the unsteady period,
significant changes in isotopic components
are observed which the changes are mainly
influenced by separation factor of
components. Among the water isotopic
components, H-labeled components such as
H,160, H»70 and H»!80 are the lightest
components. These components
higher abundance and separation factor than
other components. As shown in Figure 3a, the
H;1¢0 increases at the condenser of the
column to above 90% and decreases at the

have a

H2016 Concentration

mole fraction

50

stage Number 00

(a)

100

time(hr)
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below 50%
respectively. The separation factors of the
H,170 and H!80 come between the light
(Hz21¢0) and heavy (Deuterium-labeled
component) components of water. At the
beginning of startup, these components are
increased at the condenser of the column and
heavy components increased at the reboiler
of the column. With the progress of the
process, the competition between H,170 and
H,180 with H»160 causes decreasing them at
the condenser of the column and relatively
decreasing at the reboiler of the column. As it
can be seen in the Figure 3b-c, H,170 and
H180 concentrate in the middle of column.
Figure 4a-c shows the HD-components
distributions in the column. The HD
components such as HD1¢0, HD170 and HD180
have a low separation factor and tend to
concentrate at the reboiler of the column.

reboiler of the column

H2017 Concentration

mole fraction

200
100

stage Number 00 time(hr)

H2018 Concentration

O

008+

0.06 -

mole fraction

stage Number 0

200

“100

time(hr)

FIGURE 3a-c H-labeled components distribution in the distillation column
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HDO16 Concentration

HDO17 Concentration

mole fraction
mole fraction

0
150

—— 200 200

100 —
100 50 100

50
stage Number 00 time(hr) stage Number 0o time(hr)

(a) (b)

HDO18 Concentration

mole fraction

" 200

100

50 100

stage Number 0o time(hr)

(c)
FIGURE 4a-c HD-labeled components distribution in the distillation column

Figure 5a-c shows the distributions of  column. As observed in these figures, higher
deuterium-labeled components in the concentrations of deuterium-labeled
column. The deuterium-labeled components compounds such as HD!80 and D,!80 in
such as D;160, D;170, and D,180 have a lower water, due to the low separation factor, help
separation factor than other components and to increase the isotope of 180 at the bottom of
tend to concentrate at the bottom of the the column.

D2017 Concentration

D2016 Concentration

mole fraction
mole fraction

200

100

50 100

stage Number 00 time(hr) stage Number 00 time{hr)
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200
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FIGURE 5a-c D-labeled components distribution in the distillation column

The results obtained from the distribution
of isotopic show that the
separation factor of components, which is a
function of temperature, has an important
role in concentration changes of isotopic
components in a water distillation column.

compounds

The compounds with low separation factor
are concentrated at the bottom of the column
and compounds with high separation factor
are concentrated at the top of the column.
Also, the between these
components can change the concentration
values of each component in the column and
decrease the separation
efficiency. To investigate these issues on the
modeling and evaluate the model, the model
results been compared  with
experimental data obtained from a semi-

interaction

increase or

have

18-oxygen isotope at bottm of the column

0.135
013}
@
&
£ 01251
ki
Q
@ 012}
=
o
§ 0115t
g
°
% 011}
Q
=
0.105f
015 50 100 150 200
Time(hr)

(a)

industrial pilot, which is mentioned in the
next section.

Model validation

D and 180 isotopes were analyzed by LGR at
the top and bottom of the column as the
controlling component
concentrations in the distillation column and
compared with the results obtained from the
concentrations of D and 180 isotopes at this
locations in unsteady state periods. According
to Figures 6a-d, the concentration of D and
180 isotopes is increased at the reboiler of the
column and decreased at the condenser of the
column. As can be seen in these figures, there
is a well adaptation among the modeling
results with the pilot data.

zones for

18-oxygen isotope at top of the column

Mole fraction of 180 isotope

0 50 100 150 200
Time(hr)

(b)
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Deuterium isotope at bottom of the column

Mole fraction of D isotope

100 150 200
Time(hr)

(c)
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Deuterium isotope at top of the column
0.14 T T .
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o o e —
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=

Mole fraction of D isotope

0.02F
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+ &
100 150 200
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(d)

FIGure 6a-d The experimental D & 180 isotopes concentrations at the condenser and the
reboiler of the column. *: experimental data, - : simulation results

Conclusion

In this paper, modeling of the 180 isotope
separation based on multicomponent
approach of water distillation process was
studied. The effect of temperature was
considered in calculating the separation factor
and the isotopic reactions of water isotopic
components were estimated by statistical
method based on stochastic exchanges of
isotopic elements. The modeling equations
were solved using the numerical procedure in
the Matlab programming for the distribution
of isotopic components in the distillation
column. The simulation results indicated that
increasing the deuterium-labeled components
in the water have a significant effects on the
180 isotope separation. The results of
concentrations for 180, and deuterium isotopes
at the condenser and the reboiler of the
column compared  with  the
corresponding pilot data which obtained from
a semi-industrial packed column .It resulted in
a well adaptation between the modeling
results and the pilot data .The proposed

model for this case study can be used for

were

simulation and optimization of the 180 isotope
separation in the real systems.
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Nomenclature

k k-value

L Liquid Rate (mol/s)
M Hold Up (mole)

160, 170, 180 Oxygen Isotopes
Pressure (kPa)
Probability
Temperature (K)
Vapor Rate (mol/s)

Hold Up (mole)

Liquid Mole fraction
Vapor Mole fraction
Liquid Flow Rate (mol/s)
Separation Factor

Q< X Zz<HT U

ubscripts
Component
Stage
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