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Abstract

Loose nanofiltration membranes, which have a loose selective layer and desired surface
charge, provide high water flux and significant retention of low molecular weight molecules. In
this study, a thin film of copper (I1)-benzene-1,3,5-tricarboxylate (Cu-BTC) clusters was anchored
on the surface of a chitosan (CS)-coated polyethersulfone (PES) membrane to improve the surface
properties as well as performance (permeability, heavy metal removal efficiency, and antifouling
activity) of the membrane. Characterization techniques, such as FE-SEM, EDX, XPS and AFM,
zeta potential and water contact-angle measurements, verified that Cu-BTC was successfully
anchored on the CS layer. The Cu-BTC/CS membrane exhibited higher surface hydrophilicity and
roughness compared to the pristine one. It also demonstrated a water flux of 44 L-m2h™* and a
manganese removal efficiency of 86%, while the membrane coated only with CS had an average
water flux of 39 L-m2h™* and a manganese removal efficiency of 78%. Compatibility and
interfacial interactions between the Cu-BTC clusters and the CS layer were investigated using
molecular dynamics (MD). MD simulations indicated that the Cu-BTC clusters increased the
affinity of the membrane for water molecules. The anchored Cu-BTC clusters also improved the
antibacterial activity of the membrane; the Cu-BTC/CS membrane inactivated 83% of Escherichia
coli bacteria, while the pristine CS membrane 47% of the bacteria. The Cu-BTC/CS membrane

also demonstrated interesting anti-fouling properties against both organic and biological foulants.

Keywords: Cu-BTC Clusters, Chitosan, Membrane Functionalization, Manganese Removal,
Antifouling Properties



1. Introduction

Loose nanofiltration (NF) membranes, which have a loose selective layer and controlled
surface charge, provide high water flux and significant retention of low molecular weight
molecules [1-2]. They are used, for example, in dye/salt removal [3]. Surface modification of
membranes is an effective technique to tailor the surface properties and enhance permeability,
selectivity, and the antifouling activity of the membranes. A practical approach to modifying the
structure of a membrane to improve the membrane performance is to embed a flexible polymer
with nanomaterials [4]. However, poor compatibility between the matrix of polymeric membranes
and inorganic nanomaterials partially impair the retention performance and limit the potential
antifouling activity of the modifying materials [5].

Coating [6], surface grafting [7], covalent immobilization [8-10], layer by layer assembly
(LBL), and crosslinking [11-12] are the most frequently applied surface modification strategies.
LBL is an efficient strategy for preparing modified multilayers on a membrane surface [12]. The
number of multi-layers can be precisely controlled to form a uniform compact active layer with
enhanced ions separation. LBL has been widely used for the growth of metal-organic frameworks
(MOFs). It provides MOF uniform thin films with finely-tuned thicknesses, as it involves
controlled sequential coating steps [13]. On account of their hybrid organic/inorganic structure,
high surface area, and adjustable pore size, MOFs have emerged as promising porous materials for
various separation applications [14]. Generally, the methods for MOF films formation can be
divided into three classes: the direct growth approach using a solvothermal mother solution [15],
the secondary seeding growth technique [16], and the interfacial assembly process [17]. Cu-BTC,
a porous MOF produced by the coordination bonding between copper cations and benzene-1,3,5-

tricarboxylate (BTC) as linker, is an appropriate candidate for preparation of thin films [19]. The



Cu-BTC thin films can be fabricated on the surface via solvothermal [19], electrospraying [20],
electrochemical [21], and interfacial synthesis methods [22].

In the seeding method, the nature of the substrate affects the MOFs formation. Several
inorganic substrates, such as gold, silicon, alumina and fabrics, have been used for MOFs growth,
while polymeric materials, such as silk and cotton, have been used rarely [23]. However, functional
groups of polymeric substrates can serve as nucleation sites to accelerate the growth of MOFs [24],
which have led to formation of advanced MOF-based nanocomposites. In the case of Cu-BTC,
copper ions react with the substrate to introduce stable Cu?* for subsequent nucleation [25]. The
substrates with fixed negative charges appear to have strong interactions with the Cu?* ions,
facilitating the formation of Cu-BTC films [26]. In particular, the presence of -OH and -COOH
functional groups on the substrate surface provides preferred sites for attachment of Cu-BTC
clusters [26].

In this study, a novel membrane is prepared via rapid formation of Cu-BTC clusters on the
PES membrane surface already coated with a chitosan (CS) layer. CS is a green and inexpensive
biopolymer comprising amino and hydroxyl functional groups with excellent film-forming ability.
A CS layer with high permeance is formed by dip-coating on the PES surface and then used as the
seeding substrate for in-situ synthesis of Cu-BTC clusters. The performance of the Cu-BTC/CS
membrane is studied in low-pressure NF, by investigating manganese and iron rejections, as well
as water permeance. The morphology and physicochemical properties of the fabricated Cu-
BTC/CS membrane are thoroughly evaluated by several analyses, and molecular dynamics (MD)
is used to predict water molecules diffusivity in the thin film and the interaction energy between

the Cu-BTC clusters and CS. Furthermore, the antimicrobial activity of the Cu-BTC/CS membrane



against E. coli is assessed, and the antifouling property of the membranes are evaluated with

organic and biological foulants.

2. Materials and Methods
2.1. Materials

PES (Ultrason E6020P, My = 58000 g/mol), N,N-dimethylformamide (DMF, Scharlau),
and polyvinylpyrrolidone (PVP, with My = 25000 g/mol, Merck) and Triton X-100 (Merck) were
used to prepare the casting solution. CS (medium My, Orbital), sodium hydroxide (NaOH, Merck),
acetic acid (glacial, Merck), sodium tripolyphosphate (TPP, Across), polyethylene glycol
(PEG6000, Scharlau), copper acetate monohydrate (Cu(CO2CH3)2.H-0O, with My = 199.65 g/mol,
Sigma-Aldrich), and 1,3,5-benzenetricarboxylic acid (CeHeOs, Merck) were used for the
preparation of the modified membrane. Manganese chloride (MnCl.-4H.O), potassium
permanganate (KMnQs), and iron ammonium sulfate ((NH4)2Fe(S0O4)..6H20) were supplied from
Merck. Sodium alginate (Sigma-Aldrich), humic acid (Across), Escherichia coli (E. coli, ATCC
1399), potassium phosphate (KH2PO4, Merck), magnesium sulfate (MgSOa, Merck), sodium
chloride (NaCl, 99.5%, Merck), sodium bicarbonate (NaCOs, Merck), ammonium chloride
(NH4CI, Merck), and calcium chloride (CaClz, Merck) were used for synthesis of wastewater

effluents.

2.2. Fabrication of Thin Membranes
The procedures used to fabricate of the membranes are schematically presented in Figure
1. The substrate was obtained by conventional phase inversion induced by a non-solvent. The dope

solution was obtained by dissolving 14% w/w PES, 2% w/w Triton X-100, and 1% w/w PVP in



DMF. The layer of CS and the modified membranes were formed by dip coating in a CS solution

and subsequently by in-situ synthesis of Cu-BTC, respectively.
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Figure 1. Schematic of the membrane fabrication and modification procedures.

2.2.1. CS Coating on the PES Substrate
To prepare the CS solution, 0.5 g CS was dissolved in aqueous acetic acid solution (75 mL,
2% viv) under stirring for 1 h at 80 °C. The impurities were then removed by microfiltration. A

solution consisting of 0.1 g PEG and 25 mL water was added to the CS solution, and the final



solution was stirred at room temperature for 1 h. The CS/PES membrane was fabricated by
immersing the PES substrate into the CS/PEG solution for 2 min. After that, the CS/PES membrane
was heat treated in an oven at 80 °C for 15 min. After cooling the sample to room temperature, the
membrane was soaked into a solution containing 0.2 g TPP and 100 mL water for 10 sec. The
cross-linked membrane was kept in an aqueous NaOH solution (2% v/v) for 30 min. Finally, the

modified membrane was washed several times with water to eliminate the residual NaOH.

2.2.2. Cu-BTC/CS Membrane Fabrication

0.5 g of copper acetate was mixed in 75 mL of acetic acid solution (2% v/v) under
sonication for 20 min. Then, 0.5 g of CS powder was dissolved under stirring at 80 °C for 1 h.
Subsequently, 25 mL of aqueous solution containing 0.1 g PEG was also added to the mixture.
After cooling to room temperature, the substrate was immersed in the solution and the excess
solution was removed from the surface of the substrate. To obtain the Cu-BTC/CS membrane, the
substrate surface was immersed in a solution containing 0.5 g of BTC and 100 mL of ethanol.
Finally, the excess solution was eliminated from the membrane surface and the final membrane

was placed in an oven at 80 °C for 1 h, before cooling to ambient temperature.

2.3. Membrane Characterization

ATR-FTIR spectroscopy (Thermo Scientific, USA) was carried out to evaluate the
chemical structure and the functional groups of the membranes surface. Roughness and surface
topology of the membranes were analyzed using AFM (EasyScan I, Switzerland). The surface
wettability of the membranes was investigated by contact angle measurement (G10, KRUSS,

Germany). Chemical binding and elemental compositions of the selective layer were evaluated by



XPS spectroscopy (Bestec, Germany). The surface charge of the membranes was determined by a
zeta potential analyzer (Anton Paar USA, Ashland, VA). Cross sections and surface morphologies
of the membranes were visualized by means of a FE-SEM (MIRA3 TESCAN) equipped with an
energy-dispersive X-ray (EDX).

Effective mean pore size of the CS and Cu-BTC/CS membranes was calculated by gas
permeation method via a home-made gas permeation cell [27]. The lab-scale experimental setup
consisting of a gas reservoir, membrane cell, and a flowmeter was used to measure the surface
pore size. The membrane sample was loaded into the cell and fixed with two O-rings at each side
of membrane. While passing nitrogen through the membrane, the inlet and outlet pressures were
recorded. The gas flow rates were determined by measuring the rise rate of a soap bubble in the
flowmeter. Whereby, the effective mean surface pore size of the membranes was calculated by Eq.

) [27]:

__16By ,8RT\ o5
om = S, Gar) (1)

where rpm is mean pore radius (m), and R, T, M, and p are the gas constant (R=8.314 J
mol*K™), the absolute temperature (K), the gas molecular weight (kg/mol), and the gas viscosity
(Pa-s), respectively. Furthermore, the parameters Ar and B: were determined, respectively, as
intercept and slope of the curve describing the trend of the total gas permeance versus the mean

pressure.

2.4. Simulation Methods
All simulations were performed with Materials Studio 6 and COMPASS force field.
'Charge Qeq' was used to regulate the electrostatic charge of atoms. A geometry optimization was

performed based on smart minimizer method and electrostatic interactions were considered by



Ewald Summation Method (accuracy of 10° kcal/mol). The Van der Waals interaction was
computed with the atom based method (cutoff distance of 15 A). Temperature and pressure were

adjusted using Nose and Berendsen algorithms, respectively.

2.4.1. Construction of Thin Film Membranes

The monomer of CS was first constructed by the 'Build Module' (Figure 2a). Then, the
homopolymer of CS including 65 monomers was made. The Cu-BTC clusters containing four
BTC ligands with molecular weight of 963.624 g/mol were constructed as shown in Figure 2b.
The first simulation cell was generated by CS only and the second one was built by considering
CS and three Cu-BTC clusters.

After geometry optimization and minimizing the energy of the structures, the simulation
procedure was followed by running an NPT (the number of particles, temperature, and volume are
constant) ensemble at 298.15 K and 100 kPa for 3 ns to attain equilibrium. After this step, the latest
snapshot was selected to compute the interaction energies and diffusion coefficients. The simulated

CS and Cu-BTC/CS nanocomposites are shown in Figures 2c and 2d, respectively.



Figure 2. Molecular structures of (a) the CS monomer and (b) a Cu-BTC cluster. Latest snapshots
of the molecular configuration of the simulation cell after 3000 ps NPT MD simulations for: (c)
CS, (d) Cu-BTC/CS composite, (e) CS with 20 loaded water molecules, and (f) Cu-BTC/CS with
20 loaded water molecules. The gray, blue, white, light salmon, and red spheres are carbon,
nitrogen, hydrogen, copper, and oxygen atoms, respectively.
2.4.2. Computation of Diffusion Coefficients

To investigate the water transport properties of the membranes, water diffusion coefficients

were obtained by a linear curve fitting of the mean-square displacement (MSD) diagram according

to Einstein’s relationship for diffusion [28]:
13 2
MSD(t):N—Z<[ri (t, +t)-r (t,)] ) =B +6Dt (1)
i-1

where D is the molecular diffusion coefficient, B is a constant, N is the number of water molecules,
and r; is the vector of location in time to and to+t.

For the calculation, 20 molecules of water were loaded in each membrane simulation cell
for both CS and Cu-BTC/CS membranes. MD simulations were used to simulate the water
molecules diffusion into the structures. After a primary NPT run to attain a new equilibrium for

100 ps, the system was simulated by means of an NVT (number of particle, temperature, and



volume are constant) ensemble at 298.15 K for 500 ps. Figures 2e and 2f display the water

molecules loaded in CS and Cu-BTC/CS simulation cells, respectively.

2.5. Fluorescence Imaging

E. coli bacteria were cultivated in LB agar at 37 °C for 24 h and then a distinct colony was
cultivated in 50 mL Terrific Broth (TB) while shaking at 150 rpm for 12 h at 37 °C. The resulting
solution was then centrifuged at room temperature for 10 min followed by washing twice with
PBS buffer to eliminate the residual TB. The stock sample of E. coli in PBS prepared with the cell
density of ca. (1.0 + 0.1) x 107 cells/mL. The membrane samples (1 x 1 ¢m?) were contacted
with 1 mL aliquot of the bacteria stock suspension for ca. 1 h. The remaining bacteria pellets were
then removed using PBS buffer and the membranes were stained for 20 min in the dark at room
temperature with the final concentrations of 20 uM of PIL, and 5 uM of SYTO9. After removing
the extra solution, images of the sames were taken. A Leica DMRXE microscope coupled with a

digital image capture system (Tucsen model TC-3) was used to image the bacteria.

2.6. Membrane Performance

A cross-flow filtration setup was applied to evaluate the productivity as well as the
manganese and iron rejection of the membranes at 25 °C and 3 bar. The effective surface area of
membrane and flow velocity were 30 cm? and 25 cm/s, respectively. The water flux (J) was
calculated using:

\Y%

]=m 2)

Where V is the permeate volume passed through the membrane (L) during the filtration time, At

(h), and A is the effective area (m?). A synthetic aqueous solution was used as feed solution,
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including 2% of Fe, 2% of Mn, and 2% of KMnQg. The following equation was applied to calculate

the rejection (R):

R(%)=( —(é—‘:)*loo 3)

where Cs and C,, are bulk feed and permeate concentrations of metal, respectively, measured by
atomic absorption spectroscopy. All permeation experiments were performed three times and the

average values are reported.

2.7. Membrane Fouling Assessment

The antifouling properties of the membrane were evaluated by two foulant solutions
containing 0.4 mM NacCl, 0.2 mM NaHCO3, 0.3 mM CaCly, and humic acid (30 mg/L) or sodium
alginate (250 mg/L) dissolved in DI water by using a cross-flow system at 25 °C and 3 bar, and at
a cross-flow velocity of 12.5 cm/s.

For evaluation of biofouling propensity, the system was fumigated with a 70 wt% ethanol
solution for 45 min before every test. To entirely remove the ethanol, the system was washed by
deionized (DI) water several times. An agueous solution containing 0.45 mM KH2POa, 0.61 mM
MgSOs, 9.20 mM NaCl, 0.5 mM NaHCOs3, 0.93 mM NH4CI, and 0.5 mM CaCl, was applied as
the synthetic wastewater. A desirable amount of bacterial culture was added to the solution at
steady state to attain a primary concentration of ~10” CFU/L. The pure water flux of the cleaned
membrane was measured under the same condition of the initial flux experiment, to obtain the flux

recovery values.
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3. Results and Discussion
3.1. Film Density and Water Diffusion Coefficients from MD simulations

The upward trend of simulation cell density over a period of 3000 ps NPT run is shown in
Figure 3 for the CS and Cu-BTC/CS membranes. The density of the CS sample increases gradually
to reach a steady-state, while the Cu-BTC/CS graph shows several incremental steps during the
simulation time. When the species, i.e., Cu-BTC clusters and the polymer chains, approached to
each other, the density enhances significantly due to the presence of attractive forces, resulting in
a higher final value of the density for the Cu-BTC/CS layer. To investigate the transport of water
molecules into the thin films and to determine the effect of Cu-BTC MOFs on the water diffusion
coefficient, the mean-square displacement (MSD) of water molecules was calculated over 500 ps
in a NVT run and the results are presented in the inset of Figure 3. The MSD diagrams almost

overlap, suggesting a similar value of water diffusion coefficients for the two samples.
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Figure 3. Predicted densities of the CS and Cu-BTC/CS membranes vs. the simulation time. The
inserted plot indicates the mean square displacement of water molecules.
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The main features of the simulation cell, including the final density of the samples, the
molecular weight of the polymer chain, and the diffusion coefficients are also provided in Table
1. The results obtained from the diffusion of water molecules in three directions in Cartesian
coordinates are similar for the two films. Despite the fact that the nonporous Cu-BTC clusters
increase the density of the thin film as well as its mass transfer resistance, the diffusion coefficient

is not negatively affected thanks to the enhanced water affinity of the Cu-BTC-modified thin film.

Table 1. MD-predicted molecular weight of the polymer chain, density of thin films after 3 ns
NPT run, and simulated diffusivity coefficients of water molecules in the thin films after 500 ps
NVT run.

Sample CS thin film Cu-BTC/CS thin film
Polymer molecular weight (g/mol) 10477.2 10477.2
Simulation cell density (cm®/g) 1.06 1.33
D x 108 (cm?/s) 42.8 39.3

The energy analysis illustrates that the total potential energy of Cu-BTC/CS
nanocomposites dramatically dropped from —7278.6 to —13037.9 kcal/mol when 20 water
molecules were loaded into the structure. In contrast, the total potential energy of the simulation
cell related to CS alone slightly increased from 2435.2 to 2456.2 kcal/mol under similar conditions.
The reduction of the energy level suggests more significant interactions between the membrane
and water molecules, attributed to the presence of Cu-BTC clusters and especially that of the open
metal sites in the Cu-BTC structure. The water-membrane interactions can enhance the membrane
water affinity and consequently the water permeability of the layer. Also, the strong intermolecular

interactions between Cu-BTC clusters and the CS chains can also reduce the structural defects of

13



the polymeric composite, to form a more compact thin layer. This interaction was also determined

from the results of the molecular dynamics simulation according to the following equation [29]:

E

interaction = = Composite — (Echitosan + Ecu_src) (4)

where Einteraction, Ecomposite, Echitosan, and Ecu-Tc are interaction energy, composite total energy, thin
film total energy after removing Cu-BTC clusters, and thin film total energy after omission of CS,
respectively. The complete results for these energy quantities are given in Table 2. The negative
value of the Einteraction indicates that the energy level of the composite is lower than the sum of the
energy of different species at steady state. This result verifies the formation of a stable structure

and proves strong interactions between CS chains and Cu-BTC clusters.

Table 2. Energy quantities (kcal/mol) of the components calculated with MD.

Sample Ecomposite Echitosan Ecu-eTC Eintraction

Cu-BTC/CS —7278.65 2830.49 —8898.52 —1210.62

3.2. Properties of Pristine CS and Cu-BTC/CS Membranes

ATR-FTIR spectroscopy was conducted to investigate the functional groups of both
pristine CS and Cu-BTC/CS membranes (Figure 4). The bands at 1150 and 1300 cm ™ are related
to symmetric and asymmetric O=S=0 stretching vibrations of the PES support, respectively. The
peak at 1240 cm™* can also be assigned to the asymmetric C—-O—C stretching vibration of the PES
substrate [30]. The characteristic infrared peaks appearing at 1581 cm™ 1651 cm™ are assigned to
the vibration of N-H bending and vibration of C—N stretching in primary amide (amino group),
and to the vibration of C=0 stretching in secondary amide (-NHCO-) CS membrane, respectively

[31]. The wide peak observed in the range 3100-3400 cm™ is assigned to hydrogen bonds of the

14



hydroxyl groups of CS [32]. The peak at 1150 cm* represents vibration of P=0 stretching owing
to cross-linking the CS chains with TPP [33]. Two peaks at 1360 and 1430 cm™* are related to
carboxylate symmetric stretch, while the carboxylate asymmetric stretch peak appeared at 1610
cm ™ [34]. The other peaks including 714, 832, and 1100 cm™* indicate C—C ring out-of-plane
bending, C-H out-of-plane, and C—H in-plane bending vibrations, respectively [35]. As can be
seen, the intensity of the primary and secondary amides, and hydroxyl group peaks in Cu-BTC/CS
membrane is lower compared to the pristine CS membrane corroborating the attachment of copper

atoms to the CS chains.

» 1100 — S
> 832
> 714 Cu-BTC/CS
660 1160 1660 2160 2660 3160 3660

Wavenumber (cm™)

Figure 4. ATR-FTIR spectra of the pristine CS and Cu-BTC/CS membranes on PES supports.

AFM analysis was performed to characterize the roughness of pristine CS and Cu-BTC
modified CS membranes. Figures 5a and 5b show two dimensional (2D) and 3D AFM images,

respectively, and Table 3 lists the values of roughness parameters of the membranes including

15



average roughness (Ra) and root mean squared roughness (Rmms). The pristine CS membrane
showed relatively smooth surface (average roughness of 9.4 nm), while the Cu-BTC/CS membrane
demonstrated higher surface roughness (average roughness of 35.1 nm). This increase in the
surface roughness can be attributed to the presence of a thin layer of Cu-BTC clusters [36]. As
depicted in Figure 5, the contact angle reduced after the formation of Cu-BTC on the surface,
indicating higher wettability of the modified membrane. The improved wettability of the
membrane is ascribed to formation of the stable structure of the Cu-BTC clusters and strong
interactions between the clusters and the CS chains as discussed earlier in the MD simulations
section. These surface properties are expected to decrease the foulant deposition propensity. In
addition, the surface pore size of the membranes was measured using gas permeation test and the
obtained results are given in Table 3. The surface pore size decreased from around 22 nm to around

13 nm after Cu-BTC deposition.
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Figure 5. AFM images of the (a) pristine CS and (b) Cu-BTC/CS membranes. The inserted images
are the water contact angle photos of the CS and Cu-BTC/CS membranes.

Table 3. Roughness and surface pore size values of the membranes.

Roughness parameters (nm)
mean surface pore

root mean squared

Membrane type average
diameter (nm)
roughness (Ra) roughness (Rrms)
CS membrane 94 114 21.7+2.1

Cu-BTC/CS membrane 35.1 43.9 13.3+1.8
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FE-SEM was applied to visualize the membrane morphology. Figures 6a-6d illustrate the
surface and cross-sectional micrographs of the pristine CS/PES and Cu-BTC/CS/PES membranes.
The pristine CS/PES membrane presented a smooth surface with asymmetric structure composed
of a dense ultra-thin layer of well-coated CS on the surface of the PES substrate (Figure 6a).
Indeed, after soaking in CS solution a dense layer with a thickness of about 210 nm forms on the
PES support layer (Figure 6b). However, a ridge-and-valley structure was created upon anchoring
the Cu-BTC clusters on the active sites (amine and hydroxyl groups) of the CS membrane (Figure
6¢). Following the deposition of Cu-BTC clusters on the CS coated PES membrane, a thin layer
with a thickness of about 240 nm formed. Furthermore, appearance of the copper peak in the EDX
spectrum of the Cu-BTC/CS membrane (illustrated in Figure 6f) confirms the successful formation

of Cu-BTC clusters on the CS layer.
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SEM HV: 15.0 kV WD: 519 mm MIRA3 TESCAN SEM HV: 15.0 kV WD: 5.99 mm 1
SEM MAG: 25.0 kx Det: In-Beam SE  2pm SEM MAG: 100 kx Det: InBeam SE 500 nm
View field: 8.30 ym  Date(m/dly): 05/09/18 RMRC View field: 2.08 ym  Date(m/dly): 06/28/16
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Figure 6. Surface and cross-sectional FE-SEM micrographs of the pristine CS/PES and Cu-
BTC/CS/PES membranes: (a, b) pristine CS/PES membrane and (c, d) Cu-BTC/CS/PES
membrane. EDX analysis of (e) the CS/PES and (f) Cu-BTC/CS/PES membranes.

To gain a better understanding of the elemental compositions and chemical bonds of the
pristine CS and Cu-BTC/CS membranes, the surface of the membranes was analyzed using XPS
analysis. As depicted in Figure 7, the XPS survey demonstrates that the surface of both membranes
contains carbon, nitrogen, and oxygen atoms. Additionally, the Cu-BTC/CS membrane spectrum

presented a peak of copper, Cu (2p 3/2), which is located at around 934.14 eV [37]. Table 4

presents the elemental compositions and O/N ratio of the CS and Cu-BTC/CS membranes. The
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Cu-BTC/CS membrane has a higher oxygen and a lower nitrogen percentages and hence higher
OIN ratio than the pristine CS membrane. This significantly higher O/N ratio is attributed to the
presence of Cu-BTC MOFs with abundant oxygen-containing functional groups. Moreover, the
increased O/N ratio may be considered as an indicator of the chelation effect of Cu?* ions with the
hydroxyl and amine groups of the CS. The chelation decreases the penetration of the BTC ligands

into the CS layer [38].

Table 4. Elemental compositions and O/N ratio of the CS and Cu-BTC/CS membranes.

Atomic concentration (%) O/N ratio
Membrane
C (1) O (1s) N (1s) Cu (2p)
CS membrane 75.3 21.13 3.57 - 5.92
Cu-BTC/CS membrane  66.02 30.45 3.25 0.27 9.37

Further information on the chemical structure of the membranes can be obtained by the
deconvolution of the C (1s) high resolution spectra, as presented in Figures 7b and 7d. The spectra
include three peaks: a major peak located at 285 eV attributed to C—C/C=C bonds [39], an
intermediate peak appeared at 286.5 eV ascribed to C—N bond, and a minor peak at 288.5 eV
corresponded to amides O=C—N and O=C—0O bonds [39]. Moreover, the appearance of a Cu2p3/2
peak at 934.14 eV and its two additional shake-up satellite peaks at 941.87 and 944.32 eV confirms

that Cu in the MOF synthesized has divalent nature.
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Figure 7. (a) XPS survey spectra of the CS and Cu-BTC/CS membranes, (b, ¢) high-resolution
XPS spectra of C (1s) of the CS and Cu-BTC/CS membranes, and (d) Cu (2p 3/2) of the
Cu-BTC/CS membrane.

Zeta potential measurements were applied to evaluate the surface charge of the CS and Cu-
BTC/CS membranes (Figure 8). Negative surface charges were observed for both membranes. The
surface amine groups on the of the pristine CS membrane start to protonate at roughly pH 6 and
result in a lower density of negative charges for slightly acidic pH values. Larger values of negative
zeta potential were observed after formation of Cu-BTC clusters, corresponding to the
deprotonation of carboxyl functional groups in the MOFs structures [40]. Since the bacterial cells
(E. coli) are generally negatively charged in a pH range 4-9 [41], this potential may provide an
electrostatic repulsion to bacteria attachment and a decrease in their deposition, resulting in lower

biofouling tendency.
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Figure 8. Zeta potentials of the pristine CS and Cu-BTC/CS membranes.

3.3. Separation Performance of Pristine CS and of Cu-BTC/CS Membranes

The results of water flux, iron and manganese removal for both the CS and Cu-BTC/CS
membranes are presented in Figure 9. The water flux of Cu-BTC/CS membrane (44 L m?h™%) is
higher than that of pristine CS membrane (39 L m2h). The higher flux for Cu-BTC/CS
membrane can be assigned to its surface wettability. Although the formation of a Cu-BTC/CS thin
film increases the mass transfer resistance, the high water affinity of the Cu-BTC/CS membrane,
verified by the measured contact angle and MD simulations, facilitate partitioning and permeation
of the water molecules [42]. Often the membrane permeance decreases after surface modification
by creation of an additional coating, due to the mass transfer resistance of this additional layer. In
this study, however, a slight increase in water flux was observed, thanks to the high water affinity
of Cu-BTS clusters and enhanced surface wettability. In addition, the Cu-BTC/CS membrane

exhibited higher manganese and iron removal compared to the pristine CS membrane. The
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observed rejection for Cu-BTC/CS membranes was 86% and 99% for Mn and Fe, respectively.
The formation of a Cu-BTC/CS film increased the density of the active layer, which enhanced the
resistance to mass transport and led to better metal removal by preventing metal ions transport by

zigzag passage [43].
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Figure 9. Rejection and water flux of the CS and Cu-BTC/CS membranes.

The performance of other loose nanofiltration nanocomposite membranes reported in the
literature for metal removal is summarized in Table 5. The Cu-BTC/CS membrane developed in
this study possessed a competitive performance in removing Mn and Fe ions compared to the

existing membranes.

Table 5. Heavy metals removal performance of various nano-composite membranes reported in
the literature.
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Process condition

Membrane type I\/ilgtnal Removal (%)/adsorption capacity (mg/g) Ref.
pH T(°C)
Poly ethylene oxide/chitosan Pb (II) 55 25 Maximum adsorption capacity of: 237.2 [44]
nanofiber membrane Cd (1) 5 248.1
Ni (I1) 5 357.1
Cu (1) 6 310.2
Chitosan/hydroxyl apatite Pb (1) - 25-45 Maximum adsorption capacity of: 296.7 [45]
composite membrane Ni (11) 213.8
Co (1D 180.2
Chitosan/TiO, nanofiber Cu(ln 2-7 25-45 Maximum adsorption capacity of: 90 [46]
membrane Pb (1) 75
Chitosan/polycarbonate composite  Cu (II) - - Maximum adsorption capacity of: 5.9 [47]
membrane
Cellulose acetate UF Mn ) ) 80% Rejection [48]
Commercial nanofiltration Mn(ll) 235 22-25 75% Rejection [49]
membrane (NF270)
Microporous chitosan-PEG blend  Mn (l1l) 9 27 Maximum adsorption capacity of: 16 [50]
membrane Fe (111) 38
Chitosan/poly(ethylene Cr(vl) 16 25 Maximum adsorption capacity of: 261.1 [51]
oxide)/activated carbon Fe (111) 217.4
nanofibrous membrane Cu (1) 195.3
Zn (I1) 186.2
Pb (11) 176.9
Chitosan/hydroxymethyl cellulose  Ni (I1) 5.4 25 77% Rejection [52]
composite membrane
Composite Graphene Cr(vl) - - 89% Rejection [53]
oxide/chitosan nanoplates
incorporated into
Polyethersulfone
Chitosan/poly(vinyl Cr(vh) 7 25 98% Rejection [54]
alcohol)/zeolite electrospun Fe (111) 96% Rejection
composite nanofibrous membrane  Ni (1) 93% Rejection
Fes04-NH; nanocomposite filled  Cr (VI)  2-7 30-50 Maximum adsorption capacity of: 38 [55]
chitosan/poly(vinyl Pb (1) 40
alcohol)/Polyethersulfone dual
layers nanofibrous membrane
Sulfated chitosan/poly(vinyl Ni (1) 2-6 25-55 30% Rejection [56]
alcohol) membrane Cu (1)) 70% Rejection
CS/Cu-BTC membrane Fe(lnyy 7 25 99% Rejection This
Mn (11) 85% Rejection study
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3.4. Antibacterial Activity

Antibacterial activity of the pristine CS and Cu-BTC/CS membranes was assessed by live
and dead staining visualized by a fluorescence microscopy. Figure 10 presents representative
images of the membranes after exposing with a bacterial solution, indicating a significant reduction
in the number of live bacteria on the surface of the Cu-BTC/CS membrane. The Cu-BTC/CS
membrane demonstrated over 83% antibacterial activity against E. coli in comparison to 47% of
the pristine CS membrane. As antibacterial properties of the CS were previously proven [57], a
number of dead bacteria is also observed on the surface of the CS membrane. However, the
improved antimicrobial activity of the CS/Cu-BTC membrane is attributed to the synergetic effect
of the CS layer and Cu-BTC clusters, providing higher accessible active sites that resulted in higher
toxicity toward bacterial inactivation. Antifungal properties against Saccharomyces cerevisiae and
antibacterial properties against the E. coli (Gram-negative) and S. aureus (Gram-positive) have
been reported for Cu-BTC-containing materials [57]. Cu-BTC MOFs are the reservoir of copper
(Cu?") ions that can provide sustained antibacterial activity [58]. The proposed antibacterial
mechanism includes the cell wall rupture and plasma membrane deterioration through contact with

the Cu?* metal sites, that can oxidize organic species [58].
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cs CS/Cu-BTC

Figure 10. Fluorescence images of E. coli cell pellets on the surface of (a) pristine CS and (b) Cu-
BTC/CS membranes stained with SYTO 9 (green for live bacteria), and Pl (red for dead bacteria).

3.5. Preliminary Assessment of Bacteria and Organic Fouling of the Membranes

Figures 11a and 11b show the trend of normalized water flux during the filtration of
solutions containing biological and organic foulants, respectively. The water flux decreased
remarkably in the beginning of the experiments and then gradually declined over time. The Cu-
BTC/CS membrane showed smaller reduction in the water flux (about 23%) due to biofouling
resistance compared to CS membranes (about 37%), as shown in Figure 11a. Compared to CS
membrane, the enhanced anti-biofouling properties of the Cu-BTC membrane can be ascribed to
the combination of its higher surface wettability and stronger antibacterial activity reducing
deposition and inactivating the cells [58]. Similarly, the results of organic fouling tests
demonstrated that the Cu-BTC/CS membrane had a lower tendency to deposition of foulant
molecules, lower water flux reduction, and better flux recovery than those of the pristine CS

membrane. The improved fouling resistance of the MOF-containing membrane resulted from its
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higher surface wettability and lower propensity of organic matter to adhere to the membrane
surface. Water molecules can easily adhere to a hydrophilic surface via hydrogen bonding and
reduce foulant deposition, resulting in a greater antifouling resistance. The flux recovery improved
from 55% to 71% (alginate as foulant) and from 61% to 70% (humic acid as foulant) by coating

the CS membrane with a Cu-BTC film.
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Figure 11. Fouling performance of the pristine CS and Cu-BTC/CS membranes with the (a) bio-
foulant and (b) organic foulant. The inserted bar chart displays the flux recovery.

4. Conclusions

A new loose NF membrane was synthesized by a fast and facile in-situ deposition of a thin
film of Cu-BTC MOFs over a CS/PES membrane. The presence of Cu-BTC clusters not only
improved the productivity of the membrane, but also enhanced the Mn and Fe rejection. Moreover,
MD simulations verified the formation of a stable structure and high compatibility of the Cu-BTC
clusters with the CS layer, allowing for tuning the membrane properties and improving its
separation performance. Successful formation of the Cu-BTC film on the surface of CS layer
resulted in a more wettable surface, in turn translating into a reduction of the detrimental effects
of organic fouling. In addition to better water affinity, stronger biocidal activity of the MOF layer
led to excellent resistance of the Cu-BTC/CS membrane against bio-foulants. This work proposes
a simple fabrication procedure, involving fast formation of the MOF clusters, thus offering a
practical strategy for preparing membranes with favorable antifouling properties for the efficient

removal of heavy metals from drinking water.
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