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Environmental significance:

Fouling is a critical limitation for reverse osmosis systems that leads to an increase in the
operational and environmental costs of desalination due to the extensive pre-treatments and
chemical use involved in fouling management. Surface coatings have been widely used as a
strategy to tailor the properties of desalination membranes and improve their fouling resistance;
1 however, coatings tend to leach out or degrade over time. Here, we examine a membrane
12 modification strategy that uses an interlayer of alumina nanoparticles to alter the properties of the
polyamide layer formed during interfacial polymerization. The nanotemplated membranes have
15 high resistance to organic and biological fouling, a property that is attributed to a change in the
16 free energy of cohesion of the active layer. This simple membrane modification strategy, by
impacting the intrinsic properties of the surface, can achieve long term fouling resistance and help
19 mitigate the impacts of fouling in membrane-based desalination.
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Abstract

Applying an interlayer of nanomaterial to the support layer during interfacial
polymerization results in a change in the polyamide (PA) properties that can be leveraged to
improve the performance of desalination membranes. While studies have shown that permeability
and selectivity can be increased using an interlayer of nanomaterials, the potential of using this
approach to improve the PA properties relevant for fouling and biofouling is less understood. In
this study, we investigated how using an interlayer of alumina nanoparticles (Al-NP) to template
the interfacial polymerization process affects the fouling and biofouling propensity of thin film
composite membranes. Performance was measured by static bacteria and protein deposition assays
as well as dynamic reverse osmosis biofouling experiments. The low and medium AI-NP loadings
were found to reduce bacteria and protein adhesion while, at a high AI-NP loading, both bacteria
and protein adhesion increased. A similar trend was observed in dynamic fouling conditions, with
the low and medium AI-NP loadings experiencing less flux decline and lower biofilm volume on
the membrane compared to the control or high AI-NP membrane. The superior antifouling
properties of these membranes were correlated with the change in the free energy of cohesion of
the PA layer formed on the Al-NP interlayer. Our results demonstrate that using an interlayer of
AI-NP can alter the PA surface chemistry in a way that reduces membrane fouling; however, there
is a threshold loading of AI-NP beyond which fouling propensity increases due to the effect of Al-
NP agglomeration on the PA morphology. These results provide useful insights into how NP can
be added to the interlayer during interfacial polymerization to improve the performance of

desalination membranes.
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1. INTRODUCTION

The growing demand for freshwater by human activities, which include direct
consumption, irrigation, and industrial uses, is putting an increasing pressure on conventional
water sources '. As concerns arise over the sustainability of water supply, there is an accrued
interest in producing clean water from alternative sources such as seawater, wastewater, or
brackish water. These alternative sources are usually characterized by higher concentrations of
salts and contaminants, which result in the need to use desalination processes in order to make
these waters fit for use. Currently, the most widely used technology for desalination is reverse
osmosis (RO) due to its high energy-efficiency and reliable performance compared to thermal
methods 2. Although RO currently dominates commercial desalination applications, it is still a
costly process. The development of new membrane fabrication techniques that help mitigate the

costs of RO operations can make desalination more accessible to a wider range of applications.

One of the main factors that contribute to the high operational cost of RO is membrane
biofouling 3. Biofouling consists in the adhesion and proliferation of microbes at the membrane
surface, where they develop in an heterogeneous community enclosed in a matrix made of
extracellular polymeric substances (EPS) 4. Biofouling increases the pressure drop across the
membrane module, resulting in the need to increase the applied pressure in order to maintain a
constant permeate flux °. Biofouling also affects the permeate quality by the accumulation of ions

at the membrane interface through cake-enhanced concentration polarization °. Beyond the
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implications at the membrane stage, the operational aspects of biofouling control, such as feed pre-
treatment, preventive overdosing of chemicals, and the down-time during cleaning all contribute
to the high cost of RO 37, Significant efforts have been made to improve the pretreatments 3,
optimize the operational conditions °, or modify the membrane surface properties 4 in order to

reduce biofilm formation in RO systems.

Thin-film composite (TFC) polyamide (PA) membranes are the most widely used RO
membranes >*. PA TFC consists of a dense ultra-thin PA layer interfacially polymerized onto a
porous support, usually polysulfone (PSU). Due to its high roughness, hydrophilicity, and
abundance of carboxylic acid functional groups, the PA active layer is very prone to biofouling
10,11 Reducing the initial interaction between bacteria and the PA surface is critical for biofouling
control since microorganisms can multiply rapidly and secrete EPS after the initial adhesion,
which makes the biofilm network difficult to remove 3. Controlling bacterial adhesion is usually
achieved by altering the surface characteristics that make a membrane susceptible to fouling:
hydrophobicity, roughness, surface charge, surface free energy, and surface chemistry 41213,
Surface modification methods are mostly based on the addition of hydrophilic materials on the PA

layer #!4 or on the addition of a coating of biocidal nanomaterials to the membrane 3.

The structure and chemistry of the support layer also play an important role on the
interfacial polymerization (IP) process and thus on the characteristics of the resulting PA active
layer '6. The formation of PA by IP in a membrane support starts when aqueous diamine solution
comes into contact with the support to allow diamine penetration. After removing the excess
solution, the diamine-saturated support is immersed in an organic phase containing trimesoyl
chloride (TMC). Since TMC is not soluble in water, diamine monomers diffuse to the

water/organic interface and react with TMC to form the PA film !7. In the conventional membrane
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configuration, PA is formed over porous supports which confine the water/organic interface at the
meniscus within the pores !8. However, an interlayer material can also be used to manipulate the
IP process and change the resulting properties of the active layer '8. For example, a nanostructured
interface can enable a more homogeneous distribution of the monomer solution across the interface

and a more effective control of monomer release during IP 1920,

Even though the role of the polymeric support surface in the formation of the PA layer has
been established in earlier studies 2?2, the use of an interlayer medium to tailor the IP has only
recently gained interest due to its promising results related to permeability and salt rejection '©.
Possible strategies to control the interfacial reaction include the use of carbon nanotubes 20-23.24,
silver nanoparticles 2°, and cellulose nanocrystals 26. However, despite many studies reporting a
change in surface properties known to be associated with biofouling propensity, such as
hydrophilicity 23, morphology °2°, and roughness 2, there is, to date, a lack of understanding on

how the presence of an interlayer may affect biofilm formation on the resulting TFC membranes.

In this paper, we investigated the effects of an interlayer of alumina nanoparticles (Al-NP),
added as a template to the IP process, on the fouling propensity of PA TFC membranes. The
overarching objective was to understand how the addition of AI-NP in the interlayer influences the
resulting PA properties and, consequently, membrane fouling. Using an in situ growth method to
ensure a good dispersion of AI-NP on the support, three different concentrations of AI-NP were
evaluated to determine the effect of AI-NP loading on the PA morphology, surface properties, and
fouling propensity. Antifouling properties were measured by static bacteria and protein deposition
assays as well as dynamic biofouling experiments in a bench-scale RO system. Our results
demonstrate that AI-NP alter the IP process, which results in a change in the PA surface chemistry

in a way that reduces membrane fouling without affecting the membrane performance. However,

5
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there is a threshold loading of Al-NP beyond which the fouling propensity increases due to the
effect of the high Al-NP density on the PA layer morphology. These results provide useful insights
into how to use the NP in the interlayer of TFC membranes to improve the performance of RO

desalination systems.

2. MATERIALS AND METHODS

2.1. Materials

Polysulfone beads (PSU, Mn 22,000), sodium borohydride, aluminum sulfate hydrate, and
I-methyl-2-pyrrolidinone (NMP) were obtained from Sigma-Aldrich (St. Louis, MO). The m-
phenylenediamine (MPD) was obtained from Spectrum Chemical MFG Corporation (Gardena,
CA). Isopar-G was obtained from Univar (Redmond, WA). Dopamine hydrochloride (DPA) was
obtained from Alfa Aesar (Ward Hill, MA). Fluorescein isothiocyanate labelled bovine serum
albumin (FITC-BSA) was obtained from Thermo Fisher Scientific. Live/Dead™ BacLight™
Bacterial Viability kit was obtained from Invitrogen (Eugene, OR). Phosphate buffered saline
tablets was obtained by Fisher Bioreagents™ Fairlawn, NJ. Isopropyl alcohol was obtained from
Macron (Radnor, PA). Agar and Luria-Bertani Broth (LB) were obtained from VWR (Solon, OH).
Tris(hydroxymethyl) aminomethane (Tris) was obtained from Acros (NJ). 1,3,5-
Benzenetricarbonyl trichloride (TMC) was obtained from Tokio Chemical Industry (Portland,

OR).

2.2. Membrane preparation

2.2.1. Polysulfone support
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Asymmetric PSU membranes were prepared by phase inversion via immersion
precipitation. PSU pellets were dissolved in NMP (16.3% w/w) at 50 °C by constant stirring for 3
days, and kept still for 1 h of degassing. The resulting solution was spread on a glass plate using a
casting knife to obtain a thickness of 110 um. Before the plate immersion in a non-solvent
coagulation bath (DI water), the coated film was allowed to evaporate in ambient air (~23 °C) for
30 s. After polymer precipitation in DI water, the membrane was put into 50% ethanol/DI water
for 30 min to ensure complete solvent removal. Membranes were stored in 1% sodium bisulfite/DI

water solution at 4 °C DI water at least 24 h prior to use.

2.2.2. Polydopamine coating

PSU support surface was coated with polydopamine to enhance interfacial interactions
between the alumina nanoparticles (Al-NP) and the polymer matrix 28, Dopamine solution was
prepared by dissolving dopamine hydrochloride in Tris-HCI buffer solution (15 mM, pH 8.6) ata
concentration of 0.5 g/L. Samples of PSU membranes (14 X 10 cm) were placed on a glass plate
and fixed onto the frames to ensure the reactant solution only made contact with the top surface.
The dopamine solution was self-polymerized on the membrane surface for 1 h at room
temperature. After PDA coating, the resulting PSU-PDA membranes were washed with DI water
several times and kept in DI water at 4 °C.

2.2.3. In situ formation of AlI-NP

AI-NP were formed in situ using aluminum sulfate (Al,(SOy)3) as a salt precursor and
sodium borohydride (NaBH,) as the reducing agent. With the PSU-PDA membranes fixed in the
frame (see Section 2.2.2.), 30 mL of Al,(SO,); solution (6.25, 12.5 or 24 mM of Al*3) reacted with

the PSU-PDA layer for 3 min. Then, 30 mL of NaBH, solution (18.75, 37.5 or 72 mM) was added

7
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into the Al,(SOy,); solution and allowed to react for 7 min. After the formation and deposition of
AI-NPs on the membrane surface, the solution was removed and the prepared in situ Al-NP

modified membrane was rinsed thoroughly with DI water, then stored in DI water.
2.2.4. Preparation of polyamide selective layer

The PA active layer was formed on control (PSU-PDA) and AI-NP incorporated
membranes via IP. First, a 2% wt MPD aqueous solution was poured onto the membrane surface
for 1 min before draining it off. The excess MPD was removed with air knife. Immediately, the
MPD-soaked membrane substrate was immersed into a 0.15% w/v TMC/Isopar-G solution for 30
s. During this step, the MPD in the membrane diffused out of the membrane and cross-linked with
TMC at the water/solvent interface to form the PA active layer on the membrane. The membrane
was rinsed with Isopar-G to remove unreacted monomers. To complete the polymerization
process, membranes were cured at 50 °C for 10 min. After PA crosslink, all membranes were
washed thoroughly with DI water and kept in DI water at 4 °C. The control membrane without Al-
NPs was referred as MC and Al/PA membranes with low (6.25 mM), medium (12.5 mM) and high
(24 mM) Al concentrations used to form the Al-NP intermediate layer were referred as ML, MM
and MH, respectively. Final membrane thickness, measured by Optical Coherence Tomography
(OCT, GANYMEDE II, Thorlabs) was 118 = 14 um did not different significantly between

membranes.
2.3. Membranes and NP-Al NP characterizations
Formation of AI-NPs on the PDA layer and morphology of the membrane surface were

characterized by field emission scanning electron microscopy (FESEM) (JEOL, JSM-6701F) at

an acceleration voltage of 15 kV. Membrane cross-sections were obtained by an argon ion beam
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cross-section polisher (JEOL, SM-09010). To avoid charging under the argon or electron beams
used during polishing and FESEM analysis, respectively, all samples were coated with a gold layer
using a high vacuum sputter-coater (LEICA, EM SCD 500). AI-NP size and distribution were
determined using ImageJ and Statistica® software, respectively. Energy-dispersive X-ray (EDX)

analyses were conducted to detect aluminum in the membranes.

Surface roughness of membranes was measured via AFM (Multimode 8, Bruker). Image
analysis was done using the Nanoscope Analysis version 1.9 software. X-ray photoelectron
spectroscopy (XPS) was done on a VG 220i-XL (Thermo Fisher Scientific Ltd. Hampton, NH)
equipped with a monochromated Al K-alpha X-ray source. The data was analyzed using the
CasaXPS software (version 2.3.18). The density of carboxyl groups on the membrane surface was
quantified by the silver ion binding method as described by Chen et al. ?°. The binding procedures
are fully detailed in the Supplementary Information (SI) S1. Silver concentrations were determined
by inductively coupled plasma mass spectrometry (ICP-MS). Since it is assumed that each eluted
silver ion corresponds to one ionized carboxyl group, the ionized carboxyl group per membrane

surface area [R-COQO-] can be converted using Equation 1.

[R - COO -] =t (1)

where My, 1s the silver concentration converted to molar concentration, V; is the elution volume,

Na is Avogadro’s number, and A is the membrane’s surface area (coupon single-sided area).

Hydrophobicity/hydrophilicity of membrane surfaces were measured by water contact
angle (WCA) and surface free energy of cohesion (AG,y) using sessile drop contact angles (CA).
CA were taken by using an Attension Theta (BiolinScientifin, Gothenburg, Sweden) and a 1001

TPLT Hamilton syringe (Reno, NV). Six different membrane spots were measured. For each
9
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measurement, ~200 data points were recorded over 10s and these values were averaged into a final
mean. Nanopure water was used for WCA, while apolar diiodomethane, polar nanopure water,
and ethylene glycol standard liquids were used to determine surface tension parameters (y"", y ¥,
y~ and y*®) using Young-Dupré equation with roughness correction factor (Cassie—Baxter
equation) (Equation S1). The surface tension parameters calculations are presented in detail in
Supplementary Information (S2). The determination of interaction energies between membranes
and foulants was based on XDLVO theory in terms of AGs, (Equation 2) which provides
quantitative insight into the stability of a solid (membrane and foulants molecules) in water 3°, and
by interfacial free energy of adhesion (AGYY) (Equation 3) between membrane surface and foulant
in water. AG,q is divided into three components: Lifshitz-van der Waals interaction energy (AG")

(Equation 4), Lewis acid-base interaction energy (AG"®) (Equation 5), and electrostatic force

(AG®Y) energy (Equation 6)3!.

AGSy = AGgy + AGhy + AGgy, )
2

AGEY = - 2(YytY - i)

(3)
AGAE = - 4(\rs - ) (e - )

“4) .

rK 2

AGEL = “% (&2 + &D)| 1 - coth(icho) + é,;z%éfcsch(mho)

(5)
AGY = AGEY + AGAE + AGEE (6)

AGRY = 2 (I - i )Y - ™)

(7
10
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AGEP = 2" (W + i - ) #2dn (Wm + i - ) 20y v - vmyi )

®)
AGay = Song (& + &P |1 - coth(xchg) + ;éiicsch(lcho) )

The subscripts s, 1, m, and f represent the solid (membrane or foulant), liquid, membrane
surface, and foulant, respectively. The €0 is vacuum permittivity, er represents the dielectric
permittivity of spending fluid, « is the inverse Debye length, £ is the zeta potential, and hy is the is
the minimum separation distance. Zeta potential measurements were taken using a ZetaCAD®
analyzer (CAD Instruments, Les Essarts-le-Roi, France). The streaming potential determination
was carried out with a solution containing 5 mM KCl and 0.1 mM KHCOs; at pH 6.5, the same pH

as used during bacteria deposition assays (see section 2.6).

2.4. Membrane transport properties

Membrane permeability and selectivity were evaluated using a bench-scale cross-flow
filtration system at constant room temperature (25 °C). The effective area of the membrane was
34 cm?. Pre-wetted membranes were compacted in deionized water at 15.5 bar until the permeate
flux reached a stable value (~3h). The cross-flow velocity was kept constant at 37.8 cm/s. After
stabilization, NaCl was added from a 5SM stock solution to reach a final value of 2,000 ppm in the
feed reservoir. Permeate flux was recorded every 60 s using a liquid flow meter (Sensirion SLI-
2000, CMOSens®). Pure water flux J (L/(m? h)) was calculated as J = V/(t A), where V is the
volume of permeate (L) collected over a period of time t (h), and A is the effective area of the

membrane (m?). Subsequently, the salt rejection (R) was determined as R = 1 — Cp/Cf, where Cp

11
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and Cf are the conductivity of the permeate and feed waters, respectively, measured with a Orian

Versa Star (Thermo Fisher Scientific, Waltham, MA) conductivity probe.
2.5. Antimicrobial surface properties

Bacterial deposition on membrane surfaces was evaluated by counting live and dead
Pseudomonas aeruginosa (P. aeruginosa, ATCC 15692) cells, a model bacterium for biofilm
formation. An overnight culture of bacteria grown in LB was diluted in fresh LB (1:25) and grown
in an incubator at 37°C and 100 rpm constant agitation until it reached an optical density
(OD600nm) of 1.0 (~2 h) , indicating late exponential phase (10° cells/mL). Bacteria were washed
from LB 3 times with a 0.9% NaCl in nanopure water. Membrane samples were cut in 2 cm
diameter coupons and placed in plastic holders in a way that only allowed contact of the solution
with the surface. A 3 mL volume of bacteria/0.9% NaCl nanopure water solution (~107 cells/mL)
was placed in contact with the membrane surface for 3 h. Samples were then removed, gently
washed with 1 mL NaCl solution. The cells attached were dyed using Live/Dead™ BacLight™
Bacterial Viability kit from Invitrogen, according to the manufacturer's specification. Live (green)
and dead (red) bacteria cells were imaged in Leica DM6 epifluorescence microscope (Leica

Microsystems Inc. Buffalo Grove, IL) and counted using ImageJ software.

2.6. BSA adhesion

The antifouling property of membranes was evaluated using FITC-BSA, a model bovine
serum albumin (BSA) protein conjugated with Fluorescein isothiocyanate (FITC) under static
adsorption conditions 4. Samples were placed in plastic holders as described in Section 2.5. An
aqueous solution of 0.05 mg/mL FITC-BSA (2 mL) in phosphate buffer solution (PBS, pH 7.4)

was placed in contact with the membranes’ surface for 3 h in a dark environment. The FITC-BSA
12
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was removed and the surface was gently washed with fresh PBS solution. The membrane sample
was then placed on a glass slide for epifluorescence microscopy analysis. The intensity of green
fluorescence of microscopy images was measured using Image] software. A membrane not
exposed to FITC-BSA was used as a control to assess the background green fluorescence of the
membrane. All epifluorescence measurements were made under the same acquisition conditions

to be able to compare the fluorescence intensities between samples.

2.7. Dynamic biofouling

The biofilm formation on the membranes under dynamic RO conditions was evaluated by
filtration in a bench-scale cross-flow unit. Pre-wetted membranes (20% isopropyl, 20 min) with
34 cm? effective area were loaded in the membrane cell and compacted until the flux reached stable
values (~7 h). The system was operated at constant pressure (27.6 bar), temperature (20 °C) and
cross-flow (1 cm/s). Permeate flux was recorded every 60 s using a liquid flow meter (Sensirion
SLI-2000, CMOSens®). Biofouling was investigated using synthetic secondary wastewater
mixed with P. aeruginosa at 2.5 x 10 cells/L concentration in a 20 L tank (see Table S3 for
details). Permeate water was returned to the reservoir to maintain a constant salt concentration.
The solution was circulated for 45 h at room temperature and biofouling was evaluated by change
in flux over time. After 45 h, membranes were collected and biofilms were imaged using OCT
imaging (GANYMEDE II, Thorlabs) at four different regions. The biofilm cross-section area was

quantified by Imagel.

2.8. Data analysis and statistics

13
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The data shown represents the means of three independent samples. Significant differences
between them were determined by ANOVA, followed by a Tukey post-hoc test with a <0.05 using
OriginPro 2018 software. Statistically significant different samples were indicated using different
letters in the figures. Linear regression analyses between the surface properties of the different
membranes and deposition of P. aeruginosa cells or BSA proteins were done using the “stats”
package of the R statistical software (v. 4.0.2). A forward selection approach was used, with
predictors being added one at a time to identify the parameters to be included in a multiple
regression model. Independent variables that are intrinsically correlated with each other (i.e. Rq

and Rmax, AGy,, and WCA) were not used when developing a multiple regression model.

3. RESULTS AND DISCUSSION
3.1. Characterization of membrane and Al-NP

The FESEM micrographs of the PSU cross-section show the formation of a substrate with
an overall thickness of 109 + 0.18 um and a typical asymmetric porous structure composed of a
thin dense layer on the top and a finger-like porous sublayer extending from the top to the bottom,
forming macrovoids in the support (Figure 1A). PSU surface showed micropores of 0.49 = 0.13
um average (Figure 1B), but the dense top layer facilitated the formation of a continuous PDA
coating at membrane surface, as illustrated in Figure 1C. Some PDA nanoaggregates (~50 nm) are
observed distributed on the PDA coating, which are strongly bound to the PDA layer by catechol

groups 2.

The PDA coating was used to anchor the AI-NPs on the support before IP. Membranes

modified by in situ formation of AI-NP at low, medium and high concentrations of Al,(SO,); are

14
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shown in Figure 1D. The formation of AI-NPs can be observed by the presence of sphere-like
structures on the PDA layer, which increase in numbers as the Al,(SO4); concentration increases.
Additionally, EDX analyses show that the atom % of Al increases significantly (p<0.05) as the
concentration of precursor increases from the ML to the MH conditions (Figure 1E). Differences
are also observed in the size and dispersion of Al-NPs formed on the PDA coating at different Al-
NP loading, with average particle diameters of 67.2 = 29.5, 55.0 £21.5, and 121.5 + 101.2 nm for
the ML, MM, and MH conditions, respectively (Figure 1F). The medium concentration formed the
most homogeneously sized and well-distributed A1-NPs on the PDA layer. The similarity between
the distribution of PDA nanoaggregates and AI-NPs at the medium concentration (Figure 1C and
1D) suggests that PDA nanoaggregates play a role in AI-NP formation. Several studies identified
PDA nanoaggregates as anchor sites for the growth of NPs 3334 PDA facilitates the formation of
Al-NPs by spontaneous interactions between A3, which are in the solution phase at pH 3.5, with
the negatively charged catechol groups that are in high density in PDA nanoaggregates 3. They
form strong coordination bonds but in a slow reaction that requires a long contact time 32. In this
work, AI-NP formation was based on a two-step process that involved adsorption and in situ
reduction of the precursor to Al-NP. First, the Al,(SO,); solution was put in contact with the PDA
surface to induce the adsorption of Al*3. Then, a reducing agent (NaBH,4) was added to accelerate
the AI-NP formation in situ 3. At higher Al*3 concentration in the solution, there are more chances
to attach to the catechol groups, which result in more AI-NPs formed on the PDA surface.
However, at the highest Al,(SO,4); concentration, the membrane showed Al-NP aggregates with a
wide range of sizes (Figure 1F). By controlling the Al-NP precursors’ concentrations to the low
and medium values used in this work, it was possible to limit AI-NP agglomeration on the PDA

layer.

15
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Figure 1. Characterization of membrane support, TFC membrane and AI-NP formed over PDA-

0 2 4

PSU. (A-F) FESEM micrographs of (A) PSU support cross-section, top view of (B) PSU surface,
(C) PDA coated PSU surface, (D) AI-NP on PDA-PSU at low, medium, and high concentration.
(E) Gaussian curve showing size distribution of NP-Al of D images and (F) the corresponding

EDX spectra confirming the formation of Al-NP.

The PDA-coated PSU support, with or without Al-NP, were used for IP of the PA layer to
form TFC membranes. Figure 2A depicts the surface morphology of PA control membrane formed
by IP, showing small discrete nodules and large “belt-like” structures formed by the overlap and
fusion of PA leaves 37. The morphology of the PA layer formed on the AI-NP coated PDA-PSU
reveals differences in the width and length of PA protuberances. ML shows more nodules and less
belt structures (Figure 2B). On the other hand, at the higher concentration of loaded Al-NP, the
belt-like features became larger and more interconnected (Figure 2D). It is important to note the

absence of belt structures in MM (Figure 2C), where the PA layer only shows extended leaves and
16
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nodules. The reduction of belt-like structures in ML and MM can be attributed to the homogeneous
distribution of hydrophilic AI-NPs on the support, which retains MPD molecules and slows down
MPD diffusion to react to TMC during IP 2. Further analysis using AFM imaging revealed that,
as the AI-NP loading on the support increased, the roughness of the PA surface increased. This
can be explained by the different surface morphologies formed due to the added roughness of the
AI-NP layer on the support, especially for the MH condition where high Al-NP aggregation
occurred. Different from the findings of Ma et al. 37, here, the flat feature of the belt structures did
not result in a decrease in surface roughness. This discrepancy is most likely due to the lower
interconnection between the belt structures, which were not enough to cover the surface and
resulted in PA peaks formed by isolated belts that increased the roughness. Top surface AFM
profiles (Figure 2E) give an idea on how surface structures are vertically present. Higher peaks are
observed in MM and MH, which are related to the extended leaves and belts, respectively, as a
consequence of the AI-NP interlayer. Representative 3-dimensional AFM images of the different
membrane surfaces are shown in Figure S1. The presence of PA peaks at higher AI-NP loading
resulted in higher values of the Rq, Ra, and Rmax roughness parameters as the Al-NP loading
increased (Figure 2F). The increase in roughness was statistically different from the control (MC)
only for the highest AI-NP loading (MH); however, a trend can be observed between the AI-NP

loading and the surface roughness of the PA formed on the support.

17
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Figure 2. Surface morphology and roughness of the control and modified membranes. (A-D) Top
surface FESEM micrographs of (A) MC, (B) ML, (C) MM and (D) MH. (E) Top surface AFM
profiles and (F) rough mean square (Rq), average roughness (Ra) and maximum roughness divided
by 10 (Rmax/10) surface roughness parameters. Lower case letters indicate statistical significance
(different letters representing statistical difference) (p-value <0.05), determined by One-way

ANOVA (post hoc Tukey).

3.2.  Physicochemical changes in membrane surface

The change in the PA morphology may indicate a change in the physicochemical properties
of the active layer. Therefore, the membranes were further characterized to understand how the
addition of the AI-NP changed the surface properties of the membrane. FTIR spectroscopy was
used to characterize the structure of each layer of the produced membranes and XPS was conducted
to determine the chemical surface structure of the control PA and PA formed over the Al-NP
interlayer. Because of the depth of penetration of FTIR (1-3 um) and the thickness of the PSU
support compared to the other layers of the PA TFC membrane, the FTIR spectra show dominant
peaks associated primarily with the PSU support such as the 1150 cm™ (symmetric O=S=0

stretching), 1250 cm™!' (asymmetric C-O-C stretching), 1290 cm™! (S=O stretching), 1325 cm’!
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(asymmetric O=S=0 stretching), 1488 cm™! (CH3-C-CHj stretching), 1405 cm!' (C=C aromatic
ring stretching), and 1600 cm™' (C=C symetric and asymmetric stretch) peaks (Figure 3A) 3. The
characteristic absorption bands corresponding to PDA would found at 1610 cm!, for aromatic
rings stretching vibrations and N—H bending vibrations, and 3400 cm! for the catechol -OH and
N-H groups 3°. For AI-NP, typical FTIR absorption bands include the 1600 cm™! (Al-O) and 3400
cm™! (O-H stretching) peaks 4°. However, in both PDA and Al-NP functionalized support and TFC
membranes’ spectra, the peaks associated with PDA and Al-NPs are not observed. These results
are similar to previous studies done on TFC composite membranes?®#! and is attributed to the low
amount of AI-NP and the very thin PDA layer added to the membranes compared to the thick PSU
support as well as the overlap the PDA and AI-NPs peaks with the strong C=C band of PSU at
~1600 cm!. It should be noted that successful PDA functionalization was observable to the eye by
a darker coloration of the PDA-coated PSF while the presence of AI-NPs was confirmed by SEM,

as shows above (Figure 1).

After IP, the addition of the PA resulted in the apparition of the characteristic amide band
peaks of 1546 cm™! (amide II stretching), 1610 cm™! (aromatic ring breathing), and 1660 cm™! (C=0
stretching), as well as a peak at 1710 cm™! related to C=0 stretching peak of carboxylic acid (Figure
3A), confirming the successful formation of PA thin film. In addition, the presence of a broad band
around 3400 cm™! is related to the overlapping bands of O-H stretching of carboxylic groups and
N-H vibration associate to amide II of polyamide layer 4>. The spectra of MC, ML, MM and MH
(Figure 3B) is showing that the C=0 stretching peak of carboxylic acid (1710 cm!) and the broad
band around 3400 cm! both diminish in AI-NP loaded membranes compared to MC as Al-NP

loading increases. This reduction of carboxylic functional groups is an indicative of increased
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cross-linking in the PA layer. Furthermore, the overall reduction in PA peak intensity for the PA

layer formed over the Al-NP interlayer suggests the formation of a thinner and denser PA layer.
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Figure 3. FTIR spectrum identifying the different functional groups of (A) each layer of the
prepared membranes and (B) comparing the membrane with (ML, MM and MH) and without (MC)
the AI-NP interlayer.

Change in the chemical structure of the PA induced by the addition of the AI-NP layer was
also determined by deconvoluting the Cls peak of the XPS spectrum (Figure 4B-E). Detail
information on atomic composition and chemical states is present in Table S4. The Cls analyses
show a decrease in the relative contribution of the 288.9 eV peak, associated with amide and
carboxyl groups in Al-NP loaded membranes. The Ols peak deconvolution of XPS analysis
presented the N-C=0 from the IP reaction of the acyl chloride groups of TMC with MPD, and the
O—C=0 bond, from the carboxyl groups originating from the hydrolysis of the unreacted acyl
chloride groups of TMC molecule, characteristics of PA structure (Figure S2). Therefore, higher
N-C=0 over O-C=0 ratio stands for a higher cross-linking degree of PA layer. The increase in Al-
NP loaded result in the decrease in carboxylic acid peak contribution (533.1 eV) from 38.8% in

MC to 33.8%, 28.8%, and 7.50% in ML, MM, and MH, respectively, confirming the reduction of
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carboxylic acid showed in FTIR analysis and the increase of cross-linking degree. This result
suggest that the presence of the AI-NP influenced the PA formation. The higher cross-linking
degree of Al-NP loaded membranes can be explained by the high hydrophilicity of the AI-NP
interlayer, which retains more MPD molecules and slows down the amide monomer diffusion into
the organic phase during IP. The increase in amide monomers creates a MPD-rich and TMC-lean
environment in the interface and makes MPD more available to cross-link with TMC to form
denser, thinner, and more cross-linked structures 4. Moreover, the O-H groups of NP-Al can
react with the acyl chloride groups of the TMC, reducing the carboxyl group density and
decreasing the thickness of the PA layer “°. Dai et al., in their review of interlayer-tailored PA
membranes, reported that due to the MPD retention/diffusion capability of interlayers, the PA
thickness of interlayer-based TFC membranes is typically >60% thinner than membranes prepared
by conventional IP 4. Lower PA thickness can lead to an increase in water permeability. The
membrane permeability measurements, done in a cross-flow filtration apparatus, showed an
increase in flux for the Al/PA membranes compared to the control, with significantly higher flux
at the MH condition compared to MC. This increased in flux did not compromise the salt rejection,
which remained between ~90-92.5% for the different membranes with no significant differences
between membranes (Figure S3). The higher flux can be attributed to (i) the direct role of the Al-
NP interlayer in creating water transport pathway and (ii) its indirect effect through its influence
on the PA formation (i.e., decrease in PA thickness and increase of membrane surface roughness)
2543 Tt should be emphasized that although the performance of these hand-cast AI/NPs membranes
is comparable to other handcast composite membranes tested under comparable conditions of
pressure and salinity,*’-9 the overall performance of the Al/PA membranes remain low compared

to the state-of-the-art commercially available membranes, which typically features >95-99% salt
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rejection. Therefore, further optimization of the interlayer-templated IP will be needed in future
work for them to compete with commercially-made TFC membranes.

The reduction of O-C=0 by the addition of Al-NP to the support during IP can have
important implications for the fouling propensity of the PA surface, since the density of carboxyl
groups on the surface, which is a result of the hydrolysis of unreacted acyl chloride groups during
IP, has been shown to influence the fouling propensity of TFC membranes 5. In the presence of
calcium ions, which are common in secondary effluents, carboxyl groups of membrane surface
can form calcium bridges with organic foulants, bacteria, and EPS, strengthening their binding to
the membrane surface "2, Given the importance of carboxyl group density on the fouling
behavior of PA TFC membrane, we provided additional confirmation of the reduction in carboxyl
group by a complementary quantitative assay based on the affinity of silver to carboxyl group and
their quantification by ICP-MS after elution 2°. The silver binding assay confirmed the decreasing
trend in carboxyl density from 2.54 carboxyl sites/nm? in MC to 1.4 sites/nm? in MH, at the highest

AI-NP loading (Figure S4).
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Figure 4. Surface changes in membranes. (A) XPS survey scan, (B-E) Cls XPS spectrums of
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(B) MC, (C) ML, (D) MM, and (E) MH, identifying the relative reduction of carboxylic acid
groups.

The change in surface chemistry induced by the Al-NPs will affect the membrane surface
properties associated with hydrophilicity and surface free energy. These properties are well-known
characteristics associated with the propensity of foulants such as proteins and bacteria to adhere to
the surface 22!, The WCA of MC surface was 73.0° +3.5 (Table S1), which is relatively
hydrophobic. Only at high concentration (MH), the AI/PA membranes presented variation on
WCA, turning more hydrophobic (89.9° +5.7). Since WCA is influenced by the surface roughness,
which was shown to change with the different AI-NP loading (Figure 2F), the
hydrophilicity/hydrophobicity of the different membranes was confirmed by determining the free
energy of cohesion (AGyy ), which uses surface tension parameters corrected by a surface roughness
correction factor (1) in the AGy,, calculation (Equation S1 and Table S2). The sign and magnitude
of AGs, is a quantitative measure of stability of foulant molecules in water 3. When the AG;,, is
positive, the surface is considered hydrophilic while negative AGy, values is equivalent to a
hydrophobic surface 3933, The AGy, results show that all membranes possess a hydrophobic
surface. However, there was a slight decrease in hydrophobicity for the ML and MM membranes
with AGs,, values of -40.4 and -41.3 mJ/m?, respectively, while the MC membrane had a AGsy,
value of -49.4 mJ/m?2. Similar to WCA results, high AI-NP loading in the interlayer resulted in an
increase in hydrophobicity, with the MH membrane having a AGs,, of -71 mJ/m?. Meanwhile, the
foulants P. aeruginosa and BSA are considered hydrophilic based on their positive values of AGyy,
21.6 and 24.5 mJ/m?, respectively. Incorporating an hydrophilic interlayer is a common strategy
to improve the hydrophilicity of PA surface although the mechanisms are still poorly understood

25,34 The increase of hydrophilicity on ML and MM could be attribute to the hydrophilic nature of
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Al-NP 36, On the other hand, when AIl-NP concentrations increase and agglomerates are formed
on the support, the PA surface becomes rougher with belt-like structures that can trap air pockets
in the structure and reduce the wettability of the surface!’. Therefore, for optimal surface

wettability, AI-NP loading needs to be controlled to avoid agglomeration.

The interaction force between the membrane surface and the foulants in water was
determined based on the extended DLVO theory of surface free energy of adhesion (AG,q), which
considers the Liftshitz-van der Waals (LW), Lewis acid-base (AB) and electrical double layer (EL)
surface energies. Two different types of foulants were considered to evaluate the fouling
propensity of the different membranes: the biofilm-forming model bacterium P. aeruginosa and
the model protein foulant BSA. Figure 5 shows the total of the surface free energy of adhesion
(AG,¢') and the contribution of the adhesion components LW (AG,4*V) and AB (AG,4"B). The EL
component (AG,4Fr) was not found to account for the total AG,q because it showed insignificant
contribution compared to LW and AB energies. Also, the zeta potential values of membranes were
very similar (~-10 mV at pH 6.5), suggesting no influence of the AI-NP loading on membrane
surface charge. The AG,4F" and zeta potential values are shown in Table S5. When Al-NPs are
added to the interlayer, the increase in AG,q* towards less negative values in ML and MM
compared to the control indicates a decrease in attraction between the membrane surface and both
bacteria and protein. On the other hand, the remarkably negative AG,4*° of the MH membrane

suggests a surface more prone to fouling by proteins or bacteria.

24



oNOYTULT D WN =

Environmental Science: Nano

BAG et

c
BAG, W ¢ p aeruginosa %
BAG 4 ]

| AG adwt
BAGW - BSA

1 1 1
N W W A
o O o o

L L L L

OAGaghB

AG,4 components (mJ/m?)
N
o
-

oA A
a o o,
| I I
4
|

o
| H]

T
| M

o
[

MC ML MM MH

Figure 5. Surface free energy of adhesion (AG,q) between membrane surface and the foulants P.
aeruginosa and BSA (more negative AG,, values indicates more attraction). Lower case letters
indicate statistical significance (different letters representing statistical difference) (p-value
<0.05), determined by One-way ANOVA (post hoc Tukey).

The changes in adhesion forces by the addition of the AI-NP interlayer mainly correlates
with the acid-base interactions (AG,q*B). The negative values of AG,¢'" and AG,*B, and the
relative low polarity of membrane and foulants compared to the strong polar (AB) energy of
cohesion between water molecules, indicate that the major adhesion force between membrane and
foulant is due to “hydrophobic interaction” 37. This interaction is governed by the AB component
of the energy of cohesion of water, which is composed of electron-donor (-) and electron-acceptor
(+) functionalities. The presence of more electron-donor functional groups, represented by the
surface tension (y~) in ML and MM (7.7-7.1 mN/m) compared to MC (5.1 mN/m), increased the
interaction with y* of water (25.5 mN/m) (Table 1). The increase of electron-donor functionality
of ML and MM may be related to the interfacial hydroxyl groups present on the AI-NP 4636, The
higher interaction with water reduces the hydrophobic interaction and forms an energetic barrier
that prevents the adhesion of P. aeruginosa and BSA. MH, in the other hand, presents almost no

electron-donor groups, which reduces the interaction with water and favors the interaction between
25
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its electron-acceptor functional groups (1.7 mN/m) and electron-donor groups of P. aeruginosa
and BSA (39.5 mN/m). This results in a substantially higher AG,q in MH compared to the other
membranes. In addition, P. aeruginosa and BSA have similar monopolar electron-donor
functionalities (y"~= 0; y~=39.5 mN/m) that could result in similar values of AG,q4, but the adhesion
is slightly more pronounced for BSA. This is probably because BSA has sites with easy mobility
and strong electron donor carbonyl groups that interact with discrete electron-acceptor on the
membranes >’. These results highlight the important role of membrane hydrophilicity, represented

by vy, in membrane/water/foulant interactions.

Table 1. Thermodynamic characteristics of the membrane surfaces, foulants and water. Lifshitz-
van der Waals surface tension (mN/m) (y"), Lewis acid-base surface tension (y*B), electron-
acceptor surface tension component (y, ) and electron-donor surface tension component (y ), total

surface tension (y¢°") and surface free energy of cohesion AGgy.

- o

y“V (mN/m) y*B(mN/m) (m}’v - (m“’N/m) v*{(mN/m)

MC 38.4 4.6 1.1 5.1 43.1

ML 35.8 5.5 1.0 7.7 41.3

MM 34.5 54 1.1 7.1 39.9

MH 34.1 1 1.7 0.2 35.1

" P. aeruginosa® 307 58 02 395 364
BSA* 26.7 0 0 39.5 26.7
Water* 21.8 51.0 25.5 25.5 72.8
*Data from literature 3-°

3.3. Anti-adhesive and anti-microbial properties of nanocomposite membranes

The effect of the AI-NP interlayer in the attachment of foulants was evaluated

experimentally by epifluorescence microscopy imaging of the different membranes after 3h of
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contact time with P. aeruginosa cells or BSA. To image these foulants, bacterial cells were stained
using Syto9 and PI, for live and dead staining, respectively, while the BSA protein used was a
fluorescent FITC conjugate (Figure 6). For P. aeruginosa adhesion, compared to the control MC
membrane where the number of bacterial cells was 7.3 x 10* cells/cm?, the number of adhered
cells was reduced on ML and MM to 5.1 x 10* and 4.9 x 10* cells/cm? (Figure 6A). On the other
hand, MH shows remarkably higher number of bacteria adhered to the surface, with 20.1 x 104
cells/cm?, or 275% of the control value. Similarly, BSA protein attachment, represented by the
green florescence on the epifluorescence microscopy images (Figure 6B), was decreased for ML
and MM membranes by 82% and 84% of the control value, while for MH there was an increase in
BSA fluorescence on the membrane up to 649% of the control value. Therefore, both ML and MM
membranes showed reduced fouling propensity while the higher AI-NPs loading, MH, drastically

increased the deposition of both bacteria and proteins on the surface.

The surface properties of the different membranes were correlated with the deposition of
P. aeruginosa cells using regression analyses to identify the most important changes in surface
properties induced by Al-NPs that resulted in a decrease in bacterial deposition. The only surface
properties that were significantly (p<0.05) correlated with bacterial deposition were AGy, and
WCA (Table S6). However, these two properties are intrinsically dependent on each other, with
WCA being dependent on the AGyy; therefore, only AGs,, was further considered. Adding surface
roughness or density of carboxylic acid functional groups to AGy, in a multiple regression analysis
did not improve the statistical significance of the model and, consequently, AGy,, was found to be
the main determinant for the change in bacterial deposition between the different membranes. This
conclusion is in agreement with the findings of Grossman et al., who identified, using multiple

regression analysis, that surface free energy was the most important parameter for biofouling on
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ultrafiltration membranes °. Similarly, surface free energy was also identified as the most
important determinant for biofouling on polypropylene spacers '2. For BSA protein adsorption,
while AGg, still had the lowest p value in a single regression analysis, no surface properties were
found to have a significant correlation (p>0.05 for all surface properties, Table S6) with BSA
adsorption. This may suggest that other factors, such as foulant-foulant interactions ¢!, may have

a more important role in the amount of protein adsorbing on the surface as compared to bacteria.

Live/dead staining of P. aeruginosa cells was also used to determine if the AI-NP interlayer
imparted biocidal properties to the membrane. Based on fluorescence imaging of live and dead
cells (Figure 6A), both ML and MM membranes showed lower cell attachment but higher viability
compared to MC, increasing from 67% viability for cells attached to MC to 99% and 74% for cells
on ML and MM, respectively. On the other hand, MH, which has the highest attachment, shows
low cell viability (3%). This result could be the product of several interactions between membrane
surface and bacteria cell. Direct contact between Al-NP, which may be emerging from the PA
layer because of the large aggregates found in the MH membrane, and bacterial cells can lead to
cell inactivation via membrane damage or oxidative stress, 2% even at low Al-NP
concentration.®*% In addition, the accumulation of cells in regions highly prone to adhesion may
stress the cells by reduction of mobility and locally increase cell inactivation 7. Differential
adhesion of live and dead cells on the different surfaces, or cell proliferation on non-biocidal
membranes, may also explain the variation in cell viability observed for the different membranes.
While the specific mechanisms of bacteria inactivation still need further studies, the current results
show that the ML and MM membranes have lower bacterial deposition but low/no biocidal
properties while the MH membrane has the highest bacterial deposition but lowest live cell density.

While both mechanisms may slow down biofilm formation, dynamic biofouling experiments are
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needed to establish which mechanisms, and type of membrane, achieve the highest biofouling

resistance.
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Figure 6. (A) Adhesion and viability of P. aeruginosa on membranes surface compared to control,
counted by ImageJ of epifluorescence microscopy images (n=10) (scale bar: 50 um). Live and
dead cells are shown by green and red fluorescence, respectively. (B) Average of FITC-BSA
fluorescence, quantified by Imagel analysis of green pixels of epifluorescence microscopy images

(n=10) (scale bar: 100 pm).

34. Dynamic biofouling
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Although the static bacterial and protein deposition assays suggest promising fouling
resistance, biofilm formation in membrane systems will also be influenced by the hydrodynamic
conditions of the feed channel as well as the dynamics of the biofilm formation itself, which
involve cell division and EPS production. Therefore, the biofouling propensity of the different
membranes was evaluated under dynamic operating conditions using a bench-scale RO system.
When operated with a synthetic secondary treated wastewater effluent supplemented with P.
aeruginosa (2.5 < 108 cells/L) as feed water, all the membranes experienced flux decline over time
due to the formation of biofilms on the surface (Figure 7A). After ~24h of operation, the permeate
flux of membrane control declined by 51%, while, for the ML and MM membranes, the permeate
flux experienced a lower decline of 37% and 26%, respectively (Figure 7B). Finally, the MH
membranes, which had the highest deposition of bacteria and proteins in static conditions, also
experienced the highest flux decline, with a 67% decrease in flux during the dynamic biofouling
experiment. The higher flux decline for the MH membrane reveals that, for these AI-NP/PA
membranes, the lower bacteria and protein deposition of ML and MM membranes is more
important than the high cell inactivation, observed in MH, for biofouling resistance under dynamic

conditions.

The biofilm structure on the ML and MM membranes was also significantly different, with
only a thin and well-distributed biofilm layer compared to the mushroom-like structure biofilm on
MC and MH membranes (Figure 7D). The uneven distribution of biofilm on MC surface may be
related to the presence of larger PA peaks on the MC surface (Figure 2), which can act as shielding
sites to entrap bacteria and protein 4. Additionally, the magnitude of biofilm formation on the MH
surface was unexpectedly lower compared to the discrepancy between the samples in static

biofouling assays (Figure 7C). This result could be the consequence of several factors, which
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include the presence of CaCl, in the synthetic wastewater used in these experiments. As discussed

above, calcium is known to induce organic fouling by forming bridges between the carboxylic acid

groups of both bacteria and PA 2. The lower concentration of carboxylic groups in MH surface

may have slowed down the initial attachment of P. aeruginosa. In addition, dead cells are known

to be easily detached from the membrane surface by hydraulic rinsing °. Given the low viability of

bacteria attachment on MH surface, the hydraulic rinsing may have favored the lower magnitude

of biofilm formation compared to static biofouling assays.
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Figure 7. Normalized flux declines during (A) and after (B) 1350 min of biofilm formation. (C)

Biofilm formation area (um?) cross-section of membranes (2 mm cuts), quantified by ImageJ, and

(D) representative 3D optical coherence tomography imaging of the biofilm on membranes surface

(2x2 mm cuts). Lower case letters indicate statistical significance (different letters representing

statistical difference) (p-value <0.05), determined by One-way ANOVA (post hoc Tukey).

4. CONCLUSION
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This study demonstrated that a nanoparticle-templated PA layer can improve the biofouling
resistance of desalination membranes. The presence of an AI-NP interlayer results in changes in
the PA formation that can increase the surface hydrophilicity and surface free energy of cohesion
of the PA layer, which increase the energy barrier for the deposition of bacteria or proteins on the
surface. However, to achieve high biofouling resistance, a good distribution of Al-NPs on the
support structure is necessary. At high Al-NP loading on the support layer, the presence of
agglomerates increased surface roughness and reduced the surface energy of cohesion, which
increased membrane fouling. The use of an interlayer to guide the PA formation towards a less
fouling-prone surface has several advantages compared to post-fabrication surface modifications
since the antifouling character of the nanoparticle-templated membrane is a result of the intrinsic
properties of the PA layer. In comparison, antifouling coatings externally applied to the membrane
surface may wash off and be lost over time. Although further research on the optimal NP size,
type, and loading is still needed to establish the use of nanoparticle interlayers as a strategy for
fouling resistant membranes, the results of this study provide useful insights into the mechanisms
involved in the antifouling properties of nanoparticle-templated PA layers to be used in

desalination membrane fabrication.
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