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ABSTRACT:In this work, nanorods with high antibacterial Polyamide Layer
properties were synthesized with silver acetate as the metal source /

and 2-aminoterephthalic acid as the organic linker and were thlen/'L/ \
embedded into thinim composite (TFC) membranes to amend \ /_/ P
their performance as well as to alleviate biofouling. Silver metaf’,... i/\Q/
organic framework (Ag-MOF) nanorods with a length smaller than o

40 nm were incorporated within the polyamide thin selective layer ~ Pristine Membrane

of the membranes during interfacial polymerization. The s — —~
interaction of the synthesized nanorods with the polyamide wa //_ﬁ/ g \6
favored because of the presence of amine-containing functionaN // Inhibitted
groups on the nanoresdsurface. The results of X-ray photo- s Zong

|
electron spectroscopy, scanning electron microscopy, energy- Ag-MOF Membrane E col

dispersive X-ray spectroscopy, and atomic force microscopy

characterizations proved the presence of Ag-MOF nanorods in the selective layer otiicomposite (TFN) membranes.

TFN membranes demonstrated improved water permeance, salt selectivity, and superior antibacterial prophyti¢ise Speci
increased hydrophilicity and antibacterial potential of the TFN membranes led to a syeergmiiard biofouling mitigation.

The number of live bacteria attached to the surface of the neat TFC membrane decreased by more than 92% when a low amoun
Ag-MOF nanorods (0.2 wt %) was applied. Following contact of the TFN membrane suEfateevidthia catidStaphylococcus
aureusfull inactivation, and degradation of bacteria cells were observed with microscopy, colony-forming unit tests, and dis
inhibition zone analyses. This result translated to a negligible amount ofnthéoteed on the active layer. Indeed, the
incorporation of Ag-MOF nanorods decreased the metal-ion release rate and therefore provided prolonged antibacteri
performance.

KEYWORDS:forward osmosis, tHm-nanocomposite membranes, Ag-MOF nanorods, antibacterial activity, biofouling mitigation

Biofilm

INTRODUCTION within the polyamide lay&r. Embedding NPs within the
olyamide layer with the aim of fabricating thin-
ggocomposite (TFN) membranes presents spadivan-

tages over other methods, including facile fabrication method

and water ux enhancemefi.

hThe embedment of NPs into the polyamide layer during the

Brferfacial polymerization (IP) reaction is also a feasible

method to obtain membranes with customized characteristics,

such as fouling resistafite. The nal performance of the

Thin- Im composite (TFC) polyamide membranes are widel
applied in forward osmosis (FO) and desalination processes
they currently provide the best combination of waxeand

salt rejection.However, the high susceptibility of polyamide-
based membranes to biofouling, owing to their relatively hiq
hydrophobicity, surface roughness, and the presence
carboxyl functional groups is the most signi challenge
to the achievement of coseetive operations of water
desalination proces$é®ecause the surface properties dictate
the interactions between foulants and the membrane, the v&sgceived: July 20, 2020
majority of recent studies have focused on innovative strategfiégepted: July 27, 2020
to prevent foulant attachment and to increase membrarig!Plished: July 27, 2020
lifespari. Various approaches have been implemented,

including physical surface coating, chemical functionalization,

andin situgrowth or incorporation of nanoparticles (NPs)
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TFN membranes can be virtually tuned by designing NPs witdnd Escherichia c¢k. co)i as model organic foulant and
specic progerties and applying them during the IPbiofoulants, respectively. Finally, the antibacterial properties of
proceduré?'® The rst e ort to fabricate TFN membranes the membrane are extensively studi@d combination of

for water treatment was reported in 2005 using zeolite-A as tbemplementary techniques.

nano ller. Since then, diverse types of NPs, comprising carbon-

based nanomateriaks.d. graphene oxide and carbon nano- MATERIALS AND METHODS

tube), mineralse(g.zeolite, titania, and silica), and metals or Reagents. Polyethersulfone (PES,, = 58,000 g/mol, Ultrason

mfe.tal oxidese(g. silver, copper, and zinc OX'd?) ha\_/e .beer]EGO?_OP) as the polym&tN-dimethylformamide (99.5%, Scharlau)
utilized to develop TFN membranes. Despite &imi a5 the solvent, and Triton X-100 (Merck) and polyvinylpyrrolidone
advances in the fabrication of robust TFN membranes ki, = 25,000 g/mol, Merck) as pore formers were used for the

e ective incorporation of NPs into the polyamide layer, therpreparation of the casting solutions to fabricate the support layer of
are still bottlenecks that need to be tackled, including (i) thEO membranes. TMC (Merck), MPD (Merck), triethylamine (TEA,
poor interaction of the NPs with the surrounding polyamidéd/erck), camphorsulfonic acid (CSA, Merck), hédxane (99%,
matrix, which increases the release of NPs ditmatign and Scharlau) were used for the synthesis of the polyamide selective layer
accordingly reduces their activity over lt?ﬁfle,(ii) the by IP reaction. Sodium chloride (NaCl, 99.5%, Merck) was used as a

. . - . draw solute (DS) at dérent concentrations in FOQtration
inappropriate compatibility between the NPs and SurrOl‘md”&periments. Silver acetat8g.0%, Merck) and 2-aminoterephthalic

p0|yar_n'_deo matrix, which adverselgcts the membrane ,qiq (NH,-BDC, 95.0%, Sigma-Aldrich) were used for the synthesis
Se|_eCt|V|t)]’7 (iii) the improper size and morphology of NPs, of Ag-MOF nanorods. Potassium dihydrogen phosphaieGKH
which aect the polyamide selective layer mechanical streng#d.59%), glucose monohydrate, magnesium sulfate ,@HyS0Q

and integrity? (iv) the inhomogeneous dispersion of the NPS99%), ammonium chloride (NEl, 99.5%), sodium bicarbonate

in the solution during the IP process and inttlaépolyamide ~ (NaHCO;, 99.5%), and calcium chloride (GaG6%) were

layer, and (v) the diculty of NPs synthesis and hence TFN purchased from Merck for the preparation of synthetic wastewater
membrane fabrication for large-scale applicﬁ'ﬁtimmaé feed solutions. SA was obtained from Sigma-Aldrich and used as a
organic frameworKgMOFs) are among the most promising representative organic foulant,

It i terial d to add th botffe K Synthesis and Characterization of Ag-MOF NanorodsA
alternative materials proposed 1o address Nese DOWENECKYy,) tion of silver acetate (0.2 g) in 100 mL of deionized (DI) water

Because of the eX|st¢nce pf the ~organic _Ilgand in theyas gradually added to the NBDC solution (0.1 g dissolved in 100
structures, MOFs provide higherndy and improved  mL of ethanol) while stirring slowly at 100 rpm, to form a precipitate
compatibility with the polyamide chain, in comparison taafter the synthesis reaction. Prior to the synthesis, both solutions were
their fully inorganic counterparts. This greater interactioronicated for 5 min to obtain homogenous solutions without any
between the two components at the Iﬁﬁ):ﬂymer interface agglome.ration. Thena] mixture was stirred for 30 min to complete
can be related to covalent, hydrogen, and van der Waals bori@g reaction, after which the precipitate Wered and washed twice
which indeed prevent the formation of nonselective wejds ( with 100 mL of ethanol to remove the unreacted reagents and then

. o dried at 60C. The sample was then analyzed using Fourier transform
d(?(l;eclzts) betweean fd!ren;[] phaségbAddltlpr}ally, MO_Fls are h infrared (FTIR) and energy-dispersive X-ray (EDX) spectroscopic
wiaely reported for their antibacteria _potentla In ,t €analysis to comm the successful formation of Ag-MOF nanorods.
literature, as a source of metal centers with the potential fohe "morphology of Ag-MOF nanorods was observed edig

controlled release of biocidal ag€fitsThe homogenous — emission scanning electron microscopy (FESEM) (TESCAN
distribution of active metal centers in their framewceks @ MIRA3) equipped with an EDX spectrometer.

prolonged biocidal activity without aggregation or oxitfation. Preparation of the Neat TFC and the TFN MembranesThe
Despite being reported in the literature for the fabrication dfES support layer was fabricated phase separation method

the TFN membranes, few studies have achieved a suitali@ced by nonsolvefitThe TFC membranes were fabricated on
membrane functionalization without compromising membra e surface of the PES support layer through an IP reaction involving

. . PD aqueous and TMC organic solutiriehe TFC polyamide
i[?]e:;%rmlzgngfégengéfewer have reported the biofouling behav Embrane (MO) was prepared by soaking the PES substrate in an

- i . . . aqueous solution containing 2 wt % MPD, 1 wt % TEA, and 2 wt %
The main objectives of this study are (i) promotingcsa for 2 min. An air-knife was then used to cautiously remove the
interaction and compatibility between the polyamide matrigxcess MPD solution from the membrane surface. The amine-
and the MOFs to improve their incorporation within the TFN saturated membrane was then immersed in a 0.1 wt/v % TMC
membranes, (ii) improving surface hydrophilicity by incorposolution_ ﬁ-hexane solvent) for 30 s. Subsequc_antly, the membrane was
rating Ag-MOF nanorods to minimize foulant deposition ont@laced inside a preheated oven &Cfbr 5 min to complete the
the membrane, (ijii) introducing desirable charged moieties {gmation of the polyamide selective layer. The TFN membranes
exert electrostatic repulsiovith biofoulants, and (iv) e fabricated by suspending Ag-MOF nanorods (0.2 wt %) into the
L . . - L ’ . queous MPD solution (M1) or into the organic TMC solution (M2)
achieving high antibacterial activity and long-lasting anﬁ'uring the IP process. Before use, these solutions containing the Ag-

biofouling properties for TFN membranes with a simple oF nanorods were sonicated for 20 min to prevent any undesired
approach. In this regard, we address the TFN membrangglomeration. All the membranes were stored in DI wateiCat 20
challenges by synthesizing and incorporating novel Ag-M®Efore testing or characterization.

nanorods with a length of @@ nm. Two approaches are ~ Membrane Characterization. FESEM (MIRA3 TESCAN)
investigated, whereby Ag-MOF nanorods are dispersed in gfelipped with an EDX detector was applied to characterize the
1,3-phenylenediamine (MPD) aqueous solution or in theurface and cross-sectional morphologies of the membranes. Atomic
trimesoylchloride (TMC) ganic phase during the IP Iﬁrce mf'crOSCOpyh(AFM’ IfEaks]yScan Itl) Swiss) Walls Us{?d to d_et_ermlr;]e
reaction. The potential inence of Ag-MOF nanorods on M¢ surface roughness of the membrane samples. To minimize the

h hologi d ; hvdrophilici I xperimental error, the surface roughness was determined for three
the morphologies and surface hydrophilicity, as well as t @parately cast membranes. The surface chemistry of the membranes

chemistry of the TFN membranes are systematicallyas studied by attenuated totalectanc6FTIR (ATRSFTIR,
investigated. The antifouling performance is evaluated Byermo Scientt USA) and X-ray photoelectron spectroscopy (XPS,
conducting fouling experiments using sodium alginate (SAestec, Germany). The surface charge of both neat TFC (MO0)
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Figure 1.(a) Schematic illustration of the Ag-MOF structure (gray: carbon, yellow: silver, blue: nitrogen, white: hydrogen, red: oxygen); (b,c)
representative FESEM micrographs of Ag-MOF nanorods; EDX mapping of (d) carbon, (e) nitrogen, (f) oxygen, and (g) silver on Ag-MOF
nanorods; (h) elemental EDX composition of Ag-MOF nanorods; and (i) FTIR spectrum of the as-prepared Ag-MOF nanorods.

membrane, as well as M1 and M2 TFN membranes, was assessed withdrawn after 1, 7, 15, and 30 days, and the concentration of the
a SurPASS electrokinetic solid surface zeta potential analyzer (Anteleased silver ions was determined usirRQOES.

Paar USA, Ashland, VA). All the streaming potential measurementsEvaluation of the Membrane Permeation Properties. The

were conducted in a background electrolyte solution composed otransport properties of all the membranes were assessed in terms of
mM KCI at 25°C over a pH rangeS®. The zeta potentials of the the water permeability cagient (3) and salt permeability cogient
membranes were computed based on the HelS®wittuchowski (B) with a crossow ltration setup with an ective membrane
equation. Two separate samples of each membrane were assessedtitee area of 30 &1 In FO ltration experiments, DI water was
minimize the experimental error. The membrane surface hydrased as feed and NaCl as draw solutions, respectively. Further
philicity was assessed using contact angle measurements (Dattormation on the FO unit and the performance assessment
Physics, OCA 15 plus), where an average value was determined frpotedure are reportedSaipporting Informatiofsl.1.1)%

measurements ate random positions. The elemental composition Dynamic Fouling Experiments. The organic fouling and

and chemical structure information of the membrane surface wds®fouling propensity of the FO membranes were assessed by adding
evaluated by inductively coupled pl&smiical emission spectrom- SA (a model polysaccharide) aBd coli (model bacteria),

etry (ICFSOES, Varian 730-ES), respectively. The silver-ion releasespectively, in the feed solutions during [F@tion experiments.

rate from the membrane was determinedrsiystoring 6.45 dm Further explanation on the fouling experiments are provided in the
coupons in 20 mL of DI water overnight under mild shaking, followe8upporting Informatiofsl.1.2):%%

by acidifying the coupons with a 1% nitric acid solution and then Fluorescent Scanning Microscopy For epiuorescence micros-
shaking the samples at 100 rpm for 30 days. Water samples weopy,E. colbacteria was used. Egirescence scheme was used for
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the uorescence imaging. In each experiment, 1 mL of the stosflver atoms on Ag-MOF nanorods. The elemental EDX

bacterial suspension was placed onto & dnf membrane sample;
viability staining was performed after 1 h of contact. The SYTO
stained bacteria (green) and Pl-stained bacteria (red) correspon

to live and the dead cells, respectively. Further details on the

uorescence imaging procedures are present&dpjorting
Information(SI.1.3).

Heterotrophic Plate Count. The E. colibacteria, as a model
Gram-negative bacteria, were grown &L 37 trypticase soy broth

composition of Ag-MOF nanoro@sgure h) indicated 27.54

d%i d 10.16% of silver and nitrogen, respectively. The infrared

%

sorption peaks observed in the IR spectriiguwt Lcan
e summarized as follows: the broad peak centered around
3300 cm! is the ngerprint for GH stretching® The
observed peak at 1544°¢ns attributed to SN stretching
and also SH bending®?’ Additionally, H stretching is

(TSB) with incubation and shaking overnight. After this period, @bserved at 1610 £h3’ The two peaks idenéd at 1355 and
fresh broth sample was incubated with some of the bacterial T9810 cm' most likely correspond to G and C O

suspension for 3 h at 3. By centrifuging for 2 min at 6000 rpm,

the bacterial culture was then fully pelletized. The resulting bacter

solution was suspended againxirsterile phosphate ber saline
(PBS) solution to achieve aal concentration of A@&fu/mL.
Membrane samples with a surface area of awlecenincubated at

tretching, respectively. The peak at 123bisrhecause of
OSC symmetric stretchiRgMoreover, the peak at 1031

cnt is related to 8O stretching?*° Besides, several peaks

observed in the range of 8888 cm® may be assigned to

37°C in a sterile Petri dish containing the bacterial solution undeESH bonding, especially rocking vibratiéiis The more

continuous mild shaking for 1 h. The unattached bacterial cells wegabtle peaks between 500 and 57# cam be associated with
removed by rinsing the membrane samples three times with a PR§SO vibrations™

solution. Upon resuspending the attached bacteria, membral
samples were then placed in a sterile plastic bag with 10 mL

PBS stock solution and then sonicated for 7 min. The resultin

solution was transferred to previously prepared TSB agar plates a'?(g s may change the kinetics of IP reaction, interact with the

series dilutions; the plates warally incubated for 24 h at 3,
and the CFU wasnally counted’
Heterotrophic plate couBtaphylococcus auf@usaurelisas a

NAs with all other nanomaterials, incorporation of MOFs
¥ uences the polyamide-based layer structure, as nanostruc-

polyamide matrix, and may alter the degree of acid chloride
hydrolysis? Indeed, the penetration rate of MPD/TMC
monomers into the reaction zone may alter during the IP

model Gram-positive bacteria, was tested for investigating tigocess, and usually, a looser polyamide layer forms. In this

antibacterial properties of the synthesized membran&s.atiieus
was cultured in the TSB overnight by shaking and incubating at
°C. The overnight culture was mixed with some freshly prepared T
and were incubated for 3 h. The culture was centrifuged at 6000 r
for 3 min and was resuspended in ABS to attain anal
concentration of 2Ccfu/mL; 1 mL of this bacterial solution was

study, both the agueous MPD and the organic TMC solutions

derwent a color change upon the introduction of the Ag-
OF nanorods, which was more intense in the case of MPD

solution, whereby its color turned rapidly from transparent to

black®® The amine functional groups existing on the surface of

exposed to the £ 1 cn? of the active surfaces of the membranes.Ag-MOF nanorods most likely interacted with MPD and/or

The membranes with the bacterial solution was incubated for 1 h witMC molecules before and during the IP process, thus
proper shaking. The membranes were then washed with 10 mL jgf uencing the degree of the polycondensation reaction
sterile PBS solution, and this was plated on trypticase soy agar (T$figdjated by amine and acyl chloride monomers and therefore
plates overnight at 37C for determining the viability of the We nal polyamide structure. The amino groups of Ag-MOF

unattached cells; the number of cells were counted in terms of CF d f lent bond ith TMC
Disc Inhibition Zone Assay.To further explore the antibacterial nanorods can form covalént bonds wi monomers,

activities of the membranes, a disc inhibition zone test was perforrﬁ@ﬂereas they interact with diamine-containing MPD mono-

to determine the inhibition zone of all the membfaif&B (5 mL)

was poured inside Petri dishes and satidh a biosafety cabinet.
The plates were incubated at’@7for 24 h to eliminate any plates
with contaminationE. colifresh suspensions were obtained as
described above. A sterile cotton swab was then dipped ihtodie
suspension and was spread on the agar plates. The membranes
cut into 6 mm diameter discs, which were placed in the middle of t
agar plates already inoculated Withcoli The plates were then
incubated (without shaking) for 24 h at°8& For theS. aureus

mersviahydrogen bonds. Both types of interactions improved

the dispersion and compatibility of MOFs in the polyamide

matrix>**> Figure 2 presents a schematic of possible
interaction between Ag-MOF nanorods and the polyamide
chains during the IP process. A further schematic of the
8[Feous MPD and organic TMC solutions immediately after
e introduction of Ag-MOF nanorods at ambient temperature
is presented iBupporting Informatiofrigure S1).

inhibition zone test, an overnight-gr@&vraureugyuid culture was
smeared evenly with a sterile cotton swab on the top of TSA plat
and the disc cut from each membranes were placed aseptically in
middle of each plates. After stationary overnight incubatiotCat 37
the inhibition zone for each disc was determined. A negative conti
without any disc on the plate was also included to monitol
contamination and die-0

RESULTS AND DISCUSSION

Characteristics of Ag-MOF Nanorods and Proposed
Interaction with Polyamide. Figure & illustrates the
schematic structure of Ag-MOF nanorods. Torrothe

successful synthesis of the nanorods, a thorough morphologg:

and physicochemical characterization was conducted.
illustrated inFigure b,c, the FESEM micrographs of the as-

b,

e}
u MPD Incorporated

Solution

|at|Jre 2.(a) Graphic illustration of the aqueous MPD and organic

C solutions immediately after addition of Ag-MOF nanorods; (b)
proposed mechanism of interaction between the Ag-MOF nanorods

prepared Ag-MOF samples demonstrated the narrow Siggd the polyamide matrix in which the active sites of both hydrogen

distribution of nanorods within the range &480nm.Figure

and covalent bonds are aed (yellow: silver; gray: carbon; blue:

1dSg presents EDX mapping of carbon, nitrogen, oxygen, anitrogen; red: oxygen; white: hydrogen).
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To study the membrane surface functional groups and @symmetric OS O and 1240 cit to the stretching
further validate the successful binding of Ag-MOF nanorodsbrations of asymmetriSOSC of the aryl ether group of
(Figure 3, ATRSFTIR spectroscopy was applied. The broadthe PES sublayer, respecti/elihe inherent peaks of the

E 3 El - —Mo

4 = L —M1

8 25

- g ggg § M2

———r7—7F—7—T1—7

3150 2800 2450 2100 1750 1400 1050 700
Wavelength (cm)

polyamide layer formeda the IP process are observed at
around 1660 crh (C O stretching vibrations of amide 1), at
about 1544 ci (stretching vibrations of in planeSK
bending and &N of amide 11), and 1610 ci(stretching of
the amides NSH).?’ The appearance of the peak at 1444
cn! is attributed to C O vibration of carboxylic acids,
possibly emanated from the free carboxyl functions,ef NH
BDC linker or the hydrolysis of unreacted acyl-chloride
functional groups.Moreover, the sigriant increment of §
H bending vibration at 1544 €hean be assigned to the NH
BDC linker, which indicates the presence of Ag-MOF
nanorods.

Characteristics of TFC MembranesXPS was performed

Figure 3_ATRSFT|R Spectra of the neat MO and the nanocompositeto inVeStigate the elemental structure and Chemical bOhdS Of

M1 and M2 membranes.

peak around 3300 Ehrepresents the$M stretching® The
peaks over the wavenumbers of31320 cm’ are related to
PES support and are detected in all membfafies.peaks

the neat MO, and the M1 and M2 TFN membranes. As shown
in Figure 4 the energy spectra of all membranes mainly
involved carbon (C), oxygen (O), and nitrogen (N) peaks,
which were located at binding energies of 285 eV (assigned to
C 1s), 400 eV (N 1s), and 531 eV (O 45¥’ The appearance

identi ed at 1150 cit can be ascribed to the stretching of two new silver peaks at about 368 eV and 374 eV

vibrations of symmetric @8 O of the sulfone functional

(attributing to Ag 3¢, and 3d),, respectivelyj suggests the

groups. The peaks observed around 1300 and 1820 cnpresence of Ag-MOF nanorods in the structure of TFN
corresponded to the doublet from the stretching vibrations @hembranes. It must be noted that no silver signal was observed

Figure 4.(a) XPS survey spectra of the neat MO and of the M1 and M2 TFN membranes: deconvoluted high-resolution C (1s) sipectra of (b
neat MO, (B M1, (b;) and M2 TFN membranes; (c) deconvoluted high-resolution O (1s) spectra of the neat MO, and of the M1 and M2 TFN

membranes; (d) deconvoluted high-resolution Ag spectra for M1 and M2 samples; and (e) intensity ratio of Ag 3d spectra between M2 and M.

membranes.
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in the survey spectra of the neat MO membiagaré 4). contained more Ag on the outermost layer despite adding the
Gaussian function was used for peiag. In the case of high- same amount of MOFs to the solutions during preparation. A
resolution C 1s spectréigure b), three peaks can be likely explanation is that the IP reaction is primarily governed
identi ed: a major peak approximately at 28%° eNgstly by the diusion of MPD molecules into the reaction region;
attributed to the carbon atoms in benzene ring correlated therefore, the polymelm develops in a direction from the
CSH, CSC, and GC bonds}***an intermediate peak at 287 interface toward the organic solutfothus entrapping more
eV assigned to8I, CSO, and GOSC bonds;’and alsoa  MOFs into the topmost polyamide layer (for M2 fabrication,
minor peak approximately at 288 eV attributedSG3D nanorods were added to the organic TMC solution).
and amide O CSN bonds?**** High-resolution O 1s  Considering that the penetration depth of the X-ray in XPS
spectra are instead bestd by two peaks, whereby the major analysis is generally less than 10 nm of the top selectiVe layer,
peak is located at about 532.5 eV, attributed 10 QOSCS the results are rationalized with a higher Ag-MOF concen-
0O, NSCSO, and GO bonds), and the minor peak is located tration near the topmost surface of M2 membranes, translating
around 533.5 eV related t&0 (CSOSH and G5CSO into a potentially higher content of Ag ions accessible to the
bonds);*** - surfacé® Figure Sillustrates the relevant EDX mapping and
The elemental compositions of all the membranes aigpx elemental composition of MEigure &) and M2
reported infable 1 Theoretically, the O/N ratio of polyamide (Figure B) nanocomposite membranes, clearly corroborating

the presence of Ag atoms. It should be noted that the EDX

Table 1. Elemental Compositions, O/N Ratio, and Ag analysis covers the entire thickness of sample, while XPS
Spectra Intensity Ratio of the Membranes analysis covers roughly the uppermost portion of the selective
atomic concentration (%) layer. The Ag detected by EDX was almost identical for both
M2/M1 Ag ratio M1 and M2 membranes. This resglt suggest thgt, while the
Ag OIN  (from spectra same amount of Ag-MOF was incorporated in the two
membrane C (1s) O (1s) N (1s)(3d) ratio intensity) membranes, the nanorods preferentially accumulated near the
MO 60.0 232 161 0.0 1.48 topmost surface of M2 membrane selective layers.
M1 59.7 257 125 20 205 The surface and cross-section micrographs of the neat TFC
M2 56.7 197 115 121 171 6.05 and TFN membranes are presentédgare 6 The neat MO

membraneKigure &,b) displayed a ridge and valley surface,

varies between the value of 1 for a fully cross-linked structod@ich is the typical morphology of polyamide TFC
and 2 for a fully linear struct@feA greater degree of Membranes fabricated by the IP reattioNthough no
crosslinking rects a denser polyamide layer with increase@bvious change occurred in the top surface morphology of
selectivity, while a lower degreers improved hydrophilicity nhanocomposite membranes, bright spots appeared on their
and higher permeability. The results of the element&urface upon the incorporation of Ag-MOF nanorods in the
compositions Table ) indicate that the Ag-MOF incorpo- layer. These features can be attributed to the presence of Ag
ration increased the O/N ratio for M1 and M2 membranesatoms within the core of Ag-MOF nanorods. Such spots are
compared to that of the MO membrane. This in turn can b&nore easily observed in the cross-sectional images, with a
interpreted as a lower cross-linking degree of the polyamideiform distribution throughout the thickness of the M2 TFN
structure. sampleffigure 6,i). Because the sensitivity of heavy elements,
On the other hand, what stands oufigjure € is that the  such as silver, to the backscatter electrons isaidigihigher
intensity ratio of the XPS spectra related to silver for M2 antthan that of light ones, such as carbon, nitrogen, and Yxygen,
M1, (M2/M1), was about 6:1, indicating that the M2 samplea backscattered imaging detector was applied to identify and

Figure 5.EDX analyses for§d) M1 membrane and $&) M2 membrane. (a,e) EDX mapping of carbon; (b,f) surface FESEM images; (c,g)
EDX mapping of silver; and (d,h) EDX elemental compositions.
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Figure 6.(a) Surface and (b) cross-section FESEM micrographs of the neat MO membrane; (c) surface in the secondary mode, (d) surface in th
backscatter mode, and (e) cross-section FESEM micrographs of the M1 membrane; and (f,g) M2 membrane surface in the backscatter mode,
(h) cross-sectional and (i) colored cross-sectional SEM of the M2 membrane.

Figure 7.(a) AFM roughness parameters; (b) contact angles; (c) zeta potential; and representative AFM )mége@gfNtL, and (d) M2
membranes.

isolate the heavy elements (Beerres S254. These small  in layer thickness would diminish the mass transfer resistance
spots were uniformly distributed within the M1 and M2 TFNand eventually result in improved water*

layers, whereas such bright spots were not detected whilélore morphological features were observed using AFM, and
imaging the neat MO membrane. These results may [Be results are summarized fRigure a (roughness
interpreted with high density and rather homogenoufarameters) andrigure @,5d; (three-dimensional AFM
dispersion of the Ag-MOF nanorods within the polyamidéMages, s€&gure Sp The roughness parameters were higher

layer of TFN membranes, corroborating the hypothesis thit' membranes fabricated by incorporation of Ag-MOF
there is suitable compatibility between the two phasdi®nOrods, consistent with results from SEM observations,
represented by nanorods and the polyamide Thatfixe- Which suggested the formation of additional features within the

th tional hol f the M1 b olyamide because of the presence of Ag-containing nanorods.
over, the cross-sectional morphology of the MEMDIalg,s result is especially true for M2 membranes, which showed

shows that, by loading the aqueous MPD solution with A%‘lgnicantly larger values of root-mean-squar®amigh-
MOF during IP, the average thickness of the TFN layepess This observation may again stem from theerdi
decreasetf. Indeed, the incorporation of the nanorods mayfabrication procedure. During the preparation of M2, nanorods
thwart the MPD diusion into the organic solution during are dispersed in the TMC solution, and their amount near the
polymerization and delay the formation of the polyainide organic/water interface is probably higher in comparison with
because of the steric hindrance of Ag-RM@Ris decrement  the protocol to prepare the M1 membrane, where only the
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Table 2. Transport Properties of the Neat TFC and TFN Membranes

membrane A B BA S R(4y)2 R(DP
MO 1.10+ 0.1 0.33% 0.02 0.34t 0.01 123 1 0.98+ 0.02 0.9% 0.1
M1 2.24+ 0.1 0.41 0.02 0.29% 0.01 206t 1 0.975t 0.01 0.87% 0.1
M2 1.49+ 0.1 0.36& 0.02 0.24% 0.01 27% 1 0.907+ 0.01 0.924 0.1

3R2(J,): water ux coe cient of determinatioRR3(1): solute ux coe cient of determination.

pores of the support are soaked with the nanorod-containing
MPD solution. Overall, from SEM, XPS, and AFM results, it
can be concluded that dispersing nanomaterials in the organic
solution (M2 membrane) results in a thicker and rougher
selective Im, with a higher density of Ag-MOF nanorods
embedded in the topmost portion of this layer. It has been
reported that rougher membranes are generally more prone to
biofouling by bacterial cells and macromolecules. However, a
complex relationship exists between roughness, hydrophilicity,
and fouling behavior, which cannot be solely rationalized from
the surface morphological analysis.
To obtain information on the surface hydrophilicity, the
average water contact angle of the membranes was measured
and the results are showedFigure B. The average contact
angle reduced from 7265.1 for the neat MO membrane to
434+ 3.1 and 63.2 2.8 for M1 and M2 samples,
respectively. This increase in the membrane wettability
probably emanates from the presence of hydrophilic Ag-
MOF nanorods, which contain numerous functional groups on
their surface that have a tendency to form hydrogen bonds
with water molecules. Although larger roughness was observed
for the nanocomposite membes, the role of surface
chemistry often sets that of surface roughness in the rate
of fouling during membrankration>® The likelihood of the
hydrogen bond between the membrane surface and the
surrounding water molecules promotes the formation of a
thin layer of water at the membrane surface/liquid interface,
which prevents bacteria dsjtion and alleviates the
undesirable attachment of hydrophobic foulants in géneral.
The surface charge is also a crucial factor when it comes to
treating a feed solution with charged foularité negatively
charged membrane typically shows a lower propensity to
biofouling by bacterial cells, which carry a net negative charge
in the pH range 39, through electrostatic repulsidRigure
7c reports the results of zeta potential for the membranes as a
function of pH. The results are in agreement with therigure 8.(a) Water ux, (b) salt ux, and (c) water over solutex
protonation behavior of polyamide carboxyl groups deprotéractionvsthe molar concentration of the NaCl draw solution.
nating at increased pH values, thus imparting an overal
negative potential to the surffc@/hat is interesting in the membrane was higher while that of the M2 membrane was less
data presented kigure € is the larger values of negative zetathan the waterux attained for the pristine MO membrane.
potential of both M1 and M2 nanocomposite membranegsurthermore,l, of both M1 and M2 membranes was
compared to traditional polyamide membranes. This reswbnsiderably smaller in comparison to MO membranes.
may be related to the additional contribution of the freeOverall, the sped solute ux (I/J,) is a key membrane
carboxylic groups present in the framework of Ag-MOlperformance parameter, which should be low to allow high
nanorods. M2 membranes showed the largest negative chasglectivity in the FO process. As presentégjime &, both
among the membranes, which may again be attributed to th&l and M2 TFN membranes showed laléy ratio [higher
higher density of Ag-MOF nanorods at the surface. Thig]/1)] compared to MO. Nonetheless, thisdénce was less
increased negative surface potential of both nanocompositarked for M2 because of a lower value of watebtained
membranes may eventually result in reduced biofduling.  with this membrane, which can be rationalized with the
Membrane Transport Properties. The transport param- increased thickness of its selective layer, as suggested by
eters of the membranes were calculated based on a four-FE§SEM micrographs.
FO procedur® and the results are listed Tiable 2and From the data shown Ifigure 8the inherent transport
illustrated inFigure 8 The results in terms of watarx, characteristics of the polyamide or nanocomposite polyamide
reverse saltux, and water to reverse salk ratio are layers can be calculatethlfle 3. Surprisingly, the water
presented ifrigure 8 The results indicate thjtof the M1 permeability coecient,A, showed an increment from 1.1 to
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Figure 9.Antibacterial properties of the membranes. Fluorescent photogeaphécefls accumulated to the surface,&faganeat MO, M1,

and M2 membranes, respectively; stained by SYTO 9 (green) and PI (red) for viable and dead cells, respectively; (b) SEM images of live bacte
attached to the surface of the MO membrane; disc inhibition zone test results obtain@&tyvitleaic MO, M1, and M2 membranes,
respectively; CF&Jfrom plating bacterial suspension previously in contact,&it}) (@at MO, M1, and M2 membranes, respectivgBe)e

SEM images of the bacterial cells attached to the surface M1 and M2 membranes.

2.24 L m?2 h°! bar?, while theB value enhanced only slightly, volume and provide more facile transport of both water and
from 0.33 to 0.41 L P4 h°! when nanorods were introduced salt molecules. However, in this study, theeiite of these

into the layer to form M1 membranes. The same trend but ofoids on the transport of water seemed overwhelming
lower magnitude was observed for the M2 membranesompared to that on salt, leading to enhanced overall
Therefore, the ratio of salt permeability/water permeabilitperformance

(B/ A ratio) decreased when membranes were synthesized byAntibacterial Properties of the Membranes. The
incorporating Ag-MOF nanorods within the polyamide layegntibacterial properties of the membranes wsrevaluated
suggesting the enhanced performance of the nanocomposije viable and dead staining and detectedubsescence
membranes. The lower tBeA ratio, the more enhanced the microscopy witk. colandS. aureuas model Gram-negative
selectivity and the sustainability of the FO protésthe and Gram-positive bacteria, respectivielyre 8,Sa; report
improved transport properties may be related to the increasegbresentativeuorescent photographs of tecolibacteria
hydrophilicity compared to the conventional polyamideaccumulated to the membranes after incubation in the bacterial
membrane. Another reason for the enhanced permeatigsnspension. Nearly all bacteria on the conventional TFC
properties of nanocomposite membranes can be the formatiorembrane surface were alive following incubation; in contrast,
of nanosized voids at the interface of MOFs and polyamidee number of live bacteria remaining on the surface of TFN
matrix. Normally, inhomogeneous distribution of NPs in thenembranes was reduced substantially. Mortality rates of
top polyamide layer because of their aggregation and wesproximately 90 and 96% were observed following incubation
compatibility with the polymer are two limiting features thatvith the M1 and M2 TFN membranes, respectively. Notably,
adversely &ct the performance of the TFN membfares these high bacterial inactivation rates were obtained by loading
the thickness of the polyamide selective layer falls in the rargéow concentration of the nanorods (0.2% by fiaBse

of 108300 nm, nanomaterials must have a egttly disc inhibition zone method also illustrated that contact with
smaller size of at most tens of nanometers to prevent defélseé membrane surface inhibited lbiogrowth on the plate
formation, which would translate into compromised saltFigure 8,Sc;). Specically, no inhibition zone for the MO
selectivity. In the present work, although Ag-MOF nanorodsembrane was observed, while there was an evident inhibition
0 ered improved compatibility with the polyamide matrixzone for both M1 and M2 membranes.

some gaps may still form between polymeric chains during théfThe CFU experimentsFigure @,Sd;), in which

IP reaction. These gaps would increase the void fractionalattached cells were plated after the biological suspensions
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were exposed to the membrane also suggested a strong biocidal
e ect for both M1 and M2 membranes. Almost no viable cells
were visible after contact with M1 and M2, as opposed to MO,
on which many marked colonies formed instead. Finally, SEM
images Kigure ®,9Se;) showed health. colcells Figure
9b) on the MO membrane and degraBedolicells on M1
(Figure 8,8 and M2 membranes§igure 8,,e,), consistent
with the results discussed above. Taking a closer look at SEM
images, a uniform blm is visible on M1 which consisted of
bacteria whose structure was clearly compromised, while a
little bio Im was formed on M2 membranes. The same trend
observed fdE. colivas detected f&. aureushich showed no
antibacterial activity for the MO membrarigure Sp The
disc inhibition zone test and cfu experiments determined that
membranes M1 and M2 were highly antibacterial aainst
aureus
The results summarized mgure 9 suggest high
antibacterial properties of the nanocomposite membranes
against Gram-negative bacteria. The high inactivation rate
observed in this study was accomplished after a short contact
time between the bacteria and the membrane (1 h); generally,
a longer incubation time (greater than 2 h) has been reported
to obtain such behavfrThis observation indicates that,
despite being mostly buried within a polyamide layer, Ag-MOF
nanorods are still active and can trigger bacterial inactivation at
the membrane surface. MOFs can act as reservoiroaSAg
whereby the gradual leakage of the metal center to the
surrounding environment is the most probable cause for the
toxicity of MOFS$&5®7! The content of antibacterial cations
in Ag-MOF nanorods is relatively Hi§f? The Ag active
sites in the structure of Ag-MOF nanorods are uniformly
distributed, and the release mechanism of Ag ions should not
change during the degradation of the framework. Because the
antibacterial activity is directly related to the releas€ of Ag
ions/* the greater the number of released ions, the higher the
inactivation rates. The concurrent gradual release of th&yure 10Results of fouling experiments under [E@tion using 1
organic linker present in the MOF structure may result in & NaCl as DS: (a) organic fouling conducted by SA; (b) biofouling
synergetic antibacterial propétfy’> While the most  conducted b. colithe standard deviation of three runs with fresh
probable antibacterial mechanism is related to the releasengfmbrane samples); and (c) relevant waterecovery ratios.
Agd', other possible antibacterial mechanisms proposed for Ag-
MOF biocidal properties are (i) direct attachment to bacterialecovery ratio compared to MO samples. This antifouling
cells, inltration, and physical destruction of the cell membrangroperty can be related to the more hydrophilic nature of the
and (i) indirect generation of reactive oxygen species whigurface of Ag-MOF-incorporated TFN membran@s.
trigger damage to the bacteria cell stru€t@eerall, it is  investigate the impact of Ag-MOF nanorods on biofouling,
desirable to locate the Ag-containing nanomaterials as much keation experiments were also conducted using a synthetic
possible near the membrane surface, where maximumastewater feed containthgsoliThe results from biofouling
interaction and direct contact with the bacteria can bexperiments are presenteBigure 1B. Also, in this case, the
attained. In this study, Ag-MOF nanorods with small sizperformance of the nanocomposite membrane were remark-
were homogenously distributed within the TFN membranebly better than that of the conventional membrane in terms of
active layer and this resulted in successful inhibitionlof bio both reducedux decline and improvedx recovery ratio. In
formation. The Ag-MOF nanorods were immobilized withthis case, the improvement in performance can be attributed
higher density near the surface of the nanocomposite layerbafth to higher hydrophilicity, translating into lower bacterial
the M2 membrane (as discussedrigures 5Sand 6). This deposition probability, and to the sigant antibacterial
con guration may be responsible for the higher antibacteriaktivity of Ag-MOF nanorods, which in turn preventetirbio
activity of M2. proliferation. Although the M2 membrane provided higher
Dynamic Organic Fouling and Biofouling Evaluation. antibacterial activity, the M1 was characterized by higher
The evaluation ofux decline because of organic fouling wasydrophilicity and a smoother surface, thus reducing the
performed by SA (as representative organic foulant) in the F@verall surface area available to bacterial cell attachment and
Itration mode and the results are provideHBignire 18. possibly leading to lower biofouling tendency and higher
Prior to each fouling or biofouling experiment, a baselinecovery ratio.
experiment was performed to eradicate the impact of drawStability and Release of Silver lons.The robustness of
solution dilution and reverse saltidion. The nanocomposite the antibacterial and anti-biofouling activity of the function-
membranes demonstrated reduceddecline and higheux alized membranes depends strongly on the controlled release
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of silver:? The MOF nanorods act as reservoirs of silver, which When comparing the two fabrication approaches, the results
slowly leak out into solution at the interface of the membrarmguggested that dispersing the nanorods in the organic TMC
and the feed solution or at the zone ofliviattachment on  phase during fabrication produced a thicker and rougher
the membrane surface. Therefore, the silver release rate wasnbrane, with a large density of Ag-MOF embedded in the
evaluated using IGPass spectrometry for 30 days for theuppermost portion of the membrane selective layer. In
nanocomposite membranes. Both membranes showed tuwntrast, dispersing the MOFs in the aqueous MPD solution
same initial trend of increase in silver release rate inttie  likely slowed the dision of this monomer into the organic
days of monitoring (séegure 1lillustrating the cumulative phase during IP, translating into a thinner and smoother
selective layer incorporating hanorods in a more homogeneous
fashion throughout the membrane cross-section. Ultimately,
directly because of these phenomena, the M2 TFN membrane
showed higher antibacterial activity, while the M1 presented
overall betterltration performance and lower fouling-related

ux declines owing to its properties comprising both suitable
antibacterial properties and better hydrophilicity and surface
smoothness.
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trend of Ag ions leakage), whereby the release rate imghe 7
days was more sigrant than in the following 8 days. The M1

sample showed a lower overall release rate compared to the
M2 sample. This dérence most probably stems from the
much more concentrated presence of Ag-MOF close to the
membrane surface for the M2 sample, as discussed above.
Nevertheless, the overall release rate of silver ion for both

microscopy, and quart@ation of the leakage of silver
ions from the membrane, digital images of the MPD
aqueous and TMC organic solutions immediately after
the addition of Ag-MOF nanorods, FESEM images of
the M1 membrane at dirent magntcations in

membranes was low andhlly reached approximate values of
2.6 and 2.7 g/L for the M1 and M2 membranes,
respectivelf*

secondary and backscatter modes, FESEM images of
the M2 membrane at dirent magncations in
secondary and backscatter modes, high-ostgm
FESEM images of the M1 and M2 membranes in
secondary and backscatter modes, and AFM images of
the neat MO, M1, and M2 membraneBF)

CONCLUSIONS

In this work, Ag-MOF nanorods were successfully synthesized
and then embedded within the polyamide matrix of forward
osmosis membranes to improve their antifouling and
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