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Clean energy from nuclear fusion will require efficient technologies for hydrogen isotope separation. Separation
by adsorption has shown high isotope selectivity, but only at impracticably low temperatures (<100 K). In this
paper, the Do/H; hydrogen isotope selectivity of ‘trapdoor’ chabazite is measured for the first time and compared
to zeolite 5A, zeolite 3A, HKUST-1 and MOF-74(Ni). Hy and D isotherms for potassium chabazite show that
between 143 and 195 K, Hy adsorption is selectively blocked leading to high ideal isotope selectivity (Da/Hy =

1.83 at 143 K). Adsorption hysteresis is measured for the first time in trapdoor chabazite and zeolite 3A at similar
temperatures which indicates trapdoor behaviour. An innovative breakthrough setup is developed including a
whistle gas density sensor for deuterium detection. The Do/Hj separation factor of Na-K chabazite from frontal
breakthrough is 2.71 at 159 K, which is much higher than for zeolite 5A at 1.25 at 159 K and 1.7 at 77 K.

1. Introduction

Fusion is expected to be an important future energy source,
providing zero carbon energy generation [1,2]. However, a number of
technical challenges need to be solved before fusion power generation
can be commercialised. One of these is the requirement of a hydrogen
isotope separation technology that must combine high separation effi-
ciency, low energy intensity and low tritium inventory. Isotope sepa-
ration is necessary to reprocess and maintain the 50:50 mixture ratio of
deuterium (Dy) and tritium (Ty) fuel. Fusion reactors are expected to
have a very low burn-up rate of roughly 2 %, necessitating recycling of
the fuel [3,4]. For a proposed future power plant with 2 GW fusion
power, 0.32 kg/day of tritium will be consumed [5] but due to the low
burn-up rate, the recycled throughput will be 16 kg/day, which is almost
1000 times greater tritium throughput than required by the ITER fusion
project currently under construction [3,6]. Cryogenic Distillation is
commonly used for hydrogen isotope separation and has a moderate
isotope selectivity (Ha/Dy separation factor of 2.3 at 24 K [7]). However
Cryogenic Distillation requires extremely low operating temperatures
(20-24 K), which result in poor energy efficiency and has high tritium
inventory in the liquid phase. As a result, no current technology meets
the three key performance goals needed for future fusion energy plants.
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In recent years, nanoporous adsorbents such as zeolites and metal-
organic frameworks (MOFs) have been shown to have a high
hydrogen isotope selectivity due to an effect known as Quantum Sieving
(QS) [8]. Cu(l) open metal sites, such as Cu(I)-MFU-4l, have been re-
ported to have one of highest heat of adsorption for hydrogen (32
kJ/mol) [9] leading to high Dy/H, selectivity of 11 at relatively high
temperatures (100 K). Zhang et al. tested Ag-exchanged zeolite Y
reporting a Dy/Hy selectivity of 10 at a temperature of 90 K [10]. Among
the adsorbents with lower heat of adsorption, Bezverkhyy et al. [11]
recently reported a very high selectivity of 25.8 for chabazite zeolite at
38 K. All these adsorbents require extreme cryogenic operating tem-
peratures (<100 K), and this will increase operation costs and
complexity. The low temperature and high heat of adsorption would
likely require the use of thermal desorption to fully regenerate the
adsorbent after each adsorption cycle — a slow and energy intensive
process. Therefore, an adsorbent that could operate at more mild tem-
peratures with high hydrogen isotope selectivity would be more prac-
tical for tritium applications.

This paper reports the hydrogen isotope selectivity of chabazite
(CHA) zeolite, which utilizes a molecular “trapdoor” mechanism to
separate hydrogen isotopes. The “trapdoor” mechanism in CHA has so
far been demonstrated to be able to distinguish non-polar gases such as
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N, and CH4 with high selectivity [12]. The CHA framework contains
large super-cavities accessed through narrow 8-membered ring (8 MR)
apertures of 0.38 nm size as shown in Fig. 1 [13]. The 8 MR aperture is
preferentially occupied by large cations such as K™ which can control
gas adsorption by acting as “gatekeeping” cations, also referred to as
“trapdoor” cations. These gases demonstrate a critical admission tem-
perature, below which the gas is blocked by the gatekeeping cation and
adsorption is inhibited. Li et al. [14] measured the critical admission
temperature for H, which was reported at approximately 170 K. Since
the critical admission temperature is dependent on the gas type, by
selecting a suitable temperature, the trapdoor effect can block one gas
type while allowing another to adsorb. If the critical admission tem-
perature is different for Hy and D», the trapdoor effect could be used to
separate hydrogen isotopes at temperatures much higher than other
adsorbents. There are no reported D, adsorption isotherms or quanti-
tative separation data for hydrogen isotopes using trapdoor CHA, but a
possible isotope selectivity is indicated by two previous studies. Physick
et al. [15] tested caesium exchanged CHA at 293 K using a column
breakthrough setup, reporting an isotope selectivity but did not provide
quantitative adsorption data. Taguchi et al. [16] tested potassium
exchanged CHA using Thermal Adsorption Spectroscopy reporting an
isotope selectivity occurring at around 200 K. However, the separation
factor was not reported and the stated Hy uptake was very low.

In this work, Hy and D5 isotherm measurements are conducted be-
tween 77 and 273 K to find the critical admission temperature of Hy and
D, of K exchanged CHA (K-CHA). These isotherm measurements provide
understanding of the adsorption equilibria and are an important first
step in understanding the selectivity of an adsorbent. A thorough com-
parison of the selectivity performance of the trapdoor effect is made by
testing other high-performance adsorbents including zeolite 5A, 3A,
MOF-74(Ni) and HKUST-1. MOF-74(Ni) and HKUST-1 are MOFs that
have potential for hydrogen isotope separation due to the presence of
open metal sites [17]. Zeolite 5A has been shown to be effective for
hydrogen isotope separation at 77 K [18] but has not yet been tested at
higher temperatures (159 K). Zeolite 3A shows remarkable similarities
to trapdoor K-CHA since it contains Kt cations which have been shown
to restrict Hp adsorption at cryogenic temperatures (<160 K) [19]. In
this study, Hy and D, admission of zeolite 3A and 5A are measured be-
tween 143 and 195 K and directly compared to the trapdoor mechanism
of K-CHA. Breakthrough experiments using mixed Do/Hj are then used
directly to measure the Dy/H> selectivity of NaK-CHA under dynamic
adsorption conditions.

Normally, mass spectrometry is required for Do/Hy breakthrough
testing to provide real time isotope measurements but it is expensive. In
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this work, a simple sonic gas detector using a miniaturised whistle was
developed and used successfully to conduct breakthrough testing. Sonic
detectors have been used for other gases [20,21] but this is the first test
of a whistle type detector for analysing hydrogen isotopes. The whistle
detector showed some limitations with the minimum gas flow, but these
results show that it is a cost-effective alternative to conventional mass
spectrometry for isotope measurements, enabling additional research
into this important area for fusion energy.

2. Method

Copper nitrate trihydrate (ACS reagent, >97 %), nickel acetate tet-
rahydrate (purum p.a., >99 %), potassium hydroxide pellets (ACS re-
agent), trimesic acid (>95 %, benzene-1,3,5-tricarboxylic acid (BTC)),
formic acid (ACS reagent, >95 %), hydroquinone (reagent plus, >99 %),
potassium carbonate (ACS reagent, >99 %), 37 % hydrochloric acid,
sodium sulfite (NaySO3, ACS reagent, >98 %) were purchased from
Merck and used as supplied.

Zeolite 5A powder was purchased from Molsiv Adsorbents, UOP and
used as purchased. Zeolite 5A, 1.56 mm pellets were purchased from
BDG Chemicals Ltd, Poole, UK and used as supplied. Reagent grade KCl
and NaCl were purchased from Sigma Aldrich. Wyoming sodium
bentonite was purchased from RS Minerals, UK. Ethanol (>99%),
acetone (>99%) and n-pentane (>99%) were purchased from VWR and
used as supplied.

2.1. Adsorbent synthesis

Chabazite (CHA) was synthesised from Zeolite Y material using a
standard procedure adapted from Gaffney [173] (full method for all
adsorbent synthesis is given in the supporting information). MOF-74(Ni)
was synthesised based on an aqueous reflux method by Cadot et al. [22]
and adapted to achieve higher purity. HKUST-1 was synthesised under
solvothermal conditions using a standard method in the literature [23].
NaK-CHA pellets were prepared using 15 wt.% bentonite clay as the
binder. A soft paste was formed by adding water and then was extruded
through a 2 mm syringe to form pellets. The pellets were fired at 600 °C
and ion exchanged using a mixed solution of NaCl and KCI.

2.2. Powder X-ray diffraction (P-XRD)
Powder X-ray Diffraction (P-XRD) was conducted on all samples to

identify the presence of high purity crystalline phases. The STOE STADI
P system accessed through the Material and Chemical Characterisation

CHA in polyhedral
representation

Fig. 1. (a) Building units and rings for chabazite (CHA) zeolite: (b) Framework structure and assignment of cation positions for CHA. SIII’ position in the 8-membered
ring (8 MR) is favoured by large cations (K") which then act as trapdoor cations. (c) Polyhedral representation of CHA highlighting passages available to gas
molecules (H,O or larger, including H, and D,) and the CHA super-cavity accessed through the 8 MRs.
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(MC2) laboratory located at the University of Bath was used. The system
is equipped with a Multi-Mythen moving detector and a germanium
primary beam monochromator operating in transmission mode using
CuKal radiation (% = 1.54051 A).

2.3. Energy-dispersive X-ray spectroscopy (EDX)

An Oxford instruments ULTIM max 170 and 10 kV acceleration
voltage was used, which was accessed through the Material and
Chemical Characterisation (MC2) laboratory located at the University of
Bath. The powder sample was deposited on carbon tape, and five areas
of the sample of roughly 100 pm size were analysed.

2.4. Adsorption isotherms

A Micromeritics 3Flex instrument was used to conduct adsorption
and partial desorption isotherms using either Hy, D5 or N5. Samples were
initially degassed under Ny flow for 1 h at 90 °C, then 1 h at the final
degas temperature. The samples were then degassed under vacuum for
8 h at the final degas temperature. The final degas temperature for all
adsorbents was 350 °C except for HKUST-1 (200 °C) and MOF-74(Ni)
(slowly ramped over 1 h to 250 °C). The free space of the sample tube
was minimised using a glass filler rod (the same rod in each test) and the
free space was directly measured with helium at the end of each
experiment.

During the isotherm measurement, standard temperatures were
maintained using liquid nitrogen (77 K) or water ice bath (273 K). Other
non-standard isotherm temperatures were achieved using solvent
liquid/ice cooling baths which maintain a stable temperature at the
melting point of the solvent (pentane: 143 K, ethanol: 159 K, acetone:
178 K, acetone/dry ice: 195 K). Normally solvent ice will tend to sink to
the bottom and so not cool the solvent at the top. If the container can be
fully packed with solvent ice, then this is not an issue. However, the
sample tube needed space to be safely lowered, so an alternative setup
was required. A novel setup using a hanging solvent ice container (or dry
ice pellets in an open mesh cage) was used. The container was suspended
in the Dewar next to the sample tube keeping the ice separate (see
Fig. 2). A custom-built stainless steel cylindrical mesh cage (30 mm OD,
200 mm high) wrapped in aluminium foil was used as the container. The
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container is filled with solvent and frozen in liquid nitrogen before
suspending in the Dewar containing pre-cooled solvent. This setup
provides several advantages over a standard solvent ice bath for
isotherm adsorption measurement. Since the frozen solvent is sus-
pended, the solvent at the top is efficiently cooled and will produce
natural convection currents preventing hot spots forming. Large
amounts of solvent ice can be used providing cooling for longer exper-
iments, while leaving ample space for the sample tube to be safely
lowered/raised during automatic operation. Using this setup, many
different cryogenic isothermal temperatures could be reached which
would normally require a specialised cryostat attachment. The temper-
ature was measured using a thermocouple at several points in the Dewar
and was found to remain within 5 K of the solvent freezing point during
a 3 h isotherm experiment.

BET surface area was calculated from N, isotherms conducted at 77
K. The BET model was fitted to 5 pressure data points in a pressure range
for which the value of v,qs (1- P/Pg) was always increasing with P/P,
[24].

Ideal Adsorbed Solution Theory (IAST) was used to calculate the
ideal selectivity from the individual Hy and D5 isotherms at 77 K. For the
high temperature isotherms (143-273 K), the isotherm shape is close to
linear and so the Do/H; adsorption ratio was used directly as the ideal
selectivity.

2.5. Breakthrough rig design and dynamic Hz/D, adsorption testing

The breakthrough rig schematic is shown in Fig. 3. Flow rates of
between 35.5 and 336 ml,/min were used with Dy concentrations be-
tween 5 and 28.6 vol.%. Flow rates are reported under normal reference
conditions (reference gas volumetric flow at 273 K and 101.3 kPa with
gas molar volume of 22.4 ml,/mmol). The adsorption column was U-
shaped with an inner diameter of 10 mm and 300 mm length. See sup-
porting information for further details of column, piping and gas flow
controllers.

The adsorbents tested using the breakthrough rig were NaK-CHA at
159 K and zeolite 5A at either 77 K or 159 K with the adsorbent mass and
measured column free space shown in Table 1. The adsorbent samples
were degassed in-situ firstly under Hy flow (60 ml,/min), with the
temperature slowly increased to 90 °C and held for 2 h. The column was

Fig. 2. (a) Novel setup of solvent cooling bath used to maintain temperatures at the solvent melting point for adsorption isotherms. (b) The solvent was frozen in a
hanging container using liquid nitrogen forming a solid icicle which was suspended in the Dewar, shown in (c). This provides a convenient method of introducing a
large amount of solvent ice which kept the Dewar cool while keeping it separate from the sample tube.
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Fig. 3. Schematic of breakthrough rig which was designed and constructed for use in dynamic D,/H; adsorption tests using displacement and frontal modes.

Table 1

Adsorbent mass and system free volume. Free space volume was measured at 293 K using Hj, then calculated for analysis temperature.

Sample Analysis Temp (K) Adsorbent mass (g) Calculated Free Space Volume (ml,)
Zeolite 5A 77 14.7 85.5
Zeolite 5A 159 14.7 45.1
NaK-CHA 159 5.9 43.2

then held under vacuum using a diaphragm pump with Hy flow
continued. The column was heated to 350 °C and kept at this tempera-
ture for 8 h.

The adsorbents were tested using two different breakthrough ex-
periments: displacement and frontal breakthrough. For the displace-
ment mode breakthrough test, the adsorption column was firstly
saturated with Hs at 1 bar. The Hy flow was then switched to mixed Dy/
H; flow and the time taken for the D5 to reach the column outlet was
measured. In the frontal mode breakthrough test, the adsorption column
was initially at vacuum pressure with the outlet closed. A flow of mixed
Dy/Hy was introduced at the column inlet to pressurise the column.
Once the pressure reaches 1 bar, the outlet was opened, and the time
taken for the D5 to reach the column outlet was measured. The full
breakthrough method is given in the supporting information.

2.6. Real-time gas analysis using a bespoke online whistle gas density
sensor

A novel approach for analysing hydrogen isotope composition using
a whistle gas density sensor was developed and successfully used for
breakthrough tests. The different speed of sound in Hy and D5 causes a
change in the sound frequency of a whistle. The whistle was mini-
aturised, reducing the minimum Hs flow rate required to produce a
stable sound to 336 ml,/min.

When the flow to the bed is necessarily lower, the hydrogen flow was
partially bypassed around the bed to maintain the minimum flow to the
sensor. In these cases, the D, concentration into the bed was increased to
maintain the minimum D; concentration to the whistle when diluted
with the bypassing hydrogen. For these reasons, both the flow rate

through the bed and the Dy concentration to the bed had to be varied
depending on the adsorbent and its anticipated uptake.

The whistle was constructed of a brass tube with an inner diameter of
1.57 mm and total length of 22 mm (15 mm length from edge to back
stop). A v-shaped opening was made in the brass tube, just beyond the
opening shown in Fig. 4(a & ¢). A narrowing in the opening is made by
filing a flat edge on a brass rod and this is glued in place (see Fig. 4(b))
along with a back stop to close the end of the tube.

2.7. Breakthrough calculations

The Dy/H; separation factor S(Do/H;), was calculated from area (A)
and area (B) in the frontal breakthrough results, as shown in Fig. 5 [25]
and the flow rate, Q. During the initial phase of the experiment (area A),
the outlet valve is closed and so the column accumulation is equal to the
input flow. Once the column is pressurised, the outlet is opened and the
output Do concentration is measured (area B). It was assumed that the
outlet flow rate is equal to the inlet flow, once the column outlet is
opened.

B (ml,/(g min)) = B (s) x Q (ml,/(g min)) .

60 (s/min)
The separation factor was calculated using equation (3):

(A+B)

S(Dy/H,) = 3
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Fig. 4. (a) Sonic detection system using a miniaturised whistle to detect changes in the gas density. The whistle required additional gas flow which was provided by a
H, make-gas line. (b-d) Photos of the whistle used to analyse the hydrogen isotope mixture. The gas flow enters through a narrowing in the front (shown in (c))
towards a sharp edge formed by a groove cut in the side. This causes the gas flow to become unstable and start to oscillate. The resonant frequency of these os-
cillations is directly proportional to the speed of sound in the gas making it sensitive to the hydrogen isotope composition.
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Fig. 5. Analysis of frontal mode breakthrough curve. Initially the mixed Hz/D,
feed is adsorbing to the packing at vacuum pressures with the outlet closed
(area A). Next, once the column has reached atmospheric pressure, the outlet is
opened and the D, concentration is measured. Using areas (A) and (B) the Hy +
D, uptake, and Dy/H; separation factor were calculated. Note the breakthrough
plot begins above zero. This is because at the beginning, the flow out of the
column is lower due to adsorption, and this causes a small reduction in the
frequency of the whistle gas density sensor.

The uptake of D, and Hj, is calculated from areas A and B as follows:

uptake of D»(ml,/g) = yp(A + B) “)
uptake of Hy(ml,/g) = Ayn ®

where yp and yy are the fractions of Dy and Hy in the feed gas respec-
tively (yp + yu = 1). The D5 uptake for displacement breakthrough was
calculated in the same way.

The raw signal data was sampled every 3 s, and a moving average
was applied to remove noise. Three potential sources of error from each
breakthrough experiment were analysed: the error in free space
correction was found to have negligible impact, manual operation/

timing errors contributed 5-8 %, and error in supply flow rate contrib-
uted 5-15 %, largely due to the rotameter instrument, and the combined
error was 10-40 % depending on the flowrate. The full error analysis is
given in the supporting information.

The system free space comprises the empty volume present in the
pipes, fittings and the column. The warm free space volume was
measured using Hy at ambient temperatures (293 K). The free space at
the experimental temperature can be estimated assuming ideal gas
behaviour shown in equation (6).

Twarm

Free Space Volume = Warm column volume x

+ Volume of pipework
(6)

cold

3. Results and discussion
3.1. Material characterisation

Synthesised K-CHA was tested using powder XRD to confirm that the
crystal structure of CHA had been produced and that there was no
zeolite Y precursor remaining in the sample. Theoretical XRD peaks for
CHA occur at 20 = 9.5, 13, 16, 18, 20.5° while for the zeolite Y precursor
they are found at 20 = 6.2, 10, 12, 15.5, 19° [26] (see supporting in-
formation for XRD pattern of K-CHA, MOF(Ni) and HKUST-1). The XRD
pattern shows the expected CHA peaks from the theoretical CHA pattern
with none of the peaks from Zeolite Y, showing full conversion and a
successful synthesis. Some of the K-CHA peaks are slightly shifted
and/or wider than the theoretical peaks. Peak broadening is caused by
the smaller crystal sizes [13]. The presence of adsorbed water and Al
atoms in the framework will shift the peak positions and so will not
perfectly conform to the theoretical peaks [13].

The EDX results showed the K-CHA sample had a Si/Al ratio of 1.98
with a K cation content of 97.6 mol.% with the remainder being Na (see
Table 2). A Ny isotherm was conducted at 77 K and the BET surface area
was calculated to be 29 m?/g. This extremely low BET surface area in-
dicates that at the low temperature of 77 K, N3 is blocked from the pores
indicating the presence of a “trapdoor” that is closed for N2 at 77 K [27].
For MOF-74(Ni) the BET surface area was measured to be 1365-1495
m?/g and for HKUST-1 it was 1663-2045 m?/g indicating high porosity
samples have been successfully prepared [23,28-31]. The N5 isotherms
at 77 K for K-CHA, MOF-74(Ni) and HKUST-1 are shown in the
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Summary of EDX results from testing K-CHA and two ion exchanged CHA samples.

Sample Ion exchange (mol%) Cations detected Si/Al ratio Cation/Al ratio
K-CHA 97.6 + 0.4 K, Na 1.98 + 0.05 1.01 £+ 0.10
K-CHA(IE) 98.5 + 0.01 K, Na 1.92 + 0.02 0.94 + 0.08
NaK-CHA 81.8 +0.01 K, Na 2.06 + 0.01 1.01 + 0.04

supporting information.

3.2. Effect of temperature on Hz & D2 adsorption to K-CHA

Hy and D, isotherms were measured for K-CHA at different temper-
atures between 77 K and 273 K. The amount of Hy and D, adsorbed at
100 kPa for each temperature and the ideal Do/H; selectivity was
calculated and is shown in Fig. 6 alongside the isotherms. Above 195 K,
the uptake of Hy and D, is almost the same showing negligible selec-
tivity. As the temperature is reduced from 273 K, adsorption uptake
initially increases as is expected for exothermic adsorption, but between
195 K and 143 K, the adsorption begins to be blocked and reaches a
maximum at 159 K. Between 159 K and 143 K, the adsorption capacity at
100 kPa of Hy decreases from 0.311 mmol/g to 0.194 mmol/g (38 %
reduction), while for D5 it decreases from 0.456 mmol/g to 0.355 mmol/
g (22 % reduction). This reduction in adsorption as the temperature is
reduced from 159 K to 143 K, suggests the K' cations in the K-CHA are
starting to block access of Hy and D3 molecules to the pores. The results
show that between 143 and 178 K, H, adsorption is blocked more
strongly than D,, leading to a substantial increase in Do/Hj selectivity.
The ideal Do/Hj; selectivity (measured at 100 kPa) rises significantly as
the adsorption temperature is reduced, rising from 1.1 at 195 K to a
maximum Dy/Hj selectivity of 1.83 at 143 K. This is a remarkably high
Dy/H; selectivity for an adsorbent at such a relatively mild temperature.
Most adsorbents must be cooled to 77 K or below to achieve similar Dy/
Hy selectivity [32]. The isotherms also suggest that efficient
pressure-swing operation would be effective with CHA (further dis-
cussed in section 3.6).

Another important observation from Fig. 6(b—e) is that as the tem-
perature is reduced below 159 K the partial desorption isotherm no
longer follows the same path as the adsorption isotherm. This adsorption
hysteresis is not generally observed for microporous adsorbents like
CHA since the standard theory of condensation does not apply in mi-
cropores [33]. At higher temperatures (195-178 K) the adsorption/de-
sorption difference becomes negligible which suggests it is linked to the
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critical admission temperature and therefore evidence of the trapdoor
effect in CHA. The hysteresis in CHA is likely caused by energy loss as the
gas molecules displace the trapdoor cations. From the literature there
are no comparative studies that report hysteresis in the isotherms for
CHA. Lozinska et al. [34] reported hysteresis in Zeolite Rho from CO»
isotherms and they related this to the cation occupancy in the window
positions (trapdoor type effect) [10].

3.3. Effect of ion exchange on H, and D, adsorption — K-CHA and NaK-
CHA

It was found that post-synthesis treatment of the K-CHA could
significantly alter Hp and Dy adsorption despite small changes in the
cation composition. Ion exchange treatment of K-CHA in 1 M KCl solu-
tion increased the K exchange rate from 97 % to >99 %. It was found
from conducting isotherms at 159 K, that this treatment caused Hy up-
take to increase by 50 % and reduced the ideal Dy/Hy selectivity from
1.49 to 1.18. A similar effect was also observed, when treating the K-
CHA with other potassium salt solutions and deionised water. It is
thought this post-treatment causes a reduction in the number of hy-
droxyl groups on the zeolite surface, since the CHA is initially formed in
strongly alkaline KOH [35]. Ion exchange treatment of K-CHA using
mixed K and Na salts caused the Dy/Hj selectivity at 159 K to increase
from 1.49 to 1.75. The Hy and D, isotherms at 159 K for unmodified
K-CHA, ion-exchanged K-CHA and ion-exchanged NaK-CHA are shown
in Fig. 7.

3.4. Zeolite 5A Hs/D; isotherms at 143-195 K

The Hy and D, adsorption uptake and selectivity of zeolite 5A was
measured using isotherm temperatures between 143 and 195 K and the
results are shown in Fig. 8. Zeolite 5A has relatively large apertures of
0.5 nm, and so the channels are freely accessible for adsorption of Hy and
D5 molecules (0.29 nm). The amount of Hy and D5 adsorbed increases
exponentially with lower temperatures which is the typical trend for
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Fig. 6. (a) Hz and D, adsorption and ideal Dy/H selectivity of K-CHA at 100 kPa. Data points from isotherms conducted at different temperatures (b-e) H, and D,
isotherms at temperatures of 195, 178, 159 and 143 K respectively. Isotherm graphs include full adsorption isotherm and partial desorption isotherm.
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exothermic physisorption. This is in contrast to K-CHA which contains
trapdoor cations that block adsorption at lower temperature. Also, un-
like K-CHA, the isotherms show no hysteresis suggesting that there is no
trapdoor phenomenon affecting adsorption. The ideal Do/H; selectivity
of zeolite 5A of 1.14-1.18 is very low. The data fits well to a linear Van’t
Hoff plot (shown in supporting information) from which the heat of
adsorption at 100 kPa was calculated as 6.35 kJ/mol for H, and 6.47 kJ/
mol for D, on zeolite 5A. This low heat of adsorption is typical for the
weak hydrogen interaction with zeolite channels (4-7 kJ/mol for H,
[36D).

3.5. Zeolite 3A Hy/D, isotherms at 143-195 K

The uptake and Dy/Hj selectivity of zeolite 3A between 143 and 195
K at 100 kPa evaluated from isotherm results are shown in Fig. 9. Zeolite
3A has the same framework structure as zeolite 5A, but the pore aperture
is restricted by the presence of K' cations. The effective pore aperture is
reported to be approximately 0.3 nm which is very close to the size of
hydrogen molecules [13].

Zeolite 3A had low uptake of Hy and D, over the whole temperature
range. Maximum D5 uptake of 0.0904 mmol/g was observed at 143 K,
only about 10 % of the uptake compared to zeolite 5A. The measured
ideal Dy/Hj selectivity for zeolite 3A reaches a maximum of 1.54 at 159
K. In comparison, zeolite 5A had an ideal Dy/Hj selectivity of only 1.18
at the same temperature. The higher selectivity of zeolite 3A suggests the
K" cations in zeolite 3A are able to selectively block H, compared to D-.
Comparing to literature data, Kotoh et al. [19] reported maximum D,
uptake for zeolite 3A of only 0.014 mmol/g which occurred at 170 K and
with a Do/Hj selectivity of 1.4 [19].

It is generally thought that K* cations in the zeolite A framework
effectively narrow the pore aperture which limits the molecular size that
can access the pore [13,19]. However, Hy and D, have almost identical
molecular size and so this would not lead to the observed selectivity.
Furthermore, H tends to diffuse faster than D, and so this model would
produce the opposite isotope selectivity to the one observed. The
observed high Do/Hj selectivity could suggest a mechanism similar to
trapdoor CHA. Zeolite 3A contains K cations in the pore apertures, a
feature shared with K-CHA. Furthermore, the Dy/Hj selectivity of these
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two adsorbents is remarkably similar, with maximum selectivity
occurring in a similar temperature range. This hypothesis of trapdoor
behaviour is further supported by the observation of hysteresis in the
zeolite 3A isotherms that is not present for zeolite 5A. It is therefore
tentatively suggested that the displacement of the K cations in both
K-CHA and zeolite 3A is the mechanism that enables Hy and D, mole-
cules to adsorb. However, further evidence will be required to confirm
this hypothesis.

3.6. 77 K Hy/D; isotherms — MOF-74(Ni), zeolite 5A and HKUST-1

H, and D, isotherms were measured at 77 K for MOF-74(Ni), HKUST-
1 and zeolite 5A and shown in Fig. 10. The ideal Dy/Hs selectivity was
calculated using Ideal Adsorbed Solution Theory (IAST) for a theoretical
50:50 Hy/D4 mixture.

The linear isotherm plot in Fig. 10(a) shows that MOF-74(Ni) adsorbs
significant amounts of Hy and D, at extremely low pressures. This is
caused by Ni(II) open metal sites in MOF-74(Ni) which have a very high

16

heat of adsorption for Hy and Dy [37]. From the log plot, adsorption
begins at around 1 Pa (1 x 1073 kPa). There are a limited number of
open metal sites and once these become saturated, any further Hp
adsorption occurs at much weaker binding sites. The IAST model results
estimates a Do/Hj selectivity of 3.3 and lower pressures which reduces
to 2.1 at higher pressures.

HKUST-1 contains Cu(II) open metal sites which can have a strong
interaction with other gases (CO5 and CHy) [30,38,39] but from these
results it appears that they have a low affinity for H,. Although HKUST-1
has a weak interaction with Hj, it has very high BET surface area
measured to be between 1663 and 2045 m?/g (see supporting infor-
mation), and this means that at higher pressures (100 kPa), HKUST-1
can adsorb significant amounts of Hy. However, the Do/H; selectivity
is much lower than the other adsorbents tested.

The isotherms in Fig. 10 measured at 77 K, show that zeolite 5A can
adsorb Hjy and Dy at low pressures (0.01-0.1 kPa), with an IAST Dy/Hp
selectivity of 2.4 at 77 K. The IAST model predicts high Dy/Hj selectivity
of 2.4 at low pressure (1073-107" kPa), but above 2 kPa the selectivity
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Fig. 10. H, and D, isotherm results for adsorbents tested at 77 K (MOF-74(Ni), zeolite 5A, HKUST-1). (a) Linear isotherm plots; (b) logarithmic isotherm plots; (c)

Ideal Do/H, selectivity calculated using IAST model.
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drops to 1.52. At low pressures, H, and D5 essentially only adsorb to the
high affinity Ca?" sites in zeolite 5A which have high D»/H, selectivity
[18]. At higher pressures, these sites become saturated, and adsorption
also occurs on the lower affinity sites, driven by the higher pressures.
Since these adsorption sites have lower selectivity, this causes the
overall selectivity to drop at higher pressures.

The results show that at 77 K, high affinity adsorption sites such as
those present in zeolite 5A and MOF-74(Ni) can achieve high Dy/Ha
selectivity. These adsorbents achieve relatively high D, uptake at low
temperature compared to the uptake measured by isotherms conducted
at 143-195 K. However, high selectivity is only achievable at low
pressures (<1 kPa), since at higher pressures adsorption to weaker af-
finity sites significantly reduces the selectivity. These low pressures will
likely be impractical for large scale adsorption, since the column pres-
sure drop can approach the total pressure in the system leading to slow
desorption rates. Due to the high affinity for hydrogen isotopes, these
adsorbents would need higher temperatures to initiate desorption and
would be more challenging to regenerate. Temperature changes can be
very slow especially for large columns and are energetically costly at
extreme cryogenic temperatures.

In comparison, the isotherm data for K-CHA and NaK-CHA at 143 K
and 159 K suggest trapdoor CHA could be pressure regenerated by
cycling between 10 and 100 kPa with very little drop in working ca-
pacity or selectivity. Note that the Do/H, ideal selectivity of K-CHA of
1.83 at 143 K, was calculated at 100 kPa but rises to 2.26 at 10 kPa. This
high Dy/H, selectivity of trapdoor CHA over a practical operating
pressure regime, make it very promising for large scale isotope separa-
tion using energy efficient vacuum pressure-swing operation.

3.7. Ha/Dg breakthrough testing using whistle gas density sensor

The whistle gas density sensor was calibrated against different Do
concentrations in Hy and found to have an almost linear response as
shown in Fig. 11(a). The apparent scattering of the raw data points
(shown in Fig. 11(b)) is mostly caused by the audio frequency analysis
algorithm. The response rate of the sensor was tested using a step change
in Dy concentration (Fig. 11(b)) and demonstrates an almost instanta-
neous response due to the small volume of the whistle. These charac-
teristics make the whistle gas density sensor well suited for measuring
hydrogen isotope breakthrough curves.

The main limitation of the sensor was the minimum required gas
flow of 336 ml,/min which was higher than the flow rate through the
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experiment. It was found whistle designs with smaller diameter tubes
did not significantly reduce the flow requirement. The minimum flow
required by a whistle is likely governed by a minimum Reynolds num-
ber, since an unstable flow is required to produce a resonating sound.
This explains why the minimum flow of Hy was much higher than when
using air, and why using smaller whistle diameters below 1.57 mm did
not significantly change the required gas flow. This would be subject to
future work but suggests that a whistle design geometry which in-
troduces more turbulence could significantly reduce gas flow re-
quirements making it a viable sensor.

Breakthrough testing was conducted under dynamic flow conditions
using a Dy/H; binary gas mixture. All adsorbents were tested using two
different breakthrough methodologies to compare the kinetics of
displacement and competitive Do/Hy adsorption. The first is displace-
ment breakthrough, similar to the experiment conducted by Kotoh et al.
[40], in which adsorbed Hj is displaced by D5 in the test gas. The second
experiment is a novel adaption to the standard frontal breakthrough
method which was designed specifically to test Hy/Ds under conditions
similar to Vacuum Pressure-Swing Adsorption (VPSA). Instead of using
an inert carrier gas as in previous literature studies [25,41,42],
adsorption of the Dy/H, test gas starts from vacuum pressure. Similar
frontal tests have been conducted before on Pd columns [43], but this is
the first time it has been applied to porous adsorbents for Ho/D4 sepa-
ration. The outlet concentration could only be measured once the col-
umn reaches atmospheric pressure. This means the frontal breakthrough
will become truncated if the Dy can reach the column outlet before the
Hy has fully pressurised the system. This reflects the expected column
performance under realistic VPSA conditions.

The displacement and frontal breakthrough results for NaK-CHA at
159 K and zeolite 5A at 77 K and 159 K are shown in Fig. 12. NaK-CHA
was used for breakthrough tests instead of K-CHA because it exhibited
better Dy/Hj ideal separation as determined from isotherm data.

The whistle gas density sensor is shown to capture the shape of the
breakthrough curve in each case. Zeolite 5A at 77 K has the longest
breakthrough times due to the higher uptake of this adsorbent at this
temperature, despite the higher flow rates of 8.25-24.7 ml,/(min g)
used in these tests compared to 4.19-12.6 ml,/(min g) for the other
tests. For the displacement breakthrough (Fig. 12(a)) a typical sym-
metrical curve is produced close to an ideal normal distribution. For the
frontal experiment (Fig. 12(d)), the curve is not symmetrical because the
beginning of the curve is truncated. As previously mentioned, this shows
D, is reaching the outlet before the column is fully pressurised and
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Fig. 11. (a) Frequency response of whistle gas density sensor to D, concentration (experimental points shown in blue circle markers and linear line of best fit). For
this experiment the H, flow was kept constant (360 ml,/min) with additional D, flow added. (b) Time-dependent response of the sensor to a change of 5 % Dy
concentration in H,. (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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Fig. 12. Mixed Hy/D, breakthrough results showing displacement breakthrough results in (a—c) and frontal breakthrough results in (d—f). Results for zeolite 5A at 77
K, zeolite 5A at 159 K and NaK-CHA at 159 K are shown in (a & d), (b & e) and (c & f) respectively. Flow rates as shown in the legend have been standardised against
the adsorbent mass. The frontal breakthrough for zeolite 5A at 159 K (shown in (e)) has a truncated breakthrough curve profile with the curve beginning above C/Cq
= 0.6. This shows that the column is unable to fully separate the D,/H, mixture. An overshoot (roll-up effect) is observed for NaK-CHA in (¢ & f).

Table 3

Mean D, uptake from displacement and frontal breakthrough experiments. Since the D5 concentration varied between experiments, assuming uptake is proportional to
D, concentration, and in the short concentration range, the uptake values have all been standardised at 9.6 vol.% D,.

Adsorbent Temp (K) Standardized D, uptake (mmol/g) % difference in D, uptake (frontal — displacement)
Displacement Frontal
Zeolite 5A 77 0.770 0.961 20 %
159 0.0612 0.0663 8%
NaK-CHA 159 0.0159 0.0524 70 %

demonstrates the challenge of separating Hy and D, mixtures.
For zeolite 5A at 159 K, the breakthrough time is much shorter than
at 77 K indicating lower uptake. The frontal breakthrough curves show

causes a self-sharpening mechanism, since any Dy adsorbed will displace
an Hp molecule, amplifying the concentration gradient caused by
adsorption. In frontal breakthrough, D, adsorption can occur through

that the adsorbent column was unable to fully separate the Dy/Hp
mixture, because breakthrough started at C/Cy = 0.6. Despite the curve
beginning at C/Cy = 0.6, the column outlet is closed in the initial portion
of the frontal experiment, and so the uptake is still calculated in the same
way as shown in Fig. 5. Compared to the displacement experiment, the
frontal breakthrough curves exhibit a longer time period between initial
breakthrough and equilibrium breakthrough which is also observed to a
lesser extent for the 77 K zeolite 5A results. Displacement adsorption

Table 4

displacement, but also competitive adsorption where both H; and D, is
occurring. This reduces the concentration gradient caused by D,
adsorption and is more important when the selectivity is low, as is the
case for zeolite 5A at 159 K.

For NaK-CHA at 159 K, displacement breakthrough, shown in Fig. 12
(c), occurs quickly due to the low uptake of this adsorbent. The frontal
breakthrough curve starts at C/Cy = 0 showing that D, is being selec-
tivity adsorbed leaving pure Hj in the outlet gas stream. These results

Summary of uptake and Do/H selectivity as measured by frontal breakthrough results for NaK-CHA at 159 K and zeolite 5A at both 77 K and 159 K and compared to
results from isotherm data. For the purposes of comparison, the Isotherm uptake data are adjusted by 15 % to account for 15 wt% inert clay in NaK-CHA and zeolite 5A

pellets used in breakthrough results.

Material Temp (K) Mean total Hy & D, uptake (mmol/g) Mean D,/H, selectivity”
Frontal Isotherm Frontal Isotherm
Zeolite 5A 77 6.2 + 0.69 5.90° 1.7 £0.19 1.53
159 0.58 + 0.14 0.507° 1.25 + 0.24 1.18
NaK-CHA 159 0.286 + 0.030 0.265" 2.71 £ 0.70 1.75

& Actual separation factor and ideal selectivity from isotherm data.
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confirm for the first time the ability of the trapdoor effect in NaK-CHA to
separate mixtures of hydrogen isotopes at relatively mild cryogenic
temperatures. This is in contrast to zeolite SA which at the same tem-
perature of 159 K, was unable to fully separate the D,/Hy mixture. For
NaK-CHA at 159 K, the time period between initial breakthrough and
equilibrium breakthrough is longest for displacement rather than the
frontal experiments. This is the opposite to the two temperature tests for
zeolite 5A and is caused by different intra-zeolite diffusion mechanisms.
For NaK-CHA, the movement of Hy molecules through the zeolite pores
is restricted by the trapdoor cations. In displacement breakthrough this
significantly slows down the Hy molecules which must leave the zeolite
pores for Dy to adsorb. The self-sharpening displacement mechanism
previously described also occurs in NaK-CHA, but is completely offset by
the slow diffusion of Hy in trapdoor CHA. The NaK-CHA displacement
breakthrough appear to show a roll-up effect where the D5 concentration
rises above Cy. Roll-up effects are normally caused by a strong adsorbing
species which displace a weaker adsorbed species [44], or a difference in
the adsorption kinetics between Hy and Ds.

The mean uptake of D, for both the displacement and frontal ex-
periments were calculated and are shown in Table 3. To account for
differences in Dy concentration used in the experiments, the D, uptake
was standardised to 9.6 vol% D, assuming Dy uptake is proportional to
the D, concentration given the small concentration range.

For frontal displacement, the mean D5 uptake is very similar to the
equilibrium amount measured from isotherms (see Table 4). However,
the mean Dy uptake from displacement breakthrough is significantly
lower than the uptake from frontal breakthrough. This is because in
displacement adsorption, the Hy must diffuse out and this can cause
slower adsorption kinetics. For zeolite 5A the uptake difference is more
significant at 77 K than at 159 K. This is a similar finding to other au-
thors who found lower temperatures made it more difficult for D5 to
displace Hy because of the higher heat of adsorption. Fitzgerald et al.
[25] found that displacement of Hy by Dy on Cu(I)-MFU-41 took much
longer as the temperature was reduced from 185 K to 77 K, since Hy
would remain bound to strongly adsorbing sites. The heat of adsorption
as measured in section 3.3 for zeolite 5A at 6.35 kJ/mol for Hy is much
lower than Cu(I)-MFU-41 at 32 kJ/mol [25] and so the kinetic hindrance
is less. Bezverkhyy et al. [11] also found adsorption of Hs and Dy on
Na-CHA and Ca-CHA took much longer to reach higher Dy/Hj selectivity
as the temperature was reduced from 77 K to 38 K.

NaK-CHA has the most significant difference in uptake with 70 %
lower D5 uptake from displacement breakthrough compared to frontal
breakthrough. In displacement adsorption, the trapdoor effect is ex-
pected to significantly slow down H; molecules which must diffuse
outwards through the CHA trapdoor cations before Dy can adsorb. Since
Hy molecules cannot diffuse out through the trapdoor quickly enough,
this prevents Dy from diffusing in and adsorbing. By contrast, in frontal
breakthrough, the D5 can interact with the trapdoor cation without the
need for Hj to exit from the CHA pores. This allows the Dy molecules to
pass more freely through the trapdoor windows, leading to close to
equilibrium uptake. This is an important finding that shows trapdoor
CHA performs best in frontal adsorption applications such as PSA, but is
poorly suited to displacement chromatography applications.

Table 4 presents the mean total uptake (Hp + Dj) and separation
factor from the frontal breakthrough experiments and from the
adsorption isotherm experiments in section 3.2-3.5. In all cases, the
uptake from the frontal breakthrough experiments is between 5 and 14
% greater than the isotherm uptake. It is thought this small difference
follows from experimental error in the breakthrough experiment and
reflects the challenge of breakthrough experimentation with hydrogen
isotopologues given their low uptake. The zeolite 5A data at 77 K is in
good agreement with literature data tested under similar conditions.
Kotoh et al. tested zeolite 5A at 77 K under mixed isotope conditions
[45] and reported a separation factor of 2.0 at 1 bar. This agreement
with the literature and isotherm data helps to confirm the effectiveness
of the frontal breakthrough method in measuring the Dy/Hj selectivity.
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For NaK-CHA at 159 K, the mean Dy/H; separation factor of 2.71 +
0.70 from the frontal breakthrough results is significantly higher than
the Dy/Hj selectivity of 1.75 predicted by the isotherm data. This was an
expected result because individual gas isotherm data cannot fully
replicate the behaviour and selectivity of mixed gas systems [44]. Note
that the error from the NaK-CHA breakthrough experiment is relatively
large due to the low flow rates required by the experiment. The Dy up-
take for NaK-CHA of 0.286 mmol/g (see Table 4) is much lower than the
other adsorbents with a D, uptake for MOF-74(Ni) of 13.7 mmol/g at 77
K (see Fig. 10) and for zeolite 5A of 6.2 mmol/g. Also other adsorbents
tested in the literature such as metal doped zeolites [10] and open metal
site MOFs [17,46] can achieve higher Dy/H, selectivity at similar tem-
peratures to CHA. However, these adsorbents either have very high
adsorption enthalpy or operate at <77 K temperatures making it difficult
to desorb the Hs and D, after each cycle requiring temperature-swing
operation. In contrast, CHA has a low adsorption enthalpy and oper-
ates at high temperatures, meaning pressure-swing operation could be
effective at desorbing the gases. Pressure-swing cycles can be very fast
since the column doesn’t need heating or cooling and could potentially
operate at higher pressures. Both these factors would offset the low
uptake of CHA and enable higher throughputs with lower energy use and
mild operating conditions as required for future fusion applications.

4. Conclusion

Trapdoor chabazite was shown to have a high hydrogen isotope
selectivity at temperatures much higher than other adsorbents using
both single gas isotherms and mixed gas breakthrough tests. Evidence of
a cation displacement mechanism in zeolite 3A is also reported for the
first time. The ideal Dy/H; selectivity of K-CHA is highly temperature
sensitive, with almost no selectivity at 195 K, but rising to 1.75 at 143 K
as the critical admission temperature is reached and Hj starts to be
blocked. A hysteresis effect is reported in trapdoor CHA and zeolite 3A
for the first time which only occurs between 143 and 178 K. The
favourable adsorption equilibria of trapdoor CHA suggest that pressure-
driven desorption could be used enabling the adsorbent to be rapidly
cycled even in large scale applications.

A bespoke breakthrough setup using a novel online whistle gas
density sensor was successfully used to test dynamic Hy/D adsorption in
NaK-CHA at 159 K and zeolite 5A at 77 K and 159 K. The detection
system was able to replace more complex mass spectrometry and ach-
ieve real-time isotope measurements in an inexpensive setup. Future
work could investigate different whistle geometries to reduce the min-
imum gas requirements which was its main limitation. Using the
breakthrough apparatus, the Dy/H; separation factor of NaK-CHA was
measured under mixed gas flow conditions to be approximately 2.71 +
0.70 at 159 K, 1 bar. In contrast to zeolite 5A, NaK-CHA achieved better
isotope separation in frontal breakthrough than displacement break-
through showing trapdoor CHA is more well suited to PSA operation
rather than displacement chromatography. These results demonstrate
that high hydrogen isotope selectivity is achievable at practical mild
cryogenic temperatures in trapdoor adsorbents. Trapdoor CHA has the
potential for efficient large scale isotope separation with low tritium
inventory, addressing one of the key challenges facing the realisation of
commercial fusion plants.
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