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ARTICLE INFO ABSTRACT
Keywords: This study investigates the effect of surface functionalization of a thin-film composite forward osmosis membrane
Forward osmosis with zwitterions and silver-based metal organic frameworks (Ag-MOFs) to improve the antifouling, anti-

TFC membranes

Metal organic frameworks
Zwitterions

Fouling

biofouling, and antimicrobial activity of the membrane. Two types of zwitterions, namely, 3-bromopropionic
acid and 1,3-propane sultone, are chemically bonded, with and without incorporation of Ag-MOFs, over the
surface of a polyamide membrane. Spectroscopy measurements indicate successful grafting of the modifying
agents on the membrane surface. Contact angle measurements demonstrate a notable improvement in surface
wettability upon functionalization. The performance of the membranes is evaluated in terms of water and salt
fluxes in forward osmosis filtrations. The transport data show demonstrably increased water flux of around 300%
compared to pristine membranes, with similar or slightly reduced salt reverse flux. The antifouling and anti-
biofouling properties of the modified membranes are evaluated using sodium alginate and E. coli, respec-
tively. These experiments reveal that functionalized membranes exhibit significant antifouling and anti-
biofouling behavior, with high resilience against flux decline.

1. Introduction and better wastewater management may be promoted also through
desalination and wastewater reuse [1]. Membrane-based technologies

The exponential growth of the world population represents a sub- enable the extraction of high-quality water from various sources. Spe-
stantial pressure on our water resources. Increased water availability cifically, forward osmosis (FO) is an innovative process that makes use
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of thin-film composite (TFC) membranes and that has gained substantial
academic and industrial interest in the past two decades. TFC FO
membranes are high water permeability membranes with excellent salt
rejection [2]. Fouling, however, remains the crippling technical chal-
lenge in FO, as well as in most membrane-based processes. This phe-
nomenon leads to a lowered water productivity and product quality, and
it also reduces the useful timespan of the membrane while increasing the
operational cost of the filtration process [3-5].

Biofouling, referred to as the “Achilles’ heel” of membrane processes,
occurs when microorganisms adhere onto the membrane surface and
generate a new bio-layer, called biofilm [6]. The biofilm adds a resis-
tance against mass transport, in addition to the hydraulic resistance of
the membrane, thus necessitating the application of a larger driving
force to maintain suitable productivity. Anchoring antimicrobial agents
through surface modification of TFC membranes is a common strategy to
tackle the biofouling issue through increasing the antimicrobial activity,
surface hydrophilicity, and by reducing the surface roughness of the
membrane [7,8]. Several pathways have been adopted over the years to
achieve these membrane features, including cross-linking [9,10], in-situ
covalent functionalization [11,12], layer-by-layer assembly [9,13],
direct deposition of metal ions and nanoparticles [14,15], and surface
grafting [16,17].

Previous studies have demonstrated the effectiveness of silver
nanoparticles as biocides in membrane processes [18-20] due to their
broad spectrum of antimicrobial activity: silver particles are associated
with both release-killing and contact-killing mechanisms [21]. In-situ
surface functionalization of the commercial polyamide (PA) mem-
branes with silver nanoparticles is a viable solution since it is
cost-effective in terms of silver dosage compared to the direct injection
of silver ions or particles into the feed solution. The in-situ approach
minimizes the silver-induced health risks and bacterial resistance [22],
while also allowing for a relatively facile silver regeneration procedure
[23]. Main issues of using silver particles for membrane modification
remain the uncontrolled leaching of silver and the poor compatibility of
these inorganic materials with the organic membrane matrix, possibly
impairing the transport performance. In this respect, the use of metal
organic frameworks (MOFs) is a promising option for a more rational use
of silver.

MOFs consist of organic ligands connected by metal ions to form one-
, two-, or three-dimensional coordination networks [24,25]. Their key
advantage over other structures is their tunability by using different
metals and/or organic linkers. Also, their organic frame may ameliorate
the interaction with the polyamide active layer of TFC membranes
compared to other fully inorganic structures. MOFs tend to release metal
ions, which then act as antimicrobial agents [26] and hence,
silver-containing metal organic frameworks (Ag-MOFs) have been re-
ported in such application by several researchers [27-29]. If antimi-
crobial activity should be paired with a better resistance to foulant
adhesion, zwitterionic compounds are interesting materials for this
purpose [30]. Zwitterions are overall neutral compounds with an equal
number of positively and negatively charged functional groups. This
architecture produces a strong binding property with water molecules,
with the possibility to form a hydration layer [31]. For this reason,
several methods have been used to incorporate zwitterions at the
membrane surface, including surface-initiated polymerization [32],
grafting [33], and coating [34].

The hypothesis of this study is that zwitterions can be effectively
combined with Ag-MOFs to impart different antifouling properties to the
membrane surface. This functionalization may also improve the trans-
port properties of FO membranes. Therefore, this study uses Ag-based
MOFs combined with carboxyl (COO™) and sulfur (SO3)-containing
zwitterions to develop novel antifouling/anti-biofouling TFC mem-
branes via surface functionalization. The modifying agents are grafted
on the surface of TFC FO membrane. The resulting membranes are
thoroughly characterized to verify the success of the functionalization,
and to analyze their new physio-chemical and morphological

Journal of Membrane Science 611 (2020) 118352

characteristics. The permeability and selectivity of the membranes are
also evaluated in FO process. Finally, fouling and biofouling tests are
performed to reveal the potential effect of the modifying agents.

2. Materials and methods
2.1. Reagents

Silver nitrate (AgNO3) as a source of metal, 2-methylimidazole (2MI)
as an organic linker, and ethanol as a solvent were used for the synthesis
of silver-based metal organic frameworks (Ag-MOFs). N,N-dieth-
ylethylenediamine (DEDA), potassium persulfate, and sodium meta-
bisulfite were employed for the preparation of the grafting solutions. 3-
bromopropionic acid (BPA) and 1,3-propane sultone (PS) were used as
COO™-based and SO3 -based zwitterions. For pH adjustment, nitric acid
and sodium hydroxide were used. Sodium chloride (NaCl) was used for
the preparation of the draw solution (DS) to perform the forward
osmosis filtration tests. KCl was used to prepare background solutions
for streaming potential measurements. Deionized water (DI) was used
for all purposes.

2.2. Preparation of Ag-MOFs

Ag-MOFs were prepared based on the optimization performed in a
previous study [35]. Specifically, AgNO3 (0.6 g) was dissolved in 90 mL
of DI to prepare the metal solution, while the ligand solution was pre-
pared by dissolving 1.05 g of 2MI in 90 of mL ethanol. The two solutions
were stirred and then ultra-sonicated for 15 and 2 min, respectively.
Then, the ligand solution was slowly poured into the metal solution
followed by 30 min of stirring. The mixture was subsequently kept still
for 3 h. The supernatant was carefully extracted using a syringe and
discarded. The resulting suspension containing the precipitates was
washed several times in order to remove the unreacted substances. Next,
the precipitate was centrifuged twice with one round of rinsing with
ethanol in each stage. Finally, the powder was collected and dried in an
oven for 18 h at 60 °C.

2.3. Surface modification of membranes

The procedures adopted to obtain the functionalized membranes are
the result of an initial experimental optimization, which is not reported
below but briefly described in the Supporting Information. Specifically,
the protocol to graft zwitterions on the surface of the commercial TFC
membrane was adapted from a recent study by Yi et al. [36]. First, an
aqueous solution containing DEDA (2% wt.), potassium persulfate
(0.03% wt.), and sodium metabisulfite (0.02% wt.) at pH 5 was slowly
poured on top of the membrane surface at room temperature for 60 min,
which resulted in DEDA-grafted membrane via an amidation reaction
between the carboxyl groups on the membrane surface and DEDA amine
functional groups [37,38].

The DEDA-grafted membrane was then covered by a PS aqueous
solution (5% wt., pH 5.0) or a BPA solution (5% wt., pH 5.0), for 20 h at
40 °C, to graft SO3-based or COO ™ -based zwitterions, respectively. A
mixture of NMP (10 wt%) and water (90 wt%) was used as a solvent to
prepare the BPA solution to avoid agglomeration. These membranes are
referred to as “PS zwitterionic (TFC-PS)” and “BPA zwitterionic (TFC-
BPA)” TFC membranes. Functionalized membranes with Ag-MOFs were
fabricated with the same procedure except that 0.05 wt% of Ag-MOF
was added to the to the PS aqueous solution (membrane referred to as
“TFC-PS-MOF”) and to the BPA solution (membrane referred to as “TFC-
BPA-MOF”). Unmodified pristine membranes are hereafter referred to as
“TFCO”. The functionalization strategy is schematically presented in
Scheme 1.
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2.4. Characterization of pristine and modified membranes

The chemical properties of the membrane surfaces were investigated
by attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR, Nicolet iS50 FT, Thermo Fisher Scientific, USA) in a scan
range of 500-4000 em L. Scanning electron microscopy (SEM, JEOL
7000, JEOL, USA) equipped with energy-dispersive X-ray spectroscopy
(EDX, JEOL 7000, JEOL, USA) was used to characterize the top surface
morphology of the membranes. The samples were coated with a 5-nm
gold layer using a sputter coater (Leica EM ACE600, USA) before the
measurements. Atomic force microscopy (AFM, EasyScan II,
Switzerland) was used to investigate the topology and the roughness of
the membrane surface, allowing the estimation of R, (average rough-
ness) and Rpys (root-mean-squared roughness). Contact angle mea-
surements (DSA 100, KRUSS, Germany) of water droplets were
performed on five random spots on the membrane samples to evaluate
the degree of wettability of the membranes.

X-ray powder diffraction (XRD) spectra of the crystalline patterns
corresponding to the fabricated MOF particles were obtained using a
diffractometer (Bruker D8, Germany) with a Cu Ka radiation in 26 mode
from 0° to 60°. X-ray photoelectron spectroscopy (XPS) was performed
with a Kratos spectrometer (Axis 165 XPS/Auger, Shimadzu, Japan)
equipped with a 100 pm monochromatic Al K (alpha) X-ray in order to
identify the elemental composition and functional groups present on the
surface of the membranes. The surface chemistry was further analyzed
using Raman spectroscopy. Raman spectra were measured on a DXR
Raman spectroscope (Thermo Scientific, U.S.A) equipped with a red
excitation laser operating at 633 nm. Stokes Raman spectra were
collected in the 100-2000 cm ! range with a spectral resolution of 1.0
cm™ L. Zeta potential measurements were performed using a SurPASS
Electrokinetic solid surface streaming potential analyzer (Anton Paar,
Graz, Austria) to determine the surface potential of the pristine and
functionalized TFC membranes, across a 3-11 pH range. All the
streaming potential measurements were conducted with the membrane
immersed in a 1 mM KCI solution at 25 °C. HCI (0.05 M) and NaOH
(0.05 M) were used for adjusting the pH of the KCl solution.

2.5. Assessment of transport parameters of the membranes

The transport parameters of the membranes, including the water
permeance (A), the salt permeability coefficient (B), and the structural
parameter of the support layer (S), were measured using a cross-flow FO
unit with a cell containing a membrane with a net surface area of 30

cm?. The system comprises two gear pumps circulating the draw

Modified Zwitterionic/MOF Modified Membrane

Ag-2Methylimidazole
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solution (DS) and the feed solution (FS) on the two sides of the mem-
brane at a cross-flow velocity of 20 cm/s. Deionized water and various
NaCl solutions (concentrations of 0.5, 1, 1.5, and 2 M) were used as the
FS and DS, respectively. The method proposed by Tiraferri et al. [39]
was applied to determine the membranes transport parameters. Briefly,
the methodology comprises a single FO experiment divided into four
stages, each using a different concentration of DS. The experimental
water and reverse solute fluxes measured in each stage are fitted to the
corresponding FO transport equations by performing a least-squares
non-linear regression, using A, B, and S as regression parameters.

2.6. Fouling and biofouling assessment procedure

Dynamic fouling experiments were carried out to evaluate the
organic and biofouling propensity of the membranes, according to the
procedure described in detail in previous studies [35]. In the case of
organic fouling, sodium alginate (SA, Sigma-Aldrich, St. Louis, MO), a
polysaccharide, was selected as a model organic foulant [40-43]. A
foulant solution was prepared by dissolving 250 mg/L of the SA powder
in DI. The fouling experiments were conducted using initial feed and
draw volumes of 3 L. Prior to the addition of the foulant, the permeate
flux was allowed to stabilize at the value of 20 + 1 L. m~2h™! using the
appropriate concentration of DS. The FO system was then operated for
24 h (1440 min) at a cross-flow velocity of 8.5 cm/s, and the permeate
flux was continuously monitored using an electronic balance. The flux of
the clean membranes during the test was modeled to take into account
the loss in flux due to mechanisms not related to fouling, i.e., the dilution
of the draw solution and the reverse draw solute flux. For the biofouling
assessment, Escherichia coli (E. coli) bacteria at a concentration of about
107 CFU/L were added to the feed solution to accelerate biofouling
following the same filtration procedure outlined above for the evalua-
tion of organic fouling. The foulant concentrations during the tests
represent conditions of accelerated fouling, being significantly higher
than those encountered in typical operation [44,45].

2.7. Antimicrobial activity of the functionalized membranes

The model gram-negative bacterium E. coli was used to investigate
the antimicrobial properties of the membranes. The E. coli bacteria were
grown overnight in trypticase soy broth (TSB) with shaking and incu-
bation at 37 °C. The fresh broth was then incubated with the overnight
grown bacteria at 37 °C for 3 h. The number of attached live bacteria on
the membrane surfaces was determined with two experimental pro-
cedures; confocal microscopy and heterotrophic plate count.
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Scheme 1. Schematic illustration of the surface functionalization with zwitterions (BPA and PS) and Ag-MOF.
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For the latter procedure, the bacterial culture was pelletized by
centrifuging at 6000 rpm for 2 min and this bacterial stock was re-
suspended in 1X sterile phosphate buffer saline (PBS) solution and a
final concentration of 10’ CFU/mL was achieved. For each membrane
sample, a 2 cm? of membrane surface was placed in a sterile Petri dish
containing the bacterial solution and kept incubated at 37 °C with
shaking for 1 h. The membranes were then washed three times in PBS
solution to remove the unattached bacterial cells. The membranes were
placed in a sterile plastic container with 10 mL of PBS solution and
sonicated for 7 min to detach the bacteria. The obtained solution was
poured on TSB agar plates after appropriate dilutions and was incubated
for 24 h at 37 °C. The number of viable bacterial cells on each plate was
determined by counting the colony forming units (CFU) [35,46].

In addition to the plate counting method, the viability of the bacteria
upon contact with the membrane surface was determined using a LIVE/
DEAD™ BacLight™ Bacterial Viability Kit (ThermoFisher Scientific).
Specifically, SYTO 9 and propidium iodide (PI) stains were used to
determine the number of viable and non-viable cells present on the
surface of the membranes, respectively. A sample (1 x 1 cm?) of each
membrane was exposed to 1 mL of the bacterial solution and incubated
for 1 h, and then the samples were washed in PBS solution to rinse away
the unattached bacterial cells. The membranes were then stained with PI
and SYTOO stains and were incubated in a dark room for 15 min at room
temperature. The membrane samples were washed with PBS solution to
remove the excess stain prior to microscopy. The test membranes were
mounted on a glass slide, covered with glass cover slip and examined
under the confocal microscope [10,47]. A Nikon C2 Laser Scanning
Confocal Microscope was used for observing the number of dead and live
E. coli cells. The laser for EGFP (Enhanced Green Fluorescent Protein) at
495-547 nm was used for the excitation of SYTO 9 and the laser for TRiC
(T-complex protein-1 ring complex) at 566-624 nm was used for the
excitation of PI stains. The live cells fluoresced green and the dead cells
fluoresced red under the confocal microscope at a magnification of 60X
lens at a scanning speed of one-half frame per second along with a digital
image capture system. Eighteen images were taken at different spots for
each bacterial membrane sample and the average of the counted cells
was calculated for three sets of separate experiments. At least two sets of
membrane samples were used to perform the bacteria contact experi-
ment and the averages determined.

3. Results and discussion

3.1. Successful functionalization and physio-chemical properties of the
membrane surface

A series of surface characterizations was performed to assess the
extent and the quality of the functionalization strategies. Infrared
spectroscopy provides insight about the surface functional groups of
unmodified and modified membranes (Fig. 1a). The absorption peak at
wavenumbers of around 1620 cm ! for all samples corresponds to the
stretching vibration of C=0 of the amide group, which is characteristic
of PA membranes [48]. Peaks indicating the presence of zwitterions on
the surface of modified membranes were observed at wavenumbers
1030 em ! and 1730 em—?, which are assigned to the presence of the
O—=S=0 functional group of PS and the C=O0 functional group of BPA,
respectively, thus suggesting the successful grafting of zwitterions on the
surface of TFC FO membranes. This result is in accordance with previous
studies [36]. Raman spectroscopy was also employed to corroborate the
results from infrared spectroscopy and the spectra for TFCO, TFC-BPA,
TFC-BPA-MOF, TFC-PS, and TFC-PS-MOF samples are presented in
Fig. 1b. The dominant peak at 940 cm ™ observed for all the samples is
related to several modes of polyamide, corresponding mostly to C-C
deformation, C-O-C stretching, and C-C—=0. Moreover, the band at
1188 cm™! is ascribed to the superposition of C-N stretching and C-N-H
wagging in the amide. The peak centered at 1281 cm™! is instead
associated with CHy deformations and NH; bending modes in the amide
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Fig. 1. Physio-chemical characteristics of the surface of the membranes: (a)
ATR-FTIR spectra: peaks indicating the successful implementation of zwitter-
ions are highlighted; (b) Raman spectra: short dash and long dash lines in-
dicates the Raman shift associated with SO3 and C-Br modes, respectively; (c)
XPS survey spectra: the corresponding peaks for C 1s, N 1s, O 1s, Br 3d, S 2p,
and Ag 3d are marked. Please note that XPS peaks at 495 eV and ~1070 eV (not
shown) are associated with the Auger line of Na KLL and with Na 1s peak
[55-58], respectively, possibly due to some contaminations.
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[49]. The peaks around 980 cm’l, 1010 cm’l, and 1065 cm ™' are
attributed to the symmetric stretching modes of SO3 [50-53]. These SO3
Raman marker bands are another proof of the presence of PS zwitterion,
specifically on TFC-PS membranes. These peaks were less prominent on
TFC-PS-MOF compared to TFC-PS, possibly due to the presence of
Ag-MOFs, which may lead to different Raman modes. In addition, the
peak around 1127 em ™! observed for TFC-PS and TFC-PS-MOF mem-
branes is also assigned to an asymmetric stretching mode of SO3 [53],
further corroborating the successful grafting of PS zwitterion on the
surface of TFC-PS and TFC-PS-MOF membranes. On the other hand, the
peak around 410 cm™! in the spectrum of TFC-BPA-MOF sample is
correlated to C-Br bonding, and specifically to its stretching mode,
which points to the presence of BPA on the surface; the extra peak
centered at 825 cm ™! is also attributable to C-Br bonding [49] and most
probably caused by its stretching vibration [54]. One would also expect
peaks in the range of 100-150 cm™! corresponding to the Ag-Ag
bonding for TFC-BPA-MOF and TFC-PS-MOF samples; however, these
peaks were not observed, probably due to the small values of Raman
shift. These peaks are most likely covered by the exciting laser light
shoulder. However, the presence of Ag can be demonstrated through
XRD and XPS investigation.
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Indeed, XRD analysis shows Ag (200) characteristic peaks on both
TFC-BPA-MOF and TFC-PS-MOF membranes, as presented in Fig. 2a and
in Fig. S1 of the Supporting Information. The weakness of these peaks
can be attributed to the low concentration of Ag-MOFs present on the
surface of the membranes. Much further insight into the surface
elemental composition was obtained with XPS. The XPS survey spectra
are presented in Fig. 1c and show three dominant peaks around 284,
399, and 530 eV for all the samples. These bands correspond to the
predominant elements of carbon (C 1s), nitrogen (N 1s), and oxygen (O
1s), respectively [59,60]. The deconvoluted C 1s, O 1s, Br 3d, S 2p, and
Ag 3d high-resolution XPS spectra are shown in Fig. S2 of the Supporting
Information, where all fitted peaks are plotted using Gaussian functions.
A detailed discussion about the different spectra and peaks accompany
them in the Supporting Information. Briefly, the peaks related to C 1s
and O 1s are characteristics of polyamide [61-65]. For TFC-BPA and
TFC-BPA-MOF, the Br bonds centered at 67 eV are an indication of the
successful grafting of BPA zwitterions on the membrane surfaces [66,
67]. On the other hand, the S bonds around 166 eV for TFC-PS and
TFC-PS-MOF suggest the successful grafting of PS zwitterions [62,68,
69]. Finally, the appearance of Ag-related peaks for TFC-BPA-MOF and
TFC-PS-MOF around 366 eV and 372 eV reveals the presence of
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Fig. 2. Physio-chemical characteristics of the surface of the membranes: (a) XRD spectrum of TFC-BPA-MOF, chosen as a representative membrane, with inset graph
highlighting the peak related to Ag (200); (b) EDX analysis in terms of weight percentage of the various elements; (c) statistics of contact angles of DI water droplets
sitting on the membrane surface; (d) zeta potential measured as a function of pH, measured in a 1 mM KCI solution.
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Ag-MOFs on the surface of these two membranes [70,71]. The grafting
of zwitterions and the presence of silver on the surface structure of
functionalized membranes are further corroborated qualitatively by
EDX results, summarized in Fig. 2b and obtained from the survey results
reported in Fig. S3 of the Supporting Information.

The spectroscopic analyses presented so far strongly indicate the
suitable functionalization of the surfaces with the desired modifying
agents, specifically, the two different zwitterions and the additional
availability of Ag-MOFs for two of the membranes. Further information
on the characteristics of the functionalized surfaces can be obtained with
respect to surface charge and wettability. These parameters are indi-
rectly related once again to the extent of functionalization, but they have
a rather more interestingly effect on the transport and fouling behavior
of the membranes. The surface zeta potentials were measured over the
pH range of 3-11 and the results are plotted in Fig. 2d. The pristine
sample (TFCO) exhibited a negative potential for pH values above the
PK, of carboxyl groups [72]. The presence of overall electrically neutral
zwitterions led to a shift towards less negative zeta potential values. This
effect was even more pronounced following modification with Ag-MOFs
for the TFC-BPA-MOF and TFC-PS-MOF membranes, possibly due to the
addition of positively charged silver within the Ag-MOF structure.
Maintaining an overall negative potential at near neutral pH while
minimizing the exposed density of carboxyl groups is a valid strategy to
exploit the electrostatic repulsion toward organic and biological fou-
lants while minimizing the possibility of carboxyl interaction with cal-
cium and other multivalent cations, which has been shown to promote
the formation of densely packed fouling layers [73,74]. The wettability
of the surfaces, another property strongly associated with antifouling
behavior, was estimated with water contact angle measurements. The

‘g : 3 *
(c) TFC-BPA-MOF ¢

e {

(e) TFC-PS-MOF
'l ‘I v
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results (Fig. 2c) show a decline from roughly 57° for the pristine TFCO
membrane to approximately 37°, 44°, 35°, and 34° for TFC-BPA,
TFC-BPA-MOF, TFC-PS, and TFC-PS-MOF, respectively. This observa-
tion may be rationalized with the presence of zwitterions, which lead to
an increased affinity between the membrane surface and water droplets.

3.2. Morphological properties of the membrane surface

Another parameter influencing the deposition of foulants onto the
membrane is surface morphology, often described in terms of roughness.
The surface morphology of the membranes is shown in Fig. 3. The
representative SEM micrograph of the pristine membrane (Fig. 3a)
shows the typical leaf-like or ridge-and-valley structure of PA mem-
branes prepared by interfacial polymerization of MPD and TMC [73,75].
These ridge-and-valley structures were slightly altered following graft-
ing of zwitterions, and more markedly after the incorporation of
Ag-MOFs (Fig. 3b—e). Specifically, by observing the SEM micrographs
related to TFC-BPA-MOF and TFC-PS-MOF, nodules were observed in
the presence of Ag-MOFs. Atomic force microscopy results were in
accordance with SEM measurements. AFM roughness scans and the
extracted parameters, R, (average roughness) and Rgys (root-mean-s-
quared roughness), are presented in Fig. S4 of the Supporting Informa-
tion and in Fig. 3a of the main manuscript, respectively. The membrane
surface roughness generally increased as a result of functionalization.
This change was smaller when only zwitterions were used for surface
modification, while more increment in roughness was observed when
Ag-MOFs were also incorporated, possibly associated with the nodules
observed from SEM analysis. Normally, larger roughness is associated
with increased fouling propensity and our observations underline a

Ra RMS

Fig. 3. (a—e) Representative SEM micrographs and (f) rougness parameters of the pristine and functionalized membranes.
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typical trade-off of membrane surface functionalization approaches.
However, the Wenzel model of wetting suggests that surface roughness
may amplify the wettability behavior of the original surface; hence,
wettable surfaces may become more wettable, and vice versa. Therefore,
one might argue that the synergetic effect of a reduced contact angle and
increased roughness can ultimately lead to a more wettable surface for
the membranes modified with Ag-MOFs [76].

3.3. The membranes showed high performance in forward osmosis

Most membrane functionalization studies show that the transport
behavior of the membranes changes upon modification, often resulting
in membranes with reduced performance. Filtration experiments were
thus performed to assess the suitability of the surface-functionalized
membranes for the specific FO process targeted in this study. Fig. 4 il-
lustrates the water flux (Jy) and reverse solute flux (Js) values deter-
mined at different DS concentrations. Interestingly, the water flux of
membranes exposing PS zwitterions was considerably higher than the
water flux of both pristine and BPA zwitterion-functionalized mem-
branes. In fact, the membranes modified with PS, with and without Ag-
MOFs, exhibited the highest productivity, while those functionalized
with BPA zwitterions were associated with the lowest value of water
flux. One may expect that the presence of zwitterions would increase the
water permeability through a better ability to interact with water mol-
ecules; on the other hand, BPA zwitterions may have produced a dense
layer which overall increased the resistance against water permeation.
This rationalization may be also supported by the SEM micrographs in
Fig. 3b and c. In general, the interaction between Ag" and the functional
groups of zwitterions (COO™~ and SO3) seemed to lead to the formation
of a more favorable structure for water permeation, as TFC-BPA-MOF
and TFC-PS-MOF membranes exhibited fluxes that were higher than
those measured with TFC-BPA and TFC-PS membranes, respectively.

The reverse solute flux of membranes functionalized with zwitterions
and Ag-MOFs-zwitterions increased compared to the pristine mem-
brane, with the exception of TFC-PS, which showed no considerable
change. The increment in solute flux permeability may be partly
explained by the reduced negative charge of the membrane surface after
functionalization with zwitterions and Ag-MOFs. This result can reduce
the electrostatic repulsion at the membrane active layer/feed solution
interface, leading to a higher solute permeability (B) and hence, a higher
reverse solute flux. The considerable increase of reverse solute flux in
the case of TFC-BPA-MOF may be specifically attributed to the addition
of BPA-based Ag-MOFs to the membrane surface, which can lead to
change in charge distribution [77]. The Jw/Js ratio, or reverse solute
flux selectivity, is an important parameter including the effect on both
membrane productivity and selectivity, and defined as the volume of
water produced per mass of draw solute lost due to back diffusion
[78-80]. Higher values are indicative of membranes with improved
transport performance [81]. As illustrated in Fig. 4c, TFC-PS and
TFC-PS-MOF membranes displayed a significant improvement in terms
of Jw/Js values in comparison with the TFCO pristine membrane, while
TFC-BPA and TFC-BPA-MOF samples performed poorly in that regard.
Conclusions that can be drawn based on the FO performance results is
therefore that BPA zwitterions might not be able to enhance the mem-
brane transport parameters as favorably as PS zwitterions, and that the
addition of Ag-MOFs promoted productivity at the expense of some
selectivity.

3.4. The membranes comprising silver-based MOF showed considerable
antibacterial activity

Both plate count and confocal microscopy were used to determine
the antimicrobial characteristics of the membranes, using E. coli as a
surrogate for biofouling organisms. Fig. 5 includes a pictorial repre-
sentation of the live and dead bacterial cells as observed under the
confocal microscope and the bacterial colonies grown on the TSB agar
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Fig. 5. Results of antimicrobial activity tests for pristine and functionalized membranes tested with gram-negative E. coli using heterotrophic plate count and

confocal microscopy.

plates. Using the culture-based pour plating method, the TFC-BPA-MOF
membrane yielded approximately 100% (>99.999%) die-off of E. coli
relative to a solution of 10 E. coli CFU/mL. The TFC-PS-MOF membrane
yielded a substantial 62% die-off of E. coli. The TFC-BPA and TFC-PS
membranes (those without Ag-MOFs) yielded small reductions of 10%
and 14%, respectively, while the TFCO membrane yielded an E. coli
reduction of 5%, implying a lack of antibacterial properties. To further
investigate the bactericidal activities of the functionalized membranes,
fluorescence images were taken with the confocal microscope after
exposing the membrane to E. coli and staining with SYTO9 and PI, the

standard stains used to differentiate viable and non-viable cells. The live
(green):dead (red) ratio was used to describe the relative viability of the
bacterial cells on the membrane surface. The ratio of living-to-dead cells
was very high (approximately 100) for the TFCO membrane, i.e., 100
live E. coli bacteria for every dead bacterium. In contrast, the ratio for
the TFC-BPA-MOF membrane was 0.01, meaning only one living bac-
terium for every 100 dead bacteria, and indicating approximately 99%
die-off of the attached bacteria. The TFC-PS-MOF membrane had a live-
to-dead ratio of 0.33, indicating three dead bacteria for every living
bacterium (75% die-off), whereas TFC-BPA and TFC-PS (with
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zwitterions but without Ag-MOFs) yielded ratios of 6.66 (13% die-off)
and 5.22 (16% die-off), respectively. The analysis of the bacterial solu-
tion showed all green (living) bacterial cells, confirming the viability of
the model bacteria.

The two methods of assessing antimicrobial activity, culture-based
and confocal fluorescence microscopy, yielded similar results. In both
cases, the TFC-BPA-MOF membrane, functionalized with the zwitterion
BPA and Ag-MOFs, achieved the best performance, with nearly complete
(99% or greater) inactivation of E. coli bacteria, while the TFC-PS-MOF
membrane yielded substantial (62-75%) inactivation but far less than
that observed for TFC-BPA-MOF. In both assays, the membranes func-
tionalized with zwitterions only (TFC-BPA and TFC-PS) showed little
inactivation of E. coli (10-16%) and the pristine TFCO membrane
showed almost no antimicrobial activity with only 1-5% die-off. The
antibacterial property of TFC-BPA-MOF and TFC-PS-MOF membranes is
imparted by the available Ag-MOFs at their surface. During application,
Ag-MOFs would be a reservoir of silver ion (Ag™) that would create
sustainable antibacterial activity [82]. Moreover, the 2-metylimidazole
organic linkers applied in this study to synthesize the Ag-MOFs itself had
antimicrobial activity and therefore a synergetic effect may be attained
[83].

3.5. The flux reduction due to fouling was alleviated

Fouling tests were conducted using sodium alginate as model organic
foulant and E. coli as model biofoulant. SA is a polysaccharide and one of
the main components of extracellular polymeric substances. During the
tests, the water flux started to decrease substantially soon after the
introduction of SA into the FS (Fig. 6a). This decrease was observed for
all the membranes; however, the functionalized membranes demon-
strated a relatively lower flux decline. This result can be justified by the
fact that the functionalized membranes possessed a more hydrophilic
surface that gave rise to a denser hydration layer, which hampered
foulant deposition on the membrane surface [84]. The presence of
Ag-MOFs on the TFC-BPA-MOF and TFC-PS-MOF membranes also
seemed to lead to a relative improvement in antifouling propensity
compared to membranes solely modified by zwitterions. A possible
explanation is that the presence of 2-methylimidazole in the structure of
Ag-MOFs might help forming an even stronger hydration layer on the
membrane surface [85]. The results of biofouling experiments are pre-
sented in Fig. 6b. As expected, introducing E. coli into the feed solution
caused the water flux to decrease in time due to deposition and possible
biofilm formation on the membrane surface. This phenomenon was
somewhat thwarted in the case of functionalized membranes, and this
positive effect was generally more pronounced in the case of
TFC-BPA-MOF and TFC-PS-MOF with respect to TFC-BPA and TFC-PS
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samples. This result can be attributed to the presence of
silver-containing MOFs with antimicrobial activity.

4. Conclusions

Ag-MOFs, together with COO™- and SOjz-based zwitterions were
used to functionalize the surface of TFC FO membranes to develop their
antifouling properties. The characterization of the functionalized
membranes revealed the availability of Ag-MOFs and zwitterions, and a
more wettable surface for the membranes upon functionalization. The
water productivity and the solute selectivity in FO were mostly main-
tained or in some cases were improved compared to the pristine mem-
branes. Specifically, the membranes functionalized with 1,3-propane
sultone exhibited a highly enhanced water flux while maintaining a low
reverse solute flux. On the other hand, while BPA-functionalized mem-
branes showed a slightly reduced transport performance, they demon-
strated a higher antibacterial capability. Assays for culturable bacteria
suggested a significant fraction of dead cells upon contact with the
functionalized membranes comprising silver-based MOFs, namely 100%
for TFC-BPA-MOF and 62% for TFC-PS-MOF, respectively. In FO filtra-
tion tests, these results translated into a lower tendency for flux reduc-
tion compared to the pristine membrane in the presence of sodium
alginate or E. coli. In regard to the objectives of this study, the membrane
functionalized with PS and Ag-MOFs (TFC-PS-MOF) was the best
candidate amongst the four because of the combination of highest anti-
biofouling capacity, highest FO flux, substantial rate of biocidal activity,
and enhanced perm-selectivity compared to the pristine membrane. In
summary, the surface functionalization with Ag-MOFs and PS zwitter-
ions is a promising option to enhance the antifouling properties of TFC
FO membranes.
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