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Control of zeolite pore interior for chemoselective
alkyne/olefin separations
Yuchao Chai1*, Xue Han2*, Weiyao Li2, Shanshan Liu1, Sikai Yao1, Chong Wang3, Wei Shi4,
Ivan da-Silva5, Pascal Manuel5, Yongqiang Cheng6, Luke D. Daemen6, Anibal J. Ramirez-Cuesta6,
Chiu C. Tang7, Ling Jiang3, Sihai Yang2†, Naijia Guan1,4, Landong Li1,4†

The efficient removal of alkyne impurities for the production of polymer-grade lower olefins remains an
important and challenging goal for many industries. We report a strategy to control the pore interior
of faujasite (FAU) zeolites by the confinement of isolated open nickel(II) sites in their six-membered
rings. Under ambient conditions, Ni@FAU showed remarkable adsorption of alkynes and efficient
separations of acetylene/ethylene, propyne/propylene, and butyne/1,3-butadiene mixtures, with
unprecedented dynamic separation selectivities of 100, 92, and 83, respectively. In situ neutron
diffraction and inelastic neutron scattering revealed that confined nickel(II) sites enabled chemoselective
and reversible binding to acetylene through the formation of metastable [Ni(II)(C2H2)3] complexes.
Control of the chemistry of pore interiors of easily scalable zeolites has unlocked their potential in
challenging industrial separations.

M
ore than 350 million metric tons of
lower olefins (ethylene, propylene, and
1,3-butadiene) are produced each year
through the steam cracking of hydro-
carbons. Separating large quantities of

chemical mixtures into purer forms accounts
for an enormous amount of global energy con-
sumption (1). To obtain polymer-grade olefins,
the by-products of alkynes (acetylene, propyne,
and butyne) in the stream must be reduced
to <5 parts per million (ppm), because these
alkynes irreversibly poison the catalysts for
polymerization (2). State-of-the-art techniques
to purify olefins are based on the partial hy-
drogenation of alkynes over supported Pd-
catalysts; however, such methods suffer from
poor selectivity and high costs (3). Emerging
porous sorbents, notably metal-organic frame-
works (MOFs), show preferential adsorption
of alkynes over olefins, suggesting alternative
adsorption-based purification processes for
ethylene (4–8) and propylene (9–11).
However, such processes have yet to be com-

mercialized because of the inherently limited

stability and high production costs of MOFs.
Additionally, the primary physisorptionmech-
anism in MOFs that drives separations results
in a trade-off between adsorption selectivity
and capacity.
Zeolites have structural robustness and low-

cost production, and they are widely used for
industrial separations on the basis of their
molecular sieving property (12), but they are
not effective for alkyne/olefin separations be-
cause thesemolecules have similarmolecular
sizes and volatilities (13). Zeolites can act as
useful scaffolds to stabilize active metal sites
to uncover previously unidentified functions
and properties. In this work, we confine iso-
lated Ni(II) sites into faujasite (FAU) zeolite
to achieve remarkable adsorption of alkynes
from a range of alkyne/olefin mixtures. The
strong yet fully reversible binding between
alkyne and the open Ni(II) sites results in the
formation of metastable [Ni(alkyne)3] com-
plexes under dynamic conditions and enables
the complete removal of alkynes from olefins
(alkynes <1 ppm). The facile production and
high stability of Ni@FAUreinforce its potential
in the industrial purification of lower olefins.
M@FAUzeolites [M=Ni(II),Cu(II), andZn(II)]

were synthesized fromhydrothermal reactions
of mixed gels {molar ratio of SiO2:Al2O3:Na2O:
M-TAPTS:H2O = 7.8:1.0:2.2:0.6:174; TAPTS =
3-[2-(2-aminoethylamino)ethylamino]propyl-
trimethoxysilane} and subsequent processing
(yield, 77 to 85%). The TAPTS ligand was used
to coordinate Ni(II) ions for their inclusion in
the zeolite pore structure at locations that can
be difficult to access during conventional post-
synthesis ion-exchange. Similar approaches
based on (3-mercaptopropyl)trimethoxysilane
ligand have been reported to introduce metal

sites or clusters into desirable sites of various
zeolites, showing excellent catalytic activities
(14, 15). Synchrotron x-ray powder diffraction
data confirmed that M@FAU zeolites crystal-
lize in the cubic space group, Fd�3m, adopting
the FAU-topology, and there is an absence of
bulk phase ofmetal oxides (fig. S1 and table S1).
The homogeneous distribution of transition-

metal cations throughout the M@FAU crystals
(3 to 5 mm) were confirmed by electron micro-
scopy (figs. S2 and S3). Under ambient condi-
tions, the pores of M@FAU samples were filled
with water molecules that could be removed
completely by heating to 623 K (fig. S4). The
divalent oxidation state of the confinedmetal
ions was confirmed by x-ray photoelectron
spectroscopy (fig. S5), and the primary loca-
tion of confined Ni(II) sites in FAU zeolite was
studied using density functional theory (DFT)
calculations (fig. S6) and in situ neutron pow-
der diffraction (NPD) studies.
The adsorption capacities of desolvated

M@FAU and the parent Na-FAU were first
evaluated by measuring the adsorption iso-
therms of C2H2 and C2H4 (Fig. 1A and figs.
S7 and S8). At 1 bar and 298 K, Ni@FAU,
[Ni12Na20(Al44Si148O384)], showed lower over-
all uptakes of C2H2 [3.48 mmol/g; equiva-
lent to ~3.7 C2H2 per Ni(II) site] and C2H4

(2.36mmol/g) comparedwith that of Na-FAU
(5.15 and 4.06mmol/g, respectively), because of
the moderate decrease of Brunauer-Emmett-
Teller surface areas on incorporation of Ni(II)
sites (from 710 to 531 m2/g; fig. S9). Notably,
2.0 mmol/g of C2H2 uptake was recorded in
Ni@FAUat 0.02 bar, a pressure that is relevant
to the partial pressure of C2H2 impurity in in-
dustrial C2H4 streams. The steep C2H2 uptake of
Ni@FAUat lowpressurewas consistentwith its
higher heat of adsorption (48.6 kJ/mol) than
that ofNa-FAU (21.7 kJ/mol) andofC2H4uptake
in Ni@FAU (25.8 kJ/mol), which were deter-
minedbydifferential scanning calorimetry (figs.
S10 to S21, table S2, and supplementary text).
Temperature-programmeddesorption (TPD)

profilesofC2H2- andC2H4-loadedNi@FAUrevealed
higher adsorption uptake of C2H2 (1.75mmol/g)
than of C2H4 (0.51 mmol/g) and showed de-
sorption peaks centered at 363 and 329 K, re-
spectively.When coadsorbedwith an equimolar
mixtureofC2H2/C2H4, theTPDprofile resembled
that of C2H2-loadedNi@FAU, and little desorp-
tion of C2H4 was observed. Moreover, the pre-
adsorbed C2H4 molecules in Ni@FAU could
be readily displaced by C2H2 under dynamic
conditions (Fig. 1B). The presence of strongly
bound C2H2molecules in Ni@FAU is also con-
firmed by in situ Fourier transform infrared
(FTIR) studies at 298 K (Fig. 1C). On adsorp-
tion in Ni@FAU, nas(CH) and ns(CH) bands of
C2H2 red-shifted to 2925 and 3010 cm

−1, respec-
tively, compared with gaseous or physisorbed
C2H2 (3100 to 3400 cm−1) (16, 17), whereas no
shiftwas observed for adsorbedC2H4molecules.
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Infrared bands of bound C2H2 molecules were
observed in the equimolar C2H2/C2H4 co-
adsorbed Ni@FAU, demonstrating the selective
uptake of C2H2 under competitive adsorption.
The adsorption species in C2H2- and C2H4-

loaded Ni@FAUwere identified bymass spec-
trometry (18). The pulsed laser vaporization of
Ni@FAU target in He produced a series of
fragments, and Ni-containing fragments can
be distinguished by the characteristic isotope
ratio of nickel (58Ni:60Ni = 68%:26%). On the
basis of the control experiment of metallic
Ni and Na-FAU (figs. S22 and S23), fragments
corresponding toNi(C2H2)3 specieswere identi-
fied as a key species in C2H2-adsorbed Ni@FAU
(Fig. 1D), whereas no Ni(C2H4)n (n = 1 to 4) spe-
cieswere observed for C2H4-adsorbedNi@FAU.
These results demonstrated the highly selective
adsorption of C2H2 inNi@FAUand its high capa-
bility to remove trace C2H2 from theC2H4 stream.
The ability ofM@FAU (M=Ni, Cu, and Zn)

to separate C2H2/C2H4mixtures under dynam-
ic conditions was evaluated by breakthrough
experiments. All of the samples showed suf-
ficient dynamic adsorption of C2H2 and could

produce ultrapure C2H4 (C2H2 <1 ppm) streams
at the outlet of the fixed beds at 298 K (Fig. 2A
and figs. S24 and S25). The dynamic C2H2

uptakes calculated from columnbreakthrough
curves (2% C2H2:2% C2H4) were 0.91, 1.26,
and 1.72mmol/g for Zn@FAU, Cu@FAU, and
Ni@FAU, respectively. The dynamic C2H2 up-
take of Ni@FAU remained the same when the
C2H4 concentration was increased to 50% or
theC2H2 concentrationdecreased to 1% (Fig. 2B).
This capability is distinct to the porous sorbents
functioning solely through physisorption (6),
which show rapid reductions of dynamic
uptakes with decreasing gas concentrations.
Furthermore, this dynamic uptake compared

favorably to the leading MOFs—for example,
1.70 mmol/g of JCM-1 (19), 1.18 mmol/g of
UTSA-200a (20), 1.23 mmol/g of NbU (21), and
0.73mmol/g of SIFSIX-2-Cu-i (4). Additionally,
Ni@FAU showed a higher overall acetylene
productivity (116.8 mmol/g) compared with
that of leading MOFs, such as NKMOF-1-Ni
(96.0 mmol/g) (8), UTSA-200a (85.7 mmol/g)
(20), and SIFSIX-2-Cu-i (53.3 mmol/g) (4). Also,
Ni@FAU exhibited a very low dynamic uptake

of C2H4 (0.02 mmol/g) under the same con-
ditions, and a remarkable C2H2/C2H4 dynamic
selectivity of ~100 was achieved, compared
with reported state-of-the-art sorbents (table
S3). A comparison of experimentally deter-
mined C2H2/C2H4 dynamic selectivity against
the dynamic uptake of C2H2 demonstrated the
remarkable performance of Ni@FAU for C2H2/
C2H4 separation (Fig. 2C).
We observed similar separation capability

withNi@FAUafter increasing the column tem-
perature from 298 to 308 K (fig. S26) or add-
ing CO2 or H2O into the gas stream (fig. S27),
whereas an ~25% decrease in the adsorption
capability of C2H2was observed for aNi@FAU
sample that has been preadsorbed with H2O
(fig. S28). The performance of Ni@FAU was
further evaluated at 5 bar, where excellent
C2H2/C2H4 separations were observed and the
dynamic uptakes of C2H2 and C2H4 increased
to 2.25 and 0.39mmol/g, respectively (fig. S29).
Moreover, Ni@FAU could be used to separate
mixtures of propyne/propylene, butyne/1,3-
butadiene, and acetylene/propylenewith high
dynamic alkyne uptakes of 1.58 to 1.80 mmol/g
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Fig. 1. Adsorption data of C2H2 and C2H4 for Ni@FAU. (A) Adsorption
isotherms of C2H2 and C2H4 for Ni@FAU at 298 K. STP, standard temperature
and pressure. (B) TPD profiles of C2H2- and C2H4-adsorbed Ni@FAU after
their individual adsorption, coadsorption, and successive adsorption
(first C2H4 and then switched to C2H2) at 298 K. a.u., arbitrary units.

(C) In situ FTIR spectra of Ni@FAU on adsorption of C2H2 and C2H4

followed by He purging (dotted lines) at 298 K. (D) Mass spectra of
species produced by pulsed laser vaporization of the Ni@FAU target in
the presence of carrier gas He, C2H2 (2%)/He, and C2H4 (2%)/He. m/z,
mass/charge ratio; amu, atomic mass unit.
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and notable breakthrough selectivities of 92, 83,
and 109, respectively, under ambient conditions
(Fig. 2, E to G).
These results signal the potential ofNi@FAU

for the adsorptive removal of alkynes from in-
dustrial olefin streams. Practical sorbentsmust
be recyclable. After 10 cycles of C2H2/C2H4 sepa-
rations with Ni@FAU, we observed no decline
in the retention time and full sorbent regener-
ation at 373 K between each cycle (Fig. 2D). In
contrast, Cu@FAU exhibited poor reversibility
for C2H2/C2H4 separations because of the for-
mation of oligomers on Cu(II) sites blocking
the pores (fig. S30). To understand the role of
Ni(II) in Ni@FAU, we introduced the metal
ions into the FAU zeolites using differentmeth-
ods, such as ion-exchange (denoted asNi-FAU)
or wet impregnation (denoted as NiO/FAU)
(figs. S31 and S32). These two samples exhib-
ited very poor separation of C2H2/C2H4 (Fig.
2A), which suggests that the excellent per-
formance of Ni@FAUoriginates from its bind-
ing environment of the confined Ni(II) sites
within the pores.

In situ NPD studies enabled identification
of the locations of the confined Ni(II) sites and
the adsorbed gas (C2D2, C2D4, C3D4, and C3D6)
moleculeswithinNi@FAU (figs. S33 to S38 and
table S4). Fourier differencemap analysis of the
desolvatedNi@FAU [Ni12Na20(Al44Si148O384)]
confirmed the structural integrity and the ab-
sence of residual nuclear density in the su-
percage. In-depth analysis revealed apparent
residual nuclear density near the six-membered
ring of the sodalite cage, which we assigned
as Ni(II) ions stabilized by framework oxygen
centers (fig. S39). This assignment is consist-
ent with DFT calculations (fig. S6). By contrast,
Ni(II) sites within Ni-FAUwere primarily hex-
agonal prism sites, which were sterically hin-
dered by the highly confined void (diameter of
~2.5 Å) for gas binding. This finding was con-
sistent with its poor separation performance
(fig. S40 and supplementary text).
Upon gas loading, variations in Bragg peak

intensities were observed, and the binding do-
mains of gases were successfully interpreted by
Fourier difference map analysis (Fig. 3, A to E)

and Rietveld refinements. At low loading in
[Ni12Na20(Al44Si148O384)]·(C2D2)12 (equivalent
to ~1mmol/g C2D2 uptake), all adsorbed C2D2

molecules were located at a single site, which
is distributed over six equivalent positions in
the supercage and exhibited a side-on inter-
action to the Ni(II) sites ½C � � � Ni ¼ 3:87 to
4:08Å; ∠C ≡ C � � �Ni ¼ 91:1°�, which suggests
the binding interaction between the C≡C
bond and Ni(II) centers (fig. S41). Addition-
ally, supplementary hydrogen bonds between
DC2D2 and framework oxygen were observed
½D � � � O¼ 2:99Å; ∠C–D � � � O¼ 161°� (Fig. 3B).
A similar host-guest binding mechanism
½C � � �Ni ¼ 3:83 to 4:05Å; ∠C≡C � � �Ni¼ 91:9°�
was observed in [Ni12Na20(Al44Si148O384)]·
(C2D2)26 (equivalent to ~2.3 mmol/g C2D2 up-
take) withweaker hydrogen bonds to the frame-
work oxygen ½D � � � O ¼ 3:27Å; ∠C –D � � � O ¼
151°�. The overall binding geometry is inmarked
agreement with cation-acetylene p complexa-
tion (13, 22). X-ray absorption near-edge struc-
ture (XANES) analysis confirmed the retention
of a divalent oxidation state of Ni(II) sites on
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Fig. 2. Column breakthrough
studies for alkyne/olefin
separations. (A) Column
breakthrough curves for a
C2H2/C2H4 (2%/2%) mix-
ture using various zeolite
samples at 298 K. C2H2 and
C2H4 are shown in purple
and orange, respectively.
F, flow rate; F0, initial
flow rate. (B) Effects
of feed gas composition on
C2H2/C2H4 separation over
Ni@FAU at 298 K. (C) Plot of
C2H2/C2H4 dynamic selectiv-
ity against C2H2 dynamic
uptake under ambient
conditions with state-of-the-
art sorbent materials.
(D) View of recyclability
of Ni@FAU for the separation
of C2H2/C2H4 (2%/2%) at
298 K. Sample regeneration
was achieved by treatment
in He at 423 K for 30 min.
(E to G) Column breakthrough
curves for propyne/
propylene (2%/2%) (E),
butyne/1,3-butadiene
(2%/2%) (F), and acetylene/
propylene (2%/2%) (G)
over fixed beds packed with
Ni@FAU at 298 K. Total gas
flow, 6.0 mL/min; sample
weight, 0.2 g.
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Fig. 3. Views of crystal structures for the Ni@FAU zeolite as a
function of gas loading. All structures were derived from Rietveld
refinements of NPD data at 7 K [Si and Al: yellow; O: red; Ni: green;
C: gray; D: white; C2D4 (1) is highlighted in blue for clarity]. The host-guest
interactions are highlighted by dashed lines, and the estimated

standard deviation values for binding distances are typically within
0.02 to 0.08 Å. Views are of binding sites for adsorbed gas molecules
in [Ni12Na20(Al44Si148O384)]·(C2D2)12 (A), [Ni12Na20(Al44Si148O384)]·(C2D2)26
(B), [Ni12Na20(Al44Si148O384)]·(C2D4)17 (C), [Ni12Na20(Al44Si148O384)]·(C3D4)20
(D), and [Ni12Na20(Al44Si148O384)]·(C3D6)26 (E).

Fig. 4. INS spectra for Ni@FAU as a function of gas loading. (A) Comparison
of INS spectra of C2H2-loaded Ni@FAU and that of solid C2H2. (B) Comparison
of INS spectra of C2H4-loaded Ni@FAU and that of solid C2H4. Enlarged details
show the translational or librational and the internal vibrational modes of

adsorbed C2H2 and C2H4 molecules. Difference spectra were produced by
removing signals of the bare zeolite and sample holder. Raw spectra are provided
in the supplementary materials. Peaks are labeled with Roman numerals.
S, dynamic structure factor; Q, momentum transfer; w, frequency change.
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acetylene binding (fig. S42), and no elongation
of C–Cdistance in boundC2D2was found in the
NPD analysis. These results were consistent
with the selective yet reversible sorption.
However, [Ni12Na20(Al44Si148O384)]·(C2D4)17

(equivalent to ~1.5 mmol/g C2D4 uptake) ex-
hibited a different binding geometry with
two distinct sites (1 and 2) in the supercage
(fig. S41). C2D4 (1) molecules (accounting for
~40% of adsorbed C2D4) interact with Ni(II)
½C � � �Ni ¼ 3:11Å; ∠ C ¼ C � � � Ni ¼ 77:8°� in
a similar side-on manner to that of C2D2,
whereas C2D4 (2) (accounting for ~60% of
adsorbed C2D4) showed no interaction with
Ni(II) but did showmultiple hydrogen bonds
to the framework oxygen ½D � � � O ¼ 2:46 to
3:36Å;∠C –D � � � O ¼124to178°�. These NPD
studies revealed the explicit difference be-
tween C2D2 and C2D4 upon adsorption in
Ni@FAU. Additional p electrons in C2D2 and
its linear geometry (and thus low spatial hin-
drance) enabled the formation of metastable
[Ni(II)(C2D2)3] complexes in the supercage of
FAU, which is fully consistent with the mass
spectrometry results. In contrast, the Ni(II)
sites were heavily blocked by the bulky C2D4

by the formation of a dynamic 1:1 adduct,
which led tomost of the adsorbed C2D4 mole-
cules being stabilized through weak hydro-
gen bonding and intermolecular guest-guest
interactions. Similar host-guest binding interac-
tions were observed in the structure models
of [Ni12Na20(Al44Si148O384)]·(C3D4)20 and
[Ni12Na20(Al44Si148O384)]·(C3D6)26 with C···Ni
distances of 3.96 and 4.56 Å, respectively (only
one binding site observed in eachmodel; Fig. 3,
D and E). Thus, the distinct nature of sorbent-
gas interaction construed the high selectivity
of Ni@FAU toward alkyne adsorption.
To visualize the binding dynamics of ad-

sorbed C2H2 and C2H4 molecules, inelastic
neutron scattering (INS) studies were con-
ducted with Ni@FAU as a function of gas load-
ing at 5 K (figs. S43 to S48). Compared with
the INS spectra of solid C2H2 and C2H4, the dif-
ference INS spectra (i.e., signals of adsorbed gas
molecules) had differences in the low-energy
region (<30 meV) that were correlated to the
translation and libration modes of molecular
vibration. In the solid state, molecules inter-
act with adjacent ones in all three dimensions
(figs. S49 to S54 and table S5), which results
in coupling and dispersion of the modes (23).
When adsorbed onto Ni(II) sites, gas mole-
cules become isolated and restricted in an
anisotropic environment, which results in
distinct INS features. The peak frequencies
and (anisotropic) amplitude were directly
dictated by the Ni(II)-gas interactions and
the local environment.
We assigned the sharp and intense INS

peaks at 3.8 meV for bound C2H2 (peak I) and
2.5 to 3.8 meV for adsorbed C2H4 (peaks I′ and
II′) to the motion of gas molecules within the

plane perpendicular to the Ni(II)-gas axis, be-
cause these vibrational modes are the least
hindered and had the lowest frequencies and
largest displacement. These INS spectra were
in marked agreement with the binding sites
elucidated by NPD, in terms of peak I corre-
lating to the sole binding site of C2H2, whereas
peaks I′ and II′ resulting from the two C2H4

sites with the former being the major adsorp-
tion site. Peak I for bound C2H2 occurred at a
higher average energy, which confirmed that
the interaction between Ni@FAU and C2H2

was stronger than that of C2H4.
Additionally, adsorbed gas molecules may

rotate or twist around the axis perpendicular
to theNi(II)-gas axis andmove toward or away
from the Ni(II) sites, contributing to the peaks
at 10 to 15 meV and at 15 to 30 meV, respec-
tively. Moreover, the trans- and cis-C–Hbend-
ingmodes for bound C2H2 at 81.5 and 99meV,
respectively, were blue-shifted compared with
those of solid C2H2 (80 and 95 meV, respec-
tively; Fig. 4A), which indicates that these in-
ternal modes were strongly hindered upon
binding on the Ni(II) sites. In contrast, no
apparent shift was observed for the in-plane
C–H rocking mode of C2H4 at 102 meV upon
adsorption (Fig. 4B). Overall, the INS study
showedmarked agreement with NPD, adsorp-
tion, and breakthrough results, and it identified
the crucial role of confined Ni(II) sites on the
chemoselective binding of C2H2 in Ni@FAU.
Solid-sorbent–based techniques hold in-

creasing promise to improve the operational
efficiency of existing separation processes in
petrochemical industries, and the separation
of alkyne impurities from olefins can only be
realized by exploiting the differences in their
properties, such as dimensions (24, 25), shapes
(26), conformation (27), polarisabilities (4), co-
ordination abilities (28), binding affinity (29),
and the geometry-matching with the sorbent
pores (30). Zeolites with well-defined channels
have been considered to be viable candidates
for gas separation for decades, primarily on the
basis of their molecular sieving property (12).
By confining atomically dispersed Ni(II) sites
in the FAU zeolite channels, the discrimina-
tion between alkyne and olefin binding was
amplified in Ni@FAU, which enabled the pro-
duction of polymer-grade olefins under condi-
tions relevant to practical processes. Combining
its facile synthesis at large scale and its notable
stability, theNi@FAU sorbent offers a potential
practical solution to the challenging alkyne/
olefin separations.
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adsorption-desorption cycles.
selectivities of 100 and 92, respectively, for acetylene over ethylene and propyne over propylene for 10 
nickel(II) sites. At ambient conditions in the presence of water and carbon dioxide, the zeolites retained separation
found that the nickel-containing analog efficiently removed alkynes from olefins through chemoselective binding at open 

 incorporated atomically dispersed divalent transition metal cations into faujasite zeolite andet al.the molecules. Chai 
interest in sorption separation methods. Zeolites have generally been inefficient, given the similar sizes and volatilities of
polymers. Drawbacks in current methods, such as hydrogenation of alkynes producing unwanted alkanes, has spurred 

Alkenes such as ethylene and propene must be separated from alkynes before they can be converted in
Zeolites that prefer alkynes
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