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The separation of ethane from its corresponding ethylene is an important, challenging,
and energy-intensive process in the chemical industry. Here we report a microporous
metal-organic framework, iron(III) peroxide 2,5-dioxido-1,4-benzenedicarboxylate
[Fe2(O2)(dobdc) (dobdc

4−: 2,5-dioxido-1,4-benzenedicarboxylate)], with iron (Fe)–peroxo sites
for the preferential binding of ethane over ethylene and thus highly selective separation of
C2H6/C2H4. Neutron powder diffraction studies and theoretical calculations demonstrate the
key role of Fe-peroxo sites for the recognition of ethane.The high performance of Fe2(O2)
(dobdc) for the ethane/ethylene separation has been validated by gas sorption isotherms, ideal
adsorbed solution theory calculations, and simulated and experimental breakthrough curves.
Through a fixed-bed column packed with this porous material, polymer-grade ethylene
(99.99% pure) can be straightforwardly produced from ethane/ethylene mixtures during
the first adsorption cycle, demonstrating the potential of Fe2(O2)(dobdc) for this important
industrial separation with a low energy cost under ambient conditions.

E
thylene (C2H4) is the largest feedstock in
petrochemical industries, with a global pro-
duction capacity of more than 170 million
tons in 2016. It is usually produced by steam
cracking or thermal decomposition of eth-

ane (C2H6), in which a certain amount of C2H6

residue coexists in the product and needs to be
removed to produce polymer-grade (≥99.95%
pure) C2H4 as the starting chemical for many
other products, particularly the widely utilized
polyethylene. The well-established industrial sepa-
ration technology of the cryogenic high-pressure
distillation process is one of the most energy-
intensive processes in the chemical industry,
requiring large distillation columns with 120 to
180 trays and high reflux ratios because of the
similar sizes and volatilities of C2H4 and C2H6

(1, 2). Realization of cost- and energy-efficient
C2H4/C2H6 separation to obtain polymer-grade
C2H4 is highly desired and has been recently
highlighted as one of the most important in-
dustrial separation tasks for future energy-
efficient separation processes (3–5).
Adsorbent-based gas separation, through pres-

sure swing adsorption (PSA), temperature swing

adsorption, or membranes, is a promising tech-
nology to replace the traditional cryogenic dis-
tillation and thus to fulfill the energy-efficient
separation economy. Some adsorbents, such
as g-Al2O3 (6), zeolite (7, 8), and metal-organic
frameworks (MOFs) (9, 10), have been developed
for C2H4/C2H6 adsorptive separation. These porous
materials take up larger amounts of C2H4 than
of C2H6, mainly because of the stronger inter-
actions of the immobilized metal sites, such as
Ag(I) and Fe(II), on the pore surfaces with un-
saturated C2H4 molecules (9, 11). Although these
kinds of adsorbents exhibit excellent adsorption

separation performance toward C2H4/C2H6 mix-
tures, with the selectivity up to 48.7 (12), pro-
duction of high-grade C2H4 is still quite energy
intensive. This is because C2H4, as the preferen-
tially adsorbed gas, needs to be further desorbed
to get the C2H4 product. To remove the un-
adsorbed and contaminated C2H6, at least four
adsorption-desorption cycles through inert gas
or a vacuum pump are necessary to achieve the
purity limit required (≥99.95%) for theC2H4polym-
erization reactor (13).
If C2H6 is preferentially adsorbed, the desired

C2H4 product can be directly recovered in the
adsorption cycle. Compared with C2H4-selective
adsorbents, this approach can save approximate-
ly 40% of energy consumption (0.4 to 0.6 GJ/ton
of ethylene) (14, 15) on PSA technology for the
C2H4/C2H6 separation. Although porous mate-
rials have been well established for gas separa-
tion and purification (16–22), those exhibiting
the preferred C2H6 adsorption over C2H4 are
scarce. To date, only a few porous materials for
selective C2H6/C2H4 separation have been re-
ported (2, 13, 23, 24), with quite low separation
selectivity and productivity.
To target MOFs with the preferential binding

of C2H6 over C2H4, it is necessary to immobilize
some specific sites for the stronger interactions
with C2H6. Inspired by natural metalloenzymes
and synthetic compounds for alkane C–H activa-
tion in which M-peroxo, M-hydroperoxo, and M-
oxo [M = Cu(II), Co(III), and Fe (III/IV)] are active
catalytic intermediates (25–27), we hypothesized
that similar functional sites withinMOFsmight
have stronger binding with alkanes than alkenes
and thus could be utilized for the selective sepa-
ration of C2H6/C2H4. In this regard, Fe2(O2)(dobdc),
developed by Bloch et al. and containing iron(III)-
peroxo sites on the pore surfaces, might be of
special interest (28, 29). We thus synthesized
the Fe2(O2)(dobdc), studied its binding for C2H6,
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Fig. 1. Structures determined from NPD studies. Shown are structures of (A) Fe2(dobdc),
(B) Fe2(O2)(dobdc), and (C) Fe2ðO2ÞðdobdcÞ⊃C2D6 at 7 K. Note the change from the open Fe(II)
site to the Fe(III)-peroxo site for the preferential binding of ethane. Fe, green; C, dark gray; O, pink;
O2

2−, red; H or D, white; C in C2D6, blue.
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and examined the separation performance for
C2H6/C2H4mixtures.We found that Fe2(O2)(dobdc)
exhibits preferential binding of C2H6 over C2H4.
Fe2(O2)(dobdc) not only takes up moderately
high amounts of C2H6 but also displays the
highest C2H6/C2H4 separation selectivities in
the wide pressure range among the examined
porous materials, demonstrating it as the best
material reported to date for this important gas
separation to produce polymer-grade ethylene
(99.99% pure).
Fe2(O2)(dobdc) was prepared according to the

previously reported procedure with a slightmod-
ification (28). Both Fe2(dobdc) andFe2(O2)(dobdc)
are air sensitive and need to be handled and
stored in a dry box under an N2 atmosphere. As
expected, Fe2(O2)(dobdc) maintains the frame-
work structure of Fe2(dobdc) (Fig. 1, A and B,
and fig. S1A), with a Brunauer-Emmett-Teller
surface area of 1073 m2/g (fig. S1B).
The C2H6 binding affinity in Fe2(O2)(dobdc)

was first investigated by single-component sorp-
tion isotherms at a temperature of 298 K and
pressures up to 1 bar, as shown in Fig. 2A. The
C2H6 adsorption capacity on Fe2(O2)(dobdc) is
much higher than that of C2H4, implying the
distinct binding affinity of Fe2(O2)(dobdc) for
C2H6. At 1 bar, the uptake amount of C2H6 in

Fe2(O2)(dobdc) is 74.3 cm3/g, corresponding to
~1.1 C2H6 per Fe2(O2)(dobdc) formula. Unlike
the pristine Fe2(dobdc), which takes up more
C2H4 than C2H6 because of the Fe(II) open sites,
Fe2(O2)(dobdc) adsorbs a larger amount of
C2H6 than of C2H4. Therefore, we successfully
realized the “reversed C2H6/C2H4 adsorption”
in Fe2(O2)(dobdc) (fig. S2). The adsorption heats
(Qst) of C2H6 and C2H4 on Fe2(O2)(dobdc) were
calculated by using the virial equation (fig. S3).
The C2H6 adsorption heat of Fe2(O2)(dobdc) was
calculated to be 66.8 kJ/mol at zero coverage, a
much higher value than those reported for other
MOFs (2), indicating the strong interaction be-
tween Fe2(O2)(dobdc) and C2H6molecules. All of
the isotherms are completely reversible and ex-
hibit no hysteresis. Further adsorption cycling
tests at 298 K (fig. S4) indicated no loss of C2

uptake capacity over 20 adsorption-desorption
cycles.
To structurally elucidate how C2H6 and C2H4

are adsorbed in this MOF, high-resolution neu-
tron powder diffraction (NPD) measurements
were carried out onC2D6-loaded andC2D4-loaded
samples of Fe2(O2)(dobdc) at 7 K (see supple-
mentary materials and fig. S5). As shown in Fig.
1C, C2D6 molecules exhibit preferential binding
with the peroxo sites through C–D···O hydrogen

bonds (D···O, ~2.17 to 2.22 Å). The D···O distance
is much shorter than the sum of van der Waals
radii of oxygen (1.52 Å) and hydrogen (1.20 Å)
atoms, indicating a relatively strong interaction,
which is consistent with the high C2H6 adsorp-
tion heat found in Fe2(O2)(dobdc). In addition,
we noticed that, sterically, the nonplanar C2D6

molecule happens to match better to the uneven
pore surface in Fe2(O2)(dobdc) than the planar
C2D4 molecule (fig. S6), resulting in stronger hy-
drogen bonds with the Fe-peroxo active site and
stronger van der Waals interactions with the lig-
and surface. To further understand the mecha-
nism of the selective C2H6/C2H4 adsorption in
Fe2(O2)(dobdc), we conducted detailed first-
principles dispersion-corrected density function-
al theory calculations (see supplementarymaterials
and table S1). The optimized C2H6 binding config-
uration on the Fe-peroxo site agrees reasonably
well with the C2D6-loaded structures determined
from the NPD data, indicating that the reversed
C2H6/C2H4 adsorption selectivity originates from
the peroxo active sites and the electronegative
surface oxygen distribution in Fe2(O2)(dobdc).
Similar preferential binding of C2H6 over C2H4

has also been experimentally found in another
oxidized MOF, Cr-BTC(O2) (where BTC is 1,3,5-
benzenetricarboxylate) (figs. S7 and S8) (30).
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Fig. 2. C2H6 and C2H4 adsorption isotherms of Fe2(O2)(dobdc), IAST
calculations, and separation potential simulations on C2H6-selective
MOFs. (A) Adsorption (solid) and desorption (open) isotherms of C2H6

(red circles) and C2H4 (blue circles) in Fe2(O2)(dobdc) at 298 K. (B and
C) Comparison of the IAST selectivities of Fe2(O2)(dobdc) with those of

previously reported best-performing materials for C2H6/C2H4 (50/50 and
10/90) mixtures. (D) Predicted productivity of 99.95% pure C2H4 from
C2H6/C2H4 (50/50 and 10/90) mixtures in fixed-bed adsorbers at 298 K.
(E and F) Separation potential of Fe2(O2)(dobdc) for C2H6/C2H4 [50/50 (E)
and 10/90 (F)] mixtures versus those of best-performing MOFs.
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Ideal adsorbed solution theory (IAST) calcu-
lations were performed to estimate the adsorp-
tion selectivities of C2H6/C2H4 (50/50 and 10/90)
for Fe2(O2)(dobdc) and other C2H6-selectivemate-
rials (Fig. 2B). The fitting details are provided in
the supplementary materials (figs. S9 to S17 and
tables S2 to S11). Compared with other top-
performing MOFs [MAF-49, IRMOF-8, ZIF-8,
ZIF-7, PCN-250, Ni(bdc)(ted)0.5, UTSA-33a, and
UTSA-35a], Fe2(O2)(dobdc) exhibits a new bench-
mark for C2H6/C2H4 (50/50) adsorption selectivity
(4.4) at 1 bar and 298 K, greater than the selec-
tivity of the previously reported best-performing
MOF, MAF-49 (2.7) (2). This value is also higher
than the highest value (2.9) among 30,000 all-
silica zeolite structures that were investigated by
Kim et al. through computational screening (31).
For a C2H6/C2H4 (10/90)mixture, under the same
conditions, Fe2(O2)(dobdc) also exhibits the highest
adsorption selectivity among these MOFs (Fig. 2C).
Next, transient breakthrough simulations were

conducted to validate the feasibility of using
Fe2(O2)(dobdc) in a fixed bed for separation of
C2H6/C2H4 mixtures (fig. S18). Two C2H6/C2H4

mixtures (50/50 and 10/90) were used as feeds
to mimic the industrial process conditions. The
simulated breakthrough curves show that C2H6/
C2H4 (50/50)mixtureswere completely separated
by Fe2(O2)(dobdc), whereby C2H4 breakthrough
occurred first within seconds to yield the polymer-
grade gas and then C2H6 passed through the fixed
bed after a certain time (tbreak). To evaluate the
C2H6/C2H4 separation ability of these MOFs,
the separation potential DQ was calculated to
quantify the mixture separations in fixed-bed
adsorbers (table S12). Attributed to the record-high
C2H6/C2H4 selectivity and relatively high C2H6 up-
take, the amount of 99.95% pure C2H4 recovered
by Fe2(O2)(dobdc) reached up to 2172 mmol/liter
(C2H6/C2H4, 50/50) and 6855 mmol/liter (C2H6/
C2H4, 10/90) (Fig. 2D), values which are almost
two times higher than those for the other bench-
mark materials. Fe2(O2)(dobdc) has the highest
separation potential for recovering the pure C2H4

from (50/50) C2H6/C2H4 mixtures during the ad-
sorption process (Fig. 2E). Even when the con-
centration of C2H6 decreases to 10% (Fig. 2F),
Fe2(O2)(dobdc) maintains the highest separa-
tion potential (table S13), which makes it the
most promising material for the separation of
C2H6 from C2H6/C2H4 mixtures.
These excellent breakthrough results from

simulation encouraged us to further evaluate
the separation performance of Fe2(O2)(dobdc)
in the actual separation process. Several break-
through experiments were performed on an
in-house–constructed apparatus, which was
described in our previous work (32). The break-
through experiments were performed on several
selected MOFs, including Fe2(O2)(dobdc), with
C2H6/C2H4 (50/50) mixtures flowed over a packed
bed at a total flow rate of 5 ml/min at 298 K
(fig. S19 and table S14). For Fe2(O2)(dobdc), a
clean and sharp separation of C2H6/C2H4 was
observed (Fig. 3A). C2H4 was first to elute through
the bed, before it was contaminated with un-
detectable amounts of C2H6, resulting in a high

concentration of C2H4 feed that was ≥99.99%
pure (the detection limit of the instrument is
0.01%). After some period, the adsorbent got
saturated, C2H6 broke through, and then the out-
let gas stream quickly reached equimolar con-
centrations. To make the systematic comparison
for the C2H4 separation performance in the se-
lected MOFs, C2H4 purity and productivity were
calculated from their breakthrough curves (table
S15). For Fe2(O2)(dobdc), 0.79 mmol/g of C2H4

with ≥99.99% purity can be recovered from the
C2H4/C2H6 (50/50) mixture in a single break-
through operation; this value is nearly three
times that for the benchmark material MAF-49
(0.28 mmol/g). In addition, the cycle and regen-
eration capabilities of Fe2(O2)(dobdc) were fur-
ther studied by breakthrough cycle experiments
(Fig. 3B), with no noticeable decrease in the
mean residence times for both C2H6 and C2H4

within five continuous cycles under ambient
conditions. Moreover, Fe2(O2)(dobdc) material
retained its stability after the breakthrough
cycling test (fig. S20).
In the real production of high-purity C2H4,

the C2H6 concentration in C2H4/C2H6 mixtures
produced by naphtha cracking is about 6 to 10%,
and the feed gases are also contaminated by low
levels of impurities such as CH4, H2, and C2H2

(33). Therefore, breakthrough experiments on
C2H6/C2H4 (10/90) mixtures and C2H6/C2H4/
CH4/H2/C2H2 (10/87/1/1/1) mixtures were also
performed for Fe2(O2)(dobdc). As shown in Fig.
3, C and D, highly efficient separations for both
mixtures were realized, which further demon-

strates that Fe2(O2)(dobdc) can be used to purify
C2H4 with low concentrations of C2H6 even in
the presence of CH4, H2, and C2H2 impurities.
In summary, we discovered that a distinctive

MOF with Fe-peroxo sites can induce stronger
interactions with C2H6 than with C2H4, leading
to the unusual reversed C2H6/C2H4 adsorp-
tion. The fundamental binding mechanism of
Fe2(O2)(dobdc) for the recognition of C2H6 has
been demonstrated through neutron diffraction
studies and theoretical calculations, indicating
the important role of the Fe-peroxo sites for the
preferential interactions with C2H6. This mate-
rial can readily producehigh-purity C2H4 (≥99.99%
pure) from C2H4/C2H6 mixtures during the first
breakthrough cycle with moderately high pro-
ductivity and a low energy cost. The strategy we
developed in this work may be broadly appli-
cable, which will facilitate extensive research
on the immobilization of different sites into
porous MOFs for stronger interactions with
C2H6 than with C2H4, thus targeting some prac-
tically useful porous materials with low material
costs and high productivity for the practical in-
dustrial realization of this very challenging and
important separation.
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Fig. 3. Breakthrough experiments. Experimental column breakthrough curves for (A) a C2H6/C2H4

(50/50) mixture, (B) a cycling test of C2H6/C2H4 (50/50) mixtures, (C) C2H6/C2H4 (10/90)
mixtures, and (D) C2H6/C2H4/C2H2/CH4/H2 (10/87/1/1/1) mixtures in an absorber bed packed
with Fe2(O2)(dobdc) at 298 K and 1.01 bar.
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Materials and Methods  

Materials 

Anhydrous ferrous chloride (FeCl2, 98%, Aldrich), 2,5-dihydroxyterephthalic acid 

(98%, Aldrich), N,N-dimethylformamide, (DMF, anhydrous, 99.8%, Sigma-Aldrich), 

methanol (CH3OH, anhydrous, 99.8%, Sigma-Aldrich) were purchased and used 

without further purification. 

N2 (99.999%), O2 (99.999%), C2H4 (99.99%), C2H6 (99.99%), He (99.999%) and 

mixed gases of (1) C2H6/C2H4 = 50/50 (v/v), (2) C2H6/C2H4 = 10/90 (v/v), (3) 

C2H6/C2H4/CH4/H2/C2H2 (10/87/1/1/1 v/v/v/v/v) were purchased from Beijing Special 

Gas Co. LTD (China). 

Methods 

Synthesis of Fe2(dobdc) 

Anhydrous ferrous chloride (0.33g, 2.7 mmol), 2,5-dihydroxyterephthalic acid 

(0.213g, 1.08 mmol), anhydrous DMF (50 mL), and anhydrous methanol (6 mL) were 

added to a 100 mL three-neck flask in glove box filled with 99.999% N2. The reaction 

mixture was heated to 393 K and stirred for 18 h to form red-orange precipitate. 

Methanol exchange was repeated six times during 2 days, and the solid was collected 

by filtration and dry in vacuum to yield Fe2(dobdc)∙solvent as a yellow-ochre powder. 

Fe2(dobdc)∙solvent sample was fully activated by heating under dynamic vacuum 

(<10
-7

 bar) at 433 K for 18 h and then cooled down to room temperature to yield 

Fe2(dobdc) as light green powder (28). Fe2(dobdc) is air-sensitive, so needs to be 

handled and stored in a dry box under N2 atmosphere.  

Synthesis of Fe2(O2)(dobdc) 

Fe2(O2)(dobdc) was synthesized under carefully controlled conditions (28): About 

1.3 g Fe2(dobdc) sample was transferred into a 500 mL flask in dry glove box, then 

sealed and evacuated to 10
-7

 bar. Pure O2 (> 99.999%) was slowly dosed to the bare 

Fe2(dobdc) sample to 0.01 bar at a rate of 0.5 mbar/min under 298 K, then the O2 

pressure was brought up to 1 bar and the sample was allowed to sit for 1 h to reach 

equilibrium. At last, the sample was fully evacuated under high vacuum, and the free 

O2 gas molecules in the pore channels were completely removed to yield 

Fe2(O2)(dobdc) as dark brown powder. Fe2(O2)(dobdc) is air-sensitive, so needs to be 

handled and stored in a dry box under N2 atmosphere.  

Sample characterization 

The crystallinity and phase purity of the samples were measured using powder 

X-ray diffraction (PXRD) with a Rigaku Mini Flex II X-ray diffractometer employing 

Cu-K radiation operated at 30 kV and 15 mA, scanning over the range 5-40° (2) at a 

rate of 1°/min. N2 sorption isotherms of the samples were measured on a 

QUADRASORB SI at 77 K for 15 min at each point along the isotherm.  
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Equilibrium gas adsorption measurements 

The adsorption isotherms were measured with Intelligent Gravimetric Analyser 

(IGA 001, Hiden, UK). Fe2(dobdc) and Fe2(O2)(dobdc) samples were evacuated under 

10
-7

 bar for 1 h before test.  

Neutron diffraction experiment 

Neutron powder diffraction (NPD) data were collected using the BT-1 neutron 

powder diffractometer at the National Institute of Standards and Technology (NIST) 

Center for Neutron Research. A Ge(311) monochromator with a 75° take-off angle, λ 

= 2.0787(2) Å, and in-pile collimation of 60 minutes of arc was used. Data were 

collected over the range of 1.3-166.3° (2θ) with a step size of 0.05°. Fully activated 

Fe2(O2)(dobdc) sample was loaded in a vanadium can equipped with a capillary gas 

line. A closed-cycle He refrigerator was used to control the sample temperature. The 

bare MOF sample was measured first at the temperatures 7 K. To probe the C2H6 and 

C2H4 adsorption locations, a pre-determined pressure (~0.5 to 1 bar) of C2D6 and 

C2D4 were loaded into the sample at room temperature. Diffraction data were then 

collected on the C2D6-loaded and C2D4-loaded Fe2(O2)(dobdc) samples at 7 K. (Note: 

deuterated gas C2D6/C2D4 was used to avoid the large incoherent neutron scattering 

background that would be produced by the hydrogen in C2H6/C2H4.) Rietveld 

structural refinement was performed on the neutron diffraction data using the GSAS 

package. Due to the large number of atoms in the crystal unit cell, the ligand molecule 

and the gas molecule were both treated as rigid bodies in the Rietveld refinement (to 

limit the number of variables), with the molecule orientation and center of mass freely 

refined. Final refinement on lattice parameters, atomic coordinates, 

positions/orientations of the rigid bodies, thermal factors, gas molecule occupancies, 

background, and profiles all converge with satisfactory R-factors. 

For the bare Fe2(O2)(dobdc) sample, the refined O occupancy of the Fe-peroxo is 

close to 0.5, in good agreement with the literature value. For the gas-loaded samples, 

considering only one gas adsorption site (the Fe-peroxo site) was found enough to 

achieve good agreement in the Rietveld refinement. 

Note that the structure derived from powder diffraction data refinement represents a 

structural average. Although all Fe atoms in the Fe2(O2)(dobdc) structure appear 

crystallographically indistinguishable, the possible existence of two chemically 

different Fe sites cannot be ruled out. Therefore, during the Rietveld refinement on the 

data of the gas-loaded samples, we also considered the possibility of gas molecules 

being adsorbed at two different possible locations (one directly on the presumably 

open-Fe site with relatively short Fe-gas distance, and the other on the Fe-peroxo site 

where the gas molecule is located much further from Fe). We noticed, however, data 

refinement always converges to a near zero occupancy of the gas molecules on the 

open-Fe site, strongly indicating that there are no directly C2 accessible Fe sites in the 

Fe2(O2)(dobdc) structure of our sample. 

CCDC 1817715-1817716, 1574716-1574717, and 1859806-1859808 contains the 

supplementary crystallographic data of Fe2(dobdc) at 298 K, and Fe2(O2)(dobdc), 
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C2D4-loaded Fe2(O2)(dobdc), C2D6-loaded Fe2(O2)(dobdc) at 298 K and 7 K, 

respectively. These data can be obtained free of charge from the Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

Density functional theory (DFT) calculations 

DFT calculations were performed using the Quantum-Espresso package (34). A 

semi-empirical addition of dispersive forces to conventional DFT was included in the 

calculation to account for van der Waals interactions (35). We used Vanderbilt-type 

ultrasoft pseudopotentials and generalized gradient approximation (GGA) with a 

Perdew-Burke-Ernzerhof (PBE) exchange correlation. A cutoff energy of 544 eV and 

a 4 × 4 × 4 k-point mesh (generated using the Monkhosrt-Pack scheme) were found to 

be enough for the total energy to converge within 0.01 meV/atom. In the experimental 

Fe2(O2)(dobdc) structure, the O2
2-

 occupancy on Fe is ~0.5. To facilitate the 

calculation, Fe2(O2)(dobdc) was modeled as a simplified, fully ordered structure, 

where half of the Fe sites are open metal sites and the other half are bound with O2
2-

. 

The open-Fe sites and the Fe-peroxo sites are placed in an alternating arrangement 

with an overall crystal symmetry of R3, with both sites accessible to the C2H4/C2H6 

molecules. While this model is somewhat over-simplified and at odds with our 

experimental finding on the inaccessibility of the open-Fe sites to C2H4/C2H6, it does 

represent a feasible platform for us to evaluate the mechanism and strength of the gas 

interaction with the Fe-peroxo sites. Spin-polarized calculations were performed using 

the primitive cell (Rhombohedral representation) of the Hexagonal crystal. We first 

optimized the model structure of Fe2(O2)(dobdc). We found that the ground-state 

magnetic configuration is antiferromagnetic, and the Fe ions are in high-spin states. 

C2H6 and C2H4 guest gas molecules were subsequently introduced to the Fe-O2 sites 

(and the open-Fe sites for comparison) in the MOF structure, followed by full 

structural relaxations. The lowest-energy binding configurations were successfully 

obtained. To obtain the gas binding energy, an isolated gas molecule placed in a 

supercell (with the same cell dimensions as the Fe2(O2)(dobdc) MOF crystal) was also 

relaxed as a reference. The static binding energy (at T = 0 K) was then calculated 

using EB = E(MOF) + E(gas molecule) − E(MOF + gas molecule). 

From the calculation results, on the open-Fe site, C2H4 binds much stronger than 

C2H6 [in agreement with what found in Fe2(dobdc)], while on the Fe-peroxo site, 

C2H6 exhibits notably stronger binding than C2H4, which is consistent with the 

experimental results. Given the fact that the experimental initial Qst values of C2H4 

and C2H6 in Fe2O2(dobdc) are 36.5 and 66.8 kJ/mol, respectively, the major gas 

adsorption sites can only be the Fe-O2 sites. The open-Fe sites, even if there are any, 

shall not be accessible to C2H4/C2H6 molecules (although the exact reason for this 

inaccessibility is not clear yet). This picture is also most consistent with the structural 

analysis based on the NPD data. 

Isosteric heat of adsorption 

A Virial equation comprising of the temperature-independent parameters Ai and Bj 

was employed to calculate the enthalpies of adsorption for C2H6 and C2H4 in 

http://www.ccdc.cam.ac.uk/data_request/cif
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Fe2(O2)(dobdc) and Fe2(dobdc), which measured at three different temperatures 273 

K, 285 K, and 298 K.  

                
 
         

 
              (1) 

Here, P is the pressure expressed in bar, N is the amount absorbed in mmol g
-1

, T is 

the temperature in K, ai and bj are Virial coefficients, and m, n represent the number 

of coefficients required to adequately describe the isotherms. The values of the Virial 

coefficients a0 through am were then used to calculate the isosteric heat of absorption 

using the following expression: 

           
 
                               (2) 

Qst is the coverage-dependent isosteric heat of adsorption and R is the universal gas 

constant. The heat enthalpy of C2H6 and C2H4 for Fe2(O2)(dobdc) and Fe2(dobdc) in 

this manuscript are determined by using the sorption data in the pressure range from 

0-1 bar (at 273 to 298 K). 

IAST calculations of adsorption selectivities and separation potential 

Fitting details: The adsorption data for C2H6 and C2H4 in Fe2(O2)(dobdc) at 298 K 

were fitted with the 2-site Langmuir model 
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                          (3) 

The 2-site Langmuir parameters for C2H6, C2H4, are provided in Table S2. And the 

corresponding isotherm fit parameters for C2H6 and C2H4 in MAF-49, ZIF-7, ZIF-8, 

IRMOF-8, Ni(bdc)(ted)0.5, PCN-250, UTSA-33a, and UTSA-35a at 298 K are 

provided in Tables 3 to 10. Figure S9 to S17 presents a comparison of experimental 

data for C2H6 and C2H4 adsorption isotherms in all the MOFs with appropriate model 

fits. The fits are of good accuracy at all selected models for both guest molecules. The 

unary adsorption data for Ni(bdc)(ted)0.5, PCN-250, UTSA-33a, and UTSA-35a are 

from reference 23, 24, 36, and 37, respectively. 

IAST calculation: The selectivity for preferential adsorption of C2H6 over 

component C2H4 is defined as 

4262

4262

HCHC

HCHC
ads

yy

qq
S                                  (4) 

In equation (4) and (5), qC2H6 and qC2H4 are the component molar loadings of the 

adsorbed phase in the mixture, expressed say in the units mol kg
-1

; yC2H6, and 

yC2H4=1-yC2H4, represent the mole fractions of C2H6 and C2H4 in the feed mixture. 

Besides adsorption selectivities, a combined metric, called the separation potential, 

Q, has been defined to quantify mixture separations in fixed bed adsorbers. For a 

C2H6/C2H4 mixture with mole fractions yC2H6, and yC2H4=1-yC2H4, the separation 

potential, Q, is calculated from IAST using the formula 













 62

42

42
62

1
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HC
HC q

y

y
qQ                      (5) 

where  is the framework density. The physical significance of Q, commonly 

expressed in the units of mmol per L of adsorbent, is that it represents the maximum 
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amount of pure C2H4 that can be recovered during the adsorption phase of fixed bed 

separations. 

Transient breakthrough of mixtures in fixed bed adsorbers  

For determining the productivity of polymer-grade (99.95%) C2H4, we performed 

transient breakthrough simulations using the simulation methodology described in our 

previous work. For the breakthrough simulations, the following parameter values 

were used: length of packed bed, L = 0.3 m; voidage of packed bed,  = 0.4; 

superficial gas velocity at inlet, u = 0.04 m/s. The transient breakthrough simulation 

results are presented in terms of a dimensionless time, , defined by dividing the 

actual time, t, by the characteristic time, Lu-1
. 

 

Notation 

bA  Langmuir-Freundlich constant for species i at adsorption site A, Pa
 
 

bB  Langmuir-Freundlich constant for species i at adsorption site B, Pa
 
 

pi  partial pressure of species i in mixture, Pa 

pt  total system pressure, Pa 

qi  component molar loading of species i, mol kg
-1

 

Greek letters 

       Freundlich exponent, dimensionless 
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Breakthrough experiment 

 
The breakthrough experiments for C2H6/C2H4 mixtures were carried out at a flow 

rate of 5 mL/min (298 K, 1.01 bar). Activated MOFs powder was packed into ф9×150 

mm (valid column volume 3.67 cm
3
) stainless steel column under pure N2 atmosphere. 

The experimental set-up consisted of two fixed-bed stainless steel reactors. One 

reactor was loaded with the adsorbent, while the other reactor was used as a blank 

control group to stabilize the gas flow. The horizontal reactors were placed in a 

temperature controlled environment, maintained at 298 K. The flow rates of all gases 

mixtures were regulated by mass flow controllers, and the effluent gas stream from 

the column is monitored by a gas chromatography (TCD-Thermal Conductivity 

Detector, detection limit 0.01%). Prior to the breakthrough experiment, we activated 

the sample by flushing the adsorption bed with helium gas for 2 h at 323 K. After 

every separation operation, the adsorption bed was regenerated by He flow (100 

mL/min) for 1 h at 298 K. 

The C2H4 productivity (q) is defined by the breakthrough amount of C2H4, which is 

calculated by integration of the breakthrough curves f(t) during a period from t1 to t2 

where the C2H4 purity is higher than or equal to a threshold value p: 

  
        

                 
         

  

  
                           (6) 
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Tables S1 to S15 

Table S1. DFT-D calculated static gas binding energies (unit: kJ/mol) on the two 

potential adsorption sites in the simplified structural model of Fe2(O2)(dobdc). 

 Fe-peroxo site Open-Fe site 

C2H4 35.9 58.2 

C2H6 46.5 27.2 

Table S2. 2-site Langmuir fitting parameters for C2H4 and C2H6 in Fe2(O2)(dobdc). 

 Site A Site B 

 qA,sat 

mmol g
-1

 

bA 

1Pa

 

qB,sat 

mmol g
-1

 

bB 

1Pa

 

C2H4 2.813 4.711E-4 3.017 7.742E-7 

C2H6 3.399 1.48E-4 1.302 1.46E-7 

Table S3. 2-site Langmuir-Freundlich fitting parameters for C2H4 and C2H6 in MAF-49. 

 
Site A Site B 

 qA,sat 

mmol g
-1

 

bA 

iPa  

A 

dimensionless 

qB,sat 

mmol g
-1

 

bB 

iPa  

B 

dimensionless 

C2H4 0.402 1.13E-4 2.403 1.304 2.63E-5 1.608 

C2H6 1.719 8.37E-3 0.998    
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Table S4. 2-site Langmuir-Freundlich fitting parameters for C2H4 and C2H6 in ZIF-7. 

 Site A Site B 

 qA,sat 

mmol g
-1

 

bA 

iPa  

A 

dimensionless 

qB,sat 

mmol g
-1

 

bB 

iPa  

B 

dimensionless 

C2H4 1.727 4.4E-27 5.703 0.098 4E-5 1.024 

C2H6 1.905 4.36E-15 3.196 0.011 0.03 0.997 

Table S5. 1-site Langmuir fitting parameters for C2H4 and C2H6 in ZIF-8. 

 qA,sat (mmol g
-1

) bA (Pa
-1

) 

C2H4 4.308 3.59E-6 

C2H6 6.122 3.84E-6 

Table S6. 1-site Langmuir-Freundlich fitting parameters for C2H4 and C2H6 in IRMOF-8. 

 qA,sat 

mmol g
-1

 

bA 

iPa  

A 

dimensionless 

C2H4 11.203 1.21E-4 0.76 

C2H6 6.201 2.51E-4 0.83 

Table S7. 2-site Langmuir-Freundlich fitting parameters for C2H4 and C2H6 in 

Ni(bdc)(ted)0.5. 

 Site A Site B 

 qA,sat 

mmol g
-1

 

bA 

iPa  

A 

dimensionless 

qB,sat 

mmol g
-1

 

bB 

iPa  

B 

dimensionless 

C2H4 38.286 1.925E-7 1.069 6.363 6.61E-7 1.138 

C2H6 7.761 9.89E-8 1.4 2.99 8.4E-6 0.974 
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Table S8. 2-site Langmuir-Freundlich fitting parameters for C2H4 and C2H6 in 

PCN-250. 

 
Site A Site B 

 qA,sat 

mmol g
-1

 

bA 

iPa  

A 

dimensionless 

qB,sat 

mmol g
-1

 

bB 

iPa  

B 

dimensionless 

C2H4 8.002 4.29E-5 0.805 1.441 1.81E-5 0.688 

C2H6 14.002 7.33E-5 0.6 4.82 1.56E-6 1.34 

Table S9. 2-site Langmuir fitting parameters for C2H4 and C2H6 in UTSA-33a. 

 Site A Site B 

 qA,sat 

mmol g
-1

 

bA 

iPa  

qB,sat 

mmol g
-1

 

bB 

iPa  

C2H4 3.702 2.13E-5 4.704 3.86E-7 

C2H6 3.106 4.03E-5 1.611 1.787E-6 

Table S10. 2-site Langmuir fitting parameters for C2H4 and C2H6 in UTSA-35a. 

 Site A Site B 

 qA,sat 

mmol g
-1

 

bA 

1Pa

 

qB,sat 

mmol g
-1

 

bB 

1Pa

 

C2H4 4.013 7.27E-6 0.505 5.31E-5 

C2H6 3.65 1.66E-5 0.098 1.78E-4 
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Table S11. Comparison of the adsorption selectivities of the selected MOFs for 

C2H6/C2H4 (50/50) at 298 K and 1 bar, calculated by IAST method. 

 This work Literature reported values References 

Fe2(O2)(dobdc) 4.4 / / 

ZIF-8 1.7 2.0 
Chem. Eng. Sci., 2015, 124, 

144-153. 

ZIF-7 1.6 2.2 
Micropor. Mesopor. Mater., 

2015, 208, 55-65. 

MAF-49 2.7 / / 

IRMOF-8 1.8 1.6 
ACS Appl. Mater. Inter., 

2014, 6, 12093-12099. 

UTSA-33a 1.4 / / 

UTSA-35a 1.4 / / 

PCN-250 1.9 1.9 
Chem. Eng. Sci., 2018, 175, 

110-117. 

Ni(bdc)(ted)0.5 1.6 / / 

Table S12. Breakthrough calculations for separation of C2H6/C2H4 mixture (50/50 v/v) 

at 298 K. The product gas stream contains more than 99.95% C2H4. 

 
Separation potential Q 

mmol L
-1

 

99.95% pure C2H4 recovered 

mmol L
-1

 

Fe2(O2)(dobdc) 2183 2172 

ZIF-8 334 95 

ZIF-7 429 36 

MAF-49 1157 766 

IRMOF-8 645 313 

UTSA-33a 428 1 

UTSA-35a 0 0 

PCN-250 1758 894 

Ni(bdc)(ted)0.5 0 0 
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Table S13. Breakthrough calculations for separation of C2H6/C2H4 mixture (10/90 v/v) 

at 298 K. The product gas stream contains less than 0.05% C2H6. 

 
Separation potential Q 

mmol L
-1

 

99.95% pure C2H4 recovered 

mmol L
-1

 

Fe2(O2)(dobdc) 6855 6333 

ZIF-8 607 231 

ZIF-7 883 68 

MAF-49 3306 1833 

IRMOF-8 1654 766 

UTSA-33a 892 148 

UTSA-35a 788 128 

PCN-250 3766 1811 

Ni(bdc)(ted)0.5 1547 513 

Table S14. Comparisons of the breakthrough columns parameters studied in this 

work. 

 Sample 

weight (g) 

Crystal density 

(g/cm
3
) 

Packing density 

(g/cm
3
) 

Column 

voidage 

Column free 

space (cm
3
) 

Fe2(O2)(dobdc) 3.372 1.255 0.919 0.268 0.983 

MAF-49 3.984 1.481 1.086 0.267 0.979 

ZIF-7 3.314 1.241 0.903 0.272 0.998 

ZIF-8 2.929 1.067 0.798 0.252 0.924 

IRMOF-8 2.374 0.896 0.647 0.276 1.012 

PCN-250 2.635 0.957 0.718 0.249 0.914 

Packing density = Sample weight / Column volume (The valid column volume in this work is 3.67 cm3) 

Column voidage = 1- Sample weight / Crystal density / Column volume 

Column free space = Column volume × Column voidage 
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Table S15. Comparisons of C2H4 productivities of selected MOFs in experimental 

breakthrough operation using C2H6/C2H4 mixture (50/50 v/v) as input. 

 Gravimetric Productivity (mmol g
-1

) with different purities of C2H4 

This work  Literature reported values (2, 24) 

99.99%+ 99.95%+ 99%+ 99.99%+ 99.95%+ 99%+ 

Fe2(O2)(dobdc) 0.79 0.83 0.89 / / / 

MAF-49 0.28 0.31 0.32 / 0.28 0.32 

ZIF-7 0 0 0.01 0 0 0.01 

ZIF-8 0 0 0.03 0 0 0.03 

IRMOF-8 0 0 0.12 0 0 0.11 

PCN-250 0 0.03 0.05 0 0 0.15 
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Figs. S1 to S20 

 

Fig. S1. 

(A) Powder X-ray diffraction (PXRD) patterns of Fe2(dobdc) and Fe2(O2)(dobdc), 

which confirm that Fe2(O2)(dobdc) maintains the framework structure of Fe2(dobdc). 

(B) N2-sorption data for Fe2(dobdc) and Fe2(O2)(dobdc) measured at 77 K. The BET 

(Brunauer-Emmett-Teller) surface area of Fe2(O2)(dobdc) is 1073 m
2
/g, slightly lower 

than that of Fe2(dobdc) (1292 m
2
/g), as expected. 
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Fig. S2. 

C2H6/C2H4 adsorption ratios for Fe2(O2)(dobdc) (red) and Fe2(dobdc) (black), 

calculated from their single-component adsorption isotherms at 298 K.  
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Fig. S3. 

Adsorption heats and the corresponding virial fitting of the C2H6 and C2H4 adsorption 

isotherms (points) of Fe2(O2)(dobdc) (C: C2H4, E: C2H6) and Fe2(dobdc) (D: C2H4, F: 

C2H6) at 298 K (black), 285 K (blue), and 273 K (Green). 
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Fig. S4.  

(A) C2H6 and (B) C2H4 adsorption cycling in Fe2(O2)(dobdc). Adsorption (solid 

circles): pure gas at 298 K and 1 bar; Desorption (empty circles): under dynamic 

vacuum (10
-7

 bar) at 298 K for 1 hour. 
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Fig. S5. 

Rietveld refinements of the neutron powder diffraction data for (A) bare 

Fe2(O2)(dobdc), (B) C2D6- and (C) C2D4-loaded Fe2(O2)(dobdc) measured at 7 K. 

Goodness of fit parameters of the refinements: (A) Rp=0.0202, Rwp=0.0163, χ
2
=1.33; 

(B) Rp=0.0223, Rwp=0.0198, χ
2
=0.98; (C) Rp=0.0235, Rwp=0.0196, χ

2
=1.01. 
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Fig. S6. 

Crystal structure of Fe2(O2)(dobdc)C2D4 from neutron diffraction at 7 K. (Fe, green; 

C, dark grey; O, pink; O2
2-

, red; H or D, white; C in C2D4, blue). 
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Fig. S7. 

(A and B) C2H6 and C2H4 adsorption isotherms of Cr-BTC and Cr-BTC(O2) at 298 K. 

(C) Adsorption heats for C2H6 and C2H4 in Cr-BTC(O2), calculated by using the Virial 

equation. (D) IAST selectivity of Cr-BTC(O2) for C2H6/C2H4 at 298 K. Cr-BTC and 

Cr-BTC(O2) were synthesized according to the procedure in reference 30. 
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Fig. S8. 

(A and B) C2H6 and C2H4 adsorption isotherms of Cr-BTC and Cr-BTC(O2) at 273 K. 

(C and D) Virial fitting of the C2H6 and C2H4 adsorption isotherms (points) of 

Cr-BTC(O2) measured at 298 K. (E and F) 1-site Langmuir-Freundlich fitting (lines) 

of C2H6 and C2H4 adsorption isotherms (points) of Cr-BTC(O2) measured at 298 K. 
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Fig. S9. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of Fe2(O2)(dobdc) at 298 K. It can be seen that 2-site 

Langmuir fittings for both gases molecule have the highest R-Square values (B and F) 

and acceptable standard error.  
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Fig. S10. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of MAF-49 at 298 K. It can be seen that 2-site 

Langmuir-Freundlich for C2H4 (D) and 1-site Langmuir-Freundlich fitting for C2H6 

(G) have the highest R-Square values and acceptable standard error.  
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Fig. S11. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of ZIF-7 at 298 K. It can be seen that 2-site 

Langmuir-Freundlich fittings for both gases molecule have the highest R-Square 

values (D and H) and acceptable standard error.  
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Fig. S12. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of ZIF-8 at 298 K. It can be seen that 1-site Langmuir 

fittings for both gases molecule have the highest R-Square values (A and E) and 

acceptable standard error.  
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Fig. S13. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of IRMOF-8 at 298 K. It can be seen that 1-site 

Langmuir-Freundlich fittings for both gases molecule have the highest R-Square 

values (C and G) and acceptable standard error.  
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Fig. S14. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of Ni(bdc)(ted)0.5 at 298 K. It can be seen that 2-site 

Langmuir-Freundlich fittings for both gases molecule have the highest R-Square 

values (D and H) and acceptable standard error.  
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Fig. S15. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of PCN-250 at 298 K. It can be seen that 2-site 

Langmuir-Freundlich fittings for both gases molecule have the highest R-Square 
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values (D and H) and acceptable standard error.  

 

Fig. S16. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of UTSA-33a at 298 K. It can be seen that 2-site 

Langmuir fittings for both gases molecule have the highest R-Square values (B and F) 
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and acceptable standard error.  

 

Fig. S17. 

1-site Langmuir fitting, 2-site Langmuir fitting, 1-site Langmuir-Freundlich fitting, 

and 2-site Langmuir-Freundlich fitting (lines) of the (A-D) C2H4 and (E-H) C2H6 

adsorption isotherms (points) of UTSA-35a at 298 K. It can be seen that 2-site 

Langmuir fittings for both gases molecule have the highest R-Square values (B and F) 
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and acceptable standard error.  

 

Fig. S18.  

Transient breakthrough curves for C2H6/C2H4 (50/50) mixture in a fixed bed packed 

with Fe2(O2)(dobdc) at 298 K. The normalized gas phase molar concentrations of 

C2H6, and C2H4 exiting the fixed bed adsorber are plotted against the dimensionless 

time, τ. 
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Fig. S19. 

Breakthrough curves of (A) Fe2(O2)(dobdc), (B) MAF-49, (C) ZIF-7, (D) ZIF-8, (E) 

IRMOF-8, (F) Ni(bdc)(ted)0.5, and (G) PCN-250 for C2H4/C2H6 (50:50) mixture, 

measured at 298 K and 1.01 bar. 
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Fig. S20. 

C2H6 adsorption isotherms (298 K) and PXRD patterns of Fe2(O2)(dobdc) after 

breakthrough and cycling tests.  
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