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Ultramicroporous material based parallel
and extended paraffin nano-trap for bench-
mark olefin purification

Peixin Zhang 1,2, Lifeng Yang1, Xing Liu3, JunWang 3, Xian Suo2, Liyuan Chen1,
Xili Cui 1,2 & Huabin Xing 1,2

Selective paraffin capture from olefin/paraffin mixtures could afford high-
purity olefins directly, but suffers from the issues of low separation selectivity
and olefin productivity. Herein, we report an ultramicroporous material (PCP-
IPA) with parallel-aligned linearly extending isophthalic acid units along the
one-dimensional channel, realizing the efficient production of ultra-high pur-
ity C2H4 and C3H6 (99.99%). The periodically expanded and parallel-aligned
aromatic-based units served as a paraffin nano-trap to contact with the
exposed hydrogen atoms of both C2H6 and C3H8, as demonstrated by the
simulation studies. PCP-IPA exhibits record separation selectivity of 2.48 and
separation potential of 1.20mol/L for C3H8/C3H6 (50/50) mixture, meanwhile
the excellent C2H6/C2H4 mixture separation performance. Ultra-high purity
C3H6 (99.99%) and C2H4 (99.99%) can be directly obtained through fixed-bed
column from C3H8/C3H6 and C2H6/C2H4 mixtures, respectively. The record
C3H6 productivity is up to 15.23 L/kg from the equimolar of C3H8/C3H6, which
is 3.85 times of the previous benchmark material, demonstrating its great
potential for those important industrial separations.

Olefins (e.g., propylene and ethylene) are important chemical feed-
stocks in petrochemical industry, and at least polymer-grade or even
the ultra-high purity (99.99%) olefins are required for themanufacture
of advanced fine chemicals and polymers1,2. Olefin/paraffin separation
is the keyprocess to afford highpurity olefins, but ismainly carried out
via cryogenic distillation that is associatedwith high energy footprints,
or even the multistep distillation3–5. The development of non-thermal
driven alternatives with low carbon emissions are the potential solu-
tions to the challenges5,6.

Adsorptive separation technologies based on porous materials
provide a feasible avenue to solve the dilemma, and the technologies
showmore attractive prospects with the continuous progress in tailor-
made porous materials7–14. Olefin-selective adsorbents have been
widely explored for olefin/paraffin separation with considerable
achievements15–24. However, even the current benchmark molecular-

sieving material with ideally infinite olefin/paraffin selectivity could
only afford olefins with purity of 99.1% due to the inevitable coadop-
tion of paraffins, and extra adsorption–desorption cycles are neces-
sary for olefins to reach polymer-grade purity17. It is rationally
speculated that the purification steps would be more complex to
produce olefins with ultra-high purity (99.99%)25,26. By contrast,
paraffin-selective adsorbents are advantaged in directly affording
high-purity olefins via only single adsorption cycle, simplifying the
separation process, and gradually attract the interests27–30. For exam-
ple, Hartmann et al. reported twoZeolite imidazolate frameworks (ZIF-
4 and ZIF-8) showed stronger affinity toward alkanes than alkenes31,32,
Jorge et al. proved that ZIF-7 could selectivity adsorbed alkanes over
alkenes through gate-opening effect33, and Anne et al. predicted
Silicalite-1 possess paraffin-selective adsorption performance34. As
evidence of the reported paraffin-selective adsorbents, there are two
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ways to realize the selective adsorption of alkanes. (1) Through the
construction of specific functional sites and the control of functional
sites distribution to formmultiple hydrogen-bond with paraffins, such
as the iron-peroxo sites of Fe(O2)(dobdc)

35, the precise N and O dis-
tribution of MAF-4936 and JNU-237, etc.38,39, exhibit higher affinity to
C2H6 than C2H4. (2) Enriching with the nonpolar surfaces of pore
structure to recognize the paraffins and olefins properties difference
of quadrupole moment, like BUT-1040, PCN-25041, Cu(Qc)2

42, HOF-7643,
and etc.44–47. However, most of these paraffin-selective adsorbents
design approaches are basedon the threedimensions of pore tomatch
the size of paraffins, it reversely causes the inefficiency of single
material to simultaneously identify C2H6 and C3H8 with different
molecular size (Fig. 1a). In addition, though the remarkable progress in
the design, both separation selectivity and olefin productivity of the
current paraffin-selective adsorbents are still to be improved, espe-
cially for C3H8/C3H6 mixture, the paraffin/olefin selectivity is below 2,
and the olefin productivity is lower than 4.0 L/kg40,48–50.

Considering the preferential paraffin adsorption behavior is
dominated by the interactions between the hydrogen atoms of par-
affins and the framework, and the similar structural conformation of
C2H6 and C3H8 in the specific orientation with both side-distributed
hydrogen atoms that are easily accessible, a parallel and extended
paraffin nano-trap would be favored for paraffin accommodation via
the close and dense contact with the hydrogen atoms (Fig. 1b). Herein,
we reveal that the ultramicroporous material [Co(IPA)(DPG)]n (PCP-
IPA; PCP = Porous coordination polymer, IPA = isophthalic acid,
DPG =meso-α, β-di(4-pyridyl) glycol) featuring with parallel-aligned
linearly extending isophthalic acid units sets a new benchmark for
paraffin/olefin separations. The unique pore size and environment
enables the directional adsorption of C2H6 and C3H8 through the
rigidly boundedbetween their aligned hydrogen atoms and the closely
parallel-aligned isophthalic acid units, realizing the simultaneous effi-
cient separation of both C2 and C3 paraffin/olefin mixtures. PCP-IPA
exhibits the record C3H8/C3H6 selectivity of 2.48 and separation

potential of 1.20mol/L for C3H8/C3H6 (50/50) mixtures, as well as the
excellent C2H6/C2H4 separation performance. Ultra-high purity C3H6

(99.99%) and C2H4 (99.99%) are obtained through the breakthrough
experiment using PCP-IPA from C3H8/C3H6 and C2H6/C2H4 mixture,
respectively. The record C3H6 productivity is up to 15.23 L/kg from the
equimolar of C3H8/C3H6, 3.85 times of the previous benchmark
material. The molecular-level insight into the paraffin and olefin
adsorption behaviors are further revealed by simulation studies.

Results
Synthesis and characterization
The reaction of meso-α, β-di(4-pyridyl) glycol (DPG), and isophthalic
acid (IPA) with Co(NO3)2·6H2O afforded PCP-IPA51. Individually, in PCP-
IPA, each Co(II) atom is six coordinated in an octahedral geometry, and
the coordination between the Co atoms and two N atoms from the
pyridine ring, two O atoms from the hydroxyl group of the DPG ligand
forms a 2D layer network (Supplementary Fig. 2). The adjacent 2D layer
networks are pillaredwith the IPA ligands to afford a 3Dpillared layered
framework with one-dimensional straight channel (Fig. 1c, d). The
channel is featured with the parallel-aligned linearly extending iso-
phthalic acid units, and the pore window of PCP-IPA is estimated to be
4.7 × 5.6 Å2, which is suitable for the accommodation of paraffins. Ben-
efiting from the bigπ system and hydrogen bond acceptor provided by
the aromatic units and uncoordinated negatively charged oxygen
atoms, the channel is anticipated to be an efficient paraffin nano-trap.
The experimental PXRD pattern of PCP-IPA matches well with the
simulated one, confirming the high phase-purity of as-synthesized PCP-
IPA (Supplementary Fig. 3). PCP-IPA shows good thermal stability up to
280 °C (Supplementary Fig. 4). The permanent pore structure of PCP-
IPA is investigated by 195K CO2 adsorption–desorption isotherm
(Supplementary Fig. 5), and the Langmuir-specific surface area andpore
volume of PCP-IPA are determined as 486.7m2/g and 0.19 cm3/g,
respectively. Furthermore, the other basic characterization of SEM and
FT-IR on PCP-IPA shown as Supplementary Figs. 6 and 7.

Fig. 1 | Scheme and structure of PCP-IPA. a Schematic illustration of the common
paraffin-trap channel, b schematic illustration of the parallel and extended paraffin
nano-trap channel, (c) the building blocks (CoII, DPG, and IPA organic ligand) and

the 3D network topology of PCP-IPA, d the 1D channel structure of PCP-IPA (C,
orange or grey-80%; H, white; N, blue; O, red; Co, light blue).
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Adsorption and separation performances
The single-component adsorption isotherms were conducted to
explore the paraffin/olefin separation performance of PCP-IPA (Fig. 2a
and Supplementary Fig. 8). As expected, PCP-IPA exhibits remarkable
paraffin-selective adsorption during the whole pressure range
(0–1.0 bar). It sets a new benchmark IAST (Ideal adsorbed solution
theory) selectivity for C3H8/C3H6 (50/50) up to 2.48 at 1.0 bar and
298K (Fig. 2b), greater than the previously reported top-performing
porous materials, such as NUM-7a (1.80)50, WOFOUR-1-Ni (1.60)48,
CPM-734c (1.44)49, and BTU-10 (1.40)40 (Fig. 2c). Furthermore, the
C3H8/C3H6 (50/50) separation potential (△Q) that based on the
combined effect of adsorption capacity and selectivity for separation
performance prediction is revealed, and PCP-IPA also exhibits the
record value, up to 1.20mol/L (1.0 bar), 1.3 times to the previous
benchmarks NUM-7a (0.93mol/L) (Fig. 2d). Meanwhile, high separa-
tion selectivity up to 2.80 and separation potential (△Q) for C2H6/
C2H4 (50/50) mixture are also observed on PCP-IPA (Fig. 2e), high-
lighting the great separation potential of PCP-IPA for both C3H8/C3H6

andC2H6/C2H4mixtures52–55. Thehigher affinity ofparaffins toolefins is
also verified by the calculated adsorption heat Qst (C3H8 50.94 kJ/mol
vs 43.36 kJ/mol, C2H6 37.73 kJ/mol vs C2H4 27.48 kJ/mol) (Supplemen-
tary Figs. 9 and 10). The kinetic effect is regarded as a great hindrance
to prevent preferential paraffin adsorption behavior, and gas diffusion
is a critical factor in ultramicroporous adsorbent for real industrial
applications, the time-dependent gas uptake profiles of C3H8, C3H6,
C2H6, and C2H4 were measured. The results show that the diffusion
rates of all gases in the channel are fast and there are no kinetic dif-
ference between paraffins and olefins (Fig. 2f and Supplementary
Fig. 12), demonstrating the suitable pore size of PCP-IPA.

Modeling simulation studies
To understand the molecular-level paraffin and olefin adsorption
behavior within the channel of PCP-IPA, we performed detailed mod-
eling studies using first-principles dispersion-corrected density func-
tional theory (DFT-D) method. As shown in Fig. 3, the paraffins prefer
the adsorbed orientation that the section of themolecules is vertical to

the extending direction of the channel, and the parallel-aligned iso-
phthalic acid units are served as the tailored binding environment for
the lined hydrogen atoms of paraffins. Despite the different molecular
lengths, C2H6 and C3H8 could collect enough binding sites along the
extending isophthalic acid units, allowing PCP-IPA to have both high
C3H8 and C2H6 affinity. Meanwhile, the pore structure of parallel-
aligned linearly extending aromatic units as well as the appropriate
distance between parallel benzene rings also give full play of the
advantages of paraffins to olefins, the more C-H binding sites and
largemolecular size. Paraffins exhibitmoredense interactionswith the
isophthalic acid units than olefins, which are also supported by the
calculated binding energies of C3H8 (−54.01 kJ/mol), C3H6 (−50.32 kJ/
mol), C2H6 (−39.36 kJ/mol), and C2H4 (−35.24 kJ/mol). In detail, each
C3H8 molecule interacts with three phenyl rings and three uncoordi-
nated oxygen atoms to form multiple van der Waals forces (eleven C-
H•••C 2.83–3.21 Å) and three C-H•••O H-bonding interactions (C-H•••O
2.76–3.20Å) (Fig. 3a). In contrast, theC3H6molecule shows only oneC-
H•••O H-bonding interaction (C-H•••O 2.51 Å), and seven C-H•••C van
der Waals forces (C-H•••C 2.80–3.16 Å) with framework (Fig. 3b). C2H6

shows the similar adsorption behavior, and is rigidly bounded by the
more C-H•••C and C-H•••O interactions than C2H4 (Fig. 3c, d). The
simulation studies reveal that the parallel-lined and linear-extending
aromatic units could provide enough binding sites toward paraffins
even with different molecular size thanks to the specific adsorbed
orientation.

Transient breakthrough experiments
Furthermore, the dynamic transient breakthrough experiments were
conducted to evaluate the actual separation ability of PCP-IPA for
paraffin/olefinmixtures, andhighly efficient separation performance is
observed for both C2 and C3 paraffin/olefin separations. As the C3H8/
C3H6 (50/50, v/v) mixture flows through the column packed with PCP-
IPA, C3H6 is first eluted at the time of 34.8min while C3H8 is con-
tinuously adsorbed until the time of 43.9min (Fig. 4a). During the
above time gap (34.8–43.9min), ultra-high purity C3H6 (99.99%) can
be collected with the record C3H6 productivity of 15.23 L/kg. The

Fig. 2 | The paraffin and olefin sorption in PCP-IPA. a The C3H8, C3H6, C2H6, and
C2H4 adsorption isotherms at 298K;b IAST selectivity (c) comparison plot of C3H8/
C3H6 (50/50 v/v) IAST selectivity among benchmark materials; comparison of PCP-

IPA separation potential (ΔQ IAST) with reported benchmark MOFs based on IAST
calculation from d C3H8/C3H6 (50/50 v/v) mixtures and e C2H6/C2H4 (50/50 v/v)
mixtures. f Time-dependent gas uptake profiles of C3H8 at 50mbar and 298K.
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productivity is nearly four times that of the pervious benchmark
material BUT-10 (3.95 L/kg)40 andWOFOUR-1-Ni (3.50 L/kg)48 under the
same conditions. For C3H8/C3H6 mixtures with only 5% C3H8, we are
still able to collect the 99.99% C3H6 and high C3H6 productivity of
30.06 L/kg, demonstrating the broad applicability of PCP-IPA for par-
affin/olefin mixtures of different compositions. Consistent with the
adsorption isotherms and simulation studies, PCP-IPA also shows
remarkable C2H6/C2H4 separation performance and the correspond-
ing C2H4 productivity is 26.2 L/kg, rendering it to be one of the leading
materials for C2H6-selective adsorbents. In addition, we find that the
paraffin working capacity of PCP-IPA calculated by breakthrough
curves is close to the static adsorption capacity (C2H6, 2.10 vs
2.24mmol/g; C3H8, 1.81 vs 2.16mmol/g), further verifying the rapid
diffusion behavior of paraffins and olefins within the channel (Sup-
plementary Tables 6 and 7). We evaluate the influence of water vapor
on the separation ability of PCP-IPA, and no decrease is observed on
the breakthrough performance (Fig. 4c and Supplementary Fig. 18a).
During the 14 cycling tests, the separation performance is well main-
tained (Fig. 4f, Supplementary Figs. 19–21 and Table 8). Meanwhile,
PCP-IPA is also highly resistant to air and water, and both the XRD
patterns and C2H6 capacity remain unchanged after treatment (Sup-
plementary Fig. 17). The adsorption column could be regenerated
rapidly and completely within 60min and 45min for C2 and C3 mix-
tures, respectively, under 333 K and 373 Kwith the purgingN2flow rate
of 10mL/min (Supplementary Figs. 22 and 23). The impressive
separation performance and the good stability of PCP-IPA highlight its
great promise in paraffin/olefin separations.

Discussion
In summary, we have discovered a distinctive ultramicroporous
material featuring closely packed and linearly-extended isophthalic
acid units that realized the both efficient C2 and C3 paraffin pre-
ferential adsorption, respectively. The findings reveal an effective
strategy to improve the affinity between paraffins and the frameworks
through the construction of the periodically expanded and parallel-

aligned aromatic-based units along the channel. Our developed
material could produce ultra-high purity (99.99%) olefins, and the
excellent paraffin/olefin separation selectivity and olefin productivity
also well demonstrate the superiority of the strategy. This work not
only presents a new benchmark porous material for paraffin/olefin
separation, but will facilitate the future design of novel paraffin-
selective materials for energy-efficient separations.

Methods
Chemicals
All reagentswere analytical grade and used as receivedwithout further
purification. Co(NO3)2·6H2O, Isophthalic acid (IPA), methanol (MeOH),
and dimethylformamide (DMF) were purchased fromAladdin Reagent
Co. Ltd., Meso-α,β-Di(4-pyridyl) Glycol (DPG) was purchased from TCI
Co. Ltd. Ultra-high purity grade He (99.999%), N2 (99.999%), C2H4

(99.99%), C2H6 (99.99%), C3H6 (99.99%), C3H8 (99.99%), CO2

(99.999%), andmixed gases (C2H4/C2H6 = 50/50, v/v, C2H4/C2H6 = 15/1,
v/v, C3H6/C3H8 = 50/50 v/v, C3H6/C3H8 = 95/5 v/v)werepurchased from
Shanghai Wetry Standard gas Co., Ltd. (China) and used for all
measurements.

Preparation of the powder of PCP-IPA
PCP-IPA was synthesized according to the previously reported
procedure51. 81mg DPG was dissolved in DMF/MeOH (1:1, 30mL) at
60 °C, and62mg IPAand 109mgCo(NO3)2·6H2Owasdissolved in 5mL
MeOH. Then the two solutions were mixed and heated at 80 °C for
24 h hours to yield as-synthesized of PCP-IPA.

Sample characterization
Powder X-ray diffraction (XRD) patterns were collected using a
PANalytical empyrean series2 diffractometer with Cu-Ka radiation, at
room temperature, with a step size of 0.0167°, a scan time of 15 s per
step, and 2θ ranging from 5 to 50°. The morphology was investigated
using a NOVA 200 Nanolab scanning electron microscope (SEM).
Fourier transform infrared (FTIR) spectra was recorded in the range of

Fig. 3 | DFT-D calculated preferable binding sites for paraffins and olefins in
PCP-IPA. a C3H8, b C3H6, c C2H6, and d C2H4 binding sites in PCP-IPA. The closest
contacts between framework atoms and the gas molecules are defined by the

distances (in Å) and the distances include the Van der Waals radius of atoms.
(Framework: C, gray-80%; H, white; N, blue; O, red; Co, light blue; Gas: C, orange;
H, white).
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400–4000 cm−1 on a Nicolet 5700 FTIR spectrometer using KBr pel-
lets. The thermogravimetric analysis (TGA) data were collected in a
NETZSCH Thermogravimetric Analyzer (STA2500) from 25 to 700 °C
with a heating rate of 10 °C/min. The CO2 adsorption/desorption iso-
therms at 195 K were obtained on a Micromeritics ASAP 2460 volu-
metric adsorption apparatus. The apparent Langmuir-specific surface
area was calculated using the adsorption branch with the relative
pressure P/P0 in the range of 0.005 to 0.1. The total pore volume (Vtot)
was calculated based on the adsorbed amount of CO2 at the P/P0 of
0.99. The pore size distribution (PSD) was calculated using the H-K
methodology with CO2 adsorption isotherm data and assuming a slit
pore model.

Gas adsorption measurements
The C2H4, C2H6, C3H6, and C3H8 adsorption–desorption isotherms at
different temperatures were measured volumetrically by the Micro-
meritics ASAP 2460 adsorption apparatus for pressures up to 1.0bar.
The time-dependent gas uptake profiles of C2H4, C2H6, C3H6, and C3H8

weremeasured by Intelligent gravimetric adsorption (IGA-100, Hiden).
Prior to the adsorption measurements, the samples were degassed
using a high vacuum pump (<5μmHg) at 373 K for over 12 h.

Breakthrough experimental
The breakthrough experiments were carried out in a home-made
apparatus. The sample was dried under vacuum at 100 °C for 12 h.
Samples (about 1.29 g) were then introduced to the adsorption bed
(φ6mm× 150mm). A carrier gas (He ≥99.999%) was used to purge the
adsorption bed for more than 1 h to ensure that the adsorption bed
was saturatedwith He. Then the gas flow is switched to the desired gas
mixture without any inert gas dilution (C2H4/C2H6 = 50/50, v/v, C2H4/
C2H6 = 15/1, v/v, C3H6/C3H8 = 50/50 v/v, C3H6/C3H8 = 95/5 v/v) at a cer-
tain flow rate. The recovery gas was passed to an analyzer port and
analyzed using gas chromatography (GC490 Agilent) with a thermal
conductivity detector (TCD). After breakthrough experiment, the

adsorption column was regenerated at 100 °C with the 10mL/min N2

flow rate for 2 h.

Isotherm fitting
The pure-component isotherms of C2H6, C2H4, C3H8, and C3H6 were
fitted using single-site Langmuir-Freundlich model for full range of
pressure (0–1.0 bar).

q=qsat1
b1p

v1

1 +b1pv1
ð1Þ

here, p is the pressure of the bulk gas at equilibrium with the
adsorbed phase (bar), q is the adsorbed amount per mass of adsor-
bent (mmol g−1), qsat is the saturation capacities (mmol g−1), b is the
affinity coefficient (bar−1), and v represent the deviation from an ideal
homogeneous surface.

Isosteric heat of adsorption
The isosteric heat of C2H4, C2H6, C3H6, and C3H8 adsorption, Qst,
defined as

Qst =RT
2 ∂InP

∂T

� �
q

ð2Þ

were determined using the pure component isotherm fits using the
Clausius-Clapeyron equation. whereQst (kJ/mol) is the isosteric heat of
adsorption, T (K) is the temperature, P (bar) is the pressure, R is the gas
constant, and q (mmol/g) is the adsorbed amount.

IAST calculations
The selectivity of the preferential adsorption of component 1 over
component 2 in a mixture containing 1 and 2 can be formally defined

Fig. 4 | Paraffin/olefin separation.Dynamic breakthrough curves under 298K and
1.0 bar of a C3H8/C3H6 (50/50 v/v) mixture, b C3H8/C3H6 (5/95 v/v) mixture, and
cC2H6/C2H4 (50/50 v/v)with (hollow)orwithoutwater vapor (solid); comparisonof
high pure olefin productivity on PCP-IPA with reported benchmark materials for

d C3H8/C3H6 (50/50 v/v) mixture and e C2H6/C2H4 (50/50 v/v) mixture; f recycling
breakthrough tests for C3H8/C3H6 (5/95 v/v, red, 2.20mL/min), C3H8/C3H6 (50/50 v/
v, blue, 1.10mL/min),C3H8/C3H6 (50/50 v/v, cyan, 2.20mL/min) andC2H6/C2H4 (50/
50 v/v, orange, 3.7 mL/min) separation with PCP-IPA under 298K and 1.0 bar.
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as:

S=
x1=y1
x2=y2

ð3Þ

In the above equation, x1 and y1 (x2 and y2) are the molar fractions of
component 1 (component 2) in the adsorbed and bulk phases,
respectively. We calculated the values of x1 and x2 using the ideal
adsorbed solution theory (IAST) of Myers and Prausnitz56.

Separation potential calculation based on IAST
This separation potential, △Q, represents the maximum number of
moles of pure component 2 (the less strongly adsorbed species) that
can be recovered in the gas phase per gram of adsorbent in the fixed
bed. The separation potential of adsorbers in fixed bed for paraffin/
olefin separation is defined by57

4Q= q1 � q2
y1
y2

ð4Þ

where q1 and q2 are the molar loadings for mixture adsorption, cal-
culated from the IAST in mmol/g, y2 and y1 are molar fractions in the
binary mixture gas.

Density functional theory calculations
First-principles density functional theory (DFT) calculations were
performed using theMaterials Studio’s CASTEP code58. All calculations
were conducted under the generalized gradient approximation (GGA)
with Perdew−Burke–Ernzerhof (PBE). A semiempirical addition of
dispersive forces to conventional DFT was included in the calculation
to account for van der Waals interactions. Cutoff energy of 544 eV and
a 2 × 2 × 2 k-point mesh was found to be enough for the total energy to
coverage within 0.01meV atom−1. The structures of the synthesized
materials were first optimized from the reported crystal structures. To
obtain the binding energy, the pristine structure and an isolated gas
molecule placed in a supercell (with the same cell dimensions as the
pristine crystal structure) were optimized and relaxed as references.
C2H4, C2H4, C3H6, and C3H8 gas molecules were then introduced to
different locations of the channel pore, followed by a full structural
relaxation. The static binding energy was calculated by the equation:

EB = EðgasÞ+ EðadsorbentÞ � Eðadsorbent + gasÞ ð5Þ

Data availability
All data supporting the findings of this study are available within this
article and its Supplementary Information. Source data that support
the findings of this study are available from the corresponding author
upon reasonable request. Correspondence and requests for materials
should be addressed to H.X.
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