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Abstract

A highly-efficient zeolitic imidazolate framework-8 (ZIF-8) embedded polydimethylsiloxane
(PDMS) mixed matrix membrane (MMM) supported by a polyvinylidene fluoride (PVDF)
nanofibrous substrate was developed for phenol removal in an aqueous-aqueous membrane
extractive process. Homogeneous nano-scaled dispersion of ZIF-8 in the PDMS matrix was
achieved by direct incorporation without intermediate drying process, where the interaction
of the randomly-moved nanofillers could be prevented, leading to evenly dispersed ZIF-8
nanofillers and defect-free ZIF-8@PDMS/PVDF nanofibrous composite membranes. The
newly-developed ZIF-8@PDMS/PVDF membrane exhibited an exceptionally high overall
mass-transfer coefficient, ko of 35.7 + 1.1 x 107 m/s, doubling that of the pristine membrane
in the membrane extractive process. The high performance was maintained for over 360 h
without loss of salt rejection. These results could be attributed to the organophilic-assisted
“bi-mode” transporting mechanism of ZIF-8 nanofillers in PDMS matrix, namely: (1) the
solution-diffusion transport mode; (2) the pore-flow transport mode, where the synergistic
effects are expected to significantly improve the phenol transfer efficiency through the
membranes. Overall, the results achieved in this work demonstrate promising potential of
highly-efficient ZIF-8@PDMS/PVDF nanofibrous composite membranes used for aqueous-

aqueous membrane extractive processes for organic-containing wastewater treatments.
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1. Introduction

Treatment of organic-containing wastewater has drawn increasing attention in recent years [1,
2]. Among the major pollutants, phenol has become a rising concern due to its high toxicity
and carcinogenicity, and has been listed as a top priority pollutant by the United States
Environmental Protection Agency (US EPA) [3, 4]. On the other hand, phenol is recognized
as a valuable chemical for industrial applications such as the production of phenolic resins [5].
Hence, it is of great interest to develop a highly-efficient phenol recovery process from
wastewater for environmental sustainability. Existing technologies for phenol treatment
include adsorption, solvent extraction, thermal decomposition, biodegradation, oxidation and
membrane separation [6, 7]. Among them, the membrane-based aqueous-agqueous extractive
process has been evidenced to be a promising technology ascribed to its appealing features,
including: (1) the receiving solution can be operated independently under optimized
conditions regardless of the wastewater compositions; (2) unlike the centralized classical
techniques, the agqueous-aqueous membrane extractive process offers more specific and
efficient point-source treatment of individual industrial effluent; (3) it is an energy-saving and
cost-effective alternative for phenol recovery due to operation at room temperature and

atmospheric pressure [8, 9].

In the aqueous-aqueous membrane extractive process, the target organic compounds are
transferred from the feed wastewater to the aqueous receiving solution through a dense
membrane based on solution-diffusion mechanism [10]. A variety of receiving solutions such
as biological cultures and alkaline solutions can be employed to strip the permeated organics,
maintaining the organic concentration driving force imperative for mass transfer across the
membrane [11]. Therefore, to a large extent, the aqueous-aqueous extraction efficiency is
determined by the mass-transfer capacity of the membrane phase [12]. The ideal
characteristics of the dense membrane used for the aqueous-aqueous membrane extractive
process should comprise three aspects: (1) high organophilicity to effectively extract the
target organics from the aqueous feed; (2) strong hydrophobicity to completely reject water
and inorganic components; and (3) low resistance to ensure efficient organic passage. Hence,
the design and development of membranes with enhancement in either one or all the aspects
are desirable to improve the membrane extractive performance for the targeted organic

compounds [13-16]. Cocchini et al. reported an aqueous-aqueous extractive composite



membrane by preparing a 2-um thick polydimethylsiloxane (PDMS) layer deposited onto
microporous polyethersulfone (PES) support. The PDMS/PES composite membrane can
achieve the overall mass-transfer coefficient (ko) of 12 x 107 m/s [17]. Loh et al. prepared a
highly-efficient composite membrane with ko of 32 x 107 m/s, and the membrane transfer
resistance could be significantly decreased by reducing the top PDMS layer intrusion into the
porous substrate [18]. However, it is worth noting that the reduction of membrane thickness
or membrane intrusion not only decreases the membrane resistance, but could also result in
membrane defects or weakened mechanical strength for practical applications. Recently, our
group developed a condensation-cured PDMS membrane with a quaternary-siloxy-linked
three-dimensional network structure [19]. The membrane exhibited high mass-transfer
efficiency (ko of 18 x 107 m/s) due to the enhanced PDMS free volume for phenol transport.
Therefore, developing new generation membranes with enhanced intrinsic microporosity or

free volumes seem to be an effective approach for future study [20].

Incorporating nano-fillers with superior inherent separation properties into polymers to
fabricate mixed matrix membranes (MMMSs) has been proven to be useful to enhance the
membrane performance [21]. Among all types of fillers, metal-organic frameworks (MOFs),
comprising inorganic units bridged by organic ligands, are being recognized as one of the
most fascinating candidates attributed to their high surface area, large porosity and pore
volume, tunable pore size and shape, facile functionalization, and excellent compatibility
with polymers [22, 23]. Zeolitic imidazolate framework-8 (ZIF-8), a well-known MOF
material, exhibits exceptional chemical and thermal stabilities, as well as strong framework
flexibility and hydrophobicity [24]. In the ZIF-8 structure, zinc ions are interconnected by 2-
methylimidazole linker molecules forming a sodalite topology with a large accessible cavity
of 11.6 A, connected by small flexible apertures of 3.4 A [25]. According to literature, ZIF-8
is perceived as a material with intrinsically robust chemical and hydrothermal stabilities,
arising from the strong coordination bond between centre metal ions and anionic nitrogen
atoms in imidazolate linkers, and the hydrophobic nature with low water uptake capacity [26,
27]. Owing to the flexible nature of ZIF-8 framework, dynamic structural transformations
(gate-opening) can take place upon external stimuli such as temperature, pressure and guest
molecules [28, 29]. This structural flexibility allows the access of ZIF-8 inner cages by much
larger molecules such as 1,2,4-trimethylbenzene whose molecular size (7.6 A) has been
approximated as the limiting aperture size of ZIF-8. Therefore, it is speculated that phenol
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molecules (5.1 A) can transport through the ZIF-8 inner channels, which can serve as
expressways with lower mass transfer resistance [30]. Moreover, ZIF-8 can interact with
phenol through hydrogen bonding and n-m stacking, which can significantly increase the
phenol affinity of the MMM [31]. However, to the best of our knowledge, the use of MOF-
incorporated MMMs and their systematic performance study in the aqueous-aqueous

membrane extractive process have been rarely reported so far.

The major challenge for synthesizing defect-free and uniform ZIF-8 -based MMMs is the
poor dispersion and compatibility between ZIF-8 nanofillers and polymer matrix [32]. Zhang
et al. [33] proposed in-situ self-assembly method to prepare ZIF-8/poly sodium 4-styrene-
sulfonate (PSS) MMMs, and the uniformly dispersed ZIF-8 based MMMs could be obtained
by precisely controlling the coordination bonds between the metal ions (Zn®*) and organic
ligands (2-methylimidazole (Hmim)) in every single PSS layer’s preparation. Wang et al. [34]
prepared MOF-polyimide (P1) MMMs, where the loaded ZIF-8 particles were coated by a
layer of polydopamine for improving the interfacial compatibility between MOFs and Pl
matrix. Although these methods realized good dispersion and compatibility of ZIF-8 in the
MMMs, the required pre-treatment of the fillers and/or polymers also simultaneously
complicated the overall membrane fabrication procedures and limited their further practical
implementations [35, 36]. Additionally, ZIF-8 is an inherently hydrophobic and abundant
organic ligand, which favors compatible interface with hydrophobic polymers without
surface modification [37]. It has been successfully introduced into hydrophobic polymers
such as PSf [38], PPEES [39] and PIM [40], and both enhanced permeability and selectivity
were demonstrated. Therefore, one may expect that the well-dispersed ZIF-8 nanofillers
could be embedded in PDMS matrix with compatible interface and enhanced
permeability/selectivity in aqueous-aqueous membrane extraction process. Therefore,
developing simple and conducive methods for the synthesis of defect-free and uniform

MMMs with high separation performance is still a scientific and practical challenge.

Herein, a drying-free process to fabricate ZIF-8@PDMS/PVDF nanofibrous composite
membrane for phenol removal in the aqueous-aqueous membrane extractive processes was
proposed. In this method, the newly-grown ZIF-8 nanofillers were directly introduced into

the PDMS solution without intermediate drying process. Under the steric effect of solvent



shell around the newly-grown ZIF-8 nanocrystals, the subsequent interaction and aggregation
of the nanofillers could be prevented, thus forming a uniformly distributed ZIF-
8@PDMS/PVDF nanofibrous composite membranes, as schematically illustrated in Fig. 1.
The resultant membranes were characterized by FESEM, FTIR, XRD and XPS to study the
chemico-physical properties, and their phenol separation performances in aqueous-agqueous
membrane extraction process were examined to investigate the impact of ZIF-8 nanofillers
loading. An organophilic-assisted “bi-mode” transport mechanism was proposed to describe
the phenol transport process through the ZIF-8@PDMS/PVDF nanofibrous composite
membranes. This study aims to offer an opportunity to exploit the desired characteristics of
inorganic and organic materials for fabricating a highly-efficient ZIF-8@PDMS/PVDF
nanofibrous composite membranes, for phenol removal from wastewater via the aqueous-

aqueous membrane extractive process.
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Fig. 1. Schematic illustration of drying-free process for preparation of ZIF-8@PDMS/PVDF

nanofibrous composite membranes

2. Experimental

2.1. Materials and chemicals



Polyvinylidene fluoride (PVDF) (Kynar HSV900) was supplied by Arkema and employed as
the substrate material. Hydroxyl-terminated polydimethylsiloxane (PDMS, viscosity: 18000-
22000 cSt), tetraethyl orthosilicate (TEOS), dibutyltin dilaurate (DBTDL), zinc nitrate
hexahydrate (reagent grade, 98%) and 2-methylimidazole (green alternative, 99%) were
supplied by Sigma Aldrich. Acetone (Fisher Scientific), n-hexane (Merck chemicals), N,N-
dimethyl formamide (DMF, Merck chemicals) and ethanol (EMSURE® ACS, 1SO, Reag. Ph
Eur., Sigma Aldrich) were used as solvents. Glycerol (85% aqueous solution, Merck
chemicals) was mixed with deionized water (DI water, purified by a Milli-Q system,
Millipore Co. Singapore) to prepare the substrate pre-wetting agent. Sodium chloride (Merck
chemicals) and phenol (> 99%, Sigma Aldrich) were employed to prepare feed solution. All

the reagents were used directly without further treatment.

2.2. Synthesis of ZIF-8 nanofillers

ZIF-8 nanofillers were synthesized following a modified literature procedure [41]. Briefly, a
clear solution of Zn(NO3),-6H,0 (0.11 g) in ethanol (25 mL) was poured into another clear
solution of 2-methylimidazole (Hmim, 2.27 g) in ethanol (50 mL) under stirring, which was
continued and stopped after 5 h to produce a homogeneous ZIF-8 suspension. The as-
prepared ZIF-8/ethanol suspension was centrifuged and washed with fresh ethanol for three
times to remove residues of unreacted reagents and by-products. It was further washed with
fresh n-hexane and centrifuged for three times in order to enhance the compatibility with the
PDMS/n-hexane solution. Subsequently, without the drying step, the as-washed ZIF-8
nanofillers were directly re-dispersed in n-hexane with a pre-determined concentration for
later usage. For comparison, a batch of the as-washed ZIF-8 nanofillers was dried under
vacuum at 50 °C overnight (12 h) to afford the pre-formed ZIF-8 nanofillers.

2.3. Preparation of ZIF-8@PDMS MMMs

10 wt% PDMS precursor was first dissolved in n-hexane and stirred at room temperature for
1 h. A pre-determined amount of the as-prepared homogeneous ZIF-8/n-hexane suspension
was transferred into a separate glass bottle, followed by adding the PDMS precursor/n-
hexane solution dropwise into the container under stirring via a “prime” technique [42]. The
mixed ZIF-8/PDMS suspension was stirred vigorously for another 1 h. Subsequently, the
cross-linker TEOS (5 wt%) and catalyst DBTDL (1 wt%) were added into the suspension and
stirred vigorously for several minutes until the suspension became viscous. The mixture was

immediately poured into an aluminum petri dish. Complete solvent evaporation at room
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temperature followed by heat cure in an oven at 80 °C for 24 h produced the ZIF-8@PDMS
MMM which was peeled off the petri dish for subsequent study. For comparison, the ZIF-
8@PDMS MMM with intermediate drying process was also prepared. The major difference
was that the collected ZIF-8 nanofillers after drying process (50 °C for 12 h) were added into
PDMS precursor/n-hexane solutions, instead of the ZIF-8/n-hexane suspension without
intermediate drying process. Moreover, the pristine PDMS dense membrane was also
prepared by using the same method without ZIF-8 nanofillers loading. All the resultant ZIF-
8@PDMS MMMs and the pristine PDMS dense membrane were 400 + 30 um thick, to
ensure the nearly same effects of membrane thickness on mass transfer resistance for phenol

molecules’ transporting.

2.4. Preparation of ZIF-8@PDMS/PVDF nanofibrous composite membranes

A tiered PVDF nanofibrous membrane was fabricated by electrospinning and used as the
membrane substrate [10]. The resultant electrospun nanofibrous substrate was pre-wetted by
sequential immersion in 80 wt% aqueous ethanol solution, DI water and 75 wt% glycerol
aqueous solution (final pre-wetting agent). The pre-wetted substrate was then fixed onto a
clean glass plate with tape, while the residual pre-wetting liquid on the substrate surface was
quickly removed by a filter paper. Meantime, the coating solution (ZIF-8/PDMS suspension,
5 wt% PDMS) was being prepared following the protocol described above for the MMM
fabrication. The coating solution was partially pre-cross-linked to reach an optimum viscosity,
in order to ensure a thorough and homogeneous mixing of ZIF-8 nanofillers and PDMS, and
to mitigate solution intrusion into the substrate pores upon coating. Subsequently, the
partially pre-cross-linked viscous coating solution was spread onto the substrate surface
immediately using an automatic film applicator (Elcometer 4340, Elcometer Asia Pte. Ltd.)
with a knife height of 50 um. Evaporation of the solvent residue in a fumehood for 30 min
followed by curing in an oven at 80 °C for 24 h afforded the ZIF-8@PDMS/PVDF
nanofibrous composite membrane. The resultant composite membrane was detached from the
glass plate and immersed in an 80 wt% aqueous ethanol solution (10 min) followed by DI
water prior to usage. For comparison, the pristine PDMS/PVDF nanofibrous composite

membrane was fabricated in the same way.

2.5. Membrane Characterizations
A field emission scanning electron microscope (FESEM, JSM-7600F, JEOL Asia Pte Ltd,

Japan) was employed to observe the surface and cross-sectional morphologies of the samples.
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The associated energy dispersive X-ray spectroscopy (EDX) equipment was used to analyze
the distribution of ZIF-8 nanofillers in the PDMS matrix as well as the PDMS intrusion
degree into the substrate pores. The thickness of the top skin layer of the nanofibrous
composite membrane was estimated from the FESEM cross-sectional images. The ZIF-8
particle size distribution in ethanol at 25 °C was measured by a dynamic light scattering
(DLS) device (Malvern Zetasizer Nano, DKSH Technology Pte Ltd). X-ray diffraction (XRD)
patterns of the ZIF-8 nanofillers and membranes were obtained on a Bruker D8 Advance
diffractometer (Cu-Ko X-ray radiation, A = 1.54 A) over 5-50° with a 0.02° step size. A
Fourier transform infrared (FTIR) spectrophotometer (IRPrestige-21 FTIR, Shimadzu, Japan)
was employed to analyze the chemical structures of the ZIF-8 nanofillers (KBr mode:
compacted powder tablet, 1 wt% sample + 99 wt% KBr) and membranes (ATR mode:
attenuated total reflectance) with a resolution of 4 cm™ and 45 scans. The ZIF-8 nanofillers
were dried under vacuum at 50 °C for 24 h prior to XRD and FTIR tests. The chemical
composition and states were investigated by X-ray photoelectron spectroscopy (XPS, Thermo
ESCALAB 250). The XPS spectrum was analyzed by CasaXPS software, and the C 1s peak
with the corrected energy at 284.5 eV was used as the reference for spectral calibration. The
morphology of ZIF-8 nanofillers was visualized using field emission transmission electron
microscopy (FE-TEM, JEM 2100 F, JEOL) under 200 KV acceleration voltage.

2.6. Agueous-aqueous membrane extractive experiments

Aqueous-aqueous phenol extractive tests were carried out for the fabricated membranes for
24 h based on a modified procedure [18]. The feed solution comprised 1000 ppm phenol and
5 g/L NaCl in DI water while the receiving solution was DI water. The membranes were
mounted into the flat sheet membrane modules with an effective membrane area of 9 cm?.
The phenol mass transfer efficiency was characterized by overall mass transfer coefficient

(OMTC), ko (m/s), which was calculated by the equation
ko= (52 V/(A % (Ce— C) (1)
where C.and C; (g/m®) were the phenol concentrations at receiving and feed sides respectively

at time ¢ (s), V. (m®) was the receiving solution volume, and A (m?) was the effective

membrane area.



NaCl flux was recorded to reflect the rejection of water and salts, which was determined by
the equation

Js=Ac*V/(At x A) 2
Where J, (mg/m?-h) was NaCl flux, Ac (mg/L) was NaCl concentration difference in the
receiving solution with volume V (L) during time interval At (h), and A (m?) was the effective
membrane area. NaCl concentrations were measured by an inductively coupled plasma
optical emission spectrometer (ICP-OES). The feed and permeate chamber volumes of 1 L
each were used in this study. The feed and permeate phenol concentrations were measured by
high-performance liquid chromatography (HPLC, SHIMADZU, Inertsil OD-3 C18 column)
periodically. A plot of phenol concentration against time showed an exponential change of
concentration with respect to time for both the feed and permeate sides. Over the initial
period of the experiments, the concentration versus time curves were approximately linear

and almost levelled off at a longer time.

Long-term aqueous-aqueous phenol extractive tests were conducted for the nanofibrous
composite membranes for over 360 h in order to examine the membrane stability. The feed
and receiving solutions were refreshed daily to maintain the same phenol concentration

gradient during the long-term process.

3. Results and discussion

3.1. Drying-free effect on dispersion of ZIF-8 nanofillers

To demonstrate colloidal stabilities of the ZIF-8 nanofillers, suspensions with and without the
drying process, but containing the same amount of ZIF-8 nanofillers were examined for 12 h,
as shown in Fig. 2. It could be observed that the phase separation and intrinsic aggregation of
ZIF-8 nanofillers after drying process rendered it difficult to obtain a good dispersion. In
contrast, for the drying-free ZIF-8 colloidal suspension, the nanofillers could be evenly
dispersed for at least 12 h at room temperature, indicating a better colloidal stability with
narrower and smaller particle size distribution of 180 nm (Fig. 2B). The TEM
characterizations of dispersed ZIF-8 nanofillers with and without drying processes were
carried out. It could be observed that severe aggregation occurred for the ZIF-8 nanofillers
after drying process, forming large particles with an average diameter more than 300 nm, as
evidenced by black agglomerates (Fig. 2C). The high-resolution TEM image shows a large

particle composed of small nanoparticles with clear crystal lattice fringes, further confirming
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the successful synthesis of crystalline ZIF-8 particles. For the drying-free ZIF-8 nanofillers,
the monodispersed particles with an average diameter of ~20 nm were obtained, further
verifying the better colloidal stability with evenly dispersed ZIF-8 nanofillers without
aggregation.

s e -

Fig. 2. Characterizations (A) Photo image of ethanol-based ZIF-8 suspensions after 12 h

standing prepared by (B) drying-free and (C) conventional drying-redispersion processes.
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The better uniformity of the drying-free ZIF-8 colloidal suspension can be explained as
follows: the newly-grown ZIF-8 nanofillers are surrounded by solvent shell since nucleation,
which prevents interaction and aggregation of the randomly-moved nanoparticles with each
other [43]. Conversely, ZIF-8 nanofillers tend to agglomerate during the drying process, and
this instability is mainly due to the reaction of Zn-imidazole groups on the surface among
themselves, forming strong covalent Zn-imidazole-Zn bonds between the particles during
drying process [44, 45]. Moreover, the formed aggregates cannot be easily separated upon
subsequent re-dispersion of the nanofillers, resulting in significant agglomeration and
sedimentation in the ZIF-8 colloidal suspension prepared by the conventional drying and
redispersion process [46]. The good colloidal stability of ZIF-8 suspension prepared in the
drying-free process is a critical factor for fabricating a uniform, and defect-free MMMs,
which will be discussed in details in section 3.2.

3.2. Chemico-physical characterization of ZIF-8@PDMS MMMs

In order to visually investigate the interfacial interactions between ZIF-8 nanofillers and
PDMS matrix, FESEM characterization was carried out on the ZIF-8@PDMS MMMs
prepared by drying-free process, with different ZIF-8 nanofillers loadings (0, 1, 4 and 8 wt%),
namely ZIF-8@PDMS-0 (pristine PDMS membrane), ZIF-8@PDMS-1, ZIF-8@PDMS-4,
and ZIF-8@PDMS-8. As observed in the surface FESEM image (Fig. 3A), the pristine
PDMS membrane possessed a smooth surface without defect. After adding 1 wt% ZIF-8, the
ZIF-8@PDMS-1 MMM with low coverage of ZIF-8 nanofillers wrapped in the PDMS matrix
was obtained (Fig. 3B). When the ZIF-8 loading was increased to 4 wt%, more ZIF-8
nanofillers were embedded and homogeneously distributed in the PDMS matrix, forming a
continuous membrane structure (Fig. 3C). Moreover, it should be noting that the nanofillers
were almost integrated with the polymer phase without obvious interfacial defects, implying
excellent compatibility between ZIF-8 nanofillers and PDMS. The absence of interfacial
defects will be further confirmed by the aqueous-aqueous phenol extractive test, as discussed
in Section 3.3. However, by incremental addition of ZIF-8 to 8 wt%, micrometer-sized ZIF-8
fillers (1-2 um) were observed in the membrane (ZIF-8@PDMS-8), as shown in Fig. 3D. The
formation of large ZIF-8 particles could be attributed to particle aggregation at high ZIF-8
loading, where the probability of particle-particle interaction and collision was increased,
leading to more severe particles aggregation in the resultant MMM. In order to further study
the drying-free effect on MMM microstructures, the conventional mZIF-8@PDMS-4 MMM
prepared with intermediate drying process was also characterized, as shown in Fig. 3E. By
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comparison with the Fig. 3C (ZIF-8@PDMS-4 prepared with the drying-free process), the
severe ZIF-8 nanofillers agglomeration, as well as some interfacial defects and cracks along
the embedded nanofillers could be observed. The results further proved the drying-free
process led to the formation of a homogeneous ZIF-8@PDMS MMMs, possibly due to that
the nanoscale and better dispersed ZIF-8 nanofillers enabled good compatibility with PDMS
matrix [47, 48]. Moreover, the results also implied that a moderate ZIF-8 nanofillers loading
of 4 wt% was optimum for the preparation of uniform ZIF-8@PDMS MMMs, and thus ZIF-
8@PDMS-4 MMM was selected for further XRD and FTIR characterizations.

Fig. 3. Surface FESEM images of the ZIF-8@PDMS MMMs prepared without drying
process: (A) ZIF-8@PDMS-0 (pristine PDMS membrane); (B) ZIF-8@PDMS-1 (1 wt% ZIF-
8); (C) ZIF-8@PDMS-4 (4 wt% ZIF-8),(D) ZIF-8@PDMS-8 (8 wt% ZIF-8) and
conventional (E) mZIF-8@PDMS-4 (4 wt% ZIF-8) MMM prepared with intermediate drying

process.
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As shown in Fig. 4A, the XRD pattern confirmed that the synthesized ZIF-8 nanofillers were
crystalline, corresponding to a typical sodalite structure [49]. The shift of peak at 26 of 18.3°
in ZIF-8@PDMS-4, relative to the pure ZIF-8 with index (222), could be attributed to the
preferential orientation of the nanocrystals in the polymer matrix [50]. In the FTIR pattern of
ZIF-8@PDMS-4 (Fig. 4B), the signature bands of both ZIF-8 nanofillers and PDMS could be
identified. It could be observed that the characteristic peaks of C-H and Si-O stretching
vibrations at 1100 and 2964 cm™, and the characteristic peaks of N-H, C=N and C-N
stretching vibrations at 1307, 1580 and 1420 cm™ in ZIF-8@PDMS-4 MMMs were shifted,
by comparison with the pure PDMS membrane and ZIF-8 nanofillers, suggesting that
chemical interaction had occurred between the incorporated ZIF-8 nanoparticles and PDMS
matrix [44]. Moreover, the in-plane bending of the ZIF-8 imidazole ring at 900-1350 cm™
was not well pronounced as it was marked by the strong Si-O-Si bands of PDMS. The results
not only illustrated the excellent nanocrystal structure of ZIF-8@PDMS MMMs, but also
implied that ZIF-8 incorporation has no adverse influence on the essential structure of the
PDMS matrix. In summary, it could be demonstrated that the ZIF-8 nanofillers were well
synthesized, and their interaction between ZIF-8 nanofillers and PDMS matrix was favorably

conducted.
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Fig. 4. (A) XRD and (B) FTIR patterns of pristine PDMS membrane, ZIF-8@PDMS-4 and
pure ZIF-8 nanocrystals, where the % and A representing the characteristic XRD or FTIR
peaks of ZIF-8 and PDMS, respectively.

The bonding mechanism of ZIF-8@PDMS MMMs was further confirmed by XPS analysis,

as shown in Fig. 5. From Fig. 5A, no evident signal of Zn element could be detected on the
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surface of pristine PDMS membrane. In contrast, for the ZIF-8@PDMS MMMs, the main
peak at 1021.7 eV (Zn 2p,s3) corresponding to Zn®* of the ZIF-8 structure in crystals could be
observed [51]. On the other hand, as shown in Fig. 5B, the characteristic peak of O 1s
consisting of three peaks located at 531.5, 532.0 and 534.0 eV was detected, corresponding to
the hydroxyl groups bound to Zn sites (-OH/H,0), O-Si-O bonds in PDMS polymeric chain,
and zinc oxide coordinated with Zn [52]. In the C region (Fig. 5C), the main components
appeared at 284.4 and 286.2 eV are consistent with the typical C-Si bonds in PDMS, and -
CHs; bonds from the ligand of methylimidazole of ZIF-8 and/or the PDMS matrix [53]. By
comparison with the spectra of pristine PDMS membrane, it could be observed that the peak
intensity of ZnO and -CHs increased, and this was likely due to the coordination of Zn®* and

methylimidazole from ZIF-8 with PDMS matrix.
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Fig. 5 The XPS characterization of (A) Zn 2p; (B) O 1s; and (C) C 1s on ZIF-8@PDMS-4
MMM and pristine PDMS membrane; and the corresponding curve fittings of ZIF-
8@PDMS-4 MMM.

According to the above results, it is believed that the formation of the ZIF-8@PDMS MMM
is based on the following mechanism: the inorganic ZIF-8 nanofillers could coordinate with
siloxane chains of PDMS via molecular interaction of lone pair electrons from Si-O bonding
together with the hydrogen bonding from N-H and -OH from ZnO [32, 54], and finally
individually immobilized in polymer PDMS matrix during ZIF-8@PDMS crosslinking and

gelation process.

3.3. Agueous-aqueous membrane extractive performance of ZIF-8@PDMS MMMs

The aqueous-aqueous phenol extractive test was conducted for evaluating the separation
performance of ZIF-8@PDMS MMMs (c.a. 400-um thick) with different ZIF-8 nanofillers
loadings (0, 1, 2, 4 and 8 wt%). The phenol extractive performance was determined by the
overall mass transfer coefficient (OMTC, ko) of phenol, while NaCl flux was recorded to
reflect the rejection of water and salts. As shown in Fig. 6, the ky values of the prepared
MMMs increased with the increasing of ZIF-8 nanofillers loading amount from 0-4 wt%,
while NaCl flux maintained at a negligible level of 8 mg/m?-h. By comparison with the
pristine PDMS membrane (ko, 1.71 + 0.04 x 107 m/s), the ZIF-8@PDMS-4 exhibited a k, of
2.61 + 0.05 x 107 m/s, showing 53% increment. The negligible and unchanged NaCl flux
upon ZIF-8 incorporation (0-4 wt%) indicated the excellent interfacial compatibility between
ZIF-8 nanofillers and PDMS matrix without defect, effectively preventing the transport of
water molecules and salts through the MMMs [55]. Moreover, according to literature, the
effect of ionic strength on the mass transfer of organic permeates could be explained as
follows: (1) on one hand, the physical properties such as density and viscosity of the solution,
as well as the transport and equilibrium properties such as partition coefficient and diffusion
will be altered with the salt concentration. The presence of NaCl will thus mainly affect the
resistance in the hydrodynamic boundary layer (HBL) at the membrane surfaces; (2) on the
other hand, as phenol is less hydrophobic, the membrane resistance will become dominant

over the HBL resistance, contributing mainly to the overall mass transfer resistance [56, 57].
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In this study, we incorporated ZIF-8 nanofillers into PDMS matrix for phenol recovery from
aqueous NaCl solution, where both ZIF-8 and PDMS matrix are intrinsically hydrophobic in
nature, thus the aqueous NaCl does not affect the phenol permeation significantly, especially

at a relatively low concentration of 5 g/L in aqueous-aqueous membrane extraction test.
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Fig. 6. The effect of ZIF-8 loadings (0, 1, 2, 4 and 8 wt%) on the aqueous-aqueous phenol
extractive performance of ZIF-8@PDMS MMMs.

However, when the ZIF-8 doping amount further increased to 8 wt%, a decrease in kg (2.02 £
0.04 x 107" m/s) and a simultaneous increase in NaCl flux (27 mg/m?-h) were observed. The
deteriorated extractive performance could be attributed to polymer chain rigidification near
the PDMS-ZIF-8 interface as well as partial pore blockage of ZIF-8 by PDMS chains at high
ZIF-8 loading [58, 59], hampering the solution-diffusion and pore-flow modes for phenol
transport. Moreover, significant ZIF-8 aggregates generated in ZIF-8@PDMS-8 (Fig. 3D)
could promote the formation of microscopic non-selective interfacial voids between ZIF-8
and PDMS, leading to the increased passage of water molecules and salts [60]. Therefore, it
could be concluded that a ZIF-8 nanofillers loading of 4 wt% is optimum for fabricating a
ZIF-8@PDMS MMM with the highest ko and negligible NaCl flux. This optimum MMM
formulation will be adopted for the subsequent development of a high-performance ZIF-
8@PDMS/PVDF nanofibrous composite membrane for phenol removal in an agqueous-

aqueous membrane extractive process.

17



According to the above results, the organophilic-assisted “bi-mode” transport mechanism
could be proposed for phenol transfer through the membrane, as illustrated in Fig. 7, namely:
(1) a solution-diffusion transport mode is applied in the dense PDMS phase of the MMM
(Fig. 7A) akin to that in the pristine PDMS membrane [10, 19, 34]. Due to the
organophilicity of PDMS, phenol molecules can preferentially transfer through the free
volume of the dense PDMS phase where water molecules and salts are essentially retained; (2)
a pore-flow transport mode is possible in the microporous ZIF-8 phase of the MMM (Fig. 7B)
[25]. Although the aperture size of ZIF-8 is estimated to be 3.4 A, an exceptionally high
capacity for phenol molecules (kinetic diameter of 5 A) was measured for the ZIF-8
nanofillers, indicating a very flexible rather than a rigid framework structure, as shown in Fig.
6. Owing to the structural flexibility of ZIF-8 nanofillers, phenol molecules can access the
ZIF-8 nanofillers inner channels via “gate-opening” mechanism [28, 29]. On the other hand,
both ZIF-8 and PDMS matrix are intrinsically hydrophobic in nature with low water uptake
capacity. In addition, the relatively dense microstructure of ZIF-8 with an aperture size of 3.4
A implies a very high critical entry pressure for water molecules infiltration. The molecular
sieving effect based on hydrophobicity ensures the exclusive passage of phenol molecules
through the ZIF-8 cages, while the water molecules were rejected. Therefore, the transfer of
the smaller water molecules through the ZIF-8 nanofillers channels is not favored ascribed to
the intrinsic hydrophobic nature of ZIF-8 nanofillers inner cages, which supposedly possess

much smaller mass transfer resistance than the dense PDMS phase.[25]

Moreover, the organophilic effect is present throughout the entire MMM (Fig. 7C). Dense
PDMS phase can interact with phenol through hydrogen bonding (O atoms from
dimethylsiloxane backbones [(CH3)2-Si-O2,] and quaternary-siloxy cross-links [Si-O4p] of
PDMS with hydroxyl groups [-OH] of phenol) and Van der Waals force (dimethylsiloxane
backbones of PDMS with phenyl rings of phenol) [19]. On the other hand, hydrogen bonding
(N atoms from imidazole rings of ZIF-8 with hydroxyl groups of phenol) as well as n-n
stacking (imidazole rings of ZIF-8 with phenyl rings of phenol) exist between microporous
ZIF-8 phase and phenol [31]. The organophilic effect provided by dense PDMS phase and
microporous ZIF-8 phase can play a vital role in enhancing the affinity of phenol towards the
MMM. Therefore, the organophilic-assisted (1) solution-diffusion and (2) pore-flow modes
are expected to significantly improve the phenol transfer efficiency through the ZIF-

8@PDMS MMM in comparison with the pristine PDMS membrane where only the solution-
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diffusion mechanism is present.
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Fig. 7. Schematic diagram of an aqueous-aqueous phenol extractive process based on an
organophilic-assisted “bi-mode” transport mechanism for a ZIF-8@PDMS MMM.

3.4. Aqueous-aqueous membrane extractive performance of ZIF-8@PDMS/PVDF
nanofibrous composite membranes
We next deposited ZIF-8@PDMS-4 MMMs onto PVDF nanofibrous substrates to further
enhance the aqueous-aqueous phenol extraction efficiency in practical application. As
observed in the surface FESEM image (Fig. 8A), the PVDF electrospun nanofibrous
substrate exhibited a highly porous (bulk porosity > 80%) structure with a tightened surface
of ultrafine nanofibers (diameter 70 + 15 nm), which would be beneficial to lower the overall
composite membrane resistance significantly [10]. Upon coating by a ZIF-8/PDMS
suspension (4 wt% ZIF-8), a uniform and defect-free skin layer was obtained on the top of
the nanofibrous support as shown in Fig. 8B. The ZIF-8 nanofillers were embedded and
distributed uniformly in the PDMS matrix without severe agglomeration, where the results
were in accordance with the ZIF-8@PDMS-4 MMM as previously discussed (Fig. 3C). As
shown in the cross-sectional FESEM image of the ZIF-8@PDMS-4/PVDF nanofibrous
composite membrane (Fig. 8C), a coherent (c.a. 13 um) skin layer was formed on the surface
of the highly porous nanofibrous support, with ZIF-8 nanofillers embedded in the PDMS
matrix. Besides, it could also be observed that the intrusion of the deposited skin layer into
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the substrate was well-controlled. This highly intercalated interface further ensured the strong
bonding between the ZIF-8@PDMS-4 MMM and PVDF support.

Fig. 8. Surface FESEM images of (A) a tiered PVDF electrospun nanofibrous support; (B)
ZIF-8@PDMS-4/PVDF nanofibrous composite membrane M1; and (C) cross-sectional
FESEM image of M1.

EDX analyses (Fig. 9) were conducted to further examine the ZIF-8 nanofillers distribution
in the skin layer of the nanofibrous composite membrane M1. In the surface EDX maps (Fig.
9A), the continuous carbon and silicon signals represented the PDMS matrix, while the
scattered zinc signal indicated the presence of ZIF-8 nanofillers. The Zn elemental map
suggested a homogeneous distribution of ZIF-8 nanofillers on the membrane surface with
insignificant aggregation. This was further verified by the cross-sectional EDX analysis of
the composite membrane (Fig. 9B), where the zinc signal was detected in the skin layer with
high uniformity. In addition, silicon was only observed until a depth of c.a. 15 pum from the
skin surface, indicating little intrusion of the skin layer into the substrate pores, which also
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led to an enhancement in bonding performance for ZIF-8@PDMS-4/PVDF nanofibrous

composite membrane.

(A)

50pum

Fig. 9. (A) surface and (B) cross-sectional EDX analyses of ZIF-8@PDMS-4/PVDF

nanofibrous composite membrane M1.

S0um

When the nanofibrous ZIF-8@PDMS-4/PVDF composite membrane was tested in an
aqueous-aqueous phenol extractive process for 24 h, it exhibited an exceptionally high ko of
35.7 + 1.1 x 107 m/s, doubling that obtained from the pristine counterpart (denoted as M2: kq,
16.9 + 1.3 x 107" m/s) tested under the same operating condition (Table 1). Meantime, NaCl
flux of composite membrane M1 (12.3 + 0.4 mg/m? h) was maintained at a negligible level
similar to M2 (11.8 + 0.4 mg/m? h). This remarkable performance enhancement further

demonstrated the superiority of incorporating ZIF-8 nanofillers in the PDMS matrix, and this
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could be ascribed to the proposed organophilic-assisted “bi-mode” synergistic transport effect

as previously discussed in section 3.3.

Table 1. Aqueous-aqueous phenol extractive performance of nanofibrous composite

membranes.
) Skin thickness NacCl flux
Membrane Code Skin layer ko (E-07m/s
y (um) o ) (mg/m?h)
M1 ZIF-8@PDMS 13.2+1.1 3b7+1.1 12.3+04
M2 PDMS 11.8+0.9 169+1.3 11.8+0.4

The stability of the developed nanofibrous composite membrane M1 was tested in an
aqueous-aqueous phenol extractive process for a prolonged time (> 360 h) and the
performance was compared with that of the pristine counterpart M2. As shown in Fig. 10,
membrane M1 exhibited a steady performance throughout the whole examining period with
an average daily ko of 36.0 + 0.3 x 10" m/s, doubling that obtained from the membrane M2
(16.8 + 0.2 x 107 m/s). Meantime, NaCl flux was maintained at a similarly low level (11.6 +
1.6 mg/m*h). This long-term high-performance stability revealed the sound structural
integrity of M1 as well as the durability of ZIF-8 as fillers in the PDMS matrix under current

testing conditions.
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Fig. 10. Long-term performance of the nanofibrous composite membranes M1 and M2.

3.5. Comparison of aqueous-aqueous phenol extractive performance of various

membranes
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The aqueous-aqueous phenol extractive performance of the newly-developed nanofibrous
composite membrane M1 was compared with that of a commercial tubular silicone rubber
membrane, PDMS-based TFC membranes and PDMS-coated PVDF nanofibrous composite
membranes developed in our previous studies, as shown in Table 2. For all the works cited in
this table, the permeate chambers were filled with water, similar to the condition used in the
aqueous-aqueous phenol extraction test in this study. It could be seen that the composite
membrane M1 developed in this work outperformed most of the precedent membranes in
terms of phenol overall mass transfer coefficient, showing the enhanced performance of
phenol removal in an aqueous-aqueous membrane extractive process up to date. The
remarkable performance enhancement indicated that the resultant ZIF-8@PDMS/PVDF
nanofibrous composite membranes could be promising to be applied in aqueous-aqueous

membrane extractive processes to remove other types of organic pollutants.
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Table 2. Comparison of aqueous-agqueous phenol extractive performance of various membranes.

PDMS thickness Substrate pore  Feed solution OMTC, ko
Membrane type _ o Reynolds number Reference
(um) size (um) condition (E-07 m/s)
#1 Tubular silicone rubber 1000 ppm phenol 12000 (feed side)
500 N.A. _ S 1.0 [14], 1995
membrane solution 4700 (receiving side)
#2 Tubular silicone rubber 1000 ppm phenol 12000 (feed side)
250 N.A. _ o 1.7 [14], 1995
membrane solution 4700 (receiving side)
#3 PDMS/PES TFC tubular ) 7500 (feed side)
0.1-10 phenol solution S 12 [17], 2002
membrane 2700 (receiving side)
#4 PDMS/PEI TFC-HF 1000 ppm phenol, )
0.5-2 0.05 1000 (both sides) 32 [18], 2016
membrane 50 g/L NaCl
_ 1000 ppm phenol,
#5 PDMS/PVDF nanofibrous )
_ 55 0.3-0.6 1 M HCI, 400 (both sides) 9.3 [10], 2017
composite membrane
50 g/L NaCl
#6 PDMS/PVDF nanofibrous 1000 ppm phenol, )
_ 0.3-0.6 270 (both sides) 18 [19], 2018
composite membrane 5 g/L NaCl
#7 ZIF-8@PDMS/PVDF
_ _ 1000 ppm phenol, ] Current
nanofibrous composite 13 0.3-0.6 300 (both sides) 36
5 g/L NaCl work

membrane

24



4. Conclusions

A highly-efficient ZIF-8@PDMS/PVDF nanofibrous composite membrane was designed and
fabricated by direct incorporation with the drying-free process for phenol removal in an
aqueous-aqueous membrane extractive process. The nanoscaled dispersion of ZIF-8
nanofillers distributed throughout the PDMS matrix could be obtained via the drying-free
process. The newly-developed nanofibrous composite membrane exhibited a remarkable kq of
35.7 + 1.1 x 10" m/s in an aqueous-aqueous phenol extractive test, and the high extractive
performance was maintained for more than 360 h without a drop in salt rejection. The
appealing outcome was believed to be realized by organophilic-assisted “bi-mode”
synergistic effects, namely: (1) the solution-diffusion, (2) the pore-flow modes for phenol
molecules favorably passing through the ZIF-8@PDMS/PVDF nanofibrous composite
membranes. The drying-free strategy for incorporating filler materials in the polymer matrix
has contributed to the development of high-performance ZIF-8@PDMS/PVDF nanofibrous

composite membranes for diverse membrane separation processes.
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PVDF nanofibrous ZIF-8@PDMS/PVDF Nanoscale

support nanofibrous composite dispersion of ZIF-8 in
membrane PDMS matrix
& zr8 &g ethanol  \_~ PDMS chain

Fig. 1. Schematic illustration of drying-free process for preparation of ZIF-8@PDMS/PVDF

nanofibrous composite membranes.
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Fig. 2

standing prepared by (B) drying-free and (C) conventional drying-redispersion processes.
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Fig. 3

Fig. 3. Surface FESEM images of the ZIF-8@PDMS MMMs prepared without drying
process: (A) ZIF-8@PDMS-0 (pristine PDMS membrane); (B) ZIF-8@PDMS-1 (1 wt% ZIF-
8); (C) ZIF-8@PDMS-4 (4 wt% ZIF-8),(D) ZIF-8@PDMS-8 (8 wit% ZIF-8) and
conventional (E) mZIF-8@PDMS-4 (4 wt% ZIF-8) MMM prepared with intermediate drying

process.
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Fig. 4
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Fig. 4. (A) XRD and (B) FTIR patterns of pristine PDMS membrane, ZIF-8@PDMS-4 and
pure ZIF-8 nanocrystals, where the % and A representing the characteristic XRD or FTIR
peaks of ZIF-8 and PDMS, respectively.
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Fig. 5
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Fig. 5 The XPS characterization of (A) Zn 2p; (B) O 1s; and (C) C 1s on ZIF-8@PDMS-4
MMM and pristine PDMS membrane; and the corresponding curve fittings of ZIF-
8@PDMS-4 MMM.
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Fig. 6
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Fig. 6. The effect of ZIF-8 loadings (0, 1, 2, 4 and 8 wt%) on the aqueous-aqueous phenol
extractive performance of ZIF-8@PDMS MMMs.
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Fig. 7. Schematic diagram of an aqueous-aqueous phenol extractive process based on an

organophilic-assisted “bi-mode” transport mechanism for a ZIF-8@PDMS MMM.
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Fig. 8

Sy A

Fig. 8. Surface FESEM images of (A) a tiered PVDF electrospun nanofibrous support; (B)
ZIF-8@PDMS-4/PVDF nanofibrous composite membrane M1; and (C) cross-sectional
FESEM image of M1.
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Fig. 9

Fig. 9. (A) surface and (B) cross-sectional EDX analyses of ZIF-8@PDMS-4/PVDF

nanofibrous composite membrane M1.
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Fig. 10
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Fig. 10. Long-term performance of the nanofibrous composite membranes M1 and M2.
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Table 1. Aqueous-aqueous phenol extractive performance of nanofibrous composite

membranes.
Membrane . Skin thickness NaCl flux
Code Skin layer (um) ko (E-07m/s) (mg/m?h)
M1 ZIF-8@PDMS 13.2+1.1 35.7+1.1 12.3+04
M2 PDMS 11.8+0.9 169+1.3 11.8+0.4

43



Table 2. Comparison of aqueous-agqueous phenol extractive performance of various membranes.

PDMS thickness Substrate pore  Feed solution OMTC, ko
Membrane type _ o Reynolds number Reference
(um) size (um) condition (E-07 m/s)
#1 Tubular silicone rubber 1000 ppm phenol 12000 (feed side)
500 N.A. _ S 1.0 [14], 1995
membrane solution 4700 (receiving side)
#2 Tubular silicone rubber 1000 ppm phenol 12000 (feed side)
250 N.A. _ o 1.7 [14], 1995
membrane solution 4700 (receiving side)
#3 PDMS/PES TFC tubular ) 7500 (feed side)
0.1-10 phenol solution o 12 [17], 2002
membrane 2700 (receiving side)
#4 PDMS/PEI TFC-HF 1000 ppm phenol, )
0.5-2 0.05 1000 (both sides) 32 [18], 2016
membrane 50 g/L NaCl
_ 1000 ppm phenol,
#5 PDMS/PVDF nanofibrous )
_ 55 0.3-0.6 1 M HCI, 400 (both sides) 9.3 [10], 2017
composite membrane
50 g/L NaCl
#6 PDMS/PVDF nanofibrous 1000 ppm phenol, )
_ 0.3-0.6 270 (both sides) 18 [19], 2018
composite membrane 5 g/L NaCl
#7 ZIF-8@PDMS/PVDF
_ _ 1000 ppm phenol, ] Current
nanofibrous composite 13 0.3-0.6 300 (both sides) 36
5 g/L NaCl work

membrane

44



