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A B S T R A C T   

The commercial demand for D2 is poised to increase significantly; however, the low natural abundance and the 
energy- and capital-intensive industrial separation (i.e., 24 K cryogenic distillation) will hamper future scientific 
and industrial growth in isotopologue separation. Alternatively, kinetic quantum sieving (KQS)-based adsorptive 
D2 separation has been proposed recently, but the separation performance is reported mostly at near zero 
pressure or in the sub-few ten mbar range. Herein, an Al-based Metal-Organic Framework, MOF-303, with 1-D 
narrow-micro pores is studied for D2/H2 adsorptive separation at ambient pressure. Cryogenic thermal desorp-
tion spectroscopic analysis of MOF-303 confirmed that the synergetic effect of binding affinity & enhanced KQS 
(owing to molecular rearrangement of D2 adsorbed phase at high pressure induced by strong D2 confinement), 
along with D2 partial condensation, leads to a significant increase in the D2 uptake with increasing exposure 
pressure up to 1,000 mbar. Consequently, a remarkable selectivity of 21.6 at 25 K has been achieved even at an 
operating pressure of 1000 mbar, which is an industry-friendly condition. The observed D2/H2 separation 
selectivity is about ten times higher than that of the industrial cryogenic method (best selectivity of below 2.5 at 
24 K), and comparable to the performance of the adsorbent materials already reported with low operating 
pressure, making adsorptive D2/H2 separation through MOF-303 an alternative for cryogenic industrial iso-
topologue separation.   

1. Introduction 

Separation of gases in pure or enriched form is important for many 
industrial processes, as different components of a mixture offer varying 
economic benefits [1–5]. Cryogenic distillation is commonly used for 
large-scale separation, but it accounts for about 10–15% of global en-
ergy consumption and contributes to atmospheric pollution [5–7]. As an 
alternative, adsorptive separation technology, which has a low energy 
penalty and is easy to operate, has emerged as a sustainable option 
[7–9]. Pressure swing adsorption (PSA) is widely used for the bulk 
separation of gases, but for adsorptive separation, the adsorption 
selectivity metric receives higher consideration [10]. However, uptake 
capacity and adsorption selectivity do not always go hand in hand, and 
the adsorbent selection process can become more complicated for iso-
topologue separation at high-pressure conditions. 

D2 is a scientifically and industrially relevant material, but its 

separation from H2 is challenging due to its similar physical properties 
[11]. Developing an energy-efficient method for D2 separation is crucial 
since the current industrial processes are both capital-intensive and 
consume a significant amount of energy. In this regard, research ap-
proaches based on adsorbents [12], membranes [13] and electro-
chemical pumping [14] have been explored for hydrogen isotope 
separation; however, owing to ease of operation the adsorptive separa-
tion garnered more attention. Separation of hydrogen isotopologue 
through the adsorptive separation is achieved by the nuclear quantum 
effects [15,16]. For that, porous adsorbents with ultra-narrow pores or 
stronger binding sites, such as activated carbon [17,18], covalent 
organic frameworks (COFs) [19], metal–organic frameworks (MOFs) 
[16,20], metal exchanged zeolites[11], and organic cages [21] and 
inorganic–organic hybrid cages[22], have been studied for H2/D2 sep-
aration. For example, Taufel et al., with the help of ultra-narrow pores 
MOF, MFU-4, achieved the D2/H2 Selectivity (SD2/H2) of 7.5 at 10 mbar 
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exposure pressure (Pex) [23]. He et al. studied the metal–organic cage, 
demonstrating the SD2/H2 of 9.1 at the 200 mbar Pex [22]. Ha et al. 
studied the Hoffman-type MOFs with unsaturated metal sites and ach-
ieved SD2/H2 of 21.7 at 10 mbar Pex [24]. Kim et al. functionalized MOF- 
74-Ni to tune the diffusion barrier and demonstrated the SD2/H2 of 26 at 
10 mbar Pex [20]. These previous studies have shown high D2/H2 sep-
aration selectivity but at low exposure pressure, and there are only a few 
reports on high selectivity at higher pressure conditions, required for 
isotopologue separation through PSA. E.g., Li et al. studied Ni2Cl2BBTA 
having Ni2+ unsaturated site and demonstrated the SD2/H2 of 4.5 at 1000 
mbar Pex [25]. Ren et al. studied SIFSIX-18-Cd similarly for the D2/H2 
separation at 1000 mbar Pex and obtained the SD2/H2 of 5.1 [26]. Up to 
now, only Muhammad et al. achieved a significantly high SD2/H2 of 25.8 
at 1000 mbar Pex using cobalt formate, but cobalt formate possesses a 
low surface area of 360 m2/g [9,27]. To achieve high D2 uptake and 
selectivity for industry-friendly purposes under high Pex, an adsorbent 
with a high surface area and D2 affinity is required. The adsorbents with 
a preferential binding affinity towards one component often show se-
lective uptake, which becomes more profound at higher pressure, 
leading to increased selectivity. Therefore, we explore the isotopologue 
separation performance of MOF-303, an Al-based MOF [28], which 
exhibits exceptional stability, a stronger binding affinity towards D2, 
and a greater D2 uptake with increasing exposure pressure in compari-
son to H2. This leads to a significant rise in SD2/H2 at 1000 mbar. Thus, 
we carried out isotopologue separation studies using advanced cryo-
genic thermal desorption spectroscopy and 20 K low-pressure high- 
resolution volumetric gas adsorption instruments. 

2. Experimental 

2.1. Materials 

Aluminum chloride hexahydrate (AlCl3⋅6H2O) (ReagentPlus®, 
99%), 3,5-pyrazoledicarboxylic acid (97%) were purchased from Sigma 
Aldrich. Methanol (99.8%) was purchased from DUKSAN. NaOH (So-
dium hydroxide, 98%) was purchased from DAEJUNG. 

2.2. Synthesis of MOF-303 

Aluminum chloride hexahydrate (0.208 g, 0.862 mmol) and NaOH 
(0.026 g, 0.65 mmol) were dissolved in deionized water (7.5 mL). 3,5- 
pyrazoledicarboxylic acid (0.15 g, 0.862 mmol) and NaOH (0.026 g, 
0.65 mmol) were dissolved in deionized water (7.5 mL). Then above two 
solutions were mixed with sonication for 10 min and heated at 100 ◦C 
for 15 h. After the completion of the reaction, the formed precipitate was 
separated and washed with deionized water and methanol three times 
with each and dried in a vacuum oven at room temperature. 

2.3. Characterization 

Thermogravimetric analysis (TGA) was carried out in N2 atmosphere 
up to 800 ◦C with ramping rate of 5 ◦C/min. The porosity details were 
examined through N2 sorption analysis estimated at 77 K using Autosorb 
iQ2. Specific surface area (SSA) was calculated using Bru-
nauer–Emmett–Teller (BET) method, and pore volume using the 
adsorption branch of N2 isotherm at relative pressure (P/P0) of 0.95. 
Before the N2 sorption isotherm measurement, the sample was outgassed 
at 80 ◦C for 12 h under dynamic vacuum. The Field Emission Scanning 
Electron Microscopy (FE-SEM, JSM-7600F JEOL) were carried out in 
GB_LOW mode, with a WD of 6.0 mm and scanned at 3 kV. Fourier 
transform infrared (FT-IR) spectroscopy was performed on a Thermo 
Fisher Scientific Nicolet iS50. Sample data were analyzed for ATR dia-
mond mode measurements with 64 scans at a resolution of 4 cm− 1. The 
spectra were recorded in transmission mode. 

2.4. Isotopologue separation 

The isotopologue separation studies were conducted by measuring 
the H2 and D2 20 K low-pressure high-resolution isotherms and cryo-
genic thermal desorption spectra (TDS). Isotherms were measured using 
Autosorb iQ2-MP-XR equipped with cryo-cooler, from the temperature 
range of boiling temperature [D2 (23 K) and H2 (20 K)] to 60 K and up to 
1000 mbar pressure, after activation at 80 ◦C for 12 h. TDS were 
measured using the home built advanced cryogenic thermal desorption 
spectrometer (ACTDS) equipped with high-resolution quadrupole mass 
spectrometer and cryo-cooler. ACTDS was calibrated using the TiH2 and 
Pd95Ce5 metallic alloy. Single gas TDS measurement was done by 
exposing the sample with pure H2 and D2 gas at 1000 mbar and 298 K 
then cooling the sample to below boiling point of each gas. After 
achieving the equilibrium, all the gas molecules not adsorbed on the 
surface were pumped out. And then, the sample chamber was heated up 
to 293 K with ramping rate of 3 K/min. In the identical manner, TDS for 
isotopologue mixture was also measured using equimolar D2 and H2 
mixture at specific exposure pressure and temperature. The uptake 
amount for D2 and H2 was calculated by integrating the area under the 
desorption curve. D2 vs. H2 selectivity (SD2/H2) was calculated by using 
the following equation; 

SD2/H2 =
D2Ads/H2Ads

D2gas/H2gas 

As, during the adsorption process, the gas composition (partial pres-
sure) does not vary due to the large chamber volume compared to the sorption 
amount; hence D2(gas)/H2(gas) ≈ 1 and the SD2/H2 can be estimated by 
calculating the adsorbed molar ratio of D2Ads/H2Ads. Desorption energy 
was calculated from the TDS spectra measured at different heating rates 
(1, 2, and 3 K min− 1) following the method of Falconer and Madix [29]. 

3. Results and discussion 

MOF-303 [Al(OH)(C5H2O4N2)] is a hydrothermally stable MOF, 
consisting of Al based inorganic secondary building units and pyrazole 
organic linker.[28,30] It has 6.0 Å wide rhombus-shaped one-dimen-
sional channels running along a-axis, and the shortest channel distance 
between pyrazole organic linkers is 3.2 Å in c-axis, Fig. 1(a and b) [28]. 
The synthesis of MOF-303 was performed by reported method else-
where, [31] and was confirmed by measuring the powder x-ray 
diffraction analysis, TGA and specific surface area measurement. Sharp 
diffraction peaks appearing at low angles and matching diffraction 
pattern with simulated diffraction pattern, indicated that crystallinity is 
well established (Fig. 1(c)).[30]. 

The obtained specific surface area of 951 m2/g is consistent with the 
previously observed specific surface area of MOF-303 (989 m2/g).[30] 
The microscopic analysis using FE-SEM has shown that the synthesized 
material primarily has cubic shape particle, Figure S1. The FT-IR 
spectra, shown in Figure S2, show the -N–H and -O–H stretching 
bands in the region of 3300–3400 cm− 1 [32]. The bands observed at 
1608 and 1388 cm− 1 are observed due to –COO-Al coordination which 
leads to the framework formation.[32] The bands for -C = N and C–C 
stretching were observed at 1528 and 1480 cm− 1, respectively. The 
band for = N-N–H was observed at 1000 cm− 1 [32]. The TGA profile of 
synthesized MOF-303 matches well with the previously reported liter-
ature[33] and shows two weight loss steps, first up to 130 ◦C due to loss 
of solvents and moisture, and second mass loss about 400 ◦C is caused by 
framework decomposition, Figure S3. The sharp rise in N2 uptake at low 
relative pressure (P/P0) and type-I N2 isotherm shape indicates that 
material is microporous in nature, Fig. 1(d). The pore volume, using the 
adsorption branch of N2 isotherm, was calculated to be 0.38 cc/g at P/P0 
of 0.95. 

The H2 and D2 single component sorption isotherms were measured 
to access the uptake behavior under similar experimental condition. The 
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isotherms measured at condensation point (boiling temperature and 
1000 mbar), showed the maximum D2 uptake of 20.1 mmol/g which 
was higher than 2.6 mmol/g of H2 total uptake (17.5 mmol/g), Fig. 2 & 
Figure S4. With the rise in temperature to 40 K and 60 K the uptake of D2 
and H2 both decreases, which is typical sorption behavior. However, the 
sorption hysteresis exhibits a unique trend, showing only at 40 K 
isotherm, Fig. 2. The hysteresis should also exist in H2 (20 K) and D2 (23 
K) isotherms under low pressure (similar uptake region at 40 K) but it is 
simply not observable due to the resolution limitation. As shown in 
Fig. S4 (a), gas adsorption starts directly over 1 mbar because of the fast 
adsorption at a very low temperature of 20/23 K, and thus adsorption 
and desorption differences below 1 mbar (where hysteresis is expected) 
are impossible to validate. The observed weak sorption hysteresis is 

likely attributed to the presence of a small aperture (3.22 ~ 3.89 Å) on 
the side of the channel (Fig. 1(a & b)). This phenomenon may lead to an 
enhanced Kinetic Quantum Sieving (KQS) effect. At 60 K, on the other 
hand, the observed weak sorption hysteresis disappears, and the 
isotherm follows a conventional reversible trend, Fig. S4(c). The absence 
of hysteresis at this temperature suggests negligible Kinetic Quantum 
Sieving (KQS) effect. 

In order to gain a better understanding of the role of binding sites in 
MOF-303 for isotopologue separation, we conducted TDS measure-
ments. Fig. 3 displays the pure gas TDS (H2 and D2) data collected after 
exposure at 1000 mbar, with complete desorption of all adsorbed gases 
achieved by 70 K (and mostly by 60 K). The presence of distinct sorp-
tion/binding sites is evidenced by the observation of different 

Fig. 1. Framework structure of MOF-303: (a) view of one-dimensional pore along ‘a’ axis and (b) two cavities of 3.39 and 3.89 Å present in the pore wall, and 3.22 Å 
is the shortest distance between the closest pyrazole units. (c) X-ray diffraction pattern, and (d) N2 sorption isotherm of MOF-303. 

Fig. 2. D2 and H2 sorption isotherms for MOF-303; (a) H2 sorption isotherms and (b) D2 sorption isotherms, measured at various temperatures and up to 1000 mbar 
pressure (closed symbol; adsorption and open symbol; desorption). 
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desorption peaks, with two peaks observed for H2 and three peaks for D2, 
indicating the existence of two identical sorption sites (sites I and II) for 
both gases, and an additional sorption site (site III) solely for D2. The 
peak maxima for D2 were found to be centered at 49 (site I), 39 (site II) 
and 25 K (site III) while for H2 these were centered at 47 (site I) and 33 K 
(site II). The observation of shifted temperature peak maxima for 
desorption of D2 indicates its stronger binding with MOF-303 in com-
parison to H2. The observation of two binding sites can be associated 
with the adsorption of H2 and D2 in the cavities present in the pore walls, 
which is in line with the observation made by Chen et al., where they 
have theoretically observed that the two cavities of MOF-303 acts as the 
two independent chelating sites for Th(IV) metal ions.[32] Third 
desorption peak (site III) only for D2 may be ascribed to partial 
condensation of D2 due to the stronger adsorbent-adsorbate interaction 

compare to H2, which was also supported by the desorption maxima 
close to boiling temperature of D2. 

Real-time isotopologue separation performance and the impact of 
MOF-303′s higher binding affinity for D2 on SD2/H2 were evaluated by 
exposing the sample to an equimolar D2/H2 mixture at various exposure 
pressures (300 – 1000 mbar) and temperatures (25, 40, and 50 K), as 
shown in Fig. 4 & Figure S5. Initially, the sample was exposed to an 
isotopic gas mixture pressure of 300 mbar at 25 K, which resulted in a 
significantly high intensity TDS signal for D2, indicating that binding 
sites were predominantly occupied by D2 due to its higher binding af-
finity. (Note that partial D2 condensation may also influence this high 
desorption signal.) Consequently, there was a considerable increase in 
selective D2 uptake compared to H2. In Fig. 4(a) and Figure S5(a), it was 
observed that increasing the exposure pressure to 300 and 1000 mbar 

Fig. 3. Pure gas TDS measured after exposure of the sample with (a) H2 and (b) D2 at 1000 mbar.  

Fig. 4. TDS of D2/H2 equimolar mixture measured at varied exposure pressure (300 and 1000 mbar, and temperature (a) 25 K, (b) 40 K and (c) 50 K. 4(d) is the 
Falconer and Madix plots for the desorption of H2 (black) and D2 (red) from loaded MOF-303 at 40 K. (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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resulted in a decrease in H2 uptake while D2 uptake increased. This in-
crease in D2 uptake was due to the strong confinement of D2 molecules in 
the adsorbed phase, given its higher binding affinity with MOF-303. 
Molecular rearrangement resulting from the confined D2 adsorbed 
phase favored the adsorption of the smaller-sized molecule (D2) due to 
nuclear quantum effects. At 40 K, the reduction in H2 signal was greater 
than that of D2 and even more pronounced than at 25 K (as shown in 
Fig. 4(b) and S5(b)). The quantum sieving effects become the primary 
factor present, as the partial condensation effect disappears entirely at 
this temperature. With increasing pressure, the D2 signal became 
stronger, whereas the H2 signal weakened. These observations suggest 
that the small aperture on the side of the channel may influence the 
kinetic quantum sieving effect. At 50 K, the overall effect was reduced 
compared to that at 40 K, as depicted in Fig. 4(c) and S5(c). 

To understand the desorption pattern of D2 and H2, the Falconer and 
Madix desorption plots were used based on the assumption that the 
remaining surface fractional coverages are the same at the desorption 
peak maxima irrespective of heating rate. The desorption energy was 
estimated using the below equation: [26] 

ln(NP) = ln(ν.g(cP) ) −

(
E
R

)(
1

TP

)

Where Np is the amplitude of desorption curve at peak maxima, ν is 
pre-exponential factor, g(cp) is arbitrary non-negative order expression 
for dependence of rate on surface coverage at peak maxima, TP is the 
temperature at peak maxima, E is desorption energy and R is gas con-
stant. The desorption curves were measured at the heating rates of 1, 2 
and 3 K/min after the exposure of MOF-303 with equimolar mixture of 
isotopologue at 40 K, and shown in Figure S6. The desorption maxima 
shifted to the higher temperature with an increase in heating rate, 
indicating that the D2 and H2 desorption processes are thermally driven. 
The desorption energy was estimated from the slope (-E/R) of the plot of 
ln (Np) versus 1/Tp, Fig. 4(d). The desorption energy for H2 and D2 were 
determined to be 5.31 kJ/mol and 5.61 kJ/mol, respectively. The higher 
desorption energy for D2 (heavier isotope) was attributed to kinetic 
quantum sieving and binding effects, which translate into its higher 
uptake capacity. 

The real-time selectivity of the D2 vs.H2 mixture was estimated by 
calculating the ratio of D2 and H2 uptake amounts. As shown in Fig. 5(a), 
the selectivity increased with pressure at all temperatures. For instance, 
at 25 K and 300 mbar, the SD2/H2 was estimated to be 12.7, and the 
maximum SD2/H2 of 21.6 was achieved at 1000 mbar. This trend was 
consistent for 40 and 50 K, but the SD2/H2 decreased with temperature. 
The high selectivity at 25 K could be attributed to the combined effects 
of binding affinity & enhanced KQS (owing to molecular rearrangement 

of D2 adsorbed phase at high pressure indued by strong D2 confinement) 
and partial D2 condensation. Above 40 K, partial D2 condensation effect 
is vanished, and thus leads to lower selectivity. The observed maximum 
SD2/H2 of 21.6 at 1000 mbar of exposure pressure is significantly high 
compared to industrial H2/D2 separation technique (SD2/H2 of below 2.5 
at 24 K), and superior to many reported adsorbents like DUT-8(Ni)[16], 
Cocryst1[21], 6ET-RCC3[21], 6FT-RCC3[21], CC3[21], SIFSIX-18-Cd 
[26], Zeolite 5A[34], IFP-3[35], IFP-1[35], FMOF-Cu[36], Py@COF-1 
[19], 2α[22], 2β[22], CPO-27(Co)[37], Cu-BTC[38], MIL-53(Al)[39], 
Co(pyz)[Pt(CN)4][24], Co(pyz)[Ni(CN)4][24], and MFU-4(Co,Cl)[40] 
(for selectivity comparison, please see Fig. 5(b)). The SD2/H2 for Co(pyz) 
[Pd(CN)4][24] was comparable to that of MOF-303, while the SD2/H2 of 
CoFA[9] was higher. However, the low exposure pressure in Co(pyz)[Pd 
(CN)4][24] and low surface area of CoFA[9] make these materials less 
attractive for industrial applications, giving MOF-303 an advantage over 
these. Moreover, the selectivity of MOF-303 remained unchanged even 
at high pressures of up to 1000 mbar, indicating its potential for efficient 
isotopologue separation under industrial conditions. Further, the com-
parison of selectivity and D2 uptake of MOF-303 has been made with the 
reported adsorbents, as the uptake is directly linked with the product 
yield of the process. The D2 uptake of MOF-303 was found to be superior 
among the compared adsorbents, Figure S7 and Table S1. These findings 
suggest that MOF-303 is a promising candidate for industrial applica-
tions, particularly at an exposure pressure of 1000 mbar. 

4. Conclusion 

This study investigated the potential of MOF-303, an aluminum- 
based metal–organic framework (MOF) with 1-D ultra-narrow pores, 
for hydrogen isotope separation. The results indicated that MOF-303 
demonstrated a higher binding affinity and enhanced Kinetic Quan-
tum Sieving (KQS) effect towards D2, making it preferentially adsorbed 
over H2. Furthermore, as the exposure pressure increased, the synergy 
effect, including partial D2 condensation, became more significant, 
leading to a further enhancement of D2 uptake. The observed iso-
topologue separation factor (SD2/H2) of 21.6 at 1000 mbar was notably 
higher than the industrial technique of cryogenic distillation at below 
2.5@24 K and among the best reported literature at high pressure. Due 
to its hydrothermal stability, excellent isotopologue separation ability, 
and suitability for industrial-scale operations at an exposure pressure of 
1000 mbar, MOF-303 holds promising potential for adsorptive separa-
tion under industrial conditions. 

Fig. 5. (a) D2/H2 selectivity as function of pressure at 25, 40 and 50 K, (b) the comparison of D2/H2 selectivity of MOF-303 with the reported adsorbents.  
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