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ARTICLE INFO ABSTRACT
Keywords: The separation of He/H, using membrane technology has gained significant interest in the field of He extraction
He/H, from natural gas. One of the greatest challenges associated with this process is the extremely close kinetic di-

Membrane separation
Molecular simulation
Machine learning
DFT calculation

ameters of the two gas molecules, resulting in low membrane selectivity. In this study, we investigated the
structure-performance relationship of metal-organic framework (MOF) membranes for He/H» separation through
molecular simulations and machine learning approaches. By conducting molecular simulations, we identified the
potential MOF membranes with high separation performance from the Computation-Ready Experimental (CoRE)
MOF database, and the diffusion-dominated mechanism was further elucidated. Moreover, random forest (RF)-
based machine learning models were established to identify the crucial factors influencing the He/H; separation
performance of MOF membranes. The pore limiting diameter (PLD) and void fraction (¢), are revealed as the most
important physical features for determining the membrane selectivity and He permeability, respectively. Addi-
tionally, density functional theory (DFT) calculations were carried out to validate the molecular simulation results
and suggested that the electronegative atoms on the pore surfaces can enhance the diffusion-based separation of
He/H,, which is critical for improving the membrane selectivities of He/Hs. This study offers useful insights for
designing and developing novel MOF membranes for the separation of He/Hj at the molecular level.
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1. Introduction

Helium (He) is widely applied in biomedical science, nuclear facil-
ities, and space industries, owing to its chemical inertia, ultralow boiling
point (—4.15 K), and intrinsic lightness in mass [1-3]. Up to now, the
extraction of He from natural gas is still the only industrialized way to
obtain high-purity He resources [2], which is mainly achieved by
combining cryogenic distillation methods and subsequent pressure swing
adsorption techniques [4]. However, this process is quite
energy-intensive [5], and in addition, the great demand for He and its
limited production has further led to a global He shortage and a sharp
price increase over the past few years [2], which has aroused growing
interest towards more efficient and cost-friendly He purification
methods.

Among the various strategies, membrane-based gas separation is
regarded as very promising in tackling energy and environmental chal-
lenges, which takes versatile advantages in terms of less energy con-
sumption, more environment-friendly manufacturing, and process
simplicity when compared with traditional gas separation technologies
[2,4,6]. As a result, considerable efforts have been devoted to
membrane-based He separation [5-8]. Currently, various separation
membranes have been fabricated for He extraction and they usually show
superior performance in the separation of He/CHy4 [2,9,10] and He/Ny
[11,12], due to the significantly smaller kinetic diameter of He compared
with that of CH4 and N5, (2.60 A for He, 3.80 A for CHy, and 3.64 A for Ny)
[4,13,14]. However, for the membrane separation of He from Hj
(another common component of natural gas), the extremely similar ki-
netic diameters between them (2.90 A for Hy) pose a great challenge to
the fabrication of corresponding separation membranes, which usually
display relatively low separation selectivities below ~5 according to
published reports [2,9,15,16]. From this view of point, it is still of crucial
importance to unravel the underlying structure-performance correlation
to provide guidelines for the design of novel separation membranes with
high He/H; separation performance.

In recent years, metal-organic frameworks (MOF) have experienced
rapid development as an emerging class of porous material, and their
highly regulable pore structures and pore surface chemistry make them
quite attractive to be fabricated into separation membranes [17,18]. As
reported, when being applied for gas separations, many MOF-based
membranes are able to exceed the Robeson upper bounds for multiple
gas pairs [2,19], even including typical difficult separation systems (e.g.,
CH4/N3 [20,21], CO9/CHy4 [22,23], and CO2/N3 [24,25]). However, it is
not easy to rapidly identify the MOFs from the vast database for fabri-
cating membranes with high He/H; separation performance. Specif-
ically, to date, the separation factors for the mixture of Hy and He are
generally as low as less than 3, according to the experimental studies
using MOF-based membranes [26-29]. There are also extensive high
throughput computational screening-based studies on the membrane
separation of He [4,30,31], which however often adopted MOF struc-
tures with pore limiting diameter (PLD) values at least higher than
3.64 A, considerably larger than the kinetic diameters of He and Ha.
Therefore, the related results could not fully reflect the separation po-
tentials of MOF membranes for He/H, pair, given that too large pores of
membranes tend to generate low selectivity because of the reduced ef-
fects of gas-pore interactions on the separation performance. In present
study, we comprehensively evaluated the theoretical performance of
Computation-Ready, Experimental MOFs (CoRE MOFs) [32] for He/H,
membrane separation, accordingly identified the most promising candi-
dates and revealed the gas separation mechanism. In addition, machine
learning (ML) approach was further applied to establish the
structure-performance correlation of MOF membranes for He/H, selec-
tivity and He permeability. Density functional theory (DFT) computa-
tions were also performed and illustrated that the mechanism of the
diffusion separation can be regulated by the surfaces of MOF pores
terminated with highly electronegative atoms.
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2. Computational details
2.1. MOF database

The CoRE MOFs were employed to study the performance of MOF-
based membrane separation for He/Hy mixture. The structural charac-
teristics of these MOFs, including void fraction (¢), PLD, largest cavity
diameter (LCD), accessible volume (AV), density (p), and free volume
(Viree), Were calculated using Zeo++ program [33]. A spherical radius of
1.82 A was used to mimic Nj as a probe molecule. The MOF structures
with zero AV and Vg values were not considered in the subsequent
screening, and additionally we only employed the structures with PLDs >
2.90 A to ensure that both He and H, were able to translate through the
membrane pores. Finally, 7877 MOFs were preserved for further
screening explorations, including molecular simulation and machine
learning studies.

2.2. Molecular simulations and DFT calculations

The adsorption of a He/H; (50/50) mixture was simulated using
Grand Canonical Monte Carlo (GCMC) at 298.0 K and 1.0 bar. All atoms
of MOFs were fixed and the non-bonded force field parameters were
described using the Universal Force Field (UFF) [34]. Besides, the atomic
point charges of MOFs were assigned using the extended charge equili-
bration (EQeq) method [35]. Although utilizing charges calculated at the
DFT level can more accurately reflect the charge distribution in MOF
membranes, and a few ML models that can predict the values of these
charges have already been published [36], the EQeq method remained
sufficiently accurate for this study on the structure-performance re-
lationships of MOFs, considering its reliability has been validated by
extensive simulation studies on MOF-based materials [37,38]. The po-
tential parameters of Hy and He were derived from published studies [31,
39,401, as displayed in Table S1. The total Monte Carlo cycles for each
GCMC simulation were set to 3 x 107, and the data from the final 2 x 107
cycles was employed for calculating the adsorption properties. Accord-
ingly, the adsorbed amount of He (Hy) in each MOF was computed and
adopted for calculating the diffusivities of the gas molecules using
equilibrium molecular dynamics (EMD) simulations in the canonical
(NVT) ensemble at 298.0 K. A time step of 1.0 fs was applied to the ve-
locity Verlet algorithm to integrate the equations of motion. We ran three
independent EMD simulations of 10.0 ns for each MOF structure and the
data from the last 3.0 ns was collected for assessing the diffusion of He
and Hs. The Ewald sum method was employed to handle the long-range
electrostatic interactions, and we adopted the Lorentz-Berthelot (LB)
mixing method to treat all the cross-interactions between different par-
ticles. The distance cutoff was set to 1.2 nm for calculating both Len-
nard-Jones (LJ) and Coulomb interactions. Besides, the periodic
boundary conditions (PBC) were applied in all directions. All these force
field-based simulations (GCMC and EMD) were carried out using our
in-house HT-CADSS suite [41]. On the basis of the GCMC and EMD re-
sults, the separation performances of MOF membranes were deduced
according to our previous report [42]. Based on such computation
strategy, we compared the computational He (Hj) permeance and
membrane selectivity with the experimental results, and demonstrated a
total agreement between them, as shown in Fig. S1 and Table S2.
Notably, the calculated Hy permeability of Cu-BTC membranes in this
study (8.5 x 10* Barrer) was lower than that in Daglar et al.'s [30] study
(~2.0 x 10° Barrer), but also in agreement with the experimentally
measured values (5.8 x 10%-2.7 x 10° Barrer) [43,44]. These results
validated the present simulation method for evaluating the gas perme-
ability and membrane selectivity of the MOF membranes.

DFT calculations were also performed within the CASTEP program
[45] to further investigate the diffusion mechanism of He (Hy) in 6
representative MOFs. The exchange-correlation potential was described
by the Perdew-Burke-Ernzerhof (PBE) generalized gradient approach
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(GGA) [46,47]. The Tkatchenko-Scheffler method [48] was applied for
the calculations of DFT dispersion correction. Brillouin zone sampling
was exerted using a 2 x 2 x 2 k-point mesh. Ultrasoft pseudopotentials
was also employed in this study. Self-consistent field (SCF) converged
criterion was set to 1.5 x 107® eV/atom and converge criterion of
structure optimization was 1.0 x 1075 eV/atom. During the geometry
optimizations, the Kohn-Sham orbitals were computed using a
plane-wave basis set with a cutoff energy of 330.0 eV. The single point
calculation was further performed with a SCF tolerance of
1.0 x 107 eV/atom and a plane-wave kinetic energy cutoff of 400.0 eV.

2.3. Machine learning (ML)

We collected the results of molecular simulations, along with physical
and chemical descriptors for training and testing the ML model. Specif-
ically, the random forest (RF) algorithm was used to establish ML models
because of its superior performance in predicting the separation of
diverse MOFs for different gas pairs [49,50]. The ML studies was
implemented using the scikit-learn module [51] in Python and the crucial
factors that affecting the separation performance can be revealed with
the established RF model. Various physical and chemical descriptors
were extracted from the MOF database by Zeo++ calculations and our
in-house code, such as the unit volume (V), p, LCD, PLD, AV, Vfee, @,
maximum (q;) and minimum (g2) of the partial charge of atoms, content
of O, N, S and halogen elements, metals, and diverse linkers. To improve
the performance of ML studies and avoid overfitting, the representative
descriptors were first collected, among which the ones with strong cor-
relation (the Pearson correlation coefficient > 0.9) were further
removed, as shown in Fig. S2. At last, 6 structural features (p, Ve, AV,
LCD, PLD, and ¢), two charge descriptors (q; and gs), and all the other
chemical descriptors were adopted for establishing the ML models.
Subsequently, we randomly collected 80% of the simulation results to the
training set and the rest (20%) to the test set. The final accuracy of the
model was assessed by the determination coefficient (R?) and root mean
square error (RMSE).

3. Results and discussion
3.1. Computational screening of high-performance MOF membranes

To investigate the correlation between the structure and performance
of MOF membranes for He/Hy separation, we initially conducted a high
throughput theoretical screening of MOF membranes using a binary
mixture of He/H; at 298 K and 1.0 bar. Fig. 1 illustrates the simulated He
permeabilities and He/H; selectivities of the selected membranes. Our
findings reveal that a significant number of the structures from the MOF
database exhibit membrane selectivity to He and surpass the latest 2019
upper bound [15]. However, the permeability-selectivity trade-off effect
remains a major limitation in improving the separation performance of
MOF membranes for He/Hj; separation. For instance, the structure named
ILUGAY demonstrates the highest membrane selectivity (70.0), but its
corresponding He permeability (2341 Barrer) is relatively lower
compared with other MOFs. In order to quantitatively assess the overall
membrane performance, the membrane performance score (MPS) was
employed, which was defined and validated in our previous studies on
gas mixture separations using membranes [42,52]. Consequently, we
selected the top 10 MOF membranes with the greatest MPS values and
significant membrane selectivity (> 3.0) as the most promising candi-
dates for He/H; separation (Fig. S3 and Table S3).

To reveal the mechanism underlying the membrane separation pro-
cess, we further analyzed the adsorption and diffusion selectivities of
MOF membranes for the separation of He/Hj. As shown in Fig. S4, more
than half of the MOF structures exhibit selective adsorption of Hy over
He, as the latter is chemically inert and less prone to adsorption. In the
case of diffusion selectivity, He displays higher diffusion rate than Hs in
about half of the MOF membranes (Fig. S4), and there exists a
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Fig. 1. Relationship between He permeability and membrane selectivity of MOF
membranes for the separation of He/H,.

significantly positive correlation between membrane selectivity and
diffusion selectivity (Fig. 2). These findings demonstrate that the mem-
brane process is dominated by the differential diffusivities of gas mole-
cules. This indicates that improving the membrane separation selectivity
for He purification by regulating the diffusion behaviors in the mem-
brane pores is more effective compared to modifying the adsorption
effect.

3.2. Disclose the relative importance of MOF features

RF-based ML models were established to investigate the key factors
affecting the He/H; membrane selectivity and He permeability. As
shown in Fig. 3a, the data points of the prediction of membrane selec-
tivity are distributed around upward inclined straight lines and concen-
trated on the diagonal, corresponding to an R? of 0.78 and an RMSE of
0.77. This indicates an overall good prediction of the membrane selec-
tivity values. To confirm the stability of the RF model, the prediction was
repeated four more times, and the results showed negligible variations
(Fig. S5), suggesting that the established RF algorithm is effective for
uncovering the hidden relationship between MOF features and their
membrane selectivities. The relative importance of MOF structural
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Fig. 2. Relationship between membrane and diffusion selectivity of MOF
membranes for the separation of He/H,.
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Fig. 3. (a) Predicted He/H, selectivity of MOF membranes via ML model of RF against the simulated results from molecular simulations; (b) relative importance of
various MOF features suggested via RF model for predicting the membrane selectivity of He/H,.

features was thus revealed according to the established RF model. As
shown in Fig. 3b, PLD is the most critical factor determining the mem-
brane selectivity (39.0%) among the MOF physical descriptors. The
relative importance of the other descriptors was ranked in the following
order: LCD (13.49%) > C;HsNO4 (12.46%) > q2 (7.30%) > Yb
(5.25%) > p (4.96%). The findings could supply guidance for the design
and fabrication of novel MOF membranes with excellent He/H, separa-
tion factors.

Furthermore, the RF algorithm-based ML model also displayed good
accuracy for predicting He permeability with a high R? value (0.87)
(Fig. 4). The results of four other repeated predictions of He permeability
using the RF model are shown in Fig. S6, also displaying minor varia-
tions. The structural feature ¢ plays the most important role in governing
He permeability (58.88%), in line with the result from Daglar et al.'s [30]
report. In addition, the other relatively important descriptors include
PLD (13.22%) > p (6.65%) > AV (4.56%) > content of O, N, S, and
halogen elements (2.60%) for He permeability. It can be found that the
He permeability is mainly influenced by the structural features of MOFs,
and chemical features of MOF only display minor effects owing to the
chemical inertness of He.

3.3. Structure-performance correlations

Based on the screening data, further understanding of the structure-
performance correlation can guide the design and fabrication of novel
MOF membranes for effective He/H; separation. In this study, we
analyzed the effects of four features on the He/H, selectivity of MOF
membranes (Fig. 5). As shown in Fig. 5a, with increased PLD, the He
selectivity of MOF membranes decreased rapidly. Specifically, when the
PLD value is larger than 3.30 A, the He selectivity in each bin of the
histogram becomes lower than 1, indicating that MOF membranes with
large PLD values tend to show higher H, selectivities (Fig. 5a). The

relationship between LCD and He/H, membrane selectivities is displayed
in Fig. 5b. It can be observed that MOF membranes with relatively small
LCD (3.10-4.10 1°\) also exhibit He selectivity. Moreover, numerous MOFs
with LCD values ranging from 7.10 to 8.10 A and 11.10-12.10 A have
PLD values smaller than 3.30 A, and display pronounced He selectivity
(Fig. S7).

It is noteworthy that the model of the Hy molecule used in molecular
simulations comprises two hydrogen atoms and a dummy site (H_.COM)
located at the molecular center of mass. Partial charges are assigned to
the hydrogen atoms and the dummy atom (Table S1) with the aim of
reproducing the quadrupole moment of the hydrogen molecule; while
the model of He only contains a zero-charged atom. Consequently, we
introduce charge descriptors (i.e., g1 and g3) to examine their impact on
separation performance. The established RF model for predicting He/Hy
membrane selectivity (Fig. 3b) indicates that the value of g5 (the most
negative charge in each MOF structure) has a more significant influence
than q; (the most positive charge in each MOF structure). Therefore, we
further analyzed the relationships between g and the selectivity. As
displayed in Fig. 5c, the membrane selectivity of He slightly increases
with the increasing value of gq, and the optimal g5 is in the range of
—0.88 and —0.58 e. We further found that when the values of g, in MOFs
are less negative, the adsorptive selectivity of He becomes relatively
higher (Fig. S8), leading to increased membrane selectivities of He.

Moreover, the higher relative importance of g (Fig. 3b) suggests that
the negatively charged sites are more effective in generating distinct gas-
MOF interactions for Hp and He. Thus, we also examined the relationship
between the content of O/N/S/halogen elements (which are typically
negatively charged in simulation models) and He membrane selectivities.
As illustrated in Fig. 5d, when the content of these highly electronegative
atoms is below 80 mol/mol, it has negligible effects on the membrane
selectivity of He. However, when the content exceeds 80 mol/mol, the
associated MOF membranes exhibit significantly increased He
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Fig. 4. (a) Predicted He permeability of MOF membranes via ML model of RF against the simulated results from molecular simulations; (b) relative importance of
different MOF features revealed via RF model for predicting the He permeability of MOF membranes. X content means the content of O, N, S, and halogen (the unit is

mol/mol).
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selectivity, mainly due to the substantial increase in diffusion selectivity
(Fig. S9). Since the gas-MOF interactions to regulate the diffusion sepa-
ration of He/H, mainly occur in the pores, we proposed that the nega-
tively charged atoms on the pore surfaces might be able to modulate the
membrane selectivity of He/H; (see more below in Section 3.4).

For the He permeability of MOF membranes, we mainly investigated
the influence of ¢ and PLD. As illustrated in Fig. 6, it is evident that with
the increase of ¢ and PLD (in the range of 0-30 A), the permeability of
MOF membranes for He also significantly increases. This result can be
explained by the fact that larger pore sizes typically impose less resis-
tance to the diffusion of gas molecules, and a higher number of through
pores within the membrane per unit area (which directly corresponds to
a higher value of ¢) can simultaneously lead to increased gas permeation.
Considering that large PLD values are generally detrimental to membrane
selectivity of gas separation in pores and ¢ has little effect on the mem-
brane selectivity of He/Hy (Fig. 3b), this result suggests that it is an
optimal method to enhance the He permeability by increasing the ¢ of
MOFs when designing novel membranes for the separation of He/Hj.

3.4. DFT studies on the diffusion mechanisms

To further understand the effect of highly electronegative atoms on
the diffusion selectivity of He/Hy, we performed DFT calculations to
study the diffusion mechanisms of He and Hj translocating through six
representative MOF pores, including three MOF pores with abundant O,
N, and CI atoms (from XALTOV, WEYQAU16, and BOCTEUO1) and three
pore structures mainly composed of C and H atoms (from MECWEX,
MAGVOG22, and LETVUB). Additionally, the six MOF structures were
selected based on their PLD values being around 3.0 A to reduce the
interference of pore sizes on the comparison between the two groups. As
shown in Fig. S10, the calculated gas-MOF interaction energies using DFT
were compared with those from the simulations based on UFF method,
both of which indicated relatively stronger binding affinity of Hy in MOFs
than that of He. The discrepancy between the two methods was com-
parable to that found in the study of Smit and co-workers [53].

Representative results of the DFT calculations using XALTOV and
MECWEX were displayed in Fig. 7. When gas molecules mitigate through
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Fig. 6. Structure-performance relationships of MOF membranes for He permeability. Plotted are He permeabilities as functions of (a) ¢ and (b) PLD. The inset
histogram in each panel displays the average He permeability associated with varying values of ¢ or PLD.
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Fig. 7. The diffusion routes of gas molecules in the pores of (a) XALTOV and (b) MECWEX; the energy profiles along the diffusion path of H, (black lines) and He (red
lines) in the pores of (c) XALTOV and (d) MECWEX. The insets in (c) and (d) display the top views of the corresponding pores (color code: white, H; blue, N, gray, C;
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the MOF (XALTOV) pore with terminated Cl atoms (Fig. 7a), the minima
of the resulting energy profiles are located at the center of the diffusion
path, which are surrounded by four Cl atoms and correspond to the most
favorable adsorption sites for Hy and He molecules (Fig. 7¢). Importantly,
the diffusion barrier (1.73 kcal rnol_l) for Hp migrating from the most
stable adsorption site to the neighboring unit cell is relatively higher than
that for the migration of He (1.01 keal mol ™), indicating a more rapid
diffusion of He molecules through the membranes. In contrast, according
to the energy profiles of gas migration through pore structures composed
of terminated H atoms in MECWEX (Fig. 7b), the energy barriers for the
diffusion of the two gas molecules are very close to each other (Fig. 7d),
thus leading to negligible diffusion selectivity of He/H,. Similar results
were also obtained in the cases of the other four structures: the surface
migration of Hy in pore structures terminated with highly electronegative
atoms shows relatively higher diffusion barriers (Fig. S11) than that of
He; meanwhile the diffusion barriers of Hy and He are much more
comparable in the pores terminated with H atoms (Fig. S12). Besides, the
GCMC and EMD results suggested that both the diffusion and membrane
selectivities of He/H using XALTOV, WEYQAU16, and BOCTEUO1
membranes are significantly higher than those using MECWEX, MAG-
VOG22, and LETVUB membranes (Table S4). These findings indicate that
modifying the pore surfaces with highly electronegative elements can
facilitate the separation of He/Hy via the diffusion process.

4. Conclusions

In this work, we combined molecular simulations and ML studies to
investigate MOF for membranes-based He/H; separation. Based on mo-
lecular simulation studies, we identified the top 10 performing MOF
membranes as the most promising candidates for separating He/H; bi-
nary mixtures, exhibiting both high He permeability and membrane
selectivity. Furthermore, we found that the gas membrane separation
process is predominantly governed by diffusion for most MOF mem-
branes. ML studies revealed the relative importance of various physical
and chemical descriptors influencing He/Hs selectivity and He perme-
ability, based on an accurate RF model (R2 > 0.78). Our findings indicate
that PLD and ¢ display the most critical effects on the membrane selec-
tivity of He/H; and He permeability, respectively. Further analysis of the
structure-performance relationship suggested that MOFs with optimal
PLD (2.90-3.30 A), LCD (3.10-4.10 A), and C;H3NO4 linkers can result in

relatively high membrane selectivity. Additionally, we unraveled that
electrostatic interactions can regulate the diffusion selectivity of He/H,
as the Hy model exhibits polarized electrostatic potential. DFT calcula-
tions further confirmed that pore surfaces terminated with electronega-
tive atoms can promote the diffusion separation of He/H,. This work may
provide helpful insights for the development of novel MOF membranes
for highly efficient separation of He/H,.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.gce.2024.01.005. Comparison of molecular simulations
of gas permeability with the published experimental results (Fig. S1);
matrix of Pearson correlations between the descriptors (Fig. S2); the
models of the top 10 performing MOFs (Fig. S3); relationship between
adsorption and diffusion selectivity of MOF membranes for the separa-
tion of He/Hj (Fig. S4); four repeated predictions of He/Hj; selectivity of
MOF membranes using RF model (Fig. S5); four repeated predictions of
He permeability of MOF membranes using RF model (Fig. S6); relation-
ship among membrane selectivity of He/Hp, LCD and PLD of MOFs
(Fig. S7); relationship between gy and adsorption selectivity of MOF
membranes for the separation of He/H; (Fig. S8); effects of the content of
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highly electronegative atoms on the adsorption and diffusion selectivities
(Fig. S9); comparison of the gas-MOF interaction energies from DFT and
force field methods (Fig. S10); the diffusion routes and related energy
profiles of gas molecules translocating in the pores of BOCTEUO1 and
WEYQAU16 (Fig. S11); the diffusion routes and related energy profiles of
gas molecules translocating in the pores of LETVUB and MAGVOG22
(Fig. S12); potential parameters for the models of He and H; (Table S1);
comparison of membrane selectivity between the computational and
experimental results (Table S2); top 10 performing MOF for membrane-
based He/H, separation (Table S3); simulated performance of 6 repre-
sentative MOF membranes (Table S4).
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