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We unveil a unique kinetic driven separation material for selectively
removing linear paraffins from iso-paraffins via a molecular sieving
mechanism. Subsequent carbonization and thermal treatment of
CD-MOF-2, the cyclodextrin metal—organic framework, afforded a
carbon molecular sieve with a uniform and reduced pore size of
ca. 5.0 A, and it exhibited highly selective kinetic separation of n-butane
and n-pentane from iso-butane and iso-pentane, respectively.

Engineering of the pore size in materials for various industrial
processes is an area of extreme importance.” In particular, the
development of advanced materials with precise pore aperture
dimensions close to the molecular sizes of commodities, such
as hydrocarbons,” has continued to attract attention in academia
and industry. It is motivated by the challenge of the high degree
of complexity involved in separation of hydrocarbon mixtures
and their isomers only by their physical properties. In fact, the
molecules in these hydrocarbon mixtures have similar boiling
points, which makes the separation process energy and cost
intensive. Therefore, the separation and purification of high
purity isobutane/isopentane from a mixture currently depends
on large-scale distillation technology. Consequently, there is a
constant search for innovative solutions to develop advanced
materials able to achieve the efficient size selective separation of
molecules with similar vaporization/condensation transitions
such as n-butane/isobutane and n-pentane/isopentane.

In spite of the lack of full uniformity, porous carbon materials,
such as activated carbons (ACs), have achieved remarkable success
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in many separation applications.®> ACs possess pores ranging in size
from sub-nano to macrometer dimensions. In specific cases, ACs
with a high degree of pore uniformity matching the molecular
dimensions of particular fluids are commonly classified as carbon
molecular sieves (CMSs).* This subclass of ACs has attracted
attention for the separation of small or isomeric molecules.’
Multiple methods for synthesizing CMS materials exist in the
literature, which are primarily formed after carbonization of
organic molecules or polymers, at different temperatures and
soaking times. Recently, metal organic frameworks (MOFs)° have
been utilized as a new carbon source for porous carbonaceous
materials which are finding application in the fields of gas
adsorption and separation, electrocatalysis, and electrical conduc-
tivity and as supercapacitors.”

Formerly, many MOF based porous carbon materials ranged
from micropores to mesopores with a wide pore size distribution.
Broad or large pore size distributions are not advantageous for
small molecule separation. Therefore, developing MOF materials as
the carbon sources for CMS is still challenging and there are no
previous reports in the literature showing the use of CMS for linear
paraffin/monobranched paraffin separation in a single step.
Herein, we report for the first time a CMS, derived from a MOF,
which exhibits a narrow pore size centered at ca. 5 A, effective for
highly selective, kinetic based separation of n-butane and n-pentane
from their monobranched isomers.

We selected CD-MOF-2 (y-cyclodextrin-MOF-2)® for the
synthesis of CMSs based on the following considerations.
Cyclodextrins have been proven to be a good carbon source
for porous carbon materials and the metal rubidium and its
metallic oxide are easily removed after washing with dilute
hydrochloric acid.” The CMS, CMS-PMOF-1, was obtained by
heating CD-MOF-2 at 600 °C for five hours and then at 900 °C
for one hour under a nitrogen atmosphere, followed by washing
two times with 2 M HCI (ESIt). The powder X-ray diffraction
(PXRD) patterns of CMS-PMOF-1 (ESL,T Fig. S1) displayed two
broad peaks, indicating the amorphous feature of CMS-PMOF-1.
Scanning electron microscopy (SEM) images showed that the
samples of CMS-PMOF-1 are composed of irregular plate-like
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Fig.1 TEM images of CMS-PMOF-1.

morphologies with micrometer dimensions (ESLt Fig. S2),
which are different from the morphology of the precursor of
CD-MOF-2 with a block shape. Transmission electron micro-
scopy (TEM) showed that these plates of CMS-PMOF-1 exhibited
sponge-like micropores (Fig. 1), thus confirming the amorphous
features displayed by PXRD analysis.

CMS-PMOF-1 was activated by degassing the sample under a
continuous vacuum at 150 °C for 10 hours prior to N, gas
adsorption isotherms collected at 77 K (Fig. 2a). CMS-PMOF-1
exhibited a type I isotherm with a sharp knee at low relative
pressure and a lack of condensation at higher relative pressure.
This is characteristic of narrow microporous carbonaceous
materials with pores <0.7 nm. Its Brunauer-Emmett-Teller
(BET) specific surface area was calculated to be 799 m”> g~ " and
its nitrogen uptake capacity at saturation (P/P, = 0.95) reached
213 (STP) cm® g~ . The pore size distribution analysis of CMS
commonly uses the Horvath-Kawazoe (HK) model.'® As indicated in
Fig. 2b, the pore size of CMS-PMOF-1 is predominantly distributed
around 5 A vs. 17 A for the parent material CD-MOF-2 (the CD-
MOF-2 breakdown after pyrolysis), indicative of the relatively
uniform and highly contracted microporosity in the ultra-
microporous range for the carbonized material. To corroborate
the surface analysis using N, as a probe, we measured CO,
adsorption isotherms at 273 and 295 K (ESIL,T Fig. S3). Uptake
capacities of 119 and 95 (STP) cm® g (5.3 or 4.2 mmol ¢~ " and
23.3 or 18.6 wt%), respectively were achieved under 1 atm
pressure. These values are higher than that of the parent
CD-MOF-2 (~60 cm® g~" or 2.7 mmol g~* or 11.8 wt%) under
800 Torr and 298 K.'

0.0 0:2 0:4 0:5 018 1:0 10 20 30 40 50
PIP, Pore width (&)

Fig. 2 (a) N, sorption isotherm and (b) pore size distribution (HK model)
for CMS-PMOF-1.
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To achieve our ultimate objective in this work, we opted to
explore the potential use of CMS-PMOF-1 for gas/vapour separation
where the involved molecules have a size close to the average
pore size of CMS-PMOF-1 (5 A), such as n-butane/iso-butane and
pentane/isopentane having kinetic diameters of ca. 4.3 and 5.0 A,
respectively.'> These types of highly energy intensive separations
are extremely important in energy and industry related applica-
tions. To begin with, we explored the adsorption properties of
n-butane (n-C4H;,) and isobutane (iso-C4H;,) at 293 K and observed
the differences in their respective uptakes (Fig. 3a) The adsorption
of butane was characteristic of a type I isotherm and reached
1.9 mmol g~ " at 1 bar. On the other hand, the isobutane isotherm
was not as distinct as n-C,H,, with a less noticeable knee at lower
pressure and an overall lower adsorption of 1.43 mmol g~ " at 1 bar.
Interestingly, the adsorption and desorption branches in the case
of iso-C,H;, were not overlapping mainly due to the relatively slow
adsorption-desorption kinetics, resulting in turn from the difficulty
of iso-C4H;, to adsorb/desorb from the porous material. This was
further confirmed from the pressure decay measurements carried
out at 14.94 Torr initial feed gas pressure (Fig. 3b) for more than
3500 s without reaching equilibrium. Delightfully, the corres-
ponding pressure decay measurements in the case of n-C,H;o
(Fig. 3b) showed extremely fast adsorption kinetics with an
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Fig. 3 (a) Comparison of n-butane and isobutane adsorption isotherms
for CMS-PMOF-1 with the absolute pressure scale at 293 K, (b) compar-
ison of pressure decay for n-butane and isobutane during adsorption

measurements at 3.16 and 14.94 Torr, respectively, on CMS-PMOF-1. The
pressure is normalized for comparison purpose.
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equilibration time of 60 s. This prompted us to explore the
opportunity to exploit this outstanding kinetic driving force and
investigate further the use of CMS-PMOF-1 for real separation of
n-C4H;, from iso-C4H,,. To evaluate the applicability of the kinetic
driven separation feature of CMS-PMOF-1 compared with other
isomeric hydrocarbons, pentane (7-CsHj,) and iso-pentane (iso-
CsH,,) adsorption experiments were performed. Remarkably, while
the adsorption of n-CsHy, (Fig. 4) showed optimal thermodynamics
(closed type I isotherm) and kinetics (fast rate of adsorption), iso-
CsH,, adsorption on CMS-PMOF-1 showed similar slow kinetic
behaviour to iso-C;H;, (Fig. 4). From the relatively much lower
uptake of iso-CsH;, as compared to iso-C4H,, and the less visible
hysteresis in the case of the iso-CsH;, adsorption-desorption
isotherm, we tentatively attributed this behaviour to the non-
accessibility of iso-CsH;, to a certain portion of the ultramicro-
pores, while CMS-PMOF-1 was found to adsorb almost the same
amount of n-C,H,, and n-CsH;,.

Analysis of pressure decay measurements showed that
n-C4H;o and n-CsH;, reached high equilibrium uptakes of
0.437 mmol g and 0.481 mmol g " in 20 s, respectively while
iso-C,H;, and iso-CsH;, were observed to adsorb very little.
This suggests that CMS-PMOF-1 has potential for high selective
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Fig. 4 (a) Comparison of n-pentane and isopentane adsorption isotherms
for CMS-PMOF-1 with absolute pressure scale at 293 K, (b) comparison of
pressure decay for n-pentane and isopentane during adsorption measure-

ment at 5.37 and 17.14 Torr, respectively on CMS-PMOF-1. The pressure is
normalized for comparison purpose.
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Fig. 5 Column breakthrough test for the adsorption of mixed n-butane
(5%) and isobutane (5%) in balance with N, (n-C4H10/iso-C4H10/N5: 5/5/90
mixture) with a flow rate of 8 cm® min~* on CMS-PMOF-1.

kinetic separation of these isomers, which is better than a few
reports in the literature.'?

To further confirm the molecular sieving behaviour of CMS-
PMOF-1 for paraffin-isoparaffin separation, experiments using
a gas mixture of n-C4H,/iso-C4H;¢/N, = 5/5/90 were carried out at
298 K and 1 bar total pressure with a flow rate of 8 cm® min™"
(Fig. 5). The choice of this specific mixture in balance with N, is
motivated by the negligible N, uptake as compared to n-C,H;, and
its use as a reference non-absorbable gas. Surprisingly, in real mixed
testing, is0-C4H;, was not retained in the column similarly to the
reference gas N,, confirming that iso-C4H;, is not adsorbed (Fig. 5)
under these conditions while n-C,H,, was retained in the column for
ca. 35 minutes per gram with the n-C4H;, adsorbed amount
(0.62 mmol g ) in the bed, which is in good agreement with the
n-C,H,, single adsorption data (Fig. 3) at 35 Torr partial pressure. It
is important to note that the breakthrough curves were normalized
by taking into account the overlap of mass fragmentation intensities
m,e and mjze associated with n-butane and isobutane, respectively, as
was reported elsewhere? (see also details in the ESIY).

In summary, we showed for the first time a shift from an open
porous metal-organic framework to a promising carbon molecular
sieve for paraffin-isoparaffin separation, via the well known
carbonization methodology. The use of CD-MOF-2 as the carbon
source led to the formation of CMS-PMOF-1 with contracted and
homogeneous pores of 5 A, and it showed outstanding sieving
properties for meeting the industrial challenge of n-C,H;/iso-
C4H;0 and n-CsH;,/iso-CsH;, separation. Further research work
will address the development of MOF derived membrane materials
for hydrocarbon and biofuel separation.
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