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ABSTRACT: The separation of xylene isomers is one of the most
challenging issues in the chemical industry because of the similarity of their
boiling points and kinetic diameters. This study focuses on the use of pillar-
layer MOF-Co(aip)(bpy)0.5 for adsorption and separation of xylene isomers.
It was found that Co(aip)(bpy)0.5 exhibited a significant para-selectivity in
liquid-phase competitive adsorption of xylene isomers, and the competitive
separation factors reached as high as 30 for p-xylene versus m-xylene and 16
for p-xylene versus o-xylene. Desorption experiments further confirmed the
preferential adsorption of p-xylene on the adsorbent. Molecular simulations
and calculations revealed that the order of interaction strengths for xylene
molecules and the adsorbent framework was p-xylene ≫ o-xylene ≈ m-xylene,
which illustrated the selective adsorption phenomena arising from the
mechanism for microscopic interactions. This work broadens the application
of pillar-layer MOF materials in the field of xylene isomer adsorption and
separation.
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1. INTRODUCTION

Xylene isomers, including para-xylene (p-xylene), meta-xylene
(m-xylene), and ortho-xylene (o-xylene), have different
applications and values in the chemical industry.1 Among
them, p-xylene is the key starting material for the production of
refined terephthalic acid (PTA) and dimethyl terephthalate
(DMT) that are further converted into various polyester
products such as polyethylene terephthalate (PET) and
polybutyl terephthalate (PBT).2 However, the similar kinetic
diameters (6.5, 6.4, and 5.8 Å for o-xylene, m-xylene, and p-
xylene, respectively3,4) make them difficult to separate,5 and
the conventional distillation method is not suitable for the
separation of p-xylene and m-xylene due to their similar boiling
points (144.4, 139.1, and 138.4 °C for o-xylene, m-xylene, and
p-xylene, respectively6). Therefore, the separation of xylene
isomers is regarded as one of the seven world-challenging
separations,1 and it is of great importance to develop an
efficient and low-consumption method for xylene separation.
In recent years, the continuous advances of adsorbent research
have made the adsorptive separation method the most widely
used separation method. At present, the majority of adsorbents
for xylene separation are para-preferential adsorbents, whether
in industrial applications or academic research.7,8 Due to the
lower composition for p-xylene in the mixed feed stream, it is
usually easier to achieve high productivity using para-selective
adsorbents.9 Current industrial adsorption techniques for the
production of pure p-xylene are carried out with para-selective

faujasite-type zeolites using simulated moving bed technol-
ogy10,11 such as the commercial Parex process.10,12 The
separation is achieved using the differences in adsorption
capacities for xylene isomers in the unique pore structure of
cation-exchanged faujasite zeolites X or Y (BaX and
KBaY).9,13,14 After a long period of continuous improvement,
the separation selectivity and the capacity of zeolites are still
limited by the nature of the pore topology and cationic binding
sites. It is still necessary to develop adsorbents with higher
adsorption capacities and selectivities for the development of
more efficient adsorption separation processes.
Compared with traditional zeolite adsorbents, metal−

organic frameworks (MOFs) have shown unparalleled
advantages and potential in the field of adsorption and
separation due to their structural flexibility and tunability.15

One of the most promising applications of MOFs is in their
use as xylene adsorbents. In fact, a vast number of MOFs have
been studied for the adsorption and separation of xylene
isomers, including para-selective MOFs, and they can achieve
the separation of xylene isomers by pore size and the
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interaction between their framework and p-xylene. For
example, MIL-12516 and its derivative MIL-125-NH2

17

preferentially adsorb p-xylene over m/o-xylene because of the
stacking effect in the large octahedral cage combined with
molecular sieving in the tetrahedron cage, and MIL-125-NH2
exhibits excellent separation performance with a selectivity of 3
for p-xylene/m-xylene at 25 °C. Also, JUC-7718 with two-
dimensional diamond-shaped channels is suitable for the
passage of p-xylene with the smallest width. In addition, MAF-
X819 selectively adsorbs p-xylene because its channel size and
geometry allow commensurate stacking for p-xylene molecules,
and this selectivity is comparable to BaX. MIL-4720 also has an
obvious separation effect on p-xylene/m-xylene with a
selectivity of 2.9 at 25 °C. The study of MIL-47 in the
separation of xylene isomers shows that the stacking effect
produced by the π···π interaction between the isomer
molecules in MIL-47 is more conducive to the efficient
packing of p-xylene. A more comprehensive comparison is
given in Table S1, and it points out the methods used to derive
the selectivities of these adsorbents. As shown in Table S1, the
reported adsorption capacities of para-selective adsorbents for
xylene isomers range from 10 to 50%, and the highest
selectivity factor is approximately 10. Among the many kinds
of MOFs, pillar-layer materials are currently a new type of
three-dimensional network material and are regarded as one of
the most promising materials; desirable performance is
achieved by introducing a variety of pillars and linkers in
three-dimensional frameworks for desired applications.21

These emerging pillar-layer materials have been widely used
in gas adsorption and separation, such as with carbon dioxide
adsorption,22,23 methane-nitrogen separation,24 and propylene-
propane separation.25,26

Herein, we present research on the xylene isomer adsorption
and separation performance of cobalt-based pillar-layered
MOF-Co(aip)(bpy)0.5.

27 Single-component and binary-com-
ponent competitive adsorptions of xylene isomers were
investigated in the liquid phase at room temperature. The
gas-phase adsorption and desorption processes of p-xylene/m-
xylene or p-xylene/o-xylene mixtures were studied by temper-
ature-programmed desorption (TPD) experiments. p-Xylene/
m-xylene or p-xylene/o-xylene liquid-phase adsorption and gas-
phase desorption experiments were designed to verify the
selective adsorption performance of Co(aip)(bpy)0.5. Finally,
molecular simulations and theoretical calculations were carried
out to reveal the microscopic mechanism of the highly selective
adsorption of p-xylene.

2. EXPERIMENTAL SECTION
2.1. Materials. p-Xylene (C8H10, 99.0%, Aladdin), o-xylene

(C8H10, 99.0%, Aladdin), m-xylene (C8H10, 99.0%, Aladdin), n-
heptane (C7H16, 99.5%, Tianjin Damao Chemical Reagent), cobalt
acetate tetrahydrate (Co(CH3COO)2·4H2O, 99.5%, Aladdin), 4,4′-
bipyridine (C10H8N2, 98%, Aladdin), 5-aminoisophthalic acid
(C8H7NO4, 98%, Aladdin), and methanol (CH4O, 99.5%, Tianjin
Damao Chemical Reagent) were commercially purchased and used
without further purification.
2.2. Preparation of Adsorbent. The preparation of Co(aip)-

(bpy)0.5 was performed as previously reported.25 Typically, 2.2982 g
of Co(CH3COO)2·4H2O was dissolved in 80 mL of deionized water
at room temperature. Also, the mixed solution 0.6246 g of 4,4′-
bipyridine and 1.4496 g of 5-aminoisophthalic acid in 80 mL of
methanol was added to the above solution. Then, the mixed solution
was stirred and sonicated until evenly homogenous and was placed in
a 200 mL Teflon liner autoclave at 60 °C for 72 h. The purple product

was filtered, washed with deionized water and methanol, and was
immersed in methanol solvent for 3 days during which the
supernatant was replaced by fresh methanol three times. Purple
samples were then transferred to a Micromeritics ASAP 2020 degas
port and evacuated at 150 °C for 8 h for further adsorption tests.

2.3. Characterizations. The powder X-ray diffraction (PXRD)
patterns were collected on a PANalytical X’Pert PRO X-ray
diffractometer using the Cu Kα radiation (λ = 1.54059 Å), operating
at 40 kV and 40 mA and the scanning speed was 5°/min in the 2θ
range from 5 to 60°. Thermogravimetric analyses (TGA) were
conducted on an SDT Q600 (TA Instruments-Waters LLC, USA)
from room temperature to 800 °C with a heating rate of 5 °C/min in
a N2 flow of 100 mL/min. The temperature-programmed desorption
(TPD) experiments were carried out with the chemical adsorption
instrument (Micromeritics, ASAP-2920, USA) to determine the
xylene desorption. The CO2 adsorption isotherm was measured by a
volumetric adsorption apparatus (Micromeritics, Germini VII 2390,
USA). Sorption kinetic measurements were conducted at 25 °C using
an intelligent gravimetric analyzer (IGA) (Hiden Isochema, IGA100).

2.4. Gas Chromatography Analysis Conditions. All GC
analyses were carried out on an Agilent 7890A instrument equipped
with a flame ionization detector (FID), and the GC column used was
a DB-FFAP capillary column (30 m × 0.32 mm × 0.25 μm). The GC
conditions were as follows: column temperature of 45 °C (2 min
hold) to 60 °C at 5 °C/min and then to 150 °C at 20 °C/min and
cooled down to 45 °C; injection temperature: 180 °C; detection
temperature: 200 °C. Each liquid sample (0.1 μL) was injected
through the GC inlet with a split ratio of 60:1. Three injections per
sample were performed to determine average retention times and
areas. Chemstation software (Agilent Technologies) was used for
system operation and data acquisition.

2.5. Solid−Liquid Adsorption−Desorption Experiments.
2.5.1. Batch Experiments. For single-component batch experiments
at 25 °C, similar to the reported literature procedure,17 a centrifuge
tube with 0.1 g of pretreated adsorbent and an empty reference tube
were contained with 1 g of xylene isomer solution in n-heptane. The
sorption solutions were filtered through a lipophilic Nylon66 filter
(0.22 μm) prior to injection. Uptakes from solution were directly
obtained after 2.5 h by gas chromatography (GC) output data.
Adsorption uptakes qt were calculated using eq 1:

=
−

q
c c

m
( )

t
t0

(1)

where c0 and ct (wt %) are the initial mass fraction of the single-
component isomer in xylene mixtures and the mass fraction when
sampling to analyze, respectively. m (g) is the mass of the adsorbent
used in the adsorption experiment.

The single-component adsorption isotherms were fitted by a
Langmuir model. The model equation can be expressed as follows:

=
+

q
q bc

bc1e
m

(2)

where qe is the amounts adsorbed of an adsorbent in equilibrium
(mg/g), c is the equilibrium concentration (wt %), qm is the saturated
adsorption capacity of the monolayer (mg/g), and b is the adsorption
equilibrium constant.

By testing the adsorption isotherms at different temperatures (25,
35, and 50 °C), the adsorption enthalpy (ΔHs) was calculated based
on the Clausius−Clapeyron equation:

=
Δ

+P
H

RT
Cln( ) s

(3)

The slope of ln(P) versus 1/T was calculated to obtain the ΔHs.
For competitive batch adsorption experiments, equimolar mixtures

of xylene isomers were used; the detection method is the same as the
single-component experiment described above. Selectivities αij were
calculated using eq 4:

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c10462
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c10462/suppl_file/am1c10462_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c10462/suppl_file/am1c10462_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c10462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


α = ×
i

k

jjjjjjj
y

{

zzzzzzz
i
k
jjjjj

y
{
zzzzz

q

q

c

cij
i

j

j

i (4)

where qi and qj (mg/g) are the uptakes of the one-component xylene
isomers i and j adsorbed per gram of adsorbent. Also, ci and cj (wt %)
are the mass fraction of the isomers i and j in the external liquid
phase.20

2.5.2. Liquid-Phase Adsorption and Gas-Phase Desorption
Experiments. The specific experimental process was designed as
follows: About 5 g of the pretreated adsorbent was added to 10 g of n-
heptane mixed adsorption solution containing p-xylene/m-xylene
(10:1 or 1:1). After stirring and adsorbing for 24 h, the saturated
adsorbent was suction filtered with n-heptane, and the filter cake was
soaked in the n-heptane solvent. This step was repeated three times
until the adsorption liquid outside the adsorbent framework was
washed out. Then, the filter cake of the last suction filtration was
loaded into the desorption column for purging with nitrogen at a flow
rate of 100 mL/min for 5 h at 50 °C, and the adsorbent was heated to
300 °C for desorption for 1 h, and the desorbed components were
collected with 10 g of cooled n-heptane solvent at the end of the
adsorption column outlet. After the desorption process, the collected
solutions were tested by GC for the content of xylene components
and compared with the chromatographic data of the initial adsorption
solution before the adsorption process.
2.5.3. Breakthrough Experiments. Liquid-phase dynamic break-

through experiments were carried out following the reported literature
at 25 °C.17 A hand-made column (L = 50 mm, D = 4 mm) was

packed with approximately 0.5 g of degassed pelletized adsorbent.
Then, the column was pumped with binary equimolar feed solution
using n-heptane as solvent (p-xylene/m-xylene: 1 wt %) at 0.5 mL/
min, and the effluents were monitored by gas chromatography.

2.6. Solid−Vapor Adsorption−Desorption Experiments.
2.6.1. Vapor-Phase Desorption Experiments. Xylene vapor (p-xylene
and m-xylene) was introduced into the adsorbent bed filled with the
pretreated desolvent sample by the steam generator set up through
the He gas flow until the adsorbent was saturated, and the obtained
sample was subsequently subjected to the thermal analysis experi-
ments.28 Vapor-phase desorption experiments were conducted on a
SDT Q600. Samples were placed in open ceramic pans with an empty
ceramic pan functioning as a reference. Also, nitrogen was used as
purge gas at the flow of 100 mL/min. The ramp rate was 10 °C/min
from room temperature to approximately 300 °C.

2.6.2. Temperature-Programmed Desorption (TPD). The desorp-
tion of p-xylene, m-xylene, and their binary mixtures adsorbed in
pelletized Co(aip)(bpy)0.5 were studied by TPD in a low-vacuum
system equipped with a steam generator. After opening the sealed
tube, the adsorbent sample (40−60 mesh) was placed in a narrow
quartz reactor, and any residual solvent (H2O and methanol) was
removed by passing dry argon over the sample and heating up to 200
°C for half an hour for the pretreatment process. Then, the reactor
was cooled to 50 °C, and continuous pulse injections were performed
until adsorption is saturated. The sample was then heated at a
constant rate of 10 °C/min from 50 to 300 °C, and the desorption of
xylene adsorbates was recorded in the whole desorption process using

Figure 1. (a,b ) View of the pillar-layer structures of Co(aip)(bpy)0.5 along the b axis in (a) and c axis in (b). (c) CO2 adsorption isotherm of
Co(aip)(bpy)0.5 at 0 °C. (d) TGA curve of synthesized Co(aip)(bpy)0.5 under a N2 atmosphere.
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a thermal conductivity detector (TCD) to detect the xylene
desorption signal. Samples weighing approximately 150 mg were
used for each TPD run.
2.6.3. Sorption Kinetics (IGA). About 40−60 mg of the pelletized

adsorbent sample (40−60 mesh) was degassed at 200 °C for more
than 6 h. Afterward, the adsorption test of three xylene isomers was
carried out under the conditions of 25 °C and 1.3 mbar. The data
obtained as mass vs time were used to calculate the diffusional time
constants. Diffusional time constants (D/r2) were calculated by the
short-time solution of the diffusion equation.29

π
= ×

∞

q

q
D
r

t
6t

2
(5)

where qtis the adsorbed amount at time t, q∞ is the adsorbed amount
at equilibrium, r is the radius of the equivalent spherical particle, and
D is the diffusivity.
2.7. Molecular Simulation Details. The host−guest interaction

energies were calculated from the density functional theory (DFT)
calculations using the Materials Studio (version 6.0) DMol3
Module.30 The DFT calculations were performed using the
Perdew−Burke−Ernzerhof (PBE) exchange-correlation functional
within the generalized gradient approximation (GGA).31 The set
optimization convergence standard SCF tolerance value was 0.001
meV/atom. At the same time, the max SCF cycles was found to be
300 during the calculation process. First, the conformational
geometries of the adsorbent and all adsorbates p-xylene, m-xylene,
and o-xylene were optimized before calculation. Then, three
optimized xylene isomer molecules were introduced into the
framework of the adsorbent framework, respectively, using the Forcite

Module. Finally, the calculation formula for the interaction energy
between adsorbate molecules and Co(aip)(bpy)0.5 adsorbent is

Δ = + −

−

E E E

E

(adsorbent xylene isomer) (adsorbent)

(xylene isomer) (6)

The smaller ΔE value indicates stronger adsorption. It is worth
noting that the calculated interaction energies cannot be quantita-
tively correlated with the actual experiments; however, it can predict
the trend of the possible results. At the same time, molecular
electrostatic potential analyses of optimized Co(aip)(bpy)0.5, xylene
isomers, and complexes were conducted also using the PBE exchange-
correlation functional within the GGA in Dmol3 Module.32

3. RESULTS AND DISCUSSION

As shown in Figure 1a,b, the layers in the network structure of
the synthesized adsorbent are connected by interlayer
hydrogen bonds. In each the one-dimensional channel,
intralayer interactions including π···π stacking and C−H···π
interaction are formed between the adjacent 5-aminoisoph-
thalic acid (aip) and pyridine rings of 4,4′-bipyridine (bpy)
ligands. In the characterization of the pore structure, we found
that there was almost no N2 adsorbed for these samples at
−196 °C24 and that the adsorption performance of its pores
can be quantitatively characterized by a CO2 adsorption
isotherm, which is consistent with the reported literature.23

TGA was carried out to investigate to the thermal stability of
the adsorbent. As shown in Figure 1d, the TGA curve had two

Figure 2. (a) Single-component batch adsorption experiments and (b, c) binary-component competitive adsorption experiments for p-xylene
(squares), m-xylene (circles), and o-xylene (triangles) on Co(aip)(bpy)0.5 at 25 °C: uptake (mg/g) vs equilibrium mass fraction (wt %). The
selectivities alpha (α) are given with the right axis in panels b and c. Error bars are within the sizes of the symbols.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c10462
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acsami.1c10462?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10462?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10462?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c10462?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c10462?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


obvious weight loss: the first weight loss peak occurred
between 30 and 120 °C, which is related to the removal of
residual guest solvents in the pores of the adsorbent, and the
second step of weight loss occurred at 400−550 °C, which is
assigned to decomposition of the pillar-layer structure. The
above results revealed that this material has a stable structure
and good thermal stability. In addition, other relevant
structural characterizations of the synthesized Co(aip)(bpy)0.5
adsorbent are shown in the Supporting Information. The
results of FT-IR and XRD experiments both proved that the
adsorbent material was successfully prepared and that the
adsorbent material had a certain degree of crystallinity.
Liquid-phase batch adsorption experiments were used to

evaluate the adsorption performance of this material. From the
single-component adsorption isotherms shown in Figure 2a, it
demonstrated that the Co(aip)(bpy)0.5 pillar-layer adsorbent
had the largest adsorption capacity for p-xylene, and the p-
xylene uptake quickly reached a plateau at 156 mg/g and
uptakes of o-xylene and m-xylene were lower. The adsorption
capacities for the three isomers increased as their concen-
trations in the adsorption solution increased and reached
adsorption saturation, but it is obvious that p-xylene and o-
xylene reached adsorption saturation at lower concentrations.
The adsorbent exhibited the weakest adsorption capacity for
m-xylene, with an adsorption capacity of 90 mg/g at a 15 wt %
concentration, and the isotherm of m-xylene did not reach
adsorption saturation in the tested concentration range. The
Langmuir adsorption model was used to fit the isotherms for
single-component batch adsorption (Table S2). In addition,
we noticed that o-xylene has the largest molecular size among
xylene isomers, but its adsorption capacity was significantly
higher than that of m-xylene, which has a slightly smaller size.
Therefore, we reasonably believe that the adsorption difference
of this adsorbent is not entirely caused by the pore size sieving
effect,33 operating in MIL-125,16 MIL-125-NH2,

17 Cu-
(CDC),34 and JUC-77,18 but is probably due to the unique
interaction between the isomer molecules and the adsorbent
after effective packing in the adsorbent; this is seen, for
example, in faujasite zeolites,35,36 MIL-47,20 and MAF-X8.19

By testing the adsorption isotherms of the xylene isomers at
different temperatures, the adsorption enthalpies were
calculated and are shown in Table S3. The adsorption
enthalpies of the three isomers were all negative, indicating

that the adsorption process was exothermic. Also, p-xylene was
more negative than o-xylene and m-xylene; that is, the absolute
value of the adsorption enthalpy of p-xylene was the largest
followed by o-xylene, and m-xylene was the smallest, indicating
that the interaction between p-xylene and the adsorbent was
stronger. The order of calculated adsorption enthalpy of the
three isomers was consistent with the adsorption uptake
obtained in the above single-component adsorption experi-
ment.
The isotherms for binary-component competitive adsorption

by Co(aip)(bpy)0.5 are shown in Figure 2b,c. When p-xylene
and m-xylene were coadsorbed, the adsorption capacity of p-
xylene still reached adsorption saturation at a lower
concentration, which is consistent with the behavior in
single-component adsorption, and the saturated adsorption
capacity was as high as 136 mg/g. However, the adsorption
behavior of m-xylene in the presence of p-xylene was obviously
different from that in the single-component experiment. With
increasing adsorption concentration, the adsorption capacity
for m-xylene gradually decreased, its absorption capacity was
never higher than 20 mg/g, and the p-xylene/m-xylene
selectivity was as high as 30. In addition, a similar competitive
adsorption phenomenon was observed in the coadsorption of
p-xylene and o-xylene. As shown in Figure 2c, p-xylene
maintained a relatively high adsorption capacity, and the
saturated adsorption capacity was 139 mg/g. The adsorption
trend for o-xylene was similar to that of m-xylene, and the
adsorption capacity continued to decrease as the concentration
increased. However, the adsorption capacity of o-xylene was
slightly higher than that of m-xylene, which is in line with the
fact that the adsorption capacity of o-xylene in single-
component adsorption was higher than that of m-xylene. As
shown in Figure 2b,c, the results of binary-component
competitive adsorption suggested that the adsorption prefer-
ence of Co(aip)(bpy)0.5 for p-xylene strongly increased with
the increasing external bulk phase concentration, which further
showed that this isomer is more likely to pack in adsorbent
pores. In other words, the adsorption of p-xylene inhibited the
uptake of o-xylene and m-xylene, and p-xylene was clearly the
preferentially adsorbed component, which is consistent with
the competitive adsorption phenomenon mentioned in the
literature studies.2,20 At the same time, Co(aip)(bpy)0.5
exhibits a competitive separation performance that outper-

Figure 3. TPD profiles of (a) p-xylene/m-xylene and (b) p-xylene/o-xylene adsorbed on Co(aip)(bpy)0.5 after individual adsorption and
coadsorption. The bottom two peaks of the mixed components were processed by peak splitting, and their peak area ratios are marked.
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forms the majority of those for the summarized porous
adsorbents. Moreover, in order to further verify superior
adsorption performance for p-xylene over m-xylene, we carried
out the liquid-phase breakthrough experiment in Figure S6 and
the breakthrough curve showed a slow equilibration of p-xylene
and m-xylene. It can be seen intuitively that m-xylene first
eluted and p-xylene was detected subsequently in the effluent,
which means that the adsorbent has a higher priority to adsorb
p-xylene than m-xylene. However, during the entire break-
through experiment, both m-xylene and p-xylene took a long
time to reach adsorption saturation. Through the adsorption
kinetic experiment and the calculations of diffusion time
constants, we speculated that the cause of this phenomenon is
the different diffusion rates of p-xylene and m-xylene (Figure
S8 and Table S4). The diffusion time constant of m-xylene was
much smaller than that of p-xylene, which indicated that m-
xylene had obvious diffusion limitation on the adsorbent.
Therefore, it took longer for m-xylene to reach adsorption
saturation. At the same time, because p-xylene had strong
competition with m-xylene, it can continuously replace m-
xylene from the adsorption site on the adsorbent, subsequently
p-xylene slowly reached equilibrium. For these reasons, the
adsorbent exhibits an absolute advantage in adsorbing p-xylene.
Temperature-programmed desorption (TPD) experiments

provided insights into the adsorption and desorption perform-
ance of the adsorbent and the adsorption difference for p-
xylene/m-xylene and p-xylene/o-xylene. The inert gas argon
was used to bring xylene (single- or binary-component) in the
steam generator into the quartz tube containing the adsorbent.
Continuous pulse injections were carried out at 50 °C until the
adsorbent reached saturation and began to heat up and desorb.
The desorption profiles for different experimental conditions
are shown in Figure 3. The single-component gas desorption
profile indicated that the desorption peak position for p-xylene
exhibited a higher temperature and a larger peak area than m-
xylene and o-xylene, which means that the adsorbent had a
stronger adsorption interaction and a higher adsorption
capacity for p-xylene compared to m-xylene and o-xylene.
This is consistent with the trends of the above liquid-phase
adsorption results. It is noteworthy that the boiling point of p-
xylene (138.4 °C) is lower than those of m-xylene (139.1 °C)
and o-xylene (144.4 °C), but the desorption temperature is
higher, which indicates that the interaction between the
adsorbent and p-xylene is indeed stronger than those of m-

xylene and o-xylene, thus showing the high priority for p-xylene
under competitive adsorption conditions. This feature can be
used to distinguish the peaks from mixed gas desorption.
Vapor desorptions of xylene mixtures with different compo-
sitions were also investigated. When the contents of p-xylene
and m-xylene or o-xylene were equal, two obvious desorption
peaks were observed, and we performed mathematical fitting of
the obtained desorption peaks and integrated the fitted peaks
to obtain peak area ratios. The desorption temperature of the
single-component desorption experiment suggested that
among the desorption peaks for mixed components, the
desorption peak with the higher temperature was that for
desorption of p-xylene. The corresponding peak area was also
significantly higher than those of the m-xylene and o-xylene
components, and the peak area ratios of p-xylene/m-xylene and
p-xylene/o-xylene were 6.4 and 4.8, respectively. After
increasing the content ratios of p-xylene/m-xylene or p-
xylene/o-xylene to 5:1, the desorption peak areas for m-xylene
or o-xylene were greatly reduced, which means that the
adsorption of p-xylene inhibited the coadsorption of m-xylene
or o-xylene. The peak area ratios of p-xylene/m-xylene and p-
xylene/o-xylene increased to 37.3 and 20.7, respectively, which
is in accordance with the results of liquid-phase competitive
adsorption experiments.
In addition, p-xylene/m-xylene and p-xylene/o-xylene

binary-component liquid-phase adsorption and gas-phase
desorption experiments were designed to further verify the
competitive adsorption performance of this adsorbent. The
pretreated adsorbent sample was put into a solution of xylene
mixture diluted with n-heptane to achieve saturated adsorption.
Then, the adsorbent was washed with n-heptane and filtered
until the xylene component outside the adsorbent framework
was eliminated. The filter cake was heated under a nitrogen
atmosphere, and the desorbed components were absorbed with
the n-heptane solvent. The results of chromatographic analysis
of the n-heptane absorption solution are shown in Figure 4. It
can be seen from the chromatograms that the peak area ratios
of p-xylene/m-xylene and p-xylene/o-xylene for the xylene
mixtures obtained by desorption were significantly higher than
those of the initial adsorption solution. For p-xylene and m-
xylene mixtures, when the initial peak area ratio of p-xylene/m-
xylene was 0.9, the peak area ratio of p-xylene/m-xylene in the
desorption products was increased to 6.5, and when the initial
peak area ratio of p-xylene/m-xylene was 7, the final peak area

Figure 4. Chromatograms of the initial components (adsorption solution) and desorbed components (collected solution from desorption). The
concentrations of the initial adsorption solutions were (a) p-xylene:m-xylene = 1:1, (b) p-xylene:m-xylene = 10:1, (c) p-xylene:o-xylene = 1:1, and
(d) p-xylene:o-xylene = 10:1. The ratios of chromatographic peak area percentages of initial components and desorbed components are marked.
Due to the different response values for the xylene isomers with the chromatographic detector, there was a slight difference between the initial
solution ratio and the peak area percentage ratio.
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ratio of p-xylene/m-xylene for desorption products was as high
as 38. When the initial peak area ratios of p-xylene/o-xylene
were 0.9 and 7.5 for p-xylene and o-xylene mixtures, the peak
area ratios of p-xylene/o-xylene for desorption products
increased to 5.2 and 26.5, respectively. The above data show
that the pillar-layer adsorbent had a significant effect in the
purification of xylene mixtures and indicates prospects for
application in xylene isomer separation.
The previous adsorption results showed that the Co(aip)-

(bpy)0.5 adsorbent shows high selectively for p-xylene
adsorption under competitive adsorption conditions. In the
following work, molecular simulations and calculations were
carried out to explain the different adsorption selectivities for
xylene isomers on the pillar-layer adsorbent. First, molecular
electrostatic potentials were obtained to determine the electron
density distributions and interactions.32 The molecular electro-
static potentials of the Co(aip)(bpy)0.5 framework, xylene
isomers, and complexes were derived from density functional
theory (DFT) calculations using the GGA/PBE level of
theory.31 Different properties for electrostatic potential are
illustrated by different colors. As seen from the maps of xylene
isomers (Figure 5a−c), the center of the benzene ring
possessed the highest electron density. The phenyl ring of
xylene isomers experienced a reduction in electron density
when complexed with the adsorbent framework (Figure 5e−g).
This implied that there was an electron transfer interaction
between the adsorbent framework and adsorbate molecules.
Then, we used the calculated interaction energies (ΔE) to
further illustrate the difference in interactions between these
three isomers with the adsorbent framework, as shown in
Figure 6a.30,37 A smaller ΔE value indicated stronger
adsorption and a more stable configuration after adsorption.
The conformational geometries of all adsorbate molecules and
the Co(aip)(bpy)0.5 adsorbent were optimized before calcu-
lation. The order of the ΔE for xylene molecules and adsorbent
is p-xylene≪ o-xylene ≈ m-xylene, which is consistent with the

preferences seen in the aforementioned liquid-phase adsorp-
tion experiment results. The ΔE between p-xylene and the
adsorbent was much lower than those for the other two
isomers, which proved that the adsorbent has the strongest
binding capacity with p-xylene and that the adsorbed
configuration was more stable, which is beneficial in allowing
more p-xylene to adsorb and pack easily inside the pores. This
energy trend was consistent with the calculated results of the
adsorption enthalpy and further explained the manifested
inhibitory effect of p-xylene on the other two isomers during
competitive adsorption.
By combining experimental results and guidance from

theoretical calculations, speculation on the mechanism for
competitive adsorption is proposed in Figure S14. Under
single-component adsorption conditions, p-xylene, o-xylene,

Figure 5. Molecular electrostatic potentials of (a) p-xylene, (b) o-xylene, (c) m-xylene, (d) Co(aip)(bpy)0.5, (e) Co(aip)(bpy)0.5−p-xylene, (f)
Co(aip)(bpy)0.5−o-xylene, and (g) Co(aip)(bpy)0.5−m-xylene complexes are mapped using a spectrum of colors. The regions with the red color
represent the highest electron density, while the blue color represents regions with the lowest electron density.

Figure 6. Schematic diagram of interaction energies for the xylene
isomers with Co(aip)(bpy)0.5 (a selected channel in the Co(aip)-
(bpy)0.5 framework and three isomers as illustrated. Red: p-xylene;
green: o-xylene; and yellow: m-xylene).
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and m-xylene can bind to the adsorption sites on the
adsorbent, but the binding abilities of m-xylene and o-xylene
were relatively weak, which led to the highest uptake for p-
xylene among the isomers. For binary-component competitive
conditions, all isomer molecules exhibited a certain degree of
adsorption at low concentrations. However, as the concen-
tration increased, p-xylene, which has a lower binding energy
and stronger adsorption, bound with the adsorption sites
occupied by m-xylene or o-xylene on the adsorbent, gradually
replacing m-xylene or o-xylene and causing the competitive
adsorption selectivity to increase gradually with concentration.
This superior adsorption capacity and strong affinity for p-
xylene gives the adsorbent great potential in the field of xylene
isomer adsorption and separation.

4. CONCLUSIONS
In conclusion, the performance of the pillar-layer material
Co(aip)(bpy)0.5 in the separation of xylene isomers was
systematically investigated by adsorption and desorption
experiments as well as with theoretical calculations. It was
found that the priority order for adsorption of xylene isomers
on the adsorbent is p-xylene ≫ o-xylene ≈ m-xylene. The
adsorbent showed an absolute preference for p-xylene in
competitive adsorption of xylene isomers and exhibited
ultrahigh competitive selectivity for p-xylene over m-xylene
and o-xylene. The competitive separation factors of p-xylene
versus m-xylene and p-xylene versus o-xylene reached as high as
30 and 16, respectively. Molecular simulations and calculations
revealed that the pores of Co(aip)(bpy)0.5 provide a chemical
environment more suitable for hosting p-xylene than the other
two isomers, m-xylene and o-xylene, which also provides
inspiration for finding other efficient pillar-layer material
adsorbents for xylene isomer separation. The pillar-layer
MOF-Co(aip)(bpy)0.5 exhibits outstanding separation per-
formance and could potentially be an adsorbent for practical
application in xylene isomer adsorptive separation. This work
enables this series of pillar-layer materials to open up great
potential in the field of xylene isomer adsorption and
separation.
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