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KEYWORDS Abstract MOFs (Metal-Organic Framework), as promising crystalline materials of adsorption
MOFs: and separation, has been the subject of many recent investigations. However, the H,O stability
Adsorption; of MOFs and the variation of adsorption selectivity in humid environments largely hinder attempts
GCMC simulations; as excellent adsorbents in numerous scenarios. This study employs hydro-thermal synthesis
TIAST [Cdys(DPETA) 5], using 2,3',5,5-Diphenyl tetracarboxylic acid (DPETA) and Cd(NOj3),-4H,O

as ligands and metal ions, respectively. And it is modified by adding auxiliary ligands 4-4'-
bipyridyl (bpy) and 1,2-bis (4-pyridyl) ethylene(bpe) to obtain [Cd; sbpy>(DPETA)], and
[Cd,bpe,(DPETA)],.The phase purity of the MOFs is examined using PXRD and FT-IR spectrum.
The adsorption capacities of three MOFs are tested separately for water, ethanol and methanol
using vapor adsorption. Their adsorption conformations and hydrogen bond lengths are also cal-
culated by the GCMC method. The adsorption selection ratios of methanol and ethanol are
deduced in combination with the IAST method under three components of water, methanol and
ethanol. The results shows a methanol/ethanol adsorption separation ratio of 45 for [Cd; sbpya(-
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DPETA)], at 297 K, which is consistent with the of GCMC demonstrated. These results suggest
that the methanol/ethanol adsorption selectivity ratio can be improved by increasing the adsorption
force on methanol through by adding of auxiliary pyridyl ethylene. It can be used for efficient
methanol/ethanol separation in humid environments.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

MOFs are crystalline materials with highly ordered structures
formed by individual metal cations or metal clusters linked by
multi-dentate organic ligands. Due to their highly elastic prop-
erties, MOFs with different design and properties can be syn-
thesized by modifying organic ligands, which are widely used
in energy, environmental, biomedical, detection, catalysis and
other fields (Guan et al., 2020; Li et al., 2021; Liu et al.,
2020; Lu et al., 2022). It was enthusiastically pursued in the
past 20 years. According to Web of Science data, there are
more than 6,000 studies on MOFs materials in 2021, covering
many disciplines such as chemistry, energy, life sciences, phar-
maceuticals, and mechanics. MOFs materials are ideal for gas
storage, gas separation, and sensing and detection because of
the low density, large specific surface area, adjustable pore
diameters, and flexible structure (Yuan et al., 2016; Deng
et al., 2019; Schiitrumpf et al., 2017).

In toxic vapor separation and fuel purification, it is often
necessary to sort out specific products under the conditions
of mixing multiple alcohols with water vapor gas (Fomkin
and Petukhova, 2020). Alcohol vapor separation has always
been a research hotspot in the chemical industry (Zheng
et al., 2014; do Thi et al., 2020). With the increasing awareness
of environmental protection, the traditional constant boiling
and extractive distillation processes not only consume a lot
of energy, but also often use toxic azeotropes (Yuan et al.,
2016). Therefore, a clean alcohol separation process is urgently
needed. MOFs material as pore filler to prepare membrane
modules for alcohol permeation vaporization is 30-40 % more
energy-efficient than azeotropic distillation. And almost no lig-
uid flooding, fog foam entrapment and other serious problems
that conventional distillation processes (Sander and Soukup,
1988; Selvaraj and Banat, 2019). This research is in its initial
stage and has great potential for development. However, as
an alternative ideal adsorbent material for the future, the water
adsorption properties and H,O stability of MOFs have been
the major limitation of their widespread diffusion.

In 2008, J. M. Castillo et al. studied the adsorption beha-
viour of H,O in Cu-BCT using molecular simulations, showing
that H,O molecule has a surprising affinity for the metal atoms
in this structure. This result can be applied to the separation of
water from other compounds (Castillo et al., 2008). 2009, P.
Kiisgens et al. studied the H,O adsorption properties and
H,O stability of the common HKUST-1 ZIF-8, MIL-101,
MIL-100(Fe) and DUT-4. Their application in water adsorp-
tion is predicted in terms of stability, hydrophilicity and
adsorption capacity (Kiisgens et al., 2009). 2012, Schoenecker,
P.M. et al. investigated the structural changes and specific sur-
face area loss of Mg MOF-74 after water absorption by Pow-
der X-ray Diffraction (PXRD) and N, adsorption experiment,
revealing the intrinsic mechanism of structural collapse of

MOFs (Schoenecker et al., 2012). In 2013, DeCoste, J.B
et al. investigated the degradation pattern of the three most
common MOF materials at different temperature and humid-
ity conditions within 28 days. The results indicate that the dif-
ference in water absorption is the most important reason for
the secondary building unit (SBU) collapse of the MOFs mate-
rials (Decoste et al., 2013). In 2021, two MOFs with a same
hexagonal channel, but present diverse porous wall environ-
ments are prepared by Xiu-Yuan Li et al. That effectively
improved the adsorption of water and alcohol by introducing
open site N atoms. This provides a good reference for prepar-
ing MOF materials with high water-alcohol adsorption capac-
ity (Li et al., 2020). The stability and adsorption selectivity
determine whether MOFs can become commercially viable
adsorption separation materials in the future. From previous
report, the N atom on pyridine group is sp” hybridized. There
are more unbonded electrons remaining and the electron cloud
density is larger. If the adsorption between pyridine and guest
molecules is mainly by chemical reaction, the introduction of
pyridine ligands increases the adsorption interaction (Wong-
Ng et al., 2021). That is essential to develop MOFs with good
water stability and alcohol separation properties.

In this paper, a method on the basis of 2,3',5,5-Diphenyl
tetracarboxylic acid (DPETA) is investigated to prepare MOFs
and their modification by introducing the auxiliary ligands bpy
and bpe. On one hand, the porosity is adjusted. On the other
hand, adsorption amount of alcohols is enhanced by introduc-
ing pyridine rings and vinyl groups. Finally, the adsorption
separation ratio of MOFs under multi-component conditions
is adjusted. The adsorption capacity of H,O and alcohols in
the pore structures were also explored and further confirmed
by Grand Canonical Monte Carlo (GCMC) simulations at
molecular level for exploring adsorption properties of guests
on MOFs. This is important for specifying and tailoring the
crystal structure to make it a new functional material with
specific applications.

2. Experiment methods

2.1. Synthesis of [Cdys(DPETA)ys], (1),
[Cd, sbpy:,(DPETA)], (2) and [ Cdbpe,(DPETA)], (3)

2.1.1. [Cdys(DPETA)y 5],

A sample bottle containing Cd(NOs),-4H,O (30.8 mg,
0.1 mmol), 2,3',5,5-Diphenyl tetracarboxylic acid (17.3 mg,
0.1 mmol), DMF (2 mL) and H,O (1 mL) was heated at
110 °C for 72 h. After forced-air cooling to 297 K, white gran-
ular crystal were obtained in 60 % yield. Anal.Calcd for CgH;-
045Cdg5: o(C) = 42.27 %, o(H) = 1.33 %, o(0) = 31.67 %,
o(Cd) = 24.73 %. Found: o(C) = 43.62 %, o(H) = 1.58 %,
o(Cd) = 24.02 %.
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2.1.2. [Cd, sbpy>(DPETA)],

A sample bottle containing Cd(CH3;COO),-2H,0 (26.65 mg,
0.1 mmol), 2,3',5,5-Diphenyl tetracarboxylic acid(17.3 mg,
0.1 mmol), 4-4'-bipyridyl (15.6 mg, 0.1 mmol) DMF (2 mL)
and H>O (0.5 mL) was heated at 110C for 72 h. After
forced-air cooling to 297 K, white granular crystals were
obtained in 55 % yield. Anal.Caled for C3sH3Cd; sN4Oy s:
o(C) = 51.96 %, o(H) = 2.79 %, o (N) = 6.73 %, o(C
d) = 20.26 %. Found: o(C) = 52.47 %, o(H) = 2.94 %, »
(N) = 7.43 %, o(Cd) = 21.68 %.

2.1.3. [Cd-bpes(DPETA) ],

A sample bottle containing Cd(CH3COO),-2H,0 (26.65 mg,
0.1 mmol), 2,3',5,5-Diphenyl tetracarboxylic acid (17.3 mg,
0.1 mmol), 1,2-bis (4-pyridyl) ethylene (18.2 mg, 0.1 mmol)
DMF (2 mL) and H,O (0.5 mL) was heated at 110°C for
72 h. After forced-air cooling to 297 K, yellow block crystals
were obtained in 63 % yield. Anal.Calcd for C4oH»sCd,N4Oy:
®(C) = 51.58 %, o(H) = 2.81 %, o(N) = 6.01 %, o(Cd) =
24.14 %. Found: o(C) = 51.99 %, ®(H) = 3.02 %, ®(N) = 6.
14 %, o(Cd) = 24.78 %.

2.2. Characterization

All experimental reagents and solvents are commercially
sourced and have not been further purified. Fourier Transform
InfraRed (FT-IR) measured using Nicolet IS50 Thermofisher
spectrometer in the 600-4000 cm ™' region. The contents of
C, H and N in MOFs determined by PerkinElmer 2400C ele-
mental analyzer. The crystal structures and phase composition
of the samples collected by a Bruker D2 Phaser Gen 2 X-ray
Powder Diffraction (PXRD), with Cu Ko ray (A = 1.5418 A)
.Thermogravimetric analysis performed in a N, atmosphere
using a Q600 SDT thermal analyzer at a heating rate of 5C/
min.

2.3. Structure of the complexes

A single crystal X-ray diffraction analysis performed at 297 K
using Graphite monochromatic Mo Ka rays (A = 0.71073 A)
on a Bruker Smart APEXII CCD detector using. The structure
of the complexes was resolved using the direct method, and
refined using the full-matrix least square method F° of
SHELXTL package (Sheldrick, 2015). All the resulting non-
hydrogen atoms are anisotropic refined, and the corresponding
hydrogen atoms are added to the geometrically optimal posi-
tion and refined by isotropic elements. Since disordered lattice
water molecules could not be identified, structural refinement
is handled using the SQUEEZE program of PLATON soft-
ware (Spek, 2003).

2.4. Vapor adsorption studies

Measurements of low pressure (up to 1 atm) water, ethanol,
and methanol adsorption isotherms collected on a fully auto-
mated Quantachrome Autosorb-iQ MP adsorption system at
relative pressure. All the as-synthesized samples were soaked
in CH,Cl, for 48 h. The supernatant was replaced every
12 h. Before the vapor measurement, about 100 mg samples
were completely desolvated by heating the CH,Cl,_exchanged

complexes at 353 K under a dynamic high vacuum for 24 h.
Each pressure step set as 3 min during maximum equilibration
time.

3. Results and discussion

3.1. MOFs structure

Single-crystal XRD analysis shows that complex 1 crystal-
lizes in the original orthogonal system, the space group is
PNMA, and the asymmetric unit consists of a Cd (II) atom
and a DPETA ligand. As shown in Fig. 1(a) and (b), the Cd
(II) atom was coordinated by eight carboxylate oxygen
atoms from 4 DPETA ligands to furnish a oblique paral-
lelepiped geometry. The Cd-O bond range from 2.301(3) to
2.576(2) A, these values match with the previous research
(Duan et al., 2010).

In each ligand DPETA, the dihedral angle between con-
nected benzene rings is 90.45°, almost a right angle. The four
carboxyl groups are linked to four Cd*>* ions in a double-
dentate chelation mode. Cdl and Cd2 form a binuclear set
by bridging two carboxyl groups of a DPETA. The binuclear
cluster is then connected with DPETA-1 to generate a wave
layer parallel on the ac plane. Then adjacent wave layers are
extended into 3D structures by DPETA-2. The structure has
a one-dimensional rectangular channel with a diameter of 6.4
x 5.1 A along the b-axis, and a solvent accessible volume of
nearly 68 %.

To further understand the structure of 1, topological anal-
ysis software TOPOS was utilized. If defining the DPETA
ligands as four-connected nodes and the tetranuclear Cd(II)
atom secondary building units as 4-connected nodes, the whole
3D framework can be described as a (4,4)-connected 2-nodal
network with a topos symbol of {4°.6°.8} (Fig. 1(d)).

The first strong peak at 6.5° is correspond to open chan-
nel of MOFs. Complex 1 is a spoke-type MOF constructed
with Cd as metal node. From its topological network, there
are square or diamond-shaped secondary structural units
around the eight-membered ring. This unit is affected by
the solvent to produce respiration. On the one hand, the
[110] crystal plane spacing changes, corresponding the offset
of XRD peaks (Ling et al., 2011).On the other hand, during
simulated time, the channel is open by default. While in the
product of experimental synthesis, the channel is closed.
Therefore, red and blue diffraction peak does not exist
(Sakata et al., 1979).

Similarly, single crystal XRD analysis shows that complex 2
crystallizes in a central monoclinic system with space group
C2/C. Every asymmetric unit includes two Cd(II) atoms, one
DPETA ligand, two 4-4'-bipyridyl and one coordinated H,O
molecules. In Fig. 2, The Cdl atom is coordinated along an
axis by four carboxyl O atoms and two bipyridine groups,
resulting in a severely distorted octahedral geometry. The
Cd-O bonds range from 2.343(5) to 2.547(3) A, and the Cd-
N bonds range from 2.258(4) to 2.354(3) A.

In each DPETA, the dihedral angle of connected benzene
rings is — 18.68°, which means the ligand has been further
compressed and crimped. DPETA-1 and DPETA-2 are bridg-
ing with a Cd along the ¢ axis to generate an almost planer
layer on the ac plane. Then adjacent layers are extended by
compressed C—O—C bond of DPETA into 3D structures.
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Fig. 1

The structure has one-dimensional rectangular channel with a
diameter of 10.1 x 11.8 A along the c-axis and a solvent acces-
sible volume of nearly 68 %.

The TOPOS software is still employed to identify the topos
symbol of complex 2. The DPETA ligands as four-connected
nodes. The tetranuclear Cd1 atom SBUs is 4-connected nodes
and the pentanuclear Cd2 atom SBUs is 5-connected nodes.
Thus, an unprecedented whole 3D framework can be described
as a (3,4,5)-connected 3-nodal network with a topos symbol of
{67.87}{67)2{6°.8%}, (Fig. 2(d)).

Single-crystal XRD analysis of complex 3 crystallizes in the
primitive monoclinic system, the space group is P21/C, and the
asymmetric unit consists of two Cd (II) atoms, a DPETA
ligand, and two 1, 2-bis (4-pyridyl) ethylene (bpe). As shown
in Fig. 3(a), the Cd1 atom is coordinated by four carboxyl O
atoms and two bpe nitrogen atoms. The N-Cd-N angles range
from 90.321° to 91.546°, almost a right angle. The Cd-O bonds
range from 2.311(3) to 2.381(3) A, which is shorter than 2. And
the Cd-N bonds range from 2.256(2) to 2.274(5) A. In each
asymmetric unit, the dihedral angles connecting the DPETA
and bpe (C1-O1-Cd2-N1 and C1-O2-Cd2-N4) are 61.438°
and 50.942°. The two carboxyl groups links to four Cdl ions
in a double-dentate chelation mode. Cd1 and Cd2 form a bin-
uclear cluster by bridging a bpe group along the b axis to gen-
erate an almost 2D sheet with quadrilateral lattices on the bc
plane. Then neighbour layers are bonded by C—O—C of
DPETA to complete a 3D noninterpenetrated microporous
framework construct 1D hexagon channel with a diagonal of
about 12 A along the a-axis, and the solvent accessible volume
is close to 39.3 %, as Fig. 3(c).

(a) SBU of 1; (b) Coordination circumstance of the Cd atom in 1; (c) 3D framework along b axis; (d) topological network.

As with complex 1 and 2, the software TOPOS is still
utilized. Suppose defining the DPETA ligands as 4-connected
nodes and the tetranuclear Cd(II) cluster SBUs as 4-
connected nodes. Thus, an unprecedented whole 3D frame-
work can be described as a (4,4)-connected 2-nodal network
with a topos symbol of {4.6%.8%},{4%.62.8%} (Fig. 3(d)).

3.2. Properties

Besides Single-crystal XRD, the frameworks of complex 1, 2
and 3 confirmed by PXRD. Form the PXRD pattern of com-
plex 1 in Fig. S1(a), the simulated data is similar to the as-
synthesized sample and after gas adsorption sample. That indi-
cates the complex 1 has a good phase purity and the basic
framework remains unchanged after the vapor adsorption
process.

By comparing the experimental PXRD patterns with those
simulated by single crystal data, we are able to confirm the
phase purity of the synthesized complexes. The three synthe-
sized complexes were measured by PXRD, as shown below.
The black, red and blue curves is correspond to the simulated
sample, as-synthesized sample and the sample after vapor
adsorption process, respectively.

From the PXRD of complex 1, the as-synthesized pattern is
consistent with the simulated data, confirming that the com-
plex 1 has good phase purity. After the vapor adsorption pro-
cess, the peak position of the PXRD pattern did not alternate,
indicating that it is stable and suitable for vapor adsorption.

Similarly, from the PXRD of complex 2, the as-synthesized
pattern is consistent with the after vapor adsorption pattern.
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Fig. 2

However, from Fig. S1(b), the simulated data peak is
left-shifted compared with the other blue and black curves.
Because complex 2 is highly flexible packing, its lattice con-
stantly shrinks, causing the peak position to shift to the right
(Lin et al., 2014; Chen et al., 2020).

In the PXRD results of complex 3, the simulated curve is
markedly different from the other two curves. As we can see
from Fig. S1(c), PXRD can only present peaks of metal clus-
ters. This because the pores of the synthesized MOF are huge,
and the electrons of C, O and N elements are much less than
those of metal elements, leading to the weak diffraction peaks
of these elements, which cannot present in the graph.

It can be seen from the thermogravimetry and derivative
thermogravimetry (TG-DTG) (see Fig. S2) curve, that the
original compounds 1 and 3 loose coordination water and lat-
tice water molecules at about 180 °C. It is two stages of water
loss of 2, respectively at 110 °C and 300 °C. The structure of
the desolvated samples remained stable until 400 °C, indicating
that the three compounds could work stably within 400 °C.

The three synthesized complexes were analyzed by FT-IR
spectrum, as shown in Fig. S3. The black, red and blue curves
correspond to complexes 1, 2 and 3, respectively. It can be seen
that the spectrums of the samples with auxiliary ligands are
obviously different. From the curves, the wide absorption peak
at 3400 cm™' is the stretching vibration peak of N—H,

(a) SBU of 2; (b) Coordination circumstance of the Cd atom in 2; (c) 3D framework along c axis; (d) pcu topological network.

indicating the presence of vinyl in 2 and 3. There are three
absorption peaks near 1600, 1500 and 1450 cm ™" of the ben-
zene ring, which are the C—C stretching vibration of aromatic
hydrocarbon. Meanwhile, the absorption peak at 3030 cm ™' is
the unique C—H stretching vibration peak of the aromatic
ring. At the same time, it is found that 1600 cm ™' absorption
bands split into two absorption bands of 1570 and 1610 cm ™",
indicating that the benzene ring has n-m conjugation with
unsaturated groups or p-m conjugation with substituents con-
taining lone pair electrons. There are oxygen atoms in the
binding molecular formula. There is no strong absorption peak
in the double bond region in the figure, indicating that there is
no C—0 double bond, indicating that O and Cd coordinate to
form a Cd-O bond.

3.3. Adsorption properties

The special pore prompted us to study the adsorption of H,O
and alcohol at their corresponding vapor pressures and 293 K.
(Py = 2.09 kPa for H,O, 11.62 kPa for MeOH, 5.30 kPa for
EtOH). As-Synthesized samples of 1, 2 and 3 immersed in
CH,Cl, for 48 h, and then heated to 105 °C for eight hours
to obtain activated samples.

H,O adsorption isotherm of 1, 2 and 3 possess maximum
adsorption capacity of 91.04, 84.61 and 260.08 cm’g™" at P/



C. Zhang et al.

Fig. 3
topological network.

Py ~ 1, as shown in Fig. 4. However, they offer entirely
different adsorption states. 1 is type-11 isotherm, 2 is type-IV
isotherm, and 3 is type-V isotherm. (See Fig. 4).

There are two steps in the H,O adsorption isotherm of 1:
the first step appear at P/Py, < 0.5, the loadings increase with
relative pressure, isotherm convex upward; as the relative pres-
sure increases, multi-layer adsorption begins to emerge. At sat-
uration vapor pressure, the adsorption layers are infinite. This
type-II profile of H,O satisfies the BET model.

The adsorption isotherm of 2 shows a two staircase. The
first stair is at P/Py < 0.45, and the second stair saturated at
P/Py ~ 1. This type-1V profile is because 2 surface has meso-
pores and macropores-H,O capillary coalescence occurs on
the 2 surface when relative pressure at P/P, = 0.4. At high
pressure, adsorption process appears only on the outer surface,
which is much weaker than the inner surface. The curve tends
to flatten.

The H,O adsorption isotherm of 3 has three steps: the first
step occurs at P/Py < 0.25, the adsorption capacity increases
slowly with the relative pressure. The second step is about P/
Py, < 0.85, the adsorption capacity of H,O increases rapidly.
And the third step adsorption isotherm gradually tends to sat-
uration. This V-shaped curve of H,O may be due to the fact
that the hydrophobic channel of 3 is composed of many
hydrophobic benzene rings (Noll, 1987). In addition, large
adsorption hysteresis loop is observed during the desorption.

The MeOH isotherms of 1 and 2 show type-II profiles. P/
Py < 0.05, the adsorption capacity increased rapidly. And
after P/P, greater than 0.8, there is a sharp increase. Then

(a) secondary building unit of 3; (b) Coordination circumstance of the Cd atom in 3; (c) 3D framework along the a axis; (d)

following another sharp increase occurs near saturated vapor
pressure and possesses adsorption amount of 110.67 and
68.28 cm’g~", respectively. The sharp increase in P/P, close
to 1 may be due to the capillary condensation phenomenon
formed by the large pores generated by the accumulation of
sample particles.

Isotherm of MeOH of 3 also shows a type-V profile just as
H,O on 3. Firstly, the loading slowly rose at P/Py < 0.2, iso-
therm convex downward; and then, the adsorption capacity
increases rapidly near P/P, = 0.4, and following the absorp-
tion isotherm gradually saturates.

There are two main reasons for this result. Firstly, the
multi-layer adsorption of MeOH on the hydrophobic surface
of 3. And secondly, the interaction between methanol and
water is greater than the adsorption interaction with 3, just like
the adsorption of water vapor on the graphite surface (Huang
et al., 2012).

At P/Py = 1, the absorption of EtOH by 1, 2 and 3 is 24.57,
12.59 and 102.33 cm’g ™!, respectively, and a delayed desorp-
tion isotherm is also observed, indicating an irreversible pro-
cess. All of the three adsorption isotherms present type-I
profiles. At P/Py < 0.05, the adsorption curve rises rapidly,
and microporous adsorption occurs. The external surface
adsorption occurs in the flat region. Both capillary coalescence
and multi-layer adsorption will not happen. This is a classic
Langmuir isotherm (Ayawei et al., 2017).

The adsorption capacity of H,O and alcohol decreased with
increasing molecular size, highlighting size-selective capture.
Compared with 1 and 2, the maximum adsorption capacity
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of 3 is more than four times and eight times that of 1 and 2,
highlighting the specific flexible structure with high surface
area and macroporous adsorption.

3.4. Adsorption mechanism

In order to understand the specific adsorption phenomena,
GCMC simulations are performed at 293 K and corresponding
vapor pressure of H,O and alcohols.

In 1, all guests interact with coordinated carboxylate and
bridge O atoms by intense O-Hgyegt. - Ohost, hydrogen bonds
(H...O = 1.96 A for H,O, H...O = 191 A for MecOH and
H...O = 1.76 A for EtOH).

The 2 and 3 are in contact with H atom of H,O and alco-
hols, generatingostronger O-Hguest- - -Ohnost h)idrogen bonds (2:
H...O = 1.81 A for H,O, H...O = 1.69 A for MeOH and
H...O = 1.75 A for EtOH; 3: H...O = 1.82 A for H,O0,
H...O = 1.72 A for MeOH and H...O = 1.75 A for EtOH).
The result revealed that the attractive interactions between
guests and 2 is the most intense. However, as mentioned
above, 2 has the lowest adsorption capacity. This is because
the adsorption capacity is not only related to the interaction
between the guest molecule and the adsorbents, but also the
porosity (Chen et al., 2011; Lv et al., 2012). One detail that
deserves attention, unlike 1 and 3, is that in 2, the hydrogen
bond length of methanol is significantly shorter than that of
water and ethanol. This result will have a non-negligible
impact on the adsorption separation performance.

To further understand the adsorption separation mecha-
nism for the separation of the three vapors, the vapor selectiv-
ity of H,O, MeOH and EtOH are analyzed utilizing the Ideal
Adsorption Solution Theory (IAST) (Bojdys, 2013; Myers and
Prausnitz, 1965). Through acquired pure component adsorp-
tion isotherms, the Langmuir-Freundlich (L-F) model pro-
vides a better fit to the isothermal parameters (Babarao
et al., 2007; Goetz et al., 2006). The fitting curves and param-
eters shows in the supplementary information (Fig. S4-S6,
Table S1-S3).

The adsorption selectivity of 1, 2 and 3 for the three com-
ponents shows in Fig. 6. Compared with 1 and 3, 2 interacts
more strongly with MeOH molecules, resulting in significant
MeOH selectivity over EtOH under the condition of H,O:
MeOH: EtOH = 0.33: 0.33: 0.33.

According to the Fig. 6, the adsorption selectivity of
MeOH/EtOH is 1.74, 44.9 and 0.03 at 5 kPa, respectively
(Myers and Prausnitz, 1965; Zhu et al., 2021). Therefore, 2
has the potential ability to purify MeOH, and conversely, 3
can be applied to purify EtOH. These results suggest that the
interaction between guests and adsorbent is a crucial factor
in selective separation rather than saturated adsorption
capacity.

MeOH and EtOH selectivity are studied at different humid-
ity in Fig S7. The selectivity changed significantly under differ-
ent humidity of 1, 2 and 3. Moreover, adsorption density
contours of H,O, MeOH and EtOH in channels of 1, 2 and
3 are show in Fig. S8. In 1, guests all occupy the channel con-
structed by two DPETA ligands. However, in 2 and 3, the
adsorption density distribution is significantly different. In 2
and 3, the H,O molecules occupy more near the N atom of
the pyridine ring attached to the Cd atom, while the methanol
occupies more on the vinyl of the pyridine ring attached to the

50
awp =1
_._2
+3
30
g MeOH: EtOH=0.33: 0.33
=
(5]
2 20 F
&
10
0k
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0 1 2 3 4 5
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Fig. 6  Adsorption selectivity of 1, 2 and 3 for three components
mixture.

Cd atom. EtOH adsorbed on 2 near the Cd atom. On 3, it
adsorbs near the O bridge of the DPETA ligands. By compar-
ison, it can infer that the vinyl group adjacent to N on the
coordination pyridine ring has a good separation of MeOH
and EtOH.

In 3, H,O and MeOH mainly adsorbed near N of pyridine
atom linked to Cd atom. In contrast EtOH adsorbed near bridge
O atom of DPETA under the combined interaction of carboxyl
group and bridge O atom. Because the H...O is more robust
than H...N. This is also the reason for the different adsorption
selection ratios in 2 and 3. And MeOH is adsorbed near the pyr-
idine ring H by the combined interaction of the carboxyl group
and the pyridine ring N atom (Castillo et al., 2008). This also
demonstrates that modified 1 and the addition of a pyridine
ligands can improve the adsorption of MOFs on MeOH.

This result enlightens us that the adsorption selectivity does
not depend on the maximum adsorption amount of guests, but
determines by the amount of adsorption in the flat or linear
region (Lin et al., 2012). This also provides a favorable basis
for the future preparation of screening MOFs suitable for sep-
arating specific substances.

4. Conclusions

We synthesized and modified three types of MOFs with
DPETA ligands and auxiliary ligands. The increased vapor
adsorption amount of H>O and alcohol is observed in 3, which
has multi-layer adsorption and intense interaction between
guests and MOFs. Owing to their particular structure and
interaction sites, the modified MOFs show high selectivity
adsorption of MeOH and EtOH under vapor state, suggesting
possible application in capturing MeOH and EtOH from a
mixture of ethanol and water or upgrading alcohol fuel.
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