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DOI: 10.1039/x0xx00000x Hybrid polymer/metal organic framework (MOF) membranes have been prepared using either

www.rsc.orgl a mixed matrix membrane (MMM) or in-situ growth (ISG) approach and were evaluated for
application in organic solvent nanofiltration (OSN). MMMs were produced by dispersing pre-
formed particles of the MOF HKUST-1 in polyimide P84 dope solutions. MMMs demonstrated
both (i) higher rejections of styrene oligomers and (ii) lower flux decline than the polymeric
control membranes. Furthermore, an alternative hybrid membrane fabrication methodology —
in-situ growth (ISG) of HKUST-1 in integrally skinned asymmetric polymer membrane
supports — has been successfully demonstrated. Ultrafiltration support membranes were
submerged in HKUST-1 precursor solutions in order to promote the growth of MOF within the
porous structure of the polymer membranes. The presence of HKUST-1 in the membranes was
proven with X-ray powder diffraction (XRPD). Energy-dispersive X-ray spectroscopy (EDX)
was used to reveal the distribution of HKUST-1 throughout the ISG membranes, and was found
to be even across the surface and throughout the cross-section. The ISG membranes also had
higher solute rejections and lower flux decline than the MMMs.

predictable, regular porous structures cannot be obtained.
1. Introduction Another negative aspect of polymer membranes is flux decline,
caused by pressure induced compaction and rearrangement of
the polymer chains[6, 7]. Both flux decline and irregular
porous structures have been obstacles to producing polymer
OSN membranes with precise and predicable separation
performances.

One approach to reduce flux decline has been to produce
hybrid organic/inorganic membranes using a mixed matrix
membrane (MMM) approach. Titanium dioxide has been
added to integrally skinned asymmetric polymer membranes to
produce MMMs used to combat flux decline in OSN[8].
Another inorganic material organosiloxane has also been used
to reduce the effect of flux decline in OSN membranes[7].

MMMs were originally developed for gas separation
processes[9-16]. MMMs are made by dispersing particles of
inorganic material in polymer membrane dope solutions[17]
(see Figure 1). This membrane fabrication methodology leads
to the formation of hybrid membranes with discrete inorganic
particles distributed in a continuous polymer phase[17]. Metal
organic frameworks (MOFs) could be used in MMMs to
enhance the performance of OSN membranes.

Organic solvent nanofiltration (OSN) is a pressure driven
filtration technology that can separate on a molecular level,
based on size, shape and/or chemical potential. The most
common membranes used for OSN applications are integrally
skinned asymmetric polymer membranes. These membranes
consist of a thin, dense, selective separation layer on top of a
porous support layer of the same material. The advantages of
integrally skinned asymmetric polymer membranes include
their flexibility, durability and ease of production. Integrally
skinned asymmetric polymer membranes are designed to be
flexible so they can be used within membrane modules e.g.
spiral wound membrane modules[1]. The most common
preparation methodology for producing integrally skinned
asymmetric polymer membranes is phase inversion via
immersion precipitation[1] (see Figure 1). Polyimide
membranes resistant to aprotic solvents such as DMF have been
fabricated via the process of cross-linking[2, 3]. The properties
of polyimide membranes have been controlled by altering
parameters such as membrane casting thickness, annealing time
and solvent/co-solvent ratio[4, 5]. Unfortunately control of the
phase inversion process is imprecise, and membranes with
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MOFs are crystalline materials consisting of metal ions or
metal ion clusters, connected by organic ligands to form a
continuous regular network[18, 19]. Many MOFs have been
found to have highly porous structures [19-22] and therefore
could be suitable for OSN separations. However due to their
crystalline nature, pure MOF membranes are inflexible and
brittle, and thus unsuitable for use in membrane modules.
Hybrid polymer/MOF membranes (e.g. MMMs) could be
produced utilising the flexibility and mechanical strength of

Journal Name

polymer membranes while the
potential of MOFs.

MMMs have been produced for
application in OSN; their porous nature utilised to improve the
performance of thin film composite membranes[23, 24]. In this
work MMM s containing the metal organic framework (MOF)
HKUST-1, also known as Cu;BTC, (BTC = benzene
tricarboxylate), in an integrally skinned asymmetric polyimide

membrane are fabricated with a view to testing the effect of the

incorporating separation

containing MOFs
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Figure 1: Schematic of membrane fabrication processes (A) UF membrane, (B) MMM and (C) ISG membrane; (A) shows the
fabrication of a integrally skinned asymmetric polymer membrane formed via phase inversion, the final membrane is purely
polymeric with an irregular porous structure, (B) shows the fabrication of a MMM, pre-formed HKUST-1 crystals are added to the
dope solution, producing a hybrid membrane with discrete particles of MOF in an irregular porous network, (C) shows the
fabrication of the novel ISG membrane, where HKUST-1 is grown in-situ in the pores of integrally skinned asymmetric polymer

membranes
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MOFs on the performance of the membrane and flux decline in
OSN applications.

HKUST-1 has been used to produce MMMs for gas
separations and OSN[9-11, 23]. Transport through MMMs can
be modelled using the Maxwell model[25-30] or other models
such as the Bruggeman model[28, 29]. As MMMs contain
discrete particles of MOF in a continuous polymer network, the
permeation flow path through these membranes is modelled as
a composite of the permeability characteristics of the MOF and
the polymer. This means that there is a limit to the influence
the MOF can have on the permeation properties of MMMs.
The interaction between the polymer and the MOF is very
important to the transport properties of MMMs[17]. The
Maxwell model assumes perfect interaction between the MOF
and the polymer, however the formation of non-selective voids,
rigid polymer layers and polymer incursion into the MOF can
reduce the effectiveness of MMMs[23, 26, 31, 32].

) 0. O
(ON o
(0] (0]
0.2 nm CU2+
d)
10 nm

Figure 2: Schematic representation of ISG membrane showing
(a) the building block molecules used to create HKUST-1, Cu?"
ions and benzene tricarboxylate, (b) a bird’s eye view of the
HKUST-1 molecular structure showing the window into the
MOF cage, (c) a 3D rendering of a HKUST-1 crystal, showing
the network of cages and (d) HKUST-1 crystals (blue) grown
within the porous top layer of a polymer membrane (yellow)

To improve upon the performance of hybrid polymer/MOF
membranes this work suggests a novel membrane fabrication
method utilising in-situ growth (ISG) of MOF crystals in pre-
formed polymer membranes. Using ISG to produce hybrid
polymer/MOF membranes should minimise the issues of
polymer/MOF interface interaction associated with MMMs. By
growing MOF crystals in the pre-existing pores of the polymer
membrane it is possible to grow a more continuous MOF phase.
Figure 2 shows MOF crystals grown in the top layer of a
polymer membrane, transforming the membrane pores. The
characteristics of these novel ISG membranes are tested with a
number of analytical techniques (SEM, EDX, BET, AFM,
XPRD, ATR-FTIR and water contact angle) to determine their
structural properties. The novel ISG membranes are compared
with MMMs and parallels are drawn between the membrane

This journal is © The Royal Society of Chemistry 2013
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morphologies, permeance and rejection performance of the
membranes.

HKUST-1 was selected in this work as it is one of the most
widely studied and understood MOFs [18, 33] and can be
fabricated at room temperature[34] from copper nitrate and
1,3,5-benzene tricarboxylic acid, or purchased from Sigma
Aldrich as Basolite C300. In addition, the pore size of
HKUST-1 (cage windows of 0.9 nm[35, 36]) is suitable for the
OSN range.

2. Experimental
2.1. Materials

Polypropylene non-woven backing was supplied by Viledon,
Germany. Polyimide polymer (Polyimide P84) powder was
purchased from HP Polymer GmbH, Austria. Solvents used for
membrane preparation and membrane testing isopropyl alcohol
(IPA), acetone, dimethylformamide (DMF), ethanol (99.7%)
and polyethylene glycol (MW 400) (PEG-400) were obtained
from VWR international. Hexane-1,6-diamine for crosslinking
was purchased from Sigma Aldrich. Copper nitrate trihydrate
and 1,3,5-benzenetricarboxylic acid used for fabrication of
HKUST-1 were purchased from VWR international. HKUST-1
powder was supplied by Sigma Aldrich under its commercial
name Basolite C300. Polystyrene markers for solute rejection
evaluation were purchased from Agilent Technologies, UK. All
the chemicals were used as received without any further
purification.

2.2. Membrane Preparation

2.2.1 Preparation of polymer ultrafiltration membranes
Polymer ultrafiltration membranes were produced via phase
inversion. Dope solutions were formed by dissolving 24 wt% of
polyimide P84, herein referred to as P84, in DMF (see step
(A)1 in Figure 1). The P84 and the DMF were mixed in a
sealed container, while the polymer dissolved, to ensure no
moisture was absorbed into the dope solution. The dope
solutions were cast on to polypropylene non-woven sheets
using a casting knife set to a thickness of 250 pum, in a
controlled environment with a temperature of 20 °C and a
humidity of 30-40%. The polymer membranes were then
precipitated from solution via immersion in water (see step
(A)2 in Figure 1). The membranes were then placed in IPA to
remove water from the polymer matrix. For crosslinking, the
membranes were submerged in 30 g.L™' solutions of hexane-
1,6-diamine (HDA) in IPA for 20 hours (see step (A)3 in
Figure 1). After crosslinking the membranes were washed
with IPA to remove excess crosslinking agent. Before testing,
the membranes were conditioned with a PEG400:IPA (60:40
v/v) solution for 12 hours (see step (A)4 in Figure 1). Dense
polymer ultrafiltration membranes were fabricated using the
same methodology in an environment with a temperature of 15
°C and a humidity of 50-60%.

J. Name., 2013, 00, 1-3 | 3
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2.2.2. Preparation of hybrid polymer/MOF membranes
MMM via dispersion of HKUST-1 particles in polymer
dope solutions MMMs were prepared by dispersing HKUST-1
particles (average size 16 pm) in P84 dope solutions with 24
wt% of polymer in DMF (see step (B)1 in Figure 1). The ratio
of polymer to MOF by weight in the dope solutions was 5:1.
The HKUST-1 particles were mixed into the dope solution as
the P84 dissolved.
container to ensure no moisture was absorbed into the dope

Mixing was undertaken in a sealed

solution. The dope solutions were cast on to polypropylene
non-woven sheets using a casting knife set to a thickness of 250
um (see step (B)2 in Figure 1). The MMMs were then
The
membranes were then placed in IPA to remove water from the

precipitated from solution via immersion in water.

polymer matrix. For crosslinking, the membranes were
submerged in 30 gL' solutions of HDA in IPA for 20 hours
(see step (B)3 in Figure 1). After crosslinking the membranes
were washed with IPA to remove excess crosslinking agent.
Before testing the membranes were conditioned with a
PEG400:IPA (60:40 v/v) solution for 12 hours (see step(B)4 in
Figure 1).
methodology in an environment with a temperature of 15 °C
and a humidity of 50-60%.

Dense MMMs was fabricated using the same

2.2.3. Preparation of hybrid polymer/MOF membranes via
In-situ growth (ISG) of HKUST-1 Hybrid polymer/MOF in-
situ growth (ISG) membranes were fabricated using polymer
UF membranes as structural scaffolds (see section 2.2.1 and
steps (C)1-3 in Figure 1). ISG membranes were prepared by
immersing the polymer UF membranes into a fresh mixture of
copper nitrate (0.86 M in Ethanol solution) and 1,3,5-
benzenetricarboxylic acid (0.40 M in DMF solution) (see step
(C)4 in Figure 1). The membranes were left stirring in solution
for 24 hours, and then were extensively washed with DMF to
remove any unreacted reagents. Before testing the membranes
were conditioned with a PEG400:IPA (60:40 v/v) solution for
12 hours (see step (C)5 in Figure 1). To fabricate dense ISG
membranes the same methodology was carried out using the
dense polymer ultrafiltration membranes.

2.3. Membrane characterization

2.3.1. Membrane mass, density and thickness measurements
Samples were taken from each membrane (area: 3 x 3 cm) and
their thicknesses measured using a Mitutoyo electronic
thickness gauge. The samples were then washed with acetone
to remove PEG conditioning agent. The removal of PEG
conditioning agent was confirmed using ATR-FTIR. The
acetone was then dried from the membrane at room
temperature. The mass of each sample was then measured
using an electronic scale. The thickness and mass of the
polypropylene non-woven backing was
subtracted from the thicknesses and masses of the membrane
samples in order to find the dimensional parameters of the
membrane alone.

measured and

4| J. Name., 2012, 00, 1-3

2.3.2. ATR-FTIR Fourier Transform-Infrared (FT-IR) spectra
were recorded on a Perkin-Elmer Spectrometer 100, with
samples mounted on a zinc-selenium/diamond plate. The
spectra were collected in the attenuated total reflection (ATR)
mode, directly from the membrane surface. The spectra were
recorded at a resolution of 4 cm™' as an average of 16 scans.
The membranes were washed in acetone to remove any
contamination and dried before analysis.

2.3.3. Scanning electron microscopy/Energy-dispersive X-
ray spectroscopy The surfaces and cross-sections of the
membrane were characterized by scanning electron microscopy
(SEM). The samples were coated with chromium under an
argon atmosphere using an Emitech K575X peltier in order to
make the samples conductive. The microscopic analyses were
performed at 5 kV in a high resolution LEO1525 Karl Zeiss
SEM.  Energy-dispersive X-ray spectroscopy (EDX) was
carried out using the same LEO1525 Karl Zeiss SEM at 20 kV.
The EDX samples were also coated with chromium.

2.3.4. X-ray powder diffraction The X-ray powder diffraction
patterns were acquired at room temperature on a PANalytical
X'Pert Pro diffractometer using CuKa radiation (1.541 A), with
a Nickel filter, a fixed 10 mm mask, a 0.04 rad soller slit and
divergence and antiscatter slits of 1/4° and 1/2° respectively.
The data was collected between a 5 to 40° angular range in 20
in continuous scan mode using a step size of 0.05° and a step
time of 5 s.

2.3.5. Contact angle Contact angle measurements were
performed with an Easy-Drop Instrument (manufactured by
Kruess) at room temperature using the drop method, in which a
drop of water was deposited on the surface of a membrane
using a micropipette. The contact angle was measured
automatically by a video camera using the drop shape analysis
software. All membranes were washed with acetone to remove
any contamination and were dried prior to measuring their
contact angle. The removal of PEG conditioning agent was

confirmed using ATR-FTIR.

2.3.6. BET surface area analysis PEG-400 conditioning agent
was removed from the membranes using acetone. The removal
of PEG conditioning agent was confirmed using ATR-FTIR.
The membranes were dried at room temperature and then
degassed overnight at 80 °C to further remove any traces of
solvent from the membrane that may interfere with the
The BET
surface areas of the membranes were then determined using a

adsorption of nitrogen onto the membrane surface.

gas adsorption analyser (Tristar 3000, Micromeritics, Norcross,
GA) which measured the membrane surface area based on
nitrogen adsorption.

2.3.7. Atomic force microscopy The surface topographies of

the membranes were characterized by tapping-mode atomic
force microscopy (AFM) (Innova, Veeco, TESP-SS probes).

This journal is © The Royal Society of Chemistry 2012
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No alterations were made to the membranes before AFM was
performed.

2.4. OSN experimental procedure

Each membrane (UF, MMM and ISG) was independently
prepared two times and two membrane discs were tested from
each membrane prepared. The reported results are the mean
values of these measurements. All filtration experiments were
carried out at 10 bar using a cross-flow filtration system. The
effective area of each membrane was 14 cm?, and at least 2
discs of each membrane were placed in an 8 cell cross-flow rig,
which comprises 2 parallel sets of 4 membranes in series. The
membranes were tested for 24 hours in order to ensure a steady
permeance had been reached. The initial permeance and the
final steady state membrane permeance were measured in order
to calculate the membrane flux decline. The membrane
permeance was calculated as given in Equation 1.

J 14

Permeance = —

__v _ -2 p-1 -1
AP—APAt—[L.m .h 1. bar1]

(Eq. 1)

The permeance of each membrane was obtained by
measuring the solvent flux through the membrane (J) and
dividing this by the applied pressure across the membrane (4P).
The flux was calculated by measuring the volume of solution
(V) that permeates through the membrane per unit area (4) per
unit time (#). The model system for the solute rejection
experiments comprised of a mixture of 1 gL' PS580 and
PS1300 polystyrene markers as well as 0.1 gL' of methyl
The rejection (R)) of
markers was found by measuring the concentration of each

styrene dimer solution in acetone[37].

polystyrene oligomer in the permeate (C,;) and the feed (Cp)),
respectively and calculating the ratio of the molecules retained
by the membrane. The equation to calculate membrane

rejection can be found in Equation 2.

Cpi

(Eq. 2)

Samples of polystyrene solution were taken from the feed
and the permeate line of each of the tested membranes. Acetone
was evaporated and the residue was re-dissolved in DMF. The
HPLC analysis was based on the method previously reported by
See-Toh et al[37]. Analysis of the polystyrene markers was
undertaken using an Agilent HPLC system equipped with
UV/Vis detector set at a wavelength of 264 nm and a
Phenomenex C18 (300A, 250x4.6 mm) reverse phase column.

3. Results and discussion

3.1 Preparation of hybrid Polymer/MOF membranes

There is a visible colour difference between the ultrafiltration
membrane (UF), the mixed matrix membrane (MMM) and the
in-situ growth membrane (ISG), this can be seen in the images
found in Figure 3. Unprocessed P84 powder is yellow, while
HKUST-1 is blue. When HKUST-1 powder is added to the
polymer dope solutions for MMM fabrication, the mix of blue

This journal is © The Royal Society of Chemistry 2012
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and yellow from the HKUST-1 and the P84 respectively
produce a green dope solution. The colour of the MMM
remains green after the immersion precipitation process,
indicating that the HKUST-1 particles remain lodged in the
polymer matrix. The yellow P84 membrane turns blue when
submerged in the blue HKUST-1 precursor solution during the
formation of the ISG membrane. This change in colour is
evidence that copper ions have been incorporated within the
membrane matrix.

X-Ray Powder Diffraction (XRPD) was carried out on each
membrane in order to prove that the colour change that occurs
with the ISG membrane is due to the growth of HKUST-1.
HKUST-1 is a crystalline material with a regular structure and a
well-documented XRPD pattern[38, 39]. The XRPD pattern
for pure HKUST-1 crystals are shown in Figure 3, the largest
peaks are at 9.3°, 11.4° and 13.1°. The P84 UF membranes are
semi-crystalline in structure. The polymer chains are randomly
orientated throughout the membrane, and as such the XRPD
pattern of the UF membrane is a smooth slope with no clear
peaks. The XPRD patterns for both hybrid membranes, MMM
and ISG, are a mixture of the features of P84 and the peaks of
HKUST-1.

Table 1: Thickness, weight per square metre and density of
membranes produced in this work.

Thickness Mass Density

(pm) em?) | (gem™)
UF 102 +£2 5442 0.53 +0.02
MMM 99 +£2 60+3 0.61 +0.02
ISG 107 +3 8242 0.76 +£0.01

XRPD proved the presence of the HKUST-1
membranes but as an analytical method it is only qualitative. In
order to obtain quantifiable data about the amount of HKUST-1
in the membranes, the thickness, mass and density of the hybrid

in the

membranes were measured and compared with the polymer UF
membrane. The masses reported in table 1 represent the mass
of the membrane, minus the weight of the polypropylene
backing. Polypropylene was independently submerged in
HKUST-1 precursor solution and no significant change in mass
was measured.

The difference in thickness between the membranes is
negligible. The largest changes can be seen in the weight and
the density of the membranes. There is a large increase in
weight once HKUST-1 is grown in the ISG membrane, and also
a corresponding increase in the density of the membrane. The
mass percentage of HKUST-1 in the ISG membrane was
estimated based on the increased weight of the membrane using
Equation 3.

MOF(%)5¢ = 2o~ Mwn o 199

Eq.3
Mase (Eq. 3)

Where the MOF(%);sg is the percentage by mass of
HKUST-1 in the ISG membrane and Mg, and Myr) the mass
of the ISG and the UF membrane respectively. Using Equation

J. Name., 2012, 00, 1-3 | 5
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Figure 3: X-Ray Powder Diffraction (XRPD) data for membranes showing characteristic HKUST-1 peaks blended with the

profiles of the P84 UF polymer membrane

3 the MOF(%) in the ISG membrane is calculated to be 33%.
The increase in weight and density of the ISG membrane, along
with the negligible change in thickness, indicate that HKUST-1
mostly grows within the pre-existing pores in the UF
The overall porosity of the original UF can be
calculated using Equation 4.

membrane.

PUF)

Eq. 4
P(p8a) (q )

p=1-

Where ¢ is the porosity and pr) and p(ps4) are the density of
the UF membrane and the P84 polymer respectively. The
density of P84 is 1.34 g cm™[40], thus the calculated porosity
of the UF membrane is 0.6. Using the change in membrane
density between the UF and the ISG membrane the extent of
pore filling by MOF in the ISG membrane can be calculated
using Equation 5.

P(zsa)-ﬂ(ur))
P(HKUST—1)

Pore filling by HKUST (%) = < ” (Eq. 5)
Where pgsgy and pmxust.y are the densities of the ISG
membrane and HKUST-1 respectively, and ¢ is the porosity of
the UF membrane. Using a density of 1.22 g cm™ for HKUST-
1 [41], the pore filling by HKUST-1 is 31% based on the
additional assumption that no MOF grows outside of the porous
structure of the polymer membrane.

The mass of HKUST-1 added to the dope solution for the
MMM was at a ratio of 1:5 MOF to polymer, this equates to
17% MOF by weight. The HKUST-1 particles are denser than
the surrounding polymer membrane; therefore the percentage of

This journal is © The Royal Society of Chemistry 2013

HKUST-1 retained by the membrane can be calculated using
the observed increase in density. The percentage mass of
HKUST-1 retained by the MMM during the casting process can
be calculated using Equation 6.

PMMM)~P(UF)

Eq. 6
P(HKUST-1)—P (UF) (q )

MOF(%)ymm =

Where MOF(%)mmwm is the percentage by mass of HKUST-
1 in the MMM and paumwm is the density of the MMM. Using
this calculation the mass of HKUST-1 in the MMM amounts to
12%. The observed reduction in MOF(%) can be attributed to
large HKUST-1 particles settling towards the bottom of the
dope solution, and therefore not being incorporated into the
membrane efficiently.

As a result of its microporous structure, HKUST-1 has a
large internal surface area. The BET surface area of HKUST-1
was measured as 1176 m”.g™, which is in accordance with
values found in literature[42, 43]. The BET surface area of the
UF membrane is 10.85 + 0.02 m”.g™". The BET surface area of
the MMM is 10.17 £ 0.02 m>.g". The ISG membrane has the
highest BET surface area, 26.1 + 0.2 m>g"'. The low BET
surface areas observed for the hybrid membranes are probably
due to the heating and drying of the membranes required for the
BET analysis. This would cause the collapse of the polymer
matrix, sealing the HKUST-1 within the membrane. The BET
surface area for the ISG membrane is higher than for the
MMM, indicating that the accessibility of the HKUST-1
micropores is higher in ISG membranes than MMM.

J. Name., 2013, 00, 1-3 | 6
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Figure 4: SEM images of the cross- sectlon of membranes (top) UF (mlddle) MMM and (bottom) ISG

3.2 HKUST-1 Distribution in Hybrid Membranes

The membranes each have the typical structure of integrally
skinned asymmetric polymer membranes formed via phase
inversion, with dense top layers, spongy support structures in
the middle of the membrane and macrovoids at the bottom of
the membranes. Figure 4 shows SEM images from each of the
membranes types. Visually there is very little difference
between the UF and ISG membranes, the individual HKUST-1
crystals in the ISG membrane cannot be seen, suggesting that
the crystal sizes must be on the nanometre scale. In the MMM
the HKUST-1 crystals can be clearly seen, as they are on the
micron scale. The presence of the HKUST-1 crystals in the
MMM has caused distortion of the macrovoids in the
membrane.

The presence of copper in the membranes was measured
using EDX analysis. As HKUST-1 contains 31.5% copper by
weight and copper is not found in P84, the copper signal is used
to show the distribution of HKUST-1 in the hybrid membranes.
The distribution of copper throughout the cross-section the
hybrid membranes can be found in Figure 5. The height of the
red lines in Figure 5 reflect the relative ‘counts’ of copper

This journal is © The Royal Society of Chemistry 2013

throughout the cross-section of the membrane. The presence of
copper can be found throughout the cross-section of the ISG
membrane at roughly similar values. For the MMM however
the copper signal can only be found where the HKUST-1
crystals can be seen. Figure 5 shows that the distribution of
HKUST-1 throughout ISG membranes is even and continuous
while the distribution of MOF in MMM s is discrete.

3.3 The surface properties of hybrid polymer/MOF
membranes

Attenuated total reflection Fourier Transform-Infrared (ATR-
FTIR) was used to analyse the chemical structure of the surface
of the membranes. Figure 6 shows that the ISG membrane IR
signal follows the same characteristic peaks as the HKUST-1
powder. The characteristic absorbance at 740, 1380 and 1450
cm ! are in accordance with those found in literature[44]. The
MMM shows no IR evidence of HKUST-1 at the membrane
surface, and closely follows the IR signal of the UF membrane.
ATR-FTIR can penetrate materials up to 5 microns in depth, so
though the HKUST-1 material is located in the MMM, the
MOF crystals are not often found at the membrane surface.
The lack of HKUST-1 at the membrane surface can be

J. Name., 2013, 00, 1-3 | 7
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Figure 5: SEM/EDX images of the cross-section of membranes
(top) ISG and (bottom) MMM
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Figure 6: ATR-FTIR data from the membrane surface showing
large peaks associated with the HKUST-1 structure shown for
the ISG sample only

explained by the tendency of the HKUST-1 particles to sink
during the membrane casting process. The MOF particles are
covered by the polymer dope solution before phase inversion,
disfavouring siting of HKUST-1 at the membrane surface.

Copper signals from the surfaces of the hybrid membranes,
ISG and MMM, were obtained using SEM/EDX, the presence
of copper was used as evidence of the presence of HKUST-1.
As in Figure 5, the height of the red lines in Figure 7 reflect the
relative ‘counts’ of copper across the surface of the membranes.
Figure 7 shows that the surface of the ISG membrane is evenly
covered in HKUST-1 crystals, whereas for the MMM there is
only a single a peak where a single crystal of HKUST-1 is
protruding from the membrane surface. Confirming the data
shown in Figure 6 indicating that the surface of the ISG
membrane is covered in HKUST-1, whereas

AFM was used to measure changes in the membrane
topology caused by the addition of HKUST-1 to polymer
membranes. It can be seen in figure 8 that the surface of the
UF membrane is mostly flat and featureless. The surface of the
MMM is also mostly flat, though has large defects in the

8 | J. Name., 2012, 00, 1-3

Figure 7: SEM/EDX of (left) ISG membrane surface and

(right) MMM membrane surface
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Figure 8: AFM images of the surface of membranes (top) UF
(middle) MMM and (bottom) ISG, the aspect ratio of the AFM
images is 1:1:3 for the X:Y:Z coordinates.

surface, caused by the disruption of the membrane by HKUST-
1 particles in the membrane formation process. This confirms
the ATR-FTIR and EDX data for the MMM. The surface of
the MMM remains mostly P84, but the topology has been
changed due to the presence of MOF particles below the
membrane surface. The most comprehensive change to the
membrane surface is observed in the ISG membrane. The flat
surface of the UF membrane has completely changed in
topology. The HKUST-1 has grown across the surface of the
membrane, introducing large features, up to in 100 nm in
height, across the membrane surface. HKUST-1 covers the top
layer of the ISG membrane, which indicates that the MOF
should have a larger influence on the selective properties of the
ISG membrane than the MMM, whose surface remains largely
polymer.

The water contact angle of the UF membrane was measured
as 62+1°, proving that the membrane is fairly hydrophilic in
nature. The contact angles for both the hybrid HKUST-1
membranes, MMM and ISG, were 58+4° and 65+2°

This journal is © The Royal Society of Chemistry 2012
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respectively. The addition HKUST-1 appears to have little
influence on the hydrophillicity of P84 UF membranes.

3.4. Membrane performance

3.4.1 Performances of hybrid polymer/MOF membranes
(ultrafiltration supports) The permeance data from the two
hybrid membranes (MMM and ISG) and the polymer support
membrane (UF) are reported in Table 2. The UF membrane has
the highest flux (177 L m™> h™' bar') and the highest flux
decline (18%). Polymer nanofiltration membranes (Molecular
weight cut-off (MWCO) = 1700 g mol-1) in the same
experimental set-up had an initial permeance of 5.6 L m™> h™'
bar’! and a flux decline of 31%, showing, that even with a low
initial permeance, flux decline is

still an issue for integrally skinned asymmetric polymer
membranes. The MMM had the second highest permeance,
and a lower flux decline than the polymeric membranes. The
ISG membranes had the lowest flux decline of all the
membranes tested with a value of 2%. The 9 times reduction in
flux decline observed in ISG membrane compared to the UF
membrane is probably due to the additional rigidity of the
HKUST-1 resisting the effects of compaction. In the case of
the ISG membrane the HKUST-1 fills the pores in the polymer
matrix; this impedes the rearrangement of the polymer chains
on a microscopic scale, leading to negligible flux decline. The
flux decline of the MMM is slightly larger than that of the ISG
membrane. Here any reduction in flux decline is probably due
to the macroscopic mechanic properties of the membrane. The
large HKUST-1 crystals in the MMM act as a rigid support to
the whole membrane structure, reducing the compression of the
membrane by the applied pressure, though polymer chains can
still rearrange on a microscopic scale.

Table 2: Pure solvent flux of membranes with calculated flux
decline in acetone
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random dispersion of discrete HKUST-1 particles in the
membranes causes some areas of the membrane sheet to be
richer in MOF than others. This leads to membranes coupons
having differing membrane performances.
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Figure 9: MWCO curves for P84 membranes (UF), mixed

(MMM) growth MOF
membranes (ISG) tested at 10 bar with polystyrene in acetone

matrix membranes and in-situ
solvent. Mean data for each membrane plotted, error bars show

one standard deviation

Further analysis of the polystyrene rejection curves can be
found in Table 3. Rejections of the polystyrene markers were
calculated for low range molecular weight (MW) solutes, 250 g
mol™', mid-range MW solutes, 750 g mol”, and high MW
solutes, 1500 g mol ™.

The rejection and permeance data suggests that the addition
of HKUST-1 to polymer membranes both via in-situ growth
and dispersion of ex-situ grown crystals in the polymer dope
changes the transport properties of the membranes.

Table 3: Calculated rejections for the membranes in the

Initial Acetone Final Acetone Flux nanofiltration range at low MW (R,59), mid-range MW (R750)
Pegme_lzmce_1 Pegme_&flnce_l Decline and high MW (R 500)
(L m”h bar’) | L m”h" bar’) UF (%) | MMM (%) | ISG (%)
UF 217+1.8 177 + 14 18% Raso 8.1 14.4 13.4
MMM 99.0 + 30 93.2 +32 6% Ryso 15.9 32.0 42.7
ISG 18.4+ 4.2 18.0 +3.6 2% Risoo 16.2 41.5 624

The rejection performances of the membranes can be found in
Figure 9. The UF membrane has a very flat profile with the
lowest rejections. Both the ISG and MMM have higher
rejections than the UF membrane, with the highest rejections
achieved by the ISG membrane.

It can be seen in Figure 9 that the error bars on the rejection
curves of MMM are significantly larger than the error bars of
the UF and ISG membranes. This can be attributed to the
structural nature of the MMMs. The structure of the MMMs is
naturally less homogenous than the polymer membranes and
the ISG membranes due to their fabrication methodology. The

This journal is © The Royal Society of Chemistry 2012

The rejection and permeance performance of the ISG
membrane would appear to confirm that HKUST-1 growth
occurs within the pre-formed porous structure of the UF
membrane. HKUST-1 has a pore-filling effect on ISG
membranes, slowing solvent transport, and reducing the
average pore size of the selective layer of the membranes.
However it can be surmised that perfect MOF coverage
throughout the membrane is not yet achievable as the small
pore size of the HKUST-1 should retain all but the smallest
polystyrene oligomers. The growth of HKUST-1 in the ISG
membrane alters the existing pores of the polymer membrane,
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and the MOF phase has been shown to be more continuous than
the MMM.

3.4.2 Performances of hybrid polymer/MOF membranes
(dense polymer supports) In order to improve the performance
of the hybrid polymer/MOF membranes, the two fabrication
methodologies were tested with denser membranes. Denser
membranes have slightly less porous structures leading to
higher solute retentions. By improving the performance of the
base UF membrane to that of a dense support membrane,
UF(D), the overall performance of the hybrid membranes could
also be improved.

Table 4: Thickness, mass per square metre, density and surface
area of the denser membranes used in this study

Thickness Mass Density

(nm) (gm?) | (g.cm™)
UF(D) 67 1 43 +£3 0.64 £0.05
MMM(D) 70 £5 47+6 0.67+ 0.09
ISG(D) 65=+3 63 +2 0.97 £ 0.06

The thickness, mass and density of the dense polymer
support membrane, UF(D) and the subsequent hybrid
membranes, MMM(D) and ISG(D) are reported in Table 4.
The dense membranes are 30 to 40 pm thinner than the original
membranes. The ISG(D) membrane has a calculated HKUST-1
weight percentage of 32%, which is similar to that observed in
the original ISG membrane. The UF(D) has a calculated
porosity of 0.52, making it less porous than the original UF
membrane. The calculated pore filling of the ISG(D) membrane
is 52%, compared to 31% with the original ISG membrane.

Table 5: Pure solvent flux of membranes with calculated flux
decline in acetone

Initial Acetone Final Acetone Flux
Permeance Permeance u
2 4-1 1 2 41 1 Decline
(Lm”“h bar’) | (Lm” h bar")
UF(D) 215+ 49 120 + 40 44%
MMM(D) 70.7 £4.5 61.7+£2.1 13%
ISG(D) 154+2.1 15.1+£2.7 2%

The rejection and permeance data for the dense membranes
follows the same trends as original UF, MMM and ISG
membranes. The permeance data for the dense membranes can
be found in Table 5, and the rejection data can be found in
Figure 10. The increased density of the UF(D) membrane
leads to higher rejections of the polystyrene oligomers and a
decrease in the final acetone permeance. Flux decline remains
an issue with the UF(D), indicating that even dense polymer
supports suffer compaction and flux decline. In fact the dense
membrane suffers from even higher flux decline than the
original UF membrane. The permeance of the MMM(D) is,
61.7 L m? h™' bar', which is lower than the original MMM..

10 | J. Name., 2012, 00, 1-3

The MMM(D) has a flux decline of 13%, twice as large as the
original MMM, though the flux decline is still less than both the
UF and the UF(D). The ISG(D) has the highest rejection of all
the membranes, and permeance and flux decline values of 15.1
L m™h™' bar! and 2% respectively.

It can be seen in Figure 10 that, as with the original MMM,
the MMM(D) rejection curve also exhibits larger error bars
than the UF(D) and ISG (D) membranes. This increase in error
is once again attributed to the lower homogeneity of the
MMM(D) structure compared to the UF(D) and the ISG(D)
membranes.

The decreases in permeance for the dense membranes
compared to the original membranes are 32% for the UF
membranes, 33% for the MMMs and 16% for the ISG
membranes. The decrease in permeance can be explained by
the reduced porosity of the polymer membranes.

Increasing the density improves the rejection performance
of polymer membranes. The hybrid polymer/MOF membranes
produced with dense membranes also have improved rejections.
While the changes in rejection and permeance for the MMMs
are similar to the changes observed for the UF membranes, the
changes for the ISG membranes are more favourable. The
reduction in permeance of the ISG(D) is less than the other
membranes while increase in rejection is greater.
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Figure 10: MWCO curves for P84 membranes (UF), mixed

matrix membranes (MMM) and growth MOF

membranes (ISG) tested at 10 bar with polystyrene in acetone

solvent. Mean data for each membrane plotted, error bars show

one standard deviation.

in-situ

Table 3: Calculated rejections for the membranes in the
nanofiltration range at low MW (Rj5¢), mid-range MW (Ry50)
and hlgh MW (ngoo)

UF (D) | MMM (D) | ISG (D)
R,s0 8.4 12.7 39.5
Ry 33.3 50.9 72.4
Risoo | 52.6 66.7 85.6

This journal is © The Royal Society of Chemistry 2012
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4. Conclusions

This work compared and contrasted two hybrid polymer/MOF
membrane fabrication methodologies, the mixed matrix
membrane (MMM) approach and in-situ growth (ISG) of
MOFs in pre-existing polymer membrane pores. The hybrid
membranes were characterized by SEM, EDX, FTIR, XRPD,
AFM and BET and the differences in structure of the
It was shown that the ISG
with an even MOF
distribution throughout the membrane and across the membrane

membranes were explored.
methodology produces membranes
surface. This differs significantly from the structure of the
MMM, which contained discrete particles of HKUST-1 in a
continuous polymer phase. The OSN performances of the ISG
and MMM membranes were tested and compared to the control
polymer UF membrane. Comparison of the solute rejection
curves clearly indicated the performance enhancing effect of
the presence of HKUST-1.

improved solute rejections above plain polymeric membranes,

MMMs were shown to have

while the ISG approach improved the polystyrene oligomer
rejections even further. MOF addition was also found to have a
positive influence on flux decline, with the ISG membranes
having the lowest fall in permeance over time. It was also
that of hybrid polymer/MOF
membranes can be further improved by incorporating HKUST-

shown the performance
1 into dense polymer support membranes.

The analytical methods used character the structure of the
hybrid membranes, along with the OSN performance data,
indicate that ISG membranes have several advantages over
MMMs. These advantages include, an even spread of HKUST-
1 throughout the cross-section and across the surface of the ISG
membranes, proved by EDX and AFM, higher accessibility to
the HKUST-1 pores, proved by BET analysis and reduced flux
decline. The ISG hybrid membrane fabrication approach could
be used in the future to produce gas separation membranes and
membranes used for combined catalysis and separation
processes.

Future work in the area of ISG membranes should focus on
improving the rejection and permeance performances of the
membranes. Incorporation of chemical modification agents to
improve the adhesion between the polymer and the MOF
phases is one method that could lead to improved membrane
rejections. Once defect free ISG membranes can be fabricated,
development of ISG membranes containing MOFs other than
HKUST-1 could be used to exert more control on the
Use of MOFs with different pore sizes
would allow for control of the molecular weight cut-offs of ISG

membrane rejections.
membranes based purely on the pore size of the chosen MOF.
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