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Abstract: The hydrogen—water isotope catalytic exchange process has been widely applied in the
tritium-containing water treatment process. It can be compared and analyzed conveniently with
process simulation software. In this study, the catalytic exchange process was simulated by Aspen
Plus software (V11). According to the simulation results, the main reaction process was that HDO in
the liquid phase converts into HD in the gas phase, and the reaction mainly occurred at the bottom of
the column, exhibiting a two-orders-of-magnitude-higher reaction amount compared to that observed
in the top section. Different side reactions occur at distinct positions along the column, exhibiting a
reaction amount that is lower by one to two orders of magnitude compared to the main reaction and
aligning in the same direction as the main reaction. The optimum operating temperature is 60~80 °C,
with the best performance observed at 70 °C, because of the large reaction equilibrium constant and
the suitable ratio of vapor to hydrogen (1:4~1:1.5) in the gas phase. The influence of the residence
time was investigated by introducing reaction kinetic equations. The residence time should be more
than 1 s to ensure an adequate reaction. The influence of operating conditions on the hydrogen-water
isotope catalytic exchange process can be deeply investigated by process simulation, and more mass
transfer process quantities can be obtained. It plays a promoting role in guiding the process design
and condition optimization.

Keywords: hydrogen-water exchange; process simulation; LPCE column; hydrogen isotope exchange;
reaction process

1. Introduction

The technology of water-hydrogen isotope separation finds extensive applications in
various fields such as the detritiation of light water [1], the production and purification of
heavy water [2,3], the extraction of tritium from heavy water [4], and the preparation of
deuterium-depleted water [5]. Distillation, electrolysis, hydrogen sulfide-water exchange,
single- or double-temperature ammonia-hydrogen exchange, hydrogen-water exchange,
and other processes are the primary methods employed for the separation of hydrogen
isotopes [6]. Notably, hydrogen—-water isotope exchange is widely utilized due to its mild
reaction conditions, non-toxic and non-corrosive nature, high separation efficiency, and
simplicity in operation [7].

Hydrogen-water isotope exchange technology typically employs processes such as
vapor phase catalytic exchange (VPCE), liquid phase catalytic exchange (LPCE), and
combined electrolysis catalytic exchange (CECE). VPCE, being the earliest technology, has a
large processing scale but requires a high temperature and pressure, resulting in an elevated
energy consumption and increased safety risks. The CECE technology demonstrates an
enhanced efficiency in the separation of hydrogen isotopes and facilitates their concentrated
accumulation. Moreover, it offers a substantial reduction in the utilization of titanium-
based [8] or alternative hydrogen-absorbing materials during the gaseous product storage.
However, its electrolysis process consumes a substantial amount of energy, making it
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economically inefficient for industrial applications. LPCE operates under relatively mild
conditions (50-70 °C, and 1-1.2 atmospheres), boasts a lower energy consumption, and
offers enhanced safety features. As a result, it has found widespread application in the
separation of various hydrogen isotopes in water. Taking deuterium separation from water
as an example, deuterium-enriched water is introduced at the top of the LPCE column,
while natural hydrogen gas is fed in from the bottom. Inside the LPCE column, a hydrogen
isotope exchange reaction occurs between HDO and H; under the action of a catalyst,
generating H,O and HD. Deuterium-depleted water exits from the bottom of the column,
while deuterium-enriched hydrogen escapes from the top, effectively achieving deuterium
separation from water. LPCE technology has been engineered for practical applications;
for instance, South Korea’s Wolsong Tritium Removal Facility (WTRF) achieves a 97%
reduction in tritium content in reactor heavy water through the implementation of the
LPCE process [9]. The Tritium Removal Facility (TRF) at Russia’s PIK reactor also adopts
the LPCE process by utilizing multiple series-connected LPCE columns to achieve tritium
reduction and deuterium recovery [10]. Hydrogen energy, the most eco-friendly energy
of the 21st century, has drawn worldwide focus. Its technological progress has enabled
the economical mass production of heavy water [11]. Atomic Energy of Canada Limited
similarly utilizes the LPCE process and has established a demonstration plant for heavy
water production in Hamilton that combines LPCE with steam methane reforming to enrich
the deuterium content in water [12].

Although most of the LPCE processes are primarily based on experimental research [13-15],
it is challenging to explore the component distribution, reaction process, and changes in
other parameters within the column solely by measuring the inlet and outlet components.
To gain a comprehensive understanding of the mass transfer process within the LPCE
column, process simulation can be employed to analyze the temperature, pressure, and
gas and liquid distribution at each theoretical stage in the column, as well as variations in
component content. This approach provides accurate data for trace components and allows
for a thorough consideration of side reactions. The abundance of data obtained through
process simulation facilitates a deeper comprehension. Furthermore, process simulation
enables a convenient investigation into the impact of different operating conditions on
catalytic exchange processes while reducing the experimentation requirements and guiding
or validating both the process design and experimental results.

The simulation of the LPCE process has been the subject of extensive research. Krunal
A. Mistry et al. have developed a steady-state process model that accurately predicts the
performance of the entire exchange process using experimentally determined parame-
ters [16]. Ye et al. simulated the hydrogen/deuterium exchange process in a column with
alternating packing layers based on material balance equations and equilibrium relation-
ships between deuterium in hydrophilic and hydrophobic packing layers, elucidating the
influence of operating conditions on the separation efficiency [17]. The corresponding
software has also been developed by various countries, such as FLOSHEET in Canada [18],
SICA in Romania [19], and EVIO(version 5) in Russia [20]. However, these aforementioned
software solutions are primarily tailored to specific application scenarios, with a limited
consideration for simulating auxiliary equipment within the technological process and
ensuring compatibility with other process simulation software.

In this study, we innovatively utilized Aspen Plus software (Aspen Plus V11), a
widely used commercial software package in chemical engineering simulation [21-24].
This allowed us to simulate the hydrogen—water isotope catalytic exchange process within
a reactive distillation column while incorporating commonly used operating units like
pumps, compressors, and heat exchangers. By doing so, we were able to facilitate a
convenient process design. It also provides a flexible interface to provide a basis for a
future joint simulation with other processes, for example, the process simulation of the
tritium fuel cycle system used in the fusion reactor’s tritium plant. The objectives of this
study are: (i) to analyze the component composition and reaction processes; (ii) to discuss
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the influence of temperature on the exchange process; and (iii) to employ kinetic reaction
equations in order to investigate the impact of the residence time on mass transfer.

2. Process Modeling

2.1. Pure Component Properties

The simulation process is the water-hydrogen isotope catalytic exchange process with
a gas-liquid countercurrent. Hydrogen is used to remove the HDO in water. The relative
pure components include Hp, HD, D,, H,O, HDO, and D;O. The activity coefficients
used in this work have been calculated by the nonrandom two-liquid (NRTL) model
equations, which is suitable for the systems containing polar components [25]. In the
simulation process, the absent properties in the data are estimated and collected from other

literature [26]. The main property parameters are listed in Table 1.

Table 1. Property parameters.

Parameters Unit H, H,0 HD HDO D, D,O
Vaporization Enthalpy kJ/mol 0.90 40.69 1.04 40.68 1.19 41.45
Freeze Point °C —259.20 0.00 —256.55 191 —254.42 3.81
Dipole Moment debye 0.00 1.85 0.00 1.82 0.00 1.78
Molecular Weight 2.02 18.02 3.02 19.02 4.03 20.03
Omega —0.22 0.34 —0.18 0.36 —0.14 0.37
Critical Pressure kPa 1313.0 22,064.0 1484.0 21,867.5 1661.7 21,671.0
Standard Specific Gravity 0.30 1.00 0.30 1.05 0.30 1.11
Boiling Point K 20.39 373.15 22.29 374.00 23.65 374.57
Critical Temperature K 33.19 647.10 35.91 645.64 38.35 643.89
Triple Point Temperature °C —259.20 0.01 —256.55 1.92 —254.42 3.82
Liquid Molar Volume at Boiling Point cm3/mol 28.57 18.83 26.84 18.84 25.11 18.85
Critical Volume cm3/mol 64.15 55.95 62.00 56.12 60.26 56.30
Standard Liquid Molar Volume cm3/mol 53.56 18.05 53.56 18.05 53.56 18.13
Critical Compressibility Factor 0.31 0.23 0.31 0.23 0.31 0.23

2.2. Reaction Equations

In the catalytic exchange process of Hy-HDO, multiple hydrogen isotope exchange
reactions occur, as shown in Equations (1) to (7):

H,O(v)+HD(g) € HDO(v) + Hy(g)

H,O(v) + Dy(g) < D,0O(v) + Ha(g)

HDO(v) + Dx(g)

H,O(v) + Dy(v) £ HDO(v) + HD(g)

D,O(v) + Hy(g) g HDO(v) + HD(g)

K

K

Hy(g) + Da(g) £ 2HD(g)
&

H,O(v) + D,0(v) €2 2HDO(v)

D,O(v) +HD(g)

(1)

(7)

According to the stoichiometric matrix, this system involves three independent
reactions. Selecting reactions (1)—(3), their equilibrium constants are represented by

Equations (8)—(10) [27]:

K, — YHDOYH,

YH,0YHD

K, = YD20¥H

YH,0YD,

472
— p—0207+42

923
— p—0.667+%

(8)

©)
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_ YD _ L4117 (10)
YH, YD,
where K; represents the reaction equilibrium constant of the equation i; y; represents the
mole fraction of component i in the gas phase; and T represents the temperature, K. The
equilibrium constants of other equations can be calculated from these three independent
reactions, where:

Ky = K2/Kq, K5 = K3K1%/Ka, K¢ = K1K3, K7 = K3K1 /K> (11)

The separation factor («) of the hydrogen—-water isotopic exchange is typically defined
in terms of the deuterium (D)-to-protium (H) atom ratios in the two species at equilib-
rium [28]. A distinction exists in the definitions between the equilibrium constant and
separation factor. For instance, Equations (12) and (13), respectively, present the definitions
of the equilibrium constant and separation factor for the reaction described in reaction (1).

[HDO] [Hz] NHDO " H,

Ky = [H,O][HD] ~ npy,0-70p (12)

(D/H)liq _ nHDO'(”Hz +HHD)

= 13
(D/H)g NHD" (”HZO + ”HDO) 13)

K =

Therefore, in the case of a negligible content of D, the equilibrium constant can be
approximated by the separation factor.

In the practical operation process, it is difficult to reach the reaction equilibrium for
reactions (1) and (2) due to the loading ratio of the catalyst to packing and the gas-liquid
flow rate. Therefore, to make the simulation results approach the actual situation, the
reaction kinetics equations are introduced to describe the reaction process [26], and then
the reaction process can be controlled by adjusting the residence time.

yap 1 yHDo>
ro=k (2HD _ 14
! ! ( YH, Kl YH,0 ( )

ypo 1 yD2>
ry =k -2 15
S (szo K> yh, (19
Ink; = 11.869 — % (16)
Ink, = 9.8372 — @ (17)

where r; represents the reaction rate of component i, s~ 1; and k; represents the reaction
kinetic constant of component i.

2.3. Simulation Process

The hydrogen-water isotope catalytic exchange process consisted of the catalytic
reaction with a hydrophobic catalyst and the mass transfer between the liquid and vapor
with hydrophilic packing. The reaction process makes D transfer from HDO to HD in
the gas, and then the evaporation of HDO in the liquid is promoted. For the analysis
presented in this paper, the type of homogeneous package is assumed. To simulate the
simultaneous reaction and evaporation—-condensation mass transfer process, two types of
models are calculated: the chemical equilibrium and phase equilibrium model (CEPE) and
the chemical kinetics and phase equilibrium model (CKPE). The following assumptions
were made: (1) The pressure drop does not affect performance. (2) There is no radial
distribution uniformity difference. (3) In the CEPE model, thermodynamic equilibrium and
chemical equilibrium are achieved on each theoretical stage. (4) In the CKPE model, the
extent of the reaction is controlled by the residence time, and it does not assume gas-liquid
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equilibrium at each stage. The CKPE model is closer to the actual situation because it is
extremely difficult to achieve the equilibrium assumptions during practical operation.

During the simulation process, the primary module utilized was the RadFrac Column
implemented in Aspen Plus software, where reaction equations were configured. By
defining parameters such as the theoretical plate number, reaction equilibrium constant,
effective phase state, convergence method, operating pressure, and flow distribution, along
with invoking relevant properties of the separated material and combining them with
material balance, energy balance, and phase balance equations, the tower equipment can
be solved using a stage calculation. Additional modules, including Flash and Heater, were
employed for gas-liquid phase separation and fluid temperature control. As depicted in
Figure 1, water (20 °C, 10 mol/h; the molar fraction of deuterium is 5%) was heated and
introduced from the top of the column (L-FEED). Pure hydrogen gas (GAS, 20 °C, 20 mol/h)
was initially saturated with the liquid stream exiting the bottom of the column (BOTTOM)
in a pre-saturator, mirroring real-world conditions, before being fed into the bottom of
the column (G-FEED). The liquid stream exiting the pre-saturator (B-OUT) represented
the deuterium-depleted water product. The gas stream exiting the column (TOP) was
condensed to recover the water vapor. The condensate was pre-heated and returned to the
top of the column (REFLUX) to ensure it did not affect the temperature distribution within
the column. The gas with a minor vapor content constituted the top product (T-OUT).

T-OUT
TOP

Wate[//\>L-FEED
U i Condenser

W-Heater
Pre-Heater
LPCE

Column REFLUX

G-FEED
Pre-Saturator

A GAS

BOTTOM B-OUT

Figure 1. The schematic simulation flow sheet of hydrogen—water isotope catalytic exchange process.

The main operation parameter settings are as follows: The number of theoretical stages
is 10, and the top of the column is defined as the first stage, and the bottom is defined as
the tenth stage. The column pressure is 1 atm without a pressure drop; the temperature
of the Condenser is 0 °C; and the operation temperature is controlled with the W-Heater,
Pre-Heater, and Pre-Saturator. Unless otherwise specified, the operation temperature is
60 °C.

3. Result and Discussion
3.1. Reaction Process Analysis

According to the simulation results of the hydrogen-water isotope catalytic exchange
process, Figure 2 illustrates the distribution of the deuterium (D) molar concentration with
an increase in the number of stages. Both in the liquid and gas phases, the concentration
of deuterium gradually decreases from top (stage 1) to bottom (stage 10). The water-
containing deuterium enters the top of the column, resulting in the first stage having the
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highest deuterium concentration. This is consistent with the results measured by Bornea
et al. in the experiment [29].
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Figure 2. The distribution of D molar concentration with stages.

To further investigate the change in each component, the reaction amount of the six
components in the system on each stage is shown in Figure 3. A positive value in the figure
indicates that the substance is a product, corresponding to its generation amount, while a
negative value indicates that the substance is a reactant, corresponding to its consumption.

0.20
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- 015 ¢ H0
= - ——HD
g 010 —HDO
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S 00sf D,0 _
o | ‘/‘
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O —0.10}f
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Figure 3. The generation amount of each component with stages.

According to the reaction amount of each substance, the main reaction process at each
stage is the reaction Equation (1) which converts HDO and Hj; into HD and H,O. From
stage 1 (the top) to stage 5 (the middle), the order of the reaction amount is 1073 mol/h;
from stage 6 to stage 9, the order is 1072 mol/h; and, on stage 10 (the bottom), the amount
is 1.2 x 10~! mol/h. It is obvious that the lower part of the column is the main position for
the isotope exchange process. This is attributed to the exchange of deuterium in water into
hydrogen gas, where the concentration of deuterium in natural hydrogen at the bottom of
the column is minimal, far from equilibrium, thereby providing a substantial driving force
for the reaction and resulting in a maximal reaction amount.



Separations 2024, 11, 219 7 of 14
Moreover, this process is accompanied by subordinate reactions:

2HDO — D,0 + H,O (18)

H, +2HDO — D, + 2H,0 (19)

D,0 +2H,; — H,O + 2HD (20)

D,O +Hy; — H O+ Dy (21)

Since the water-containing deuterium is fed from the top, the highest composition
of HDO in the liquid leads to a small amount of D, and D,O generation at stage 1. The
apparent reaction are Equations (18) and (19). The reaction amount of Equation (18) is
2.1 x 10~* mol/h, which is one order of magnitude lower than the main reaction (1). The
amount of reaction (19) is also one order of magnitude lower than reaction (18). For stage 1,
the overall reaction amount is relatively small (5.5 x 10~2 mol/h) mainly because of the
minimum D composition difference between the gas and liquid phase. For stage 2~10, the
deuterium in D,O generated at stage 1 needs to be further transferred into the gas phase,
so the subordinate reaction is Equations (20) and (21). The reaction amount of Equation
(20) is usually one to two orders of magnitude lower than the main reaction (1). That of
reaction (21) is the same order or one order lower than that of reaction (20). For all stages,
although the reaction amount of the subordinate reactions is relatively small compared
with the main reaction, it is still a part of the result of the catalytic exchange mass transfer
process because the exchange direction of deuterium is consistent with the main reaction.

In addition, the maximum deuterium concentration difference between the gas and
liquid phase occurs at the column bottom, corresponding with the largest reaction amount
as shown in Figure 3. From the bottom to the top, the composition of each substance tends
to the equilibrium state, and the reaction amount gradually decreases. Therefore, in the
actual operation, increasing the residence time of the gas at the bottom is beneficial to
making the reaction fully proceed and improving the mass transfer effect.

3.2. Effect of Operating Temperature

The operating temperature exerts a significant influence on the gas-liquid catalytic
exchange process, as temperature variations directly impact the water vapor content in
the gas phase, thereby affecting the reaction kinetics and catalytic exchange efficiency.
During the simulation process, temperature settings affecting the operating conditions
encompass the temperatures of the Pre-Heater, Pre-Saturator, and L-FEED. By varying these
temperatures, the molar fraction of deuterium in streams T-OUT and B-OUT is depicted in
Figure 4. For T-OUT, the deuterium molar fraction exhibits an increasing trend from 20 °C
to 70 °C, followed by a decrease from 70 °C to 90 °C; conversely, for B-OUT, the trend is
reversed, with the molar concentration of deuterium peaking at 70 °C. This is basically
consistent with the experimental results of Li et al. [30].

In the context of isotope catalytic exchange processes, the conversion rate of HDO
to HD is governed by both gas-phase reactions and vapor-liquid mass transfer processes.
Under conditions where reactions are neglected, the water content between the vapor and
liquid phases remains nearly identical. This phenomenon arises from the phase equilibrium
constants of HDO and H,O, which range from 1.08 to 1.03 at temperatures of 20~90 °C [10]
under 1 atm pressure. However, during the isotope catalytic exchange process, evaporated
HDO undergoes a conversion to HD via catalytic exchange reactions, while HDO in the
liquid phase continues to vaporize to maintain phase equilibrium. These dual processes
facilitate the conversion of HDO in the liquid phase to HD in the gas phase.
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Figure 4. The composition of deuterium of T-OUT and B-OUT with temperature.

Concerning the reaction kinetics, as depicted in Figure 5a, the reaction equilibrium
constant K increases with rising temperature. In the simulation, the molar fraction of
deuterium is 5% of the raw material liquid, and natural hydrogen is used as the raw
material gas. The reaction process is the conversion of deuterium from the liquid phase to
gas phase, which is equivalent to the reverse reaction of reaction (1), and the equilibrium
constant is the reciprocal of Ky, so it tends to decline with the rise in temperature. This is
consistent with the research conclusions of Bulter et al., except that they are expressed using
the trend of the separation factor of the forward process of reaction (1) with the change
in temperature [28]. The relationship between the water vapor content in the gas phase
and temperature is illustrated in Figure 5b. Within the temperature range of 20~70 °C,
the content increases from 2% to 30%, while, from 70 °C to 90 °C, it sharply rises to 70%.
When the water vapor content is relatively low (<30%), the gas phase is predominantly
composed of Hy. The increased water vapor content signifies an increase in HDO in the
gas phase, thereby promoting the conversion of HDO to HD. However, at temperatures
exceeding 70 °C, the substantial presence of HyO vapor in the gas phase becomes the
primary component, inhibiting the conversion of HDO. Consequently, the conversion of
HDO reaches its peak value at approximately 70 °C.

. (a)

the Equilibrium Constant K
f=]
]
T

80
-

Water Vapor in the Gas Phase / %
ES
o\

030 . /
20 ®
0.28 /
@
,/
026 1 " 1 " 1 " 0 " " 1 " 1 " 1 "
0 40 60 80 100 0 20 40 60 80 100

Temperature / °C

Temperature / °C

Figure 5. The relationship between temperature and (a) the equilibrium constant K; and (b) water
vapor in the gas phase.
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From the perspective of the reaction process, it is dominated by the HDO conversion to
HD and the main reaction is Equation (1) according to the discussion in 3.1. Itis also verified
by the total generation amount of HD at different temperatures as shown in Figure 6a. The
variation tendency is highly consistent with that of the molar concentration of deuterium
as shown in Figure 5, and 70 °C is the optimal temperature. The amount of HD generated
at each stage is plotted in Figure 6b. The main location of HD generation is at the column
bottom. The amount of HD generation is about 0.12 mol/h at 20~70 °C, 0.13 mol/h at
80 °C, and 0.15 mol/h at 90 °C. With the temperature raising, the composition of HDO in
the gas phase is increasing due to water evaporation. Meanwhile, pure hydrogen feeds into
the bottom. The large concentration difference and high reaction equilibrium constant at a
high temperature are both conducive to the isotope exchange process. As for stages 1~9,
the amount of HD generated increases linearly at 70~90 °C. The HD composition in the
gas phase has achieved a high value due to the large reaction amount at the bottom which
is unfavorable for the conversion of HDO to HD. Only the concentration distribution of
HDO leads to the removal of deuterium. At relatively low temperatures (20~60 °C), H; is
the main component of the gas phase. Although a large amount of HD is generated at the
bottom, Hy is still surplus because of the relatively low HDO composition in the gas phase,
and then HD can be generated evidently at stages 5~9. Close to the top of the column,
the gas phase composition changes slightly, and the amount of HD generation gradually
reduced. Therefore, the tendency is approximately an exponential curve.

T
i; 31F . _016F . hgec
|
g ./ \. < 014+ —° 40°C
5307 S
T E 0.12
w29t =
S S o0}
: :
e[ Z 008}
< u g
c27F 2006
g
526 g 0041
5 00
Ot u =
g (@) 0.00 (b)
H 24 1 1 1 1 1 1 1 1 1
10 20 30 40 50 60 70 8 90 100 0

Temperature / °C

Figure 6. (a) Total generation amount of HD at different temperatures; and (b) HD generation amount
at different stages.

The change in the molar concentration of deuterium in different phases performs
similarly, as shown in Figure 7: a simi-liner tendency at 70~90 °C and a simi-exponential
tendency at 20~60 °C. Moreover, the variation between liquid and vapor is highly consistent,
which indirectly verifies the deduction above: the composition of water between the vapor
and liquid phases is almost the same and the reaction process mainly occurs between
hydrogen and water vapor.

In conclusion, at 60~80 °C, the proportion difference of the molar concentration of
deuterium between the hydrogen phase and water vapor is appropriate (1:4~1:1.5), which
can promote the continuous transformation of D from vapor to hydrogen. However,
considering the influence of energy consumption and the improvement of D removal
caused by the temperature increasing as shown in Figure 8, 60 °C is recommended as the
optimal operation temperature. From 60 °C to 70 °C, the power consumption increased
0.11 kW (74%), while the molar concentration of deuterium in B-OUT only decreased
0.02% (2.4%).
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Figure 7. The composition of D at different temperatures in the phase: (a) hydrogen; (b) vapor; and

(c) liquid.
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Figure 8. Power consumption with temperature.

3.3. Effect of Reaction Kinetic Process

100

The assumption of the CEPE model is that the composition of the gas and liquid
streams leaving the stage simultaneously achieves the vapor-liquid phase equilibrium and
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gas reaction equilibrium states. However, in practical operational processes, it is almost
impossible to satisfy this assumption because achieving equilibrium requires sufficiently
long residence times at each equilibrium stage. With variations in the column parameters,
catalyst and packing loading, and operating conditions, the residence times for the reaction
and mass transfer differ. Therefore, the reaction kinetic equations (CKPE model) are
introduced to explore the influence of the residence time on the hydrogen-water isotope
catalytic exchange process. Figure 9 illustrates the relationship between the residence
time and the molar concentration of deuterium of the T-OUT and B-OUT streams. As the
residence time at each stage increases, the molar concentration of deuterium gradually
approaches equilibrium. When the residence time exceeds 1 s, the catalytic exchange effect
significantly approaches equilibrium with only a 0.61% relative deviation. According to the
literature reports, the height equivalent of the theoretical plate (HETP) in the hydrogen—
water isotope catalytic exchange process typically ranges from 20 to 30 cm [31,32], while
the gas velocity in an empty column is usually between 0.15 and 0.25 m per second [31,32].
Considering the flow resistance caused by catalysts and packing in practical columns, the
residence time for HETP exceeds 1 s, consistent with the assumption of the CEPE model.
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Figure 9. The composition of deuterium of T-OUT and B-OUT with residence time (E represents the
results of CEPE model).

The variation of the residence time directly affects the final catalytic exchange effect
because it influences the extent of the reaction and the reaction process. As mentioned
above, the main reaction on each stage is Equation (1). Taking the HD generation amount
as an example, the influence of different residence times on it is shown in Figure 10. When
the residence time is 0.1 s, the increment between adjacent stages is relatively uniform. For
the other residence times, the generation amount at the bottom is obviously higher than the
other stages. HD is mainly generated in the middle and lower parts of the column, and the
reaction process is also consistent with that of the CEPE model. For the higher parts of the
column, when the residence time is <5 s, the subordinate reactions are Equations (19) and
(21); and, when the residence time is 10 s, the reaction process is consistent with the CEPE
model, which is reaction (18) and (19). It can be inferred that the reaction rate of Equation
(21) is relatively slow, which means it needs a long residence time to reach equilibrium.

During the actual operation process, it is beneficial to improving the effect of the
catalytic exchange by adjusting the gas-liquid flux and the type or loading ratio of the
catalyst and packing to provide a sufficient residence time and ensure it fully reacts.
However, a long residence time will reduce the treatment capacity, and, then, affect the
isotope exchange process efficiency. Therefore, it needs to be comprehensively considered
to choose the optimal value.
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Figure 10. HD generation amount with stages at different residence time (E represents the results of
CEPE model).

4. Conclusions

The hydrogen-water isotope catalytic exchange process is a complex mass transfer
process consisting of vapor-liquid phase equilibrium and a gas-phase catalytic reaction.
Analyzing the composition changes at different positions in the column through experi-
ments is challenging. However, process simulation is a convenient method to explore the
distribution of temperature, flux, and composition at each stage. Aspen Plus software is
applied to analyze the reaction process, temperature influence, and kinetic process. The
main reaction process involves converting HDO in the liquid phase into HD in the gas
phase, with the primary reaction occurring at the bottom of the column. Subordinate reac-
tions vary depending on the position in the column, temperature, and residence time. For
the operating temperature, the optimal range is 60-80 °C, where the reaction equilibrium
constant is large, and the proportion of water vapor and hydrogen in the gas phase is
appropriate for the continuous conversion of deuterium from liquid to gas. According to
the CEPK model, a residence time longer than 1 s should be provided to ensure the full
extent of the reaction process. By combining the reaction kinetics equations, the influence
of different operating conditions on the reaction process can be investigated by adjusting
the residence time.

The process simulation analysis of the hydrogen—water isotope catalytic exchange
system is convenient for obtaining the mass transfer process parameters, which is beneficial
for exploring the mechanism of this process and guiding its process design and condition
optimization. The simulation can also reduce experimental consumption and improve effi-
ciency. However, to further improve the accuracy of the simulation, more experiments are
still needed to investigate the reaction kinetics process with different catalysts and loading
ratios. To extend the simulation method to tritium-containing systems, the corresponding
physical property data and kinetic equations are necessary to ensure the simulation results
are instructive.
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