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Abstract 

In marine bio-systems, robust mussel adhesion is achieved by the formation of a “bio-glue” 

layer between byssal plaque and substrates. By mimicking this mussel adhesion strategy, many 

mussel-inspired coatings have been designed for various environmental applications due to their 

high surface affinity. Nevertheless, it still remains a challenge to integrate different functionalities 

into these developed mussel-inspired coatings to fulfill the specific requirements of different water 

treatment processes. Moreover, current understanding of the underlying molecular interaction 

mechanism in the mussel-inspired coating assembly process is limited. In this thesis, different 

functional mussel-inspired coatings for eliminating organic pollutants or separating oily 

contaminants from water are designed and the corresponding molecular interactions in the coating 

assembly process are also investigated.  

Water contamination by organic pollutants poses a serious threat to human health. Most 

catalysts developed for organic pollutants removal generally suffer from low catalytic efficiency. 

Herein, in the first work, silver nanoparticles (Ag NPs) functionalized magnetic graphene oxide 

(MGO) was synthesized with the assistance of a tannic acid (TA)/Fe3+ coating. The as-prepared 

nano-catalyst showed excellent catalytic reduction performance towards different organic 

pollutants. Specifically, the catalytic rate constant for methylene blue (model dye) removal was up 

to 0.054 s−1, which was about ten times faster than most reported catalysts. It was also found that 

the as-prepared nanocomposite showed outstanding removal efficiency of Escherichia coli (E. coli) 

and can be easily regenerated through magnetic separation, indicating its potential in various 

environmental applications. 
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Oily wastewater generated during the oil refining process is regarded as one of the most 

hazardous wastes, severely affecting the local water resources. The membrane materials designed 

for oil/water separation generally suffer from surface fouling issues due to the undesired deposition 

of oily contaminants on the membrane surface. Thus, in the second project, an antifouling cellulose 

nanocrystal (CNC) coating was designed by anchoring CNCs onto substrates using a mussel-

inspired adhesive layer composed of tannic acid/polyethylenimine/vanadium (TA/PEI/V). The 

underlying nano-mechanics in the coating process were investigated by applying the atomic force 

microscope (AFM) colloidal probe technique. The super hydrophilic CNCs coating showed a 

water contact angle of ~8 °  and exhibited outstanding antifouling properties towards oil 

contamination, protein adsorption, and cell attachment. The CNCs coating also maintained its 

structural integrity and wettability after cyclic friction tests. Moreover, the CNCs-coated 

membrane showed high water permeation flux (~ 6000 L m−2 h−1 bar-1) and remarkable self-

cleaning properties in the oil-in-water (O/W) emulsion separation process, demonstrating its great 

potential in oily wastewater purification.  

Polyethylene glycol (PEG) has been widely applied in the fabrication of antifouling 

membranes for O/W emulsion separation due to its strong surface hydration property. However, 

most reported PEG coatings were fabricated by anchoring the PEG polymer chains onto substrates 

via weak and unstable non-covalent bonds, resulting in PEG coatings that easily detached from 

substrates. Therefore, in the third project, a durable PEG coating was fabricated by covalently 

anchoring the poly(ethylene glycol) diglycidyl ether (PEGDE) polymer onto the 

levodopa/polyethyleneimine (LP)-coated substrate. The PEGDE/LP coating showed outstanding 

stability and maintained its wettability under harsh solution conditions (acid/alkaline/salt). 

Moreover, the PEGDE/LP coating showed superior antifouling properties towards different kinds 
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of proteins such as bovine serum albumin (BSA). The antifouling mechanism of PEGDE/LP 

coating was investigated by directly measuring the interaction forces between the PEGDE/LP 

coating and BSA using the surface forces apparatus (SFA). Moreover, the PEGDE/LP-coated 

membrane could remove more than 99% O/W emulsion with enhanced water flux, indicating the 

outstanding performance of PEGDE/LP coating for O/W emulsion separation. 

In this thesis, three novel functional coatings are developed by integrating different 

functionalities into mussel-inspired coatings for wastewater treatment. Moreover, the molecular 

interaction mechanisms during the coating assembly process are investigated. This work not only 

expands the application of functional mussel-inspired coatings in wastewater treatment processes 

but also gives new insight into the precise designing of functional coatings with tunable properties 

for a broad range of engineering and environmental applications.  
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Chapter 1. Introduction 

The freshwater resource is of fundamental importance to daily human life.1, 2 However, 

according to the World Resource Institute (WRI), more than half of the world’s population will 

face water-stressed conditions before 2040.3-5 As shown in Figure 1.1, only limited amount of 

freshwater (~1%) can be directly accessible.6 However, the limited freshwater resource also faces 

severe contamination issues caused by untreated sewage and industrial effluents.7-9 

Figure 1.1 Water distribution on earth  

Water contamination caused by organic pollutants, such as organic dyes or nitrophenols 

from textile or pesticide industries, has been one of the major concerns in recent years.10, 11 For 

example, organic dyes are visible in water even with a concentration less than 1 ppm.12 High 

concentration of organic dye in the water system will severely affect the photosynthesis of aquatic 

organisms.13 Moreover, most organic pollutants, such as 4-nitrophenol, are highly poisonous and 

non-biodegradable, 14 which may pose a great threat to human health.15-17 Thus, techniques that 

can effectively remove these organic pollutants from water systems are still highly desired.  

Additionally, oil industries play an important role in the economy.18 As more oil-related 

produces are explored, processed, and transported, the number of oil spill accidents also increases 

and has become another great environmental concern.19-21 The leaked oil can cause severe 
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consequences to the living species in the water system,22, 23 and may lead to a long-term impact on 

the sustainability of the aquatic ecosystem.24, 25 Thus, developing effective methods to remove the 

oily contaminants from water is still in highly desired. 

1.1 Removal of organic pollutants from water  

1.1.1 Organic pollutants and their toxicity  

Organic dyes are widely applied in the printing, textile, and paper industries. It is estimated 

that over 100,000 kinds of commercial organic dyes are produced every year with a total amount 

of over 1,000,000 tons,26, 27 and more than 200 billion liters of colored effluents are produced 

annually.14 As shown in Figure 1.2, the organic dyes generally have a π-conjugated system with 

one or more chromophore groups in their structure,28 which can absorb visible light (400~700 nm). 

Thus, the dispersed dyes can reduce light penetration into water systems, leading to the death of 

aquatic plants by disrupting their photosynthesis.29 Moreover, dye-polluted wastewater is highly 

toxic and may cause cancer or severe allergic reactions to humans.30  
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Figure 1.2 Chemical structure of (a) Methylene blue, (b) Congo red, (c) Methyl Orange, and (d) 

Basic blue. 

Similar to organic dyes, nitrophenols produced in the pesticide production process are 

another category of organic pollutants.31 Exposure to nitrophenols, such as 4-nitrophenol, may also 

lead to significant health risks, such as severe liver/kidney damage or skin irritation to humans.32, 

33 Thus, effective methods for the removal of organic pollutants are of great importance. 

1.1.2 Methods for removal of organic pollutants  

Numerous water treatment strategies have been developed and applied to remove the 

dispersed organic pollutants from the water. Existing methods can be divided into three categories, 

namely physical, biological, and chemical treatment methods.34 

Physical methods, such as adsorption,35 membrane filtration,36 reverse osmosis,37 

coagulation and flocculation,38 are straightforward approaches and widely applied in industries 

due to their ease of operation. However, these methods are generally costly and may require 

additional post-treatments. For example, adsorbents for dye removal suffer from severe fouling 
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issues in the practical application process. The small particles will continuously accumulate within 

the adsorbent, thus deteriorating its dye adsorption efficiency.39  

Biological methods use living organisms,40 such as bacteria 41 or fungi,42 to degrade the 

organic pollutants. The utilization of microorganisms to remove dyes is popular due to its 

advantages of being environmentally friendly or having low cost. However, most biological 

methods need a long operation time and are only effective for certain types of dyes.43 Moreover, 

time-consuming post-treatment processes may be required to prevent secondary pollution.  

Chemical methods, such as oxidation,44 irradiation,45 Fenton reaction,46, or catalytic 

reduction,47 are commonly applied to degrade organic pollutants through designed chemical 

reaction processes. For example, in the Fenton reaction process, Fenton reagents are applied to 

generate a powerful oxidizing agent (•OH groups), which can effectively degrade the organic 

pollutants into non-toxic products.48, 49 However, most chemical treatment methods require high 

amounts of energy and may generate toxic by-products in the reaction process, which limits their 

application in water treatment processes. Recently, catalytic reduction of organic pollutants by 

using noble metal nanoparticles (NPs), such as silver (Ag) NPs,50 gold NPs,51 or platinum NPs,52 

have been widely applied due to their ease of operation, high efficiency, and low energy 

consumption. 

1.1.3 Catalytic reduction of organic pollutants 

The catalytic reduction of organic pollutants is an electrochemical reaction process, which 

only happens on the surface of NPs.53 The organic pollutants will first be adsorbed on the NPs 

before the catalytic reduction process begins. Then, the NPs serve as electron relays to transfer 

electrons from nucleophilic ions to the adsorbed organic pollutants, leading to the reduction of 
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organic pollutants into non-toxic produces.54 The reduced products will automatically desorb from 

NPs surface and render new sites for the next catalytic reduction cycle. The catalytic rate constant 

can be expressed by the pseudo-first-order kinetic model: ln(𝐶𝐶𝑡𝑡/𝐶𝐶0) = −𝑘𝑘𝑘𝑘, where the 𝐶𝐶0 and 

𝐶𝐶𝑡𝑡were the initial and final concentrations of organic pollutants, 𝑘𝑘 and 𝑘𝑘 were time and catalytic 

rate constant, respectively.55 The catalytic reduction rate constant can be affected by the solution 

conditions and size of NPs applied in the reaction process. Specifically, the smaller and non-

aggregated NPs show higher catalytic performance due to their high surface-to-volume ratio.56, 57 

However, most reported NPs nano-catalysts are unstable in solution and will easily aggregate in 

aqueous environments, resulting in limited catalytic performance.  

1.1.4 Mussel-inspired coating for catalyst immobilization  

In order to prevent the aggregation of NPs in the catalytic reduction process, much effort 

has been devoted to immobilizing NPs onto various supporting materials with the assistance of an 

intermediate adhesive layer.53, 58-60 

In the mussel adhesion process, mussel foot proteins (Mfps) play an important role to 

achieve robust mussel adhesion.61, 62 By mimicking the solidification process of the Mfps, in 2007, 

Messersmith et al. fabricated a polydopamine (PDA) coating via oxidative polymerization of 

dopamine.63 The formed PDA coating showed high surface affinity, which was able to adhere onto 

various surfaces via multiple interactions. Moreover, the functional groups on the PDA coating, 

such as amine, quinone, and catechol groups, showed strong reducing and metal ion chelating 

ability,64-66 which can serve as an interlayer to reduce the metal ions into small NPs and tightly 

anchor these NPs onto supporting materials via coordination bonds.  
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However, the application of PDA coating in catalyst immobilization is limited due to its 

slow reaction rate, as it may take several hours to form the PDA coating on the substrate.67 

Recently, tannic acid (TA), a low-cost natural polyphenol with strong surface adhesion property,68 

has been shown to form a surface coating within minutes by co-deposition with metal ions.69-71 

For instance, in 2013, Ejima et al. reported a one-step coating by mixing TA and Fe3+ solutions 

under ambient conditions.72 The uniform TA/Fe3+ coating was formed onto various substrates 

within one minute through coordination between TA and Fe3+ ions. The formed TA/Fe3+ coating 

showed similar reducing and metal ion chelating properties as PDA coating, which makes the 

TA/Fe3+ coating a promising candidate for immobilizing NPs onto substrates. For instance, Li et 

al. successfully immobilized Ag NPs (2~10 nm) onto TA/Fe3+ coated-nanospheres, which showed 

good stability for 4-nitrophenol reduction.73 Even though much effort was devoted to fabricate 

NPs-based nano-catalysts, the catalytic rate constant of most reported catalysts are still low due to 

the limited NPs in the catalyst. Thus, fabrication of the NPs catalyst with outstanding catalytic 

performance towards various organic pollutants is still highly desired. 

1.2 Removal of oily contaminants from water  

With the rapid expansion of oil-related industries (such as mining, textile, or leather), 

plenty of the oily wastewater produced in our daily life is released into the water system. For 

instance, the 2010 Gulf of Mexico oil spill accidence caused 4.9 million barrels of crude oil to leak 

into the ocean and contaminated over 3200 km of seaside.74, 75 Once these oily contaminants get 

into the water system, 76-78  three different oil-in-water(O/W) mixtures will be formed, including 

the free-floating oil (>150 μm), O/W mixtures (20–150 μm), and O/W emulsions (<20 μm).79 The 

free-floating oil and O/W mixture will autonomously coalesce and separate from the water phase 

and can be easily removed from water phases.80 However, the O/W emulsions are much more 
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stable in aqueous environments because of the adsorbed surfactants at the O/W interface.81 Thus, 

separation of highly dispersed and stable O/W emulsion droplets (with a size smaller than 20 µm) 

from the aqueous phase is considered to be the most challenging task. 

1.2.1 Methods of oily wastewater treatment 

Various conventional techniques have been applied for the O/W emulsion separation. 

Chemical treatment methods, such as electrochemical method 82 or demulsification,83 are energy-

efficient methods for separating the O/W emulsion from water phases. However, these chemical 

treatment methods require high operation costs and may produce secondary pollution to the 

environment. The physical treatment methods, such as centrifugation,84 flotation,85 and 

adsorption,86 provide a simple and low-cost way to remove free-floating oil from water phases. 

However, these conventional physical methods suffer from low efficiency in separating complex 

and highly dispersed O/W emulsions from the aqueous phase. 

Membrane filtration is considered to be a promising way to effectively separate the 

dispersed O/W emulsion from water systems.87 Compared to these conventional methods, 

pressure-driven membrane filtration, such as ultrafiltration and microfiltration, can continuously 

separate the dispersed O/W emulsion from water without adding any chemicals.88 However, the 

commonly used membrane materials, such as polyvinylidene fluoride (PVDF) membrane, 

polyethersulfone (PES) membrane, and polytetrafluoroethylene (PTFE) membrane, are 

intrinsically hydrophobic.89, 90 These hydrophobic membranes will be subjected to severe surface 

fouling by the undesired attachment of oily contaminants on the membrane surface in the O/W 

separation process, which may inevitably block the pores on the surface or inner structure of the 

membrane.91, 92 The membrane fouling will lead to a sharp decline in water permeation flux, thus 

deteriorating the membrane separation efficiency in the O/W emulsion treatment process.  
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1.2.2 Application of antifouling membrane in O/W separation 

In order to solve the membrane surface fouling issue in the O/W emulsion separation 

process, many efforts have been made to modify the surface wettability of the membrane to prevent 

the attachment of oily contaminants.93, 94 Inspired by the antifouling property of fish scales, 

antifouling membranes have been developed by loading hydrophilic materials, such as inorganic 

particles,95 polymeric materials,96 zwitterionic polyelectrolytes,97 onto membrane surfaces. These 

hydrophilic materials show high water affinity and can trap a layer of water molecules on their 

surfaces. The formed hydration layer on the membrane surface will serve as a physical barrier to 

prevent the attachment of oily contaminants onto the membrane during the O/W separation 

process.98, 99 For instance, Zhang et al. engineered ultrathin silica (SiO2) layer onto the membrane 

surface.100 The super hydrophilic silicification layer endowed the membrane with outstanding 

antifouling properties towards a range of oily contaminates. The as-prepared membrane also 

achieved a high-water permeation flux in the O/W emulsion filtration test due to its low water 

transport resistance.  

However, the challenge still remains, where most of the reported antifouling membranes 

were fabricated by directly depositing hydrophilic materials onto membrane surfaces through weak 

and non-covalent physical interactions.101 Thus, the fabricated antifouling coatings were not stable 

in the O/W separation process. The hydrophilic coating would fall off from the membrane surface 

under small external environmental changes, which will decrease membrane antifouling 

performance. Moreover, the deposition of hydrophilic coatings onto inert substrates, such as the 

PTFE or PVDF membrane, is still challenging. 
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1.2.3 Application of mussel-inspired coating in antifouling membrane  

By mimicking the mussel adhesion strategy, in which robust adhesion is achieved by the 

formation of a “bio-glue” layer between the mussel byssal and substrates,102 the hydrophilic 

coatings can be also tightly anchored onto the membrane surface by constructing the “glue layer” 

between the hydrophilic coatings and substrates. In this strategy, the mussel-inspired coatings, 

such as PDA coatings,103 will first be deposited onto the membrane surface to introduce abundant 

functional groups, such as catechol and quinone groups onto the membrane. These functional 

groups will serve as anchoring points to tightly link the hydrophilic layer onto the membrane via 

multiple covalent or non-covalent interactions. However, the conventional PDA coatings are not 

stable and prone to dissolve in the O/W separation process,67 thus limiting its application as a 

stable “glue layer” for anchoring hydrophilic coatings. 

To solve this issue, the phenol/amino co-deposition strategy is proposed to construct the 

robust “bio-glue” layer onto substrates.104 In the phenol/amino co-deposition process, the amino 

groups will be covalently connected to the quinone groups via Schiff-base and Michael-addition 

reactions.105 Compared to the PDA coatings, the phenol/amino coatings are more stable and show 

greater resistance to harsh solution conditions. Thus, the phenol/amino coatings, such as TA/ 

polyethyleneimine (PEI) 106 or PDA/PEI 107 coatings, are generally applied as a stable “glue layer” 

for anchoring the hydrophilic coating onto the membrane. For instance, Yang et al. fabricated an 

antifouling membrane by anchoring the hydrophilic silica layer onto the membrane with the 

assistance of PDA/PEI coating. The as-prepared membrane showed remarkable antifouling 

performance in the O/W emulsion separation process.101  

However, in the phenol/amine coating process, large aggregates are generally formed on 

membrane surfaces due to the rapid and uncontrolled Schiff-base and Michael addition reaction in 
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the co-deposition processes.108 The formed phenol/amine aggregates will block the porous 

structure of the membrane, thus decreasing the membrane O/W separation efficiency. Moreover, 

the aggregated phenol/amino coating is undesired for serving as a platform for anchoring the 

hydrophilic layer on the membrane due to its limited anchoring sites. Thus, in order to construct a 

robust and stable antifouling coating on the membrane, the non-aggregated and stable 

phenol/amino “glue layer” must be firstly fabricated by modulating the phenol/amine coating 

process. 

1.3 Objectives 

Despite many efforts have been made in developing different types of mussel-inspired 

coatings and exploring their potential applications in various fields, it remains a challenge to 

integrate target functionalities into mussel-inspired coatings to fulfill the specific requirements in 

water treatment processes, such as organic pollutant removal and O/W emulsion separation. 

Moreover, complete understanding of the molecular interaction mechanism in the assembly 

process of mussel-inspired coatings is not available.  Revealing the underlying mechanism in the 

coating process will facilitate the fabrication of much more advanced mussel-inspired coatings 

with desirable structures.  

The overall goal of this thesis is to develop functional mussel-inspired coatings and 

evaluate their performance in organic pollutants removal or O/W emulsion separation, as well as 

investigate the corresponding intermolecular mechanisms in the assembly process of mussel-

inspired coatings.  

The detailed objectives are listed as follows. 



11 
 

1. Develop a nano-catalyst with the assistance of mussel-inspired tannic acid (TA)/Fe3+ 

coating to remove organic pollutants from water, and investigate its catalytic performance towards 

various organic pollutants under different solution conditions and its corresponding catalytic 

reaction mechanism. 

2. Develop an antifouling cellulose nanocrystals (CNCs) coating onto various substrates 

with the assistance of a mussel-inspired tannic acid/polyethylenimine/vanadium (TA/PEI/V) 

adhesive layer, and investigate the molecular interactions mechanism in the CNCs coating process 

as well as the separation performance and antifouling property of CNCs-coated membrane in the 

O/W separation process. 

3. Develop a durable polyethylene glycol (PEG) antifouling coating with the assistance of 

mussel-inspired Levodopa/polyethyleneimine (LP) adhesive layer, and investigate its antifouling 

property towards different kinds of foulants and their corresponding antifouling mechanism; 

fabricate PEG-coated membrane and study its O/W emulsion separation performance and stability 

in harsh solution conditions. 

1.4 Structure of the thesis 

Chapter 1 introduces the wastewater-related challenges, followed by a brief review of 

wastewater treatment methods and the application of the mussel-inspired coating in these methods. 

The objectives of this work are presented. 

Chapter 2 describes the major techniques used in this work. 

Chapter 3 reports a high-efficient Ag NPs nanocomposite catalyst for organic pollutants 

removal. The nano-catalyst is prepared by loading Ag NPs onto magnetic graphene oxide (MGO) 

with the assistance of TA/Fe3+ coating. The catalytic reduction performance of as-prepared catalyst 
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towards different organic dyes and nitrophenols are studied. The effect of pH values and the 

reaction mechanism in the catalytic reduction process are discussed. 

Chapter 4 introduces a universal and facile strategy to construct a robust and antifouling 

CNCs coating onto various substrates. The CNCs coating is composited of a TA/PEI/V 

intermediate adhesive layer and a self-assembled super-hydrophilic CNCs layer. The effect of V3+ 

ions in the coating process is investigated by using the atomic force microscope (AFM) colloidal 

probe technique. The as-prepared CNCs coating shows excellent antifouling and anti-abrasion 

properties. Moreover, this proposed CNCs coating strategy can be further applied in membrane 

surface functionalization, and the anti-oil fouling performance and O/W emulsion separation 

performance of as-prepared CNCs-coated membrane are studied. 

Chapter 5 presents a durable PEG coating with antifouling property for O/W emulsion 

separation. The PEG coating is fabricated by covalently anchoring the hydrophilic poly (ethylene 

glycol) diglycidyl ether (PEGDE) layer onto Levodopa/polyethyleneimine (LP) adhesive layer via 

a ring-opening reaction. The stability of PEGDE/LP coating in harsh solution conditions is 

investigated. The antifouling property of as-prepared coating towards oily foulants and proteins is 

evaluated, and the antifouling mechanism is studied by using surface forces apparatus (SFA) force 

measurement. Moreover, the PEGDE-coated membrane is fabricated and the O/W emulsion 

separation performance and self-cleaning property of the as-prepared membrane are investigated.  

Chapter 6 presents the conclusions and contributions of this work, and the perspectives of 

the future work are also provided. 
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Chapter 2. Experimental techniques 

2.1 Atomic force microscope (AFM)  

Atomic force microscope (AFM) has been widely applied to characterize surface 

morphologies with sub-nanometer resolution and measure the interaction forces of two substrates 

at nanoscale.1 The AFM mainly consists of a laser beam, cantilever, sharp probe tip, piezo 

transducer, and quadrant displacement sensor. In the AFM tapping mode, the AFM cantilever 

vibrates and drives the probe tip to oscillate at its resonance frequency near the sample surface, 

and the tip-sample interactions will cause changes in the amplitude of cantilever oscillation. To 

maintain the constant cantilever oscillation amplitude, feedback will be generated to adjust the 

position of the probe tip, which can be used to determine the sample topography.2, 3 In this thesis, 

the surface morphologies of as-prepared mussel-inspired coatings were characterized by 

topographic imaging using atomic force microscope (AFM) with Bruker ICON AFM system 

(Bruker, Santa Barbara, CA) in tapping mode under ambient conditions. 

Figure 2.1 Schematic of the AFM colloidal probe technique.  
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As shown in Figure 2.1, The AFM colloidal probe technique has been applied to directly 

measure the interactions between the probe and different substrates at nanoscale. The silica probe 

is prepared by attaching a silica sphere (diameter ∼5 μm) onto a tipless cantilever with two-

component epoxy glue. The silica probe is then coated with component A through the dip-coating 

method.4 The sensitivity of the piezo is calibrated by fitting the linear regime of the force curves 

measured between the silica probe and bare silica surface, and the spring constant of the silica 

probe is calibrated by the thermal tune method. In a typical force measurement procedure, the 

prepared silica probe is positioned over the surface (coated with component B) and then driven to 

approach and retract from the surface at a constant velocity (1 μm/s) until the maximum loading 

force is reached.5 The deflection of the silica probe is detected by the laser beam detection system. 

The interaction forces are calculated by Hooke’s law by using calibrated cantilever spring 

constant.6  

In this thesis, the molecular interaction in the assembly process of mussel-inspired 

TA/PEI/V coating was investigated by using AFM colloidal probe technique. The as-prepared 

AFM silica probe and silicon wafer were treated using a UV Ozone cleaner, followed by 

immersion in PEI solutions (1 mg/mL-1) for 2 hours, rinsing with DI water, and drying with pure 

nitrogen. In the force measurement experiments, both the PEI-coated silica probe and PEI-coated 

silicon wafer were placed in a fluid cell containing TA or TA/V3+ solutions. The corresponding 

force profiles between the silica probe and substrates are recorded by AFM software. 

2.2 Surface forces apparatus (SFA)  

The surface forces apparatus (SFA) was firstly designed by Tabor, Winterton, and 

Israelachvili in the late 1960s and early 1970s to measure the surface forces between two smooth 
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mica surfaces in vacuum and gas.7, 8 SFA technique was then significantly upgraded by 

Israelachvili 9 by expanding the surface force measurements to a wide range of material systems 

under different liquid and vapor conditions.10 The schematic diagram of SFA 2000 is shown in 

Figure 2.2.11 The main components of SFA 2000 include the micrometers, the main chamber, the 

main stage with central simple-cantilever spring, and the lower disk holder and the upper disk 

holder. The separation distance between the lower and upper surfaces can be well controlled by 

four different controls for magnitudes from angstroms to millimeters with a resolution of 0.1 nm. 

Figure 2.2 Schematic illustration of the SFA 2000.11  

In a typical SFA experiment, two back-silvered thin mica sheets are glued onto two 

cylindrical silica disks (with the radius R=2cm). The two mica surfaces can be further modified 

by various surface coatings in a symmetric or asymmetric configuration. The two prepared mica 
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surfaces are mounted into the SFA chamber in a cross-cylinder configuration. The interaction 

between two mica surfaces is equivalent to a sphere (radius of R) approaching a flat surface when 

the separation distance D between two surfaces is much smaller than R. Light generated by a white 

light source is directed to pass through both mica surfaces, then the interference light is collected 

by a spectrometer and recorded using a camera.8 In a typical normal force measurement process, 

the two mica surfaces are driven to approach and separate from each other, and the normal forces 

between two mica surfaces are obtained by using Hooke’s law. The deformation of force spring 

can be calculated by measuring the difference between the moving distance of mica surface driven 

by motor and the actual separation distance between two micas surfaces as monitored by the 

multiple beam interferometry (MBI) by using the fringes of equal chromatic order (FECO).12, 13 

The force measured by using SFA can reach a resolution of ~10 nN and the accuracy of distance 

measurement is 0.1 nm. 

In this thesis, the interaction between BSA and PEGDE/LP coating was measured by using 

SFA. Specifically, the PEGDE/LP coating and BSA coating were deposited on mica surfaces by 

immersing the mica sheets into the corresponding solutions for a certain time. Then, two as-

prepared mica surfaces were mounted in the SFA chamber in a crossed-cylinder configuration with 

PBS buffer (0.13 M, pH 7.4) injected into the confined space between the two surfaces. The 

interaction forces between PEGDE/LP and BSA-coated mica surfaces in PBS buffer were 

measured as a function of the separation distance between two mica surfaces. 
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2.3 Other techniques  

2.3.1 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a powerful technique that can be applied to 

determine surface morphology.14 In this project, the field emission scanning electron microscope 

(FESEM) (Zeiss) is applied to characterize synthesized material surface morphology. In a typical 

SEM scanning process, the electrons are generated from an electron gun, accelerated, and passed 

through a combination of lens to generate a focused electron beam. When the electron beam hits 

the sample surface, the secondary electrons, backscattered electrons, and characteristic X-rays will 

be generated. These signals will be collected by different detectors to form images that display 

material surface information.15  

Moreover, the energy-dispersive X-ray spectroscopy (EDX) spectrum of FESEM is 

applied to determine the element distribution and concentration of materials.16 The 

characterization X-ray generated from materials in the electron beam scanning process will be 

collected to quantitatively determine the element type and concentration. 

In this thesis, the morphology and element distribution of membranes were characterized 

using SEM/EDX. Specifically, the membranes were cut into 1 cm * 1 cm pieces, followed by gold 

sputtering with the Denton Gold Sputter Unit to prevent charge buildup on the sample surface. The 

morphology and element mapping of the as-prepared membrane samples were characterized by 

FESEM with the acceleration voltage range from 10~20 kV. 

2.3.2 Ultraviolet-visible (UV-Vis) spectroscopy  

Ultraviolet-visible (UV-Vis) spectroscopy is used to determine the concentration of the 

organic molecules in the water phase by measuring the adsorption of lights in the ultraviolet and 
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visible light range.17 The wavelength of the absorption peak is corresponding to the energy that 

needs to transfer the electron from the ground state to the excited state.18 Moreover, the intensity 

of the characteristic peak is linear related to the organic molecular concentration in the solution. 

In this thesis, the standard lines of different organic dyes, such as methylene blue (MB), 

Congo red (CR), methyl orange (MO), etc. were determined by linear fitting the intensities of 

characteristic peaks to the concentrations of dye solutions with known concentrations. Then, the 

concentration of organic dye in wastewater was determined by measuring the intensity of the 

corresponding characteristic peak by the UV-Vis analysis. 
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Chapter 3. Tannic acid/Fe3+ functionalized magnetic graphene oxide 

nanocomposite as an ultra-efficient catalyst for wastewater 

treatment 

3.1 Introduction 

Water contamination caused by discharged organic pollutants, such as dyes or nitrophenols, 

has become a severe environmental issue due to the freshwater scarcity problems.1, 2 Organic 

pollutants containing aromatic structures are commonly stable in aqueous environments and pose 

a serious threat to human health and aquatic organisms.3-6 A variety of strategies have been adopted 

for removing the organic pollutants, such as adsorption,7, 8 filtration,9 catalytic degradation,10, 11 

and catalytic reduction.12 Comparatively, catalytic reduction of organic pollutants exhibits many 

advantages, including low-energy consumption, high-efficiency, and convenient operation.13-16 

Thus, various noble metal nanoparticles (NPs), such as gold,17, 18 silver,19 and platinum,20 have 

been synthesized and applied in catalytic reduction processes, which have a large surface to 

volume ratios and display high catalytic activities towards the reduction of various organic 

pollutants.21-24 Among these NPs, Ag NPs have been widely explored due to their comparative 

abundance and affordability, only about 1/50 of the cost of gold or platinum NPs.25  Moreover, Ag 

NPs also exhibit a unique antimicrobial property, which could effectively eliminate microbial 

pathogens in wastewater.26-28 However, the stability and catalytic performance of Ag NPs have 

been limited by the severe aggregation of Ag NPs in the aqueous media, which hinders their 

application as catalyst or disinfectant. 

One commonly adopted strategy to improve the stability of Ag NPs is to immobilize them 

on supporting materials, such as metal oxide nanoparticles,29, 30 functional polymers,31 or carbon 
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materials.14 Among these supporting materials, graphene oxide (GO), a two-dimensional (2D) 

structured carbon material, is considered to be promising for loading Ag NPs due to its ultra-high 

surface area (2630 m2/g).32-34 For instance, Wang et al. fabricated Ag NPs@GO nano-catalyst 

towards the catalytic reduction of 4-nitrophenol (4-NP) with a rate constant of 2.8 × 10 −2 s-1 14, 

which was superior to that of many reported Ag NP catalysts.13, 26 Recently, magnetic graphene 

oxide (MGO) has been applied as supporting materials to load Ag NPs and the resulting magnetic 

nano-catalyst showed excellent recyclability through magnetic separation.35, 36 Despite these 

advances, most reported Ag NP-based nano catalysts still require a high dosage to achieve the 

desirable catalytic performance to organic pollutants, typically with the catalyst concentrations 

between 0.5 mg/L and 5 mg/L,37, 38 as the loading amount of Ag NPs on the reported catalysts is 

usually limited, i.e., lower than 15 wt. %.29, 35, 39 The main reason for this low loading of Ag NPs 

is that MGO nanosheets mainly possess rich oxygen-containing functional groups on the periphery 

but have limited ones on the basal plane. As for MGO, these functional groups are further occupied 

by  Fe3O4 nanoparticles, which severely limits the deposition of the Ag NPs.40  Generally, a higher 

loading of Ag NPs on the basal of MGO would result in severe Ag aggregation.  To further explore 

and advance the application of the Ag NP based MGO nanocomposites as effective catalyst or 

disinfectant, the development of novel synthetic strategies to increase the loading of Ag NPs with 

smaller size on the basal surface is highly desirable.  

Recently, tannic acid (TA)/Fe3+ complexation has emerged as a facile and versatile strategy 

to achieve multifunctional modification of various surfaces in biomedical and environmental 

applications.41 The resulting uniform coatings possess abundant functional groups such as catechol 

and galloyl on the surfaces, which have strong coordination and reduction ability to Ag+ ions. 

Therefore, we expect that adopting TA/Fe3+ complexation to modify MGO nanosheets might 
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provide a versatile platform for Ag NP immobilization on the whole surface of MGO. Herein, we 

present a new synthetic method to prepare Ag NPs@MGO nanocomposites with a much higher 

loading of Ag NPs via TA/Fe3+ complexation, as compared to previous studies. Notably, the 

loading of Ag NPs on the developed Ag@MGO-TA/Fe3+ nanocomposites can be as high as 30 

wt.% without any obvious aggregation. This method endows the developed Ag@MGO-TA/Fe3+ 

nanocomposites with extraordinary catalytic reduction performance towards various organic 

pollutants, outstanding antimicrobial performance and recyclability. The catalytic rate constant of 

the as-prepared Ag@MGO-TA/Fe3+ nano-catalyst towards reduction of MB, a model organic dye, 

is about ten times higher than that of most NP-based catalysts reported previously. The Ag@MGO-

TA/Fe3+ nanocomposite also exhibits a fast regeneration rate and high recyclability via magnetic 

separation. Meanwhile, the Ag@MGO-TA/Fe3+ nanocomposite can effectively inhibit the growth 

of Escherichia coli (E. coli), indicating its potential application as an effective disinfectant in 

wastewater treatment. On the basis of its facile preparation, outstanding catalytic and antimicrobial 

performance as well as its excellent recyclability, this work demonstrates the great potential of the 

Ag@MGO-TA/Fe3+ nanocomposite and also presents a promising strategy for rational design 

novel nanocomposite catalysts in wastewater purification and reclamation. 

3.2 Experiment methods 

3.2.1 Materials 

Silver nitrate (AgNO3), Iron (III) chloride hexahydrate (FeCl3·6H2O), Iron (II) chloride 

tetrahydrate (FeCl2·4H2O), sodium borohydride (NaBH4), tannic acid (TA), methylene blue (MB), 

basic blue (BB), methyl orange (MO) and congo red (CR) were purchased from Sigma-Aldrich. 

Graphite flacks, 4-nitrophenol (4-NP) was purchased from Alfa Aesar. All chemicals in this study 

were used as received. 
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3.2.2 Preparation of MGO nanocomposite 

GO was synthesized from graphite flakes using the modified Hummer's method 14. The 

obtained GO nanosheets were further washed, centrifuged, dialyzed, and then dispersed in DI 

water to form a homogenous GO dispersion (1 mg/mL). Then, the MGO was prepared by a 

modified co-precipitation method 40. Briefly, 50 mL GO dispersion (1mg/mL) was poured into a 

100 ml three-necked flask and ultrasonicated before the next step. Then, FeCl3·6 H2O (410 mg) 

and FeCl2·4H2O (145 mg) were dissolved in 20 ml DI water and added dropwise to the GO 

dispersion under stirring. After that, the above mixture was heated to 50 ℃ and the pH was 

adjusted to 10 by adding 30% ammonia solution, followed by increasing the temperature to 85 ℃ 

and maintained for 1 hour to finish the reaction. The obtained MGO nanocomposite was 

magnetically separated, filtered, washed by DI water and ethanol several times and dried for the 

next step. 

3.2.3 Preparation of MGO-TA/Fe3+ nanocomposite 

10 mg MGO was firstly dispersed in 20 mL DI water and ultrasonicated to form a 

homogenous dispersion. Then 0.2 mL FeCl3·6 H2O (10 mg/mL) solution and 0.8 mL TA solution 

(10 mg/mL) were added into MGO dispersion, followed by adding Tris buffer (pH=8.5) solution 

to adjust the pH to 8. The above mixture was vigorously stirred for one minute to form TA/Fe3+ 

coating on MGO. Then, the TA/Fe3+ coated MGO was magnetically separated and washed by DI 

water to remove the excess TA, Fe3+ ions, and TA/Fe3+ aggregates in the product. The obtained 

black product was labeled as MGO-TA/Fe3+ nanocomposite. 
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3.2.4 Preparation of Ag@MGO-TA/Fe3+ nanocomposite 

To immobilize Ag NPs on the surfaces of MGO-TA/Fe3+ nanocomposites, Ag(NH3)2OH 

solution (Tollens’ reagent) was firstly prepared by dropping 2 wt. % ammonia aqueous solution 

into 5 mg/mL AgNO3 solution until brown precipitate dissolved. The pH value of the as-prepared 

MGO-TA/Fe3+ solution (1mg/mL) was adjusted to 8 by using Tris Buffer (pH=8.5) solution, then 

the freshly prepared Ag(NH3)2OH solution (5 mg/mL) was slowly dropwise into 5 mL MGO-

TA/Fe3+ solution (1 mg/mL) on shaker (200 rpm) at room temperature, the color of the mixture 

would turn from dark into dark brown, the mixture was keeping on shaking (200 rpm) for 8h to 

finish the reaction. Then, the obtained brown product was collected using an external magnet, 

washed, dried, and labeled as Ag-5@MGO-TA/Fe3+ nanocomposite. Moreover, the same 

procedure was applied to synthesize the Ag@MGO nanocomposite by using MGO instead of 

MGO-TA/Fe3+ nanocomposites. In addition, the same procedure was also used to prepared Ag-

1@MGO-TA/Fe3+ and Ag-10@MGO-TA/Fe3+ nanocomposites by using 1mg/mL and 10 mg/mL 

Ag(NH3)2OH solutions, respectively.  

3.2.5 Characterization 

The transmission electron microscopy (TEM), high resolution (HR)-TEM images, and 

scanning transmission electron microscope (STEM) ‐ energy dispersive X ‐ ray spectroscopy 

element (EDX) mapping results of the sample were taken by using a JEOL JEM-ARM200CF 

S/TEM with EDX operated at 200 kV condition. X-ray photoelectron spectroscopy (XPS) 

measurement was conducted on a Kratos Axis spectrometer using Al Kα radiation. The structure 

of the synthesized samples was characterized and confirmed by powder X-ray diffraction (XRD) 

patterns collected on a Bruker D8 X-ray diffractometer using Cu Kα radiation. The UV-Vis 

absorption spectra were obtained by using a Thermo Scientific Evolution 300 UV−Vis 
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spectrophotometer (Thermo Fisher Scientific). The Brunauer–Emmett–Teller (BET) surface areas 

of the samples were tested by the 7-point BET method by N2 sorption (Autosorb-iQ-XR). Magnetic 

properties of the samples were characterized by applying the Quantum Design Physical Property 

Measurement System magnetometer with an applied field between −30000 Oe to 30000 Oe at 

room temperature. The inductively coupled plasma mass spectrometry (ICP-MS) was detected by 

using a Thermo Scientific ICAP-Q quadrupole. 

3.2.6 Catalytic performance of Ag@MGO-TA/Fe3+ nanocomposites 

The catalytic performance of Ag@MGO-TA/Fe3+ nanocomposites was investigated for the 

reduction of model organic pollutants: MB and 4-NP in the presence of NaBH4. In a typical 

procedure of MB reduction, 100 𝜇𝜇L of Ag-5@MGO-TA/Fe3+ solution (1 mg/mL) was added into 

2 mL MB solution (40 ppm, 2 mL) in a quartz cuvette. Then 200 𝜇𝜇L NaBH4 (0.1 mol/L) was 

injected into the above solution to initiate the catalytic process, which was monitored by UV−Vis 

spectroscopy by monitoring the absorbance spectra of MB every fifteen seconds until the 

characteristic absorbance peak disappeared. In addition, methyl orange (MO), basic blue (BB), and 

congo red (CR) were used as other model dyes (40 ppm, 2 mL) to test the catalytic reduction 

performance of Ag-5@MGO-TA/Fe3+ catalyst (150 𝜇𝜇L, 1 mg/mL) using the same procedure. To 

evaluate the catalytic reduction performance of Ag-5@MGO-TA/Fe3+ catalyst towards 4-NP, 1 

mL NaBH4 (0.2 mol/L) solution and 300 𝜇𝜇L 1 mM 4-NP were added into 1.5 mL water, then 200 

𝜇𝜇L of Ag-5@MGO-TA/Fe3+ solution (1 mg/mL) was added into above solution under stirring. 

The catalytic reduction process was monitored by measuring in the change of the absorbance peak 

at 400 nm in the UV–vis spectroscopy. For the reusability test, the Ag-5@MGO-TA/Fe3+ catalyst 

in the reaction medium was separated and collected by applying an external magnetic field, 

followed by washing with water and ethanol before the next cycle.  
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3.2.7 Antimicrobial Assay 

The spread plate method was used to evaluate the antimicrobial property of as-prepared 

Ag-5@MGO-TA/Fe3+ nanocomposite by employing E. coli as a model.42 Ag-5@MGO-TA/Fe3+ 

nanocomposites were dispersed in E. coli suspensions (105 colony-forming units (CFU)/mL) with 

the concentration in each suspension ranging from 5 𝜇𝜇g/mL to 25 𝜇𝜇g/mL. The mixtures were 

transferred and evenly spread to each of the pre-warmed agar plates, followed by incubation at 

37°C for 16 hours. The numbers of colonies on each agar plates after incubation were counted by 

visual inspection and compared with the number of colonies on the control plate (without Ag-

5@MGO-TA/Fe3+nanocomposite). In order to characterize the E. coli after treating with Ag-

5@MGO-TA/Fe3+ nanocomposite, 5 mL of E. coli bacterial suspension treated and untreated with 

Ag-5@MGO-TA/Fe3+ nanocomposite was centrifuged at 4000 rpm for 10 min at 4 °C, washed 

twice with PBS buffer, followed by fixing with 2% glutaraldehyde solution for 24 h at 4 °C. The 

E. coli samples were dehydrated with sequential treatment of 50, 70, 80, 90, and 100% ethanol for 

15 min, then the dehydrated E. coli was dried by using CO2 critical point drying method. Finally, 

the dried samples were gold sputter-coated and imaged by applying FESEM. 

3.3 Results and discussion 

3.3.1 Synthesis and Characterizations of Materials 

The procedure for preparing Ag@MGO-TA/Fe3+ nanocomposite is shown in Figure 3.1 

Firstly, GO was synthesized from graphite flakes using the modified Hummer's method.43 Then, 

MGO nanosheets were synthesized by depositing Fe3O4 nanoparticles on GO through the modified 

co-precipitation method.40 The obtained MGO nanosheets were further modified with TA/Fe3+ 

coating by mixing FeCl3·6H2O solution into MGO solution containing TA. The hydrophilic groups 

of TA on MGO could help reduce the aggregation of MGO and enhance its stability and 
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dispersibility in aqueous solution. After the addition of the TA and Fe3+ solutions, the TA/Fe3+ 

film was formed on the MGO within one minute through the coordination between Fe3+ ions and 

the galloyl/catechol groups of TA.41 Then taking the advantage of the reducing and coordination 

property of TA, abundant Ag+  ions from Tollens’ reagent could be easily in-situ reduced into Ag 

NPs under the mild alkaline condition and anchored on the surface of MGO-TA/Fe3+ 

nanocomposites without any additional reductants.42  

Figure 3.1 Schematic of the synthesis route for Ag@MGO-TA/Fe3+ nanocomposite. 

The morphologies and crystal structures of the as-prepared MGO, MGO-TA/Fe3+, and 

Ag@MGO-TA/Fe3+ nanocomposites were characterized by TEM. The TEM image of MGO in 

Figure 3.2(a) showed that the large amounts of Fe3O4 nanoparticles were uniformly anchored on 

the GO surface without aggregation. Compared to MGO, the morphology of MGO-TA/Fe3+ 

nanocomposites (Figure 3.2(b)) did not change obviously and the surface of MGO-TA/Fe3+ 

nanosheet became rougher after modification with TA/Fe3+ coating. The HRTEM image of MGO-

TA/Fe3+ nanocomposite (Figure 3.2(c)) showed the presence of nanocrystals on its surface with 
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the d-spacing of 0.25 nm, corresponding to the (311) crystal plane of Fe3O4, demonstrating the 

successful deposition of Fe3O4 nanoparticles in the MGO-TA/Fe3+ nanocomposite. Furthermore, 

it was found that the zeta potentials of MGO nanosheets decreased from -17.6 mV to -43.7 mV 

after coated with TA/Fe3+ layer, which was caused by the existence of negatively charged 

catechol/galloyl groups of TA, confirming the formation of TA/Fe3+ coating on MGO (Figure 

S3.1). 

Figure 3.2 TEM images of (a) MGO and (b) MGO-TA/Fe3+, and (c) HRTEM images of MGO-

TA/Fe3+ nanocomposites. 

The TEM images of Ag-5@MGO-TA/Fe3+ nanocomposite at different magnifications 

(Figure 3.3(a)~(b)) show that the sphere-like Ag NPs were successfully anchored on the MGO-

TA/Fe3+ nanosheet. Moreover, the average size of Ag NPs was calculated as 16.4±4.1 nm from 

particle size distribution shown in Figure S3.2. The HRTEM image of Ag-5@MGO-TA/Fe3+ 

nanocomposite (Figure.3.3(c)) demonstrates that two kinds of sphere-like nanocrystals are present 

on the Ag-5@MGO-TA/Fe3+ surface. The d-spacing of these two kinds of crystalline regions were 

measured to be 0.23 nm and 0.25 nm from inversed Fast Fourier Transform (FFT) results (Figure 

3.3(d)), respectively, corresponding to the (111) plain of face-centered cubic (fcc) Ag and the (311) 

crystal plane of Fe3O4, confirming the successful deposition of Ag and Fe3O4 nanoparticles on the 

Ag-5@MGO-TA/Fe3+ nanocomposite. Furthermore, high angle annular dark-field scanning TEM 
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(HAAD-STEM) image of the selected region (in the red frame) in Figure 3.3(b) and its 

corresponding STEM‐energy dispersive X‐ray spectroscopy (STEM-EDX) element mapping 

results were shown in Figure 3.3(e)~(h). The Ag signal (purple) presented in Figure 3.3(f) showed 

good agreement with the TEM results in Figure 3.3(b). The Fe (yellow) and O (blue) signals were 

detected all over the materials surface, indicating the formation of TA/Fe3+ layer on Ag-5@MGO-

TA/Fe3+ nanocomposite. The yellow and blue spots found in Fe and O element mapping results 

also confirm the formation of Fe3O4 nanoparticles in the nanocomposite. In addition, the number 

density of Ag NPs on the Ag@MGO-TA/Fe3+ surface could be facilely turned by adjusting the 

concentration of Ag(NH3)2OH. As shown in Figure S3.3, the number density of Ag NPs on the 

nanocomposite surface increased with increasing the Ag(NH3)2OH concentration from 1 mg/mL 

to 10 mg/mL. Moreover, the mass contents of Ag in Ag-1@MGO-TA/Fe3+, Ag-5@MGO-TA/Fe3+, 

and Ag-10@MGO-TA/Fe3+ were found to be 8.3 wt. %, 30.7 wt. %, and 44.8 wt. %, respectively, 

measured by inductively coupled plasma atomic emission spectrometry (ICP-MS). 
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Figure 3.3 (a), (b)TEM images of Ag-5@MGO-TA/Fe3+ nanocomposite at different magnification; 

(c) HRTEM image and (d) FFT pattern of Ag-5@MGO-TA/Fe3+ nanocomposite; (e) HAADF-

STEM image and (f)~(h) corresponding STEM-EDX mapping results (element Ag, Fe, and O) of 

Ag-5@MGO-TA/Fe3+ nanocomposite. 

XPS measurements were conducted to further characterize the surface element 

composition and chemical bonding state of Ag-5@MGO-TA/Fe3+ nanocomposite. The survey 

spectrum shown in Figure 3.4(a) revealed that the presence of C, O, Fe and Ag in the Ag-5@MGO-

TA/Fe3+ nanocomposite, which was consistent with the STEM-EDX mapping results. The high-

resolution Fe 2p spectrum in Figure 3.4(b) can be deconvoluted into two peaks located at 711.2, 

and 725.3 eV, mainly attributed to the presence of Fe3O4 in the Ag-5@MGO-TA/Fe3+ 

nanocomposite. The high-resolution Ag 3d spectrum (Figure 3.4(c)) shows two peaks at 367.9 and 

374.1 eV, which are typical binding energies of metallic state Ag. The C 1s spectrum in Figure 

3.4(d) can be deconvoluted into three peaks at 284.5, 286.2, and 288.8 eV, which can be assigned 

to C=C, C-O, and C=O bonds in TA. These results are in accordance with the XRD spectra, as the 
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XRD pattern of Ag-5@MGO-TA/Fe3+ nanocomposite (Figure 3.4(e)) shows typical diffraction 

peaks at 2𝜃𝜃 = 38.1°, 44.3°, 64.4°, and 77.4°, corresponding to (111), (200), (220), and (311) planes 

of the face-centered cubic (fcc) structure of Ag (PDF#98-000-0398) and the diffraction peaks at 

2𝜃𝜃= 32.5° and 62.5°corresponding to (311) and (440) crystal facets of Fe3O4. The chemical 

compositions of as-prepared MGO, MGO-TA/Fe3+, and Ag-5@MGO-TA/Fe3+ nanocomposites 

were further investigated by FT-IR spectroscopy. As shown in  Figure 3.4(f),  after coating Fe3O4 

nanoparticles on GO, the peaks from 1000 to 1300 cm-1 (the C–O–C vibration of epoxy groups), 

the peaks around 3400 cm-1 (the O–H vibration of hydroxyl groups) and the peak at 1627 cm-1 (the 

–C=O vibration of carboxylic groups) 44, 45 were weakened, which was caused by the reduction of 

the GO due to the high temperature in the co-precipitation process.46 Moreover, the remaining 

oxygen-containing groups on GO would interact with the Fe ions to form iron oxide in the co-

precipitation process, which leads to the further decrease of the intensity of the peaks of the 

oxygen-containing groups on MGO in FT-IR spectrum 40.After coating the MGO with TA/Fe3+ 

layer, the new peaks at 1710, 1450, 1080 cm-1 corresponding to C=O, C-OH, and C-O-C stretching 

vibration can be observed due to the existence of TA in the nanocomposite. The characteristic 

peaks of TA have been highlighted in Figure 3.4(f) (in green square).47 After immobilizing Ag 

NPs on the MGO-TA/Fe3+ nanocomposite, the stretching vibrations of C=O and C-OH groups 

decrease due to the coordination between the gallic/catechol groups of TA and the formed Ag NPs.  

In addition, given the fact that the surface area of catalyst plays a crucial role in their catalytic 

performance,48 the BET surface areas of MGO and Ag-5@MGO-TA/Fe3+ nanocomposites were 

determined as 346.20 m2/g and 126.37 m2/g, respectively, by nitrogen adsorption measurements 

(Figure S3.4). Even though the surface area of MGO reduced after modification with TA/Fe3+ 

layer and Ag NPs, the BET surface area of Ag-5@MGO-TA/Fe3+ nanocomposite is still much 
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higher than that of most previously reported NPs catalysts, such as the urchin like Fe3O4@PDA-

Ag NPs catalysts (48.04 m2/g) or Ag@PDA nanotubes (43.90 m2/g) nano-catalysts,29, 48-50 which 

endows the Ag-5@MGO-TA/Fe3+ nanocomposite abundant active sites for organic pollutant 

molecular in the catalytic reduction reactions process. 

Figure 3.4 (a) Survey XPS spectrum and high-resolution XPS spectra of (b) Fe 2p, (c) Ag 3d, (d) 

C 1s of Ag-5@MGO-TA/Fe3+ nanocomposite; (e) XRD pattern of Ag-5@MGO-TA/Fe3+ 

nanocomposite; (f) FT-IR spectrums of MGO, MGO-TA/Fe3+, and Ag-5@MGO-TA/Fe3+ 

nanocomposites. 

The magnetic properties of as-prepared MGO, MGO-TA/Fe3+, and Ag-5@MGO-TA/Fe3+ 

nanocomposites were characterized by Quantum Design PPMS magnetometer with an applied 

field between −30000 Oe to 30000 Oe at room temperature.  As shown in Figure 3.5, almost no 

hysteresis loop was found in all spectra, indicating the superparamagnetic property of MGO and 

MGO-TA/Fe3+, and Ag-5@MGO-TA/Fe3+ nanocomposites with the saturated magnetizations at 
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13.9 emu/g, 7.3 emu/g, and 4.8 emu/g, respectively. Compared to MGO, the slight reduction of 

the saturated magnetizations of Ag-5@MGO-TA/Fe3+ nanocomposite was caused by its reduced 

Fe3O4 content due to the functionalization of the TA/Fe3+ layer and Ag NPs. 

Figure 3.5 VSM curves of MGO, MGO-TA/Fe, and Ag-5@MGO-TA/Fe3+ nanocomposites. The 

insert photograph represents the separation of Ag-5@MGO-TA/Fe3+ nanocomposite from solution 

by applying a magnet bar. 

3.3.2 Catalytic Performance of Ag@MGO-TA/Fe3+nanocomposite 

The catalytic reduction performance of as-prepared Ag@MGO-TA/Fe3+ nanocomposites 

was evaluated by catalyst reduction of MB in the presence of NaBH4, which was monitored by 

UV-VIS spectroscopy. As shown in Figure 3.6(a)~(c), after adding Ag-1@MGO-TA/Fe3+, Ag-

5@MGO-TA/Fe3+, and Ag-10@MGO-TA/Fe3+ catalysts in each of MB solution, the color of the 

MB solutions gradually disappeared within 120s, 75s, 90s, respectively, accompanied by the 

decreasing and disappearing of the characterize peak at 665 nm in each of the UV-Vis spectrum, 
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indicating the MB molecules were catalytic reduced by the catalyst. As the concentration of the 

NaBH4 further excessed the concentration of MB in the reaction, the concentration of NaBH4 could 

be considered as a constant. Thus, the reduction rates in this experiment were found to be well 

described by the pseudo-first-order kinetic model: ln(𝐶𝐶𝑡𝑡/𝐶𝐶0) = −𝑘𝑘𝑘𝑘, where the 𝐶𝐶0 and 𝐶𝐶𝑡𝑡  were the 

concentrations of MB at the initial stage and time 𝑘𝑘, respectively and the 𝑘𝑘 here was the rate 

constant of the catalytic reaction.39, 51 As shown in Figure 3.6(d), by linear fitting between 

ln(𝐶𝐶𝑡𝑡/𝐶𝐶0) versus the time 𝑘𝑘, the rate constants of Ag-1@MGO-TA/Fe3+, Ag-5@MGO-TA/Fe3+, 

and Ag-10@MGO-TA/Fe3+towards MB reduction were determined as 0.032 s-1, 0.054 s-1, 0.044 

s-1, respectively. The increased catalytic activity from Ag-1@MGO-TA/Fe3+ to Ag-5@MGO-

TA/Fe3+ catalyst was attributed to the increased content of Ag NPs on the catalyst, which provided 

more active sites in the catalytic process. As for the Ag-10@MGO-TA/Fe3+ catalyst, the slightly 

reduced catalytic activity was caused by the slight decrease of active sites on the catalyst due to 

the aggregation of Ag NPs (Figure S3.3). Control experiments were also conducted by using Ag 

NPs or NaBH4 as catalysts. As shown in Figure S3.5, no obvious change of MB concentration 

could be detected by only applying NaBH4 in five minutes, indicating the important role of Ag 

NPs in the catalytic reduction process. Moreover, Ag NPs catalyst showed very limited MB 

catalytic rate compared to Ag-5@MGO-TA/Fe3+ catalyst due to the severe aggregation of Ag NPs. 

The Ag@MGO nanocomposite also showed limited catalytic performance and no obvious change 

of MB concentration could be detected by applying Ag@MGO without TA/Fe3+ coating within 

two minutes, which was due to the limited Ag content and the severe aggregation of Ag@MGO 

nanocomposite. 
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Figure 3.6 Successive UV−vis spectra for catalytic reduction of MB by applying (a) Ag-1@MGO-

TA/Fe3+, (b) Ag-5@MGO-TA/Fe3+, and (c) Ag-10@MGO-TA/Fe3+ catalyst, (d) First-order 

kinetics plot of catalytic reduction of MB solution in the presence of Ag-1@MGO-TA/Fe3+, Ag-

5@MGO-TA/Fe3+, and Ag-10@MGO-TA/Fe3+ catalysts. 

The mechanism of catalytic reduction of MB by using the Ag@MGO-TA/Fe3+ catalyst in 

the presence of NaBH4 could be explained by the electrochemical reaction, where Ag NPs 

facilitated the electrons transfer from BH4
- to electrophilic MB on the surface of Ag NPs 29, 48, 51.  

In the catalytic reduction process, the adsorption of MB on catalyst is the precondition of the 

following catalytic reduction process because the reduction of MB could only occur on the surface 

of Ag NPs 48, 52.  In this process, the adsorption of MB molecules on nano-catalyst would happen 

firstly through electrostatic interactions and π-π stacking interactions. In the following catalytic 
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reduction process, nucleophilic BH4
- ions donated electrons to the Ag NPs on the nano-catalyst 

and then transferred to the electrophilic MB adsorbed on the Ag-5@MGO-TA/Fe3+ nano-catalyst, 

leading to the reduction of MB on the surfaces of Ag NPs on the nano-catalyst 51. To further 

demonstrate this synergistic local enrichment mechanism, the MB adsorption test was carried out 

by applying Ag-5@MGO-TA/Fe3+ nanocomposites as adsorbent. As shown in Figure S3.6, the 

adsorption capacity of as-prepared Ag-5@MGO-TA/Fe3+ nanocomposites towards MB was 

determined as 345 mg/g under neutral pH condition (pH=7.4) of the nanocomposite suspension in 

water, which was attributed to the large surface area of Ag-5@MGO-TA/Fe3+ nanocomposites and 

the 𝜋𝜋 -𝜋𝜋  stacking and electrostatic interaction between MB molecules and TA film on the 

nanocomposites 53. The adsorption kinetic of Ag-5@MGO-TA/Fe3+ nanocomposites towards MB 

was also investigated. As shown in Figure S3.7, the adsorption of MB on Ag-5@MGO-TA/Fe3+ 

nanocomposites drastically increased at the first few minutes and then achieved equilibrium, 

indicating the active sites on nano-catalyst were rapidly occupied by MB molecules. Moreover, 

pseudo-first-order kinetic and pseudo-second-order kinetic model were used to describe the 

adsorption kinetic of Ag-5@MGO-TA/Fe3+ nanocomposites. 

Pseudo-first-order kinetic model: 

                                            log(qe − qt) = log qe −
k1t
2.303

                                                 (3.1) 

Pseudo-second-order kinetic model:  

                                                          t
qt

= 1
qe2k2

+ t
qe

                                                       (3.2) 

qeand qt (mg/g) are the amounts of MB adsorbed at equilibrium and at time t. the k1 (/min) 

and k2 (g/mg/min) are pseudo-first and pseudo-second order rate constants, respectively. All 

parameters were included in Table. S3.1, the pseudo-second-order model showed better coefficient 
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values (R2) and the qe calculated form pseudo-second-order model was closer to the experiment 

data, indicating a better fitting of data by applying pseudo-second-order model. 

To further evaluate the catalytic performance of the Ag-5@MGO-TA/Fe3+ catalyst towards 

MB reduction, the MB reduction tests were conducted with different concentrations of Ag-

5@MGO-TA/Fe3+ catalyst. As shown in Figure S3.8, the catalytic rate constants of MB reduction 

increased to 0.063 s-1 and 0.113 s-1 with the increasing concentration of Ag-5@MGO-TA/Fe3+ 

catalyst. As shown in Table 3.1, in order to compare the catalytic reduction performance of Ag-

5@MGO-TA/Fe3+ catalyst with other reported catalysts for MB reduction, the rate constants of 

Ag-5@MGO-TA/Fe3+ catalyst were further normalized to the mass concentration of catalysts 

( 𝑀𝑀/𝑉𝑉 ) used in reaction: 𝑘𝑘’ =  𝑘𝑘 · 𝑀𝑀−1 · 𝑉𝑉.  The 𝑘𝑘’  of Ag-5@MGO-TA/Fe3+ catalyst was 

calculated as 64.8 mL/(mg·min), which was about ten times faster than that of SMt@GO@Au NPs 

catalysts for MB reduction reported recently.50 The exceptional catalytic reduction performance of 

Ag-5@MGO-TA/Fe3+ could be attributed to the synergistic adsorption of the MB molecules on 

the catalyst (345 mg/g) due to large surface area 126.37 m2/g and the TA/Fe3+ film of Ag-

5@MGO-TA/Fe3+ nanocomposite,leading to the local concentrated regime of MB around the Ag 

NPs, thus facilitating the electron transfer between the MB molecules and Ag NPs and enhancing 

the catalytic performance. Moreover, the abundant (30.7 wt.%) Ag NPs on the Ag-5@MGO-

TA/Fe3+ nanocomposite also facilitated the catalytic process by providing large amounts of active 

sites with high catalytic activity to the reactants in the catalytic reduction reaction. The well-

dispersed Ag NPs on the nano-catalyst has high catalytic activity owing to their large surface-to-

volume ratio. 
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Table 3.1 Comparison of catalytic rate constants of different NPs-based catalysts towards MB 

reduction. 

 

The influence of the initial pH on the catalytic reduction performance of the Ag-5@MGO-

TA/Fe3+ catalyst has been evaluated by conducting MB catalytic reduction tests at different initiate 

pH conditions. As shown in Figure S3.9(a)~(d), the MB solutions with the initiate pH at 3, 5, 7, 

and 9 were all successfully reduced by Ag-5@MGO-TA/Fe3+ catalyst with the rate constants 

determined as 0.087 s-1, 0.073 s-1, 0.051 s-1, and 0.037 s-1, respectively, indicating the effectiveness 

of Ag-5@MGO-TA/Fe3+ catalyst at wide pH range. Moreover, it was found that the catalytic rate 

constants of Ag-5@MGO-TA/Fe3+ catalyst gradually increased with the decreasing initial pH 

value. Such results could be ascribed to the enhanced hydrolysis of NaBH4 which provided much 

more BH4
- groups to the Ag-5@MGO-TA/Fe3+ catalyst under the more acidic condition, thus 

accelerating the catalytic reaction process.56 

Given that the Ag-5@MGO-TA/Fe3+ catalyst showed outstanding performance in MB 

reduction, we further evaluated the catalytic reduction performance of Ag-5@MGO-TA/Fe3+ 

Pollutant Catalysts 
Rate 

constant 
𝒌𝒌 (/min) 

Catalyst 
used(mg/mL) 

𝒌𝒌’ 
(mL/(mg·min)) Ref 

Methylene 

blue (MB) 

 

Fe3O4@PDA-Ag 0.43 0.48 0.90 51 
Urchin Fe3O4@PDA-Ag 1.87 0.48 3.93 48 

Fe3O4@EDTA-Ag 1.83 0.60 3.05 29 
Ag/Fe3O4/C 0.34 1.10 0.31 54 

biochar/PDA/Ag 0.87 0.25 3.49 55 
SMt@GO@Au NPs 0.53 0.10 5.31 50 
Ag-5@MGO-TA/Fe3+ 3.24 0.05 64.80 This 

work 
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catalysts towards other organic pollutants including CR, BB, MO, and 4-NP. As shown in Figure 

3.7(a)~(c), the UV-vis absorption peaks of CR, BB, and MO solutions disappeared within several 

minutes after adding the Ag-5@MGO-TA/Fe3+ catalyst, accompanied by fading of the dye 

solutions, demonstrating the universal catalytic capability of the as-prepared Ag-5@MGO-

TA/Fe3+ on various organic dyes. Moreover, the catalytic rate constants of Ag-5@MGO-TA/Fe3+ 

catalyst towards different organic dyes were summarized in Figure 3.7(d). Additionally, 4-NP, a 

toxic organic pollutant discharged in the pesticide production process, was employed as another 

model pollutant to evaluate the catalytic reduction performance of the Ag-5@MGO-TA/Fe3+ 

catalyst. As shown in Figure 3.7(e), the characteristic UV-vis absorption peak of 4-NP at 400 nm 

gradually decreased after adding Ag-5@MGO-TA/Fe3+ catalyst and the new peak at 300 nm 

simultaneously appeared and increased, indicating the successful reduction of the 4-NP to 4-

aminophenol (4-AP) with a rate constant determined as 0.052 s-1 (Figure 3.7(f)), which was 

superior to that of other previously reported NPs catalysts for 4-NP reduction under similar 

conditions (summarized in Table S3.2). 
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Figure 3.7 Successive UV−vis spectra for catalytic reduction of (a) CR, (b) BB, and (c) MO s by 

Ag-5@MGO-TA/Fe3+ catalyst. (d) First-order kinetics plots of catalytic reduction of CR, BB, and 

MO by Ag-5@MGO-TA/Fe3+ catalyst. (e) Successive UV−vis spectra for catalytic reduction of 4-

NP by Ag-5@MGO-TA/Fe3+ catalyst and (f) First-order kinetics plots of catalytic reduction of 4-

NP in the presence of Ag-5@MGO-TA/Fe3+ catalyst.  

3.3.3 Recyclability of Ag-5@MGO-TA/Fe3+ catalyst 

Owing to its magnetic property, After the catalytic reaction, the magnetic Ag-5@MGO-

TA/Fe3+ catalyst could be facilely separated from the reaction medium by applying an external 

magnet bar, the magnetic separation process would last for about ten minutes to fully separate the 

Ag-5@MGO-TA/Fe3+ nanocomposite from the reaction medium. Figure 3.8 showed the 

recyclability of Ag-5@MGO-TA/Fe3+ catalyst towards the catalytic reduction of MB. The Ag-

5@MGO-TA/Fe3+ catalyst was magnetically separated and washed with ethanol and deionized 

water for several times before being used in the next catalytic reduction cycle. It was found that 

the catalytic efficiency of Ag-5@MGO-TA/Fe3+ catalyst kept almost the same, with the removal 
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rate of MB still higher than 95% after five cycles, demonstrating the good stability of the Ag-

5@MGO-TA/Fe3+ nanocomposite in the catalytic reaction.57 

Figure 3.8 The catalytic performance of Ag-5@MGO-TA/Fe3+ catalyst towards the reduction of 

MB within five cycles. 

3.3.4 Antimicrobial Property of Ag-5@MGO-TA/Fe3+ nanocomposite  

Ag-5@MGO-TA/Fe3+ nanocomposite may also be applied as an effective antimicrobial 

agent to eliminate microbial pathogens in wastewater. E. coli, the most common bacterial species 

in water, was employed as a model bacterial species (105 CFU/mL) to evaluate the antimicrobial 

property of as-prepared Ag-5@MGO-TA/Fe3+ nanocomposite. As shown in Figure 3.9(a) ~(b), 

the presence of 5 𝜇𝜇g/mL Ag-5@MGO-TA/Fe3+ nanocomposite effectively killed more than 50% 

E. coli. When increasing the concentration of Ag-5@MGO-TA/Fe3+ nanocomposite to 25 𝜇𝜇g/mL, 

more than 99% E. coli was killed and no visible E. coli colonies were observed. The FESEM 

microscopy was applied to further analysis the surface morphology changes of the E. coli bacterial 

treated and untreated with Ag-5@MGO-TA/Fe3+ nanocomposite, as shown in Figure. 3.9(c), the 

untreated E. coli bacterial showed typically rod-like structure with the well–preserved cell wall. 

However, the cell wall of the E. coli was shrunk and broken after treating with Ag-5@MGO-



57 
 

TA/Fe3+ nanocomposite (Figure 3.9(d)), demonstrating that the Ag NPs on the nanocomposite 

would induce severely damage to the cell wall E. coli bacterial.26, 42 

Figure 3.9 (a) Representative photographs of E. coli colonies after incubation with Ag-5@MGO-

TA/Fe3+ nanocomposite. (b) Statistical data showing the percentage of E. coli killed by Ag-

5@MGO-TA/Fe3+ nanocomposite at various concentrations. The SEM images of E. coli (c) 

untreated (d) treated with Ag-5@MGO-TA/Fe3+ nanocomposite. 

3.4 Conclusions 

In summary, Ag@MGO-TA/Fe3+ nanocomposites were successfully fabricated through a 

facile method by coupling the abundant Ag NPs with MGO-TA/Fe3+ nanocomposites by virtue of 

the strong coordination and reduction ability of TA. The Ag@MGO-TA/Fe3+ nanocomposites 

process an extraordinarily high loading of Ag NPs up to 30 wt. % without any obvious aggregation, 

which endows the as-prepared nanocomposite with excellent catalytic reduction performance 

towards a series of organic pollutants and outstanding disinfection control to bacteria. Specifically, 
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the catalytic rate constant of Ag-5@MGO-TA/Fe3+ catalyst towards the reduction of MB was 

0.054 s-1 with an extremely low applying dosage of 0.05 mg/mL, which are substantially superior 

to that of NPs-based nano-catalysts reported previously. Such outstanding catalytic performance 

of the as-prepared Ag-5@MGO-TA/Fe3+ catalyst could be attributed to the abundant (~30.7 wt. %) 

Ag NPs, large surface area (126.37 m2/g) of Ag-5@MGO-TA/Fe3+ catalyst, and the synergistic 

adsorption effect of the TA film, which enriches MB around the highly dispersed Ag NPs. 

Furthermore, the magnetic Ag-5@MGO-TA/Fe3+ nanocomposite could be facilely separated from 

the aqueous medium by applying an external magnetic field with the catalytic efficiency remained 

almost unchanged after five cycles. In addition, 20  𝜇𝜇g/mL Ag-5@MGO-TA/Fe3+ nanocomposites 

exhibit disinfection action towards E. coli with ~100% killing efficacy. On the basis of its 

outstanding catalytic and antimicrobial performance as well as long life span of the as-prepared 

nanomaterial, Ag-5@MGO-TA/Fe3+ nanocomposites show great potential for various 

environmental applications with useful implications for designing advanced nanocomposite 

catalysts.  
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Supporting information 

Figure S3.1 Zeta potential of MGO, MGO-TA/Fe3+, and Ag-5@MGO-TA/Fe3+ nanocomposites 

under different pH conditions. 

 

Figure S3.2 Size distribution of Ag NPs on the surface of Ag-5@MGO-TA/Fe3+ nanocomposites. 
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Figure S3.3. TEM images of (a) Ag-1@MGO-TA/Fe3+ and (b) Ag-10@MGO-TA/Fe3+ 

nanocomposite with different Ag contents. 

Figure S3.4 The N2 adsorption/desorption isotherm curves of MGO and Ag-5@MGO-TA/Fe3+ 

nanocomposites. 
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Figure S3.5 First-order kinetics plot of catalytic reduction of MB solution in the presence of 

(a)NaBH4, (b) Ag NPs, (c)Ag-5@MGO-TA/Fe3+, and (d) Ag@MGO nanocomposites with NaBH4. 

Figure S3.6 Adsorption isotherm of MB of the Ag-5@MGO-TA/Fe3+ nanocomposite and the 

linear regression by fitting the equilibrium adsorption data with Langmuir model (Inset). 

Adsorption condition: 1.5 mg adsorbent, 10 mL MB solution (10, 20, 40, 50 and 60 mg/L), room 

temperature, pH=7.4. 
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Figure S3.7 (a) Adsorption capacity qt of MB on Ag-5@MGO-TA/Fe3+ nanocomposites as a 

function of adsorption time t. Fitting of the adsorption kinetics of MB on Ag-5@MGO-TA/Fe3+ 

nanocomposites using (b) the pseudo-second-order kinetic model and (c) pseudo-first-order kinetic 

model. 

 

Table S3.1 Parameters for the fitting of the adsorption of MB on Ag-5@MGO-TA/Fe3+ 

nanocomposites using the pseudo-first-order and pseudo-second-order kinetic models. 

Adsorbent 

 

Pseudo-first-order kinetics Pseudo-second-order kinetics 

Ag-5@MGO-
TA/Fe3+ 

qe,exp 
(mg/g) 

K1 
(/min) 

qe,cal 
(mg/g) R2 

K2 
(g/mg/min) 

qe,cal 
(mg/g) R2 

273.34 0.062 46.015 0.912 4.33x10-3 277.86 0.999 
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Figure S3.8 Successive UV−vis spectra for catalytic reduction of MB solution (40 ppm, 2mL) by 

adding (a) 100 𝜇𝜇L, (b) 120 𝜇𝜇L, and (c) 200 𝜇𝜇L Ag-5@MGO-TA/Fe3+ catalyst (1 mg/mL) (d) First-

order kinetics plot of catalytic reduction of MB solution in the presence of 100 𝜇𝜇L, 120 𝜇𝜇L, and 

200 𝜇𝜇L Ag-5@MGO-TA/Fe3+ nanocomposite (1 mg/mL). 
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Figure S3.9 Successive UV−vis spectra for catalytic reduction of MB solution with initial pH 

value at (a) pH=9, (b) pH=7, (c) pH=5, and (d) pH=3 by applying Ag-5@MGO-TA/Fe3+ catalyst 

and (f) First-order kinetics plots of catalytic reduction of MB at different initiate pH conditions in 

the presence of Ag-5@MGO-TA/Fe3+ catalyst.  

Table S3.2 Comparison of catalytic performance of NPs-based catalysts towards 4-NP reduction. 

Pollutant Catalysts 
Rate 

constant 
𝒌𝒌 (/min) 

Catalyst 
used(mg/mL) 

𝒌𝒌’ 
(mL/(mg·min)) Ref 

4-
nitrophenol 

(4-NP) 
 

Ag/PAM/PPy/GO 2.02 0.10 20.20 58 
Ag/TiO2 1.17 0.75 1.56 59 

AgNPs@MWCNTs 0.47 0.33 1.42 60 
Ag@CNF 0.37 0.02 21.76 12 

Fe3O4/PDA@Ag 0.60 0.05 12.00 49 
Ag-5@MGO-TA/Fe 

 3.24 0.07 46.28 This 
work 
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Chapter 4. A Universal Strategy for Constructing Robust and 

Antifouling Cellulose Nanocrystal Coating for Oil-Water Separation 

4.1 Introduction 

Surface fouling caused by the undesired settlement of the foulants in wastewater like oil 

droplets, proteins, or microorganisms leads to serious problems in many industrial applications,1, 

2 especially in the application of membrane-based technologies.3-8 The foulants accumulated on 

the membrane surface can severely deteriorate the membrane permeability, thus greatly decreasing 

the membrane effectiveness.9-11 To solve this challenge, recently, inspired by the antifouling 

property of marine bio-system,12 many innovative antifouling surfaces have been developed by 

incorporating hydrophilic materials such as polymers,13-15 inorganic particles,16-19 zwitterionic 

polyelectrolytes,20 and metal oxides 21, 22 to trap water molecules in their micro-/nano-structures, 

serving as a physical barrier to inhibit oil adhesion,23 protein adsorption,20 or cell attachment24 in 

their practical applications. However, most reported hydrophilic surfaces still lack a stable, 

adequate, and compact hydration layer, in particular for hydrophilic surfaces composed of soft and 

flexible polymer chains.25-27 The water initially trapped in a soft structure can be easily excluded 

under abrasion or external pressure.28 Therefore, nonflexible hydrophilic moieties with rigid 

structures have received much attention in constructing a robust and stable antifouling surface. 

Cellulose nanocrystals (CNCs), a rigid nanomaterial (with Young’s modulus in the range 

of 20~50 GPa) with abundant hydrophilic moieties on their surfaces, have been considered as a 

promising candidate for constructing robust and stable antifouling surfaces.29-32 The superior 

hydrophilicity of CNCs can be well correlated with their molecular structure, in which hydroxyl 

and carboxyl groups are closely and densely, located on the surface of CNCs.33, 34 These 
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hydrophilic groups on CNCs are orientationally confined, which will not be able to reorient when 

exposed to the air or even oil.35 Taking the advantage of superior hydrophilicity and rigid structure 

of CNCs, a series of CNCs coatings have been developed. For instance, Wu et al. fabricated CNCs 

nano-paper and CNCs coated-mesh by vacuum filtration method, which showed outstanding 

antifouling performance in the oil/water separation process.36 However, most reported CNCs-

based coatings have weak adhesion ability to substrate surfaces, even small external environmental 

changes (e.g., abrasion, presence of acid/alkaline solution) can inevitably cause CNCs to fall off 

from the surfaces. The resulting fragile and sparse coating would inevitably be penetrated and 

contaminated by pollutants.37-39 Thus, a universal coating method is needed to engineer robust and 

dense CNCs coating on diverse substrate surfaces, which still remains a challenge. 

Many marine bio-systems, such as mussel or barnacle, show intriguing wet adhesion 

capability.40-44 For example, the robust and durable mussel adhesion in complex seawater is 

attributed to the formation of byssal thread and interfacial bio-glue layer with substrates using the 

so-called mussel foot proteins (Mfps).13, 45-47 The formed bio-glue layer shows high affinity to the 

substrates via multiple intermolecular interactions and serves as a highly adaptive intermediate 

adhesive layer for tightly linking the byssal threads to substrates via both covalent or non-covalent 

interactions.1, 48-51 Inspired by this bio-glue effect in mussel adhesion, a phenol/amine coating with 

abundant catechol and amine groups, that can be deposited by mimicking the solidification process 

of Mfps, may be able to serve as a universal intermediate adhesive layer for tightly bonding 

dispersed CNCs as CNCs coating on various substrates.47, 52-54 However, the challenge still remains, 

as most phenol/amine intermediate adhesive layers suffer from severe stability issues and may also 

result in large aggregates due to the rapid and uncontrolled Schiff-base/Michael addition reaction 

during deposition,53, 55 which is undesired for serving as a platform for anchoring CNCs. To 
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address this challenge, recently, vanadium (V), a specie accumulated in mussels byssal threads, 

was proven capable to modulate the Mfps solidification process by forming complexes with 

catechol groups.56, 57 It is proposed in this work that introducing V3+ ions in phenol/amine self-

assembly may control the Schiff-base/Michael addition reaction by competing with the amine 

groups to interact with the catechol groups through coordination bonds, thus modulating the 

structure of formed phenol/amine coating. Such a modified phenol/amine coating has the potential 

to act as a promising intermediate adhesive layer for tightly anchoring CNCs as CNCs coating on 

the substrate. 

Herein, we reported a universal and simple strategy to construct robust CNCs coating 

which includes an intermediate adhesive layer compositing of tannic acid (TA)/polyethylenimine 

(PEI)/V3+ ions and a self-assembled CNCs layer. The interaction forces involved in the self-

assembly process were directly quantified by using the atomic force microscope (AFM) colloidal 

probe technique. The obtained CNCs coating featured a densely packed structure with 

outstandingly low root-mean-square (RMS) roughness of ~2 nm, exhibiting excellent antifouling 

properties to inhibit oil adhesion, protein (e.g., bovine serum albumin (BSA)) adsorption and cell 

(e.g., Chinese hamster ovary (CHO) cell) attachment onto surface, and maintaining its structural 

integrity and wettability after cyclic friction tests. More importantly, the developed CNCs coating 

strategy has been further applied in membrane modification for O/W emulsion treatment. The 

CNCs coated-PVDF membrane shows ultra-high water flux (6200 L m-2 h-1 bar-1) in the separation 

of toluene-in-water emulsion, outstanding durability under harsh environment, and achieves nearly 

100% permeating flux recovery ratio in separation of toluene-in-water emulsion containing various 

foulants. 
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4.2 Experimental methods  

4.2.1 Materials 

 Cellulose nanocrystal solution (6 wt.% solution in water) was purchased from Cellulose 

lab, Canada. Tris(hydroxymethyl)aminomethane, tannic acid (TA), polyethylenimine (PEI) 

(Mn~800 Da), vanadium (III) chloride (VCl3), iron chloride hexahydrate (FeCl3·6H2O), and cobalt 

chloride (CoCl2) were purchased from Sigma-Aldrich and used as received. The solvents including 

toluene, chloroform, hexane, and soybean oil were purchased from Sigma-Aldrich without 

purification. Bovine serum albumin (BSA), fluorescein-conjugated bovine serum albumin (FITC-

BSA), 4′6-Diamidine-2′-phenylindole (DAPI), and sodium dodecyl sulfate (SDS) were purchased 

from Alfa Aesar. Durapore® PVDF membranes (diameter ~ 47mm, pore seize ~ 0.22 um) were 

purchased from Millipore Co. Ltd.  

4.2.2 Preparation of TA/PEI/V and CNCs coatings  

The TA/PEI/V and CNCs coating were deposited on various substrates (such as silicon 

wafer, gold, mica, glass, and PVDF membrane) via a self-assembly method. Specifically, the 

substrates were thoroughly washed with water/ethanol mixture and then placed in an ultraviolet 

(UV)/Ozone cleaner for 15 min. Then VCl3 (2, 5, 10 mg mL-1), PEI (1 mg mL-1), and TA (2 mg 

mL-1) were all dissolved in Tris buffer (10 mmol, pH=8) solution to prepare the casting solution. 

The substrates were immersed in the casting solution for 8 h to complete the co-deposition process 

and denoted as TA/PEI/V-coated substrates. For the comparison, the same procedure was also 

applied to prepared TA/PEI/Fe and TA/PEI/Co coated-substrates by using FeCl3 and CoCl2 

solutions instead of VCl3 solution. For the following CNCs coating process, the CNC casting 

solution (0.05 mg mL-1) was first sonicated for 30 minutes to form a homogenous solution. The 

TA/PEI/V coated-substrates were then immersed into the CNCs solution on the shaker for 4, 6, 
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and 10 h, respectively, and denoted as CNCs-coated substrates. Finally, the as-prepared CNCs-

coated substrates were thoroughly washed with ethanol/water and dried with nitrogen.  

4.2.3 Surface Characterization 

The chemical structures of as-prepared coatings were analyzed by X-ray photoelectron 

spectroscopy (XPS) Kratos Axis spectrometer using Al Kα radiation, Fourier transforms infrared 

spectroscopy (FTIR) (Thermo Scientific Nicolet, iS50 FT-IR), and UV-Vis spectroscopy (Thermo 

Scientific Evolution 300). The morphologies of the fabricated coatings were characterized by AFM 

imaging (Bruker ICON AFM, Santa Barbara, CA) operated in a tapping mode under ambient 

conditions in air. A contact angle goniometer (Ramé-Hart instrument, NJ) was applied to evaluate 

the water contact angle of as-prepared coatings. The surface charge property of the coating 

materials was characterized using an Electrokinetic Analyzer (Anton Paar Surpass). The surface 

morphology and elements distribution of TA/PEI/V and CNCs-coated membranes were 

characterized by a field-emission scanning electron microscope (FESEM) (Zeiss Sigma 300 VP-

FESEM, Germany) with energy-dispersive X-ray spectroscopy (EDX). 

4.2.4 Force measurements using AFM colloidal probe technique 

The AFM force measurements were conducted by using an MFP-3D AFM instrument 

(Asylum Research, Santa Barbara, USA). The silica probe was prepared by attaching a silica 

microsphere (diameter ∼5 μm) onto a tipless AFM cantilever (Bruker, Santa Barbara, USA) using 

two-component epoxy glue. The as-prepared AFM silica probe and silicon wafer were treated 

using a UV Ozone cleaner, followed by immersion in PEI solutions (1 mg mL-1), rinsing with DI 

water, and drying with pure nitrogen. In the force measurement experiments, both the PEI-coated 

silica probe and PEI-coated silicon wafer were placed in a fluid cell containing TA (10 mmol) or 

TA/V3+ ions (10 mmol/10 mmol) solutions. The spring constant of the AFM colloidal probe was 
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calibrated using the Hutter and Bechhoefer method.58 For each force measurement, the PEI-coated 

silica probe was driven to approach and retract from the opposing substrate at a fixed velocity of 

1 μm/s. The interaction forces were determined using Hooke's law by monitoring the cantilever 

deflection.59 

4.2.5 Evaluation of the Antifouling Properties of CNCs coating 

 Laser scan confocal microscopy (Zeiss LSM 710) was applied to qualitatively determine 

the adsorption behaviors of fluorescein-conjugated bovine serum albumin (FITC−BSA) on the 

bare and CNCs-coated substrate. Specifically, the bare and CNCs-coated substrates were 

immersed into the FITC-BSA (0.1 mg mL-1) in PBS solution (0.13 M, pH=7.4) for 2 h, followed 

by rinsing with PBS buffer to remove the loosely bound proteins before conducting the confocal 

fluorescence microscopy imaging.  

The quartz crystal microbalance (QCM) (Q-Sense, Sweden) was then employed to quantify 

the adsorption amount of a model protein (BSA) on the bare or CNCs-coated silica sensors (QSX-

303, Biolin Scientific, Gothenburg, Sweden). The BSA adsorbed on a sensor surface will lead to 

the change of the sensor’s resonance frequency (Δf), which can be related to the adsorbed mass of 

BSA (Δm) on the silica sensor by the Sauerbrey equation:60  

                                                          𝛥𝛥𝑚𝑚 = 𝐶𝐶𝐶𝐶𝐶𝐶
𝑛𝑛

                                                              (4.1) 

Where the Δf is the change of frequency in Hz, C is a constant as 17.7 ng Hz−1cm−2, and n 

is the overtone number. 

https://www-sciencedirect-com.login.ezproxy.library.ualberta.ca/topics/earth-and-planetary-sciences/hooke-law
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4.2.6 Cell attachment test 

The Chinese hamster ovary (CHO) cells were used as the model cells to evaluate the anti-

cell attachment property of as-prepared CNCs coating. The CHO cells were firstly cultured in 

Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) supplemented with L-

glutamine, 10% fetal bovine serum (FBS), and penicillin-streptomycin. The bare and CNCs-coated 

silicon wafers were placed in a 24-well cell culture plate and sterilized by exposure to the UV 

lights for 1 h. Then the CHO cells were seeded on the surface of bare and CNCs-coated substrates 

at the density of 1×105 cells and incubated for 24 h at 37 ℃. After incubation, the bare and CNCs-

coated substrates were washed with PBS buffer to remove nonadherent cells, and stained by DAPI 

before conducting a laser scanning confocal fluorescent microscope imaging. The CHO cell 

coverage ratios on the substrates were quantified by Image J software. 

4.2.7 Friction test  

The stability and durability of the as-prepared CNCs coating were investigated using an 

Anton Paar Nano Tribometer (NTR3) with the ball-on-disk configuration under reciprocating 

motions.61-63 In a typical friction test, A bearing titanium ball with a diameter of 2 mm was used 

as the counter-facing ball. The frequency and the sliding amplitude were set at 0.1 Hz and 2 mm, 

respectively, with applied normal load ranging from 1 mN to 35 mN. 

4.2.8 Membrane separation experiment  

The separation performance of CNCs-coated PVDF membrane was evaluated by using 

surfactant-stabilized 1 wt.% toluene, hexane, chloroform, or soybean oil-in-water emulsion and 20 

ppm SDS surfactant were obtained by applying homogenizer (IKA T-18 Ultra Turrax, Germany) 

at 12,000 rpm for 15 min as the model emulsion solutions for oil/water separation experiment. The 

size distribution of prepared emulsion was characterized by dynamic laser scattering measurement 
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using a Zetasizer Nano ZSP system (Malvern Panalytical, United Kingdom). For a typical test, the 

membrane was placed in a dead-end filtration setup and pre-wetted by DI water. The separation 

test was initiated by flowing the emulsions through the membrane. The permeating flux of 

membranes could be calculated by using the following equation: 

                                                              𝐽𝐽 = 𝐶𝐶𝛥𝛥
𝑆𝑆⋅𝐶𝐶𝑡𝑡⋅𝐶𝐶𝛥𝛥

                                                           (4.2) 

Where ΔV is the volume of filtrate permeated through the membrane in a certain period 𝛥𝛥𝑘𝑘 

during the test, S is the effective membrane surface area, and 𝛥𝛥𝛥𝛥 is the pressure difference between 

ambient and evacuation pressure.  

The filtrate was collected and total organic carbon (TOC) analysis was then conducted to 

calculate the oil separation efficiency (𝜂𝜂) based on the initial (𝐶𝐶𝑖𝑖 ) and final (𝐶𝐶𝐶𝐶 ) oil content 

according to the following equation: 

                                                   𝜂𝜂(%) = �1 − 𝐶𝐶𝑓𝑓
𝐶𝐶𝑖𝑖
� × 100%                                                  (4.3) 

To evaluate the antifouling property of the membranes, the variation of water flux of the 

membranes with the filtration time was monitored during each toluene-in-water emulsion 

separation cycle. After each filtration cycle, the membrane was thoroughly washed by DI water 

before the next cycle. 

4.3 Results and discussion 

4.3.1 TA/PEI/V coating and CNCs coating fabrication and characterization 

The CNCs coating was fabricated by a facile self-assembly method as schematically shown 

in Figure 4.1(a)~(c). The TA/PEI/V intermediate adhesive layer was firstly deposited on substrate 

through Schiff-base/Michael addition reaction between TA/PEI 64 and coordination reaction 
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between TA/V3+ ions 65 under mild alkaline conditions (pH ~ 8). The formed TA/PEI/V 

intermediate adhesive layer introduced abundant functional groups including amino groups and 

catechol groups on substrate as anchoring points for CNCs. By immersing the as-prepared 

TA/PEI/V-coated substrate in the CNC solution, the highly dispersed CNCs were employed as 

building units and assembled as CNCs coating on the formed TA/PEI/V intermediate adhesive 

layer. The morphologies of as-prepared TA/PEI/V and CNCs coatings were characterized by AFM 

topographic imaging: As shown in Figure 4.1(d), the formed TA/PEI/V coating showed a root-

mean-square (RMS) roughness of ~2.0 nm with closely packed TA/PEI/V aggregates on the 

surface. After the CNCs assembly, as shown in Figure 4.1(e), the rod-like CNCs were densely 

packed on the TA/PEI/V intermediate adhesive layer with the RMS roughness of ~2.1 nm, 

indicating the CNCs layer was successfully deposited on the substrate. 

Figure 4.1 (a), (b) Schematic diagram of the assembly process for preparing the TA/PEI/V and 

CNCs coatings; (c) Structure of the CNCs coating; AFM images of as-prepared (d) TA/PEI/V and 

(e) CNCs coatings; (f) XPS survey scan and (g) FT-IR results of TA/PEI/V and CNCs coating. 
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The chemical components of as-prepared TA/PEI/V and CNCs coatings were characterized 

by X-ray photoelectron spectroscopy (XPS). As shown in Figure 4.1(f), the peaks of N 1s, V 2p, 

O 1s, and C 1s were found in both XPS spectra of TA/PEI/V and CNCs coatings, which were in 

agreement with the coating compositions as designed. The high-resolution spectra of N 1s of 

TA/PEI/V coating shown in Figure S4.1 also indicated the formation of C−N and C=N bonds 

between TA and PEI.47 Moreover, the C/O ratio increased from 0.62 for TA/PEI/V coating to 0.87 

for the CNCs coating, which was attributed to the incorporation of the carbon-rich CNCs layer. 

The Fourier transform infrared (FT-IR) spectra of TA/PEI/V and CNCs coatings were shown in 

Figure 4.1(g), the vibration peak at 1625 cm−1 in both spectra of TA/PEI/V and CNCs coatings 

were attributed to the C=N bond stretching.66 Moreover, compared with the FT-IR spectra of 

TA/PEI/V coating, the new wide peak at 3340 cm−1 in the FT-IR spectra of CNCs coating was 

corresponding to the O-H vibration, which can be attributed to the existence of hydroxyl groups 

of CNCs. Additionally, this CNCs coating strategy can be further applied to modify different types 

of substrates, including silicon wafer, mica, glass, and gold surfaces (Figure S4.2), demonstrating 

the excellent universality of the CNCs coating strategy. Moreover, the morphologies of TA/PEI/V 

intermediate adhesive layers and the corresponding CNCs coatings can be modulated by changing 

the V3+ concentration from 2 mg mL-1 to 10 mg mL-1: As shown in Figure 4.2(a), the low V3+ ions 

content (2 mg mL-1) caused the aggregated TA/PEI/V coating with the RMS roughness of ~2.3 

nm, thus leading to the formation of rough CNCs coating with low CNCs number density on the 

substrate; By increasing the V3+ ions content to 5 mg mL-1, the smooth TA/PEI/V coating was 

obtained with the RMS roughness decreasing from ~2.3 nm to ~2.0 nm (Figure 4.2(b)), resulting 

in the formation of densely packed CNCs coating on the substrate; However, as shown in Figure 

4.2(c), continuously increasing V3+ ions content to 10 mg mL-1 would lead to sparse TA/PEI/V 
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coating with the RMS roughness further decreasing to ~1.8 nm, and the resulting CNCs coating 

showed a less compact structure due to the limited anchoring sites on the substrate. 

Figure 4.2 Illustrations and topographic AFM images of TA/PEI/V intermediate adhesive layer 

and corresponding CNCs coatings prepared with (a) 2 mg mL-1, (b) 5 mg mL-1, and (c) 10 mg mL-

1 V3+ ions; Force–distance profiles relative to the interaction between PEI-coated silica probe and 
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PEI-coated silica substrate in the presence of (d) 10 mmol TA; (e) 10 mmol TA and 10 mmol V3+ 

ions; The AFM images of (f) TA/PEI coating and (g) TA/PEI/V coating. 

To elucidate the effect of V3+ ions on the TA/PEI/V self-assembly process, the atomic force 

microscope (AFM) colloid probe technique was employed to directly measure the correlated 

surface interactions in the TA/PEI/V self-assembly process. The method for preparation of the 

silica probe in AFM force measurement was reported previously,67 and the schematics of AFM 

colloidal probe force measurement setup and the SEM image of a typical silica probe were shown 

in Figure S4.3. Figure 4.2(d)~(e) showed the measured force profiles between the PEI-coated silica 

probe and PEI supported on a silica substrate in the 10 mmol TA and 10 mmol/10mmol TA/V3+ 

ions solutions at pH 6.4, respectively. As shown in Figure 4.2(d), in the presence of 10 mmol TA, 

a significant adhesion (F/R~0.65 mN m-1) was measured between two PEI-coated surfaces during 

the retraction process, which was possibly originated from the Schiff-base/Michael addition 

reaction between TA and PEI.47 Notably, as shown in Figure 4.2(e), in the presence of 10 

mmol/10mmol TA/V3+ ions solution, the measured adhesion during the retraction process 

decreased from ~0.65 mN m-1 to ~0.35 mN m-1, which was probably attributed to the V3+ ions 

occupying the catechol groups of TA via coordination reaction, thus suppressing the Schiff-

base/Michael addition reaction between the TA and PEI. To further illustrate this V3+ ions 

modulated TA/PEI assembly process, the morphologies of TA/PEI and TA/PEI/V coatings were 

characterized by AFM topographic imaging. As shown in Figure 4.2(f), without V3+ ions, only a 

few large aggregates were formed via Schiff-base/Michael addition between TA/PEI, which was 

confirmed by the appearance of the peak at ~325 nm in the UV-vis spectra (Figure S4.4);68 

However, in the presence of V3+ ions, small TA/PEI/V aggregates were formed and closely packed 

on the substrate (Figure 4.2(g)). Moreover, in the TA/PEI/V assembly process, the new peaks at 
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~475 nm corresponding to the TA/V3+ coordination also appeared in the UV-vis spectrum (Figure 

S4.4),56, 69 demonstrating the V3+ ions controlled the TA/PEI assembly process through forming 

TA/V3+ complex, thereby modulating the structure of the TA/PEI/V coating. To extend this 

TA/PEI/V coating strategy, different transition metal ions (Fe3+ and Co2+ ions) were used to 

replace V3+ ions in the self-assembly process. As shown in Figure S4.5, compared to the TA/PEI/V 

coating, both TA/PEI/Fe and TA/PEI/Co coatings showed a aggregated structure, which can be 

attributed to the relatively weak coordination capacity of Fe3+ and Co2+ compared to V3+ ions (with 

coordination capacity order of V3+＞Fe3+＞Co2+).70-72  

To investigate the effect of TA/PEI/V intermediate adhesive layer on the following CNCs 

assembly process, the morphologies of CNCs coatings with/without TA/PEI/V intermediate 

adhesive layer were further characterized by the AFM topographic imaging and shown in Figure 

S4.6. Without the TA/PEI/V intermediate adhesive layer, a severely aggregated CNCs coating 

with the RMS roughness of ~3.3 nm was formed, which was attributed to the inhomogeneous 

stacking of CNCs on the surface; In contrast, in the presence of TA/PEI/V intermediate adhesive 

layer, the compact CNCs coating was formed with the RMS roughness decreasing from ~3.3 nm 

to ~2.1 nm, indicating the existence of strong adhesion between CNC and TA/PEI/V intermediate 

adhesive layer. To unravel this adhesion mechanism in the CNCs assembly process, the AFM 

colloidal probe technique was employed to directly measure the interaction forces between 

TA/PEI/V-coated silica probe and CNCs-coated substrate in the saline solution of 1 mmol NaCl 

at pH 6.4 in Figure S4.7. The strong adhesion (F/R~0.62 mN m-1) was measured between 

TA/PEI/V and CNCs coatings in the retraction process, which was probably contributed from the 

synergistic effect of various interactions including electrostatic interaction, hydrogen bonding, 

coordination reaction, and so on.35  Moreover, the morphologies of CNCs coating could be further 
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regulated by adjusting the CNCs assembly time ranging from 4 h to 10 h. As shown in Figure S4.8, 

by extending the CNCs assembly process from 4 h to 6 h and 10 h, the RMS roughness of resulting 

CNCs coating gradually increasing from ~2.1 nm to ~2.4 nm, which was due to the stacking of 

excess CNCs with extended CNCs assembly time. 

Figure 4.3 (a) Water contact angle in air and (b) Toluene drop contact angle in water of pristine, 

TA/PEI, TA/PEI/V, CNCs-coated silicon wafers; (c) Toluene drop attaching and detaching 

experiment on CNCs-coated silicon wafer; Confocal fluorescence microscopy imaging of FTIC-

BSA adsorption on the (d) bare silicon wafer and (e) CNCs-coated silicon wafer; (f) Changes in 
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the frequency associated with the adsorption of the BSA on the bare and CNCs-coated silicon 

sensors; Representative fluorescence microscopy images CHO cells attached to the bare silicon 

wafer (g) and CNCs-coated silicon wafer (h); (i) Effect of CNCs coating on the attachment of CHO 

cells to silicon wafer. Shown were averaged from three independent experiments (p<0.001).  

4.3.2 Antifouling property of CNCs coating 

The surface wettability of as-prepared coatings was firstly evaluated by measuring their 

water contact angle in air (WCA) oil contact angle (OCA)  in water: As shown in Figure 4.3(a), 

the WCA of TA/PEI and TA/PEI/V coating were ~25 o and ~20o, respectively; Notably, the WCA 

of CNCs coating was further decreasing to ~8o, indicating much-enhanced surface hydrophilicity 

due to the incorporation of super-hydrophilic CNCs layer on the substrate.36 Moreover, OCA of 

CNCs coating in water was also measured: The toluene drop was strongly repelled by the CNCs-

coated surface, exhibiting a very large OCA of ~170° (Figure 4.3(b)), even when the toluene drop 

was strongly compressed towards the CNCs coating (Figure 4.3(c)), the toluene drop deformed 

significantly but the contact angle remained almost unchanged during the compression process. 

Moreover, no toluene drop residue was detected after retracting the toluene drop from the CNCs 

coating, further demonstrating the excellent anti-oil adhesion property of CNCs coating. 

The antifouling property of as-prepared CNCs coating was firstly evaluated by conducting 

the bovine serum albumin (BSA) adsorption test. The bare and CNCs-coated silicon wafers were 

exposed to the FITC-BSA in PBS buffer for 2 h before the confocal fluorescence microscopy 

imaging. As shown in Figure 4.3(d), the uniform and intense fluorescence signal was detected on 

the bare silicon wafer, indicating the significant adsorption of BSA on the surface; In contrast, no 

obvious fluorescence signal was detected on the CNCs-coated silicon wafer (Figure 4.3(e)), 

demonstrating the excellent protein-repellent performances of as-prepared CNCs coating. 
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Moreover, the quantitative BSA adsorption test was conducted by quartz crystal microbalance 

(QCM) to quantify the adsorption amount of BSA on the bare and CNCs-coated silica sensor. As 

shown in Figure 4.3(f), obvious adsorption of the BSA happened on the bare silica sensor, 

evidenced by the significant decrease of the frequency after exposing the bare silica sensor to BSA 

solution. Moreover, the adsorbed BSA on the bare silica sensor was persistent and could not be 

washed off by rinsing with PBS buffer. In contrast, only a neglectable amount of BSA was 

adsorbed on the CNCs-coated silica sensor and can be readily washed off by rinsing with PBS 

buffer, indicating the outstanding protein-repellent property of CNCs coating, which was attributed 

to the presence of closely packed hydrophilic CNCs on the substrate, acting as a strong physical 

barrier to prevent the diffusion and penetration of BSA on the substrate.39 In addition to the surface 

fouling caused by the protein adsorption, the surface biofouling caused by cell adhesion is another 

concern for the practical applications of antifouling materials.24, 73 Thus, the anti-cell attachment 

property of as-prepared CNCs coating was evaluated by directly seeding the Chinese hamster 

ovary (CHO) cells onto the bare and CNCs-coated silicon wafers, with the attachment monitored 

using fluorescence imaging: While a large number of CHO cells (purple spots) were attached to 

the bare silicon wafer, with ~28% of the surface covered by CHO cells (Figure 4.3(g)~(i)), only a 

low population of CHO cells were attached to the CNCs-coated silicon wafer, with ~1% of the 

surface covered by CHO cells (Figure 4.3(h)~(i)), demonstrating an excellent anti-cell attachment 

property of the CNCs coating, which presumably is attributed to the presence of a compact 

hydration layer in the CNCs coating. 
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Figure 4.4 (a) The setup of NTR3 nano tribometer for conducting reciprocating ball-on-disk 

friction test; (b) Typical shear forces versus sliding distance traces with the load increasing from 

10 to 35 mN on CNCs-coated silicon wafer; (c) The friction coefficient of bare silicon wafer and 

CNCs-coated silicon wafer; (d) The change of friction coefficient of CNCs-coated silicon wafer 

within 100 friction cycles and the AFM images and WCA of the CNCs-coated silicon wafer after 

friction test. 

4.3.3 Mechanical property of CNCs coating 

The stability of as-prepared CNCs coating was evaluated by conducting the reciprocating 

ball-on-disk friction test by NTR3 nano tribometer (Figure 4.4(a)). Figure 4.4(b) showed the typical 

shear force versus sliding distance traces of CNCs coating with the normal load increasing from 

10 mN to 35 mN. The dynamic sliding with a small static friction force was observed with the 

normal load at 10 mN, and no significant increase of friction was found with the normal load 

increasing to 35 mN, indicating the CNCs coating remained its structural integrity in the friction 
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test.74, 75 Moreover, as shown in Figure 4.4(c), the measured friction coefficients of bare silicon 

wafer and CNCs-coated silicon wafer were determined to be ~0.24 and ~0.09, respectively. The 

decreased friction coefficient of CNCs coating could be attributed to the formation of the confined 

hydration layer by the water molecules trapped in rigid CNCs coating,76-78 which was difficult to 

be excluded by external pressure and served as a remarkable lubricate in the friction test.60 To 

further evaluate the wear-resistance property of CNCs coating, the changing of the friction 

coefficient of CNCs coating was monitored in 100 reciprocating friction cycles with the normal 

load at 10 mN. As shown in Figure 4.4(d), the friction coefficient of fabricated CNCs coating was 

almost unchanged after 100 reciprocating friction cycles. Moreover, the morphology and WCA of 

CNCs coating after friction test were shown in the insert photo in Figure 4.4(d), it is found that the 

CNCs were still densely packed on the surface with the WCA remaining almost unchanged, 

demonstrating the outstanding anti-wear property of as-prepared CNCs coating. 
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Figure 4.5 SEM images of the top view of (a), (b) Pristine PVDF membrane; (c),(d) TA/PEI/V-

coated PVDF membrane; (e).(f) CNCs-coated PVDF membrane; (g) EDX element mappings of 

TA/PEI/V-coated PVDF membrane. 

4.3.4 CNCs-coated membrane fabrication and characterization 

To expand the application of the developed CNCs coating strategy, CNCs coating was 

further deposited on the polyvinylidene fluoride (PVDF) membranes to evaluate its potential 

application in oil/water separation. In the CNCs coating process, the TA/PEI/V intermediate 

adhesive layer was firstly deposited on the PVDF membrane surface before assembling CNCs 

layer. Compared to the morphology of the pristine PVDF membrane shown in Figure 4.5(a)~(b), 

the TA/PEI/V-coated membrane showed a layer of densely packed nano-aggregates on the surface 
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(Figure 4.5(c)~(d)), indicating the successful formation of TA/PEI/V intermediate adhesive layer 

on the membrane. Moreover, the corresponding EDX mapping results of the top surface (Figure 

4.5(g)) and cross-section (Figure S4.9) of TA/PEI/V-coated membrane showed a uniform 

distribution of C, N, V elements on the membrane, indicating the homogeneous structure of the 

deposited TA/PEI/V intermediate adhesive layer on membrane.  

The CNCs-coated membrane was fabricated by assembling CNCs on the as-prepared 

TA/PEI/V-coated membrane. The morphology of the resulting CNCs-coated membrane was also 

characterized by SEM. As shown in Figure 4.5(e), a compact and homogeneous CNCs layer was 

observed on the membrane surface, and the enlarged SEM image of the CNCs-coated membrane 

in Figure 4.5(f) also demonstrated that the CNCs were densely packed on the membrane surface 

without sacrificing the intrinsically porous structure of the membrane. The highly dense structure 

of CNCs coating deposited on membrane was similar to the structure of CNCs-coated silicon wafer 

characterized by the topographic AFM imaging. Moreover, the element distributions of CNCs 

coated-membrane were characterized by SEM/EDX, the C and O mass contents of CNCs coating 

were determined as 58.7 wt.% and 3.9 wt.%, respectively, exceeding that of TA/PEI/V-coated 

membrane (52.6 wt.% and 2.6 wt.%, respectively), which was due to the deposition of the CNCs 

layer on the membrane surface. 
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Figure 4.6 (a) Schematic of the dead-end vacuum filtration device; (b) Photographs and size 

distribution of the toluene-in-water emulsion before and after filtration; (c) Pure water flux of as-

prepared membranes; (d) Water permeation flux of as-prepared membrane for separating toluene-

in-water, hexane-in-water, chloroform-in-water, and soybean-in-water emulsions; (e) Cyclic 

toluene-in-water emulsion separation performance of CNCs-coated PVDF membrane; (f) The 

toluene-in-water emulsion separation performance of CNCs-coated PVDF membrane under 

different harsh conditions. 

4.3.5 Oil/water emulsion separation by CNCs-coated membrane  

Figure 4.6(a) showed the schematic of the dead-end vacuum filtration setup for evaluating 

the pure water flux and oil-in-water (O/W) emulsion separation performance of as-prepared 

membranes: As shown in Figure 4.6(c), the pure water fluxes of the TA/PEI and TA/PEI/V-coated 

membranes were determined as ~4500 L m−2 h−1 bar-1 and ~7000 L m−2 h−1 bar-1. Notably, the pure 

water flux of the CNCs-coated membrane was over 9000 L m−2 h−1 bar-1, the increased water flux 

of the CNCs-coated membrane was attributed to the existence of super-hydrophilic CNCs layer on 
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the membrane surface.79 However, if the CNCs were directly deposited on the membrane without 

the TA/PEI/V intermediate adhesive layer, the pure water flux of the resulting CNCs-coated 

membrane was only about ~4500 L m−2 h−1 bar-1, probably caused by the severe membrane pore 

blocking by the large CNCs aggregates on membrane surface. In the toluene-in-water emulsion 

separation process, the as-prepared toluene-in-water emulsion was milky and stable, with an 

average toluene droplet size of 1000 nm (Figure 4.6(b)). After filtration, the collected filtrate 

became transparent and clean with the toluene droplet size decreasing to 10 nm, which was 

possibly attributed to the existence of the small number of surfactant micelles or dissolved 

microdroplets, indicating the successful toluene-in-water emulsion separation by using as-

prepared membranes.80, 81 Moreover, Figure 4.6(d) showed the water permeation flux of as-

prepared membranes in separation of different types of emulsions including toluene-in-water, 

chloroform-in-water, hexane-in-water, and soybean oil-in-water emulsions: The CNCs-coated 

membrane showed the permeation flux of over 6000 L m−2 h−1 bar-1 for the separation of toluene-

in-water, chloroform-in-water, hexane-in-water emulsions. The outstanding separation 

performance of CNCs-coated membrane can be attributed to the ultra-low water transport 

resistance of densely packed super-hydrophilic CNCs layer on membrane.17 Additionally, the 

relatively lower permeation flux of CNCs-coated membrane for separation soybean oil-in-water 

emulsion (~4500 L m−2 h−1 bar-1) was due to the high viscosity of soybean oil, leading to the 

increased intrinsic resistance in the separation process.82. For the cyclic filtration test, the rejection 

rate (~99.6%) and permeation flux (~6000 L m−2 h−1 bar-1) of CNCs-coated membrane remained 

unchanged within ten toluene-in-water emulsion filtration cycles (Figure 4.6(e)), and the SEM 

imaging and EDX results (Figure S4.10) of the CNCs-coated membrane after cyclic filtration test 

also indicated its morphology and element composition were almost unchanged, indicating the 
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excellent recyclability and stability of fabricated CNCs-coated membrane. To further investigate 

the durability of the CNCs-coated membrane in the harsh environment, the CNCs-coated 

membrane was treated with acid/alkali/saline solutions or ultrasound before conducting the 

toluene-in-water emulsion separation test. As shown in Figure 4.6(f), no obvious change of the 

toluene-in-water emulsion separation performance of CNCs-coated membrane was found, 

indicating the great stability of CNCs-coated membrane even under harsh conditions. 

Figure 4.7 (a) Time-dependent permeability of CNCs-coated PVDF membrane in the separation 

of toluene-in-water emulsion and toluene-in-water emulsion with BSA; (b) Photographs of anti-

oil (toluene) adhesion performance for as-prepared membranes; (c) Self-cleaning process of CNCs 

coated-PVDF membrane after toluene fouling. 

The antifouling property of the CNCs-coated membrane was determined by monitoring the 

variation of water permeating flux during the toluene-in-water emulsion separation process. As 

shown in Figure 4.7(a): The rapid decline of normalized permeation flux happened in the initial 



97 
 

stage of the toluene-in-water emulsion separation process, which was due to the formation of 

filtration cake on the membrane;20 Then, the decline of the normalized permeating flux became 

slower until reaching ~48% of the initial permeation flux; After the simple hydraulic washing, the 

decreased normalized permeation flux of CNCs-coated membrane could be recovered with 

recovery efficiency higher than 98% after three toluene-in-water emulsion separation cycles. 

Moreover, for the toluene-in-water emulsion containing other foulants such as BSA, the 

permeation flux of CNCs-coated membrane further declined to ~25% of the initial permeation flux 

in the first filtration cycle, which was due to the more severe pore blocking caused by BSA 

fouling.83 Notably, the permeation flux of CNCs-coated membrane can be also recovered after 

hydraulic washing, with the recovery ratio higher than 95% after 3 cycles. These results indicated 

that the CNCs-coated membrane exhibited excellent antifouling performance to both toluene-in-

water emulsion and other foulants such as BSA, which was attributed to the closely packed CNCs 

coating that captured a compact hydration layer on the membrane surface, thus the filtration cake 

could easily be washed away from the membrane surface.1, 84 Moreover, the self-cleaning property 

of CNCs coated-membrane was verified by the toluene droplet (dyed by Oil red O) jetting test 

shown in Figure 4.7(b), the high-speed toluene drops were bounced back from the surface of 

CNCs-coated membrane, while the toluene drop residues were attached on the surfaces of TA/PEI 

and TA/PEI/V-coated membranes. Additionally, Figure 4.7(c) showed the self-cleaning process 

of CNCs-coated membrane towards oil contamination: The membrane was firstly contaminated 

by several toluene droplets (dyed by Oil red O) and then immersed in water. The attached toluene 

droplets would spontaneously detach from the membrane and move to the air/water interface, 

which demonstrated the ultra-low oil (toluene) adhesion property of the fabricated CNCs-coated 

membrane. 
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4.4 Conclusions  

In this study, the simple and universal coating strategy has been proposed for constructing 

robust CNCs coating compositing of a TA/PEI/V intermediate adhesive layer and a self-assembled 

CNCs layer. Introducing V3+ ions in the assembly process significantly reduced the roughness of 

resulting TA/PEI/V coating via coordination chemistry, thus achieving the highly dense CNCs 

coating with the outstandingly low RMS roughness (~2 nm). The as-prepared CNCs coating could 

effectively prevent the oil adhesion, protein adsorption, and cell attachment on the surface, and 

maintain its structural integrity and wettability (with the WCA~8°) even after 100 friction cycles.  

Moreover, the CNCs coating can be further deposited on the membrane surface without sacrificing 

the porous structure of membrane, endowing the membrane with superior high permeation flux 

(over 6000 L m−2 h−1 bar-1) and nearly 100% flux recovery ratio for separation of toluene-in-water 

emulsion containing various foulants. Overall, this work provides a unique strategy to realize the 

densely packing of rigid materials as a robust coating onto any surfaces, giving new insight into 

the precise designing of robust coating with tunable properties for a broad range of engineering 

and environmental applications. 
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Supporting information 

Figure S4.1 High-resolution spectra of N 1s of TA/PEI/V coating. 

Figure S4.2. AFM images of TA/PEI/V intermediate adhesive layer and resulting CNCs coatings 

on mica, gold, and glass surfaces. 
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Figure S4.3 (a) Schematics of AFM colloidal probe force measurement setup and (b) the SEM 

image of a typical silica probe. 

 

Figure S4.4 UV-vis spectra of TA, TA/PEI, TA/PEI/V solutions. 
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Figure S4.5 The AFM images of (a) TA/PEI/Fe and (b) TA/PEI/Co coating and XPS results of (c) 

TA/PEI/Fe and (d) TA/PEI/Co coating. 

 

Figure S4.6 AFM images of CNCs-coated surfaces (a) without and (b) with TA/PEI/V 

intermediate adhesive layer. 
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Figure S4.7 Force–distance profiles relative to TA/PEI/V-coated silica probe and CNCs-coated 

silica substrate at 1 mM NaCl, pH 6.4. 

Figure S4.8 AFM images of CNCs coating with the CNCs assembly time of (a) 6h and (b) 10h. 

 

Figure S4.9 EDX mapping results of cross-section of TA/PEI/V-coated PVDF membrane. 
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Figure S4.10 The (a) SEM image and (b) EDX results of CNCs-coated PVDF membrane after 

cyclic test. 
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Chapter 5. Mussel-Inspired Polyethylene Glycol Coating for 

Constructing Antifouling Membrane for Oil-Water Separation 

5.1 Introduction 

Surface fouling caused by the undesired deposition of oily contamination and biomolecules has 

been a serious issue in many industrial applications such as maritime operations1-4, medicine5-7, 

food industries8, 9, and water treatment process10-16. Especially for the membrane materials applied 

in the oil/water separation process17-19. In this process, the membrane surface fouling initiated by 

the non-specific adsorption of a large number of proteins or oily contaminants would block the 

inner pores of the membrane20. The severe pore-blocking may increase the water transfer 

resistance and inevitably lead to the dramatic decrease of membrane water permeation flux, thus 

greatly deteriorating the oil/water separation performance of the membrane21-24. Therefore, the 

design of an antifouling membrane that can effectively reduce the deposition of biomolecules and 

oily contamination onto its surface is critical to the applications of membrane materials in the water 

treatment processes. 

Surface hydration plays a pivotal role in the fabrication of antifouling surfaces by weakening the 

non-specific attraction between the foulants and the surfaces25-28. Thus, many hydrophilic 

polymers, such as polyethylene glycol (PEG)29-31 or polyacrylamide (PAM)32, have been applied 

to fabricate antifouling coatings. Among these antifouling coatings, PEG coating, formed by 

anchoring PEG polymer onto target surfaces, has been considered as an effective antifouling 

coating strategy to prevent protein adsorption and oily contaminants because of its strong hydration 

and steric hindrance33-35. Despite the much progress achieved, However, some challenging issues 

still remain. Most reported PEG coatings were fabricated by directly anchoring the PEG polymer 
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on substrates via weak and unstable non-covalent bonds (e.g., hydrogen bond or metal 

coordination)36, which was unable to functionalize many inert surfaces, such as polyvinylidene 

fluoride (PVDF) membrane. Thus, the resulting PEG coating was generally unstable under harsh 

environments and may fall off the substrate surfaces, leading to the deterioration of its antifouling 

performance37. Therefore, a durable PEG coating with excellent antifouling properties is still 

highly desired. 

In the marine bio-systems, robust mussel adhesion is achieved by the formation of a “bio-glue” 

layer composed of mussel foot adhesive proteins (Mfps) to toughly adhere to various substrates 38-

44. Inspired by this bio-glue effect, the PEG coating can be firmly anchored on the substrates with 

the assistance of a bio-glue layer on the substrate. Recently, L-3,4-dihydroxy-l-phenylalanine (L-

Dopa), a main component in Mfps, was found to be able to self-assemble as a poly(L-Dopa) layer 

and deposit on various substrates via both physical and chemical interactions45, 46. Thus, the 

poly(L-Dopa) coating may serve as a bio-glue layer and provide abundant functional groups for 

anchoring PEG coating on the substrate. However, the challenge still remains, most reported 

poly(L-Dopa)-based coatings were soluble and prone to dissolve in alkaline solution, which limits 

its application as a stable platform for anchoring PEG polymer as a stable coating. To solve this 

issue, a robust surface coating strategy was proposed via the L-Dopa/polyethyleneimine (PEI) co-

deposition method47. Compared with the poly(L-Dopa) coatings, the L-Dopa/PEI coating formed 

by Michael-addition and Schiff-base reactions between amines and phenol groups showed great 

resistance to the varying solution chemistry with the desired long-term stability48, 49. Moreover, 

the abundant amino groups on the L-Dopa/PEI coating can serve as anchoring points to covalently 

link the epoxy-modified functional polymers onto substrates via “one-step” ring-opening 

reaction50, 51, providing the possibility to covalently link a PEG coating onto various substrates. 
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Herein, inspired by the mussel adhesion strategy, we have proposed a facile strategy to fabricate 

durable and antifouling PEG coating onto various substrates. In this strategy, the L-Dopa/PEI bio-

glue layer is firstly co-deposited on the substrates, providing abundant amino groups as the 

anchoring points for PEG polymer. Then, the poly(ethylene glycol) diglycidyl ether (PEGDE), a 

hydrophilic PEG polymer chain with epoxy groups on both chain ends, was covalently anchored 

as PEG coating on the L-Dopa/PEI coated-substrate via the ring-opening reaction. The formed 

PEGDE/LP coating features a highly dense structure with super hydrophilic nature (with a WCA~ 

15°), endowing the substrates with excellent antifouling ability to prevent the adsorption of various 

proteins (such as bovine serum albumin (BSA)) onto substrates, which is also characterized by 

molecular force measurements between PEGDE/LP coating and BSA using a surface forces 

apparatus (SFA). Moreover, the as-prepared PEGDE/LP coating shows great stability and 

maintains its structure and wettability after acid/alkane/salt solution treatment. To further expand 

the application of the as-proposed PEGDE/LP coating strategy, the PEGDE/LP coating was used 

to functionalize a PVDF membrane. The as-prepared PEGDE/LP-coated PVDF membrane 

exhibited a high-water permeation flux (~3000 L m−2 h−1 bar-1) for separation of oil-in-water (O/W) 

emulsion, and also showed over 90% water flux recovery ratio in separation O/W emulsions 

containing other foulants such as the BSA or humic acid (HA), further demonstrating the 

outstanding antifouling property of PEG coating in the membrane separation process.  
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5.2 Experimental methods  

5.2.1 Materials 

L-3,4-dihydroxy-l-phenylalanine (L-Dopa, ≥98%), polyethyleneimine (PEI, Mn: 600, ≥98%), 

poly(ethylene glycol) diglycidyl ether (PEGDGE, Mn: 500, ≥99%), toluene (≥99%), heptane (≥98%), 

pentane (≥99%), chloroform (≥99%,), hexane (≥95%), and sodium dodecyl sulfate (SDS, ≥99%), 

humic acid (HA, ≥99%), bovine serum albumin (BSA, ≥98%), L-lysine (≥ 98%), k-carrageenan (K-

carr), pepsin (Pep, ≥99%), lysozyme (Lyso, from hen egg white,≥99%) and phosphate-buffered saline 

(PBS) (tablet) was purchased from Sigma-Aldrich (Canada). Bovine serum albumin fluorescein conjugate 

(FITC-BSA) was purchased from Fisher Scientific (Canada). Durapore® PVDF membrane (pore size 0.22 

~ um diameter ~ 47mm,) was purchased from Millipore Co. Ltd. Water used in this paper was generated 

from Barnstead Smart2Pure pro water purification system (Thermo Scientific). All the chemicals were used 

as received in this study. 

5.2.2 Preparation of PEGDE/LP coating 

The PEGDE/LP-coated surfaces were fabricated through a step-by-step dip-coating 

method. Specifically, the substrates (silicon wafer or PVDF membrane) were thoroughly washed 

in water/ethanol mixture and then cleaned by ultraviolet (UV)/Ozone surface cleaner for 15 min. 

Then, the LP bio-glue layer was firstly fabricated via L-Dopa and PEI co-deposition, in this process, 

the L-Dopa solution (2 mg/mL) and PEI solution (5, 10, 15 mg/mL) were well-dissolved in 10 mM 

Tris buffer as the LP casting solution. The cleaned substrates were prewetted by Tris buffer and 

then immersed in the LP casting solution for 4 h to finish the co-deposition process and labeled as 

LP coating. In the next step, the PEGDE was anchored onto the formed LP layer through the ring-

opening reaction as a PEG coating. Specifically, the PEGDE was firstly dissolved in (deionized 

water) DI water and ultrasound for 10 minutes to get a homogenous solution (10 mg/mL), and the 
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as-prepared LP-coated substrates were immersed into the PEGDE solution for 8 hours at 60℃ to 

finish the reaction. The obtained substrates were washed with ethanol/water three times, dried with 

nitrogen, and labeled as PEGDE/LP-coated substrates. 

5.2.3 Surface Characterization 

The surface chemical structures of the as-prepared LP coating and PEGDE/LP coating 

were analyzed by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 

spectroscopy (XPS) with Kratos Axis spectrometer at Al Kα radiation. The LP co-deposition 

process was monitored by applying Thermo Scientific Evolution 300 UV-Vis spectrophotometer 

(Thermo Fisher Scientific). The morphologies of as-prepared LP and PEGDE/LP-coated silicon 

wafers were characterized by the by topographic imaging using atomic force microscope (AFM) 

with Bruker ICON AFM system (Bruker, Santa Barbara, CA) in tapping mode. The morphologies 

and element distributions of LP and PEGDE/LP-coated PVDF membranes were characterized by 

the field-emission scanning electron microscope (FESEM) (Zeiss Sigma 300 VP-FESEM, 

Germany) with energy-dispersive X-ray spectroscopy (EDX), respectively. The static water 

contact angles of as-prepared coatings were measured by using a contact angle goniometer (Ramé-

Hart instrument, NJ). The surface zeta-potentials of as-prepared LP and PEGDE/LP-coated silicon 

wafers were characterized by Anton Paar SurPASS. The underwater oil adhesion test was 

conducted by using integrated thin film drainage apparatus (ITFDA). 

5.2.4 Evaluation of the Antifouling Properties of PEGDE/LP coating 

The adsorbed mass of protein (bovine serum albumin (BSA)) of the as-prepared 

PEGDE/LP coating was monitored by quartz crystal microbalance (QCM) in real-time. The 

amounts of BSA adsorbed on silica sensors with or without PEGDE/LP coating were determined 

based on the frequency change (Δf) of the QCM sensor by the following Sauerbrey equation52: 
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                                                            𝛥𝛥𝑚𝑚 = 𝐶𝐶𝐶𝐶𝐶𝐶
𝑛𝑛

                                                            (5-1) 

Where the Δf is corresponding to the change of frequency (Hz) in the QCM test, the C is a 

constant for 17.7 ng Hz−1cm−2, and the n is the overtone number. 

Moreover, the interaction between BSA and as-prepared PEGDE/LP coating was measured 

by using Surface Forces Apparatus (SFA)28, 53. For a typical normal force test, two back-silvered 

mica with the same thickness (1~5 μm) were first glued onto two cylindrical silica disks (radius R 

= 2 cm). The PEGDE/LP coating and BSA coating were deposited on mica surfaces by immersing 

the mica sheets into the corresponding solutions for a certain time. Then, two desired surfaces were 

mounted in the SFA chamber in a crossed-cylinder configuration with PBS buffer (0.13 M, pH 7.4) 

injected into the confined space between the two surfaces. The interaction forces between 

PEGDE/LP and BSA-coated mica surfaces in PBS buffer were measured as a function of the 

separation distance between two mica surfaces, which was monitored by the multiple beam 

interferometry by using the optical interference fringes of equal chromatic order (FECO). The 

surface forces were determined based on Hooke’s law. The surface forces were calculated based 

on Hooke’s law, and the reference distance (D = 0) was set as the adhesive contact of two bare 

mica surfaces in the air54. 

5.2.5 Membrane oil/water separation experiment 

The separation performance of the PEGDE/LP-coated PVDF membrane was evaluated by 

using a dead-end filtration device. The oil-in-water (O/W) emulsions with 1 wt.% oil (toluene, 

hexane, chloroform, soybean oil) and 20 ppm SDS surfactant were prepared by using a 

homogenizer (IKA T-18 Ultra Turrax, Germany) at 12, 000 rpm for 10 min. The oil droplet size 

distribution of the O/W emulsions before and after conducting the membrane filtration process 
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was characterized by dynamic laser scattering measurement using a Zetasizer Nano ZSP system 

(Malvern Panalytical, NANO, United Kingdom). In the O/W emulsion separation process, the 

membrane was pre-wetted by DI water and fixed in the dead-end filtration device, followed by 

flowing the O/W emulsions through the membrane. The water permeating flux of membranes 

could be calculated by using the following equation48, 55: 

                                                          𝐽𝐽 = 𝐶𝐶𝛥𝛥
𝑆𝑆⋅𝐶𝐶𝑡𝑡⋅𝐶𝐶𝛥𝛥

                                                             (5-2) 

Where the ΔV is the volume of filtrate collected in a certain period Δt, S is the effective 

membrane surface area, and ΔP is the applied pressure difference between ambient and evacuation 

pressure.  

To calculate the separation efficiency, the total organic carbon (TOC) analysis was applied 

to calculate the oil content in the collected filtrate. The membrane separation efficiency was 

calculated by the following equation: 

                                                𝜂𝜂(%) = �1 − 𝐶𝐶𝑓𝑓
𝐶𝐶𝑖𝑖
� × 100%                                             (5-3) 

Where the η  is the membrane separation efficiency, and the iC  and fC were 

corresponding to the oil content in the O/W emulsion before and after filtration, respectively. 

Moreover, the anti-biofouling property of as-prepared membranes in the O/W separation 

process was evaluated by measuring the variation of water flux of the membranes in the separation 

of different kinds of emulsion such as O/W emulsion, O/W emulsion+ BSA (1 g/L), and O/W 

emulsion+ HA (0.2 g/L). The filtration time during each separation cycle was recorded in real-

time. After each filtration cycle, the membrane was thoroughly washed with DI water for 5 minutes 

before conducting the next cycle of the filtration cycle. 
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5.3 Results and discussion 

5.3.1 PEGDE/LP coating fabrication and characterization 

Figure. 5.1(a) shows the illustration of the surface coating strategy for anchoring a layer of 

PEG coating on various substrates. Briefly, the L-Dopa/PEI (LP) was firstly assembled on the 

substrates through the co-deposition process. The LP co-deposition process was monitored by the 

UV-Vis spectrum shown in Figure S5.1: the new characteristic peak at 350 nm was attributed to 

the Schiff base reaction between amines and phenol groups of L-Dopa and PEI17, 56, leading to the 

formation of small LP nano-aggregates, being driven to the substrates and growing as LP coating. 

In the following PEGDE assembly process, the epoxy groups at both chain ends of PEGDE would 

interact with the amino groups on the formed LP bio-glue layer via a ring-opening reaction57, 58, 

leading to the formation of PEGDE coating onto the substrate. Moreover, the topography AFM 

imaging method was applied to characterize the morphology of as-prepared coatings, as shown in 

Figure 5.1(b), the LP coating showed a uniform and highly dense structure with a low surface 

roughness (Rq~1.2 nm), After the PEGDE assembly process, the resulting PEGDE/LP coating was 

still uniform with the root-mean-square roughness (Rq) increasing to ~1.7 nm due to the formation 

of PEGDE layer. Moreover, the surface hydrophilicity was monitored in the step-by-step coating 

process, as shown in Figure 5.1(c). Compared to the LP coating, the formed PEGDE/LP coating 

showed enhanced surface hydrophilicity with the water contact angle (WCA) reducing from ~25° 

to ~15°, which was attributed to the introduction of a super hydrophilic PEGDE layer59. 

Additionally, the change of the surface zeta potential in the coating process was further 

characterized under neutral conditions (pH=7.4). As shown in Figure 5.1(d), the surface zeta 

potential of the bare silicon wafer was about ~ -60 mV, and the surface zeta potential LP coated 

substrate was increased to ~ +10 mV, which was due to the incorporation of positively charged 
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PEI onto substrate. Compared with LP-coated substrate, the zeta potential of PEGDE/LP-coated 

substrate was decreased to ~ -25 mV, as attributed to the modification of the PEGDE layer onto 

surface. 

Figure 5.1 (a) Schematic of the synthesis route of PEGDE/LP coating; (b) AFM images of LP 

coating and PEGDE/LP coating of resulting PEGDE/LP coating; (c) The water contact angles and 

(d) zeta potentials of bare silicon wafer, LP-coated silicon wafer, and PEGDE/LP-coated silicon 

wafer (Data was reported as means ± standard deviation (SD) for n = 3 independent experiments). 

Since the structure of PEGDE/LP coating was governed by the bridging effect of amnio 

groups on LP bio-glue layer towards the epoxy groups of PEGDE polymer through ring-opening 

reaction. Thus, the influence of the density of the amnio groups in the LP bio-glue layer on the 

structure of the resulting PEGDE/LP coating was further investigated by changing the PEI 

concentration in the self-assembly process. Without PEI, almost no coating was formed in the 

deposition process (Figure S5.2), which was due to the slow oxidative polymerization rate and the 
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electrostatic repulsion of carboxyl groups of L-Dopa47; As shown in Figure S5.3, at low PEI 

content (5 mg/mL), the PEI was in short supply to crosslink with L-Dopa, leading to the sparse LP 

layer and thus the defective PEGDE/LP coating; By increasing the PEI content to 10 mg/mL, the 

L-DOPA was well covalently crosslinked with adequate PEI to form a uniform LP layer with 

highly dense amnio groups, thus resulting in the PEGDE/LP coating with highly dense structure. 

However, when further increasing the PEI content to 15 mg/mL, the formed LP coating became 

sparse and aggregated, which was due to LP co-deposition process being suppressed by the high 

concentration of PEI 38, 49. Conclusively, suitable PEI content in the co-deposition process would 

not only provide sufficient amino groups for anchoring the PEGDE polymer chain but also avoid 

aggregation of the formed PEGDE coating.  

Figure 5.2 (a) XPS survey scan of LP and LP/PEGDE coating; High-resolution N1s spectrum of (b) LP 

coating and (c) LP/PEGDE coating; High-resolution C1s spectrum of (d) LP coating and (e) LP/PEGDE 

coating; (f) FTIR spectrum of PEGDE polymer, LP coating, and PEGDE/LP coating. 
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The surface element composition and chemical bonding states of as-prepared coatings were 

further characterized by the X-ray photoelectron spectrometer (XPS). As shown in Figure 5.2(a), 

the survey scan spectrum revealed the presence of C, O, and N elements in both LP coating and 

PEGDE/LP coating. As shown in Figure 5.2(b)~(c), the C-N and C=N bonds observed in the high-

resolution N1s spectrum of both LP coating and PEGDE/LP coating suggested the formation of 

Schiff bases/Michael addition reaction in the L-Dopa/PEI co-deposition process. Moreover, the C 

1s spectrum of LP coating and PEGDE/LP coating in Figure 5.2(d)~(e) can be deconvoluted into 

three peaks at 284.7, 286.8, and 288.5 eV, which can be assigned to C=C, C-O, and C=O bonds.60, 

61 Compared to the C 1s spectrum of LP-coating, the C-O ratio in the C1s high-resolution spectrum 

of PEGDE/LP coating was much higher than LP coating, which may be attributed to the 

incorporation of abundant C-O groups of PEGDE polymer chains. The chemical bonding states of 

LP coating and PEGDE/LP coating were further characterized by FT-IR spectroscopy. As shown 

in Figure 5.2(f), the peaks observed around 1690 cm−1 and 1600 cm−1 in both FT-IR spectrums of 

LP coating and PEGDE/LP coating were attributed to the stretching vibration of C=N bond by 

Schiff bases reaction, and the stretching peak of –NH2 group of PEI, respectively.47, 62 For the FT-

IR spectrum of PEGDE polymer, the peak around 1060 cm-1 observed was attributed to the 

stretching vibration peak of C-O-C groups in the PEGDE polymer chain. The ring-opening 

reaction between PEGDE polymer and LP coating can be demonstrated by detecting the change 

of stretching vibration of the epoxy groups and -NH2 groups from the FTIR spectra. As shown in 

Figure 5.2(f), the stretching vibration at around 1600 cm-1 was attributed to the -NH2 groups of 

PEI in the LP coating. Moreover, for the PEGDE polymer, the stretching vibration at around 920 

cm-1 was attributed to the epoxy groups. After the PEGDE coating process, the stretching 

vibrations of epoxy groups and -NH2 groups on the FTIR spectra of PEGDE/LP coating were 
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weakened, indicating that the successful crosslinking between epoxy groups and -NH2 groups 

through ring-opening reaction,50 Moreover, the surface zeta potentials decreased from ~ +10 mV 

to ~ -25 mV after the PEGDE coating process, indicating that the positively charged -NH2 groups 

on the LP coating were consumed by reacting with the epoxy groups of PEGDE polymer. 

Figure 5.3 (a) The fluorescence microscope image of bare and PEGDE/LP coated-silicon 

wafer/mica after exposing FTIC-BSA for 2 h; (b) Changes of the frequency associated with the 

adsorption of the BSA on the bare and PEGDE/LP-coated silicon sensors in the QCM test; 

Force−distance profiles measured between the BSA layer and (c) bare or (d) PEGDE/LP-coated 
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mica surfaces in PBS buffer (The experimental configuration of SFA setup was shown in the insert 

picture). (e) The anti-protein adsorption performance of and PEGDE/LP coated-silicon wafer 

towards different kinds of proteins. (Data was reported as means ± SD for n = 3 independent 

experiments). 

5.3.2 Antifouling property and mechanism of PEGDE/LP coating 

The protein-repellent property of PEGDE/LP coating was evaluated by using FTIC-BSA 

as the model foulant with confocal fluorescence microscopy imaging method. As shown in Figure 

5.3(a), the bare silicon wafer and mica surfaces showed uniform and intense fluorescence signals 

after exposure to the FITC-BSA solution for 2 h, which was caused by the significant BSA 

adsorption on the silicon surface. Notably, no obvious fluorescence signals were observed on the 

PEGDE/LP-coated silicon wafer and mica surfaces under the same conditions, indicating that the 

PEGDE/LP coating effectively prevents the adsorption of BSA. To further investigate the 

antifouling property of PEGDE/LP coating towards BSA adsorption, the quantitively BSA 

adsorption on the silicon sensors with/without PEGDE/LP coating was conducted was by using a 

QCM. As for the bare silicon sensor, contact with BSA solution would lead to an obvious increase 

of frequency in the QCM spectrum, indicating the significant BSA adsorption on the surface 

(Figure 5.3(b)). In contrast, for the PEGDE/LP-coated silicon sensor, only a small amount of BSA 

fouling was adsorbed on the PEGDE/LP-coated silicon sensor, demonstrating the excellent 

antifouling property of PEGDE/LP coating. Additionally, different kinds of foulants such as K-

carr, Lyso, Pep, L-lysine, and HA were further applied to evaluate the antifouling property of as-

prepared PEGDE/LP coating. As shown in Figure 5.3(e), foulant solutions will all lead to obvious 

adsorption onto the bare silicon sensor; In contrast, only a neglectable amount of different foulants 
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were adsorbed on the PEGDE/LP-coated silicon sensor, indicating the outstanding and universal 

antifouling property of as-prepared PEGDE/LP coating. 

For a better understanding of the excellent antifouling property of as-prepared coating, the 

normal force interactions between the PEGDE/LP coating and BSA coating (Figure S5.4) were 

directly measured by using SFA with the experiment setup shown in the insert schematics of Figure 

5.3(c). As shown in Figure 5.3(c), obvious adhesion (~ 1 mN/m) was observed when bare mica 

surface and the BSA-coated surface were brought into contact and separated, indicating the BSA 

showed high affinity to deposition on the mica surface. On the contract, as shown in Figure 5.3(d), 

the measured force-distance profiles showed a pure repulsion between PEGDE/LP coating and 

BSA coating during the surface approach and separation process, indicating that there was no 

adhesion hysteresis. Such pure repulsion was mainly attributed to the strong hydration and steric 

repulsion of the high-anchoring density of PEGDE polymer on the substrate, serving as a physical 

barrier to prevent direct contact between BSA and substrate,59, 63 which was consistent with the 

above QCM and fluorescence images results. Thus, both QCM and SFA results indicated the 

significant role of PEGDE/LP coating in the antifouling process.  
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Figure 5.4 SEM images of (a) bare PVDF membrane, (b) LP-coated PVDF membrane, (c) 

PEGDE/LP-coated PVDF membrane; (d) Summary of EDX results of LP and PEGDE/LP-coated 

membrane (Data was reported as means ± SD for n = 3 for the scanning tests per sample); (e) EDX 

mapping results of PEGDE/LP-coated membrane.  

5.3.3 PEGDE/LP-coated membrane fabrication 

The as-proposed PEGDE coating strategy can be further used to fabricate an antifouling 

membrane applied in the oil/water (O/W) emulsion separation process. The morphologies of as-

prepared membranes were characterized by scanning electron microscope (SEM) and shown in 

Figure 5.4. The SEM images of the pristine PVDF membrane in Figure 5.4(a) showed a highly 

porous structure with a smooth surface. Moreover, the LP-coated membrane showed a relatively 
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rough structure with the layer of nano-aggregates uniformly coating on the surface, indicating the 

successful deposition of the LP layer on the membrane (Figure 5.4(b)). Compared to the LP-coated 

PVDF membrane, the PEGDE/LP-coated membrane surface showed an increased surface 

roughness (Figure 5.4(c)), which can be attributed to the assembly of the PEGDE layer on the LP-

coated membrane. Meanwhile, the mass contents of the C and O increased from ~51.3 wt.% and 

~0.4 wt.% of LP-coated membrane to ~53.4 wt.% and ~1.8 wt.% of PEGDE/LP-coated membrane 

(Figure 5.4(d)), which can be attributed to the incorporation of the PEGDE layer on the membrane 

surface. Moreover, the corresponding EDX element mapping results of the PEGDE/LP-coated 

membrane showed a uniform distribution of C, N, and O elements on the membrane surface 

(Figure 5.4(e)), demonstrating the homogeneous structure of the as-prepared PEGDE/LP-coated 

membrane. 

5.3.4 Wettability of PEGDE/LP-coated membrane 

The wettability of as-prepared membranes was further characterized by measuring their 

water contact angle (WCA). As shown in Figure 5.5(a), the PVDF membrane without modification 

exhibited a hydrophobic nature with the WCA~90°, For the LP-coated membrane, the 

corresponding WCA slight declined to ~40° due to the attachment of a small number of hydrophilic 

moieties onto membrane surface; After depositing the hydrophilic PEGDE layer onto the 

membrane, the PEGDE/LP-coated membrane showed a significantly declined WCA with the 

water droplets instantaneously spreading on membrane within several seconds. Moreover, the 

comprehensive underwater oil contact angles (OCA) of the PEGDE/LP-coated membrane towards 

different oils including toluene, pentane, and heptane were further investigated (Figure S5.5). It 

could be observed that the PEGDE/LP-coated membrane showed high OCAs (~160°) for all 
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different kinds of oil droplets, demonstrating the underwater superoleophobicity of as-prepared 

PEGDE/LP-coated membrane.  

The stability of as-prepared membrane was systematically evaluated by monitoring the 

wettability of the PEGDE/LP-coated membrane under acid/alkaline/salt solution conditions. As 

shown in Figure 5.5(b) and Figure S5.6, the underwater OCA of PEGDE/LP-coated membrane 

remained almost unchanged under a wide pH range (2~10) and different kinds of salt conditions 

(1M salt solutions), demonstrating the great stability of PEGDE/LP-coated membrane under 

acid/alkaline/salt solution conditions, which can be attributed to the formation of covalent bonds 

between PEGDE polymers and the underlying LP-coated substrates.  

Additionally, the dynamic oil adhesion test with an “approach–compress–detach” process 

was conducted by using integrated thin-film drainage apparatus (ITFDA) to evaluate the anti-oil 

adhesion property of as-prepared membranes. The setup of ITFDA was shown in Figure 5.5(c). In 

a typical dynamic oil adhesion test process, a toluene droplet (∼ 2 mm) was held at the end of 

capillary tube, pressed onto the membrane surfaces, and then retracted from the membrane surface 

driven by a diaphragm of high-frequency speaker. The “approach–compress–detach” process was 

recorded using a camera.64. As shown in Figure 5.5(d), the oil droplet would spontaneously spread 

onto the pristine PVDF membrane after coming into contact with the membrane surface due to the 

hydrophobic nature of the PVDF membrane. On the contract, the oil droplets can be easily lifted 

after contacting with PEGDE/LP-coated membrane, and almost no shape deformation of the oil 

droplet was observed in the detach process, indicating the outstanding oil-repellent properties of 

the as-prepared PEGDE/LP-coated membrane.  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/capillary-tubes
https://www.sciencedirect.com/topics/engineering/diaphragms
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Figure 5.5 (a) The change of WCA versus time profile of bare PVDF membrane, LP-coated PVDF 

membrane, and PEGDE/LP-coated PVDF membrane; (b) Underwater oil contact angle of 

PEGDE/LP-coated PVDF membrane at different pH conditions (Data was reported as means ± SD 

for n = 3 independent experiments); (c) Schematic diagram of ITFDA setup; (d) Underwater oil 

adhesion test of bare PVDF membrane and PEGDE/LP-coated PVDF membrane.   

5.3.5 Oil/water emulsion separation performance of PEGDE/LP-coated membrane  

The filtration performances of as-prepared membranes were evaluated by using the vacuum 

filtration device (Figure 5.6(a)). As shown in Figure 5.6(b), the pure water flux of the pristine 

PVDF membrane was limited due to its hydrophobic nature. Notably, the pure water fluxes of 

PEGDE/LP-coated membrane were significantly increased to ~8000 L m−2 h−1 bar-1. This 

enhanced water flux can be attributed to the existence of hydrophilic PEGDE/LP coating on the 
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membrane surface, which can effectively reduce the water permeation resistance in the filtration 

process55, 65. Moreover, the pure water flux of the PEGDE/LP-coated membrane remained almost 

unchanged under different solution conditions (Figure 5.6(c)), indicating the good stability of 

PEGDE/LP coating under harsh conditions. For the oil-in-water (O/W) emulsion separation 

process, the obtained O/W emulsion was milky and stable, and the size distribution of the oil 

droplets in the emulsion was ~ 1000 nm (Figure 5.6(a)). After the filtration process, the milky-like 

O/W emulsion turned to be clean and transparent, and the size distribution of the oil droplets after 

filtration decreased from ~1000 nm to ~10 nm, demonstrating the successful O/W separation by 

using the as-prepared membranes. It should be noted that the peak at ~10 nm was attributed to the 

SDS micelle rather than oil droplets18. Moreover, Figure 5.6(d) showed the water permeation flux 

of the LP-coated membrane and PEGDE/LP-coated membrane for the separation of different kinds 

of O/W emulsions. The LP-coated membrane showed a water permeation flux ~1000 L m−2 h−1 

bar-1 for separation of the chloroform-in-water emulsion, hexane-in-water emulsion, and toluene-

in-water emulsion. Notably, the water permeation flux of PEGDE/LP-coated membrane increased 

from ~1000 L m−2 h−1 bar-1 to ~3000 L m−2 h−1 bar-1 for separation of chloroform-in-water 

emulsion, hexane-in-water emulsion, and toluene-in-water emulsion, which can be attributed to 

the enhanced surface hydrophilicity of membrane by incorporation of the hydrophilic PEGDE 

layer on the membrane, resulting in low mass transfer resistance of membrane for water 

permeation 11, 66. The separation performance of the as-prepared membrane was summarized and 

compared with other state-of-art anti-oil materials in Table. S5.1. To further characterize the 

stability of PEGDE/LP-coated membrane in the O/W separation process, the cyclic O/W 

separation test was also conducted, as shown in Figure 5.6(e), the water permeation flux and oil 

rejection rate of as-prepared PEGDE/LP-coated membrane almost remained unchanged within 
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five O/W separation cycles, indicating the outstanding stability of the as-prepared membrane in 

the O/W separation process. Moreover, in order to demonstrate the stability of PEGDE/LP coated 

membrane in the oil-in-salty water emulsion separation process. The O/W emulsion separation test 

was conducted under saline water conditions. As shown in Figure S5.7, the PEGDE/LP coated 

membrane showed a water permeation flux ~3000 L m−2 h−1 bar-1 for the separation of hexane-in-

water emulsion and toluene-in-water emulsion with 1M NaCl, which was similar to the water 

permeation flux of PEGDE/LP coated membrane for the separation of O/W emulsion without salt, 

indicating the outstanding stability of PEGDE/LP coated membrane under saline water 

environment. 

Figure 5.6 (a) The diagram of dead-end filtration device and the size distribution of emulsion 

before and after filtration; (b) Pure water flux of bare PVDF membrane, LP-coated PVDF 

membrane, and PEGDE/LP-coated PVDF membrane; (c) Water flux of PEGDE/LP-coated PVDF 

membrane under different solution conditions; (d) Oil-in-water (O/W) emulsion separation 

performance of PEGDE/LP-coated PVDF membrane; (e) Cyclic O/W emulsion separation test of 

PEGDE/LP-coated PVDF membrane. (Data was reported as means ± SD for n = 3 independent 

experiments in (b) to (e)). 
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To evaluate the antifouling performance of as-prepared membrane in the oil/water 

separation process, the filtration-cleaning cyclic test of as-prepared PEGDE/LP-coated membrane 

was conducted to monitor the real-time variation of water permeation flux in the separation of 

O/W emulsions containing model foulants such as BSA and HA. As shown in Figure 5.7(a), for 

the real-time separation of SDS stabilized O/W emulsion by the PEGDE/LP-coated membrane: In 

the first stage, a rapid decline in initial water permeation flux is observed, which can be attributed 

to the possible formation of a filtration cake on the membrane surface.20, 67 In the second stage, the 

decline rate of the water permeation flux was slower until to a nearly constant rate (~20% of the 

initiate water permeation flux). In the third stage, the water permeation flux of PEGDE/LP-coated 

membrane can be easily restored after simply hydraulic washing. The recovery rate of the 

PEGDE/LP-coated membrane was over 90% of the initial water permeation flux after two cycles, 

indicating its outstanding antifouling properties for separation of the oily emulsion, it can be 

attributed to the hydrophilic PEGDE layer that captured a dense hydration layer on the membrane 

surface, showing ultralow adhesion to the emulsion droplets, thus the formed filtration cake on the 

membrane surface can easily be removed by simply hydraulic wash.68 To further investigate the 

antifouling performance of as-prepared PEGDE/LP-coated membrane, two more different O/W 

emulsions containing BSA and HA were applied to conduct the real-time separation test.11, 69 

Notably, it was worth noting that the PEGDE/LP-coated membrane can still restore ~90% of the 

water permeation flux after two cycles by rinsing with DI water, further indicating that the great 

recyclability and reusability of the PEGDE/LP-coated membrane, and the outstanding antifouling 

properties of PEGDE/LP-coated membrane towards oily contamination and other troublesome 

foulants including surfactants or proteins that may cause membrane fouling.  
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Figure 5.7 (a) The real-time O/W emulsion, O/W emulsion+BSA, and O/W emulsion+HA 

separation test by using PEGDE/LP-coated membrane; (b) The oil fouling and self-cleaning test 

of bare PVDF membrane and PEGDE/LP-coated membrane; (c) The underwater oil jetting 

experiment of bare PVDF membrane and PEGDE/LP-coated membrane. 

To further investigate the antifouling property of the as-prepared membrane, as shown in 

Figure 5.7(b), the membranes were firstly fouled by toluene droplets and then immersed in water, 

the oil droplets were attached to the bare PVDF membrane even after immersing in water. Notably, 

the oil droplets onto PEGDE/LP-coated membrane were easily detached from the membrane under 

underwater conditions, which was attributed to the super-hydrophilic nature of PEGDE/LP coating 

on the membrane surface. Moreover, the anti-oil fouling property of the PEGDE/LP coated 

membrane was verified by the underwater oil jetting test shown in Figure 5.7(c): The toluene drops 

were bounced back from the surface of the PEGDE/LP-coated membrane, while the oil drop 
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residues were easily attached on the surfaces of bare PVDF membrane, further demonstrating the 

anti-oil adhesion property of as-prepared membrane. 

5.4 Conclusions 

This work reports a novel strategy to construct a durable antifouling coating by integrating a bio-

inspired bio-glue layer and a covalently anchored hydrophilic PEG layer. The developed 

PEGDE/LP coating featured a densely packed structure with super-hydrophilic nature (with a 

WCA~15°) and endowing the PEGDE/LP-coated substrates with superior antifouling properties 

to resist oily contamination and adhesion of various proteins, such as BSA or HA. Moreover, the 

as-prepared PEGDE/LP-coated PVDF membrane exhibited outstanding stability and maintained 

its wettability under acid/alkane/salt treatment due to the covalently crosslinked structure of 

PEGDE/LP coating. The PEGDE/LP-coated PVDF membrane also showed enhanced water flux 

(over 3000 L m−2 h−1 bar-1) and achieved ~ 90% water flux recovery ratio for separation of different 

kinds of O/W emulsions. 

Compared to previously reported membranes for O/W emulsion separation [74-76], the 

PEGDE/LP-coated membrane developed in this work shows improved antifouling property, 

enhanced stability in harsh conditions, and outstanding O/W emulsion separation performance. 

Such a combination of these desirable features into the developed antifouling membrane makes it 

a promising candidate for the practical O/W emulsion separation. 

For the further study, colloidal probe atomic force microscope techniques will be applied to 

investigated the assembling mechanisms in the PEG coating process and to help develop advance 

antifouling coatings for various water treatment processes. 
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Supporting information 

 

Figure S5.1 The UV-Vis spectrum of PEI, L-Dopa, PEI/L-Dopa solutions 

 

Figure S5.2 The AFM images of L-dopa coating. 
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Figure S5.3 The AFM images of LP coating and corresponding PEGDE/LP coating with PEI 

concentration ranging from 5 mg/mL to 15 mg/mL. 

Figure S5.4 The AFM images of BSA coating. 
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Figure S5.5 The OCA of PEGDE/LP-coated membrane towards different kinds of oil. (Data was 

reported as means ± SD for n = 3 independent experiments). 

Figure S5.6 The OCA of PEGDE/LP-coated membrane under different salt conditions. (Data was 

reported as means ± SD for n = 3 independent experiments). 
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Figure S5.7 Separation performance of PEGDE/LP coated membrane for the O/W emulsions 

with/without salt (Data was reported as means ± SD for n = 3 independent experiments). 

 

Table S5.1 The summary of O/W separation performance of different anti-oil materials. 

 

 

   

Anti-oil 
material 

Substrate Method Type of oil Water flux 
(L/m2/h/bar) 

Ref 

SnO2 coating PVDF membrane 
(0.22 um) 

Atomic layer 
deposition 

O/W 
emulsion ~800 70

 

Cu2+/alginate 
coating 

PAA-g-PVDF 
(0.065 um) 

Layer-by-layer 
assembly 

O/W 
emulsion ~1300 18

 

Zwitterionic 
nanohydrogel 

PVDF membrane 
(0.22 um) Chemical grafting O/W 

emulsion ~1200 11
 

TA/APTES PVDF membrane 
(0.22 um) Self-assembly O/W 

emulsion ~2000 48
 

TiO2/PVDF PVDF membrane 
(0.22 um) Co-deposition O/W 

emulsion ~700 71
 

TA/cysteamine 
coating 

PVDF membrane 
(0.22 um) Co-deposition O/W 

emulsion ~2000 72
 

PEGDE/LP 
coating 

PVDF membrane 
(0.22 um) 

Layer-by-layer 
assembly 

O/W 
emulsion ~3000 This work 
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Chapter 6. Conclusions and Future work 

6.1 Original contributions and major Conclusions  

The original contribution of this thesis can be summarized in the following two parts. In 

terms of fundamental knowledge, the molecular interaction mechanism in the mussel-inspired 

coating assembly process was investigated and the roles of different components in the mussel-

inspired coating system were analyzed. This fundamental study will provide new insight into 

designing mussel-inspired coatings with desirable structure and functionality. In terms of practical 

application, three functional mussel-inspired coating materials were successfully designed to 

efficiently remove the organic pollutants and oily contaminants from water. For instance, the as-

prepared nano catalyst showed a high catalytic rate towards organic dyes, which was about ten 

times faster than most reported catalysts. Moreover, the developed CNCs and PEGDE-coated 

membrane showed outstanding antifouling performances and enhanced water flux in the O/W 

emulsion separation process, demonstrating their great potential in oily wastewater purification. 

The major conclusions are summarized below: 

(1) A nano-catalyst with ultrahigh catalytic performance towards organic pollutants has 

been developed by anchoring abundant Ag NPs onto MGO substrate with the assistance of TA/Fe3+ 

coating by virtue of its strong metal coordination and reduction ability. The high load amount of 

Ag NPs and the synergetic dye adsorption effect of TA/Fe3+ coating contributes to the outstanding 

catalytic performance of Ag@MGO-TA/Fe3+ catalyst towards different kinds of organic dyes and 

nitrophenols. Moreover, the fabricated nanocomposite can be easily separated from the water 

phase and recycled due to its intrinsic magnetic property. The Ag NPs also endow the as-prepared 

nanocomposites with excellent antibacterial properties. Overall, this work provides useful 
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implications for the development of advanced multifunctional nanocomposites for various 

environmental applications. 

(2) An antifouling CNCs coating has been developed by tightly anchoring CNCs onto the 

substrates with the assistance of TA/PEI/V intermediate adhesive layer, which provides abundant 

functional groups as the anchoring points to tightly link the CNCs onto substrates. The structure 

of CNCs coating can be well modulated by changing the V3+ ions concentration in the coating 

assembly process. The as-prepared CNCs coating shows excellent antifouling properties to prevent 

oil adhesion, protein adsorption, as well as cell attachment due to its super-hydrophilic nature. The 

developed CNCs coating can maintain its structural integrity after the cyclic friction test because 

of the rigid structure of CNC. Moreover, the CNCs-coated PVDF membrane shows outstanding 

separation performance and anti-oil fouling property in the O/W emulsion separation process. Thus, 

this work provides new insight into the precise designing of functional surface coating with tunable 

properties for a broad range of engineering and environmental applications. 

(3) A durable antifouling coating has been developed by covalently anchoring the PEGDE 

polymer onto LP bio-glue layer via a ring-opening reaction. The as-prepared PEGDE/LP coating 

shows outstanding stability and can maintain its wettability after acid/alkaline/salt treatments.  The 

super-hydrophilic nature of PEGDE polymer endows the as-prepared PEGDE/LP coating with 

excellent antifouling properties to effectively prevent the adhesion of various proteins onto its 

surface, which was mainly attributed to the strong surface hydration and steric repulsion of dense-

packed PEGDE polymer on the substrate. Moreover, the fabricated PEGDE/LP-coated membrane 

can effectively separate O/W emulsion and prevent oil or protein adhesion on its surface in the 

O/W separation process. Overall, this developed PEGDE/LP coating strategy can be applied to 



155 
 

construct a durable antifouling coating onto various substrates applied in practical wastewater 

treatment processes. 

6.2 Future work 

(1) Although impressive progress has been achieved in the fabrication of NPs-based 

catalysts for organic pollutant removal, most NPs are still costly due to their complex synthesis 

process. The development of a new high-efficient and cost-effective nanocomposite catalyst can 

be explored with the assistance of a mussel-inspired coating strategy. 

(2) For the CNCs antifouling coating, the durability of CNCs coating can be further 

improved by integrating self-healing properties into the fabricated coating. Such a self-healing 

property can be achieved by incorporating CNCs into a hydrogel network. The self-healing CNCs 

hydrogel coating can be fabricated onto the substrate with the assistance of an intermediate 

adhesive layer. 

(3) The PEG coating holds great potential to be upgraded into a multifunctional coating for 

wastewater treatment. In future work, the PEG polymer will be further functionalized by 

incorporating functional monomers, such as amine-rich monomers, into the PEG polymer chain to 

endow the antibacterial property to the fabricated PEG coating. 
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