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ARTICLE INFO ABSTRACT

Membrane fouling and biofouling, which arises from the nonspecific interaction between the membrane surface
and foulants, significantly impedes the efficient application of membrane technology. The addition of nano-
particles could have an impact on the properties of membranes used for nanofiltration. Nanoparticles can
provide various functionalities to a membrane but, there are very few studies of the effect of mixing catalysts in
PDA-modified membranes. In this study, polydopamine has been used to firmly bind a combination of nano-
particles on thin film composite (TFC) membranes. Two simple methods (a one-step and a two-step method) to
assemble a multifunctional (TiO», ZnO) layer of nanoparticles onto a commercial NF membrane as support have
been evaluated by applying fast deposition of polydopamine (PDA). The membrane performance was evaluated
based on the relative flux decline.

Results show that the modification methods did not compromise the rejection of MgSO,4, combined with an
increase ~15% in the rejection of NaCl. A 25% increase in the hydrophilicity of the modified membranes
compared to pristine membrane was evidenced. In addition, the two-step modification method has antimicrobial
activity for an ultralow load of 0.03 wt% ZnO nanoparticles; the antimicrobial activity increased when the
membrane had a combination of TiO,:ZnO nanoparticles at 1:2 and 2:1 ratios using Bacillus Subtilis as model
bacteria. The photocatalytic activity of the nanoparticles layer was demonstrated through the removal of me-
thylene blue from a solution contacting the membrane when exposed to solar radiation.
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1. Introduction membrane lifetime [4]. Thus, it is of utmost importance to manufacture

membranes that are resistant to fouling. One of the most extended

Nanofiltration (NF) is widely used for water treatment and waste-
water reclamation/reuse [1,2]. NF membranes have properties in be-
tween those of ultrafiltration (UF) and reverse osmosis (RO). They are
used in a wide range of different applications, such as rejecting ions,
removal of heavy metals and of organic pollutants [2,3].

Several studies have shown that properties such as the desalting
degree, porosity, membrane morphology, charge, membrane hydro-
phobicity, MWCO, molecular size, charge, hydrophobicity of the solute
as well as the feed water chemistry have a direct influence on the
permeability, rejection, colloidal fouling and biofouling behavior of RO
and NF membranes [1,4-8].

Membrane fouling increases operation and maintenance costs by
deteriorating the membrane performance and ultimately shortening the

methods to produce NF membranes is via interfacial polymerization.
However, conventional manufacture methods involve tedious and
complicated steps. In addition, the method for manufacturing mem-
branes may considerably affect the anti-fouling capacity of the mem-
branes.

Recently, there has been an increasing interest in bioinspired
modifications, such as the mussel-inspired chemistry of polydopamine
(PDA) for membrane surface modification [9,10]. Polydopamine coat-
ings have been extensively used to change the surface properties of
membranes for use in desalination[11-13], microbial fuel cells [14],
wastewater treatment,[13] oil/seawater separation, [15] electro-
dialysis, [16] membrane bioreactors,[17] inter alia. These coatings
have been shown to increase hydrophilicity and under water
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Scheme 1. Possible configurations of PDA adsorbed on TiO»: (a) possible mechanism of mPEG-DOPA binding to TiO, surfaces; (b) possible configurations: (I)
monodentate binding with a hydrogen bridge to a neighboring surface hydroxide and (II) bidentate binding.

oleophobicity of many hydrophobic membrane surfaces, which can
result in improved membrane performance [13-15,17,18] and de-
creased microbial adhesion [14,17,19-21].

PDA has been used due to its high material-independent adhesion
and post-functionalization accessibility [22], in order to greatly accel-
erate the polymerization of dopamine and the deposition rate of PDA
has been used CuSO,4 /H>0- as a trigger [23]. CuSO,4 /H50, can gen-
erate reactive oxygen species (ROS) in an alkaline medium to improve
the deposition rate of PDA coatings with high uniformity and stability,
which greatly expands the potential of PDA in practical applications
[24]. Adding organic nanoparticles such as graphite oxide or inorganic
nanoparticles such as TiO», SiO,, Al,O3, Si, Ag, ZnO, ZrO,, etc. into the
thin film have had significant effects on the membrane performance

[25] and on fouling resistance [26,27].

Dopamine can react with metal oxide nanoparticles surface through
surface complexation by any of these routes: (1) via catechol as a bi-
dentate bonding [28]; (2) bridged bidentate bonding [29]; and (3)
complex mechanism as monodentate-bidentate bonding or hydrogen
bonding [30,31] (Scheme 1). These photocatalysts deposited on the
surface could help to degrade contaminants such as drugs or dyes [32]
if the modified membranes are irradiated with UV light. The presence of
nanoparticles could also have an influence on the fouling resistance of
the membranes [33].

Furthermore, the anchoring of catalyst nanoparticles on membrane
surfaces allows these nanomaterials to maintain maximum contact with
natural organic matter, proteins and bacteria, which could reduce their
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Table 1

Comparison of the catalyst concentration on the modified surface membrane.

Ref.

Modification method

Propriety of membrane

Solution catalyst concentration

(%)

Film - Nanoparticles

Support/Membrane

Pre-seeding interfacial polymerization method

Water treatment

0.05-0.2

MPD/FeO

PES

Anti-fouling activity

PDA coating and in situ formation of AgNanoparticles

Anti-microbial modification

PDA/AgNanoparticles

RO-PSF

Two modification strategies as deposition and dip-coating were compared.

Chlorine and fouling resistance

0.1

PDA- Mg; Al-CO5(LDH)

PDA-ZnO

FO-PA TFC

Combining of electrospinning, surface functionalization and hydrothermal treatment

Casting method

Photocatalytic and antimicrobial

Antifungal properties

0.5
0.

PU nanofibers

5-2

Chitosan-ZnO
PDA - Cu

Carboxymethyl cellulose

Two-step deposition and co-deposition

Elevated salt transport of antimicrobial

membrane

0.3

PAN UF sheet membranes

42]

[

In situ interfacial incorporation of TiO2 nanoparticles along with fabrication of co-
polyamide network on a polyimide (PI) support.

Two-step deposition

Solvent resistant nanofil-tration

membranes

0.05

Co-polyamide TiO,

UF PI

[35]
[43]

Good hydrophilic performance

0.1-0.5

PDA - TiO,

PES

Hybrid membranes fabricated by non-solvent induced phase in-version (NIPS)

Multiple antifouling capacities

PVDF - (TiO,@PDA)
Nanoparticles

PDA - TiO,

PVD

This Work

Photocatalytic antifouling activity Two-step deposition and co-deposition)

0.01-0.05

NF PA -TFC

PDA - ZnO

PDA-TiO5:ZnO
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adhesion and growth. The different nanoparticles on the surface of the
membrane could be intimately related to an improvement in membrane
performance. For this reason, some research has focused on modifica-
tion of NF membranes with different nanoparticles (Tablel) [34-36].

In this study, we have introduced and compared two simple
methods to assemble a multifunctional (TiO,, ZnO) layer of nano-
particles onto a commercial NF membrane as support by applying the
fast deposition of PDA. One of these techniques refers to a conventional
two-step deposition by the aid of a strongly adhesive PDA intermediate
layer followed by nanoparticles loading. The second strategy is the si-
multaneous co-deposition of PDA and nanoparticles. The influence of
the catalyst (TiO,, ZnO and mixtures) and the two modification stra-
tegies are compared and studied taking into account surface mor-
phology, selectivity for specific solutes and permeability. The anti-
microbial activity of the membranes is also studied by using Bacillus
Subtilis as model bacteria.

2. Experimental
2.1. Materials

A commercial polyamide nanofiltrationmembrane, NFX
(150-300 Da), was purchased from Synder filtration (USA). Dopamine
hydrochloride (99 wt%) and tris(hydroxymethyl) aminomethane (Tris,
99.8% by weight) were acquired from Acros Organic-Belgium. Copper
(ID sulfate (CuSO4, 99 wt%), hydrogen peroxide (HO,, 30 wt%), hy-
drochloric acid (HCl, 1 M) and sodium hydroxide (NaOH, 98 wt%), ti-
tanium (IV) oxide nanopowder (anatase, < 25nm, 99.7 wt%), zinc
oxide (ZnO, < 50 nm 99 wt%), magnesium sulfate (MgSO4, 98 wt%)
and sodium chloride (NaCl, 99 wt%), were acquired from Sigma-
Aldrich (Diegem, Belgium). Unless specified, all solutions were pre-
pared in deionized (DI) water purified by a Milli-Q ultrapure unit. All
reagents and solvents were commercially available and used as re-
ceived.

The culture media Iso Sensitest Broth (Oxoid CM 0473) containing
0.8 wt% Agar bacteriological N° 1 (Oxoid LP0011) was used for
growing Bacillus Subtilis (BGA) spore suspension (Merck 1.10649). The
media was sterilized at 121 °C for 45 min and cooled down to 45-50 °C
before adding 0.4 wt% of glucose and B. Subtilis strain at the required
concentration.

2.2. Modification of the NFX nanofiltration membrane

NFX-TFC membranes (NF) were used for all surface modification
procedures. The commercial NF membranes were immersed in distilled
water for 12h before surface modification. In addition, all the mem-
branes used in this study were stored in distilled water until use.

The methodology used to modify the membranes has been reported
by Zhang et al. [34]. Two methods have been studied: (1) fast co-de-
position of PDA, in which catalyst nanoparticles are added in one step
with the PDA according to compositions in Table 2, and (2) binding
method in two steps, in which a fast PDA deposition on the NF mem-
brane surface is followed by binding catalyst nanoparticles at different
compositions (Table 2) on PDA modified NF membranes. The surface
modification of NF membranes was done in a membrane holder.

2.2.1. One step - fast co-deposition procedure

Copper sulfate (8.3 mM) was dissolved in 30 mL Tris buffer solution
(50 mM, pH 8.5); then, the catalyst amounts indicated in Table 2 for the
membranes NF-Xa were added in this suspension. The resulting sus-
pension was agitated during 3h at 1000 rpm and subsequently, the
suspension was further treated using sonication for 1h in a water bath
(20 °C). Next, 40 uL. H,O, solution (19.6 mM) was added into the sus-
pension as the trigger of the rapid deposition and mixed, which was
followed by the addition of dopamine hydrochloride (2 mg * mL™1).

The solution was then poured onto the membrane surface in the



R. Bahamonde Soria, et al.

Table 2
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Preparation conditions of modified membranes: (i) co-deposition method (one step modification), indicated as NF-Xa membranes, and (ii) binding method (two steps

modification), indicated as NF-Xb membranes.

Membrane  Dopamine (mg*mL~")  TiO, Content (wt%)  ZnO Content (wt%)  Deposition PDA time (h)  Catalyst co-deposition time (h)  (TiO,:ZnO) Ratios
NF
NF-PDA 2 0 0 1 0 -
NF-1 NF-1la 2 0.01 0 1 0 -
NF-1b 2 0.01 0 1 1 -
NF-2 NF-2a 2 0.03 0 1 0 -
NF-2b 2 0.03 0 1 1 -
NF-3 NF-3a 2 0.05 0 1 0 -
NF-3b 2 0.05 0 1 1 -
NF-4 NF-4a 2 0 0.01 1 0 -
NF-4b 2 0 0.01 1 1 -
NF-5 NF-5a 2 0 0.03 1 0 -
NF-5b 2 0 0.03 1 1 -
NF-6 NF-6a 2 0 0.05 1 0 -
NF-6b 2 0 0.05 1 1 -
NFX-1 NF-X1a 2 0.005 0.005 1 0 1:1
NF-X1b 2 0.015 0.015 1 1 1:1
NFX-2 NF-X2a 2 0.003 0.007 1 0 1:2
NF-X2b 2 0.010 0.020 1 1 1:2
NFX-3  NF-X3a 2 0.007 0.003 1 0 2:1
NF-X3b 2 0.020 0.010 1 1 2:1
6 Fig. 1. Polymerization time analysis: UV-Vis
absorbance at 403 nm for dopamine solutions (a)
5 PDA solutions without CuSO4/H,05 (b)
PDA + CuSO4/H20,, (c) PDA + CuSO4/H30,/
4 0.01%TiO0,, (d) PDA + CuSO4/H,0,/
@ 0.03%Ti0s, (e) PDA + CuSO4/H,0,/
g 0.05%TiO,, (f) PDA + CuSO,4/H505/0.01%ZnO0,
g 3 (g) PDA + CuSO4/H0, /0.03%ZnO, (h)
Is PDA + CuSO4/H50,/0.05%Zn0O. The dashed
2 2 lines are added to guide the eye.
<
1
A ———A———— A= — A brm—mm T T T T A
0
0 20 40 60 80 100 120
Time (min)
—2—PDA —*—PDA Cu H202
—-e—PDA Cu H202/0,01% TiO2 ——+—PDA Cu H202/0,03% TiO2
—-+—PDA Cu H202/0,05%TiO2 —x—PDA Cu H202/0,01% ZnO
—a&- PDA Cu H202/0,03% ZnO ———PDA Cu H202/0,05%ZnO

membrane holder for 1 h. Afterwards, the membrane was rinsed 5 times
with distilled water to remove the excess polymerization residues and
catalysts.

2.2.2. Two steps modification- binding procedure

An aqueous solution of dopamine was prepared by dissolving do-
pamine hydrochloride (2 mg""mL_l) in Tris buffer solution (pH 8.5,
50 mM). In 30 mL of this fresh dopamine aqueous solution, CuSO4
(8.3 mM) was dissolved with 40 puL. HyO, (19.6 mM). The final solution
was poured onto the membrane surface placed in the membrane holder.
After 60 min, the membrane was rinsed using distilled water for 5 min
in order to remove most of the residual unbound polydopamine.
Afterwards, the membranes were dried by compressed air for 5min
[34,44].

As the second step, different amounts of TiO, and ZnO nanoparticles
(Table 2 - membranes NF-Xb) were added to a Tris buffer solution (pH
8.5, 10 mM) and agitated for 3h at 1000 rpm by using a magnetic
stirring plate. The suspensions of TiO, and ZnO nanoparticles and the
mixtures were further treated by sonication for 1h in a water bath
(20°C) to obtain a well dispersed suspension of nanoparticles. The
prepared catalysts suspensions (30 mL) were added over the PDA
modified NF membrane in the membrane holder and placed for 1h at
room temperature to allow the deposition of nanoparticles on the
membrane surface. Afterwards, the membranes were carefully removed
from the membrane holder and rinsed five times with distilled water.



R. Bahamonde Soria, et al.

EHT = 5.00kV
Mag= 200X

17 Jul 2018
16:48:40

Signal A = InLens
WD = 6.5mm

Apate Size = 2000 ym

EHT = 65.00 kv
Mag= 200X

f"v'

100 pm EHT = 5.00kV
Mag= 200X

Signal A= InLens
WD= 52mm a

EHT = 5.00 KV
Mag= 200X

Separation and Purification Technology 251 (2020) 117280

EHT = 5.00kV
Mag= 200X

16 Jul 2018
16:00:19

Signal A= InLens
WD = 49mm

soaie ste = 30200

EHT = 5,00 kV
Mag= 200X

Signal A= InLens
WD = 48mm

Signal A= InLens
WD=47mm

=5
Signal A = InLens
WD= 48mm oo

Signal A= InLens
WD= 48mm

EHT = 500 KV
Mag= 200X

Fig. 2. Surface SEM images of membranes using the co-deposition method (one-step): (a) Pristine, (b) NF-PDA, (c) NF-1a, (d) NF-2a, (e) NF-3a, (f) NF-4a, (g) NF-5a,

(h) NF-6a.

OH
Dopamine solution OH
- —_—
of Tris-HC y
OH Heterogenous
Nucleation
OH

OH o_ NS /0 ) /OH
Tl\ /Tl /Tl\ i
OH
OH o o,
—_—
Homogeneous
OH o O OH
b 1 growth Sl Sl il
N v 0N ~
OH o” [0 o’ OH

Scheme 2. A scheme of TiO, deposition on the polymer substrates mediated by PDA [22,55].

2.3. Membrane characterization

2.3.1. Surface morphology
The morphology of the membrane surface was evaluated by scan-
ning electron microscopy (SEM) (Philips XL30-FEG) composed of an

energy dispersive X-ray (EDX) detector. Each sample was dried before
analysis in a vacuum chamber. Then, the membranes were submerged
in liquid N, and fractionated, and afterwards they were coated with
graphite.
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Fig. 3. Surface SEM images of the membranes with the binding method (two steps) (a) Pristine, (b) NF-PDA, (c) NF-1b, (d) NF-2b, (e) NF-3b, (f) NF-4b, (g) NF-5b, (h)

NF-6b.

2.3.2. Water contact angle

Water contact angle measurements were measured to evaluate the
hydrophilicity of the modified membranes. A contact angle goniometer
(OCA20, Dataphysics Instruments, Germany) was used. A drop of dis-
tilled water (2.0 pL) was placed on the membrane surface. Static con-
tact angles were measured using a circle fitting method by the drop
shape analysis software.

2.3.3. Filtration performance test

Water flux and salt retention were characterized using a steel dead-
end cell (HP4750 High Pressure Stirred Cell Kit). Membrane samples
were tested at 4 bar. The water flux (J), water permeability (P,) and
rejection (R) of prepared membranes were calculated using the fol-
lowing equations:

J = V/(AAL) 1)
B, =J/Ap )]
R =(1- C,/Cy) x 100% 3)

where V is the volume of permeate (L), A is the effective membrane area
(22.9 cm?), At is the filtration time (h) and Ap is the applied pressure
(bar). C, and Cy are the salt concentrations of permeate and feed solu-
tions (g L.~ 1) and were measured with an electrical conductivity meter
(Thermo Scientific Orion Star A212). The dead-end cell was filled with
200 mL of solution (1 g L~ ! NaCl and 1 g .~ MgSO, in distillate water)
and tested at room temperature. Once the membrane system reached a
steady state, the permeate was collected. The solution into the dead cell
was stirred at 800 rpm to reduce concentration polarization. The ex-
periments were carried out in triplicate.
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Fig. 4. Surface morphology of the (a) Pristine membrane; (b) NF PDA; PDA NFX Co-deposition method 0.01 wt% total mixture Nanoparticles, with ratios (TiO»:ZnO):
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Fig. 5. Static water contact angles of the pristine and modified membranes.
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# Binding method

2.4. Antibacterial capacity of modified membranes

2.4.1. Iso Sensitest

The modified method proposed by Khorshidi [45] was used to test

the antibacterial activity of both the unmodified and modified mem-
branes. An Iso Sensitest broth media containing B. subtilis spore sus-
pension was incubated for 24 h at 32°C in order to promote the bac-
terial growth. Either the unmodified and modified membranes were cut
into pieces of 4.5 cm? and placed at the bottom of separate petri plates.
Then, 2mL of bacterial solution was carefully poured onto the mem-
brane surface. Two UV lamps (254 nm, 6 W) were placed at a height of
10cm from the open surface of petri plates. After 30 min of UV ex-
position over each membrane containing the 2 mL of bacterial solution.
30 pL of the solution covering the membrane surface were taken and
diluted 10:1. The resulting solution was poured onto Petri plates of
90 mm containing 8 mL of Iso Sensitest broth media with 0.8% of Agar
N°1 to solidification of the media. The plates were incubated for 18 h at
30 °C, the antibacterial property of the membrane was determined by
the growing radius of each bacterial colony formed on the plates.

2.4.2. Disk diffusion method
A second type of antibacterial tests was performed via the disk
diffusion method. The methodology proposed by Lashkenari [46] was
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Fig. 6. Water permeability of the modified nanofiltration membranes using
PDA and various TiO,/ZnO ratios by binding and co-deposition methods;
Pristine (NF), NF-PDA 0% wt catalyst, NF-1, 2 and 3, which have 0.01, 0.03 and
0.05%wt of TiO, respectively and NF-4, 5 and 6 which have 0.01, 0.03 and
0.05%wt of ZnO respectively and mixtures of catalyst, using two methods; co-
deposition in total composition 0.01%wt (TiO,:ZnO) ratios 1:1, 1:2 and 2:1 for
NFX-1, 2 and 3 respectively, and binding method in total composition 0.03%wt
(TiO2:ZnO) ratios 1:1, 1:2 and 2:1 for NFX-1, 2 and 3 respectively.

followed. The culture media was seeded with B. Subtilis strain at a final
concentration of 10* (colony forming units) CFU mL™! and 0.4% of
glucose before filling the sterile Petri dishes with 8 mL of prepared
media. The prepared plates were stored at 4 °C and kept one week as
maximum before use. For the evaluation of the antibacterial activity,
disks of 1 cm? of modified and pristine membranes were placed on the
plates and incubated for 18 h at 32 °C in dark conditions. Antibacterial
capacity of each membrane was evaluated by the presence of an in-
hibition zone and size of the inhibition zone around the membranes.

2.5. Photocatalytic performance of membranes for dye degradation under
light conditions

The photocatalytic activity of the prepared membranes was studied
by degrading an aqueous solution of 10 mg L ™! methylene blue (99 wt

Separation and Purification Technology 251 (2020) 117280

%, Sigma Aldrich, supplied by Merck Ecuador). The degradation of
methylene blue was tested under the influence of sunlight in Quito
(Ecuador) between 10th September and 10th October 2018 [47]. The
time period used in the evaluation was kept constant from 11:00 a.m. to
2:00 p.m. to standardize the UV irradiation [48]. The tests were per-
formed when the UV Index in Quito - Ecuador started in 10, according
to the Ecuadorian National Institute of Meteorology and Hydrology.
The membranes (22.9 cm? membrane diameter) were exposed to light
irradiation for 3 h in a membrane holder; 20 mL of dye aqueous solution
were added in the membrane holder without magnetic stirring. After
the adequate irradiation time, 5 mL of the solution was collected and
analyzed using UV-Vis spectrophotometer at a wavelength of 662 nm.
All experiments were made in triplicate reporting average values, with
error below 5%.
The removal efficiency was evaluated using Eq. (4):

Cy—C

X100 = Ao —A
0 0

%removalefficiency = x100

4

where C, and C are initial and final concentrations of methylene blue,
respectively. A, is the initial absorption and A is the final absorption of
methylene blue.

3. Results and discussion
3.1. Polymerization time

Dopamine generally forms a thin hydrophilic and adherent coating
by oxidation under alkaline conditions or spontaneously by self-poly-
merization [49]. However, the polymerization of dopamine is a slow
process [50]. In this work, a rapid deposition strategy was used to speed
up the process. All solutions underwent a rapid color change due to the
influence of Cu?>* and H,0, on the self-assembly of the thin poly-
dopamine films. Cu?* and H,0, generate a multitude of reactive
oxygen species in an alkaline medium (pH 8.5); these reactive oxygen
species are added to the aromatic rings of the polydopamine and sig-
nificantly accelerate the deposition rate of PDA coatings with high
uniformity and stability [19].

Fig. 1 depicts the change of UV-Vis absorbance at 403 nm for var-
ious dopamine solutions. When CuSO,/H,0, was not added, the
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Fig. 7. % NaCl and MgSO, rejection of the unmodified and modified membranes with co-deposition method and two steps method in different concentration of
catalyst and with various ratios of catalyst (TiO,:Zn0O), 1:1, 1:2 and 2:1 for NFX-1, 2 and 3 respectively.
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b

Fig. 8. Images of the B. Subtilis colonies formed in the plate of UV-treated (a) NF2b (0.03%w TiO,), (b) NF-5b (0.03%wt ZnO), In modified by two steps membranes

after 30 min of UV irradiation.

absorbance increases from 0.2 to 0.5, indicating that the polymerization
has started. However, this polymerization method was less efficient
than the solution with CuSO4/H,0,. The absorbance was gradually
increased from 2.80 to around 5.22 for all cases using CuSO4/H,05 in
60 min. This result confirms a fast polymerization using CuSO4 as in-
itiator. After this time, the value was remained constant, showing that
the polymerization time of dopamine is completed in 60 min. A poly-
merization time of PDA in membranes around 60 min to achieve a
complete polymerization was also observed in previous studies
[34,36,51]. For this reason, the polymerization time was set at 60 min
for all experiments. In addition, recent research have showed that this
method could generate a homogeneous thickness close to 45nm by
moderate covalent polymerization of dopamine (C=C—C=0) [52],
and it can form a stable PDA layer on the membrane surface [34,51].
Furthermore, Fig. S1 (A) presents the color change of various PDA so-
lutions (see Table 2) over time. The color change is due to the oxidation
of dopamine [49]. Solutions with CuSO,4/H,0, turned to black within
20 min, and no visible particles were formed at this time, which in-
dicates that in this time, the polymerization has started, and it is faster
than that of the solution without CuSO4/H,0,. The absorbance for
solutions with CuSO4/H,0, and catalyst was gradually increased to
5.22 on average in 60 min. The absorbance of these solutions was much
higher than solution of dopamine (0.44), because CuSO,4 oxidizes do-
pamine, and CuSO4/H50, produces a large number of reactive oxygen
species to trigger dopamine polymerization. Fig. S1(A) also showed
visible deposits of polydopamine in the solutions after 30 min. This
phenomeno was more evident in solutions with metallic oxides and it
could be due to the sedimentation of nanoparticles covered with PDA,
and hence, the sedimentation time of different catalysts was evaluated
at a wavelength of 403 nm (Fig. S1B). From 50 min on, it is possible to
see a stabilization in the absorbance of the solutions. For times over
60 min, sedimentation of particles is observed. For this reason, 60 min
was considered the optimal time of polymerization.

3.2. Morphology of membrane surface

The polyamide layer was modified by embedding TiO, and ZnO
nanoparticles. Dopamine can react with metal oxide nanoparticles
surface through surface complexation by any of these routes (Scheme
1).

3.2.1. One-step method (co-deposition)

The SEM images in Fig. 2 confirm the change on the pristine NF
surface with the one-step modification (co-deposition) method. The
cross-section of the membranes can be observed in Fig. S2 in Supporting
Information.

The nanoparticles are present on the surface of NF-PDA due to the
reaction of the active functional groups (hydroxyl groups in catechol) of
PDA with TiO, and ZnO nanocrystals [43,53-55] and homogeneous
nucleation between metal oxides nanoparticles (Scheme 2) [55]. The
excessive weight of the PDA coated nanoparticles is removed im-
mediately after washing the membrane. However, the one-step method
presented a limited amount of nanoparticles on the surface. The na-
noparticles can be covered by PDA and form lumps on the surface of the
membrane. In addition, two aspects could be also observed: (i) the TiO,
nanoparticles adhere more efficiently in comparison with ZnO nano-
particles, and (ii) the size difference of nanoparticles is more evident as
the concentration of catalyst increases from 0.03 to 0.05wt% in com-
parison with 0.01 wt%, where the distribution and nucleation size of
nanoparticles on the surface is more homogeneous (Fig. 2c and f).
Concentrations of catalyst lower than 0.03% would thus give a homo-
geneous distribution on the surface during the copolymerization.

3.2.2. Two-step method (binding method)

The SEM images in Fig. 3 show the membrane surface after the
two-step modification (binding) method. The surface of the modified
membranes showed a wide range of nanoparticle sizes. This could be
due to the heterogeneous nucleation followed by homogeneous nu-
cleation of nanoparticles (Scheme 2). This phenomenon is more evident
when the concentration of catalyst increases from 0.01% to 0.05% and
with TiO,. Previous research focused on concentrations of 0.05% TiO,
[34,35,41] However, our observations prove that a load of 0.03% has a
more homogeneous distribution for the two studied metal oxides (TiO,
and ZnO).

Fig. 3 and Fig. S2 show fewer ZnO nanoparticles on the membrane
surface compared to TiO, nanoparticles. This can be explained by the
fact that ZnO nanoparticles have only one oxygen atom in their struc-
ture and the heterogeneous nucleation with the PDA surface is not as
efficient as with TiO, nanoparticles, which have two oxygen atoms
[40].

3.2.3. One-step and two-step methods with TiO5:ZnO mixtures

Fig. 4 represents images of the pristine membrane, modified mem-
branes by co-deposition with 0.01 wt% total nanoparticles and ratios
TiO5:ZnO (1:1, 1:2, 2:1) and, modified membranes by binding with
0.03wt% total nanoparticles and ratios TiO»:ZnO (1:1, 1:2, 2:1).
Membranes modified by the co-deposition method showed a better
homogeneous nanoparticles distribution in the film in comparison with
the binding method.

An EDX analysis was performed to also verify that the membranes
were covered with catalysts Fig. S3 Supplementary data.
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Fig. 9. (A) of inhibitory effect of the Nanoparticles on membrane surface against B, Subtilis (a) blank, and Modified membranes by binding method (b) NF-PDA, (c)
NF5b., (d) NFX-1b, (e) NFX-2b, (f) NFX-3b, membranes after 30 min of UV irradiation. (B) Quantified antimicrobial ability of the control, NF-PDA, NF5b, NFX1b,
NFX-2b and NFX-3b modified membranes by binding method.
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Fig. 10. Degradation of the MB under visible light irradiation as a function of
time for the various modified membranes (Co = 10 mg L™}, time of irradia-
tion = 180 min).

3.3. Membrane hydrophilicity

Superhydrophilic or superhydrophobic surfaces are self-cleaning,
such as Nelumbo nucifera (lotus leaves) and Ruellia devosiana [56,57]. In
water purification, hydrophilic surfaces are preferred, which can be
achieved by changing both surface roughness and free surface energy
[34,58]. A change of surface roughness on the membrane surface can be
achieved by modifying the surface with PDA or by adding metal oxide
nanoparticles on the surface of the membranes [59,60] as in the Section
3.2 and Fig. S2. Adding nanoparticles on the membrane can cause a
change in the surface energy of the PDA and hence this can cause the
hydrophilicity of the membrane may change, because nanoparticles
tend to be attracted to each other through van der Waals forces and the
surface of the nanoparticles have a surface energy of their own. In
addition, the contribution to the hydrophilicity of the membrane can
also be caused to the fact that the oxygen in TiO, and ZnO can be
bridging or threefold coordinated and then, this oxygen reacts causing
vacancies that produce dissociative adsorption of water at the vacancy
site [22,61].

Fig. 5 shows the water contact angles of pristine and modified
membranes. The pristine membrane had low contact angle, this showed
that the membrane had hydrophilic proprieties. For the PDA membrane
the contact angle of the membranes is only slightly increased in com-
parison with the pristine membrane, similar to the work of Zhang et al.
[34]. In this case, PDA itself is a hydrophilic material and contains
hydrophilic functional groups, such as amines and catechols [62,63].
However, the PDA membrane was not found more hydrophilic than the
pristine membrane, this is probably related to a solid-liquid-air inter-
face, formed between the water droplet and the polydopamine surface.
The modification of the membrane surface with polydopamine can
generate roughness in the membrane (ridges and valleys). When the
nanoscale narrow valleys of the polydopamine layer make contact with
water droplets, water may not penetrate into the surface cavities, which
results in the formation of air pockets and leads to a composite interface
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[64].

Membranes containing nanoparticles on the PDA-modified mem-
brane surface were more hydrophilic than the pristine and PDA coated
membranes.

For the one-step method, membranes modified with PDA and na-
noparticles improved the hydrophilicity. This modification caused a
decrease in the contact angle value because nanoparticles increased the
hydrophilicity. Furthermore, the membrane could be still negatively
charged even after the modification. For this reason, the rejection of
ions was also high during the nanofiltration tests, as shown in the next
section (Fig. 7a).

The membranes modified by the two-step binding method showed a
greater hydrophilicity compared to the membranes modified by the
one-step co-deposition method, which could be explained by the
coating of the surface of metal oxide nanoparticles by polymerization of
polydopamine in the co-deposition method [34,58] whereas in the two-
step method, a continuous growth of the nanoparticles that bind to the
PDA layer allows for a more hydrophilic surface.

3.4. Water permeability

Fig. 6 shows the average water permeability of the pristine mem-
brane and each modified membrane. The pristine membrane achieved a
water permeability of 7.2 L m ~2h ™! bar ~’. After PDA layer deposition,
the water permeability dropped to 6.1 L m~?h ™! bar . This decrease
represents the surface structure of the polydopamine film via CuSO,4/
H,0,-triggered fast PDA deposition [24]. Interestingly, co-deposition
membranes coated with TiO, nanoparticles (0.01%, 0.03% and 0.05%)
achieved a higher permeability in comparison with the PDA modified
membrane: from 6.3 to 6.8, 7.7 and 7.8 L m~?h ™! bar ™!, respectively.
However, the membranes coated with ZnO nanoparticles (0.01% and
0.05%) showed a decrease in permeability compared with membranes
with PDA coating, while the membrane with ZnO nanoparticles
(0.03%) showed an increase in permeability to 7.1 L m~?h ™! bar ™',

For two-step coating, the water permeability progressively de-
creases from 6.8 to 6.2 and 5.9 L m~*h~! bar ! by increasing TiO,
nanoparticles concentration to 0.01%, 0.03% and 0.05% respectively.
ZnO nanoparticles had a similar behavior. This is ascribed to the strong
binding of nanoparticles via electrostatic attraction into the membrane
surface pores. This suggests that PDA functionalization is a process that
depends on the concentration of nanoparticles: a higher concentration
of nanoparticles leads to a denser membrane.

Thus, TiO, nanoparticles yield a higher water permeability in
comparison with ZnO nanoparticles by the co-deposition method. In
addition, the increase in nanoparticles concentration on the surface
membranes in the two-step method increases the hydraulic resistance,
slightly decreasing the water permeability.

For the nanoparticles mixture (TiO5:ZnO) applied in the co-de-
position and binding methods, all the prepared membranes by both
methods showed a lower permeability than the pristine membrane. At
the same time, Fig. 6, also shows that the water permeability improved
when the concentration of ZnO nanoparticles is higher than the con-
centration TiO, nanoparticles by the co-deposition method. This may be
because the catalysts (TiO»:ZnO) compete for binding sites on the
membrane surface; ZnO does not have a very strong bond with the PDA
surface because it has only one oxygen in its structure to form a com-
plex with the PDA. Therefore, when the concentration of ZnO nano-
particles increases compared to TiO,, the same permeability is reached
as the membrane coated only with PDA since the nanoparticles are not
strongly attached to the membrane surface. This is confirmed by SEM
images (Fig. S2).

For the two-step method, the increase in the ratio of ZnO nano-
particles in the nanoparticles mixture decreases the water permeability.
This decrease suggests a strong coating of TiO, nanoparticles and a
fragile coating of ZnO nanoparticles onto the PDA layer. This could be
because TiO, has more oxygen atoms in its molecule and these atoms
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Fig. 11. Mechanism of photodegradation of dyes using TiO, and ZnO [88].

are threefold coordinated with the PDA surface [22,61]. The greater
amount of TiO, nanoparticles on the PDA surface generates a higher
roughness on the membrane surface and improves permeability. Pre-
vious work has reported that an increased membrane roughness can
improve the permeability. The low compatibility of inorganic and
polymer materials can create a narrow gap around the inorganic par-
ticles that increases the flux [65]. Overall, membranes modified with
TiO5 have a more favorable effect on water permeability than ZnO. This
effect is similar when there is a higher proportion of TiO, in the catalyst
mixture for two-step modification.

3.5. Separation properties of NF membranes

The NF performance of the membranes was systematically eval-
uated by individually testing the retentions of two salts (MgSO, and
NaCl) at 4 bar, inlet concentrations of 1.0 g L™ . Fig. 7 compares the
salt rejections of membranes with different ratios of catalysts (TiO5 and
Zn0). The membranes modified by co-deposition and binding methods
exhibited a slight increase NaCl rejection, probably due to the nano-
particles and nanosized polydopamine oligomers that may block or
grow in the defects or larger pores of the pristine membrane surfaces at
the early stage.

Furthermore, considering the rejection range and the standard de-
viation, there seems to be no significant difference in salt rejections for
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the membranes modified by a combination of TiO,:ZnO using both
binding methods.

The modification of membranes with a PDA layer and nanoparticle
deposition by co-deposition and two-step method does not appear to
have a significant influence on the MgSO, rejection ~95% (Fig. 7). The
membranes maintain the excellent properties of the pristine membrane.

3.6. Anti-bacterial activity of modified membranes

3.6.1. Iso Sensitest

The antibacterial activity of the modified NF membranes was
evaluated by observing the growth rate of nine specific seeding plates
containing Bacillus subtilis, irradiated with UV [45].

As shown in Fig. S4 and Fig. 8, the co-deposition method showed no
inhibition. This may be due to the fact that in the co-deposition method
the catalyst nanoparticles may have been coated by a PDA layer.

For the binding method (two steps), the exposure of the membranes
to the UV light effectively decreased the viability of the Bacillus subtilis
for the membrane with 0.03%wt (ZnO) (Fig. 8b). The membrane with
0.03% TiO, exhibited no inhibition for Bacillus subtilis.

The antibacterial effect of ZnO nanoparticles may be due to the cell
wall structure of Gram-positive bacteria. More precisely, the Gram-
positive cell wall consists of a peptidoglycan layer that is bound to
teichoic acids, which should be in close proximity with ZnO
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nanoparticles to create oxidative stress on bacteria resulting in anti-
bacterial activity. There are reports indicating that nanomaterials as
ZnO can be adsorbed on the bacterial surface, interacting with bacteria
[66,671].

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory says that the
interaction energy between bacteria and a metal oxide can be due to
three components, apolar van der Waals forces, electrostatic and polar
Lewis acid base component [68]. In addition, MacLean et al. [69] stu-
died adsorption of compounds on a bacterial surface through reactive
positive sites derived from amino functional groups of peptidoglycan
and proteins associated with the cell wall. Therefore, materials like ZnO
nanoparticles can be absorbed on the surface of the bacteria, resulting
in antibacterial activity. On the other hand, the ZnO nanoparticles
under UV light irradiation generate free electrons that interact with
oxygen, forming superoxides, while the holes convert hydroxyl ions
into highly reactive hydroxyl radical ("OH). These reactive oxygen
species (ROS) damage microbial cell walls, resulting in their inactiva-
tion [70]. In addition to this, small amounts of ZnO nanoparticles can
slowly dissociate and release Zn*? jons, therefore, Zn*? ions can pe-
netrate through the cell wall of bacteria after that the reactive oxygen
species (ROS) damages microbial cell walls to destroy DNA and cyto-
plasm of bacteria [66]. In consequence, the bactericidal effect of the
ZnO on B. Subtilis may be due to its soft cell wall as well as higher
penetration and destruction capability of Zn*? for Gram-positive bac-
teria [46,71-73]. The greater inhibition in the presence of light sup-
ports the notion that the The higher bactericidal effect of ZnO on B.
subtilis could be due to the higher capacity of penetration and de-
struction of the Zn?>* ion to the cell wall of these Gram-positive bac-
teria, since they have a soft cell wall compared to Gram-negative ones.
Although it is not clear why zinc exhibits different bacterial affinity
with gram-positive, it may be ascribed to the difference in the protein
constituents of their cell walls, [74] In addition, it has been suggested
that zinc binds to the membranes of microorganisms, prolonging the lag
phase of the growth cycle and increasing the generation time of the
organisms so that it takes each of them longer to complete cell division
[71,72,75-77]. This property could be beneficial for biofouling miti-
gation.

3.6.2. Disk diffusion technique

The bactericidal property of the novel membranes against B. subtilis
was also evaluated using the disk diffusion technique proposed by
Lashkenari et al. [46]. In this method, the inhibition zone around the
disk shows the antibacterial effect of the membrane.

Fig. 9 shows that the B. Subtilis grew at the edge of the modified
membranes by the co-deposition method and no obvious inhibition
zone are observed in their vicinity (Fig. S5). On the other hand, in
membranes synthetized by the two-step method, an inhibition zone is
created around the ZnO nanoparticles (0.03 wt%) membrane disk
(Fig. 9Ac). Therefore, the membrane with ZnO nanoparticles has a
better antibacterial effect in comparison to the membrane with TiO,
nanoparticles. The mechanism of the biocidal action of ZnO based
materials is based on the generation of surface oxygen species, killing
the pathogens [66,73,78].

The combination of TiO»: ZnO (1:2, 2:1) (Fig. 9A e and f) has good
activity against B. Subtilis. The inhibition zone size is based on the ratio
of catalysts. The efficiency of different catalyst ratios has been reported
for solid (TiO,:ZnO) mixtures in aqueous solutions [46,70,79,80].
However, this study presents the first evidences of antibacterial activity
in membranes modified with PDA and different compositions of cata-
lysts (TiO5:ZnO).

In addition, Talebian et al. 2013 [81] demonstrated that the anti-
bacterial activity of ZnO Nanoparticles also depends on the morphology
of the Nanoparticles. Future work will investigate how this morphology
acts on the surface of modified membranes.

Fig. 9 describes the strong antimicrobial activities of the modified
membranes. To quantitatively analyze the bactericidal ability, the
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viable cell counting technique was applied in this study. The NF-PDA
membrane prepared by the fast PDA deposition exhibited a slight an-
tibacterial ability against B. Subtilis. This trait may be attributed to the
release of copper ions from the PDA layer [24]. Relative to the control
sample, the modified membranes reduced 93.0%, 92.7%, 64.7% and
47.5% of B. Subtilis when ratios (TiO,:ZnO 0,03%wt) 2:1, 1:2, 0,03%wt
ZnO, and 1:1 binding modification method were applied, respectively
(Fig. 9B). Such distinct reductions in B. Subtilis colonies demonstrate the
excellent antimicrobial properties of the modified membranes.

3.7. Effect of solar light irradiation on membrane surface in degradation of
methylene blue

Fig. 10 shows that the membranes can photocatalytically remove
dyes from a bulk solution. It should be noted that the methylene blue in
the unmodified membrane (pristine) has approximately 20% MB re-
moval. This is because the MB can suffer photolysis by solar irradiation
as shown in other reports [82,83].

For modified membranes, the binding method (two-step modifica-
tion) is more effective in removing dyes from the solution in contact
with the membrane in comparison with the co-deposition method (one-
step modification method). This could be because the catalysts nano-
particles in the two-step modification method are exposed on the
membrane surface directly receiving sun radiation [32,84,85]. Fur-
thermore, a catalyst mixture of 1:1 and 2:1 (TiO5:ZnO) was found ef-
fective for the removal of dyes for aqueous heterogeneous photo-
catalytic processes [86,87]. This is not the case with one-step
modification since co-polymerization could encapsulate the catalyst
nanoparticles with a PDA layer and this would reduce the passage of
light to the catalysts, decreasing their ability to remove dyes.

Thus, nanoparticles (ZnO, TiO,, and their mixtures) on the surface
of a PDA modified membrane can be potentially used as anti-fouling
agents under visible light, following the mechanisms proposed by
Prasannalakshmi and Shanmugam for mixing of powders (catalysts)
[88] (Fig. 11). The observed photocatalytic activity is exactly matched
with the reported results [89-91]. It is important to note that, previous
reports have shown photocatalytic activity (under solar irradiation) for
the powder ratios of the two catalysts (TIO,: ZnO), but, no data are
available for catalyst ratios on PDA-modified membranes.

The mechanism of the Fig. 11 has been proposed by Prasanna-
lakshmi and Shanmugam for mixing of powders [88].

In the mechanism proposed (under sunlight irradiation), the elec-
trons from the conduction band (CB) of ZnO are transferred to CB of
TiO,. In the same way, the holes are transferred from the valence band
(VB) of TiO, to VB of ZnO. This process prevents the recombination of
charge carriers and makes their availability on the surface of the pho-
tocatalysts and thus enhances the redox process (Fig. 11). The high
surface area of TiO,:ZnO accompanies with the optimum pore size and
pore volume provides much surface for the absorption of dye molecules
which increases the probability of degradation. In addition to this
elongated one dimension of ratios of TiO,:ZnO helps to decrease the
recombination probability of photogenerated carriers due to an in-
creased delocalization of electrons [88]. In the present work, we pro-
pose this mechanism on the surface of the modified membrane.

In order to demonstrate the efficiency of our modified membranes,
figure SS1 shows the two-step modified membranes after being in
contact for 5h with methylene blue solution (10 mg L.™') and under
solar irradiation, the membranes by two steps showed much cleaner
surfaces after use. This may be due to a synergy between the catalysts,
as explained in the previous section. The proposed mechanism for
mixing catalysts could be carried out on these modified membranes.

Two preparation techniques were tested: codeposition and two-step
deposition of PDA and Catalysts (TiO2 and ZnO). In both cases, PDA
deposited rapidly onto a NF support. The two-step modified membranes
showed greater antifouling properties than the one-step method when
the membranes were in contact with dye solutions. The most optimal
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modification method for the antibacterial activity was PDA and nano-
particles by two-step deposition method. Remarkably, modified mem-
branes with ZnO and ratios of catalysts (TiO,: ZnO) 1:2 and 2:1 have
shown high antibacterial activity achieved. The membranes used in this
study provide a competitive alternative and practical solution for an-
tifouling applications in nanofiltration. More importantly, this facile
two-step deposition strategy offers possibilities in the strong binding of
other ratios pf nanoparticles (i.e., Ag, and graphene oxide) with en-
hanced antimicrobial properties onto the membrane surface

4. Conclusions

In this study, nanoparticles of TiO,, ZnO and their mixtures were
successfully attached to a PDA layer surface of a nanofiltration mem-
brane, by two methods; (1) co-deposition and (2) binding. SEM, EDX,
and water contact angle measurements confirmed the formation of a
thin hydrophilic PDA layer on the NF membrane surface with homo-
geneously dispersed structures.

The membranes obtained by the binding method with modifications
of 0.03%wt ZnO nanoparticles and a mixture of catalyst TiO»: ZnO (1:2
and 2:1) showed antibacterial activity against Bacillus subtilis.
Furthermore, the combination of TiO5:ZnO catalysts by the binding
method may to be used as a practical anti-biofouling nanomaterial.
Finally, the combination of TiO, nanoparticles with ZnO nanoparticles
enhanced the photocatalytic activity of the modified membranes to
remove dyes from solution.
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