ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;HEm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page1of3 Tournal Name

&

2

2

3

3

4

4

[

S

15

&

0

o

Cite this: DOI: 10.1039/c0xx00000x

WWW, rsc.org/xxxxxx

ChemComm

Dynamic Article Links »

ARTICLE TYPE

Highly permeable and selective amino-functionalized MOF CAU-1

membrane for CO,/N, separation

Huimin Yin,” Jinqu Wang,” Zhong Xie,” Jianhua Yang,** Ju Bai,” Jinming Lu,” Yan Zhang,” Dehong

Yin,” Jerry. Y. S. Lin’

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

A thin tubular CAU-1 membrane of 2-3 pm exhibiting high
CO, permeance up to 1.34x10"° mol m™ s™ Pa™ and COyN,
selectivity of 17.4-22.8 for CO,/N, mixtures was achieved,
demonstrating for the first time amino-functionalized MOFs
membranes can provide high CO,/N, selectivity and posses
potential for CO, capture from flue gas.

The capture of CO, from fossil fuel combustion flue gas is of
great significance to our sustainable civilization.'! Membrane
separation is considered as alternative technology to current
amino absorption for CO, capture due to the low energy
requirements. More recently, it is demonstrated that metal-
organic frameworks are appealing candidates for molecular
separation particularly for CO, capture as highlighted in several
reviews.” Because of the strong interaction of CO, with the metal
open centres or the ligand of the MOFs remarkably high CO,
adsorption capacity/selectivity over the non-polar gases such as
CH, and N, were reported for MOFs materials such as HKUST-
1.} Al containing MOFs,* and the series of isostructural
framework M2 (dhtp) (CPO-27 or MOF-74)° and zeolitic
frameworks  ZIFs.’ Among MOFs materials,
functionalized MOFs are particularly interesting for CO, capture
due to the favorable acid-basic interaction between CO, and
amino group that can largely promote the CO, adsorption.
Extremely high even unprecedented high CO, adsorption
capacity/selectivity was reported for amino functionalized MOFs
of bio-MOF-117, NH,-MIL-53% and CAU-1° etc. In the form of
powders, MOFs materials as adsorbents have shown high CO,
adsorptive separation efficiency from N, and CH,. The unique
adsorption properties and structures make MOFs exciting fillers
for development of mixed matrix membranes with highly
enhanced selectivity and permeability for CO, capture'® and other
gas separation.'' The excellent preferential CO, adsorption ability
is expected to lead to high CO, perm-selectivity over N, for
MOFs membrane particularly for the amino group containing
MOFs membrane. However, so far only the MOF-5 membrane
showed efficient separation for CO,/N, mixtures under high
pressure and CO, content conditions'? and ZIF-69 membrane
exhibited CO,/N, selectivity of 6.3."° Instead, other reported
MOFs membranes including small and large pore size have
shown a poor COy/N, separation selectivity around 1 for either
single gas or mixture system despite of their high adsorption
selectivity.'*
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For the membrane separation, the permeation selectivity is
governed by a combination of adsorption and diffusion
selectivity. The strong interaction of CO, with MOFs can largely
enhance the CO, adsorption capacity but probably reduced the
mobility of CO,.'"** '> This has ramifications for membrane
separation. On the other hand, there is increasing evidence that
for the small pore size MOFs with the flexible framework and
apertures result in reversible diffusivity selectivity of CO, over
N, that is against the molecular sieving mechanism. '** ¢ The
interaction affinity and pore structure properties play intricate
roles in the separation efficiency of MOFs membrane.

The amino-decorated 12-connected [Al;(OH),(OCHj3),(H,N-
BDC)5]-xH,0 CAU-1 reported by Stock’s group'® is an appealing
membrane candidate for molecular gas applications. CAU-1 is
built from unprecedented aluminium-based octameric building
units, which are connected through twelve aminoterephthalate
linkers to form a three-dimensional microporous framework that
involves distorted octahedral and tetrahedral cages as shown in
Fig. S2. (ESIf) Access to the cages is only possible through small
triangular windows with a free aperture of 0.3-0.4 nm. In
addition, CAU-1 shows relatively rigid framework and high
thermal stability up to 573 K. The framework functionality with
unprecedented high CO, adsorption capacity’ in combination
with the small pore aperture and rigid framework prompted us to
study the CAU-1 membrane for CO, separation from flue gas.

Herein, we reported the successful synthesis and high
separation performance of the CAU-1 membrane supported on
the asymmetric 0-Al,O3 tube for CO,/N, mixtures at flue gas
conditions by seeded growth method. Zhou et al. synthesized
CAU-1 membrane (denoted as CAU-1-Z) but did not obtain the
desired CO,/N, selectivity due to activation problem.'” To the
best of our knowledge, it is the first amino-functionalized MOFs
membrane exhibiting a high CO, selectivity over N, with high
CO, permeance for separation of CO,/N, mixtures.

Asymmetric porous a-Al,O5 tubes with a-Al,O; buffer layers
of a nominal pore size of 200 nm were used as supports. The
uniform rice-body-like CAU-1 crystal seeds of 200-300 nm as
shown by the XRD patterns (Fig. S3b, ESIT) and SEM images
(Fig. S4a, ESIt) were prepared according to the literature recipe'®
(for details see ESIt). The crystal seed size matched with the pore
size of the asymmetric a-Al,O3; support (Fig. S4, ESIf). The
weak XRD pattern (Fig. S3c, ESIt), the SEM images (Fig. S4b, c,
ESIf) and the optical pictures (Fig. S5, ESIf) revealed the
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formation of a very thin and continuous CAU-1 seed layer. The
CAU-1 membrane M1 was grown from a concentrated synthesis
solution using mixture solvents of ethanol and methanol'® by
much shorter time of crystallization reaction (for details see
ESIt) compared with those of CAU-1-Z membranes.'’

The XRD pattern of the CAU-1 membrane M1 represented the
characteristic peaks of CAU-1 and a-AlLO; (Fig. S3d, ESIY),
confirming the formation of pure CAU-1 layer on the 0-Al,O3
support without the presence of other impure phase. SEM images
of the M1 (Fig. 1) revealed that the support surface was fully
covered by compact and well inter-grown cube-shaped crystals.

Fig. 1 SEM image of the surface and cross-section of CAU-1 membrane
(a, b) and EDS mapping of CAU-1 membrane: green C; red Al(c, d).

EDS analysis further revealed that there was a softly transition of
C and Al signals between the CAU-1 layer and the alumina
support (Fig. 1c, d and Fig. S6, ESIY) indicating the formation of
CAU-1 within the particles of a-Al,O; buffer. The a-Al,O; buffer
can act as the secondary aluminum source to react with 2-amino-
1, 4-benzenedicarboxylic acid forming CAU-1 crystals as found
by Zhou et al."”. This explained the excellent adhesion strength
between the CAU-1 membrane and the support as SEM images
revealed. As evidenced by the profile of EDS carbon content, the
thickness of the membrane M1 was thin, about 2-3 pm.

Fig. 2 shows the permeance of single gas as a function of
kinetic diameter at room temperature and a pressure difference of
0.1 Mpa. CO, had the highest permeance, as high as 1.32x10®
mol m™? s Pa though H, is the smallest molecule. The ideal
selectivity of CO,/H,, CO,/N,, CO,/CH,, CO,/SF¢ system was
2.6, 26.2, 14.8 and 79.3, indicating the permeation of CO,
through the CAU-1 membrane was governed by the preferential
adsorption. On the other hand, the ideal selectivity of Hy/N,,
H,/CH, and H,/SF4 system was 9.7, 5.4 and 29.2, respectively,
suggesting the molecular sieving mechanism for these non-
adsorbable gases. The high CO, permeance and selectivity
resulted from the high adsorption uptake of CO, promoted by the
strong interaction of acid-basic interaction between CO, and
amino group in the framework of the MOFs as supported by the
adsorption isotherms (Fig. S7, ESIf). The CAU-1 powders
collected from the bottom of the membrane autoclave exhibited
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unprecedented high CO, adsorption capacities of 6.79 mmol g
and 3.29 mmol g at 1 atm and at 273 K and 298 K, respectively,
consistent with those reported by Si et al.’ Besides, the thin
membrane thickness contributed to the high gas permeance as
well.
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Fig. 2 Single gas permeances of H,, N,, CHs, CO, and SFs through the
CAU-1 membrane and the ideal separation factors for the corresponding
gas pairs
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The separation performance of the membrane M1 was further
evaluated using the COy/N, mixtures with various CO,
concentration at 298 K keeping the feed gas mixture under
atmosphere pressure and permeate side sweeping with Ar (for
details see ESIf). As shown in Fig.3, the CO, permeance
increased largely with increasing CO, content in the feed,
particularly at CO, content of 0.7 while N, increased slightly with
increasing feed CO, content. Consequently separation factor of
COy/N; increased slightly from 17.4 to 22.8. At CO, molar
fraction of 0.1-0.2 that is flue gas composition, CO, permeance
was 5.0-5.7x107 mol m? s Pa’! with COy/N, separation factor
of about 17.4. At high CO, molar fraction of 0.9, CO, permeance
of 1.34X10° mol m? s Paland CO,/N, separation factor of
22.8 were obtained. As a result, the separation indexes of the
CAU-1 membrane for the CO,/N, mixtures are advantageous
over most of the reported zeolite and all the MOFs membranes
except MOF-5 membrane as shown in Table S1 (ESIY).

The CO, permeance trend through the CAU-1 membrane on
the CO, feed content is similar to that of the MOF-5 membrane'?,
but opposite to that of zeolite membrane'®. This is because the
adsorption isotherm for CO, on CAU-1 within the pressure of
700 mmHg is fairly linear, the effect of increasing feed CO,
pressure on the CO, solubility (the slope of the adsorption
isotherm) should be negligible'> while zeolite membranes
generally shows a negative effect of increasing feed CO, content
on the solubility".

The MOF-5 membrane can preferentially permeate CO, over
N, with the separation factor up to 60 only at high CO, feed
molar fraction above 0.65 and high feed pressure above 335 KPa,
otherwise, the separation factors were around 1 due to the lower
adsorption uptake of CO, at low pressure. In contrast, the CAU-1
membrane can efficiently separate CO, from N, over wide CO,
composition range at room temperature and at atmosphere
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