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Abstract

In this study, an oxidant-induced mussel-inspired modification was implemented to
prepare modified polyvinylidene fluoride (PVDF) membrane utilizing the deposition of
polydopamine (PDA) coating, which was oxidized by sodium periodate under a slightly
acidic condition (pH = 5.0). The surface chemistry and morphologies of the decorated
membranes were investigated by FTIR, XPS, EDS, and FESEM. The wettability and
permeating properties of the membranes were evaluated by contact angle measurements
and filtration tests. The results indicated that the oxidant-assisted PDA coating exhibited
outstanding performance in deposition efficiency, hydrophilicity and permeation
enhancement as compared with the conventional PDA coating under an autoxidative
polymerization process in air (pH = 8.5).

This facile one-step methodology endowed the PVDF membrane with
superhydrophilicity and underwater superoleophobicity owing to the hydrophilic
functional groups and micro/nano-hierarchical structure formed on the membrane surface
and pore walls according to the “Cassie-Baxter” state in the oil/water/solid system. After
2 h reaction, the modified PVDF membrane (pore size 0.45 pm) showed an ultrahigh water

flux of 11934 + 544 L m™ h™! under 0.038 MPa, and even reached 606 L m h'! only by

gravity. This optimized membrane had an excellent capability to effectively separate
oil/water mixtures and oil-in-water emulsions. In addition, the remarkable chemical and
mechanical stabilities imply its great potential for the practical application in oil/water
separation.

Besides, the oxidant-induced PDA modified PVDF membrane (pore size 0.22 pum)

showed the protein resistance against bovine serum albumin (BSA) via a rapid deposition
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time of 0.5 h. The wettability and surface zeta potential measurements indicated the
improved hydrophilicity and the more negatively charged surface of the modified
membrane, which led to the formation of the combined-water layer on the surface and the
electrostatic repulsion to inhibit the adsorption or deposition of BSA, thus reducing the
protein fouling. The dynamic protein filtration and static protein adsorption tests confirmed

the promoted antifouling performance of the modified membrane at a neutral condition.
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Chapter 1 Introduction
1.1 Background

Water scarcity becomes severer as the population and industries expand. The worldwide water
consumption will continue increasing to meet various needs in domestic, agriculture, industry, and
energy sectors.! Meanwhile, large amounts of wastewater are produced every day in the
petrochemical, pharmaceutical, metallurgical, chemical and food industries.> The treatment and
reclamation of wastewater bring about many inevitable challenges, stimulating research interests
on developing various technologies to address this issue, such as membrane, flotation, flocculation,
adsorption, distillation, and photocatalysis.>® Membrane technology based on separation
mechanism is favored over other approaches owing to its advantages including low cost, high
energy-efficiency, and large flexibility.’ Pressure-driven separation techniques can be classified as
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO) depending
on the pore size of the membranes utilized in different separation processes.'°

However, the major problem involved in practical applications is the membrane fouling,
including the deposition of retained particles, colloids, macromolecules, inorganic and organic
matters on the membrane surface or inside the pores.!! The temporary and permanent fouling
decrease the membrane flux and separation efficiency due to the physical and chemical interactions
between membrane surface and foulants, especially for the hydrophobic membranes. Therefore,
numerous researches have been conducted to improve the antifouling properties of membranes to
overcome the challenge of fouling via various modification methods.
1.1.1 Oil/Water Separation

A large quantity of oil-polluted water is generated in oil spill accidents, marine transportation,

petrochemical, textile, and food industries, causing serious pollution to the water system.'? The



harmful sequential impacts of oil-polluted water on ecosystem and health of human body cannot
be underestimated. The development of effective oil/water separation techniques becomes a fast
rising challenge and attracts worldwide attention. Conventional methods such as gravity separation,
skimming, flotation, in situ burning, and chemical dispersal have emerged in recent years.!3">
However, all of these methods are more or less limited in their efficiency, economy, and energy
consumption. Therefore, the advanced materials with excellent capability of oil/water separation
accompanying with high efficiency, low cost, and energy-saving have been urgently needed.

The utilization of the membranes with special wettability is considered as the most promising
methodology for selective oil/water separation because of the completely opposite affinities of the
membranes towards oil and water.!%!® The wettability of the membrane surface is determined by
the surface chemistry and geometrical structure.'® Two kinds of special wettable membranes with
the superhydrophobic/superoleophilic property or the superhydrophilic/superoleophobic property

have been fabricated and applied to separate oil and water effectively based on their selective

behaviors.

1.1.2 Antifouling Modification

The outstanding intrinsic features of hydrophobic membranes, such as high mechanical strength,
thermal stability, and chemical resistance, endow the membranes with better tolerability for
separation processes compared with hydrophilic membranes.?’ However, the membrane fouling
phenomenon is an inevitable problem during practical applications because of the physical and
chemical interactions between membranes and foulants, such as proteins, colloidal particles, and

1.2' The main factors that

organic compounds, etc., which are hydrophobic in nature as wel
determine the membrane fouling include hydrophilicity/hydrophobicity balance, surface charge,

and surface roughness.



Hydrophilicity modification is a common approach to improve antifouling property of
hydrophobic membranes. A modified surface with high hydrophilicity can form a tightly bounded
water layer on the surface, diminishing the adsorption of foulants due to the weakening of
hydrophobic interaction, resulting in the enhancement of antifouling property.>?

Surface charges also impact the membrane fouling by the electrostatic force between the surface
and the foulants. For instance, the repulsive forces between a charged surface and proteins with
the same charge can diminish adsorption and deposition. Thus, numerous efforts have been
undertaken to incorporate ionizable functional groups on the membrane surface to reduce
fouling.?*-?’

Surface roughness of the membrane is also relative to the antifouling performance. Colloidal
particles are inclined to accumulate and deposit on a rougher membrane surface due to the valley
structures that may be blocked by the colloidal particles.?® As for smaller organic molecules, a
rougher and heterogeneous surface is more likely to be fouled than a smoother one due to the larger
surface area. In general, more attempts are focused on smoothing the membrane surface to
diminish fouling.?!

1.1.3 Mussel-Inspired Modification

Messersmith et al. reported the mussel-inspired methodology that polydopamine (PDA) can be
deposited on virtually all types of inorganic or organic substrates under a slightly alkaline
condition at the ambient atmosphere.?’ PDA coating layer can act as a versatile platform because
of the reactive groups including catechol, amine, and imine, providing many possibilities of
subsequent modifications to further promote the functionalization for different purposes.>® Since
2007, numerous researches have focused on the PDA modifications applied in environmental,

biomedical, and energy fields owing to its reactivity, simplicity, and versatility.>!



The exact polymerization mechanism still remains unclear. Messersmith et al. proposed that
the autoxidative polymerization of PDA may be due to the strong adhesion forces of catechol
structure and the formation of the cross-linking networks ascribed to the covalent and non-covalent
interactions, such as hydrogen bonding, n-m stacking and charge transfer interaction (Figure
1.1a).%° Lee et al. further revealed that PDA could be formed through two pathways in parallel, i.e.
non-covalent self-assembly of (dopamine),/5,6-dihydroxyindole (DHI) and covalent
polymerization of DHI-DHI dimeric and dopamine-DHI-DHI trimeric conjugates (Figure 1.1b).>?
However, Liebscher et al. proposed the covalent structure of monomer units comprised by
dihydroxyindole and indoledione with different degrees of saturation and parallel assembled PDA

chains via hydrogen-bonding interaction (Figure 1.1c).*
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Figure 1.1 Possible mechanisms and structures of PDA proposed by (a) Messersmith, (b) Lee, and
(c) Liebscher.

Importantly, PDA coating can be flexibly employed in membrane technology. As a surface
modifier, PDA can be directly deposited on the hydrophobic membrane surface to improve the
hydrophilicity owing to its hydrophilic functional groups.>* In addition, PDA has also been served
as an intermediate layer to conduct secondary reaction combining with organic or inorganic
layers.>> 3¢ Another application is to utilize PDA as one of the membrane components. For instance,
PDA can facilitate the interfacial compatibility between membrane matrixes and inorganic
nanofillers.>” On the other hand, dopamine-conjugated polymers obtained by pre-decoration can
be employed as membrane modifiers or membrane components for various applications.>® 3
1.2 Objectives

Mussel-inspired polydopamine coating shows superiorities in membrane science. However, the

limitations of the pure PDA coating result in the low-efficiency, instability, poor homogeneity,

and deficient hydrophilicity, which significantly restrict its potential applications. The main



objectives of this study are as following:

1. To compare the high-efficient deposition of the PDA coating oxidized by sodium periodate in a
weakly acidic condition with the low-efficient conventional autoxidation process on
polyvinylidene fluoride (PVDF) membrane.

2. To characterize the membranes by various surface characterization techniques including
FESEM, EDS, ATR-FTIR, XPS, and electrokinetic analyzer.

3. To evaluate the improvement of hydrophilicity and water permeation of the modified
membranes by contact angle measurements and water flux tests.

4. To investigate the applications of the optimized membranes for oil/water separation and protein
resistance.
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Chapter 2 Literature Review
2.1 Special Wettable Materials for Qil/Water Separation

Special wettable materials with extremely opposite affinities towards oil and water can be
divided into two types: superhydrophobic/superoleophilic materials (oil-removing) and
superhydrophilic/superoleophobic materials (water-removing), which both have been designed
and fabricated to achieve selective oil/water separation. The wetting behavior of a solid surface is
determined by surface chemistry and structure. An appropriate surface architecture can further
facilitate the special wettability of materials with the intrinsic chemical characteristic.

The contact angle of a liquid droplet placed on a flat surface is depicted by Young equation

(2.1) below:!

cos = sty& 2.1)
LV

where 6 is the liquid contact angle on a flat solid surface, ysy, ysi, and yLy are the interfacial
energies between solid-vapor, solid-liquid, and liquid-vapor, respectively.
Surface roughness can improve either wettability or nonwettability of surface. The wetting

behavior of a droplet on a rough surface can be described by Wenzel equation (2.2).
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TLv

08 O,

where 6., is the apparent contact angle of the rough surface, 6 is the contact angle of the flat
surface made of the same material, R is the ratio of the actual surface area to the projected surface
area of the rough surface (R>1).

Cassie-Baxter regime is another model of the wetting behavior of rough surface. The surface
with smaller protrusions cannot be filled with liquid due to the trapped air around the surface
underneath the liquid. This wetting phenomenon is described by the Cassie-Baxter equation

(2.3).34
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where @; is the fraction of the contact area between surface and liquid.
The schematic illustrations of a liquid droplet on a flat surface, a rough surface (Wenzel regime),

and a rough surface with small protrusions (Cassie-Baxter regime) are presented in Figure 2.1.
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Figure 2.1 Schematic illustrations of a droplet on (a) a flat surface, (b) a rough surface (Wenzel
regime), and (c) a rough surface with small protrusions (Cassie-Baxter regime).
2.1.1 Superhydrophobic/Superoleophilic Separation Materials

“Oil-removing” materials with superhydrophobic and superoleophilic property can selectively
filter or adsorb oil during the oil/water separation process. Theoretically, a material with a surface
energy between those of oil and water shows hydrophobicity and oleophilicity simultaneously
according to Young equation (2.1). If enhance the surface roughness, it may exhibit
superhydrophobicity and superoleophilicity at the same time.

For example, Feng et al. reported a novel coating mesh with superhydrophobicity and
superoleophilicity via a facile spray-and-dry method using polytetrafluoroethylene (PTFE)
emulsion as the precursor with the low surface energy property. The diesel oil contact angle on the
mesh was 0°, but for water, it was larger than 150°, which allowed the oil phase to rapidly spread
and permeate the mesh under gravity force. The mesh with sprayed film showed this special
wettability owing to the chemical characteristic of PTFE and the micro/nanostructure.” Zhang et
al. synthesized a composite film consisting of a porous polyurethane (PU) film and polystyrene

(PS) microspheres with a dual-scale structure. The composite film with PS microspheres exhibited
13



colloidal crystal structure, showing superhydrophobic and superoleophilic property, which could
be employed to separate oil and water.®
2.1.2 Superhydrophilic/Superoleophobic Separation Materials

In contrast, the “water-removing” materials with superhydrophilic and superoleophobic
properties show many advantages compared with the “oil-removing” materials in oil/water
separation. Firstly, the “oil-removing” materials have the intrinsic oleophilic feature, which makes
them inclined to be fouled by organics due to the hydrophobic interaction; whereas,
superoleophobic materials can overcome this shortage with better durability and longer service
life. Secondly, “water-removing” materials exhibit superiority in gravity-driven separation
because the density of water is higher than that of most oils. To utilize this original property, it
becomes much easier to separate oil from water by gravity and thus reduce energy consumption.

However, it is hard to prepare materials with both hydrophilicity and oleophobicity in air
because it is theoretically difficult to find a material with a surface energy which is larger than that
of water and smaller than that of oil at the same time.” There are two methods to achieve this
purpose: fabricating hydrophilic and underwater oleophobic materials, and preparing materials
with polymers consisting of hydrophilic and oleophobic compositions.

The wetting behaviors of oil and water droplet on a flat surface in air are described as follows
according to Young equation:

y,€080,ty =y (2.4)

s
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where y,, yos, and ys are the interfacial tensions between oil-air, oil-solid, and solid-air, respectively.
yw and yws are the interfacial tensions between water-air and water-solid, respectively. 6, and 6,,

are the oil and water contact angle with solid, respectively.



Figure 2.2a shows oil droplet contacting with a flat solid surface underwater. The modified
Young equation is given in equation (2.6):

cos 0, = 1<% 1 050w (2.6)

Yow

where 6,, is the underwater oil contact angle with a flat surface, y,+ is the interfacial tension
between oil and water.

Figure 2.2b displays the underwater oil droplet contacting with a hierarchical rough surface.
The contact angle 6,,,’ can be obtained by equation (2.7).
cosb,,’ =-1+d(1+cosb,,) (2.7)

According to equation , the hydrophilic surface in air can be oleophobic in water spontaneously
through calculation.® Furthermore, the hydrophilic micro/nano-hierarchical surface can show
superoleophobic property underwater because of this “Cassie-Baxter” state in the oil/water/solid
system, in which water can be trapped in the hierarchical surface and prevent oil droplet from
contacting with surface (Figure 2.2b). As a result, the designed materials with hydrophilic
chemical property and micro/nano-hierarchical structures showing superhydrophilicity and
underwater superoleophobicity can be utilized to separate oil from water.

Based on this concept, Jiang et al. proposed a polyacrylamide (PAM) hydrogel-coated stainless
steel mesh with a micro/nano hierarchically structured surface with nanostructured papillae.’
Crude oil/water mixture (30% v/v) can be successfully separated utilizing the coated mesh by
pouring the mixture into the upper glass tube. Water can permeate through the mesh and be
collected in the beaker below driven by gravity only; whereas, oil phase was retained above due
to the underwater superoleophobic feature of the coated mesh. Various kinds of oil/water mixtures
including oils such as gasoline, diesel, vegetable oil, hexane, and petroleum ether, can be separated
via the same process. The as-prepared coated mesh shows a great potential to purify industrial oil-
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polluted water.
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Figure 2.2 Underwater oil contact angle with a (a) flat solid surface, (b) hierarchical rough surface.

Shao et al. found a facile one-step method to fabricate hybrid nanoparticles deposited PVDF
membrane by the simultaneous polymerization of dopamine (DA) and hydrolysis of
tetraethoxysilane (TEOS) to achieve oil-in-water emulsion separation.!® The modified PVDF
microfiltration membrane showed an ultrahigh water flux (8606 L m™ h'! under 0.9 bar) and
excellent antifouling property. The most prominent feature is the stability of the underwater
superoleophobicity after rigorous washings and cryogenic bending. '’

On the other hand, the material with superhydrophilic and superoleophobic property can be
obtained by utilizing the polymer with hydrophilic and oleophobic constituents and hierarchical
surface architectures. Zhang et al. synthesized a polymer (PDDA-PFO) consisting of
poly(diallyldimethylammonium chloride) (PDDA) and sodium perfluorooctanoate (PFO) through
the coordination of PFO anions and quaternary ammonium groups, containing hydrophilic and
oleophobic groups in the polymer structures.!! A superhydrophilic and superoleophobic
nanocomposite coating with micro/nano-hierarchical structures was fabricated by spray casting of
SiO> nanoparticles-polymer suspensions on various surfaces. The hydrophilic-oleophobic
chemical characteristic and the hierarchical rough architecture of the coating film endowed the
substrate with this special wettability. When the hexadecane and water droplets were placed on the

surface, they showed spherical shapes initially because of the “Cassie-Baxter” regime at the
16



solid/liquid/air system, in which air was trapped underneath the droplets. However, after
contacting with water droplets, the fluorinated moieties in the coating film rearranged and thus
allowed water to complete spread and fill in all the asperities on the surface, resulting in a
transformation to the Wenzel state within 9 min. The water contact angle gradually decreased from

165 + 2° to 0° in 9 min, but the hexadecane contact angle remained at 155 + 1° constantly.

2.2 Antifouling Modifications of Polymeric Membranes

The interactions between membranes and foulants, such as organic/bio-foulant, inorganic
foulant, and multi-foulant, strongly limit the membrane application because of the flux decline and
short service life. In order to diminish the membrane fouling, many surface modification methods
have been proposed to modify the surface hydrophilicity, surface charge, and surface roughness.
Basically, approaches of surface modification can be divided into two types: physical modification
and chemical modification. Physical modifications include coating, blending, and fabrication of
composite membranes. On the other hand, chemical modifications contain polymer
functionalization, polymer grafting, and plasma treatment.
2.2.1 Coating

Hydrophilic materials are physically coated on membrane surface through three mechanisms:
(1) adsorption or adhesion of macromolecular layer on the surface via multiple interactions. (2)
interpenetration of the functional materials to the base polymer on the interface. (3) mechanical
interpenetration of the functional layer to porous membrane.!? As a result, hydrophobicity of
membrane can be diminished with the improvement of hydrophilicity, and thus promote the
antifouling properties. However, the stability of the functional layer is the main problem of
physical coating.

Many attempts of coating have been implemented to improve fouling resistance of polymeric
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membranes.'*!® For instance, Ahmad Akbari et al. reported that the chitosan-coated polyamide
nanofiltration membrane exhibited larger water flux and better antifouling performance against
cetyltrimethylammonium bromide (CTAB) than those of the untreated membrane owing to the
improvement of hydrophilicity and decrease the surface roughness.!” Lee et al. also proposed that
a neutral hydrophilic polymer polyvinyl alcohol (PVA) can be coated on microfiltration,
nanofiltration, and reverse osmosis membranes, leading to the decrease of surface charge and
roughness, in order to treat dyeing process wastewater.'®
2.2.2 Blending

Polymer blending is a widely employed method to promote membrane properties by integrating
the merits of constituents in molecular level to meet different demands of applications. It is
important to select proper polymeric components with a certain ratio to obtain optimized
antifouling membranes. Numerous researches about the blending method have been proposed.'*-
23 Nagendran et al. investigated the fabrication of a polymeric ultrafiltration membrane via the
blending of cellulose acetate (CA) and polyetherimide (PEI) by phase inversion method.!” CA/PEI
blend membrane showed a larger pore size compared with the pure CA or PEI membranes. The
polymeric membranes with different component proportions were also compared in pure water
flux, water content, hydraulic resistance, and molecular weight cut-off (MWCO). The higher water
flux and better rejection of the blend membrane against several proteins (bovine serum albumin,
egg albumin, pepsin, and trypsin) and heavy metal ions (copper, nickel, zinc, and cadmium)
revealed the better fouling resistance than that of pure cellulose acetate membrane.
2.2.3 Fabrication of Composite Membranes

Composite membranes consist of two or more components with different chemical or physical

features, which can be embodied in the properties of composite materials. N,O-carboxymethyl
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chitosan (CM-CS), an amphoteric chitosan derivative, was successfully cross-linked with
poly(ethersulfone) (PES) membrane by glutaraldehyde to prepare CM-CS/PES composite
microfiltration membrane.?* The as-prepared membrane was slightly positively charged at a low
pH range (3.0-4.7), leading to a better ability to adsorb bovine serum albumin. However, at a higher
pH range (6.0-8.0), the CM-CS/PES composite membrane was more negatively charged than
CS/PES membrane, showing a better performance of protein resistance.

Inorganic nanoparticles can also serve as an effective antifouling component in composite

membranes, such as TiOz, SiO,, and ALO3, etc,>>°

enhancing the hydrophilicity and antifouling
property of the base polymeric membranes because of the higher water affinity. Besides, the pore
size and porosity of the composite membranes could be larger than those of pure membranes, and
hence endow them with higher water flux.
2.2.4 Polymer Functionalization

Bulk modification is an effective and facile approach to obtain modified membranes by
functionalizing polymers in casting solution before membrane formation without additional post-
modifications. To improve the hydrophilicity of the base polymer component with aromatic
backbone structure, the functionalization methods such as carboxylation, sulfonation, amination,
and epoxidation are widely used.**** For example, sulfonated polysulfone was synthesized using
chlorosulfonic acid, and blended with cellulose acetate and polyethylene glycol 600 in different

ratios to fabricate ultrafiltration membranes.>! Pure water flux, fouling resistance, and water

content of membranes with different blending ratios were investigated.

2.2.5 Polymer Grafting
Polymer grafting is another effective approach to modify membrane surface, which can be

separated into two types known as “grafting-to” and “grafting-from”. The “grafting-to” method
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means polymer chains with functionalized end or side groups may be grafted onto the membrane
surface.** However, the poor grafting density and the complex procedures limit its application. For
“grafting-from” method, immobilized initiators on the membrane surface can initiate the
polymerization of monomers from surface by chemical, radiation, photo-induced or plasma-
induced techniques.**>8

For chemical grafting, Makhlouf et al. reported that free-radical polymerization of acrylic acid
monomer grafted on polyamine 6.6 fibers was initiated by benzoyl peroxide as an initiator. The
primary free-radical species (C¢HsCOO¢) and the secondary free-radical species (Ce¢Hs®) were
produced by the thermal cleavage of benzoyl peroxide. The hydrophilic and mechanical properties
of the modified polyamine 6.6 fibers were significantly improved with the increasing of grafting
rate.

For radiation grafting, monomers can be grafted onto the substrate irradiated by the source of
radiations. Li et al. irradiated poly(vinylidene fluoride) (PVDF) powder with y-rays and grafted
with N,N-dimethylacrylamide (DMAA) monomers to prepare PVDF-g-PDMAA powder as the
material to fabricate antifouling microfiltration membrane.’® As a result, the modified membrane
showed better hydrophilicity and less protein adsorption against bovine serum albumin (BSA) and
lysozyme.

Photo-induced graft polymerization is another way to achieve surface modification. Belfort et
al. utilized UV-assisted method to graft three hydrophilic monomers, N-vinyl-2-pyrrolidinone
(NVP), 2-acrylamidoglycolic acid monohydrate (AAG) and 2-acrylamido-2-methyl-1-
propanesulfonic acid (AAP), onto poly(ether sulfone) (PES) and polysulfone (PSf) ultrafiltration
membranes by dip technique with 300 nm wavelength lamps. Among all the membranes, PES

membrane (50kDa) modified with 5 wt.% AAP showed the highest permeability and BSA
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rejection.’’

Plasma-induced grafting can accomplish adaptable surface within a short time in a facile
manner. For example, after remote plasma treatment on the PVDF ultrafiltration membrane with
methane/argon gas mixture, it can yield a great deal of oxygen functional groups compared with
the unmodified membrane, resulting in the enhancement of flux and hydrophilicity by reducing

the foulants adsorption and oil cake formation.*8

2.2.6 Plasma Treatment

Plasma treatments include plasma sputtering and etching, implantation, and spraying.®®*
During the plasma sputtering and etching process, plasma is generated by inert gases and the
excited ions are accelerated by the electric field towards the substrate. The ions and atoms in the
materials escape and sputter off the substrate via elastic and inelastic collisions after energy
transfer. For implantation process, radical species created by the plasma gas can recombine with
polymer radicals from membrane surface to form oxygen or nitrogen functionalities near the
surface. In plasma spraying process, the powders of the sprayed materials are inserted into the
plasma area. The powders are melted or partially melted under a high temperature and accelerated
towards the substrate to form a coating layer on the surface.

For instance, the antifouling property of the polypropylene hollow fiber microporous membrane
(PPHFMM) can be improved by air, NH3, CO2, and N plasma treatments.*'*** The static water
contact angles of these plasma-treated membranes obviously decreased with the increasing of
treatment time. The antifouling properties of those membranes were improved to some extent.
2.3  References

(1) Genzer, J.; Efimenko, K. Recent Developments in Superhydrophobic Surfaces and Their

Relevance to Marine Fouling: A Review. Biofouling 2006, 22, 339-360.

21



(2) Wenzel, R. N. Resistance of Solid Surfaces to Wetting by Water. Ind. Eng. Chem. 1936, 28,
988-994.

(3) Cassie, A.; Baxter, S. Wettability of Porous Surfaces. Trans. Faraday Soc. 1944, 40, 546-551.
(4) Chu, Z., Feng, Y.; Seeger, S. Oil/Water Separation with Selective
Superantiwetting/Superwetting Surface Materials. Angew. Chem., Int. Ed. 2015, 54, 2328-2338.
(5) Feng, L.; Zhang, Z.; Mai, Z.; Ma, Y.; Liu, B.; Jiang, L.; Zhu, D. A Super-Hydrophobic and
Super-Oleophilic Coating Mesh Film for the Separation of Oil and Water. Angew. Chem., Inter.
Ed. 2004, 43,2012-2014.

(6) Zhang, J.; Huang, W.; Han, Y. A Composite Polymer Film with Both Superhydrophobicity
and Superoleophilicity. Macromol. Rapid Commun. 2006, 27, 804-808.

(7) Wang, B.; Liang, W.; Guo, Z.; Liu, W. Biomimetic Super-Lyophobic and Super-Lyophilic
Materials Applied for Oil/Water Separation: A New Strategy Beyond Nature. Chem. Soc. Rev.
2015, 44, 336-361.

(8) Liu, M.; Wang, S.; Wei, Z.; Song, Y.; Jiang, L. Bioinspired Design of a Superoleophobic and
Low Adhesive Water/Solid Interface. Adv. Mater. 2009, 21, 665-669.

(9) Xue, Z.; Wang, S.; Lin, L.; Chen, L.; Liu, M.; Feng, L.; Jiang, L. A Novel Superhydrophilic
and Underwater Superoleophobic Hydrogel-Coated Mesh for Oil/Water Separation. Adv. Mater.
2011, 23, 4270-4273.

(10) Wang, Z.; Jiang, X.; Cheng, X.; Lau, C. H.; Shao, L. Mussel-Inspired Hybrid Coatings that
Transform Membrane Hydrophobicity into High Hydrophilicity and Underwater
Superoleophobicity for Oil-in-Water Emulsion Separation. ACS Appl. Mater. Interfaces 2015, 7,
9534-9545.

(11) Yang, J.; Zhang, Z.; Xu, X.; Zhu, X.; Men, X.; Zhou, X. Superhydrophilic—Superoleophobic

22



Coatings. J. Mater. Chem. 2012, 22, 2834-2837.

(12) Xu, Z.; Huang, X.; Wan, L. Surface Engineering of Polymer Membranes; Springer Science
& Business Media: 2009.

(13) Nystrm, M. Fouling of Unmodified and Modified Polysulfone Ultrafiltration Membranes by
Ovalbumin. J. Membr. Sci. 1989, 44, 183-196.

(14) Kim, K. J.; Fane, A. G.; Fell, C. The Performance of Ultrafiltration Membranes Pretreated by
Polymers. Desalination 1988, 70, 229-249.

(15) Muppalla, R.; Rana, H. H.; Devi, S.; Jewrajka, S. K. Adsorption of pH-Responsive
Amphiphilic Copolymer Micelles and Gel on Membrane Surface as an Approach for Antifouling
Coating. Appl. Surf. Sci. 2013, 268, 355-367.

(16) Lei, J.; Ulbricht, M. Macroinitiator-Mediated Photoreactive Coating of Membrane Surfaces
with Antifouling Hydrogel Layers. J. Membr. Sci. 2014, 455, 207-218.

(17) Akbari, A.; Derikvandi, Z.; Rostami, S. M. M. Influence of Chitosan Coating on the
Separation Performance, Morphology and Anti-Fouling Properties of the Polyamide
Nanofiltration Membranes. J. Ind. Eng. Chem. 2015, 28, 268-276.

(18) Kim, I.; Lee, K. Dyeing Process Wastewater Treatment Using Fouling Resistant
Nanofiltration and Reverse Osmosis Membranes. Desalination 2006, 192, 246-251.

(19) Nagendran, A.; Arockiasamy, D. L.; Mohan, D. Cellulose Acetate and Polyetherimide Blend
Ultrafiltration Membranes, I: Preparation, Characterization, and Application. Mater. Manuf.
Process. 2008, 23, 311-319.

(20) Nguyen, T. P. N.; Yun, E.; Kim, I.; Kwon, Y. Preparation of Cellulose Triacetate/Cellulose
Acetate (CTA/CA)-Based Membranes for Forward Osmosis. J. Membr. Sci. 2013, 433, 49-59.

(21) Saljoughi, E.; Mohammadi, T. Cellulose Acetate (CA)/Polyvinylpyrrolidone (PVP) Blend

23



Asymmetric Membranes: Preparation, Morphology and Performance. Desalination 2009, 249,
850-854.

(22) Kang, S.; Asatekin, A.; Mayes, A. M.; Elimelech, M. Protein Antifouling Mechanisms of
PAN UF Membranes Incorporating PAN-g-PEO Additive. J. Membr. Sci. 2007, 296, 42-50.

(23) Jayalakshmi, A.; Rajesh, S.; Mohan, D. Fouling Propensity and Separation Efficiency of
Epoxidated Polyethersulfone Incorporated Cellulose Acetate Ultrafiltration Membrane in the
Retention of Proteins. Appl. Surf. Sci. 2012, 258, 9770-9781.

(24) Zhao, Z.; Wang, Z.; Wang, S. Formation, Charged Characteristic and BSA Adsorption
Behavior of Carboxymethyl Chitosan/PES Composite MF Membrane. J. Membr. Sci. 2003, 217,
151-158.

(25) Bae, T.; Tak, T. Effect of TiO, Nanoparticles on Fouling Mitigation of Ultrafiltration
Membranes for Activated Sludge Filtration. J. Membr. Sci. 2005, 249, 1-8.

(26) Li, J.; Xu, Z.; Yang, H.; Yu, L.; Liu, M. Effect of TiO, Nanoparticles on the Surface
Morphology and Performance of Microporous PES Membrane. Appl. Surf. Sci. 2009, 255, 4725-
4732.

(27) Luo, M.; Zhao, J.; Tang, W.; Pu, C. Hydrophilic Modification of Poly (ether sulfone)
Ultrafiltration Membrane Surface by Self-Assembly of TiO2> Nanoparticles. Appl. Surf. Sci. 2005,
249, 76-84.

(28) Yu, L.; Xu, Z.; Shen, H.; Yang, H. Preparation and Characterization of PVDF-SiO»
Composite Hollow Fiber UF Membrane by Sol-Gel Method. J. Membr. Sci. 2009, 337, 257-265.
(29) Maximous, N.; Nakhla, G.; Wan, W.; Wong, K. Preparation, Characterization and
Performance of Al,O3/PES Membrane for Wastewater Filtration. J. Membr. Sci. 2009, 341, 67-75.

(30) Guiver, M. D.; Robertson, G. P. Chemical Modification of Polysulfones: A Facile Method of

24



Preparing Azide Derivatives from Lithiated Polysulfone Intermediates. Macromolecules 1995, 28,
294-301.

(31) Malaisamy, R.; Mahendran, R.; Mohan, D.; Rajendran, M.; Mohan, V. Cellulose Acetate and
Sulfonated Polysulfone Blend Ultrafiltration Membranes. 1. Preparation and Characterization. J.
Appl. Polym. Sci. 2002, 86, 1749-1761.

(32) Van der Bruggen, B. Chemical Modification of Polyethersulfone Nanofiltration Membranes:
A Review. J. Appl. Polym. Sci. 2009, 114, 630-642.

(33) Jayalakshmi, A.; Rajesh, S.; Senthilkumar, S.; Mohan, D. Epoxy Functionalized Poly (ether-
sulfone) Incorporated Cellulose Acetate Ultrafiltration Membrane for the Removal of Chromium
lons. Sep. Purif. Technol. 2012, 90, 120-132.

(34) Stamm, M. Polymer Surfaces and Interfaces; Springer: 2008.

(35) Makhlouf, C.; Marais, S.; Roudesli, S. Graft Copolymerization of Acrylic Acid onto
Polyamide Fibers. Appl. Surf. Sci. 2007, 253, 5521-5528.

(36) Yang, X.; Zhang, B.; Liu, Z.; Deng, B.; Yu, M.; Li, L.; Jiang, H.; Li, J. Preparation of the
Antifouling Microfiltration Membranes from Poly (N, N-dimethylacrylamide) Grafted Poly
(vinylidene fluoride) (PVDF) Powder. J. Mater. Chem. 2011, 21, 11908-11915.

(37) Kaeselev, B.; Pieracci, J.; Belfort, G. Photoinduced Grafting of Ultrafiltration Membranes:
Comparison of Poly (ether sulfone) and Poly (sulfone). J. Membr. Sci. 2001, 194, 245-261.

(38) Juang, R.; Huang, C.; Hsieh, C. Surface Modification of PVDF Ultrafiltration Membranes by
Remote Argon/Methane Gas Mixture Plasma for Fouling Reduction. J. Taiwan Inst. Chem. Eng.
2014, 45,2176-2186.

(39) Ayyavoo, J.; Nguyen, T. P. N.; Jun, B.; Kim, [.; Kwon, Y. Protection of Polymeric Membranes

with Antifouling Surfacing via Surface Modifications. Colloids Surf. Physicochem. Eng. Aspects

25



2016, 506, 190-201.

(40) Chu, P. K.; Chen, J. Y.; Wang, L. P.; Huang, N. Plasma-Surface Modification of Biomaterials.
Mater. Sci. Eng. R Rep. 2002, 36, 143-206.

(41) Yu, H.; Liu, L.; Tang, Z.; Yan, M.; Gu, J.; Wei, X. Surface Modification of Polypropylene
Microporous Membrane to Improve Its Antifouling Characteristics in an SMBR: Air Plasma
Treatment. J. Membr. Sci. 2008, 311, 216-224.

(42) Yu, H.; Hu, M.; Xu, Z.; Wang, J.; Wang, S. Surface Modification of Polypropylene
Microporous Membranes to Improve Their Antifouling Property in MBR: NH3 Plasma Treatment.
Sep. Purif. Technol. 2005, 45, 8-15.

(43) Yu, H.; Xie, Y.; Hu, M.; Wang, J.; Wang, S.; Xu, Z. Surface Modification of Polypropylene
Microporous Membrane to Improve Its Antifouling Property in MBR: CO> Plasma Treatment. J.
Membr. Sci. 2005, 254, 219-227.

(44) Yu, H.; He, X.; Liu, L.; Gu, J.; Wei, X. Surface Modification of Polypropylene Microporous
Membrane to Improve Its Antifouling Characteristics in an SMBR: N> Plasma Treatment. Water

Res. 2007, 41, 4703-4709.

26



Chapter 3 Experimental Techniques
3.1 Field-Emission Scanning Electron Microscope (FESEM)

Field-emission scanning electron microscope (FESEM) can extract the topography,
composition or crystallographic information of sample surfaces.! An electron beam is generated
from a field emission gun within a high vacuum column to bombard the object. The secondary
electrons are emitted from the surface and caught by the electron detector to produce electronic
signals, which can be further amplified and transformed to images with high contrast and high
resolution.

Zeiss Sigma 300 VP utilized in this study is equipped with secondary and backscattered electron
detectors, an in-lens electron detector, a cathodoluminescence (CL) detector, and a Bruker energy
dispersive X-ray spectroscopy (EDS) system. Surface morphologies and the element mappings of
the samples were accurately detected by the in-lens detector and the EDS system, respectively.
3.2 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

An attenuated total reflection accessory is used to characterize, identify and quantify substrates
by measuring the change of a totally internally reflected infrared beam which is directed onto the
ATR crystal in contact with a sample.> An evanescent wave created from the internal reflection
will extend into the sample and be attenuated or altered. The attenuated energy from each
evanescent wave is passed back to the beam, which then exits at the another end of the crystal and
is collected by the detector to generate an infrared spectrum of the sample.

All the spectra of different samples were obtained using Nicolet iS50 ATR-FTIR
spectrophotometer with the number of scans of 32, at a resolution of 4 cm™!, and in the range of

1500-4500 cm™.
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33 X-Ray Photoelectron Spectroscopy (XPS)

XPS is one of the most widely used techniques to investigate chemical state and quantity of
elements from the surfaces of various materials.> A beam of monochromatic Al Ko x-rays is
utilized to excite the sample surface resulting in the emission of photoelectrons. The information
of binding energy and intensity of photoelectron peaks can be acquired by the electron energy
analyzer.

The spectra and percent atomic concentration of different membranes were obtained by an
AXIS 165 X-ray photoelectron spectrometer (Kratos Analytical) in this research. Survey-scans
were collected in the range of binding energy from 0-1100 eV.

3.4 Contact Angle Measurements

Conventionally, the contact angle is measured through a liquid where a liquid-vapor interface
contacts with a solid surface, and quantifies the wettability of the solid surface by the liquid phase
according to the Young’s equation.* Several methods can be used to measure the contact angle,
such as sessile drop method, Wilhelmy plate method, and Washburn capillary rise method.’

In this research, the time-dependent tests of the water contact angles in air of the membranes
were conducted with the theta optical tensiometer (Attension, Biolin Scientific T200) via the
sessile drop mode. A droplet of DI water from a micro-pipet with a certain volume was placed on
the membrane surface. The dynamic process of spread and permeation of the water droplet through
the membrane was recorded by the digital camera.

3.5  Optical Microscope

The optical microscope uses visible light and a system of lenses to magnify sample surfaces.

The digital images of samples can be captured by the charge-coupled device (CCD) camera,

showing the micrographs directly on a computer screen for further analysis.®
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The optical microscope (Carl-Zeiss, Axioskop 40) was used to observe the feed solution and
the filtration solution of the SDS-stabilized hexane-in-water emulsion in this work.
3.6 Total Organic Carbon (TOC) Analysis

Total organic carbon (TOC) value is obtained after removal of the inorganic carbon (IC) from
the total carbon (TC). The IC component represents the total quantity of carbon in dissolved carbon
dioxide, bicarbonate ions, and carbonate ions. The equation (3.1) below shows the equilibrium
state of carbon species in solution, which is driven by the pH condition of the sample.’
CO, + H,0 & HCO; + H" & CO%F +2H" (3.1)

By the addition of acid and inert-gas sparging, this equilibrium shifts to the left, and hence those
inorganic carbon species can be converted to carbon dioxide and released to the air. To detect the
TOC component, the TOC-L analyzer (Shimadzu) utilized in this study adopts the 680 C
combustion catalytic oxidation method in an oxygen-rich atmosphere, which can oxidize the
organic carbon within the solution to produce CO>. The last stage of the analysis process is to
specifically measure the CO> generated by the oxidation by the non-dispersive infrared analysis
(NDIR) method.” 8 This equipment provides an extra wide detection range from 4 pug L' to 30000
mg L.
3.7 Surface Zeta Potential Measurements

SurPASS electrokinetic analyzer is a powerful tool of surface analysis which can investigate
the zeta potential of solid surface based on a streaming potential measurement. The surface of
polymeric membrane is electrically charged in aqueous solution depending on the chemical
properties of the membrane and solution. The surface charge characteristics of membranes are
influenced by ionization of surface functional groups, and adsorption of ions, polyelectrolytes, and

charged macromolecules.” A streaming potential is generated when an electrolyte solution is
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forced to flow through a charged surface by hydraulic pressure.'”

In this work, 1 mM KCI solution was selected as the electrolyte solution. The membrane
samples were fixed in the adjustable cell for disk with a diameter of 14 mm. The flow pressure
was chosen at 100 mbar. pH of the solution was adjusted by NaOH solution (0.1 M).

3.8 Ultraviolet-Visible-Near Infrared Spectroscopy (UV-Vis-NIR Spectroscopy)

UV-Vis-NIR spectrophotometer is used to characterize materials by measuring the radiation
reflection or absorbance of a sample which is illuminated by a radiation with a particular and
discrete wavelength in ultra-violet (UV), visible (Vis), or near infrared (NIR) regions. A beam of
light passes through a prism and splits into two equally intense beams by a half mirror.!! One of
the beams passes through the sample cuvette containing the solution to be measured. The other
beam passes through the reference cuvette containing the solvent only. Collection and comparison
are implemented by the electronic detector which measures the intensity of these two beams.!? The
concentration of a certain organic compound can be obtained by detecting the absorbance at some
wavelength.

In this research, the concentration of BSA solution was detected by the UV-vis-NIR
spectrophotometer (UV-3600, Shimadzu) at the wavelength of 278 nm.
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Chapter 4 Oxidant-Induced High-Efficient Mussel-Inspired Modification on PVDF
Membrane with Superhydrophilicity and Underwater Superoleophobicity Characteristics
for OQil/Water Separation’
4.1 Introduction

Oil/water separation becomes a crucial process to address the oily wastewater problem
associated with rapidly expanded industries and massive oil spill accidents.!* Functional filtration
materials with special wettability are considered to be one of the most effective tools for oil/water
separation.*® Modifications of different porous substrate materials, such as metallic meshes,”!!

1214 and polymer membranes,'>!” have attracted widespread attention for their

textiles/fabrics,
excellent selectivity, high efficiency, and long-term reusability. Among them, microfiltration and
ultrafiltration polymeric membranes show their unique properties and prominent superiorities for
oil/water separation because of high flexibility, lower cost, and smaller pore sizes, which make
them suitable for separating surfactant-stabilized oil/water emulsions. However, traditional
polymer membranes have some drawbacks, including the unstable mechanical property of

hydrophilic polymer membranes (e.g. cellulose derivatives)'®!

and the fouling affinity of
hydrophobic polymer membranes (e.g. polyethylene (PE),?>?! polypropylene (PP),*%
polyvinylidene fluoride (PVDF)**%), which greatly restrict their application in filtration process.
Therefore, it is vitally necessary to modify polymer membranes with special wettability and

superior performance in terms of permeate flux, separation efficiency, and anti-fouling

characteristics.

! A version of this chapter was published on ACS Applied Materials & Interfaces: Luo, C.; Liu,
Q. Oxidant-Induced High-Efficient Mussel-Inspired Modification on PVDF Membrane with
Superhydrophilicity and Underwater Superoleophobicity Characteristics for Oil/Water
Separation. ACS Appl. Mater. Interfaces 2017, 9, 8297-8307.
http://pubs.acs.org/doi/abs/10.1021/acsami.6b16206.
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Special wettable membranes employed in oil/water separation are typically classified into two
different types, i.e., hydrophobic and oleophilic membranes, and hydrophilic and oleophobic
membranes.® The hydrophobic and oleophilic membranes are easily fouled during the organic
phase due to their intrinsic oleophilic properties, while the hydrophilic and oleophobic membranes
could overcome this shortcoming. In recent years, considerable efforts have been devoted to

hydrophilizing or functionalizing the porous hydrophobic membranes, such as surface coating, 6’

28,29 30,31

surface grafting, additive blending, etc. Among these methods, surface coating is the
simplest and most universally used technique to transform membrane hydrophobicity into high
hydrophilicity. This method results in excellent fouling resistance and water permeation by
depositing a thin hydrophilic layer onto the surface, as well as on the pore walls of the membrane.
Additionally, superhydrophilic and underwater superoleophobic feature of filtration membranes
could be achieved through the complementary effect of chemistry and surface mechanics inspired
by the anti-wetting phenomenon of oil droplets on fish scales.>? Based on this concept, depositing
a superhydrophilic and underwater superoleophobic layer onto the porous filtration membrane
through a combination of chemistry and hierarchical structure could be a significantly promising
way for oil/water separation, in order to endow the modified membrane with particularly high
filtration efficiency under low transmembrane pressure.

Since 2007, mussel-inspired methodology using dopamine, known as “bio-glue”, has drawn
much research interest and been adopted to decorate various materials attributed to its universality,
simplicity, and economic practicality.®® It is generally known that the formation of versatile
polydopamine (PDA) coating on various substrates can be ascribed to the catechol and amine
33,34

structures via covalent and non-covalent interaction in an autoxidative polymerization process.

The exact polymerization mechanism is still unclear so far. Numerous researches reported that the
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PDA layer can be efficiently created on all types of surfaces under the optimal condition, i.e.,
immersing in 2 mg mL"! dopamine tris (hydroxymethyl) aminomethane hydrochloride (Tris-HCI)
solution (pH = 8.5) under an ambient atmosphere for a certain period of time.?’°=® However, the
instability, poor homogeneity, and limited hydrophilicity of pure PDA film restricts its in-service
application for oil/water separation without subsequent functionalization.*>*° Due to the quantities
of active catechol groups, PDA can serve as an intermediate layer to react with amine/thiol groups,
and metallic nanoparticles for post-modifications.*! Additional modifications based on the PDA
layer are usually intricate and time-consuming.’®*? Therefore, one-step strategies have been
arousing interest because of the convenience and higher preparation efficiency. By one-step co-
deposition of PDA and polyethyleneimine (PEI) on PP microfiltration membrane,
superhydrophilicity and stability properties can be implemented for efficient oil/water
separation.*® Organic-inorganic hybrid coating on the PVDF microfiltration membrane via
simultaneous polymerization of dopamine and hydrolysis of TEOS®’ or binding of TiO»
nanoparticles* are also single-step routes to accomplish emulsion separation. To our knowledge,
almost all of the modification approaches require at least 4 hours of deposition for the best results.
Except for dopamine, these methods all need additional reactants (e.g. polymer, inorganic
nanoparticles, coupling agent, etc.), which are relatively demanding and uneconomical.

Herein, we report a high-efficient, mussel-inspired, one-step method with an unprecedented fast
PDA deposition on hydrophobic PVDF microfiltration membrane. This is accomplished via the
chemical oxidation effect of sodium periodate under a slightly acidic condition (pH = 5.0), inspired
from the recent research carried out by Ponzio et al.** The formation of hydrophilic and
homogeneous PDA nanoparticles on the surface and pore walls endowed the PVDF microfiltration

membrane with superhydrophilicity and underwater superoleophobicity by the synergistic effect
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between chemistry and hierarchical pattern. Different from the conventional and inefficient
autoxidized procedure in the presence of O in a weakly basic buffer solution, the deposition time
of the optimized PDA film was dramatically shortened to 2 h. Without post-modifications or
additional reactants, the optimally designed superdrophilic and underwater superoleophobic
membrane boosted by sodium periodate showed an ultra-high water flux (11934 + 544 L m2 h'')
under an ultra-low transmembrane pressure (0.038 MPa). Surprisingly, the pure water flux driven
only by gravity can even reach 606 L m™ h''. The prepared modified PVDF membranes were
extensively characterized. The special wettability, chemical and mechanical stability, oil/water
separation performance, and antifouling ability have been further investigated.

4.2 Experimental Section

4.2.1 Materials

Polyvinylidene fluoride microfiltration membranes (a-PVDF, mean pore size 0.45 pm,
diameter 47 mm) were purchased from the Millipore Co. Dopamine hydrochloride, sodium
dodecyl sulfate (SDS), hexane, and ethanol were purchased from Sigma-Aldrich. Sodium
periodate, tris (hydroxymethyl) aminomethane hydrochloride (Tris-HCl), anhydrous sodium
acetate, acetic acid, petroleum ether, and toluene were purchased from Fisher Scientific. All the

chemicals were used as received.

4.2.2 Fabrication of Modified Membranes

The PVDF membranes were washed with ethanol and DI water for 15 min under sonication
respectively in sequence before modification. The pristine PVDF membranes were pre-wetted with
ethanol before immersing in 2 mg mL™' dopamine sodium acetate buffer solution (50 mM, pH =
5.0) with 4 mg mL™!' sodium periodate as the oxidant for a designated time (0.5 h, 2 h, 4 h). The

vessel was shaken at 150 rpm and covered with an aluminum foil during reaction under ambient
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conditions. After the oxidant-induced polymerization, the modified membranes were washed
thoroughly with DI water and then dried in an oven at 40 °C overnight before use. The membranes
with different deposition time were denoted as PDA-SP-0.5h, PDA-SP-2h, PDA-SP-4h
respectively. To investigate the impact of sodium periodate oxidation and the slightly acidic
condition on the hydrophilization of PVDF membranes, a control experiment with a notation of
PDA-O»-Tris was designed as the conventional PDA deposition (2 mg mL™" dopamine) on
membranes by self-polymerization in Tris-HCI buffer (50 mM, pH = 8.5) in air for 2 h. Another
control experiment named PDA-SP-Tris (2 mg mL™!' dopamine, Tris-HCl buffer 50 mM, pH = 8.5)
was set to indicate the crucial effect of the slightly acidic condition with the same amount of
sodium periodate for 2 h. Both control experiments were carried out with the same pre-wetting

and drying process.

4.2.3 Characterizations

Surface morphologies and the element mappings of the pristine and modified PVDF membranes
were observed by field emission scanning electron microscopy (FESEM, Carl-Zeiss Sigma) and
energy-dispersive spectroscopy (EDS), respectively. The surface chemistry was investigated by
attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR, Thermol,
Nicolet i1S50) and X-ray photoelectron spectrometer (XPS, Kratos, AXIS 165). The water contact
angles and underwater-oil contact angles were measured by theta optical tensiometer (Attension,
Biolin Scientific T200). The filtration performances were carried out with a vacuum filtration
apparatus (Millipore). Micrographs of the feed solution and the filtrate solution of oil-in-water
emulsion were obtained by optical microscope (Carl-Zeiss, Axioskop 40). The oil contents in the
filtrates of mixtures and emulsions were tested by a total organic carbon analyzer (Shimadzu,

TOC-L).
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4.2.4 Preparation and Separation of OQil/Water Mixtures and Oil-in-Water Emulsions

The surfactant-free oil/water mixtures were obtained by mixing oil and water in 1/99 (v/v) under
1200 rpm stirring for 3 h and contained different oil components such as hexane, toluene,
petroleum ether, and diesel. The surfactant-stabilized oil-in-water emulsions were prepared by
dissolving 0.04 mg mL"! of sodium dodecyl sulfate (SDS) in oil/water mixtures under same stirring
conditions. All these mixtures and emulsions stayed stable before separation experiments without
stratification and precipitation. Note that we chose DI water as an ideal case in our experiments.

The separation experiments were implemented in a vacuum filtration apparatus (Millipore)
clamping the optimally modified PVDF membranes in between with an effective separation area
of 11.34 cm?. The prepared mixtures or emulsions were poured into the funnel under a relatively
low pressure difference of 0.038 MPa compared with some pressure applied previously. The
permeate fluxes of mixtures or emulsions and oil contents in the filtrates were tested. The fluxes

and the oil rejection ratios of the modified membranes were defined as equation (4.1) and equation

4.2).
211y V.

Flux (L m™ h )—AAt (4.1)

Oil rejection ratio (%) = (1-)x100 (4.2)

where V' (L) is the volume of filtrate, 4 (m?) is the effective separation area, At (h) is the permeation
time, Cr(ppm) is the oil concentration of filtrates, and C, (ppm) is the oil concentration of original
oil/water mixtures or oil-in-water emulsions.
4.2.5 Stability Test

In order to detect the chemical stability of the optimally modified PVDF membranes in both
neutral and harsh pH environments, we compared the color and water contact angle variations of

the PDA-SP-2h, PDA-O,-Tris and PDA-SP-Tris membranes after being rinsed with the neutral
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(pH = 7), strong acidic (pH = 2) and strong basic (pH = 12) solutions for 12 h. The mechanical
stabilities of these membranes were also investigated by subjected to one minute of sonication.
The treatment was replicated twice.

The oil antifouling performance is an essential indicator to evaluate the reusability and durability
of an oil/water separation membrane, which would be a direct reflection of the variations of
separation efficiency by reuse. The flux recovery property was detected through recording the flux
every 2 minutes by a three-cyclic experiment of SDS-stabilized petroleum ether-in-water emulsion
separation. Between two cycles, the optimally modified PVDF membranes were only rinsed with
DI water for 10 min to clean the residue for the next measurement.

4.3 Results and Discussion

4.3.1 Surface Morphology and Chemistry

The modified membrane is required to satisfy two crucial conditions: hydrophilicity and
hierarchical surface pattern to achieve the purpose of excellent oil/water separation with
superhydrophilic and underwater superoleophobic property. Superhydrophilic surface with
micro/nano-hierarchical structure can be water-affinitive and trap water in the slots on the coating
layer to decrease the contact area between the oil droplet and the membrane surface. This endows
the membrane with a low-adhesive superoleophobic feature simultaneously via the oil/water/solid
system in the “Cassie-Baxter” regime.

Using this methodology, PDA generates nanoparticle structure with the addition of sodium
periodate under acidic conditions (pH = 5.0) in the chemical oxidation process. The surface
morphologies of the membranes were revealed by FESEM images in Figure 4.1 and Figure 4. S1
in the Supporting Information. The images at Sk magnification of PDA coating PVDF substrates

oxidized by O (in Tris-HCI buffer solution) and sodium periodate (in sodium acetate buffer
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solution) for 2 h were shown in Figure 4.1c and Figure 4.1e respectively. This exhibits pore
structure originating from pristine PVDF substrate (Figure 4.1a). At 50k magnification, several
clustered PDA particles attached on the top surface of the PVDF in pure dopamine solution after
two-hour deposition (Figure 4.1d). The particle size was variably distributed from 30 to 115 nm.
These particles were attached to each other forming aggregates with the size about 0.1-0.5 pm.
However, as shown in Figure 4.1f, a homogeneous and rough PDA nanoparticle coating layer
formed conformally on the smooth surface of the PVDF membrane as well as on the internal pore
channels. The porous construction of the pristine membrane was retained with a sufficient
coverage of PDA nanoparticles coating on the membrane pore surface. The PDA nanoparticles
showed a uniform size distribution with a mean size of 35 nm. This micro/nano-structured
hydrophilic layer can trap abundant water while forming a thin water layer on the surface to prevent
oil permeation. This leads to the superhydrophilic and underwater superoleophobic characteristic

of the modified membranes.

Figure 4.1 FESEM top-view images of the (a, b) pristine PVDF membrane, (c, d) dopamine/O»-
modified PVDF membrane (pH = 8.5, 2 h), and (e, f) dopamine/sodium periodate-modified PVDF

membrane (pH = 5.0, 2 h). The scale bars are 1 um in all images at different magnifications.
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Deposition time and pH conditions have significant effects on the formation of PDA
nanoparticles on the PVDF substrate. Surface morphologies of the PDA deposited PVDF
membranes oxidized by sodium periodate in sodium acetate buffer solution (50 mM, pH = 5.0) for
0.5 h and 4 h were illustrated in Figure 4. S1 in the Supporting Information. For 0.5 h reaction
time, smaller PDA nanoparticles could be found on the surface and internal pore channels (Figure
4. Sla and Figure 4. S1b). Whereas, increasing the reaction time to 4 h may result in undesirable
blocking of the pores and reduction of water flux because of the thicker PDA layer with
coagulation structure (Figure 4. Slc and Figure 4. S1d). The images of PDA formation with
sodium periodate oxidation in the conventional Tris-HCI buffer solution at pH = 8.5 were also
presented in Figure 4. Sle and Figure 4. S1f as a control group, showing that there were no PDA
nanoparticles sufficiently covering the substrate compared with that in the slightly acidic
environment (Figure 4.1e and Figure 4.1f). Figure 4. S1f exhibited an uneven size distribution of
PDA particles from 45 to 250 nm. The FESEM results demonstrated that the optimized coating
condition for PDA nanoparticles deposited on PVDF membrane was in the presence of sodium
periodate at acidic media (pH = 5.0) for 2 h. The thicknesses of the pristine and modified PVDF
membranes were shown in Figure 4. S2 (in the Supporting Information). The thickness of the
pristine PVDF membrane was about 94.04 + 0.19 um. With the exist of sodium periodate and the
increasing deposition time, the PDA nanoparticle layer showed a thicker trend. The optimally
modified membrane (PDA-SP-2h) had a thickness about 95.56 + 1.36 pm as shown in Figure 4.

S2e.
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Figure 4.2 FESEM images, EDS mappings and spectra of (a) top surface and (b) cross-section of
the dopamine/sodium periodate-modified PVDF membrane (pH = 5.0, 2 h). Pink, orange, green,

yellow dots represent elemental C, F, N and O, respectively.
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Figure 4.3 ATR-FTIR spectra of the (a) pristine PVDF membrane, (b) dopamine/O;-modified
PVDF membrane (pH = 8.5, 2 h), (c) dopamine/sodium periodate-modified PVDF membrane (pH
= 8.5, 2 h), and dopamine/sodium periodate-modified PVDF membrane (pH = 5.0) for (d) 0.5 h,
(e) 2 h, and (f) 4 h.

The EDS mappings and spectra of this optimal reaction condition shown in Figure 4.2 indicated
that the elements N, O distributed homogenously on the top surface and cross-section of the
modified PVDF membrane, ascribed to the deposition of hydrophilic PDA nanoparticles on the
membrane surface and inner pores, which could achieve superhydrophilicity and high water
permeation.

The chemical components of pristine PVDF membrane and as-prepared membranes with
controlled conditions were further investigated by ATR-FTIR and XPS measurements. ATR-FTIR
spectra in Figure 4.3 showed two apparent absorption peaks at 1509 cm™ and 1608 cm™! for PDA-
SP-2h and PDA-SP-4h modified PVDF membranes, assigned to primary amine N-H bending

vibrations and aromatic C=C resonance vibrations derived from PDA structure, respectively.
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Figure 4.4 XPS spectra of the (a) pristine PVDF membrane, (b) dopamine/O>-modified PVDF
membrane (pH = 8.5, 2 h), (¢) dopamine/sodium periodate-modified PVDF membrane (pH = 8.5,
2 h), and dopamine/sodium periodate-modified PVDF membrane (pH = 5.0) for (d) 0.5 h, (e) 2 h,
and (f) 4 h.

Additionally, the spectra of PDA-SP-2h and PDA-SP-4h showed a new absorption peak around
1717 cm™, ascribed to carbonyl/carboxyl groups,* which was absent in PVDF membranes
decorated with PDA in Tris-HCI buffer solution oxidized by O- or sodium periodate. As the FTIR
result of the PVDF membrane treated by 2 mg mL™" dopamine in Tris-HCI buffer solution oxidized
by O for 24 h (Figure 4. S3) and some results reported by others,>->7384 the band of
carbonyl/carboxyl group was not detectable in the FTIR spectra of different substrates modified
by PDA in Tris-HCI buffer solution by O for various reaction time. Therefore, sodium periodate
oxidation at acidic pH led to the formation of hydrophilic carboxyl groups on the substrates during
the deposition process of PDA, endowing the membranes with superhydrophilicity properties,

which is unprecedented for PDA-modified membranes obtained by the conventional method.
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Table 4.1 Elemental Composition of the Pristine and Modified Membrane Surfaces Examined by

XPS
composition (at %) atomic ratio
RETlETE C F O N N/C o/C
Pristine PVDF 48.27 51.73
PDA-O>-Tris 64.44 15.86 14.95 4.75 0.07 0.23
PDA-SP-Tris 72.03 0.70 19.40 7.87 0.11 0.27
PDA-SP-0.5h 71.79 5.71 16.87 5.63 0.08 0.23
PDA-SP-2h 71.26 0.65 20.57 7.52 0.11 0.29
PDA-SP-4h 71.61 0.07 21.62 6.70 0.09 0.30
HO HO HO OH
COOH COOH §
COOH
HO Z cooH  HO 7 ) COOH \ | COOH
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Figure 4.5 Structural components of the sodium periodate-oxidized PDA.* (Reprinted (adapted)

with permission from Ponzio et al.**

Copyright 2016 American Chemical Society.)

The XPS result presented in Figure 4.4 demonstrated that all F 1s peaks of decorated
membranes decreased or even disappeared because of the coating, whereas the peaks of N 1s and
O Is appeared. For PDA-SP-2h and PDA-SP-4h, the percent atomic concentrations of O 1s were
relatively higher than those of others in Table 4.1, and even higher than that of the PDA produced
by autoxidation in alkaline condition for 24 h (Figure 4. S4 and Table 4. S1 in the Supporting
Information). These results were in agreement with the spectra given by the ATR-FTIR
measurement, showing that more carboxylic groups or quinonoid structures formed during the
oxidation process. The O/C ratios of PDA-SP-2h and PDA-SP-4h were markedly higher than that

of the stoichiometric value of dopamine (O/C = 0.25),?? indicating the significant oxidation effect

of sodium periodate during the deposition process of PDA. The N/C ratio of PDA-SP-4h is slightly
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smaller compared with that of PDA-SP-2h and can be ascribed to the loss of the amine groups in
dopamine side chains and pyrrole moieties due to the oxidative breakdown.** Structures of
products generated by the degradation of o-quinone and the oxidative breakdown of the side-chain
triggered by sodium periodate to yield carboxyl functions according to the melanin degradation

mechanisms were shown in Figure 4.5.44%°

(a) (b) (c) (d)
Pristine PDA-O2-Tris PDA-SP-Tris PDA-SP-2h

Top . . .

Bottom
Figure 4.6 Photographs of a 10 uLL water droplet on the top surfaces (above) and the reverse sides

(below) of the (a) pristine PVDF membrane, (b) dopamine/O;-modified PVDF membrane (pH =
8.5, 2 h), (c) dopamine/sodium periodate-modified PVDF membrane (pH = 8.5, 2 h), and (d)
dopamine/sodium periodate-modified PVDF membrane (pH = 5.0, 2 h).

4.3.2 Wettability of the Modified Membranes.

The wettability characteristics of the decorated PVDF membrane with optimized coating
condition compared with the pristine PVDF membrane and control groups in contact with water
droplets in air and with oil droplets underwater were presented in Figure 4.6 and Figure 4.7. In the
case of PDA-decorated PVDF membranes oxidized by sodium periodate (Figure 4.6c and Figure

4.6d), the water drop would immediately spread along and permeate through the membranes
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simultaneously once the droplets contacted with the membrane surfaces.

However, the pristine membrane (Figure 4.6a) and the autoxidized PDA-deposited membrane
(Figure 4.6b) were not able to soak water drop. According to the accurate measurements of the
water contact angle in Figure 4.7a, the water contact angle of the pristine hydrophobic PVDF

membrane is around 113° in air. The conventional PDA-modified surfaces using dissolved oxygen
are usually hydrophilic with a minimum water contact angle about 40-60° after 24-hour immersion

in dopamine solution (2 mg mL™') in alkaline pH.***> For 2-hour immersion, the pure PDA-

deposited membrane (PDA-O»-Tris) showed a stable contact angle about 97°. The PDA-modified

membrane with chemical oxidation in alkaline condition (PDA-SP-Tris) displayed an instant

contact angle about 33°, and then slowly declined to 0° in 22 s. However, the modified membrane

employing the facile and optimal methodology notated as PDA-SP-2h exhibited excellent
superhydrophilicity with an instant contact angle of 19°. At that time, the water droplet would
immediately spread, permeated through the membrane in approximately 11 s to reach a contact

angle of 0°, and completely soaked into the membrane.

As indicated in Figure 4.8, the pure water flux of the autoxidized PDA-deposited membrane
(Figure 4.8a) at 0.038 MPa was about 331 + 12 L m™ h™!, which was very low due to the poor
hydrophilicity. However, the pure water fluxes of the PDA-modified membranes oxidized by
sodium periodate in Tris-HCI buffer solution (pH= 8.5) and sodium acetate buffer solution (pH =
5.0) under the same pressure were as high as 9536 = 429 L m? h''and 11934 + 544 L m™ h!,
respectively (Figure 4.8b and Figure 4.8c). It is noted that the appreciable superhydrophilicity and
the unprecedentedly high water flux of PDA-SP-2h were attributed to the hydrophilic and

hierarchical coating on the surface and pore channels, as well as the negligible pore blocking of
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PDA coating. This demonstrated the vital effect of sodium periodate in the slightly acidic

environment. Thus, the dramatically improved hydrophilicity could enable water to permeate

through the membrane much faster than others operated even under higher pressure.*#

Significantly, the pure water flux of the PDA-SP-2h was about 606 L m™ h™! solely driven by

gravity, which was actually higher than those of many modified PVDF membranes operated under

gravity37 or extra pressure.“z’43
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Figure 4.7 (a) Water contact angle in air of the pristine PVDF membrane, the dopamine/O:-
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modified PVDF membrane (pH = 8.5, 2 h), the dopamine/sodium periodate-modified PVDF
membrane (pH = 8.5, 2 h), and the dopamine/sodium periodate-modified PVDF membrane (pH =
5.0, 2 h). (The water droplet is about 5 pL). (b) Underwater oil contact angle and (c) dynamic
underwater oil-adhesion of the dopamine/sodium periodate-modified PVDF membrane (pH = 5.0,

2 h). (The chloroform droplet is about 10 pL).
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Figure 4.8 Pure water flux of the (a) dopamine/O2-modified PVDF membrane (pH = 8.5, 2 h), (b)
dopamine/sodium periodate-modified PVDF membrane (pH = 8.5, 2 h), and (¢) dopamine/sodium
periodate-modified PVDF membrane (pH = 5.0, 2 h).

Spontaneously, the superhydrophilicity feature can endow the modified PVDF membrane with
the underwater superoleophobicity owing to the complementary effect of chemistry and mechanics
of the “Cassie-Baxter” state at the oil/water/solid interface in the micro/nano-structures.
Chloroform was selected to be used as an oil phase to detect the underwater superoleophobicity
and dynamic underwater-oil-adhesion of the optimally modified membrane notated as PDA-SP-

2h because its density is higher than that of water. The underwater oil contact angle was about 154°

shown in Figure 4.7b, and no significant deformation and residual oil were observed during the
dynamic contact process when an oil droplet was forced to contact with the membrane surface and
then lifted up using an injection syringe (Figure 4.7c). This revealed the superoleophobicity and
the low underwater-oil-adhesion of the decorated membrane surface by our optimized method.
The excellent underwater superoleophobicity and the rather low oil-adhesion properties qualify

this modified membrane for efficient oil/water separation.
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Figure 4.9 Photographs of the (a) dopamine/O>-modified PVDF membrane (pH = 8.5, 2 h), (b)
dopamine/sodium periodate-modified PVDF membrane (pH = 8.5, 2 h), and (¢) dopamine/sodium
periodate-modified PVDF membrane (pH = 5.0, 2 h), after being rinsed by solutions with different
pH values for 12 h. All membranes were cut into square pieces (1.4 cm X 1.4 cm), rinsed by

different solutions with the same volume of 5 mL.
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Figure 4.10 Water contact angle of the dopamine/O;-modified PVDF membrane (pH = 8.5, 2 h),
the dopamine/sodium periodate-modified PVDF membrane (pH = 8.5, 2 h), and the
dopamine/sodium periodate-modified PVDF membrane (pH = 5.0, 2 h), after being rinsed by (a)
neutral, (b) strong acidic, and (c) strong basic solutions for 12 h. (The water droplet is about 5 uL).
4.3.3 Stability of the Modified Membranes.

The freshly formed PDA coating layers display stability in neutral, slightly acidic and slightly
basic solutions, whereas most of PDA can be dissolved and detached from the substrates in strong
acidic and basic solutions due to the noncovalent interactions between PDA film and
substrates.**° To investigate the potential application of the optimally modified membrane (PDA-
SP-2h) in neutral and harsh pH environments compared with the control experiments named as
PDA-O»-Tris and PDA-SP-Tris, respectively, all the membranes were rinsed by the neutral (pH =
7), strong acidic (pH = 2) and strong basic (pH = 12) solution for 12 h.

As presented in Figure 4.9, the solutions with different pH values which were used to rinse the
autoxidized PDA-deposited membrane (Figure 4.9a) did not turn yellow due to the few PDA
nanoparticles attached on the membrane surfaces shown in Figure 4.1c and Figure 4.1d. The

solutions with pH = 2 and pH = 12 containing the modified membranes labeled as PDA-SP-Tris
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turned to yellow, and the membranes were obviously bleached in the strong acidic and basic
environments after being rinsed for 12 h (Figure 4.9b). By comparison, the membranes obtained
under optimal preparation were more stable without apparent fade in the same conditions. The
steadier PDA coating on the substrates (Figure 4.9¢c) revealed the crucial role of sodium periodate
and the slightly acidic environment. As displayed in Figure 4.10, no noticeable declines of the
water contact angle of the optimally prepared membranes (PDA-SP-2h) demonstrated that the
excellent superhydrophilicity feature remained unchanged after being subjected to different
chemical stresses. Whereas the evident hydrophilicity loss of the modified membranes notated as

PDA-SP-Tris could be observed under the same treatment.

Figure 4.11 Photograph of the oil/water separation apparatus under 0.038 MPa and the
micrographs of SDS-stabilized hexane-in-water emulsion and the filtrate using the
dopamine/sodium periodate-modified PVDF membrane (pH = 5.0, 2 h).

The mechanical stabilities of these membranes were also detected after destructive disturbance

(one-minute sonication, twice). As shown in Figure 4. S5 in the Supporting Information, the
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contact angle of the optimally prepared membranes (PDA-SP-2h) indicated excellent
hydrophilicity after treated with physical stress. However, the control group (PDA-SP-Tris)

became less hydrophilic due to the poor mechanical stability.

12000

V7] Oil/Water Mixture
Y Oil-in-Water Emulsion

10000
_ 7 7

6000

[e]

o

o

o
|

4000

Water Flux (L m? h™)

2000 +

/N |

Hexane Toluene Petroleum ether Diesel

Figure 4.12 Water flux of different oil/water mixtures and oil-in-water emulsions permeated
through the dopamine/sodium periodate-modified PVDF membrane (pH = 5.0, 2 h).

4.3.4 Separation of Oil/Water Mixtures and QOil-in-Water Emulsions with the Optimally
Modified Membranes.

The superhydrophilicity and underwater superoleophobicity feature may endow the
dopamine/sodium periodate-modified membrane (pH = 5.0, 2 h) with an excellent ability to
separate oil/water mixtures and oil-in-water emulsions. To assess the separation performance, we
prepared a series of oil/water mixtures and oil-in-water emulsions to permeate through the
membranes in a vacuum filtration apparatus under a relatively low pressure difference of 0.038

MPa with an effective separation area of 11.34 cm? (Figure 4.11) to evaluate the water permeation
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fluxes and oil rejection ratios. Figure 4.11 also showed the optical microscopy images of the feed
solution (top right) and the filtrate solution (bottom right) of the SDS-stabilized hexane-in-water
emulsion as an example. Numerous oil droplets with a size of 2-32 um distributed in the oil-in-
water emulsion, but no oil droplets could be observed in the transparent filtrate solution,

illustrating that the oil phase could be separated from the emulsifier-stabilized emulsion.
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Figure 4.13 Oil rejection ratios of different oil/water mixtures and oil-in-water emulsions
permeated through the dopamine/sodium periodate-modified PVDF membrane (pH = 5.0, 2 h).
As shown in Figure 4.12, for oil/water mixtures such as hexane/water, toluene/water, petroleum

ether/water, and diesel/water, the water permeation fluxes were 9394 + 391 L m2 h'!, 9537 + 431
L m? h', 9308 + 679 L m™ h'!, and 6675 + 473 L m™ h’!, respectively. For those emulsions

contain surfactant e.g. SDS/hexane/water, SDS/toluene/water, SDS/petroleum ether/water, and

SDS/diesel/water, the flux were 8649 + 356 Lm2 h!, 7860 + 488 L m2 h™', 7055 + 792 L m? h"
!, and 850 + 276 L m™ h'!, respectively, which were comparatively lower than that of the

corresponding surfactant-free oil/water mixtures due to the interference of surfactant.
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Figure 4.14 Variation of the water flux and flux recovery of SDS-stabilized petroleum ether-in-
water emulsion treated by the dopamine/sodium periodate-modified PVDF membrane (pH = 5.0,
2 h) under constant pressure of 0.038 MPa.

The oil contents of the filtrates of these mixtures and emulsions were measured by a total
organic carbon (TOC) analyzer and the oil rejection ratios are exhibited in Figure 4.13. For these
oil/water mixtures containing hexane, toluene, petroleum ether and diesel, the oil rejection ratios

were 99.93 + 1.20%, 97.85 + 0.77%, 99.62 + 33.86%, and 99.77 + 0.70%, respectively. While
for those oil-in-water emulsions, the oil rejection ratios were 99.71 + 1.80%, 97.64 + 4.38%, 99.44
+ 0.89%, and 99.41 + 0.42% respectively for each corresponding oil type. All the results revealed

higher permeation fluxes and better separation efficiencies than those of some other modified

filtration membranes.>'>?

To evaluate the oil antifouling performance and reusability of the dopamine/sodium periodate-

modified membrane (pH = 5.0, 2 h), a three-cyclic filtration experiment was implemented by
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employing SDS-stabilized petroleum ether-in-water emulsion to permeate through the membrane
under a constant pressure of 0.038 MPa. As shown in Figure 4.14, the filtration time for each cycle
was 20 min and the real-time flux was measured every 2 minutes. The membranes were rinsed
with DI water for 10 min between two cycles before the next measurement. The water permeation
flux decreased sharply in the first 4 min resulted from the oil accumulation on the membrane
surface.’>> This phenomenon may be caused by the oil cake layer formed under transmembrane
pressure. Then the flux declined relatively slowly in every filtration cycle. However, the oil residue
on the surface could be rinsed off by DI water, and the water flux could be recovered to the initial
level. The oil rejection ratios of the second and the third cycle (98.60% and 98.47%, respectively)
indicated that the optimally modified membrane has an excellent reusability and oil antifouling
ability, revealing the practical ability for a long-term oil/water separation process.
4.4 Conclusions

We demonstrate a facile single-step high-efficient mussel-inspired methodology to modify
hydrophobic PVDF microfiltration membrane with superhydrophilicity and underwater
superoleophobicity properties for in-service application for oil/water separation. The deposition
time for forming a layer of homogeneous and superhydrophilic PDA coating was greatly reduced
under chemical oxidation of sodium periodate in the slightly acidic condition (pH = 5.0). The
optimally designed membrane shows ultra-high pure water permeability under ultra-low
transmembrane pressure, and even exhibits an appreciable pure water flux only driven by gravity.
The excellent oil/water separation ability and anti-fouling performance allow the as-prepared
membrane to be an effective tool to accomplish long-term and efficient separations. Furthermore,
the extraordinary chemical and mechanical stability of the optimally modified membrane makes it

suitable for applications in severe environments.
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4.6 Supporting Information

“1 e

Figure 4. S1 Surface morphologies of the (a-d) dopamine/sodium periodate-modified PVDF
membrane (pH = 5.0) for (a, b) 0.5 h, and (c, d) 4 h, and (e, f) dopamine/sodium periodate-modified

PVDF membrane (pH = 8.5, 2 h). The scale bars are 1 um in all images at different magnifications.
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Figure 4. S2 FESEM images and thickness of the cross-section of the (a) pristine PVDF membrane,

(b) dopamine/O;-modified PVDF membrane (pH = 8.5, 2 h), (¢) dopamine/sodium periodate-

modified PVDF membrane (pH = 8.5, 2 h), (d-f) dopamine/sodium periodate-modified PVDF

membrane (pH = 5.0) for (d) 0.5 h, (e) 2 h, and (f) 4 h.
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Figure 4. S3 ATR-FTIR spectra of the dopamine/O2-modified PVDF membrane (pH = 8.5, 24 h).
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Figure 4. S4 XPS spectra of the dopamine/Oz-modified PVDF membrane (pH = 8.5, 24 h).
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Figure 4. S5 Water contact angle of the dopamine/O;-modified PVDF membrane (pH = 8.5, 2 h),
the dopamine/sodium periodate-modified PVDF membrane (pH = 8.5, 2 h), and the

dopamine/sodium periodate-modified PVDF membrane (pH = 5.0, 2 h) after sonication treatment.

64



Table 4. S1 Elemental Composition of the Dopamine/O,-Modified PVDF Membrane Surface (pH

= 8.5, 24 h) Examined by XPS

composition (at %) atomic ratio
membrane C F O N N/C O/C
PDA-O;-Tris-24h 72.71 5.84 16.97 4.48 0.06 0.23
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Chapter 5 Rapid Deposition of the Oxidant-Induced Polydopamine Coating on PVDF
Membrane for Protein-Resistant Modification?
5.1 Introduction

Membrane-based technology has shown superiorities over many conventional approaches for
water separation and purification due to its operating flexibility, removal efficiency, energy
conservation, and cost reduction.'> However, fouling phenomenon of the porous membrane is a
key challenge in the separation process caused by the electrostatic force and the hydrophobic
interaction between the membrane surfaces and organic foulants.®> In particular, hydrophobic
membranes manufactured with polymers such as polytetrafluoroethylene (PTFE), polyvinylidene
fluoride (PVDF), polypropylene (PP) and polyethylene (PE) display the high susceptibility to
protein fouling due to the intrinsic hydrophobicity.*> As a consequence, membrane fouling
generally results in the increase of transmembrane pressure, the reduction of flux, and the decrease
of durability.® The hydrophilic modification is commonly employed to improve the antifouling
property of those hydrophobic membranes,” leading to the formation of a thin water layer on the
modified hydrophilic surface, which acts as a barrier against proteins from adsorbing onto the
membranes via repulsive hydration forces.!®!* The modification methods of polymeric

20-22

membranes can be divided into several types: coating,'*'® blending,'”"!” composite,??? grafting,**-

2628 and combined methods.?**! However, most of these approaches are

25 chemical modification,
suffering from some shortages, such as low efficiency, poor flexibility, and high cost, which limit
their practical applications to some extent. Thus, methodologies with higher efficiency, better

universality, and lower cost are expected to prepare membranes with antifouling property.

Messersmith et al. reported the mussel-inspired chemistry that dopamine can self-polymerize

2 A version of this chapter will be submitted to the Journal of Membrane Science.
66



under a slightly alkaline condition with oxygen, forming a versatile polydopamine (PDA) coating
layer on virtually all types of surfaces.’?> However, the pure PDA layer is insufficient to achieve
antifouling modification because of its instability and limited hydrophilicity. It is noteworthy that
PDA coating layer can be utilized as an intermediate layer for subsequent functionalization
because of the quantities of active catechol groups. Zhu et al. reported that the antifouling property
of PP membrane can be improved by immobilizing poly(N-vinyl pyrrolidine) (PVP) on the PDA-
pretreated membrane via hydrogen-bonding interactions.>® Zwitterionic copolymers can also be
incorporated onto the poly(ether sulfone) (PES) hollow fiber membrane through the introduction
of 2-methacryloyloxyethyl lipoate (MEL) containing sufficient grafting sites to react with PDA
anchored on the membrane.** The initiators of atom transfer radical polymerization (ATRP) were
immobilized onto the PDA-modified membrane to accomplish surface zwitterionization by
poly(sulfobetaine methacrylate) (PSBMA).* The deposition of hydrophilic inorganic components,
such as Si0O2, TiOz, and ZrO, can be facilitated with the PDA intermediate layer by promoting the
binding force and distribution of particles on hydrophobic membranes.*¢-*® But, those methods
mentioned above contain multiple steps to achieve the hydrophilicity and antifouling enhancement,
which are quite time-consuming and low-efficient.

Therefore, many researches have been aimed at the one-step methodology to enhance
antifouling characteristic by PDA coating. For example, dextran molecules were co-deposited
with PDA onto various substrates in the polymerization process.”* PSBMA could also be co-
deposited with PDA onto the PP porous membrane in a one-pot mixture of dopamine/PSBMA
solution.*’ Besides, antifouling improvement could also be accomplished by the co-deposition of
PDA and low-molecular-weight polyethyleneimine (PEI) via Michael addition and Schiff-base

reactions.*! However, most of the co-deposition processes take a rather long time to obtain the
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optimal results. Chemical oxidation is introduced in the polymerization process to dramatically
shorten the reaction time and accelerate the deposition of PDA, compared with the autoxidative
polymerization process in air. CuSO4/H>O; was utilized as a trigger to generate a mass of reactive
oxygen free radicals and thus shortened the reaction time of the co-deposition of PDA and PSBMA
to 1 h.® More importantly, the CuSO4/H,0x-triggered PDA/PSBMA coating showed better
uniformity, stability and antifouling properties than those of the conventional PDA coating
oxidized by oxygen. In our previous work, a facile one-step method was reported to modify PVDF
membrane with superhydrophilicity via the deposition of PDA coating oxidized by sodium
periodate in a weakly acidic condition (pH = 5.0) for 2 h to separate oil/water mixtures and oil-in-
water emulsions.*? The as-prepared membrane exhibited high water flux, high oil rejection ratio,
great chemical and mechanical stability for oil/water separation.

Herein, we investigate the protein resistance of the dopamine/sodium periodate-modified PVDF
membrane in an extremely short reaction time of 0.5 h. Sodium periodate oxidation at pH = 5.0
can markedly accelerate the deposition rate of PDA and significantly enhance the hydrophilicity
of the PDA layer. A robust combined-water layer can be formed on the membrane surface to inhibit
the adsorption and deposition of bovine serum albumin (BSA). Moreover, sodium periodate can
also lead to the formation of carboxyl groups on the membrane surface, which can increase the
electrostatic repulsion between the negatively charged surface and BSA. The modified membrane
showed a better protein resistance at the neutral condition owing to the enhanced hydrophilicity
and the more negatively charged surface.

5.2 Experimental Section

5.2.1 Materials

Polyvinylidene fluoride microfiltration membranes (PVDF, mean pore size 0.22 um, diameter
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47 mm) were purchased from the Millipore Co. Dopamine hydrochloride, bovine serum albumin
(BSA, IEP =4.7, My, ~66 kDa), phosphate buffered saline (PBS, pH =7.4, 0.01 M) were purchased
from Sigma-Aldrich. Sodium periodate, anhydrous sodium acetate, acetic acid, and tris
(hydroxymethyl) aminomethane hydrochloride (Tris-HCI) were purchased from Fisher Scientific.

All the chemicals were used as received.

5.2.2 Fabrication of Antifouling Membranes

The PVDF membranes were immersed in 2 mg mL™' dopamine sodium acetate buffer solution
(50 mM, pH = 5.0) with 4 mg mL! sodium periodate for 0.5 h and 2 h, after washed and pre-
wetted with ethanol and DI water. A beaker containing the membrane and solution was shaken at
150 rpm while covered with an aluminum foil under ambient conditions. The decorated
membranes were rinsed with DI water and dried in an oven at 40 C overnight after modification.
The membranes with different deposition time were denoted as PDA-SP-0.5h and PDA-SP-2h,
respectively. A control sample named PDA-O;-Tris was obtained by the conventional deposition
method in 2 mg mL™!' dopamine Tris-HCl buffer solution (50 mM, pH = 8.5) with a reaction time
of 2 h in air via self-polymerization. The control experiment was conducted with the same process
of pre-wetting and drying.
5.2.3 Characterizations

Surface morphologies of the pristine and modified PVDF membranes were observed by the
field emission scanning electron microscopy (FESEM, Carl-Zeiss Sigma). The charging properties
of membrane surfaces were detected by a streaming potential method using the electrokinetic
analyzer (SurPASS Anton Paar, GmbH). 1 mM KCIl solution was chosen as the electrolyte solution.
The water contact angles were measured by the theta optical tensiometer (Attension, Biolin

Scientific T200). The absorbance of protein was monitored by the UV-vis-NIR spectrophotometer
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(UV-3600, Shimadzu). All the filtration fluxes were tested with a dead-end solvent resistant stirred

cell (Millipore XFUF04701).

5.2.4 Deposition Density Measurements

The deposition density (DD, mg cm2) was obtained using the following equation (5.1):

_ M;-My
U (5.1)

DD
where M;, My and A are the weight of the membrane after modification (mg), the weight of the

pristine membrane (mg), and the area of the membrane (17.34 cm?), respectively. Each result was

based on the mean value of three parallel measurements.

5.2.5 Surface Zeta Potential Measurements

Each membrane sample was cut into a circle with a diameter of 14 mm and fixed in the
adjustable cell for disk. The flow pressure was set as 100 mbar for all the measurements. The zeta
potential results of different membrane surfaces at pH = 7.4 were obtained via adjusting the pH of
the solution by NaOH solution (0.1 M). The surface zeta potential { was obtained by the

Helmholtz-Smoluchowski equation:

{=—— (5.2)
where 4F is the streaming potential, 4P is the applied pressure, ¢ is the permittivity, # and x are
the viscosity and the conductivity of the solution, respectively.
5.2.6 Dynamic Protein Filtration Tests

Dynamic protein filtration was implemented to evaluate the protein antifouling property of the
membrane, which was carried out by a solvent resistant stirred cell (Millipore XFUF04701). The
membrane sample with an effective membrane area of 15 cm? was fixed on the sample holder after
wetted with DI water. The dead-end filtration cell was fully clamped to ensure a properly sealed

condition and connected with a compressed nitrogen gas cylinder for the following operating
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procedure as shown in Figure 5.1.
The membrane was firstly compacted under 0.3 MPa for 20 min at 25 C. Then the pure water

flux Ji; (L m? h'') was measured at 0.1 Mpa until a stable value and calculated by the equation

(5.3) below:
-
= (5.3)

where V(L) is the permeated volume, 4 (m?) is the effective membrane area, and As (h) is the
permeation time. BSA was chosen as the protein model to investigate the protein-resistant
performance. The concentration of BSA was 1 mg mL"! in PBS buffer solution (0.01 M, pH = 7.4).
The cell was placed centrally on a magnetic stirrer to avoid the concentration polarization of BSA
with a stirring speed of 100 rpm. After measuring the flux of BSA solution Jzss (L m? h'') at 0.10
Mpa, the membrane was cleaned with DI water in a beaker shaking at 140 rpm for 30 min. The
cleaning water was changed every 5 min. And then the pure water flux J,,> (L m™ h'') of the cleaned
membrane was tested again at 0.10 Mpa to observe the flux recovery of the membrane. In order to
assess the antifouling property of the membranes, the relative flux reduction (RFR), flux recovery

ratio (FRR), reversible fouling ratio (£;), and irreversible fouling ratio (%) were calculated as

follows:
J
RFR(%)Z( iiA)xloo (5.4)
FRR (%) = 222 x 100 (5.5)
F, (%) = 22 BSAxloo (5.6)
wl J
Fip (%) = 22202 100 (5.7)

wl
The lower RFR and higher FRR values indicate the better antifouling property of membrane.

The reversible fouling ratio () shows the flux reduction due to the formation of protein cake layer
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on the surface, which can be easily rinsed off by hydraulic cleaning. On the other hand, the
irreversible fouling ratio (Fi-) shows the flux decline caused by the adsorption and entrapment of
protein on the surface and in the pores, which are hard to be removed by hydraulic cleaning

solely.*?

pressure control
gauge valve

dead-end
stirred cell L
1 n l'i
|
«— 1
filtrate magnetic

port stirrer

Figure 5.1 Dead-end filtration setup for dynamic protein filtration tests.

5.2.7 Static Protein Adsorption Tests

To investigate the capacity of static protein resistance, the membranes were cut to small pieces
with the same area of 1 x 2 cm?. Each of the samples was immersed in BSA solution (10 mL, 0.01
M PBS buffer solution, pH = 7.4) under shaking at 100 rpm for 4 h at room temperature to reach
the adsorption equilibrium. And then each sample was taken out of the vial by a tweezer and
washed with 10 mL PBS solution (pH = 7.4) using a syringe to remove the non-adsorbed protein
residue. The wash-off solution was directly added into the vial. The concentrations of the initial
and final BSA solutions were detected by the UV-vis-NIR spectrometer at the wavelength of 278

nm, and calculated according to the calibration curve (C = 0.7593X - 0.0007), where X is the value
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of UV adsorption of the solution. The weight of BSA adsorbed on the membrane surface per unit

area (A4ps4, pg cm) can be described by the equation (5.8):

Agsy= L 1000 (5.8)

where Cyp (mg mL™") and V) (mL) are the actual concentration and volume of the initial BSA
solution, respectively. Cgss (mg mL™') and ¥ (mL) are the concentration and volume of the final
BSA solution, respectively. S (cm?) is the area of sample.

5.3 Results and Discussion

5.3.1 Deposition Densities and Surface Morphologies of Different Membranes

The deposition of PDA on the substrate largely depends on the temperature, concentration of
dopamine, pH condition, reaction time and additional oxidant.® In our experiments, the
temperature and the concentration of dopamine were chosen to be 25 C and 2 mg mL,
respectively. In order to investigate the impact of reaction time, oxidant and pH value, the
deposition density was obtained by measuring the weight increment per unit area of the membrane
after modification.

As indicated in Figure 5.2, the deposition density of the PDA-O»-Tris was only 0.0654 + 0.0266

mg cm™>. However, the oxidant-induced membranes showed an obvious increase of the deposition
density, which became even larger along with the reaction time. For PDA-SP-0.5h, the deposition

density was 0.3037 + 0.0643 mg cm™, about five times larger than that of the pure PDA deposition

in a much shorter reaction time. Moreover, the deposition density of the PDA-SP-2h reached

0.5075 + 0.0305 mg cm™, revealing a high formation rate of the thick PDA layer on the membrane

while sodium periodate was used as the oxidant.

Figure 5.3 displayed the surface morphologies of the membranes obtained by the FESEM.
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Figure 5.3g and Figure 5.3h apparently demonstrated that the membrane pores of PDA-SP-2h were
severely obstructed due to the formation of a great deal of PDA nanoparticles, which were in a
good agreement with the deposition density result in Figure 5.2. This morphology may lead to the
flowing hindrance and flux decline through the porous membrane. Whereas, the images of the
rapid oxidant-induced modification with a reaction time of 0.5 h (Figure 5.3e and Figure 5.3f)
indicated that smaller nanoparticles were deposited on the surfaces and channels without obvious
pore blocking, and thereby the original porous conformation of the pristine membrane was
maintained, ensuring the permeability of the modified membrane. For PDA-O»-Tris, no PDA
nanoparticles can be observed in Figure 5.3c and Figure 5.3d, revealing the low deposition

efficiency of the conventional method.
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Figure 5.2 The deposition density of the (a) dopamine/O2-modified PVDF membrane (pH = 8.5, 2
h), and dopamine/sodium periodate-modified PVDF membrane (pH = 5.0) for (b) 0.5 h and (c) 2

h.
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Figure 5.3 FESEM top-view images of the (a, b) pristine PVDF membrane, (¢, d) dopamine/O»-

modified PVDF membrane (pH = 8.5, 2 h), (e, f) dopamine/sodium periodate-modified PVDF
membrane (pH = 5.0, 0.5 h), and (g, h) dopamine/sodium periodate-modified PVDF membrane
(pH =5.0, 2 h). The scale bars are 1 pm in all images at different magnifications of 10k (a, c, e, g)
and 50k (b, d, f, h).
5.3.2 Surface Chemistry and Wettability

In our previous work, we have emphasized the formation of carboxyl groups on the substrate
via the ATR-FTIR and XPS tests.*> From the ATR-FTIR spectra of nascent and modified
membranes (pore size 0.22 um) in Figure 5.4, both PDA-SP-0.5h and PDA-SP-2h showed the
characteristic peak of carboxyl groups around 1717 cm™'. Their percent atomic concentrations of
O 1s were higher than that of PDA-O,-Tris according to the surface elemental composition
measured by XPS.*? The time-dependent measurements of water contact angles of the membranes
were presented in Figure 5.5. The water contact angle of the pristine PVDF membrane was about

131°, showing the intrinsic hydrophobic property of the nascent membrane. By contrast, after the

high-efficient deposition of PDA with the oxidation effect of sodium periodate, the PDA-SP-0.5h

and PDA-SP-2h displayed instant contact angles about 13° and 10°, respectively. Once contacted

with the surface, the water droplets spread and permeated through the membrane completely in
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about 10 s to reach a contact angle of 0°, indicating the superhydrophilicity feature of the modified

membranes.

PVDF
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Figure 5.4 ATR-FTIR spectra of (a) PVDF membrane (pore size 0.22 pum), (b) dopamine/O»-
modified PVDF membrane (pH = 8.5, 2 h), and dopamine/sodium periodate-modified PVDF

membrane (pH = 5.0) for (c) 0.5 h, and (d) 2 h.
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Figure 5.5 Water contact angles in air of the pristine PVDF membrane, and the dopamine/sodium
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periodate-modified PVDF membrane (pH = 5.0) for 0.5 h and 2 h.

5.3.3 Surface Zeta Potential

The zeta potential results of the pristine and the modified membranes were displayed in Figure
5.6, demonstrating that the surfaces of all the membranes were negatively charged at pH = 7.4. It
is noted that the surface charge of the modified membranes became more negative than that of the
pristine one because of the formation of carboxyl groups on the surface under sodium periodate
oxidation at acidic pH. PDA-SP-2h was more negatively charged than PDA-SP-0.5h ascribed to

the denser PDA layer with more carboxyl groups on its substrate with the increasing reaction time.
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Figure 5.6 Zeta potential of the pristine PVDF membrane, and the dopamine/sodium periodate-

modified PVDF membrane (pH = 5.0) for 0.5 h and 2 h.

5.3.4 Antifouling Performance
The structural characteristics of protein change with the pH condition, which strongly affect the

adsorption mechanism between BSA and membrane.® At a neutral condition (pH = 7.4 > IEP),
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BSA is negatively charged in PBS buffer solution because of the deprotonation.*’ Dynamic protein
filtration test was adopted to investigate the antifouling capacity of different membranes using
BSA solution (pH = 7.4). Figure 5.7 showed the time-dependent flux measurements of a recycle
process including three steps: permeation of DI water, permeation of BSA solution, and
permeation of DI water again. During the first stage, the water fluxes of PDA-SP-0.5h and PDA-
SP-2h were higher than that of the pristine PVDF membrane, which were about 1040 L m™ h™' and
780 L m2 h'' at 0.1 MPa, respectively. However, the water flux of the PDA-SP-2h was slightly
lower than that of the PDA-SP-0.5h because the denser PDA coating caused pore blocking and
thickness increasing of the membrane.

As shown in Table 5.1, the RFR of the pristine PVDF membrane was 64.91%, which means
the membrane was blocked due to the protein adsorption arising from the hydrophobic interaction
between protein and hydrophobic membrane. In contrast, PDA-SP-0.5h displayed a lower RFR
(43.27%), which was ascribed to the enhanced hydrophilicity and the more negatively charged
surface resulted from the deprotonation of carboxyl groups on the membrane. The water molecule
layer formed on the membrane surface and the improved electrostatic repulsion between the
protein and membrane can effectively inhibit the protein adsorption and therefore reduce fouling.
However, PDA-SP-2h showed a higher RFR (69.23%) indicating that the formation of a denser
and thicker PDA coating led to an undesirable reduction of pore size, thus resulting in an obvious
flowing hindrance of BSA solution.

Additionally, PDA-SP-0.5h showed the highest FRR (84.62%) indicating the relatively high
flux recovery after hydraulic cleaning and thus reflecting the relatively excellent antifouling
performance. Whereas, the FRR of PDA-SP-2h (56.41%) was lower than that of the PDA-SP-0.5h

because of the rather thick and excessive PDA nanoparticles forming in the pores. The decline of
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flux was caused by the pore blockage because of the entrapment of protein molecules in pores
when proteins were forced to pass through the membrane under pressure, which significantly
deteriorated the antifouling performance of the membrane.** %°

The flux decline is caused by the total fouling of the membrane, which is composed of the
reversible fouling and the irreversible fouling. For PDA-SP-0.5h, the percentage of the reversible
fouling in the total fouling (F,/RFR) was about 64.44%, which was relatively higher than those of
the pristine membrane and PDA-SP-2h. Besides, the percentage of irreversible fouling in the total
fouling (Fi/RFR) was about 35.56%, which was apparently lower than those of other membranes.
This conspicuous feature of the PDA-SP-0.5h indicated that the reversible fouling induced by
protein cake layer was dominant in the fouling behavior. In contrary, the higher F;/RFR and lower
F,/RFR of the PDA-SP-2h demonstrated that the irreversible fouling caused by the protein

entrapment in the pores had a mainly negative influence on the antifouling characteristic due to

the severe reduction of the pore size.

1200 L ; ; PDA-SP-0.5h
I | —A— PDA-SP-2h
! ! —W¥— Pristine PVDF
1000 | i .
| |
Py | |
"= 800 | !
(\I‘E | |
= 600 | ! !
> | 1
> | |
% 400 | : ;
L | 1
200 | ' \
L 1
ol Dl water : BSA solution | Dl water

0O 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

Figure 5.7 The dynamic protein filtration tests of the pristine PVDF membrane, and the

dopamine/sodium periodate-modified PVDF membrane (pH = 5.0) for 0.5 h and 2 h.
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Table 5.1 The Relative Flux Reduction (RFR), Flux Recovery Ratio (FRR), Reversible Fouling
Ratio (F;), Irreversible Fouling Ratio (Fi), Percentage of Reversible Fouling in Total Fouling

(F//RFR), and Percentage of Irreversible Fouling in Total Fouling (F;/RFR) of Different

Membranes
RFR (%) FRR (%) F.(%) Fi-(%) F./RFR (%) Fi/RFR (%)
PVDF 64.91 56.14 21.05 43.86 32.43 67.57
PDA-SP-0.5h 43.27 84.62 27.88  15.38 64.44 35.56
PDA-SP-2h 69.23 56.41 25.64 43.59 37.04 62.96

Static protein adsorption tests were also conducted to evaluate the antifouling property of the
rapid modified membrane compared with that of the pristine PVDF membrane. Table 5.2 displayed
the UV absorbance values at the wavelength of 278 nm of the BSA solutions obtained eventually
of different membranes. The actual concentration of the initial BSA was about 0.9903 mg mL!. It
can be seen from Figure 5.8 and Table 5.2, after being immersed in BSA solution (10 mL, pH =
7.4) for 4 h, the amount of BSA adsorbed on the pristine PVDF membrane was much higher than
that of the modified membrane. By comparison, Ass4 value of the PDA-SP-0.5h indicated the
excellent static protein resistance because of the superhydrophilicity and the more negatively
charged surface of the membrane, which was in a good agreement with the results of contact angle

measurements and surface zeta potential tests.
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Figure 5.8 The amount of BSA adsorbed on the surface and pores of the (a) pristine PVDF

membrane, and (b) dopamine/sodium periodate-modified PVDF membrane (pH = 5.0) for 0.5 h.

Table 5.2 The UV Absorbance Values at the Wavelength of 278 nm of Diluted BSA Solutions,

and the Amounts of BSA Adsorbed on the Membranes Per Unit Area (4554, ug cm™)

Absorbance Agsa (ug cm?)
PVDF 0.3497 £ 0.0008 336.93 +10.13
PDA-SP-0.5h 0.3691 + 0.0014 81.00 + 18.44

5.4  Conclusions

We investigated the antifouling property of the sodium periodate-induced PDA deposition on
the PVDF membrane in an extreme short reaction time of 0.5 h. This dramatically rapid deposition
can maintain the conformation of the porous membrane without pore blocking due to the uniform
and thin coating layer of small nanoparticles. In contrast with the pristine PVDF membrane, the

optimized membrane showed better antifouling property because of the formation of hydrophilic
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carboxyl group on the surface, which resulted in the more hydrophilic and more negatively charged
surface, and hence effectively inhibited the BSA deposition and adsorption. This work proposes a
high-efficient pathway of PDA coating via chemical oxidation to promote the antifouling property
of hydrophobic membranes.
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Chapter 6 Conclusions and Contributions
6.1 Major Conclusions

This thesis is composed of two parts. The first part was to prepare a high-efficient PDA coating
on PVDF membrane under the oxidation of sodium periodate in a slightly acidic condition (pH =
5.0). The optimally designed membrane exhibited outstanding ability to achieve oil/water
separation. The other part was to investigate the protein-resistant property of the modified
membrane via a rapid deposition. With an extreme short reaction time of 0.5 h, the modified
membrane showed better antifouling performance against BSA than that of the pristine membrane.
The major conclusions are summarized as follows:

1. This facile one-step mussel-inspired approach can effectively modify hydrophobic PVDF
microfiltration membrane with superhydrophilicity and underwater superoleophobicity because of
the significant improvement of hydrophilicity and the micro/nano-hierarchical structure on the
surface and pore walls.

2. Chemical characterizations of the modified membranes via FTIR and XPS indicated the
carboxyl groups on the substrate were generated by the oxidation effect of sodium periodate at
acidic pH.

3. For the microfiltration PVDF membrane with a pore size of 0.45 pm, the morphology result
of the PDA-SP-2h obtained by FESEM demonstrated the micro/nano-structured coating on the
surface and inner pores, as well as the negligible pore blocking. The EDS mappings and the spectra
also indicated the homogeneous distribution of the hydrophilic PDA nanoparticles. These
prerequisite conditions endowed the membrane with the ultrahigh pure water flux and the high-
efficient oil/water separation capability.

4. By the measurements of water contact angle before and after chemical and physical
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treatments, the PDA-SP-2h exhibited excellent chemical stability of coating after rinsed by the
neutral (pH = 7), strong acidic (pH = 2), and strong basic (pH = 12) solution for 12 h, and the
outstanding mechanical stability after the destructive disturbance of 1 min sonication for twice.

5. The excellent oil antifouling performance and reusability of the PDA-SP-2h were evaluated
through the three-cyclic filtration experiment using SDS-stabilized petroleum ether-in-water
emulsion under 0.038 MPa. The water flux decreased sharply at the beginning because of the oil
accumulation, but the flux can be easily recovered to the initial level after rinsing by DI water.

6. The dramatically rapid deposition of PDA coating on PVDF membrane oxidized by sodium
periodate for only 0.5 h also showed the superhydrophilic property. From the FESEM results, a
thin layer of small nanoparticles formed on the porous membrane without pore blocking.

7. The formation of the hydrophilic carboxyl group during the PDA deposition process led to
the more hydrophilic and more negatively charged surface of the modified membrane, and thus
diminished the BSA deposition and adsorption on the membrane surface because of the combined-
water layer and the electrostatic repulsion, resulting in the improvement of the antifouling
performance against negatively charged proteins.

6.2 Contributions to the Original Knowledge

The PDA coating suffers from the low-efficiency of polymerization, limited hydrophilicity, and
instability, which greatly restrict its application on coating modification. For the aspects of
oil/water separation and antifouling improvement, previous researches mainly focused on the two-
step modification utilizing the reactivity of PDA as an intermediate layer for post-modification, or
the addition of other reactants such as polymer, inorganic nanoparticles, coupling agent, etc. for
the single-step modification. However, those methods are relatively complex and time-consuming.

In this work, the one-step oxidant-induced approach of the PDA deposition on hydrophobic
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membrane greatly improves the hydrophilicity and stability, and meanwhile dramatically shortens
the reaction time. This oxidant-assisted method provides a pathway to broaden the application of

PDA coating on various fields beyond membrane modification.
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Chapter 7  Future Work

1. To investigate the protein-resistant property of the negatively charged membrane, the
representative protein used in this work is BSA because it is negatively charged at the neutral
condition. However, the addition of zwitterionic charged material could be a more effective way
to resist different charged proteins. The overall electrically neutral surface could be achieved by
grafting the zwitterionic polymeric additives onto the PDA-decorated membrane, or obtained by
the codeposition with dopamine facilitated by chemical oxidation.

2. The dead-end stirred cell utilized in this study has a maximum capacity of 75 mL. In order
to increase the volume capacity, a reservoir and a selector valve between the reservoir and the
stirred cell could be installed to extend its application on protein permeation or nanofiltration with
a larger treatment capacity.

3. Janus membrane composed of two sides with opposite wettability leads to the special
transport behaviors. The hydrophilic side of the Janus membrane could be fabricated by the method
mentioned in this study via the floated deposition. The other side could be grafted with
hydrophobic polymers. This type of Janus membrane may be used in the separation of both water-
in-oil emulsions and oil-in-water emulsions. Besides, it may also be employed in the water-to-oil

and oil-to-water emulsification process. Or it could be applied for fine bubble aeration.
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