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ABSTRACT: The scalable fabrication of continuous and defect-free metal-organic
framework (MOF) films on the surface of polymeric hollow fibers, departing from
ceramic supported or dense composite membranes, is a huge challenge. The critical way
is to reduce the growth temperature of MOFs in aqueous or ethanol solvents. In the
present work, a pressure-assisted room temperature growth strategy was carried out to
fabricate continuous and well-intergrown HKUST-1 films on a polymer hollow fiber by
using solid copper hydroxide nanostrands as the copper source within 40 min. These
HKUST-1 films/polyvinylidenefluoride (PVDF) hollow fiber composite membranes
exhibit good separation performance for binary gases with selectivity 116% higher than
Knudsen values via both inside-out and outside-in modes. This provides a new way to
enable for scale-up preparation of HKUST-1/polymer hollow fiber membranes, due to

its superior economic and ecological advantages.
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B INTRODUCTION

Metal-organic framework (MOF) materials,' > due to their
unique porous structures and diverse properties, have attracted
significant attention for constructing high separation perform-
ance membranes.*”® Various methods have been carried out to
grow continuous MOF membranes.””"® Most of them were in
flat sheet modules on porous substrates and grown through the
secondary seeding process under the hydro/solvent thermal
condition at relatively high temperature, typically above 100
°C."?*® However, due to its space-saving setup property, the
hollow fiber module is widely used in the industrial scale.'”*° In
order to reach this industrial demand, MOF membranes in
hollow fiber module, namely, a MOF skin (or barrier) layer on
hollow fiber support, are strongly requested. Recently, several
MOF membranes supported on ceramic hollow fibers have
been grown by the seeding process,'*™'>'*7'® due to the high
thermal stabilities of ceramic supports, which could sustain the
hydro/solvent thermal conditions for MOF growth. However,
MOFs/ceramic hollow fiber membranes currently have limited
applications, due to the high cost of the ceramic support and
difficulties in the scale-up and reliability of hydrothermal
growth.

It is well-known that polymer hollow fibers are much cheaper
than ceramic hollow fibers and widely used in industrial
separation processing. However, the main drawbacks of them
are their low thermal stability and weak organic resistance at
high temperature, since most of the MOFs were grown in
organic solvents at high temperature, containing metal salts
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with organic or inorganic acidic groups for a long time.

These will make the process cost consuming and environ-
mentally unfriendly. In addition, cracks will easily form during
the cooling process due to the different thermal expansion
between MOFs and the supports. Therefore, the scalable
fabrication of continuous and defect-free MOF membranes on
the surface of polymeric hollow fibers, departing from ceramic
supported or dense composite membranes, is a huge challenge.
The most important way is to reduce the growth temperature
of MOFs in aqueous or ethanol solvents. Up to date, only
Brown et al. recently obtained continuous ZIF-90 membranes
on polymeric hollow fiber at 65 °C through a dip-coating
seeding layer by a secondary growth in methanol."!

Very recently, we found that at room temperature free-
standing HKUST-1 intergrown continuous flat membranes
could be prepared by reacting copper hydroxide nanostrand
(CHN) thin films with 1,3,5-benzenetricarboxylic acid (trimesic
acid, H;BTC) water/ethanol solution.”" Although the flat sheet
structure of the prepared HKUST-1 membranes has a
limitation for the most used spiral wound modules and hollow
fiber modules, the synthesis provides a great chance to grow
HKUST-1 film on polymer hollow fiber at room temperature.
Herein, we presented a way to rapidly synthesize continuous
HKUST-1 membranes on polyvinylidenefluoride (PVDF)
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hollow fibers through a pressure-assisted seed-free growth
process by using copper hydroxide nanostrand thin films as the
copper source at room temperature. PVDF is chemically
resistant, withstands high temperature (up to 177 °C), and has
a low density (1.78) and low cost compared to the other
fluoropolymers.** A 6.5 um thick HKUST-1 film composed of
a 3 um thick continuous, well-intergrown, and dense surface
layer on a PVDF hollow fiber was obtained within only 40 min.
The prepared HKUST-1 coated PVDF hollow fiber membranes
demonstrated nice separation performance for binary gases via
both inside-out mode and outside-in modes. This provides a
new scale-up fabrication for HKUST-1/polymer hollow fiber
membranes, except for the previously reported formation of
MOFs/ceramic hollow fibers by using organic solvents and
metal salts at high temperature and a long time.'*™'>'*~1®

B EXPERIMENTAL SECTION

Preparation of CHNs. CHNs were synthesized by quickly mixing
an equal volume of 2 mM copper nitrate (Acros Chemicals) and 0.7
mM aminoethanol (Acros Chemicals) at room temperature and aged
for 2 days.”

Preparation of Continuous HKUST-1 Membranes on PVDF
Hollow Fibers. First, a mesoporous CHN layer was prepared by
filtering certain CHNs on PVDF hollow fibers (Tianjin Motimo
Membrane Technology CO., LTD). The porosity of these hollow
fibers is 40—60% with pore size of about 200 nm. One end of the
PVDF hollow fiber was inserted by a pinhead which directly connected
the pump while the other side was sealed by Teflon tape. After filtering
for 30 min, the PVDF hollow fiber with CHN layer was put into a
container, which contained 20 mL of a 20 mM H,BTC (Sigma-
Aldrich) ethanol/water solution with volume ratio of 1:1 and kept
reacting at room temperature without turning off the pump. The color
turned from light blue of the CHN layer to dark blue after a few
minutes. Typically, after 40 min, a continuous HKUST-1 membrane
on PVDF hollow fiber was obtained and used for gas separation. The
parameters, including reaction time and concentration of H;BTC,
were investigated in detail (see Supporting Information).

Characterization. X-ray diffraction pattern (XRD) was carried out
by an X'Pert PRO (PANalytical, Netherlands) instrument with Cu Ka
radiation at room temperature. The morphologies and structures were
characterized by using scanning electron microscopy (SEM; Hitachi S-
4800), and SEM observation was conducted after coating a thin
platinum layer by using a Hitachi e-1030 ion sputter at the pressure of
10 Pa and the current density of 10 mA. The gas permeation was
carried out by using a homemade hollow fiber separation system with
mass flow meters (Seven-star D07-19BM) and gas chromatography
(see Scheme S1, Supporting Information). Before gas permeation
measurements, the modules were heated from room temperature to
100 °C at a rate of 20 °C-h™" and held for 0.5 h and then cooled to
room temperature at the same rate. After that, the activated HKUST-1
membrane was tested by gas permeation experiments in both gas
outside-in and inside-out modes (see Scheme S1, Supporting
Information).

B RESULTS AND DISCUSSION

Scheme 1 shows the pressure-assisted preparation process of
HKUST-1 membranes on the outside surface of PVDF hollow
fiber. First of all, a CHN layer was precoated on the outside
surface of the PVDF hollow fiber by sealing one end with
suction filtration. Then, continuous HKUST-1 membranes
were grown by immersing the precoated PVDF hollow fiber
with the CHN layer into a H;BTC ethanol/water solution with
a volume ratio of 1:1 at room temperature for a certain time.
During the transferring and growing processes, an external
pressure of 90 kPa was applied by the vacuum pump. The
PVDF hollow fiber has an outer diameter of 1 mm and inner
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Scheme 1. Preparation Process of HKUST-1 Membrane on
the Surface of PVDF Hollow Fibers®
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“(a) Filtering CHNs on PVDF hollow fibers. (b) After filtering for 30
min, reaction with 20 mL of a 20 mM H;BTC ethanol/water solution
with a volume ratio of 1:1 at room temperature, and (c) after a certain
time, HKUST-1 layers were formed on the PVDF hollow fiber
support. A vacuum pressure of 90 kPa was kept during the whole
process.

diameter of 0.6 mm with a typical porous skin layer (Figure
1a,b). The CHN nanofibrous layer on the outside surface of the
PVDF hollow fiber was mesoporous with thickness of about 2
um as shown in Figure 1c,d. In our case, the effective length of
the PVDF hollow fiber was S cm. After putting the CHN-
precoated PVDF hollow fiber into 30 mL of a 20 mM H;BTC
water/ethanol solution with volume ratio of 1:1 at room
temperature for S min, the SEM images in Figure 2a shows that
the HKUST-1 crystals are randomly formed without obvious
intergrowth. The high magnification magnification image (inset
in Figure 2a) clearly shows the nanofibrous structures, which
are the unreacted CHNs. This means that the reaction starts
from the most-outer surface part of the CHN layer. The
corresponding XRD patterns of the HKUST-1 films (Figure
3b) indicate that pure HKUST-1 is formed even just for S min.
When the reaction time increased to 20 min, dense HKUST-1
film is continuously formed on the PVDF hollow fiber, as
shown in Figure 2b. Finally, after reacting for 40 min, Figure
2c—d shows that a continuous HKUST-1 film with a thickness
of about 6.5 uM is formed on the outside surface of PVDF
hollow fiber. No visible pinhole or crack is observed. Noting
that this HKUST-1 film is composed of a less intergrown
bottom layer and a dense and well-intergrown upper layer, the
dense and well-intergrown upper layer is about 3 M, which is
responsible for the gas separation performance. The possible
reason for this hierarchical structure is that BTC ligands would
first react with the CHN’s on the top surface CHN layer. While
the time went on, the well-intergrown membrane formed on
the top layer while the BTC ligands hardly went into the
bottom CHN layer. The HKUST-1 clusters forming at the
bottom may not be sufficient to grow into big crystals. Some of
them diffuse to the preformed HKUST-1 crystals at the top
surface and help in the formation of well-intergrown HKUST-1
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Figure 1. SEM images of the (a) surface and (b) cross section of the PVDF hollow fibers; (c) surface and (d) cross section of the CHN layer coated

PVDF hollow fiber.

Figure 2. SEM images of the HKUST-1 layer coated PVDF hollow fibers, prepared from 30 mL of 20 mM H;BTC at room temperature for (a) S
min, (b) 20 min, and (c) and (d) 40 min, respectively. The inset is magnified from (a) and the corresponding photo image of the sample is shown in

C.

crystals. The others may generate new nucleates and grow into
new crystals, due to fewer nutrients reaching the bottom CHN
layer, which turned out to be the loosely packed porous
structure at the bottom. This is confirmed by SEM in Figure
2a—c. Low-magnification view SEM images (Figure Sla—c,
Supporting Information) indicate that the HKUST-1 film
completely and uniformly covers the outside surface of the
PVDF hollow fiber. The XRD pattern (Figure 3b,c,e) prepared
for different times indicates that pure HKUST-1 is formed
without any secondary phase.

Figure 4a—c presents HKUST-1 films synthesized on the
surface of PVDF hollow fiber after reacting with 30 mL of a 10
mM H;BTC ethanol/water solution with volume ratio of 1:1 at
room temperature for 40 min. It is obvious that the crystals are
not completely intergrown and grain boundaries can be clearly

4475

seen. Although we used the same amount of CHNS, the
thickness of this membrane, which is over 10 pm, is greater
than that in the 20 mM H;BTC case. That is to say, the
membrane in this case is much looser and there is much more
interspace than in the 20 mM one. The corresponding XRD
patterns of the HKUST-1 films (Figure 3b) indicate that pure
HKUST-1 is formed without any secondary phase.

Since all the reactions were processed under an external
pressure of 90 kPa as shown in Scheme 1, the transferring
volume of H;BTC solution through the system should reflect
the reaction speed and the quality of the HKUST-1 films.
Figure S shows the corresponding transferring volume of
H,BTC solutions with different concentrations and reacting
with the same thick CHN layers under pressure of 90 kPa. It is
clear that, in the case of 20 mM H;BTC solution, the solution

dx.doi.org/10.1021/am500233m | ACS Appl. Mater. Interfaces 2014, 6, 4473—4479
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Figure 3. XRD patterns of (a) bare PVDF hollow fibers and the
HKUST-1 films formed on the PVDF fibers for (b) S min, (c) 20 min,
and 40 min (e) from 30 mL of 20 mM H;BTC at room temperature,

respectively, and (d) from 30 mL of 10 mM H;BTC at room
temperature for 40 min.

transferring speeds is almost the same at the beginning 5 min.
With the time elongation, the transferring rates slow down and
are at last almost close to zero. However, in the case of 10 mM
H;BTC solution, the decrease of the transferring rates is
dramatically slower than that of the 20 mM solution. In
addition, the transferring amount of 10 mM H;BTC solution is
about 5 mL after 25 min, which is much higher than 3 mL of
the 20 mM H,BTC solution. The starting block time for 20
mM H;BTC solution is about 1100 s while in the 10 mM case
there is hardly a starting block time. The HKUST-1 film
prepared at 20 mM H;BTC solutions after 40 min are solvent
impermeable. This further indicates that the macro-defects-free
HKUST-1 films are formed. However, in the 10 mM case, the
liquid permeance could not be completely blocked even for a
very long time, due to the nonwell-intergrown HKUST-1 film.
Therefore, it is easy to draw the conclusion that the reaction
rate in 20 mM H;BTC is faster than that in 10 mM H;BTC,
which results in a HKUST-1 film with a well-intergrown most-
outer surface layer on the PVDF hollow fiber support.

We further found that the external pressure is the key point
to achieve highly intergrown, continuous, and robust HKUST-1
films on the curvature surface of polymer. Without pressure, no
continuous HKUST-1 films could be obtained. The pressure
could make the CHN layer have a uniform thickness’* and
firmly adhere on the PVDF surface and hold the following
formed HKUST-1 crystals by reacting CHNs with H,BTC
tightly grown on the hollow fiber surface. In addition, the
pressure process also will self-adjust the local permeance,
namely, the amount of the H;BTC into the CHN layer at the
beginning and accelerate the H;BTC diffusion, then shorting
the formation time to 40 min. It is much shorter than 2 h for
the formation of the HKUST-1 flat sheet membrane with
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Figure S. The permeating volume of the solution through the hollow
fibers during HKUST-1 vs time. (a) 10 mM and (b) 20 mM reacting
with CHNs at room temperature under a pressure of 90 kPa,
respectively. All the data are averaged from the five measured points
under the same test conditions. The average errors in all the data are
about 4%.

similar thickness by using the same thick CHN layer without
pressure.”!

After activating (see Experimental Section), the highly
continuous HKUST-1 coated PVDF hollow fiber with a 6.5
pum thick HKUST-1 film (shown in Figure 2c) was used to
investigate the gas separation. This film is homogeneous and
continuous without any visible gap, pinhole, or crack. Figure S2,
Supporting Information, shows the single gas permeance
through the bare PVDF hollow fiber. It is clear that bare
PVDF hollow fiber does not have obvious gas selectivity due to
its large pores. The permeance of gas through the HKUST-1
film coated PVDF hollow fiber (shown in Figure 6a) is 2 orders
of magnitude lower than that of bare PVDF hollow fiber but
with Knudsen selectivity for a single gas. The permeance of H,
is 2.01 X 107° mol-m~2s~'Pa~!, which is much higher than that
of CH,, N,, O,, and CO,. This further indicates that the
HKUST-1 film is well-intergrown and firmly adheres on the
PVDF surface as it is not broken when the gas flows via inside-
out mode (Scheme 2a) under applied pressure up to 2 bar. The
permeances of these gases are independent of the pressure
drops, indicating the absence of macroscopic defects.”®
Similarly, Figure 6c shows the single gas permeance through
the same membrane while the gas flows via outside-in mode
(Scheme 2b). The performances are almost the same as those
flowing via inside-out mode (Scheme 2a). For single
components permeation, the ideal separation factors of this
membrane for H,/CH,, H,/N,, H,/0,, and H,/CO, are 2.5,
3.3, 3.4, and 4.2, respectively, which approaches the
corresponding Knudsen selectivity (Figure 6b,d). This is
reasonable since the pore size of HKUST-1 crystal (ca. 9 A)

Figure 4. SEM images of the (a) surface and (b, c) cross section of the HKUST-1 film formed on the PVDF hollow fiber, from 30 mL of 10 mM

H;BTC at room temperature for 40 min.
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Figure 6. Single gas permeance through the prepared HKUST-1 layer coated PVDF hollow fiber (Figure 2c) under different pressure and single gas
permeance as a function of the inversion of the square of the molecular weight. The gas flows from the inner to the outside surface (a, b) and from
the outside to the inner channel (c, d) (see in Scheme 2), respectively. All the data are averaged from the five measured points under the same test

conditions. The average errors in all the data are about 6%.

Scheme 2. The Gas Separation Processed in Both (a) Inner
to Outside Mode and (b) Outside to Inner Channel Mode”

(a)

. —
(b) Sea]etéd

R

<«

Feed Gas

HKUST-1 membrane on
PVDF hollow fiber

—

Feed Gas

“The outlet was connected with a gas flow and then branched to a gas
chromatography.

is much larger than the kinetic diameters of H, (2.9 A), O,
(346 A), N, (3.6 A), CO, (3.3 A), and CH, (3.8 A).*¢
However, the separation factors of the binary gases with vol/
vol of 50:50 H,/CH,, H,/N,, and H,/CO, are 5.4, 6.5, and 8.1,
respectively, with permeance of 1.97 X 10~® mol'm™%s'Pa™".
These values exceed the ideal Knudson selectivity of 2.8, 3.7,
and 4.7 of the corresponding binary gases, respectively. This
might be due to the influences of both the sorption and size
effect as mentioned by Zhu et al”’ The HKUST-1 coated
PVDF hollow fiber membrane retains its separation factors and
permeation more than 24 h, as shown in Figure 7a (gas flows
via inside-out mode, Scheme S1a, Supporting Information) and
Figure 7b (gas flows via outside-in mode, Scheme 2b). The
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membrane can be used repeatedly over three months in the
present study. To make a comparison, the available
experimental data related to the permeance of single gas and
the binary gas separation factors in the MOF membranes are
given in Table 1.>%'®2V25%773% When compared to the
HKUST-1 membrane on the surface of the AL, O; tube in ref
17 and HKUST-1 on the Cu net in ref 25, the separation
factors of the HKUST-1 membranes prepared here are a little
lower than those in their work while our permeation fluxes are
higher than theirs. The ideal separation membrane requires
both high permeation flux and selectivity. Our membrane also
has a comparable efficiency to other MOFs like ZIF-8 and ZIF-
90, in gas separation.

B CONCLUSION

In summary, this work demonstrates that continuous
intergrown HKUST-1 film can be scale-up synthesized on the
curved surface of the PVDF hollow fibers within 40 min at
room temperature by using CHNs as the solid copper source
through a pressure-assisted process. Both the gas separation
factors and permeance of the as-prepared highly intergrown
HKUST-1 membranes are higher than those reported in
previous literature on ceramic-supported HKUST-1 mem-
branes.****3* This separation factor of binary H,/CO, is 93%
to 116% higher than the Knudsen selectivity. The room
temperature seed-free and salt-free process provides a new
convenient and effective route for preparing MOF membranes
on the surface of polymeric hollow fibers.
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Table 1. Comparison of the Selectivity and Permeation Properties in the MOF Membrane

synthesis permeance (mol X 107 m™2 5! pa™?) separation factor
MOF T (°C) time (h) H, CO, N, CH, H,/CO, H,/N, H,/CH, thickness (um)  support ref
MOE-5 108 9 0.8 0.25 0.3 0.39 32 2.67 2.05 40 AL O, 25
ZIF-8 100 4 0.06 0.013 0.00S 0.00S 6.73 12 12 40 TiO, S
ZIE-7 100 3 0.074 0.011 0.011 0.012 6.7 6.7 6.2 LS AL O, 8
ZIF-8 30 6 0.36 0.14 0.09 0.08 2.57 4 4.5 2.5 Al O, 33
ZIF-90 65 4 0.19 0.104 0.03 0.07 1.8 6.3 2.7 S Torlon 11
ZIF-90 100 18 0.21 0.013 0.012 0.011 16.15 17.5 19.09 20 AL O, 29
ZIF-90 100 18 0.25 0.035 0.019 0.016 7.14 13.16 15.63 20 AL O, 30
ZIF-95 120 72 2 0.076 0.216 0.185 25.7 10.2 11 30 AL O, 34
HKUST-1 100 48 0.036 0.003 0.003 0.032 9.1 9.9 7.6 13 Al O, 18
HKUST-1 120 72 0.127 0.028 0.028 0.016 6.84 7.04 5.92 60 Cu Net 27
HKUST-1 120 6 2 0.5 0.5 0.8 3.5 3.7 2.4 25 AL O, 32
HKUST-1 120 12 0.748 0.148 0.203 0.257 S.1 3.7 2.9 25 AL O, 28
HKUST-1 25 2 1.59 0.385 0.47 0.637 4.7 3.7 2.8 4.5 none 21
HKUST-1 120 24 0.186 0.039 0.043 0.059 6.9 5.8 4.9 S0 Al O, 31
HKUST-1 25 0.667 2.01 0.35 0.44 0.59 8.1 6.5 54 3 PVDF this work®

“The data are averaged from the five measured points under the same test conditions with average errors of about 5%.
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Figures of the SEM images of the membrane and gas separation
performance of bare PVDF hollow fiber. This information is
available free of charge via the Internet at http://pubs.acs.org/.
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