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The effect of pore sizes on D,/H, separation
conducted by MOF-74 analoguesf

b Fan Wu,® Yan-Xi Tan**® and

namely Nix(dobdc), Nix(dobpdc), Nix(olz) and Ni(dotpdc), possessing

abundant open metal sites (OMSs) and honeycomb channels with pore sizes ranging from 1.0 to 2.6 nm,
were used to research the effects of the pore size on D,/H, separation from the hydrogen isotope
mixture through dynamic column breakthrough experiments. With respect to consideration of the chemi-
cal affinity quantum sieving (CAQS) effect and the competitive adsorption between Ne and hydrogen
isotope in (H,/D,/Ne: 1/1/98) and (H,/D,/Ne: 10/10/80) mixtures, the microporous Niy(dobdc) exhibits
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Introduction

With concerns over the development of sustainable energy
sources, controlled fusion is seen as the ideal energy solution,
and the International Thermonuclear Experimental Reactor
(ITER) programme is researching and developing this techno-
logy. However, hydrogen isotope separation is one of the most
critical technical issues in the ITER fuel cycle. To date, this
technology has not been effectively overcome."™ The extrac-
tion, separation, and purification of H, and D, are very
difficult due to their almost identical sizes, shapes, and
physicochemical properties. Traditional techniques, such as
low-temperature distillation, thermal diffusion, centrifugation,
laser separation, and chromatography, are energy-intensive,
inefficient, and costly.”® Based on the chemical affinity
quantum sieving (CAQS) effect proposed by Prof. Oh, heavier
D, preferentially adsorbed onto the strong active sites to
achieve high D,/H, separation.’ Inspired by this, the assem-
bling of strong active sites into porous frameworks will exhibit
a highly efficient D,/H, separation, and such physisorption
has the advantages of low energy consumption, process simpli-
city, and low cost.'*""
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the longest breakthrough time periods of 240 and 36.4 min g%, respectively. In the (H,/D,: 50/50)
mixture, mesoporous Niy(olz) exhibits the longest breakthrough time of 15.0 min g~ owing to its more
accessible OMSs and diffusion rate of hydrogen isotope being inclined to adsorb heavier D, rather than
H,. Hence, mesoporous MOFs with abundant OMSs may be ideal candidates for D,/H, separation.

Metal-organic frameworks (MOFs), as emerging materials
with designable structures, large porosities, and abundant
open metal sites (OMSs), are widely used in gas sorption and
separation."”?” The use of MOFs as separation mixed-bed
filters in flow separation systems for hydrogen isotope mix-
tures requires a very high selectivity for one of the components
in the mixtures.?® Therefore, MOFs with abundant OMSs as
recognized strong active sites are ideal separating media for
D,/H, separation. For example, Cu(i)-MFU-4L with strong
active Cu(1) sides demonstrated high D,/H, selectivity at a very
low temperature of 20 K, as measured by low-temperature
thermal desorption spectroscopy.?**° In our previous studies,
we investigated the D,/H, separation properties of FYJ-Y11,*'
M-MOF-74,*> and M,(m-dobdc)*® measured by the dynamic
column breakthrough experiment, which is closer to simulat-
ing industrial separation processes. The famous MOF-74 series
frameworks with high density of OMSs, particularly Co-
MOF-74, exhibited satisfying D,/H, separation performances.
Although numerous mesoporous MOFs have been synthesized,
chemists are more inclined to use microporous MOFs for D,/
H, separation because of their spatial confinement effects
within the small pores. However, compared to microporous
MOFs, mesoporous MOFs also have some advantages toward
D,/H, separation, including more accessible OMSs for prefer-
ential combination of heavier D, based on CAQS and large
pores for increasing diffusion rate of the hydrogen isotope. No
effort was focused on determining how the above two factors
affected the sorption and separation of the hydrogen isotope,
which inspired us to explore the D,/H, separation using the
mesoporous MOFs.
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As the structural analogue of the famous Ni,(dobdc)
(Ni-MOF-74),>*  stable  Niy(dobpdc),®>  Ni,(olz)*®* and
Niy(dotpdc)®” possessed abundant OMSs after activation and
honeycomb 1D channels with pore sizes 1.9, 2.2 and 2.6 nm,
respectively, ranging from microporous to mesoporous pores
(Fig. 1). These four MOFs provided an ideal platform for
researching the effect of the pore size on D,/H, separation.
Based on the above considerations, we evaluated the D,/H,
separation of Ni,(dobdc), Ni,(dobpdc), Niy(olz) and
Ni,(dotpdc) frameworks by considering the effect of the pore
size during the breakthrough process, which would propose
optimal operating parameters for hydrogen isotope separation
under simulated industrial conditions.

Results and discussion

The materials Ni,(dobdc), Niy(dobpde), Ni,(olz), and
Ni,(dotpdc) were synthesized by the solvothermal method as
previously reported.*>> Their purities were confirmed by
PXRD patterns (Fig. $3-S61). The involvement of Ni** and O
atoms from the hydroxyl and carboxyl groups allowed these
MOFs to retain their original skeletons under 180 °C and high
vacuum, providing activated samples for gas sorption. N, sorp-
tion experiments further established the permanent porosities
of these activated samples at 77 K, which showed the Brunner-
Emmett-Teller surface areas (Fig. S27) of 1280, 2574, 2659 and
2842 m” g~ for the microporous Ni,(dobdc) and Ni,(dobpdc),
and mesoporous Ni,(olz) and Ni,(dotpdc), respectively (Fig. 2).
The pore size distributions of Niy(dobde) (1.0 nm),
Niy(dobpdc) (1.9 nm), Niy(olz) (2.2 nm) and Ni,(dotpdc)
(2.6 nm) frameworks were analyzed by the NLDFT method
(Fig. S1t).

Upon activation and dehydration, a high concentration of
OMS was exposed in the hexagonal channels of the material,
which contributed to increased absorption at low
pressures.*®*** Due to its low zero-point energy and high
enthalpy of adsorption, D, would be preferentially adsorbed
onto OMSs,*"** while the large pore size allowed the diffusion
process to proceed rapidly, thereby resulting in fast adsorption
kinetics.****
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Fig. 1 Ligands and structures of Niy(dobdc), Niy(dobpdc), Ni,(olz) and
Ni,(dotpdc) with different pore sizes.
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Fig. 2 N, sorption isotherms of Ni(dobdc), Ni(dobpdc), Niy(olz) and
Ni>(dotpdc) at 77 K (filled, adsorption; empty, desorption).

In order to better investigate the adsorption behaviour of
this series of materials for hydrogen isotopes, adsorption iso-
therms were obtained for H, and D, at 77 K and 87 K, respect-
ively. Niy(dobdc) exhibited uptakes of 11.2 mmol g* for H,
and 11.6 mmol g~" for D, at 110 kPa and 77 k, which were
slightly higher than those of Ni,(dobpdc) (H,: 10.3 mmol g™,
D,: 11.3 mmol g7), Ni,(olz) (H,: 9.6 mmol g7, D,: 10.6 mmol
¢~ ") and Ni,(dotpdc) (Hy: 9.8 mmol g™*, D,: 10.83 mmol g™*)
(Fig. 3). It can be found that for the total adsorption, the
microporous material had the highest adsorption of D, and
H,. However, at a very low pressure of 0.01 kPa, Ni,(olz) exhibi-
ted the highest uptakes of D, (3.27 mmol g~') and H,
(1.8 mmol g7"), followed by Ni,(dobpdc) (D,: 3.15 mmol g™,
H,: 1.55 mmol g™ '), Niy(dobdc) (Dy: 2.7 mmol g~', Hy:
1.4 mmol g7") and Niy(dotpdc) (Dy: 2.25 mmol g~', Hy:
1.10 mmol g ) (Fig. 3 Insert). The higher adsorption can be
attributed to the strong bonding between the OMSs and the
hydrogen isotope molecules in the backbone, which was
further confirmed by the enthalpy of adsorption calculated
using the Clausius—-Clapeyron equation (Table S1t). The D,/
H,(50/50) selectivity of four MOFs was evaluated by the ideal
adsorption solution theory (IAST) to predict their D,/H, separ-
ation capacities (Fig. 4a and S7-S107). It is found that the D,/
H,(50/50) selectivity of Ni,(olz) reached 5.6 under 77 K and
0.01 kPa, followed by Ni,(dobpdc) (4.8), Niy(dobdc) (4.5) and
Ni,(dotpdc) (4.6). According to previous studies, Ni,(olz) was
by far the MOF with the highest IAST selectivity at 77 K.

Breakthrough experiments were carried out at 77 K to
check the actual separation performances of Niy(dobdc),
Ni,(dobpdc), Ni,(olz) and Ni,(dotpdc). Therefore, the hydrogen
isotope mixtures with different compositions, (H,/D,/Ne: 1/1/
98), (H,/Dy/Ne: 10/10/80) and (H,/D,: 50/50), were used to
assess the practical D,/H, separation capabilities of these iso-
structural materials. For these four adsorbents, when the (H,/
D,/Ne: 1/1/98) mixture flowed through the packed column at a
flow rate of 15 mL min™", H, always flowed out first because of
its lower adsorption capacity and weaker bonding to the adsor-
bent, while D, remained in the packed column after the hydro-
gen separation. In packed columns filled with Ni,(dobdc), the
D, retention time reached a maximum of 240 min g~*, longer
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Fig. 3 The hydrogen isotope sorption of Ni(dobdc) (a), Nix(dobpdc)
(b), Niy(olz) (c) and Nix(dotpdc) (d) at 77 and 78 K (filled, adsorption;
empty, desorption). Insert: Sorption below a very low pressure of 0.01
kPa. Note: D, under 77 K (red 0O); H, under 77 K (blue 0O); D, under 87 K
(red A); H, under 87 K (blue A).
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Fig. 4 (a) H,/D,(50/50) IAST selectivities of Ni(dobdc), Niy(dobpdc),
Ni>(olz) and Ni,(dotpdc) at 77 K. (b—d) Breakthrough curves for D,/H,
separation on Nix(dobdc) (black), Niy(dobpdc) (red), Niy(olz) (green),
Ni>(dotpdc) (blue). The hollow circle represents H,, and the solid circle
represents D,.

than those of Ni,(dobpdc) (215 min g™, Ni,(olz) (180 min g™)
and Niy(dotpdc) (142 min g™') (Fig. 4b). D, retention times
decreased with an increase in pore sizes of these four
materials. When the gas mixture (H,/D,/Ne: 10/10/80) flowed
through the packed column at a flow rate of 10 mL min™",
the D, retention time of the microporous Ni,(dobdc) reached
a maximum of 36.4 min g ', but mesoporous Ni,(olz)
and Niy(dotpde) exhibited D, retention times of 30.0 and
26.5 min g, both of which exceeded that of microporous
Ni,(dobpdc) (25 min g™") (Fig. 4c). When a high concentration
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of the hydrogen isotope mixture (H,/D,: 50/50) was passed
through the packed column at a flow rate of 2 mL min™,
mesoporous Ni,(olz) showed the longest D, retention time of
15.0 min g ', which exceeded those of Ni,(dobdc) (13.5 min
g~") and Ni,(dotpdc) (13.0 min g~') with the largest pore size.
Microporous Ni,(dobpdc) exhibited the shortest D, retention
time of 10.0 min g~ (Fig. 4d).

In the actual application of separation, excellent regener-
ation ability and structural stability were both important for
suitable adsorbents; therefore, breakthrough experiments of
the (H,/D,: 50/50) mixture on Ni,(dobdc), Ni,(dobpdc), Ni,(olz)
and Ni,(dotpdc) were tested two times to evaluate their cycle
performances. There is no noticeable degradation of the break-
through time on these MOFs during their second cycling tests.
Furthermore, the PXRD patterns confirm that the structural
integrities of MOFs can be well preserved after the break-
through tests (Fig. S3-S67).

Compared to microporous Ni,(dobdc) and Ni,(dobpdc), the
mesoporous Ni,(olz) and Niy(dotpdc) always displayed lower
D,/H, separation capacities in a three-component mixture with
low concentrations of D, and H,. Simultaneously, they pro-
moted their D,/H, separation capacities to close or even
surpass that of the famous Ni,(dobdc) in the (H,/D,: 50/50)
mixture. Such an interesting phenomenon was first observed
in MOFs. In our opinion, in the absence of Ne gas during the
breakthrough experiment, D, would be preferentially adsorbed
onto the OMSs of the MOFs with large pores based on the
CAQS effect because of their more accessible OMSs and
migration rates ofthe hydrogen isotope. However, break-
through experiments with Ne as the carrier gas might suffer
competitive adsorption between Ne and hydrogen isotope.
Heavier and larger Ne preferred to occupy accessible OMSs in
MOFs with large pores rather than the unapproachable OMSs
in MOFs with narrow pores, in which the reserved OMSs can
preferentially adsorb D, to reach the D,/H, separation.
Further, a breakthrough experiment with Ne as the carrier gas
would cause a new problem, the separation between Ne and
D,, leading to complicated separation procedures and high
cost. Hence, the mesoporous isomers of MOF-74(Ni), particu-
larly Ni,(olz), might be ideal candidates for D,/H, separation.

Conclusions

In summary, four analogues, including Ni,(dobdc),
Ni,(dobpdc), Ni,(olz) and Ni,(dotpdc), possessed honeycomb
1D channels with abundant OMSs, enabling their D,/H, separ-
ation capacities based on the CAQS effect. Two key factors,
pore size and competitive adsorption between the hydrogen
isotope and Ne as carrier gas, can significantly influence the
MOF D,/H, separation capacities during the ground-breaking
experiments. In (H,/D,/Ne: 1/1/98) and (H,/D,/Ne: 10/10/80)
mixtures, microporous Ni,(dobdc) exhibited the best D,/H,
separation capacities with D, retention times of 240 and
36.4 min g, respectively, as its narrow OMSs were inclined to
adsorb small D, rather than bigger Ne during its competitive
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adsorption process. Nevertheless, it will cause a new problem
of Ne/D, separation. In the (H,/D,: 50/50) mixture, meso-
porous Ni,(olz) exhibited the best D,/H, separation capacity
with a D, retention time of 15.0 min g~ as its more accessible
OMSs and migration rate of hydrogen isotope were inclined to
adsorb heavier D, rather than H,. These results supported the
important guidance on choosing the MOFs for D,/H,
separation.

Experimental
Materials and general methods

All chemicals were obtained commercially and used as
received without any further purification. Powder X-ray diffrac-
tion data were collected on a Rigaku Miniflex 600 diffract-
ometer (Cu Ka 1 = 1.540598 A). Adsorption and desorption iso-
therms of all the gases under low pressure (0-1.1 bar) were
measured using a Micromeritics ASAP 2020 PLUS instrument.
The breakthrough experiments were performed using a home-
built dynamic gas breakthrough setup.

Synthesis of Ni,(dobdc)

The Niy(dobdc) sample was synthesized according to the
reported method with minor modifications.** 2,5
Dihydroxyterephthalic acid (H,dobdc) (40.42 mg, 0.204 mmol)
was completely dissolved in a mixture of N,N-dimethyl-
formamide, anhydrous ethanol and deionized water in a
volume ratio of 15:1:1 after sonication, and then 198 mg
(0.68 mmol) of Ni(NO;),-6H,0 was added to the above mixture
and stirred at room temperature to completely disperse in
solution and to obtain a green synthetic solution. The solution
was completely added to a stainless steel reactor with a PTFE
liner, and the reaction was carried out at a temperature of
120 °C for 24 h. When the reaction was complete, the reactor
was left to cool down naturally at room temperature. The
product was collected once by centrifugation and further
rinsed with DMF.

Synthesis of Ni,(dobpdc)

Ni,(dobpdc) sample was synthesized according to the
reported method with minor modifications.>®  2,5-
Dihydroxybiphenyldicarboxylic acid (H,dobpdec) (41.1 mg,
0.15 mmol) and Ni(NOj3),-6H,0 (109 mg, 0.375 mmol) were
placed in the PTFE liner of a 20 ml reaction vessel. To this,
15 mL of mixed solvent (deionised water/DMF/anhydrous
ethanol = 1:1:1) was added. The liner was covered and soni-
cated for 10 min and then placed in a stainless steel reactor.
The reaction was carried out in an oven at 120 °C for 36 h. The
samples were collected by filtration and rinsed with DMF.

Synthesis of Ni,(olz)

Ni,(olz) sample was synthesized according to the reported
method with minor modifications.”® The metal salt Ni
(NO3),-6H,0 (218 mg, 0.750 mmol) was dissolved in 10 mL of
ethanol and 10 mL of H,O, and olsalazine acid (H,olz)

Inorg. Chem. Front,, 2022, 9,1674-1680 | 1677
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90.7 mg (0.300 mmol) was dissolved separately in 10 mL of
N,N-diethylformamide (DEF). These solutions were combined
and then distributed into three 20 mL glass scintillation vials,
sealed with a PTFE-lined cap and heated in an oven at 120 °C
for 24 h. The reaction mixtures were then combined, and the
solvent was decanted. The orange solid was collected by fil-
tration and washed with a continuous aliquot of DMF (3 x
20 mL).

Synthesis of Ni,(dotpdc)

Ni,(dotpdc) sample was synthesized according to the reported
method with minor modifications.?” 4,4"-Dihydroxy-[1,1':4',1"-
terphenyl]-3,3"-dicarboxylic acid (H,dotpdc) (147 mg,
0.75 mmol) and Ni(NOj3),-6H,O (328 mg, 1.5 mmol) were
placed in a 20 mL glass scintillation vial with 15 mL of mixed
solvent (deionised water/DMF/anhydrous ethanol = 1:1:1)
The vials were capped and sonicated until completely dis-
solved, and then heated in an oven at 100 °C for 24 h. The
green crystal samples were collected by filtration and rinsed
with DMF.

All of the above samples were, respectively, soaked in DMF
for 3 days and then in methanol for 3 days, during which the
solvent was changed every 12 h. The methanol-exchanged
samples were heated at 180 °C for 24 h under dynamic
vacuum (<10 pmHg) to remove the excess solvent, resulting in
activated powder for gas sorption.

Breakthrough measurements

The breakthrough experiment was conducted with a custom-
built dynamic gas breakthrough setup (Fig. S107). The acti-
vated sample was first transferred to a glove box and loaded
into a stainless-steel column (11 cm, inner diameter of 0.2 cm)
with silica wool (30 mg) filling the void space. Then, the
sorbent was heated at 120 °C for 10 h at a Ne flow rate of
10 mL min~" to make the sample tight and fully activated. In
order to ensure that the whole test process was carried out at
77 K, both the packed column and the pre-cooling line were
cooled with liquid nitrogen for at least 30 min before the
breakthrough measurements and continued to be cooled
during the entire test. After cooling down of the temperature,
the flow of Ne was then turned off, and the hydrogen isotope
mixture was allowed to flow into the column. The composition
and content of the outlet effluent were continuously monitored
using a mass spectrometer (Pfeiffer Vacuum). For the different
components of the gas used in the test, we used different flow
rates to ensure that the test was performed under the best con-
ditions. For (H,/D,/Ne: 1/1/98) a flow rate of 15 mL min™" was
used, for (H,/D,/Ne: 10/10/80) a flow rate of 10 mL min~" was
used and for (H,/D,: 50/50) a flow rate of 2 mL min~" was
used. After each breakthrough experiment, the sample was
regenerated under Ne flow (10 mL min~") at 120 °C for 10 h.
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