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Introduction

Water scarcity has been the driving force behind
many researchers’ focus on development of suit-
able methods to obtain freshwater from saltwater and
ways to reuse water in order to sustain future gen-
erations. Therefore, membrane-based processes are
considered key components of water treatment and
desalination technologies and the reliability of these
membranes systems has led to an increase in their use
[1-5].

The best known polymer membranes for reverse
osmosis (RO) with applications in desalination pro-
cesses are made from an aromatic polyamide group
of polymers mainly known as thin-film composite
(TFC). TFC-RO membranes consist of an ultrathin PA
layer obtained by the reaction between diamine in
water phase and acyl chloride in organic phase on a
porous polysulfone. An example of a reaction for the
formation of polyamide layer can be derived from m-
phenylenediamine (MPD) and trimesoyl chloride
(TMCO). These TFC membranes dominate the RO
membrane field at present because of their excellent
water flux and solute rejection capabilities, but they
are not completely resistant to fouling [1, 2, 5-71.

Membrane fouling is considered one of the most
critical issues affecting seawater desalination plants.
It is an inevitable obstacle in the process that causes a
decrease in membrane performance, which conse-
quently increases operational and maintenance costs
[1, 2]. Membrane fouling can be broadly categorized
into three categories: (1) inorganic; (2) organic; and
(3) biofouling [7]. In the case of biofouling, it is
caused by the attachment and proliferation of
microorganism communities on the membrane sur-
face; these eventually form a biopolymer matrix or
complex structure, which is considered a biofilm, on
the membrane surface [7]. Severe biofouling can
produce significantly deceased flux, compromised
separation performance, cleaning frequency, product
contamination, accelerated membrane damage, and
aging [8]. Biofouling formation can be influenced by
membrane surface properties due to physical and
chemical interactions between the membrane and
foulants. Properties such as hydrophilicity, rough-
ness and electrostatic charge are considered [9-11].
Most studies concerning enhancement of TFC-RO
membrane properties have involved the introduction
of hydrophilic layers, the reduction in surface
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roughness, and the introduction of negative surface
charges. One of the alternatives to obtain these ben-
efits is through the modification of membrane surface
by incorporating inorganic nanomaterials [12-15].
For example, incorporation of conventional nano-
materials such as titanium dioxide (TiO,), silicon
dioxide (SiO,), zeolites, and silver (Ag) nanoparticles
in addition to the emerging carbon-based nanoma-
terials such as carbon nanotubes (CNT) and graphene
into desalination membranes in order to improve the
antibiofouling properties and desalination perfor-
mance of RO membranes has been developed [16, 17].

On the other hand, the modification of these
membranes with antimicrobial nanoparticles could
also improve the antibifouling effect by inactivation
of bacteria on the membranes surface upon contact
with the toxic nanoparticles or due to the nanopar-
ticles acting as source releasing ion biocide into the
boundary layer above the membrane [18-20].

In this way, the incorporation of copper has also
been investigated considering their germicidal prop-
erties [21-23]. Copper shows exceptionally good
antimicrobial properties and has been reported to be
highly effective against a wide variety of bacteria,
fungi, and microalgae [24-28]. Thus, both copper ions
and nanoparticles have been used for modifying
ultrafiltration, nanofiltration, reverses osmosis (RO)
membranes and vacuum membrane distillation, in
order to enhance their antibiofouling properties
[18, 19, 29-36].

Nevertheless, optimal copper incorporation meth-
ods into TFC-RO membranes have been a challenge.
For example, commercial RO membranes modified
with adsorbed copper hydroxide (Cu(OH),) particles
[18], polyamide (PA) functionalization with Cu
nanoparticles (Cu-NPs) made by dip coating [19], or
in situ surface functionalization with Cu-NPs formed
on the surface of commercial TFC-RO membranes
[32] have been developed. Moreover, incorporation of
CuO nanoparticles within the PA layer of TFC-RO
membranes during the interfacial polymerization
process has also been reported [37, 38]. However,
in situ formation of copper nanoparticles within the
PA layer of the TFC-RO membranes produced during
interfacial polymerization reaction have not yet been
reported.

It has also been reported that a Cu-poly-m-
phenylenediamine (Cu-PmPD) nanocomposite can be
prepared by directly mixing aqueous solutions of
copper salts, an oxidizing agent and mPD. A Cu-
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mPD oligomer complex with nanoparticle structures
is formed as a suitable intermediate in order to acti-
vate polymerization and induce morphology evolu-
tion of the PmPD nanostructures before the mPD
polymerization. A complete mPD conversion is
achieved in the presence of an oxidizing agent and a
long reaction time [39, 40].

Thus, Cu-mPD oligomer complex structures
formed in short time periods and characterized as
intermediates in the synthesis of Cu-PmPD compos-
ites are materials loaded with copper ions [41], and
they can be used as charged compounds to produce
materials with potential antibiofouling properties. In
this way, in situ formation of the Cu-mPD oligomer
complex within the PA layer of TFC-RO membranes
during the interfacial polymerization reaction can be
a novel alternative for development of antibiofouling
RO membranes.

Owing to the above-mentioned facts, we have
proposed a novel and easy method for incorporating
the Cu-mPD oligomer complex within the PA mem-
branes of the TFC membranes during the interfacial
polymerization process. This method uses direct
mixing of aqueous solutions of copper salts and mPD
for a short period of time prior to the reaction with
TMC. The mechanism of Cu-loaded mPD oligomer
formation and incorporation into the membrane has
been proposed, and the antibiofouling effect and
desalination performance of modified membrane
have also been studied.

Materials and methods
Materials

The PSf support was produced from Udel P-3500
MB7-Solvay Advanced Polymers (in pellet form,
MW: 83000 g/mol) employing 1-methyl-2-pyrrolidi-
none (NMP, >99.5% purity, Sigma-Aldrich) and
N,N-dimethylformamide  (DMF, > 99%  purity,
Sigma-Aldrich) as solvents. The PSf support was
obtained using the phase inversion method [23, 34]
according to the previously reported method [28].
The PA layer was synthesized from mPD monomers
and TMC, which were obtained from Sigma-Aldrich.
CuCl, powder (99%), NaOH (> 97%), and n-hexane
(> 95%) were obtained from Sigma-Aldrich.
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Preparation of TFC membranes

The TFC-RO membrane was synthesized via an
interfacial polymerization reaction of the aqueous
phase of mPD with the organic phase of TMC on the
porous PSf substrate according to the previously
reported method [28, 37, 38]. First, the PSf support
was prepared by phase inversion. A PSf solution
(15% weight) was prepared by dissolving PSf pellets
in DMF/NMP (4:1) mixture at 65 °C by 2 h. DMF was
used as principal solvent, and NMP was used as pore
former agent [28, 42]. After, the PSf casting solution
obtained was uniformly dispersed on a glass plate
using a casting knife with the knife gap set at 200 um.
Next, the support was immersed in water as coagu-
lation bath at room temperature. This support was
recovered from the coagulation bath after 1 min and
washed thoroughly with distilled water to remove
any residual solvent. This PSf support was used for
the TFC membrane preparation. The TFC-RO mem-
brane was then synthesized via an interfacial poly-
merization reaction. The PSf support was immersed
horizontally in a 2 wt% mPD aqueous solution con-
taining 0.05 wt% NaOH during 2 min. The excess
mPD was removed using a delicate task wiper
(Kimwipes). Next, the membrane was immersed
horizontally in a 0.2 wt% TMC solution in hexane for
1 min in order to allow the interfacial polymerization
to occur. The resulting membrane was subsequently
cured in an air circulation oven at 75 °C for 8 min.
Finally, the resulting TFC membrane (PA/PSf) was
washed with distilled water and dried at room tem-
perature for 24 h.

In situ formation of Cu-mPD oligomer
complex within TFC membranes

The modified membrane (PA-CuCl,/PSf) was pre-
pared by in situ Cu-mPD oligomer complex incor-
poration. First, a mixture (Cu** + mPD) was
prepared adding CuCl, salt (1.0 wt%) in mPD aque-
ous solution (2 wt%) containing 0.05 wt% sodium
hydroxide (NaOH). During this process, a gradual
change in the color of solution from colorless to dark
brown with a small amount of solid material was
observed. After, the PSf support was immersed hor-
izontally in the mixture (Cu®*" + mPD) and it was
kept in contact for 2 h. The excess mPD solution on
its surface was removed using a delicate task wiper
(Kimwipes). Next, the membrane was horizontally
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immersed in a 0.2 wt% TMC solution in hexane for
1 min in order to allow interfacial polymerization.
The resulting membrane was subsequently cured,
washed, and dried followed by the procedure
described in “Preparation of TFC membranes”
section.

Characterization of Cu-mPD oligomer
complex

Fourier transform infrared spectroscopy (FTIR, Bru-
ker Vector-22 Spectrophotometer, 250-4000 cm ™',
KBr pellets) and ultraviolet-visible (UV-Vis) spec-
troscopy (Spectrophotometer HACH—DR-500, DMF
solution) were used to identify the functional groups
of the solid material formed during the mixture of
Cu®* + mPD that was used for the membrane
modification.

Characterization of membranes

Attenuated total reflectance Fourier transform infra-
red spectroscopy (ATR-FTIR [Model i510, Nicolet])
was used to identify the functional groups in the
dense PA layers of the membranes. X-ray diffraction
(XRD) analyses were used to know the crystallinity of
copper species present in the modified membrane
(Bruker, D8 Advance, CuKal, 40 kV/30 mA); the
patterns were measured for 20 values of 0°-90°. X-ray
photoelectron spectroscopy (XPS) was used to
determine chemical states of elements within the PA
layer of modified and unmodified membranes. XPS
spectra were recorded on an XPS-Auger PerkinElmer
electron spectrometer Model PHI 1257 with an
ultrahigh vacuum chamber, a hemispherical electron
energy analyzer, and an X-ray source that provided
unfiltered K, radiation from its aluminum anode
(h, = 1486.6 eV). The pressure of the main spec-
trometer chamber during data acquisition was
1077 Pa. The binding energy scale was calibrated
using the peak from adventitious carbon, which was
set to 284.6 eV. The membrane morphologies (cross-
sectional) were studied using scanning electron
microscopy (SEM) (INSPECT F-50, FEI Co.). The
membranes were snapped under liquid nitrogen to
give a generally consistent and clean cut. After that,
the membranes were sputter-coated with a thin film
of carbon to make them conductive. Elemental anal-
yses were performed using energy-dispersive X-ray
spectroscopy (EDS) (Model APOLLO-X, EDAX,
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software Genesis V6.33), in order to confirm the
presence of copper on the modified membrane.
Additionally, the surface roughness of the mem-
branes was investigated by using atomic force
microscopy (AFM) in an AFM/STM Omicron Nan-
otechnology model SPM1 in contact mode. Surface
roughness (RMS) of samples was calculated by using
WSxM software over 2500 x 2500 nm” images. The
changes in membrane hydrophilicity were studied by
contact angle measurements. Contact angles were
measured by placing a sessile drop of ultrapure water
on the membrane and performing drop shape anal-
ysis. Contact angle images were captured using a
Digi-Microscope camera, a zoom lens of 500x, and a
resolution of 11 um/pixel. Captured images were
analyzed with the imaging processing software
Image ]. Three images were recorded per drop on a
membrane and averaged.

Antibiofouling tests
Bactericidal test

The bactericidal properties of the unmodified and
modified membranes were evaluated by the colony-
forming unit (CFU) method using Escherichia coli as
the model gram-negative bacteria. This test was
developed according to the previously reported
method [28, 37, 38].

Bacteria were first cultured in tryptone soya broth
(TSB) solution (30 g/L) and incubated in a shaking
incubator in 200 revolutions per minute (rpm) at
30 °C overnight. The bacterial solution was cen-
trifuged in order to remove the nutrients and then
washed in phosphate-buffered saline (PBS). The
prepared bacteria were diluted 100 times in PBS to
obtain a bacterial concentration of about 1 x 107 cell/
mL. Previously, the membrane samples were cut into
squares of 2 x 2 cm” and sterilized by ultraviolet
radiation for 30 min. After that, each membrane piece
was immersed separately in 10 mL prepared bacteria
solution. Bacterial suspensions with membranes were
incubated in a shaking incubator at 30 °C for 4 h. At
the same time, a 10-mL bacterial solution without a
membrane was incubated as a control. After that, the
treated solutions were serially diluted with PBS.
From the highest dilution, 50 pL of the solution was
pipetted onto LB agar plates and then spread over the
entire surface. The agar plates were incubated at
35 °C overnight and were observed for developed
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colonies in order to estimate the number of viable
E. coli remaining in the suspensions.

Antiadhesion test

The degree of bacterial attachment to the membrane
surfaces was also assessed with E. coli according to
the reported methodology [28]. The bacteria were
prepared in the same manner as the bactericidal tests.
Three pieces of each type of membrane (unmodified
and modified) with an area of 2 cm® were incubated
in the bacterial suspension at 30 °C while being sha-
ken at 200 rpm. After incubation for 4 h, the mem-
branes were removed from the suspension and gently
rinsed with a 0.85 wt% NaCl solution in water. For
total staining of cells on the membranes, they were
stained with 1 pg/mL 4/,6-diamidino-2-phenylin-
dole. Dyes were added to the top surface of the
membrane and incubated for 15 min in the dark.
After incubation, the stained cells were observed
under the epifluorescence microscope (Zeiss, Axio-
Lab Al, Germany) with a 100x objective and were
counted to estimate the number of cells that had
adhered on the top surface of the membrane.

Desalination performance test

Membranes performance was evaluated in terms of
the permeate flux and salt rejection by using a cross-
flow test cell with an effective area of 33 cm” and a
feed solution of 1000 mg/L NaCl at 300 psi, follow-
ing previous report [37, 38, 43]. The permeate flux test
of membranes during 60 min was calculated by
Eq. (1) [37, 38, 44:

J=V/AAt, (1)

where | (L m 2 h™!) is the membrane flux, V (L) is the
volume of permeated water, A (m?) is the membrane
area, and At (h) is the permeation time. The experi-
ments were carried out at a temperature of 25 &+ 1 °C.
Additionally, solute rejection was measured from the
feed and permeate solution concentrations by Eq. (2)

[45]:
Cr—GCp

2
o 100, (2)

Rejection =
where C¢ and C,, are the concentrations of the feed
solution and permeate solution, respectively. The
concentrations of these two solutions were obtained
by their respective conductivity measurements.
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Copper and total organic carbon leaching
cross-flow studies

Copper concentrations in permeate water were
measured in order to evaluate its stability on the
membrane, verify Cu?* ions release, and determine a
possible potential hazard of water quality. Moreover,
the total organic carbon (TOC) was measured in
order to determinate possible organic residue release
from the Cu-mPD oligomer complex to the water
permeate. The copper and organic carbon leaching
studies were conducted using cross-flow experi-
ments. A collection bottle to collect the permeate
solution, which has passed over the copper charged
membrane, was used. Samples were collected at dif-
ferent times of permeate flow. Copper concentration
was analyzed by inductively coupled plasma optical
emission spectrometry (ICP-OES, PerkinElmer,
7300 V) [37]. On the other hand, TOC was measured
by Method 10173 using a DRB 200 reactor and
ultraviolet-visible (UV-Vis) spectroscopy (Spec-
trophotometer HACH—DR-500, program 425
Organic Carbon MR).

Results and discussion

Characterization of Cu-mPD oligomer
complex formed in situ within TFC
membranes

The UV-Vis spectrum of the solid material collected
from the complex formed in situ within a TFC
membrane showed a broad peak at 447 nm (see
Supplementary Material). It was attributed to Cu-
mPD oligomer complex produced by coordination of
Cu”" ions with the nitrogen atom of an aromatic
amine [39, 41]. Moreover, the FTIR spectrum of this
solid material showed a broad absorption between
3500 and 3000 cm ™' corresponding to the stretching
mode of NH [40] (Fig. 1). Additionally, peaks at 1620
and 1487 cm™' were associated with quinoid imine
and benzenoid amine structures, respectively (Fig. 1).
The peaks at 1253 and 329 cm ™' corresponded to the
Cu-N bond of the Cu-mPD oligomer complex,
respectively [40]. Therefore, UV-Vis and FTIR char-
acterization of solid material in the mixture
(Cu®* + mPD) obtained during the first step of the
membrane modification process suggests in situ for-
mation of a Cu-mPD oligomer complex. The
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Figure 1 FTIR spectra of (a) (b)
oligomer Cu-mPD complex:
a complete spectrum, b zoom &
of spectrum (1000-250) cm™". S B
- -
3250 2250 1250 250 850 650 450 250

Wavenumber (cm-1)

formation of a Cu-mPD oligomer complex from
copper salts has been reported, and it appears to be
due to the chelation capability of mPD with Cu*".
Moreover, it is known that the redox reaction
between Cu”" and mPD produces oligomers [39, 40].

Membrane characterization

The FE-SEM image of cross sections of the PA-
CuCl,/PSf membrane is shown in Fig. 2. The image
shows the formation of an ultrathin PA layer over the
PSf support. Additionally, this PSf support contains
long, finger-like voids extending from the top to the
bottom of the substrate cross section, which are
characteristic of PSf membranes synthesized by the
phase inversion method [28, 37, 38]. Furthermore,
SEM-EDX analyses of the PA-CuCl,/PSf membrane
surface showed the presence of copper on the mem-
brane surface (see in Supplementary Material), which
can be attributed to the Cu-mPD oligomer complex
formed during the synthesis of the polyamide layer.

Figure 2 FE-SEM image of cross section of modified membrane.
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Wavenumber (cm-)

Moreover, FTIR-ATR spectroscopy was performed
to identify functional groups on the surfaces of the
membranes. Figure 3 shows the FTIR-ATR spectra of
the unmodified and modified membranes, PA /PSf
and PA-CuCl,/PSf, respectively. Both spectra exhib-
ited weak peaks at approximately 1610 and
1680 cm™!; these were attributed to amide bands
[46, 47]. The band at ~ 1610 cm ™! is characteristic of
the PA aromatic ring, while the band at ~ 1680 cm ™'
corresponds to the C=0 stretching vibration of PA. In
addition, peaks were observed at 1405 and
1363 cm™'; these correspond to the stretching vibra-
tions of the —(C-N)- and —(C-O)- bonds in the
polymer chain, respectively [48]. One peak observed
at 2959 cm ™' is attributed to aliphatic CH stretching
[47]. Thus, it was confirmed that PA layers were
successfully formed on the PSf support via interfacial
polymerization even after the modification by the
incorporation of the Cu-mPD oligomer complex.

Additionally, the FTIR-ATR spectrum of modified
membranes showed one broad peak at 3200 cm ™'
corresponding to the stretching mode of -NH- also
observed in Cu-mPD oligomer complex from the
initial characterized mixture. Moreover, an intense
peak at ~ 1620 cm™" in the modified membrane
spectrum compared to the unmodified membrane
spectrum was observed. This was attributed to the
presence of the quinoid imine structure from Cu-
mPD oligomer complex that was incorporated into
the PA layer.

Moreover, chemical states of the elements within
the PA layer of modified and unmodified membranes
were determined by XPS. XPS spectra of unmodified
membranes showed C 1s, O 1s, and N 1s peaks that
were characteristic signals for the PA structure (see
Supplementary Material) [49]. A full-range XPS
spectra of the modified membranes showed C 1s, O
1s, N 1s, ClI 2p, and Cu 2p peaks (Fig. 4a). XPS results
in concordance with FTIR analysis confirmed the
incorporation of the Cu-mPD oligomer complex
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Figure 3 ATR-FTIR spectra
of the membranes. PA/PSf
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Figure 4 XPS spectrum of modified membrane (PA-CuCl,)/PSf. a Full XPS spectra, b O 1s spectra, ¢ N 1s spectra, d Cu 2p 1/2 spectra.

during interfacial polymerization without affecting
the PA layer formation on the PSf support.
Numerical analysis of the C 1s spectrum of (PA-
CuCl,/PSf) showed signals that are characteristic of
the PA structure at 284.4, 287.2, and 289.5 eV, which
could be attributed to C-C/C=C, O=C-N, 0O=C-O
groups, respectively [49]. Additionally, one signal at
285.8 indicated the presence of C-N bonds present in
both the PA layer and Cu-mPD oligomer complex

[41]. The XPS spectrum of O 1s (Fig. 4b) showed
peaks at 532.5 and 534.2 eV corresponding to C=0O
and C-O groups in the PA, respectively [49]. Also, a
signal at 531.7 eV was observed suggesting the
presence of one interaction consisting of Cu-O=C
[50].

On the other hand, numerical analysis of N
1s spectra showed the presence of N-H (398.7 eV)
and N-C (399.9 eV) groups in the PA structure and
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the protonated -N* = quinoid imine units (401.7 eV)
produced due to chelation of amino groups with
Cu”" (Fig. 4c) [49, 51]. The quinoid structure con-
firmed the formation of Cu-mPD oligomer complex
into the PA layer. Additionally, the Cu 2p,;,> spec-
trum showed peaks at 935.1 and 932.2 eV corre-
sponding to Cu—Cl and Cu bonds, respectively
(Fig. 3d) [52]. A third signal at 933.5 eV was observed
in the Cu 2p,,, spectrum. This signal could be
attributed to Cu-N and Cu-O bonds, suggesting the
presence of the Cu-mPD complex and one possible
interaction of Cu-O with the oxygen atoms of nascent
polyamide carbonyl groups during the polymeriza-
tion interfacial process.

Finally, X-ray diffraction (XRD) was analyzed in
order to verify the crystallinity of copper species
present in the modified membrane. XRD patterns of
unmodified and modified membranes are shown in
Fig. 5. One broad peak can be observed in both pat-
terns located at 10°-30°, which is a typical charac-
teristic for amorphous structure. The absence of
peaks in the range of 14°-68° suggests the absence of
crystallinity of copper species as Cu, Cu,0, and CuO
[53]. This fact would indicate that Cu** can be che-
lated to mPD as was also confirmed by XPS analyses.
These results are in concordance with previous work
related to the synthesis of Cu-poly-m-phenylenedi-
amine (Cu-PmPD) nanocomposite which observed
similar behavior [40].

Based on the previously described facts, a synthesis
pathway for the in situ incorporation of the Cu-mPD
oligomer complex into polyamide layer is shown in
Scheme 1.

"y, - - - (PA+CuCI2 1%)/PSf
| —— PA/PSf

MNNM
SR,
e s,

Intensity

10 20 30 40 50 60 70 80
20 (degrees)

Figure 5 XRD patterns of modified and unmodified membranes.
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Thus, when CuCl, is added to the mPD solution,
one fraction of the mPD reacts with Cu®* ions to
produce a Cu-mPD oligomer complex due to the
chelation capability of mPD with Cu**, and the other
mPD fraction remains in solution (step 1). After that,
this mPD in the solution reacts with the TMC via
interfacial polymerization process in the presence of
Cu-mPD oligomer complex (step 2). This Cu-mPD
oligomer complex is self-assembled with the PA layer
during interfacial polymerization process (step 3). It
could be explained by an interaction via coordination
between copper ions of the Cu-mPD oligomer com-
plex and oxygen atoms of the carbonyl groups of the
nascent PA layer (Cu—O=C). This fact was confirmed
by one observed signal at 531.7 eV in O 1s spectrum
(XPS) of the modified membrane.

Surface membrane parameters such as roughness
and hydrophilicity were studied by AFM and contact
angle techniques, respectively. AFM images show
that the top surfaces of the membranes exhibit char-
acteristics consistent with those of interfacially poly-
merized polyamide membranes, which consist of
ridge-and-valley layers (Fig. 6) [54, 55]. Furthermore,
changes in surface membrane roughness are clearly
observed in the modified membrane (Fig. 6b) in
comparison with unmodified membranes (Fig. 6a).

The root-mean-square roughness parameter has
been increased for a modified membrane compared
with an unmodified membrane (Table 1). Thus, it can
be noted that the in situ formation of the Cu-mPD
oligomer complex in the membrane during the
interfacial ~polymerization process significantly
increases the surface roughness. This effect can be
attributed to changes in polymer growth due to the
presence of the Cu-mPD oligomer complex during
the interfacial polymerization process, which affects
the height between ridges and valleys of the PA layer
and increases its surface roughness. In contrast, other
ways of modifying TFC-RO membranes have been
reported: (1) PA functionalization with Cu nanopar-
ticles by dip coating [19] and (2) in situ surface
functionalization with Cu-NPs formed on the sur-
faces of commercial TFC-RO membranes [32]. Nei-
ther modification method causes significant changes
in surface roughness.

It is known that increase in surface roughness
could influence the antibiofouling effects because
more biofoulants are likely to be entrapped in
membranes with rougher topologies [1, 28].
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Scheme 1 Mechanism of
formation of modified
membranes with Cu-mPD
oligomer complex.
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Figure 6 AFM scan of the
membranes. a PA/PSf, b (PA-
CuCl,)/PSf.

J Mater Sci (2018) 53:6325-6338

Table 1 Surface parameters

of membranes Membrane

Root-mean-square roughness (RMS) of membranes studied (nm)

Contact angle

PA/PSf 18 +4
(PA-CuCL)PSf 52+ 6

68 £ 2
74 £ 2

On the other hand, Cu-mPD oligomer complex
incorporation within the PA membrane layer forms a
slightly less hydrophilic surface. Thus, an increase in
the contact angle from 68° £2° to 74° &+ 2° in
unmodified and modified membranes, respectively,
was observed (Fig. 7, Table 1). A similar behavior
was observed by Ben-Season in modified membrane
surfaces formed with copper nanoparticles by in situ
functionalization of the PA layer [32].

Antibiofouling effect

The number of E. coli colonies formed in the medium
in the presence of a modified membrane was signif-
icantly lower in comparison with an unmodified
membrane (Table 2). Therefore, an important bacte-
ricidal effect due to membrane modification was

observed. Thus, the reduction in the number of CFUs
in the aqueous medium in the presence of modified
compared to unmodified

membrane was 99%
membrane.

Figure 7 Images of water drop on membrane studied.

@ Springer

Moreover, the numbers of bacteria adhering to the
modified membrane surfaces were significantly
lower (260 cell/mm?) with respect to unmodified
membrane surfaces (26375 cell/mm?) (Table 2).
Thus, a significant antiadhesion capacity on modified
membranes was observed compared to unmodified
membranes.

Although no favorable changes on the surface
physicochemical properties of modified membranes
with respect to unmodified membrane were observed
(slightly less hydrophilic and more roughness sur-
face), excellent bactericidal and antiadhesion effects
were observed in the presence of this modified
membrane, which was mainly attributed to copper
toxicity.

Bacteria can be inactivated due to the Cu-mPD
oligomer complex acting as source of Cu®" ions bio-
cide release into the boundary layer above the
membrane to form an inhibition zone [7, 19, 20].
Similar N-polymer—copper complexes and amine-
copper complexes employed to modified membranes

(PA-Cucl,)/Psf
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Table 2 Antibiofouling
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properties of membranes Membrane CfU/mL Number of cell adhered on surface (cell/mm?)
PA/PSf 10.0 x 107 26375
(PA-CuCl,)/PSf 8.0 x 10* 260

and other matrixes have demonstrated this same
behavior [56, 57]. Cu™ ions released from the Cu-
mPD oligomer complex have toxic effects on bacteria
in the medium because these ions trigger the pro-
duction of reactive oxygen species, which damage the
DNA of the bacteria, thus killing them [18]. More-
over, these biocidal ions would form an inhibitory
zone around the membrane and reduce the number
of CFUs in the aqueous medium leading to a decrease
in the number of bacteria that could potentially attach
to the membrane surface [18].

Desalination performance

The modified membrane showed an important salt
rejection of about 97% with stable water flux for
60 min and a recovery of 50% similar to unmodified
membrane (Table 3). Additionally, modified mem-
brane presented a permeate flux of 1.6 Lm > h™' -
bar~' which is 1.3 times higher with respect to
unmodified membrane, indicating that the modifica-
tion with Cu-mPD oligomer into membrane pro-
motes an increase in the permeate flux on the
membrane. A similar behavior was observed on
reverse osmosis membrane modified with CuO
nanoparticles [38] attributed to the hydrophilic
character of these nanoparticles [31, 38].

Copper and total organic carbon (TOC)
leaching cross-flow studies

In order to evaluate the modified membrane stability
and Cu”" release in the treated water, copper con-
centration from the cross-flow leaching experiments
was determined and is shown in Table 4.

It can be noted that copper concentration in the
permeate solution increases at long operation time;
however, the maximum values observed were
around 0.363 mg/L, which can be considered

negligible, according to the World Health Organiza-
tion (WHO) [58] (copper concentration limit < 2 mg/
L). Moreover, a non-gradual release of copper ions in
the operation times was observed.

Previous studies on membrane modification with
copper nanoparticles and copper complexes have
also shown a non-gradual increase in copper con-
centration in the permeate water with increases at
operation times. In addition, they have shown that
after a certain operation time, a maximum concen-
tration of leached copper can be reached, which
would remain constant. This maximum time can be
reached on minutes [37] or days [56], depending on
the modification and the type of membrane.

Thus, future studies should be conducted to
explore the time in which this equilibrium is reached
and the values of the maximum copper concentration
observed, in order to predict the lifetime of the
membrane and the efficiency antibiofouling property
in a long operation time.

Additionally, TOC measurement was taken in
order to estimate the impact that would produce the
release of Cu-mPD oligomer in the amount of organic
material into permeate water. The TOC concentra-
tions showed values below 0.5 mg/L which can be
considered negligible, according to the EPA Drinking
Water Regulation.

Conclusions

A novel synthesis method to obtain modified TFC-
RO membranes with Cu-mPD oligomer complexes
was achieved. The method consists of in situ forma-
tion of a Cu-mPD oligomer complex from copper
chloride during the IPP. Several characterization
techniques (FTIR, XPS, XRD) demonstrated the for-
mation of Cu-mPD oligomer complexes due to
interactions between Cu”" ions and mPD during IPP.

Table 3 Permeate flux and

rejection of salts percentage of Membrane Flux permeate (L m™> h™" bar™") Rejection of salts percentage (%)
the membranes PA/PSf 12 40.1 96.9 + 0.2
(PA-CuCl,)/PSf 1.6 £ 0.1 973 £ 0.2
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Table 4 Concentrations of

copper and total organic Permeate time (min)

Copper concentration (ppb)

Total organic carbon concentration (ppm)

carbon in the permeated flux

. . 45 87.1 £0.2 < 0.5
by using modified membrane 90 213.0 £ 02 <05
120 363.0 £ 0.2 < 0.5

Moreover, the incorporation mechanism for the Cu-
mPD oligomer complex within the PA layer has been
proposed as an interaction between copper ions of
the Cu-mPD oligomer complex and oxygen atoms of
the carbonyl groups of the nascent PA layer pro-
duced during IPP. The modification produced a
slight decrease in membrane hydrophilicity and
higher surface roughness of modified membranes
compared to unmodified membranes. These features
did not affect the antibiofouling properties of modi-
fied membranes. In fact, the PA-CuCl,/PSf mem-
brane showed excellent antibiofouling properties
with a decrease of 99% in CFUs compared to
unmodified membranes. Bacterial adherence was
also significantly lower (260 cell/mm?®) compared to
unmodified membranes (26375 cell/mm?) when
E. coli was used as the bacterial model. This behavior
was attributed to copper ion toxicity as a result of
Cu™ ions release from the membrane surface. In this
context, release of copper ions in the permeate water
was determined and the maximum value observed
was considered negligible for according to the WHO.
Finally, the desalination performance of modified
membranes showed an important salt rejection with
stable water flux.

In conclusion, a novel chemical method for the
incorporation of Cu-mPD oligomer complex into the
polyamide layer of TFC-RO membranes to improve
their antibiofouling properties and desalination per-
formance was achieved.
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