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Improving the hydrostability of zeolitic imidazolate framework
coatings using a facile silk fibroin protein modification method
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ABSTRACT

Zeolitic imidazolate frameworks (ZIFs) are an important subclass of metal-organic frameworks (MOFs) with zeolite-type topology,
which can be fabricated under ambient synthesis conditions. However, the applications of ZIFs are commonly limited due to the
weak hydrostability of their metal-ligand coordination bonds, particularly under humid and aqueous conditions. In this work, as
an example, the hydrolysis behaviours of ZIF-L with a special focus on ZIF-L coatings were tested at aqueous conditions with a
wide range of pHs to systematically study and fundamentally understand their structural stability and degradation mechanism.
Pristine ZIF-L powder and ZIF-L coatings were severely damaged after only 24 h in aqueous media. Interestingly, the ZIF-L
coatings showed two distinct hydrolyzation pathways regardless of pH conditions, exhibiting either a ring-shaped etching or
unfolding behaviours. While the ZIF-L powders were hydrolyzed almost identically across all pH conditions. With this new
understanding, a facile silk fibroin (SF) protein modification method was developed to enhance the hydrostability of ZIF-L
coatings in aqueous media. The effect of protein concentration on surface coating was systemically studied. ZIF-L coating
retained its surface morphology after soaking in water and demonstrated switchable super wetting properties and superior
separation performance for oil/water mixture. As a result, the quick SF protein modification significantly enhanced the stability of

ZIF-L coatings under various pHs, while retaining their switchable wetting property and excellent separation performance.
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1 Introduction

Metal-organic frameworks (MOFs), constructed by metal ions and
organic linkers through coordination bonds, have enriched the
family of porous materials. Due to their flexibility in forming
functional ~structures with precise geometry, size, and
functionality, MOFs with a crystalline nature generally possess
high surface areas and tunable pore sizes [1]. Among the
abundant existing MOFs, zeolitic imidazolate frameworks (ZIFs),
constructed with tetrahedral metal ions and imidazolate-based
organic ligands, have been extensively studied. ZIFs possess
excellent structural tunability, simplicity, and cost-effectiveness in
ambient-temperature synthesis and scale-up [2,3]. These
properties provide them great opportunities in a variety of
applications, such as gas and liquid separations [4], catalysis [5],
and drug delivery [6]. For example, the hierarchically
nanostructured functional ZIF-L@SiC membranes exhibited high
flux and synergistic features for iodine adsorption [7]. Using a two-
step synthesis, ZIF-L coated three-dimensional (3D) printed
membranes were fabricated with a hierarchically micro/nanoscale
structural surface, which showed a high oil rejection of over 99%
and flux of over 24,000 L-m>h™ [8]. From the structural stability
point of view, low-valent metal jons, such as Zn* and Co*, are
normally considered as soft acids to construct highly stable MOFs

with suitable N-containing linkers, such as ZIFs. The high pKa of
azoles and the strong coordination bonds usually endow these
MOFs with remarkable stability in the basic environment [9]. For
example, the powder X-ray diffraction (PXRD) pattern of ZIF-8
remained unchanged after 3 days in a pH = 12 solution, and only
a slight reduction in the Langmuir surface area was noted [10].
Furthermore, ZIF-8 retained its structure in boiling water for
7 days and its PXRD pattern remained unchanged up to 24 h in
0.1 and 8 M aqueous sodium hydroxide at 100 °C [11]. However,
the application of ZIFs was limited due to the weak stability of the
metal-ligand coordination (Zn-N) bond under acidic conditions
regardless of the satisfactory performance of ZIF [12,13]. For
example, the ZIF-8 structures were immediately dissolved in a
concentrated HCI solution [10]. In our previous study, the ZIF-L
coated stainless steel mesh demonstrated hierarchical ZIF-L
coating with unique switchable wetting properties and showed
satisfactory oil/water separation performance of 99% removal
efficiency [14]. However, the meshes suffered from weak stability
in pH = 4 HCI solution and most ZIF-L coating was severely
damaged after 6 h.

In recent years, a large number of strategies for improving the
stability of existing MOFs have been developed, such as organic
linker functionalization, post-synthetic modification, surface
hydrophobic treatment, and hybridization of MOFs and
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hydrophobic additives [9, 15, 16]. For example, the incorporation
of poly-L-glutamic acid in ZIF-L has significantly enhanced the
stability in mild acidic solutions [17]. Liu et al. reported that the
hydrothermal stability of ZIF-8 could be remarkably improved via
a shell ligand exchange reaction when using the functionalized 5,6-
dimethyl benzimidazole as the ligands, owing to its
hydrophobicity and steric hindrance effect [18]. As mentioned
earlier, the excellent compatibility of MOFs with other materials
allows the fabrication of a large number of attractive composite
materials [19, 20]. For example, multi-wall carbon nanotubes can
be incorporated into MOF-5 structures to achieve a composite
material with a greater Langmuir-specific surface, significantly
increasing H, storage capacity and stability in the presence of
moisture [21]. Moreover, Zhang et al. developed a facile and
general polydimethylsiloxane (PDMS) coating strategy to enhance
the stability of MOFs in the presence of moisture or water [22]. As
a result, the hydrostability of MOF-5, HKUST-1, and ZnBT was
significantly enhanced via PDMS coating owing to the change in
the surface wettability. The above studies demonstrated enhanced
hydrostability of MOF but inevitably altered the surface
wettability, which could inhibit some interesting properties such as
the switchable wettability of MOF-coated materials. Moreover,
there are very limited studies focusing on the understanding of the
hydro-stability of supported MOF/ZIF coatings which have far
more complicated crystal packing and intergrowth than powdered
samples. Likely, MOF-coated materials behave very differently
when contacting water. Therefore, it is of practical importance to
directly study their hydrostability under harsh aqueous conditions.

Herein, we report a facile method of improving the
hydrostability of ZIFs (taking ZIF-L as an example as it is less
thermodynamically stable than most ZIF materials) by simply
coating a layer of silk fibroin (SF) protein without altering its
original surface wetting property. Silk fibroin protein has been
widely studied due to its unique combination of biocompatible,
structural, and robust mechanical properties [23,24]. Fibroin
molecules act as hydrophilic-hydrophobic-hydrophilic polymers
and form micelles in water through chain folding and
hydrophobic interactions, with hydrophilic blocks on the outside
and hydrophobic tails on the inside [25]. The hydrolysis behaviour
of pristine ZIF-L coated stainless steel (ZIF-L-SS) meshes under
different pHs was studied. In the meantime, the hydrolysis of
ZIF-L powders under different pHs was also monitored
accordingly to understand and compare their hydrolyzation
process. The effects of SF protein concentration on coating
formation were systematically studied. According to our results,
the changes of hierarchical morphology and switchable wettability
of ZIF-L coated meshes were found crucial importance in the
oil/water separation performance, therefore, they were carefully
monitored throughout the hydrostability tests. Notably, the SF-
modified ZIF-L stainless steel mesh (SF-ZIF-L-SS) exhibited
outstanding performance in oil/water separation even after the
hydrostability tests.

2 Experimental

2.1 Materials

Zinc nitrate  hexahydrate (Zn(NOs),6H,0; 98%), 2-
methylimidazole (Hmim; 99%), and lithium bromide (LiBr, 99%)
were purchased from Sigma-Aldrich Company Ltd. Stainless steel
meshes (400 mesh/77 pm) were purchased from the Mesh
Company (Warrington) Ltd. Silk cocoons were purchased from
Wild Fibers Ltd. UK. Methanol (98%), chloroform (99%), and
hexane (99%) were supplied by Fisher Scientific UK Ltd.
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2.2 Preparation of ZIF-L-SS mesh and powder

Stainless steel mesh was cut into the size of 2 cm x 4 cm and was
sequentially washed in acetone, ethanol, and hydrochloric acid to
remove surface impurities. The ZIF-L mesh was synthesized
according to the literature following a pre-seeding and secondary
growth process [14]. 0.59 g of Zn(NO;)»6H,0 and 1.31 g of
Hmim were dissolved in 50 mL of deionized (DI) water,
respectively, and then mixed to complete the ZIF-L seed synthesis
solution. One piece of stainless-steel mesh was placed vertically in
the synthesis solution and stirred at 25 °C for 20 min. After that,
the seeded mesh was vertically immersed in the freshly prepared
synthesis solution for secondary growth. After 1 h, the mesh was
removed and washed with deionized water. Then the mesh was
dried in the oven at 60 °C for 12 h. ZIF-L powder was collected
from the same synthesis solution after 24 h, washed with
methanol, and dried in the oven at 60 °C for 12 h.

2.3 Preparation of SF-ZIF-L-SS mesh and powder

The silk fibroin protein stock solution was fabricated by a
chemical degummed method [24]. Briefly, Bombyx mori cocoons
were boiled for 30 min in an aqueous solution of 0.02 M sodium
carbonate and then rinsed thoroughly with deionized water to
remove the glue-like sericin. After air drying, the extracted silk
fibroin was dissolved in 9.3 M LiBr solution at 60 °C for 4 h. The
solution was dialyzed against distilled water using a dialysis tube
(MWCO 3500, Pierce) for 72 h to remove the salt. The solution
was then centrifuged twice at 10,000 rpm for 15 min to remove
sediments which were silk aggregates and debris from original
cocoons. The final concentration of silk fibroin aqueous solution
was approximately 3.9 wt.%, based on weighing the residual solid
of a known volume of solution after drying at 60 °C. The silk stock
solution was stored at 4 °C and diluted with deionized water
before use.

The ZIF-L meshes were first vertically placed in the silk fibroin
protein solution of different concentrations (0.5 wt.%, 1 wt.%, and
3 wt.%), and the coating solution was gently stirred at 200 rpm.
Then the protein-coated meshes were taken out after 1 h and
dried in the oven at 60 °C for 1 h. SF-ZIF-L powder (SF-ZIF-L-P)
was prepared by stirring ZIF-L powder in 1% silk fibroin protein
solution for 1 h, collected by centrifuge, and then dried in the oven
at60 °Cfor 12 h.

24 ZIF-L-SS mesh and powder hydrostability test

The stability tests were conducted by soaking the ZIF-L-SS and SF-
ZIF-L-SS meshes coated with different concentrations of silk
fibroin protein (0.5 wt.%, 1 wt.%, and 3 wt.%) in pH = 3 HCI
solution, pH = 11 NaOH solution, and DI water (pH was adjusted
by hydrochloride solution (1 M) and sodium hydroxide solution
(1 M) because CI” and Na* were proved not to affect the structure
of ZIF crystals [26]). Samples of the meshes were taken at various
time points from 3 h to 7 days.

25 Oil/water separation

The oil/water separation performance of the meshes was tested by
a gravity-driven oil/water mixture separation apparatus. Oil/water
mixtures were prepared by simply mixing water with the oil(s).
Methylene blue and oil red O were used to dye water and oil
respectively for a clear visual observation. The mesh was placed
between two identical glass tubes and then sealed firmly with
clamps. In each separation test, the oil/water mixture was poured
directly into the upper tube, then the permeate was collected with
a beaker underneath, and the flux was monitored at the same
time.

In a switchable oil/water separation test, the mesh was firstly
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pre-wetted with water by carefully pouring ~ 20 mL of DI water
onto the mesh surface. Then a mixture of water and cyclohexane
was poured into the top funnel, and the permeated water was
collected in a beaker. After that, the mesh was gently washed with
ethanol and kept soaking for 10 min, followed by air drying for
5 min. The cleaned mesh was then fixed in the separation
apparatus and pre-wetted with oil by pouring ~ 50 mL of
dichloromethane onto the mesh surface. A mixture of chloroform
and water was then poured into the top funnel, and the permeated
dichloromethane was collected.

The permeate flux (F) of the mesh was calculated from the
volume of the permeation in unit time according to Eq. (1)

F=V/(Ax1) (1)

where V is the volume of the filtrate (L), A is the effective filtration
area of the mesh (m?), and ¢ is the permeation time (h).
The separation efficiency (R%) was calculated using Eq. (2)

R% = (1— C»/C,) x 100% @)

where G is the residual oil concentration in the collected filtrate,
and G, is the original oil concentration in the feed oil/water

mixture.

2.6 Characterizations

The morphology change of the ZIF-L meshes was characterized
by using a JEOS JSM-IT100 scanning electron microscopy (SEM).
The crystalline structure of the synthesized ZIF-L was determined
by X-ray diffraction (XRD, Bruker D8 Advance) with Cu K«
radiation in a 20 range of 5.0°-40.0°. pH was measured by ETI
8000 pH meter. Contact angle (CA) measurements were
performed on the Ossila Contact Angle Goniometer. Fourier
transform infrared (FTIR) was characterized by Thermo Scientific
Nicolet iS10 at the wavenumber of 4000-400 cm™. Nitrogen
adsorption was measured by Quantachrome Autosorb IQ surface
area analyzer in a nitrogen environment at 77 K. The powdered
samples were initially degassed at 120 °C for 12 h to remove the
weakly adsorbed moisture or guest molecules. The surface area
and adsorption/desorption behaviour of the powdered samples
were studied with the Brunauer-Emmett-Teller (BET) model.
The total pore volume, V., was estimated from the desorption
branch of the isotherm at P/P, = 0.99, assuming complete pore
saturation. The residual oil content in the permeate solutions was
characterized by a Shimadzu total organic carbon (TOC) analyser.

3 Results and discussion

3.1 Hydrostability of supported ZIF-L coatings and
powder samples

Though the stability of ZIF materials was widely studied, most of
the work focused on ZIF-8 and ZIF-67, and the stability of less
thermodynamically stable ZIF-L was barely studied. In this work,
the hydrostability of ZIF-L powder and coatings (ZIF-L-SS) was
systematically studied under various aqueous solutions with
different pHs.

3.1.1 Pristine ZIF-L-SS meshes

In this study, the soaked pristine ZIF-L-SS meshes were first
characterized by SEM (Figs. 1(a)-1(g)) and XRD (Fig. 1(h)) to
monitor the surface crystal morphological and structural changes.
According to Figs. 1(a)-1(c), the pristine ZIF-L-SS mesh was
uniformly covered with leaf-like ZIF-L crystals, where all ZIF-L
crystals were densely and vertically packed on the mesh skeleton.
Figures 1(d)-1(f) show that etchings on the ZIF-L crystal plane
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were more severe than the edge after 24 h in aqueous media
regardless of the pH. However, the etching of the closely packed
ZIF-L crystals in pH = 3 HCI solution was much faster than that
in water (pH = 7) and basic NaOH solution with a pH of 11 (Fig.
S1 in Electronic Supplementary Material (ESM)). The ab plane of
ZIF-L was severely damaged in pH = 3 HCI solution after 12 h
(Fig. S1(a) in the ESM), leaving many ring-shaped residues on the
mesh skeleton. While in water and basic solution, the crystals were
only partially damaged (Figs. S1(c) and S1(e) in the ESM). After
24 h in pH = 3 solutions, the leaf-like morphology of the ZIF-L
crystals was destroyed, indicating that most of the crystals were
fully decomposed, leaving thin and stick-like residues on the mesh
skeleton (Fig. S1(b) in the ESM). While in DI water and basic
solution, all surface crystals showed a ring-shaped structure with
most of the interior ab plane disappearing (Figs. S1(d) and S1(f) in
the ESM). Note that a ZIF-L crystal model with a, b, and ¢
coordinate axes is shown in Fig. 1(i). Similar ring etching has also
been observed recently in other work for ZIF powder samples
[27]. As reported, ring-like ZIF-8 crystals were formed after initial
etching of the ZIF-L ab plane in an aqueous solution in the
presence of Zn(NOs), and then a structural transformation of the
outer ring to the more stable ZIF-8 phase. Similarly, in our work,
the etching of ZIF-L crystals on the mesh surface commenced on
the ab plane of the crystal, leaving a ring-shaped structure after
24 h. During the stability test, Zn* and Hmim from the
decomposition of ZIF-L may provide nutrients to form a 3D ZIF
on the edge, making it last longer in the aqueous environment
[27].

Interestingly, a coexisting unfolding behaviour was also
observed for a small portion of highly packed/intergrown ZIF-L
crystals, forming a flower-like structure with stacks of thinner
crystal sections (Fig. 1(g) and Figs. S2-54 in the ESM). Compared
to the previously mentioned ab plane etching process, the
unfolding process and decomposition of the unfolded thin crystal
sections were extremely slow. According to our study, most
unfolded crystals retained their morphology over 15 days in both
DI water and pH = 3 HCI solutions. In addition, these unfolded
crystals presented an angled edge of a hexagon since day one (Figs.
S2 and S3 in the ESM). In the pH = 11 solutions, the unfolded
crystals showed a similar flower-like layered structure after 24 h,
and then the crystals became thicker, shaper, and more elongated
with the further increase of time (Fig.S4 in the ESM). The
resemblance of ZIF-L coating dissolution under different pHs
indicated that the etching process was similar in aqueous media
regardless of the pH. It was then suggested that the dissolution
started simultaneously in a, b, and ¢ directions (where a and b
were parallel to the ZIF-L crystal plane and ¢ was vertical to the
plane). Inside the ZIF-L structure, the two-dimensional (2D)
structure along the ab plane is stacked along the ¢ direction via the
hydrogen bond of free ligand molecules [28], forming cushion-
shaped cavities between layers with a dimension of the interlayer
spacing of 9.4 A x 7.0 A x 5.3 A which is larger compared to the
pore size on ab plane/c direction (3.4 A). The terminal Hmim
ligand on the ZIF-L layer and “free” Hmim in between ZIF-L
layers may have little hindrance effect, which makes it possible for
water molecules to get in through the a/b direction [29, 30].

The co-existing ring-shaped etching and unfolding behaviours
(Fig. 1(i)) might also be induced by steric hindrance formed by
tight ZIF-L packing and intergrowth. As shown in Figs. 1(b) and
1(c), ZIF-L crystals were densely packed on the skeleton of the
mesh, and some crystals were closely surrounded by others or
even buried underneath. Therefore, water molecules only had
limited access to all facets of these crystals. Thus, instead of etching
through the ¢ direction, water molecules could also only penetrate
through the b direction because the crystals on the mesh skeleton
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Figure1 (a)-(c) SEM images of pristine ZIF-L coated mesh at different magnifications. (d)-(f) SEM images of ZIF-L mesh after being soaked in pH = 3 HCl
solution, DI water, and pH = 11 NaOH solution for 24 h, respectively. (g) SEM images of ZIF-L-SS mesh after soaking in DI water for 24 h at different magnifications.
(h) XRD patterns of original ZIF-L powder, ZIF-L-SS mesh, and ZIF-L-SS mesh after being soaked in pH = 3 HCl solution, DI water, and pH = 11 NaOH solution for
24 h. (i) Observed dissolution mechanisms for ZIF-L-SS meshes under acidic, neutral, and basic conditions.

were vertically oriented with the more exposed surface area on the
bc plane for preferential water contact. On the other hand,
restricted water contact on the ab plane of the crystals occurs due
to the close packing of vertically aligned ZIF-L crystals. Eventually,
after water contact, the ZIF-L crystals could be unfolded by
breaking the hydrogen bond between adjacent layers. The angled
edge on ZIF crystals was observed in pH = 3 HCI solution, DI
water, and pH = 11 NaOH solution after 24 h. A similar edge-
shape transition was reported by Lee et al., and the change in the
edge shape was correlated with the additional growth of a 3D ZIF
on the leaf-shaped crystal [27]. Zn* and imidazole from the
decomposition of ZIF-L provide nutrients to form an aqueous
stable zinc-containing compound, which could last longer in the
water. In addition, such hexagonal nanoflake morphology of
ZIF-L hydrolysis residue was commonly observed among zinc-
containing compounds [31]. XRD patterns of pristine ZIF-L
coated mesh and soaked mesh samples are shown in Fig. 1(h).
The characteristic diffraction peaks of ZIF-L were observed on the
ZIF-L-SS mesh after the seeded growth. However, after the
stability test, most of the diffraction peaks from ZIF-L disappeared
after 24 h except the peaks at 26 = 11.1° (020) and 16.8° (101),
indicating the severe damage to ZIF-L crystalline structure on the

O NEZIELE

Tsinghua University Press

mesh skeleton. While the residue materials on the mesh were too
low in quantity to get an XRD pattern, thus ZIF-L powders were
tested at the same conditions and used for further
characterizations and comparison.

3.1.2 Pristine ZIF-L powders

The SEM images of ZIF-L-P (ZIF-L powders) before and after
hydrostability tests are shown in Figs. 2(a)-2(d), and interestingly,
these fully hydrolyzed samples exhibited identical morphology
with a cross shape regardless of pH value in the solutions (Fig.
2(e)), again indicating that pH was not the dominant contributor
to the hydrolysis and the morphological change of ZIF-L in
aqueous media.

As shown in Fig. 2(f), the FTIR spectra of the ZIF-L-P samples
after 24 h stability test in aqueous media was still dominated by an
intermediate ZIF-type structure. The highest absorption band at ~
420 cm™ corresponded to the Zn-N bond [32]. The other peaks
between 410 and 540 cm ™ were attributed to the vibration of the
Zn-0 bond [32]. The signals in the spectral region of 900-1350
cm™ were for the in-plane bending of the ring while those below
800 cm™ were assigned as out-of-plane bending [33]. The peaks
that were associated with the vibration of imidazole rings were

@ Springer | www_.editorialmanager.com/nare/default.asp
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Figure2 (a) SEM image of ZIF-L crystals. (b)—(d) SEM images of ZIF-L after 24 h in pH = 3 HCl solution, DI water, and pH = 11 NaOH solution, respectively, with
a stirring at 1000 rpm. (e) Proposed mechanism for pristine ZIF-L hydrolysis in aqueous media with different pHs. (f) FTIR spectra of Hmim and ZIF-L crystals before
and after 24 h in pH = 3 HCl solution, DI water, and pH = 11 NaOH solution. (g) XRD patterns of ZIF-L crystals before and after 24 h in pH = 3 HCI solution, DI

water, and pH = 11 NaOH solution.

intensified in the tested samples, especially in the pH = 11 treated
sample. The intense and convoluted peaks at 1350-1500 cm™ were
associated with the entire ring stretching, and the signal at 1570
cm™ could be assigned as the C=N stretch mode [30]. It was
suggested that due to the relatively high pKa value of the Zn-N
bond, the hydroxyl group could replace the imidazole during the
hydrolysis [32], therefore, more imidazole was kept under basic
conditions compared to water and acid.

By comparing the XRD patterns of ZIF-L before and after the
stability test, common peaks at 20 of 11.1° (002), 17.3° (101), and
24.6° (110) were found for both the hydrolysis-tested samples and
pristine ZIF-L, which might be contributed by remaining ZIF-L
(Fig. 2(g)). New diffraction peaks at 12.1°, 18.4°, and 27.4° were
observed in hydrolyzed samples regardless of the pH. The
essentially homogenous morphology in Figs. 2(b)-2(d) suggested
that the hydrolysis has led to an intermediate crystalline ZIF-type
structure. Previous studies of hydrolysis of ZIF materials revealed
that dissolution may involve the insertion of a water or acidic
molecule into the Zn-N bond, followed by the subsequent
dissociation of the protonated imidazole ligand away from the
framework structure [17]. It was also suggested that such phase
change could be contributed by partly replacing the imidazole
molecule with a hydroxyl group and producing a new
pseudomorph of ZIF material [32,34]. Our hydrostability test
results agree well with previous studies of powdered ZIF materials.
However, in the case of supported ZIF coatings which are packed
with ZIF crystals, the hydrolysis mechanism was found different
and also not unique due to the limit of water accessibility to
different crystal facets, also known as steric hindrance formed by
tight ZIF-L packing and intergrowth. These findings provide
many new insights which are of practical importance when
evaluating the stability of MOF/ZIF coatings and membranes in
applications involving humid conditions and aqueous media.
Their hydrolysis behaviour may appear completely different from
powder samples.

3.2 Enhancement of ZIF-L-SS mesh via protein coating

According to our previous work, pristine ZIF-L coated stainless
steel meshes were proved to possess interesting switchable
wettability with satisfactory oil/water separation efficiency due to
the characteristic leaf-like morphology, thus the morphological
change and structural stability in an aqueous environment are of
vital importance to its practical application [14]. However, the
chemical stability, especially the hydrostability, of ZIF-L meshes
appeared to be a huge drawback which significantly hindered their
long-term performance. Here, a facile methodology of natural
polymer SF protein coating was developed to enhance the stability
of ZIF-L-SS meshes in aqueous media. To find the optimum
coating recipe for hydrostability improvement of the supported
ZIF-L coating, the dissolution process of a series of SF-ZIF-L-SS
meshes was systematically studied under various pH conditions.
The primary sequence for the silk fibroin-heavy chain includes
larger hydrophilic blocks at the chain ends, six smaller hydrophilic
internal blocks, and seven internal hydrophobic blocks, forming
hydrophilic-hydrophobic-hydrophilic natural polymers with the
capability to form micellar structures in water (Fig. 3(a)) [35, 36].
During the formation of micellar structures in water, the larger
terminal hydrophilic blocks define the outer edges of the micelles,
while the large hydrophobic blocks and small hydrophilic blocks
are present inside the micelles (Fig. 3(a)). The schematic
illustration of the protein coating process is shown in Fig. 3(a).
With the isoelectric point at ~ 4.2, silk fibroin protein contains a
negative surface charge in a neutral aqueous solution due to the
acidic charged groups [37]. The negatively charged surface could
be connected to the ZIF-L crystals through electrostatic
interactions during the coating process. In this work, 3 SF protein
concentrations (0.5 wt.%, 1 wt.%, and 3 wt.%) were studied in
detail, with the coating time fixed at 1 h. As shown in Figs.
3(b)-3(d), after the coating with 0.5 wt.% and 1 wt.% of SF
protein, the edges of the crystals and intracrystalline voids were
still relatively clear to observe. However, after being coated with

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure3 (a) Schematic illustration of the silk fibroin protein ZIF-L mesh coating and drying process. SEM of ZIF-L mesh coated with different protein concentrations

(b) 0.5wt.%, (c) 1 wt.%, and (d) 3 wt.%.

3 wt.% SF protein, as the coating was too thick, the edge of the
crystals became smooth, and the surface roughness was reduced.
Therefore, SF protein concentrations beyond 3 wt.% were not
focused in the following studies.

According to our results (discussed below), a low SF protein
concentration of 0.5 wt.% in the coating solution was not enough
to form a continuous SF coating on surface ZIF-L crystals.
Localized SF coatings exist on the crystal surface and are isolated
from each other, forming possible uncovered areas on the crystal
(Fig. 1(a)). When the SF protein concentration was increased to
1 wt.%, a more uniform SF coating could be formed, showing a
smooth surface with compact SF structures. As also discussed
above, a further increase in SF protein concentration to 3 wt.% in
our case showed over-coating of the surface crystals, which could
lead to many cracks after drying. More details on the structure and
stability of surface SF coating were discussed below along with the
hydrostability tests of each SF-ZIF-L-SS mesh.

3.21 Effect of SF protein coating concentration on the
hydrostability of ZIF-L coatings

A series of stability tests were conducted to study the effect of SF
coating concentration. As shown in Fig. 3, ZIF-L meshes were first
coated with different protein concentrations (0.5 wt.%, 1 wt.%,
and 3 wt%), then soaked in different pH solutions at room
temperature. The samples were monitored every 24 h unti a
significant change in ZIF-L morphology was observed. As shown
in Figs. 4(a)-4(c), 0.5 wt.% of SF protein was insufficient to
protect the ZIF-L after 3-day soaking in DI water and pH = 3 HCI
solution, since most of the surface crystals were broken into
smaller pieces and completely fell off from the mesh skeleton after
4 days (see first columns in Figs. S5 and S6 in the ESM). While in
pH = 11 NaOH solution, the hierarchical ZIF-L morphology was
partly retained after 3 days (Fig. 4(c)) but showed severe damage
after 5 days (see first column in Fig. S7 in the ESM).
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It is worth noting that no ring etching and unfolding
behaviours were observed. Instead, the crystals were broken into
small irregularly shaped pieces, which is in good agreement with
the proposed localized SF coating structure for 0.5 wt.% SF in Fig.
3(a). The uncoated crystal surface, therefore, appeared to be
damaged more easily, leaving random broken pieces falling off
from the coating layer. Unfolding of individual crystals was
completely inhibited. Overall, even with a low SF coating, the SF-
ZIF-L-SS mesh samples showed a significant improvement in the
coating hydrostability.

At medium and higher concentrations (1 wt.% and 3 wt.%), SF-
ZIF-L-SS meshes were much better protected in pH = 11 NaOH
solution compared with those soaked in pH = 3 HCl solution and
DI water, as most of the crystals were intact after 3 days of stability
test (Figs. 4(d)—4(i)). The stability test results were quite similar in
pH = 3 HCl solution and DI water (Figs. S5 and S6 in the ESM).
SE-ZIF-L-SS meshes remained intact after 2 days in the aqueous
media with a higher concentration of SF protein coating (1 wt.%
and 3 wt.%). However, the crystal started to damage after 3 days,
and pieces of small ZIF-L crystal residues stayed on the mesh
skeleton after 4 days. The stability of SF-ZIF-L-SS mesh in
pH = 11 NaOH solution, however, was much better, as shown in
Fig. S7 in the ESM. The crystal remained almost intact for the first
4 days with a high concentration of SF coating (1 wt.% and
3 wt.%). Crystals started to show minor damage after 5 days. After
6 or 7 days of soaking, there were still a great number of crystals
on the mesh surface. However, the stability performance of 3 wt.%
SF protein coating was not significantly better than 1 wt.%.

The SEM results demonstrated the slowest hydrolysis rate of
SE-ZIF-L-SS mesh in pH = 11 NaOH solution, and the
decomposition in acidic and neutral conditions were comparable.
To further understand the crystal dissolution process, Zn*
concentrations that remained in the stability test solution were
monitored. For example, SF-ZIF-L-SS meshes coated in the
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SF conc.l 0.5 wt.% |

3wt.%

Figure4 SEM images of SF-ZIF-L-SS meshes after being soaked in aqueous media for 3 days under different pHs.

1 wt.% SF protein were cut to the size of 1 cm x 1.5 cm and
soaked in 3 mL of pH = 3 HCl solution, DI water, and pH = 11
NaOH solution. Zn** concentrations of these solutions were tested
after 3 days. According to the inductively coupled plasma (ICP)
results (Fig. S8 in the ESM), Zn* concentration in the testing
solutions followed the order of Zn*" (pH = 3) > Zn* (water) > Zn*
(pH = 11), indicating that the dissolution rate of SF-ZIF-L on the
mesh was more significant in acidic condition. A minimum Zn*
concentration of 2.8 mg-L" was obtained for samples soaked in
basic solutions. However, the Zn* released from the
decomposition of ZIF-L in pH = 11 NaOH solution could react
with OH- to form Zn(OH), precipitation, which could also lead to
the minimal Zn* in the residue solution. The ICP results together
with SEM results indicated that the SF-coated ZIF-L structure was
weaker in acidic than in neutral aqueous media, and more stable
in basic conditions.

The morphological evolution of each SF-ZIF-L-SS mesh treated
under all conditions was summarized and displayed in Fig. 5 for
better visualization. 1 wt.% of SF was found to be enough to
enhance the ZIF-L coating’s hydrostability dramatically.

As discussed above, 0.5 wt.% SF protein was insufficient to
protect ZIF-L coatings, and a higher concentration of > 3 wt.% SF
also did not prove to be much more promising than 1 wt.% SF
coating. To further analyze and understand the SF protein coating
effect on individual ZIF-L crystals, ZIF-L powders were coated
with 1 wt% SF protein at the same conditions for further

characterization and comparison.
W) oswt%sk
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3.2.2 Effect of SF protein modification on the hydrostability of ZIF-
L powders

To further analyze the effect of SF protein coating, ZIF-L powders
were coated with 1 wt.% of SF protein (SF-ZIF-L-P) and tested in
aqueous media with various pHs. The FTIR spectra of ZIF-L
powders before and after coating are shown in Figs. 6(a) and 6(b).

The enlarged infrared (IR) spectra of the protein-coated
sample were dominated by the ZIF-L structure (Fig. 6(b)). The
absorption frequencies at ~ 1650 cm™ (amide I), ~ 1530 cm™
(amide II), and ~ 1242 cm™ indicated that the secondary structure
of the scaffold is mainly random coli [38]. The morphology of the
ZIF-L crystal retained its characteristic leaf-like morphology after
protein coating (SEM image in the inset in Fig. 6(b)). The XRD
pattern also showed the characteristic ZIF-L structure after 1 wt.%
protein coating (Fig. 6(c)). The weak diffraction peak at 20 = 19.6°
(marked by the dashed line) corresponds to silk fibroin protein
[39].

Meanwhile, the BET surface area was significantly reduced after
protein coating from 116 to 17.39 m*g™. The SF-coated ZIF-L-SS
mesh showed a significantly decreased nitrogen adsorption branch
compared to that of the pristine ZIF-L sample (Fig.6(d)). This
indicates that the SF coating on ZIF-L crystals has a compact
structure which limits the adsorption of nitrogen molecules in the
ZIF-L structure.

The SEM images of the hydrolysis of SF-ZIF-L-P in aqueous
media are shown in Fig. 7. Most SF-ZIF-L crystals remained intact
at the beginning of the stability test (Figs. 7(a)-7(c)), and in the
meantime, water molecules and H* were penetrating the protein

1 wt.%—3 wt.% SF

\Ease
*® Y ;
3 days QQ’ r g
Acid/ YVater \Base

>, e \
s dovl g 'f \Qrsal‘ z

Increasing pH

0 day
Acid/” Water

Figure5 Morphological evolution of SF-ZIF-L-SS meshes in aqueous media with different pHs.
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Figure7 SEM images of 1 wt.% SF protein coated ZIF-L powders after stability test.

layer together with the dissolution of SF protein. With the increase
of time to 3 days, these subtle defects on the ZIF-L ab plane turned
to cracks, therefore crystals broke into pieces (Figs. 7(d)-7(f)).
After 7 days, these crystals became smaller, and then fully
decomposed (Figs. 7(g)-7(i)).

The schematic illustration of ZIF-L hydrolysis is shown in Fig.
8(a). The SF-ZIF-L crystals remained intact at the beginning of the
stability test, and in the meantime, water molecules and H* were
penetrating the protein layer together with the dissolution of SF
protein. With the increase of time, SF-ZIF-L crystals broke into
pieces. Afterwards, these crystals pieces became smaller, and then
fully decomposed. The FTIR spectra of protein-coated ZIF-L
before and after the stability test are shown in Figs. 8(b) and 8(c).
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After 3 days of treatment, its IR spectrum was still dominated by
ZIF-L, and the characteristic signals of hydrolyzed uncoated ZIF-L
powders at ~ 494 and ~ 539 cm™ were observed, which indicated
the hydrolysis of SF-ZIF-L-P. Meanwhile, the peaks at ~ 1625,
~ 1530, and ~ 1235 cm™ were observed on the spectra of SF-ZIF-L-
P samples after the 3-day stability test, reflecting a transition of
random coil conformation to B-sheet (silk II) during the
hydrolysis test [40], which is a more stable structure of SF protein
[37]. Leaf-like ZIF-L crystals and amorphous ZIF-L residues were
observed in the SEM image, further confirming that SF-ZIF-L-P
was partly hydrolyzed in the stability test (Figs. 7(d)-7(f)).

XRD patterns of the pristine and soaked SF protein-coated ZIF-
L samples are shown in Fig. 8(d) with all of them showing intact
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characteristic ZIF-L diffraction peaks. Furthermore, the previously
observed peaks at 20 = 12.14°, 18.4°, and 24.6° of the hydrolyzed
intermediate ZIF structure found on soaked SF-ZIF-L-SS meshes
were not present anymore, indicating that the hydrolysis of ZIF-L
crystals was significantly reduced with the protein coating as
compared with uncoated ZIF-L powder. The diffraction peak at
260 = 19.6° corresponding to SF protein structure could not be
found in Fig. 8(e), indicating the partial dissolution of SF protein
during the stability tests. The BET surface area of the sample after
the stability test in pH = 3 HCI solution increased a little to
22.83 m*g" (Fig. 8(e)), which strongly confirmed the protective
function of the dense SF protein coating and negligible
decomposition of the protein structure under such acidic
conditions. Nitrogen adsorption of these 2 samples showed quite
similar adsorption branches, further suggesting a similar SF-ZIF-L
structure before and after the hydrostability test.

3.3 Oil/water separation performance of silk fibroin-
coated ZIF-L meshes

The stability of ZIF materials in acidic and basic environments is
of major concern [13]. As discussed above, SF-ZIF-L-SS mesh
exhibited enhanced stability with well-retained surface
morphology. In this section, the wetting property and oil/water
separation performance were further monitored to test the
application of SF-ZIF-L-SS meshes.

3.3.1 Surface wettability of protein-coated ZIF-L meshes
The surface wetting property of the ZIF-L meshes after protein

“W-W- -
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coating was characterized by water contact angle (WCA)
measurement (Figs. 9(a)-9(f) and Fig.S9 in the ESM). The
wettability of ZIF-L-SS, SF-ZIF-L-SS, and SF-ZIF-L-SS-pH3
meshes (SF-ZIF-L-SS mesh after 3 days in pH = 3 HCl solution)
was all hydrophilic with WCAs of ~ 35.1°, ~ 37.2°, and ~ 35.5°,
respectively (Fig.S9 in the ESM). The switchable wetting
properties of ZIF-L-SS meshes were monitored by underwater oil
contact angle and underoil water contact angle. The underwater
wettability of ZIF-L-SS, SF-ZIF-L-SS, and SF-ZIF-L-SS-pH3
meshes were explored by immersing the mesh in water and
performing oil (chloroform) contact angle measurements. The
underwater oil contact angles of ZIF-L-SS, SF-ZIF-L-SS, and SF-
ZIF-L-SS-pH3 meshes were ~ 155°, ~ 160°, and ~ 161°,
respectively, suggesting that the outstanding underwater
superoleophobicity was unchanged after the SF protein coating
and stability test in an acidic environment. The underoil
wettability of ZIF-L-SS, SF-ZIF-L-SS, and SF-ZIF-L-SS-pH3
meshes was also examined by immersing the mesh in oil (hexane)
and performing water contact angle measurements. ZIF-L-SS, SF-
ZIF-L-SS, and SF-ZIF-L-SS-pH3 meshes exhibited underoil
superhydrophobicity with underoil water contact angles of
~162°, ~ 161°, and ~ 151°, respectively. It was therefore suggested
that the switchable wetting property was retained after SF protein
coating, and even after the stability of the SF-ZIF-L-SS mesh in an
acidic environment.

3.3.2 Oil/water separation performance

Gravity-driven oil/water separation tests were carried out because
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Figure 8 (a) Schematic illustration of SF-ZIF-L-P hydrolysis. (b) and (c) FTIR spectra of SF-ZIF-L-P before and after 3 days in pH = 3 HCl solution, DI water, and
pH = 11 NaOH solution, respectively. (d) XRD patterns of 1 wt.% protein coated SF-ZIF-L-P before and after 3 days in pH = 3 HCI solution, DI water, and pH = 11
NaOH solution. (e) N, gas adsorption slot of 1 wt.% protein coated ZIF-L before and after 3 days in pH = 3 HCl solution.
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Figure9 Photographs of underwater oil contact angles and underoil water contact angles of (a) and (b)ZIF-L mesh, (c) and (d) SF-ZIF-L-SS mesh, and (e) and (f) SF-
ZIF-L-SS mesh after 3 days in pH = 3 HCI solution. (g) Photographs of water pre-wetted oil-blocking separation. (h) Photographs of oil pre-wetted water-blocking
separatio. (i) Flux and separation efficiency of ZIF-L-SS mesh, SE-ZIF-L-SS mesh, and SF-ZIF-L-SS mesh after 3 days in pH = 3 HCl solution.

o

the superior superwetting properties of ZIF-L coated mesh films
allowed the separation driven solely by gravity. The ZIF-L-SS
mesh was confirmed with switchable oil/water separation ability in
the previous section. When pre-wetted with water, the water
molecules preferentially permeated through the mesh while the oil
molecules were rejected because of their underwater
superoleophobicity. On the contrary, when prewetted with oil, ZIF-
L mesh film preferentially lets oil go through while rejecting water
due to underoil superhydrophobicity [14].

The switchable oil/water separation tests are shown in Figs. 9(g)
and 9(h). Firstly, a mixture of oil red-dyed cyclohexane and
methylene blue-dyed water (py.r > poy) Was poured onto the
water-prewetted mesh, triggering “oil-blocking” separation, as
cyclohexane was rejected above the mesh surface despite being in
contact with the surface at the beginning. After cleaned with
ethanol and air drying, the mesh was then prewetted with
chloroform. Then, a mixture of water and chloroform (p; > Pyater)
was poured into a funnel. It was observed that only chloroform
permeated through the mesh while the water was completely
blocked, confirming that the separation was successfully switched
to the “water-blocking” separation mode. All the separation
processes were solely driven by gravity, and no external pressure
was applied. As shown in Fig. 9(i), the separation efficiencies of
ZIF-L-SS mesh with and without protein coating for n-heptane
were above 98% with a permeate flux of ~ 7.2 x 10* Lm™h",
suggesting that the mesh preserved its switchable oil/water
separation property after the protein coating. The results
demonstrated comparable separation efficiency and flux to those
reported in other studies [41]. Furthermore, the oil/water
separation performance of SF-ZIF-L-SS mesh after the stability
test in pH3 solution was also measured. The SF-ZIF-L-SS-pH3
mesh showed an oil/water separation efficiency of over 98% and a
flux of over 7.0 x 10' L. m™h", suggesting that the satisfactory
oil/water separation property was retained after the acidic stability
test.

4 Conclusions

In this work, the hydrolysis of supported ZIF-L coatings and
powders was systematically studied under different pHs.
Interestingly, the etching and unfolding behaviour of ZIF-L
coatings were observed in aqueous media regardless of the pH.
Natural polymer SF protein coating was used to modify the ZIF-L
crystal surface and proved to be effective for the enhancement of
the hydrostability of both ZIF-L coatings and powder samples in

O NEZIELE

Tsinghua University Press

—_—
~—

Flux (x10° L'm™2-h™")

12

-
o
L

L3
L

B
1

N
1

Nano Res.

140

[JFlux
[ Separation efficiency

-
»
=3

Separation efficiency (%)

N
=1

=)

S w3
2058 se ¥ sz s\=-1\F“"9"5’-p

aqueous media. The characteristic leaf-like morphology of ZIF-L
on the mesh was retained for up to 3 days in water and acid and
5 days in basic solution. The SF-ZIF-L-SS meshes preserved their
switchable superwetting properties with superior separation
performance for oil/water mixture separation with a permeation
flux as high as ~ 7 x 10* L'm™h™ and an oil removal efficiency of
above 98%.
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