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ABSTRACT: Thin-film composite (TFC) membranes still suffer from
fouling and biofouling. In this work, by incorporating a graphene oxide
(GO)—silver-based metal—organic framework (Ag-MOF) into the
TFC selective layer, we synthesized a thin-film nanocomposite (TFN)
membrane that has notably improved anti-biofouling and antifouling
properties. The TFN membrane has a more negative surface charge,
higher hydrophilicity, and higher water permeability compared with the
TFC membrane. Fluorescence imaging revealed that the GO—Ag-MOF
TFN membrane kills Escherichia (E.) coli more than the Ag-MOF TEN,
GO TEN, and pristine TFC membranes by 16, 30, and 92%,
respectively. Forward osmosis experiments with E. coli and sodium
alginate suspensions showed that the GO—Ag-MOF TFN membrane
by far has the lowest water flux reduction among the four membranes,
proving the exceptional anti-biofouling and antifouling properties of the
GO—Ag-MOF TFN membrane.
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1. INTRODUCTION anti-biofouling and antifouling properties is of great signifi-

10-13
The demand for fresh water is increasing, and the limited )
nature of fresh water resources has motivated the development
of novel technologies for water purification.””” The membrane
technology can greatly contribute to water and wastewater
treatment due to its compactness, simplicity, and sustain-
ability.”* Among membrane-based processes, forward osmosis

(FO) is attractive for its high energy saving and hydraulic ‘ ) ) L HHe : tb1d
pressure indepen dency.s_g improve their antifouling and anti-biofouling activities.

Thin-film composite (TFC) membranes have applications in Among. these ,NPS’ silve.r N.PS have outstar‘uzlging antibacteria‘il
industrial desalination and wastewater treatment.’” However, prop erties _agalflSt bacteria, VITuses, and fungi.™ However, the¥r
their fouling and biofouling in water streams containing 1n‘corporat10f1 into the se?ectlve layers _Of TFC membranes' 18
dissolved organic matters and microorganisms negatively still challenglpg be.cause (1) NP.S are easlly wa.shed out,.leadlng
impact their stability and durability. Microorganism adhesion t(.). loss of their a'nFﬂ.)acterlal aCtIYlty against microorganism ar?d
to the surface of TFC membranes results in the distribution (ii) low compatibility of NPs with polymer networks results in

and proliferation of microorganisms, leading to the formation

The biocidal agents have been used to prevent attachment of
the living cells to the outer surface of the membranes.’
Nanoparticles (NPs) from metal- or metal oxide-containing
compounds such as silver-based materials,"* titanium diox-
1 15,16 . .17 18
ide, zinc oxide,”’ carbon-based compounds, and copper

can be employed to tailor the properties of the membranes and
19-22

of extracellular polymeric substances on TFC surfaces, which Received: July 27, 2018
reduces water flux, enhances required energy, and shortens Accepted: November 9, 2018
membrane lifetime. Therefore, developing membranes with Published: November 9, 2018
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Figure 1. Chemical formulas of the nanomaterials (GO, Ag-MOF, and GO—Ag-MOF).
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defect formation and deterioration of thin-film nanocomposite
(TFN) membrane performance.

Metal—organic frameworks (MOFs) are networks consisting
of metals and organic linkers.”* Silver-based MOFs have
demonstrated potent biocidal properties due to their silver
clusters surrounded by organic ligands.”> The main anti-
bacterial mechanism of the MOFs is the long-lasting metal ion
release, which leads into bacteria cell damage and death.”>~*’
Porous structures of MOFs allow for long-lasting interactions
between bacteria cells and metal ions, and organic ligands of
MOFs control ion release. The structure of MOFs also
prevents the metal ions from reacting with other agents and
having unwanted interactions.”* > Furthermore, organic parts
of MOFs provide functional groups for modification.

Graphene oxide (GO) also has remarkable antibacterial
properties.’’ GO’s antibacterial properties come from chemical
and physical interactions between bacteria cells and GO
nanosheets.”””> Sharp edges of GO nanosheets, oxidative
stress, and superoxide anions generated by GO are responsible
for the GO’s biocidal activity.”*** Our previous study showed
that decorating an Ag-MOF with GO leads to a GO—Ag-MOF
nanocomposite that has superior antimicrobial properties.'*
When a nanomaterial is hydrophilic and has a negative charge,
incorporating the nanomaterial into a TFC selective layer
forms a hydration layer which separates the TFC and the feed
solution lowering the fouling rate.'®*>*”

In this work, for the first time, we embedded hydrophilic
GO—Ag-MOF nanomaterials with high negative surface
charges into the polyamide (PA) selective layer. We then
fabricated and characterized GO—Ag-MOF, Ag-MOF, and GO
TEN FO membranes. We studied the transport properties of
the TEN membranes as well as the pristine TFC membrane.
Furthermore, the antifouling and anti-biofouling activities of
the fabricated membranes were evaluated in FO experiments
using sodium alginate and E. coli suspensions, respectively.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. Ultrason E6020P polyethersul-
fone (PES) with molecular weight (M,) of 58 000 g/mol was
purchased from BASF, Germany. GO was supplied by US Research
Nanomaterial. N,N-dimethylformamide (DMF) with purity of
>99.5%, polyvinyl pyrrolidone (PVP) with M,, of 25 000 g/mol,
1,3-phenylendiamine (MPD, >98%), trimesoylchloride (TMC,
>98%), n-hexane (>95%), sodium chloride (NaCl, >99.5%), 1,3,5-
benzentricarboxylic acid (>99%), silver nitrate (AgNO;, >99%), and
ethanol with purity of >99% were purchased from Merck, Germany.
Propidium iodide, sodium dodecyl sulfate (SDS, >99%), and terrific
broth were acquired from Sigma-Aldrich. E. coli 35695 was supplied
by ATCC Co., and SYTO9 was supplied by Molecular Probes.

2.2. Nanomaterials Synthesis and Thin-Film Membranes
Fabrication and Characterization. Silver-based nanomaterials
(Ag-MOF and GO—Ag-MOF) were synthesized using the ultrasonic
irradiation method.'* The details of nanomaterial synthesis can be
found in our previous work.'* Figures 1 and S1 show chemical
formulas of the nanomaterials.

Figure 2 schematically depicts how the TFN membranes were
fabricated using interfacial polymerization (IP). The PES substrate
was created via the phase separation technique. This involved casting
a solution of PES (16 wt %) and PVP (1 wt %) in DMF (83 wt %)
followed by immersing the cast into the coagulation bath containing
water, DMF (1 wt %), and SDS (0.1 wt %). For the thin-film
membrane fabrication, first 0.03 wt % of the nanomaterials was
dispersed in a 2 wt % MPD aqueous solution using 30 min
ultrasonication. The PES substrate was then submerged in the MPD
solution for 2 min. After removing the excess MPD solution using an
air-knife, the substrate was then submerged in a 2% TMC in n-hexane

solution for 25 s. Finally, the fabricated membrane was fast dried (S
min) at 80 °C using an oven. TFN membranes containing GO, Ag-
MOF, and GO—Ag-MOF nanomaterials were fabricated. Also, a TFC
membrane without any nanomaterials was prepared.

Field emission scanning electron microscopy (FE-SEM) (Zeiss
Supra SOVP) and energy-dispersive X-ray (EDX) spectroscopy with
an Everhart—Thornley detector and a Schottky field emission electron
gun were employed to visualize the structure and elemental
compositions of the TFC and TFENs. The topography of the
membrane surface was evaluated using atomic force microscopy
(AFM) (Bruker Dimension Icon instrument) with Sb-doped silicon
probes (tip radius = 10 nm and spring constant = 42 N/m) under a
tapping mode with a scanning rate of 0.5 Hz. The scan area was 3 ym
X 3 pym. A contact angle measuring device (G10, KRUSS, Germany)
equipped with an image processing software was used to assess the
hydrophilicity of the membranes. The reported contact angles are
mean of five positions on the surface of each membrane. Fourier-
transform infrared (FTIR) spectroscopy with a deuterated-triglycine
sulfate detector with 64 scans at a resolution of 4 cm™" was used to
verify functional groups of the membranes. X-ray photoelectron
spectroscopy (XPS) (Physical Electronics VersaProbe S000 spec-
trometer) was carried out to verify the embedment of the
nanomaterials in the TFN membranes. To calculate the silver-ion
release rate of the TFNs, 6.45 cm? coupons of the membranes were
stored overnight in deionized (DI) water (20 mL) under mild
shaking, followed by acidifying the coupons with a 1% nitric acid
solution and then shaking the samples at 80 rpm for 30 days. Next,
the water samples and the TFN membranes were analyzed (after 1, 7,
and 30 days). The concentration of the released silver ions was
determined using inductively coupled plasma mass spectroscopy
(ICP-MS PerkinElmer NexION 300X).** The surface charge of both
nascent TFC and TEN membranes was evaluated by Anton Paar
SurPASS electrokinetic solid surface zeta potential analyzer (Anton
Paar USA, Ashland, VA). The potentials were measured using a 1 mM
KCl electrolyte solution in a pH range of 5—10 at 25 °C. Zeta
potentials of the films were calculated based on the Helmholtz—
Smoluchowski equation. Two separate samples of each membrane
were assessed to minimize measurement uncertainties.

2.3. Transport, Antifouling, and Anti-Biofouling Properties.
An FO setup shown in Figure S2 (in the Supporting Information) was
used to assess the properties of the TFC and TFN membranes. Water
permeability (A) and solute permeability (B) coefficients as well as
anti-biofouling and antifouling properties of the membranes were
determined using the protocol discussed in our previous paper.’
Sodium alginate (250 mg/L) and E. coli bacteria (107 cfu/mL)
suspensions were used for fouling and biofouling experiments,
respectively. For these experiments, the draw and feed solutions
had volumes of 3 L. During the 24 h operation, the cross-flow velocity
was kept at 8.5 cm/s. Three measurements from two independent
experiments were made. The mean of each of the three measurements
are reported in this article. Detailed information about biocidal
activity assessment and fluorescence imaging (FI) can be found in our
previous published paper.”'*

3. RESULTS AND DISCUSSION

3.1. Nanomaterial Characterization. The nanomaterials
were characterized using techniques described in ref 14. The
transmission electron microscopy (TEM) image (Figure 3)
confirms the formation of a unique GO—Ag-MOF nano-
composite. Proper dispersity of the Ag-MOF NPs on the GO
nanosheets was observed.'* Average sizes of 160, 33, and 78
nm were obtained from dynamic light scattering for the
nanocomposite, MOF, and GO nanomaterials with 0.5
molarity dispersion in the DI water, respectively.'* The
formation of the GO—Ag-MOF nanocomposite was verified
by XPS, showing a high concentration of silver and carbon in
Ag-MOF and GO—Ag-MOF, respectively. Additionally, other
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Figure 3. TEM image of the GO—Ag-MOF nanomaterial (25 nm
resolution).

analyses of the nanomaterials verify the decoration of the Ag-
MOF NPs with GO."*

3.2. Membranes Characterization. Surface morpholog-
ical and structural changes of the TFN membranes were
monitored using SEM (Figures 4—6) and AFM techniques

Figure 4. Top surface SEM images of (a) the TFC, (b) GO TFN, (c)
Ag-MOF TFN, and (d) GO—Ag-MOF TFN membranes.

(Table 1). A typical ridge-and-valley structure was observed for
the TFC membrane. The applied modifications on the
membrane increased the membrane surface roughness,
pointing to the embedment of the nanomaterials in the top
surface. The enhanced surface roughness together with the
cross-sectional images of the membrane confirmed the creation
of the sub-500 nm thin-film layer. In Figure 5d, the red line

Figure S. Cross section SEM images of (a) the TFC, (b) GO TFN,
(c) Ag-MOF TEN, and (d) GO—Ag-MOF TFN membranes.
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Figure 6. (a) Top surface image of the Ag-MOF membrane, (b)
silver-ion EDX mapping of the Ag-MOF membrane, (c) top surface
image of the GO—Ag-MOF membrane, and (d) silver-ion EDX
mapping of the GO—Ag-MOF membrane.

Table 1. Surface Roughness and Contact Angles of the
Membranes

surface roughness (nm)

membrane S.* S° contact angle (deg)
TEC 87 + 12 108 + 14 71 + 4
GO 133 £ 8 166.+17 S7+2
Ag-MOF 386 + 6 442 + 19 62 +3
GO—-Ag-MOF 232 + 13 273 £ 9 54+3

“S,: mean roughness. S;: RMS roughness.

around the thin-film layer of the GO—Ag-MOF TEN
membrane reveals the formation of the thin-film layer. In
addition, EDX of the TFN membranes (Figure 6, Table S1 and
Figures S3 and S4 in the Supporting Information) detected the
silver element in the PA layer of the MOF containing
membranes.

DOI: 10.1021/acsami.8b12714
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Figure 8. XPS spectra of the fabricated membranes. Note that the other unlabeled peaks represent the material used for the sample preparation
(e.g., the peak around 680 eV represents the fluorine used in the XPS instrument vacuum process).

The surface roughness of each fabricated membrane was
determined using AFM images. Contact angles are listed in
Table 1. The order of the surface roughness values is Ag-MOF
TEN > GO—Ag-MOF TEN > GO TFN > TFC. The presence
of the NPs, external additives, inside the PA layer changes the
morphology of the membrane surface in a way that leads to
higher surface roughness. The surface roughness increase
depends on the size and the number of the NPs in the PA
layer. Incorporating nanomaterials improves the hydrophilicity

42971

of the TFN membrane. Synergistic effects of GO and the Ag-
MOF, which is due to different hydrophilic functional groups
in the structure of the GO—Ag-MOF nanomaterials, endow
the TEN membrane with the highest level of hydrophilicity
(the lowest contact angle).

The surface chemistry of each membrane was characterized
using attenuated total reflection (ATR)—FTIR spectroscopy to
verify the successful embedment of the nanomaterials into the
TFN membranes (Figure 7). The peak related to the vibration
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Table 2. Elemental Compositions and Significant Peak Characteristics of the Membranes Derived From the XPS Spectra

C (1s) O (1s) Ag (3d)
ener ener ener O/N
membrane species (eV%Y AC“% species (eV%y AC % species (ev AC % N s ratio
TFC C-C/C-H 285.0 81.11 N-C=0%/0-C=0%* 531.8 9.29 9.60 1.03
C-N 286.5 *0-C=0 533.3
0=C-0/0-C=0 288.0
GO C-C/C-H 285.0 75.00 N-C=0%*/0-C=0%* 531.8 14.50 10.50 1.38
C-N 286.5 *0-C=0 533.3
0=C-0/0-C=0 288.0
Ag-MOF C-C/C-H 285.0 86.65 N-C=0%*/0-C=0%* 531.8 8.72 Ag 3ds,, 368 0.10 4.53 1.92
C-N 286.5 *0—C=0 533.3 Ag 3d;), 374
0=C-0/0-C=0 288.0
GO—Ag-MOF C-C/C-H 285.0 81.99 N-C=0%/0-C=0%* 531.8 10.50 Ag 3ds, 368 0.02 7.49 1.40
C-N 286.5 *0—-C=0 5333 Ag3dy, 374
0=C-0/0-C=0 288.0
“AC: atomic concentration.
) o (70 (&) oom () e
:g:;/cvn :g:s/o H :rg?::)c;/o-cw'
0=C-0/0=C-N 0=C-0/0=C-N

(CAg-MOF ) (_Ag-MOF )

— mData =mData
mFit =Fit
=C-C/C-H =N-C=0*/0-C=0*
=-C-N =*0-C=0

0=C-0/0=C-N

A

81 282 283 284 285 286 287 288 289 290 291 52 529 510 51 532 533 534 335 3% 537
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Figure 9. Deconvoluted high-resolution XPS spectra (C 1s and O 1s) for the TFC, GO, Ag-MOF, and GO—Ag-MOF membranes.

of C—C groups in the aromatic rings appeared at 1484
em™,*?* the peaks corresponding to the stretching vibrations
of O=S=0 can be found at 1300 and 1320 cm™’, and the
vibration ascribed to the asymmetric C—O—C group of the
PES support layer was detected at 1240 cm™.*' The
characteristic peaks observed at 1660 cm™' (C=O of amide
I), 1544 cm™' (N—H and C—N of the amide II, —-CONH-),
and at 1610 cm™' (N—H of amide) are related to the PA
layer.*” The intensity reduction at 1610 cm™ for the Ag-MOF
and GO—Ag-MOF TFN membranes is most likely related to
the interfacial interactions (hydrogen bonds) of the corre-
sponding nanomaterials and the selective layer chains.*’
Likewise, compared with the TFC membrane, a higher level
of the carboxyl group (C=O bond) in the TFN membranes
caused an intensity enhancement at around 1558 and 1483
cm™". The considerable bond intensity decrease at 1544 cm™"
points to possible interactions between nanomaterials and the
PA network because it was not detected in the TFC membrane
spectrum. Finally, the bond deformation at 1030 cm™ for GO
and GO—Ag-MOF TFN membranes can be ascribed to the
epoxy groups of the GO and GO—Ag-MOF nanomaterials.****

42972

The chemical bonds and elemental compositions of the
membranes were obtained via conducting XPS. Figure 8
depicts the XPS survey spectra of the membranes; it shows
three peaks at 532, 399, and 285 eV, which are related to the
predominant elements including oxygen (O 1s), nitrogen (N
1s), and carbon (C 1s), respectively.*® In addition, at 368 and
374 eV, two relatively small peaks corresponding to Ag 3ds,,
and Ag 3d;,, appeared in the spectra of the MOF-containing
#9748 Estimated Ag contents are in accept-
able agreement with the results of the complementary analyses
using EDX (cf. Table 1).

The elemental compositions of the films are listed in Table 2
indicating the existence of the silver in TFN-containing silver-
based nanomaterials. Figure 9 shows the deconvoluted C 1s
and O 1s high-resolution XPS spectra. For the C 1s case, three
peaks were obtained including: (i) the peak at 285 eV
corresponding to C—C or C—H bonds,”™" (ii) the peak at
286.5 eV ascribed to C—N bond, and (iii) the peak at 288 eV
attributed to O=C—0 and O=C—N bonds.”* Furthermore,
for the O 1s case, two peaks at 531.8 and 533.3 eV can be
ascribed to the N—C=0%/0—-C=0%* and *O—C=0 bonds,
respectively.”>**

TFN membranes.

DOI: 10.1021/acsami.8b12714
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The O/N ratio range is between 1.0 and 2.0 (1.0 denotes a
fully cross-linked structure with a dense PA layer and high
selectivity, and 2.0 represents a fully linear structure with
numerous free carboxylic acid functional groups with enhanced
hydrophilicity and permeability). The O/N ratio enhancement
gained by incorporating the nanomaterials cannot be a
representative of a less cross-linked PA. Indeed, all of the
nanomaterials comprise functional groups containing oxygen
(carboxyl in all nanomaterials, and hydroxyl, and epoxy in GO
containing nanomaterials), and this mainly alters the cross-
linking ratio of the membranes bearing nanomaterials. High-
resolution XPS spectra of C 1s and O 1s provide more
information on chemical bonding of all membranes (Figure 9).
The considerable increase of the *O—C=0 bond in the TFN
membrane incorporated by the GO—Ag-MOF nanocomposite
is related to the nanocomposite, providing numerous
terminated groups (oxygen containing groups in GO and
carboxyl terminals in Ag-MOFs).

Figure 10 shows the surface charges of the films at different
pHs. The negative surface charge of the TFC membrane is

GO-Ag-MOF —e— GO —&— Ag-MOF —v— TFC

Zeta Potenial (mV)
-60 -50 -45 -40
;

-65

-70

5 6 7 8 9 10
pH

Figure 10. Zeta potential of the fabricated membranes at different pH
values.

related to the protonation and deprotonation of the different
groups in the PA structure. The protonation of the free amines
at low pHs led to a negative surface charge. The deprotonation
of the carboxylic acid groups at higher pHs provided more
negatively charged surface for the membrane. Incorporating
the nanomaterials into the PA layer provides the TFN
membranes with a more negative surface charge than the
TFC membrane. This alteration is ascribed to the functional
groups bearing oxygens of the nanomaterials that are
deprotonated at high pH values rendering more negative
charges. The Ag-MOF and GO—Ag-MOF TFN membranes
showed the most negative zeta potential compared with the
GO TEN and TFC membranes owning to the existence of
more free —COOH groups in their networks.

3.3. Anti-Biofouling and Antifouling Properties of
Membranes. As it was discussed in our previous work,'* the
GO—Ag-MOF nanomaterials showed superior antimicrobial
properties. Antibacterial properties of the membranes were
evaluated by statically exposing the membranes to E. coli for 3
h (Figure 11). FI indicated that the GO—Ag-MOF TFN
membrane has outstanding biocidal activity with 96% bacterial
growth inhibition (Figure 11d). The bacteria inhibition of the

TEC as well as the GO and Ag-MOF TFN membranes were 2,
66, and 80%, respectively. In our previous study,14 different
techniques showed the higher toxicity of GO—Ag-MOF
against the E. coli bacteria compared with those of the Ag-
MOF and GO membranes. Extirpation rates of 95 and 85% of
live bacteria cells were achieved for the GO—Ag-MOF and Ag-
MOF membranes, respectively. More potent antibacterial
properties of the GO—Ag-MOF than other two nanomaterials
provided more biocidal activity to the corresponding TFN.
The order of the toxicities of the membranes agrees well with
the antimicrobial strength of the nanomaterials in the
suspension form.

Fouling and biofouling resistances of the TEN membranes
were also assessed through FO experiments with a 24 h
filtration time and feeds containing sodium alginate and E. coli.
At least three different samples of each membrane type were
tested (Figure 12). The GO—Ag-MOF TFN membrane
showed the highest antifouling resistance, as it showed the
lowest water flux decrease of 25 + 3% after contact with
alginate (Figure 12a). However, the GO TFN, Ag-MOF TFN,
and TFC membranes showed water flux decreases of 38 + 2,
54 + 3, and 70 + 5%, respectively. The GO—Ag-MOF TEN
membrane also showed steady water flux with a feed
containing E. coli, pointing to the enhanced biofouling
resistance of the membrane. However, the water flux of the
Ag-MOF and GO TEN, and TFC membranes decreased by 34
+ 3, 54 + 3, and 72 + 3%, respectively (Figure 12b).

Figure 13 schematically shows the parameters contributing
to the biofouling and fouling resistances of the membranes.
Furthermore, the main functional groups of the PA layer of
each membrane are presented in Figure 13. High biocidal
activity, low surface roughness, high negative surface charge,
and high hydrophilicity contribute to the biofouling and
fouling resistances of the TFN membranes. The outstanding
biofouling resistance of the GO—Ag-MOF TFN membrane in
comparison to the Ag-MOF TEN, GO TEN, and pristine TFC
membranes is ascribed to the low zeta potential and potent
biocidal activity of the GO—Ag-MOF. Because of the negative
charge of the bacteria cells in pH values between 4 and 9, and
the more negative charge of the GO—Ag-MOF, the Ag-MOF
TEN membrane surface repulses the bacteria more strongly,
decreasing the interactions between the membrane and the
bacteria. Besides its high negative zeta potential, the GO—Ag-
MOF TFN membrane has the highest biocidal activity,
providing more toxic surface. Besides these factors, the highest
hydrophilicity of the GO—Ag-MOF TFN membrane mini-
mizes bacteria attachment to the membrane surface, providing
the most stable membrane performance. As discussed earlier,
the GO—Ag-MOF membrane demonstrated the highest
resistance to fouling compared with other membranes. Low
contact angle, low surface roughness, and low zeta potential
contribute to this performance. Although the surfaces of the
TFN membranes are rougher than the TFC membrane, their
more negative surface charge and their higher hydrophilicity
provided more fouling resistance for the TEN membranes. The
GO TFN membrane has a flatter surface and higher
hydrophilicity than the Ag-MOF TEN membrane, resulting
in higher fouling resistance. Considering the negatively charged
sodium alginate, a more negatively charged membrane might
result in a greater repulsion of the foulant from the surface,
which supports the better antifouling property of the GO—Ag-
MOF membrane than the GO membrane. In both biofouling
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Figure 11. Fluorescence images of the membranes after incubation with E. coli: (a) TFC, (b), GO TEN, (c) Ag-MOF TEFN, and (d) GO—Ag-MOF

TEN.
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Figure 12. Normalized water fluxes of the membranes: (a) sodium alginate
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suspension, and (b) E. coli suspension.

DOI: 10.1021/acsami.8b12714

ACS Appl. Mater. Interfaces 2018, 10, 4296742978


http://dx.doi.org/10.1021/acsami.8b12714

ACS Applied Materials & Interfaces

Research Article

Magnitude

(a) TFC Membrane

Substrate

(c) GO-Ag-MOF Membrane

@co

(b) GO Membrane

(d) Ag-MOF Membrane

Figure 13. Parameters contributing to anti-biofouling and antifouling properties of the membranes: (a) TFC, (b) GO TFN, (c) GO—Ag-MOF

TEN, and (d) Ag-MOF TEN.

and fouling experiments, the TFC membrane had the lowest
performance.

3.4. Stability and Silver lon Release. Since the
antibacterial activities of the TFN membranes essentially
depend on the continuous release and the concentration of
silver ions,”> the rates of the silver ions released from the Ag-
MOF and GO—Ag-MOF TEN membranes were determined
using ICP-MS during 30 days. As shown in Figure 14, both of

—a— Ag-MOF
—— GO-Ag-MOF ]

0.6

0.4
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0.2

0.0

Time (day)

Figure 14. Silver-ion leaching examination of the MOF containing
membranes.

the Ag-MOFs and GO—Ag-MOFs TFN membranes display a
similar release profile for Ag"; a sharp release rate at the initial
7 days followed by a gradual depletion to reach a plateau
during 30 days. However, both the initial and the final release
rates of Ag" from the Ag-MOF TFN membrane are
considerably greater (nearly 3 times) than those of the GO—
Ag-MOF membrane. GO nanosheets in the GO—Ag-MOF

nanocomposite serve as mats for Ag-MOF NPs deposition and
protect the NPs from rapid Ag" release. In other words, Ag-
MOF NPs decorate GO and are distributed on its sheets
owning to the functional groups bearing oxygen with negative
charge that offer reactive sites to adsorb the silver protons
existing in the system,”*™° leading to an effective and
prolonged stability by release impeding. Additionally, the
particle size, distribution, and longevity of Ag-MOF NPs can
affect the release rate of Ag® 97%% ‘and therefore their
antibacterial activity.”® Similar to Ag NPs, Ag-MOF NPs are
relatively unstable and their ag(glomeration significantly
reduces their antibacterial activity.””*® The incorporation of
GO nanosheets with numerous functional groups bearing
oxygen results in smaller size, uniform distribution, and higher
surface contact area of the GO—Ag-MOF compared with Ag-
MOF, overcoming those aforementioned limitations to attain
slower Ag® release rate and hence improving antibacterial
activity. 159768

3.5. Transport Properties of Membranes. Results of the
evaluation of the separation performance of each of the
membranes (obtained from FO experiments using a salt
solution as the drawing agent) are presented in Table 3. Water
permeability (A) and solute permeability (B) coefficients were
obtained using a four-step protocol described in literature.*”
Figure 13 and Table 3 indicate that the GO membrane has
higher water and solute permeabilities due to its higher
hydrophilicity than the TFC membrane, and it has a smoother
surface than the other TFN membranes. Furthermore, higher
porosity and specific surface area (discussed in previous
work'*) of the GO nanosheets provide more paths with more
tortuosity for selective water transport, leading to a higher
permselectivity indicated by the lower B/A ratio. Compared
with the GO TFN membrane, the GO—Ag-MOF TFN
membrane showed higher water permeability and selectivity.
The higher negativity of the membrane surface results in a
stronger Donnan effect, and consequently in a higher salt
retention, leading to a lower B/A ratio. This surface charge also
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Table 3. Transport Properties of the Membranes

membrane A“ B
TEC 1.15 + 0.13 0.15 + 0.03
GO TFN 2.75 + 0.16 0.25 + 0.03
Ag-MOF TEN 1.70 + 0.16 0.19 + 0.02
GO-Ag-MOF TFN 245 + 0.14 0.21 + 0.03

Research Article

B/A (1/bar) Ry Ry
0.13 + 0.08 0.97 0.98
0.08 + 0.03 0.98 0.97
0.11 + 0.05 0.98 0.97
0.09 + 0.04 0.96 0.99

“A: water permeability coefficient (L/(m>h-bar)). B: solute permeability coefficient (L/(m”h)). Ryy,*: water flux coefficient of determination. Rys*:

solute flux coefficient of determination.

lowers the fouling rate, which agrees well with the antifouling
results (Figure 12a).

4. CONCLUSIONS

This paper presented a novel TEN membrane that has
enhanced biofouling and fouling resistances. The membrane
was fabricated by embedding an Ag-based MOF decorated
with GO into the membrane active layer. The high hydrophilic
nature of the GO—Ag-MOF nanomaterials led to enhanced
surface hydrophilicity of GO—Ag-MOF TFN membrane. FO
experiments with feed-containing E. coli and sodium alginate
pointed to outstanding anti-biofouling and antifouling proper-
ties of the GO—Ag-MOF TEN membrane. Furthermore, FI
showed higher inhibition of bacteria deposition for the GO—
Ag-MOF TEN membrane than the Ag-MOF and GO TEN,
and the TFC membranes. In addition to enhanced hydro-
philicity and biocidal activity, higher negative surface charge of
the GO—Ag-MOF TFN membrane contributed to the
exceptional anti-biofouling properties of the membrane.
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