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Chapter 1: General Introduction



1.1 Overview of the Global Energy Situation
1.1.1 Global Energy Demand and Challenges for a Carbon-Neutral Society

Global energy demand has been increasing. According to the International
Energy Agency, it increased at an average annual rate of 1.3% between 2013 and 2023.
In 2024, the global energy demand rose by 2.2%, exceeding the average annual growth
rate of 1.3%. Among all sectors, the demand for electricity increased markedly by 4.3%.
This trend is driven by the increasing use of electrical appliances, structural shifts toward
electricity-intensive manufacturing such as smart factories, increasing power demand in
data centers, artificial intelligence, and digitalization, and the electrification of end-use
sectors, including transportation. Furthermore, the demand for electricity is expected to
increase rapidly in the coming years.

Many countries are working toward realizing a decarbonized society. The
Intergovernmental Panel on Climate Change has set a global goal to achieve net-zero CO-
emissions by 2050. Despite these initiatives, approximately 60% of global electricity
generation still relies on fossil fuels, and the corresponding CO: emissions from the
energy sector accounted for approximately 76% of total global CO: emissions in 2021.

Therefore, achieving both a massive energy supply and a reduction in CO:
emissions has become a major challenge. Hydrogen energy is considered a promising
solution to this challenge. It does not emit CO: during combustion and can be produced
using electricity derived from renewables. Hydrogen can also serve as a means of long-
term and large-scale energy storage, helping to maintain the balance between electricity
supply and demand. Owing to these properties, hydrogen is considered an important

component in realizing a sustainable, clean-energy society.



1.1.2 Significance of Hydrogen Energy in Japan’s Energy Strategy

Considering the rising energy demand and need for clean energy, it is important
to develop hydrogen energy technologies in Japan. Japan is a resource-poor country that
relies on imported fossil fuels to meet its energy demands. Approximately 70% of Japan’s
electricity is generated by thermal power plants, and over 97% of the fossil fuels
employed are imported. However, Japan is surrounded by oceans and has abundant water
resources. The establishment of hydrogen-based energy systems can significantly
contribute to achieving energy independence.

Renewables, such as solar and wind power, are infinite in terms of resources and
can be produced domestically. Japan has promoted the use of renewables. However, the
power generation per unit area of renewable energy remains low, at less than 10% of that
of thermal power generation!l. In addition, the cost of electricity generated from
renewables in Japan is higher than that from thermal power generation!?). Considering
these factors and the limited land area in Japan, the widespread adoption of renewable
energy is limited, and the development of highly efficient, low-cost power generation
methods is essential.

Nuclear fusion has attracted significant attention as a potential energy source
capable of achieving carbon neutrality and providing a large energy supply. Fusion
reactors are characterized by high power generation per unit area and use hydrogen
isotopes, one of which is contained in seawater, as fuel. Therefore, the advancement of
hydrogen energy in Japan is not only essential for achieving energy independence but is

also closely linked to the realization of fusion reactors.



1.2 Fundamentals of Hydrogen Isotopes
Hydrogen isotopes are employed as fuel in nuclear fusion reactors. There are

three types of hydrogen isotopes. Their characteristics are summarized as follows:

Table 1-1. Summary of hydrogen isotopes.

Mass Natural
Isotope Symbol Protons Neutrons
number abundance
Protium H 1 0 1 99.9 %
Deuterium D 1 1 2 0.014 %
Tritium T 1 2 3 -

Protium, denoted as H, has a mass number of one and consists of one proton and
one electron. Its natural abundance is approximately 99.99%, indicating that nearly all
hydrogen on Earth exists as H.

Deuterium, denoted as D, has a mass number of two and consists of one proton,
one neutron, and one electron. The natural abundance of D is approximately 0.014%. It
is widely used in various fields, including materials science, medicine, and nuclear
engineering. In materials science, D is used to extend the lifetime of organic light-emitting
diode displays and semiconductor devices”*. In the medical field, D is used to prolong
the effectiveness of pharmaceuticals and as a tracer in chemical and biological reactions!®
81, In the nuclear field, D serves as a moderator in nuclear fission reactors and as a fuel in
nuclear fusion reactors®!1%l,

Tritium, denoted as T, has a mass number of three and consists of one proton,

two neutrons, and one electron. T is a radioactive isotope that emits low-energy f-rays
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with a maximum energy of 18.6 keV. Although external exposure to tritium is minimal,
internal exposure can pose health risks if it is inhaled or ingested. The half-life of T is
approximately 12 y; therefore, T is nearly absent in nature. T is primarily produced when
heavy water is used as a moderator in nuclear fission reactors and absorbs neutron

radiation!!!]. T is expected to serve as a fuel in nuclear fusion reactors®:'%l.



1.3 Overview of Nuclear Fusion Reactors
The commercialization of fusion reactors represents a global collaborative effort

2] The International

aimed at achieving practical operation by approximately 2050
Thermonuclear Experimental Reactor (ITER) is currently under construction in France
and is scheduled to begin operation by 2035. Two principal approaches to plasma
confinement have been explored: magnetic and inertial. ITER employs the magnetic

confinement approach because the energy consumption associated with inertial

confinement currently exceeds the achievable power output.

Figure 1-1. Schematic of the cross-sectional structure of the fusion reactor at ITER

(Credit: © ITER Organization).



Figure 1-1 shows a cross-sectional view of the fusion reactor planned for
construction at ITER. The fusion reaction occurs within the device positioned at the center
of the facility. The interior of the device consists of a toroidal space. Within this space,
the fuel is converted into plasma and undergoes a fusion reaction. To prevent contact with
the reactor components, the plasma is confined and controlled using multi-directional
magnetic fields.

The fusion reaction involving D and T proceeds as follows:

D+T— *He+n (1-1)

Electricity is generated by recovering energy from neutrons emitted during the reaction.
The extraction of neutron energy is facilitated by a wall-like structure known as the
"blanket." This blanket is composed of numerous interconnected modules, systematically
arranged to cover the interior of the reactor. Each module contains distinct types of
internal components.

One such component is the T breeding material, which is used to produce T. The
T demand in future demonstration or commercial reactors (=100 kg yr') substantially
exceeds the current annual supply from existing facilities (e.g., heavy-water reactors, only
a few kilograms per year)!'*:'*!. To overcome this shortage, T breeding blankets have been
proposed3l. During the fusion reaction, the lithium (Li) and beryllium (Be) within the
blanket react with neutrons released during the fusion reaction. The Li isotope °Li reacts

with the neutrons to produce T, as follows:

Li+n— *He+T (1-2)
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The beryllium isotope, °Be, is expected to play a crucial role in efficiently

multiplying neutrons:

°Be +n— °Be+2n (1-3)

Equations (1-2) and (1-3) show that efficient T breeding in the blanket can be
achieved using Li and Be.

The second component is a coolant, which is essential for removing heat from
the blanket. Because the blanket directly encounters high-temperature plasma, effective
thermal management is critical. During reactor operation, the coolant circulates
continuously through the blanket to maintain stable temperatures. During this process,
the coolant becomes contaminated with tritium, primarily because of permeation from the
breeding material. Consequently, the coolant discharged from the blanket must undergo
a tritium recovery process before being recirculated!'®). Although water and He gas are
widely considered primary coolant candidates, molten salts have also been investigated
at the research stage. Molten salts are particularly promising because they can

simultaneously serve as a breeding medium and a coolant'”!,
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1.4 Hydrogen Isotope Recovery Processes from Fusion Reactor Coolants

The process for recovering hydrogen isotopes from coolants in fusion reactors is
selected based on the type of coolant employed. For water or helium gas, the Combined
Electrolysis Catalytic Exchange (CECE) method is used!®). For molten salts, various
extraction processes are currently under investigation, with one such approach being the

gas—liquid contact method 121,

1.4.1 Combined Electrolysis Catalytic Exchange

Hydrogen gas
& Water vapor

Liquid water

SRR Pt-based layer

“* Hydrophilic layer W

ZELH WL AP P IS
R S e A

Isotopic exchange

Water electrolysis

Figure 1-2. Schematic of the CECE method.

The CECE process is a separation technique that integrates isotope exchange and
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water electrolysis. A schematic of the system is shown in Figure 1-2. The CECE system
comprises an electrolyzer and an isotope-exchange column. The hydrogen gas generated
in the electrolyzer is introduced at the bottom of the isotope-exchange column and exits
at the top. Conversely, water is fed downward from the top of the column. Two types of
packed layers are installed in the column. The first is a Pt-based catalyst layer, in which
an equilibrium reaction occurs between hydrogen gas and water vapor, as expressed by

the following equation:

HD, + H,0, — H,, + HDO, (1-4)

where g and v denote the gas and vapor phases, respectively. This reaction is referred to

as vapor-phase catalytic exchange (VPCE) and occurs on the surface of the Pt catalyst.
The other layer is packed with a hydrophilic material, within which an

equilibrium reaction readily occurs between water vapor and liquid water, as expressed

by the following equation:

HDO, + H,0, — H,0, + HDO, (1-5)

where 1 denotes the liquid phase. This reaction is referred to as a liquid-phase catalytic
exchange (LPCE). The LPCE process occurs at the interface between the water vapor and
liquid phases. Thermodynamically, heavy isotopes are enriched in the liquid phase
through the water vapor phase. The equilibrium constants of the VPCE and LPCE
reactions, denoted as Ki and K>, respectively, are calculated using the following

equations?!-23);
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2380 4492
K, = Exp. (W - — +0.2735> (1-6)
26398.8  89.607
K, = Exp. ( = +0.0758) (1-7)

where T denotes the absolute temperature. At 298 K, K is approximately 3.5, and K> is
approximately 1.1. Because the column consists of multiple stages, both VPCE and LPCE
reactions occur continuously throughout the system. Consequently, heavy isotopes
become increasingly concentrated in the lower part of the column, which also leads to
larger equipment sizes and higher costs. However, water management presents another
challenge. When the platinum catalyst is covered with liquid water, it is deactivated,
preventing the VPCE reaction from proceeding and significantly decreasing the overall

separation performance.

1.4.2 Water Electrolysis

Water electrolysis is employed as a component of the CECE process. Unlike
physical processes, such as cryogenic distillation or isotope exchange, water electrolysis
is a chemical process. In this separation technique, the difference in the electrochemical
reaction rates between isotopes is exploited. Hydrogen and oxygen gases are produced,

as expressed by the following equation:

2H,0 — H, + 0, (1-8)

In this process, lighter isotopes exhibit higher reaction rates; thus, they are
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preferentially enriched in the gas phase, whereas heavier isotopes are concentrated in the
liquid phase. Since the discovery of D in the 1930s, numerous studies have examined the
effects of electrolytes, electrode materials, and catalysts on isotope separation>*28], The
separation factor of this method is 3—8, which is higher than that achieved using other
techniques, and enables high isotopic purity. However, electrolysis requires considerable

energy, and the associated cost increases with processing scale.

1.4.3 Gas-Liquid Contacting

A B

t ﬁ
Molten salt N
[:>-I Molten salt |::>|T[

<= He
I He

{4

Figure 1-3. Schematic of the gas—liquid contacting methods: (A) gas sparging and (B)

packed and spray tower.

The gas—liquid contacting method involves bringing a liquid (molten salt) into
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contact with a gas to transfer hydrogen isotopes from the liquid phase to the gas phase.
Various approaches are currently under investigation, examples of which are illustrated
in Figure 1-3.

Gas sparging (Fig. 1-3A) uses a gas bubbling technique in a vertical column!!*2%),
In this configuration, molten salt is introduced from the top, whereas gas is injected from
the bottom, establishing a counter-current flow. This arrangement facilitates the mass
transfer of hydrogen isotopes from the liquid phase to the gas phase through the gas—
liquid interface of the rising bubbles.

A packed and spray tower (Fig. 1-3B) is a process designed to achieve more
efficient gas—liquid contact®®. In this configuration, the molten salt is sprayed from the
top of the column, establishing a counter-current flow against the gas rising from the
bottom. Additionally, the column is filled with packing material to significantly increase
the gas—liquid interfacial area, thereby enhancing mass transfer.

However, these gas—liquid contacting methods generally suffer from low mass-
transfer efficiency. Consequently, large-scale equipment is required to achieve sufficient

removal of hydrogen isotopes from the liquids?'.
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1.5 Electrochemical Methods for Hydrogen Isotope Separation

Fusion reactors require hydrogen isotope separation technologies with low
energy consumption, high throughput, and high separation performance in compact
systems. Conventional processes separate hydrogen isotopes based on their physical
properties, whereas electrochemical approaches do so based on their chemical properties.
Although physical methods require adjustment of the apparatus size to control processing
capacity, electrochemical methods can be controlled by regulating the electric current,
which allows for a compact and scalable system design.

Electrochemistry involves reactions that entail the transfer of electrons between
species. In electrochemical systems, oxidation (in which electrons are released) and
reduction (in which electrons are accepted) occur as conjugate pairs. A general charge-
transfer reaction can be expressed in terms of oxidized species (O) and reduced species

(R) as follows:

0" +ze- 2R (1-9)

When the reaction proceeds in the forward direction, it corresponds to reduction,
whereas when it proceeds in the reverse direction, it represents oxidation. Each reaction
is characterized by its electrode potential (£), which is determined using the Nernst

equation:

o RT «
E=E — —Inh—
n Ored

(1-10)

where E° is the standard electrode potential, R is the gas constant, F' is the Faraday

17



constant, and 7 is the number of electrons involved in the reaction. a.x and a:.q represent
the activities of the oxidized and reduced species, respectively. The electrode potential £
varies with temperature and concentration relative to £°.

Electron transfer is observed as an electric current. The net current density i is

expressed using the cathodic current density ic and anodic current density i, as follows:

i=i, — i, (1-11)

From the Butler—Volmer equation, current i can be expressed as follows:

i = io{exp(—azFn/RT) — exp(1 — a) zFn/RT} (1-12)

where io denotes the exchange current density, a is the charge-transfer coefficient, and #
represents the overpotential. This equation indicates that current can be controlled by
adjusting the electrode potential. That is, the type and direction of the electrochemical
reactions can be selectively controlled by varying the potential.

Electrochemical reactions can be broadly classified into electrolytic and battery
reactions. Electrolysis requires external energy input; however, owing to the wide variety
of possible reactions, it has been extensively investigated. A representative example is
water electrolysis, which plays a crucial role in the development of hydrogen-based
energy systems. During electrolysis, water is decomposed into hydrogen and oxygen
gases using external electrical energy. In contrast, battery reactions generate electrical
energy spontaneously. The types of reactions are constrained by factors such as
electromotive force and material properties.

Electrochemical systems require both electrodes and electrolytes. The electrode

18



serves as a site for electrochemical reactions where electron transfer occurs at the
interface with the electrolyte. The electrode at which oxidation occurs is referred to as the
anode, and that at which reduction occurs is referred to as the cathode. The electrolyte is
responsible for ion transport. It must fulfill several requirements, including high ionic
conductivity, chemical and thermal stability, mechanical robustness, and good interfacial
compatibility with the electrodes. Various types of electrodes and electrolytes have been

developed and selected based on the intended reactions and applications.

1.5.1 Fuel Cell

Fuel cells directly convert the chemical energy of hydrogen into electrical energy,
thereby achieving high energy conversion efficiency. Because the primary reaction
product is water, fuel cells have minimal environmental impact and are considered a key
technology for the advancement of hydrogen-based energy systems!®!],

William Grove, a British scientist, first demonstrated a fuel cell in 1839 and
reported a gas cell that could generate electricity through the reverse reaction of water
electrolysis*?!. Research on fuel cells has since advanced considerably; six representative
types of fuel cells are summarized in Table 1-233!. Each type differs in terms of electrolyte,

fuel, and operating temperature.

19



Table 1-2. Fuel cell types and their characteristics.

Operation
Type Electrolyte Fuel
temperature
Alkaline Fuel Cell
aqueous KOH 100 °C H»
(AFC)
Phosphoric Acid Fuel Cell
HsPO4 200 °C H»
(PAFC)
Molten Carbonate Fuel Cell
Li2COs—K2CO:s 650 °C H, CO, CH4
(MCFC)
Solid Oxide Fuel Cell
ZrOx+ Y203 650-1000 °C H,, CO, CH4
(SOFC)
Direct Methanol Fuel Cell
PEM 80 °C CH30H, H>O
(DMFC)
Polymer Electrolyte Fuel Cell
PEM 80 °C H>

(PEFC)
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Figure 1-4. Schematic of a PEFC.

PEFCs are widely used in applications such as automobiles and residential
distributed power systems owing to their easy start-up and shutdown, compactness, and
lightweight design. The cell structure of a PEFC is shown in Figure 1-4. From the center
outward, the cell consists of a PEM, catalyst layers, gas diffusion electrodes (GDEs), and
separators. Nafion is the most commonly used PEMP. It is a fluorinated polymer
containing numerous sulfonic acid groups. Protons are transported along these sulfonic
acid sites, enabling selective proton conduction in Nafion. Nano-sized platinum (Pt)
particles supported on carbon carriers are widely used as catalysts. The catalyst surface is

coated with an ionomer, through which the protons are transported. GDEs are porous
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structures that supply reactant gases to the catalyst layer, facilitating the removal of the
produced water. The separator functions as a flow channel for the reactant gases.
The electrochemical reactions at the anode and cathode can be expressed as

follows:

Anode: H, —» 2H" + 2e” (1-13)

Cathode: 0, +4H" +4e~ — H,0 (1-14)

The hydrogen fuel is oxidized at the anode, releasing protons and electrons. The
generated protons pass through the membrane and migrate to the cathode, whereas the
electrons flow through an external circuit to reach the cathode. At the cathode, oxygen
receives electrons and protons to form water. Because the standard electrode potentials of
the anode and cathode reactions are 0 and 1.23 V, respectively, the theoretical
electromotive force of the cell is 1.23 V. However, in practice, owing to electrical
resistance and overpotential losses, the actual cell voltage typically ranges from 0.6 to 0.9
V.

PEFCs can also be used for hydrogen isotope separation®>7], Heavier hydrogen
isotopes tend to react preferentially during the electrode reactions at the anode and
cathode!*®]. Consequently, the unreacted gas is enriched with lighter isotopes, whereas the
water produced is enriched with heavier isotopes. Owing to their power generation
capability and compact cell structure, PEFCs enable energy-efficient and effective isotope
separation. Furthermore, a combined electrolysis and fuel cell process that integrates the

PEFC operation with water electrolysis has been proposed**’l. In this process, the
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hydrogen and oxygen gases generated by water electrolysis are supplied to the PEFC.
Through fuel cell reactions, the heavy isotopes in the supplied gas are enriched in the
produced water, and electrical energy is simultaneously generated. The isotope-enriched
water and the generated electrical energy are then reused for water electrolysis. Thus, the
energy consumed during electrolysis is partially compensated by the power produced by

the PEFC, enabling efficient hydrogen isotope enrichment.

1.5.2 Molten Salts

Molten salts are liquid electrolytes that are composed solely of ions. Because
maintaining a liquid state consisting only of ions requires considerable energy, they are
generally processed at high temperatures. Those that can be used at relatively low
temperatures, typically below 150 °C, are termed low-temperature molten salts or ionic
liquids. The molten salts exhibit high electrical conductivity, chemical stability, and
thermal stability. As they are completely water-free, molten salts are widely employed in
metal electrorefining, electroplating, and recycling processes, such as Al electrorefining
and Ti electrodeposition[*!#2],

Molten salts have the potential to enable energy-efficient hydrogen isotope
separation, because the high temperatures required can be sustained using waste heat from
industrial processes. In molten salts, hydrogen isotopes exist as anions, which may result
in separation behaviors distinct from those observed in aqueous systems. Owing to their
relatively high radiation resistance, molten salts have been investigated for applications
in the separation and purification of spent nuclear fuels!*’l. Therefore, it is feasible to
apply molten salts within the blankets of fusion reactors. This approach simplifies system

configuration and reduces costs by enabling direct tritium recovery from the blanket.
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1.5.3 Electrochemical Hydrogen Pumping
Electrochemical hydrogen pumping selectively transports hydrogen gas through
a membrane via electrochemical reactions. In this process, the reversible hydrogen

electrode reaction is as follows:

Anode: H, — 2H" +2e” (1-15)

Cathode: 2H" +2¢” — H, (1-16)

Therefore, the theoretical electrolysis voltage is 0 V, indicating that the process
operates with minimal power consumption. Similar to fuel cells, solid polymer electrolyte
membranes are widely used, and the use of solid oxide electrolytes has also been
reported*¥. The cell structure is identical to that of a PEFC and consists of a PEM,
catalyst layers, GDEs, and separators. As this cell is compact and cost-effective, it has
been employed for hydrogen purification and compression**®!. Applications in
hydrogen isotope separation have also been investigated, with efficient separation

achieved using graphene-based layers!*7#],
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1.6 Concept and Purpose of the Study

In fusion reactor blankets, tritium accumulated in the coolant must be effectively
removed and recycled as fuel to ensure operational safety. For the ITER project, the
CECE method has been selected to recover hydrogen isotopes from water and gas
coolants. Meanwhile, gas—liquid contacting is currently being investigated as a primary
technique for extracting hydrogen isotopes from molten salts. However, these
conventional methods often have low recovery efficiencies, necessitating large-scale
facilities. Consequently, there is a pressing need for a novel separation method that
achieves high separation efficiency to enable a more compact design.

In this study, electrochemical methods for separating hydrogen isotopes from
fusion reactor coolants were investigated. Electrochemical techniques allow control of
processing capacity through an electric current, enabling a compact system design. PEFC
offers potential energy savings through power generation and compact cell configurations.
Molten salt electrolysis might be adopted for tritium extraction from breeder blankets.
This method offers potential advantages, such as system simplification and energy
savings through high-temperature operation. Electrochemical hydrogen pumping may be
employed as an improved method for CECE catalytic exchange columns. A compact
design and high energy efficiency are expected owing to its superior separation
performance.

Chapter 2 describes D isotope separation using a PEFC. Hydrogen gas with
various D concentrations, stored in gas tanks, was circulated through a closed-loop system
equipped with a hydrogen gas recirculation line. A quadrupole mass spectrometer was
installed in the circulation line to enable real-time monitoring of hydrogen isotope

separation in the gas phase. The results demonstrated that hydrogen isotope separation
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and enrichment are feasible at various concentrations.

Chapter 3 describes D separation using a PEFC. Hydrogen gas was supplied to
the cell not only from the circulation line but also directly from the gas cylinder using a
gas circulation system. The effects of hydrogen utilization and gas flow rate in the
circulation line on separation performance were investigated. The results demonstrated
that throughput and separation performance can be controlled at the individual cell level.
Consequently, design guidelines were formulated for a system capable of flexibly
adapting to fluctuating operating conditions.

Chapter 4 describes the separation of D using a LiCI-KCI-LiH-LiD molten salt
system. Electrochemical measurements were conducted to determine the diffusion
coefficients of H- and D~ ions in the molten salt. A platinum black electrode was
employed, and the separation performance associated with electrolysis and isotope
exchange reactions was investigated. The results demonstrated the feasibility of isotope
separation via molten salt electrolysis, even under high-temperature conditions.

Chapter 5 describes D separation using electrochemical hydrogen pumping with
a PEM. The effect of isotope exchange reactions induced by the liquid electrolyte supplied
to the cell on D separation was investigated. Mass balance analysis was performed to
validate the measurement results, ensure data accuracy, and clarify the distribution of D.
Furthermore, the effects of current density and D concentration in the liquid electrolyte
on separation performance were examined. The results presented a novel alternative with
high separation efficiency, serving as a potential replacement for the catalytic exchange
process in CECE systems.

Chapter 6 summarizes the outcomes of this study. The study’s findings are

expected to contribute to advances in hydrogen isotope separation technologies.
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Chapter 2: Protium enrichment by polymer electrolyte

fuel cell with hydrogen gas circulation
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2.1 Introduction

Hydrogen has three isotopes: protium (H), deuterium (D) and tritium (T). D and
T are widely utilized in medicine!"?], materials science>*), and nuclear technology®!.
Now, nuclear fusion has attracted much attention for achieving both decarbonization and
large-scale energy production. However, the natural abundances of D and T are extremely
low, approximately 0.015 % and 1 x 1076 %, respectively!®. At one hand, it is essential
to extract and purify D from seawater. On the other hand, T is produced either in nuclear
fission reactors (via neutron moderation) or in the blanket region of fusion reactors!’-*],

where the recovery of unreacted materials and purification of cooling water is required
[9,10]
Hydrogen isotope separations have been investigated!'!l, ex. cryogenic

[14,15] [16,17]

distillation!!>131 water electrolysis , membrane separation , sorption-based

[18,19 [20,21]

techniques such as quantum sieving!'®!! and gas chromatography , as well as laser

isotope separation!??],

Chemical exchange methods exemplified by Combined
Electrolysis Catalytic Exchange (CECE)!?*?* and Girdler Sulfide (GS) process!*>*%! are
widely employed in commercial applications. However, they need large-scale facilities
due to the low separation efficiency. CECE process requires huge electric energy for

water electrolysis, while the GS process demands frequent maintenance due to equipment

corrosion.

We have focused on polymer electrolyte fuel cell (PEFC) for hydrogen isotope
separation and reported that D is preferentially reacted?’-*’]. PEFC can be operated at
small scales and reduce operational costs through power generation. Kaninski et al.
proposed an H/D separation system using a PEFCPY. They operated PEFC under low

current densities (< 80 mA cm™?) and supplied a mixed hydrogen gas containing D.
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Although high separation factors ranging from 4.2 to 9.1 were observed, detailed
operating conditions such as cell temperature and flow parameters were not discussed.

311 The D separation factor

Yanase et al. investigated a PEFC stack consisting of 13 cells
ranged from 3.5 to 4.0. The performance was improved as the hydrogen flow rate
decreased, or the power current increased. Pozio et al. studied the H/D isotope effect in
PEFC using a Pt-Ru/C catalyst!*?. The separation factor increased from 2.8 to 4.3 with
increasing current density from 20 to100 mA cm 2, while it remained about 2.8 at i > 140

mA cm 2. The saturation was explained by mass transport limitations of #* and D" within

the ion exchange membrane.

In industrial isotope separation processes, the concentration difference of the
target isotope between the inlet and outlet is typically large. In many studies on D
separation, the primary objective has been heavy water production, with a focus on the
circulation of liquid phases. Previously, we performed D separation via water electrolysis,
using a PEM electrolyzer with the same electrode configuration as a PEFCE?!, In that
study, by circulating the electrolyte, D was successfully enriched in electrolyte from 64.7
at. % to 94.7 at. %. In contrast, in PEFC that use hydrogen gas as fuel, a gas circulation
system is commonly employed in practical applications such as fuel cell vehicles to

n¥*331 Many previous studies on D separation using PEFC have

enhance fuel utilizatio
been conducted in single-pass systems without gas circulation. From the perspective of
energy efficiency, D separation with gas circulation systems are essential. In our previous
work, we conducted D separation using a PEFC equipped with a gas circulation system.

We demonstrated that this system led to improve hydrogen utilization and separation

factor?”). However, the study did not employ a hydrogen gas tank into the system, and
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the separation was performed using a small gas volume, resulting in limited H enrichment

and low separation performance.

In this study, we integrated a hydrogen gas tank into the circulation line, enabling
separation over a larger gas volume and achieving substantial H enrichment. In addition,
a mass spectrometer was introduced into the gas circulation line, allowing real-time

monitoring of H concentration changes during the separation process.
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2.2 Experimental
2.2.1 Experimental setup

A
H, B
. H
D, i ]
C Gas
] Circular _C}_
D
E
I v .
A
A F
O, 1+— J C |—

Figure 2-1. Schematic of the experimental setup of hydrogen gas circulation system
(A:Mass flow controller, B:3-way valve, C:cord trap, D:QMS, E:pressure gauge, F: PEFC,

G: miniature pump, H:Flowmeter with a needle valve, I: Gas tank, J:bubbler).

A schematic diagram of the hydrogen gas circulation line is shown in Fig. 2-1.
A JARI standard cell (FC Development Corp., Japan) was used as the PEFC. Both the
anode and cathode consisted of carbon paper (TGP-H-120, Toray Industries, Japan)
loaded with platinum catalyst (0.3 mg cm ). The electrode area was 1.0 cm? The
electrodes were hot-pressed to a proton exchange membrane (NRE 212, DuPont, USA).
Hydrogen gas was circulated in closed system by three-way valve. Pure Hz and D2 gases
were mixed in various ratios (H/D = 10, 1.0, 0.1) and stored in a 1000 mL tank. Air in the
circulation line was replaced with a mixed hydrogen gas of H. and D.. The gas

replacement was performed for 3 h in a single-pass mode by disconnecting the circulation
36


https://www.sciencedirect.com/science/article/pii/S0920379625005952#fig0001

line from 3-way valve (point B in Fig. 2-1). After the gas replacement, the circulation line
was reconnected. The total volume was measured using the accumulated flow meter until
the gas was supplied up to 1000 mL. During the measurements, the gas volume in the
experimental system was measured using a scaling tank equipped with a vertically
movable lid. The volume was read directly from the scale corresponding to the position
of the lid. A miniature pump (APN-085EX-1-W, Iwaki, Japan) and a flowmeter with a
needle valve (RK1200, KOFLOC, Japan) were used in the line. The mixed hydrogen gas

was supplied to the anode at a flow rate of 4 mL min™!

. A pressure gauge (AP-C30,
Keyence, Japan) was also installed to continuously monitor the gas pressure. The pressure
gauge measures gauge pressure, and in the present measurements, the pressure was
monitored within a range of =5 kPa relative to atmospheric pressure. Power generation
was galvanostatically controlled at 0.24 A cm 2 using a variable resistor (PLZ164WA,
Kikusui Electronics Corp., Japan). The cell temperature was maintained at 343 K. Pure
O; gas from a cylinder was supplied to the cathode at a flow rate of 20 mL min™' through
a flow controller (MC 200 SCCM, Alicat Scientific, USA). The O gas was humidified
using a bubbler maintained at 323 K before introduction into the cell.

A quadrupole mass spectrometer (QMS, Qulee-HGM 202, Ulvac Inc., Japan)
was connected to the circulation line to measure mass numbers 2 (Hz), 3 (HD), and 4 (Dx).
Water vapor in the circulating gas was cooled and collected using a cold trap at 228 K
before the introduction to the QMS. The separation performance was evaluated using

separation factor, a,. It was calculated based on the atomic ratio of [H] to [D] in the gas

phase using the following equation:
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[H],
D],
[H]
D]

Oy =

@-1)

ini

ini

where [L] represents the atomic concentration of hydrogen isotopes. The subscripts ini
and t denote the initial time of and a given time of the experiment, respectively.

Water vapor supplied to the cathode was collected at the cell outlet using a cold
trap. The recovered vapor was analyzed by attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy (FTIR-4200, JASCO International, Japan). FTIR
measurements were performed in the range of 4004000 cm™* with a resolution of 2.0

cm ' and 100 scans. The reference spectrum was recorded in ambient air.

2.2.2 Simulation of separation factor during power generation

In this study, the separation factor aini within the fuel cell during power
generation was assumed to be constant. Based on a theoretical mass balance calculation,
the theoretical separation factor a was derived. The separation factor at time ¢ + dt,

denoted as as+ds, 1s expressed as follows:

[H]t+dt

D
v = [[}gjf “ (2-2)

ini

[D]ini

where [L] represents the atomic concentration of hydrogen isotopes. The subscripts ini
and ¢ denote the initial time of and a given time of the experiment, respectively. At time

t, let Vuand Vp,denote the amounts of H and D gases present in the system, respectively.

38



The atomic concentrations [H]; and [D]; can then be expressed as follows:

H], = ———* (2-3)
[H], Va:t Vo,

Vb, 1
D], = — 2L 2-4
(D Vi, e + Voo )

From Egs. (2-3), and (2-4),the amounts of H and D gases supplied to the fuel cell (Vu,in, 1,

Vp,in, /) are expressed as follows:

Y,
Vi ... . =|H],xO= ———— x 2-5
H,in, ¢ [ ]t Q VHt+VDt Q ( )
Vovini = [H], x 0= — 2 x 0 (2-6)
D,ln,t t VHI_I_ VD[

where Q denotes the volume rate of supplied gas. On the other hand, the composition of

the gas at the cell outlet can be expressed using aini as follows:

[(Hlou,
[D]
out, ¢ 2-7
e (2-7)
[D],

Oini =

where, the subscript out denotes the cell outlet. From Egs. (2-3), (2-4) and (2-7), the

amounts of H and D gases at the outlet (VH, out, »» VD, out, /) can be calculated as follows:
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[H]out, t ( 1V> _ Qinj VH, t v

_0) = ~2) 28
Q Qini VH,t+ VD,t % (Q 2F> ( )

VH, out, ¢ = [H] 2F

out, ¢

v, B [D]out,t x (Q IV) _ VD,t X (Q IV) (2 9)
D, out, ¢ [Hlyu .+ Dl , 2F) i Vu,ot Vb, 2F

where, F'is the Faraday constant, V' is the molar volume of an ideal gas, and / is the applied
current. In addition, a portion of the hydrogen gas in the system is released. From Egs.
(2-3), and (2-4), the amounts of H and D gases released (VH, teak, » VD, leak, 1) can be

expressed using the released gas volume L as follows:

Vh, ¢ .
Vit teak, = [H], X L= T x I (2-10)
VD, leak, t = [D]t XL = VD’t x L (2-11)
’ ' VH t+ VD t

From Egs. (2-5) - (2-10), and (2-11), the amounts of H and D gases at time ¢ + df can be

calculated as follows:

VH, t+dt — VH,t - (VH, int — VH, out,t) - VH, leak, ¢

= Vi, (1 Lvo Gini X (Q—é—V)> (2-12)

VH,t + VD,t Ainj VH,t + VD,z F.

VD, t+dt = VD,t - (VD, in ¢t — VD, out, z) - VD, leak, ¢

= J 1 Lo + ! X ( IV) 2-13
oD Va et Vo Gini Vi e+ Vb4 Q 2F. @-13)
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From Egs. (2-1) - (2-4), (2-12), and (2-13), the separation factor o4, can be calculated as

follows:
Vi rear |__L*0 G < (0- Z)
_ Vb, rvar % Vet Vbe  Gini Vit Vo, 2F (2-14)
O+t [H]ini =0y L+ Q 1 Ji%

[D] Vi, * Vbt i Vi,e T Vb4 ©-2F

ini
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2.3 Results and Discussion

The experiment started after filling a gas tank with a mixture of H> and D> gases
from gas cylinders. As shown in Fig. 2-1, the mixed gases passed through PEFC during
the filling process. When the gas volume in the tank reached 1000 mL, the gas supply
was stopped. During power generation, the partial gas pressure gradually decreased due
to consumption by PEFC. Therefore, the measurement was terminated when the gas
volume was reduced to 100 mL.

Since power generation was conducted under a constant current, the gas volume
decreased at a constant rate. The concentration of H (Cy) in the gas depended on the
remaining gas volume in the tank, or equivalently, the gas consumption (R). The value

of R was calculated using the following equation:

R= =100 (2-15)

1

where Veonis the volume of hydrogen gas consumed by power generation, and Vi is the
initial volume one. The QMS installed in the gas circulation line continuously

monitored Ch. It was calculated using ion currents obtained from QMS as follows:

.
Cp= —2 g (2-16)
21H2+ 2lHD + 21D2

where ix represents the ion current of component x.
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H concentration, Cy; / at.%

e

0 20 40 60 80 100
Gas consumption ratio, R / %
Figure 2-2. Dependency of H concentration on gas consumption ratio during power
generation using mixed hydrogen gas with initial H/D ratios of 10 (red), 1.0 (blue), and

0.1 (green).

Regardless of the initial H concentration, Cy increased with increasing R (Fig.
2-2). It increased to 54.6 at. % (H/D =0.1), 76.4 at. % (H/D = 1.0) and 96.9 at. % (H/D =
10). H was enriched in the gas through the PEFC reaction. As R increased, the volume of
hydrogen gas decreased, thereby weakening the dilution effect within the tank.
Furthermore, under initial H/D ratios of 1.0 and 0.1, Cy exhibited an exponential increase
at high R (> 60 %). This behavior is probably due to the less remaining time of the gas in
the tank. Thus, the reaction time interval is shorter. A similar trend was observed in
previous study on D enrichment via electrolysis, where a rapid increase in D
concentration in the electrolyte was recorded at high electrolyte consumption®. This
pronounced the apparent separation performance. The present result suggests the

hydrogen gas in PEFC can be considered functionally as the electrolyte in water
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electrolysis.

In Fig. 2-2, the initial Cy before starting power generation was higher than the
H/D ratio supplied from the gas cylinder. This indicates that Cy naturally increased
during the filling process. To confirm this phenomenon, Cy in the circulation line was
monitored during the introduction of a mixed gas with H/D = 0.1 (Fig. 2-3). For the first
4 h after the start of measurement, dry Oz gas was supplied to the cathode.
Interestingly, Cy remained identical to the concentration from the gas cylinder. When
humidified O, gas was supplied to the cathode, Cyincreased and stabilized at
approximately 24.6 at. %. To check the D mass transportation, the water vapor in the
cathode exhaust was collected using a cold trap. It was analyzed by ATR-FTIR.
Surprisingly, D was enriched by 78 at. %. This indicates that the D transported from the

gas to water vapor through the membrane.

30 T T T

H concentration, Cy; / at. %

0 5 10 15 20
Time, ¢/ h

Figure 2-3. Time variation of H concentration in the mix hydrogen gas (H/D = 0.1) due

to water vapor without power generation.
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This might be explained by the vapor phase chemical exchange reaction (VPCE),

which can be represented by the following equation:

HD(g) + Hzo(v) = Hl(g) + HDO(V) (2-17)

where, the subscripts (g) and (v) denote the gas phase and vapor phase, respectively. We
have confirmed that the occurrence of VPCE in PEFCP¢. Based on our current
understanding, the mechanism of D transport is considered as follows: The PEM
separating the anode and cathode always contains some absorbed water. At the anode side,
isotopic exchange between gas and the water content within the PEM occurs. The
exchanged D species then migrate through the hydrated membrane toward the cathode
side. Once reaching the cathode, the D atoms can exchange into the water vapor and be

removed from the system via the outlet gas stream.

100 —r—T—T
. /
= 80 .
S
g 60 - -
% D, HD H,
E 40T -
Q
g
2 27 \ |
\
O 1 1 1 1 e

0 20 40 60 80 100
H concentration, Cy / at. %

Figure 2-4. lon current ratio of H,, HD, and D> in hydrogen gas vs. H concentration.
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At an initial concentration of H/D = 0.1, the volume of D2 gas introduced during
the filling process was ten times larger than that of H> gas. However, in practice, D:
accounted for approximately 64 % of the gas composition in the tank, while about 30 %
of the gas was converted to HD. This is attributed to the disproportionation reaction
occurring on the platinum catalyst, where H. and D2 are converted to HD, as represented

by the following equation:

H, + D, = 2HD (2-18)

As hydrogen gas was consumed during power generation, Cy increased due to
the preferential reaction of D. In this initial concentration region, the D fraction in the
gas phase significantly decreased from approximately 64 % to 23 %, while the H: fraction
increased from about 5.8 % to 33 %. The HD fraction gradually increased from
approximately 30 % to 44 %.

At an initial H/D ratio of 1.0, the initial Cy was nearly the same as that observed
in the later stage of the H/D = 0.1. However, the composition of the gas species differed.
Compared to the results for H/D = 0.1, the fractions of H> and D2 were higher, while the
HD fraction was lower. This suggests that the equilibrium of Eq. (2-18) differed between
the two conditions. Under these experimental conditions, the maximum HD fraction
observed was approximately 44 %. This value is lower than the thermodynamically
predicted maximum of 65 % at H/D = 1.0, as calculated by Garcia-Garcia et al.l*”). This
discrepancy may be attributed to differences in gas volume or the influence of product
water generated during power generation. The product water may have covered the

platinum catalyst surface, blocking the reaction sites for Eq. (2-18) and thereby inhibiting
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the disproportionation reaction. As power generation progressed, Cy increased.
Correspondingly, following the same behavior as observed in the H/D = 0.1 case, the H>
fraction increased, while the D2 fraction decreased. The HD fraction, in contrast, began
to decline.

At an initial H/D ratio of 10, the results were plotted in the region
where Cy exceeded 91 at. %. As shown in Fig. 2-2, Cy remained relatively constant
despite the change in gas volume due to power generation. However, with increasing Ch,
the H. fraction increased from approximately 84 % to 94 %, while the HD fraction
significantly decreased from around 15 % to 5.8 %. D. was almost undetectable in the
hydrogen gas.

In this circulation system, the H concentration in the tank increased as hydrogen
gas was consumed. To evaluate the relationship between gas consumption and the H
enrichment, the separation factor, o, in Eq. (2-1) was considered. A value ofa,> 1
indicates H enrichment in the gas phase. Since the reaction was conducted under constant

current, the relationship between ¢ and R can be expressed by Eq. (2-19).

_ 2FVini

= 2-19
! 10071 ( )

where, F'is the Faraday constant, }'is the molar volume of an ideal gas, and / is the applied
current. When the gas is circulated, the separation reaction occurs repeatedly. This implies
that the apparent separation factor increases with reaction time. From the mass balance

calculation, a, can be estimated as a function of 7.
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__L*0Q Gin _
: Vet Vo " %ini Vi, 0T Vb, % (Q 2F)
Vaet Voo Gini Vo T Vb O=2F

(2-20)

O +dr = O X

where L represents the volume rate of hydrogen gas out from the system, and Q denotes
the volume rate of supplied gas. Vi, and Vp, represent the remaining gas volume of H
and D, respectively, at z. The initial separation factor aini is original value non-gas
circulation system!?®). The detailed derivation of Eq. (2-20)is provided in the

supplementary material.
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Figure 2-5. Separation factor a; vs. H concentration on hydrogen gas consumption ratio
during power generation using mixed hydrogen gas with initial H/D ratios of 10 (red), 1.0

(blue), and 0.1 (green). Solid lines represent the experimental data, and dashed lines

indicate the theoretical data.
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Fig. 2-5 shows the variation in the separation factor a; as a function of R. The
solid lines represent experimental values. H was enriched in the tank. The
experimental a; increased by 2.3, 2.8, and 3.8 for initial H/D ratios of 10 (red line), 1.0
(blue one), and 0.1 (green one), respectively. The variation of a; was exponential to R. In
other words, a high R corresponds to a long reaction time. Moreover, since the gas volume
in the tank is small, the H enrichment in the cell is more easily reflected in the gas
concentration in the tank.

The dashed lines in Fig. 2-5 represent the estimation by Eq. (2-20). This value
increased significantly when the initial H/D ratio was low. When R was below 80 %, the
calculated values were lower than the experimental data. This indicates that, when a large
amount of gas remained in the tank, H enrichment was promoted not only by the fuel cell
reaction but also by VPCE. However, as gas consumption increased, water was generated
within the cell, likely leading to flooding in the catalyst layer and deactivation of the
platinum surface for VPCE. The discrepancy between the calculated and experimental
values depended on the initial H/D ratio. At higher H concentrations, the water generated
in the cell accumulates on the platinum catalyst surface, leading to partial catalyst
deactivation. As a result, the vapor-phase chemical exchange reaction (VPCE) becomes

less active, and the equilibrium of Eq. (2-17) shifted to the left.
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2.4 Conclusions

In this study, D separation was conducted using a PEFC for mixed hydrogen
gases with initial H/D ratios of 0.1, 1.0, and 10. The PEFC was equipped with hydrogen
gas circulation system. As the gas volume decreased from 1000 mL to 100
mL, Cu exponentially increased to 54.6 at. %, 76.4 at. %, and 96.9 at. %, respectively.
ATR-FTIR analysis revealed that the D concentration in the water vapor at the cathode
was approximately 78 at. %. These results indicate that VPCE occurred, and D transferred
from the anode gas to the water vapor at the cathode.

In this experiment, o, during power generation was calculated from the QMS
results. H was enriched in the hydrogen gas in the tank. As the volume of hydrogen gas
in the tank decreased, changes in H concentration were more easily reflected, resulting in
an exponential increase in a, with respect to R. a, exhibited values different from the
calculated values. During the initial part of power generation, VPCE was actively
occurring and o, was higher than the calculated values. However, as VPCE was
suppressed by the product water covering the platinum catalyst, the increase of a; became
lower than the calculated values.

The results of this study may contribute to understanding the separation
process within a single-pass PEFC. R in this study can be regarded as the hydrogen gas

utilization rate in a single-pass PEFC.
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Chapter 3: Effect of anode gas circulation on deuterium

isotope separation by polymer electrolyte fuel cell
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3.1 Introduction

Deuterium(D) and tritium (T), which are hydrogen isotopes, are widely used
in nuclear applications!!), materials science, and medical fields'?. New methods of
effectively separating and recovering individual isotopes would be desirable to satisfy
these increasing demands.

Various methods of separation have been studied on the basis of
physicochemical approaches. Chemical exchange methods between water-hydrogen!™
and hydrogen-hydrogen sulfide are also wused commercially!¥. Cryogenic
distillation based on the difference in boiling points of hydrogen isotopes is used in the
head separation process®). New strategies have also been reported, such as hydrogen
pumping with graphene!®’! and sieving with zeolites®].

Water electrolysis is well known for having a high separation efficiency!®'®),
where alkaline electrolysis is most commonly used. Recently, water electrolysis with
solid polymer membranes has also been shown to provide effective isotopic separation
(11-131 " Alternatively, D may be separated through hydrogen fuel cell reactions, which are
the reverse of the electrolysis process!!’?2l, When a mixture of H, and D> gases is
supplied to a PEFC, D becomes enriched in the water phase and H is enriched in the gas
vented from the cell. Pozio et al. reported effective isotopic separation at a Pt-Ru catalyst
anode!'®], where the isotopic separation and its dependence on current density were
studied by electrochemical impedance measurements and infrared analysis.

Isotope separation is evaluated by the separation factor a, which denotes the
change in the ratio of H and D isotope content of gas entering and leaving the cell.
Typically, when the feedgas flow rateis much larger than the rate

of oxidation, o approaches 1.0, because the majority of the feed gas passes through the
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cell. Yanase et al. reported that o typically ranges from 3.46 to 3.99 and increases at

[21

lower feed gas flow rates or at higher rates of oxidation!*!). We have previously reported

(23241 Tanii etal. conducted

that o increases together with the gas consumption ratio
experiments with a modified fuel cell stack!>¥] that allowed gas to flow through individual
cells in sequence. This unique configuration markedly improved a by prolonging the
reaction distance and residence time. Thus, H enrichment in the output gas depends not
only on the nature of the electrochemical catalysts, but also on engineering factors, such
as the gas flow in the PEFC system.

The PEFC system has been extensively developed for automobiles to
allow hydrogen gas to circulate, improving gas utilization®®! and water management?6!.
Although isotope separation mechanisms within a single cell have been extensively
studied, the influence of gas circulation has received little attention. We consider that the
application of anode gas circulation may improve isotope separation efficiency in PEFCs.

Here, we studied a gas circulation system for isotope separation. Respective

enrichment of H and D in the gas and water phases were investigated as various

circulating gas rates and power currents.
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3.2 Experimental

3.2.1 Experimental setup

Valve Pump
=
v
cir
D Vir
. VD_sup ¢
H v Vcon QMS
- W Vent
VHﬁsup Vsup Vin ( P) Vout Vven en
PEFC

Figure 3-1. Schematic illustration of hydrogen gas circulation setup with some gas rate

symbols.

The PEFC was a Japan Automobile Research Institute (JARI) standard single
cell (FC Development Corp., Japan). The anode and cathode were carbon paper (TGP-H-
120, Toray Industries, Japan) loaded with Pt catalyst (0.3 mg cm ?). The electrode area
was 25 cm?®. Both electrodes were hot-pressed with a proton exchange membrane (NRE
212, DuPont, USA). Power generation was galvanostatically controlled by a variable
resistor (PLZ164WA, Kikusui Electronics Corp., Japan). The cell was operated at room
temperature. Pure O> gas from a cylinder was supplied to the cathode at a flow rate of
20 x 107 L min ™! through a flow controller (MC 200 SCCM, Alicat Scientific, USA).

Hydrogen gas was circulated in the form of pure Hz and D: (99.9%D) gas
(Fig. 3-1). A flow controller was installed in each gas line. The hydrogen gas discharged
from the PEFC was divided into either a vent or circulation line. A small pump (APN-

085EX-1-W, Iwaki, Japan) and a flow meter with a needle valve (RK1200, KOFLOC,
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Japan) were fitted to the circulation line. The flow rate of the circulating gas Vi was
adjusted with the use of a flow meter. A pressure gauge (AP-C30, Keyence, Japan) was
installed in the circulation line and constantly monitored the gas pressure.

A quadrupole mass spectrometer (QMS, Qulee-HGM 202, Ulvac Inc., Japan)
was connected to the vent line. Isotopes in the gas with mass number m = 2 (H»), 3 (HD),
and 4 (D), were monitored. The atomic ratio of [H] to [D] in the gas was evaluated by

the separation factor (heads separation factor on H) « as:

o= ([H]ow/[D]ou) / ([H]sup/[D]sup) (-1

Where [L] reflects the atomic concentration of the hydrogen isotopes, and the
subscripts out and sup indicate the gas output from the PEFC and that supplied from the

cylinder, respectively.

3.2.2 Mass flow chart
Fig. 3-1 shows the mass flow chart of hydrogen gas. The gas circulation flow
rate Veir was varied, while the overall flow rate of the gas supply, Vsup (= Vi sup + VD sup),

was fixed. The gas circulation ratio 4 is defined as:

/1 = Vcir / Vsup (3-2)

And the gas utilization ratio Uis expressed by the gas consumption

rate Veon divided by the total flow rate of the hydrogen gas inlet to the cell Vi, as:
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U=Veon! Vin=Veon/ (Vsup + Vcir) (3_3)

Veon was calculated from the power current / and expressed by 4 and U from

Egs. (3-2), (3-3) as:

Vcon = Vmol X (] X 60) / 2F: (1 +i) X Vsup X U (3'4)

Where F is the Faraday constant, and Vmor is the molar volume rate of hydrogen gas.
While gas is consumed at the anode, water is produced by the fuel cell reaction at
the cathode. The water production rate W, was calculated from the power current / or

expressed by 4 and U from Eq. (3-4) as:

Wp: Winol X (]X 60)/2F: (1 +i) X Vsup x U % Wmol/ Vol (3‘5)

Where Wiol is the molar volume of the liquid water.

The flow rate of the vent gas, Vyen, is calculated as:

ven = Vout — Veir = (Vm - Vcon) —Veir = (Vsup + Vcir) — Veon — Veir = Vsup — Veon (3-6)
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3.3 Results and Discussion
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Figure 3-2. Typical QMS data of the anode gas during the separation experiment, (red:

Ha, blue: HD, green: D»).

Fig. 3-2 shows the typical QMS data of the anode gas during the separation
experiment (A = 0.7, U = 0.55). The vertical axis is the ion current, which corresponds to
the partial pressure of each element. The horizontal axis corresponds to the time from
starting the power generation. We detected three gas components, Hy (m = 2), HD (m = 3)
and D> (m =4). Clearly the more consumption of HD and D> was demonstrated by the

power generation. The separation factor was obtained after confirming the steady state of

the data.
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Figure 3-3. Dependence of separation factor a on circulation stoichiometry 4 at various

gas utilization rates, U (red: U = 0.55, blue: U= 0.3, green: U= 0.2).

Table 3-1. Summary of experimental parameters.

Gas utilization rate

Gas supply ratio

Circulation gas volume

Current density

() ) (V,/103 L min™") (I/ A cm?)
0.20 0.00 0.0 0.013
0.20 0.53 6.0 0.020
0.20 1.50 17 0.032
0.20 2.65 30 0.050
0.35 0.00 0.0 0.023
0.35 0.53 6.0 0.035
0.35 1.06 12 0.047
0.35 1.59 18 0.059
0.55 0.00 0.0 0.036
0.55 0.40 4.5 0.050
0.55 0.71 8.0 0.061
0.55 0.81 9.2 0.061
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Fig. 3-3 shows the relationship between o and 4 for each U. The experimental
conditions are summarized in Table 3-1. The value of a increased as the circulation
rate was increased from A = 0. Higher gas circulation rates increased the enrichment of H
in the gas phase, Cu). This result is likely because the gas residence time in the
circulation system was prolonged, allowing the separation reaction to occur repeatedly.
Moreover, the gas volume influenced the separation. In Eq. (3-2), 4 is defined as the ratio
of Veir to Viup, such  that at  low A, Ve with 90 at%H is greater
than Vir with Crg) > 90 at%H [see Fig. 3-4 (b)]. Therefore, H dilution by Vs increased

as A decreased.

62


https://www.sciencedirect.com/science/article/pii/S0360319923038466#fig3
https://www.sciencedirect.com/science/article/pii/S0360319923038466#tbl1
https://www.sciencedirect.com/topics/engineering/circulation-rate
https://www.sciencedirect.com/topics/engineering/circulation-rate
https://www.sciencedirect.com/science/article/pii/S0360319923038466#fd2
https://www.sciencedirect.com/science/article/pii/S0360319923038466#fig4

—
\S)

5
= (a)
- 10 |®
@ e
= g
\5 .
N 6 e @ h
s 4 ‘b\ . ®
EREI
= @
o
0
> 98
° y 0 (b)
= h
S 97 ®
$] o°
IS .
g 96 - ¢ °
=
g 95 ,
--@
= .
2 94
= 100 ————
X go [* &
R Y
o 60 - 8 e
g 40 - e
% ¢ . ‘®
Q %
s °
0

00 05 10 15 2.0 25 3.0
Gas circulation ratio , 4

Fig. 3-4. Vent gas parameters including: (a) vent gas rate, Vven; (b) H concentration, Ch(g);
and (c) H recovery rate, Ry plotted against 4 for various U values (red: U= 0.55,

blue: U= 0.3, green: U= 0.2).
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Separation also depended on U, and the relationship between o and U has been
previously explained as an apparent effect!?’]. When a PEFC consumes a small volume
of hydrogen gas, much of the outlet gas is unreacted. Therefore, Cy(g) remains close to
that of the inlet gas. The maximum value of a decreased from 4.3 to 2.6 as U decreased
from 0.55 to 0.20 (Fig. 3-3).

The relationship between Vyen and 4 is shown in Fig. 3-4(a).
Notably, Vyen reached its maximum at 4 = 0 (i.e., with no gas circulation). From Egs. (3-
4), (3-6), Vyen decreases proportionally with 4, with a slope that depends on U. Hence,
when the PEFC is operated with low gas circulation and low gas utilization, Vyen becomes
large. For instance, Vyen was approximately 9.0 x 10> L min ' at U=0.2 and 1=0.5,
reflecting that approximately 80% of the input Vs, was vented from the system.
Conversely, the venting of Vs, decreased to approximately 10% at U = 0.55 and 1 = 0.8.

The value of Ch(g) was obtained directly from the QMS data. Fig. 3-4(b) shows
the relationship between Ch(g) and A. Enrichment of Ch(g) was greater at high U and A. For
example, the maximum value was approximately 97.8 at% at U= 0.55 and 1 =0.8. The
value of o was calculated by fixing the ratio ([H]sup/[D]sup = 10.0) in the denominator of
Eq. (3-1). However, the present calculation did not compensate the mixture of Chg) in
either Vup and Veir. When /4 decreased (i.e., because of  smaller Veir or
larger Vi), CH(g) decreased owing to the dilution of Viup.

Hydrogen gas is oxidized to hydron at the anode, whereas hydron react with
oxygen that is reduced at the cathode forming water. We estimated how much H was
recovered from Vyen [Fig. 3-4(c)], where the H recovery rate, Ru), was obtained as

follows:
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[H]out x Vven (3-7)
Ry = =100
Hg) [H]sup X Vsup

[H]out = Che) (3-8)

The plots in Fig. 3-4(c) are similar to those in Fig. 3-4(a), although in the
latter Ry was a function of Chg) X Vven. We attribute this result to the small Cy(g) variation
(<4%) over the range of A values. The value of Ry decreased as A increased. Gas
circulation promoted H mass transport from the anode to cathode, because it increased
the gas utilization. The H was output as water at the cathode. For the same
reason, Ry decreased with increasing U: 32%-85% at U=0.2, 19%-71% at U=0.35,

and 11%-53% at U = 0.55.
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Whereas H enriches in the gas phase, D concentrates in the water phase. We
characterized the water (Fig. 3-5) in the same manner as for the gas (Fig. 3-4). Fig. 3-5(a)
shows the relationship between W, and 4 at each U. W, increases together with 4, owing
to improved gas utilization. Therefore, the profiles in Fig. 5(a) appear to be the inverse of
those in Fig. 3-4(a).

The D concentration in the water phase, Cp(), was obtained as:

[D] sup Vsup - [D]

out Vven X 100. (3—9)
VCOIl

Cpqy =

Overall, Cpy was higher than the D concentration in Vi (9 at%D), as shown
in Fig. 3-5 (b). The maximum value of Cp() occurred at each value of U when no gas was
circulated (4 =0). The values were 25.8% at U=0.2, 18.9% at U= 0.35, and 14.5%
at U=0.55. Hence, Cp()decreased as A increased. This result is attributed to
the Ch(g) variation. As discussed regarding Fig. 3-4(b), gas circulation increases Chg) in
the hydrogen gas. Thus, as A increases, the D concentration in Vix decreased close to the
initial concentration of 9 at%D.

The D recovery rate, Rpq), was calculated as:

Cogy W

100 Wmol (3 -1 0)
VDﬁsup
Vmol

D)~

The results of Fig. 3-5(c) show that gas circulation had a positive effect on Rp).

Notably, W, increased with increasing 4 [Fig. 3-5(a)]. A corresponding greater mass of D
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was transported from the anode to the cathode, increasing the total output of D from the
cathode. We note that Rpy did not show the same plot profiles as discussed in Fig. 3-4(c),
because the Cpqy variation was greater than that of Cy(g). The value of Rp(y depends on U,
which controls the D mass transport as: 52%—88% at U = 0.20, 67-95% at U = 0.35, and
81-97% at U = 0.55. The present results indicate that almost 100% of the D from Vsup was

recovered at A =0.81 and U = 0.55.

68


https://www.sciencedirect.com/science/article/pii/S0360319923038466#fig4

3.4 Conclusions

In this study, a circulation system of hydrogen gas was employed for
hydrogen isotope separation by PEFC in which 10 at% D was introduced. The effect
of A on H and D separation was investigated. As A increased, H was concentrated in the
gas at the anode outlet due to the prolonged residence time and repeated separation
reactions. As the gas utilization increased, D was separated more efficiently. The
separation factor at this time was 4.2, and the separation factor was 1.8 when A =0
and U = 0.20.

Calculations using the mass balance showed that D transported to the product
water at the cathode. As/increased, the current increased with promoting H
transportation to the cathode. This diluted the D concentration in the water at the cathode.
The concentration decreased with increasing the gas utilization rate. The calculation of
the recovery rate R pgy demonstrated that most of the supplied D could be recovered as
produced water.

Our results supported that the gas circulation helped the isotope separation more
efficiently. The desired volume or concentration of the isotope production could be

controlled by 4.
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Chapter 4: Deuterium Isotope Separation using LiCl-

KCI-LiH-LiD Molten Salt
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4.1 Introduction

Hydrogen is a promising material for decarbonization. It comprises three
isotopes: protium (H), deuterium (D), and trittum (T). The demand for D and T is
continuously increasing in the materials!'?! and medical fields'>*. Moreover, a fusion
reactor based on the DT reaction5 could be a key to establishing a carbon-neutral society.
Therefore, novel and efficient methods are required to separate hydrogen isotopes.

A few methods, such as cryogenic distillation!®”! and hydrogen-hydrogen sulfide
exchange reactions (Girdler sulfide process)®,have been commercially employed to
separate hydrogen isotopes. Moreover, the water-hydrogen exchange reaction has been
extensively investigated because of its simple reaction system!®. The reaction proceeds

via the following two steps given in Egs. 4-1 and 4-2:

HDgas + HZOvapor = HDovap0r+ HZ gas (4_1)

HDovapor + H2Oliquid = Hzovapor+ HDOliquid (4_2)

The reactions in Egs. 4-1 and 4-2 are known as vapor-phase chemical exchange
(VPCE) and liquid-phase chemical exchange (LPCE), respectively, depending on the
state of the water. The VPCE occurs on the catalyst surface, whereas the LPCE occurs at
the interface between the liquid and gas phases. The catalysts can be modified with
surfactants to overcome the complex water-management problem. Ye et al. studied the
effect of a foaming agent, such as polymethyl methacrylate (PMMA), on the separation
efficiency at different hydrogen gas flow rates and observed that the separation efficiency

decreased as hydrophobicity increased with the addition of PMMAP],
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New methods, such as electrochemical pumping with graphene!'®!! and sieving
with zeolites!'?, have been reported for isotope separation. Additionally, water
electrolysis is widely recognized for its high separation efficiency. Therefore, several
studies have investigated alkaline water electrolysis and water electrolysis using proton
exchange membranes (PEMs)!'>"1%1 Zeng et al. performed D separation using a highly
durable PEMU!¢!, Isotope separation performance is evaluated using the separation
factor, a, which is the [H]/[D] atomic ratio of the generated gas divided by the [H]/[D]
atomic ratio of the electrolyte; o > 1.0 indicates that the generated gas is enriched with H.
Zeng et al. reported a values between 2.6 and 4.2, indicating that H was enriched in the
evolved gas. The results varied with the D concentration, cell temperature, and current
density. In our previous work, we used PEM electrolysis for D separation!’ '], For
example, we investigated the effect of water transportation on a and reported that o (5 in
the literature) ranged from 2.1-2.9, decreasing with increasing current density!!”),

However, these techniques are limited by their high energy consumption and
limited processing capabilities!?>*!), In this study, we addressed these challenges by
focusing on molten-salt electrolysis. Molten salts allow hydrides to dissolve as anions
(H™ and D), which are converted into hydrogen gas through anodic reactions, and their
behavior and properties may differ from those of H" and D" in aqueous solutions. Nohira
et al. investigated the electrochemical behavior of H in LiCI-KCl eutectic
melts??, where LiH (0.4-2.0 mol%) was used as a source of H ions. The diffusion
coefficient of H was determined through cyclic voltammetry (CV) and
chronopotentiometry measurements, which ranged from 1.7-2.2 x 107> cm? s ! at 673 K.

Hydrogen isotope separation via molten-salt electrolysis might also be used for

tritium extraction technology from the breeding blanket of a fusion reactor. Breeding
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blankets absorb neutrons released during the fusion reaction to produce tritium from
lithtum. Produced tritium must be extracted from the breeding blanket. Molten-salt
electrolysis has been considered and studied as one of the techniques to extract tritium
from the breeding blankets!>»**1. Recently, Ito et al. proposed a process to apply liquid
lithium not only to breeding blankets but also to liquid electrodes in the electrolytic

(5] They achieved

extraction to simplify the multiple steps and mechanical equipment
H; extraction from a liquid lithium electrode containing LiH via molten salt electrolysis.
Although a few reports have been on molten-salt electrolysis using hydrogen isotopes,
hydrogen isotope separation and quantitative evaluation using separation factors have
rarely been performed. Moreover, it is unclear whether the isotope exchange reactions
occurring naturally during water electrolysis also occur in molten salts.

The current study aimed to investigate the electrochemical behavior of D™ in a

LiCI-KCI molten-salt system with LiD as an additive. Further, we attempted D separation

and compared the results with those using aqueous solutions.
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4.2 Experimental
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Figure 4-1. Schematic illustration of the experimental apparatus: (a) electrolysis in molten

salt and (b) H-D exchange reaction in the electrolyte.

The WE for electrochemical measurement was Mo flag (¢ 0.3 cm x '0.01 mm,
Nilaco Corp., Japan), and its detailed structure has been reported previously!?®. The WE

for electrolysis was a laboratory-made square sheet (0.1 cm % 1.0 cm % 1.0 cm) of Pt-
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black. The electrode was prepared by Pt electrodeposition at =76 mA cm 2 in an aqueous
solution (100 ml) containing H>PtCls (2.0 g, Kanto Chemical Corp., Japan) and
Pb(C2H302)2 (0.02 g, Kanto Chemical Corp., Japan)!?’?%). The CE was a helically bent Al
wire. Al-Li alloy in the coexisting (a + ) phase state, electrochemically prepared from
Al wire, was used as the reference electrode (RE)°!). The potential was calibrated using
Li"/Li determined by cyclic voltammetry (CV) on a Ni electrode. Electrochemical
measurements were performed using a potentiostat/galvanostat (HZ-3000; Hokuto Denko
Corp., Japan).

The isotope exchange reaction in molten salt was carried out on a laboratory-
made Pt-black plate (2.0 x 2.0 cm?). This plate featured a hole in the center to insert a
stainless steel pipe through it. A Ni mesh (100 mesh; Nilaco Corp., Japan) was spot
welded to the pipe as a gas filter (Fig. 4-1b). The gas flow rates of H> and D> were
adjusted to 1.6 ml min™".

Aqueous electrolysis was conducted at 298 K and atmospheric pressure. The
electrolyte was 1 M HClO4 with 50 at% D from D>O (Isotec International Inc., USA).
The WE was the Pt-black (1.0 x 1.0 cm?), whereas CE and QRE were Pt wires (p = 0.3
cm; Nilaco Corp., Japan). The isotope exchange reaction was investigated using the same
setup as in the molten-salt experiment (Fig. 4-1b). The flow rate of H, and D, gases was
1.6 ml min!, and their ratio was controlled to be H:D = 1:1 using a mass flow controller.

A quadrupole mass spectrometer (QMS) (Qulee HGM202, ULVAC Inc., Japan) was

installed on the exhaust gas line of the cell.
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4.3 Results and Discussions
4.3.1 Electrochemical characterization of D™

Electrochemical data on D™ is limited; therefore, we performed CV in molten
salt with 0.4 mol% LiD at 673 K (Fig. 4-2a). The Mo electrode was selected as the WE
because it absorbs negligible hydrogen. When the potential is applied at various sweep
rates between 0.2-5.0 V s™!, anodic peak currents appear at approximately 0.75 V vs
Li*/Li, and the peak currents increase with the sweep rate. The formation of these peaks
could be attributed to the rate-limiting mass transfer of the reactants. The potential was
reversed in the cathodic direction at 1.0 V, and at the fastest sweep rate of 5.0 Vs™!, a
small cathodic peak appears at approximately 0.68 V. This peak is not observed at slower
sweep rates.

Some studies have investigated the electrochemical oxidation of hydride ions
(H™ and D") in molten salts?>*? and reported the anodic peak current at approximately
0.7 V. Therefore, the anodic current peak is confirmed as the D™ oxidation
(2D” — D2 +2¢"). The produced D; gas dissolves in the salt and forms bubbles. The
small cathodic current corresponds to a reduction of the dissolved D> gas to D™ anions.
However, the cathodic peak current is poorly defined, which contrasts with the anodic
peak current. The results suggest that the concentration of the dissolved D: gas is

extremely low, which is affected by the electrode arrangement and gas motion3!,
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Figure 4-2. Investigation of electrochemical behavior of D~ with Mo electrode in LiCl-
KCI-LiD (0.4 mol%) molten salt at 673 K: (a) cyclic voltammogram at various sweep
rates (0.2-5.0 V s7!) in 0.4-1.0 V potential range vs Li*/Li, (b) current density of anode

peak, ixp, depending on the square root of scan rate, and (c)iapat various LiD
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The diffusion coefficient of D™, Dp, is calculated using Eq. 4-3:34

nF\'/2
iy = 0.446nFCpy Q—T) 172Dl (4-3)

where iap 1s the current density of the anodic peak current, Cp is the concentration of D™,
and v is the sweep rate of potential. Figure 4-2b shows that isp is proportional to v'”.
Figure 4-2¢ shows the relationship between iz and the LiD concentration to determine
the Cp value. The current density of i,y increases linearly with increasing concentration,
indicating that iy is determined by the oxidation of D™, as discussed above. None of the
straight lines fitted at any sweep rate converge to the origin, which is attributed to the
consumption of LiD by side reactions with impurities, such as water and heavy metal ions.
However, the concentration of consumed D™ was estimated to be 0.10 £+ 0.03 mol%.

The value of Cp was obtained by subtracting the amount of LiD consumed from
the amount of LiD added. The salt density was obtained from the previous
data.[®> Assuming the oxidation reaction to be a one-electron reaction (n = 1), Dp was
estimated to be 1.9 x 107° cm?s ' at 673 K. This value closely corresponds with the
diffusion coefficient of H™ (Du=1.7-2.2x 107 cm?s™!), which was previously
investigated via CV.1*?! Takenaka et al. reported a relatively high diffusion coefficient of
D™ (Dp=4.7 x 10° cm? s7!) at the same temperature*?), which was attributed to the use
of an iron electrode that was possibly influenced by hydrogen absorption and hydrogen

generation.
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4.3.2 D separation
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Figure 4-3. Cyclic voltammogram of Pt-black electrode in 1 M HCIO4 at 0.01 V s™! scan
rate at 298 K. The hydrogen adsorption area is shown as area (I) surrounded by dotted

lines.

D separation was performed using laboratory-made Pt-black electrodes. The
roughness factor, Ry, of these electrodes was determined to evaluate their electrochemical
surface areas (ECSA). We measured the hydrogen adsorption wave during CVinal M
HCIlO4 solution at 298 K before the separation experiment (Area I in Fig. 4-3). Hydrogen
adsorption equivalent to 210 pC cm 2 has been previously reported®’-?%3¢1 which allowed
us to estimate the roughness as Rf = 106. Current density calculations were performed
using the ECSA.

In the molten-salt system, equal quantities (1.0 mol%) of LiH and LiD were

introduced into the melt, followed by the initiation of potentiostatic electrolysis. The
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potential is set to 0.7 V vs Li"/Li to produce the initial anodic current density of 0.8 A
cm 2 (Fig. 4-4a). The current density decreases considerably as the electrolysis time
increases. The exact reasons for this phenomenon are unclear; however, it could be owing
to a reduction in the hydride ion (H and D") concentration or bubbles adhering to the
electrode. As the electrolysis continues, the current density approaches zero. The
hydrogen gas generated during the electrolysis was channeled directly from the cell to the
QMS. Owing to the large ECSA of the Pt-black electrode, the current flow was

sufficiently high to allow hydrogen gas detection using QMS.
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Figure 4-4. Electrolysis at 0.7 V vs Li"/Li with Pt-black electrode in LiClI-KCI molten
salt containing 1.0 mol% of LiH and LiD at 673 K: (a) time variation of current density,

(b) QMS ionization current of each gas component in the hydrogen gas from the cell.
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The ionization currents of the mass numbers (m =2, 3, and 4) obtained using QMS are
shown in Fig. 4-4b. The currents correspond to the partial pressures of the gas
components (H2, HD, and D») in the hydrogen gas. The ionization currents stabilized
approximately 4 h after the electrolysis initiation. This stabilization occurred because the
original argon gas was replaced by the hydrogen, which filled the cells and piping, and
subsequently, the currents maintained a steady state. The volumes of HD and H> produced
were equal, and approximately twice that of D,. Based on the ionization currents in Fig. 4-

4b, the separation factor o was calculated using Eq. 4-4 as follows:7!

o = ([HY/[DDgas / ([H)/[DDetectrotyte (4-4)

=[(Im2 X 2+ Iup)/(Ip2 X 2+ p)]gas/ 1.0

where [L] represents the concentration of each atom and /x is the ionization current of gas
x. If a is greater than 1.0, substance H is enriched in the outlet gas. In this study, a was

calculated to be approximately 1.6, indicating that H was concentrated in the outlet gas.
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Figure 4-5. Electrolysis at —0.7 V vs RHE with Pt-black electrode in 1 M HCIO4 solution
containing 50 at% D at 298 K: (a) time variation of current density, (b) QMS ionization

current of each gas component in the hydrogen gas from the cell.

For comparison, the separation was conducted in an aqueous solution. The
electrolyte used was 1 M HCIOs, and the D concentration was adjusted to 50 at% using
D:0. Figure 4-5a shows the transient behavior of the cathodic current density when the
electrolysis was conducted at —0.7 V vs RHE at 298 K. The current density is similar to
that in the molten-salt experiment, with numerous hydrogen gas bubbles evolving after
the initiation of electrolysis. A marginal change in both the current value and bubble
production is observed after 1 h of electrolysis. Similar to that in the molten-salt system,

the hydrogen gas produced by electrolysis was analyzed using QMS (Fig. 4-5b). The gas
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components are primarily Ho, HD, and D», in that order. A remarkable quantity of H is
concentrated in the gas, greater than that obtained in the molten-salt system, as shown in
Fig. 4-4b. The value of « 1s approximately 3.9. The current results agree with those of
previous studies using Pt catalyst!!”-!8]. The results exhibit that electrolysis in molten salt

has a smaller value of a than that in aqueous solution systems.
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Figure 4-6. QMS ionization current of each gas component in the hydrogen gas when the
gas mixture of Hz and D> was introduced into LiCl-KCl molten-salt system with 1.0

mol% of LiH and LiD at 673 K.

Approximately 12 h after gas introduction, hydrogen replaces argon, and the
ionization currents reach a steady state. The resulting hydrogen gas comprises HD, H>,
and D; (in that order), and the value of a is approximately 1.3. The enrichment of the gas

with H and the presence of a considerable quantity of HD suggest the occurrence of an
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exchange reaction. However, the quantities of water vapor and water in the molten salt
are insufficient to account for the water—hydrogen exchange reaction depicted by Egs. 4-
1 and 4-2. The varying ratios of H» and D> indicate that this is not a simple exchange
reaction (Hz + D2 — HD). One possibility might involve a reaction with hydride ions, as

given in Eq. 4-5.

D;+H - HD+D” (4-5)

The chemical equilibrium would shift to the right at high temperatures in Eq. 4-
5. Thus, D> would be consumed, leading to additional HD production. The separation
performance, as described by Eq. 4-5, was approximately the same as that for the

separation via the molten-salt electrolysis.
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Figure 4-7. QMS ionization current of each gas component in the hydrogen gas when the

gas mixture of H, and D> was introduced into 1 M HCIO4 solution at 298 K.
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The ionization currents of the exchange reaction at 298 K in the aqueous solution
system are given in Fig. 4-7. The ionization current remains stable for approximately one
hour after the start of the measurement. In contrast to the experimental results for the
molten salt (Fig. 4-6), the hydrogen gas primarily comprises H> and D> (in the same ratio)
and a detectable volume of HD. The water-hydrogen exchange method is known to be
less efficient than electrolysis. For example, the value of o was approximately 1.3 at room
temperaturel®®]. However, we obtain an o = 1.0, indicating a minor exchange reaction.
This could be attributed to the bubble dispersion. Furthermore, the average diameter of
the bubbles is approximately 3 mm, which is larger than the filter pore size. Therefore,
some bubbles could have aggregated on the filter. The poor dispersion of the bubbles
probably reduces the contact efficiency between the gas and the catalyst, thereby
impeding the exchange reaction. In the H-D exchange reaction, the molten-salt system
exhibits higher a values than those in the aqueous solution system, contrasting with

electrolysis.
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4.4 Conclusions

In this study, we investigated the electrochemical behavior of D™ using a LiCl—
KCI-LiH-LiD molten salt at 673 K and separated the hydrogen isotope through
electrolysis and H-D exchange reaction. Further, we compared this separation
performance with that of an aqueous solution system.

The electrochemical behavior of D™ in molten salts was investigated by CV in
the 0.4-1.0 V range vs Li*/Li at a sweep rate of 0.2-5.0 V s™!. These tests were conducted
with a Mo electrode in a LiCI-KCl electrolyte with added LiD. The diffusion coefficient
of D™ was calculated to be 1.9 x 107> cm? s”!, which agrees with the previously reported
diffusion coefficient of H™ (1.7-2.2 x 107 cm? s7).

We conducted a potentiostatic electrolysis at 0.7 V vs Li*/Li using a Pt-black
electrode in the LiClI-KCI-LiH-LiD molten salt. The value of a was 1.6, confirming H
enrichment in the outlet gas. Conversely, we performed a potentiostatic electrolysis at
—0.7 V vs RHE using a Pt-black electrode in 1 M HC1O4 with 50 at% D from D>O, which
yielded an a value of 3.9, indicating a substantial H enrichment.

The H-D exchange reaction was further investigated by spraying an Ho—

D> mixture gas (H:D = 1:1) onto a Pt-black plate in the same melt. The resulting a value
was 1.3, confirming an enrichment of H in the emitted gas, which was different from
that in the aqueous system. The molten-salt system did not contain any water vapor;
therefore, the H-D exchange reaction occurred between D in the gas and H™ in the salt
on the Pt-black catalyst. Additionally, an H,—D> mixture gas (H:D = 1:1) was sprayed
onto a Pt-black plate in the aqueous solution to determine the occurrence of an H-D
exchange reaction. The resulting a value of 1.0 indicated that a H-D exchange reaction

did not occur.
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In electrolysis, the molten-salt system had a lower a value than that of the
aqueous solution system, while the molten-salt system had a higher a value in the H-D
exchange reaction. For the further improvement of isotopes separation, it would be key
point to control the three-phase interface among the electrolyte, D gas, and catalyst. The
increase of the three-phase region in the molten salt would be more important for the

practical facilities such as molten blankets in fusion reactors.
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Chapter 5: Effect of Isotopic Exchange Reactions on
Deuterium Isotope Separation Using Electrochemical

Hydrogen Pumping with Liquid Electrolyte
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5.1 Introduction

Deuterium (D), a hydrogen isotope, is widely used not only as a process tracer
but also in medical and nuclear technologies!' . Nuclear fusion reactors are considered
a promising technology for achieving both decarbonization and large scale energy
production®. In such reactors, deuterium is used as one of the fuels. Despite the
requirement for high purity and large quantities of D in fusion applications, its natural
abundance is extremely low, approximately 0.015%. Therefore, D must be extracted and
concentrated from sources such as seawater, wastewater from heavy water reactors, or
exhaust gases from fusion reactors. Since hydrogen isotopes possess nearly identical
chemical properties, their separation is difficult, and various techniques have been
investigated(®7].

Various techniques such as absorption and quantum sieving have been studied
for hydrogen isotope separation'®”. In regions with high isotope concentrations,

d"%14 In contrast, for low -

cryogenic distillation and water electrolysis are widely use
and medium-concentration regions, chemical exchange methods such as the Girdler
Sulfide (GS) process and the Combined Electrolysis and Catalytic Exchange (CECE)

13181 These processes have high energy consumption

process are commonly employed!
and high equipment cost. The CECE process combines water electrolysis with isotopic
exchange. It consists of a water electrolysis cell and some isotope exchange columns. In
the CECE process, hydrogen gas generated from the water electrolysis is introduced into
the bottom of the column and flows upward, while liquid water is introduced from the top
and flows downward. The column is packed with two distinct layers. One is a platinum

based catalyst layer, where following equilibrium reaction occurs between hydrogen gas

and water vapor :
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HD(y) + H,0(y) = Hyg + HDOyy, (5-1)

where, the subscripts g and v denote gas and vapor, respectively. This reaction is referred
to as vapor phase catalytic exchange (VPCE), which proceeds on the surface of the
platinum catalyst. The other layer contains a hydrophilic packing material that promotes

the following equilibrium between water vapor and liquid water:

HDO(V) + H20(1) = HZO(V) + HDO(]) (5'2)

where 1 denotes the liquid phase. This reaction, known as liquid-phase catalytic exchange
(LPCE), occurs at the vapor liquid interface. Thermodynamically, D is transferred from
the gas phase to the liquid phase through the intermediate vapor phase, resulting in D
enrichment in the liquid. Since the column consists of multiple stages, VPCE and LPCE
occur repeatedly, producing a continuous isotopic exchange process. Consequently, the D
concentration becomes higher toward the bottom of the column. This system requires a
large apparatus and precise water management. The platinum catalyst surface, when
covered with liquid water, loses its activity and suppresses the VPCE reaction, thereby
reducing the overall separation performance. Therefore, some studies are focused on
imparting hydrophobic properties to the platinum catalyst to improve hydrogen isotope
separation efficiency!!*2],

In this study, a polymer electrolyte membrane electrochemical hydrogen pump

(PEM-EHCP) was employed. Since it utilizes the electrochemical oxidation and

reduction of hydrogen, the energy consumption is remarkably low. Its cell configuration
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is also compact. Therefore, EHCP has been widely studied for hydrogen purification and

(21241 Jackson et al. demonstrated hydrogen purification from CHs mixtures

compression
using EHCP?>>]. When a current density of 0.3 A cm 2 was applied to gas mixtures
containing 20, 50, and 80 % CHa, the outlet hydrogen gas exhibited CHa4 concentrations
of 21, 45, and 68 pmol mol !, respectively—values below the ISO standard limit. EHCP
has also been applied to hydrogen isotope separation’®?”. Lozada-Hidalgo et al.
employed graphene electrodes in EHCP. High separation factors of 8—10 were achieved
for Ho/D2 mixed gases!?®.

In addition, efficient D2 generation systems using gas and liquid electrolytes have
been proposed. Mondal et al. developed an electro dialysis-type cell using H> gas and
NaOD/D:SO. electrolytes, which generated D, gas with power generation?®!. The cell
consisted of an anode compartment filled with NaOD solution and a cathode compartment
filled with D.SOs4 solution, which were separated by a PEM. The pH difference between
the two compartments created a potential difference, enabling D2 evolution at the cathode
instead of H> supplied to the anode.

Our group previously reported that VPCE occurs in a polymer electrolyte fuel
cell(PEFC)?1. In this study, EHCP configuration was improved by introducing a liquid
electrolyte to promote more efficient isotopic exchange. A schematic of the cell setup is
shown in Fig. 5-1A. The liquid electrolyte was supplied to the central compartment,
which was positioned between two PEMs. Each PEM is bordered on the outer side by a
gas diffusion electrode (GDE) coated with platinum catalysts. In this configuration, water
is transported from the electrolyte toward the catalyst layers on both the anode and
cathode sides via diffusion and electro-osmotic drag. Hydrogen gas is supplied to the

anode in counter flow to the electrolyte. In the flow channel, both VPCE and LPCE occur
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between the transported water and the supplied hydrogen gas. D transfer proceeds through
the water vapor between the gas and liquid phases. Due to the presence of numerous
nanoscale platinum catalysts on the GDE, efficient hydrogen isotope separation can occur
within the flow channels. Similar to that in the CECE process, the concentration of D in
each phase is high near the gas inlet. This system is also expected to prevent the
deactivation of platinum catalysts due to Liquid flooding, based on reports from EHCP
and PEFC systems!**3!l. Therefore, in this study, hydrogen isotope separation was
investigated using a liquid electrolyte-fed EHCP system, and its separation performance

was evaluated.
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Figure 5-1. Schematic illustration of (A) the ECHP cell and (B) experimental setup (a:

mass flow controller, b: ECHP cell, c: cold trap, d: QMS, e: peristaltic pump).
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5.2 Experimental
5.2.1 Experimental setup

A schematic of the experimental setup is shown in Fig. 5-1B. A modified Japan
Automobile Research Institute (JARI) standard single cell (FC Development Corp.,
Japan) was employed for the ECHP. At the center of the cell, a liquid compartment
fabricated using a 3D printer was installed. The liquid compartment was positioned
between two PEMs (NRE 212, DuPont, USA). On the outer side of each PEM, carbon
paper electrodes (TGP-H-120, Toray Industries, Japan) as the anode and cathode were
hot-pressed, respectively. The electrode area was 16 cm?. Platinum catalysts (0.5 mg
cm ?) were supported on the carbon paper. Pure H. and D2 were mixed at a constant ratio
(H/D = 10) and supplied to the anode at a constant flow rate. The flow rate was regulated
by a mass flow controller (MC 200 SCCM, Alicat Scientific, USA). The liquid
compartment was supplied with an electrolyte solution at a constant flow rate of 0.25 mL
min! using a peristaltic pump (MasterFlex 07528-30, Cole-Parmer Instrument, USA).
An 0.01 M H>SO4 aqueous solution was used as the electrolyte. Electrolyte solutions with
various H/D ratios (10, 100, and 6665) were prepared by mixing H-O and D-O. At an H/D
ratio of 6665, the solution was prepared using only H-O and H>SOa. All experiments were
conducted at room temperature. The ECHP was operated under galvanostatic control
using a DC power supply (PAS10-35, Kikusui Electronics, Japan). At the cathode, N> was
supplied as a carrier gas at a constant flow rate of 20 mL min!. A cold trap (UT-1AS,
ASONE Corp., Japan) were installed on both the anode and cathode exhaust lines to
condense the water vapor contained in the exhaust gases. The condensed vapor and the
water discharged via electro-osmotic drag and back diffusion were collected together as

recovered water.

The recovered water was analyzed by attenuated total reflectance Fourier-
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transform infrared (ATR-FTIR) spectroscopy (FTIR-4200, JASCO International, Japan).
FTIR measurements were performed over the wavenumber range of 400-4000 cm™! at a
resolution of 2.0 cm™! with 100 scans. The reference spectrum was recorded in ambient
air.

A quadrupole mass spectrometer (QMS, Qulee-HGM 202, Ulvac Inc., Japan)
was connected to the exhaust line to measure mass numbers 2 (Hz), 3 (HD), and 4 (D-).
The H/D ratio in the exhaust gas was calculated from the ion currents corresponding to
each component obtained by mass spectrometry using the following equation:

E: i X 2+ ipp (5-3)

where i is the ion current. Two types of separation factors were used to evaluate the
separation performance. The separation factor a was determined using the following
equation, based on the atomic ratio of hydrogen to deuterium (H/D) in the same sample

at the inlet and outlet:

Dlow (5-4)

where [L] represents the atomic concentration of hydrogen isotopes, and the subscripts in
and out denote the inlet and outlet, respectively. The separation factor f was calculated
using the following equation, based on the atomic ratio of hydrogen to deuterium (H/D)

in different species discharged from the cell:
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[H]sample
[

D]Sam (5}
B= e (5-5)
]

electrolyte

D electrolyte

where the subscripts electrolyte and sample refer to the discharged electrolyte and the

discharged sample, respectively.

5.2.2 Mass flow chart

In this study, the recovery rate R was calculated based on a mass balance to verify
the validity of the experimental results. The equations used for the mass balance analysis
are shown below. The atomic amount of D supplied to the cell as gas, Dgas, in, Was

calculated as follows:

DI v, (5-6)

where Q is the gas flow rate, ¢ is the measurement time, Vgas 1s the molar volume of the
gas, and Na is Avogadro’s constant. The atomic amount of D supplied to the cell as the

electrolyte, Daqu, in, Was calculated as follows:

N [D1VD, aqu L L N — 2[D]NaLt
aqu, in [H] VH, aqu + [D] VD, aqu VD, aqu A [H] VH, aqu + [D] VD, aqu

D (5-7)

where VH, aqu and Vb, aqu are the molar volumes of H-O and D-O, respectively. L is the flow
rate of the electrolyte. The contribution of H.SO4 was neglected because its fraction of
volume in the solution was approximately 0.005%. The atomic amount of D discharged

as gas from the anode, Dan, out, Was calculated as follows:
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0O I
Dan, out — [D]t X (Vgas - ﬁv X 2]VA (5-8)

where [ is the current density, 4 is the electrode area, and F is the Faraday constant.
Similarly, the atomic amount of D discharged as gas from the cathode, Dca, out, Was

calculated using the following equation:

14
Dea, out = [D]¢ x F X 2Ny (5-9)

After the experiment, the masses of the electrolyte discharged from the cell and the
recovered water were measured. The atomic amount of D in the discharged electrolyte,

Diqu, out, Was calculated using the measured mass W, as follows.

DM /4 2|DIN W
DMy 2D

b _ (5-10)
aqu, out [H] My + [D] Mp Mp [H] My + [D] Mp

where My and Mp denote the molar masses of H.O and DO, respectively. The atomic
amounts of D in the recovered water from the anode and cathode, Daqu, an and Daqu, ca, Were
calculated in the same manner as Dagu, out using Eq. (5-10). From Egs. (5-6)—(5-10), the

recovery rate R was calculated as follows:

Dan, out + Dca, out + Daqu, out + Daqu, an + Daqu, ca
D gas, in +D aqu, in

R= %100 (5-11)
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5.3 Results and Discussions
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Figure 5-2. Typical QMS data of the exhausted anode and cathode gases during the
separation experiment introducing the electrolyte (H/D = 10): (A) without ECHP,
supplying a mixed H2/D: gas (11.6 mL min'), and (B) with ECHP operated at 0.10 A

cm 2, supplying a mixed Hz/D- gas. (red: Hz, blue: HD, green: D2)

Figure 5-2 shows typical QMS data for the exhaust gas obtained during the

isotope separation experiment and the corresponding H/D ratio in the gas phase (A =

without ECHP, B = with ECHP). Figure 5-2A shows the QMS analysis result of the gas

discharged from the anode (without ECHP). The vertical axis represents the ion currents,
corresponding to the partial pressure of each gaseous species. During the first hour after
the start of the measurement, only a mixed H2/D, gas (11.6 mL min™!) was supplied to
the cell. When the electrolyte (H/D=10) was introduced, the fraction of H: increased,

whereas those of HD and D: decreased. This behavior is attributed to isotope exchange
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reactions. VPCE and LPCE occurred between liquid water and the hydrogen gas via water
vapor.

Fig. 5-2B shows the QMS analysis results for the gases discharged from the
anode and cathode during ECHP operation. During the first 2 hours of the measurement,
a mixed Ho/D> gas (23 mL min!) was introduced into the cell. Subsequently, the
electrolyte (H/D = 10) was supplied, and the ECHP was operated at 0.1 A cm 2. The flow
rate of the anode exhaust gas under these conditions was identical to that in Fig. 5-2A. As
in Fig. 5-2A, the fraction of H: increased, while those of HD and D- decreased owing to
isotope exchange reactions. After confirming the stability of the ion currents over 15
hours of measurement, the gas discharged from the cathode was subsequently analyzed.
Since N2 served as the carrier gas, the partial pressures of the hydrogen species in the

cathode exhaust gas were correspondingly lower.
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Figure 5-3. A: H/D ratios in each component exhausted from the cell (red: without ECHP,
blue: with ECHP). B: Deuterium recovery rate and their distributions calculated from the

mass balance without and with ECHP.

Figure 5-3 shows the analytical results of each component and the corresponding mass
balance obtained during this measurement. The compositions of the hydrogen gas,
recovered water, and electrolyte discharged from the cell were analyzed for both cases
without ECHP (red) and with ECHP (blue) (Fig. 5-3A). Without ECHP, the H/D ratio in
the hydrogen gas exhausted from the anode was 35, indicating that hydrogen was enriched
in the gas phase. The H/D ratios of the recovered water at the anode and the electrolyte
were 10.4 and 9.4, respectively. The recovered water at the anode exhibited a higher
hydrogen concentration than the electrolyte, suggesting that D was concentrated in the
electrolyte. This behavior is attributed to the LPCE process: D transferred to the vapor

phase via VPCE was subsequently enriched in the electrolyte through LPCE.
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A similar phenomenon was observed during ECHP operation. The H/D ratio of
the hydrogen gas exhausted from the anode was 34, indicating that H was enriched in the
gas phase. The H/D ratio of the recovered water at the anode was 9.7, which was higher
than that of the electrolyte (9.2), indicating a higher H concentration. In all the
components—anode hydrogen gas, anode recovered water, and electrolyte—the H/D
ratios under ECHP operation were lower than those without ECHP. This is attributed to
a larger amount of D being concentrated in the electrolyte during ECHP operation. The
H/D ratios of the anode hydrogen gas and the anode recovered water are determined by
the isotope exchange reactions of VPCE and LPCE. When the H/D ratio of the electrolyte
decreases, the H/D ratio of the anode water vapor in equilibrium with the electrolyte
through LPCE decreases. Similarly, when the H/D ratio of the water vapor at the anode
decreases, the H/D ratio of the anode hydrogen gas in equilibrium with the anode water
vapor through VPCE also decreases.

During ECHP operation, hydrogen gas and recovered water were also produced
at the cathode. The H/D ratio of the recovered water at the cathode was 9.0, showing an
enrichment of D compared to the electrolyte. The H/D ratio of the cathode hydrogen gas
was 30, indicating the production of H-rich gas. These results suggest that a reaction
similar to water electrolysis occurs at the cathode. As in water electrolysis, H in the water
transported to the cathode preferentially evolved in the gas phase, while the remaining D-
enriched water was discharged as recovered water.

Figure 5-3B shows the mass balance for both cases, with and without ECHP.
The mass balance was calculated using Eq. (5-11). Without ECHP, 87 % of the supplied
D was found in the electrolyte. The amounts of D detected in the anode hydrogen gas and

the anode recovered water were 1.1 % and 0.1 %, respectively. In total, 88 % of the
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supplied D was recovered.

With ECHP, 85 % of the supplied D was detected in the electrolyte. This slightly
lower value compared with the case without ECHP is attributed to the transfer of D to the
cathode through electro-osmotic drag. The recovered water at the cathode contained 10 %
of D. Overall, 98 % of the supplied D was recovered. Regardless of ECHP operation, the
unrecovered D is presumed to remain in residual water inside the cell or in vapor not fully

condensed in the cold trap.

107



Flow rate, @,/ mL min? Flow rate, 0,/ mL min Flow rate, @,,,,/ mL min~

A 20.7 11.6 2.28 B 20.7 11.6 2.28 C 20.7 11.6 2.28
5 ‘ 15 ‘ - 15 - :
A A
= 1o = 10
5 5
0.02 0.10 0.19 0.02 0.10 0.19 0.02 0.10 0.19
Current density, I/ A cm™ Current density, I/ A cm™ Current density, I/ A cm™
Flow rate, 0,,,/ mL min™ Flow rate, 0,/ mL min

D 20.7 11.6 2.28 E 20.7 11.6 2.28

0.02 0.10 0.19 0.02 0.10 0.19
Current density, [/ A cm™ Current density, 7/ A em

Figure 5-4. H/D ratios in (A) anode gas, (B) anode recovered water, (C) electrolyte,
(D)cathode recovered water, and (E) cathode gas during ECHP at various current densities
(upper axis: anode exhausted gas flow rate), supplied with a mixed H2/D: gas (22.3 mL

min!) and an electrolyte (H/D = 10).

Figure 5-4 shows the analytical results obtained at various current densities
during ECHP operation. In this experiment, a mixed H2/D2 gas was supplied to the cell at
a constant flow rate of 23 mL min'. An electrolyte with an H/D ratio of 10 was introduced.
Figure 5-4 A presents the H/D ratio in the anode hydrogen gas at each current density. The
upper axis represents the flow rate of hydrogen gas exhausted from the anode (Qo.s) under

each condition. The H/D ratio ranged from 32 to 34, confirming H enrichment in the gas.
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At a current density of 0.1 A cm 2, the H/D ratio was the highest (34), which is attributed
to differences in the flooding behavior. At a lower current density (0.02 A cm2), the
smaller electro-osmotic drag allowed greater water transport toward the anode side. The
water transported to the anode covered and deactivated the Pt catalyst, suppressing VPCE.
At a higher current density (0.19 A cm2), Qour Was low (2.3 mL min '), resulting in poor
removal of water from the anode catalyst surface and suppression of VPCE.

Figure 5-4B shows the H/D ratio of the anode recovered water. In contrast to the
anode gas, the H/D ratio was the lowest (9.7) at a current density of 0.10 A cm™2. This
difference is attributed to the LPCE process. At current densities of 0.02 and 0.19 A cm 2,
a larger amount of water was present in the flow channel, promoting LPCE and increasing
the H concentration in the anode vapor. In contrast, at 0.10 A cm 2, the smaller amount
of water in the flow channel suppressed LPCE, resulting in a lower H concentration in
the anode vapor.

Figure 5-4C shows the H/D ratio and the separation factor a in the electrolyte.
The H/D ratio ranged from 8.7 to 9.2 under all conditions, indicating D enrichment in the
electrolyte. D was enriched in the electrolyte through LPCE with the anode vapor and
through ECHP operation. At a current density of 0.10 A cm ™2, the D enrichment via LPCE
was smaller, resulting in a higher H/D ratio compared with other conditions.

Figure 5-4D shows the H/D ratio in the cathode recovered water. In contrast to
the results for the anode and the electrolyte, the H/D ratio in the cathode recovered water
increased with increasing current density. At the cathode, a large amount of water was
transported from the electrolyte toward the cathode by electro-osmotic drag. Therefore,
at higher current densities, LPCE was more likely to occur than VPCE, whereas at lower

current densities, VPCE occurred more efficiently than LPCE.
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Figure 5-4E shows the H/D ratio in the cathode gas. In contrast to the cathode
recovered water, the H/D ratio in the cathode hydrogen gas decreased with increasing
current density. This phenomenon is attributed to the VPCE process. As described in
Figure 5-4D, the electro-osmotic drag increased with increasing current density,

suppressing VPCE.
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Figure 5-5. Separation factors a for (A) the anode gas and (B) the electrolyte, and (C)
separation factors /8 for each component during ECHP at 0.10 A cm 2 using electrolytes

with different D concentrations, supplied with a mixed H2/D- gas (22.3 mL min™!).
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Figure 5-5 shows the analytical results during ECHP operation using electrolytes
with different D concentrations. During these experiments, a mixed H2/D. gas was
supplied to the cell at a constant flow rate of 23 mL min ™', and the current density was
fixed at 0.10 A cm 2. Figure 5-5A presents the separation factor a for the anode hydrogen
gas. a was calculated using Eq. (5-4). An a greater than 1 indicates that H is enriched in
the gas phase. A larger o corresponds to a higher separation performance. For the anode
gas, a was greater than 1 under all conditions, indicating that H was enriched in the gas
phase. When the electrolyte had a lower D concentration, a exceeded 20, demonstrating
a high degree of H enrichment. VPCE is an equilibrium reaction that depends on
concentration. The separation performance improves with an increasing difference in D
concentration between the hydrogen gas and water vapor.

Figure 5-5B shows the separation factor o in the electrolyte. When a is less than
1, it indicates that D is enriched in the electrolyte. A smaller o corresponds to a higher
enrichment of D. In all cases, a was less than 1, confirming D was enriched in the
electrolyte. a also decreased with decrease in the H/D ratio in the electrolyte. D separated
from the anode gas was transported into the electrolyte. Therefore, a for the electrolyte
also increased with increasing a for the anode gas.

Figure 5-5C shows the separation factors f for each component during ECHP
operation. f was calculated using Eq. (5-5). When £ is greater than 1, it indicates that the
H concentration is higher than that in the electrolyte. A larger f corresponds to a higher
separation performance. For the anode gas, f was greater than 3 under all conditions. The
H concentration in the gas phase was higher than that in the electrolyte. When the H/D
ratio in the electrolyte was low, f increased and showed the maximum value of 3.7. This

value was close to the equilibrium constant K; of VPCE (3.5)%. D was efficiently
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separated through continuous VPCE occurring in the flow channel. K; for VPCE was

calculated using the following equation:

2380 449.2

K1=Exp.<T2 - = +0.2735) (5-12)

where T represents the absolute temperature. Since Ki represents the equilibrium
constant between gas and water vapor, it shows a slightly different value from /.

S of the anode recovered water showed the same trend as that of the anode gas.
This tendency was attributed to the difference in the time required for LPCE to reach
equilibrium. At an H/D ratio of 10, f was 1.05, which was approximately corresponded
to the equilibrium constant K> of LPCE (1.08)1*¥]. K> was calculated using the following
equation:

26398.8 89.607

K = Bxp. ( - +0.0758) (5-13)

A p value close to the equilibrium constant indicates that LPCE had reached
equilibrium. In other words, due to the proper occurrence of LPCE, continuous VPCE
efficiently enriched H in the gas phase. On the other hand, LPCE may have reached
equilibrium at a certain point in the flow channel, beyond which VPCE did not proceed
further.

At an H/D ratio of 6665, the  values for the anode vapor were 0.49 and less than
1. The anode vapor had a higher D concentration than the electrolyte. This suggests that
the transfer of D from the anode vapor to the liquid water through LPCE was incomplete.

It is inferred that VPCE had reached equilibrium at a certain point in the flow channel
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and no longer proceeded. Therefore, an improvement in separation performance could be
expected by increasing the residence time of water vapor or the amount of liquid water in
the flow channel.

The p values for the cathode recovered water were slightly less than 1 under all
conditions. This result is attributed to the enrichment of D in the water caused by
electrochemical reactions occurring at the cathode as described in Fig. 5-3A. In addition,
the increase in the amount of water in the flow channel due to electro-osmotic drag also
contributed to this behavior. Since the contact area between the water vapor and liquid
water increased, LPCE was promoted, approaching equilibrium.

The f values of the cathode hydrogen gas were greater than 1 under all conditions.
The H concentration in the gas phase was higher than that in the electrolyte. Unlike the
anode hydrogen gas, S for the cathode hydrogen gas increased with decreasing the H/D
ratio in the electrolyte. This difference is attributed to electro-osmotic drag, which
increased the amount of water in the flow channel and promotes LPCE. As a result, VPCE
also continuously occurred along the flow channel, efficiently transferring D from the

hydrogen gas to the electrolyte.

113



5.4 Conclusions

In this study, D separation was carried out using a modified ECHP cell supplied
with a liquid electrolyte. Within the cell, isotope exchange reactions via VPCE and LPCE
occurred with the ECHP process. As a result, H was enriched in the hydrogen gas phase,
while D was enriched in the electrolyte phase.

ECHP was conducted at different current densities. Flooding was the main focus
at both the anode and the cathode. At the anode, flooding occurred when either the electro-
osmotic drag or the flow rate of the exhaust gas was low, which suppressed VPCE and
promoted LPCE. In contrast, at the cathode, flooding was caused by the electro-osmotic
flow. At higher current densities, the increased electro-osmotic flow intensified flooding,
suppressing VPCE and enhancing LPCE.

The effect of D concentration in the electrolyte was also investigated. a of the
anode exhausted gas reached a maximum value of 51 at low D concentrations in the
electrolyte, indicating a strong dependence of isotope exchange on concentration. In
addition, f was calculated, where the equilibrium state of LPCE was the main focus. At
the anode, when the H/D ratio in the electrolyte was low, the proper occurrence of LPCE
promoted VPCE and the enrichment of H in the gas phase. When the H/D ratio in the
electrolyte was high, # of the recovered water was 0.49, suggesting that LPCE did not
proceed sufficiently. At the cathode, LPCE proceeded effectively under the influence
of the electro-osmotic drag, resulting in efficient isotope separation via VPCE.

ECHP can be utilized to enhance processing capacity and to control the flow
rates of gases and water vapor. Proper control of vapor flow rates and the amount of liquid
water is expected to enhance the separation efficiency. Additional energy savings can be

expected through the application of this system to fuel cell reactions.
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In this study, hydrogen isotope separation technologies utilizing various
electrochemical processes were investigated to realize an efficient fuel cycle in fusion
reactors. A PEFC was adopted for extracting hydrogen isotopes from H-rich gas generated
during the cryogenic distillation process. The molten salt electrolysis process was
employed for extracting hydrogen isotopes from the blanket. As an alternative to the
isotopic exchange process in the CECE system, electrochemical hydrogen pumping was
introduced. The main findings are as follows:

In Chapter 2, hydrogen isotope separation was performed using a PEFC. A
quadrupole mass spectrometer integrated into the gas-recirculation line enabled real-time
tracking of gas-phase composition during D separation. Continuous in-cell D separation
was achieved, and the separation factor (a) exhibited exponential growth across all inlet
concentrations. These results contribute to the realization of energy-efficient hydrogen
isotope extraction from H-rich gas discharged from the cryogenic distillation process,
using a compact system design.

In Chapter 3, hydrogen isotope separation was performed using a PEFC, now
incorporating a gas-recirculation system that reintroduced exhaust gas to the cell and
thereby improved hydrogen utilization. By controlling the circulating-gas flow rate and
the current density, the apparent separation factor was tunable. Mass-balance calculations
resolved the distribution of D within the system. These results demonstrated that the
PEFC allows control over both separation performance and processing capacity, enabling
it to adapt to variations in the hydrogen gas supply to the CECE process.

In Chapter 4, D separation was carried out in a LiCl-KCIl-LiH-LiD molten-salt
system. Separation via electrolysis and via isotope-exchange reactions was investigated

and compared with aqueous systems. Electrochemical analysis also yielded the diffusion
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coefficient of D™ in the molten salt. Whereas electrolysis delivered higher separation
performance in aqueous media, isotope exchange was superior in molten salts. This
indicates highly active exchange in molten salts and suggests a new route to efficient
hydrogen isotope separation. These results indicate the feasibility of tritium extraction
from breeding blankets via molten salt electrolysis and can contribute to the simplification
of the system configuration.

In Chapter 5, hydrogen isotope separation was achieved by combining
electrochemical hydrogen pumping with isotope-exchange reactions. Mass-balance
analysis validated the experimental results and clarified D distribution. Isotope exchange
enabled effective D separation, while electrochemical hydrogen pumping increased
overall throughput. These results present a new alternative featuring a compact system
design and high separation efficiency, which can serve as a replacement for the catalytic
exchange process in the CECE system.

In summary, through the investigation of various electrochemical methods,
including PEFC, molten salt electrolysis, and electrochemical hydrogen pumping, this
study anticipates the enhancement of hydrogen isotope separation efficiency in fusion
reactors. There are few reports on the application of these technologies to hydrogen
isotope separation, and there is significant potential for further development and
optimization.

From a background perspective, fusion reactors are one of the key solutions for
achieving a large-scale, stable energy supply and a decarbonized society. The hydrogen
isotope separation technologies investigated in this study have the potential to contribute
to the compact design of fusion reactor facilities. Enhancing the performance of these

separation technologies is crucial for reducing construction costs and making efficient
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use of limited land, enabling a more compact and cost-effective system design.

The realization of the immense energy source provided by fusion reactors will
bring about significant transformations in industries, alongside a reduction in energy costs.
The production processes of various products that were previously abandoned due to high
energy costs will be revisited, enabling the widespread use of materials with low
production volumes in the modern era. As a result, we can expect the enhancement and
lightweighting of various products, as well as the widespread adoption of products and
services that were previously impossible to produce or utilize.

Furthermore, the realization of fusion reactors holds special significance for
Japan. Securing domestic energy sources will render reliance on foreign energy resources
obsolete. This will lead to a more stable national economy, accelerating the country's
development through the effective use of financial resources that were previously spent

on energy imports.
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