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Metal–organic frameworks (MOFs) are widely used in the adsorption separation of various gases. A

fundamental understanding of the effective separation of xylene isomers helps improve aromatic

products' separation efficiency and reduce industrial separation costs. Grand Canonical Monte Carlo

(GCMC) simulations combined with Molecular Science is widely used to predict gas adsorption and

diffusion in single crystals with metal–organic frameworks. We performed a GCMC + MD combined

approach to study xylene isomers' adsorption and separation in Cu-HKUST-1 to predict the permeability

and selectivity of the ternary gas mixture in the MOF with the adsorption and diffusion usage data. Most

current studies take into account the computational cost and difficulty. Most recent research models are

limited to the adsorption of a single or specific molecule, such as hydrogen, methane, carbon dioxide,

etc. For this reason, we report an attempt to study the adsorption separation of aromatic gases (p-

xylene/o-xylene/m-xylene) based on Cu-HKUST-1 single-crystal materials based on some previous

research methods with an appropriate increase in computational cost. To predict the adsorption

selectivity and permeability of the ternary mixture of xylene isomers on the MOF surface, the model

simulation calculates key parameters of gas adsorption, including gas adsorption volume (N), the heat of

adsorption (Qst), Henry coefficient (K), and diffusion coefficient (D).
1 Introduction

Xylene isomers (Fig. 1), are important raw materials for the
manufacture of various high value-added chemicals and poly-
mers, respectively.1 para-Xylene (p-xylene, PX) is a critical
material for the preparation of polyethylene terephthalate
of xylene isomers.
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(PET), polyesters, and synthetic resins. ortho-Xylene (o-xylene,
OX) is a common raw material for phthalic anhydride and
plasticizers. meta-Xylene (m-xylene, MX) is mainly used for the
synthesis of iso-phthalic acid, which is further used for the
mixing of PET resins. Aer catalytic reforming of crude oil,
these three isomers exist as a mixture. Therefore, the separation
of single component gas products frommixed xylene isomers is
signicant for the petrochemical industry.2 In terms of current
industry development, the separation and purication of
chemical products are critical and high consumption processes
in the chemical industry.3 Moreover, the similar physical and
chemical properties of the three isomers make them more
difficult to be separated. The specic structural parameters of
the xylene isomers are shown in Table S1.† Therefore, there is
an urgent need to nd a less costly separation method and
screening of adsorbent materials with high adsorption perfor-
mance for the separation of xylene isomers. Metal–organic
frameworks (MOFs) materials are widely used in the adsorption
and separation of chemical products because of their high
specic surface area and high porosity, as they have the
advantages of high adsorption capacity, high selectivity, and
recyclability.4 In addition, MOFs are promising for hydrogen
storage,5 catalysts,6 magnetic materials,7 optical materials,8

drug release,9 electrical materials,10 and other related applica-
tions, so they are valuable for research on environmental and
energy supply issues.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In this paper, we focus on the adsorption separation of
ternary mixed xylene isomers by Cu-HKUST-1, a recent class of
promising porous materials for adsorption of gas storage.11 The
structure of Cu-HKUST-1 is shown in Fig. 2(a) and (b) by VESTA
version.3.5.7.12 TEM images were taken on a JEOL JEM2 100
transmission electron microscope at an accelerating voltage of
200 kV. Field-emission SEM images of the samples were taken
with a Zeiss Supra 55 microscope at 30 kV are shown in Fig. 2(c)
and (d). Cu-HKUST-1 was rst proposed by Chui et al.13 in 1999.
The high adsorption capacity and stability of Cu-HKUST-1 are
due to the mutual static electricity between the porous struc-
tures.14 The material is described as dimeric coordination of
copper coordinated with four carboxylate ligands, and the
resulting structure shows a three-dimensional porosity con-
sisting of three types of pore channels. The most interesting
feature of this structure is the presence of unsaturated metal
centers (copper atoms), whose unsaturated sites become
potential strong adsorption sites.15,16 At the same time, mass
transfer limitations need to be understood to use this material
effectively. Because adsorbents must rapidly adsorb and diffuse
into the interior of Cu-HKUST-1, where they are temporarily
trapped (by physical adsorption) and can react at active sites
within Cu-HKUST-1 (by chemisorption at open metal sites).
Therefore, it is crucial to understand the adsorption mecha-
nism of the adsorbent on the Cu-HKUST-1 surface. However,
there are few detailed studies on the mechanism of the effect of
MOFs on xylene adsorption, especially at the microscopic level.

On the one hand, David Peralta and Karin Barthelet et al.15

investigated the xylene adsorption in CPO-27-Ni and zeolite
NaY. In Cu-HKUST-1, the metal center is more accessible than
that of CPO-27-Ni due to electrostatic interactions playing
a greater role. The pore geometry of Cu-HKUST-1 is inherently
para-selective, but the para-selectivity is overcompensated by
Fig. 2 (a) Two-dimensional structure of Cu-HKUST-1, where the
smallest pore, usually named “side pocket”, has a pore diameter of 4.6
Å, inaccessible to any xylene isomer. Eight side pockets are arranged in
the four corners of a cube, forming two types of large pores with
internal diameters of 10 Å and 12 Å. (b) The potential functions of the
atoms are named. (c) and (d) SEM structure diagram.

© 2022 The Author(s). Published by the Royal Society of Chemistry
electrostatic effects, which overall leads to a slight preference
for OX adsorption. However, they contend that for this para-site
selectivity to prevail, the MOFmust have a low electrostatic eld
to prevent preferential adsorption of other isomers. Bárcia
et al.17 mentioned UiO-66 as the more favorable adsorption of
OX compared to other xylene isomers. They concluded that the
reverse shape selectivity in the adsorption of xylene isomers
could be attributed to the rotational degrees of the molecules'
freedom in the small cavities. On the other hand, Tyler G.
Grissom et al.18 used isothermal diffusion experiments to reveal
that the diffusivity of xylene in UiO-66 ranged between 10−8 and
10−12 cm2 s−1, where the relative diffusivity followed the
following trend: OX < MX < PX. Qiao et al.19 simulated the
conformation and heat of adsorption of C8 aromatics (ethyl-
benzene, p-xylene, o-xylene, and m-xylene) in MIL-125 by Mate-
rials Studio soware. The results showed that among these four
isomers, the heat of adsorption of PX and the binding energy of
PX in the MIL-125 tetrahedral cage was the largest, so the
adsorption of PX was characterized to be greater than the other
isomers. The reason is that PX and EB can be adsorbed in both
the tetrahedral and octahedral cages of MIL-125, MX and OX
can only be adsorbed in the octahedral cages, and the binding
energy of the four isomers in the tetrahedral cage is higher than
that in the octahedral cage. PX has the highest binding energy
in the tetrahedral cage, which may be the reason for the pref-
erential adsorption of PX in MIL-125. Therefore, the adsorption
of xylene in MOFs is still controversial.

So far, most reported computational models are limited to
a simple small molecule or other specic molecules, such as
hydrogen, methane, nitrogen, carbon dioxide, the mixture of
CO2/H2,20 the mixture of CH4/H2 etc.21 Grand Canonical Monte
Carlo (GCMC) method is widely used with Equilibrium Molec-
ular Dynamics (EMD) to predict gas adsorption and diffusion in
the single crystals of MOFs. Several studies1,2,16,21,22 have evi-
denced the great potential for using GCMC + MD numerical
simulation to screen the adsorption properties of a large
number of materials. We combine adsorption and diffusion
data from these simulations to predict the gas permeability and
selectivity of MOF membranes.21,22 Z. W. Qiao et al.2 studied the
separation of xylenes in MOF by adsorption in concert with the
high throughput screening (HTS) method and machine
learning (ML) method. The results showed that pore limit
diameter (PLD) and larger cavity diameter (LCD) have greater
importance. While this study provides useful insight into the
separation of xylenes in MOFs, several points need to be noted.
First, the initial screening was based on a rigid MOF without
consideration of framework exibility. In principle, this is
acceptable because there is no universal transferable force eld
to accurately describe the exibility of the various MOFs. The
exibility of the framework as demonstrated according to the
article may also strongly affect the separation performance,
especially the selectivity. Sütay et al.23 used Monte Carlo (MC)
and Molecular Dynamics (MD) simulations to study the
adsorption of dihalogen molecules on raw graphene surfaces,
focusing on adsorption sites, adsorption capacities, coverage
factors, adsorption isotherms, and adsorption kinetics. The
adsorption energies of all adsorbates were also calculated. It is
RSC Adv., 2022, 12, 35290–35299 | 35291
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also mentioned that MD simulations can reproduce the real
adsorbent effects compared to experimental chemisorption and
physical adsorption data in the literature. In addition, DFT is
one of the most effective methods to study the adsorption
properties of gases. Grissom et al.18 used DFT to calculate the
interaction of toluene with the UiO-66 tetrahedral cavity, Per-
dew–Burke–Ernzerhof general functions for periodic DFT
calculations of the cell, and VASP for projection-enhanced wave
potential and empirical dispersion correction.

In this study, we focus on the adsorption properties of xylene
isomers on the surface of the composite Cu-HKUST-1 using the
numerical simulation method GCMC +MD in EMD. The results
(N, Qst, K, D) of GCMC simulations (amount of gas load adsor-
bed) are used as inputs for MD simulations to calculate evalu-
ation parameters, such as adsorption selectivity (Sads),
diffusivity (Sdiff), and permeability (P). These evaluation
parameters provide helpful guidance for better studying the
adsorption characteristics of the Cu-HKUST-1 lm.
2 Computational methods
2.1 Potential energy model

The four atom types for the xylene isomer molecule: CA, CT, HA,
and HT, see Fig. S1.† The atomic foot labeled A belongs to the
carbon atom on the aromatic ring, and the trace labeled T
belongs to the part forming the methyl group. CA1 and CA2 are
the aromatic C atoms with H and CH3, respectively. Interaction
between PX, MX, and OX molecular mixtures and pore walls of
metal–organic architecture materials using the amber force
eld developed by W. D. Cornell et al.24 For the total potential
parameter values used for the simulation process, see Tables S2
and S3.† The total potential energy of the adsorption complex
can be divided into four parts of energy composition, see eqn
(1).

Vtotal = Vintraxylene + Vintra_mof + Vxylene–xylene + Vxylene_mof (1)

Vintraxylene is the intramolecular potential energy of the xylene
molecule, Vintra_mof is the potential energy within the Cu-
HKUST-1 crystal structure, and Vxylene–xylene is the potential
energy between the molecules of the xylene isomers, Vxylene_mof

is the internal potential energy of the xylene isomer molecule
with the Cu-HKUST-1 crystal structure.

The functional form of the total potential includes:
harmonic potential with bond length (Vstretch) and angle (Vbend)
as units. The equilibrium bond lengths and bond angles were
obtained by charge derivation using the split valence 6-31g(d,p)
basis sets at the Hartree–Fock (HF) approximation level.
(Vtorsion) is energy involved in dihedral angles. The values of
point charges are estimated from the wave functions of isolated
molecules according to the extended charge equilibration
(EQeq)25 scheme, and the point charges of atoms of the same
type are equalized to their average values.26 The rst three
summations are for the appropriate coordinates, and the last
summation is for all “non-bonded” intramolecular distances,
see eqn (2).
35292 | RSC Adv., 2022, 12, 35290–35299
Vxylene ¼ Vstretch þ Vbend þ Vtorsion þ Vvdw þ Vcoul
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In the simulations, the non-bonding interaction potentials
between the molecules of PX, MX, and OX gases and the
bonding potential energy between the internal molecules are
described by the Lennard–Jones (LJ) 12–6 possible energy model
for both intermolecular van der Waals interactions (Vvdw) and
electrostatic interactions treated by Coulomb interactions
(Vcoul). The pair of particles i and j with relative distance rij, their
interaction potential energy is shown in eqn (3).

f
�
rij
� ¼ 43ij

"�
sij

rij

�12

�
�
sij

rij

�6
#

(3)

where s and 3 are the LJ molecular diameter and potential
energy. i and j can refer to PX, MX, and OX molecules, respec-
tively. The parameters of the solid (Cu-HKUST-1)-uid (PX, MX,
and OX) interactions were calculated using the Lorentz–Ber-
thelot combination rule obtained, see eqn (4).

sij ¼ si þ sj

2
and 3ij ¼

�
3i3j
�1
2 (4)

Finally, the simulations were performed at innite dilutions,
and we neglected the intermolecular interactions between
adsorbents and adsorbents. The charge of Cu-HKUST-1 is allo-
cated using an approximate charge allocation method.
Computational cost is critical in large-scale molecular structure
studies, and many assumptions are made to reduce the
computational power and time required. In this study, we
dened the skeleton of Cu-HKUST-1 as a rigid structure and
applied the universal force eld (UFF) described by A. K. Rappe
et al.27 and the DFF force eld to the skeleton structure in the
simulation process. Detailed parameters are shown in Fig. S2
and Table S4.† When using the force eld, we preferentially
choose the DFF force eld, considering that the DFF force eld
has no transition element Cu, and then use the UFF force eld.
2.2 Simulation detail

2.2.1 GCMC calculation. The GCMC method is described
in ESI S3.† We used RASPA28 to simulate the adsorption prop-
erties of the xylene isomer gas mixture by the GCMCmethod. In
the simulation process, the simulation unit composed of Cu-
HKUST-1 crystal structure with xylene isomer molecules was
dened, and periodic boundary conditions were applied in the
x, y, and z axes. Simulation early in keeping the system volume,
under the premise of constant temperature and adsorption
potential energy, the particles in the random selection system
translational action. The system's power tends to decrease with
a certain probability aer receiving it. Pressure, temperature,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and mixture were selected as control variables to simulate the
adsorption behavior of mixed gas under different parameter
combinations. The temperatures were selected including 348 K,
373 K, and 398 K. The pressure range was 1–1000 Pa. In the
simulation process, the GCMC method is used in RASPA to set
the number of loop simulation steps to 100 000 and the balance
steps to 20 000. The external temperature control was 298 K, and
the thermostat time scale was 0.15 ps. The pressure regulator
time scale parameter was 0.15 ps. The cross-term was rst tested
using the Lorentz–Berthelot mixing rule, and the full host–guest
interaction calculation was used for the test. The potential
energy was calculated using spherical truncation and the trun-
cation radius of uid intermolecular interaction was 13 Å.

2.2.2 MD calculation. The molecular dynamics component
was calculated using the Large-Scale Atom/Molecular Weight
Parallel Simulator (LAMMPS).29 Based on the 1 × 1 × 1 Cu-
HKUST-1 cell unit model (Fig. 3), a 3 × 3 × 3 supercell model
structure was established by cell expansion. The size of the
supercell model is a = 79.029 Å, b = 79.029 Å, c = 79.029 Å.
Using the UFF force eld between molecules and the skeleton,
AMBER force eld for the description of the force eld between
molecules of adsorbate materials. Periodic boundary conditions
were applied with cutoff of 13 Å, and a time step of 1 fs was used
for all simulations. Use the Nosé–Hoover thermostat to balance
each run by 100 ps in the canonical NVT (constant atomic
number, volume, and temperature) ensemble.

Aer model initialization, energy minimization, and atomic
interaction conguration, the gas adsorption of xylene isomers
in rigid Cu-HKUST-1 was investigated at three temperatures
(348 K, 373 K, and 398 K) respectively. We mainly use molecular
dynamics to calculate the diffusivity of each xylene isomer gas
particle in limited system size, and the Mean Square Displace-
ment obtains the diffusivity (MSD),30 as indicated in eqn (5).
MSD is the average ensemble aer balance, and the sequential
n-order algorithm31 used to measure MSD can capture the
correlation, in short, medium, and long-time conveniently and
effectively.32,33 The MSD for all molecular dynamics runs was
calculated every 100 timesteps using the centroid form. It is
worth noting that the effect of any dri in the mass of atoms in
this study was subtracted before calculating the displacement of
Fig. 3 Adsorption conformation of the xylene isomers on a 1 × 1 × 1
Cu-HKUST-1 cell model. In this figure, the xylenes can only pass
through the channels due to the largest size of Cu-HKUST-1.

© 2022 The Author(s). Published by the Royal Society of Chemistry
each atom.34 The data are processed as 250 uniformly distrib-
uted multiple time starting points, and the diffusivity (D) is
estimated from the slope of MSD over the time interval dt by the
Einstein relation (eqn (6)),35 with da being the spatial dimension
(da = 3).

MSDðtÞ ¼ 1

Na

 XNa

i¼1

½riaðt0 þ tÞ � ri
aðt0Þ�2

!
(5)

where Na is the number of molecules or atoms in component a,
t is time, and (t0 + t) − (t0) is the vector distance traveled by
particle i in component a in a period.

D ¼ 1

2da
lim
t/N

d

dt

 
1

Na

XNa

i¼1

½riaðt0 þ tÞ � ri
aðt0Þ�2

!
(6)

2.2.3 Charge calculation. E. W. Christopher et al.36 devel-
oped an extended charge balance (EQeq) method that includes
all available ionization energies for each atom in the periodic
table to estimate the charge of Cu-HKUST-1. As for the charge
part, two charge calculation schemes, EQeq and DFT, were
carried out. Although DFT computes charges more accurately,
EQeq charges perform as well as electrostatic potentials due to
the more extensive computational system. EQeq requires only
a fraction of the computational cost, and approximation
schemes such as the EQeq method may produce reasonable
predictions in less time. We simultaneously compare the
changing trend of the two charge calculation results (Fig. 4).
DFT calculated the atomic charge of the xylene isomer.
Considering the large model of metal–organic frame structure
and a large number of atoms, the atomic charge of the frame
structure was calculated by EQeq. See charge calculation details
in ESI S3.†

3 Results and discussion
3.1 Characterization of Cu-HKUST-1

We used Zeo++ v0.3 version37 to characterize the structure of Cu-
HKUST-1 in terms of pore limit diameter (PLD), maximum
cavity diameter (LCD), body surface area (SBET), free volume
(Vfree), and porosity (4). Table S6† shows the detailed parame-
ters. The spherical probe (N2) measures the pore structure
distribution. This analysis gives an exact distribution of the
Fig. 4 Comparison of charge calculated by EQeq and DFT. Atomic
types are illustrated in Fig. 2(b).

RSC Adv., 2022, 12, 35290–35299 | 35293
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Fig. 5 (a) Histogram of the pore size distribution (PSD). (b–d) RDF
between –CH3 group of xylenes at different temperatures.
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pore size for materials consisting of spherical, cylindrical, or
slit-type pores. This geometric pore size denition is still fully
applicable to irregular materials.38 The pore size distribution
(PSD) Fig. 5(a) is calculated geometrically in Zeo++ by using the
Voronoi methods (Fig. S6†).

The PSD gives information about the size of specic pores
corresponding to each point in the void volume, nding the
giant sphere that encloses the issue but does not overlap with
any frame atom, which gives the cumulative pore volume
curve.39 For the principle of the analysis, see Fig. 5(b–d). In the
present study, each cell is set up with 5000 Monte Carlo
Fig. 6 Adsorption isotherms of single-component (a–c) and ternary m
square; OX, circular; MX, triangle).

35294 | RSC Adv., 2022, 12, 35290–35299
samples, and the fraction of sample points in the nodal sphere
is 0.38, where the minimum atomic radius is 1.2 Å, while the
maximum atomic radius is 1.7 Å. By default, the histogram has
1000 containers of size 0.1 Å. It is recommended to use
a detection radius similar to the atomic radius, which should
have a peak accuracy of 0.1 Å. Some material characterization
supplements for Cu-HKUST-1 are included in ESI S5.†

3.2 Adsorption of xylene isomers

3.2.1 Gas uptake. The basic concepts of adsorption science
are adsorption isotherms, which describe the interaction
between adsorption and adsorbent.40 In this paper, the
adsorption isotherms of xylene isomers in Cu-HKUST-1 were
described using the GIBBS ensemble method.41 Fig. 6 shows the
adsorption isotherms of Cu-HKUST-1 for single components (a),
(b), (c) and ternary mixed components (d), (e), (f) at 348 K, 373 K,
and 398 K, respectively. The selectivity trend for ternary
mixtures is the same as that for single components. In Fig. S7,†
this selectivity with increasing pressure is consistent with the
previous breakthrough experiments at 398 K.43 The character-
ized adsorption order (OX > PX > MX) obtained by simulation is
consistent with the experiment at the highest temperature of
398 K. However, the gas uptakes obtained by simulation is
signicantly higher than the experimental data, which may be
related to the inuence of impurity error in the experimental
process. Moreover, the rigid metal–organic frameworks used in
the simulation have better adsorption and separation perfor-
mance. In the adsorption process of single components and
ternary mixed components, the increasing temperature leads to
a decrease in the total adsorption capacity of the channel. The
ixed component (d–f) in Cu-HKUST-1 at different temperatures (PX,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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isotherms at 348 K and 373 K are much steeper than the
isotherms at 398 K. This may be due to the effect of temperature
on the structure of the metal–organic skeleton, resulting in the
change of the frame structure with temperature. In the equi-
molar ternary mixture, Cu-HKUST-1 showed signicant selec-
tivity for MX/OX and MX/PX with the change of temperature.
The adsorption tendency of OX and PX was better than MX, but
the adsorption capacity of each isomer component in the single
component was not much different.

Adsorption selectivity (Sads) is a crucial research index to
evaluate the separation performance of MOF adsorbed gas.42,44

The ideal selectivity is calculated as the ratio of the single
component absorption (N) of the more adsorbed gas compo-
nent (i) to the absorption of the other gas species (j) at a pre-
determined pressure (eqn (7)). The separation simulation
results of equimolar mixed xylene isomeric components on Cu-
HKUST-1 material are shown in Table 1. Selectivity values (Sads)
for separation of binary mixtures of xylenes as shown in Fig. 7.

Sads = Ni/Nj (7)

Compared with several MOFs with better separation perfor-
mance of xylene isomers, it is found that most MOF materials
are better selective for OX than the other two isomers (Table 1).
MOF-5 exhibit PX preferential adsorption in low pressure. As
pressure increases, MOF-monoclinic adsorption to PX increases
signicantly, and OX and MX adsorption do not change
Table 1 Overview of separation selectivity for xylene isomers on MOFs

Adsorbent T (K)

Adsorption capacity (mmol
g−1) Se

PX OX MX OX

MOF-5 423 — — — 0.5
553 — — — 1.0

MOF-monoclinic 423 — — — 2.2
453 — — — 0.5

CPO-27-Ni 398 — — — 1.6
298a — — — 0.4

Cu-HKUST-1 348 1.70 1.78 1.20 1.4
373 1.44 1.58 1.20 1.3
398 1.31 1.30 1.08 1.2

NaY 398 — — — 0.6
UIO-66 398 — — — 6.8

423 0.14 1.24 0.21 7.3
CD-MOF-1 298 — — — 5.7

318 — — — 6.1
Co2(dobdc) 306a — — — 2.5

298a — — — —
343a — — — 1.1

MIL-47 343 — — — 8.2
383 — — — 3.5
423 — — — 3.2
298 — 3.37 — 2.7

MIL-53 (Al) 313 — 6.76 — 2.1
323 — — — 1.5

a Experimental values obtained from breakthrough experiments. b Two is

© 2022 The Author(s). Published by the Royal Society of Chemistry
signicantly.45 CPO-27-Ni and Cu-HKUST-1 have similar sepa-
ration behaviors, both are OX selective adsorbents, MX and PX
are saturated before OX. However, the separation selectivity of
CPO-27-Ni is higher than Cu-HKUST-1. Cu-HKUST-1 is inher-
ently less selective for PX, with little apparent separation
observed for MX/PX mixtures. The layered Cu-HKUST-1 micro-
crystals obtained in this work show better separation ability for
PX than previously reported Cu-HKUST-1 single crystals under
similar conditions, while other MOFs as a whole show no
obvious selection advantage for PX.43,46 At low pressure, OPLS
and charged AUA models predicted that UiO-66 was selective to
OX over the entire pressure range. Trappe expanded models
predict higher para-xylene capacities at pressures higher than
3–7 kPa. The results show that the adsorption capacity of OX is
higher than that of other isomers, and the least adsorption is
PX.47 CD-MOF-1 has high selectivity for xylene isomers. The
maximum separation for OX/PX is shown at 298 K and 318 K in
CD-MOF-1, and the dynamic adsorption capacity for PX
increases with temperature increase. At 318 K, PX and MX rst
elute as amixture, which is similar toMIL-53 (Al).48,54 In terms of
separation factor Co2 (dobdc) and Co2(m-dobdc) performed
better than NaY separation of industry-related zeolite mate-
rials.49 Both the experiment and the molecular simulation show
that MIL-47 has great adsorption selectivity to xylene isomer,
the selectivity factor obtained at low temperatures is larger than
that of the experiment. The MIL-53 of xylene (Al) is the strongest
in OX adsorption. Compared with MIL-53 (Al), MIL-47 has
a smaller aperture (about 6 Å) and exhibits better xylene
paration selectivity (Sads)
Adsorption
trend Ref./MX MX/PX OX/PX

3 1.21 0.65 MX > PX > OX 45
7 1.78 1.91 OX > MX > PX 45
4 0.23 0.52 OX > MX > PX 45
8 0.24 0.14 PX > MX > OX 45
7 2.00 3.33 OX > MX > PX 43

0.8 0.7 PX > MX > OX 46
7 0.71 1.05 OX > PX > MX This work
1 0.83 1.09 This work
0 0.82 1.00 This work
3 2.50 1.43 MX > OX > PX 43
7 1.36 9.35 OX > MX > PX 47
0 1.23 8.95 47

1.9 10.8 48
1.3 7.9 48
1.6 3.9 49
0.4 b 50

7 2.07 1.01 51 and 52
5.7 1.4 52
3.0 1.5 51
1.9 1.5 51
b 3.5 53
— 2.1 54

8 1.83 2.53 54

omers could not be separated.
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Fig. 7 Selectivity values (Sads) for separation of binary mixtures of
xylenes on Cu-HKUST-1 at 1000 Pa.

Table 2 Adsorption heat of xylene isomer in Cu-HKUST-1 at 1000 Pa
(kJ mol−1)

T (K) Total heat Host-adsorbate Adsorbate–adsorbate

PX/OX/MX (1 : 1 : 1) _1000 Pa
348 88.200 45.933 36.222
373 83.589 40.401 37.018
398 75.705 40.179 29.260

PX_1000 Pa
348 80.717 37.977 36.767
373 81.706 42.521 32.988
398 74.968 40.222 28.473

OX_1000 Pa
348 84.711 39.432 39.273
373 85.870 38.707 40.984
398 75.170 39.262 29.619

MX_1000 Pa
348 79.948 32.292 41.681
373 77.979 39.653 32.197
398 71.230 38.669 26.351

Fig. 8 The comparison of adsorption heat and overall adsorption heat
between adsorbent and adsorbent at different temperatures and the
correlation error analysis.
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selectivity. Cu-HKUST-1 OX is retained preferentially over the
other two isomers, similar to the performance of MIL-53 (Al).
Compared to MIL-53 (Al), MIL-47 has a preference for PX and
shows poor selectivity between OX.50

The Langmuir and Freundlich models were used to t the
absolute adsorption curves nonlinearly, some properties of the
adsorbent were derived from the model tting parameters
(Table S7†).55 The isotherm constants and correlation coeffi-
cients were tted as shown in Table S8.† The Langmuir and
Freundlich isotherm models were statistically signicant at the
95% condence level. We discussed the shape of the isotherms
to predict the desirability of the adsorption system. We found
that the adsorption of Cu-HKUST-1 on xylene isomers corre-
lated well with the adsorption of the Langmuir equation (r2 >
0.95), whereas the adsorption of Cu-HKUST-1 on xylene isomers
correlated poorly with the adsorption of the Freundlich equa-
tion (r2 < 0.95). Therefore, according to the requirement of
correlation coefficient r2 > 0.95, the isotherm of adsorption of
Cu-HKUST-1 on xylene isomers coincides with the conditions
for tting the Langmuir equation.

3.2.2 Adsorption heat. The heat generated by the adsorp-
tion process is the adsorption heat, which can accurately
represent the adsorption phenomenon's physical or chemical
nature, the activity of the adsorbent, and the strength of the
adsorption capacity.35 The magnitude of the adsorption heat
shows the ability of adsorption. The greater the adsorption heat,
the stronger the adsorption capacity. The heat of adsorption
obtained under different pressure conditions can be statistically
analyzed. Using the uctuation method under the ideal gas
hypothesis, the isothermal adsorption heat can be easily
calculated from GCMC simulation. Isothermal adsorption heat
can be calculated by eqn (8).

Qst ¼ Hb �
�
vðUaÞ
vN

�
T ;V

(8)

where Hb is the enthalpy of the bulk phase, Ua is the energy of
the adsorption phase, and N is the number of adsorbed mole-
cules. The adsorption heat of xylene isomers in Cu-HKUST-1 is
shown in Table 2. The heat comparison of adsorption under
equimolar mixing at different temperatures is shown in
Fig. 8.
35296 | RSC Adv., 2022, 12, 35290–35299
Combinations of potential energy functions for all positions
and directions of the gas molecules were used to generate
congurations. These integrals are solved in GCMC simulations
to obtain the probability densities of gas molecules at different
adsorption sites. Such densities reect minor differences in the
adsorption heat. Further insight into the interaction energy
trend of the xylene isomer with the adsorbent surface can be
obtained by observing the simulated probability densities at the
PX, MX, and OX positions, respectively, in the Cu-HKUST-1
material (Fig. 9). It reects the slight difference in adsorption
heat. As a result of the interaction between the adsorbent and
Cu-HKUST-1, the adsorption molecular dynamics size is large,
preventing the entry of molecules through micropores and
mesopores.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Probability density plot of adsorbate locations in Cu-HKUST-1
generated by Monte Carlo NVT simulations. (a) PX, (b) MX, and (c) OX.
The yellow region is stronger than the blue region. Adsorption density
of PX at 348 K and 398 K (Fig. S8†).

Fig. 10 Charge difference diagram.
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PX, MX, and OX isomers lose electrons at the hydrogen end
aer adsorption, and the charge distribution of hybrid orbitals
around the carbon atom changes. Charge difference means that
the three isomers interact strongly with the metal skeleton
(Fig. 10).

3.2.3 Henry's constants. In order to evaluate the gas-
adsorbent interaction and predict the capture and separation
performances of xylene isomers under dilute conditions for Cu-
HKUST-1. We calculated Henry's constants (eqn (9)) based on
single component sorption isotherms by using RASPA as shown
in Table 3, the Henley coefficients of the xylene isomers in Cu-
HKUST-1 are the same within a deviation of less than 1%. The
Henry coefficient was oen used to describe the affinity between
the adsorbate molecules and the porous frameworks. Henry's
constant is a useful measure of the adsorbent affinity for
adsorbates, because it represents the partition of the adsorbate
between its bulk phase and adsorbed phase at very low
pressures.57

K ¼ 1

kBTr

1

N

XN
i¼1

exp

�
� Ui

kBT

�
(9)
Table 3 The calculation results and experimental data of Henry
coefficient of Cu-HKUST-1 (10−4 mol kg−1 Pa−1)

T (K) Method PX MX OX Ref.

Cu-HKUST-1 298a Simul. 4.4 4.1 3.9 This work
423 Simul. 1.9 1.6 1.9 43

CPO-27-Ni 423 Simul. 1.9 4.4 4.7 43
MIL-47 543 Simul. 2.3 1.9 2.7 51

Exptl. 2.2 2.1 2.9 56

a Henry's constants were calculated from pure component adsorption
isotherms at 298 K.

© 2022 The Author(s). Published by the Royal Society of Chemistry
where T, r, N, kB, and Ui are the adsorbent temperature, density,
number of grid points, Boltzmann constant, and the potential
energy of a single grid.

Using Henry coefficients to predict the separation perfor-
mance.58 The dilution selectivity represents the separation
capacity of the material, usually dividing the calculated indi-
vidual Henry coefficients by the zero loading, see eqn (10).

Sads = Ki/Kj (10)

As shown in Table 3, the order of Henry's coefficients is PX >
MX > OX, which agrees well with the relative adsorption of
xylene isomers at low temperature.46 By identifying the Henry
coefficients from the pure component, the thermodynamic
selectivity of MX/PX, OX/MX, and OX/PX were predicted to be
0.93, 0.95, and 0.87 at dilute conditions at 298 K, respectively.
The results of the calculation reaffirmed the previous observa-
tion that separation performance in Cu-HKUST-1. SPX/MX > 1
indicates that PX is preferentially adsorbed, and SOX/MX < 1
suggests that MX is preferentially adsorbed. However, the OX/
PX selectivity of Cu-HKUST-1 is relatively low because the elec-
trostatic interactions favoring OX are offset by weak para-
selection. With the increase of temperature, Henry's coefficient
of OX is the largest. These results further demonstrated that
small pores with the narrow pore size distribution of Cu-
HKUST-1 could effectively increase the framework-OX interac-
tions and make it expectedly potential for OX capture and
separation under dilute conditions.

3.3 Diffusion coefficients

In high-throughput molecular adsorption dynamics simula-
tions, diffusion coefficients are commonly used to calculate the
gas diffusivity of MOF materials.59 The self-diffusion coefficient
of xylenes are determined by using Einstein's relation (MSD
method). Diffusivity is in turn related to the MSD of the
adsorbed gas molecules. The MSD is measured over time to
determine whether the uid is acting due to diffusion alone. We
can use the coordinates of each atom, the velocity, or the center
of mass of each molecule. The reason we use the center of mass
of the molecule in our study instead of the individual atomic
coordinates is that when atomic coordinates are used, the
vibrational displacements of individual atoms are tracked over
a short period while the center of mass displacement performs
better.

In Fig. 11, the MSD is plotted as a function of time for 1000
congurations of xylene isomer gas aer the equilibrium cycle
obtained from the simulation trajectory. Since the MSD accu-
racy decreases rapidly with time aer the MSD becomes linear,
we t the diffusion coefficients from multiple data points and
the t should be limited to the linear diffusion region of the
MSD-DT curve. The diffusion coefficients of each component
are shown in Table 4.

This constant portion of the graph gives the diffusion coef-
cient. The ballistic region is also seen in Fig. 11 which is the
log–log plot of MSD with time and is represented by the para-
bolic region of the graph very close to origin. In this case, the
molecules at the beginning move swily in the holes present in
RSC Adv., 2022, 12, 35290–35299 | 35297
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Fig. 11 MSD, results of molecular dynamics (MD) at the 398 K and
1000 Pa.

Table 4 The simulated value of self-diffusion coefficient of PX, OX,
and MX at 1000 Pa

T (K)

Diffusion coefficient (1 × 10−8 m2 s−1)

PX OX MX

348 3.05 2.89 1.98
373 3.20 3.10 2.10
398 3.18 2.87 1.92
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the system thereby showing a higher value of diffusion coeffi-
cient. Aer a certain time, the molecules show uniform motion
as a result of which we see the linear portion of the plot.
4 Conclusions

In the study, we have found that Cu-HKUST-1 has an unsatu-
rated metal center that contains Cu2+. Therefore, the adsorption
site near Cu2+ in the cell exhibits more obvious aggregation,
mainly due to the interaction between the dipole moment of the
xylene molecule and the electrostatic eld of the adsorbent.
Based on the adsorption uptakes and adsorption heat, the
adsorption trend of the mixed gas of xylene isomers between
Cu-HKUST-1 was determined: OX z PX > MX. The adsorption
amount and adsorption heat of each component of mixed
xylene isomer showed a decreasing trend with the increase of
temperature. The adsorption capacity and adsorption heat at
398 K are inferior to that at 348 K and 373 K. This may be caused
by the collapse of the skeleton linker with increasing tempera-
ture. By analyzing the adsorption heat, we found that the
difference between PX and OX was very small, while the
adsorption heat of MX was signicantly smaller than that of PX
and OX. In contrast to the MXmolecule, the small volume of the
OX molecule can more readily ll the cavity of the Cu-HKUST-1
molecule. When pores are lled, molecular packing or
arrangement effects do not enormously change the adsorption
35298 | RSC Adv., 2022, 12, 35290–35299
behavior. Since the interaction between xylene and unsaturated
metal centers is much weaker than the interaction between
cations outside the skeleton, there is a lower density of adsor-
bed phase in Cu-HKUST-1. Finally, we assume that Cu-HKUST-1
has a perfect crystal structure. However, in practice, electro-
static interactions between atoms in the crystal may also have
an impact on the actual adsorption process, which may lead to
an over or underestimation of the material's adsorption
capacity.
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