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ARTICLE INFO ABSTRACT
Article history: Biofouling is a pivotal problem for polymeric membranes used in water treatment and reuse. Surface
Received 17 March 2022 functionalization is a promising practice to improve the resistance of membranes to biofouling. Diverse

l]{gcjei"edzgnzge"ise‘j form materials, synthesis methods, and functionalization techniques will be needed to address different ap-
une

plications. Herein, we employed a novel ultrasonic-assisted technique to functionalize polyvinylidene
Accepted 13 June 2022 . . U o X .
Available online 18 July 2022 fluoride microfiltration membranes by silver-based metal-organic frameworks (AgMOFs). Polydopamine
(PDA) coating was also used to carry out this surface modification. In this study, AgMOFs were syn-
thesized and in-situ grafted on the membrane surface simultaneously using ultrasonication for the first

Igﬁ{ggerd:r'wdiﬁcation time. Unlike the conventional methods in which AgMOFs are prone to be washed away, the AgMOFs
Antibacterial activities synthesized by ultrasonic-assisted method strongly bonded with the PDA-coated membrane. In addition,
Biofouling the MOF-PDA membrane fabricated by this method showed more uniform and size-controlled AgMOFs
Microfiltration on the membrane surface than other conventional methods with large MOF clusters. The AgMOF-
Ultrasonication functionalized membrane displayed enhanced static antibacterial activity and dynamic biofouling
&rgle:n chemistry resistance compared to those of the PDA-coated and pristine membranes while in contact with the

model bacteria, Escherichia coli and Staphylococcus aureus. These results were evidenced by a larger in-
hibition zone area, a decline in viable cells observed in static antibacterial experiments, and more
retained water flux in dynamic biofouling experiments. Altogether, our findings indicate that the in-situ
synthesis of AgMOFs on membrane surfaces was successful by this facile and environmentally friendly
method which can be considered in future studies with the purpose of surface modification for diverse
applications.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction wastewater [1-3]. It is considered one of the most effective
methods to pretreat the wastewater prior to post-treatment

Microfiltration is a low-pressure membrane process often used methods such as reverse osmosis and ultraviolet disinfection
for removing suspended solids, especially bacteria, from [4,5]. However, numerous challenges associated with microorgan-
isms in the feed, including bacterial attachment, colonization, and

eventually biofilm formation on the membrane surface, hinder the

widespread application of microfiltration for bacteria removal [6].

* Corresponding author. Biofouling, as the ‘Achilles’ heel’ of membrane processes [7,8], not
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products generated by bacteria on the membrane surface can
penetrate the permeate and cause secondary contamination of
water, putting human health in danger [11]. Despite many past
studies on biofouling control strategies, a robust solution for pre-
venting biofilm formation in membrane-based treatments is still
elusive [12,13]. Therefore, novel approaches to mitigate biofouling
are of huge importance.

Past efforts to mitigate biofouling are mostly biological-based
control methods (for instance, quorum quenching [14]) and sur-
face modification of the membranes [15]. The latter has attracted
significant attention in the last decade due to its high efficiency in
biofouling mitigation, low cost, and versatility [16,17]. Numerous
surface functionalization strategies have been investigated to avoid
bacterial adhesion to the membrane surface through tuning surface
roughness [18], hydrophilicity [19,20], and charge [21,22]. Despite
successful results at the initial stage, these strategies 'could not
control biofouling in long-term operations as it only takes a few
bacterial cells attached to the membrane surface to form a biofilm
[23]. Some other studies focused on grafting biocidal agents,
e.g. silver [24] and copper [25,26] nanoparticles, on the membrane
surface to attack and inactivate bacteria by releasing ions. While
grafting such nanomaterials was found to be effective in lab-scale
and short-term operations, the fabricated membranes suffer from
low robustness due to the loss of antibacterial activity over time
[27]. In addition, this method requires a relatively large load of
nanoparticles to keep up with an efficient release, which not only
increases the fabrication cost but also potentially causes negative
impacts on human health and the environment [28]. On the other
hand, metal-organic frameworks (MOFs), as emerging high-
performance porous materials with antimicrobial properties, can
be used as a reservoir of uniformly distributed biocidal metal ions
on a membrane surface, in which the continuous gradual release of
the metal ions by (bio)degradation of the framework provides
sustainable antibacterial activity [29—31]. The key advantages of
MOFs over other materials loaded with metal ions are (1) sustained
release capability, (2) accommodating porosity, (3) uniform distri-
bution of the active metal sites, and (4) structural tunability by
using different metals and/or organic ligands [32,33]. Furthermore,
the organic ligands used to fabricate MOFs may offer additional
antimicrobial properties. The spatial structure of MOFs can store
ligand molecules so that the antimicrobial activities of the metal
ions and the organic ligand can be combined [32,34,35].

In addition, in-situ growth of MOFs on the membrane surface
can substantially improve membrane performance by changing the
surface's roughness, wettability, and charge. Liu et al. [36] showed
that coating the polyethersulfone (PES) substrate with UiO-66 MOF
led to a flux recovery rate higher than 95%. Xu et al. [37] indicated
that in-situ growth of zeolite imidazolate frameworks-8 (ZIF-8) on
the PES substrate using dip-coating improved both water per-
meance and salt rejection. Zhang et al. [38] modified the surface of
polyamide (PA) substrate by in-situ conversion of ZnO into ZIF-8,
resulting in better dispersion of ZIF-8 on the membrane surface.
Li et al. [39] achieved a rejection higher than 99.5% for Congo Red
and Rose Bengal sodium salt through in-situ growth of Ui0-66-NH;
MOFs on the PES membrane surface.

Among MOFs, silver-based MOFs (AgMOFs) attracted significant
attention in the literature for water treatment applications
[30,40—42]. Nevertheless, most of these studies have demonstrated
moderate improvements in bacterial inactivation and overcoming
biofilm formation. Moreover, the approaches used in previous
studies for synthesis and grafting MOFs on the membrane surface
are complex and energy- and cost-intensive [43—45]. MOFs are
typically synthesized in a solvent and at temperatures ranging from
room temperature to nearly 250 °C [46]. The required energy is
generally introduced through various means, such as conventional
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electric heating, microwave heating, mechanochemistry, electro-
chemistry, and sonochemistry (ultrasonic) methods [43,47—49],
among which sonochemistry is found to be the most advantageous
in terms of energy efficiency and environmental friendliness [50].
Sonochemistry has been widely used before in synthesizing organic
materials [51] and nanomaterials [52,53]. It was employed for the
first time to synthesize MOFs in 2008 [46,54]. The rapid, low-
temperature sonochemical synthesis of MOFs inspired us to
develop a facile and scalable approach for the surface modification
of water purification membranes.

In this work, AgMOF was in-situ grown on the surface of
microfiltration polymeric membranes using ultrasonication. Using
the polydopamine’ functionality [55], AgMOF was grafted on the
surface of microfiltration polyvinylidene fluoride (PVDF) mem-
branes through two separate steps: (1) PDA surface coating and (2)
in-situ AgMOF immobilization. This approach results in a firm
attachment of AgMOF to the surface of the PDA-coated membrane.
The synthesized membranes were extensively characterized to
confirm the successful grafting of AgMOFs to the membrane sur-
face. We also evaluated the antibacterial behavior of the AgMOF-
decorated membranes through different static antibacterial tests,
including disc inhibition zone, confocal microscopy, and colony
counting tests. Moreover, dynamic biofouling filtration experi-
ments were conducted to validate the improved performance of the
modified membranes in terms of permeation properties. To the
best of our knowledge, this is the first work to employ ultrasonic-
assisted in-situ grafting to incorporate the AgMOF biocidal agents
onto a membrane surface.

2. Materials and methods
2.1. Materials and chemicals

A commercial PVDF microfiltration membrane (Durapore
Membrane Filter, MilliporeSigma Inc.) with a nominal pore size of
0.22 um and an average thickness of 110 pm was used substrate for
surface modification. Silver nitrate (AgNOs3), benzene-1,3,5-
tricarboxylic acid (trimesic acid), dopamine hydrochloride, and
tris(hydroxymethyl) aminomethane (Tris) were supplied by Sigma-
Aldrich.

2.2. Surface modification of membranes by PDA

The pristine PVDF membrane (Blank membrane) was first dip-
coated by the dopamine monomer via immersing in 100 mL of
dopamine (2 g/L) -Tris (25 mM, pH 8.5) solution and shaking at
37 °C [56] for 24 h during which the self-polymerization of dopa-
mine occurs. Then, the remaining dopamine-Tris solution was
discarded, and the membrane was carefully rinsed with deionized
(DI) water and dried before further modification. The resulting
PDA-coated membrane was denoted as PDA membrane.

2.3. In-situ growth of AgMOF on membrane

AgNO3 as a metal source and trimesic acid as an organic ligand
were used to synthesize AgMOFs. 1 g of AgNO3 and trimesic acid
were, respectively, dissolved in 40 mL DI water and ethanol to
prepare metal and ligand solutions. Next, the two solutions were
slowly stirred at 100 rpm for 20 min. The solutions were then
slowly poured on top of the PDA membrane, which was mounted in
a lab-made frame, all settled at the bottom of a container. After that,
the ultrasonication was carried out using a probe sonicator (Q500
Sonicator, Qsonica, USA) at the optimized condition of 5 s pulse-
pause time with a total duration of 1 h (Fig. S1). Water was used
as an external coolant to regulate the temperature and avoid the
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fast evaporation of the solution during ultrasonication. The tem-
perature of the mixed solution was also monitored throughout the
ultrasonication time by a thermometer (Fig. S2). After the ultra-
sonication was over, the membrane was thoroughly rinsed with DI
water to detach unreacted AgMOFs. The functionalized membrane
is referred to as the MOF-PDA membrane. Fig. 1 schematically
shows the fabrication process and the surface chemistry of the
membranes. It should be noted that in the conventional method,
the AgMOF nanoparticles are pre-synthesized, and the AgMOF so-
lution is poured on a substrate. The main restriction of this method
is that the AgMOF nanoparticles do not react with the PDA-coated
surface and are easily washed away when rinsing with DI water
during the surface modification or the filtration process. A similar
fabrication process was carried out to in-situ graft AgMOFs on the
non-coated PVDF substrate. However, the AgMOFs could not effi-
ciently react with the PVDF substrate and were quickly washed
away. Therefore, the performance of the PVDF-AgMOF membrane
was not evaluated in this work.

2.4. Membrane characterization

The surface morphology of the membranes was observed using
scanning electron microscopy (SEM; Apreo Thermo Fisher Scienti-
fic, USA) after coating with a 5-nm-thick layer of gold on the
membranes using a sputter coater (Leica EM ACEG600, USA).
Transmission electron microscopy (TEM; FEI Tecnai F-20, USA) was
also employed for further investigation. Atomic force microscopy
(AFM; EasyScan II, Switzerland) was employed to investigate the
surface roughness of the membranes, providing estimates of
different parameters, including arithmetic average roughness (R;)
and root mean square average roughness (Rgq).

The elemental composition and functional groups of the mem-
branes were investigated by X-ray photoelectron spectroscopy
(XPS) performed using a Kratos spectrometer (Axis 165 XPS/Auger,
Shimadzu, Japan) equipped with a 100 pum monochromatic Al K
(alpha) X-ray. Furthermore, the chemical properties of the mem-
brane surfaces were further investigated using attenuated total
reflection-Fourier transform infrared (ATR-FTIR; Nicolet iS50 FT,
Thermo Fisher Scientific, USA) and Raman spectroscopies (532 nm
wavelength coupled to a 10 x objective, OPUS MPC 6000, Laser
Quantum). The crystalline patterns of grafted AgMOF particles were
identified using X-ray powder diffraction (XRD; Bruker DS,
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Germany). The operation of mentioned characterization items can
be found in other studies [22,57—-59].

2.5. Evaluating the antimicrobial activity of membranes

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus)
bacteria, respectively, as model gram-negative and gram-positive
bacteria, were used to evaluate the antimicrobial properties of
the membranes via a combination of different techniques,
including colony-forming units (CFUs) enumeration, confocal laser
scanning microscopy (CLSM), and disc inhibition zone tests. Bac-
teria were cultivated overnight in trypticase soy broth (TSB) at 37 °C
with incubation and shaking. The bacteria suspension (1 mL) was
transferred to fresh TSB media (9 mL) and grown for ~4 h until it
reached an optical density of 1.4 at 600-nm wavelength. The cells
were centrifuged for 10 min at 10,000 g (Multifuge X1R Centrifuge,
Thermo Fisher Scientific, USA), washed with phosphate-buffered
saline solution, and then diluted to 10’ CFU/mL for CFU enumera-
tion and CLSM tests and to 10% CFU/mL for disc inhibition zone test.

CFU enumeration tests were performed using an assay
described in previous studies [27,60]. Circular membrane coupons
with an area of ~2 cm? (a diameter of 15.9 mm) were cut and placed
in contact with the bacterial suspension (10 mL) for 1 h. After in-
cubation, the bacterial suspensions were discarded, and the
membrane coupons were transferred into fresh tubes containing
10 mL of phosphate-buffered saline. Then the tubes were bath-
sonicated for 5 min to have deposited bacteria detached from the
surface of membranes. The resulted suspensions were mixed and
then plated (pipetted 0.1 mL onto the surface of solidified TSB agar
plates and slowly spread) and incubated overnight at 37 °C for 24 h.
Following incubation, the colonies were counted to quantify the
number of viable cells on the MOF-PDA membrane compared to
that on the PDA and Blank membranes.

The antibacterial activity of the membranes was further exam-
ined by the CLSM test, for which a live/dead fluorescent staining
assay (BacLight bacterial viability kit) was used to determine the
viability of bacterial cells on the surface of the membranes [60,61].
Briefly, membranes were placed in contact with E. coli or S. aureus
suspension for 15 min, after which surface-attached bacteria were
stained with propidium iodide (PI) and SYTO 9 for staining dead
and live cells, respectively. Then, a confocal laser scanning micro-
scope (C2, Nikon Corporation, Japan) was employed to take images

a

Ultrasonic

Poldyopamine

Membrane

In-Situ fabrication of size-controlled AgQMOF
on Polydopamine-Coated PVDF MF Membran

AN

MOF-Grafted Membrane (MOF-PDA)

Fig. 1. Schematic illustration of membranes surface modification. (a) Ultrasonic fabrication of AgMOFs on PDA membrane. Herein, the AgMOFs were in-situ fabricated on the PDA
membrane surface and resulted in the MOF-PDA membranes. (b) The magnified snapshot of the ultrasonic process. The residue, or by-product of AgMOF nanoparticles, is floating in
an AgNOs-trimesic solution. The by-product AgMOFs were collected and used for antibacterial applications to show the efficiency of the process. This novel membrane modification
approach shortens the fabrication process and increases efficiency. The MOF-PDA membranes possess more uniform and size-controlled AgMOFs than conventional methods with
large MOF clusters. (c) PVDF pristine membrane denoted as Blank membrane. (d) Polydopamine-coated membrane denoted as PDA membrane. (e) AgMOF-functionalized
membrane denoted as MOF-PDA membrane. MOF, metal-organic framework; PDA, polydopamine; PVDF, polyvinylidene fluoride.
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of the samples. The images were analyzed using Image] to count the
number of bacteria stained with PI or SYTO 9. The following
equation calculated the inhibition rate to compare the antibacterial
activity of different membranes:

o Total number of dead bacteria
Inhibition Rate = Total number of bacteria (1

To further investigate the antimicrobial activity of the mem-
branes, a disc inhibition zone test was performed to identify and
compare the inhibition zone of pristine and modified membranes.
First, TSB agar plates were poured and allowed to solidify in a
biosafety cabinet. The plates were exposed to ultraviolet light for a
few minutes to eliminate contamination. E. coli and S. aureus fresh
suspensions were obtained as described above. Subsequently, a
sterile cotton swab was dipped into the E. coli or S. aureus sus-
pension and uniformly spread on the TSB agar plates. Membrane
discs with a diameter of 15.9 mm were placed in the Petri dishes
(100 mm diameter), exposing the active surface side to bacteria.
The plates were then incubated and monitored for ~12 h at 37 °C.
Finally, photos of the Petri dishes and detected inhibited zone of the
membranes were taken using a digital camera (EOS 1200D, Canon,
Japan).

2.6. Evaluating the antimicrobial properties of by-Product
nanoparticles

The antibacterial activity of by-product AgMOF nanoparticles
was evaluated using the paper disc assay [62]. TSB agar plates were
prepared with the same procedure as the inhibition zone test for
the membranes, using a sterile cotton swab to inoculate the E. coli
or S. aureus bacteria from 108 CFU/mL suspensions. On the other
hand, different concentrations of AgMOF solution were prepared by
dissolving produced AgMOF powder in DI water and serial dilution.
Sterile paper discs with a diameter of 6 mm were dipped in 10 mL of
AgMOF solution (1 mg/mL). Then, the paper discs were placed in
the plates spread with bacteria. Paper discs immersed only in DI
water were used as a control. The plates were then incubated and
monitored for ~12 h at 37 °C. Finally, photos of the Petri dishes and
detected inhibited zones of the discs were taken by a digital camera
(EOS 1200D, Canon, Japan).

2.7. Evaluating the anti-biofouling properties

Biofouling experiments were conducted using a dead-end
filtration setup. The dead-end cell was customized to fit the cir-
cular membranes with a diameter of 47 mm. Before inserting the
membrane for each experiment, the whole system, including the
membrane cell, feed tank, and pipes, was thoroughly washed using
pure ethanol and DI water. A pressurized nitrogen gas tank was
employed to apply the pressure. All filtration experiments were
carried out with the cell and the feed tank being stirred at 400 rpm.
DI water containing model microbes (i.e. E. coli or S. aureus) was
used as a feed solution. An E. coli or S. aureus suspension (10° CFU/
mL) was added to the feed to reach ~107 CFU/mL initial bacterial
concentration. Biofouling experiments were performed at room
temperature and ~0.6 bar for 4 h, with water flux monitored at
1 min intervals. The measured water flux (Jy) was obtained using
the following equation:

\Y
=g )

where V is the permeated volume of water (L), A is the area of the
membrane (m?), and t is the operation time (h). The accumulated
permeate volume data were collected every minute. The average
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values and corresponding errors were calculated based on the
standard deviation of the mean for each interval of 10 min. All data
points were normalized to the initial flux value.

2.8. Release rate of silver ions

The silver ion release from MOF-PDA membranes was assessed
via leaching tests to investigate the environmental sustainability,
long-term functionality, and chemical stability of surface-modified
membranes. Membrane coupons with an area of 6 cm? were
incubated in 20 mL of DI water and then placed on a shaker
(100 rpm). The water was refreshed every 24 h. After collecting all
water samples, each sample was acidified by 1% HNO3; and exam-
ined by inductively coupled plasma-optical emission spectrometry
(ICP-OES; Thermo iCAP 6300 Duo ICP-OES, Thermo Fisher Scienti-
fic, Germany) to measure the concentration of silver in the samples.
The leaching tests were conducted for 14 days.

3. Results and discussion

3.1. Membranes physiochemical and morphological
characterization

The surface chemistry of the membranes was investigated using
attenuated total reflection-Fourier transform infrared spectroscopy
(Fig. 2a). The dominant peak at 1173 cm ™~ is a characteristic of PVDF
and is due to the symmetric stretching vibrations of the —CF, group
[63—65]. The vibrational band at 763 cm ! is assigned to in-plane
bending in the PVDF a-phase [64,65], and the peak at around
840 cm™! is the characteristic of B-phase [64,66]. Moreover, the
bands at 1234 and 1453 cm™! are, respectively, attributed to y-
phase [67] and the in-plane bending of the —CH; group [64].
Furthermore, the observed peaks at 2980 and 3023 cm~! are
associated with the asymmetric and symmetric stretching vibra-
tions of the —CHj group, respectively [68,69]. Notably, a broad peak
centered at around 1604 cm™~! appeared in the FTIR spectrum of the
PDA membrane; this peak is attributed to the stretching vibration
of PDA groups [70]. This peak becomes sharper and shifts to
1609 cm~! in the FTIR spectrum of MOF-PDA. An extra peak at
1566 cm™~! also shows up. These changes could be due to the in-
teractions between the AgMOF and PDA [70,71], implying the
successful modification of membranes.

Further characterization of the membranes was done by
studying the XRD patterns provided in Fig. 2b. The three dominant
peaks observed for all membranes at 20 = 18.1, 18.7, and 20.3° are
due to the semi-crystalline a-phase structure of PVDF [72], and are,
respectively, ascribed to (100), (020), and (110) diffraction indices
[73]. Notably, the XRD pattern of the MOF-PDA membrane dem-
onstrates several sharp peaks in the range of 25—38° in addition to
one single peak at 20 = 16.4° that are not observed in the patterns
of the Blank and PDA membranes. These peaks are indicative
diffraction patterns of AgMOF crystalline structure, among which
peaks at 20 = 16.4, and 32.8 represent the (011) and (122) silver
crystalline planes, respectively [74—77], which further confirm the
presence of AgMOF on the modified surface of MOF-PDA
membrane.

Raman spectra of membranes are shown in Fig. 2c. The char-
acteristic Raman modes of PVDF in the Blank membrane spectrum
are clearly observed at 795 and 840 cm™', which are associated
with the a-phase and B-phase PVDF, respectively [78,79]. More
precisely, the band at 795 cm™! is ascribed to CH, rocking mode in
a-phase [80], and the band at 840 cm~! is due to the combination of
CH; rocking mode in B-phase and CF, anti-symmetric stretching
mode [81]. Moreover, the sharp peak at 1430 cm™! in the Blank
membrane spectrum is assigned to CHy scissoring and wagging
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Fig. 2. (a) The ATR-FTIR, (b) XRD, and (C;—Cs) Raman spectra of the membranes. The characterization spectroscopy of the membranes shows the successful grafting of AgMOF on
the membrane surface. Polydopamine-coating was detected on both PDA and MOF-PDA membranes. The circled FTIR range show the appearance of multiple peaks attributed to
polydopamine groups. The extra peaks observed in XRD spectrum of MOF-PDA are due to diffraction patterns of AgMOF crystalline structure. The highlighted Raman peaks
represent the vibrational modes in PVDF Blank and modified membranes structure. New vibrational modes and peak shifts due to presence of new functional groups are observed in
PDA and MOF-PDA spectra. ATR-FTIR, attenuated total reflection-Fourier transform infrared; MOF, metal-organic framework; PDA, polydopamine; PVDF, polyvinylidene fluoride;

XRD, X-ray powder diffraction.

modes in PVDF structure [80]. Compared with the Blank mem-
brane’s spectrum, it is notable that the Raman spectra of PDA and
MOF-PDA membranes show a few extra peaks. Notably, the peaks
observed at 1041 and 1601 cm~! suggest the formation of dopa-
mine; the former is assigned to C—C—N stretching and C—H
wagging vibrations, and the latter is associated with O—H scis-
soring and ring deformation in PDA structure [82]. Moreover, the
Raman band at 1452 cm ™! corresponds to C—H scissoring [82]. The
appearance of two prominent peaks detected at around 2874 and
2938 cm~! for PDA and MOF-PDA membranes also insinuates the
successful surface modification. CHj3 stretching vibrations are
responsible for the peak at 2874 cm™! [83], and the combination of
O—H stretching and benzene C—H stretching modes are associated
with the peak at 2938 cm™! [83—85]. Clearly, these peaks did not
appear in the Blank membrane as these species are not present in
the PVDF structure. Here, the peak at 2980 cm™! coming from PVDF
CH, symmetric stretching vibrations is still but barely observed at
the shoulder of the sharp peak at 2938 cm™. It is evident that the
intensity of the peaks associated with the PVDF structure in the
spectrum of the Blank membrane reduces with the surface modi-
fication through PDA coating and AgMOF grafting in the spectra of
PDA and MOF-PDA membranes. Furthermore, compared with PDA
membrane’s spectrum, the intensity of new peaks is higher in the

MOF-PDA spectrum due to the presence of aromatic benzene ring
and O—H bond in the structure of AgMOF ligand as well.

Fig. 3a represents the survey and high-resolution XPS spectra of
membranes in which the corresponding peaks for C 1s, F 1s, N 1s, 0
1s, and Ag 3 d are marked. As expected, all membranes showed
peaks for carbon (C) and fluorine (F), originating from the PVDF
structure. Considering the elements and the groups bonded to the
carbon atoms, the corresponding peak for C 1s could be deconvo-
luted into four peaks [86]. Two major Gaussian peaks centered at
285.9 and 2904 eV in the C 1s spectrum of Blank membrane are
ascribed to the contributions of —CH,— and —CF,— species [86,87].
Both these peaks, especially the latter, diminished in the spectra of
PDA and MOF-PDA membranes as the active surface of the mem-
branes went under modification. The lowest energy peak seen at
284.4 eV is associated with C—H and C—C bonds, which become
more dominant in modified membranes [86,88]. Furthermore, the
observed peak at 288.3 eV in the spectrum of the Blank membrane
is attributed to C=0 species, which are most likely caused by the
interaction of carbon atoms with electron-withdrawing atoms of
oxygen in the environment, usually referred to as adventitious
carbon [86,88,89]. This peak might also be due to potential addi-
tives in the commercial PVDF membrane [86]. Evidently, this peak
becomes more intense in the spectra of PDA and MOF-PDA
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Fig. 3. (a) The XPS survey spectra of the membranes, (b—e) the high-resolution deconvoluted XPS spectra of the membranes. The XPS data shows the existence of AgMOF bonds on
the surface of the membrane. The two prominent silver signals (Ag 3ds; and 3ds,) are observed in the XPS spectrum of MOF-PDA, verifying the existence of AgMOF bonds on the
surface of the membrane. In addition, the appearance of nitrogen (N 1s) signal in the XPS spectra of modified membranes also confirms the successful modification of these
membranes. MOF, metal-organic framework; PDA, polydopamine; XPS, X-ray photoelectron spectroscopy.
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membranes, where more chemical bonds between C and O atoms
are involved due to the presence of PDA and AgMOF on the surface.

For the same reasons mentioned above, the corresponding peak
of O 1s is observed for the Blank membrane at 532.1 eV [88]. This
peak is clearly enhanced in the spectra of modified membranes as
more oxygen atoms contribute to the elemental composition of the
membranes by having PDA and/or AgMOF on the surface. The
corresponding peak of oxygen could also be deconvoluted to two
Gaussian peaks at around 531.8 and 533.0 eV, in which the former is
responsible for O=C bonds and the latter is assigned to O—Cand
O—N (in PDA and MOF-PDA membranes where nitrogen is pre-
sent) species [41,88,90]. Moreover, the appearance of nitrogen
(N1s) signal at about 399.4 eV [40,91] in the XPS spectra of modified
membranes also confirms the successful modification of these
membranes. In contrast, this signal is not detected for the Blank
membrane as there is no nitrogen involved in PVDF structure.
Finally, the two prominent silver signals are observed in the XPS
spectrum of MOF-PDA. These peaks, centered at about 367.8 and
373.8 eV, assigned to Ag 3ds); and 3ds,, respectively, and primarily
due to Ag—N bonding [40,67,68], indicate the presence of AgMOF
on the surface of MOF-PDA.

The surface morphology of the membranes before and after
each modification was investigated using SEM. For comparison, top
surface SEM images of membranes are presented in Figs. 4a—c. The
Blank membrane showed a typical sponge-like morphology
[92,93]. The top-down SEM image of the PDA membrane with slight
change compared to the Blank membrane exhibits that PDA coating
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is formed on the surface of the PVDF substrate (Fig. 4b1-3). Bright
spots with crystalline structures can be observed on the surface of
the MOF-PDA membrane (Fig. 4ci-4); these spots are associated
with the presence of AgMOF clusters, verifying a successful in-situ
synthesis and deposition of AgMOFs on the surface. A broader
surface view with less magnification (Fig. 4cq) indicates that
AgMOF nanoparticles were uniformly distributed on the mem-
brane surface. The uniformity of these nanoparticles on the surface
is an essential factor in the sustainable performance of membrane
during filtration operation regarding the anti-biofouling behavior
[94]. In addition, results from TEM images (Fig. 4e1-3) clearly show
the formed layer of PDA coating on the blank substrate (Fig. 4e;).
The visible dark spots in the TEM image of the MOF-PDA membrane
denote the presence of AgMOFs on the membrane surface, with a
particle size range of ~10—100 nm. Notably, the AgMOF nano-
particles were also detected beneath the active surface in the MOF-
PDA membrane, owing to their penetration through the mem-
brane's pores during in-situ ultrasonic-assisted fabrication. The
pore size of the commercial membranes (0.22 pm), which is much
larger than the average size of synthesized AgMOF particles, makes
it feasible for the MOF particles to be formed and stored inside the
pores and valley regions, making these regions a great reservoir of
antifouling agents. This is a vital feature when dealing with
different (bio)foulants in the feed, especially when pursuing a
higher water flux. Because a higher flux across the large pores in
porous microfiltration membranes could exert a more significant
drag force on the foulants, leading to rapid foulant attachment,

Fig. 4. The SEM images of the (a;-a,) Blank, (b;-by) PDA, and (c;-c4) MOF-PDA membranes. (d) The SEM image of AgMOF. The TEM images of the (e;) Blank, (e,) PDA, and (e3) MOF-
PDA membranes. The MOF-PDA membranes are functionalized with AgMOFs. The SEM and TEM images of the MOF-PDA membrane clearly show that AgMOFs are (I) uniformly
distributed, (II) size-controlled, and (III) mainly located on the surface of the MOF-PDA membrane. PDA membrane is coated with polydopamine. The TEM image of the PDA
membrane shows darker and thicker layers of PVDF coated with polydopamine compared to the Blank membrane. The particulates of polydopamine are detected in SEM images of
the PDA membrane; however, the surface is covered with a thin polydopamine layer. MOF, meta-organic framework; PDA, polydopamine; PVDF, polyvinylidene fluoride.
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Fig. 5. The side view and top view AFM images of the (a) Blank, (b) PDA, and (c) MOF-PDA membranes. The MOF-PDA membrane is functionalized with AgMOF nanoparticles,
agreeing with its higher surface roughness data. However, the MOF-PDA membrane has the lowest surface kurtosis number. AFM, atomic force microscopy; MOF, metal-organic

framework; PDA, polydopamine.

which instigates pore blocking and eventually complete fouling
[95,96]. Therefore, this is a big advantage for our functionalized
membranes and fabrication method to have a sustained high water
flux during filtering operation involving microorganisms.

The surface roughness parameters of the membranes before and
after functionalization were determined by AFM measurements.
Fig. 5 and Table 1, respectively, present AFM topographies and the
roughness parameters for the membranes. The typical roughness
parameters, including root mean square average (Rq), arithmetic
average (R,), and maximum vertical distance (Rpax), unanimously
showed that MOF-PDA has larger roughness values than the other
membranes. The grafting of AgMOF nanoparticles on the surface
increased the surface roughness in the MOF-PDA membrane,
consistent with its SEM and TEM images. Additionally, there is no
significant difference in roughness parameters for Blank and PDA
membranes which implies that the PDA coating does not substan-
tially alter the surface roughness [97,98]. It has been reported that
the membranes with rougher surfaces generally exhibit more ten-
dency toward fouling by macromolecules and bacterial cells [44,99].
However, both PDA and AgMOF contain hydrophilic functional
groups such as —OH and —COOH on their structure that improve
surface wettability and effectively constrain the foulant adherence,

possibly overcoming the adverse effect of roughness on fouling and
improving the antifouling behavior [44,98,100]. It is also essential to
notice that surface kurtosis (Ryy) for the MOF-PDA membrane is less
than 3 and smaller than those of Blank and PDA membranes. Ry is a
non-dimensional statistical quantity of the surface shape, which
describes whether data are distributed flatly or sharply about the
central mean [101]. In other words, Ry, indicates the sharpness of the
height distribution on a surface. It is reported that Ry, < 3 represents
a flat and repetitive surface, while a value larger than 3 suggests a
sharper height distribution [102,103]. From AFM analysis, the Ryy
value is 6.4, 7.8, and 2.7 for the Blank, PDA, and MOF-PDA mem-
branes, respectively. Even though the MOF-PDA membrane pos-
sesses a rougher surface based on Rg, Ry, and Riax, a smaller Ry value
for MOF-PDA may also partially compensate for the adverse effect of
roughness on fouling [101].

3.2. Antibacterial and anti-biofouling properties of the membranes

3.2.1. Antibacterial behavior in static contact tests

The antibacterial properties of the membranes were evaluated
by different static contact experiments. E. coli and S. aureus were
used in these experiments as model gram-negative and gram-

Table 1
The roughness parameters expressions and their values for the membranes, obtained from AFM measurement analysis.
Roughness parameter Expression Membranes
Blank PDA MOF-PDA
Root mean square average (Rq) 1N 0.16 pm 0.16 pm 0.50 pm
2
Ry = \|§ 2%
i=1
Arithmetic average (R,) 1N 0.12 pm 0.12 pm 0.41 pm
Rq = N ; Zi
Maximum vertical distance (Rpmax) Rmax = Zmax — Zmin 1.43 um 1.45 um 3.01 um
Surface kurtosis (Riy) 6.4 7.8 2.7

Ry = lzN:z‘*
ku—Rg ij] i

Zi, Zmax, and Zpin: The height at point i, the maximum Z value, and the minimum Z value, respectivevly

N: Number of points.
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Fig. 6. The antibacterial assessment of the membranes. The colony-forming unit tests membranes against (a;-as) E. coli and (by-bs) S. aureus. The confocal laser scanning microscopy
tests of membranes against (ci-c3) E. coli and (dq-ds) S. aureus. The inhibition zone test of membranes against (e;) E. coli and (e;) S. aureus. Bacteria inhibition rates of the

membranes in (e) colony-forming unit test and (f) confocal microscopy test.

positive bacteria, respectively. The first experiment was CFUs
enumeration, in which membranes were placed in contact with
bacterial suspensions, and CFU of bacterial cells attached to the
membrane surface were counted. In summary, after the mem-
branes were exposed to E. coli or S. aureus suspension, bath-

sonication was utilized to detach the bacterial cells from the sur-
face; the resulting suspension was mixed, 0.1 mL was plated and
plates were counted after overnight incubation. The colonies were
counted to quantify the number of viable cells on each membrane.
Compared with the Blank membrane, the PDA membrane
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Fig. 7. Water flux of synthesized membranes with (a) E. coli feed solution and (b) S. aureus feed solution.

demonstrated ~50% and 49% reduction of viable E. coli and S. aureus
cells, respectively (Fig. 6a;., and 6bq.;). The PDA membrane’s
stronger interaction with bacterial cells in CFU enumeration test
than the Blank membrane is caused by altered electrostatic repul-
sive forces [27,94], most likely due to the hydration layer on PDA
coating, which impedes the adhesion of bacterial cells to the sur-
face during this short-time static contact [19,27,104]. The MOF-PDA
membrane exhibited improved antibacterial activity with a 97%
and 82% CFU reduction for E. coli and S. aureus cells, respectively

(Fig. 6a3 and 6bs).

To verify the CFU enumeration test results and further investi-
gate the antibacterial properties of the membranes, we performed
a CLSM test, for which a live/dead fluorescent staining assay was
used after the membrane surface was exposed to bacterial sus-
pensions. CLSM results revealed that the majority of bacteria
(>93%) in contact with the Blank and PDA membrane survived,
while a substantial fraction of the cells in contact with MOF-PDA
membrane, 93% for E. coli and 84% for S. aureus, were inactivated.
Representative fluorescent images of E. coli and S. aureus bacteria
from the CLSM test for each membrane are provided in Fig. 6¢1-ds.
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Fig. 8. The sustainability evaluation of the by-product AgMOF and membranes. (a), (b) The disc inhibition zone test of by-product AgMOF nanoparticles against (a) E. coli, (b)
S. aureus. (c¢) The TEM image of the by-product AgMOF. (d) The silver ion release rate of the functionalized MOF-PDA membrane. MOF, metal-organic framework; PDA, poly-

dopamine; TEM, transmission electron microscopy.
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Disc inhibition zone test results yielded similar results. An in-
hibition zone test can specify the susceptibility of a microorganism
to a bactericide material [105]. Fig. 6e1., illustrates the inhibition
zone of E. coli and S. aureus of the Blank, PDA, and MOF-PDA
membranes. No inhibition zone was observed from the Blank and
PDA membranes, indicating that these two membranes had no
activity against biofilm growth [106]. At the same time, MOF-PDA
exhibited superb antibacterial activity to inhibit our model bacte-
ria, showing ~23 mm diameter of inhibited area for both E. coli and
S. aureus biofilms.

The massive death of bacteria could be attributed to AgMOFs on
the membrane surface. The gradual release of silver ions with high
biocidal properties through (bio)degradation of the employed
AgMOFs provides sustainable antibacterial activity. In addition, the
organic ligands used in the MOF synthesis donate additional anti-
bacterial properties to the membrane surface. On the other hand,
the functional groups of PDA change electrostatic repulsive forces
of the membrane surface, resulting in higher antifouling properties.

3.2.2. Anti-biofouling performance in dynamic biofouling
experiments

To assess the biofouling resistance of the AgMOF-functionalized
membranes and compare it with the Blank membrane, dynamic
biofouling experiments were performed using our model bacteria
(E. coli or S. aureus). The initial bacterial concentration was chosen
to be relatively high (~107 CFU/mL) to have the biofouling process
occur faster and distinguish the different performances of the
membranes with a restricted volume of feed in a relatively short-
time. Fig. 7 presents the water flux during the first 70 min of
filtration for membranes with an interval of 10 min. During the
filtration experiment, the observed decay in water flux was because
of biofilm accumulation on the membrane surfaces. The presence of
bacteria in the feed caused a significant decline in the water flux
through the Blank membrane, even in the very first minutes of the
experiments. On the other hand, the flux decline in MOF-PDA was
relatively lower, showing ~66% higher flux than that of Blank
membrane after 1 h filtration where the feed solution contained
E. coli, signifying that MOF-PDA membrane demonstrated
enhanced resistance to E. coli biofouling compared to the pristine
Blank membrane. Our analysis from long-range data suggests that
this resistance can be decently sustained for longer times as well,
showing ~54% and ~31% higher flux than that of the Blank mem-
brane after 2 and 4 h filtration, respectively (Fig. S3). PDA mem-
brane also exhibited a slightly better performance against E. coli
biofouling, showing ~10% higher flux than that of the Blank mem-
brane after 1 h filtration due to minor antimicrobial properties of
PDA coating on the active surface. This observation is consistent
with our results from static antibacterial tests.

Results from filtration of the feed containing S. aureus also
showed that there is an improved resistance against S. aureus
biofilm formation in MOF-PDA membrane; however, this behavior
is not as promising as anti-biofouling activity against E. coli. Only
~23% higher flux than that of the Blank membrane was observed
after 1 h filtration with S. aureus. This result can be attributed to
these two model bacteria's different surface charges and shapes. It
is known that E. coli has a more negatively charged surface than
that of S. aureus [107], causing a more repulsive force when inter-
acting with a negatively charged surface of a membrane. In addi-
tion, the spherical shape of S. aureus with smaller dimensions and a
less rigid surface [107—109], in comparison with E. coli, makes it
more capable of penetrating through the pores of microfiltration
membranes and increasing the chance of pore blocking. The better
antibacterial performance toward E. coli is also consistent with the
results from static CFU enumeration and CLSM tests where less
resistance was observed against S. aureus than E. coli. Overall, these

1
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results indicate that the AgMOF-functionalized membrane, with a
reservoir of biocidal agents on the surface, could delay the biofilm
growth by mitigating the initial attachment and enabling the
inactivation of bacterial cells on the membrane surface.

3.3. Sustainability of the sonochemical functionalization Process

The sustainability of the sonochemical process was evaluated in
two different steps. First, the by-product or unbound AgMOF
nanoparticles were collected to investigate their antibacterial
properties. Figs. 8a—b shows the disc inhibition zone tests of the
control disc with AgMOF-doped samples. As it can be seen, the by-
product AgMOFs inhibited their surroundings against both E. coli
and S. aureus bacteria to prove their robust antibacterial property.
The TEM image of the by-product AgMOF is shown in Fig. 8c, which
agrees with the typical nanosized AgMOF structure. This would
candidate these AgMOF nanoparticles for other applications such as
drug delivery and adsorption as investigated in previous studies
[110-112].

The release rate of silver ions from the AgMOF-functionalized
membranes would reflect the long-term efficacy of grafted
AgMOF nanoparticles for bacterial inactivation [44,113]. Therefore,
in the second step for sustainability evaluation, we analyzed the
silver release via batch experiment for 14 days and the result is
presented in Fig. 8d. The early silver ion release from a MOF-PDA
membrane coupon (6 cm?) was about 0.6 mg/L which rapidly
decreased to around 0.2 and 0.04 mg/L, respectively, on day 3 and 4,
and it started to level out at ~0.03 mg/L from day 7 on. This steady
ion leaching at a relatively low rate of ~0.03 mg/L per day suggests
that the membrane possesses prolonged antibacterial activities and
is expected to sustainably decelerate the development of biofilms
in long-term operations as well [24]. However, due to the larger
pore size and surface area of the microfiltration membrane, the Ag*
release in this work is relatively higher than in some other studies
[41,114—116]. Here, the AgMOF nanoparticles can more penetrate
through the larger pores of microfiltration membranes than ultra-
filtration, nanofiltration, and reverse osmosis membranes used in
other studies. Therefore, more AgMOFs were adsorbed on the
greater surface area of the microfiltration membrane and increased
the Ag™ release.

Conclusion

A novel method was proposed to graft AgMOF nanoparticles on
the surface of PVDF microfiltration membranes to improve static
and dynamic antibacterial activities. First, the adhesive layer of
dopamine was polymerized on the PVDF membrane surface via a
simple dip-coating procedure. Then AgMOF was grown and bound
to the surface of PDA-coated membranes via a facile and environ-
mentally friendly ultrasonic-assisted technique. Morphological and
chemical characterizations revealed that the AgMOFs are success-
fully grafted to the modified membrane's surface. Using ultra-
assisted technique causes uniform and size-controlled dispersion
of AgMOFs, unlike the conventional approaches with large clusters
on the membrane surface. In addition, unbounded AgMOFs with
high antibacterial properties can be collected and used in other
applications such as drug delivery and adsorption, showing the
sustainability of this technique. The static antibacterial tests
showed that the antibacterial efficiency of the AgMOF-
functionalized membrane was improved up to 97% compared to
the pristine PVDF membrane. The dynamic biofouling experiments
also revealed that the flux could be sustained by suppressing bio-
film development by an AgMOF-functionalized membrane. The
outstanding performance of AgMOF-functionalized membranes in
static antibacterial and dynamic biofouling tests reveal the great
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potential of easily implemented ultrasonic-assisted procedure for
surface modification of membranes. Applying this approach to
various polymeric membranes (i.e. different materials such as
polysulfone and polyethersolphone) and/or feed solutions (e.g.
different microorganisms) in further studies can give us more
insight into different variables that could play a role in synthesis
and performance of the membranes for different filtration
purposes.
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