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ABSTRACT

Bio-inspired antifouling materials have been widely studied in recent years in a variety of
engineering fields, such as biomedical devices, marine industry, oil/water separation, and water
treatment. However, studies on the corresponding intermolecular interactions between the bio-
inspired antifouling materials and various contaminants including organic, inorganic foulants and
biofoulants are still incomplete, significantly limiting the related fundamental research and
practical applications. In this thesis, three original research works regarding the molecular design
and engineering of bio-inspired antifouling materials are presented, and the surface interaction
mechanisms between bio-inspired antifouling materials and mussel-inspired chemistry, proteins,
silica, humic acid, and oil droplets are elucidated with the assistance of nanomechanical techniques

based on atomic force microscope (AFM).

Lubricant-infused slippery surfaces have recently emerged as promising antifouling coatings,
showing potential against proteins, cells, and marine mussels. However, a comprehensive
understanding of the molecular binding behaviors and interaction strength of foulants to these
surfaces is lacking. In the first work, mussel-inspired chemistry based on catechol-containing
chemicals including 3,4-dihydroxyphenylalanine (DOPA) and polydopamine (PDA) was
employed to investigate the antifouling performance and repellence mechanisms of fluorinated-
based slippery surface, and the correlated interaction mechanisms were probed using AFM.
Intermolecular force measurements and deposition experiments between PDA and the surface
revealed the ability of lubricant film to inhibit the contact of PDA particles with the substrate.
Further analysis using single-molecule force spectroscopy (SM-AFM) highlighted that the infused

lubricant layer could remarkably influence the dissociation forces and weaken the binding strength
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between DOPA and underneath per-fluorinated monolayer surface, offering deeper insights into

the molecular binding behaviors that are essential for developing new antifouling materials.

Membrane fouling significantly impairs the efficiency and quality of contaminant removal in
wastewater treatment. Understanding the molecular interactions between foulants and membranes,
which drive foulant attachment and growth, is crucial for developing effective antifouling
strategies. In the second work, typical contaminants that existed in water filtration systems
including silica particles, bovine serum albumin (BSA), and humic acid (HA) were selected for
the direct force measurements on polyvinylidene fluoride (PVDF) membranes with or without the
modification of PDA or poly(sulfobetaine methacrylate) (PSBMA) employing an AFM. The
interaction mechanisms driving adsorption and removal of various foulants on membranes with
different wettability and surface chemistry were quantitatively analyzed using extended Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory. Adhesion energy from retraction curves indicated the
release and regeneration ability of membranes. PDA-functionalized membranes exhibited good
antifouling performance against silica but were less effective against organic foulants due to the
influence of many intermolecular forces such as hydrophobic attraction, m-interactions, and
hydrogen bonding. PSBMA-modified membranes showed excellent fouling resistance and self-
cleaning capabilities, driven by dominant repulsive electric double layer (EDL) and hydration

forces.

Developing novel membrane materials for oil-in-water (O/W) emulsion separation is of both
fundamental and practical significance, but challenging, due to the serious membrane fouling
issues. In the third work, a conductive antifouling coating formed by a conductive polymer blend
of poly(3,4-ethylenedioxythiophene) and polystyrene sulfonate (PEDOT:PSS) and PSBMA was

prepared on PVDF membrane. Electrochemical atomic force microscopy (EC-AFM) was
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employed to simultaneously probe the interfacial interaction mechanisms of different membranes
with oil droplets at the nanoscale, which demonstrated that the conductive membranes possessed
adjustable surface charge properties with the modulation of the electrochemical potentials,
resulting in tunable EDL interaction to achieve adaptive antifouling performance in response to
the emulsions. Filtration measurements demonstrated that adjusting the surface charge properties
of the membranes could enhance antifouling performance, leading to high oil removal efficiency

(99.9%) and improved membrane reusability (89%) when -0.4 voltages were applied.

This thesis work provides fundamental understandings of fouling resistance mechanisms of diverse
bio-inspired materials at the molecular level and expands the application of marine mussels-
derived interactions in the development of antifouling surfaces, which offers useful implications
on developing novel antifouling strategies by manipulating interfacial interactions for various

engineering applications such as oil production, water treatment and other industrial processes.
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CHAPTER 1 INTRODUCTION

1.1. Background

1.1.1. Introduction of fouling issues

Fouling issues are generally initiated by the adsorption and accumulation of undesired
substances such as mineral scales, oils, proteins, and microorganisms on the materials
surface, and subsequently induce severe consequence such as destruction of the industrial
devices or infection in biosystems, which attracts a great amount of attention in the past
decade.[1] Generally, the fouling materials consist of either living organisms (refers to
biofouling) or a non-living substance including inorganic and organic materials.[2,3]
Biofouling, the colonization and growth of proteins, bacteria, microorganisms, or even
animals on submerged surfaces, usually occurs in aquatic environments including marine
and freshwater systems.[4,5] Especially in marine environment, fouling by living
organisms is problematic and complex. It is reported that more than 4000 types of
organisms including microorganisms, plants algae and animals are responsible for marine
biofouling, which leads to biofilm formation, bacteria adhesion and attachment of large
organisms.[6,7] These serious situations could result in additional functional and monetary
costs to various vessels, such as reduced hull strength and fuel efficiency, high dry-dock
maintenance costs and bio-corrosion problems.[8] Inorganic fouling typically comprises
the deposition of mineral scales, such as calcium carbonate, silica, or iron oxide, which are
commonly found in water systems. These deposits can obstruct flow passages, decrease
heat transfer efficiency, and result in corrosion-related issues.[9] Organic fouling, on the

other hand, involves the accumulation of organic compounds, such as oils, greases, or



polymers on surfaces.[10] This type of fouling is encountered in various industrial
processes, including food and beverage production, wastewater treatment, and oil refining.
Organic fouling not only reduces operational efficiency but also poses hygiene and
sanitation concerns, compromising product quality and safety.[11] Therefore, developing
effective antifouling surfaces to prevent or eliminate the accumulation of fouling

substances is highly desirable and economically significant to industries in diverse areas.

1.1.2. Development of antifouling strategies

To overcome the undesired fouling issues and associated side effects, fouling mechanisms
and antifouling strategies have been widely investigated. The surface fouling issues can be
mitigated through well-designed interfaces using a combination of passive (preventing
adhesion) and active (detaching or degrading) strategies.[12] Since fouling behavior is
initiated and mediated by the contact and attachment of foulants, one of the most effective
ways to inhibit contaminant adsorption and accumulation is modifying the surfaces with
fouling-repellent coatings. For example, antifouling properties have been achieved through
functionalizing substrate surfaces with hydrophilic polymers such as poly(ethyleneglycol)
(PEG) [13-15] and zwitterionic molecules [16—18] to resist oil and protein adsorption and
reduce biofilm attachment. The key to their fouling-resistant properties is the steric
exclusion effect and strongly hydrated charge groups on the hydrophilic polymer surfaces,
which increases the energetic penalty removing the surface hydration layer during the
attachment of contaminants.[19] For active strategies, biocides were commonly employed
to prevent bio-foulants from attaching to the surfaces in early studies. Researchers designed
a variety of coatings which steadily release biocidal compounds such as antibiotics, silver

particles or nitric oxides into the surrounding environments to effectively degrade or even



kill the fouling organisms.[20—22] However, due to the damage to the natural environment
and human health, this type of material has been avoided, and other viable natural
alternatives such as chitosan,[23] capsaicin[24] and enzymes[25] are attracting increasing
attention to improve this strategy. Moreover, electrocatalysis and photocatalysis for water
treatment is considered an advanced active antifouling method with high efficiency in
recent years.[26,27] Anodic oxidation or light energy is able to form reactive oxygenated
species (ROS) via oxidation of water at the interface, which can react directly with organic
pollutants at the interface or form hydrogen peroxide, releasing it into solution for

subsequent degradation reactions.[28,29]

1.1.3. Bio-inspired antifouling strategies

In recent years, natural creatures have inspired the development of numerous antifouling
platforms with outstanding and universal antifouling performances. One novel strategy is
based on the modulation of surface wettability mimicking the surface structures of
biological materials. For example, inspired by the self-cleaning lotus leaf and fish scales,
superhydrophobic and underwater superoleophobic surfaces have been developed by
constructing special surface topographies with less anchoring points on the substrates,
which significantly minimize the contact between potential contaminants and the surfaces
and inhibit the adhesion of fouling substances. [30,31] Similarly, slippery liquid-infused
porous surface (SLIPS) approach is developed based on the Nepenthes pitcher plants,
which has shown powerful fouling resistance by infiltrating low-surface-energy porous or
roughened solids with lubricating liquids to form a stably immobilized and low friction
omniphobic surface. The SLIPS mainly use fluoropolymer/perfluorocarbons and

elastomeric silicone binders as substrates due to their low surface energy and modulus.



Both properties facilitate the dynamic adsorption process of undesired species on the
surface; specifically, low surface energy dominates the initial attachment of foulants to a
surface due to the weak attractive van der Waals force between the foulants and substrates,
while low modulus of the fluoropolymer /perfluorocarbons surface promotes the release of
contaminants by allowing the hydrodynamic force to wash off the attachments.[32,33]
Moreover, the antifouling performance is further enhanced by the addition of nonreactive
liquid slip agents such as lubricant, showing powerful omniphobic capability to resist
fouling liquids or organisms.[34,35]

In addition to the bio-inspired designs of nanostructures, the multi-functionality of natural
components can also be mimicked and utilized to functionalize material surfaces.[36—38]
Many bio-inspired hydrogels or surfaces were designed based on the natural polymer-based
materials, such as proteins (e.g., collagen, gelatin, and fibrin), and polysaccharides (e.g.,
alginate chitosan, hyaluronic acid, dextran).[39,40] For example, Tang et al. prepared the
antifouling hydrogel coating by adjusting the proportion of positive and negative charges
of chitosan and dextran, which effectively resisted bacterial and cellular
adsorption.[41] Buzzacchera et al. functionalized bioinspired chitosan hydrogels with
efficient synthetic polymer brushes, and the polymer brush-coated chitosan layers
displayed excellent antifouling performance against protein adsorption and eliminated
platelet activation and leukocyte adhesion.[42] Lately, antifouling materials inspired by the
adhesive secretions of marine mussels have attracted considerable interests.[43,44] In the
following section, recent advances in mussel-inspired chemistry and its emerging

applications in fabricating antifouling platforms will be introduced in details.



1.2. Mussel-inspired antifouling materials

The mussel foot proteins (Mfps) secreted by mussels could form a strongly adhesive
interaction with various substrates in wet environment, allowing the mussels adhere on
almost all types of substrates. It has been reported that 3,4-dihydroxyphenylalanine
(DOPA), a critical functional component in Mfps, plays a critical role in the versatile
adhesion properties of marine mussels. Various molecular interactions are detected in
DOPA and its derivatives such as dopamine and polydopamine (PDA), which are
commonly referred to as “DOPA chemistry” and have sprouted the development of many
mussel-inspired materials such as functional coatings and hydrogels with diverse
properties.[45,46] Mussel-inspired chemistry has been widely implemented in surface and
interface engineering for multipurpose functionalization to construct superior interfaces,
especially in aqueous environments.[47,48] In the antifouling area, much effort has been
dedicated to the preparation of antifouling materials through DOPA chemistry-mediated
cohesion and adhesion mechanisms.[49-51] Dopamine has the advantage of deposition and
self-polymerization over various inorganic and organic substrates by forming PDA layers
in the mild alkaline condition.[43] The hydrophilic PDA layers with intrinsic fouling
resistance property[52,53] and intrinsic antimicrobial activity[53,54] behave as protective
coatings to mitigate the fouling caused by proteins and microorganisms. Moreover, the
catechol-containing molecules can react with various functional groups as adhesive agents
due to the versatile adhesion derived from DOPA chemistry, constructing many
inorganic/organic composite materials with excellent antifouling performance via surface
modification or direct assembly.[55-58] During the preparation process of diverse

antifouling materials, mussel-inspired chemistry could act as different roles such as surface



modifiers, intermediate layers or adhesive moieties to bind other components for

functionalizing materials with antifouling performance (Fig. 1-1).

Mussel-inspired
Chemistry

Fig. 1-1 The roles of mussel-inspired chemistry in the fabrication of antifouling materials
and the associated preparation strategies.



1.2.1. Mussel adhesion mechanisms

Mussels tether themselves to diverse surfaces underwater such as rocks, metal, wood and
even some well-known low-fouling materials like Teflon by the secreted adhesive foot
proteins, via the formation of mussel byssus consisting of adhesive thread and plaque.[59—
61] Upon the immobilization of the mussel foot to the desired attachment location, Mfps
can form an adhesive plaque that securely anchors the mussel to substrate surface even
under waves with high shear forces. It is reported that the byssus consists of over twenty
different known protein components, in which the six types of important Mfps namely Mfp
1-6 have been well investigated and considered to have played critical roles in mussel
adhesion. A schematic for the distribution of Mfp 1-6 confined to the byssal thread and
plaque is shown in Fig. 1-2(a) and Fig. 1-2(b).[62] Mfp-1 is the first identified phenolic
protein with a large molecular weight of ~108 KDa, which forms protective and stiff
cuticles covering the byssal threads and plaques via oxidation or metal ion-mediated cross-
linking.[63,64] Mfp-2 is the most abundant structural and cohesive component located in
the inner part of the plaque, contributing to 25%-40% of the plaque proteins.[65,66] Mfp-
3 and Mfp-5 are adhesive proteins with relatively small molecular mass and different
variants located at the interface between the plaque and substrates, both of which are
considered to act as important interfacial primers for mussel adhesion.[67—70] Mfp-4 is
proposed to serve as a coupling agent at the thread-plaque junction to connect the pre-
polymerized collagens (preCOLs) in the inner core of byssal thread and Mfp-2 in
plaque.[71,72] Mfp-6 contains cysteine thiols, which creates an environment for redox

reaction of the adhesive substances in the proteins.[73]
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illustrates the approximate distribution of various mussel foot proteins (Mfps), with the
inset showing a marine mussel attaching on a mica sheet. Reproduced with
permission.[62] Copyright 2010, The American Society for Biochemistry and Molecular
Biology. (¢) Illustration of interaction mechanisms between Mfp-3 and four different
surfaces (i.e., mica, SiO2, polymethyl methacrylate (PMMA) and polystyrene (PS)).
Reproduced with permission.[59] Copyright 2013, The Royal Society.

Previous studies have shown that the six mussel adhesive proteins in the byssus possess
repetitive decapeptide sequences with a high DOPA content, demonstrated to mediate their
high adhesion strength.[74,75] In particular, Mfp-3 and Mfp-5 found at the adhesive
interface contain the highest content of DOPA residues (25 mol%-30 mol%) than other
Mips, indicating that DOPA plays a key role in achieving remarkable adhesion of mussel
to diverse surfaces.[67,70] Various fundamental studies using nanomechanical techniques
such as surface forces apparatus (SFA) and atomic force microscope (AFM) were
conducted to investigate the interaction mechanisms of Mfps as well as single DOPA
moiety to various substrates. For example, Lu et al. investigated and compared the
molecular interaction forces between different Mfps (Mfp-1, Mfp-3, Mfp-5) and various
surface chemistries by SFA, as shown in Fig. 1-2(¢).[59] All Mfps showed adhesive
versatility to both hydrophilic and hydrophobic substrates. It was reported that for
hydrophilic surfaces like mica, the protein-surface adhesion mainly resulted from hydrogen
bonding interaction between phenolic hydroxyl group and hydrogen-bonding acceptors, as
well as the formation of covalent bonds. While hydrophobic or n-n interaction played a
crucial role when catechol contacted non-polar polymers such as polystyrene (PS). The wet
adhesion strength of Mfps to substrates depended on various factors such as the interplay
of different amino acids, protein molecular weights and protein chain flexibility. Among

them, the interactions of DOPA are one of the most essential contributors to Mfps adhesion



to different surfaces. The interaction force of a single DOPA moiety with substrates such
as Ti1 was characterized by single molecule force spectroscopy experiments using AFM,
improving the fundamental understanding of adhesion between DOPA units and substrates
in water.[76] Various interactions including hydrogen bonding, metal-catechol
coordination, electrostatic, cation-w, anion-t and 7w-m aromatic interactions have been
demonstrated to contribute to the versatile DOPA-mediated underwater adhesion to

different substrates.[62,77—83]
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Fig. 1-3 DOPA-mediated reaction chemistry for adhesion and cohesion interactions.
Reproduced with permission.[51] Copyright 2016, Elsevier.
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To date, attributed to the strong and universal adhesion ability of catechol structure, DOPA
chemistry, occurred in DOPA as well as its derivatives such as dopamine and PDA, has
been employed for wide applications such as surface modification, and preparation of
medical adhesives and biomaterials. In synthetic materials, the catechol structure of DOPA
is often used for both adhesion (binding to substrates) and cohesion (crosslinking of the
adhesive material) (Fig. 1-3).[84,85] Several strategies have been used for oxidizing or
crosslinking DOPA to form covalently grafted functional layers, including reacting DOPA
with various functional groups (e.g., thiols, amines) via Michael addition or Schiff base
reaction.[58,86] Besides, the redox transition between catechol and quinone in mild
condition enables a facile grafting and anchoring of polymer chains onto the catechol-
modified surfaces through surface-initiated atom transfer radical polymerization (SI-ATRP)
and reversible addition fragmentation transfer polymerization (RAFT).[87,88]
Furthermore, the catechol and amino groups could also serve as nucleation sites to chelate
metal 1ons, which usually act as the cross-linking points in the metal ion-bridged polymers
and hydrogels.[89,90] For example, DOPA can form various complexes with Fe’,
including bis- and tris-complexes of DOPA-Fe*" coordination under alkaline environment,
leading to strong cohesion of polymers, which indicates that catechols can interact with

Fe’" to form pH-dependent reversible cross-linking of materials.[91,92]

Moreover, catechol structure can form crosslinking networks via autoxidation and self-
polymerization in alkali solutions, forming a PDA thin film attached on the
substrates.[86,93] Till now, there is no final conclusions on the adhesion mechanisms and

structures of the PDA yet. Several studies suggested that PDA is a supramolecular
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aggregate consisting of 5,6-dihydroxyindoline and its derivatives formed by charge transfer,
n-w stacking and hydrogen bonding.[94,95] Similar to DOPA, PDA contains active groups
including catechol and amine groups and can also trigger interfacial interactions with other
functional groups. The DOPA-mediated adhesion and cohesion mechanisms have
cultivated an effective and simple strategy for biomaterial synthesis and functionalization.
The various physical and chemical interactions offered by DOPA chemistry have

motivated the development of many functional materials.

1.2.2. Mussel-inspired antifouling membranes

The surface engineering of membranes has attracted much attention since the new
generation of polymer membranes are required to meet the needs of both high permeation
performance and multi-functional properties. The water permeation performance and
fouling resistance property are usually determined by the membrane surface properties
including wettability, charge, surface chemistry and roughness, etc.

In general, compared with hydrophobic surfaces, hydrophilic surfaces show better
wettability and fouling resistance, which increases water permeation flux and limits
foulants adsorption on the surface and pores of membrane by decreasing the hydrophobic
attraction between organic substances and hydrophobic membrane surfaces. However, as
many commercial polymer membranes are made of hydrophobic materials, surface fouling
issue becomes one of the most crucial problems during the filtration process. To improve
the performance of membranes, membrane hydrophilization strategies have been
motivated and exploited to construct antifouling surfaces. Dopamine has been proven as
an ideal candidate to minimize membrane fouling, which deposits and forms a self-

polymerized PDA coating on the membrane surfaces under base condition. PDA strongly
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attaches to various substrates and displays hydrophilicity because of the presence of many
hydrophilic functional groups such as carboxy, amino, imine and phenol groups. Dopamine
deposition is generally a stable and controllable process, which can be adjusted by changing
pH, dopamine concentration, deposition time and atmosphere. Zhu and coworkers reported
dopamine as hydrophilic modifiers for hydrophobic polymer membranes.[96] Dopamine
was oxidized and self-polymerized, which generated hydrophilic PDA coating on the
membrane surface, leading to a 20%-30% decrease in the water contact angles of
hydrophobic membranes including polytetrafluoroethylene (PTFE), polyethylene (PE),
polyvinylidene fluoride (PVDF). According to the reports, the water contact angles of
membranes after PDA deposition generally reduce to the range of 37-90°, depending on
the inherent wettability of original membranes.[97] In addition, some DOPA-derivatives
such as PDA and poly (3-(3,4-Dihydroxyphenyl)-L-alanine (L.-DOPA)) molecules are
proven to exhibit zwitterionic property due to the presence of diverse functional groups
containing both positively-charged (amino group) and negatively-charged (phenolic
hydroxyl and carboxylic acid) groups.[98,99] For example, the isoelectric point of PDA is
determined to be around pH 4. At high pH, it exhibits net negative charge because of the
deprotonation of the phenolic groups. Whereas at pH values below the isoelectric point,
the amino groups will be protonated, leading to a positively-charged PDA layer on the
membrane surface.[100] In this case, the membrane surfaces could be modified by the
deposition of PDA or poly (.-DOPA) films with zwitterionic property to enhance the
antifouling performance. Zou et al. applied self-polymerized L-DOPA film to form a

zwitterionic coating on reverse osmosis (RO) membranes to alter their surface properties
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for fouling-resistant purposes, where the coated membranes showed an increase of water
permeability and improved fouling resistance to the proteins and organic foulants. [99,101]

However, for the pure PDA-coated membranes, the presence of aromatic rings would limit
the hydrophilicity in PDA coating, and the pores of membranes could also be easily
blocked by PDA aggregates, which limit the permeation and antifouling performance of
modified membranes. To address these problems, a one-step co-deposition approach has
been developed to introduce other hydrophilic species into PDA layers to further improve
the hydrophilicity and antifouling property of membranes. Chen et al. constructed a
composite layer by co-deposition of dopamine and non-ionic polymers such as polyvinyl
alcohol (PVA) and PEG onto PVDF membranes (Fig. 1-4(a)).[102] The results suggested
that the hydrophilicity and surface free energy of all modified membranes were
significantly enhanced, which improved the hydration capability, oil/water separability and
protein fouling resistance. In addition, dopamine was also reported to co-deposit with
polyethyleneimine (PEI) to functionalize membranes.[103] Dopamine could react with PEI
via Schiff base or Michael addition reaction, which effectively inhibits the non-covalent
interactions among dopamine molecules thus reduces the PDA aggregation. As an amino-
rich polymer, the interposition of PEI also provides hydrophilic groups for further
hydrophilization. The addition of PEI significantly decreased the surface roughness of PDA
coatings, thus improving water flux and reducing membrane fouling. Likewise, Zhang et
al. modified polyacrylonitrile (PAN) membranes by the co-deposition of PDA, PDA/PEI,
PDA/Co?*", and PDA/PEI/Co?", which resulted in the water contact angles of 55°, 41°, 27°,
and 18°, respectively.[104] As shown in Fig. 1-4(b), during the coating process, dopamine

monomers can react with PEI and Co®" in the ternary coating system through covalent
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bonds (PDA/PEI) or coordination bonds (PDA/Co*") to limit the formation of PDA
aggregates, constructing a much thinner and smoother coating layer without blocking the
membrane pores, as compared to the conventional PDA deposition methods. The covalent
bond (CB)/coordination bond (COB) competitive reactions in the ternary coating system
affected the hydrophilicity, thickness and roughness of the membrane surface, facilitating

the fabrication of membranes with ultra-high permeance and excellent antifouling ability.
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Fig. 1-4 (a) Illustration for the immobilization of non-ionic polymers on the PVDF
membranes by applying mussel-inspired chemistry. Reproduced with permission.[102]
Copyright 2017, Elsevier. (b) The scheme of the fabrication process of the ultrathin
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trinity coating via covalent bond (CB)/coordination bond (COB) competitive reactions.
Reproduced with permission.[104] Copyright 2020, The Royal Society of Chemistry. (c)
Schematic diagram illustrating the process of SI-ATRP from the PVDF membrane for
polyacrylic acid (PAA), poly(hydroxyethyl methylacrylate (HEMA)-g-dimethylamino
ethyl methacrylate (DMAEMA)) and poly(DMAEMA-g-HEMA) grafting. Reproduced
with permission.[105] Copyright 2012, Elsevier.

Beside direct deposition method, dopamine or PDA could also serve as a versatile
intermediate layer for post-modification to introduce other functional materials to further
modify the PDA-coated membranes. The membranes are pre-modified with PDA layers,
which act as adherent platform to immobilize both organic and inorganic components such
as polymers, oligomers and nanoparticles on the membrane surfaces. Functional polymers
are usually grafted onto the surfaces of PDA-coated membranes through surface-initiated
polymerization methods.[88,105,106] For example, the hydrophilic polymer brushes could
be covalently anchored onto a PDA-coated membrane by SI-ATRP for constructing
functional polymer membranes (Fig. 1-4(c)). Jiang et al. grafted poly(sulfobetaine
methacrylate) (PSBMA), a commonly used zwitterionic polymer, onto PVDF membranes
by PDA-mediated ATRP, which successfully improved the antifouling and antibacterial
properties.[107] Similarly, Meng et al. covalently anchored zwitterionic random
copolymers  consisting methacryloyloxyethyl  phosphorylcholine (MPC) and
nitrophenoxycarbonyloxyethyl methacrylate (NPCEMA) monomers on PVDF micro-
filtration membrane through a PDA mediation layer, which exhibited superhydrophilicity
as well as excellent antifouling performance against oil, bacteria and Bovine Serum
Albumin (BSA) protein.[108] PDA also provides a versatile intermediate layer for
depositing inorganic materials for functionalizing membranes due to the excellent metal-

ion coordination ability of catechol through bidentate chelation. For instance, silver

16



nanoparticle-decorated membranes were prepared by immobilizing silver particles on a
PDA-coated membrane via a facile redox reaction owing to the metal-binding ability of
phenolic hydroxyl groups in PDA.[109-112] The Ag/PDA-coated membranes exhibited
ultrahigh antibacterial activity, which eliminated the attachment of Escherichia coli (E. coli)
with a high rejection rate. In addition, graphene oxide (GO) nanosheets were also applied
to fabricate nanofiltration (NF) membranes with antifouling property via a PDA
intermediate layer. Wang et al. prepared GO/PDA membrane by pre-modifying a PDA
layer on the NF membrane surface, which acted as a strong adhesive agent to bind a layer
of GO nanosheets on the surface.[113] The epoxy and carboxyl groups in GO were able to
react with the amine group of PDA, making the prepared composite membrane to be
chemically and mechanically stable. It was shown that the deposition of PDA and GO layer
enhanced the hydrophilicity and smoothness of the membrane surface, which could
significantly mitigate the adsorption of foulants and increase the fouling resistance to BSA.
Furthermore, with the assistance of the mussel-inspired versatile platform, layer-by-layer
(LBL) assembly strategy could also be utilized for preparing membranes with excellent
antifouling performance and long-term stability.[114,115] For example, Guo et al. applied
polyphenol tannic acid (with abundant catechol groups) and hydrophilic Jeffamine
(containing amino groups) in a LBL process to fabricate composite NF membranes, which
exhibited excellent resistance against BSA absorption due to the hydrophilic membrane

surface.[116]

1.2.3. Mussel-inspired antifouling coatings
Catechol is able to deposit on both organic and inorganic substrates through diverse

chemical interactions, which makes DOPA chemistry (especially PDA) a versatile surface
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modification strategy to functionalize different surfaces with antifouling property. On one
hand, the hydrophilic PDA coatings can attract water molecules to form a hydration layer
that resists foulants adhesion to the substrates.[117] It was demonstrated that the friction
forces of diverse surfaces such as glass, polydimethylsiloxane (PDMS), and epoxy in water
were significantly decreased after coated with PDA layer due to the presence of the
hydration layer; thus, the PDA film was expected to serve as a water-based lubrication
coating.[118] Moreover, the surface energy of both hydrophilic and hydrophobic substrates
could also be drastically altered after coated with PDA. For example, the polar component
of the surface energy of hydrophobic L-poly-(lactic-acid) (PLLA) increased from 9.6
mJ/m? to 47.2 mJ/m? after treatment with dopamine for 14 h in Tris buffer solution (pH
8.5), suggesting the surface became much more polar and hydrophilic after PDA
deposition.[119] On the other hand, PDA has been found to possess intrinsic antimicrobial
activity. Avis and co-workers reported that dopamine self-polymerized onto E. coli cells
and encapsulated the bacteria in the PDA shells, creating a barrier between E. coli and the
surroundings. The presence of PDA reduced the permeability of nutrition components for
E. coli survival and hindered the release of toxic metabolic waste, which prevented further
cell multiplication.[54] Many studies reported that PDA coating reduced the bacteria
proliferation and enhanced antibacterial activity on different types of substrates such as
metal,[120,121] zirconia,[122] cotton and glass.[123] However, compared to other
antibacterial materials such as metals or polymers, the antibacterial performance of PDA
was relatively weak. Therefore, researchers combined the PDA with other antibacterial
materials to improve the antimicrobial efficacy of coatings. Nanoparticles (NPs) of various

inorganic compounds such as metals, metal oxides and silica have been successfully coated
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with PDA films on substrates for antifouling purposes. For example, Ag NPs were
preferentially selected for deposition with PDA to modify the surfaces of diverse materials
including graphene,[124] Si wafer,[125] silk fibers,[126] titanium alloy,[127] etc. The
reducing capability of PDA toward metal ions could ease the oxidization and aggregation
of Ag NPs, which enhanced the stability and antibacterial functions against E. coli and
Staphylococcus aureus. Magnetite NPs (e.g., Fe304[128—130]) were also incorporated into
the PDA polymer matrix to yield a magnetic Fe304/PDA nanocomposite that was applied
for the removal of multiple pollutants (Fig. 1-5(a)). The as-prepared nanocomposites
loaded on different surfaces exhibited excellent biomedical properties, including antiviral,
antibacterial and antitumor activities, and could be collected and recovered by using an

external magnetic field.

Beside coupling with inorganic materials, the abundant catechol and amine/imine groups
in dopamine/PDA molecules could serve as active sites to react with various functional
groups of polymers.[53,133] The synthesis of mussel-inspired functional coatings is
generally achieved either by “grafting from” method by the utilization of mussel-mimetic
surface initiators, or “grafting to” method by employing adhesive anchors based on DOPA

chemistry.[43,134]
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Fig. 1-5 (a) Synthetic process of Fe;04@PDA@poly(amidoamine)@N-diazeniumdiolate
nanocomposite, and its application for magnetic separation, synergistic photothermal and
NO antibacterial effects against both E. coli and S. aureus. Reproduced with
permission.[130] Copyright 2018, WILEY-VCH. (b) Chemical structure of the triblock
copolymer PDN-PEG-PDN and the diblock copolymer PDN-PEG and schematics of the
preparation of surfaces bearing polymer brushes and polymer loops using drop coating
method. The anti-biofouling performance are shown in (¢). The top image is the changes
in frequency and dissipation associated with the adsorption of protein BSA on bare silica
sensor, silica sensors coated with PDN-PEG brushes and PDN-PEG-PDN loops using a
QCM-D. The bottom image shows protein adsorption on the three substrate surfaces
(ng/cm?) before and after rinsing with PBS buffer. Reproduced with permission.[131]
Copyright 2015, The Royal Society of Chemistry. (d) Schematic illustration of the
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experimental setup for measuring the interactions between amine-modified catechol
ligand A and mica and unmodified catechol B and mica at a single-molecule level, and
the correlated force distribution histograms of A-mica and B-mica interactions at the
same loading rate (360 nN/s). Reproduced with permission.[132] Copyright 2018,
American Chemical Society.

Mussel-inspired “grafting to” strategy was pioneered by Messersmith’s group in 2003,
where the monomethoxy-terminated PEG polymer conjugated with a mussel-inspired
adhesive catechol ligand was first prepared, and then directly and covalently anchored on
gold and titanium surfaces through adsorption process.[S0] Following this idea, much
effort has been dedicated to the preparation of antifouling polymers end-tethered mussel-
inspired adhesive anchors such as single DOPA residues, which facilitated the polymers to
stably bind to the target surfaces. Li et al, developed an antifouling coating bearing polymer
loops using a mussel-inspired ABA triblock copolymer, which showed excellent protein-
reduction performance as indicated by the adsorption tests using quartz crystal
microbalance with dissipation (QCM-D) and direct force measurements using SFA.[131]
As shown in Fig. 1-5(b), mussel-inspired catechol-functionalized poly(N,N-
dimethylacrylamide) and PEG were selected as the adhesive A block and antifouling B
block, respectively. This copolymer was synthesized by reversible RAFT polymerization
and drop-coated on the mica substrate to form a layer consisting of polymer loops with the
assistance of the mussel-mimetic adhesive anchors on both ends. The stable anchoring
points provided by the catechol groups facilitated the grafting of PEG chains, which
achieved a large volume to reduce the protein penetration and exhibited great potential in
antifouling applications (Fig. 1-5(c)). The research group also reported a robust and
substrate-independent anchoring strategy based on a modified catechol unit with a cationic

amine at adjacent. The cationic amine-modified catechol ligand showed universal
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anchoring capability and superior binding stability for tethering anti-biofouling molecules
on various substrates.[132] The interaction mechanisms between the hydrophilic mica
surface and catechol with/without cationic amine modification were quantified at the
molecular level using single-molecule force spectroscopy based on atomic force
microscopy (SM-AFM). As shown in Fig. 1-5(d), the results indicated the enhanced
stability of the hydrogen binding between cation amine-modified catechol and mica,
suggesting the synergetic effect of the amine cation and catechol disrupted the hydration
layer on mica and facilitated the anchoring of the mussel-inspired ligand on the hydrophilic
substrate under water. Due to the ease of operation, the “grafting to” method carries great
convenience and feasibility for modifying surfaces with antifouling polymers which were

conjugated with stable and applicable surface anchors.

1.3.0bjectives

Much effort has been devoted to the investigation of a wide range of bio-inspired functional
coatings and surfaces, which have been successfully designed to resist the adhesion and
fouling of a variety of contaminants. However, in practical applications, many materials
cannot provide expected resistant performance against foulants or even lose antifouling
functions after long-term use. Accordingly, probing the interaction mechanisms between
various bio-inspired antifouling surfaces and diverse types of foulants is of both
fundamental and practical importance, which helps to understand the effectiveness of
antifouling strategies towards different types of contaminants and facilitate the design and

development of materials with superior antifouling performance.

The main objective of this thesis is to quantify interfacial forces and reveal the fundamental

interaction mechanisms among various types of foulants including inorganic particles,

22



organic substances, or bio foulants and different bio-inspired antifouling coatings by
employing nanomechanical techniques. Meanwhile, a mussel-inspired antifouling coating
is developed, and the corresponding molecular interaction mechanisms are also

investigated. More specifically, this thesis work has focused on the following three areas.

(1) Investigating the antifouling performance and repellence mechanisms of bio-inspired
lubricant-infused slippery surfaces against mussel-derived adhesive chemicals. Probing the
molecular binding behaviors and interaction strength of the versatile mussel-inspired

chemistry including DOPA and PDA to lubricant-infused slippery surfaces.

(2) Understanding the complex molecular interaction mechanisms between typical foulants
and mussel-inspired membranes in wastewater treatment systems. Analyzing the
adsorption tendency of foulants on different membrane surfaces and evaluating the release

and regeneration ability of membranes through AFM force measurements

(3) Developing a mussel-inspired conductive membrane bearing adjustable surface charge
property, employing tunable long-range electric double layer interaction to achieve
adaptive emulsion separation and antifouling performance in response to the varying

external electrochemical potentials.
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CHAPTER 2 MAJOR EXPERIMENTAL METHODS

2.1. Atomic force microscope (AFM)

The atomic force microscope (AFM) is a powerful technique for investigating a wide range
of surfaces and materials at the nanoscale, including conductive and non-conductive
materials, biological specimens, polymers, and liquids. The versality has made AFM an
emerging tool in various scientific and technological disciplines such as nanotechnology,
materials science, biology, and surface chemistry. The AFM operates based on the
principle of probing surfaces using a sharp tip attached to a cantilever and detects forces
between the tip and the sample surface to generate detailed topographic maps and gather
information about various surface properties. The AFM technology offers several distinct
measurements with exceptional sensitivity and accuracy, including, but not limited to,
surface morphology and roughness measurement, nanomechanical properties
characterization (such as elasticity and adhesion), surface and interfacial interaction
investigation and even individual atoms and molecules manipulation.[1-5] In this thesis,
we utilize the AFM as a fundamental tool to characterize the surface properties of prepared
coatings and probe the molecular interactions and adhesion behaviors between substrate

surfaces and foulants.

2.1.1. Characterization of surface morphology using AFM imaging

In this thesis, the morphology of the synthesised coatings and membranes will be
characterized using a Bruker [ICON AFM (Santa Barbara, CA, USA) with a silicon nitride
probe (SCANASYST-FLUID, Bruker) in air. Tapping mode, one of the oscillating modes,
is employed for the imaging of the coating morphology. The schematics of AFM imaging

using tapping mode is illustrated in Fig. 2-1. At first, an oscillating signal is applied on the
43



cantilever and drives the cantilever vibrating with constant amplitude. Then, the tip is
driven to approach the sample and intermittently contact with surfaces. The interactions
between tip and sample will affect the amplitude of tip and thus change the output signal.
After the feedback control receives the transmitted error signals between the input signal
and output signal, the position and height of tip will be adjusted to recover the amplitude,
which is a measure for the calculation of the relative surface morphology. Tapping mode
is mostly applied for imaging of soft samples because it is preferred to avoid the direct

contact between the tip and sample surface.
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Fig. 2-1 Schematic of an AFM imaging setup in tapping mode. Reproduced with
permission.[6] Copyright 2012, Springer.
2.1.2. Colloidal probe AFM techniques for force measurement
By utilizing a small colloidal particle as the probing tip, colloidal probe AFM techniques
enable direct and accurate force measurements between the particle and a sample surface
at the nanoscale. It involves immobilizing a single colloidal particle onto an AFM
cantilever, creating a functionalized probing tip with a well-defined size and shape.[7] The

choice of colloidal particle depends on the specific research objectives, but commonly used
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particles include microspheres, nanoparticles, or functionalized beads. These particles can
be tailored to possess specific surface properties or functional groups, allowing for targeted
investigations of interactions between different materials or biomolecules. In this thesis, a
silica particle (radius~2.5 um) was attached to a triangular tipless cantilever using epoxy
glue to prepare a silica colloidal probe. After that, the surface of the silica colloidal probe
was functionalized different polymer or biomolecule layers to reveal the interaction
mechanisms between materials on the probe and different substrate surfaces. Then, the
force measurements will be conducted by driving the colloidal AFM probe to the substrates
at a constant driving velocity of 1 um/s and the transmitted signal of interaction forces will
be recorded as a function of time by MFP-3D AFM system (Asylum Research, Santa

Barbara, CA, USA).

2.1.3. Drop probe AFM techniques for force measurement

The interaction mechanisms between a soft oil/water interface and the surface of coating
materials will be measured through drop probe AFM techniques using the force modulation
of MFP-3D AFM system (Asylum Research, Santa Barbara, CA, USA). During the force
measurement experiments, the oil droplets will be generated by a custom-made ultrasharp
glass pipet and attached to the apex of a hydrophobized rectangular AFM cantilever. Then,
the drop AFM probe will be brought into contact with the substrate surfaces in a liquid
environment to measure forces and adhesion between the droplet and the sample surface
as a function of the separation distance, which enables the quantification of surface forces,

such as van der Waals forces, EDL interactions, and hydrophobic interactions.[§]
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2.1.4. AFM based single-molecule force spectroscopy (AFM-SMFS)

AFM-SMEFS is a special AFM force measurement to study the mechanical properties and
interactions of individual molecules at the nanoscale. For a typical single molecule force
measurement, either the AFM probe or the substrate is modified by an extending single
molecule.[9,10] Then, the AFM tip is driven into contact with the sample surface as shown
in Fig. 2-2. Through controlled manipulation, such as pulling or pushing the tip, forces are
applied to the individual molecule, leading to the unfolding, stretching, or bending of its
structure. During probe-substrate approach, the molecule could bind specifically to the
opposite substrate or AFM probe. While during probe-substrate separation, this molecule
is stretched, and the specific bond will be ruptured. Rupture force could be largely affected
by the loading rate. According to classic Bell-Evans theory, the kinetics and energetic
parameters of the specific bond can be deciphered by counting out the most probably

rupture force at different loading rate.[11,12]
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Fig. 2-2 Schematic illustration of the AFM-SMFS experimental setup for measuring the
interaction between a single DOPA-terminated molecule and self-assembled monolayers
(SAMs). Reproduced with permission.[13] Copyright 2019, Journal of Materials
Chemistry A.
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2.2. Scanning electrochemical microscopy (SECM)

SECM combines the principles of scanning probe microscopy and electrochemistry, which
enables the imaging, mapping, and probing of electrochemical phenomena and
electrochemical behaviours of various materials and systems with high spatial resolution.
In the thesis, SECM is applied to characterize the local variations in electrochemical
properties such as local electrochemical reactivity and electrochemical kinetics of
conductive surfaces at the nanoscale. In SECM measurement, a microelectrode probe is
used to scan the surface of a sample while maintaining a defined electrochemical potential
or current at the probe. The tip of the microelectrode, typically a Pt wire, is positioned close
to the sample surface, creating a small gap between the probe and the surface. This gap
serves as a pathway for ion flux and allows for the detection of local electrochemical
activity.[17,18] SECM offers several operating modes to probe different electrochemical
properties and processes. In feedback mode, the probe is positioned at a constant distance
from the sample surface, and the electrochemical current or potential is adjusted to maintain
a predefined setpoint. This mode provides information about the local reactivity and
electrochemical activity of the surface. In generation/collection mode, the microelectrode
acts both as a generator and collector of electroactive species. By monitoring the feedback
current or potential, information about the local concentration of electroactive species or

the kinetics of electrochemical reactions can be obtained.
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CHAPTER 3 MOLECULAR INTERACTION MECHANISMS

BETWEEN LUBRICANT-INFUSED SLIPPERY SURFACES

AND MUSSEL-INSPIRED POLYDOPAMINE ADHESIVE

AND DOPA MOIETY
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3.1. Introduction

Bio-inspired materials have garnered significant scientific attention for both fundamental
research and practical applications [?l. One of the most studied bio-inspirations is the
mussel, known for its detrimental fouling to various types of surfaces such as rocks, metal,
wood and even some well-known low-fouling materials *~>!. Marine mussels produce and
secret adhesive mussel foot proteins (Mfps), which form byssal threads and plaques via its
foot organ, enabling strong and versatile underwater attachment. The excellent mechanical
strength of mussel byssal threads is attributed to the introduction of cross-links between
polymer chains of individual adhesive proteins. Previous studies have shown that 3.4-
dihydroxyphenylalanine (DOPA) and its derivative polydopamine (PDA), are critical
functional elements for moisture-resistant adhesion and cross-linking of Mfps due to the

(671 The interaction mechanisms

strong and universal adhesion ability of catechol group
between the catechol group and various substrates with different functional groups have
been investigated at a molecular level using nanomechanical techniques such as the atomic
force microscope (AFM) and surface forces apparatus (SFA) [B4710 Sybstantial
experiments revealed that DOPA and its derivatives such as dopamine and PDA can be
facilely deposited on various substrates, including per-fluorinated and superhydrophobic
surfaces, through covalent and non-covalent interactions such as hydrogen bonding, metal-
catechol coordination, -r interaction, and hydrophobic interaction "2, The universality
and versatility of mussel-derived adhesive chemicals make mussel-fouling control a key

challenge. Therefore, considerable attention has been devoted to developing various

chemical or physical strategies to prevent mussel adhesion in recent years [212%],
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A novel strategy inspired by the Nepenthes pitcher plants, the slippery liquid-infused
porous surface (SLIPS) approach, has been developed to achieve outstanding anti-
biofouling performance by infiltrating lubricating liquids into porous or roughened solids
to form stably immobilized and low-friction omniphobic surfaces *°%. Compared with
conventional antifouling strategies plagued with various problems that restrict their
practical applications, the lubricant-infused surfaces outperform the counterparts in the
capability to eliminate pinning and immobilization of liquids and solids, maintain low
contact angle hysteresis and restore liquid-repellency after physical damage 231, Previous
studies have reported a series of model omni-repellent surfaces, presenting that the bio-
inspired slippery surface could provide a smooth liquid-like interface to inhibit the
attachment of bio-foulants. Particularly, Amini et. al fabricated a silicon oil-infused
polydimethylsiloxane (PDMS) slippery surface, which showed remarkable non-fouling
activity against the attachment of pervasive marine foulants—mussel, representing that
lubricant-infused slippery coatings could be an effective strategy to mitigate marine
biofouling 3¢, Very recently, Hones et. al investigated the interfacial behavior between a
PDA layer and an antiadhesive self-lubricating gel (SLUG) surface, and found that the
lubricant oil at the topmost surface acted as a protective barrier to effectively prevent the
adsorption of PDA on the SLUG surface 7). The studies explained the antiadhesion
mechanisms of the slippery surfaces as a thermodynamically controllable phenomenon by
thermodynamic calculations, where the ultralow interfacial energy of the
lubricant/substrate interface indicated the infused lubricant layer on the topmost surface
was more energetically favorable than surface wetting by the mussel adhesive proteins or

PDA molecules, thereby allowing the infused lubricant to prevent foulants attachment as a
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protective barrier. Although these studies have provided valuable insights into the excellent
antifouling properties of slippery surfaces against marine mussel adhesion as well as PDA
deposition, conducting nanoscale contact mechanics experiments and thermodynamic
stability characterization of the pairwise bonding between slippery surfaces and the
foulants is essential to explore and verify the adhesion-resistant mechanisms of the
lubricant-infused surface strategy. It is of great significance to unravel the interaction
behaviors and quantitatively measure the molecular binding energy between lubricant-
infused surfaces and key adhesive components in mussel adhesion, such as DOPA and
PDA, at the nanoscale. Correlating the underlying molecular interaction mechanisms to
their bulk mechanical behaviors will provide quantitative information and fundamental

insights into understanding the antifouling mechanisms of lubricant-infused surfaces.

In this work, we focused on the fundamental contact mechanisms, binding energy and
binding stability of the versatile catechol groups on per-fluorinated surfaces with or without
a thin F-based lubricant layer, investigating how infusing lubricant on solid substrates can
influence the binding mechanisms of catechol groups, thereby control mussel attachment.
The deposition behaviors of PDA towards per-fluorinated monolayer surface and per-
fluorinated slippery surface were quantitatively compared using quartz crystal
microbalance with dissipation (QCM-D). And the adhesion mechanisms underlying the
PDA deposition were unraveled by measuring the interaction forces between PDA-coated
silica probes and different types of surfaces employing colloidal probe AFM technique. By
correlating the underlying molecular interaction mechanisms to the bulk mechanical
behaviors of the surfaces, the study provides an understanding of how these interactions

influence overall antifouling performance. Then, to quantitively unveil the binding
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capability and interaction energy of a single DOPA moiety to fluorinated functional
surfaces at a molecular level, the interaction forces between a single DOPA moiety and
per-fluorinated monolayer surfaces with/without lubricant injection have been measured
and analyzed using single-molecule force spectroscopy based on AFM (SM-AFM). The
study goes beyond existing research by conducting nanoscale contact mechanics
experiments to explore the pairwise bonding interactions between per-fluorinated surfaces
and DOPA. Understanding the interaction mechanisms between slippery surfaces and
mussel-inspired catechol-containing adhesives including PDA and single DOPA moiety is
of both fundamental and practical importance, which helps provide bases to improve the
performance of SLIPS against the versatile foulants and facilitate the design of antifouling

materials.

3.2. Results and discussion

3.2.1. Characterization of perfluorocarbon silane (FS) coating and liquid
perfluorocarbon (LF) coating

The preparation process of perfluorocarbon silane (FS) coating and lubricant-infused
perfluorocarbon (LF) coating is illustrated in Figure 3-1 (A). FS surface was produced by
applying self-assembled monolayers of hydrophobic organosilane (e.g. tridecafluoro-
1,1,2,2-tetrahydrooctyl trichlorosilane) onto the plasma-activated silica surface. Then, LF
surface was prepared through liquid phase deposition method by immersing the FS surface
into FC-70 lubricant. Based on fluorous chemistry, the strong intermolecular interactions
between the perfluoro silane chains and fluorinated lubricant immobilize the lubricant
liquid onto the surface, creating a stable omniphobic lubricant-infused coating **%. The

fabrication details are described in Experimental section 3.3.2. The static water contact
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angles (WCA) of bare silica, FS-coated and LF-coated silica surfaces are shown in Figure
3-1 (B-D), which were measured to be 20 = 2.3°, 107 + 3.1° and 97 + 3.5°, respectively.
The wettability of substrates has been significantly altered from hydrophilic to hydrophobic
before and after the application of FS or LF coating layers. For the LF surface, its WCA
did not show a significant change compared to that of the FS surface. However, an outer
“wrapping” layer could be observed around the water droplet, resulting from the spreading
of a thin layer of infused low-surface-energy liquid (FC-70) over the droplet of high-
surface-energy liquid (i.e., water). This observation also suggests the presence of the FC-
70 lubricant layer. The topographic AFM images of the silica surfaces before and after
coating with FS are shown in Figure 3-1 (E-F), with a root-mean-square (RMS) roughness
0f 0.21 nm and 0.31 nm, respectively. The low roughness and smoothness of the modified
surface indicated the uniform coating of a monolayer of perfluorocarbon silane on the silica
substrate, which was further confirmed by X-ray photoelectron spectroscopy (XPS) of the
modified FS surface (see Figure 3-8 in supporting information). These smooth surfaces
minimized the impact of surface roughness on surface force measurements. Fourier
transform infrared spectroscopy (FTIR) was employed to characterize the chemistry of LF-
coated substrate to confirm the presence of FC-70 lubricant on FS surface. In the FTIR
spectrum of the LF surface, peaks at 1206, 1140, 1110, 984, 877, 773, 719 and 653 cm™!
were attributed to the —-CF, and —CF3 groups, with the peak at 1240 cm™! corresponding to
carbon sp* bound to nitrogen *'~#1, Therefore, the FTIR results confirmed the presence of

FC-70 lubricant on FS surface.
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Fig. 3-1 (A) Schematic of the fabrication process of FS coating and LF coating on silica
wafer substrate; Water contact angles of (B) bare silica surface, (C) FS-coated silica
surface and (D) LF-coated silica surface; Topographic AFM images of (E) bare silica

surface and (F) FS-coated silica surface; (G) FTIR spectrum of LF surface with
wavenumber range from 500 to 2000 cm.
The slippery behavior was examined by monitoring the motion of water droplets on both
tilted FS-coated silica surface and LF-coated silica surface. A water droplet was released
over the FS and LF surfaces sloped at an incline of 10 degrees. As shown in Figure 3-2 (A-
D), the water droplet adhered and pinned on the FS surface over the time course of 3 s. In
fact, the water droplet could maintain its shape for a long period until the droplet evaporated

and vanished. In contrast, the water droplet was immediately repelled and slid down the

LF surface within 0.3 s without leaving a visible residual water trail, showing a slippery
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and self-cleaning ability of the prepared lubricant-infused surface (Figure 3-2 (E-H)).

These results further confirmed the successful coating of LF on silica surface.

Fig. 3-2 Photographs of motion of the water droplet on A-D) FS-coated surface at an
incline of 10 degrees; E-H) LF-coated surface at an incline of 10 degrees.

3.2.2. Interaction between PDA and different substrate surfaces

In this section, the deposition behaviors and interaction mechanisms of PDA with FS
surface and LF surface were investigated. The aim was to elucidate how the presence of
liquid lubricant can be leveraged to modulate the surface wettability of antifouling surfaces,

thereby augmenting the resistance against adhesion and deposition of PDA.

The QCM-D technique was employed to quantitatively monitor the adsorption behavior of
PDA on the pristine silica sensor and silica sensors with FS coating or LF coating. The
changes in both resonance frequency (Af) and dissipation of energy (AD) offered a real-
time measurement of the mass variation of the sensor, which reflected the PDA adsorption
and release on the sensor surface. As depicted in Figure 3-3, for three types of sensors, a

negative frequency shift and a positive dissipation shift could be observed upon injecting
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the PDA-Tris solution (1 mg mL™!, pH=8.5), indicating the adsorption of PDA molecules
on all tested surfaces. After a certain time (1 h), Tris buffer was introduced into the chamber
to remove the loosely-bound PDA, resulting in an increase in frequency and a decrease in
dissipation. The introduction of PDA-Tris solution caused an obvious PDA adsorption on
the bare silica sensor, evidenced by the significant frequency shift in Figure 3-3 (A). In
contrast, a relatively smaller amount of PDA adsorbed on the FS coated sensor than on bare
silica sensor (Figure 3-3 (B)). The Af of the bare silica sensor after rinsing by Tris buffer
was measured to be 30 Hz, which was approximately 3-fold higher than that of the FS

surface.

As shown in Figure 3-3 (C), only a few amounts of PDA were pre-attached to the LF-
coated sensor upon exposure to the PDA solution, and the frequency and dissipation
gradually returned to zero over a period after injecting the Tris buffer solution, suggesting
effective rinsing of foulants. The QCM-D results provided the comparison of fouling
resistance performance between the bare silica sensor and the silica sensors modified with
two synthetic coatings, wherein both FS surface and LF surface exhibited antifouling
properties. Furthermore, the findings underscored that infusing lubricant into the FS
surface could significantly inhibit the PDA deposition, and the attached foulants on the

slippery surface could be effectively removed by rinsing water.
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Fig. 3-3 Changes in frequency (pink lines) and dissipation (purple lines) associated with
the adsorption of PDA on (A) bare silica sensor, (B) silica sensor coated with FS coating
and (C) silica sensor coated with LF coating in 10 mM Tris buffer solution (pH=8.5)
using a QCM-D.

AFM force measurements were conducted using colloidal probe techniques to further
elucidate the varied microscopic adhesive behaviors and explain the deposition

mechanisms of PDA onto FS surface and LF surface. The colloidal probe technique, using
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a microsphere attached to the AFM cantilever, is highly advantageous for studying the
interactions of PDA with surfaces. The spherical shape of the colloidal probe increases the
contact area between the probe and the surface, which is beneficial for accurately
measuring interaction forces that involve multiple molecular interactions. Moreover, PDA
usually forms robust adhesive layers. The colloidal probe technique is less sensitive to the
surface roughness of the substrate compared to a sharp AFM tip, which is important as the
uniform interaction surface of the colloidal probe minimizes the impact of surface
irregularities on the force measurements. In this experiment, an AFM tip functionalized
with a colloidal particle coated with a uniform PDA layer was utilized for AFM force
measurements (as illustrated in Figure 3-4 (A)), aimed at revealing the interaction
mechanisms between PDA and different substrate surfaces. As shown in Figure 3-4 (B),
the SEM image of a PDA-coated silica probe depicted a silica microsphere firmly attached
to the end of the probe cantilever. EDS images corroborated the successful and uniform

fabrication of a PDA layer on the surface of the silica probe.

\ Laser
@ PDA-coated
silica sphere

SONONN O N SN B C
S |

Fig. 3-4 (A) Schematic of AFM force measurements between a PDA-coated silica
colloidal probe attached at the end of an AFM probe cantilever and LF surface. (B) SEM
image of a PDA-coated AFM silica probe at the end of the probe cantilever and EDS
elemental mappings of C, O, Si and N of the coated PDA layer.

A
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Figure 3-5 shows typical force-distance curves for the approach and retraction of a PDA-
modified silica colloid cantilever with silica surface, FS surface and LF surface, where
positive force represents repulsive interaction and negative force denotes attractive
interaction, respectively. The force experiments were conducted in a 10 mM Tris buffer
(pH=8.5) to ensure the stability of the PDA-coated silica probe during measurement. To
gain deeper insights into the interactions between the PDA probe and different surfaces,
the experimental data were theoretically analyzed based on Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory, as shown in the solid red curves of Figure 3-5 (B), 3-5 (E) and
3-5 (H). The histograms depicting adhesion force measured during separation and the
corresponding fitted Gaussian distributions between the PDA probe and silica substrate, as
well as the FS substrate in 10 mM Tris buffer at pH 8.5, are presented in Figure 3-5 (C)
and 3-5 (F), respectively. In the case of the bare silica surface (Figure 3-5 (A-C)), a
noticeable repulsion was observed during approach at a distance of approximately 10 nm,
followed by an attraction and evident "jump-in" behavior occurring at a distance of 5 nm.
Given that the isoelectric point (Ip) of PDA particles and hydrophilic silica were reported
to be pH 4.5 " and pH 4-5 ¥4 respectively, under the experiment condition at pH 8.5,
both silica and PDA particles were negatively charged. According to DLVO theory, the
repulsion at long range should be attributed to the electric double layer (EDL) interaction
between the PDA-coated silica probe and silica surface, while the van der Waals (VDW)
attraction became more dominant at short distance, which led to the “jump-in” behavior
during the approach. The Hamaker constant between PDA surface and silica surfaces in 10
mM Tris buffer was calculated as 2.47x 1072° J using the Lifshitz theory based on the

dielectric constants and refractive indexes of silica, PDA and water [*7*). The zeta potential
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of silica is reported to be around —30.0 mV at pH 8.5 %31, Fitting the measured force
curves using the DLVO theory gives the surface potential of PDA in 10 mM Tris buffer
(pH=8.5) as —20.0 mV, which falls within the value range in previous reports 5231 A
strong “‘jump-out” behavior appeared when the probe was retracted from the uncoated
surface, indicating a strong adhesion force between PDA and the silica surface. A force
mapping experiment was further conducted on the bare silica surface, showing a
normalized adhesion force (Fad/R) between the PDA-coated silica probe and the bare silica
surface of 1.25 +0.24 mN m!. The presence of numerous —OH residual groups on the bare
silica surfaces suggested that the measured adhesion force during separation, in addition to
VDW attraction, likely stemmed from hydrogen bonding between the —OH groups on the
surface and the O-containing groups (e.g., —OH/=0O groups) of PDA, as well as
coordination interactions between O-hydroxy groups in the residues of PDA and the silica

surface.

In the typical force-distance curve of FS surface (Figure 3-5 (D-F)), a repulsion started at
10 nm, followed by an attraction at 5 nm, as observed during the approach of the PDA-
coated silica colloidal probe towards the FS surface. At pH 8.5, both FS surface and PDA
particles were negatively charged, leading to EDL repulsion between the PDA-coated silica
probe and the FS substrate surface. The subsequent attraction behavior during the approach
of PDA-coated silica probe towards the FS surface could be attributed to VDW interaction.
Furthermore, the measured WCA (105 + 3.1°) indicated the hydrophobic nature of the FS
surface, suggesting that hydrophobic interaction between the aromatic ring of PDA and the
CFs-terminated chains of the per-fluorinated surface should be considered. The measured

force curves between PDA probe and FS substrate in 10 mM Tris buffer (pH=8.5) were
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theoretically analyzed using the extended DLVO theory incorporating hydrophobic
interaction, as depicted by the solid curves in Figure 3-5 (E). The Hamaker constant
between PDA and perfluorocarbon silane in aqueous solution was calculated as 1.34 x
102! J based on the reported Hamaker constant (4n) of PDA, perfluorocarbon silane and
water (4748341 The surface potential of perfluorocarbon silane in 10 mM Tris buffer (pH=8.5)
was further fitted and calculated as —22 mV, a value consistent with reported values [55],
Additionally, the hydrophobic force with a decay length of 0.9 nm was fitted and
determined, indicating strong hydrophobic attraction between the hydrophobic moieties of
PDA and the per-fluorinated monolayer. The measured normalized adhesion force (Fada/R)
of the PDA-coated silica probe with the FS surface through adhesion mapping experiment
was calculated as 0.39 + 0.04 mN m! (Figure 3-5 (F)), attributed to VDW interaction and
hydrogen bonding originating from the hydroxyl groups on PDA bound to fluorine atoms
of FS surface, which are highly electronegative atoms. The adhesion force of the PDA-
coated silica probe with the FS surface was notably weaker than that observed with the
silica surface, indicating that the modification of the FS coating on the silica surface
significantly inhibited the adhesion behavior of PDA. The measured adhesion results were

in good agreement with the adsorption results of QCM-D measurements.

Figure 3-5 (G) and 3-5 (H) illustrate the measured force-distance curve of the PDA-coated
silica probe on the LF surface. During the approach, the cantilever moved towards the
surface and encountered a repulsive force attributed to the EDL repulsion between the
negatively charged PDA and negatively charged slippery oil. Subsequently, the PDA-
coated probe was drawn towards the liquid film due to hydrophobic attraction, resulting in

a “jump-in” behavior at a distance of 25 nm from the LF surface. As the probe approached
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further, a sharp linear increase in force was observed (hard wall), indicating that the PDA-
coated colloidal probe was pressed to penetrate the oil film and contact the solid FS
substrate under the external loading force. When the AFM probe was retracted from the LF
surface, an obvious “jump-out” behavior occurred, which comprised the capillary force and
the adhesion force between PDA and FC-70 lubricant. The lubricant film stretched and
formed a meniscus with the PDA-coated silica particle as the probe retracted. The capillary
force, resulting from the direct action of surface tension, is calculated using Equation (1)

[57-60]

F.qp = 2myR sin f sina = 2myR sin § sin(B + 6) (1)

As shown in Figure 3-5 (I), € is the contact angle, S describes the position of the three-
phase contact line on the particle surface, and a is the angle of the liquid surface with the
horizontal. Therefore, from the geometry, the angles are related by « = 180° — 8 — . For
a given contact angle #, the maximum capillary force Feap occurs at dF/df = 0, which
implies that sin( + 68) = 0 and 28 + 6 = 180°. Thus, the maximum capillary force

required to pull the particle out of the liquid film is shown in Equation (2):
Feap-max = 21yR sin (90° — g) sin (90° + g) = 27YR cos? (g) @

The surface tension of FC-70 is 18 mN m™!, and the radius of AFM probe is 2.5 um. The
contact angle of FC-70 on PDA-coated silica surface in 10 mM Tris buffer was measured
to be 137°, and the maximum capillary force was calculated to be 38 nN. Thus, the strong
capillary force with a capillary bridging distance of ~320 nm dominated the “jump-out”
behavior. Consequently, the lubricant-infused slippery surface could mitigate PDA fouling

in two ways under actual circumstance (without the application of external forces). First,
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the repulsive EDL interaction between the lubricant layer and PDA particles prevents initial
contact when PDA approaches the lubricant-infused slippery surface. Additionally, the
strong capillary bridging further obstructs PDA particles from penetrating the lubricant
film and contacting the underlying fluorinated surface [®!. Based on the above analysis, it
appears highly challenging for PDA to make contact with the FS surface in the presence of
the lubricant layer. These AFM findings align with the QCM-D results, collectively
suggesting that the presence of a lubricant film has great effects on the deposition behavior

and molecular interactions of PDA with underneath substrates.
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Fig. 3-5 Typical force-separation curves and the zoom-in force-separation approaching
profiles between A-B) the PDA-coated silica probe and bare silica surface; D-E) the
PDA-coated silica probe and FS surface; G-H) the PDA-coated silica probe and LF

surface in 10 mM Tris buffer solution (Experiment results are shown in open symbols
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and theoretical calculations are shown in red curves). The histograms of measured
adhesion F,d¢/R and the fitted Gaussian distributions between the C) PDA-coated silica
probe and bare silica surface and F) the PDA-coated silica probe and FS surface in 10
mM Tris buffer solution. I) Schematic of the colloidal AFM probe and a meniscus formed
with the FC 70 lubricant film on FS substrate. € is the contact angle, S describes the
position of the three-phase contact line on the particle surface, and a is the angle of the
liquid surface with the horizontal, % is the thickness of lubricant layer, and R is the radius
of AFM probe. And the insert is underwater contact angle of FC-70 droplet on a PDA
substrate.

3.2.3. Interactions between DOPA moiety and liquid-infused slippery surfaces

Unlike PDA, which comprises various motifs such as catechol, dopamine quinone, 5,6-
dihydroxyindole, amine and imine, the molecular structure of a single DOPA moiety is
significantly different. Thus, the adhesion behaviors of PDA on different substrate surfaces
are not able to accurately reveal the binding mechanisms and adhesion strength of a single
catechol to FS surface and LF surface. SM-AFM technique enables the direct measurement
of interactions between individual binding pairs, facilitating the inference of interaction
mechanisms. Through analysis of rupture kinetics and bond dissociation energy, distinct
binding modes between a single DOPA moiety and different surfaces can be identified,
providing quantitative insights into how the addition of a lubricant layer affects the
adhesion ability and binding strength of a single DOPA moiety on per-fluorinated surfaces.
To elucidate the nanomechanical mechanisms of binding affinity of a DOPA moiety to FS
surface and LF surface at the single-molecule scale, a single DOPA-terminated molecule
(thioctic-PEGuaooo-catechol) was synthesized and covalently immobilized on an AFM gold
tip. Subsequently, their rupture forces with FS and LF surfaces were quantitatively
measured in a 5 mM NaCl solution at pH 4 using SM-AFM. The pH of the NaCl solution

was adjusted to 4 to prevent the oxidation of the DOPA moiety. The synthesis and dip-
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coating process details were provided in the Experimental section, and the experimental

schematic was illustrated in Figure 3-6.
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—

Fig. 3-6 Schematic illustration of the SM-AFM experimental setup for measuring the
interaction between a single DOPA-terminated molecule and FC-70 lubricant-infused
per-fluorinated surface at the single-molecule level.

In a typical single molecular force measurement, the modified AFM tip was moved to
approach and contact with the substrates under a maximum loading force of 6 nN, which
allows the formation of specific bonds between the DOPA molecule and the underneath
surface. Upon retracting the AFM tip at a constant force loading rate, the PEG bridge of
the single molecule was stretched, leading to the rupture and breaking of specific bonds.
Figures 3-7 (A) and 3-7 (D) show the representative force-distance curves for the rupture
events of a single DOPA moiety interacting with FS surface and LF surface under the same
loading rate of 1.29 x 10* pN s, respectively. The initial attractive force within 10 nm
separation corresponds to nonspecific interactions between the modified AFM tip and the
opposing surface. Then, the specific rupture events around 30 nm separation could be
detected, corresponding to the specific molecular binding of the pair between the DOPA-

terminated PEG chain on the AFM tip and per-fluorinated molecules on the substrate. The
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extension length of the rupture events in the force-distance curves, visible at a distance of
~30 nm, aligns with the reported length of PEGu4o00 chains *. The rupture distance could
be utilized to differentiate the desired dissociation events, facilitating the rejection of initial
adhesion and rupture events arising from impurities beyond the defined range. The
measured rupture events were adequately fitted by the worm-like chain model (red line in
Figures 3-7 (A) and 3-7 (D) with a characteristic PEG chain with the contour length around
33 nm. The fitted parameters were consistent with the reported mechanical parameters of
PEG chains *%] confirming the successful stretching of the anchored PEG chain. To
eliminate the influence of multiple binding sites on the substrate leading to various rupture
events, more than 100 force profiles with a single specific rupture event within the range
of 30 + 10 nm were collected and subjected to Gaussian distribution fitting. The statistical
histograms of rupture forces of DOPA with FS surface and LF surface at a constant force
loading rate of 1.29 x 10* pN s™! are displayed in Figures 3-7 (B) and 3-7 (E), respectively.
Through the statistical approach, the most probable rupture forces of each pair were
determined, providing a direct comparison of the interaction strength of a single DOPA
moiety with different surfaces. Notably, the most probable rupture force of DOPA-FS
surface (144.03 pN) was approximately twice that of DOPA—LF surface (73.15 pN).
Despite its versatility as an adhesive, DOPA demonstrated adaptability for adsorption to
both surface types. However, the presence of the FC-70 lubricant on the FS surface served
as a barrier significantly weakening the binding strength between DOPA and per-

fluorinated chains.

Generally, the rupture force increases with the force loading rate, and simply comparing

the rupture force at a given pulling speed cannot provide complete insights into the
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nanomechanical mechanisms of each DOPA—surface interaction. To comprehensively
understand the binding strength and binding mechanism of the molecular interactions, the
dynamic force spectroscopy was conducted to quantitively evaluate the dissociation
kinetics and establish the free energy landscapes underlying the unbinding processes of the
single DOPA moiety with different surfaces. Herein, the most probable rupture forces on
different surfaces were measured at five different loading rates (») ranging from 1.29 x 10*
to 1.93 x 10° pN s!, and the distribution histograms were summarized in Figures 3-9 and
3-10. It is evident from Figures 3-7 (C) and 3-7 (F) that the most probable rupture forces
of both DOPA—FS surface and DOPA—LF surface responded linearly with the logarithm
of the loading rates (Fmpr vs. In 7). Based on the linear dependence between Fmpr and In 7
fitted by the classical Bell-Evans theory, the structure information and dynamics of the
molecular unbinding process could be detailly explored. The bond dissociation kinetics and
energetic parameters of the specific bonds between the single DOPA moiety and two types

of surfaces could be determined according to Equation (3) and Equation (4):

_ kgT XB kgT
Frpr = 2 1In (—kofkaT) + 2y 3)
_ kot
AG = —kgT In= “4)

Where Fmpr is the most probable rupture force, r is the loading rate, kg is the Boltzmann
constant, 7 is the absolute temperature, xg is the characteristic dissociation distance from
the bound state to the transition state, and kofr is the spontaneous dissociation rate of the
bond. Both xg and kofr serve as important measures for the stability of interactions. AG
stands for the free energy barrier for the bond dissociation pathways, which depends on the

free energy difference between the bond state and the transition state. Therefore, the AG
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for the rupture of a bond by force is the kinetic energy, relying on the reaction pathway. 4

is the Arrhenius prefactor, and we chose 4 to be 10° s! in the calculation.
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Fig. 3-7 SM-AFM results of a single DOPA moiety interacting with (A-C) FS surface
and D-F) LF surface. Representative force-distance retraction curves (open symbols) at a
loading rate of 1.29 x 10* pN s and the worm-like chain fitting (red line) using a
persistence length Lp of 0.38 nm for a single DOPA molecule interacting with (A) FS
surface and (D) LF surface. The rupture force histograms and fitted Gaussian distribution
of (B) FS surface and (E) LF surface at a loading rate of 1.29 x 10* pN s™'. The
logarithmic relation of the most probable rupture force Fupr as a function of the loading
rate r for (C) FS surface and (F) LF surface. (G) Summary of dissociation kinetics and
energetic parameters based on the classical Bell-Evans theory.

The kinetic parameters for the rupture of interactions between DOPA and two types of
surfaces are summarized in Figure 3-7 (G). The binding mechanism could be inferred and
analyzed based on the free energy barrier, nanomechanical results of the molecular

unbinding process, as well as the chemical composition of surfaces. Li et al. plotted the
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free energy barrier (AG) versus rupture distance (xg) figure for various types of interactions
between the DOPA moiety and different surfaces based on data from previously published
papers [*1. According to the reported plot, for both DOPA—FS surface and DOPA—LF
surface interactions, the measured values of dissociation kinetics and energetic parameters
appeared in the crossover range of both hydrogen bonding and hydrophobic interaction,
indicating that the binding interactions of the DOPA molecule with the two surfaces
originated from the synergy effect of hydrogen bonding between the hydroxyl groups of
the DOPA molecule and the F atoms, and hydrophobic interaction between the aromatic
ring of DOPA and the per-fluorinated chains. It is noteworthy that the rupture force of the
DOPA moiety with the LF surface at each specific loading rate was only half of that with
the FS surface, revealing that the force required to break the bond between DOPA and the
per-fluorinated chain was significantly decreased after infusing the lubricant into FS
surface. The dissociation rate (k.g) of the specific bonding between DOPA—-LF surface
(9.71 s~y was significantly higher, ten times that of DOPA—FS surface (0.96 s ). Generally,
the dissociation rate represents the lifetime of the molecular bond, indicating that the
specific bond with a lower kg requires a longer bond dissociation time, which suggests a
more stable binding between the single catechol moiety and the FS surface [¢°!. Moreover,
the dissociation distance (x5) of DOPA—FS surface bonds was approximately 1.87 A, while
the unbinding process of the DOPA moiety with LF surface showed a longer dissociation
distance of 2.50 A. A smaller dissociation distance signifies a shorter length difference
between the bound state and the dissociation transition state, suggesting the narrow width
of energy barriers and the high binding affinity of DOPA molecules towards substrates.

The free energy barrier AG of the DOPA—FS surface interaction was calculated to be 13.9

72



ksT (~34.3 kJ/mol), while the free energy barrier AG obtained from DOPA-LF surface
system was slightly lower, calculated to be 11.6 kg7 (~28.7 kJ/mol). Thus, in the absence
of the lubricant layer, the interaction between the DOPA moiety and the per-fluorinated
chains yielded a steeper and narrower energy landscape, revealing the molecules would

bind to each other more tightly with higher stability.

The SM-AFM results demonstrated that compared to DOPA—FS surface interaction, the
rupture force required to break the binding interaction of DOPA with perfluorocarbon
silane chains was much lower in the presence of the lubricant film, and the stability of the
bond between DOPA and perfluorocarbon silane chains could be greatly affected. For
traditional antifouling surfaces, which are solid and static such as the FS surface, the
interactions between the DOPA and surfaces depend on the surface chemistry and
structural topography during the contact process, which are usually stable. However, for
LF surface, when the DOPA moiety penetrated the lubricant film and contacted with the
FS substrate, the surface mobility of the interfacial lubricant molecules weakened the
binding strength and affinity of the DOPA molecule to the underneath per-fluorinated
substrate. The addition of FC-70 lubricant film on FS surface could effectively prevent the
anchoring of the versatile DOPA moiety by displacing the solid fluorinated monolayer at
the interface and destabilizing the interactions, thereby enhancing the fouling resistance

performance.

3.3. Experimental Section

3.3.1. Materials
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Dopamine hydrochloride, ethanol, silica wafers, tridecafluoro-1,1,2,2-tetrahydrooctyl
trichlorosilane, 3M™ Fluorinert FC-70 were purchased from Sigma-Aldrich (Canada).
Tris(hydroxymethyl)aminomethane, hydrogen peroxide and copper(Il) sulfate
pentahydrate were purchased from Fisher Scientific (Canada). The water used in

experiments was deionized and ultra-filtered by ELGA LabWater system (France).

3.3.2. Preparation of FS surface and LF surface

Silica wafer substrates were exposed to low-pressure (150-250 mTorr) water plasma at
Watts (PDC-21G plasma system, Harrick Plasma, US) followed by immediately immersed
in 2% vol./vol. tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane in 99.9% anhydrous
ethanol solution for 1 h at room temperature. Then the treated substrates were rinsed with
ethanol three times and dried with nitrogen, and finally kept in an oven at 60 °C for 4 h. As
a matter of convenience, the prepared perfluorocarbon silane coating was defined as FS

surface.

Then, the prepared FS surface was immersed in perfluorotripentylamine (3M™ Fluorinert
FC-70) overnight to make the lubricant spread onto the whole substrates. Before use, the
excess lubricant that was not bound to the surface was removed by tilting the surface for 5
minutes. The lubricant-infused perfluorocarbon coating was simplified as LF surface in the

following experiment results.

3.3.3. Force measurement using the AFM colloidal probe techniques
The interaction between PDA and different surfaces was measured by the AFM colloidal
technique. The colloidal AFM probe was prepared by gluing a silica sphere of diameter

around 5 um using a two-component epoxy resin at the end of a triangular tipless AFM
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cantilever (Bruker, Santa Barbara, USA). Before the experiment, the colloidal probe was
firstly treated by ozone and then immersed in PDA-Tris solution (1 mg mL"! dopamine
hydrochloride in 10 mM Tris buffer solution with 2.5 mM CuSO4 and 13 mM HxOo,
pH=8.5) for 30 min to form a uniform PDA deposition layer. After that, the probe was

washed with deionized water and blow-dried by nitrogen gas.

The force measurement was conducted by an MFP-3D AFM instrument (Asylum, Santa
Barbara, USA). All experiments were carried out by immersing the silica substrates
with/without coating modification of FS/LF coating in the fluid cell with 10 mM Tris buffer
(pH=8.5), and then, the PDA-coated AFM silica probe was moved to approach towards
and retract from the surfaces at a velocity of 1 um s™! at a loading force of 6 nN. For better
data analysis, the adhesion force mapping was measured within a 2 pm X 2 pm area
consisting of 20 x 20 points. The adhesion force distribution was analyzed and fitted by
the Gaussian distribution. Prior to the measurement, the spring constant of probe was
calibrated using the Hutter and Bechhoefer method. All experiments were repeated for two
substrates of the same functionalization and on more than three locations on the same

surface using two different PDA-coated silica colloidal probes.

For theoretically analyzing the force-separation profiles, the classical DLVO model
coupled with non-DLVO forces which is named as the extended DLVO theory, has been

applied. The DLVO forces, i.e., van der Waals force (Fvaw) and electric double layer force

(Fea) are given by Equation (5) and Equation (6), respectively [66:67],
AR
FUdW = - 622 (5)
Foq = ﬁ [(6Z + 02)(e7%¥P + 2kD — 1)e~%*P + 40p05(e %P + kD — 1)e™*P] (6)
0
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o = \[8egy - kyT - CN, sinh (%) 7)

where Au (J) is the Hamaker constant, R (m) is the radius of silica microsphere, D (m) is
the separation distance between the colloidal probe and substrate, ¢ is the dielectric constant
of the solution, & is the vacuum permittivity, 1/x (m) is the Debye length, op and os (C m
2) are the surface charge density of colloidal probe and substrate, respectively. ks (J K') is
the Boltzmann constant, 7' (K) is the temperature, C (M) is the bulk concentration of ions,
Na (6.23x10%) is the Avogadro’s number, e (1.6x107") is the elementary charge, and ¥
(V) is the surface potential.

Hydrophobic force (HB) also follows an exponential decay with distance as shown in
Equation (8)[66-:68],

HB = —CRe~P/Po (®)
where C (N m™) is a constant and Dy (m) is the decay length of hydrophobic interaction.
The classical DLVO force Fprvo and overall extended DLVO force Fex-pLvo of the system
are given by Equation (9) and Equation (10), respectively,

Fprvo = Fyaw + Fear 9)

Fgx_pvo = Fyaw + Feqt + HB + -+ (10)

3.3.4. Deposition of PDA on different surfaces

QCM-D (Q-sense, Sweden) was applied to quantitatively monitor the adsorption behavior
of PDA on silica sensors with/without the FS and LF coatings in Tris buffer (10 mM,
pH=8.5). Before the experiment, the silica sensors were cleaned according to the protocol
and functionalized as described in section 3.3.2. In the QCM-D measurement, the Tris
buffer was passed through the measuring chamber to contact the silica crystal sensor at a
slow flow rate of 50 uL min!. Once a stable baseline was obtained, the sensor surface was
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exposed to PDA solution (dopamine hydrochloride dissolved in the background solution
for 30 min, 1 mg mL"!, pH=8.5) at a flow rate of 50 uL min™! for 1 h. After that, the Tris

buffer was injected again to remove loosely bound PDA.

3.3.5. Force measurement using AFM-based single molecular force spectroscopy
(SM-AFM)
The interaction between single DOPA moiety and different surfaces was measured by the
SM-AFM. The functionalized AFM tips were prepared by the following procedures. HS-
PEG4000-DOPA (MW=4000) and HS-PEG2000-CH3 (MW=2000) were dissolved in
deionized water with a molar concentration of 0.1 mM and 10 mM, respectively. The AFM
gold tips (Bruker, Santa Barbara, US) were cleaned through UV/ozone treatment and
immersed in the as-prepared solution overnight at room temperature. After reaction, a
monolayer containing HS-PEGas000-DOPA and HS-PEG2000-CH3 with a ratio of 1:100 was
self-assembled on the gold tips. After being cleaned with deionized water three times and

blow-dried with nitrogen gas, the tips were used for force measurement immediately.

Single molecular force experiments were conducted using AFM MFP-3D (Asylum
Research, Santa Barbara, US). The FS/LF surfaces performed in the experiment were fresh-
prepared. All experiments were carried out by immersing all the substrates in the fluid cell
with 5 mM NaCl solution (pH=4). Before measurement, the probe was calibrated using the
Hutter and Bechhoefer method to get the spring constant around 120 pN nm!. The probe
was moved to approach and then retracted from the surface with a maximum loading force
of 6 nN under a range of loading rates (from 100 nm s™' to 1500 nm s™!) to measure the

force-distance curves. To collect more single-molecular rupture events, force mappings
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containing 20 % 20 points were also measured on the surfaces over a 2 um x 2 um area

with different retracting rates.

Representative force-extension curves for the rupture events were fitted by the worm-like

chain model (Equation (11)).

@:1(1_1)‘2_1+1 (11)

kgT 4 4 Lc

Herein, F is the applied force, x represents molecular extension, L. is the contour length of
the molecule and L, refers to the persistence length of the chain. kg is the Boltzmann

constant, and 7 is the absolute temperature.

3.3.6. Characterization of monolayer surfaces and PDA-coated AFM silica probe

The surface morphologies of silica substrates before and after coating modification were
characterized by atomic force microscopy (Icon, Bruker, Santa Barbara, USA) in tapping
mode. An X-ray photoelectron spectroscopy (XPS) (PerkinElmer, USA) was applied to
collect and analyze the element composition of the functionalized surface. The wettability
of different surfaces was measured by static water contact angle by a contact angle
goniometer (Rame-hart instrument Co., Succasunna, NJ, USA). The chemical composition
of the LF surface was evaluated by Fourier transform infrared spectroscopy (FTIR)
((Nicolet 1S50 FTIR spectrometer, Thermo Scientific, USA). The morphology and element
analysis of the PDA-coated AFM silica probe was characterized by scanning electron

microscopy (TESCAN, VEGA3, USA) with an energy-dispersive X-ray spectroscopy.
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3.4. Conclusion

In this work, a fundamental understanding of the molecular binding behaviors and
interaction strengths of mussel-inspired chemistry, specifically DOPA and PDA, to
fluorinated-based slippery surfaces was investigated. The colloidal probe AFM technique
was employed to unravel the interaction mechanisms between PDA and perfluorocarbon
silane surfaces with/without a lubricant layer underlying the deposition behavior of PDA.
Meanwhile, we further quantitatively determined the interaction energy and binding
strength between versatile adhesive DOPA moiety and lubricant-infused slippery surface

at the single molecular level using SM-AFM measurement.

(1) Combining the PDA deposition experiment and the surface force measurement, it
was found that the infused lubricant layer exhibited a significant influence on
deposition behavior of PDA on per-fluorinated surfaces, which prevented PDA
from contacting and penetrating the lubricant film through EDL repulsion and
capillary bridging.

(2) The bond dissociation energies of DOPA adhering on the two surfaces were similar,
originating from the synergy effect of hydrogen bonding between the hydroxyl
groups of DOPA molecule and the F atoms, and hydrophobic interaction between
the aromatic ring of DOPA and the per-fluorinated chains.

(3) The kinetic parameters indicated that the lifetime and stability varied greatly for
interactions between DOPA and the two fluorinated functional substrates. In
particular, the strength and stability of the molecular interaction between DOPA
and LF surface was obviously weaker as compared to that between DOPA and FS

surface, suggesting the addition of the mobilized lubricant layer could disrupt the
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contact and bonding between DOPA and per-fluorinated molecules, thus affecting
the anchoring and deposition of DOPA moiety on per-fluorinated monolayer

underneath the lubricant film.

Our study elucidated the antifouling performance and repellence mechanisms of lubricant-
infused slippery surfaces against versatile mussel-chemistry in molecular level, which offer
supplemental information for the understanding of mussel adhesion mechanisms as well as

provide new insights into the development of novel antifouling coatings.

3.5. Supporting Information

3.5.1. XPS spectrum of FS surface
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Fig. 3-8 XPS wide-scan spectra of a silicon substrate sample functionalized with
tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane (FS surface). Fluorine was clearly
present as evidenced by the F 1s and F KLL peaks, and the presence of the C 1s peak also
suggested the successful grafting of the per-fluorinated silane (63641,
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3.5.2. The histogram of rupture forces between single DOPA moiety and FS surface

and LF surface.
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Fig. 3-9 (A-E) The histogram of rupture forces between single DOPA moiety and FS
surface. The black curves are Gaussian fits to the corresponding histograms.
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Fig. 3-10 (A-E) The histogram of rupture forces between single DOPA moiety and LF
surface. The black curves are Gaussian fits to the corresponding histograms.
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CHAPTER 4 PROBING THE INTERMOLECULAR INTERACTION

MECHANISMS BETWEEN FOULANTS AND MEMBRANES:

IMPLICATIONS FOR ANTIFOULING PROPERTIES OF

WATER TREATMENT MEMBRANE
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4.1. Introduction

Water resource contamination has been one of the greatest challenges due to the abundance
of the population and the rapid pace of industrialization around the world. The demands
for water are increased tremendously especially in domestic, agriculture, industry and
energy sectors, resulting in the generation of large amounts of wastewater. The wastewater
or produced water contains various organic and inorganic components, which could pollute
surface and underground water and soil, and eventually affect the eco-environmental
security. In order to mitigate the water crisis issues, developing novel water treatment
technologies is an urgent need that prevents the negative effects of water pollution on

human health and the environment.

Among various wastewater treatment techniques, membrane technology is one of the most
popular techniques that performs efficient, selective, and reliable separation and
reclamation for both potable and industrial water. Membranes are widely applied for the
removal of soluble and insoluble organic, inorganic, and biological pollutants. However,
membrane fouling issues have been the bottleneck that restricts filtration process efficiency,
deteriorates product water quality and limits the commercialization of membranes across a
variety of water purification applications (Le-Clech et al., 2006; Shannon et al., 2008). It
is well recognized that modifying membrane surfaces with hydrophilic components is an
effective strategy to increase surface energy and improve the resistance to foulants (Jiang
and Cao, 2010; Zhao et al., 2011). Polydopamine (PDA) has been proven as an ideal
candidate for membrane surface modification to increase water permeability and improve
fouling resistance against proteins and organic foulants by altering its surface

hydrophilicity (Azari and Zou, 2012; Nguyen et al., 2013). Moreover, the presence of the
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catechol group makes PDA layer a versatile intermediate platform to immobilize other
hydrophilic materials, among which zwitterionic polymers have achieved superior
antifouling performance to oil, bacteria and proteins. (Li et al., 2021; Yang et al., 2015).
The anionic and cationic groups on the zwitterionic polymer brushes can bind with water
molecules through both electrostatic interactions and hydrogen bonding, resulting in a
dense adsorbed water layer, which imposes a strong steric hindrance and increases the

energetic penalty during the attachment of foulants (Leng et al., 2015; Li et al., 2020).

Membrane fouling is usually initiated by the deposition or adsorption of miscellaneous
kinds of foulants in the feed solution such as particles, macromolecules, proteins and oils
on the membrane surface, leading to a drastic decline in permeability, selectivity, and
membrane lifespan (Matin et al., 2011; Rana and Matsuura, 2010). Accordingly, the
antifouling property of the membranes could be achieved by altering the attachment and
detachment behaviors of the foulants, which are governed by the interactions between
foulants and membrane surfaces (Al-Amoudi, 2010; Lu et al., 2018). Therefore, it is of
both fundamental and practical importance to understand the dynamic adsorption behaviors
and interaction mechanisms of the diverse foulants with different membranes especially at
molecular level, which will provide useful implications for developing intelligent
antifouling membrane materials. Some investigations on the interfacial force measurement
between foulants and membranes have been carried out over the past few decades to study
the membrane fouling mechanisms (Ang and Elimelech, 2008, 2007; Boo et al., 2018;
Herzberg et al., 2009; Johnson and Hilal, 2015; Miao et al., 2017). For example, Miao et
al. (Miao et al., 2017) and Boo et al. (Boo et al., 2018) investigated the fouling behaviors

in the membrane distillation process by evaluating the adhesion forces and interaction
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energy between a range of organic foulants and model membrane surfaces with different
surface wettability using atomic force microscopy (AFM). However, simply measuring the
overall adhesion forces could not quantitatively reveal the interaction mechanisms since
various molecular interactions (e.g., hydrogen bonding, hydrophobic interaction, and EDL
interaction) contribute together to the foulants adsorption process. The isolated effect of
each type of interaction could be individually calculated by fitting the interaction force
curves through extended Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, based on
which the key factors that govern the initial adsorption behavior of the foulants and
antifouling mechanisms of the membrane coatings would be unraveled. In this paper, for
the first time, we focused on the theoretical fitting and quantitative analysis of the
interaction forces of the attachment and adhesion energies of different foulants on diverse
membrane surfaces. It is necessary to report a systematic understanding of the
intermolecular interaction mechanisms of the intact dynamic adsorption processes of the
fouling development, including the initial foulant attachment and further deposition
behaviors, and the essence of the adsorption and removal of foulants on membranes could
be revealed. More importantly, systemically studying the fundamental intermolecular
interactions between fouling substances and membranes with different surface chemistry
and different wettability would promise an effective strategy for the development and
evaluation of antifouling materials to eliminate membrane-fouling issues during the water

treatment.

In this work, three types of membranes including polyvinylidene fluoride (PVDF)
membrane, PDA-coated PVDF membrane and poly(sulfobetaine methacrylate) (PSBMA)-

modified PVDF membrane were fabricated to explore the antifouling performance and
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interaction mechanisms with various foulants at nanoscale. The wettability and surface
chemistries of the diverse membranes were tested to understand the surface properties of
membranes, which were able to endow the membrane surface with different fouling
resistance performances against various foulants. Herein, according to the categories of
membrane fouling such as colloidal fouling, bio-fouling and organic fouling, three
common types of foulants in the feed solution including silica particles, bovine serum
albumin (BSA), and humic acid (HA) were used as model foulants, due to their following
characteristics: (1) silica particle, the major component of fine solids in various water
systems and soils, is considered as one of the causes for the fouling issues in wastewater
treatment and recycle; (2) BSA is ubiquitous in wastewater effluents and other source
waters, and adsorption of the protein could lead to microbial colonization and severe bio-
fouling troubles; (3) HA contains a variety of functional groups, which makes HA a major
organic foulant of natural waters in soil and aquatic ecosystems. The interaction forces
between different membranes and foulants were directly measured using the AFM colloidal
probe technique in aqueous solutions. By analyzing the measured force-separation profiles
using theoretical models, the driving forces of different foulants attaching to membranes
and the adhesion forces of different foulants detaching from membranes could be
quantitively revealed. Then, filtration tests with individual foulants were conducted to
identify the antifouling mechanism of diverse membranes, which then built up a correlation
with force measurement results. Our results provide useful insights into the fundamental
interaction mechanisms associated with fouling issues and antifouling strategies of

membrane surfaces with typical foulants in feed water at the nanoscale, which discloses
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implications for the development of antifouling membrane surfaces to eliminate the

adsorption and facilitate the removal of foulants for efficient and universal water treatment.
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Fig. 4-1 Schematic of direct force measurement between foulant and membrane surface
using AFM. The colloidal probes are prepared as model foulants: silica, BSA, and HA.
The typical approaching and retracting force-separation curves could be obtained for
further theoretical analysis.

4.2. Experimental

4.2.1. Chemicals and materials

Polyvinylidene fluoride (PVDF) powder (Mw ~534000) and N,N-Dimethylformamide
(DMF) (assay GC area > 99%) purchased from Sigma-Aldrich, Germany were used as the
membrane polymer and the solvent, respectively. Other chemicals such as dopamine
hydrochloride, BSA, HA, [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium
hydroxide (SBMA), sodium bisulfite (NaHSO3), 30% hydrogen peroxide (H202) were also
supplied by Sigma-Aldrich, Germany, whereas lithium chloride (LiCl), sodium chloride
(NaCl), ammonium persulfate (APS) and tris(hydroxymethyl)aminomethane were

provided by Fisher Chemical, USA.
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4.2.2. Preparation of PVDF membrane

The PVDF membranes used in this study were prepared via the immersed phase inversion
method as follows. 4 g PVDF powders and 2 g LiCl were dispersed in 31.5 g DMF solvent
and vigorously stirred at 60 °C for 30 min. Then, the homogenous polymer solution was
placed in a vacuum oven for 16 h at room temperature to remove the air bubbles in the
solution. After being degassed, the polymer solution was uniformly spread on a glass plate
using a 200 um casting knife, and the glass plate was immediately immersed in a DI water
bath to allow the PVDF membrane to peel off from the substrate. The nascent membranes
were then rinsed with DI water to remove the residual solvent and immersed in DI water

before use.

4.2.3. Synthesis of PSBMA polymer

PSBMA polymer was synthesized through the conventional free radical polymerization
method in aqueous solution, using (NH4)2S20g (APS)-NaHSO3 redox initiation system.
SBMA monomer (5.59 g, 800 mM) was first dissolved in 25 mL DI water and added into
a 50 mL round-bottomed flask. APS (228 mg, 40 mM) was added slowly as an initiator to
the flask, which was then placed into a 45 °C water bath under a nitrogen atmosphere for
10 min with continuous mechanical stirring until the mixed ingredients were completely
dissolved. After adding NaHSO; (104 mg, 40 mM) to the solution dropwise, the
polymerization was carried out at 45 °C with vigorous stirring under a nitrogen atmosphere

for 24 h.

4.2.4. Modification of PVDF membranes
The PDA-coated PVDF membrane (PDA membrane) was prepared following the below

procedures. Dopamine hydrochloride (2 mg/mL) was dissolved in 50 mM Tris buffer (pH
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8.5) with oxidants including CuSOs (1.25 mg/mL)/H20, (0.67 mg/mL), and then the
pristine PVDF membranes were submerged in the solution for 30 min with constantly
stirring at room temperature. The prepared PVDF/PDA membranes were rinsed with DI
water to remove the unbonded PDA molecules and blow-dried by nitrogen gas for further

experiments.

To prepare the PSBMA modified PDA-coated PVDF membrane (PSBMA membrane), the
as-prepared PSBMA polymer solution was diluted four times with DI water, and 200 mM
NaCl was added to the solution. The prepared PVDF/PDA membranes were immersed in
the polymer solution overnight for deposition of PSBMA on the PDA-coated PVDF
membrane surfaces. After that, the modified PVDF membranes were rinsed with DI water

and dried with nitrogen gas.

4.2.5. Membrane characterization

The morphologies of the pristine and modified PVDF membranes were obtained using a
Bruker Icon AFM (Bruker, Santa Barbara, CA) using the PeakForce Quantitative Nano-
Mechanics (PF-QNM) model and a field-emission scanning electron microscope (SEM)
(Zeiss Sigma 300 VP-FESEM, Germany) with energy-dispersive X-ray spectroscopy (EDS)
at the electron acceleration voltage of 10.2 keV. The functional groups on the membrane
surface were measured by All Fourier transform infrared (FTIR) spectra over a range of
500-4000 cm™ with a resolution of 4 cm™ (Nicolet iS50 FTIR spectrometer, Thermo
Scientific, USA). The wettability of the three membranes was evaluated via the water
contact angle (WCA) and underwater oil contact angle (OCA) measurements on a contact
angle goniometer (Ramé-Hart instrument, NJ). The OCA was acquired using dodecane

droplets.

95



Membrane porosity (¢) was determined by measuring the wet weight and dry weight of
prepared membranes (Xu et al., 2014). The prepared membrane was firstly weighed after
mopping water on the membrane surface, which was then placed in an oven at 40 °C

overnight before measuring the dry weight. Porosity was calculated using Eq.1:

_ Wi=w;
T AXIXdy,

x 100% (1)

where w1 (g) is the wet weight and w» (g) is the dry weight of the calculated membrane. A
(m?) is the membrane effective area, / (m) is the thickness of the membrane, and dy
(9.98x10° g/m?) is the water density. Moreover, the membrane mean pore radius (7m) could

be determined using the Guerout-Elford-Ferry equation (Eq.2):

_ |(2.9-1.75¢)x8ulQ
rm—\/ EXAXTMP (2)

where u is water viscosity (8.9x10™* Pa-s), O (m?/s) is the volume of the permeate pure

water per unit time, and TMP is the operation pressure (7x10° Pa).

4.2.6. Preparation of silica, BSA, and HA probes

The silica probe was prepared by gluing a silica microsphere (radius ~2.5 pm) on the end
of a tipless AFM cantilever (NP-O10, Bruker, Santa Barbara, CA) using two-component
epoxy glue (EP2LV, MasterBond, USA). Then, the silica probe was placed at room
temperature for at least 24 hours for epoxy curing. Before force measurement or next step
functionalization, the AFM silica probes were treated in a UV-Ozone cleaner for 15 min to

remove the organic contaminants, then rinsed with DI water and dried with nitrogen gas.

BSA probe was prepared by immersing the cleaned silica probe in 10 pg/mL BSA in 0.1

M NaCl (pH 5.8) for 30 min, followed by rinsing with DI water and drying with nitrogen
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gas. Fig. 4-8 shows the AFM images of the silica wafer before and after BSA adsorption,
proving a full and smooth coverage of BSA molecules on the silica substrate, which could

demonstrate the successful coating of BSA on the silica probe.

To deposit HA, the silica probe was treated with UV-o0zone for 10 min and then exposed
to 0.1% (v/v) APTES solution for 10 min. Followed by water rinsing and vacuum drying,
the APTES modified silica probe was immersed in 10 pg/mL HA in 0.1 M NaCl (pH 5.8)
and kept for 10 min. The AFM images of the silica wafer before and after HA adsorption
were shown in Fig. 4-8, which revealed a relatively smooth HA layer on support substrates.
Prior to force measurements, the HA probe was washed using DI water and dried with

nitrogen.

4.2.7. Force measurement using the AFM colloidal probe technique

The interaction forces between silica, BSA, or HA probe and three types of membrane
substrates in 10 mM NaCl were directly and quantitatively measured on an Asylum MFP-
3D AFM (Asylum Research, Santa Barbara, CA). Before force measurement, the spring
constant of the probes was calibrated to be ~120 pN/nm for the silica probe using the Hutter
and Bechhoefer thermal tune method. Then, the probe was driven to approach the
membrane surfaces at a velocity of 1 um/s until attachment and then retracted from the
surfaces at the same velocity. The corresponding interaction force curves between the
probe and the substrates were recorded and calculated based on the deflection of the
cantilever and the spring constant by Hooke's Law. The approaching force-separation

profiles were theoretically analyzed using the theoretical models.
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4.2.8. Theoretical model for interaction force analysis

For theoretically analyzing the force-separation profiles between the membranes and silica,
BSA or HA probe, the classical Derjaguin-Landau-Verwey-Overbeek (DLVO) model
coupled with non-DLVO forces which is named as the extended DLVO theory, has been

applied.

For sphere—smooth plate interactions, the van der Waals (VDW) interaction is determined

using the following formula (Cappella and Dietler, 1999; Israelachvili, 2015):

S th _ —AnR
Wypw’™" = —~ ©)

where An is the Hamaker constant, R is the radius of the silica microsphere, D is the

separation distance between the colloidal probe and substrate.

The electric double layer (EDL) interaction between a sphere and a smooth plate is given

by Eq.4 and Eq.6, respectively (Cappella and Dietler, 1999; Israelachvili, 2015).

Wigooth = meeoR[2s¢m In (1 _KD) + (93 + ¢f) In(1 — e72P)] 4)

where D is the separation distance between the colloidal probe and substrate, ¢ is the
dielectric constant of the solution, & is the vacuum permittivity (8.854 x 1072 C/(V-m)),
om and ¢s are the surface potentials of membrane and colloidal probe, respectively. kg is
the Boltzmann constant, 7" is the temperature, C is the bulk concentration of ions, Na
(6.23x10%) is the Avogadro’s number, e (1.6x10°') is the elementary charge, and « is the

inverse of the Debye length, which could be calculated through Eq.5:

_ /Zpoez
k= ggokgT (5)
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Here po is the number density of ions in NaCl solution.

The hydration force (Wu) of smooth surface is expressed in Eq.6 (Kralchevsky and

Nagayama, 2001; Petsev, 2004),
ngooth — _Woe—D/Da (6)

where D is the film thickness (m), D, is the decay length (m) and Wy (J) is the surface free

energy at contact (mJ/m?).

Hydrophobic force (Wng) also follows an exponential decay with distance as shown in Eq.7

(Israelachvili, 2015; Xie et al., 2015),
Wg}rgnooth — _CRe—D/DO (7)
where C (N) is a constant and Do (m) is the decay length of hydrophobic interaction.

To be noted, the surface roughness of membrane surfaces has a considerable influence on
DLVO energy. Here, we applied a methodology called DLVO-R which accounts for the
effects of surface roughness in the standard extended DLVO theory of surfaces (Parsons et

al., 2019, 2014).

According to the calculation of Parsons, the roughened van der Waals interaction free
energy could be obtained by adding a simple analytical correction for roughness to the

standard van der Waals expression for smooth flat surfaces:

2
h m
Womw" = [1+3 (%) Tx Wi ®)

99



Here a Gaussian distribution with RMS roughness o1 and o> is used to describe the
roughness of the surface and AFM probe, respectively, and a mean RMS roughness om is

calculated by combining 61 and 62,

Om = +/0? + 0 9)

In this work, a mean RMS roughness om at the contact was calculated to be 2 nm, and the

detailed information could be found in Supporting Information.

While for exponentially decaying long-range forces such as EDL interaction, hydration
force and hydrophobic interaction, the approximate roughened interaction energy W.Roueh
is yielded by adding the effect of roughness with a simple multiplicative factor to the

interaction energy of smooth surfaces Wm0,
Rough _ Iin Smooth
VVe = exp (E) X VVe (10)

Here, in order to simplify the calculation, we used an exponential decay A=x !, where x !

is the Debye length of the solution (2.99 nm) (Parsons et al., 2019).

The roughened DLVO-R force Fprvo-r and overall extended DLVO-R force Fex-pLvo-r of

the system are given by Eq.11 and Eq.12, respectively,

Rough

R h
Fowvo-r = Fppw + Fepy (11)
FEX—DLVO—R = F\f];)‘.lx/gh + FERDOﬁlgh + Flfough + F}fgugh (12)
aw
F=-22 (13)
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4.2.9. Filtration and antifouling performance assessment

The antifouling behavior of the pristine and two modified PVDF membranes against the
foulants was characterized by conducting a filtration test. The foulants (silica nanoparticles,
BSA, and HA) were suspended in DI water with a concentration of 20 mg/L. The water
flux was measured by placing the membranes in a dead-end membrane filtration cell
connected to a pressure pump at 0.7 bar. After filtering the foulants solution, the
membranes were washed with DI water for 5 minutes to remove loosely bounded foulants
from the membrane surface, and the pure water flux was measured once again to analyze

the antifouling properties. The flux J was calculated according to Eq.14,

J=Q/(A-t-AP) (14)

where J is the water flux (L/(m?-h-bar)), Q is the volume of the permeation water (L), 4 is
the effective separation area of the membrane (m?), and ¢ is the filtration time (h), AP is the

pressure difference between ambient and evacuation pressure.

The membrane antifouling performance was evaluated using the normalized flux (NF) (Eq.

15) and flux recovery ratio (FRR) (Eq. 16),

NF = Jwt/Jwo (15)

FRR =]w1/]w0 (16)

where Jwo 1s the pure water flux, Jwr is the water flux of foulants solutions, and Jw: is the

re-measured pure water flux after washing the membranes.
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4.3. Results and discussions

4.3.1. Characterization of the membrane surfaces

PDA and PSBMA coating materials have been deposited on PVDF membrane surfaces,
and the fabrication process was illustrated in Fig. 4-2(a). Dopamine molecules could
generate crosslinking networks via autoxidation and self-polymerization under mild
alkaline aqueous conditions, forming a PDA layer on the pristine PVDF membrane surface,
which could further act as an intermediate adherent platform to introduce the synthetic
PSBMA polymers. As a matter of convenience, the pristine PVDF, PDA-coated PVDF and
PSBMA-modified PDA-coated PVDF membranes were named as PVDF, PDA and
PSBMA membranes, respectively. AFM imaging analysis of the three types of membranes
with an area of 5 pm % 5 pm was performed to study the surface morphology of the
membranes, as shown in Fig. 4-2(b-d). The PVDF membrane (Fig. 4-2(b)) showed a porous
structure with an RMS roughness value of 52 nm. After PDA modification, the membrane
surface (Fig. 4-2(c)) exhibited a steady layer of PDA nanoparticles attaching to the
substrate with an RMS value of around 83 nm. While compared to the PDA membrane, the
PSBMA membrane (Fig. 4-2(d)) showed a relatively smooth and homogenous morphology
with a smaller RMS value of 41 nm, indicating the immobilization of PSBMA polymers
could uniformly cover the pre-modified PDA agglomerations and minimize the surface
roughness. The SEM images and FTIR spectra of the prepared membrane surfaces are
shown in Fig. 4-10 and Fig. 4-11, respectively. Membrane porosity and pore size were
determined according to the methods provided in Sec. 4.2.5. The thickness of PVDF

membranes prepared via the immersed phase inversion method was 200 pm, and the

102



membrane porosity and mean pore radius (rm) were calculated to be 68.5% and 0.16 um,

respectively.
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Fig. 4-2 (a) Schematic of for the fabrication of PDA and PDA@PSBMA coatings on
PVDF membrane substrate; Topographic AFM images of (b) PVDF membrane (Rq ~ 52
nm), (¢) PDA membrane (Rq ~ 83 nm) and (d) PSBMA membrane (Rq ~ 41 nm); WCA of
() PVDF membrane, (g) PDA membrane and (i) PSBMA membrane in air; underwater
OCA of oil droplets of (f) PVDF membrane, (h) PDA membrane and (j) PSBMA
membrane in 10 mM NaCl solution at pH 5.8.

The wettability of the pristine PVDF membrane, PDA membrane and PSBMA membrane
surfaces was evaluated by WCA measurement in air and underwater OCA measurement of
oil droplets on different membrane surfaces in 10 mM NaCl solution, as shown in Fig. 4-
2(e-j). Due to the presence of fluorinated polymers, PVDF membrane showed amphiphobic
(both hydrophobic and oleophobic) property, displaying WCA larger than 130° in air and
OCA larger than 140° underwater. After PDA modification, the membrane surface became
relatively hydrophilic with a WCA of 66.8° and an OCA of 150.6°. For PSBMA membrane,

103



it is noted that the water droplet rapidly spread over and wetted the membrane surface due
to the excellent hydrophilicity and wettability of zwitterionic polymer. In addition, the
contact angle of dodecane droplet on PSBMA membrane increased to 168.1°, indicating a

superior repellence property of zwitterionic polymer against the attachment of oil.

4.3.2. Interaction between silica particles and different membranes

Silica is a common solid on the earth and is very abundant in natural water systems. The
presence of silica in feed solution has made the membrane separation processes and the
production of purified water extremely difficult. Especially in oil production processes,
silica particles originating from the reservoir ground or oil sands are recognized as one of
the major components that cause detrimental fouling and plugging problems. In this section,
the force measurements between the silica probe and different membrane substrates
including PVDF, PDA and PSBMA membranes in 10 mM NacCl solution were conducted
using the colloidal probe technique to investigate the interaction mechanisms of silica with
the membranes. Before the experiment, a silica microsphere with a radius of ~2.5 um was
glued to the end of the tipless cantilever, and the SEM image of the silica probe is shown

in Fig. 4-12(a).

The measured approaching force-separation profiles of PVDF, PDA and PSBMA
membranes are shown in Fig. 4-3(a-c). For PVDF membrane (Fig. 4-3(a)), a long-range
repulsion arising at around 10 nm followed by a noticeable “jump-in” at ~5 nm was
observed. By theoretically analyzing the experimental force-separation profile, both the
VDW and EDL interactions contribute to the surface interaction between the silica probe
and PVDF membrane surface in 10 mM NacCl solution. The Hamaker constant 4y between

silica and PVDF in NaCl solution is calculated as 1.40 x 1072 J, using the Lifshitz theory
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and the reported dielectric constant and reflective index of the surfaces and medium (Gao
et al., 2006; Gaur and Rana, 2019). Since the isoelectric points (IEP) of PVDF membrane
and silica particles are determined to be pH 3.5 (Schulze et al., 2016) and pH 2 (Franks,
2002; Kosmulski, 1998), respectively, the long-range repulsion is attributed to the EDL
interaction between the negatively charged silica and negatively charged PVDF membrane
in NaCl solution at pH 5.8. The VDW attraction led to the “jump-in” behavior during the
approach. The surface potential of silica in 10 mM NaCl solution measured by Zetasizer
Nano is -20 mV (shown in Fig. 4-13), which is consistent with the surface potential value
in references (Dishon et al., 2009; Seo et al., 2016). The theoretical analysis indicates the
surface potential of PVDF membrane is fitted to be -12 mV, which falls into the range of
the reported values (Chen et al., 2017; Li et al., 2014; Sakarkar et al., 2021). Similarly, the
approaching force-separation profile of PDA-silica (Fig. 4-3(b)) also shows the synergic
contributions of EDL and VDW forces. The Hamaker constant 4y between silica and PDA
in 10 mM NaCl solution is calculated as 1.92 x 1072° J (Chen et al., 2019; Jung et al., 2015;
Thakur et al., 2012; Zheng et al., 2016). By theoretical fitting of the approaching force-
distance curve, the surface potential of PDA membrane is determined to be -15 mV (Xu et
al., 2013). Comparing Fig. 4-3(a) and (b), it is noted that Ay for these two cases lies in the
same range, indicating the VDW attraction between silica—PVDF and silica—PDA is similar.
While the surface potential of PDA is more negative than that of PVDF, which reveals the
EDL repulsion between silica and PDA is stronger than that between silica and PVDF.
Thus, the observed “jump-in” behavior of silica with PDA surface was much weaker than
that with PVDF. The approaching force-separation profile of PSBMA-silica is

significantly different from those of PVDF—silica and PDA-silica. As shown in Fig. 4-3(¢),
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the “jump-in” behavior disappeared, and a long-range repulsion starting from ~10 nm was
observed and then a short-range repulsion within 2 nm was detected. PSBMA membrane
was slightly negatively charged at pH 5.8 (De Vera et al., 2018; Guo et al., 2015), thus
EDL interaction contributed to the long-range EDL repulsion during the approach. It is
noted that the discrepancy at separation D < 2 nm is mainly attributed to the effects of
surface roughness and hydration. The synergistic effect of EDL repulsion appeared at long
range and hydration repulsion appeared at short distances completely overcame the VDW
attraction. The Hamaker constant Ay between silica and PSBMA in 10 mM NaCl solution
is calculated as 1.92 x 1072° J (Chen et al., 2019; Zhao et al., 2014). By fitting the measured
force results using the extended DLVO theory with incorporated hydration interaction, the
surface potential of PSBMA membrane was fitted to be -11 mV and the decay length of
hydration force was determined to be D, = 0.80 nm. Due to the superhydrophilicity of
PSBMA membrane (Fig. 4-2(f)), the dense water layer on the zwitterionic PSBMA surface
is attributed to the short-range hydration repulsion at small separation. Based on the
theoretical calculation, it was evident that compared with PVDF membrane, the silica
particle was less likely to attract and deposit on PDA membrane surfaces due to the strong
EDL repulsion between silica and PDA molecules. While for PSBMA surface, the hydrated
surface exerted a hydration repulsion force originating from the energy barrier required for
perturbation of the ordered structure of the bound water molecules, which effectively

prevented the approach and attachment of silica particles to PSBMA membrane.

A jump-out behavior appeared when the silica probe was retracted from the membrane
surfaces, indicating an adhesion between silica and membranes. To accurately obtain their

adhesion forces, an adhesion mapping experiment was executed on the surface. Figs. 4-
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3(d-f) show the histograms of normalized adhesion Fa.¢/R during probe retraction and the
fitted Gaussian distributions (red solid curve) between the silica probe and PVDF, PDA
and PSBMA membrane in 10 mM NaCl solution, respectively. The average adhesion force
followed the trend: PVDF membrane (0.55 + 0.12 mN/m) > PDA membrane (0.37 + 0.06
mN/m) >PSBMA membrane (0.22 = 0.03 mN/m), which was the reverse trend of repulsive
force during approach. The average adhesion energy Wa.a was determined through the

Johnson—Kendall-Roberts (JKR) contact model (Helm et al., 1991; Johnson et al., 1971):
Wad = Fad/l.STL'R (17)

where R refers to the radius (2.5 um) of the silica particle on the AFM probe. The adhesion
energy was calculated to be ~0.12 mJ/m? for PVDF membrane, ~0.08 mJ/m? for PDA
membrane, and ~0.05 mJ/m? for PSBMA membrane. The strong adhesion energy between
the silica particle and PVDF surface during the separation arose from the VDW interaction
after the intimate contact between the two surfaces, which indicated the robust adherence
and hard release of silica on the PVDF membrane surface. The adhesion of silica with PDA
surface reduced compared to that with PVDF surface, and it was speculated that the
adhesion was suppressed by the enhanced electrostatic repulsion due to the more negatively
charged PDA membrane surface. However, the weak adhesion energy of PSBMA
membrane indicated the weak attraction between silica and the zwitterionic surface, which
greatly facilitates the release and removal of the adsorbed silica particles on the PSBMA
surface. Both approaching and retracting force-separation curves demonstrated the
interaction mechanisms of silica with the three membrane surfaces, among which the

PSBMA membrane showed outstanding fouling resistance against silica particles.
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Fig. 4-3 (a-c) Experimental approaching force-separation profiles (open symbols) and
theoretical calculations (red curves) and (d-f) histograms of measured adhesion Fa¢/R and
fitted Gaussian distributions between silica probe and (a)(d) PVDF membrane, (b)(e)
PDA membrane and (c)(f) PSBMA membrane in 10 mM NacCl at pH 5.8.

4.3.3. Interaction between BSA and different membranes

During microfiltration processes, protein fouling is another critical factor governing the
effectiveness of separation and purification of solutions. Here, BSA was selected as the
typical fouling protein to investigate the underlying chemical and physical mechanisms
that influence the initiation and growth of the fouling layer on different membranes due to
its abundance in water systems and adsorption to many surfaces. Before conducting force
experiment, a BSA-coated colloidal probe was prepared following the procedure in Sec.
4.2.6, and the SEM and EDS images of the BSA-coated AFM probe are shown in Fig. 4-
12(b). Typical approaching force-distance curves of BSA-coated AFM probes with PVDF,
PDA and PSBMA membrane in 10 mM NaCl solution are shown in Fig. 4-4(a-c),

respectively. The approaching curves of PVDF and PDA membrane showed similar trends
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(Fig. 4-4(a) and (b)), where no “jump-in” behavior occurred when the BSA molecules were
brought close to different membrane surfaces, and the repulsive forces were detected
starting from a distance of ~20 nm. The approach curve of PSBMA membrane was
distinguishing from the formers, where the repulsion force started from ~20 nm but rapidly
increased within a distance of ~2 nm. It is noted that the interaction forces for three
membranes showed a repulsive trend and no “jump-in” behavior could be observed,
indicating the repulsive interactions completely overcame VDW attraction and dominated
the interaction during the approach. Since the IEP of BSA was specified to be 4.7 (Miao et
al., 2017), BSA had a net negative charge under the experiment condition with pH 5.8.
Hence, EDL interaction between BSA probe and PVDF, PDA and PSBMA membrane
surface greatly contributed to the repulsive force. However, the Debye length of the
electrical double layer in the studied salt concentrations of NaCl solutions (10 mM) was
calculated to be ~3 nm. The repulsion that happened over 10 nm was supposed to be
originated from other repulsive interactions. BSA is a macromolecule with a long polymer
chain (66 kDa). When the AFM tip approached the membrane surface, BSA was
compressed in solutions under the increased osmotic pressure, leading to the steric
repulsion between BSA-coated AFM tip and membranes. Here, the long-range repulsion
(~20 nm) originated from the steric force, and EDL interaction contributed to the median-
range repulsion (~10 nm), while the drastic short-range repulsion (~2 nm) was dominated
by the hydration force of the hydration layer absorbed on PSBMA membrane surface.
Moreover, the polymer chains of BSA contain various amino acid groups with aromatic
side chains and hydrophobic domains; therefore, the hydrophobic moieties of BSA can

interact with fluorinated polymers of PVDF membrane as well as hydrophobic aromatic
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ring of PDA membrane via the hydrophobic attraction at small separations. The measured
force curves between the BSA probe and PVDF and PDA membrane in 10 mM NaCl
solutions were also theoretically analyzed based on extended DLVO theory with
incorporated hydrophobic interaction, while the measured force results for PSBMA
membrane could be well fitted by extended DLV O theory with hydration interaction, which
were shown by the red solid curves in Fig. 4-4(a-c). The Hamaker constant between BSA
and PVDF, PDA and PSBMA membrane in NaCl solution was determined to be 7.01 x
10721 1, 1.06 x 1072° J and 1.05 x 1072 J, respectively, based on the reported Hamaker
constant of BSA (Valle-Delgado et al., 2004). According to the previously fitted surface
potentials of different membrane surfaces in 10 mM NaCl solution (Fig. 4-4(a-c)), the
surface potential of BSA was fitted to be -10 mV, which fell within the reported value
ranges (Salgin et al., 2012) and was coincident with the measured zeta potential of BSA
(Fig. 4-13). The decay length of hydrophobic interaction (Do) between BSA molecules and
PVDF and PDA membrane was determined to be 0.72 nm and 0.75 nm, respectively.
Therefore, for PVDF and PDA membranes, both EDL repulsion between the negatively
charged BSA molecules and negatively charged membrane surfaces and steric repulsion
caused by the long polymer chains of BSA could prevent the approach and contact of BSA
towards the opposite membrane surfaces at long distance, while the hydrophobic attraction
facilitates the tendency of BSA adsorption on membrane surfaces at short distance. For
PSBMA membrane surface, fitting the measured force curves gave the D. of hydration
force as 0.81 nm. Hence, in addition to EDL interaction and steric repulsion, the hydration

layer enhanced the repellence performance against organic foulants especially at short

110



distances and lowered the possibility of the BSA approaching and attaching to the PSBMA

membrane surface.

The adhesion profiles between BSA-coated AFM tip and PVDF, PDA, and PSBMA
membrane in NaCl solution have also been recorded in the force measurements during
AFM probe retraction, as shown in Fig. 4-4(d-f). It is noted that the normalized adhesion
of BSA with PDA membrane was slightly stronger than that with PVDF membrane, and
the adhesion energy was determined to be ~0.023 mJ/m? for PDA membrane and ~0.021
mJ/m? for PVDF membrane, respectively, based on JKR contact model. At short distances,
BSA polymer segments may occur some conformation changes, interpenetration and
interdigitation, which favor the formation of a variety of short-range interactions such as
hydrogen bonding, cation-m interactions, anion-x interactions and hydrophobic interaction
(Gong et al., 2021, 2019; Lu et al., 2013; Ma and Dougherty, 1997; Salonen et al., 2011).
Thus, the measured adhesion energy between BSA and PVDF membrane surface was
attributed to the combination of EDL interaction, VDW attraction and hydrophobic
attraction between the local hydrophobic areas of BSA and the hydrophobic fluorinated
polymers of PVDF membrane. While for PDA membrane, in addition to EDL repulsion
and VDW attraction, diverse short-range interactions, including hydrophobic attraction
between BSA and the hydrophobic aromatic ring of PDA, cation-n and/or anion-m
interactions between cations and/or anions in BSA and the & ring of PDA, and hydrogen
bonding between amino acids of BSA and hydroxyl groups of PDA molecules significantly
contributed to the adhesion energy between BSA and PDA membrane. The adhesion results
demonstrated that BSA might be more difficult to remove or clean from PDA membrane

surface, leading to serious fouling issues. However, the measured force curves of PSBMA
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membrane exhibited low adhesion, and the adhesion energy was calculated to be ~0.013
mJ/m?. The superhydrophilic surface discouraged hydrophobic attraction. Moreover, as
pointed out earlier, the strongly bound water layer on PSBMA membrane acted as a buffer
and minimized direct BSA—surface interaction. The weak adhesion between BSA and
PSBMA membrane suggested that BSA molecules were less likely to strongly absorb on
the zwitterionic surface, and the deposited BSA molecules could be easily washed away
with water, indicating the excellent antifouling performance of PSBMA membrane against

the proteins in feed water.
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Fig. 4-4 (a-c) Experimental approaching force-separation profiles (open symbols) and
theoretical calculations (red curves) and (d-f) histograms of measured adhesion Fa¢/R and
fitted Gaussian distributions between the BSA-coated colloidal AFM tip and (a)(d) PVDF

membrane, (b)(e) PDA membrane and (c)(f) PSBMA membrane in 10 mM NaCl at pH
5.8.
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4.3.4. Interaction between humic acid (HA) and different membranes

Humic acid is a major organic foulant that widely exists in water-based engineering
systems. HA is comprised of multiple functional groups, which trigger the adsorption of
HA onto diverse nanoparticles and surfaces through different interaction mechanisms. For
instance, HA could quickly deposit and adhere to membrane surfaces during membrane
separation processes, leading to membrane fouling and pore blocking. In this section, the
intermolecular interactions underlying the adsorption of humic acid on the three types of
membranes were quantitively probed. The AFM colloidal probe functionalized with HA
was fabricated following the procedure in Sec. 4.2.6, and the SEM and EDS images of the
HA-coated AFM probe were presented in Fig. 4-12(c). The approaching interaction forces
between the HA-coated AFM probe and PVDF, PDA and PSBMA membrane in 10 mM
NaCl at pH 5.8 are shown in Fig. 4-5(a-c), respectively. The measured force profiles
displayed a repulsion from ~10 nm for PVDF membrane, which was attributed to EDL
repulsion between the negatively charged membrane surfaces and negatively charged HA,
as the [EP of HA was determined to be 3-4 (Ishiguro et al., 2007; Reyes-Bozo et al., 2015).
Then, a “jump-in” behavior starting from a separation distance of ~5 nm occurred during
the approaching of HA-coated probe toward PVDF membrane. For PDA membrane, EDL
repulsion from ~10 nm followed by a strong attractive force from ~8 nm could be observed
between HA and PDA membrane. HA contains a variety of moieties such as quinone,
phenol and catechol, and the hydrophobic aromatic groups endow HA with moderately
hydrophobic properties in nature. Therefore, the hydrophobic moieties of HA can interact
with hydrophobic groups of PVDF and PDA membrane via hydrophobic attraction. For

PVDF and PDA membrane, the measured force results were fitted using the extended
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DLVO theory with incorporated hydrophobic interaction, which were shown as red curves
in Fig. 4-5(a-b), respectively. For PSBMA membrane, the force-separation profile showed
the same trend as the previously measured results (Fig. 4-3(c) and Fig. 4-4(c)), where no
“jump-in” behavior was exhibited and the repulsion rapidly increased in the short range
(~2 nm), thus the force curve between HA and PSBMA membrane surface was fitted
through the extended DLVO theory with hydration interaction (Fig. 4-5(c)). The Hamaker
constant between HA and PVDF, PDA and PSBMA membrane in NaCl solution was
calculated as 1.04 x 10720 J, 1.43 x 1072 J, and 1.43 x 1072° ], respectively, from the
estimated Hamaker constant of HA (Tong et al., 2011; Wang et al., n.d.). Based on the
surface potentials of the three membranes in 10 mM NaCl (-12 mV for PVDF membrane,
-15 mV for PDA membrane, and -11 mV PSBMA membrane), the surface potential of HA
was fitted to be -24 mV. The fitted value agreed very well with the reported zeta potential
values of HA at pH 5.8, which was also verified by the measured zeta potential of HA
through Zetasizer Nano (Fig. 4-13). It confirmed that the repulsion around 10 nm was
contributed by EDL interaction, while PDA membrane showed a stronger EDL repulsion
between HA-coated probe and PDA membrane due to the more negative surface potential
of PDA. By fitting the approaching force-separation curves, the decay length (Do) of
hydrophobic force was determined to be 0.92 nm for PVDF membrane and 0.87 nm for
PDA membrane. Thus, the “jump-in” behaviors originated from the combination of VDW
force and hydrophobic force. The measured attraction of HA with PDA membrane was
stronger than that with PVDF membrane, owing to the stronger VDW attraction and
hydrophobic interaction between aromatic rings of PDA molecules and the hydrophobic

moieties of HA. As for PSBMA membrane, the pure repulsion shown in the force profile
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suggested that there was negligible attraction during the approaching process of HA
towards PSBMA membrane. Fitting the measured force curve (Fig. 4-5(c)) gave the decay
length (D.) of hydration force of PSBMA surface in 10 mM NaCl as 0.78 nm, which was
very close to the previously fitted D, results (Fig. 4-3(c) and Fig. 4-4(c)). This repulsion
was mainly due to the EDL repulsion and surface hydration of the well-hydrated
zwitterionic polymer chains overwhelmingly depressed the VDW attraction, thus

preventing the attachment of HA onto PSBMA membrane surface.

The histograms of normalized adhesion Fa¢/R measured during separation and the fitted
Gaussian distributions between the HA-coated AFM probe and PVDF, PDA and PSBMA
membrane in 10 mM NaCl were shown in Fig. 4-5(d-f), respectively. The force
measurements also showed higher adhesion energy between HA and PDA membrane
(~0.049 mJ/m?) than between HA and PVDF membrane (~0.031 mJ/m?), indicating the
strong strength of the interaction between the catechol groups of PDA and HA. Unlike the
HA—-PVDF membrane system, in which the adhesion energy originated dominantly from
VDW force and hydrophobic attraction, the enhanced HA—PDA membrane adhesion
strength was mainly ascribed to the addition of other potential adhesive interactions such
as hydrogen bonding, m-m stacking and anion-m interaction. The various attractive
interactions of HA onto PDA molecules were favorable for the robust adherence of HA
particles on PDA membrane. Moreover, the PSBMA membrane still exhibited a relatively
weak adhesion with the HA molecules (adhesion energy ~0.018 mJ/m?), demonstrating the
tightly bound hydration layer on the PSBMA surface could suppress the interaction
strength of HA, which effectively facilitated HA removal and inhibited the fouling

phenomena.
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Fig. 4-5 (a-c) Experimental approaching force-separation profiles (open symbols) and
theoretical calculations (red curves) and (d-f) histograms of measured adhesion Fa¢/R and
fitted Gaussian distributions between the HA-coated colloidal AFM tip and (a)(d) PVDF

membrane, (b)(e) PDA membrane and (c)(f) PSBMA membrane in 10 mM NaCl at pH
5.8.

4.3.5. Filtration tests and water flux

The antifouling performance of the three membranes against the various foulants was
investigated by the permeation test. The three types of foulants (silica nanoparticles, BSA,
and HA) were suspended in DI water with a certain concentration as the model feed
solution. To evaluate the fouling behaviors of membranes, the normalized flux and flux
recovery ratio were introduced based on the relationship between the water flux of the
original membrane, the water flux of the feed solution, and the water flux of the cleaned
membrane after the filtration process, which characterized the foulants resistance and
antifouling property of the membranes. The schematic is shown in Fig. 4-6(a). The detailed
calculation equations were demonstrated in the experimental section. Moreover, a

summary of fitted parameters of the approaching force curves and the measured adhesion
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energy between the PVDF, PDA and PSBMA membrane surface and the three types of

foulants could be found in Fig. 4-7(a) and (b), respectively. Typically, the antifouling

properties rely on both the ability to repel foulant during initial attachment and the low

adhesion between foulant and membrane, where the former affects the feed solution

permeation, and the latter has an influence on the reusability and regeneration of the

membranes. In this case, the performance of different membranes could be further

explained by comparing the filtration test results with the parameters of the force

measurement.
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Fig. 4-6 (a) Schematic of the vacuum filtration setup and the experiment processes of the
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PDA membrane and PSBMA membrane with (b) silica nanoparticles, (c) BSA, and (d)

HA.
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Fig. 4-6(b) shows the filtration experiments results of different membranes with 20 mg/L
silica particle feed solution. The NF of the PVDF, PDA and PSBMA membranes in the
presence of silica nanoparticles were 84.95%, 91.72%, and 92.95%, respectively. The
dramatic decline of the water flux indicated that serious fouling occurred on the membrane
surface. PVDF membrane had the most significant fouling potential and membrane flux
decline behavior among the three membranes in the whole filtration process. As for the
measured approaching forces between silica and different membranes in Sec.4.3.2, it could
be found that the PVDF—silica interaction force during the approach showed a strong
attraction (Fig. 4-3(a)). The summarized parameters in Fig. 4-7(a) indicated the strong
attraction between silica and PVDF membrane was a synergy of a strong attractive VDW
force and a weak repulsive EDL interaction, resulting in severe silica deposition on the
surface during the filtration process, thus leading to a severe membrane flux decline. The
initial adsorption of silica on both PDA membrane and PSBMA membrane was prevented
due to the strong repulsive forces (either EDL interaction or hydration interaction). Then,
FRR value was calculated to assess the extent of flux recovery after silica fouling, where a
higher value revealed the superior regeneration property of the membrane. FRR of pristine
PVDF membrane was 88.81%, while FRR of PDA membrane (94.22%) was obviously
higher than that of pristine PVDF membrane. In the best case, FRR of the PSBMA
membrane was 96.48%, which indicated the superior antifouling properties of PSBMA
membrane. Additionally, the strong adhesion energy (Fig. 4-7(b)) between silica and
PVDF membrane during the separation implied that the tightly entrapped silica
nanoparticles within the pores could not be easily removed from the membrane surface,

indicating a relatively serious irreversible fouling phenomenon. By contrast, the
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PSBMA—silica interaction forces during both the approach and retraction were the weakest.
Hence, the adsorbed amount of silica significantly decreased on the PSBMA membrane
compared with that on the PVDF membrane. After membrane cleaning, the silica
adsorption on PSBMA membrane could be reduced apparently, and the irreversible

resistance was thereby improved.

The BSA fouling of different membranes at a concentration of 20 mg/L was also
systematically investigated, and the results are shown in Fig. 4-6(c). The NF of the three
membranes followed this trend: PVDF membrane (80.86%) > PDA membrane (79.56%) >
PSBMA membrane (78.13%). According to the parameters calculated in the approaching
force curves (Fig. 4-7(a)), both attractive VDW interaction and hydrophobic interaction
contributed to the adsorption of BSA molecules on the PDA layer. Moreover, the slight
flux decline of PDA and PSBMA membranes could be attributed to the reduced porosity
and pore size after being modified with PDA and PSBMA polymers (Liu et al., 2020). The
convective deposition of large BSA aggregates on the membrane surface served as
nucleation or attachment sites for the continued deposition of proteins, which caused severe
pore blockage and accelerated flux decline rate, especially for smaller pore-size membranes
(Kelly and Zydney, 1995). However, PSBMA membrane exhibited the highest flux
recovery after cleaning (FRR ~92.94%), which demonstrated that the loosely adsorbed
BSA layer on the PSBMA membrane could be easily removed by hydraulic washing so
that the irreversible adherence of BSA was remarkably alleviated. Obviously, the
introduction of PSBMA polymer significantly improved the hydrophilicity of the
membrane surface and consequently endowed the membrane with outstanding antifouling

resistance. Besides, PVDF membrane presented a higher FRR of 87.17% than that of PDA
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membrane (84.60%). The low value of NF and FRR of PDA membrane suggested that a
relatively severe and irreversible BSA fouling occurred when BSA deposited and adhered
to PDA membrane surface. The FRR results were also in line with the measured adhesion
energy between BSA and various membranes (Fig. 4-7(b)), where PDA membrane showed
the strongest adhesion energy while PSBMA membrane Therefore, the severe fouling
phenomenon of PDA membrane could be explained by the strong adhesion energy
originating from a variety of short-range interactions including hydrophobic attraction,
cation-m interactions, anion-n interactions and hydrogen bonding between amino acids of

BSA and functional groups of PDA molecules.

Fig. 4-6(d) illustrated the influences of HA on water permeation flux and the extent of flux
recovery of different membranes through the filtration system, in which the concentration
of the feed solution was 20 mg/L. The observed NF was approximately 86.87%, 85.61%,
and 90.05% in the case of PVDF, PDA, and PSBMA membranes, respectively. According
to the approaching force curves of HA towards PVDF membrane and PDA membrane (Fig.
4-5(a-b)) and the calculated parameters listed in Fig. 4-7(a), it was proved that at short
distances the attractive VDW interaction and hydrophobic interaction overcame the
repulsive EDL interaction, resulting a tough adherence of HA to PVDF and PDA
membrane. However, the situation was the opposite for PSBMA membrane, in which the
combination of repulsive EDL interaction and hydration interaction rose above attractive
interaction, leading to a decreased contaminant adsorption and a minimum water flux
decline. After 5 min of washing with DI water, the relative water flux was restored to
90.95%, 87.72%, and 94.42%, respectively. The filtration test results were in good

agreement with the adhesion energy trends (Fig. 4-7(b)), where the interaction forces of
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HA with PDA membrane during retraction were the strongest compared to that with PVDF
and PSBMA membrane, accompanied by the most serious membrane fouling. While the
weak adhesion energy between HA and PSBMA membrane resulted in the highest FRR
and the minimum ratio of irreversible to the total resistance. Comparing the filtration tests
and the interaction force measurements, it could be found that the calculated or fitted
parameters from approaching force curves such as surface potentials, Hamaker constants,
and decay lengths could be utilized to explain the different water flux declines of various
membranes, and the measured adhesion energy from the retracting force curves are in good
line with the trend of water flux recovery of membranes after cleaning. Hence, the
fundamental research could further construct a model of water treatment membranes for

antifouling evaluation and membrane surface engineering.
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Fig. 4-7 (a) A summary of calculated and fitted parameters of approaching force curves
and (b) measured adhesion energy between the PVDF, PDA and PSBMA membrane
surface and the three types of foulants; (c) Schematic of potential interaction schemes
between the organic foulants (BSA and HA) and PDA membrane as well as PSBMA

membrane surface.

4.4. Conclusion

This work systematically investigated the interaction mechanisms of PVDF, PDA, and
PSBMA membranes with three kinds of typical contaminants in water systems. The
contribution of each type of interaction force between different types of foulants and
surfaces was quantitatively calculated and independently analyzed, from which the factors
that affected the foulants adsorption and removal behaviors was unraveled. Silica particles
showed the strongest driving force adsorbing on the PVDF membrane and the most stable
adhesion force detaching from the PVDF membrane among the three types of membrane
surfaces. In contrast, two organic foulants including BSA and HA were more prone to
adsorb and accumulate on PDA membrane than PVDF membrane. The presence of a
variety of interactions such as hydrophobic attraction, cation/anion-n interactions and
hydrogen bonding between the functional groups of BSA and HA and PDA molecules
made a considerable contribution to the attractive force of BSA/HA toward PDA
membrane, causing a higher adsorption rate and a higher irreversible fouling on PDA
membrane. Nevertheless, the weak interactions between PSBMA membrane and various
foulants in both approaching and retracting force-distance curves revealed the
nanomechanical mechanisms of the antifouling property of the zwitterionic membrane. It
was achieved through the short-range hydration repulsion originating from the hydration
layer of the PSBMA membrane surface, which significantly overcame other attractive

interactions between foulants and membrane as a physical barrier, prevented the attachment
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of foulants on the surface and accelerated the removal of foulants to enhance permeability
and reusability of membranes. The antifouling performance of the three membranes against
different foulants was further verified through filtration tests, where PDA membrane
exhibited better antifouling capability against silica, but poor performance to HA and BSA
compared with PVDF membrane. While the resistance ability of the PSBMA membrane
was found to be excellent towards all kinds of foulants, which was consistent with the force
measurements. Although the filtration tests could be influenced by many factors, it seems
that the force measurement results could be further applied as an evaluation model to
explain or even predict the trends of water flux decline and water flux recovery of different
membranes. Our study explored the interaction mechanisms underlying the adsorption and
removal behaviors of diverse foulants on membranes based on the theoretical analysis of
interaction forces measured during approach and retraction, which will open new avenues
for future research into the fouling mechanisms of various kinds of organic/inorganic
foulants with different membranes and the development of antifouling membranes for

effective applications in many engineering processes such as membrane filtration.

4.5. Supporting Information

4.5.1. AFM images of silica wafers
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Fig. 4-8 AFM images of (a) bare silica wafer (root mean square roughness Rq 0.15 + 0.03
nm); (b) BSA on silica substrate (Rq 0.29 £+ 0.04 nm); and (c) HA on APTES-silica
substrate (Rq 0.31 = 0.03 nm).

4.5.2. Calculation of a mean RMS roughness om of the contact between membrane
surface and AFM probe:
According to the classical contact mechanics, when an elastic sphere with radius R indents

an elastic half-space where total deformation is d, causing a contact area of radius: (Johnson

and Johnson, 1987; Knothe, 2011)
a =+VRd (18)

Herein, the contact radius a was calculated to be 50 nm when the AFM probe with a radius
of 2500 nm was indented on the membrane surface to a depth of 1 nm. Through AFM
images of membrane with an area of 100 x100 nm, the average roughness o1 was analyzed
around 2 nm (shown in Fig. 4-9). While for smooth AFM silica probe, the roughness o>
was only measured to be 0.15 nm (Fig. 4-8(a)). Thus, the mean RMS roughness om at

contact was calculated to be 2 nm according to Eq.9.

20.0 nm

-20.0 nm

Height Sensor

Fig. 4-9 AFM images of PVDF membrane with an area of 100 x100 nm (RMS~2 nm)
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4.5.3. SEM images of different membranes

Fig. 4-10 SEM images of (a) pristine (b) PDA-coated, and (c) PSBMA-coated PVDF
membrane at 25 k X magnification. The morphology of the three membranes measured
by SEM was in good agreement with AFM images, where PDA membrane exhibited a
layer of PDA nanoparticles on the originally smooth PVDF membrane surface. While

after the deposition of PSBMA polymers, the membrane surface showed a more uniform
layer, and the surface roughness was minimized.

4.5.4. Chemical composition of PVDF membranes with/without modification

0.6
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o —— PSBMA membrane
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Fig. 4-11 The chemical composition of the PVDF membranes before and after
modification was investigated by FTIR analysis. All membranes displayed —CF»
stretching vibration absorption bands of the PVDF membrane, which ranges from 1180
to 1400 cm™ (Jeong et al., 2017; Zhao et al., 2017). After PDA was coated on the PVDF
membrane, an absorption peak at 1620 cm ™! appeared in the FTIR spectra, corresponding
to the overlap of C=C resonance vibrations in aromatic ring and N—H bending vibrations
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(Jiang et al., 2014). For the PSBMA/PDA/PVDF membrane, new absorption signals at
1726 cm™! and 1040 cm ™' were presented in the FTIR spectra, which can be attributed to
the C=0 stretch vibration and symmetric stretch vibrations of sulfonate (SO°") groups of

PSBMA in the membrane surface, respectively (Chiao et al., 2020; Wang et al., 2018).

4.5.5. Characterization of AFM probes

Fig. 4-12 (a) The SEM image of the silica AFM probe; (b) The SEM image of the BSA-
coated silica AFM probe and EDS results of the selected area (orange square) of the
BSA-coated silica AFM probe; (c) The SEM image of the HA-coated silica AFM probe
and EDS results of the selected area (orange square) of the HA-coated silica AFM probe.
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4.5.6. Surface potentials of silica, BSA and HA
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Fig. 4-13 Surface potential of silica nanoparticles, BSA molecules and HA molecules in
10 mM NaCl solution at pH 5.8 measured by Zetasizer Nano.
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CHAPTER 5 ENHANCED SEPARATION PERFORMANCE OF

CONDUCTIVE PEDOT: PSS/PSBMA COATED PVDF

MEMBRANE FOR EMULSIFIED OILY WASTEWATER

TREATMENT UNDER ELECTROCHEMICAL ASSISTANCE
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5.1. Introduction

Oil-in-water (O/W) emulsions widely exist in oily wastewater generated by various
industries such as oil/gas industries, cosmetics manufacturing, food processing, and mining
exploration!'?!. Removing the oil phase from water ensures the safe discharge of oil,
promotes environmentally friendly disposal, facilitates the reuse of both domestic and
industrial water, and achieves economic benefits®. Many efforts have been devoted to
O/W emulsion separation and oil recovery including mechanical separation, chemical

treatment, and biological methods 4

, among which membrane filtration technology
stands out due to the high separation efficiency and selectivity, wide applicability in

industry, low energy cost, and economically friendliness!’ ..

Membrane filtration technology has experienced unprecedented growth in recent years, and
how to improve efficiency while ensuring the safety of dialysis membranes is also an
inescapable problem to be discussed. Moreover, membrane fouling is another inevitable
problem as the sludge particles and oil colloids usually deposit onto or even into the
membrane pores, leading to the severe permeate flux decline and filtration failure, which

greatly limits the application of membrane technology into full-scale practical operation

[10]

Combining electrochemical processes or electrical assistance into membrane filtration has
been proven to be an excellent method to improve emulsion separation and oil recovery
performance and, at the same time, control the deposition of foulants onto the membrane

surface 11121,

Relevant reports indicated that some materials with fascinating
electrical/electrochemical properties such as carbon nanotubes (CNTs) and graphene oxide

(GO) make it possible to improve emulsion separation and eliminate organic fouling by
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electrochemical oxidation and electrostatic repulsion between the oil and membranes!!3~18],

Fan et, al. developed a self-sustained carbon nanotube hollow fiber scaffold supported
polyamide thin film composite (CNT TFC-FO) membrane, which improved flux by about
50% during the oil-water emulsion separation from electrochemical forward osmosis
process due to the synergic effect of electric-conductivity and hydrophilicity ['). Yi et, al.
designed carbon nanotube polyvinyl alcohol (CNT-PVA) composite membranes serving
as cathode during the treatment of oily wastewater, which significantly enhanced the oil
removal efficiency and alleviated membrane fouling benefited from the function of

electrostatic repulsion !,

Applying the strategy, a new conductive membrane was developed in this work by grafting
the conductive polymer blend of poly(3,4-ethylenedioxythiophene) and polystyrene
sulfonate (known as PEDOT:PSS) and zwitterionic polymer poly(sulfobetaine
methacrylate) (PSBMA) on poly(vinylidene fluoride) (PVDF) membrane surface with the
help of versatile mussel-inspired polydopamine (PDA). PEDOT:PSS possesses a high and
controllable conductivity, excellent chemical and electrochemical stability, good optical
transparency, and good biocompatibility, making it useful as electrodes in electrochemical
devices, solar cells, organic thin film transistors, and so on [2!2°]. Moreover, PSBMA
polymer, known as a zwitterionic polymer, has been applied as a promising class of
antifouling agents to improve organic fouling resistance. The outstanding antifouling
performance is attributed to the tightly bound hydration layer on the zwitterionic surfaces,
which serves as a steric and energetic barrier against the adsorption of organic and
biological entities *6*°]. Here, a PEDOT:PSS and PSBMA polymers modified PVDF

membrane was first proposed with high porosity, good hydrophilicity, and excellent
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electro-conductivity, where the bio-inspired super glue PDA was applied as the versatile
intermediate layer to connect the PVDF membrane and the two polymers. An
electrochemistry-assistant system was designed in this work to investigate the O/W
emulsion separation and antifouling performance under different external electrochemical
potentials. In order to clarify the interaction mechanism between oil droplets and the
conductive membranes during electrochemical processes, an electrochemical atomic force

(39321 The conductive AFM technology is able to

microscope (EC-AFM) was employed
control the interfacial electrochemical reactions and probe the change of surface forces
simultaneously, facilitating the direct characterization of interactions evolutions between
oil and membranes under varying potentials at the nanoscale, which has not been reported
to our knowledge. Then, the extended Derjaguin—Landau—Verwey—Overbeek (DLVO)
theory including the effect of hydrophobic interaction was applied to analyze the measured
forces between oil droplets and different membrane surfaces potentiostatically treated at
various electrochemical potentials in aqueous solution. The antifouling performance of
different membranes was evaluated by the filtration and rejection test. Our work provides
useful insights into the development of functional conductive membrane surfaces to
improve O/W separation efficiency and eliminate the fouling problems as well as the

fundamental interaction mechanisms associated with antifouling properties of O/W

emulsions on conductive membranes under various potentials.
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Fig. 5-1 Schematic illustration of O/W emulsion separation mechanism of conductive
PEDOT:PSS/PSBMA coated PVDF membrane under electrochemical assistance.

5.2. Results and discussion

5.2.1. Characterization of PVDF membrane, PEDOT:PSS-coated PVDF membranes
and PEDOT:PSS/PSBMA-coated membranes

The PVDF membranes were prepared via an immersed phase inversion method. The
thickness of the prepared PVDF membranes was around 200 pm, and the membrane
porosity (¢) and mean pore radius (rm) were calculated to be 68.5% and 0.16 pum,
respectively, based on the dry weight and wet weight of the prepared PVDF membrane.
The PEDOT:PSS-coated PVDF membranes (PP membrane) and PEDOT:PSS/PSBMA-
coated membranes (PP/PSBMA membrane) were prepared based on the as-prepared PVDF
membranes, and the polymerization process of polymers and preparation procedure of

coatings are illustrated in Experimental Section. For PP membrane, a PDA layer was first

142



self-polymerized on the pristine PVDF membrane surface under mild alkaline aqueous
conditions of pH 8.5, serving as an intermediate versatile platform to introduce the
PEDOT:PSS polymer. The fabrication process of the PP/PSBMA membrane, as illustrated
in Fig. 5-2, began with the co-deposition of a PDA/PEDOT:PSS layer onto a PVDF
membrane. Following this, a PSBMA layer was introduced to the membrane surface via
surface modification to further enhance the hydrophilicity and antifouling properties of the

membrane.
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Fig. 5-2 Schematic of the fabrication process of PDA-PEDOT: PSS/PSBMA coating on
PVDF membrane.

Figs. 5-3 a—c show the scanning electron microscope (SEM) images of the pristine PVDF

membrane, PP membrane, and PP/PSBMA membrane, respectively. Compared to the
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pristine PVDF membrane, PP membrane maintained similar porous structures, while large
quantities of agglomerations of PEDOT:PSS polymers were attached to the membrane
substrate surface, exhibiting a stacked structure (Fig. 5-3 b). Meanwhile, the co-deposition
of PEDOT:PSS and PSBMA polymers on the PVDF membrane surface formed a compact
and homogeneous coating with high uniformity and less agglomeration (Fig. 5-3 c¢). The
morphology of the three types of membranes was analogous to that observed on the
topographic AFM images. Figs. 5-3 d—f show AFM imaging analysis of pristine PVDF
membrane, PP membrane and PP/PSBMA membrane with an area of 2 um x 2 um,
respectively. Pristine PVDF membrane (Fig. 5-3 d) exhibited a flat morphology structure
with a root mean square roughness (RMS) value of 50.9 nm. After the deposition of
PEDOT:PSS polymers (Fig. 5-3 e), it could be observed that large agglomerations were
attached to the membrane surface, and the RMS value of the membrane surface was
increased to 52.7 nm. However, the PP/PSBMA membrane (Fig. 5-3 f) showed a relatively
smooth morphology with a smaller RMS value of 30.2 nm, which indicated that the
PEDOT:PSS and PSBMA polymers could uniformly co-deposited on the pre-modified
PDA layer and minimize the surface roughness. The wettability of the pristine PVDF
membrane, PP membrane and PP/PSBMA membrane are also shown in Figs. 5-3 d—f. For
the PVDF membrane (Fig. 5-3 d), the water drop could stably stand on the membrane
surface due to the hydrophobicity and roughness of fluorinated polymers, showing a water
contact angle (WCA) of 131.2°. After being modified by PEDOT:PSS polymer, the
measured WCA of the membrane surface was reduced to 75.1°. For PP/PSBMA membrane,
the water droplet partially spread on and readily attached to the membrane surface with a

WCA of 20.1°, which indicates the successful deposition of hydrophilic zwitterionic
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polymer. The surface chemical functionality of the PDA-PEDOT:PSS coating and PDA-
PEDOT:PSS-PSBMA coating on PVDF membrane surfaces was characterized using the
Fourier transform infrared (FTIR) spectrometer shown in Fig. 5-3 g. The transmittance
peaks associated with the PDA-PEDOT:PSS coating (spectrum in purple line) were
observed at 1520 cm™! for the C=C skeletal vibrational spectral range for the benzene ring,
which is present in both PDA and PEDOT:PSS molecules. While for the PDA-
PEDOT:PSS/PSBMA coating (spectrum in green line), except the peaks for the -CF»
stretching vibration absorption bands of the PVDF membrane (1180 cm™) and aromatic
C=C skeleton stretching vibration (1520 cm™) [*3], the new absorption signal at 1725 cm’!
corresponded to the carboxylic C=O stretching vibration of PSBMA in the membrane
surface [*¥. Moreover, a novel characterization method Optical PhotoThermal InfraRed (O-
PTIR) microspectroscopy was applied to visualize the chemical composition distribution
across a small area (2 x 2 um?) on the PP membrane and PP/PSBMA membrane surfaces.
In the O-PTIR spectra maps of the PP membrane (Fig. 5-3 h), the characteristic band of
PEDOT:PSS molecules—aromatic C=C skeleton stretching vibration (1520 cm™) could be
observed throughout the whole characterized membrane surface. Additionally, a C=0O band
at 1725 cm™! was also detected on the bulk PP/PSBMA membrane (Fig. 5-3 i). The O-PTIR
images further verified the uniformity of the coated PDA-PEDOT:PSS coating and PDA-

PEDOT:PSS/PSBMA coating on PVDF membrane surfaces.
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Fig. 5-3 SEM images of (a) pristine PVDF membrane (b) PDA-PEDOT:PSS-coated
PVDF membrane, and (c) PDA-PEDOT:PSS/PSBMA coated PVDF membrane at 25k X
magnification; Typical AFM images of surface morphologies and WCAs of (d) pristine
PVDF membrane (RMS~50.9 nm, WCA~131.2°) (¢) PDA-PEDOT:PSS-coated PVDF
membrane (RMS~52.7 nm, WCA~75.1°), and (f) PDA-PEDOT:PSS/PSBMA coated
PVDF membrane (RMS~30.2 nm, WCA~20.1°); (g) The chemical composition of the
PVDF membrane (blue), PDA-PEDOT:PSS-coated PVDF membrane (purple) and PDA-
PEDOT:PSS/PSBMA coated PVDF membrane (green) investigated by FTIR analysis; (h)
O-PTIR images of C-F (1180 cm™) and C=C (1520 cm!) groups in characterized areas of
the PP membrane surface; (i) O-PTIR images of C-F (1180 cm™) and C=0 (1725 cm™")
groups in characterized areas of the PP/PSBMA membrane surface.

5.2.2. Electrochemical measurements

In In this work, the surface reactivity and electrochemical behaviors of PVDF membrane
before and after modification of conductive PEDOT:PSS and PSBMA polymers were
analyzed using the scanning electrochemical microscopy (SECM) technique. In order to
study surface electrical charges and electrochemical reactions that occur on the membrane

surfaces, the open circuit potential (OCP) and point of zero charge (PZC) of different
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membranes were determined prior to the SECM experiment using differential
capacitance/potential curves, as shown in Supporting information. To assess the
conductivity of membranes, the Pt tip was gradually brought closer to the membrane
surface at a speed of 2 pm s™!. The process involved measuring a tip approach curve, which
allowed the contact point to be identified. For conductive or semi-conductive substrates,
this was characterized by a sudden and sharp increase in tip current, while for insulating
substrates, it was marked by a sudden drop to zero current. By recording changes in tip
current as the distance between the tip and membrane varied, the electron transfer ability
of different membranes was determined. The normalized current /T vs normalized distance
L curves of three types of membranes at different electrochemical potentials were presented
in Fig. 5-4 a. Then, the SECM tip approach curves were theoretically fitted to determine
the apparent rate constant & of the electrochemical reaction of PEDOT:PSS on membranes,
and the theoretical calculation can be found in the Supporting Information. The pristine
PVDF membrane displayed an insulator approach curve. It could be noted that the
modification of PSBMA polymer affected the conductivity of the membrane as the k values
of PP/PSBMA membrane were lower than that of PP membrane, while PP/PSBMA
membrane still showed the conductive property compared with the curve of insulators. The
obtained & values at various electrochemical potentials are plotted in Fig. 5-4 b. For both
PP membrane and PP/PSBMA membrane, k values follow this trend: -0.4 V < OCP < 0.4
V. The conductivity of PEDOT:PSS is mainly determined by the oxidation state of the
PEDOT component, which can be controlled by adjusting the electrochemical potential.

The conductive PEDOT:PSS polymer intrinsically in a doped or oxidized state turns
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electrically insulating when being reduced by applying negative potentials, as shown in
this electrochemical reaction (Equation (1)) [*:

EDOT; -SS™ +e” +C* - EDOT? -SS™-C* (1)

(doped or oxidized state) (dedoped or reduced state)

At 0.4 V, PEDOT:PSS was more oxidized, which generally resulted in a higher k value,
meaning electron transfer behaviors were easier at the surface. At -0.4 V, the k slightly
decreased as PEDOT:PSS was tuning into the reduced state, which typically led to lower
conductivity compared to its oxidized state. However, the conductivity of PP membrane
and PP/PSBMA membrane surface at -0.4 V was still much higher than an insulator,
indicating active electron transfer behaviors at the conductive membrane/solution

interfaces.

Then the Pt tip was retracted 10 um and a 60 x 60 um? image was taken at a tip scan rate
of 50 um s'. The SECM images of PP membrane and PP/PSBMA membrane at the same
location at various potentials are shown in Figs. 5-4 c-f, with the Pt tip biased at 0.5 V. The
mapping obtained at Esu, was set to 0.4 V showed a larger value than that obtained at Esub
was set to -0.4 V, indicating it was easier for electrons to flow from the PEDOT:PSS to the
surroundings when the membrane surface was potentiostatically treated at a positive
electrochemical potential. However, the electron-transfer reactions on the PP membrane
and PP/PSBMA membrane surfaces were still active when an electrochemical potential of

-0.4 V is applied as the feedback currents were in a high range.
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Fig. 5-4 (a) SECM tip approach curves measured in | mM FcMeOH and 0.1 M KCl on
PVDF membrane, PP membrane and PP/PSBMA membrane. The SECM tip was biased
at 0.5 V. The Red solid line and green solid line are the theoretical tip approach curves
for the conductor and insulator, respectively. (b) Average k values for the corresponding
tip approach curves in (a). SECM images of PP membrane and PP/PSBMA membrane at
electrochemical potential of (¢) (e) -0.4 V and (d) (f) 0.4 V in 1 mM FcMeOH and 0.1 M
KCl solution with Pt tip biased at 0.5 V. Tip-substrate separation distance: 10 pm. Image
size: 60 x 60 um?.

5.2.3. Underwater oil contact angle and surface potential measurements using EC-
AFM
The wettability of the PFO droplets on the conductive PP coating at different

electrochemical potentials was evaluated by measuring the underwater oil contact angle
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(OCA) measurement in 10 mM NacCl solution. Fig. 5-5 a shows the underwater OCA on
potentiostatically treated PP membrane surfaces. At open circuit potential (0.23 V), the PP
membrane was naturally oleophobic with an underwater OCA of ~145°. As the applied
potential increased to 0.4 V, the underwater OCA decreased to ~133°. However, as the
applied potential shifted to -0.4 V, the PP membrane surface turned slightly more
oleophobic with underwater OCA increased to 157°, indicating the oil droplet was less

likely to adhere to the membrane surface at a negative potential.

Then the surface potentials of the different membranes applied by various electrochemical
potentials were measured through EC-AFM. After each electrochemical potential was
applied on the membrane surface for 30 s, the AFM probe was immediately used to
measure the surface forces. Then the surface forces between the AFM tip and membrane
surfaces were further theoretically fitted based on the DLVO model, through which the
surface charge of the membrane surfaces could be calculated. The interaction force profiles
between silicon nitride AFM tip and PVDF membrane, PP membrane, and PP/PSBMA
membrane potentiostatically treated at different electrochemical potentials in 10 mM NaCl
are shown in Figs. 5-5 b-d, respectively. In our previous study, the silicon nitride
cantilevers were verified to be hydrophilic with a water contact angle of less than 5° %], In
this case, hydrophobic interaction between the AFM tip and membrane surfaces will not
be counted. For the PVDF surface, the measured force curves (Fig. 5-5 b) at
electrochemical potential ranging from -0.4 to 0.4 V almost overlap during approach (open
symbols) due to the insulative property of the PVDF membrane, which indicates that the
effect of the external electrochemical potential on interactions between silicon nitride tip

and PVDF surface can be neglected. The Hamaker constant for SizNs—water—PVDF was
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371 and

calculated as 1.0 x 1072° J based on the reported Hamaker constant of SizN4
refractive index and dielectric constant of PVDF membrane P*3%1, and the surface potential
of silicon nitride tip was reported to be -32 mV in 10 mM NaCl at pH 5.8 “**1]. Analyzing
the measured forces between the silicon nitride tip and PVDF surface based on the classical
DLVO theory (red curve), the surface potential of PVDF membrane was fitted to be -12
mV at different electrochemical potentials, which agrees well with the previously reported
surface potential value at pH 5.8 ****1. However, after modifying with PEDOT:PSS, the
PP membrane exhibited conductive properties and the interaction force curves showed
distinguishing trends at different electrochemical potentials. Fig. 5-5 ¢ shows the
interaction force curves between the silicon nitride tip and PP membrane surface
potentiostatically treated at various electrochemical potentials ranging from -0.4 V to 0.4
V in 10 mM NaCl at pH 5.8. With the potential increasing from -0.4 V to OCP and finally
reaching 0.4 V, the contribution of repulsive EDL interaction was decreased. The
experimental data was theoretically analyzed based on the DLVO theory to calculate the
surface potentials of PP membranes at different electrochemical potentials, as shown in the
solid curves of Fig. 5-5 c. According to the previous studies, the Hamaker constant of
PEDOT:PSS is variable at reduced and oxidized states since the dielectric constant of
PEDOT:PSS is different upon redox switching. The Hamaker constant between PP
membrane and silica nitride AFM tip at electrochemical potentials of -0.4 V, OCP and 0.4
V in NaCl solution was roughly calculated as 5.23 x 1072°J,5.23 x 1072°J, and 5.22 x 107
J, respectively, using the Lifshitz theory and the reported dielectric constant and reflective
index of PEDOT-PSS, silica nitride and water >l Fitting the measured force curves

using the DLVO theory gives the surface potentials of PP membrane at electrochemical
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potentials of -0.4 V, OCP and 0.4 V in 10 mM NacCl as -57 mV, -38 mV, and -15 mV,
respectively. For PP/PSBMA membrane, the Hamaker constant for SizNs—water—-PSBMA
estimated from the reported dielectric constant and reflective index of PSBMA was 3.95 x
10720 J 47481 However, the PP/PSBMA membrane still showed a conductive property due
to the presence of PEDOT:PSS, which was verified by electrochemical measurements. In
this case, the force curves of PP/PSBMA membrane showed different trends when applying
various electrochemical potentials (Fig. 5-5 d). After theoretical calculation (solid curves
in Fig. 5-5 d), the surface potentials of PP/PSBMA membrane at electrochemical potentials

0f-0.4 V, OCP and 0.4 V in 10 mM NaCl solution were fitted to be -40 mV, -28 mV and

-8 mV, respectively.
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Fig. 5-5 (a) Underwater oil contact angle (OCA) of PFO droplets on PP membrane
surface as a function of electrochemical potential in 10 mM NaCl solution. Interaction
force F between silicon nitride AFM tip and (b) PVDF membrane surface, (c) PP
membrane surface and (d) PP/PSBMA membrane surface potentiostatically treated at
electrochemical potentials of -0.4 V, OCP and 0.4 V in 10 mM NaCl as a function of
separation distance D. The inset shows zoomed-in view at short separation. Experimental
results are shown as open symbols, and DLVO calculations are shown as solid curves. (¢)
Summary of fitted PP membrane and PP/PSBMA membrane at different electrochemical
potentials.

5.2.4. Force measurements between oil drop and different membrane surfaces via EC-
AFM

Oil-in-water emulsions are a common type of mixture that needs to be separated and
purified both in industrial and domestic water, and understanding the molecular interaction
mechanisms of emulsion droplets with diverse membranes can help to evaluate and
improve the separation efficiency and selectivity of the different membranes. Herein, PFO
is used as a model oil to unveil the fouling behaviors and interaction mechanisms of
different membranes in O/W emulsion systems. An oil probe EC-AFM technique, based
on a system combining an Asylum Research MFP-3D AFM and an electrochemical
workstation, was employed to measure the interaction forces between PFO droplets and
different membranes in 10 mM NaCl solution at pH 5.8. Fig. 5-6 shows the schematic of
EC-AFM controlling the interfacial electrochemical reaction and simultaneously probing

the change of surface interaction forces between membrane surfaces and the oil droplet.
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Fig. 5-6 Schematic of EC-AFM for the force measurements between oil droplets and
membrane surfaces during a typical electrochemical AFM experiment using the drop
probe AFM technique and inset shows the microscopic image of a typical drop probe.

For the PVDF membrane, only the interaction force at OCP (no electrochemical potential
applied) was collected due to the insulating property. For the conductive PP membrane and
PP/PSBMA membrane, the interaction forces at -0.4 V, OCP and 0.4 V were measured to
probe the evolution of surface characteristics by controlling the interfacial chemical
reactions. In these cases, after each electrochemical potential was applied on the membrane
surface for 30 s, the oil AFM probe was immediately driven onto the membrane surfaces
till a pre-set maximum loading force of 20 nN was applied. Fig. 5-7 a shows the interaction
force profile between PFO droplet and PVDF membrane in a 10 mM NaCl solution. A
jump-in behavior was observed during the approaching process of the oil probe, which
could be fitted with the theoretical model based on the Reynolds lubrication equation and
augmented Young—Laplace equation (SRYL model, the detailed information was clarified
in Experimental). For this PFO-water-PVDF membrane system, the Hamaker constant was
calculated to be 1.01 x 1072! J using the combining relations of the Hamaker constants of

the different materials involved. The surface potential of PFO in 1 mM NacCl at pH 5.8 was
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-33 mV. The zeta potential of PVDF surface at pH 5.8 were fitted to be -12 + 3 mV, which
was in line with the surface potential of PVDF membrane calculated in Sec. 2.3. The decay
length of hydrophobic interaction was determined to be Do ~ 1.2 nm during the
PFO—PVDF interaction. Upon the oil probe retraction from the membrane, the oil droplet
immediately detached from the AFM cantilever and attached to the membrane surface. The
rigid adherence originated from the intermolecular interactions between the oil drop with
the PVDF surface such as attractive VDW force and hydrophobic force, indicating the oil

foulants on PVDF membrane were hardly removed and cleaned resulting in fouling issues.
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Fig. 5-7 (a) Experimentally measured interaction force profile (open symbols) and the
theoretical fitting result (red solid curve) of a PFO droplet (radius R = 70 pm) and PVDF
membrane at OCP in 10 mM NaCl at pH 5.8. (b) Experimentally measured interaction
force profiles (open symbols) and the theoretical fitting results (solid curves) of a PFO
droplet (radius R = 80 um) and PP membrane at -0.4 V, OCP and 0.4 V in 10 mM NaCl
at pH 5.8. The inset shows a zoomed-in view at a short separation. (¢c) Measured adhesion
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Faq between the PFO droplet and PP membrane potentiostatically treated at different
electrochemical potentials. (d) Experimentally measured interaction force profiles (open
symbols) and the theoretical fitting results (solid curves) of a PFO droplet (radius R = 65
um) and PP/PSBMA membrane at -0.4 V, OCP and 0.4 V in 10 mM NaCl at pH 5.8. The

inset shows a zoomed-in view at a short separation.

In contrast, only repulsive forces were detected in the approaching force curves of PP
membrane at different electrochemical potentials, as shown in Fig. 5-7 b. The Hamaker
constant for PFO—water—PP membrane system varies at diverse electrochemical potentials
due to the variable dielectric constant of PEDOT:PSS upon redox switching. According to
the reported dielectric constant and refractive index of PEDOT:PSS, the Hamaker constants
at the electrochemical potential of 0.4 V, OCP, and -0.4 V were calculated to be -6.26%
1022 J, -6.06x 10722 J, and -5.58x 10722 J, respectively. It is noted that after modifying
PVDF membrane with PEDOT:PSS polymers, the VDW interactions of PFO—water—PP
membrane were repulsive. By fitting the measured force data (open symbols) using the
SRYL model (solid curves), the surface potentials of PP membrane were determined as -
55+ 5mV, -35+3 mV, and -15 £ 3 mV, respectively, at electrochemical potentials of -
0.4V, OCP and 0.4 V in 10 mM NacCl at pH 5.8, which were in good agreement with that
fitted in the previous section. For PP membrane, the decay length of hydrophobic force
was determined to be 0.7 nm. Therefore, the short-range VDW repulsion, long-range EDL
repulsion and hydrodynamic interaction competed with the weak hydrophobic attraction
and dominated the behavior of PFO droplets during the approaching force measurement
process. During the retraction process, jump-out behaviors were observed, which
determined the adhesion force between PFO droplets and PP membranes at different
electrochemical potentials. The average adhesion force was measured to be 2.57 £0.21 nN,

4.40 +0.26 nN and 5.90 + 0.52 nN at electrochemical potentials of -0.4 V, OCP and 0.4 V,
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respectively, which showed an increase with the rise of applied electrochemical potentials.
Therefore, the PFO droplets were less likely to adhere to the PP membrane under the

assistance of negative electrochemical potential.

Fig. 5-7 d displays the interaction force results between PP/PSBMA membrane and oil
droplets at electrochemical potentials of -0.4 V, OCP and 0.4 V in 10 mM NaCl at pH 5.8,
respectively. PP/PSBMA membranes showed similar force-time profiles while interacting
with oil droplets at various electrochemical potentials, where pure repulsion was
discovered during the approach and no obvious adhesion was detected during the retraction
of the oil droplet from the membrane surfaces. However, a more repulsive trend in the
approaching force curves could be observed while a more negative electrochemical
potential was applied. For the PSBMA—oil interactions, there is no hydrophobic force
because of the hydrophilic nature of PSBMA. The theoretical Hamaker constant between
PFO and PP/PSBMA membrane was calculated to be -1.00 x 102! J, indicating VDW
force was repulsive. The theoretical fittings (solid curves in Fig. 5-7 d) show that the
surface potentials of the PP/PSBMA membrane were -38 £ 5 mV, -25 £ 3 mV, and -10 +
3 mV in 10 mM NaCl at electrochemical potentials of -0.4 V, OCP and 0.4 V, respectively,
which are also consistent with the measured surface potential results in Fig. 5-5 d. Figs. 5-
8 a—c show the disjoining pressure profiles due to the VDW, EDL and hydrodynamic
interactions between PFO droplets and PP/PSBMA membrane surface at electrochemical
potentials of 0.4 V, OCP and -0.4 V, respectively, during their approaching process. The
theoretical results indicated that applying negative electrochemical potential on the
conductive membrane surface led to more negative surface potential of the membrane

surface, which was then attributed to the enhanced EDL repulsion between the PFO droplet
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and the PP/PSBMA membrane surface. Thus, the approaching behavior of PFO droplets
was contributed by the synergistic effect of repulsive VDW, EDL and hydrodynamic
interaction. Moreover, under the maximum load force applied (i.e., ~20 nN), a layer of
water was confined between the oil drop and membrane surface, where thicker water film
helped prevent the oil-surface attachment. As illustrated in Fig. 5-8 d—f, the minimum
thickness /imin of the thin water film was determined to be 14.1 nm, 14.9 nm and 17.2 nm
for the PP/PSBMA membrane at the electrochemical potential of 0.4 V, OCP and -0.4 V,
respectively. Meanwhile, when the PFO droplets were retracted from the membrane
surface, no attachment behavior of oil droplets interacting with PP/PSBMA membrane was
observed (only a slight hydrodynamic suction), which demonstrated that the oil droplets on
PP/PSBMA membrane surface could be easily removed. Therefore, the modification of
zwitterionic polymers endowed the conductive membrane with excellent antifouling
properties to the oil-in-water emulsions for the following reasons. First, the conductive
membrane surface turned from neutrally charged to negatively charged by applying
negative electrochemical potential, resulting in oil droplet-membrane surface interactions
becoming more repulsive due to the enhanced EDL repulsion during the approaching
process. Second, the presence of zwitterionic polymers tuned the wettability of the
membrane surface and eliminated the attractive hydrophobic interaction. Moreover, the
superhydrophilic PSBMA polymers attracted a dense water layer, which effectively

prevented contact between the oil droplet and the membrane surface.
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Fig. 5-8 Calculated profiles of VDW disjoining pressure, EDL disjoining pressure,
hydrophobic pressure, and hydrodynamic pressures between a PFO droplet interacting
with (a) PP/PSBMA membrane surface at 0.4 V, (b) PP/PSBMA membrane surface at

OCP, and (c) PP/PSBMA membrane surface at -0.4 V at the central position of the

droplet in 10 mM NacCl solution, respectively. The calculated drop profile at maximum
force load during the approach process where a layer of water with minimum thickness
hmin (at central point) confined between the oil droplet and (d) PP/PSBMA membrane
surface at 0.4 V, (¢) PP/PSBMA membrane surface at OCP, and (f) PP/PSBMA
membrane surface at -0.4 V at the central position of the droplet in 10 mM NaCl solution,
respectively.

5.2.5. Oil/water separation and antifouling performance of PP membrane and
PP/PSBMA membrane under electrochemical assistance

Based on the force measurement results, the conductive PP membrane and PP/PSBMA
membrane showed strong repulsive electrical double-layer force against the oil droplet at
an electrochemical potential of -0.4 V. Herein, the oil/water separation performance and
the fouling resistance of the conductive PP membrane and PP/PSBMA membrane under
electrochemical assistance were investigated by PFO—in—10 mM NaCl solution emulsion.

Fig. 5-9 a illustrates the schematic of the vacuum filtration setup for oil/water separation
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with a piece of PP or PP/PSBMA membrane placed at the filter holder and connected with
an electrochemical workstation as the working electrode, and the reference electrode and
counter electrode were immersed in the feed water. The effective separation area of the
membrane is 6.15 cm? and the pressure difference between ambient and evacuation

pressure is 0.07 MPa.

The O/W separation performance and antifouling property of membranes can be evaluated
by the normalized flux, flux recovery ratio, and oil removal efficiency. These parameters
are calculated based on the water flux of the original membrane, the water flux of the feed
solution, the water flux of the cleaned membrane after the filtration process and the TOC
value of the filtrate, which were demonstrated in the experimental section. Fig. 5-9 b shows
the water flux decline results of the PVDF membrane without electrochemical assistant,
PP membrane and PP/PSBMA membrane at both OCP and electrochemical potential of -
0.4 V for the oil/water separation, respectively. PVDF membrane showed the most
significant water flux decline behavior among the three membranes, and the permeation
flux of PVDF membrane significantly decreased to 54% of the original water flux of the
membrane. The dramatic decline of the water flux suggested that the oil droplet adhered to
the PVDF surface and blocked the membrane pores, thus seriously affecting the O/W
emulsion separation efficiency. PVDF membrane had the most significant fouling potential
and membrane in the whole filtration process. After modifying PEDOT:PSS, the NF of PP
membrane at OCP was calculated to be 55%, which maintained a similar value as that of
PVDF membrane. However, the NF of PP membrane potentiostatically treated at
electrochemical potentials of -0.4 V increased to 61%, implying the amount of oil droplets

attached to the PP membrane significantly decreased under the electrochemical assistant.

160



The NF of the O/W emulsion in the PP/PSBMA membrane at OCP was found to be 62%,
which is in line with the low fouling tendency of PP/PSBMA membrane due to the
superhydrophilicity of the zwitterionic PSBMA polymer. This result underscored the
effectiveness of PSBMA modification in reducing fouling and enhancing the performance
of original membranes. Moreover, by applying an electrochemical potential of -0.4 V, the
permeation flux of PP/PSBMA membrane only decreased to 79% of that at the initial,
displaying excellent emulsion separation and antifouling performance. Then, the
concentration of oil in both O/W emulsion and filtrate was analyzed by TOC measurement,
through which the oil removal efficiencies of different membranes could be determined.
As shown in Fig. 5-9 c, the oil removal efficiency of diverse membranes followed this trend:
Epvpr OCP (98.5%) < Epp OCP (98.9%) < Epppsema OCP (99.1%) < Epp -0.4 V (99.9%) =
Evppsma -0.4 V (99.9%). The calculated oil removal efficiencies in both electrochemically
assisted PP membrane and PP/PSBMA membrane were exceptionally high, implying that
the PFO-in-water emulsions are successfully separated with the assistance of

electrochemical processes.

After 5 min of washing with deionized water to remove the absorbed oil droplets on the
membrane surface and pores, the water flux recovery ratio of membranes was calculated
to monitor the fouling resistance and self-cleaning property. As shown in Fig. 5-9 c, the
water flux of the PVDF membrane and PP membrane at OCP was only restored to 58%
and 60%, and this severe reduction in the water flux related to the high irreversible fouling
caused by oil droplets. FRR of PP membrane potentiostatically treated at electrochemical
potential of -0.4 V was elevated up to 72%. Especially, PP/PSBMA membrane possessed

a high FRR of 80% compared with the other two types of membranes even without the
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support of electrochemical potential. After applying an external electrochemical potential,
PP/PSBMA membrane not only displayed a substantial superiority in separation efficiency
but also showed a significant enhancement of the antifouling performance with the FRR of
89%. There were two dominant factors responsible for the excellent O/W emulsion
separation performance and fouling resistance for PP/PSBMA membrane under
electrochemical assistance. One was the hydration layer attributed to the strong water
affinity charged groups on zwitterionic polymers, creating a repulsive force that inhibits
the adhesion of oil droplets to the membrane surface. Another factor was the accumulated
negative charges on membrane surfaces originating from the external electrochemical
potential, which prevented the adherence and adsorption of negatively charged oil droplets

through EDL repulsion interaction.
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Fig. 5-9 (a) Schematic of the vacuum filtration setup combined with the electrochemical
system, where PP and PP/PSBMA membranes were working electrodes, and the
reference electrode (Ag/AgCl) and counter electrode (Pt) were immersed in the feed
water. (b) Normalized flux and (c) flux recovery ratio and oil removal efficiency of
PVDF membrane, PP membrane and PP/PSBMA membrane at different electrochemical
potentials.

5.3. Experimental Section

5.3.1. Chemicals

Polyvinylidene fluoride (PVDF) powder (Mw ~534000) and N,N-Dimethylformamide
(DMF) (assay GC area > 99%) were purchased from Sigma-Aldrich, Canada. Dopamine
hydrochloride, 30% hydrogen peroxide (H202), poly(2,3-dihydrothieno-1,4-dioxin)-
poly(styrenesulfonate), (PEDOT:PSS), [2-(methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl) ammonium hydroxide (SBMA), sodium bisulfite (NaHSO3), perfluorooctane
(PFO) and ferrocenemethanol (FcMeOH) were obtained by Sigma-Aldrich, Canada.
Lithium chloride (LiCl), sodium chloride (NaCl), potassium chloride (KCl), ammonium
persulfate (APS) and tris(hydroxymethyl)aminomethane (Tris) were supplied by Fisher

Chemical, Canada.

5.3.2. Polymerization of PSBMA polymer

PSBMA polymer was synthesized through (NH4)>S205 (APS)-NaHSOs3 redox initiation
system using the conventional free radical polymerization method. 5.59 g SBMA monomer
was dissolved in 25 mL deionized (DI) water (800 mM) in a 50 mL round-bottomed flask.
228 mg APS as initiator was slowly added into the flask (40 mM). The solution was then
placed into a 45°C water bath with continuous mechanical stirring until the solid

ingredients were dissolved entirely under a nitrogen atmosphere. After 104 mg NaHSOs

163



was added to the solution dropwise (40 mM), the polymerization process was carried out

under a nitrogen atmosphere for 24 h at 45 °C with vigorous stirring.

5.3.3. Preparation of different membrane

Hydrophobic PVDF membranes were prepared via an immersed phase inversion method.
8 g PVDF powder (My ~534000) and 4 g LiCl were dissolved in 63 g DMF by vigorous
stirring at 60 °C for 30 min until a homogenous polymer solution was obtained. After
degassing for 16 h in a vacuum oven, the polymer solution was cast on a glass plate using
a 200 pum casting knife. After that, the glass plate was immediately immersed in a
coagulation bath of DI water to allow the PVDF membrane to peel off. The nascent
membranes were then rinsed with DI water to remove the residual solvent.

To prepare of PVDF-PDA-PEDOT:PSS membrane (PP membrane), the as-prepared PVDF
membranes were washed with ethanol and DI water to remove the adsorbed impurities. 2
mg mL! dopamine hydrochloride was dissolved in 10 mM Tris buffer (pH 8.5) to prepare
PDA coating solution. The cleaned PVDF membranes were immersed into the coating
solution with constant stirring at room temperature. After 30 min, a PDA layer was
uniformly coated on the PVDF membrane surface. Subsequently, the PDA-coated PVDF
membranes were submerged in PEDOT:PSS solution (1.1% in H20) for 24 h, which were
thoroughly washed by ethanol/DI water alternatively three times. As a convenience, the
PVDF-PDA-PEDOT:PSS membrane was named as PP membrane.

As for the preparation of PVDF-PDA-PEDOT:PSS/PSBMA membrane (PP/PSBMA
membrane), the nascent PVDF membranes were firstly modified with a PDA layer as
described above. The prepared PSBMA polymer solution was diluted four times with DI

water, and PEDOT:PSS (1.1%) was added to the solution to obtain a co-deposition coating
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solution. Then the PDA-coated PVDF membranes were immersed in the mixed solution
for 24 h and washed with ethanol and DI water before use. The modified PVDF-PDA -

PEDOT:PSS/PSBMA membrane was named as PP/PSBMA membrane.

5.3.4. Membrane surface characterization

The surface morphology and the element distribution of as-fabricated PVDF membrane,
PP membrane, and PP/PSBMA membrane were characterized by a field-emission scanning
electron microscope (SEM) (Zeiss Sigma 300 VP-FESEM, Germany) with energy-
dispersive X-ray spectroscopy (EDS) at the electron acceleration voltage of 10.2 keV. The
surface roughness of the three types of membrane surfaces was characterized by imaging
using a Bruker Icon AFM (Bruker, Santa Barbara, USA) using the PeakForce Quantitative
Nano-Mechanics (PF-QNM) model. The chemical functional groups of the coating
materials on the PVDF membrane were identified by applying a proprietary technique
based on optical photothermal IR (O-PTIR) spectroscopy (Mirage, Santa Barbara, USA).
The wetting property of the PDA-PAA-PMTAC coating was evaluated via the water
contact angle (WCA) as well as underwater oil contact angle (OCA) measurements of PFO
droplets in 10 mM NaCl aqueous solution using contact angle goniometer (Ram’e-Hart
instrument, NJ).

The membrane porosity (¢) of the prepared PVDF membrane was calculated by the wet
weight and dry weight of PVDF membranes. The prepared membrane was firstly weighed
after mopping water on the membrane surface, which was then placed in an oven at 40 °C
overnight before measuring the dry weight. Porosity was calculated using Equation (2):

W1—Wp

=172 2 100% )

- AXIXd,y,
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Where w1 (g) is the wet weight and w» (g) is the dry weight of the calculated membrane. A4
(m?) is the effective membrane area, / (m) is the thickness of the membrane, and dy
(9.98x10° g m™) is the water density. Moreover, the membrane mean pore radius (7m) could

be determined using the Guerout-Elford-Ferry equation (Equation (3)):

_|(29-1.758)x8ulQ
rm—\/ eXAXTMP 3)

Where u is water viscosity (8.9x10* Pa-s), O (m®s™') is the volume of the permeate pure

water per unit time, and TMP is the operation pressure (7x10° Pa).

5.3.5. SECM measurements

The SECM experiments were conducted on a CHI920C electrochemical workstation
equipped with a scanning electrochemical microscope (CH Instruments, TX, US). The
membrane electrode was mounted at the bottom of the SECM cell with an exposed surface
area of ~0.28 cm?. The reference electrode was an Ag/AgCl (1 M KCI) electrode, and the
counter electrode was a Pt wire. In SECM experiments, a Pt ultramicroelectrode with a
radius (a) of 5 um and an RG (RG = ry/a; rg 1s the radius of glass sheath) of 10 was used
as an SECM tip. The Pt tip was polished on a micro polishing cloth with 0.05 um alumina
powder suspension, sonicated in Milli-Q water, and thoroughly rinsed with Milli-Q water
before use. First, the Pt tip was brought close to the membrane substrate in I mM FcMeOH
and 0.1 M KCI solution. A tip approach curve was recorded, through which the tip-
substrate distance d was then determined. During the approach, the Pt tip was biased at 0.5
V to ensure a diffusion-controlled electro-oxidation of FcMeOH, and the tip current was
influenced by the apparent rate constant & of the regeneration reaction of FcMeOH on the
substrate. The theoretical details of the tip approach curves have been clarified in our

previous works 411, Then, the Pt tip was kept to a desired distance from the substrate (In
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this work, the Pt tip was positioned 10 pum above the substrate surface to maintain high ion
collection efficiency), and the polarization of the membrane electrode was carried out
under various potentials, and the dissolved ions were collected by the Pt tip. Subsequently,
the Pt tip was driven to scan across the substrate to acquire SECM images in a 200 x 200
um? region; as such, the SECM experiments were conducted, and the SECM images were
collected in the substrate generation-tip collection (SG-TC) mode. In the electrochemical
experiments, all potentials quoted were referred to the reference electrode unless otherwise

specified.

5.3.6. Force measurement using electrochemical atomic force microscope (EC-AFM)
with drop probe technique
The interaction forces between PFO droplets and PVDF membrane, PP membrane, and
PP/PSBMA membrane surfaces at different electrochemical potentials in 10 mM NaCl
solution were directly measured by the AFM drop probe technique using an EC-AFM
(Asylum Research, Santa Barbara, CA, USA). The basic working principle of EC-AFM is
similar to that of AFM, while EC-AFM requires an electrochemical cell accommodating
the working electrode (conductive membrane surface), counter electrode (Pt wire), and
reference electrode (Ag/AgCl electrode). At the beginning of the experiment, the drop
probe was prepared as follows. Oil droplets were generated by introducing PFO droplets
on the glass substrate of the AFM fluid cell that was previously filled with 10 mM NaCl
solution through a custom-made ultrasharp glass pipet. Then, one of the oil droplets with a
suitable size (radius ~50—-100 pm) was carefully picked up by the AFM tipless rectangular
cantilever with a circular gold patch on end (Bruker, Santa Barbara, CA), which was

hydrophobized by immersion in 10 mM dodecane thiol in ethanol solution overnight. After
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that, the drop probe was moved and located over the membrane surfaces in the fluid cell
for force measurements. Before force measurement, the spring constant of the probe was
calibrated to be ~400 pN nm™' using the Hutter and Bechhoefer thermal tune method.
During the experiment, after each electrochemical potential was applied on the membrane
surface for 60 s, the drop probe was immediately driven to approach the membrane
substrate at a velocity of 1 um s until a pre-set deflection was detected and then retracted
from the surface. The interaction force was further converted based on the spring constant

and the deflection of the cantilever by Hooke’s Law.

5.3.7. Theoretical analysis of force profiles

A theoretical model based on the combination of Reynolds lubrication theory and
augmented Young—Laplace equation (SRYL) was applied to analyze the measured force
profiles between the membrane surfaces and PFO droplets in aqueous solutions 327341,
During the AFM force measurement, the approach of the oil AFM probe towards the
substrate could generate hydrodynamic interaction, which is attributed to the flow of the
confined fluid (i.e., 10 mM NaCl solution) between the oil drop and the membrane surface.
The hydrodynamic drainage behavior of confined water film between the oil drop and the
flat surface (oil-water-surface system) could be described by the Reynolds lubrication
theory (Equation (4)) [>-381:

oh _ _ 0 39p
at 12urdr (T‘h ar) (4)

where / is the thickness of the water film confined between the oil drop and the flat surface,
t is the time, u is the viscosity of the NaCl solutions, 7 is the radical coordinate of the oil
drop, and p is the excess hydrodynamic pressure. Moreover, the augmented Y oung-Laplace

equation is used to describe the deformation of the oil drop surface caused by the external
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pressure, including hydrodynamic pressure and disjoining pressure, as shown in Equation

(5) 57

s =% el ®)
where y is the oil/water interfacial tension at the equilibrium state, R is the radius of the oil
droplet, p and [ | are the hydrodynamic and disjoining pressure, respectively. The disjoining
pressure [ | generally arises from various intermolecular forces involving the van der Waals

(VDW) interaction, electrical double layer (EDL) interaction and hydrophobic (HB)

interaction between oil droplet and solid surface, given by Equation (6)—(10), respectively

(591,
[1=TIlvow + [lepr + [1us + - (6)
A
[Tlvow = — 67;3 (7)
28£0K2[(eKD+e_KD)Woileurface_("pgil"'wszurface)]

[lepL = (D 4 ¢—KDY?2 (8)

_ Co _ h(r,t)
[z = 21D, exp ( Do ) ©)
C =2ny(1— cos ) (10)

where [ [vpw, | [epL and [ [us are the disjoining pressure components due to the VDW, EDL
and hydrophobic interactions, respectively. Ay is the Hamaker constant between the oil
drop and substrate surface in NaCl solution; « is the inverse of the Debye length, ¢o is the
vacuum permittivity, ¢ is the dielectric constant of the aqueous solution, Poii and Psurface are
the surface potential of the oil drop and membrane surface, respectively. The inverse of the

Debye length could be calculated by Equation (11):
_ ’ X poe?
= gggkpT (1 1)
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Here po is the number density of ions in NaCl solution, e is the elementary electric charge,
T is temperature, and kg is the Boltzmann constant. Do is the decay length of the
hydrophobic interaction, and C is a constant (N/m) related to the static water contact angle
@ on the substrate.

The overall interaction force F(t) can be determined by the integration of the hydrodynamic

pressure p and the disjoining pressure || according to the Derjaguin approximation:

F() =2n [ [p(r,¢) + T1(r, O)]rdr (12)

5.3.8. Filtration and antifouling performance assessment

The PVDF membrane, PP membrane, and PP/PSBMA membrane were applied in the
separation performance and antifouling behavior characterization of oil-in-water (O/W)
emulsions. During the filtration test, the membrane surfaces were connected to the
CHI920C electrochemical workstation (CH Instruments, TX, US) as working electrodes,
and a Pt wire and an Ag/AgCl electrode were also inserted in the electrochemical cell as
the counter electrode and reference electrode. The O/W emulsion containing 1% (V/V)
PFO-in-10 mM NacCl solution was obtained by a homogenizer (IKA T-18 Ultra Turrax,
Germany) at 12, 000 rpm for 10 min and used as the model emulsion solution for O/W
filtration experiment. In the separation experiment, the membrane was placed in a dead-
end membrane filtration setup connected to a pressure pump at 0.7 bar, and a certain
electrochemical potential was applied on the membrane surface during the process. The
water flux was measured by prewetting the membrane surface with 10 mM NaCl solution.
After filtering the O/W emulsion, the membranes were washed with DI water for 5 minutes

to remove absorbed oil droplets from the membrane surface, and the water flux was
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measured by 10 mM NaCl solution once again to analyze the antifouling properties. The

flux J was calculated according to Equation (13),

14
Jwo =215 (13)

where Jyo is water flux (L m2 h™! bar!), Vis the volume of the permeation water (L), 4 is
the effective separation area of the membrane (m?), and ¢ is the filtration time (h), AP is the
pressure difference between ambient and evacuation pressure (bar).

The membrane antifouling performance was evaluated using the normalized flux (NF)

(Equation (14)) and flux recovery ratio (FRR) (Equation (15)),

NF =1o% (14)
Jwo
w1
FRR = n (15)

wo

where Jwo 1s water flux, Joyw is the water flux of O/W emulsion, and Jy is the re-measured
pure water flux after washing the membranes.

The filtrates were collected and then the total organic carbon (TOC) analysis (SHIMADZU
ASIL, Japan) was conducted to calculate the oil separation efficiency (#) based on the

initial (C;) and final (C) oil content according to Equation (16):

n(%) = (1 - %) x 100 (16)

5.4. Conclusions

In this work, a facile PDA-PEDOT:PSS-PSBMA coating was successfully applied to the
PVDF membrane for O/W emulsion separation. The prepared PP/PSBMA membrane
demonstrated conductivity and superhydrophilicity, significantly enhancing both O/W
emulsion separation efficiency and antifouling performance via a tunable surface force-

based strategy. EC-AFM technique monitored the surface charges of PP membrane and
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PP/PSBMA membrane at different electrochemical potentials, which were found to be
varied with the external electrochemical potentials due to the conductivity of PEDOT:PSS
polymer. Nanomechanical mechanisms behind the antifouling behavior of membranes
were further explored under different electrochemical potentials using the drop probe EC-
AFM technique. A negative potential applied to the membranes induced strong negative
surface charges, increasing EDL repulsion and preventing oil droplet attachment.
Additionally, the modification of PSBMA polymer coating endowed the membrane with
superhydrophilicity and eliminated the hydrophobic attraction between oil and membrane
surfaces, contributing to excellent antifouling performance. Oil/water separation tests
demonstrated that water permeability was influenced by surface chemistry and
electrochemical potentials. With EDL repulsion at a negative potential (-0.4 V), both the
PP and PP/PSBMA membranes exhibited strong fouling resistance, minimal flux decline,
and separation efficiency exceeding 99.9%. The zwitterionic PSBMA coating also enabled
easy regeneration of the membrane through immersion in 10 mM NaCl, reducing
irreversible fouling and improving reusability. This study highlights EC-AFM as a
valuable tool for probing interfacial properties and surface interaction mechanisms in
conductive membranes under electrochemically assistance, providing insights for
designing conductive and regenerable membranes with tunable surface interactions for

water treatment.

5.5. Supporting Information

5.5.1. Differential capacitance/potential curves
The linear sweep voltammetry (LSV) method was used to obtain these curves by measuring

the response of the material-electrolyte interface to a linearly varying potential. A 10 mL
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glass flat-bottomed electrochemical cell with appropriate access ports was used for the
experiment. The prepared membrane surfaces with an exposed geometric surface area of
~1 cm? were attached to the bottom of the electrochemical cell, and a section of copper
wire electrically contacting the membrane surface was inserted through the access port of
the cell, making the membrane surfaces the working electrodes. An Ag/AgCl (1 M KCl)
electrode (0.222 V vs. standard hydrogen electrode) was used as the reference electrode,
and a platinum wire was utilized as the counter electrode. A sufficient 10 mM NaCl
electrolyte was then added to the cell to immerse the electrodes. The SPECS experiments
were conducted on a CHI920C electrochemical workstation (CH Instruments, TX, US).
The potential window used for this system was -0.2 V to 1.0 V versus Ag/AgCl electrode.
Starting at -0.2 V, a potential step of +0.1 V was applied to the working electrode and held
for 60 s (7) while the electrode equilibrated. During each rest period, the current of the
electrodes (/) as a function of time was recorded. This step process was repeated until the
working electrode potential had reached the maximum potential of 1.0 V. The differential
capacitance and differential potential curves can be obtained by calculating the differential
capacitance (/ x T) and differential potential from the measured current and potential values,

respectively.

5.5.2. Theoretical calculation of SECM tip approach curves

The tip current at an infinite tip-substrate separation is expressed as Equation (17) [6%-61]
Liipo = 4nFDaC® (17)

where 7 is the number of transferred electrons, F'is the Faraday constant, D is the diffusion

coefficient, a is the tip radius, and C? is the bulk concentration of reactant. When the tip

approaches the substrate, the normalized tip current It=lip/lip is described as (]

I =15( —’IT—%>+11Tns (18)
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ins _ 1

! 0.15+222%2.40.58 exp(~5)+0.0908exp (o) (19)
16 = 27877 1 03315 exp( L °672) +0.68 (20)

0.78377  0.68+0.3315exp (—1-—)
Is = L+ 1+F (LK) (1)
F(L ) = )73 22)

110-40L

Kk = ka/D (23)

where Is is the normalized substrate current, /'™ is the normalized tip current for the

insulator, and /7° is the normalized tip current diffusion-controlled regeneration of a redox
mediator. The Equation 18-23 are valid in the range of 0.1<L<1.5 and 0.01<x<1000. The

diffusion coefficient of FcMeOH is 7.46x107% cm? s'1921. As k=« D/a , the above theoretical

model is valid in the range of 1.492x10* cm s'<k<14.92 cm 5™,

5.5.3. Electrochemical reaction of PEDOT:PSS at different potentials

The conductivity of PEDOT:PSS is mainly determined by the oxidation state of the
PEDOT component, which can be controlled by adjusting the electrochemical potential.
The conductive PEDOT:PSS polymer intrinsically in a doped or oxidized state turn
electrically insulating when being reduced by applying negative potentials, as shown in

this electrochemical reaction:
EDOT; -SS™ +e~ 4+ C* - EDOT? -SS™-C*

(doped or oxidized state) (dedoped or reduced state)

At 0.4 V, PEDOT:PSS was more oxidized, which generally resulted in higher & value,
meaning electron transfer behaviors were easier at the surface. At -0.4 V, the k slightly
decreased as PEDOT:PSS was tuning into the reduced state, which typically led to lower

conductivity compared to its oxidized state!® %41,
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CHAPTER 6 CONCLUSIONS, CONTRIBUTIONS, AND

RECOMMENDATIONS

6.1 Major Conclusions and Contributions

Bio-inspired materials have been developed as effective antifouling platforms via
dramatically reducing the contact and adhesion between contaminants by tuning the surface
properties or interfacial phenomena of material surfaces. In this thesis work, the interaction
mechanisms including interfacial forces, adhesion behaviors and binding energies between
different types of foulants and diverse bio-inspired antifouling surfaces have been
systematically quantified by using nanomechanical technologies. Moreover, the
intermolecular interactions inspired by the marine mussel biological system have been
orchestrated to functionalize antifouling surfaces for oil/water separation and water
treatment. The thesis work is entirely original, and significantly enhanced the fundamental
understanding of the nanoscale surface interaction mechanisms between bio-inspired
antifouling materials and typical contaminants including inorganic foulant (silica), organic
foulants (oil droplets and humic acid), and bio foulants (PDA, DOPA and BSA) in aqueous
solutions, which provide valuable insights into the development and design of novel
antifouling materials for various engineering applications such as marine engineering,

waste water treatment, and oil/water emulsion separation.

The major conclusions and original contributions are listed below:

(1) The antifouling performance and repellence mechanisms of bio-inspired lubricant-
infused slippery surface towards the versatile mussel-inspired chemistry including

polydopamine (PDA) and 3,4-dihydroxyphenylalanine (DOPA) were investigated
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2)

using AFM technique, and the correlated interaction energy and binding strength
were probed. The deposition behaviors of PDA molecules towards the fluorinated
monolayer surface and lubricant-infused slippery surface were investigated and
compared using QCM-D, which found that infusing lubricant could significantly
inhibit the PDA deposition and the loosely bound PDA molecules could be easily
washed. The intermolecular force measurements employing colloidal probe AFM
technique indicated that the strong capillary bridging prevented the PDA molecules
from penetrating the infused lubricant layer and contacting the underlying
substrates, thus decreasing foulant adhesion. Moreover, the SM-AFM results
demonstrated that the presence of the lubricant layer acted as a barrier and
significantly weaken the interaction stability and binding strength of a single DOPA
moiety to fluorinated functional surfaces, thereby enhancing the biofouling
resistance performance. This work elucidated the nanoscale interaction strength and
thermodynamic stability of the pairwise bonding between the lubricant-infused
surfaces and versatile mussel-inspired catechol groups from the standpoint of
energy and kinetics mechanism, which enhanced the fundamental understanding of
antifouling strategies of bio-inspired slippery surfaces and illuminated the

development of bio-inspired antifouling materials.

In the second part of the thesis work, interaction mechanisms of three kinds of
typical contaminants in water systems including silica, BSA and HA with PVDF
membrane with/without PDA, and PSBMA polymer coatings in aqueous media
have been quantitatively characterized employing an AFM. The individual

contribution of different types of interactions between diverse foulants and
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€)

membrane surfaces was quantitatively fitted and analyzed applying extended
DLVO theory, unveiling the primary factors influencing foulant adhesion and
removal. Among the membranes, silica particles exhibited the most potent
adsorption to PVDF membrane, whereas BSA and HA were more inclined to
accumulate on PDA membranes. The accumulation behaviors of organic foulants
were attributed to the combination of various interaction forces, including
hydrophobic attraction, cation/anion-r interactions and hydrogen bonding between
BSA/HA and PDA molecules, leading to increased adsorption and irreversible
fouling on the PDA surface. Conversely, the zwitterionic nature of PSBMA
membrane displayed excellent antifouling performance with various foulants. This
efficiency was a result of hydration repulsion from the PSBMA membrane surface,
acting as a formidable physical barrier against foulant adhesion, ensuring enhanced
permeability and reusability. This work contributes significant nanomechanical
insights into the fundamental antifouling mechanisms of bio-inspired antifouling
membranes for water treatment, which also holds implications for the design of
novel antifouling platforms in various bioengineering and engineering applications.
In the third part of the thesis work, a facile and conductive PDA-PEDOT:PSS-
PSBMA coating was successfully fabricated and applied for membrane filtration of
O/W emulsions via a electrochemical-tunable surface force-based strategy. The
surface potentials of the conductive membrane varied with the adjustment of
applied electrochemical potentials, leading to tunable EDL interaction between the
membrane and emulsions. The interaction mechanisms revealed that applying a

negative electrochemical potential to PP membrane and PP/PSBMA membrane

184



could enhance EDL repulsion between the PFO droplets and the conductive
membrane surfaces. The zwitterionic PSBMA polymer coating on the membrane
further eliminated hydrophobic attraction between oil and membrane surfaces,
thereby hindering oil attachment and improving antifouling performance.
Remarkably, PP/PSBMA membranes subjected to a negative potential (-0.4 V)
exhibited favorable resistance to oil fouling, evidenced by superior oil removal
efficiency surpassing 99.9% and excellent membrane regeneration ability. The
study has practical implications for the design and development of conductive and
regenerable membrane surfaces with tunable surface interactions, offering
promising prospects for improving the efficiency and sustainability of oil/water

emulsion separation.

6.2 Prospects

(1) In this study, we have improved the fundamental understanding of the nanoscale surface
interaction mechanisms of antifouling surfaces against various contaminants including
organic foulants, inorganic foulants and biofoulants, which provide potential solutions to
challenges in many industrial areas such as marine industry, oil production and wastewater
treatment. In practical applications, some industrial processes are usually conducted under
complex environment, such as high temperature, high pressure and high salinity. Future
studies will focus on advancing the characterization and modulation of surface interactions
under more complex fluid conditions (e.g., water chemistry, solvent concentration, and
interface-active species) and environment conditions (e.g., temperature, pressure, and

strong hydrodynamics) close to practical industrial processes.
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(2) In this work, the superhydrophilic surfaces with tunable electrical properties achieved
remarkable antifouling performances through the synergistic effects of short-range
hydration force and long-range EDL interactions. However, practical applications still face
challenges due to the insufficient mechanical strength of the soft polymer coating, which
may greatly limit the duration and reliability. To address this issue, potential avenues for
future work could be explored. One promising approach is to prepare composite
membranes by incorporating the conductive materials into the membrane matrix. The
mechanical strength of the composite membrane can be significantly improved by
dispersing conductive materials throughout the membrane matrix, which helps to prevent
the detachment of the conductive layer during operation, thereby enhancing the duration in
real-world applications. Another possible direction for future research is to develop self-
healing functionalities within the antifouling coating. For example, the controllable release
healing agents in the coating layer are able to repair damage autonomously, thereby

extending lifespan of coatings and reducing maintenance or replacement frequency.
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