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A B S T R A C T   

The separation of hydrogen isotopes is a vital step in preparing tritium and deuterium fuels for future fusion 
power plants. This represents a fundamental challenge to fusion energy since the separation process must be able 
to handle high throughputs of hydrogen isotopes whilst maintaining a low tritium inventory, because tritium is 
highly radioactive. There are many possible isotope separation techniques, however none that are currently 
deployable can meet the demands required. To address this gap, recent developments have improved existing 
processes and created new high-performance processes including Thermal Cycling Absorption Process (TCAP), 
electrochemical graphene sieving and absorbative separation based on quantum sieving. In this article, ten of the 
most promising future hydrogen isotope separation technologies are reviewed, to understand the development 
route to a process that addresses this key challenge of fusion energy.   

1. Introduction 

1.1. Background 

Global energy demand is predicted to increase by 40 % from 2019 to 
2040 due to rapid population growth and urbanisation [1]. The Paris 
Agreement of 2015 set out the goal of keeping global temperature rise 
this century to below 2 ◦C above pre-industrial levels, and to pursue 
efforts to limit the temperature rise to 1.5 ◦C [2]. These ambitious goals 
will require simultaneous rapid decarbonisation and expansion of en
ergy generation [1]. One possible source of future energy is nuclear 
fusion but it faces several technical challenges; one of these is the need 
for a large scale, energy efficient hydrogen isotope separation system. 
Fusion reactors are expected to burn-up only about 2 % of the mixed 
deuterium and tritium fuel, and so recycling of the exhaust gases is an 
important step for efficient operation [3,4]. 

The main requirements of the isotope separation system for future 
fusion plants are low tritium inventory, high separation and energy ef
ficiencies. These are essential considering that isotope separation will 
need to be scaled-up to process much larger throughputs (see section 
1.3). Tritium, 3H, is the heaviest isotope of hydrogen and is highly 
radioactive. Due to the radiation hazard from tritium both onsite and to 

the local environment, strict inventory limitations are placed on tritium 
handling processes [5]. Reduced tritium inventories can be achieved by 
improved process kinetics, which reduces the tritium residence time. 
Isotope separation efficiency is another important requirement since the 
similar properties of hydrogen isotopes makes them difficult to separate, 
requiring impractically large and inefficient separation plants. Energy 
efficiency is also important since future fusion plants will need to 
demonstrate net electrical energy generation, meaning energy con
sumption cannot be excessive. Unfortunately, there is no currently 
available isotope separation process that can satisfy these three main 
requirements. This has led to a renewed research interest in developing 
alternative isotope separation methods for future fusion plants (see 
Fig. 1). 

An important metric of selectivity for a process is the separation 
factor, α. When comparing different processes, it is important to take 
into account the different hydrogen isotopologues (e.g., H2, HD, D2, DT, 
T2, HT). For example, H2/HD and H2/D2 mixtures have the same atomic 
isotope composition but the separation factor is much lower for H2/HD. 
Cryogenic distillation (CD) is currently the leading conventional 
hydrogen isotope separation technique. CD separation is based on the 
slightly different volatility of hydrogen isotopes which leads to a 
reasonably low separation factor of 2.3 for H2/D2 or 1.5 for H2/HD at 24 
K [6]. CD has a high complexity and energy intensity due to the extreme 
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temperatures required and high tritium inventory due to the liquid 
hydrogen phase. 

This article will critically review developments of ten hydrogen 
isotope separation technologies for potential application in future fusion 
plants and provide quantitative data such as separation factor. Some 
hydrogen isotope technologies are inherently unsuitable for separation 
of highly tritium enriched mixtures (chemical exchange processes, gas 
centrifuge, electrolysis) and details of these can be found in the appendix 
(refer to supplementary information A1 - A4). In the first part of the 
article, sorption-based techniques are reviewed including Adsorption 
(based on quantum sieving), Gas Chromatography and TCAP. In the next 
sections, membrane separation based on metallic (palladium alloys), 
non-metallic and novel graphene membranes are compared. Cryogenic 
distillation is then discussed, which will be important technology for the 
future ITER project as it is currently the only readily deployable tech
nology at this scale. In the final sections, alternative processes including 
Plasma-Chemical separation, Thermal diffusion and Laser isotope sep
aration are reviewed. This article will be the first time many these 
technologies have been reviewed in the literature, providing a timely 
discussion for their application in future fusion projects. 

1.2. The challenge of tritium 

Tritium is difficult to contain, since it can easily diffuse through 
solids, such as metals, and can exchange with hydrogen compounds to 
form tritiated water (HTO, DTO, and T2O). Tritiated water is a signifi
cant radiation hazard to human health, since it is readily absorbed into 
the body and has a long biological half-life of approximately 10 days [5]. 
Tritium handling processes require special considerations, with multiple 
layers of containment. A greater risk is a fire scenario, which has the 
combined hazard of the flammable hydrogen isotopes, and the uncon
trolled release of oxidised radioactive tritium into the local atmosphere 
[5]. The hazard from leaks and fire increases proportionally with the size 
of tritium inventory onsite [3]. 

Water and other liquid phase hydrogen compounds contain more 
hydrogen atoms per litre than gaseous hydrogen and even liquid 
hydrogen as shown in Table 1. This enables water-based separation 
processes to have greater throughputs than gaseous hydrogen processes, 
but the tritium inventory is generally higher. As it can be seen, tritium 
decay also releases significant heating power which may need to be 
accounted for in process energy balances, especially for Cryogenic 
Distillation. 

1.3. Isotope separation requirements of future fusion plants 

Isotope separation is required to rebalance the ratio of tritium to 

deuterium in the exhaust and remove protium (1H), an undesired 
contaminant introduced from outgassing and permeation through the 
pipework. The Protium Removal step is required to keep the protium 
concentration below 1 %, as a current working estimate [13]. Once the 
DT fuel is prepared it is injected into the fusion reactor. Currently the 
favoured fuelling method is pellet injection in which solid fuel pellets 
are injected at very high speeds (~300 m s− 1). Only a small portion of 
the injected fuel is expected to reach the plasma core, and some will 
escape the magnetically confined plasma core before fusion can occur 
[14]. This explains the low expected burn-up rate of ~2 %. This plasma 
exhaust is then recycled back to the inner fuel loop. 

The throughput of tritium will be much higher than previous pro
jects. The DEMO power plant, for example, is a conceptional plant, ex
pected to consume approximately 313 g of tritium per day to produce 2 
GW of energy, compared to ITER, which will only produce 0.4 g of 
tritium per day [3,15]. Due to the expected low burn-up rate in the 
fusion reactor, the inner fuel cycle is designed to recycle the exhaust 
gases. The tritium throughputs in the inner fuel loop will be much higher 
than the amount of tritium consumed by the reactor. Assuming 313 g of 
tritium is consumed in a day and a burn-up ratio of 2 %, the required 
tritium throughput of tritium in the inner loop could be as high as 13 kg 
day− 1 (~5200 mols day− 1) which is roughly 1000 times that of ITER. 
For DEMO, some of the exhaust gases can bypass the isotope separation 
system [16]. Unlike ITER, DEMO will require a mixed 50:50 deuterium 
and tritium for the reactor and so high isotopic purity is not a key 
requirement which widens the potential technology choices [3,16]. 

2. Adsorption (PSA/VPSA/TSA processes) 

Microporous adsorbents such as zeolites and metal-organic frame
works (MOFs) have been shown to have a higher affinity for adsorbing 
heavy hydrogen isotopes at cryogenic temperatures due to an effect 
known as Quantum Sieving (QS). Hydrogen isotope molecules have 
almost identical molecular hard-core size (0.24 × 0.24 × 0.314 nm [17]) 
but the differences in molecular mass can lead to different quantum 
contributions when confined in the pores of adsorbents. QS was first 
proposed for isotope separation by Beenakker et al. [17] who noted that 
when the pore is of similar size to the molecule, the gap between the 
pore wall and the hard core of the guest molecule can become very small 
(see Fig. 2). For light molecules, such as hydrogen isotopes, the gap size 
can approach the thermal de Broglie wavelength at low temperatures. 
Under these conditions, the molecule’s energy levels become quantised, 
and quantum effects such as Zero-Point Energy (ZPE) have a greater 
influence on adsorption. The ZPE acts as a repulsive force which inhibits 
adsorption. Due to their higher mass, heavier isotopes have lower ZPE 
and smaller corresponding de Broglie wavelength. By selecting a 

Acronyms 

AVLIS Atomic Vapour Laser Isotope Separation 
CAQS Chemical Affinity Quantum Sieving 
CD Cryogenic Distillation 
CECE Combined Electrolysis Chemical Exchange 
GC Gas Chromatography 
GS Girdler Sulphide 
HETP Height Equivalent to Theoretical Plate 
MLIS Molecular Laser Isotope Separation 
MOF Metal Organic Framework 
PSA Pressure-Swing Adsorption 
QS Quantum Sieving 
TCAP Thermal Cycling Absorption Process 
TSA Temperature-Swing Adsorption 
VPSA Vacuum Pressure-Swing Adsorption  

Table 1 
–Volume-based properties of tritium (T2) and tritium compounds calculated in 
this paper from density (kg m− 3) values and tritium radiation data.   

Gaseous nT2 

(288 K, 1 bar) 
T2O 
(288 K) 

Liquid nT2 

(22 K) 
Hydride 
(PdT0.60) 

Equivalent tritium 
molar density, mmol 
T2 cm− 3 

0.0416 [7],a 55.2 
[8] 

44.5 [9] 30.3 [10] 

Radiation, GBq cm− 3 

(100 % tritiated feed) 
0.089 118.3 95.56 65.07 

Decay heat, mW cm− 3 

(100 % tritiated feed) 
0.08087 107.2 86.59 58.96 

For the isotope rebalancing step, gaseous hydrogen feeds are preferred since the 
feed is already in this form and the tritium inventory of gaseous hydrogen 
processes is generally low. Processes with hydrogen compound feeds are 
generally used in applications where tritium inventory is less of a concern, such 
as heavy water separation and the initial stages of tritium removal from water. 

a Based on D2 molar density value, 1.944 W mol T2
− 1 [11,12], 1 Ci = ~37 GBq, 

9616.3 Ci g T2
− 1 [8]. 
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suitable pore size, lighter isotopes will be repelled but heavier isotopes 
are still able to adsorb. The QS mechanism can affect both equilibrium 
and the kinetics of molecular transport in the pores. 

In the last two decades, quantum sieving has been tested experi
mentally on many different types of adsorbents and has been shown to 
be effective for separating hydrogen isotopes. As shown in Fig. 3, some 
adsorbents have been reported to have higher isotope selectivity and 
uptake than conventional high-performance materials such as palladium 
which is used in Gas Chromatography. However, these adsorbents 
require cryogenic operating temperatures (<77 K) with many of the 
highest performing adsorbents shown in Fig. 3 requiring even lower 
temperatures of 25–48 K. Compared to room temperature processes this 
will have increased operating costs and complexity of operation espe
cially during start-up. Table 2 provides further details for adsorbents 
tested from a wide range of experimental studies. 

Of all the adsorbents tested in the last ten years, Metal-Organic 
Frameworks (MOFs) have been the most widely investigated for 
hydrogen isotope separation and have some of the highest reported 
isotope selectivity values. MOFs are crystalline materials composed of 
metallic nodes connected by inorganic ligands which can form a porous 
infinite lattice structure. The pore size of MOFs can be tailored to 
enhance the quantum sieving effect. Oh et al. measured the selectivity of 

MOFs with 4 different pore sizes at temperatures below 77 K, and found 
an optimal pore size of approximately 3.4 Å [37]. Mondal et al. [33] 
found that selectivity could be enhanced in the IFP framework from 
~1.69 to 2.41 by reducing the pore size from 4.2 to 3.1 Å. Kim et al. 
investigated MIL-53, a MOF which can undergo a transition between 
narrow pore (2.6 Å) and large pore configurations (8.5 Å). In the tran
sition regime, an optimal pore size could be made and high selectivity of 
10.5 could be achieved at 40 K [43]. 

MOFs can contain open metal sites with high heats of adsorption for 
hydrogen (6–33 kJ/mol) which show high isotope selectivity through an 
effect termed Chemical Affinity Quantum Sieving (CAQS) [44]. This was 
first demonstrated in MOF-74 which is a MOF framework that can be 
synthesised with a variety of different transition metals (Mn, Zn, Mg, Fe, 
Co and Ni). It was found that higher affinity metal sites (Ni and Co) 
exhibited very high selectivity compared to lower affinity metals (Fe, 
Mn) [45]. Cu(I) open metal sites as in Cu(I)-MFU-4l have been reported 
to have one of the highest adsorption enthalpies for hydrogen (32 
kJ/mol) [46] leading to high D2/H2 selectivity of 11 at relatively high 
temperatures (100 K). The H2 adsorption enthalpy for Cu(I) is compa
rable in magnitude to H2 sorption enthalpy of palladium (38–39 kJ/mol) 
[10,47]. This high heat of sorption makes it difficult to remove the 
adsorbed hydrogen isotopes from the adsorbent. Furthermore, open 

Fig. 1. Hydrogen isotope separation technologies reviewed in this article categorised by the main phase of hydrogen used.  

Fig. 2. Quantum sieving effect - hydrogen molecules are confined in narrow pores, the gap size (d-σ)/2 can approach the de Broglie wavelength and the zero-point 
energy becomes significant. 
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metal sites generally have poor chemical stability. Unfortunately, due to 
their organic components, MOFs are likely to degrade in tritium irra
diated environments and so may be inherently unsuitable. 

Another class of adsorbent are zeolites, which are crystalline 
aluminosilicate materials that have been widely tested for hydrogen 
isotope separation. Zeolites have been proven for long term use in 
tritium environments for capturing tritiated water [48]. They have very 
uniform pore sizes which can be tuned to the optimal size by selecting 
the suitable zeolite type. The effective pore size of Zeolite A can be made 
to be 3, 4 or 5 Å by changing the extra-framework cations. It was re
ported that by reducing the pore size of zeolite A from 5 Å to 4 Å, the 
selectivity was enhanced at 77 K and 1 kPa from 2.8 to ~3.4 [49]. 
Chabazite (CHA) zeolite containing large caesium cations has been re
ported to show a discriminative effect between H2 and D2 near 293 K due 
to a novel trapdoor effect [50], although adsorption uptake data was not 
provided. Bezverkhyy et al. [24] recently reported a very high selectivity 
of 25.8 for chabazite zeolite at 38 K. It was found that very long equil
ibration times were needed (24 h) to achieve high selectivity. Zeolites 
generally have a lower heat of adsorption for H2 (4–6 kJ/mol) but can be 
modified to contain metal sites such as Cu(I) and Ag(I) leading to high 
selectivity through the CAQS effect [18,19,51]. 

For practical large-scale separation of hydrogen isotopes, adsorbents 
are used in filled columns and undergo a cycle which enables the 
adsorbent to be regenerated to recover the adsorbed gases. Regenera
tion, which involves desorbing the gas from the adsorbent to make it 
ready for the next adsorption cycle, can be done by raising the tem
perature of the column as in Temperature Swing Adsorption (TSA). This 
can be a slow process especially in large columns, reducing the time 
available to utilise the bed for adsorption. For large scale separation of 
high throughput gases, Pressure-Swing Adsorption (PSA) is the preferred 
option. PSA regenerates the packing by a reduction in gas pressure 
which is not limited by heat transfer and so can be completed very 
quickly providing much better bed utilisation time for adsorption. If 
below atmospheric pressures are used it known as Vacuum Pressure- 
Swing Adsorption (VPSA). Common cycle times for PSA can vary from 

around 15 min [52,53] down to the order of seconds [52]. Normally 
more than one adsorption column is used to provide constant flow and 
better recovery of the pressurisation energy and product gas. PSA is 
efficient for adsorbents with low heat of adsorption and so MOFs and 
zeolites containing open metal sites may not work well for PSA. The fast 
cycle times and efficient bed utilisation time of PSA will reduce the 
required column volume and so PSA will tend to have significantly lower 
tritium inventory than TSA. 

Kotoh et al. tested 13X and 5A zeolite spherical pellets at 77 K using 
PSA operation between 1 bar and vacuum pressure to successively 
enrich D2 in H2 [54,55]. An enrichment factor of 1.3–1.4 was measured 
for zeolite 13X. Separation performance was lower than predicted from 
the isotherm data partly due to the D2 concentration distribution that 
forms in the bed and incomplete desorption by depressurisation alone 
[55,56]. Temperature assisted evacuation removed the residual D2 and 
this led to high D2 enrichment as high as 9.21 for 13X [56]). The use of a 
temperature assisted evacuation in the last cycle led to much higher 
enrichment than with the pressure change alone, and so the authors 
suggest incorporating temperature-swing to further increase efficiency 
[55]. This combination was demonstrated in a recent paper to be 
effective for hydrogen isotope separation [57]. Using a two-column 
arrangement with a cyclic operation in which the D2 concentration 
was enriched from 3.9 % to above 95 % after 6 cycles. The cycle time 
was 39 min with a combined enrichment factor of 19.7. 

A PSA process separation of hydrogen isotopes has been demon
strated using zeolites at liquid nitrogen temperatures (77 K) and vana
dium hydride [58]. Fitzgerald et al. [59] analysed the effect of the 
adsorbent-adsorbate binding energy on the recovery ratio and enrich
ment factor from TSA. MOFs such as Cu(I)MFU-l and MOF-74 have high 
binding energy which tends to lead to high separation factors and higher 
operating temperatures. However due to the overlap of the H2 and D2 
desorption peaks with temperature, it is not possible to recover all the D2 
at high purity. Fitzgerald et al. predicted that the fraction of D2 recov
ered initially increases with binding energy but tends to plateau at about 
5–10 kJ/mol. It was reported that adsorbents with a sharp desorption 

Fig. 3. –Adsorbents tested for hydrogen isotope separation showing selectivity and uptake compared to palladium* used in conventional isotope separation. Material 
types: Metal-Organic Frameworks (MOFs) (green circles), Zeolites (blue squares) and other adsorbent types (purple circles). Unless stated otherwise, materials have 
been tested at 77 K. * Palladium – for purpose of comparison to adsorbents, separation factor value of H2/D2 is inverse and derived as the product of H2/HD and HD/ 
D2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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profile and large differences in the H2/D2 binding energy would be able 
to achieve both high enrichment factors and recovery ratios [59]. 

In summary, many adsorbents including zeolites and MOFs have 
been reported to have very high selectivity for hydrogen isotopes 
through quantum sieving. A great deal of progress continues to be made 
in understanding how different pore types, high affinity adsorption sites 
and novel breathing transition mechanisms can all be used for isotope 
separation. However, these adsorbents currently require cryogenic 
temperatures, and have practical issues such as low hydrogen uptake, 
poor stability in tritium radiation environments and difficulty desorbing 
the hydrogen isotopes. PSA has been demonstrated for hydrogen isotope 
separation but with a lower separation factor than was predicted from 
the equilibrium adsorption isotherms due to adsorption kinetic limita
tions. Higher enrichment and product recovery could be achieved with 
an additional thermal desorption/vacuum step after depressurisation. 
Future work should investigate PSA parameters and selecting adsorbents 
that can achieve good separation performance with no or minimised 

need for a thermal desorption step. 

3. Gas chromatography 

Gas Chromatography (GC) separates gas mixtures based on the 
different strengths of adsorption/absorption to a stationary bed of solid 
sorbent (most commonly palladium) held within a column in a batch 
cycle. Unlike other adsorbent processes, chromatography uses a carrier 
gas to push the gas components through the column. The carrier gas can 
be an inert gas such as He or Ne as in elution chromatography or a pure 
active gas component such as H2 as in displacement chromatography 
(see Fig. 4). Chromatography achieves a high separation efficiency 
compared to other adsorbent processes [52], but the carrier gas in
creases the complexity of operation, and reduces the availability of the 
column for sorption. 

Palladium (Pd) metal is the most common sorbent used for prepar
ative hydrogen isotope separation due to its high separation efficiency 

Table 2 
Adsorbents tested for hydrogen isotope separation, including experimental apparatus used (Mt-Ads = Multi-gas, Sg-Ads = single gas adsorption, IAST = Ideal Adsorbed 
Theory).  

Mat name Mat Type Accessible Pore Size 
(A) 

Apparatus Temp (K) Pressure 
(kPa) 

D2 capacity (mmol/ 
g) 

Sel(H₂/D₂) Ref. 

3A Zeolite 3 Isobars (Co-Ads) 130, 140 & 
160 

8.5 0.001, 0.003, 0.012 4.33, 3.04 & 
2.32 

[27] 

13X, 5A Zeolite 8, 5 * Isotherms (Co-Ads) 77 1 2.0, 1.8 2.8, 2.5 [25] 
Ag(I) Y Zeolite 8* TDS 20, 77, 90 1 16.5, 2, 1 1, 5.5, 10 [18] 
Ag(I) ZSM-5 Zeolite 5.4–5.6 * TDS 77 & 160 1 0.08, 0.009 8.7 & 3.1 [19] 
Cu-ZSM-5 Zeolite 5.4–5.6 * TDS 100, 200, 273 0.001 n.c. 24.9, 5.4, 1.2 [51] 
5A Zeolite 5.82 TDS 30, 40, 60 5 9.5, 8.5, 5.5 8.83, 4.98, 4.04 [26] 
MgX, NaX Zeolite 8 * Isotherms (Co-Ads) 77 ~10 1.26, 1.79 5.5, 3 [23] 
Na-CHA Zeolite 3.8 Isotherms (Co-Ads) 38, 51, 77 65 10.6, n.g., n.g. 25.8, 8, 3 [24] 
Ca-CHA " 3.8 " 39, 52, 77 65 12.9, n.g., n.g. 18.3, 6, 3 [24] 
Na-CHA Zeolite 3.8 Isotherms (Co-Ads) 40, 58 65 n.g. 13, 3.75 [60] 
NaK-CHA " 3.8 " 40, 58, 77 65 n.g. 10, 3.75, 2.5 [60] 
Li-CHA " 3.8 " 40, 54, 77 65 n.g. 10.5, 4, 2.5 [60] 
NaA Zeolite 4 Isotherms (Co-Ads) 48, 57, 77 65 10.3, 9.4, 12 8.5, 5, 2.9 [20] 
KNaA " 3–4 " 48, 57, 77 65 1.9, 5.3, 10 23, 5, 5.5 [20] 
Li-MOR Zeolite 8 Isotherms (Idv-Ads) 77, 195 1 2, 4E-3 1.25, 1.1 [22] 
Ca-MOR " 8 " 77, 195 1 2, 0.01 1.25, 1.7 [22] 
5A, 10X, Y Zeolite 5, 8, 7 Breakthrough (Co- 

Ads) 
77 31 4.3, 3.41, 3.83 1.51, 1.45, 1.31 [39] 

SBA-15 Mesoporous 
silica 

51 " " " 2.42 1.19 [39] 

K-CHA Zeolite 3.4 Isotherms (Idv-Ads) 77, 201, 250 10 3.3, 15.5, 8.3 1.62, 1.02, 1.00 [21] 
Na-CHA " 3.4 " " " 1.45, 12.33, 5.90 2.23, 1.11, 0.83 [21] 
ACF Activated carbon ~0.7 Isotherms (IAST) 77 93 7.8 1.4 [38] 
F-ACF “ ~0.7 " " " 2.2 1.6 [38] 
SIFSIX-3-Zn MOF 3.86 TDS 20, 25 25 0.8, 0.4 54, 40 [36] 
CoFA MOF 4 TDS 25 100 7 26 [28] 
Cu(I)-MFU-4l MOF n.g. TDS 90, 100 1 n.g. 7.1, 11.1 [46] 
Fe-MOF-74 MOF n.g. Isotherms (IAST) 77, 87, 120 1 4, 2, 0.1 2.5, 2.2, 1.5 [34] 
Co-MOF-74 " n.g. " 77, 87, 120 1 5.5, 4.8, 0.3 3.2, 2.6, 1.7 [34] 
Ni-MOF-74 " n.g. " 77, 87, 120 1 4.3, 3.9, 0.5 4.0, 3.3, 1.9 [34] 
Ni-MOF-74 MOF 11 TDS 25, 60, 77 1 17, 6, 4 7, 16, 19 [35] 
Ni-MOF-74_IM " n.g. " " " 14, 5, 3 6, 20, 26 [35] 
MIL-53(Al) MOF 2.6–8.5 TDS 40 1 2.9 13.6 [43] 
Co-MOF-74 MOF 11 TDS 20, 60, 80 3 12, 2.5, 1 3, 12, 6 [29] 
Cu(I)Cu(II)-BTC MOF 6.2, 8.7, 11.0 TDS 30 1 8 37.9 [41] 
DUT-8(Ni) MOF n.g. TDS 23.3 10, 70 0, 40 11.6 [61] 
FJI-Y11 MOF 3.8 Isotherms (IAST) 77, 87 1, 100 77 K 2.0, 8.9 

87 K 1.3, 7.6 
77 K 1.7, 1.8 
87 K 1.5, 1.5 

[31] 

HKUST-1 MOF 10.7 " " 1, 100 n.g. 77 K 1.5, 1.4 
87 K 1.4, 1.4 

[31] 

Ni2Cl2BBTA MOF n.g. Co-Ads 77, 87 1 1.7, 1.0 4.5, 4.0 [62] 
IFP-1, IFP-3 MOF 4.2; 3.1 TDS 30 1 0.71, 0.27 1.69, 2.41 [33] 
IFP-7, IFP-4 " 2.1, 1.7 " 77 " 0.16, 0.20 1.10, 1.97 [33] 
MFU-4 MOF 2.52 TDS 40, 60, 70 1 n.c. 6.9, 7.5, 2.8 [63] 
COF-1_Py COF n.g. TDS 20,40, 70 2.6 0.7, 0.75, 0.15 10, 5.5, 3 [64] 
Co(pyz)[Pd(CN) 

4] 
MOF 3.9 TDS 25, 40, 60 1 10.5, 7.5, ~1.5 21.7, 5, 2 [30] 

FMOFCu MOF 2.5–3.6 TDS 25, 40, 87 1 0.1, 0.37, 0.05 14, 6, 2 [32] 
2β MOC <3 TDS 30, 77, 100 20 0.16, 1.1, 0.21 8.5, 2, 1.7 [65] 
T3A Carbon (CMS) 3 TDS 100, 150 60 2.1, n.g. 8.8, 3.7 [40]  
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and large hydrogen capacity at room temperature. Pd preferentially 
absorbs lighter hydrogen isotopes with a reasonable separation factor of 
αHD = ~2 at 293 K [66]. Pd also acts as a catalyst for heteromolecular 
conversion and inter-fractions of DT, HT and HD are obtained. To 
maximise the available Pd and improve separation performance, highly 
porous media such as sponge Pd [67], Pd–Al2O3 [68–70] or 
Pd-kieselguhr [71] are used. Du et al. [72] prepared nanoporous palla
dium with 5 nm pores which enabled faster absorption and higher 
selectivity at low temperatures. Alloys of Pd with 5 wt% Pt can have 
improved separation properties and lower heat from hydride formation 
[73]. 

The major drawback of Pd is its high cost. The price of Pd has 
significantly increased in recent years from approximately 25,000 USD 
per kilo in 2015 to 44,000 USD per kilo in 2023 [74]. The Active Gas 
Handling System at JET, for example, contains 1.57 kg of Pd [75,76]. 
Cheaper alternative metal hydrides such as Vanadium (V) or LaNi5 have 
been tested but the separation performance is generally lower and can 
require cryogenic operating temperatures (see Table 3) [77]. Physical 
adsorbents such as Al2O3 and zeolites have been demonstrated for pre
parative GC but generally find more use in analytical hydrogen isotope 
GC [78–82] and equilibrium absorption separation [83]. A novel 
adaptation to the GC process using a temperature programmed column 
was developed by Ontario Hydro Technologies [84]. By maintaining a 
temperature gradient, the throughput and separation factor were 
improved using molecular sieve 5A packing and helium carrier gas [84]. 
This concept may enable the use of cheaper molecular sieves by 
enhancing their performance. 

Pd packings for isotope separation were first developed in the 1950s 
[71] with one of the first reports in 1956 by Glueckauf & Kitt who used 
Pd black supported on asbestos as the column packing [90]. Batch 
operated Pd GC has become a well-established technique, which has 
been used at CEA/Valduc for tritium gas production [69] and as part of 
the Active Gas Handling System (AGHS) at JET. In both of these systems, 
GC was used to produce high purity tritium, but was found to be un
suitable for detritiation purposes [69,75,102]. GC for preparatory 
hydrogen isotope separation is most commonly operated in displace
ment mode (see Fig. 4), when using Pd packing. During the displacement 
cycle, the Pd contains high hydrogen concentrations which improves the 
separation factor [66,103]. At the end of the cycle, protium must be 
removed from the packing by heating from room temperature to around 
473 K in flowing helium gas [102]. The time required to heat and 
regenerate the column greatly reduces the column utilisation time for 
isotope separation, especially at larger scale. Multiple GC columns can 
be operated to achieve semi-continuous operation with increased re
covery by recycling of inter-fractions [104]. Other chromatography 
modes have been tested such as self-displacement [105], frontal [105] 
and frontal displacement [68] but the isotope recovery is far less than 
the typical hydrogen-displacement process [105]. 

Pd is favoured for GC because it combines three important charac
teristics: high separation factor (αH/D = ~2) [85], large hydrogen ca
pacity at room temperature (up to ~70 % atoms in PdHx can be 
hydrogen [106]) and fast kinetics [77,85]. Pd has a selectively for light 
isotopes (protium) whereas many other metal hydrides demonstrate the 
inverse selectivity. This is explained by the existence of two opposite 
isotope selectivity effects [10]. The first effect is due to the higher heat of 
hydride formation for protium than heavier hydrogen isotopes [106]. 
This effect is strongest in Pd due to the high affinity for hydrogen and 
causes its selectivity for protium. The second effect is the instability in 
the metal lattice caused by hydrogen atoms [107,108]. Protium has the 
greatest destabilising effect which leads to preferential selectivity for 
heavier isotopes. This is the dominant effect in some alternative metal 
hydride systems, notably Vanadium and LaNi5 [87]. The interplay of the 
two effects described can lead to either an overall normal or an inverse 
isotope effect in metal hydrides at a given temperature [108]. The lattice 
parameter of Pd can be altered by alloying with other metals such as Cu, 
Ag and Au. In particular, Pd0.9Cu0.1 has a similar separation factor to 

pure Pd, making it a cheaper potential alternative [109]. 
The separation factor of Pd with various binary hydrogen mixtures is 

shown in Fig. 5 [42]. There are two values for the separation factor for 
H/D mixtures due to the surface reactions (Eqn 1 and 2) [66]: 

αHD− H2 : HD(gas)+H(solid)⇄H2(gas)+D(solid) (1)  

αD2− HD : D2(gas)+H(solid)⇄HD(gas)+D(solid) (2) 

The separation factor for these two reactions is different and this 
gives rise to different values of αHD− H2 and αD2− HD. The value of αHD− H2 

can be directly measured using dilute deuterium in protium, because it 
can be assumed all of the deuterium will be in the form of HD [66]. This 
concentration dependence has led to discrepancies in the reported αHD 
value, and the deuterium concentration is not always reported [66,110]. 

Table 3 
Comparison of the most promising metal hydrides and adsorbates for Gas 
Chromatography.  

Material Advantages Disadvantages 

Palladium (Pd) 
[66,85] 

• High separation factor (αHD 

= ~2 at 293 K [85]). 
•High hydrogen uptake 
• Very fast isotope exchange 
rate at room temperature. 
• Easy to work with – 
Insensitive to gas impurities 
and oxide layer removed in 
hydrogen environments (at 
temperature of >300 K) [10]. 

• High material cost. 
• Large temperature swing 
required from close to 
ambient (298 K) to a 
minimum desorption 
temperature of 433 K 

Vanadium (V) 
[86–90] 

• Strong inverse equilibrium 
isotope separation (roughly 
1/αHD = 1.7 ± 0.3 at room 
temperature measured from 
Ref. [87] and similar value to 
ratio of H/D vapour pressures 
in Ref. [89]). 
• Beneficial catalytic effect 
from metal impurities in 
commercial vanadium. May 
be possible to enhance 
performance using metal 
dopants [86,87]. 

• Isotope exchange rate is 
very slow at room 
temperature [90]. 
• Highly sensitive to gas 
impurities such as oxygen 
[86] 

LaNi5 and related 
compounds 
[77,91,92] 

• Fast isotopic exchange rate 
at room temperature (HETP 
of 1.5 cm at 473 K [91]. 
• Ni atoms can be substituted 
for other metals such as Al, 
Cr, Cu enabling alteration of 
the alloy properties [93]. 

• Low inverse separation 
factor (LaNi4.7Al0.3 at room 
temperature, 1/αHD = ~1.25 
[85]) 
• Optimised separation 
efficiency of LaNi5 may 
require “dry ice” 
temperatures (195 K) [77]. 

Zr based alloys 
[77,90,94] 

• High hydrogen adsorption 
capacity such as ZrCoH1.8 

[95] 

• Optimal operation at “dry 
ice” temperatures (195 K) 
[77] 
• Small separation factor 
(ZrNiH3 – αHT = 1.05 [90] 

Mg2Ni [96] • Addition of Ni or Cu 
reduces activation 
temperature of MgH2 as low 
as 473 K [93]. 

• High temperatures required 
to improve kinetics 
(HETPmin = 3.5 cm reported 
at 573 K for a Mg2Ni particle 
bed) [96] 
• Separation factor not 
reported [96] 

Al2O3 and zeolites 
[83,97,98] 

• Much cheaper than other 
materials. 

• Requires cryogenic 
temperatures such as 77 K. 
• Separate HD, HT and DT 
peaks are produced reducing 
separation performance. 

Uranium [99, 
100] 

• Very high hydrogen 
absorption capacity [100] 
(On atom basis, 75 % of 
uranium hydride is hydrogen 
[101]). 
• Fast adsorption kinetics 
possible, theoretical minimal 
HETP of 0.72 mm [100]. 

• High dissociation 
temperature (473 – 673 K) 
• Separation factor (at 
equilibrium αHD = ~1.3 at 
600 K  
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The separation factor αHD is defined as follows [66,110]: 

αHD =
(2YD2 + YHD)XH

(2YH2 + YHD)XD
(3) 

The terms relate to the respective concentrations of (D2/HD/H2/H/ 
D) in the hydride phase (X) and the gas phase (Y). The separation factor 
can be related to isotherm data in the α, α-β (plateau region) and β phase 
[111] and has been used to analyse data obtained from a Sieverts-type 
volumetric apparatus [109,112,113]. 

In conclusion, GC is well suited to experimental scale isotope prep
aration because it can produce high purities and operate near ambient 
conditions. However, it has many significant drawbacks when applied at 
larger scales. The batch operation reduces the throughput capability and 
the requirement for palladium and high temperature regeneration in
creases the cost of the process. Vanadium and LaNi5 based alloys have 
been tested, but their low performance compared to Pd means they are 
not currently viable alternatives. This may change as the cost of Pd 

continues to rise. Adsorbents, which operate at cryogenic temperatures, 
may be advantageous due to their fast reaction kinetics and low cost. 

4. Thermal Cycling Absorption Process (TCAP) 

Thermal Cycling Absorption Process (TCAP) is based on the principle 
of Gas Chromatography and uses temperature cycling and flow reversal 
to achieve semi-continuous operation [114]. It is an application of 
parametric pumping where flow reversal is coupled to a parametric 
shift, such as temperature, electrochemical, pH, or electromagnetic 
[115,116]. TCAP processes have been in operation since 1994 at the 
Savannah River Site in the U.S [68,69]. 

TCAP uses a packed column, usually containing Pd coated on 
kieselguhr (Pd/k), connected to a gas storage vessel known as the 
reverser (see Fig. 6). 

The TCAP cycle can be split into six key steps [42,69]: 
Feeding – The column is initially at low pressure and low 

Fig. 4. –Hydrogen displacement chromatography cycle used to separate deuterium and tritium (not showing inter-fractions of DT, HT, HD also formed).  

Fig. 5. Experimental and calculated values for the equilibrium absorption separation factor of palladium with different binary mixtures of hydrogen isotopes, data 
adapted from Horen & Lee [42] and updated with experimental data from Fukada et al. [66]. 
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temperature. The gas mixture is fed into the middle section of the col
umn and equilibrates with the Pd/k packing. 

Separating – Light isotopes in the reverser are passed down through 
the column. As in Gas Chromatography, the heavy isotopes are displaced 
from the Pd/k packing and move more quickly towards to the bottom of 
the column. No bottom product is withdrawn at this stage. 

Heating – The column is heated which causes desorption of the 
hydrogen isotopes. The pressure across the column rises. 

Withdrawing – Product and raffinate streams are withdrawn from 
the top and bottom of the column respectively. 

Desorbing – Light isotopes from the top of the column are passed 
back into the reverser vessel. This upward flow over Pd tends toward 
unwanted elution of heavy isotopes towards the top [42]. However, the 
higher temperature condition, minimises the unwanted chromato
graphic separation because of the lower separation factor and the low 
total hydrogen uptake. 

Cooling – The column is cooled causing gas to be absorbed by the 
packing. The column is now ready for the next cycle. 

Contamination from pipework is avoided because the light and 
heavy isotopes exit through different lines. Unlike Gas Chromatography 
the carrier gas in TCAP is composed of the gas mixture being separated 
which simplifies the process. 

Ducret et al. [69] modelled the performance of a TCAP column and 
compared it to an experimental setup. They showed that the pressure 
significantly changes in response to the cycle operations and varies ac
cording to the position in the column. Yan et al. [117] conducted a 
dynamic simulation, suggesting optimal hot and cold operating tem
peratures in the TCAP cycle, and heating/cooling rates. 

The TCAP design has low complexity, and is inherently suitable for 

radioactive confinement [71]. Gas can repeatedly be processed in the 
same column to achieve high purities and near 100 % recovery [69,71]. 
The Pd on kieselguhr (Pd/k) packing material typically used for TCAP is 
heat treated to prevent mechanical breakdown of the particles [42,118]. 

Over recent decades TCAP has been further optimised for safety, 
efficiency and compactness [71]. Electric heaters and liquid nitrogen 
tubes have replaced the previous nitrogen gas heat transfer fluid and 
reduced the footprint of TCAP by an order of magnitude [119]. Another 
development is the replacement of the Plug Flow Reverser with an active 
inverse separation column using molecular sieves [120]. The combined 
Pd/k and inverse column operation enables the isotopes to be effectively 
separated twice which increases throughput and reduces the tritium 
inventory of the process [71,121]. 

TCAP has several advantages over conventional Gas Chromatog
raphy due to its semi-continuous operation, multi-cycle enrichment with 
high recovery, and the higher throughput per kg of Pd. The more effi
cient cycle will reduce the tritium processing time and column size, 
leading to lower tritium inventory for TCAP over Gas Chromatography. 
TCAP is adaptable since the lower operating temperature and the 
withdrawal rate of product can both be modified to cope with different 
isotope compositions and throughputs [69]. However, the requirement 
for liquid nitrogen cooling and electrical heating for each hea
ting/cooling cycle makes the process quite energy intensive. TCAP is an 
attractive alternative to conventional separation methods at the 
demonstrated scale of a few moles per day [120,122], but scale-up may 
still be challenging especially with the high cost of Pd. 

5. Palladium alloy membranes 

Palladium (Pd) alloy membranes exhibit high permeability for 
hydrogen at elevated temperatures (573 – 773 K) [123]. Permeation of 
hydrogen through the membrane is driven by a pressure difference 
across the membrane. The high permeability coefficient means the 
process does not require high pressures and can be operated below at
mospheric pressure which is beneficial as it limits tritium leakage to the 
outside. On the other hand, the elevated temperature accelerates tritium 
permeation through the stainless steel walls [124]. Membrane separa
tion can operate continuously and does not require energy intensive 
temperature changes as for other processes that use Pd such as Gas 
Chromatography and TCAP. 

The isotope selectivity from permeation through Pd membranes is 
determined by the isotope solubility, diffusion coefficient and the ki
netics of the surface reaction (see Fig. 7) [125]. Despite the higher 
diffusion coefficient for heavier isotopes, the permeation rate is 
conversely highest for lighter isotopes. This is because the solubility of 
lighter isotopes is higher and so greater concentration differences drives 
the higher permeability. The H/D selectivity is approximately 2 at low 
trans-membrane pressure differences when surface reactions are 
limiting. At higher pressure differences, which is generally more optimal 
for operation due to greater membrane flux, the diffusion rate becomes 
limiting, and the selectivity drops to ~1.6. 

In the diffusion-controlled regime, the separation factor for H/D has 
a weak dependence on temperature [123,125,126]. However, for D/T 
and H/T, the separation factor significantly increases as the temperature 
is reduced as shown in Fig. 8. If an alloy with high membrane flux at low 
temperatures could be developed, this high selectivity could be exploi
ted [127]. It should be noted that some papers report very different 
temperature dependence of the H/D separation factor perhaps due to the 
low flow rates or reflux conditions used, which means that permeation 
may not the rate limiting step [125,128]. 

The mass flux through a membrane, J (mol m− 2 s− 1) can be related to 
permeability using the following simplified equation (Eqn 4) [129]: 

J =
Φ
(
Pn

1 − Pn
2

)

x
(4)  

Fig. 6. Simplified diagram of TCAP consisting of a chromatographic separation 
column and holding column (the reverser). TCAP operation involves cycling the 
flow direction and column temperature. 
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where Φ (mol m− 1 s− 1Pa− n) is the permeability coefficient, P1 and P2 are 
the partial pressures in the feed and permeate (Pa), x is the membrane 
thickness (m), and n is the partial pressure exponent. When n equals 0.5 
the membrane obeys Sieverts’ law which occurs at high pressure dif
ferences. At lower pressure differences, surface reactions of the gas 
molecules becomes the limiting step which causes the pressure exponent 
to tend towards a value of 1. Nishikawa et al. [126] reviewed literature 
data for hydrogen permeation rates and found that there was a wide 
pressure range where both surface reactions and diffusion significantly 
contributed to the overall permeation rate. This means the value of n can 
vary between 0.5 and 1. In the high pressure range, a value of above 0.5 
can signify pinhole defects in the membrane [113]. The permeation rate 
tends to follow an exponential relation with temperature with surface 
reactions and diffusion rates both following an Arrhenius type relation, 
as discussed by Nishikawa et al. [126]. At lower temperatures (<373 K), 
surface oxide formation can significantly reduce permeability [126]. 

In Table 4, hydrogen permeability coefficients and separation factors 
have been compiled from literature studies for different dense metallic 
membrane materials. The permeability coefficient values have been 

standardised by converting to a unit with a partial pressure exponent of 
0.5 to enable comparison. Nishikawa et al. [126] makes the distinction 
between the ratio of isotopic effects between individual isotope exper
iments, termed βH/D, also referred to as the ideal separation factor, and 
the actual separation factor of mixed isotope systems (αH/D). This 
distinction is also used in Table 4. In a supporting paper, the authors 
show that βH/D is appreciably lower than the separation factor [130]. 

Pd alloy membranes have been extensively tested and reviewed in 
the literature [129,139]. Pd alloys can have greater permeability, sep
aration efficiency and mechanical properties over pure Pd [125,127]. 
The most common tested alloys are Pd-Ag [113,123,126] Pd–Y [125] 
and Pd–Cu. Pd–Ag is the most commonly studied alloy since it has 
approximately twice the hydrogen permeability of pure palladium. 
Pd–Cu has superior mechanical properties but normally has lower 
permeability than Pd–Ag or Pd–Y. Pati et al. [113] investigated 
Pd0.77Ag0.10Cu0.13 and reported to have permeability rates of 12.6–14.8 
× 10− 8 mol Pa− 0.5m− 1s− 1. However as can be seen in Table 4, Pati et al. 
[113] also reported very high values when testing Pd–Ag, much higher 
than standard literature values at similar temperatures (573 – 623 K). 
Ternary alloys like Pd–Cu–Ag may have some promising properties due 
to the segregation at the metal grain boundaries, and are beginning to be 
investigated further [140]. 

Pd–Y has the highest hydrogen permeability for Pd-alloys extending 
down to room temperature [129] and it may be possible to exploit the 
high selectivity for H/T and D/T at these temperatures [127]. The alloy 
is stable to air, since although Y2O3 forms on the surface, the oxide is not 
strongly bonded, so as Y is removed a stable active layer of Pd is left on 
the surface [141]. Luo et al. [125] measured the permeation rates for 
H-D-T mixtures through a Pd–Y alloy membrane. As discussed in the 
paper, the separation factors followed different trends with temperature 
to those predicted by the diffusion coefficient and solubility data. 
Wileman et al. [132] found the protium permeability rate for Pd-7.5%Y 
significantly increased when the temperature was increased above 573 K 
but this was not observed for deuterium, possibly due to an 
ordered-disordered state transition. 

Pure Pd is not used for membranes since it becomes embrittled due to 
volume expansion during α-β hydride phase transition. One study pro
duced a thin layer of pure Pd on a porous support that was resilient to α-β 
transition due to the thinness of the layer (~3 μm) [133]. It was found 
that the α-β hydride phase transition could be independently controlled 
by adjusting pressure and temperature and this produced a significant 
increase in hydrogen flux. This also produced large isotopic differences 
in the individual components (βH/D = 7 – 8) but not for mixed gases 
because both isotopes contribute to the phase transition. 

The group-V metals (e.g. V, Nb, Ta) can have significantly higher 
permeability than Pd alloys but the rate of hydrogen dissociation on the 
surface is very low which limits the overall mass transfer. Formation of 
surface oxides also act as a barrier and the operating temperature is 
restricted due to hydrogen embrittlement at high pressures and lower 
temperatures [142,143]. Various alloys have been tested [142] such as 
V–Ni–Ti [144] which have improved permeability and ductility. Surface 
coatings such as TiC [135] and Mo2C [143,145] can improve the rate of 
surface reaction and so significantly enhance permeation rates over 
uncoated vanadium. Pd-coated membranes such as Pd–V–Pd and 
Pd–Nb–Pd [146] can also achieve high permeability (~2 × 10− 6 mol 
m− 1 s− 1 Pa− 0.5 @ 623 K but suffer from intermetallic diffusion above 
673 K [135,143]. LaNi5 on polyimide membranes have shown H/D 
separation factors as high as 1.9 but the permeation rate is extremely 
low [138]. Diffusion in LaNi5 alloys is thought to be limited by a trap
ping phenomenon introduced by lattice defects [147]. Substituting Ni 
for other metals such as Al, is generally detrimental to the diffusion rate, 
though Co is an exception [147]. Overall, LaNi5 and its derivative alloys 
are unlikely to be practical membrane materials due to the slow diffu
sion rate. 

Glugla et al. [148] analysed the separation efficiency of a membrane 
system in the context of D/T separation for ITER. Optimal separation 

Fig. 7. Mass transfer of H2 across a Pd membrane involving surface reaction 
and diffusion. Permeation driven by pressure difference across the membrane. 

Fig. 8. Calculated temperature relations of the permeation (P) separation fac
tor for Pd–Ag obtained from Nishikawa [126] and trends shown are in agree
ment with Evans et al. [127]. Permeation separation factor is the product of the 
diffusivity and solubility terms. 
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efficiency for both the permeate and bleed streams, as a function of the 
separation factor and flow rates, occurred at about 1.7 times the 
breakthrough point, and efficiency quickly dropped away from this 
optimal point (see Fig. 9). The authors concluded that it would be 
difficult to maintain the membranes near their optimal efficiency point. 

For multistage enrichment, cascade membrane designs have been 
investigated. Each stage would require its own control scheme to cope 
with changes in feed flow and composition [148]. Luo et al. [149] 
estimated the required membrane area for a membrane cascade design. 
Suzuki et al. [150] considered a continuous multistage membrane sys
tem with a single Pd alloy tube and counter-current feed and permeate 
flows. Membrane systems using counter-current or cross flows require 
only a single membrane and obtain higher separation efficiency than 
cascade systems. This is not well suited for producing high purity single 

Table 4 
Hydrogen isotope separation studies for dense metallic membranes.   

Material-coating 
(atom% given in 
brackets) 

H1 Permeability coefficient – 
10− 8 (mol Pa− 0.5 m− 1 s− 1) – 
(T/P conditions where 
available) 

Separation factor 
(H/D unless stated 
otherwise) 
α = actual 
separation factor 
β = ideal 
separation factor 

Thickness 
and coatings 

T range (K) Feed 
Pressure 

Permeate 
pressure 

Paper 

Palladium 
alloys 

Pd(75.3) Ag(24.7) 0.6 (373 K) - 1.8 (623 K) β = 1.4 (373 K); 1.7 
(623 K) 

198 μm 323–773 K 1E-5 – 1 bar Vac. (~0) Serra [131] 

Pd(0.75)-Ag(0.25) 1.67 (623 K dP = 0.77–0.95 
bar) 

β = 1.64–2.00 
(623 K) 

100 μm 353–673 K 1.01 bar 0–1 bar Nishikawa 
[126] 

Pd–Ag–Au 2.26 (623 K) α(T/H) = 2.12 
(623 K); 
2.09 (823 K) 

160 μm 623–823 K n.g. n.g. Fujita [123] 

Pd(0.77)Ag(0.23) on 
porous stainless steel 
support 

5.65–6.87 (n.g. T/◦C.) β = 1.30–1.41 (T n. 
g.) 

100 μm 523–573 K 0.5–1.5 bar Vac. (~0) Pati [113] 

Pd(0.77)Ag(10)Cu 
(0.13) on porous 
stainless steel 
support 

12.6–14.8 (n.g. T/◦C) β = 1.48–1.60 (T n. 
g.) 

100 μm 523–573 K 0.5–1.5 bar Vac. (~0) Pati [113] 

Pd-(8.2 %)Y n.g. α = 1.43–1.38 80 μm 573–773 K n.g. n.g. Luo [125] 
Pd–Y(7.5 %) 0.0942 (423 K) 

− 5.65 (623 K) 
β = 0.22 (423 K), 
1.70 (623 K) 

100 μm 373–753 K 7.8 bar 1 bar Wileman 
[132] 

Pd–Ag–Y n.g. α = 1.30–1 .32 " 573–773 K n.g. n.g. Luo [125] 
Pd(91.31)Y(8.5)Ru 
(0.19) 

0.94 (623 K) α = 1.22 40 μm 573–723 K >0.5 bar +
perm’ P 

n.g. Guangda 
[128] 

Stainless steel filter - 
Pd–Pd black 

7.91 @ 423 K, 3 bar dP β = 7–8 @ 423 K - 
α = 1.3 @ 423 K 

100 μm 323–773 K 4–7 bar 1 bar Aoki [133] 

Pd n.g. α = 1.48 (HD in 
feed) 
α = 1.58 (HD not in 
feed) 

400 μm 673 K 0.0267 bar n.g. Tanaka 
[134] 

TiC–V–TiC n.g. β = 1.34 (873 K); 
β = 1.15 (973 K ◦C) 

100 μm V +
11.5–22.5 
nm TiC 

873–973 K 0.05–0.5 bar 
+ perm’ 
pressure 

ng. Fuerst [135] 

Vanadium 
alloys 

Pd–V–Pd 145 (573 K)a β = 1.50 (573 KC) 250 μm V 
+500 μm Pd 

573 K 2–5 bar 1 bar Dolan [136] 

Ni 3E-3 (723 K); 
0.08 (1123 K) 

β = 1.59 (723 K); 
β = 1.48 (1123 K) 

1000 μm 723–1123 
K 

1 bar n.g. Noh [137] 

Nickel and 
rare earth 
alloys 

Ni/polyamide 1.5E-8 (368 K) α = 2.0 (368 K) 0.75–1.0 μm 353–423 K 1.5 bar n.g. Sakaguchi 
[138] 

LaNi5/polyimide 3.2E-8 (368 K) α = 1.9 (368 K) 0.75–1.0 μm 353–423 K 1.5 bar n.g. Sakaguchi 
[138]  

a Value obtained from fitting flux values and using total thickness of Pd and V. 

Table 5 
Theoretical gas diffusion separation factors calculated using 
equation 5.  

Isotope mixture Separation factor 

H2/D2 1.41 
H2/HD 1.22 
D2/T2 1.22 
D2/DT 1.11  

Fig. 9. Ratio of tritium/deuterium (T/D) and separation efficiency (see original 
paper for efficiency equation). Figure adapted with permission from Glugla 
et al. [148]. Values calculated for 1.99 % impurity concentration and feed and 
permeate pressures of 250 kPa and 10 kPa respectively. 
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isotopes but could work well for DT rebalancing in fusion energy plants. 
Operational experience from the Savannah River Site demonstrated 

maintenance issues with membranes for tritium handling. Elevated 
temperatures deteriorated the seals and caused corrosion from the 
cooling water system [124]. An ‘ageing’ effect occurs due to the for
mation of He-3 bubbles arising from tritium decay, although these have 
been shown to have a negligible effect on the tensile strength at tem
peratures below 673 K [139,151,152]. Guangda et al. [128] measured 
significantly reduced permeation rates due to tritium ageing of PdY(8.5 
%)Ru(0.19 %). 

In conclusion, the continuous throughput capability, and the po
tential for high D/T selectivity near ambient temperatures makes Pd 
membranes attractive for scaled-up tritium processing. The key issues to 
address are the narrow operating range in cascade designs, and the high 
maintenance costs. Future studies could investigate modelling of alter
native flow permeation system, and development of low temperature 
operating materials such as Pd–Y to make use of the potential for high D/ 
T selectivity [127]. 

6. Non-metallic membranes 

Porous membranes can allow gases to diffuse through driven by an 
applied pressure difference. The diffusion rate of a gas through a porous 
membrane is proportional to the square root of its molecular mass 
making it useful for isotope separation. Gas diffusion has long been used 
to separate isotopes of heavy elements for which it has a low selectivity. 
However, the high mass ratio between hydrogen isotopes results in more 
practical selectivity values. The maximum separation factor of gaseous 
diffusion is given by equation (5) and calculated for hydrogen isotope 
mixtures in Table 5 [153,154]: 

α=
v1

v2
=

̅̅̅̅̅̅
M2

M1

√

(5)  

where M2 and M1 are the molecular mass of the two gas components. 
Gas diffusion benefits from low tritium inventory since only gaseous 

tritium is present in the process. It was selected by General Electric (GE) 
in their Trit*Ex® process design for concentrating tritium to 90 % [155]. 
Other advantages are the simple start-up and shut down operation and 
mild operating temperatures. The main disadvantage is the low sepa
ration factor, and this means that a membrane cascade system is 
required to achieve significant enrichment. The GE design makes use of 
counter-current arrangement in each membrane cell as shown in Fig. 10. 
This produces a greater separation factor per membrane cell, however 
multiple compressors are required to drive the flow, and this means the 
number of units used for separation is very high. 

Microporous zeolites [156,157] and silica-based materials [157] 
have the most potential for gas diffusion membranes, due to their small 
pore size, tritium compatibility and high hydrogen permeability. Table 6 
shows that microporous ceramic membranes can achieve similar 
hydrogen flux to Pd alloys and so the required membrane areas for a 
certain throughput will be similar. 

Dense polymer membranes are common in commercial hydrogen 
purification but have low permeability [138]. Polymeric materials 
generally have poor tritium compatibility. Tritium can exchange with 
protium in the polymer chains and the beta radiation then causes in
cisions in the polymer chain [158]. Dense ceramic membranes would be 
more compatible with tritium but have low hydrogen flux [129]. 

Gas diffusion membranes avoid the high cost of Pd membranes, but 
they generally have low separation efficiency and are not likely to be 
competitive at large scales due to the large number of compressors and 
membrane cells required. 

7. Electrochemical graphene membrane 

An electrochemical setup using permeable 2D molecular sheets was 
first reported by a research group at the University of Manchester [159]. 
2D molecular sheets such as graphene and boron nitride are permeable 
to thermal protons and electrons, but impermeable to larger molecular 
species (see Fig. 11). The protium ions (protons) pass more easily 
through the membrane than the heavier deuterium ions (deuterons). 
The researchers used a graphene sheet decorated with Pd or Pt nano
particles attached to a proton permeable Nafion membrane. The sepa
ration factor was approximately 10 (8 for the larger membrane area due 
to defects), for both graphene and hexagonal boron nitride (hBN) 2D 
molecular sheets [159,160]. Subsequent studies by other authors have 
measured slightly higher separation factors of ~14 [161]. 

The mechanism of which protons can pass through 2D molecular 
sheets is still not well understood and is an area of on-going debate. An 
et al. [162] conducted a theoretical analysis, which suggested that 
atomic defects in the graphene sheet known as Stone-Wales defects, 
enable protons to penetrate the barrier. Yasuda et al. [163] measured 
the voltage dependence of the isotope selectivity and by comparing to 
theoretical calculations concluded that quantum tunnelling through the 
atomically thick graphene sheet is the mechanisms which causes the 
isotope selectivity. Other researchers suggest hydrogen chemisorbs be
tween the C–C bonds and transfers to the other side of the graphene 
through a flipping mechanism [164,165]. Other papers suggest that the 
interaction with the catalyst causes the isotope selectivity with hydrogen 
transferring through defects through a mainly passive graphene layer 
[166]. 

The separation factor is of a similar order to high selectivity elec
trolysis [167,168], but the energy requirements for the graphene 
membrane are about 70 % less than for electrolysis [169]. The graphene 
membrane can operate at 0.5 V while an alkaline electrolysis cell re
quires about 1.76 V. However, the use of both Pd and Pt in the mem
brane significantly increases the cost. Also, the reported proton flux is 
much lower than for standard membranes [160,170]. In units of current 
density, the graphene membrane flux is 0.064 A cm− 2 at 0.5 V, 
compared to ~1.5 A cm− 2 for PEM electrolysis and 0.5 A cm− 2 for 
alkaline electrolysis [170]. This low permeability rate will increase the 
required membrane area and processing time. 

However, it is likely the performance of the graphene membrane 
could be significantly improved in future studies considering its early 
stage of development. The mechanism which enables proton transfer 
over the membrane it still not well understood, however alternative 
membrane materials may be able to achieve much greater membrane 
flux suitable for practical deuterium separation. For tritium applications 
in future fusion plants, the high tritium inventory of water and degra
dation of the Nafion membrane will be the major challenges. 

8. Cryogenic distillation 

Cryogenic distillation (CD) was used by Urey, Brickwede and Mur
phy in 1932 to isolate deuterium from natural hydrogen for the first time 
[171,172]. CD has been used throughout the development of fusion 
technology [11,173,174]: TSTA has been in operation since 1984 and 
was used to develop and demonstrate continuous tritium handling 

Table 6 
Representative H2 permeation through different membranes. Refer to equation 
4.  

Membrane 
type 

Temperature/ 
◦C 

H2 permeability 
(units are as 
reported) 

H2 flux at 1 bar 
pressure 
difference/mol 
m− 2 s− 1 

Ref. 

Microporous 
ceramic 
(zeolite) 

150 ~1 × 10− 7 mol 
Pa− 1 m− 2 s− 1 

~0.01 [129, 
157] 

Pd alloy 
(PdAg0.25) 

350 ~2 × 10− 8 mol 
Pa− 0.5 m− 1 s− 1 

~0.06 [126, 
131] 

Dense 
polymers 

95 ~2 × 10− 15 mol 
Pa− 1 m− 1 s− 1 

~8 × 10− 6 [129]  
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processes [11,175], and the Joint European Torus (JET) Active Gas 
Handling System also has a CD unit which began D2-T2 experiments in 
1995 [176]. The ITER isotope separation system will also use CD. CD has 
high tritium inventories due to the liquid hydrogen which is the main 
drawback for large scale use in future projects such as DEMO. One of the 
main focuses of this section is reviewing tritium inventory data from 
existing CD processes and research into reducing tritium inventory. 

Cryogenic distillation (CD) separates hydrogen isotopes based on the 
difference in their vapour pressures. Assuming an ideal binary mixture 
of hydrogen isotopes, the separation factor can be determined from the 
relative volatility, shown in Fig. 12. Distillation columns are filled with a 

packing or trays which improve the contact between the liquid and 
vapour phases. Hydrogen distillation is conducted at temperatures be
tween 20 and 26 K and near ambient pressures [9,177]. Refrigeration 
adds significant capital and operating costs and makes the process en
ergy intensive. A realistic refrigeration system delivering 200 W of 
cooling power at 20 K can be expected to operate at only 0.75 % effi
ciency and so requires electrical power of at least 27 kW [178]. 

The JET CD system has three distillation columns connected in series 
and was designed to have an optimum daily output of 30 g T2 (>99.989 
%), 60 g D2 (>99.998 %) and 150 g H2 (>99.989 %) [75]. However, the 
system was never able to achieve this targeted performance since it 
could not produce the purity required. For ITER, a cascade of four 
distillation columns will be used for the isotope separation, which will 

Table 7 
Experimental hydrogen inventory values for cryogenic distillation units.  

System/Location Packing type Total system H inventory, 
(mol) 

Liquid hold-up (mol/ 
stage) 

H Throughput (mol/ 
h) 

Ref 

Experimental col. at TPL/JAERI (column 1) Dixon rings 4.48 0.035 21.1 [9] 
Princeton TFTR (4 column system) n.g. 16.5 n.g. 3.43 [180, 

181] 
JET AGHS cryodistillation system (3 column 

system) 
Dixon rings & spiral 
rings 

77.1 0.04–0.08 14.0 [182] 

Ontario Hydro experimental column n.g. ~8.6 (column only) 0.118 n.g. [177] 
TSTA (column H) Helipak ~15 0.0875 ~18 [183]  

Fig. 10. Cascade membrane system for gas diffusion separation reprinted with permission from Ref. [155].  

Fig. 11. Electrochemical pumping using graphene 2D molecular sheet reprin
ted with permission [159]. 

Fig. 12. Relative vapour pressure of ideal binary normal hydrogen isotope 
mixtures calculated as the ratio of the two component vapour pressures from 
source [6]. 
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have an additional DT product for re-fuelling [14,179]. 
CD has a very high tritium inventory, mostly due to the liquid hold- 

up in the distillation column and liquid in other auxiliary units. Table 7 
shows the measured system hydrogen inventory and liquid hold-up for 
some distillation systems reported in the literature. Approximate values 
of the average liquid residence time per stage were calculated by 
dividing the liquid hold-up per stage by the throughput of hydrogen 
isotopes. Values obtained of between 6 and 18 s for the three systems 
with available data show comparative performance. 

Iwai et al. [183] experimentally measured the hydrogen inventory 
contributions for a column with Helipak random packings and 80 
theoretical stages, shown in Fig. 13. It suggests the packed section 
contains most of the hydrogen inventory. Other experimental studies 
suggest different contributions for the packed section. Operational data 
for the JET AGHS cryodistillation system has a liquid holdup in the 
packed sections (Dixon rings & spiral rings) that is only 21 % of the total 
[182] suggesting the condensers and reboilers contain a large portion of 
the hydrogen inventory. In another study by Iwai et al. [9] on a smaller 
experimental column with only 10 theoretical stages, the hydrogen in
ventory of the condenser was reported to be much higher than from the 
packed section (Dixon rings) or reboiler. These studies use similar 
packing types so instead the inconsistency could be due to different 
reboiler/condenser designs, although this information is not reported. 

The performance of a distillation column can be expressed numeri
cally as the HETP (Height Equivalent to Theoretical Plate) [12,184]. The 
choice of column packing has a significant impact on the HETP, liquid 
holdup and flooding point [185,186]. Commercial random packings 
constructed of stainless-steel wire mesh are commonly used for 
hydrogen distillation due to their high performance [187]. Structured 
packings are not used in experimental columns perhaps since they are 
unavailable for small column diameter but could be important for future 
larger columns. Dixon rings, Coil pack, Heli-Pak and Helix type packings 
have been tested for H-D-T mixtures and gave HETP values of 4–6 cm. 
The Dixon ring packing provided the best combined performance in 
terms of low HETP, and a low pressure drop [187,188]. These packings 
are designed for conventional fluids such as water and hydrocarbons and 
a packing optimised for liquid hydrogen may be able to achieve 
improved performance and lower liquid hold-up [186]. Reported 
experimental HETP values for hydrogen isotopes are given in Table 8. 
One of the lowest HETP values of approximately 2.2 cm was obtained 
using spiral prismatic random packing (similar to Heli-Pak) which had 
been “pickled” in nitric acid to roughen the surface [189]. 

Safety is a major consideration of cryogenic distillation. Loss of 
power or cooling to the column can cause the liquid hydrogen in the 
column to quickly evaporate, and if unmitigated, will cause the pressure 
to rapidly rise beyond the maximum design limits [201]. ITER will need 

to operate under a range of modes so system control must be able to cope 
with these variable demands [9]. Operation at 20–25 K presents many 
difficulties. Cool down may require days for large columns, and may 
never reach the required operating temperature without sufficient 
thermal shielding/insulation and cooling power [202]. 

Simulation can be used to estimate the tritium inventory and cooling 
requirements and analyse different column cascade configurations [11, 
196,203]. The equilibrium stage model has been used by many groups as 
the basis to predict the steady state separation performance and dynamic 
response. The model has been applied to multicomponent mixtures 
containing all six isotopologues (H2, HD, D2, DT, T2 and HT) and has 
been shown to accurately predict the steady state composition through 
the column but still requires experimental determination of HETP [197]. 

Early simulation studies found that the radioactive heat of tritium 
decay became significant at high tritium concentrations, causing the 
stripping column section to reach dryness unless the reflux rate was 
increased to compensate [11,204]. Some later models [12,205] also 
accounted for this heat of decay effect, but many other studies do not [9, 
196,206]. Since it significantly affects the energy balance, discounting 
the heat of decay may be an inappropriate simplification that could lead 
to error. The value of specific heat of decay is 1.944 W/mol T2 [11,12] 
and so a small D-T column with a tritium inventory of 2.24 mol [9] will 
have a total decay heat of approximately 4.35 W. This is of similar scale 
to the column reboiler power of 6 W which shows that tritium decay is 
expected to significantly affect the column performance as concluded in 
other studies [11,204]. Tritium decay heat is normally included in the 
energy balance of steady state models [12,204] but not in dynamic 
models [184,196] and can be seen in research papers where both steady 
state and dynamic models are reported [207]. 

Physical properties of liquid/vapour hydrogen isotopologues such as 
density or viscosity can be difficult to find as this data is generally not 
reported in simulation studies. The Twu-Alpha correlation used to cor
rect the Peng Robinson equation of state has been shown to correct 
vapour pressure predictions for all hydrogen isotopologues. One study 
used averaged physical properties as a basis for prediction of wetting 
rates and liquid holdup but the validity of these empirical predictions is 
not certain for hydrogen systems [184]. 

Dynamic distillation models have been used in several studies to 
predict the response of the column to common process perturbations 
such as feed flow or composition [184,206] and develop control 
schemes for batch operated columns [208]. 

Studies have analysed potential failure scenarios such as loss of 
cooling or electrical power [201] and failure of the column to cool down 
to the operating temperature [202]. Models using ANSYS Fluent 
considered dynamic thermal effects of cold hydrogen gas entering the 
column which expands and accelerates under warming. Despite addi
tional cooling in the middle of the column, it was still found that an 
additional radiation shield was needed for the entire column to reach 22 
K [191]. 

In conclusion, experimental work has concentrated on testing overall 
column performance, and there is a lack of fundamental studies which 
investigate the interactions of hydrogen in the liquid/vapour phase with 
the packing surface [197]. This could inform the development of 
packing materials with lower HETP values and reduce the tritium in
ventory, and so help address the primary concern of cryogenic distilla
tion for future fusion applications. So far, only commercially available 
stainless steel random packings have been tested. Due to the unique 
physical properties of hydrogen isotopes, development of specific 
packing materials could yield enhanced performance. There is also a 
need to develop accurate wetting and flooding correlations specifically 
for hydrogen systems. Safety of CD remains a concern despite im
provements in this area and this will become more urgent as the scale of 
the technology increases. Research to minimise liquid inventory and 
improvements to safety instrumented systems will be of vital 
importance. 

Fig. 13. Breakdown of tritium inventory from experimental data for cryogenic 
distillation column with Helipak (4.4 × 2.3 mm) random packing and 80 
theoretical stages [183]. 
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9. Plasma-chemical separation 

Plasma-chemical separation of hydrogen isotopes is based on the 
reversible chemical exchange between hydrogen gas and water vapour 
(Eqn 6) [209]: 

HD+H2O ↔ H2 +HDO (6) 

The separation factor based on the chemical equilibrium is roughly 4 
for H2/HD [172] and 6.25 for H2/HT [210] at 300 K. In this process a 
mixture of water vapour and hydrogen at atmospheric pressure and 
above 373 K is passed into a reaction chamber consisting of 
micro-hollow alumina channels held between two metal electrodes. The 
discharging electrodes creates a plasma which generates highly reactive 
species that enables exchange reactions to occur between hydrogen and 
water molecules. The plasma-chemical method demonstrates very fast 
deuterium transfer kinetics and the rate constant is an order of magni
tude higher than conventional platinum catalysts. This enables the re
action to occur in very small chambers which leads to lower tritium 
inventory. 

The main drawback compared to platinum catalysts is the additional 
energy required to vaporise the water and generate the plasma, the latter 
was estimated to be 3.6 kJ per mole of water [209]. While the rapid 
kinetics bring some benefits, the plasma-chemical exchange would need 

to be coupled to a phase change process such as electrolysis which would 
further increase the energy demand. This is similar to the Combined 
Electrolysis Catalytic Exchange (CECE) process which is detailed in the 
appendix. The electrolysis unit would account for significant tritium 
inventory. In this arrangement the plasma-chemical separation would 
have high total tritium inventory due to the contributions from the 
electrolyser and additional water processing units. It may be possible to 
use a bi-thermal arrangement of two plasma-chemical reactors, similar 
to the Girdler-Sulphide (GS) process (see appendix), which would negate 
the requirement for phase changes and reduce tritium inventory. How
ever more work is required to analyse the possibility of these two ar
rangements. Since the original papers in 2005, there have been no 
further publications in the open literature on the plasma-chemical 
process. 

The potential of this process for very low tritium inventories and 
high equilibrium separation factor could offset its high electrical energy 
requirements. This would make it of interest for future fusion plant 
applications. However, it is still at an early stage of development and 
auxiliary units required to process the water such as electrolysers, 
condensers, and purifiers may negate its fundamental advantage of low 
tritium inventory. 

Table 8 
– Experimental studies on cryogenic distillation systems.  

Institute Packing type HETP 
(cm) 

Refrigeration 
power 

Feed 
gas 

Inner 
Column 
diameter 
(cm) 

Packing (p) 
or Column 
(c) height 
(m) 

No of 
Stages 

Column 
Temperature 
(K) 

Column 
Pressure 
(kPa) 

Ref. 

ICIT, Rm. Valcea Structured packings 
(ICIT B7) or random 
packings (sizes not 
given) 

n.g. 1000 W @ 20 
K 

H2 10; 5; n.g; 
0.8 

7 (tallest c) n.g. n.g. 150–350 [190, 
191] 

Structured packings 
(ICIT B5 and B7) (sizes 
not given) 

5.5 & 
6.5 

n.g. D2- 
nH2- 
oH2 

4.2 1.2 (p) 22 n.g. 150–350 [192, 
193] 

Petersburg Nuclear 
Physics Institute 

Spiral prismatic 
random pack (2 × 2 
mm) 

2.2 20 W @ 20 K H2- 
HD 

2.2 1.55 (p) 70 n.g. 120–900 [12, 
189] 

Osaka University; 
Institut de Physique 
Nucléaire et al. 

Heli-Pak (2 × 2.5 mm) 2.9a 6.3 W @ 10 K H2- 
HD- 
D2 

3.2 1.10 (p) 38 17.5–20.5 n.g. [194] 

TRENTA (Tritium Lab 
Karlsruhe) 

ng. n.g. 250 W @ 20 K D2- 
DT-T2 

4.0 4 (c) n.g. n.g. n.g. [195] 

Los Alamos National 
Laboratory 

n.g. 5.08a n.g. H-D-T 2.84 4 (p) 79 22–25 113–124 [196] 

Japan Atomic Energy 
Research Institute 

Dixon Ring (3 × 3 mm 
& 1.5 × 1.5 mm) 

5 240 W @ 20 K H-D-T 2.0 & 1.0 0.5 (p) 10 20–25 67–71 [9] 

Dixon Ring (3 × 3 
mm) 

4 n.g. H-D-T 2.0 0.5 (p) 13 n.g. 80–83 [197] 

Japan Atomic Energy 
Research Institute, 
Los Alamos 
National 
Laboratory 

Dixon Ring (3 × 3 mm 
& 1.5 × 1.5 mm) 

3–6 - H-D-T 1 & 2 0.5 (p) 17 n.g. n.g. [188] 

Heli-Pak (4.4 × 2.3 
mm) 

4–6 n.g. H-D-T 2.84 & 2.50 4.12 and 
3.20 (p) 

183 20–25 103 [198] 

Japan Atomic Energy 
Research Institute 

Dixon Ring (3 × 3 
mm) 

3–6 55 W @ 20 K H2-D2 1.84 0.5 (p) 17 20–25 40–200 [199] 

Dixon Ring (3 × 3 mm 
& 1.5 × 1.5 mm) 

n.g. 240 W @ 20 K n.g. 2 & 1 0.5 (p) n.g. 20–25 48–152 [200] 

Dixon Ring, Coil Pack, 
Helix (3 × 3 mm) and 
Heli-Pak (2.5 × 1.25 
mm) 

5.5; 
5.5; 6; 
& 6 

55 W @ 20 K N2/Ar 1.94 0.5 (p) 9 n.g. n.g. [187] 

JET, Culham UK Dixon Ring & Spiral 
Rings (size not given) 

6 & 7.5 200 W @ 20 K H-D-T 1.6; 1.6; 17/ 
13 

4.80, 4.80, 
6.90 (p) 

260 18–26 100–121 [182] 

Ontario Hydro 
Nuclear 

n.g. 2.05 53 W @ 24 K D2-DT 3.0 1.50 (p) 73 24 12 [177] 

TSTA (Los Alamos 
Scientific 
Laboratory) 

Commercial packings 5 450 W @ 20 K H-D-T 2.9; 1.9; 2.3; 
3.8 

(C): 4.11, 
4.06, 3.20, 
4.11 

310 n.g. 80–133 [11]  

a HETP values in these two studies are provided by the packing manufacturer. 
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10. Thermal diffusion 

When a temperature gradient is applied to a gaseous isotope mixture, 
the lighter isotopes tend to accumulate at the hot side, due to the ther
mal diffusion effect. Thermal diffusion was first developed into an 
isotope separation process by Clusius & Dinkel over 100 years ago and 
the design concept hasn’t changed much since then [211,212]. In this 
design, a temperature gradient is maintained in the radial direction 
between two concentric cylinders: the inner cylinder is normally heated 
to high temperature, often using an electrically heated wire. The outer 
cylinder is maintained at low temperature using liquid cooling with 
either water or liquid nitrogen. The thermal diffusion effect causes a 
radial flow of the lighter isotopes towards the hot inner. Thermal con
vection currents produce a countercurrent axial flow in the column 
enabling multiple separation stages in a single column. The flow must 
remain laminar which limits the column size. Undesirable secondary 
circulation systems can develop in tall thermal diffusion columns, 
causing remixing which reduces the separation efficiency [213,214]. 
Multiple short columns can be connected in series to reduce remixing 
effects and improve separation efficiency [215,216]. The separation 
factor depends upon the thermal diffusion factor, diffusivity and vis
cosity of the gas, as well as the flow regime in the column [217]. 

Thermal diffusion is often used in small and medium scale applica
tions because of its simple design, low tritium inventory, and high 
separation factor. There is minimal contact of the treated gas with solid 
materials which makes it suitable for tritium processing. Start-up times 
are very quick, and steady state operation can reached within 20–30 min 
[218]. For large scale applications, the low thermodynamic efficiency 
and low throughput make it less competitive with alternative processes 
[211]. The thermal diffusion units used at the Savannah River Site were 
gradually replaced by Cryogenic Distillation from 1967, and later by 
TCAP [71,219]. Thermal diffusion was used by the Japan Atomic Energy 
Research Institute for tritium recovery and enrichment in the 1980–90s 
[217]. 

The maximum separation factor is exponentially related to the ratio 
of the temperature difference between the hot and cold walls to the cold 
wall temperature. Accordingly, a cryogenically cooled column would 
improve the separation efficiency over the water-cooled device and 
recent studies have explored this effect [216], often using liquid nitro
gen temperature [217]. The cryogenic wall separation factor can be 4 to 
10 times higher than the water-cooled process (TC =~288 K) [217,220]. 

The temperature of the heating wire is also important. Using high 
temperatures such as 1073 K, the heteromolecules equilibrium reactions 
are fast which enables more efficient preparation of high purity isotope 
products without external equilibrators [220]. However, a high tem
perature heating wire could be an ignition hazard leading to safety 
concerns in either event of a leak or loss of containment. Using heating 
temperatures below hot surface ignition temperature (as low as 620 K at 
reduced pressure [221]) would lessen this risk but reduce separation 
efficiency. 

The cryogenic wall adaptation could improve the suitability of 
thermal diffusion for small-scale applications. However, it is unlikely to 
be viable for large scales applications in future fusion plants due to the 
low thermodynamic efficiency, limitations of the column size and safety 
concerns. 

11. Laser isotope separation 

Laser isotope separation utilises the selective adsorption of photons 
by atoms and molecules of different isotopes at discrete frequencies. This 
method can achieve very high selectivity (>104) and can reach high 
levels of enrichment from extremely dilute hydrogen isotope mixtures 
[222]. In small atoms such as hydrogen, the presence of extra neutrons 
in the nucleus causes a shift in the electronic energy levels which shifts 
the frequency of photons which can be adsorbed. Thus, it is possible to 
excite the atoms or molecules containing a specific isotope with high 

selectivity. Lasers are an extremely convenient source of high intensity 
monochromatic light which provide a long optical path and pulse length 
modulation [223]. 

Laser isotope separation can be divided into two categories, 
depending on if the process uses atomic hydrogen or molecular 
hydrogen. The first category is Atomic Vapour Laser Isotope Separation 
(AVLIS) which uses lasers to selectively ionise atoms of different iso
topes which are then separated using an electric field [223]. It is used to 
separate the isotopes of heavy elements, however the high cost and 
complexity of the AVLIS laser and collector systems mean it is unlikely to 
be competitive for hydrogen isotopes [224]. 

The second category is Molecular Laser Isotope Separation (MLIS) 
which uses lasers to selectively excite isotope containing molecules 
which drives a photochemical reaction, photoionization or photodisso
ciation [223]. MLIS then uses a chemical separation to recover the re
action products and therefore does not require a complex collection 
system as for AVLIS. Also, by choosing a suitable molecule that adsorbs 
light of a certain wavelength, the process can use commercially avail
able laser sources which are much cheaper. Many processes use 
multi-photon absorption to provide the molecules with enough energy 
in the IR-visible-UV range [223]. The selection of a suitable molecule for 
MLIS is based on the yield, the isotopic selectivity of the multi-photon 
dissociation, the required laser source to produce the correct wave
length and the cost of the chemical compound [222]. For hydrogen 
isotope separation, one of the most extensively investigated processes is 
the multiphoton photodissociation of halogenated organic compounds 
such as trifluoromethane [225], chloroform [226] and pentafluroethane 
[225]. 

In the first step, these molecules must be exchanged with the source 
of hydrogen isotopes. This is achieved in a base catalysed exchange re
action with water (Eqn 7) [225,227]: 

CHF3 + HDO →
NaOH

CDF3 + H2O (7) 

This reaction can be slow especially for fluoroalkanes, which may 
limit throughput and increase the tritium inventory in the exchange 
column. 

After the exchange process, the compounds are irradiated with the 
laser. Laser excitation of gaseous feeds generally requires low pressure 
(100–1000 Pa) to prevent collisions between the excited molecules and 
ground state, but laser pulses can be used to maintain selectivity at 
relatively higher pressures (~1300 Pa) [226,228]. Liquid samples can 
be used but may need to be cooled to improve the resolution of the 
spectral adsorption features [229]. Photodissociation has demonstrated 
very high selectivity of over 5000 for a range of compounds and laser 
sources. Furthermore, by altering the laser frequency, it is possible to 
selectively photo-dissociate protium, deuterium or tritium in the sample 
even at very low concentrations, making it potentially highly adaptable. 
However, the chemical products from these reactions such as HF and 
C2F2 can be extremely difficult to use in a process due to their toxicity 
and chemical incompatibility. 

Photo-dissociation of fluoroalkanes can be achieved using commer
cially available CO2 lasers in the near-IR range [222]. Other processes 
may require different laser frequencies, using alternative laser sources or 
tuneable dye laser sources which are more expensive and less efficient 
[230]. Other molecules have been investigated for photodissociation 
such as formaldehyde [230,231] and chloroform [227]. Isotope selec
tive laser-induced reaction of bromine with alkanes using a carbon di
oxide sensitiser [232], and methanol [233] has also been described. 
Mayer et al. was reported to enrich a 1:1 mixture of H3COH:D3COD to 
greater than 95 % D3COD using a hydrogen fluoride laser [233]. 

The operating costs and capital costs of MLIS are expected to be high, 
due to the use of high-performance lasers, vacuum conditions and 
additional process equipment. One advantage of this process is that it 
can be conducted at ambient temperatures and low hydrogen pressures, 
making the process safer and easier to operate. Due to its high isotope 
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selectivity, MLIS would be well suited to recovering low concentrations 
of hydrogen isotopes. However, the slow initial exchange reaction 
would limit the potential throughput. It may be possible to develop 
faster isotope exchange catalysts for example, platinum which is used in 
chemical exchange. Indeed, MLIS could be beneficial in combination 
with conventional chemical exchange reactions (see appendix) 
providing additional separation and acting as a phase change process to 
the exchange column. MLIS has a lot of potential if a suitable photo
chemical process can be developed which uses standard laser sources 
and easy to handle chemicals and if it can be linked to a fast isotope 
exchange process. Advances in laser technology may enable other 
excitation molecules to be used. 

12. Conclusions 

In recent years, new processes and mechanisms for hydrogen isotope 
separation have been developed which show high selectivity over con
ventional processes and potentially have advantages making them 
suitable for different applications. 

For the enrichment of deuterium, electrochemical membranes using 
graphene are reported to have a high separation factor and permeability 
with much lower electrical demand than electrolysis. Laser isotope 
separation could also be effective if a suitable photochemical system 
could be developed. It is noted that in laser isotope separation, the ki
netics of the chemical exchange step is likely to limit throughput, but 
chemical exchange could provide added separation performance, an 
important consideration for future studies. 

For future fusion energy, high throughput isotope separation is 
required at much reduced tritium inventory compared to conventional 
techniques. Research into adsorbent materials has produced materials 
with some of the highest isotope selectivity and when scaled-up using a 
PSA type adsorption cycle this would enable high throughput and effi
ciency with low tritium inventory. Plasma-chemical separation is at an 
early stage of development but is an interesting candidate due to the 
potential for extremely low tritium inventories and high selectivity. 
More work is required to analyse plasma-chemical processes including 
the auxiliary units which may negate the benefits of this process. For 
cryogenic distillation to be competitive with these new techniques, the 
tritium inventory needs to be significantly reduced. Future research 
should investigate bespoke packing shapes designed for hydrogen 
isotope fluids with low liquid hold-up. Cryogenic distillation may still be 
the most suitable technique for the protium removal step in the inner 
fuel loop, due to its capability of removing low concentrations of 
hydrogen isotopes. 

For low tritium concentration applications such as tritium recovery 
and tritium removal from waste streams, high selectivity and energy 
efficiency are more important than low tritium inventory and 
throughput capability. Thermal Cycling Absorption Process (TCAP) may 
be well suited for tritium extraction due to its semi-continuous operation 
and multi-cycle enrichment capability. Palladium membranes have 
tritium selectivity which is significantly enhanced at room temperature 
compared to conventional membrane temperatures (623 K). If a palla
dium alloy could be developed with high permeability at room tem
perature, then this could be highly effective for tritium recovery and 
would solve maintenance issues caused by high temperatures. Pd–Y and 
ternary Pd alloys show some promise and should be investigated further. 
As demonstrated in this article, several technologies are emerging that 
could be developed into efficient alternatives for hydrogen isotope 
separation and solve one of the key challenges for future commercial 
fusion energy. 
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[195] Cristescu I, Cristescu IR, Dörr L, Glugla M, Hellriegel G, Kveton O, et al. TRENTA 
facility for trade-off studies between combined electrolysis catalytic exchange and 
cryogenic distillation processes. Fusion Sci Technol 2005;48:97–101. 

[196] Young JS, Sherman RH, Willms RS, Iwai Y, Nishi M. Steady-state computer 
modeling of a recent H-D-T cryogenic distillation experiment at TSTA. Fusion Sci 
Technol 2002;41:1131–6. 

[197] Yamanishi T, Okuno K. Mass transfer in cryogenic distillation column separating 
hydrogen isotopes. J Nucl Sci Technol 1994;31:562–71. 

[198] Yamanishi T, Yoshida H, Hirata S, Naito T, Naruse Y, Sherman RH, et al. Single 
column and two-column H-D-T distillation experiments at TSTA. Fusion Technol 
1988;14:489–94. 

[199] Enoeda M, Yamanishi T, Yoshida H, Naruse Y, Fukui H, Muta K. Hydrogen isotope 
separation characteristics of cryogenic distillation column. Fusion Eng Des 1989; 
10:319–23. 

[200] Yamanishi T, Enoeda M, Yoshida H, Naruse Y, Fukui H, Nagai H, et al. 
Experimental appratus for cryogenic hydrogen isotope separation process in the 
tritium process laboratory. Fusion Technol 1988;14:495–500. 

[201] Ana G, Sofilca N, Niculescu A, Draghia M. Investigation of some critical scenarios 
due to various failures of ICSI Cryogenic Distillation System. Fusion Eng Des 
2017;124:861–4. 

[202] Ana G, Vladulescu F, Ana R, Pasca G, Niculescu A. Thermal analysis of a cryogenic 
distillation column for hydrogen isotopes separation. Fusion Eng Des 2019;146: 
1868–71. 

[203] Lefebvre X, Hollingsworth A, Parracho A, Dalgliesh P, Butler B, Smith R. 
Conceptual design and optimization for jet water detritiation system cryo- 
distillation facility. Fusion Sci Technol 2015;67:451–4. 

[204] Kinoshita M, Matsuda Y, Naruse Y, Tanaka K. Computer analysis on steady state 
separation characteristics of hydrogen isotope separation system by cryogenic 
distillation. J Nucl Sci Technol 1981;18:525–39. 

[205] Buvat JC, Latge C, Joulia X, Pautrot GP. Simulation of hydrogen isotope 
separation by cryogenic distillation. Fusion Technol 1992;21:954–9. 

[206] Niculescu A, Constantin T, Ana G, Draghia M. Dynamic simulation of a 
multicomponent distillation column for D-T separation. Fusion Eng Des 2017;124: 
752–6. 

[207] Busigin A, Sood SK. Steady state and dynamic simulation of the ITER hydrogen 
isotope separation system. Fusion Technol 1995;28:544–9. 

[208] Chen M, Li P, Hu C, Luo J, Wen M, Yu B, et al. Dynamic simulation of a cryogenic 
batch distillation process for hydrogen isotopes separation. Int J Hydrogen Energy 
2022;47:11955–61. 

[209] Koo IG, Lee WM. Hydrogen isotope separation by plasma-chemical method. 
J Nucl Sci Technol 2005;42:717–23. 

[210] Ovcharov AV. More precise values of separation factors in water-hydrogen 
isotopic exchange for modeling of combined electrolysis and catalytic exchange 
process. Fusion Sci Technol 2017;71:333–8. 

[211] Yamamoto I, Inoue A, Kanagawa A. Measurement of separative characteristics of 
H2-HT isotope separation using thermal diffusion column. J Nucl Sci Technol 
1988;25:704–11. 

[212] Müller G, Vasaru G. The clusius-dickel thermal diffusion column – 50 Years after 
its invention. Isotopenpraxis Isotopes in Environmental and Health Studies 1988; 
24:455–64. 

[213] Yamakawa H, Matsumoto K, Enokida Y, Yamamoto I. Effect of operational 
pressure on periodic oscillation of secondary circulation near the bottom of the 
thermal diffusion column. J Nucl Sci Technol 1999;36:297–303. 

[214] Ho CD, Su YC, Guo JJ, Chen SH. Theoretical and experimental studies on the 
heavy water enrichment by thermal diffusion for improved performance under 
countercurrent-flow frazier scheme and flow-rate fraction variations. Separ Sci 
Technol 2005;39:2299–322. 

[215] Ho C-D, Yeh H-M, Hsu C-C. Recovery of deuterium from H–D gas mixture in 
thermal diffusion columns connected in series with countercurrent-flow 
transverse sampling streams. Int J Hydrogen Energy 2016;41:10819–26. 

[216] Yeh H-M, Hsu C-C. Separation of deuterium from H–D gas mixture by thermal 
diffusion in the devices of multi concentric-tube columns with total sum of 
column heights fixed. J Nucl Mater 2010;406:317–22. 

L. Shere et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0360-3199(23)05489-7/sref155
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref155
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref156
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref156
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref156
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref157
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref157
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref158
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref158
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref159
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref159
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref159
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref160
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref160
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref160
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref161
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref161
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref161
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref162
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref162
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref162
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref163
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref163
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref163
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref163
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref164
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref164
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref165
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref165
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref165
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref166
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref166
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref166
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref167
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref167
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref168
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref168
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref168
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref169
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref169
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref169
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref170
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref170
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref171
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref171
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref172
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref172
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref173
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref173
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref174
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref174
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref174
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref175
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref175
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref176
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref176
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref176
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref177
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref177
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref178
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref179
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref180
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref180
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref180
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref181
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref181
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref181
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref182
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref182
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref182
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref183
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref183
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref183
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref184
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref184
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref184
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref185
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref185
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref186
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref186
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref186
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref187
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref187
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref187
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref188
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref188
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref188
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref189
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref189
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref189
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref190
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref190
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref190
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref191
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref191
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref191
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref192
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref192
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref192
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref193
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref193
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref193
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref194
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref194
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref194
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref195
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref195
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref195
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref196
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref196
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref196
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref197
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref197
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref198
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref198
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref198
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref199
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref199
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref199
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref200
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref200
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref200
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref201
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref201
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref201
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref202
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref202
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref202
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref203
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref203
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref203
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref204
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref204
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref204
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref205
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref205
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref206
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref206
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref206
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref207
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref207
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref208
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref208
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref208
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref209
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref209
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref210
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref210
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref210
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref211
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref211
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref211
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref212
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref212
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref212
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref213
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref213
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref213
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref214
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref214
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref214
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref214
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref215
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref215
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref215
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref216
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref216
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref216


International Journal of Hydrogen Energy xxx (xxxx) xxx

20

[217] Yamamoto I, Kanagawa A. Possibility of remarkable enhancement of separation 
factor by “cryogenic-wall” thermal diffusion column. J Nucl Sci Technol 1990;27: 
250–5. 

[218] Yamakawa H, Matsumoto K, Enokida Y, Yamamoto I. Numerical analysis of 
dynamic behavior at start-up of the thermal diffusion column for hydrogen 
isotope separation. J Nucl Sci Technol 1999;36:198–203. 

[219] Ortman MS, Heung LK, Nobile A. III RLR. Tritium processing at the Savannah 
River Site: present and future. J Vac Sci Technol A 1990;8:2881–9. 

[220] Mitsui J, Okada Y, Sakai F, Ide T, Hirata K, Yamanishi T, et al. Separation of 
hydrogen isotopes by an advanced thermal diffusion column using cryogenic- 
wall. Fusion Technol 1991;19:1646–50. 

[221] Gummer J, Hawksworth S. Spontaneous ignition of hydrogen literature review 
Health and Safety Executive 2008. Health and Safety Laboratory Health and 
Safety Executive; 2008. 

[222] Letokhov VS. Laser-induced chemistry — basic nonlinear processes and 
applications. In: Medin H, Swanberg S, editors. Laser technology in chemistry. 
Berlin, Heidelberg: Springer Berlin Heidelberg; 1988. p. 237–51. 

[223] Letokhov VS, Moore CB. Laser isotope separation. Sov J Quant Electron 1976;6: 
129–50. submitted for publication. 

[224] Paisner JA. Atomic vapor laser isotope separation. In: Medin H, Swanberg S, 
editors. Laser technology in chemistry. Berlin, Heidelberg: Springer Berlin 
Heidelberg; 1988. p. 253–60. 

[225] Makide Y, Kato S, Tominaga T, Takeuchi K. Laser isotope separation of tritium 
from deuterium: CO2-laser-induced multiphoton dissociation of C2TF5 in C2DF5. 
Appl Phys B 1983;32:33–4. 

[226] Nayak A, Sarkar S, Biswas D, RamaRao K, Mittal J. Separation of tritium from 
deuterium by pulsed NH3 laser-selective multiple photon dissociation of CTCl3. 
Appl Phys B 1991;53:246–9. 

[227] Magnotta F, Herman IP, Aldridge FT. Highly selective tritium-from-deuterium 
isotope separation by pulsed NH3 laser multiple-photon dissociation of 
chloroform. Chem Phys Lett 1982;92:600–5. 

[228] Evans DK, McAlpine RD, Adams HM. The multiphoton absorption and 
decomposition of fluoroform-d: laser isotope separation of deuterium. J Chem 
Phys 1982;77:3551–8. 

[229] Freund S, Maier W, Beattie W, Holland R. Laser-induced separation of hydrogen 
isotopes in the liquid phase. United States: US Department of Energy; 1977. 

[230] Yeung ES, Moore CB. Isotopic separation by photopredissociation. Appl Phys Lett 
1972;21:109–10. 

[231] Mannik L, Brown SK. Deuterium separation by ultraviolet laser dissociation of 
formaldehyde. J Appl Phys 1982;53:6620–7. 

[232] Hsu D, Manuccia T. Separation of hydrogen isotopes. United States: US Secretary 
of Navy; 1983. 

[233] Mayer SW, Kwok MA, Gross RWF, Spencer DJ. Isotope separation with the cw 
hydrogen fluoride laser. Appl Phys Lett 1970;17:516–9. 

L. Shere et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S0360-3199(23)05489-7/sref217
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref217
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref217
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref218
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref218
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref218
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref219
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref219
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref220
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref220
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref220
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref221
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref221
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref221
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref222
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref222
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref222
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref223
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref223
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref224
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref224
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref224
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref225
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref225
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref225
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref226
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref226
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref226
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref227
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref227
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref227
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref228
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref228
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref228
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref229
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref229
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref230
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref230
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref231
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref231
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref232
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref232
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref233
http://refhub.elsevier.com/S0360-3199(23)05489-7/sref233

	The next generation of low tritium hydrogen isotope separation technologies for future fusion power plants
	1 Introduction
	1.1 Background
	1.2 The challenge of tritium
	1.3 Isotope separation requirements of future fusion plants

	2 Adsorption (PSA/VPSA/TSA processes)
	3 Gas chromatography
	4 Thermal Cycling Absorption Process (TCAP)
	5 Palladium alloy membranes
	6 Non-metallic membranes
	7 Electrochemical graphene membrane
	8 Cryogenic distillation
	9 Plasma-chemical separation
	10 Thermal diffusion
	11 Laser isotope separation
	12 Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


