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(iD

Qilin Gu,

=

Kaiyang Zeng

19 1*@ Tze Chiang Albert Ng,® Qiaomei Sun,® Abdelnaby Mohamed Kotb

Gy

Elshahawy,? Zhiyang Lyu, @
¢ and John Wang*?

Zeming He,? Lei Zhang,® How Yong Ng,°

Although different metal-organic framework (MOF) membranes have been widely studied for gas
separation, their application for water treatment is still in its infancy. MOF membranes with improved

hydrophilicity and stability are particularly essential for water/wastewater treatment. Herein, we have

successfully developed heterogeneous membranes (Zn/Co-ZIF-L) composed of vertically standing leaf-

like crystals of Zn-ZIF-L grown in situ onto porous ceramic supports, followed by the subsequent
heterogeneous growth of Co-ZIF-L. The heterogeneous membranes show improved hydrophilicity
(WCA = 13.6 + 1.6°) and enhanced anti-bacterial adhesion. Significantly, they simultaneously deliver

a relative high water flux and much improved anti-bacterial adhesion when compared with the
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homogeneous membranes (Co-ZIF-L and Zn-ZIF-L). The improvements are attributed to the intrinsic

hydrophilic nature of Co-ZIF-L, their epitaxial growth onto Zn-ZIF-L as well as the increased surface
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1. Introduction

There has been a constantly increasing demand for clean and
usable water for industrial, household and agricultural due to
the rapidly on-going industrialization and population growth.
Such rapid depletion of freshwater sources necessitates the
need to treat and recycle used waters, where membrane treat-
ment is among the best solutions to recover high-quality usable
water from both industry and domestic sources. There remains
an impetus to explore new emerging advanced membrane
materials, especially those durable inorganics and hybrid
types.”® Among the recently explored hybrid-type membranes,
metal-organic frameworks (MOFs) composed of organic ligands
and metal ions are of considerable interest as a class of highly
porous materials. Due to the high level of controllable porosity,
large surface area and diverse functionalities, MOFs have shown
to outperform some of the traditional porous materials such as

“Department of Materials Science and Engineering, National University of Singapore,
117574, Singapore. E-mail: msegq@nus. edu.sg; msewangj@nus.edu.sg

*Centre for Water Research, Department of Civil and Environmental Engineering,
National University of Singapore, 1 Engineering Drive 2, 117576, Singapore
‘Department of Mechanical Engineering, National University of Singapore, 9
Engineering Drive 1, 117576, Singapore

T Electronic  supplementary  information available. See DO
10.1039/c8ra08758j

i The authors contributed equally to this work.

(EST)

This journal is © The Royal Society of Chemistry 2019

roughness. The success of constructing a heterogeneous MOF structure shows an effective strategy to
achieve the hydrophilic MOF membranes with considerably enhanced stability for water treatment.

zeolite and active carbon, and have been widely studied as
adsorbents for purification/separation,” hosts for catalysts/
drugs® and templates for material synthesis.®™* MOF
membranes/films with the apparent advantages of high inte-
gration and recyclability have been investigated extensively for
gas separation,'”® while their application potential in water
treatment is still at the very early stage of exploration. Most of
the known MOFs show poor water stability, which can greatly
hamper their application in water and wastewater treatment."”
Although certain post-treatments with hydrophobic ligands can
improve their water stability,® the largely hydrophobic surface
of MOF membranes generally goes against the requirement of
high flux in water treatment. It is thus highly desirable yet
challenging to develop MOF membranes with both high
hydrophilicity and high stability in water.

Zeolitic imidazolate frameworks (ZIFs) are among the
subfamily of MOFs, which are comprised of imidazolate
building units within a zeolite-type topology. In 2013, a new type
of 2D ZIF with a cushion-shaped cavity between layers and
a leaf-shaped morphology, namely ZIF-L was first reported by
Wang's group.” Due to its porous structure and 2D morphology,
ZIF-L has been studied as adsorbents, hosts, templates for gas
separation/storage, catalysts, and water purification.’*> In our
previous work, for example, ZIF-L was utilized as a versatile
platform to derive carbon/metal oxide hybrid nanostructures
for catalysis applications.**® ZIF-L powders have also been
used as fillers to modify polymeric membranes, because of their
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intrinsic low zeta potential, relative high hydrophilicity and
reduced surface roughness. For example, with the addition of
0.5% ZIF-L, the water flux of polyethersulfone (PES) ultrafiltra-
tion membranes was increased by 75% without significantly
affecting the molecular weight cutoff (MWCO).”” Besides, the
ordered alignment and the regular apertures of ZIF-L provided
ordered water channels for rapid transport of water molecules
and a desirable molecular sieving effect. As a result, hybrid-type
membranes incorporated with ZIF-L nanosheets showed supe-
rior pervaporation performance to that with ZIF-8 nano-
particles.”® In contrast to the mixing matrix membranes, ZIF
membranes with ZIF crystals assembled on robust substrates
possess a large effective surface area, improved mechanical
stability and high separation performance.” For instance, Kang
and coworkers® reported the growth of ZIF-L crystals on porous
a-Al,O; supports, and the as-obtained membranes showed great
potential in dye waste-water purification by the adsorption of
dye molecules in aqueous solution.

Compared with the traditional filtration membranes,
membrane bioreactors (MBRs) with the integration of biological
treatment have emerged as one of the most promising water
treatment technologies. The membrane surface for MBRs needs
to be hydrophilic and anti-bacterial adhesion in order to inhibit
the formation of biofilms. In this connection, porous ZIF-L
contains a large number of metal ions showing great potential
for anti-bacterial activity.®® Based on the literature,® it is
understood that Co-based ZIF-L (Co-ZIF-L) membranes possess
better anti-bacterial adhesion capability than Zn-based ZIF-L
(Zn-ZIF-L) membranes, and would be more attractive for water
purification. However, due to the extremely high reactivity
between Co ions and 2-methylimidazole, the heterogeneous
nucleation of Co-ZIF-L on substrates is rather difficult. Besides,
the poor Co-ZIF-L developed on the substrate would dissolve
easily once in contact with water. As a result, only Zn-ZIF-L
based membranes have been studied for water purifica-
tion,*”?° while Co-based ZIF-L. membranes have never been
reported.

In this work, a new type of heterogeneous membranes (Co-
ZIF-L on Zn-ZIF-L, denoted as Zn/Co-ZIF-L hereafter)
composed of vertical standing leaf-like crystals with anti-
bacterial adhesion capability, potentially for MBR application,
is explored for the first time. The preparation process involves
the in situ growth of Zn-ZIF-L membranes on porous Al,O;
supports, followed by the subsequent heterogeneous growth of
Co-ZIF-L at room temperature. The present study demonstrates
the following advantages of the new heterogeneous
membranes: (a) benefiting from the structural similarity, Zn-
ZIF-L as an interlayer facilitates the growth of Co-ZIF-L crys-
tals; (b) the heterogeneous growth of Co-ZIF-L onto Zn-ZIF-L can
effectively modify the stability when compared with pure Co-
ZIF-L membranes, (c¢) Zn/Co-ZIF-L enhances the surface
hydrophilicity, thus increasing water permeability; and (d) the
addition of Co-ZIF-L on the membrane surface will increase
anti-bacterial adhesion. These advantages can enable the
potential application of Zn/Co-ZIF-L heterogeneous membranes
in water and wastewater treatment.
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2. Results and discussion

2.1. Membrane preparation and structural characterization

Given that the dimensions of ZIF-L crystals are several
micrometers in width and length,* ceramic supports with an
average pore size of ~2 um (Fig. S1T) were selected for the
growth of ZIF-L membranes. The relatively large pore size of the
supports would benefit the effective water permeation with low
transport resistance.*® The preparation process of Zn/Co-ZIF-L
heterogeneous membranes is schematically illustrated in
Fig. 1. In the process, commercially available porous a-Al,0;
ceramic supports after pretreatment were vertically placed into
the precursor solution and kept standing at room temperature
for 4 h. Followed by repeated washing using water and over-
night drying at 60 °C, homogeneous Zn-ZIF-L (or Co-ZIF-L)
membranes were grown on the ceramic support (Fig. 1b).
Heterogeneous membranes (Zn/Co-ZIF-L) were prepared by the
subsequent growth of Co-ZIF-L onto the Zn-ZIF-L membranes
with a similar process, except for the substitution of Zn(NOj3),-
-6H,0 by Co(NO3),-6H,0 (Fig. 1c). As a result, both homoge-
neous membranes (Zn-ZIF-L and Co-ZIF-L) and heterogeneous
membranes (Zn/Co-ZIF-L) were prepared by the facile and
energy-efficient process.

Precursors provide the sources for ZIF-L growth, and the
resultant microstructure of the selective layer is thus closely
related to the characteristics (such as concentration) of the
precursors and the duration of growth.** For example, Zn-ZIF-L
membranes prepared with 1.0 mmol L' Zn(NO;), are
composed of poorly developed crystals and the coverage is
patchy, as the pores from the substrate layer could be observed
(Fig. S2a and bf). However, with an increased precursor
concentration of 2.0 mmol L', a homogeneous layer with leaf-
like Zn-ZIF-L crystals vertically standing on the ceramic
supports are observed. These crystals, with an average thickness
of ~200 nm, are well-developed and cross-linked (Fig. S2c and
d,T and 2). Both the morphology and size of Zn-ZIF-L crystals are
consistent with those of previous reports.*> When the reaction
time is shortened to less than 4 h, the thin ZIF-L crystals are not
uniform, and the Al,O; grains on the ceramic substrate surfaces
are exposed (Fig. S31). EDS results show the existence of Zn ions
on the substrates after 40 min (Fig. S3bt), confirming the
preferential bonding of Zn ions on the hydrophilic supports
with hydroxyl groups (Fig. 1a). Compared with the previous
work,” where O, plasma treatment was used to increase the
hydrophilicity of the supports (such as glass and nylon micro-
fibers), the intrinsic hydrophilic characteristic of Al,O; supports
in this work simplified the preparation process. Note that
certain small ZIF-L grains are found coated on the inner walls of
surface pores and their further growth would increase the
coverage and improve the selectivity of the membranes
(Fig. S4t).%¢

SEM images (Fig. 2a-c) show that the average thickness of
the Co-ZIF-L and Zn/Co-ZIF-L crystals is comparable to that of
Zn-ZIF-L (~200 nm). In addition, the thickness of the ZIF-L
membranes was determined by examination of the cross-
section using SEM. Prior to the SEM study, each sample was

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Schematic illustration of the preparation process and microstructure of homogeneous (Co-ZIF-L, Zn-ZIF-L) and heterogeneous (Co-ZIF-
L on Zn-ZIF-L, denoted as Zn/Co-ZIF-L) ZIF-L membranes on porous ceramic supports. (a) Macroporous Al,Oz ceramic supports with surface
hydroxyl groups, which endow their intrinsic hydrophilicity. (b) Zn-ZIF-L membranes formed by the growth of Zn-ZIF-L on the surface of ceramic
supports through the reaction of zinc nitrate and 2-methylimidazole at room temperature for 4 h. Similarly, Co-ZIF-L membranes can be
obtained by replacing zinc nitrate with cobalt nitrate. (c) Heterogeneous Zn/Co-ZIF-L membranes prepared by the subsequent growth of Co-
ZIF-L onto Zn-ZIF-L membranes. In addition, the potential chemical bonds at the interface are illustrated in the enlarged views.

fresh cut. However, Co-ZIF-L crystals cannot be clearly identi-
fied from the cross-sectional SEM images (Fig. 2d), because the
stability of these ZIF crystals is so poor that they would dissolve
during the water-assisted cutting process. Instead, fusion-like
substances derived from the dissolution of Co-ZIF-L crystals,
which is further demonstrated to be Co(OH), (JCPDS no. 51-
1731, Fig. S51), cover on the surface of the ceramic supports
(Fig. 2d). In contrast, it is clearly observed that Zn-ZIF-L crystals
are largely vertically grown with a thickness of approximately 6
um, and the subsequent growth of the Co-ZIF-L layer increases
the thickness to 15 pm (Fig. 2e and f). To properly examine the
cross-section of Co-ZIF-L membranes using SEM, samples were
then cut without the use of cooling water. As shown in Fig. S6,T
the density of Co-ZIF-L membrane is slightly lower than that of
Zn-ZIF-L membrane. Elemental distribution along individual
leaf-like crystals of Zn/Co-ZIF-L membranes presents a sharp
change between Co and Zn elements (Fig. 2g-i). The increment
of membrane thickness and variation of element distribution
both confirm the heterogeneous growth behavior of Co-ZIF-L on
Zn-ZIF-L crystals. The growth of Co-ZIF-L on Zn-ZIF-L is regar-
ded as the epitaxial secondary growth. Different from the recent
observation of hierarchical ZIF-L nanostructures formed by the
secondary growth process,””?” the ZIF-L crystals appear to be
leaf-like in our work, raising from the numerous nucleation

This journal is © The Royal Society of Chemistry 2019

sites of the hydrophilic supports, which confine the growth in
largely vertical direction to the supports.

ZIF-L is known to be a metastable phase which would
transform to ZIF-67 (Co-ZIF-L) or ZIF-8 (Zn-ZIF-L). Specifically,
the transformation of Co-ZIF-L to ZIF-67 was observed at room
temperature in water,*® while the transition from Zn-ZIF-L to
ZIF-8 took place at elevated temperature (60 °C).** The micro-
structure evolution of these ZIF-L membranes in water at room
temperature was then comparably studied to evaluate their
stability in water. As shown in Fig. S7(a),} the poorly developed
Co-ZIF-L membrane would disappear from the substrate after
30 min; while the Zn/Co-ZIF-L membranes can withstand being
submerged in water for more than 60 min. This indicates the
improved stability of the heterogeneous Zn/Co-ZIF-L
membranes, resulting from the relatively strong bonding Co-
ZIF-L onto the Zn-ZIF-L compared with the direct heteroge-
neous growth on ceramic supports (Fig. 1c). It is known that
there are some hydroxyl groups (-OH) on the surface of the
ceramic supports, and the Zn ions would chemically bond
accordingly as the reactive sites for the vertical growth of Zn-ZIF-
L (Fig. S3t), as the metal ions are the terminal atoms for ZIF-L.*°
It is thus inferred that the Zn-O bonds would be formed
between the ceramic support and Zn-ZIF-L membrane, as
illustrated in Fig. 1. While Co ions have relatively high reactivity
with 2-MIM, and the heterogeneous growth on the ceramic

RSC Adv., 2019, 9, 1591-1601 | 1593
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Fig. 2 Microstructure and elemental distribution of ZIF-L membranes: (a and d) Co-ZIF-L, (b and e) Zn-ZIF-L, (c and f) Zn/Co-ZIF-L, (g-i)

element distributions of Zn and Co.

support is quite poor. As a result, Co-ZIF-L and Zn-ZIF-L
membranes show a slight difference in density on the ceramic
support, as shown in Fig. 2a and b. To confirm the chemical
bond between the ceramic supports and Zn-ZIF-L membranes,
the interfacial chemistry was checked by XPS study. As shown in
the high-resolution O 1s XPS spectra (Fig. S8t), there exists an

additional peak at 528.88 eV attributing to Zn-O bonds between
the ZIF-L membranes and ceramic support. After stirring in
water for 120 min (Fig. S71), both Co-ZIF-L and Zn-ZIF-L
membranes are destroyed, and only some fragments remain
in the macropores of the supports. In contrast, the surface of
Zn/Co-ZIF-L membranes remains uniformly covered by the Zn/
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Fig. 3 Structural characterization of ZIF-L membranes. (a) Schematic

Raman Shift (cm-1) Raman Shift (cm-1)

illustration of the crystal structure for the heterogeneous growth of Co-

ZIF-L on Zn-ZIF-L along b-axis. (b) XRD patterns of homogeneous membranes (Zn-ZIF-L and Co-ZIF-L) and heterogeneous membranes (Zn/
Co-ZIF-L) grown on porous ceramic supports. (c and d) Raman spectra of Zn-ZIF-L, Co-ZIF-L and Zn/Co-ZIF-L samples collected from the

corresponding membranes.
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Fig. 4 Surface characteristics of ZIF-L membranes. Representative water contact angle of (a) Zn-ZIF-L, (b) Co-ZIF-L, (c) Zn/Co-ZIF-L, and (d)
summarized histogram of the water contact angle for ZIF-L membranes. Surface topography of ZIF-L membranes: (e) Zn-ZIF-L, (f) Co-ZIF-L, (g)
Zn/Co-ZIF-L in the area of 10 um x 10 um, and (h) the average surface roughness of ZIF-L membranes.

Co-ZIF-L derived nanosheets (Fig. S9t). Such laminated struc-
tures are well-preserved after 24 h (Fig. S10t). These results
indicate that the Zn/Co-ZIF-L heterogeneous membranes show
better water stability than that of Co-ZIF-L and Zn-ZIF-L
membranes, and also the derived laminated membranes
would continue to serve as the designed functional layers.
During the water stability test, there hardly observed free-
standing powders in the solution, suggesting that the unsatis-
fied long-term stability of the membranes was not caused by the
interfacial attachment, but mainly related to the intrinsic
chemical stability of the ZIF-L crystals. Moreover, these experi-
mental observations suggest that particular attention should be
paid to the microstructures of ZIF-L membranes after filtration,
which has not been properly characterized previously.*

In ZIF-L, the 2D layer network along the ab plane is
composed of interconnected hexagons and parallelograms
formed by different Zn ions, and these layers are then stacked
along the ¢ direction.>** As illustrated in Fig. 3a, the hetero-
geneous growth of Co-ZIF-L on Zn-ZIF-L is along the b-axis. The
similar crystalline structure ensures the heterogeneous growth

This journal is © The Royal Society of Chemistry 2019

of Co-ZIF-L onto Zn-ZIF-L. As a result, both XRD patterns
(Fig. 3b) and Raman spectra (Fig. 3c) of Zn/Co-ZIF-L membranes
are similar to those of Zn-ZIF-L and Co-ZIF-L membranes. The
degree of crystallinity of Co-ZIF-L membranes is quite poor,
compared to that of Zn/Co-ZIF-L and Zn-ZIF-L membranes,
since the heterogeneous growth of Co-ZIF-L on supports is
rather difficult.* The signature of C-H (Ar), C-H (methyl), C-N
and imidazole ring located at around 3134 cm ™', 2924 cm
1148 cm™ " and 689 cm ™', respectively can all be identified in
the Zn/Co-ZIF-L, Zn-ZIF-L and Co-ZIF-L membranes.** The
locally structural difference between Co-ZIF-L and Zn-ZIF-L is
reflected by Raman shift of metal-N bond (Fig. 3d), since the
length of Zn-N bond is shorter than that Co-N bond.** The
stronger Zn-N bond can contribute to the higher stability of
heterogeneous membranes.

2.2. Surface characteristics

MOF-based heterogeneous structures including core-shell
structure****> and layer-by-layer structure**® have previously

RSC Adv., 2019, 9, 1591-1601 | 1595
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Fig.5 ZIF-L membranes prepared by the deposition of leaf-like ZIF-L powders on filters by vacuum filtration: (a) illustration of the microstructure
of ZIF-L membranes, where the leaf-like ZIF-L powders are coated on commercial polymeric support with the c-axis orientation; (b) XRD pattern
of the deposited ZIF-L membranes, random powders and the commercial substrate; SEM image of the deposited (c) Co-ZIF-L membranes and
(d) Zn-ZIF-L membranes, the inset shows photograph of the dispersion of Co-ZIF-L (purple) and Zn-ZIF-L (white) powders in water; water
contact angle of the deposited (e) Co-ZIF-L and (f) Zn-ZIF-L membranes.
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Fig. 6 Pure water flux of the membranes.

been prepared, and the MOF composites thus-formed show
improved separation performance as a result of the engineered
pore structure. Specific MOFs can be selected as an interlayer
for the growth of target MOFs in terms of the difference in
microstructures and chemical characteristics.*” Given the
successful formation of the Zn/Co-ZIF-L heterogeneous
membranes, we have explored their stability and potential
applications for water and wastewater treatment.

Zn-ZIF-L membranes show a rather hydrophobic surface
with WCA of 117°, and after 10 s, the WCA slightly reduces to
92.95° (Fig. 4a). In contrast, the surface of Co-ZIF-L membranes

1596 | RSC Adv., 2019, 9, 1591-1601

is much more hydrophilic with WCA of 36.9°, and the water
droplet can be infiltrated rapidly (~1.2 s) (Fig. 4b). Notably,
a superhydrophilic surface (WCA = 15.5°) is obtained for the
Zn/Co-ZIF-L membranes (Fig. 4c). It is known that the wetta-
bility of the membrane surface is comprehensively determined
by the chemical composition, surface roughness and surface
energy.** Membrane surfaces with improved hydrophilicity are
beneficial for water permeation and anti-fouling properties
since most foulants are hydrophobic. As characterized by AFM
(Fig. 4e-h), the surface roughness of Zn/Co-ZIF-L membranes
(R, =0.56 + 0.06 um) is increased compared with that of Zn-ZIF-
L (R, = 0.32 + 0.05 um) and Co-ZIF-L (R, = 0.42 + 0.05 pum)
homogeneous membranes.

Through the deposition of ZIF-L powders onto commercial
ceramic membranes, the intrinsic wettability of the ZIF-L crys-
tals on (001) facets was characterized (Fig. 5a). XRD patterns
(Fig. 5b) and SEM images (Fig. 5¢ and d) demonstrate the
horizontal orientation of the leaf-like ZIF-L crystals in the
membranes. XRD patterns of ZIF-L powders deposited on the
substrate show a relative high intensity. In contrast, the XRD
pattern of the ZIF-L powders is not very sharp, because of the
random orientation of the ZIF-L powders and rough surface. By
comparison of the random powders with the deposited
membranes, the main peaks are consistent with each other,
both of which also agree with the previous work.*” As shown in
Fig. 5e and f, the WCA for Zn-ZIF-L and Co-ZIF-L membranes is
115° and 42.6°, respectively. The hydrophilicity of Co-ZIF-L
crystals is therefore much better than that of Zn-ZIF-L crys-
tals. Besides, the hydrophilicity is further improved for the

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Surface SEM images of ZIF-L membranes after pure water flux test: (a and b) Co-ZIF-L, (c and d) Zn-ZIF-L, (e and f) Zn/Co-ZIF-L. The
insets show the corresponding photographs of samples after water flux test, where the test was conducted on a circular area with a diameter of
16 mm. (g) The elemental distribution of the testing area in the Zn/Co-ZIF-L membrane after the water flux test.
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Fig. 8 Average normalized colony forming units (CFU) of the
membranes after 1, 3 and 7 days.

vertically grown ZIF-L membranes as a result of the unique
structure with increased surface roughness.*

2.3. Pure water flux

To evaluate the potential of ZIF-L membranes for water and
wastewater treatment (e.g. MBR, which is a widely investigated
technology for water treatment with the combination of filtra-
tion membranes and biological treatment®), their pure water
flux and anti-bacterial adhesion properties were measured. As
shown in Fig. 6, the water flux of Co-ZIF-L reaches a value of
2312.5 LMH, approximately 78% of the pristine Al,O; substrates
(2979.17 LMH), while Zn-ZIF-L membranes deliver a pure water

This journal is © The Royal Society of Chemistry 2019

flux of ~93.33 LMH. The observed significant difference mainly
originates from their different stability. According to the avail-
able literature,* and the observed microstructure of Co-ZIF-L
after the dead-end filtration (Fig. 7a and b), Co-ZIF-L appears
to be rapidly degraded, and the derived segments can hardly
prevent the water transport. Compared to homogeneous Zn-ZIF-
L membranes, the water flux of heterogeneous Zn/Co-ZIF-L
membranes is nearly doubled (162.5 LMH vs. 93.33 LMH).
The average pore size of the as-prepared heterogeneous
membranes is evaluated to be ~44.3 nm by nitrogen adsorp-
tion-desorption isotherms, which are mainly situated at the
grain boundaries/junctions of ZIF-L crystals (Fig. 2f). Notably,
the pure water flux of Zn-ZIF-L membranes is quite stable as
indicated by the narrow error bar, suggesting the improved
stability in water. These results indicate that Zn ions are
required for better stability in water, and the inclusion of Co
ions to create the heterogeneous membrane with increased
hydrophilicity would improve the water transport.

After the water flux test, the selective layer of homogeneous
membranes (Zn-ZIF-L and Co-ZIF-L) almost disappear, and the
macropores on the substrates could be observed (Fig. 7a-d). In
particular, as shown in Fig. 7d, some small particles aggregate
together and block the surface pore of the supports. This would
also contribute the observed reduction in pure water flux of Zn-
ZF-L membranes. For Zn/Co-ZIF-L membranes, the nanosheets
are observed to uniformly cover the substrates, which are
composed of Zn, Co, C, and O elements (Fig. 7g). The insets in
Fig. 7b, d and f show the photographs of membranes after water
flux test. The color of Co-ZIF-L membranes changes to light
green, while the Zn/Co-ZIF-L remains purple as the prepared.
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Thus, it is proved that Zn/Co-ZIF-L heterogeneous membranes
show much-improved water stability.

The time-dependent pure water flux in extended duration is
also provided as an alternative to evaluate the stability of the
heterogeneous Zn/Co-ZIF-L membranes, as shown in Fig. S11.}
At first, the heterogeneous Zn/Co-ZIF-L membranes show the
highest water flux, due to the improved hydrophilicity and
surface roughness. A gradual decline in pure water flux with
time is resulted from the dislodged ZIF-L crystals that block
some of the membrane pores. With further prolonging in time,
the pure water flux started to increase, indicating that some of
the selective layers had been destroyed. As shown in Fig. S11,}
the heterogeneous Zn/Co-ZIF-L membranes exhibit a relatively
longer lifetime compared to others, suggesting the improved
stability of the heterogeneous membranes.

2.4. Anti-bacterial adhesion

To evaluate the activity against bacterial adhesion, ZIF-L and
commercial membranes were submerged in a sequencing batch
reactor treating domestic used waster under static conditions
(no filtration). The biofilm mass that formed on the surfaces of
the membranes were measured by determining the number of
live bacteria through the determination of colony forming units
(CFU).>

Results in Fig. 8 show that the Zn-ZIF-L membranes are
unable to inhibit bacterial adhesion on the membrane surface
at all sampled time points. In contrast, the 7 day biofilm growth
has been clearly inhibited for both Co-ZIF-L and Zn/Co-ZIF-L
membranes. Co-ZIF-L membranes show particularly good
inhabitation of bacterial adhesion after 1 day. However, this
effect is markedly reduced as the experiment progressed. The
phenomenon could be explained by the poor stability of Co-ZIF-
L.** SEM images of the membrane surface after growth of
bacterial are provided in Fig. S12.7 It is observed that Co-ZIF-L
crystals can be hardly identified, and there presents a molten
state similar to Fig. 2d. In contrast, the basic framework of ZIF-L
crystals is retained in the Zn-ZIF-L and Zn/Co-ZIF-L membranes.
Bacteria cells, after fixation, can be easily observed on Zn-ZIF-L
membranes, while traces of these cells could hardly be detected
on the Zn/Co-ZIF-L surface. Despite having a rougher surface
than other membranes, Zn/Co-ZIF-L membranes display the
highest activity against anti-bacterial adhesion among the
membranes tested with a reduction of more than 50%
compared to the commercial ceramic membranes. It is postu-
lated that, in addition to the effect of Co ions,** the nano-
structures of the ZIF-L layer prevent bacterial adhesion by
reducing the adhesion surface area.”* Therefore, Zn/Co-ZIF-L
membranes possess the best anti-bacterial adhesion in terms
of growth inhabitation and stability.

Based on the above results, the formed Zn/Co-ZIF-L hetero-
geneous membranes show much-improved hydrophilicity and
water stability compared with homogeneous ZIF-L membranes.
In combination with enhanced anti-bacterial adhesion perfor-
mance, the as-prepared Zn/Co-ZIF-L membranes are demon-
strated to be potential for MBR applications. Besides, post-
modification with hydrophobic ligands (i.e. benzimidazole)
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was conducted,* and water stability of modified membranes
can be improved as expected (Fig. S131). However, the super-
hydrophobic surface (WCA = 129°) results in a dramatic
reduction of water flux (59.58 + 22.08 LMH). In comparison, the
construction of heterogeneous membranes is a promising
strategy to simultaneously improve the stability and hydrophi-
licity of ZIF-L membranes.

3. Conclusion

In this work, heterogeneous Zn/Co-ZIF-L membranes were
prepared on commercial porous ceramic supports. The prepa-
ration process involved an in situ growth of Zn-ZIF-L and the
subsequent heterogeneous growth of Co-ZIF-L. The heteroge-
neous growth of Co-ZIF-L onto the Zn-ZIF-L is demonstrated by
the increase in membrane thickness (from 6 pm to 15 pm) and
the obvious composition variation along the thickness direc-
tion. Due to the hydrophilic nature of Co-ZIF-L and its increased
surface roughness, the hydrophilicity of the heterogeneous
membranes is greatly improved. Benefiting from the purposely-
controlled heterogeneous growth of hydrophilic Co-ZIF-L, the
heterogeneous Zn/Co-ZIF-L membranes not only show
improved anti-bacterial adhesion performance but also deliver
relative high and stable water flux (162.5 LMH). Post-
modification with hydrophobic ligands could further improve
the stability of heterogeneous membranes, but the pure water
flux would be decreased, as a result of the hydrophobic surface.
Thus, we conclude that the heterogeneous growth and micro-
structure regulation are promising approaches to improve the
stability of ZIF as well as other MOF membranes without
sacrificing hydrophilicity, in order to extend their potential in
water and wastewater treatment.

4. Experimental section

4.1. Chemicals and materials

Chemicals including 2-methylimidazole (C,HgN,, 99%), cobalt
nitrate hexahydrate (Co(NOj3);-6H,0, 98%), and zinc nitrate
hexahydrate (Zn(NOs),-6H,0, 99%) were purchased from
Sigma-Aldrich and used as received without further purifica-
tion. Commercial porous ceramic substrates (o-Al,Oj3, pore size:
~100 nm) were cut into pieces of 2.5 x 2.5 cm” followed by
slight polishing, ultrasonic treatment in water and then drying
at 100 °C for 1 h. In order to avoid the growth of MOF crystals
inside the channels, all edges of the porous ceramic substrates
were covered by plastic tape.

4.2. Preparation of ZIF-L homogenous membranes

The preparation process from our previous work was used with
minor modifications.>® Zinc nitrate hexahydrate (0.5820 g) and
2-methylimidazole (1.3000 g) were each dissolved in 40 mL of
deionized (DI) water. After stirring for 10 min, the zinc nitrate
solutions were added into the 2-methylimidazole solution.
Right after mixing the two solutions, commercial ceramic
supports with the lateral side sealed by plastic tape were verti-
cally placed into the mixture and kept for 4 h at room
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temperature. After being washed with DI water and drying in an
oven at 60 °C, samples including Zn-ZIF-L nanostructure grown
on alumina ceramics and the Zn-ZIF-L powders were obtained.
Similarly, Co-ZIF-L nanostructure grown on alumina ceramics
and Co-ZIF-L powders were prepared by replacing the zinc
nitrate with an equal molar amount of cobalt nitrate
hexahydrate.

4.3. Preparation of Zn/Co-ZIF-L heterogeneous membranes

Cobalt nitrate (0.5930 g) and 2-methylimidazole (1.3000 g) were
each dissolved into 40 mL deionized (DI) water. After stirring for
10 min, the zinc nitrate solutions were then added into the 2-
methylimidazole solution. Right after mixing the two solutions,
the as-prepared Zn-ZIF-L membranes with the lateral side
sealed by plastic tape were vertically placed into the mixture and
kept for 4 h at room temperature. After being washed with DI
water and drying in the oven at 60 °C, samples with Co-ZIF-L
nanostructure grown on Zn-ZIF-L membranes were obtained.

4.4. Preparation of c-oriented ZIF-L membranes

10 mg of Co-ZIF-L (or Zn-ZIF-L) powders were first dispersed in
20 mL of DI water followed by moderate stirring at 200 rpm for
30 min. The c-oriented Co-ZIF-L (or Zn-ZIF-L) membranes were
then deposited on filters by vacuum filtration (600 mm Hg, 15
min). The as-prepared membranes were then dried at 60 °C for
30 min for further characterization.

4.5. Surface modification

In order to improve the water stability of as-prepared ZIF-L
membranes, a post-ligand-exchange reaction was conducted
according to the previous work.* In detail, a chemical solution
was made by dissolving benzimidazole (0.5 g) and sodium
acetate (0.35 g) in methanol (50 mL). The above prepared ZIF-L
membranes were vertically placed into the solution and kept
standing at room temperature for 24 h. The modified
membranes were then washed with methanol for 2 times to
completely remove any free 2-methylimidazole and free benz-
imidazole. The products were then dried in an oven at 100 °C for
24 h.

4.6. Characterization

The morphology was determined using an SEM (SUPRA 40
ZEISS, Germany). The samples were pretreated by gold sput-
tering (30 s, 20 mA) prior to the measurement. XRD patterns
were acquired using an X-ray powder diffraction Bruker D8
diffractometer operating at 40 kV and 40 mA using Cu K radi-
ation (0.15406 nm). Raman spectra were collected on a Thermo
Scientific DXR Raman microscope with a 514 nm excitation. The
water contact angle was measured with a VCA Optima surface
analysis system (Advanced Surface Technology, Billerica, MA)
using a water droplet (1.5 pL) as an indicator. AFM was per-
formed using a Molecular Force Probe 3D Controller (Asylum
Research-MFP 3D) to measure the surface roughness. Each
sample was measured at least three times. Nitrogen adsorption—
desorption isotherms of the membranes were measured on
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a Micromeritics ASAP 2020 at 77 K. Before each measurement,
samples were degassed at 100 °C for 4 h, and the average pore
size was evaluated using the BJH desorption dV/dw pore
volume.

4.7. Anti-bacterial adhesion measurement

Membrane samples were submerged in a Sequencing Batch
Reactor (SBR) and sampled after 1, 3 and 7 d. Return activated
sludge from a water reclamation plant treating domestic and
light industry wastewater was used as the seed in the SBR. The
operating conditions were maintained at 6 h hydraulic reten-
tion time and 15 d solids retention time to simulate operating
conditions in an MBR throughout the test. The SBR was oper-
ated continuously for 3 months to acclimatize the sludge before
the test began. Primary effluent from a used water treatment
plant in Singapore served as the substrate for the sludge. The
membrane surface to be taken for cell count was washed with
1 mL of sdH,O for every square centimeter of membrane
surface thrice. Then, the biofilm was detached from the
membrane surface by vortexing the membrane in sdH,O for
5 min. The strongly adhered bacteria were gently scraped from
the surface with a sterile pick and mixed in the sdH,O. The
resulting suspension was diluted to an appropriate amount and
spread onto the surface of prepared LB-agar plates. The plates
were then incubated at 30 °C for one day before colonies were
counted. The presence of each colony represented one live cell
from the biofilm on the membrane surface and is reported as
colony forming units (CFU).

4.8. Water flux

Water permeation was determined using a dead-end filtration
setup. Pure water used for the filtration was prepared by passing
MilliQ water through a 0.02 pum filter to ensure the removal of
colloidal particles, which would interfere in the filtration
process. Before filtration, the cleaned membranes were fully
saturated with pure water in a pressurized tank at —0.095 MPa
for 5 min. The pure water flux was evaluated with a filtration
area of the diameter of ¢ = 16 mm and at a pressure of 100 kPa.
The permeate water was collected and weighed by a precision
balance. For each sample, the test was repeated three times.
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