
 
 

Design and Implementation of Photoreactive Membrane Systems for 

Water Purification  

 

 

 

by Ruochen Zhu 

 

 

 

B.S. in Environmental Science, July 2012, Anhui University  
M.S. in Civil and Environmental Engineering, Dec 2013, Carnegie Mellon University 

 

 

A Dissertation submitted to 

 

 

 

The Faculty of  
The School of Engineering and Applied Science  

of The George Washington University  
in partial fulfillment of the requirements  
for the degree of Doctor of Philosophy 

 

 

 

January 7, 2022 

 

 

 

Dissertation directed by 

 

Danmeng Shuai 

Associate Professor of Civil and Environmental Engineering 

 



ii  
 

The School of Engineering and Applied Science of The George Washington University 

certifies that Ruochen Zhu has passed the Final Examination for the degree of Doctor of 

Philosophy as of September 14, 2021. This is the final and approved form of the 

Dissertation. 

 

 

Design and Implementation of Photoreactive Membrane Systems for 

Water Purification  

 

 

Ruochen Zhu 

 

 

 

Dissertation Research Committee: 

 

Danmeng Shuai, Associate Professor of Civil and Environmental Engineering, 

Dissertation Director 

 

Yun Shen, Assistant Professor of Chemical and Environmental Engineering, 

University of California, Riverside, Dissertation Co-Director  

 

Rumana Riffat, Professor of Civil and Environmental Engineering, Committee 

Member 

 

Santiago Solares, Professor of Mechanical and Aerospace Engineering, Committee 

Member 

 

Xitong Liu, Assistant Professor of Civil and Environmental Engineering, 

Committee Member 

 

 

 

 

 

 

 

 

 

 

 

 
 



iii  
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright 2022 by Ruochen Zhu 

All rights reserved. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



iv 

 

                                                              Dedication 
 
 

To those who never give up on me when I have already given up myself. 

 
 
 
 
 
 
 
 
 
 



v 

 

Acknowledgements 

 

 

I am indebted to my family for their countless caring and selfless love. I would like to 

thank them for guarding my right to make choices and bearing my stupid thoughts.  

To my beloved mother, I am appreciated your love throughout your entire life. For 

giving birth to me, raising me up, forgiving my bad manners, and accepting my 

shortcomings. I cannot go this far without your sacrifice to the family, and I imagined you 

would be in the audience for my defense. I owe you too much to fully pay you back and I 

am truly sorry for not being a good son. Words cannot express how grateful and fortunate 

I am to be your son. To my father, I must pay tribute to you for providing me the 

independence and freedom to find my own life. I am truly thanking you for all your support 

and contributions to our family. Besides all the disagreements we had, I am proud of you 

as a dedicated dad.  

To my advisor Danmeng Shuai, I would like to thank him for his gracious support and 

countless encouragement for my Ph.D. study and my personal life as well. Without his 

help and guidance, the journey of my Ph.D. study would be impossible to complete. His 

expertise in both fundamental theories and experimental experiences provided me 

valuable suggestions and helpful feedback. I am truly appreciated to his suggestions on 

how to formulate reasonably grounded research questions and to even turn conventional 

assumptions upside down by challenging authorities. Thank you for being encouraging 

and being positive, making a fun and happy research group and offering priceless advice 

about my research, presentations, and future career. Beyond a mentor, thank you for 

providing me various opportunities and giving me the freedom to pursue my interests.  



vi 

 

I am tremendously grateful to Dr. Majid T. Marzari, I would like to thank him for 

valuable supports on behalf of the CEE department, for giving me so many opportunities 

to contribute to the impactful work.  Thank for your extraordinary help of introducing me 

to a group of amazing talents with whom to collaborate and to learn. 

I truly appreciate Dr. Santiago D. Solares, He has always been encouraging and 

enthusiastic to me. I always remember his big smile for every dayôs greetings. I would like 

to thank him for sparking my interest in the field of material science and atomic force 

microscopy (AFM). His expertise in AFM and enlightening insights significantly helped 

my work, especially when I faced difficulties in my research. Profound impact he has had 

on me is to keep being happy with your work, I cannot imagine what I could be without 

his daily encouragement on the hallway. Thank his entire team for supporting me on my 

journey in their Scanning Probe Microscopy lab. 

I would like to thank Dr. Rumana Riffat being my committee member since the 

beginning of my Ph.D. study, I am incredibly thankful for her expertise and guidance for 

providing valuable comments and helpful opinions, which are essential to the completion 

of this dissertation. 

To Dr. Tianshu Li, thank you for providing insightful guidance since my qualifying 

exam. Your encouragement and dedication to the work have set a remarkable example for 

pursuing academic interests as a researcher. Moreover, his great passion of cycling on 

daily commute regardless of the weather makes a profound impression on me. 

I appreciate Dr. Yun Shen and Dr. Xitong Liu for being the committee members for my 

dissertation defense. Dr. Yun reminds me of the word ñMy heart is in the work.ò for 

demonstrating a noteworthy commitment to the research of pathogen transmission and 



vii  

 

pathogen control in environmental matrices. Dr. Liu is a kind professor bringing the 

collaborative spirit and effectively prompting the establishment of the atomic force 

microscopy lab in the CEE department for providing a convenient tool in the research of 

nanotechnology and interface mechanisms. 

To Dr, Christine A. Brantner in Nanofabrication and Imaging Center, thank you for the 

tough training, in-depth guidance and illustration on electron microscopy. Thank you for 

keeping the SEM and TEM running at good status. I am grateful for allowing me to 

schedule and to play around my experiments during the weekends.  

I would like to thank Dr. Saniya LeBlanc in MAE department for her great training and 

guidance on nanomaterial study. The field trip to North Carolina had enlightened me about 

the true story behind the green energy industry.  

Thanks Dr. Samer Hamdar for being a kind and welcomed professor who provides the 

opportunities for many discussions of some innovative thoughts. Also, I am honored to be 

a TA on Dr. Pedro Silvaôs class for the past semesters.  

I must thank Henrik de Gyor for being a fantastic mentor for NSF I-corps competition 

outside of the members of my dissertation committee. Thank you for guiding me to a tour 

from the lab to the industry, and all the information you provided for transferring a lab-

scale technology to a commercially available product. I am so appreciated for your help 

during our meetings and trips in Atlanta and Minneapolis.  

Thankfully, my life extended joyfully with my friend Xiaoliang Zhang, I am thankful 

to have him in my life during my depressed and struggling time. It is fortunate to have a 

good friend like him to pour out my troubles and painful feelings. The tears and laugh we 

had together would be a reminder of all those cherished days.  



viii  

 

I also owe a great thank to the senior graduate student Tao Ye in my lab for making lab 

fun and being great friend. I want to thank him for the countless happy hours in the lab, 

passing on his experience to me, teaching me to do rigorous experimental work, and 

making SHE 3290 a happy place to work in. Another former lab mate, Qinmin Zheng, 

also as a kind roommate, had taught me a lot for many aspects about and beyond the 

research. Thank you for generously being a partner and offering wonderful ideas for my 

life. 

Huge thanks to Hongchen Shen, a lab friend who sits next to me nearly every day for 

all these years. Thank you for debating with me every single day as a daily fun. Your 

dedication to the lab has inspired me a lot, especially your hard work on the microbial part. 

Thank you for spending time and collaborating in close work and contributions. 

I am grateful to Dr. Alfredo Diaz and Dr. Enrique A. López-Guerra for training me on 

the AFM operations and procedures and passing on the experience and tricky tips. Your 

valuable comments, discussions, and fantastic work with AFM helped me to reach 

unexplored lands of my research. 

Next, to Baoqiang Li, Wei Zhu. Their insightful recommendations always helped me 

get out of confusions and find the right paths on my life journey. 

I want to thank my incredible friends and peers along the way at GWU, Jungjoon Ahn, 

Kerlin Robert, Abid Saadi, Rui Ling, Mengyang Zhang, Mengqiao Li, and Zhe Zhou. It is 

a great privilege to work with all of them. I would like to thank all of them for bringing 

me a cherished and unforgettable memory along with my Ph.D. journey. I am also grateful 

to so many people have left their givings in my part of life, helping me in unexpected ways. 



ix 

 

The acknowledgements would not be complete without a great thank to our CEE and 

the administrative staff, especially Doreen Walters-Edwards, Sara Mahgoub, and Joyce 

Randolph for their dedicated work and kind help, making myself included and welcomed 

by the CEE group. 

I also want to thank for all the funding and scholarships from NFS and form the GWU. 

Their support is much appreciated. 

Finally, I would express my great thanks to Yating Ru and her family for sincere 

blessings and unquestioning support for me. The thesis could not have been accomplished 

without the collective support from them.  

 

 



x 

 

Abstract of Dissertation 

 

 

Design and Implementation of Photoreactive Membrane Systems for  

Water Purification  

 

The introduction of membrane filtration has significantly contributed to sustainable 

water reuse by rendering effective water purification. Considering the wide use and 

increasing demand for purified water as well as the tremendous need of saving energy 

consumption and reducing chemical footprint, the development of sustainable membrane 

technology has growing in recent years along with the increasing impetus in the domain 

of 2D nanomaterials, offering excellent platforms for designing performant membrane 

systems. However, membrane fouling, as a remarkable challenge in membrane filtration, 

compromises the membrane performance by not only impairing the membrane selectivity, 

but also reducing the yield of purified water. This dissertation is hence motivated by the 

potential value of integrating materials-based membrane technology and photocatalytic 

degradation in a sustainable way to mitigate fouling and to improve the performance of 

membrane filtration.  

First, I utilized titanium dioxide (TiO2) in a separate photocatalytic system to investigate 

the performance of a photocatalytic membrane system for mitigating fouling, and to 

identify critical properties for membrane fouling. The photocatalytic system had been 

demonstrated to disaggregate foulants and mitigate fouling adhesion forces in both 

foulant-to-membrane and foulant-to-foulant interactions. A radar map was rationally 

designed to highlight the enhancement of anti-fouling ability in a comprehensive way to 

predict fouling behaviors. 



xi 

 

In the second part, I proposed hybrid strategies by fabricating graphitic carbon nitride 

(g-C3N4) membrane to reduce membrane fouling and to improve water filtration 

performance. The introduced exfoliated 2D carbon nitride nanosheets were incorporated 

to fabricate the integrated photo-reactive membrane, which had achieved filtration with 

inactivation of bacteria (i.e., E. coli), and the biofilm control of Staphylococcus 

epidermidis, providing a new pathway of anti-fouling membrane development.  

Thirdly, I highlight the strengths of using atomic force microscopy (AFM) as a 

promising tool to explore various insights on properties and interactions, especially for the 

characterization in the environmental engineering field.  

This thesis aims to develop a photoreactive membrane system towards enhanced water 

flux, desired membrane selectivity, and optimized fouling mitigation, as well as to 

understand the underlying mechanisms. The broader impacts of this thesis include the 

development of a framework of sustainable water purification to combine physical 

separation and chemical reactions. 
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Chapter 1: Introduction  

 

1.1  Background and General Overview 

 The global challenge of water scarcity and aquatic pollution has been widely 

recognized as a major issue for the development of our human society. From Figure 1.1, 

we can see there are still areas from various countries suffering from the insufficient 

supply of renewable water resources. The imbalance drinking and usable water resources 

among the world are impacted by the pollution from complex contaminants through 

industrial and municipal activities.1 Millions of people are facing the challenges of getting 

access to safe and sustainable drinkable water (Figure 1.2). And the situation might 

become increasingly severe in the near future due to the current trend of population growth 

and global ecological damage. By 2050, 1.8 billion people are supposed to face water-

deficient situation in water-deficient regions.2 

 

 

  

 

 

 

 
 

 

 

 

Figure 1.1 Global distribution of renewable water resources.3 
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(Reprinted with permission from AQUASTAT, Food and Agriculture Organization, 

Copyright 2015.) 

Moreover, the lack of adequate sanitation for safe drinking water will rise the potential 

human health risks due to the chemicals and microorganisms including viruses remained 

in drinking water supply. This global emerging problem of both quality and quantity of 

water supply has driven the paramount development of sustainable water reuse technology 

for guaranteeing safe and sufficient water supply.  

 

 

 

 

  

  

 

 

 

 

Figure 1.2 Global distribution proportion of population using improved drinking 

water sources (%).4 

(Reprinted with permission from World Health Organization, Copyright 2015.) 

Various technologies have been developed for sustainable water purification, such as 

flocculation, adsorption, distillation, and advanced oxidization processes (AOPs). 

However, complex contaminants (e.g., inorganic salts, organic matter, disinfection 

byproducts and microorganisms) in the feed water put severe pressure on conventional 
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water treatment technologies to meet increasingly stringent water quality standards. 

Moreover, some technologies like AOPs require tremendous amount of chemicals, which 

might produce chemical byproducts and sludge, thereby making water treatment more 

complicated.5 Hence, the development of robust, sustainable, energy-efficient, and green-

chemical technologies is of remarkable significance. Currently those traditional methods 

of purifying water do not adequately satisfy the water purification requirements for 

treating wastewater and drinking water in compliance with discharge and use standards.6 

Pressure driven membrane technologies are serving as a potential solution to addressing 

the challenge of sustainability and they are playing an increasingly crucial role in water 

treatment processes, such as desalination, disinfection by-product control, disinfection, to 

remove organic, inorganic, and biological contaminants and to purify water for potable 

reuse.7,8 

Membrane technologies have been applied for water and wastewater treatment in 

various ways. Due to the energy efficiency, membrane technologies are increasingly 

growing to meet those challenges. Microfiltration (MF), ultrafiltration (UF), nanofiltration 

(NF), reverse osmosis (RO), forward osmosis (FO), membrane bioreactors (MBR), 

electrodialysis (ED), and membrane distillation (MD) have been developed for water 

purification and reclamation. Their inherent attributes, such as highly selective separation, 

low chemical footprints, scale-up potential, and low energy consumption, provide a 

promising future for water and wastewater purification. Furthermore, by combining 

several membrane technologies and various processes, such as the MBR-RO process and 

the UF-RO-ED multi-membrane process, remarkable outcomes and performance can be 

achieved for sustainable purification of seawater or industrial wastewater.9 Until now, 
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more and more water treatment plants have been built and demonstrated the potential for 

applying available commercial modules of membranes to produced purified water. 

 

 

 

 

 

 

 

 

Figure 1.3 Membrane processes for water purification. 10 

(Reprinted by permission from Macmillan Publishers Limited: Springer Nature, Nature 

Reviews Materials, Werber, J., Osuji, C. & Elimelech, Copyright 2016. DOI: 

10.1038/natrevmats.2016.18) 

Although the membrane processes have achieved tremendous success in the water 

treatment, however the concerns remain for challenges and limitations embedded in the 

membrane filtration processes. One inherent limitation of membrane processes lies in the 

permeability-selectivity trade-off.10 Water flux equation through the membrane can be 

described as: 

Jw = A(æP-æ ḿ)                                                                                                                   (1)11 

where Jw (L/m2/h) is the water flux, A is the permeability coefficient, ȹP is the applied 

hydraulic transmembrane pressure, and æˊm is the osmotic pressure difference across the 
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membrane, which is normally negligible for MF and UF processes, but cannot be omitted 

in NF and RO membrane processes.  

For porous membranes, the water permeability is related to the solution viscosity (ɛ), 

membrane surface porosity (Ů), membrane pore radius (rp), and membrane active layer 

thickness (ŭm) according to the HagenïPoiseuille equation.11 

ὃ                                                                                                                                                                                                (2)11 

Therefore, in order to achieve a high selectivity, the average pore size should be smaller 

than the rejected particles, which in return compromises the water flux. 

For non-porous dense membranes, the transport and transfer of water and chemicals are 

determined by the diffusion model. In this case, the water permeability coefficient can be 

expressed by the following equation12: 

ὃ                                                                                                                                                                                                (3)12 

where Vw is the molar volume of water, Rg is the gas constant, and T is the absolute 

temperature. On the other hand, the transport of the solute can be expressed by the Fickôs 

diffusion: 

ὐ  Ὀɳ                                                                                                                                                                                               (4)12 

where D is the solute diffusion coefficient and űɳ is the solute concentration gradient 

across the membrane. The coefficients Anp and D together define the filtration of non-

porous membranes. The permeabilityïselectivity trade-off was found by comparing the 

diffusive water and salt permeabilities for several bulk polymer materials. 

In Figure 1.4, the relationships between permeability and selectivity are illustrated for 

both porous membrane and non-porous membrane cases. For UF membrane, the 

selectivity characterized by the separation factor decreases dramatically along with the 
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increasing permeability.13 For non-porous RO membranes, the trade-off relationship is 

obvious on a commercial thin-film composite (TFC) polyamide RO membrane treated 

stepwise with chlorine and alkaline to increase permeability. The dashed line is the 

corresponding proposed trade-off relationship for TFC membranes.14 

 

 

 

 

  

 

 

 

 

Figure 1.4 Permeability–selectivity trade-off for ultrafiltrat ion (a. porous) and  

reverse osmosis (b. non-porous) membranes.10 

(Reprinted by permission from Macmillan Publishers Limited: Springer Nature, Nature 

Reviews Materials, Werber, J., Osuji, C. & Elimelech, Copyright 2016. DOI: 

10.1038/natrevmats.2016.18) 

 

Despite the intrinsic limitation, one major concern for membrane processes is the 

membrane fouling, which is the accumulation of substances on the membrane surface or 

within the membrane pores, setting up a major obstacle for the efficient filtration of 

membrane systems. There are generally three types of fouling: organic fouling by the 
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adsorption of dissolved organic matter, such as polysaccharides, natural organic matter 

(NOM), proteins, fatty acids and surfactants;15 scaling by the deposition of precipitated 

salts or by the surface nucleation and growth of sparingly soluble salts (e.g. silica, ferric 

hydroxide, aluminum oxide, and calcium phosphate); and biofouling by the deposition and 

growth of microorganisms to form strongly adherent biofilms.15 In response to the 

significant concerns on the membrane fouling in the environmental pollution control and 

biomass production, we aim to develop a systematic understanding of the fouling 

mechanisms in reactive membrane systems to facilitate the fouling mitigation as well as 

the energy saving and therefore to offer a sustainable solution to antifouling process in 

membrane treatment. 

In order to minimize the impacts of membrane fouling and meanwhile to recover the 

energy and costs used for the cleaning and replacement of membranes, a variety of 

conventional methods have been attempted to prevent or mitigate the fouling process, such 

as pretreatment methods (e.g. coagulation, powered activated carbon (PAC) adsorption, 

oxidation), and cleaning processes (e.g. physical methods and chemical degradation). 

Physical cleaning methods include mechanical or hydraulic cleaning by flushing 

membranes, while chemical cleaning typically uses hydrochloric acid, citric acid, and 

sodium hydroxide for membrane recovering.16,17 These conventional methods inevitably 

increase the chemical use and energy consumption, which is contradictory to the starting 

point of designing a sustainable water treatment process using membrane technologies.  

Tremendous advancement and expansion of the design and development for various 

membrane systems have taking fouling control into consideration. To inhibit or to 

eliminate membrane fouling, the development of novel membrane systems has attracted 
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paramount interests in the research area of membrane technology. Various strategies from 

passive antifouling to active antifouling have been explored. 

Inspired by the biological membranes, people come up with the idea of membrane 

surface modification by constructing a hydrophilic surface for preventing the non-specific 

interactions between foulants and the membrane surface. To date, various hydrophilic 

materials, such as poly(ethylene glycol) (PEG)-based, zwitterionic, and peptidomimetic 

polymers, are employed to modify hydrophilic surfaces with fouling resistance.18ï21 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5 Comparison of the antifouling mechanisms for porous membranes:  

(a) Hydrophilic membranes. (b) Heterogeneous hydrophilic membranes.22 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2014. 

DOI: 10.1016/j.memsci.2013.08.044) 
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Although hydrophilic membranes can mitigate fouling from some foulants, like natural 

organic matter (NOM) and biomacromolecules, it still fails to substantially prevent fouling 

from small foulants and fails to prevent the sharp flux decline. Therefore, the development 

of membranes with broader fouling resistance and low flux decline is highly desirable. In 

addition to preventing attachment from foulant, researchers found various ways to 

facilitate the detachment of foulants under low hydrodynamic shear forces.9,23 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Active fouling prevention by heterogeneous membrane 10 
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(Reprinted by permission from Macmillan Publishers Limited: Springer Nature, Nature 

Reviews Materials, Copyright 2016. DOI: 10.1038/natrevmats.2016.18) 

 

By taking advantage of the synergy of hydrophilic moieties with their fouling-resistant 

attribute and hydrophobic moieties with their fouling release capability, the heterogeneous 

membrane was fabricated to mitigate fouling as shown in Figure 1.5 and Figure 1.6. 

Inspired by the proposed method, researchers synthesized the membrane by grafting 

polymers containing non-polar low surface energy molecules and functional groups to 

hydrophilic membrane surfaces, which exhibited remarkable performance for mitigating 

fouling with negligible flux decline.9-10, 20ï25 

As discussed above, proper tailoring of the surface chemical properties of membranes 

can substantially enhance the membrane fouling resistance. In addition to modify 

hydrophilic and hydrophobic surfaces, researchers found that some nanomaterials can be 

employed to mitigate fouling on membrane surfaces. TiO2, Fe3O4, Al2O3, MoS2, and 

carbon-based nanomaterials (CBNs), such as carbon nanofibers, carbon nanotubes (CNTs), 

graphene oxide (GO), and graphitic carbon nitride have attracted considerable attention 

due to their superior functionalities for mitigating the fouling. 26ï29 On the one hand, most 

of these nanomaterials are hydrophilic, which can intrinsically increase the hydrogen 

bonding functional groups on the membrane surface, leading the formation of a tightly 

bonded interfacial water layer. For example, Wang et al. first used GO as an additive to 

fabricate an antifouling polyvinylidene fluoride (PVDF) UF membrane, which had shown 

an improved fouling resistance to bovine serum albumin (BSA) with a higher water flux 

recovery ratio (up to 96.4%).30 On the other hand, the nanomaterials can further decorate 
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surface with functional groups to enhance hydrophilicity and resistance against various 

foulants. 

Energy consumption is a significant parameter to evaluate the advancement of 

membrane technology with current and future needs. To harvest the sustainable and 

abundant energy from the sun in a cost-effective way is capturing many researchersô 

interests. Among those various antifouling methods, the photocatalytic membrane systems 

alternatively stand out for their promising capability of harvesting green energy from 

sunlight irradiation to produce a series of reactive oxygen species (ROS) such as 

superoxide radical anions, hydrogen peroxide, hydroxyl radicals, and singlet oxygen for 

the degradation of contaminants that can only be physically rejected by the 

membranes,9,31,32 but also alleviate membrane fouling from NOM or microorganisms and 

reduce associated energy cost. However, it is not yet well-illustrated how the photo-

oxidation affects the NOM in the molecular level and few reports provided the molecular 

mechanism of NOM fouling for membranes in the photocatalysis. Fundamental 

understanding of fouling mechanisms in these novel membrane systems and the foulant 

interactions with commonly used and emerging membrane matrix materials such as g-

C3N4 and TiO2 is still largely unexplored. Therefore, it is critical to conduct a systematic 

research into the reactive membrane systems to overcome the challenges identified. 

Among various 2D nanosheets, g-C3N4, consisting of tri-s-triazine units linked with 

tertiary amino groups in each layer and a relatively weak Van der Waals force between 

layers has attracted enormous attention.31 Despite increasing investigations on g-C3N4 

nanosheets, the mechanisms of fouling mitigation of g-C3N4 nanosheets and the 

development of a robust g-C3N4 membrane are still need further investigation. 
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Figure 1.7 The proposed mechanisms of g-C3N4 nanosheets membranes.31 

(Reprinted by permission from Elsevier: Journal of Hazardous Materials, Copyright 

2019. DOI: 10.1016/j.jhazmat.2018.11.033) 

 

To fill the gap of fouling studies related to photoreactive membrane system might help 

to understand the mechanisms of the type of fouling mitigation. Notably, photocatalysis 

combined with membrane filtration has been demonstrated to achieve significant 

improvement for mitigate fouling. However, it is not yet well-understood the mechanism 

of how photocatalysis mitigate the retention of foulants and membrane fouling.  



13 

 

Photocatalytic membrane (TiO2, g-C3N4) system had been developed and tested. This 

research has employed a multi-faceted approach combining membrane synthesis, physical 

and chemical characterization of the membrane surfaces and the foulants, filtration 

experiments, and molecular interactions between membrane and foulants as well as 

interactions between foulants and foulants. I aim at not only providing mechanistic 

understanding of fouling mitigation in the reactive membrane systems for the fields of 

membrane fouling control, but also paving the way to translate the knowledge into other 

promising fields, such as biofilm control and food reservation, as well as self-cleaning 

surfaces for addressing challenges at health-environment nexus. 

 

1.2  Research Objectives and Scope of Work 

1.2.1  Systematic Understanding of the Photocatalytic Fouling Mitigation  

The goal of this study is to identify key foulant properties that determine membrane 

fouling. Commercially available humic acid was selected and purified to obtain the 

purified humic acid (PHA) as the representative natural organic matter. The PHA was then 

subjected to photodegradation in the presence of TiO2 to produce the partially oxidized 

humic acid (OHA) with half decay of the chemical oxygen demand (COD) as a 

representative photo-oxidized product of PHA. Next, both PHA and OHA, of the same 

COD concentration, were used to understand their fouling behaviors on an ultrafiltration 

membrane. The membrane flux was recorded, and physical and chemical properties of the 

foulants and fouled membranes were characterized by X-ray photoelectron spectroscopy 

(XPS), size-exclusion chromatography (SEC), fluorescence excitation-emission matrix 

(EEM) spectroscopy, and contact angle analysis. Atomic force microscopy (AFM) was 
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also applied to investigate membrane fouling by the foulants at the microscale or 

nanoscale in an aqueous environment. This section had provided a molecular-level 

understanding of how photocatalytic membranes prevent NOM fouling in water and 

wastewater treatment. 

 

1.2.2  Development of g-C3N4 Nanosheet Structured Membranes 

g-C3N4 can be well tailored to form multi-functional membrane by exfoliating the 

porous g-C3N4 powder to nanosheets and crosslinking the nanosheets. Separation 

performance of the novel membranes can be well comparable to other reported g-C3N4 

based membranes. Furthermore, this photoreactive membrane system can efficiently 

facilitate the fouling mitigation.  

After the characterization and evaluation of the g-C3N4 based membranes, the anti-

microbial potential had been tested. In addition to water purification, the developed g-

C3N4 based membranes are antimicrobial and they can effectively control the biofilm 

formation and promote bacterial inactivation. 

 

1.2.3  Highlight the Use of AFM in the Environmental Engineering Field 

The fundamental research has shaped the design of water treatment system to improve 

the quality of produced water as well as the cost-effectiveness of the system. As the 

development of advanced microscopic and spectroscopic strategies, a variety of tools have 

been utilized to explore the water system at a micro- or even nano- scale. Atomic force 

microscopy (AFM) stands out as a powerful tool not only for the high atomic resolution, 
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but also for its versatile capability in characterizing surface properties and electrostatic 

properties either in atmosphere or a liquid environment.  

In this study, I summarized the significance and advantages of the AFM in the research 

of water treatment and how AFM help to characterize important physical, chemical, and 

mechanical properties in the corresponding research. 

 

1.3  Dissertation Outline 

Photocatalysis, as a promising degradation pathway for various potential organic 

contaminants, facilitates the development of a sustainable membrane system for water 

purification with pruning the chemical footprint and mitigating membrane fouling. In 

order to pave the road of implementing a photoreactive membrane system, several tasks 

need to be completed. First, a mechanistic understanding of photocatalysis with fouling at 

a molecular scale is highly needed. The key properties of the membrane and the foulant 

determining fouling process need to be identified. In addition, the relationship between 

foulant-membrane interactions need to be further explored. Second, g-C3N4 with 

promising solar energy harvesting capability and 2D chemical-mechanical properties 

provides a versatile platform for developing photoreactive membranes. Exploiting the 2D 

g-C3N4 membranes can facilitate the design of effective photoreactive membranes. Third, 

the applications of 2D g-C3N4 membranes in biofilm control is needed to complement the 

mitigation of fouling in complex water matrices. Last but not least, how atomic force 

microscopy improve the understanding of membrane process in a molecular or atomic 

scale and help the design of membrane system should be revealed for potential membrane 

processing applications. 
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Chapter 1 provides a general overview of the dissertation starting from the background 

introduction to motivations and research objectives of this study. Chapter 2 contains the 

work published on Journal of Membrane Science entitled as Mechanism of humic acid 

fouling in a photocatalytic membrane system with coauthors Alfredo J. Diaz, Yun Shen, 

Fei Qi, Xueming Chang, David P. Durkin, Yingxue Sun, Santiago D. Solares, and 

Danmeng Shuai in 2018. This work addresses research objective in 1.2.1. Chapter 3 

contains the unpublished work of the development of 2D graphitic carbon nitride 

membrane. This work addresses research objective in 1.2.2, Chapter 4 contains the work 

published in Environmental Science: Water Research & Technology entitled as Research 

highlights: applications of atomic force microscopy in natural and engineered water 

systems with coauthors David T. Tan and Danmeng Shuai in 2016. This work introduces 

and highlights the utilization of AFM in environmental study. Chapter 5 contains major 

conclusions, intellectual merits, border impacts, and future research directions.  
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Chapter 2: Fouling Mechanism in A Photocatalytic Membrane System 

 

This chapter is reprinted with permission and modification from Mechanism of Humic 

Acid Fouling in a Photocatalytic Membrane System. J. Membr. Sci. 2018, 563, 531-540. 

Elsevier, Copyright 2018. (https://doi.org/10.1016/j.memsci.2018.06.017) 1 

2.1  Introduction and Overview 

Photocatalytic membrane filtration has emerged as a promising technology for water 

purification because it integrates both physical rejection and chemical destruction of 

contaminants in a single unit, and also largely mitigates membrane fouling by natural 

organic matter (NOM). In this study, we evaluated the performance of a photocatalytic 

membrane system for mitigating fouling by a humic acid, which is representative NOM, 

and identified critical properties of the humic acid that determined membrane fouling. We 

prepared a partially oxidized humic acid (OHA) through the photocatalysis of a purified 

humic acid (PHA), and the OHA showed reduced fouling for polyvinylidene fluoride 

(PVDF) ultrafiltration membranes compared to PHA. 

Molecular-level characterizations indicated that OHA had a reduced molecular size, an 

increased oxygen content, and increased hydrophilicity. OHA also formed smaller 

aggregates on the fouled membrane surfaces than PHA. The introduction of oxygen-

containing, hydrophilic functional groups, e.g., -OH and -COOH, to the humic acid and 

the depolymerization or mineralization of the humic acid in photocatalysis could result in 

the reduction of the foulant-membrane and foulant-foulant interactions, as characterized 

by atomic force microscopy (AFM), thereby mitigating membrane fouling.  

https://doi.org/10.1016/j.memsci.2018.06.017
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Foulant-membrane adhesion forces were always larger than foulant-foulant adhesion 

forces in our study, irrespective of the humic acid before or after photocatalytic oxidation, 

which may suggest that the reduction of foulant-membrane interactions is critical for 

membrane fouling control. 

The motivation for this research is to systematically investigate complicated fouling 

behavior on photocatalytic membranes and provide insights on the design of novel 

membranes with improved performance in water purification. Compared to other fouling 

mechanism study, the molecular changeôs effect after photocatalysis was evaluated by 

investigating the forces between the foulants and foulants, as well as the foulants and 

surfaces, which provided the intermolecular interactions for understanding fouling 

mechanisms of photocatalytic oxidation. In summary, this study sheds light into humic 

acid fouling in a photocatalytic membrane system through a systematic and 

comprehensive research approach and provides insights for the design of novel membrane 

materials and processes with improved performance for water purification. 

Pressure-driven membrane filtration, including microfiltration, ultrafiltration, 

nanofiltration, and reverse osmosis, is becoming a promising physical process for the 

removal of a broad range of contaminants in water and wastewater.2-5 Despite the 

e ectiveness of membrane filtration for water and wastewater treatment, this developing 

technology still faces great challenges of membrane fouling, intensive chemicals and 

energy consumption for operation and maintenance, and further treatment or disposal of 

concentrated waste. Specifically, membrane fouling compromises the yield of purified 

water (i.e., flux), and also impairs membrane selectivity for contaminant removal.6-8 

Natural organic matter (NOM), such as humic acids, fulvic acids, and tannic acids, is 
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ubiquitously present in various waters and results in significant membrane fouling.9 NOM 

not only accumulates on membrane surfaces or inside membrane pores to foul the 

membranes but also leads to the formation of disinfection byproducts (e.g., 

trihalomethanes, haloacetic acids),10 and thus requires removal in water and wastewater 

treatment. 

Many previous studies have been conducted to understand membrane fouling with 

NOM, by evaluating the topography of foulants on membrane surfaces, and by exploring 

the e ect of water matrices (e.g., pH, cations), molecular sizes of the foulants, and 

interactions between the foulants and the membrane surfaces (e.g., electrostatic forces, 

hydrophobic attraction) on fouling.11-17 To mitigate membrane fouling, di erent strategies 

have been used in engineering practices, including pre-treatment of water prior to 

membrane filtration (e.g., coagulation, activated carbon adsorption, oxidation), regular  

maintenance and cleaning of membranes (e.g., physical vibration and backwashing, 

chemical treatment),18 surface modification of conventional membranes (e.g., grafting of 

hydrophilic and zwitterionic functional groups),19,21 and the development of new 

membranes.21 Notably, the pre-treatment of oxidation has been demonstrated to achieve 

significant improvement for the removal of humic substances and to mitigate membrane 

fouling.22 Taking ozonation as an example, ozone decomposes foulants into small 

molecules and remarkably prevents membrane fouling, due to the formation of highly 

reactive hydroxyl radicals (ÅOH) and other radicals.23,24 However, chemical corrosion, 

potential toxicity, and the relatively high cost and energy consumption of the operation 

have prevented ozone from broad application in water purification.25,26 Photocatalytic 

membrane filtration has recently emerged as a promising technology for water and 
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wastewater treatment, and the synergy between physical separation and chemical 

oxidation promotes contaminant removal and mitigates membrane fouling. Photocatalysts, 

either suspended in water or immobilized on the membrane surfaces, produce a series of 

reactive oxygen species (ROS) under light illumination. The ROS can destroy small-

molecule contaminants, decompose large-molecule NOM, and inactive microorganisms 

in water, and the process can minimize further treatment or disposal of the brine and 

largely mitigate membrane fouling from NOM and biofilms.27 In addition, photocatalysts 

can potentially harvest sunlight and activate O2 and H2O in ambient conditions, and thus 

photocatalysis can reduce the energetic and chemical footprint for water and wastewater 

treatment.28-30 

Our study aims to provide a molecular-level understanding of how photocatalytic 

membranes prevent NOM fouling in water and wastewater treatment. In this study, 

photocatalysts containing titanium dioxide (TiO2) were suspended in water containing a 

humic acid, which is typical NOM, to simulate the tandem photocatalytic membrane 

system of a photocatalytic slurry reactor with a downstream ultrafiltration membrane 

separation unit. This tandem photocatalytic membrane system was selected, in contrast to 

an integrated system with the photocatalyst loaded on the membrane, because the system 

(i) avoids polymeric membrane oxidation and deterioration in photocatalysis, (ii) 

improves the mass transfer rate and photoreactivity for oxidation; and (iii)  allows easy 

illumination for photocatalysis. 7,30,31 TiO2 was selected because it is an inexpensive, stable, 

and e cient photocatalyst for water purification, and it mainly produces the most 

powerful oxidant ÅOH that reacts with most organics near di usion limited rates in water 

for NOM decomposition. 33,34 TiO2 has been demonstrated to facilitate the photocatalytic 
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oxidation of humic acids in recent years.35ï38 Uyguner et al. studied the molecular weight 

distribution of a humic acid after TiO2-based photocatalysis under UVA irradiation, 

whereby lower molecular size (less than 10 kDa) and higher UV absorbing compounds 

were formed.39 Liu et al. also investigated the photocatalytic oxidation of a humic acid on 

TiO2, and the very hydrophobic acid fraction in the humic acid decayed rapidly to form 

hydrophilic charged species, whereas the hydrophilic neutral fraction was the most 

persistent.40 However, due to the complex structure of humic acids and varying 

experimental conditions, the mechanism of photocatalytic oxidation for humic acid 

decomposition and consequent impacts on membrane fouling are still not well understood. 

How photocatalysis changes the molecular structure of the humic acids and the 

corresponding mechanical interactions with the membranes, which is critical for fouling 

mitigation, remains elusive. Moreover, previous research that compared membrane 

fouling mitigation before and after foulant oxidation could be misleading. Oxidation may 

not only tailor the molecular structure but also reduce the mass of the foulants (e.g., 

through mineralization), and foulant mass reduction could lead to artifacts in evaluating 

the e ect of humic acid structural changes on membrane fouling. 

Our study uses a thorough and systematic approach to understand the molecular 

structure of the humic acid before and after photocatalysis, and to identify key foulant 

properties that determine membrane fouling. First, a commercially available humic acid 

was purified via acid precipitation and dialysis to obtain the purified humic acid (PHA). 

The PHA was then subjected to photodegradation in the presence of TiO2 to produce the 

oxidized humic acid (OHA) with half decay of the chemical oxygen demand (COD) as a 

representative photo-oxidized product of PHA. Next, both PHA and OHA, of the same 
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concentration, were used to understand their fouling behaviors on an ultrafiltration 

membrane. The membrane flux was recorded, and physical and chemical properties of the 

foulants and fouled membranes were characterized by X-ray photoelectron spectroscopy 

(XPS), size-exclusion chromatography (SEC), fluorescence excitation-emission matrix 

(EEM) spectroscopy, and contact angle analysis. Atomic force microscopy (AFM) was 

also applied to investigate membrane fouling by the foulants at the microscale or 

nanoscale in an aqueous environment. AFM not only provides details of foulant 

topography on membrane surfaces, but also interrogates foulant and membrane 

mechanical properties and interactions (e.g., foulant-foulant and foulant-membrane forces, 

elasticity, viscosity). 41-44 We were the first to report molecular features of the humic acid 

before and after photocatalytic oxidation, and the results shed light on fouling mitigation 

in a photocatalytic membrane system. The PHA decomposed into smaller and more 

hydrophilic fragments after photocatalytic oxidation, and the OHA became softer, and less 

adhesive to the membrane surfaces as well as to the foulant itself. This discovery can also 

be translated into deeper understanding of other strategies for mitigating membrane 

fouling (e.g., ozonation, which is currently used in industrial practices for water and 

wastewater treatment), and can help achieve e cient, robust, and energy- and cost-

e ective membrane filtration.  
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2.2  Experimental Section 

2.2.1  Chemicals  

Unless otherwise specified, all chemicals were reagent grade. Milli-Q deionized water 

was supplied from a DIRECT-Q 3 ultrapure water purification system with a resistivity of 

18.2 MɋÅcm at 25 ÁC. Sodium hydroxide (NaOH), hydrochloric acid (HCl), isopropyl 

alcohol, ethanol, sodium phosphate monobasic (NaH2PO4·2H2O), sodium phosphate di-

basic (Na2HPO4·12H2O), sodium sulfate (Na2SO4), and TiO2 nano-powder (Aeroxide® 

P25, with a reported average particle size of 21 nm) were purchased from Sigma-Aldrich. 

A humic acid sodium salt was also purchased from Sigma-Aldrich (H16752, technical 

grade). Ultrafiltration membranes (YMBY3001, supplied by Synder Filtration, 

polyvinylidene fluoride (PVDF), molecular weight cuto  (MWCO) of 100 kDa) were 

purchased from Sterlitech. 

 

2.2.2  Production of Purified Humic cid (PHA) 

The humic acid from Sigma-Aldrich was treated to remove impurities, including fulvic 

acids, metals, and ash, based on a modified acid and base washing method.3,45 HCl was 

first added to the humic acid to produce a final concentration of 0.1 g of the humic acid 

per mL of the solution (ca. pH 1). The suspension was mixed for 2 h, and centrifuged at 

3000 rpm for 30 min. Following the centrifugation, the supernatant was discarded, and the 

precipitate was re-suspended in a HCl solution (1 mol Lī1). This centrifugation procedure 

was repeated five times. Next, the precipitate from centrifugation was dissolved in a 

NaOH solution, with ca. pH 13, and the solution was mixed for 2 h and centrifuged at 

3000 rpm for 30 min. The supernatant was filtered twice through 0.45 µm PVDF filters, 
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and the filtrate was acidified to ca. pH 1.0 with HCl. After settlement over 12 h, the 

solution was centrifuged again at 3000 rpm for 30 min, and the precipitate was dialyzed 

with Spurr 7 dialysis membranes (VWR 25223ï050, MWCO of 1000 Da) and freeze-

dried. A stock PHA solution of 250 mg Lī1 was prepared from the freeze-dried PHA (pH 

7) and stored in the dark at 4 °C 

 

2.2.3  Production of Oxidized Humic Acid (OHA) via Photocatalysis 

Photocatalytic degradation of PHA on TiO2 was used to produce OHA. The 

photocatalytic experiments were conducted in a temperature-controlled reactor (25 °C) 

under the illumination of a 1000 W Xenon lamp (Newport) with a 305 nm long-pass 

optical filter (ɚ > 305 nm). TiO2 (loading of 1 g Lī1) was suspended in a PHA solution 

(160 mg Lī1, equivalent to 210 mg Lī1 as COD, 40 mL, pH 7) by continuous mixing at 

500 rpm. Prior to irradiation, the reaction solution was stirred in the dark for 15 min to 

allow adsorption equilibrium of PHA on TiO2. During the first batch of photocatalytic 

reactions, 650 ÕL of the suspension was collected at di erent time intervals and 

centrifuged at 13,000 rpm, and the supernatant was analyzed for COD to determine the 

reaction time when half of the PHA had degraded (105 mg Lī1 as COD after 4.28 h of 

photocatalytic degradation). The product of the photo-oxidized PHA, with half decay of 

COD, is designated as OHA. The OHA is selected as a benchmark oxidized humic acid 

for our study, because it shows significantly di erent molecular features compared to PHA 

and membrane fouling behaviors. For the mass production of OHA in the following 

batches of photocatalysis, the PHA solution was irradiated for the pre-determined reaction 

time of 4.28 h and centrifuged at 13,000 rpm five times, and the supernatant was freeze-
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dried to obtain the OHA powder. The TiO2 nanoparticles were completely removed from 

the OHA through the repeated centrifugation, and no titanium signal was observed in XPS 

for the OHA powder. This process aimed at utilizing photocatalysis to degrade the PHA 

to OHA, which has a half decay of total COD. 

 

2.2.4  Membrane Filtration  

To explore membrane fouling, the tangential flow filtration experiments were 

conducted in a flow-through membrane unit. The flow rate of the feed was maintained at 

100 mL minī1, and the concentrate was recirculated back to the reservoir while the filtrate 

was collected. The TiO2 had been completely removed before fouling experiments. A 

membrane was first thoroughly rinsed with ultrapure water, and pre-compacted with the 

ultrapure water under 15 psi for 2 h to reach a stable membrane flux, which was calculated 

from the mass of filtrate as a function of time. After water stabilization, PHA and OHA 

solutions of the same concentration (10 mg Lī1 as COD) were amended, and the membrane 

flux was monitored as a function of time. The same concentration of PHA and OHA was 

selected, because our study focuses on how the changes in humic acid molecular structures 

after photocatalytic oxidation impact membrane fouling, rather than under-standing 

carbon loss in photocatalytic degradation and its e ects on membrane fouling. 

 

2.2.5  Size-Exclusion Chromatography (SEC) 

SEC was conducted by using a high-performance liquid chromatography (HPLC) 

system (LC-20, Shimadzu, Japan) coupled with a photodiode array detector (SPD-M20A), 

in which the absorption was measured at ɚ = 254 nm based on previous studies.46-49 Two 
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gel columns (TSK-GEL G3000PWXL, TSK-GEL G2500PWXL) and a guard column of 

the same packing material (TSKguardcollum PWxl·CP) were used for SEC at 40 °C. The 

mobile phase was a phosphate buffer (prepared from 0.37 g Lī1 of NaH2PO4·2H2O, 0.57 

g Lī1 of Na2HPO4·12H2O, and 3.55 g Lī1 of Na2SO4) maintained at pH 6.8, and the flow 

rate was 0.5 mL minī1. The HA solutions (PHA or OHA of 300 mg Lī1 as COD) were 

filtered with a 0.2 µm polytetrafluoroethylene (PTFE) membrane prior to SEC analyses. 

Control experiments were conducted by using ultrapure water as the blank sample. 

Polyethylene glycol (HPLC grade) with a molecular size of 330, 700, 1050, 5250, 10,225, 

and 30,000 Da was used as standard samples 

 

2.2.6  Contact Angel Analysis 

The analysis of the hydrophilicity of the membrane surfaces was achieved by 

measurement of sessile drop contact angles between the baseline of the liquid and the 

tangent at the liquid boundary. To prepare the uniformly coated humic acid coating layers 

on the bare membranes, a concentrated humic acid solution (PHA or OHA of 563 mg Lī1 

as COD) was repeatedly loaded on the membrane surfaces with low speed spin-coating 

and drying. The samples were dried for 24 h in a vacuum drying container before 

performing contact angle measurements. Images of ultrapure water droplets on three 

di erent membrane surfaces (i.e., a bare membrane, a PHA coated membrane, and an 

OHA coated membrane) were obtained by a contact angle goniometer equipped with an 

environmental chamber (Krüss IL4201). For each membrane sample, five sets of 

equilibrium sessile drop contact angles were recorded between 30s and 60 s after the drop 

loaded on the membrane surface. In the contact angle analysis, the humic acids are 
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expected to dissolve in the water drops only to a minimal extent due to the very short 

exposure (less than 60 s), which should not a ect the contact angle results. 

 

2.2.7  X-ray Photoelectron Spectroscopy (XPS) 

The oxidation states and bonding environment of PHA and OHA were characterized 

by XPS, which was conducted on a PHI 5600 system with a Mg Ka source (1253.6 eV) 

and under ultrahigh vacuum conditions (pressure < 10ī8 Torr). Escaped photoelectrons 

were captured and analyzed by a hemispherical energy analyzer operating at a constant 

pass-energy of 58.7 eV. Peak positions were referenced to C1s, at 284.5 eV. The humic 

acid powder (i.e., freeze-dried PHA or OHA) was used for sample analysis. 

 

2.2.8  Fluorescence EEM Spectroscopy 

Fluorescence EEM spectroscopy was used to evaluate fluorescent organic substances 

of PHA and OHA. The humic acid solutions were first filtered through a 0.45 µm PVDF 

membrane, and the fluorescence EEM spectra were recorded using an F-700 

spectrofluorometer (Hitachi, Inc., Japan). Fluorescence EEM spectroscopic measurements 

were per-formed over an excitation wavelength ranging from 220 to 450 nm with a 5 nm 

increment and an emission wavelength ranging from 280 to 560 nm with a 1 nm increment. 

As to the fluorescence EEM analyses, three-dimensional spectra were plotted using 

MATLAB and Origin. Control experiments were conducted to exclude background 

fluorescence of the blank sample of ultrapure water. 

 

2.2.9  Atomic Force Microscopy (AFM) 
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The AFM measurements were carried out on an MFP3D-SA microscope and a Cypher 

S microscope, both from Asylum Research (Santa Barbara, CA, USA). Silicon wafers 

(Ted Pella, Inc.) used to calibrate the AFM tips were rinsed with isopropyl alcohol, ethanol, 

and ultrapure water successively before heating them with a butane torch (until bright 

orange glowing) for 30 s. An Olympus AC200TS cantilever with a fundamental resonance 

frequency of ca. 137.81 kHz and a fundamental force constant of ca. 7.40 N mī1 was used 

for imaging.  

For imaging purposes, we dried the fouled membranes (from membrane filtration 

experiments) in vacuum at room temperature for 24 h. For contact resonance force 

microscopy (CRFM) measurements, we used an Olympus AC240TS cantilever with a 

fundamental resonance frequency of ca. 242.15 kHz and a fundamental force constant of 

ca. 1.08 N mī1, and applied a static load of 20 nN. To infer the mechanical properties of 

the humic acids rather than the PVDF support, PVDF membranes were fully coated by 

PHA or OHA via repeated loading and drying of concentrated humic acid solutions, as 

described in the contact angle analysis section. CRFM was performed on dried bare 

membranes and on humic acid coated membranes. To explore the foulant-foulant and 

foulant-membrane adhesion forces in an aqueous environment, amine group (-NH3) 

functionalized polystyrene microspheres (25 µm in diameter) were coated with PHA or 

OHA and used as AFM probes to investigate the interaction between PHA and the bare 

membrane, PHA and the PHA fouled membrane, OHA and the bare membrane, and OHA 

and the OHA fouled membrane.  

For the AFM force tests, the cantilever was already loaded with an amine functionalized 

microsphere (commercially available from Novascan Technologies), and PHA or OHA 
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coating was obtained by repeatedly soaking and drying the probes in a drop of 20 µL PHA 

or OHA solution (160 mg Lī1, pH 7) on the atomic force microscope stage. The mass 

increase of the cantilever was characterized by the resonance frequency after humic acid 

coating, and it was verified through calculations that the humic acid should be sufficient 

to cover the probe. In addition, SEM was used to examine the probe before and after humic 

acid coating. The results showed that the probe surface became smooth and uniform after 

coating, which also provided a direct evidence of the successful loading of humic acids 

onto the probe. During force measurements, the PHA or OHA coated probes were used to 

contact a bare or humic acid fouled membrane in the aqueous environment, in which at 

least 180 force curves for six random spots were obtained for each sample at room 

temperature. The adhesion force of each force curve was obtained based on the retraction 

of the PHA or OHA coated probe from the membrane surface. The fundamental force 

constants for the PHA coated probe and OHA coated probes were ca. 5.41 and 5.37 N mī1, 

respectively, and a tip approaching velocity of 300 nm sī1 was used for the analyses. 

 

2.3  Results and Discussion 

2.3.1  Photodegradation of Purified Humic Acid  

In this work, using OHA with half decay of COD instead of using OHA with other 

decay levels is for producing an oxidized humic acid with sufficiently different physical, 

chemical, and mechanical properties compared to the original humic acid, and the OHA 

with half decay of COD was used as a benchmark for the comparison with PHA for the 

membrane fouling study. In our preliminary experiments, we also harvested the oxidized 

humic acids with 25% or 75% decay of COD, and used them for the membrane fouling 
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experiments. However, the oxidized humic acid with 25% decay of COD behaved more 

like PHA, and the oxidized humic acid with 75% decay of COD showed negligible fouling 

(due to the extensive oxidation and destruction of the polymeric structure of PHA in 

photocatalysis). In addition, only a very small amount of the oxidized humic acid with  

75% decay of COD could be harvested after photocatalytic oxidation (less than 0.1 mg 

out of 6.4 mg of PHA), which made it impractical to conduct experiments with the 

oxidized humic acid with 75% decay of COD. Therefore, we use the oxidized humic acid 

with half decay of COD (also known as OHA in our study) as a representative photo-

oxidized humic acid for the systematic investigation of the impacts of molecular structure 

changes on membrane fouling behaviors. 

 

Table 2.1 Photodegradation of PHA and production of OHA  

 

Adsorpt

ion (%) 
a 

Photodegrad

ation (%) 

Total 

Remo

val 

(%) 

Photodegrad

ation Rate 

Constant 

(min-1) 

R2 

CO

D 

12.6 38.3 50.9 2.7±0.4 × 10-

3 

 

0.96±0

.02 
UV

254 

41.9 38.7 80.6 4.6±0.7 × 10-

3 

 

0.95±0

.01  

a Adsorption percentage was calculated based on the following equation:  

Adsorption (%)  = 100 × [(C0 - Cads)/C0] where C0 is the value before adsorption, and Cads 

is   the value after 15 min adsorption in contact with the photocatalyst TiO2 in the dark.  

 

Table 2.1 summarizes the results of dark adsorption on TiO2 and photocatalytic 

oxidation kinetics of PHA in terms of COD and UV254 absorbance for the preparation of 

OHA. In the photocatalytic process, UV irradiation excites the electrons from the valence 
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band to the conduction band in TiO2, resulting in the generation of holes and the formation 

of radicals, in particular ÅOH.50 This process facilitates the degradation of the humic acid 

either by ÅOH adsorption on the TiO2 surface or by diffusion into the bulk solution. The 

important role of PHA adsorption onto the TiO2 surface for photocatalytic oxidation in 

our study is in consistent with a previous report.51 

A pseudo-first order kinetic model was applied to describe the photodegradation of 

PHA under UV irradiation, and the photodegradation rate constant was calculated to 

estimate the half-life of PHA in terms of COD. OHA was harvested when half COD was 

degraded for PHA. Similar to COD, photocatalytic degradation kinetics of PHA in terms 

of UV 254 absorbance also followed the pseudo first-order kinetic model, but the reaction 

rate was larger than that in terms of COD, which might suggest that the UV-absorbing 

moieties in the humic acid could be decomposed faster, compared to the total carbon of 

the humic acid in the photocatalytic oxidation. After obtaining reaction kinetics and 

calculating the half-life for PHA-OHA. The photodegradation of PHA has been conducted 

for 4.28 h to obtain and collect OHA. For the mass production of OHA, PHA was 

photodegraded for 4.28 h following the same recipe. 

 

2.3.2  Membrane Filtration Flux of PHA and OHA  

Membrane flux, normalized to the initial flux of time zero, for PHA and OHA fouling 

decreased significantly as a function of time at the beginning of the filtration tests (i.e., 0ï

5 min) before leveling off (Figure. 2.1). Pre-compacting the membrane with DI water was 

conducted to achieve a steady flow before the filtration of PHA or OHA. For the later 

stage of the filtration tests (i.e., after 5 min), the membrane flux decreased more apparently 
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for OHA than PHA, possibly suggesting that for OHA, the filtration required a longer time 

to reach to a steady state. For all filtration tests with time duration of 140 min, OHA 

showed less membrane fouling than PHA; the membrane flux was 21.3% more for the 

OHA fouling test than for the PHA fouling test at the end of the 140 min filtration period. 

The PHA and OHA removal in terms of COD after membrane filtration was 34.7 ± 1.5% 

and 52.5 ± 0.6%, respectively. Repeated membrane fouling experiments were also 

conducted, and the results also suggested OHA fouled membrane less than PHA. The 

results demonstrate that photocatalytic oxidation is a viable process to reduce humic acid 

fouling of ultrafiltration membranes. Similarly, such an enhanced flux after the 

photooxidation of humic acid has been reported, and primarily attributed to changes in the 

molecular characteristics of the humic acids resulting from preferential decomposition of 

large molecular-size and hydrophobic moieties. 52  

 

 

 

 

 

 

 

 

 

 

Figure.2.1 Membrane flux as a function of time in PHA or OHA fouling  
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(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 

Notably, both PHA and OHA of the same concentration (i.e., 10 mg Lī1 as COD) were 

used for the filtration tests, and the results suggested that the changes in humic acid 

characteristics after photocatalytic oxidation played a critical role for mitigating 

membrane fouling, rather than the mineralization and mass reduction of the humic acid. 

To further understand the mechanism of membrane mitigation of humic acid after 

photocatalysis and to identify the underlying physical, chemical, and mechanical 

characteristics of the humic acid that determine membrane fouling during photocatalysis, 

subsequent characterization of PHA and OHA has been performed and discussed. 

 

2.3.3  Molecular Size Characterization 

Size-exclustion chromatography was conducted to determine the molecular weight of 

PHA and OHA. According to Figure. 2.2, PHA had a broad molecular size distribution, 

from 100 Da to 10 kDa, consistent with previously reported data for the same Sigma-

Aldrich humic acid. 53 The dominant molecular size was 1281 Da based on UV absorption 

at 254 nm. After photocatalytic oxidation, OHA also had a broad molecular size 

distribution, similar to that of PHA; however, the distribution shifted to small molecular 

sizes, and the most dominant size was 625 Da based on UV absorption at 254 nm. The 

results might indicate that the large molecular size components of PHA degraded and 

formed smaller molecular size fractions during photocatalysis, likely due to the 

depolymerization and mineralization of the humic acid under the attack of ÅOH.54 

Additionally, OHA still had the residue of large molecular size components (e.g., 3181 
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Da), which could be due to the presence of recalcitrant moieties in the humic acid in 

photocatalysis and ÅOH oxidation.  

Moreover, the PVDF ultrafiltration membranes used in our study had a MWCO of 100 

kDa, which is much larger than the moleclar size of the Sigma-Aldrich humic acid. Our 

findings suggested that the humic acid, irrespective of photocatalytic oxidation, fouled the 

membranes via adsorption rather than pore blocking.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 2.2 Molecular size of PHA and OHA.  

(Humic acid was characterized at UV 254 nm, A.U. represents ñarbitrary unitsò). 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 
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Similar to the advanced oxidation of photocatalysis, ozone was also used to pretreat the 

water containing humic acids to mitigate membrane fouling, and the results suggested that 

the membrane pore size played an important role in fouling. 55,56 Ozone oxidation could 

reduce the molecular size of the humic acids from larger than the membrane pore size to 

smaller than the membrane pore size, and the oxidation could change the fouling 

mechanism from pore blocking to surface adsorption, which might intensify membrane 

fouling. Based on literature review mentioned above, other researchers observed that 

membrane fouling was intensified for ozone treated humic acid. To avoid over-

interpretation of the experimental data, cautious attention should be paid to the fact that 

photocatalysis could also change the relative relationship between the humic acid 

molecular size and membrane MWCO, and might increase fouling. Though the scenario 

did not occur in our system because the humic acid molecular size was smaller than the 

membrane MWCO, we still want to remind the readers that other results could be expected 

in a different membrane system. Therefore, special attention should be paid to the extent 

of photocatalytic oxidation of the humic acid for membrane fouling control. To understand 

the adsorption of the humic acid on membrane surfaces before and after photocatalytic 

oxidation, the chemical and mechanical properties of the foulants were further 

characterized. 

 

2.3.4  Contact Angle Analysis  

Contact angles are reported as the mean plus/minus the standard deviation in (Figure. 

2.3). It was remarkable that both PHA and OHA coated membranes had a smaller contact 

angle with water than that of the bare PVDF membrane (85.5 ± 0.6°). The contact angle 
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of the OHA coated membrane was slightly smaller than that of the PHA coated membrane 

(46.1 ± 0.9° vs. 51.0 ± 1.2°), and hence OHA was more hydrophilic than PHA. For the 

coated membrane samples, the humic acids sufficiently covered the membrane surface, so 

the characterized properties represent those of the humic acids. Additionally, the 

membrane flux during humic acid fouling experiments correlates well with the change of 

hydrophilicity, which may indicate that a more hydrophilic membrane surface can 

alleviate the initial absorption of foulant layers on the membrane surface.57 The humic 

acid became more hydrophilic after photocatalysis, which could be ascribed to the 

introduction of hydrophilic functional groups (e.g., -OH, -COOH) into the humic acid by 

TiO2 treatment.40,58 Considering the reduction of the molecular size and mass of the humic 

acid during photocatalysis, we speculate that humic acid oxidation started with the 

introduction of hydrophilic functional groups and proceeded with depolymerization and 

mineralization. 

 

 

 

 

 

 

Figure. 2.3 Sessile drop contact angle profiles on a bare membrane, a PHA 

coated membrane, and an OHA coated membrane. 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 
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2.3.5  SEM Characterization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Scanning electron microscopy (SEM) of (a) the bare membrane,  

(b) the OHA coated membrane, and (c) the PHA coated membrane. 
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Scanning electron microscopy (SEM) of the bare and humic acid coated membranes 

was used to demonstrated that uniform and su cient coatings were achieved (Figure. 2.4). 

We used a high concentration of PHA or OHA (563 mg L-1 as COD) to coat the membrane 

repeatedly to ensure a full coverage with the PHA or OHA. The color of the membranes 

after coating turned into dark brown or black. In addition, the SEM images of the bare 

membrane and PHA and OHA fully coated membrane have been included in the Figure 

2.4. It is obvious to see that the bare membrane had a rough and less uniform surface, in 

contract to the smooth and uniform surface of PHA and OHA fully coated membranes. 

We have to admit that the humic acids dissolved inevitably in an aqueous environment, 

however the duration of each contact angle analysis was very short, i.e., less than 60 s, 

and we thus believe that the dissolution of humic acids into water could be neglected 

 

2.3.6  XPS Analysis of PHA and OHA  

The elemental composition, oxidation state, and bonding environment of PHA and 

OHA were investigated by XPS (Figure. 2.5). According to the binding energy, the C1s 

peaks at 288.0 eV and 286.5 eV corresponded to C=O and C-O bonds, respectively.59 

After photocatalytic oxidation, the peaks representing C=O and C-O increased, which 

suggested the introduction of oxygen containing functional groups (e.g., -OH, -COOH) 

into OHA compared to PHA. In addition, no obvious shift of the C1s binding energy was 

observed before and after photocatalysis, indicating that the chemical states of carbon in 

the humic acid samples remained the same. Additionally, there was no signal of Ti in the 

XPS of OHA, clearly indicating all TiO2 was removed by centrifugation. 
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Table 2.2 XPS of PHA and of OHA 

Sample O/C C/C (%) C/O (%) C=O (%) 

PHA 12.6 38.3 50.9 2.7±0.4 × 10-3  

OHA 41.9 38.7 80.6 4.6±0.7 × 10-3  

 

 

 

 

 

 

 

 

 

 

Figure. 2.5 XPS characterization of PHA and OHA.  

(O/C represents the atomic ratio of oxygen to carbon. C-C, C-O, and C=O represent the 

contributions of carbon based on the deconvolution of the carbon peak.) 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 

 

The quantitative elemental composition analysis suggested that the atomic ratio of 

oxygen to carbon (O/C) increased from 0.35 in PHA to 0.45 in OHA after photocatalysis, 
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with an increase in the contribution of both C=O and C-O (i.e., C=O increased from 7.8% 

to 10.5% and C-O increased from 14.4% to 17.9%). There was no specific selectivity 

towards C=O or C-O generation in the humic acid, probably due to the non-selective 

oxidation by ÅOH in TiO2-based photocatalysis.60,61 The results of XPS supported those 

of the contact angle analysis, and they both highlighted structural changes of the humic 

acid during photocatalysis. 

 

2.3.7  Fluorescence EEM Analysis  

Fluorescence EEM spectroscopy contour plots in Figure. 2.6 highlighted the fluorescent 

response of PHA and OHA under photon excitation, and the results could provide insights 

into the chemical structure and composition of the humic acid before and after 

photocatalysis. The typical peaks that can be expected within the limits of the fluorescence 

EEM spectra (i.e., excitation in the range of 220ï450 nm and emission in the range of 

280ï560 nm) were shown. The qualitative analysis of fluorescence EEM spectra focused 

on component identification, in which the characteristic peaks matching the data from 

standard samples including both excitation wavelengths and emission wavelengths were 

obtained.  

Five fluorescence components were identified, including tyrosine-like compounds 

(region I) in the range of ɚex/ɚem = 220ï250 nm / 280ï330 nm, tryptophan-like 

compounds (region II) in the range of ɚex/ɚem = 220ï250 nm / 330ï380 nm, fulvic acids 

(region III) in the range of ɚex/ɚem = 220 250 nm / 380ï480 nm, soluble microbial 

products (region IV) in the range of ɚex/ɚem = 250ï360 nm / 280ï380 nm, and humic 

acids (region V) in the range of ɚex/ɚem = 250ï450 nm / 380ï560 nm. The peaks were 
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observed in region V for both PHA and OHA samples, indicating the presence of the 

humic acids before and after photocatalysis. However, before photocatalysis, PHA only 

showed a strong fluorescence peak in the region V, but not in the other regions of I-IV. 

This characteristic fluorescence signals distribution was in agreement with other studies 

of the fluorescence analysis of humic acid. 62,63  

 

 

 

 

 

 

 

 

 

Figure. 2.6 Fluorescence EEM spectroscopy of (a) PHA and (b) OHA 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 

2018. DOI: 10.1016/j.memsci.2018.06.017) 

 

Interestingly, OHA showed multiple fluorescence peaks in the regions I-III in addition 

to region V after photocatalytic oxidation. In addition, the fluorescence peak blue-shifted 

in terms of both excitation and emission wavelengths. Based on the peak assignment, it 

was inferred that some humic acid components with a relatively large molecular size could 
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be decomposed into small molecules during photocatalysis, and the degradation products 

contributed to fluorescence in the regions I-III.  

 

2.3.8  AFM Topography Analysis  

AFM topography was evaluated for the bare membrane and humic acid fouled 

membranes, and the height profiles characterized membrane pores, roughness, and foulant 

aggregates on the membrane surfaces (Figure. 2.7, left column). Phase imaging was also 

conducted (Figure. 2.7, center column), whereby the contrast in the phase images indicates 

qualitative contrast in the stiffness/softness of the material surface, viscous interactions, 

and adhesive interactions between the AFM tip and the surface.  

Phase imaging complements the topography analysis, because it provides insights into 

the material chemical and mechanical properties beyond height information. For example, 

the topography of the bare membrane showed a significant height difference (ca. 150 nm) 

across the imaged area of 5 µm by 5 µm; however, there was little to no variation in the 

distribution of the contrast features in the phase across the image, due to imaging the same 

PVDF material across the entire scan area.  

The range of phase variation is relatively large, but the distribution of features is 

relatively uniform. In contrast to the bare membrane, the membranes fouled by PHA or 

OHA showed distinguishable features from the membrane support in the topography and 

to some extent also in the phase, due to the aggregation of humic acids on the membrane 

surface and variations in material properties.  
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Figure. 2.7 AFM topography, phase images, and height profiles of (a) a bare 

membrane (top row), (b) a PHA fouled membrane (middle row), and (c) an OHA 

fouled membrane (bottom row). 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 

 

The topography clearly indicated that PHA formed larger aggregates on the membrane 

surface than OHA (lateral size of ca. 0.2ï1.3 vs. 0.05ï0.2 µm), and the small OHA 

aggregates were more uniformly distributed on the membrane surface than the large PHA 

aggregates. The height profiles also suggested that PHA aggregates were higher than OHA 

aggregates (ca. 270ï340 vs. 20ï70 nm). Moreover, the PHA fouled membrane exhibited 
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a higher root mean squared (RMS) surface roughness compared to the OHA fouled 

membrane (56.3ï213.7 nm vs. 47.9ï73.1 nm at different locations of AFM analyses), also 

suggesting the formation of large PHA aggregates.  

Photocatalytic oxidation tailors the molecular structure of the humic acid, which 

impacts foulant aggregation and dispersion on the membrane surface. Oxidation creates 

more hydrophilic, oxygen containing functional groups in the humic acid, which might 

reduce the interactions between humic acid molecules (e.g., London dispersion forces, 

hydrophobic interactions). Further oxidation of the humic acid leads to depolymerization 

and mineralization, significantly reducing the molecular size of the humic acid and also 

the humic acid interactions with itself. The lower tendency of OHA aggregation on the 

membrane surface could be the result of reduced adhesion forces between OHA molecules, 

which is supported by the AFM force analysis presented in the next section. 

 

2.3.9  Mechanical Properties Analysis 

Contact resonance force microscopy (CRFM) is a dynamic mechanical analysis to 

reveal the stiffness of the material. The stiffness of the foulant can be correlated to its 

fouling potential for the membrane, because stiffer material may facilitate the stable 

attachment to the membrane surface and form stronger mechanical accumulation of 

foulant layers that resist backwashing and mechanical cleaning. Therefore, CRFM holds 

promise for elucidating the inherent mechanical properties of humic acids, i.e., elasticity 

and viscosity, which provide direct insights into membrane fouling. In CRFM, both the 

contact resonance frequency and quality factor are recorded, which are related to the 

stiffness and the energy dissipation of the tip-sample junction during the interaction of the 
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oscillating probe with the material, respectively.64 An increase in contact resonance 

frequency corresponds to an increase in sample stiffness, and vice versa; an increase in 

contact resonance quality factor corresponds to a decrease in viscous dissipation, and vice 

versa. 65,66  

We conducted the CRFM analysis for the bare membrane and PHA and OHA coated 

membranes, and statistically compared the contact resonance frequency and quality factor 

of these samples. As to the quality factor results, we suggested that compared to PHA, the 

OHA foulant is able to undergo a greater degree of irregular and irreversible deformation 

without disintegrating, as opposed to an elastic body, which recovers its original shape 

once the deformation forces are removed. For the coated membrane samples, the humic 

acids sufficiently covered the membrane surface, so the characterized properties can 

represent those of the humic acids.  

Figure. 2.8 (a) indicates that the contact resonance frequency increased from the bare 

membrane to the OHA coated membrane to the PHA coated membrane. The results 

suggest that the bare membrane is the softest (i.e., lowest elastic modulus), and the humic 

acids are stiffer (i.e., higher elastic modulus). Moreover, photocatalytic oxidation reduces 

the stiffness of the humic acid, and hence lower forces are needed to deform OHA than 

PHA to the same extent. The stiffness of the foulant can be correlated with its fouling 

potential, because a stiffer foulant may facilitate its stable attachment to the membrane 

surface 67 and form mechanically strong accumulations to resist mechanical and chemical 

cleaning. Figure. 2.8 (b) indicates that the contact resonance quality factor was similar for 

the bare membrane and the OHA coated membrane, whereas the quality factor was larger 

for the PHA coated membrane. The results suggest that the bare membrane and OHA 
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exhibit more viscous dissipation than PHA under dynamic testing in the range of 200ï260 

kHz, used in the CRFM experiments. The foulant that exhibited the highest energy 

dissipation and loss modulus was obtained after the photocatalytic oxidation. The higher 

energy dissipation indicates that the OHA foulant is able to undergo a greater degree of 

irregular and irreversible deformation without disintegration opposed to an elastic body, 

which recovers its original shape once the deformation forces are removed.  

 

 

 

 

 

 

 

 

Figure. 2.8 Contact resonance frequency (a) and quality factor (b) of the bare 

membrane, PHA coated membrane, and OHA coated membrane using CRFM.  

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 

 

This result needs to be interpreted with caution because the viscous dissipation 

measurement (or the quality factor measurement) in CRFM is a dynamic mechanical 

analysis, and the measured resonance frequency reflects the stiffness of the material. 

Increased viscous dissipation of OHA with respect to PHA under a high frequency CRFM 
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measurement cannot necessarily be translated into increased viscous dissipation of OHA 

with respect to PHA under the conditions typical of membrane filtration (at least not in 

the same proportion), because a much smaller vibrational frequency is expected for the 

membrane and the foulant on the membrane surface during filtration or backwashing. We 

are cautious to interpret the results that suggested OHA-OHA had a stronger 

interconnection than PHA-PHA, because the CRFM results are highly dependent on the 

resonance frequency in analyses. The high resonance frequency was used for the analyses, 

which may not reflect the viscosity of humic acids in practical membrane filtration.  

 

 

 

 

 

 

 

 

 

Figure 2.9 Histograms of contact resonance frequency (left) and quality factor 

(right) for bare, PHA coated, and OHA coated membranes. 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 
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In addition, CRFM was conducted for the dried samples to avoid the interference of the 

water surrounding the AFM probe (AFM measurements in fluid environments are 

dynamically more complex and often more difficult to interpret quantitatively than in air 

environments), which may not best characterize the foulant mechanical properties in an 

aqueous environment. Therefore, adhesion forces were also evaluated subsequently in the 

aqueous environment to best simulate the scenarios relevant to membrane filtration. 

Histograms of the contact resonance frequency and quality factor analyses are shown in 

Figure.2.8, 2.9. The Kolmogorov-Smirnov tests were conducted for the contact resonance 

frequency and quality factor analyses, and the results showed that any two distributions 

are statistically different (p < 0.05). 

 

2.3.10 AFM Force Analysis of Fouling Behaviors 

The AFM tips are commercially available with polystyrene microspheres already 

loaded on the cantilevers, and the polystyrene microspheres were already functionalized 

with amine groups. The selection of amine functionalized probes was to enhance the 

electrostatic interactions of the humic acids and the probe, i.e., negatively charged ïCOO- 

and positively charged ïNH3
+. We tried to used Fourier transform infrared spectroscopy 

(FTIR) and Raman spectroscopy to characterize the loading of the humic acids onto the 

microsphere probes, however they all failed because very limited signal was retrieved 

from one single microsphere probe. In order to make sure the surface of microsphere was 

fully covered by the humic acids, we conducted SEM (Figure 2.10) and cantilever 

resonance frequency analysis to prove the polystyrene microspheres were fully covered 

by PHA. 
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Figure 2.10. SEM of (a) an uncoated amine functionalized polystyrene microsphere 

tip and (b) a PHA coated amine functionalized polystyrene microsphere tip. 
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Figure 2.11. SEM of (a) an uncoated amine functionalized polystyrene microsphere 

tip and (b) a OHA coated amine functionalized polystyrene microsphere tip. 
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From the SEM images for the same tip before and after humic acid coating of PHA, the 

probe surface became more uniform and smoother. The resonance frequency analysis is 

based on Hookeôs law:   , in which ɤ is the resonance frequency of the cantilever, k 

is its spring constant, and m is its effective mass. We obtained the resonance frequency 

and spring constant before and after the coating of the humic acid (i.e., PHA), and 

calculated the mass increase of 40.85 ng on the AFM cantilever. This mass increase was 

sufficient to coat fully for the probe with a diameter of 25 mm (by assuming the density of 

humic acid of 1.5-1.6 g cm-3), despite the fact that much of the humic acid likely coated 

the cantilever as well.  

 

 

 

 

 

 

 

 

 

Figure. 2.12 Adhesion forces of foulant-membrane and foulant-foulant  

in an aqueous environment. 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 
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Figure 2.13 Adhesion force distribution of foulant-membrane and foulant-foulant 

in an aqueous environment. 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 
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Figure. 2.12 and 2.13 describs the adhesion force distributions and also highlights that 

low adhesion force dominates after the photocatalytic oxidation of the humic acid. 

Adhesion forces in the ranges 0ï5 or 0ï2 nN contributed 51.6% and 76.6% of the force 

measurements of OHA-membrane and OHA-OHA, in contrast to only 16.3% and 47.2% 

of the force measurements of PHA-membrane and PHA-PHA. The results suggest that 

photocatalytic oxidation, which brings about the introduction of hydrophilic, oxygen-

containing functional groups and the reduction in the molecular size of the humic acid, 

reduces the interaction forces between the foulant with the membrane as well as the foulant 

with itself.  

Providing that there were less foulant-membrane and foulant-foulant interactions for 

OHA than purified humic acid (PHA) without oxidation. However, Figure 2.1 has shown 

that the flux decline caused by OHA and PHA differed the most during the first 5 minutes 

of the filtration, after which the flux decline was actually faster for OHA than PHA. For 

membrane filtration, membrane-foulant interaction dominates the beginning of filtration 

process, and foulant-foulant interactions play a more important role afterwards. Thus, the 

faster flux decline for OHA after 5 minutes of filtration leads to an interesting question 

that whether foulant-foulant interactions was in fact stronger for OHA than PHA or not? 

Based on our knowledge, compared to OHA, the initial fouling stage (membrane-

foulant interaction) of PHA dominated the fouling process, which implied that the 

contribution of foulant-foulant interaction was smaller for PHA fouling. Indeed, we saw a 

faster flux decline for OHA after 5-10 minutes of filtration (Figure 2.13). However, the 

observed results may not directly imply that the foulant-foulant interaction in OHA is 
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stronger than that of PHA. According to the AFM characterization, the membrane surface 

was not sufficiently covered by the humic acid even at the end of filtration, which suggests 

that there was still much bare membrane surface interacting with the foulants in the later 

stage of filtration. In addition, the OHA formed smaller aggregates compared to the PHA, 

based on AFM imaging, and thus it might require longer time for the OHA to interact with 

the membrane and reach to a steady state. In short, we cannot conclude that OHA-OHA 

interactions were stronger simply based on the results of the membrane flux test. Many 

other factors could influence membrane fouling behaviors. Therefore, we conducted AFM 

analysis of the force of membrane-foulant and foulant-foulant to provide direct and 

quantitative characterizations, and we used these results to understand membrane fouling 

behaviors. 

 

 

 

 

 

 

 

 

 

 

Figure. 2.14 Normalized flux of PHA and OHA for the initial stage filtration.  
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We speculated that several mechanisms could lower the adhesion forces, e.g., the 

reduction of London dispersion forces and hydrophobic interactions, the increase of 

hydrogen bonding with water, the enhancement of electrostatic repulsion (e.g., the 

presence of more deprotonated -COO- groups at circumneutral pH in the fouling tests), 

changes in geometrical arrangements and constraints, etc., but further research is needed 

to fully understand the dominant effects. Furthermore, the adhesion force of foulant-

foulant was much smaller than that of foulant-membrane. This observation is in agreement 

with the findings of Wang et al., in which a reduced adhesion force was observed for 

foulant-foulant with respect to foulant-membrane for the fouling of bovine serum albumin, 

sodium alginate, a humic acid, and secondary wastewater effluent organic matter for 

PVDF ultrafiltration membranes.68 Hence, the reduction of the membrane foulant 

adhesion force might be important for controlling humic acid fouling of the membranes 

in our study, and it could be achieved via the surface modification of the membranes and 

the introduction of hydrophilic functional groups. The Kolmogorov-Smirnov tests were 

also conducted for the adhesion force analyses, and the results showed that any two 

distributions were statistically different (p < 0.05). 

 

2.3.11 Mechanism of Membrane Fouling by Humic Acid 

Photocatalysis introduces oxygen-containing functional groups (e.g., -OH and -COOH) 

into the humic acid, leading to an increase of hydrophilicity, which was demonstrated by 

XPS and the contact angle analysis. According to the SEC and fluorescence EEM 

spectroscopy analysis, PHA with large molecular sizes depolymerized and decomposed 

into OHA with small molecular sizes. The structural change of the humic acid could 
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reduce the interactions of membrane-foulant and foulant-foulant, which were a key factor 

controlling membrane fouling. The results support our observations in AFM topography 

and adhesion force analysis: humic acid reduced aggregate size on the membrane surface, 

and the adhesion force of membrane-foulant and foulant-foulant decreased. The adhesion 

forces of membrane-foulant were larger than those of foulant-foulant, irrespective of the 

humic acid before or after photocatalytic oxidation, which supports the argument that 

reducing membrane-foulant interactions is critical for membrane fouling control. In Figure. 

2.14, we provide a comprehensive comparison between PHA and OHA in terms of their 

topographical, physical, chemical, and mechanical properties, and correlate these critical 

properties to their contribution to membrane fouling in our study. The radar map highlights 

that photocatalytic oxidation reduces the hydrophobicity, carbon/oxygen atomic ratio, 

molecular size, aggregate size, and adhesion forces of the humic acid and thus can mitigate 

membrane fouling.  

The force of membrane-foulant and foulant-foulant provides direct evidence for the 

extent of membrane fouling. In our study, we analyzed the molecular properties of humic 

acids before and after photocatalytic oxidation, the force of membrane-foulant and 

foulant-foulant, and correlate these factors to membrane fouling. From the radar map, 

photocatalysis introduces oxygen-containing functional groups (e.g., -OH and -COOH) 

into the humic acid, leading to an increase of hydrophilicity, which was demonstrated by 

XPS and the contact angle analysis. According to the SEC and fluorescence EEM 

spectroscopy analysis, PHA with large molecular sizes depolymerized and decomposed 

into OHA with small molecular sizes. The structural change of the humic acid could 

reduce the interactions of membrane-foulant and foulant-foulant, which were a direct key 
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factor controlling membrane fouling. We admit that the smaller aggregate size of a foulant 

could induce higher membrane resistance than another foulant, however it was not 

observed or supported in our study. 

 

 

 

 

 

 

 

 

 

 

 

- 

Figure. 2.15 Critical properties of PHA and OHA and their contribution to 

membrane fouling. 

(The data in the radar map were drawn to scale. The membrane flux was the flux at the 

end of the filtration process normalized to the initial flux at time zero. The foulant-

membrane adhesion force and foulant-foulant adhesion force correspond to the average 

adhesion force normalized to 30 nN. The aggregate size corresponds to the lateral size of 

humic acid aggregates on fouled membranes normalized to 2 µm. The molecular size was 

the most dominant molecular size normalized to 3 kDa. The carbon/oxygen atomic ratio 
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corresponds to the XPS measurements normalized by 5. Hydrophobicity corresponds to 

the contact angle with water normalized to 90Á. A.U. indicates ñarbitrary unitsò.) 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 

 

Based on our study, the interaction of membrane-foulant and foulant-foulant is critical 

to determine fouling behaviors during the filtration. In fact, these forces at the 

nanoscale/microscale play a central role, which can be viewed as the direct key factor for 

membrane fouling. The reduction of total adhesion forces results in the mitigation of 

fouling and hence a reduced level of flux decrease. The change of molecular properties of 

the humic acid, such as hydrophilicity, oxygen/carbon ratio, as well as the molecular size, 

are responsible for the changes in the forces. The radar map was presented as a 

comprehensive tool to understand the relationship between humic acid properties and the 

led by the interactions of membrane-foulant and foulant-foulant.  

 

Considering divalent ions such as Ca2+ present in the feed water might play a significant 

role in membrane fouling, it was highly agreed with the opinion that calcium ions could 

lead to a significant impact on the fouling behaviors and they may intensify membrane 

fouling. Moreover, the addition of calcium ions could not only facilitate the photocatalysis 

by bridging the humic acid molecules with the surface of TiO2 nanoparticles, but could 

also change the mechanical properties of the humic acid foulants after the photocatalysis. 

Therefore, the impacts of calcium ions might be addressed in the future work to simulate 

a more realistic scenario in membrane filtration. 
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2.4  Summary 

Photocatalytic membrane filtration is promising for water and wastewater treatment, 

because it combines physical rejection and chemical degradation to improve the 

performance of contaminant removal, it minimizes brine/waste generation and the need 

for further treatment or disposal, it prevents membrane fouling by oxidizing NOM and 

biofilms, and it may potentially use renewable solar energy to promote sustainable water 

purification. Our study gained mechanistic understanding on how the photocatalytic 

membrane system mitigated membrane fouling from a humic acid, which is model NOM. 

The current setup of photocatalytic slurry reactor with a downstream membrane separation 

unit is one of the most commonly used configurations 30-32 for photocatalytic membrane 

reactors. In our study, we used this setup for three main reasons. First, polymeric 

membranes could be oxidized and lose their integrity and performance in photocatalysis, 

and the separated photocatalysis and membrane filtration would avoid this oxidation. 

Second, the separated photocatalysis and membrane filtration unit could improve the mass 

transfer rate during the photodegradation of humic acid compared to the integrated 

photocatalytic membrane system, which could largely improve the oxidation rate of humic 

acid. Third, the light introduction into the separated unit would be much easier to 

accomplish compared to the integrated system, which enhanced the practicality of the 

photocatalytic membrane system. 

We first prepared OHA from partial oxidation of PHA in TiO2-based photocatalysis, 

and then used both humic acids, i.e., PHA and OHA, for the fouling of PVDF 
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ultrafiltration membranes. The results suggested that OHA fouled the membranes to a 

lesser extent than PHA, whereby the same concentration for the humic acids was used.  

Next, humic acid properties were systematically evaluated, and it was found that the 

humic acid exhibited lower molecular weight and increased hydrophilicity and oxygen 

content after photocatalytic oxidation. Photocatalysis likely introduces oxygen-containing 

functional groups, e.g., -OH and -COOH, into the molecular structure of the humic acid, 

and depolymerizes or mineralizes the humic acid to form smaller fragments. Topological 

characterization of the humic acid on fouled membranes indicated that OHA formed 

smaller aggregates than PHA, and the adhesion force of both foulant-membrane and 

foulant-foulant decreased after the photocatalysis of the humic acid. The adhesion forces 

of membrane-foulant were larger than those of foulant-foulant, irrespective of PHA or 

OHA, which supports the argument that reducing membrane-foulant interactions is critical 

for membrane fouling control. CRFM suggested that the humic acid became softer (less 

stiff) and more viscous after photocatalytic oxidation, although the result cannot be 

generalized because the measured viscous dissipation was highly dependent on the 

measurement resonance frequency and the water content of the sample. A radar map was 

created to compare PHA and OHA in terms of their topographical, physical, chemical, and 

mechanical properties, and to correlate these critical properties with their contribution to 

membrane fouling. The Figure 2.14 has provided a schematic summary for the 

photocatalytic mitigation of fouling. 

This study not only provides mechanistic understanding of humic acid fouling in a 

photocatalytic membrane system at the molecular level, but also sheds light into the 

development of new membrane materials and processes to mitigate fouling. This work can 
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also be useful in the related fields of membrane fouling control, e.g., by ozone or other 

oxidants, for mitigating membrane fouling of NOM or biofilms. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 2.16 Schematic fouling mitigation by photocatalysis. 

(Reprinted by permission from Elsevier: Journal of Membrane Science, Copyright 2018. 

DOI: 10.1016/j.memsci.2018.06.017) 
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Chapter 3: 2D Graphitic Carbon Nitride  Membrane for Water Purification  

 

3.1  Introduction  

Although TiO2 nanoparticles have been considered as the most widely used materials 

for photocatalytic degradation of organic pollutants because of their high efficiency, 

availability, low cost, non-toxicity, and chemical stability, TiO2 only absorbs UV light, 

which limits its performance when used for sunlight-driven photocatalytic reactions (UV 

lights only contributes to ~4% of solar energy).1 Tremendous attempts have been made to 

modify TiO2, either by changing its band structure or by combining it with other catalytic 

material for light absorption and electron-transfer enhancement. However, challenges 

remain on limited efficiency, reproducibility, and control of TiO2-based catalysts. 

Carbon nanostructures have been widely investigated as catalysts for photo-oxidation 

reactions.2 In particular, carbon nitrides (C3N4) offer promising alternatives to TiO2-based 

catalytic applications. Among all the allotropes, graphitic-C3N4, is considered as the most 

stable even up to 600 °C, which enables potential applications in heterogeneous catalysis 

under extreme conditions. Moreover, it has proved to be an efficient photocatalyst for 

many reactions under visible light irradiation, from water splitting to oxidization of 

alkanes.3-5 The promising features of C3N4 are attributed to its tunable band gap (1.6 

eV~2.9 eV)6,13 and to its highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) levels, which enable many photocatalytic 

oxidation and reduction reactions, and allow the harvest of light photons in a wide 

wavelength range of 428-827 nm. 5-7  
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Figure. 3.1 TEM (a) and SEM (b) of microporous graphitic carbon nitride7 

(Reprinted by permission from Elsevier: Applied Surface Science, Copyright 2007. 

DOI: 10.1016/j.apsusc.2006.12.032) 

 

Increase the surface area of the photocatalyst has found to increase the interactions 

between the catalyst and the reactant and to promote photoactivity. Recently, various 

methods to synthesize the 2D structures of g-C3N4 have been developed. 8-11 2D 

nanosheets are a new class of stable, highly processable materials that feature distinctive 

properties compared to their bulk counterparts. g-C3N4 is an intrinsically 2D covalent 

organic framework characterized by a three-folded symmetric arrangement of tris-s-

triazine connected by tertiary amine in-plane.7-10 In the bulk form, most of the catalytic 

sites are not directly available because they are inaccessible. Since bulk g-C3N4 is a layered 

material, the simple and effective way to maximize the exposure of the catalytic sites is to 

exfoliate the bulk formed g-C3N4 material into few and single-layer g-C3N4. 

2D g-C3N4, which is an analog of graphite, has been reported with the merits of high 

chemical stability, ñearth-abundantò nature, and with appropriate band energy alignment.6 

The sp2-conjugated carbon atoms in g-C3N4 are packed in a honeycomb lattice with 
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extraordinary physical, chemical and catalytic properties,9 endowing g-C3N4-based 

membranes the versatile capabilities, one of which capturing our interest, is to assemble 

multifunctional membranes for specified applications, such as large molecules sieving and 

separation in aqueous environment. 

 

 

 

 

 

 

 

 

Figure. 3.2 Schematic graphitic carbon nitride structure 7 

(Reprinted by permission from Elsevier: Applied Surface Science, Copyright 2007. 

DOI: 10.1016/j.apsusc.2006.12.032) 

 

The identical sp2-bonded ˊ structure and carbon network are exhibited by graphene and 

g-C3N4, which endow them the compatible materials to develop nanostructures.10 

However, the utilization of g-C3N4-based nanocomposites on the water purification and 

anti-bacterial applications are relatively scarce and still in its infancy exploration. More 

importantly, nanoporous g-C3N4 with various structures and controllable pore size make 

it promising to develop a 2D-material-based membrane for water purification. 
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Investigations have been conducted on the synthesis of g-C3N4 nanosheet for enhanced 

photocatalytic performance compared to the bulk g-C3N4, which is conventionally 

generated from heating process of only one precursor, such as melamine, urea, 

dicyandiamide, or other precursors of g-C3N4. Various attempts have been made to 

improve the effectiveness and robustness of g-C3N4 based materials. 8-10,15-19 

 

 

 

Figure 3.3 Scheme of (a) s-triazine and (b) tri -s-triazine based connection in g-C3N4. 

(Blue and gray spheres represent nitrogen and carbon atoms, respectively) 14 

(Reprinted by permission from Royal Society of Chemistry: Energy & Environmental 

Science, Copyright 2015. DOI: 10.1039/C2EE03479D) 

 

A study by Zhou et investigated a membrane photo-reactor (MPR) assembled by 

nanosheets of graphitic carbon nitride (g-C3N4) through vacuum filtration and 

demonstrated its efficient capability in the degradation of Sudan orange G, rhodamine and 

methylene blue. They have demonstrated that g-C3N4 membranes (Figure 3.4) have the 

potential to make low-cost and efficient system for water treatment under visible light.17 
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Figure. 3.4 Schematic 2D-nanosheets based reactor for photodegradation 17 

(Reprinted by permission from Royal Society of Chemistry: Journal of Materials 

Science, Copyright 2016. DOI: 10.1039/C5TA09152G) 

 

Partially exfoliated 2D g-C3N4 nanosheets with artificial nanopores and unstripped 

fragments as self-supporting spacers were produced by destroying tertiary amino groups. 

The g-C3N4 membrane exhibits promising potential of separation performance than 

commercial membranes and mesoporous inorganic membranes for water purification. The 

nanochannels generated by the self-supporting spacers in the g-C3N4 membrane were very 

stable and rigid under different pH conditions and pressures 18. 
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Figure. 3.5 a) A diagram of water transport through g-C3N4 nanosheets via artificial 

nanopores. Adhered unstripped fragments generate a spacing between the 

nanosheets. Structural models of b) g-C3N4 nanosheets with intrinsic nanopores (P1) 

and an artificial nanopore (P2); c) molecular water transport through the artificial 

nanopore; d) the self-supporting spacer between g-C3N4 nanosheets.18 

(Reprinted by permission from Wiley-VCH: Angewandte Chemie International Edition, 

Copyright 2017. DOI: 10.1002/anie.201701288) 

 

The above exfoliated 2D g-C3N4 nanosheets with artificial nanopores (sizes between 

1.5ï3 nm) fabricated on anodic aluminum oxide (AAO) substrate can separate water from 

evans blue (EB) molecules by utilizing nanopores and nanochannels for reserving the 

transport pathway to molecules under a specific range of sizes (channel space ranged from 
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6nm to 12nm by molecular dynamics simulation). The nanochannels in the g-C3N4 

membrane are proved to be stable and rigid under different pH conditions and pressures.18 

 

 

 

 

 

 

 

 

 

Figure. 3.6 Cross-sectional view of g-C3N4 nanosheets membrane on AAO (left) and 

MD simulation system top-view of a g-C3N4 nanosheet (right) .18  

(Reprinted by permission from Wiley-VCH: Angewandte Chemie International Edition, 

Copyright 2017. DOI: 10.1002/anie.201701288) 

 

In Figure 3.7, a research about 2D graphitic carbon nitride (g C3N4) nanosheets tuned 

by polyacrylic acid (PAA) has been reported with promising potential for water 

purification. The hybrid membrane with a membrane thickness of 160nm had achieved a 

high water flux of 29 L mī2 hī1 barī1 with rejection rates of 87 % for evans blue molecules 

and of 91% for bovine serum albumin (BSA, Mn=65,000 Da). The artificial nanopores in 

the gC3N4 nanosheets and the spacers between the partially exfoliated gC3N4 nanosheets 

have provided nanochannels for water transport while bigger molecules are retained. 
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Figure. 3.7 2D carbon nitride nanosheets membrane for water purification. 19 

(Reprinted by permission from American Institute of Chemical Engineers: AIChE 

Journal, Copyright 2018. DOI: 10.1002/aic.16076) 

In Figure 3.7, a study about 2D graphitic carbon nitride (g C3N4) nanosheets tuned by 

polyacrylic acid (PAA) has been reported with promising potential for water purification. 

The hybrid membrane with a membrane thickness of 160nm had achieved a high water 

flux without sacrificing much rejection rate, 83% for evans blue (EB).19 

In our study, we used g C3N4 nanosheet without acid etching to fabricate ultrafiltration 

membrane from a commercially available microfiltration membrane support. The 

fabricated g C3N4 nanosheet has a good water permeability and has a potential feasibility 

in water treatment. This research has a broader impact including providing alternatives for 

fabricating 2D nanostructured membranes, shedding insights to the exploration of the 

antifouling mechanisms for membranes in water treatment.
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Table 3.1 Summary of Graphitic Carbon Nitride Membranes/Composites 

Material Purpose Synthesis Light Source Targets Performance Year 

AAO/g-C3N4 nanosheets 2D membrane with 

ultralow friction  

concentrated HCl exfoliation No light needed Rhodamine B, 

Evans blue 

Rejection rate %: 

75.5, 87.2, 99.5  

201718 

PAA/ g-C3N4 nanosheets 2D ultrafiltration 

membrane with 

antifouling 

thermal etching, vacuum 

filtration 

No light needed Rhodamine B, 

Evans blue, BSA   

Rejection rate %: 52, 

83, 91 

201819 

PAN/g-C3N4 nanosheets High permeable 

water filtration, 

Antibacterial 

acid etching, ultrasound, PVA 

& GA treatment 

300 W Xenon 

lamp & 420 nm 

filter 

Methyl blue, E. coli 99.83% rejection for 

MB; 100% removal 

of E. coli 

201920 

Ag/g-C3N4 composite Disinfection ethanol exfoliation, 

ultrasonication 

300 W Xenon 

lamp & 420 nm 

filter 

E. coli (107 cfu/mL) 100% removal at pH 

6.2, 7.2, & 8.2 

201622 

Monolayer nanosheets 

of g-C3N4 

Photocatalysis and 

H2 generation 

dicyandiamide heating & 

H2SO4 exfoliation 

500 W Xenon 

lamp & 420 nm 

filter 

H2 generation 

enhancement 

2.6 times the rate of 

H2 production of the 

bulk C3N4 

201325 

g-C3N4 nanosheets Membrane photo-

reactor (MPR) 

liquid-phase exfoliation (LPE) 

in IPA/water 

100W Mercury 

lamp & 400 nm 

filter  

Sudan orange G, 

Rhodamine 110 and 

Methylene blue  

~100% conversion 

after 2 hours 

201626 

RGO/PDA/ g-C3N4 

composite 

Separation of 

oil/water and 

degradation of dye 

thermal treatment, 

polydopamine modification 

500W long-arc 

Xenon lamp  

Methylene blue, 

oil/water separation  

99.8% dye rejection, 

98.3% Oil rejection, 

robust recycling  

201727 

g-C3N4 nanosheets on 

sodium alginate(SA) 

matrix 

Hybrid membrane 

with high water 

permeability 

thermal etching, ultrasound 

exfoliation 

No light needed Water/ethanol 

mixture 

Extremely high 

permeation flux of 

2469 g/m2h 

201528 

GCN-sulfuric acid (SA) 

composite  

Enantioselective 

permeation with 

tunable interlayer 

distance  

thermal etching, 

ultrasonication, sulfuric acid 

etching, camphorsulfonic acid 

tailoring 

No light needed Limonene, glutamic 

acid, 

phenylalanine, 

tryptonphan 

Reliable 

enantioselective 

permeation for chiral 

resolution  

201929 

Layered double 

hydroxide (LDH)/g-

C3N4/PDA 

Photocatalytic 

degradation and 

contaminant 

separation 

ultrasonication, vacuum 

filtration 

500 W long-arc 

Xenon lamp 

Methylene blue, 

rhodamine B, 

gasoline, diesel, and 

petroleum 

99.28% rejection for 

organic dye, flux of 

397.14 L/ m2 h bar 

202130 
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3.2  Methods and Experiments  

3.2.1  Reagents and Supply 

Melamine (99%) was supplied by Fisher (AC12350010). Glutaraldehyde solution (50%) 

was supplied by Sigma Aldrich. Polyvinyl alcohol was provided by Sigma Aldrich. 

Bovine serum albumin (BSA) (500 mg L-1) was provided by Sigma Aldrich (A9647-50G). 

NaCl (99%) was purchase from VWR. KCl (99%) was provided by Sigma-Aldrich. 

Na2HPO4 (99%) and KH2PO4 were supplied by Fisher. Tryptic soy broth (TSB), tryptone 

and yeast extract were supplied by BD Biosciences. MilliporeSigmaÊ IsoporeÊ 

Polycarbonate Membrane Filters (0.2 µm, 47 mm) was obtained from Fisher 

(GTTP04700), EMD Millipore DuraporeÊ PVDF Membrane (0.45µm, 47mm) was 

supplied by Fisher (HVLP04700). Filmtracer LIVE/DEAD Biofilm Viability Kit was 

provided by Thermo Fisher. 

 

3.2.2  Melamine Based Bulk g-C3N4 Production 

The g-C3N4 bulk was produced by heating melamine (99%) at 550 °C with a ramp rate 

of 3 °C/min and maintained at this temperature for another 3 h in Argon environment. The 

bulk precursor was stored for the next step of thermal etching for the production of g-C3N4 

nanosheet. The thermal exfoliated g-C3N4 nanosheet production was based on the reheat 

treatment of the bulk.  

 

3.2.3  Synthesis of 2D g-C3N4 Nanosheets 

2 g of melamine was placed in an open ceramic crucible (big one) and was heated to 500 °C 

at a rate of 5 °C/min and hold for 2 h, labeled as M1 (0.75g, yield rate of 37.5%). 1 g of M1 
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was placed in an open ceramic crucible (big one) and was heated to 550 °C at a rate of 2 °C/min 

(275 min) and hold for 2 h, labeled as M2 (0.07g, yield rate of 7%). After two-step reheat 

method, bulk carbon nitride had become white and fluffy compared to the previous yellow and 

compact powders. 

 

 

 

 

 

 

 

 

 

 

Figure. 3.8 Graphitic  carbon nitride M1 and M2 using reheat strategy. 

 

Disperse 10 mg of M2 fabricated in the previous step in 50 mL ethanol by stirring 12 h 

and sonication for 2 h, the mixture was then vacuum-pressed onto the bare membrane 

substrate for forming a uniform layer-by-layer structure. The purified g-C3N4 was 

dispersed into 200 mL of deionized water with sonication method for 2 h. The dispersed 

g-C3N4 was centrifuged at 5000 rpm for several times to remove unexfoliated aggregates 

or nanoparticles in the dispersion. The protonated g-C3N4 nanosheets were left in the 

M1 M2 
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supernatant. Thus, the g-C3N4 nanosheets was obtained, and can be collected from the 

dispersion by filtering through the membrane substrates. 

 

3.2.4 Membrane Assembly 

 

 

 

 

 

 

 

 

 

 

Figure. 3.9 Graphitic  carbon nitride nanosheet membrane fabrication. 

(Reprinted by permission from Elsevier: Journal of Hazardous Materials, Copyright 

2019. DOI: 10.1016/j.jhazmat.2018.11.033)20 

 

After obtaining the g-C3N4 nanosheets, we can fabricate the g-C3N4 nanosheets 

deposited membrane by vacuum filtration. The g-C3N4 nanosheet membranes were dried 

at ambient temperature in the air.  

The g-C3N4 composite membranes were dried at ambient temperature exposure to air. 

One strategy is to first use PVA solution to confine the nanosheet structure and then using 
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GA solution to crosslink the PVA/ g-C3N4 nanosheet confinements. 2 mL of 0.1 wt% PVA 

solution was decanted into a dead-end membrane module. The solvent was evaporated at 

80 °C oven for 0.5 hour. Subsequently, the membrane was immerged in GA solution for 

0.5 hour to constitute the steady coating. Alternatively, the membrane was directly 

immersed in GA solution for 0.5 hour to crosslink PVA and g-C3N4.
20 After comparing 

the results of two synthesis-pathways, we chose to directly use GA solution for the 

fabrication without PVA crosslinking. 

 

3.2.5  SEM Characterization 

The morphologies and structures of the membrane surfaces were observed and verified 

using scanning electron microscopy (SEM) under high vacuum with an accelerating 

voltage of 2.0 kV.  

 

3.2.6  AFM Characterization 

The AFM measurements were carried out on an MFP3D-SA microscope and a Cypher 

S microscope, both from Asylum Research (Santa Barbara, CA, USA). Silicon wafers 

(Ted Pella, Inc.) used to calibrate the AFM tips were rinsed with isopropyl alcohol, ethanol, 

and ultrapure water successively before heating them with a butane torch (until bright 

orange glowing) for 30 s. An Olympus AC240TS cantilever with a fundamental resonance 

frequency of ca. 135.61 kHz and a fundamental force constant of ca. 9.70 N mī1 was used 

for imaging. For imaging purposes, we dried the fouled membranes (from membrane 

filtration experiments) in vacuum at room temperature for 24 h.  
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3.2.7  Permeation Measurement with  Filtration  

MilliporeSigmaÊ IsoporeÊ Polycarbonate Membrane Filters (0.2 µm, 47 mm) from 

Fisher GTTP04700 were used as the substate for the synthesis of graphitic carbon nitrite 

membrane. Different loadings of g-C3N4 nanosheet suspension were applied to fabricate 

membranes. The g-C3N4 nanosheet dispersion were filtered under vacuum on PC 

membranes with pore sizes of approximately 200 nm. The obtained membranes were dried 

under vacuum at room temperature for >12 h to remove residual water before the 

permeation tests. 

The pure water flux and rejection measurements were performed on a homemade dead-

end filtration device with an effective area was 6.25 cm2. The mass of water going through 

membrane was collected under 15 psi and recorded by a balance. The corresponding 

volume was calculated through the mass. The water flux was calculated as relative flux 

divided by the normal stabilized water flux (L/m2/h/bar) for each experiment. For the 

rejection experiments, BSA (500 mg L-1) from Sigma Aldrich (A9647-50G) and the humic 

acid (40 mg L-1 as COD) purified from Sigma Aldrich (H16752-100G) were applied for 

filtration. The molecule concentrations were analyzed using UV-vis spectroscopy. 

 

3.2.8  Antibacterial Experiments  

E. coli (ATCC 11775) was selected as a Gram-negative pathogen surrogate to 

demonstrate the antimicrobial capability of g-C3N4 under visible-light irradiation. Instead 

of trying graphitic carbon nitride membrane, we take an investigation on MCB coupon. 

Preparation of MCB-g-C3N4 was shown as follows: First, 2g of melamine (Fisher 

125350010), 1.93g of cyanuric acid (Sigma 185809-100G) and 0.07g of barbituric acid 
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(Sigma 185698-500G) were mixed in 40 mL of ethanol (Fisher BP28184) in a 100-mL 

glass container at 1000rpm for 3h, and then the mixture was sonicated for 3 hours; Second, 

the mixture was dried on a hot plate at 80 °C while stirring at 600 rpm; Third, the dried 

mixture was heated up to 550 °C and hold for 4h, and then cool down to room temperature. 

E. coli (ATCC 11775) was selected as the representative Gram-negative bacterium to 

evaluate the photocatalytic inactivation as shown in the Figure 3.24. The disinfection of 

planktonic E. coli under white LED light irradiation in phosphate buffered saline (PBS) 

(Fisher BP3994). Control experiments represent the study in the presence of the 

photocatalyst but no light and in the presence of light but no photocatalyst, respectively. 

Obviously, it can be seen from Figure 3.24 that the graphitic carbon nitride coupon 

effectively inactivated planktonic bacteria for over 6-fold decrease of colony-forming unit 

(CFU) under visible-light irradiation for 250 min. 

 

3.2.9  Biofilm Control  

To further investigate the biofilm inhibition experiments, Staphylococcus epidermidis 

(ATCC 35984 ), as a Gram-positive bacterium, was selected to form biofilms on the 

surface of g-C3N4 coupon. Staphylococcus epidermidis (ATCC 35984) were cultured on 

the g-C3N4 coupons in the dark condition for 3 days in 10-fold diluted TSB. Control 

biofilms were grown continuously in the dark environment. While the light group coupons 

were then exposed to white light-emitting diode LED irradiation (7 W) under same living 

environment with temperature (37 °C), mixing rate (80 rpm), nutrient condition (10-fold 

diluted TSB). The white LED lamp was maintained 15 cm away from the surface of the 

coupon. 
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3.3  Results and Discussion 

3.3.1  SEM 

Three types of membrane substrates had been considered as the support and foundation 

for the g-C3N4 nanosheets membrane, including PVDF membrane (EMD Millipore 

DuraporeÊ PVDF Membrane, Fisher HVLP04700), electrospun PVDF membrane, and 

PC membrane with 0.2 µm pore size (MilliporeSigmaÊ IsoporeÊ, Fisher GTTP04700). 

In general, the first two membranes have relatively large pores that impede the formation 

of nanosheets upon the membrane surfaces. In Figure 3.10, the pore sizes of the PVDF 

membrane vary from 0.5 µm up to ~10 µm, which might allow the graphitic carbon nitride 

nanosheet to pass through, therefore dramatically reduce the covering of g-C3N4 

nanosheets on the membrane surfaces as shown in the SEM images Figure 3.11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3.10 Bare PVDF membrane support for fabrication  
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Figure. 3.11 g-C3N4 PVDF membrane 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3.12 Electrospun PVDF membrane 
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Figure. 3.13 SEM of Bare Polycarbonate (PC) membrane with 0.2 µm pore size  

 

Similarly, the PVDF membrane support fabricated through the electrospinning method 

still provides a relatively hollow structure, in which the small pieces of nanosheets are 

difficult to combine with each other in the layer-by-layer way. In Figure 3.12, the obvious 

hollow between PVDF nano fibers can be as large as 15 µm. Due to the relatively sparse 

hollow structure, the possibility to use carbon nitride nanosheet to cover the sparse hollow 

surface on the PVDF (both commercial and electrospun fabricated) membranes remains 

extremely small. Therefore, an alternative membrane to substitute PVDF membrane as the 

substrate to the C3N4 nanosheets is of great significance and would be necessary.  

Polycarbonate (PC) membranes (0.2 µm), which has a remarkable uniform pore size on 

the membrane surface, hence providing a stable platform for allocating carbon nitride 
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nanosheet on it (SEM images shown in Figure 3.13). Thus, PC membranes are selected as 

the membrane substrate for the preceding fabrication process. MilliporeSigmaÊ 

IsoporeÊ Polycarbonate Membrane Filters (0.2 Õm, 47 mm) from Fisher GTTP04700 

were used as the substate for the synthesis of graphitic carbon nitrite membrane.  

Based on the SEM results, a relatively uniform surface has been almost covered by the 

carbon nitride nanosheets according to the following SEM images (Fig. 3.14 and Fig. 3.15) 

for a 1.2 mL of C3N4 nanosheets suspension loading.  And a complete covering of 

membrane surface with a 2 mL of C3N4 nanosheets suspension loading has been revealed 

and confirmed with the SEM images of Fig. 3.18 ï Fig. 3.20. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3.14 SEM of g-C3N4 membrane with 1.2 mL loading (large scale)  
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Figure. 3.15 g-C3N4 membrane with 1.2 mL suspension loading  

 

 

 

 

 

 

 

 

 

 

Figure. 3.16 g-C3N4 membrane with 1.2 mL loading fouled by BSA 
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Figure. 3.17 g-C3N4 membrane with 1.2 mL loading fouled by BSA (large scale) 

Figure 3.16 and 3.17 show the SEM images of g-C3N4 nanosheet membrane after the 

filtration with Bovine serum albumin (BSA) solution. A rough and foulant-accumulated 

morphology of the membrane surfaces had been observed.  

 

 

 

 

 

 

 

 

 

Figure. 3.18 g-C3N4 membrane with 2 mL loading (large scale) 
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Figure. 3.19 g-C3N4 membrane with 2 mL loading 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3.20 g-C3N4 membrane with 2 mL loading (small scale) 
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By leveling up the loading of carbon nitride nanosheets suspension from 1.2 mL to 2 

mL, it was observed that covering of the membrane substrate was getting complete and 

more uniform through the SEM images. Moreover, in Figure 3.19, the evident layered 

structure of g-C3N4 nanosheet provides support for the implementation of 2D material 

membrane architecture. The SEM is applied to confirm the formation of g-C3N4 

nanosheets membranes. As displayed in Fig. 3.13, the bare PC membrane has relatively 

dispersed surface pores without distinct cracks, and the g-C3N4 nanosheets are evenly 

distributed on the membrane surface. Fig. 3.18ï3.20 indicate the active layers are coherent 

and compact.  

 

3.3.2 AFM Topography for 2D g-C3N4 Nanosheets 
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Figure 3.21 AFM topography of graphitic carbon nitride nanosheet  

 

To further understand the thickness and morphology of the g-C3N4 nanosheets, AFM 

measurements were performed. The AFM image (Figure 3.21) revealed that the g-C3N4 

nanosheets were 0.1-0.2 µm in lateral size. In addition, from the Figure 3.22, it is 

suggested that the thickness of C3N4 nanosheets was within ~10 nm. The topography 

clearly indicated that the height of C3N4 nanosheets layer was 8.6 nm high. The height 

profiles also suggested that the lateral size of nanosheet can be as large as 0.1~0.15 µm.  

 

 

 

 

 

 

 

 

 

Figure 3.22 AFM of graphitic carbon nitride nanosheet on PC membrane 

 

To summary, AFM images have presented a visualized proof to illustrate and to analyze 

the topography of GA/ g-C3N4 nanosheet composite on membrane surface. Further 

understanding of the interactions between target contaminants or fouling culprit and g-

C3N4 nanosheets might require AFM force measurements to be performed. Despite of 
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limited evidence presented by the AFM results, the potential tunning of the channel size 

(interlayer spacing) for the GA/ g-C3N4 nanosheets membrane might be achieved. 

However, the spacing measurement between g-C3N4 nanosheets need to be analyzed to 

validate the hypothesis. Moreover, the detailed AFM applications in the environmental 

engineering field have been revealed and discussed in Chapter 4. 

 

3.3.3 Permeation Tests for 2D g-C3N4 Nanosheets Membrane 

 

 

 

 

 

 

 

 

 

Figure 3.23 Relative water flux profiles for carbon nitride nanosheet membrane 

 

The flux of the membrane was measured. As shown in Figure 3.23 the water flux of 

both three groups have shown a similar pattern, indicating the transfer from a 

microfiltration membrane to an ultrafiltration membrane by applying carbon nitride 

nanosheet to the microfiltration PC membrane. The initial flux was stabilized for each 

filtration test. And for the 1.2 mL loading membrane, since there are possible cavity 
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channels through exposed pores without covering of carbon nitride membrane, the flux 

could be higher than the 2 mL loading of C3N4 membrane. The water stabilization flux at 

the beginning can be as high as 550.8 L/m2/h/bar, after nearly 8 hoursô stabilization of the 

free-standing membrane, the water flux went down to 250~300 L/m2/h/bar at the time of 

0 min (after switching from the water stabilization to the contaminant-filtration mode). 

The rejection rates for BSA are 75.4% and 69.5% for 2 mL loading and 1.2 mL loading 

of graphitic carbon nitride nanosheet suspension, respectively. The rejection rates of 

humic acid for 2 mL loading g-C3N4 nanosheets membrane and 1.2 mL loading g-C3N4 

nanosheets membrane are 79.6% and 61.2% These patterns shown in the flux profiles 

demonstrate the ultrafiltration capability of the graphitic carbon nitrite membrane.  

 

3.3.4 Antimicrobial Applications 

Conventional water disinfection techniques worldwide always involve chemical 

oxidation (such as chlorine, chlorine dioxide, ozone), which can effectively eliminate 

waterborne pathogenic microorganisms.21,22 However, disinfection byproducts as well as 

operational challenges of storing and transport of strong oxidation chemicals have raised 

concerns. Photocatalytic inactivation of bacteria and biofilm have captured the interest 

and attention from a considerable number of researchers. Compared with traditional 

organic and inorganic fungicides, photocatalysis based on g-C3N4 has the advantages of 

durability, heat resistance, safety, drug resistance. Here strategies to enhance the 

antibacterial performance of g-C3N4-based nanostructured photodynamic inactivation 

materials are introduced. 
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Inactivation of planktonic E. coli using white LED light irradiation on the g-C3N4 

coupon has been revealed in Figure 3.24. The light control experiments represent the 

performance in the presence of light but without the g-C3N4 coupon, and the dark control 

experiments were conducted with g-C3N4, but without any light irradiation source. The 

disinfection efficiency is remarkable that the CFU of E. coli has decreased more than 6-

fold in 250 minutes (~4 hours) of visible LED light irradiation with the help of  g-C3N4 

deposited surfaces. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24 Photocatalytic inactivation efficiency of g-C3N4 against E. coli  under 

white LED light irradiation in PBS (CFU as colony forming units)21. 

(Reprinted by permission from American Chemical Society: ACS Applied Material 

Interfaces, Copyright 2018. DOI: 10.1021/acsami.8b18543) 
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Confocal images in the Figure 3.25 have shown the remarkable decrease of green spots, 

indicating the living cells of the biofilm had been successfully inactivated after exposure 

of the 3-day-growing Staphylococcus epidermidis (on the surface of g-C3N4 and in the 

dark environment) under the white LED light irradiation of 24 hours. The dramatical 

increase of the ratio of the dead cells over the living cells in the biofilms suggested that 

the biofilms became more and more detachable and disintegrated after the photocatalysis 

process. 

 

 

 

 

 

 

 

 

 

Figure 3.25 Confocal images of Staphylococcus epidermidis  biofilm on g-C3N4 

coupon in the dark (left) and visible light irradiation  (right) condition  in 10-fold 

diluted TSB. 

 

Consistent findings were also found in the AFM analysis of the biofilms, the thickness 

of the biofilm (even in dried condition, not reflected the real thickness of the biofilm) are 
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likely to decreased dramatically. Despite the AFM analysis might not fully reflect the 

realistic topography of the biofilms due to the drying process during the observation and 

analysis, it also played as a viable tool to provide a significant insight towards the changes 

during the light irradiation process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 AFM  of Staphylococcus epidermidis biofilm on g-C3N4 coupon in the 

dark condition. 
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In the cases of dark culturing condition of the Staphylococcus epidermidis biofilm on 

the graphitic carbon nitride coupons. There was a relatively larger topography with a 

profile height of 162 nm compared to the heights in the range of 20~30 nm under the light 

irradiation. Moreover, the accumulation size tended to become smaller after the white 

LED light treatment on the g-C3N4 coupons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27 AFM  of Staphylococcus epidermidis biofilm on g-C3N4 coupon in the 

light condition. 
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3.4 Summary 

In summary, g-C3N4 has been proven to be one of the most promising candidates 

suitable for designing and fabricating advanced photocatalytic bactericidal materials for 

various photodynamic inactivation applications. To date, many approaches, such as 

heterostructures, decoration, element doping and morphology control, 21ï24 have been 

adopted to enhance the photodynamic inactivation activity, but the limited enhancement 

achieved so far still need to be improved. Challenges remain in rationally fabricating 

highly efficient, inexpensive g-C3N4-based sterilizing agents for complex application 

systems and to deeply understand the underlying enhancement of the photodynamic 

inactivation mechanism of g-C3N4-based nanostructured materials. 

How we can make the use of the promising multifunctionality of the g-C3N4 towards 

not only photocatalytic applications, but also heterogeneous catalysis and nanostructure 

combination to achieve extended solution for interdisciplinary research. With the further 

understanding of theoretical mechanisms and predications for properties and reaction of 

g-C3N4, fruitful capacities of g-C3N4 could be explored to develop a robust and cost-

effective system for multiple applications across the areas of environmental degradation, 

antifouling surfaces, disinfection for bacterial and viruses, heterogeneous catalysis, 

electrical transfer, and new generation of batteries and sensors. 
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Chapter 4: Fouling Research Highlights: Applications of Atomic Force Microscopy 

in Natural and Engineered Water Systems 

 

This chapter is reprinted with full  permission and modification from Zhu, R.; Tan, D. 

T.; Shuai, D. Research Highlights: Applications of Atomic Force Microscopy in Natural 

and Engineered Water Systems. Environ. Sci. Water Res. Technol. 2016, 2 (3), 415ï420. 

(https://doi.org/10.1039/c6ew90012g)1. Royal Society of Chemistry. Copyright 2016 

4.1  Abstract 

The mechanistic understanding of the fate, transport, and transformation of 

contaminants in natural and engineered water systems is of great importance for 

environmental remediation. Recently, atomic force microscopy (AFM) has emerged as a 

promising tool to provide insights on the properties and interactions of materials, 

chemicals, and microorganisms. This article highlights three studies using AFM to 

understand the molecular mechanism of membrane fouling for water and wastewater 

treatment, to characterize biofilm properties that influence the accumulation and release 

of pathogens in drinking water distribution systems, and to evaluate the nucleation and 

growth of manganese (Mn) (hydr)oxide for remediating Mn-contaminated environmental 

systems. 

 

4.2  Introduction and Overview 

The environmental behavior of contaminants, minerals, biomolecules, and pathogens in 

natural waters and water/wastewater treatment systems is of significance for 

environmental engineering. A fundamental, mechanistic understanding of the behavior 

https://doi.org/10.1039/c6ew90012g
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allows us to elucidate the fate, transport, and transformation of contaminants in water, thus 

shaping the design of water purification systems to improve the quality of produced water 

and the cost-effectiveness of the systems. To date, a variety of characterization tools have 

been developed to explore natural and engineered water systems at a micro- or even nano-

scale, among which, atomic force microscopy (AFM) stands out not only for the high 

atomic resolution (angstrom scale) but also for its versatile capability in characterizing 

surface properties and electrostatic properties either in an atmosphere or a liquid 

environment.2,3 

AFM is a scanning probe microscopic (SPM) technique that is widely used to investigate 

morphological, structural, and functional characteristics of materials, e.g., size, shape, 

friction, adhesion forces, cohesiveness, Young's modulus, and even chemical bond 

breaking/formation based on the interaction between the AFM probe and the sample 

surface. However, the application of AFM, especially characterization beyond imaging, 

in natural and engineered water systems is still at its nascent stage. This article highlights 

recent applications of AFM in the characterization of membrane fouling by organic 

polymers, biofilms in drinking water distribution systems, and nucleation and growth 

processes of manganese (Mn) (hydr)oxide nanoparticles. 

 

4.3  Molecular Mechanisms of Membrane Fouling 

Membrane fouling, a process in which particles, colloids, or microorganisms 

accumulate onto the surface or into the pores of membranes, compromises the 

performance of membrane filtration by decreasing membrane flux and selectivity for the 

removal of target contaminants while increasing the operational cost and maintenance for 
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water and wastewater treatment. Therefore, the study of membrane fouling mechanisms 

attracts great attention to guide the design of an improved membrane system for water 

purification. 

 

 

 

 

 

 

 

 

 

 

Figure. 4.1 Schematic of intermolecular interactions measured by AFM on an 

APAM fouled PVDF ultrafiltration membrane. 4 

 

ñPolymer (i.e., anionic polyacrylamide (APAM)) fouling of polyvinylidene fluoride 

(PVDF) ultrafiltration (UF) membranes and its relationships to intermolecular interactions 

were investigated using atomic force microscopy (AFM). Distinct relations were obtained 

between the AFM force spectroscopy measurements and calculated fouling resistance over 

the concentration polarization layer (CPL) and gel layer (GL).ò  

(Reprinted by permission from Elsevier: American Chemical Society., Environmental 

Science & Technology. Copyright 2016. DOI: 10.1021/acs.est.5b04098.) 
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Membraneïfoulant and foulantïfoulant intermolecular interactions play critical roles in 

membrane fouling. However, these interactions over the concentration polarization layer 

(CPL) and the gel layer (GL, or ócake layerô) in membrane filtration have been largely 

overlooked.  

The CPL is a loose layer in the vicinity of the membrane surface with the foulant 

concentration higher than that in the bulk, due to the rejection and back diffusion of 

foulants from the membrane surface; the GL is an inter-linked structured layer of foulants 

next to the membrane surface due to a high foulant concentration.  

Both the CPL and GL contribute to membrane fouling, but GL resistance and stability 

in filtration is believed to be closely related with the irreversible membrane fouling. To 

evaluate the relationship between the membrane fouling and intermolecular interactions 

over the CPL and GL, Liu et al. 4 used an amino-functionalized AFM probe covalently 

bound with anionic polyacrylamide (APAM), the probe membrane foulant, to predict the 

polymer fouling behavior on a polyvinylidene fluoride (PVDF) ultrafiltration membrane.  

The atomic force microscope used a probe attached to a micro-cantilever to approach 

target surfaces (Figure. 4.1). The probe passed the surface in a raster fashion and 

meanwhile laser light was reflected from the cantilever to a photodiode sensor. Based on 

the deflection of the cantilever, the atomic force microscope detected the interaction forces 

acting between the sample surface and the probe attached to the cantilever. 

A critical finding by Liu et al. 4 was that the CPL had a greater impact on the membrane 

flux loss than the GL. Specifically, the intermolecular interactions between foulantï

foulant, rather than foulantïmembrane, were closely related to membrane fouling.  
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Figure. 4.2 Impacts of Na+ and Ca2+ on the APAM–APAM intermolecular 

interactions: (a) and (b): comparison of the influence of Na+ and Ca2+ (with identical 

ionic strength) on approaching force curves and rupture force curves, respectively; 

(c) and (d): impacts of the concentration of Ca2+ on approaching force curves and 

rupture force curves, respectively; (e) and (f): impacts of the concentration of Na+ on 

approaching force curves and rupture force curves, respectively.  

(Reprinted by permission from Elsevier: American Chemical Society., Environmental 

Science & Technology. Copyright 2016. DOI: 10.1021/acs.est.5b04098.) 

 

The CPL resistance (Rp) was strongly correlated with the maximum adhesion force 

between foulant and foulant, and the GL resistance (Rg) was closely related to the GL 

structure that corresponded to the molecular packing property of the foulant. Furthermore, 

considering the effects of Ca2+ and Na+ that are ubiquitously present in real water (AFM 

force characterizations with the presence of Ca2+ and Na+ are shown in Figure. 4.2), in the 

presence of Ca2+ a larger APAMïAPAM maximum adhesion force resulting in a higher 

membrane flux loss was observed. Even though the introduction of Ca2+ did not increase 

the Rg significantly, nevertheless the recovery of membrane flux after backwashing was 

significantly decreased, indicating that Ca2+ causes more severe fouling in the GL. As to 

Na+, the GL structures with Na+ likely corresponded to the proposed molecular packing 

among APAM chains, which could be used to predict the irreversible fouling potential and 

guide GL cleaning. These results shed light on a promising control of membrane fouling 

by organic polymers, and provide a fundamental basis for cleaning the fouled membranes. 
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The force curves in Figure 4.2 (e) and (f) were measured in pure water, 10 mM, 20 mM, 

40 mM, and 80 mM of Na+, sequentially, using the same tip and substrate both of which 

were covalently grafted by the APAM molecule. Herein, the tested solutions were the 

inorganic salt solutions (without any addition of APAM).  

 

4.4  Mechanical and Structural Properties of Drinking Water Biofilms – 

Implications for Pathogen Control in Drinking -water Distribution Systems 

(DWDS) Molecular Mechanisms of Membrane Fouling 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.3 Schematic of biofilm stiffness and thickness changes over three months 

of disinfectant exposure. 5 
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(Reprinted by permission from Elsevier: American Chemical Society., Environmental 

Science & Technology. Copyright 2016. DOI: 10.1021/acs.est.5b04653.) 

 

Biofilms in drinking-water distribution systems (DWDS) can facilitate pathogen persistence 

and transmission, and the mechanical and structural properties of biofilms are two major 

factors influencing the accumulation and release of pathogens. A disinfectant residual, required 

in most drinking waters by the U.S. Environmental Protection Agency, may impact the biofilm 

mechanical and structural properties because of biomass loss, and chemical and biological 

composition changes in the biofilms. Therefore, it is of great interest to understand the 

mechanical and structural properties of biofilms under the long-term exposure of disinfectants, 

as this will shed light on determining the methods of predicting, assessing, and controlling the 

risk of pathogens in DWDS (Figure. 4.3). According to Shen et al. 5 AFM plays a substantial 

role in the characterization of biofilm structural and mechanical properties: thickness and 

stiffness. 

 

The change in biofilm stiffness, represented by the biofilm elastic modulus (Young's 

modulus), was estimated by AFM indentation tests with a probe approaching to the biofilm 

surface at a downward velocity of 2 ɛm sī1. Spherical beads with a diameter of 20 ɛm 

were selected as the AFM probe to minimize contact pressures between the probe and the 

biofilms and to characterize the elastic modulus of the biofilms in a non-destructive way. 

The indentation force was measured as a function of indentation depth and the indentation 

curve for the biofilm outer layer had a lower slope compared to the biofilm inner layer 

(Figure. 4.4), 5 suggesting that the Young's modulus of the biofilm outer layer was smaller 
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than that of the biofilm inner layer. The outer-layer rather than inner-layer Young's 

modulus was selected to characterize the biofilm stiffness because the outer layer with 

direct exposure to drinking water is expected to be more important for determining 

pathogen accumulation and release. The outer-layer thickness was also characterized by 

the AFM, but the biofilm thickness was determined by optical coherence tomography 

(OCT) because the biofilms were relatively thick (tens or hundreds of ɛm) and the AFM 

was not able to characterize the full thickness. 

 

 

 

 

 

 

 

 

 

 

Figure. 4.4 Indentation test principle. A sphere probe with the diameter of 20μm 

was used in the indentation measurement. 5 

When the probe was indented into the biofilm surface, the deflection of the probe 

cantilever was monitored, and the applied force was calculated with the measured vertical 

deflection and the spring constant of the cantilever. The force as a function of indentation 

depth was then plotted, and the biofilm outer layer Young's modulus and thickness were 
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determined accordingly. (Reprinted by permission from Elsevier: American Chemical 

Society., Environmental Science & Technology. Copyright 2016. DOI: 

10.1021/acs.est.5b04653.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 4.5 The percentage stacked bar for the Young's modulus (E) of biofilms 

during the three months of monochloramine treatment under stirring conditions. 5 

 

(Reprinted by permission from Elsevier: American Chemical Society., Environmental 

Science & Technology. Copyright 2016. DOI: 10.1021/acs.est.5b04653.) 
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The most important finding of Shen et al. was that biofilm thickness and stiffness 

recovered in the long-term disinfectant exposure (Figure. 4.5). The dotted line was 

represented as the mean value of E at each time point. After the first month of the exposure 

to monochloramine and free-chlorine, the mean stiffness of biofilms was increased by 4 

to 8 times of that before disinfectant treatment. The biofilm thickness was also observed 

to decrease from 120 Ñ 8 ɛm to 93 Ñ 6ï107 Ñ 11 ɛm at the same time, probably due to 

biomass consumption. However, with longer disinfectant exposure up to three months, the 

biofilm mean stiffness showed a 2- to 5-fold decrease, along with an increasing biofilm 

thickness to 110 ± 7ï129 Ñ 8 ɛm. It suggested that the biofilms adapted to long-term 

disinfectant exposure. 

In this study, AFM characterizations indicated that one month of disinfectant exposure 

had the highest efficacy in controlling biofilms with the highest biofilm stiffness and the 

lowest biofilm thickness. The increased stiffness of the biofilms corresponded to the 

enhanced resistance to detachment, which would be more effective to prevent the release 

of biofilm associated pathogens. However, biofilm stiffness and thickness recovered 

following long-term exposure to disinfectants. Moreover, this study also illustrated that 

shear stress in DWDS could help reduce pathogen accumulation. AFM analyses provide 

insights in the transmission prediction and control of biofilm-associated pathogens in 

DWDS. 

 

4.5  Nucleation and Growth of Mn (hydr)oxide Nanoparticles in Natural Water 

Mn is one of the most abundant metals on earth, and Mn (hydr)oxide minerals are 

ubiquitously present in aquatic and terrestrial environments. Due to the large surface area 
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and high reactivity of the minerals, Mn (hydr)oxide plays an important role in determining 

the fate, transport, and transformation of redox species and heavy metals. However, the 

early stage of nucleation and growth of Mn (hydr)oxide itself was largely overlooked. In 

a recent study, Jung et al. 6 explored the heterogeneous nucleation and growth of Mn 

(hydr)oxide nanoparticles at mineralïwater interfaces by AFM and other 

microscopic/spectroscopic tools. 

By using the tapping mode of the AFM, the particle size, height, and morphology of 

Mn (hydr)oxide on the quartz substrates under varied ionic strengths (IS) were analyzed 

(Figure. 4.6). In the 1 mM IS system, Mn (hydr)oxide nanoparticles were formed in a 

relatively round shape with lateral dimensions larger than 100 nm and heights around 30 

nm. However, in the 100 mM IS system, a unique rod-shaped Mn (hydr)oxide was 

observed.  

Moreover, the rod-shaped nanoparticles showed an arch-structured height profile along 

the rod axis, indicating that these nanoparticles were formed by oriented aggregation. The 

observed rod-shaped Mn (hydr)oxide nanoparticles were next characterized by high 

resolution X-ray diffraction and X-ray photoelectron spectroscopy, and Mn(OH)2 (s) and 

Mn3O4 (s) were found. 

The formation process of Mn (hydr)oxide nanoparticles on the quartz substrate was also 

analyzed by comparing the AFM images at different elapsed times. From the AFM images 

in Figure. 4.7, it is observed that particle aggregation occurred as early as the first 5 

minutes of the reaction, in which small individual particles started to cover the quartz 

surface.  
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After the formation of sufficient Mn (hydr)oxide nanoparticles on the quartz surface, 

nucleation started to form on the top of pre-formed Mn (hydr)oxide nanoparticles and 

generated rod-shaped nanoparticles (>15 minutes). 

 

 

 

 

 

 

 

 

 

 

Figure. 4.6 AFM height images show that the 1 mM ionic strength (IS) (A) system 

forms many large aggregated particles, the 10 mM IS (B) system has properties 

intermediate between the 1 mM and 100 mM IS systems, and the 100 mM IS (C) 

system contains particles formed both on quartz and on Mn oxides. 

ñThe AFM height images from zoomed-in images (marked in C) for the 100 mM IS 

system show the pseudomonodispersed size distribution (C1) and oriented aggregation of 

nucleated particles (C2). The AFM image sizes (A to C) are 1 Ĭ 1 ɛm.ò 

(Reprinted by permission from Elsevier: American Chemical Society., Environmental 

Science & Technology. Copyright 2016. DOI: 10.1021/acs.est.5b02819.) 
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The AFM image sizes in Figure 4.7 are 1 Ĭ 1 ɛm. This schematic illustrated the 

heterogeneous nucleation of Mn (hydr)oxide on the quartz substrate, followed by the 

nucleation and growth of Mn (hydr)oxide on top of the heterogeneously nucleated 

particles. 

 

 

 

 

 

 

 

 

Figure. 4.7 AFM images from the 100 mM IS system at different elapsed times:  

5 min (A), 15 min (B), 30 min (C), and 60 min (D).6 

 ñThe nucleated particles form both rod-shaped and round particles through oriented 

aggregation.ò (Reprinted by permission from Elsevier: American Chemical Society., 

Environmental Science & Technology. Copyright 2016. DOI: 10.1021/acs.est.5b02819.) 

 

In this study, the AFM not only precisely characterized the structural properties and 

morphologies of Mn (hydr)oxide nanoparticles, but also analyzed the nucleation process 

over a specific duration of reaction time. The mechanistic study sheds light on the 

nucleation and growth of Mn (hydr)oxide for remediating Mn-contaminated 

environmental systems (e.g., acid mine drainage). 6 
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4.6  Outlook 

The selected studies highlight the significance and advantages of AFM characterization 

for membrane fouling, biofilm properties, and mineral nucleation in natural and 

engineered water systems. AFM outperforms many other microscopic or spectroscopic 

tools because it measures samples non-destructively under environmental conditions (e.g., 

in the air or water rather than vacuum). It overcomes the challenges of complicated sample 

preparation, and even enables the characterization of living microorganisms and cells. 

AFM holds great promise for understanding material properties and surface interactions 

in water systems. On the other hand, its limitations should also be considered for 

environmental sample analyses. For example, the AFM scans samples in a raster fashion 

and it is suitable for analyzing samples with a small size (e.g., hundreds of ɛm2). Other 

microscopic or spectroscopic tools should also be used to provide complementary 

characterization. In addition to AFM, other SPM (e.g., scanning tunneling microscopy, 

scanning electrochemical microscopy) analyses may also be beneficial to provide insights 

into chemical properties and reactions in natural and engineered water systems. 



122 

 

4.7  References 

[1]  Zhu, R.; Tan, D. T.; Shuai, D. Research Highlights: Applications of Atomic Force 

Microscopy in Natural and Engineered Water Systems. Environ. Sci. Water Res. 

Technol. 2016, 2 (3), 415ï420. 

[2]  Jiang, P.; Bao, X.; Salmeron, M. Catalytic Reaction Processes Revealed by Scanning 

Probe Microscopy. Acc. Chem. Res. 2015, 48 (5), 1524ï1531. 

[3]  Carpick, R. W.; Salmeron, M. Scratching the Surface: Fundamental Investigations 

of Tribology with Atomic Force Microscopy. Chem. Rev. 1997, 97 (4), 1163ï1194. 

[4]  Liu, G.; Yu, S.; Yang, H.; Hu, J.; Zhang, Y.; He, B.; Li, L.; Liu, Z. Molecular 

Mechanisms of Ultrafiltration Membrane Fouling in Polymer-Flooding Wastewater 

Treatment: Role of Ions in Polymeric Fouling. Environ. Sci. Technol. 2016, 50 (3), 

1393ï1402. 

[5]  Shen, Y.; Huang, C.; Monroy, G. L.; Janjaroen, D.; Derlon, N.; Lin, J.; Espinosa-

Marzal, R.; Morgenroth, E.; Boppart, S. A.; Ashbolt, N. J. Response of Simulated 

Drinking Water Biofilm Mechanical and Structural Properties to Long-Term 

Disinfectant Exposure. Environ. Sci. Technol. 2016, 50 (4), 1779ï1787. 

[6]  Jung, H.; Jun, Y.-S. Ionic Strength-Controlled Mn (Hydr) Oxide Nanoparticle 

Nucleation on Quartz: Effect of Aqueous Mn (OH) 2. Environ. Sci. Technol. 2016, 

50 (1), 105ï113. 

 

  



123 

 

Chapter 5: Outlook on Design of Membrane Systems for Water Purification 

 

5.1 Introduction  

 Tasks in the development of membrane can be considered as the optimization tasks, 

with designated objective function, such as optimizing the water flux of membrane 

during the separation process, or increasing selectivity against particular group of 

undesirable impurities, or even reducing the membrane cost under corresponding 

circumstances with the constraints of (1) the physical and chemical properties of 

materials for making the membranes, (2) the characteristics of the membrane surfaces, 

(3) the operation environmental settings, such as membranes set-up in the system, 

working pressure of membranes, temperature, and surface shear forces, and (3) the 

chemical, physical, and biological characteristics of treated water. Therefore, our goal 

is to seek an optimal solution achieving the best feasible performance that satisfies such 

constraints with respect to some well-defined and priority-oriented (such as max-

permeability oriented or rejection-oriented) criteria. 

In such context of transforming the membrane development into solving 

optimization problems in theory, we are facing two major problems, the first is how we 

can quantitatively formulate the objective function for flux or rejection rates over a set 

of variables of the properties of materials, characteristics of membrane surfaces, and 

the second is how to quickly solve the high dimensional problem when the number of 

variables and the number of constraints grow dramatically (for example, instead of lab-

scale research, we are facing the municipal water treatment for the whole metropolitan 

area or the wastewater treatment for a whole industry, dealing with hundreds of impact 

variables and parameters), which is more difficult and need efficient and rapid 
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adjustment during operation. 

 

Table 5.1 Mathematical Models for Predicting the Water Flux  

Dead End 

Microfiltrati

on3  

 

Crossflow 

Microfiltrati

on6  

Ultrafiltratio

n4  

Nanofiltratio

n6 
 

Forward 

Osmosis5 

 

Reverse 

Osmosis7  

 

(N: water flux; ȹP: transmembrane pressure; ȹˊ: osmotic pressure; ˊD: DS osmotic 

pressure; ɖ: feed viscosity; A: solvent permeability; Rm, Rc, Rf: resistance for 
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membrane, cake layer, and fouling respectively; ŭC: cake layer thickness; ; lp: 

membrane thickness; rP
max , rP

min: maximum and minimum pore radius; ūb, ūc: 

suspension and cake solid volume fraction; k1: fitting parameter; dU/dy: velocity 

gradient; ; fn (rp, t): probability density function; c (rs): contaminant density; ; µi: ion 

electrochemical potential; x: membrane coordinate; Űi: ion diffusion coefficient; ; kf: 

mass transfer coefficient.) 

As to develop accurate models to predict the performance of a membrane system, a 

lot of study in both experimental and mathematical areas have been done in this field. 

The solution to the first task can be verified by theoretical models of the system under 

the research with validating the parameters and measuring variables under experiments 

to find a best fit with high precision to the satisfaction for different systems.  

For instance, Fane and Waters had published the article revealing the relationship 

between the membrane surface pore characteristics and the flux for ultrafiltration 

membranes.1 They have demonstrated a modified concentration polarization model 

with effective free area correction assuming a UF membrane surface to be composed 

of a mosaic of regions of differing solvent permeability, which evaluates the structural 

changes caused by usage, damage to the membrane surface, such as plugging of pores, 

etc. Moreover, the relationship between sludge characteristic and membrane flux in a 

submerged membrane bioreactor had been revealed by Wang et. al. in 2006.2 In this 

study, viscosity, mixed liquor suspended solids (MLSS), extracellular polymer 

substances (EPS), soluble chemical oxygen demand, capillary suction time, and their 

correlations with membrane fouling were investigated. A detailed list of conventional 

models for predicting the flux of membrane processes has been provided above in Table 
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5.1. 

 However, how to combine and integrate mechanisms for the overall dynamics 

involved in a complex system remains challenging. Due to the challenges associated 

with the second major problem of increasing variables and environmental factors, only 

a limited proportion of candidates for both membranes and membrane systems have 

been developed in the laboratory and experimentally validated. Since most models are 

developed on the data from experiments designed for specific purposes, which are 

greatly dependent on the mechanisms of the corresponding processes, the 

generalization of an optimization solution to the complex and varying membrane 

processes becomes complicated. 

Meanwhile, artificial intelligence (AI) methods such as machine learning and deep 

learning have emerged in recent years and played an alternative role in predicting and 

optimizing the performance of membrane processes, which also provide effective 

solution for the second major task of high dimensional problem. 

 

 

 

 

 

 

 

 

Figure. 5.1 Machine learning push the fidelity/computational efficiency8 
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(Reprinted by permission from Elsevier: Swarm and Evolutionary Computation, 

Copyright 2011. DOI: 10.1016/j.swevo.2011.05.001)8 

 

5.2 State-of-art of Machine Learning in Membrane Processes 

Machine learning in nature is to learn from experience E with respect to some class 

of tasks T and performance measure P, if its performance P in task T improves with 

experience E. Machine Learning enables us to tackle difficult tasks that are inefficient 

to solve by fixed programs. In our case, the ñtaskò becomes how we use machine 

learning to process a collection of data obtained in the membrane processes. 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.2 A general machine learning model for predicting molecular 

properties.9 (Reprinted by permission from Royal Society of Chemistry: Chemical 

Society Reviews, Copyright 2020. DOI: 10.1039/C9CS00786E)9 
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The features can be extracted from the collection of data that have been quantitatively 

measure form the membrane processes. For example, the features can be topography 

images, like optical coherence tomography (OCT), which can be used to quantify the 

cake layer formation during the fouling process on the membrane. Also, the features 

can be the roughness of the membrane surface, pore size of the membrane surface, 

transmembrane pressure, feed solution viscosity, or the concentration of the feed 

solution, etc. Eventually, features can be utilized to predict the objective result of 

membrane flux.  

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.3 Illustration of encoding molecular structures .9 

(Reprinted by permission from Royal Society of Chemistry: Chemical Society 

Reviews, Copyright 2020. DOI: 10.1039/C9CS00786E)9 
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In a microscale, features can be encoded from raw chemical structure of the 

membrane material by representing molecules using structure representation mapping 

methods, such as Simplified Molecular Input Line Entry Specificatioin (SMILES), 

International Chemical Identifier (InChI), or extended-connectivity fingerprints 

(ECFPs)9. By using such encoding protocols, we can extract the molecular information 

for either the membrane materials, or the contaminants rejected by the membranes 

processes. Extracted features can be used for the classification (mapping membranes to 

high flux or low flux), regression/estimation (predicting flux or rejection performance). 

There are several typical models for machine learning, linear regression, decision tress, 

k-nearest neighbors, support vector machines (SVM), and neural networks. Linear 

regression is the simplest model of machine learning utilized in daily experiment and 

simple mathematical modeling, where we can utilize the training data point to obtain a 

linear function for the prediction and estimation.  

 

 

 

 

 

 

 

 

 

Figure. 5.4 Schematic of decision tree based method for classification.9 
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(Reprinted by permission from Royal Society of Chemistry: Chemical Society 

Reviews, Copyright 2020. DOI: 10.1039/C9CS00786E)9 

 

Decision tree classifier is one of the possible approaches to multistage decision make 

with a sequential table look-up rule. Each node of the decision tree represents a feature 

of the objective. Take Fig. 5.3 as an example, in order to identify whether the blood 

brain barrier (BBB) permeation is high or low, several features have been used to make 

the decision. logP denotes the affinity of the compound for the aqueous phase. nD and 

nA denote the number of hydrogen bond donors and acceptors respectively. Follow the 

satisfied selection for each feature, finally the classification of the objective BBBôs 

permeation has been achieved. Similarly, we can use decision tree model to identify 

whether a membrane surface is hydrophilic or hydrophobic or to classifier the 

antifouling capacities for a given group of membranes. 

Inspired by neuroscience, a neural network typically takes a set of n input values 

(features) x1, x2, é, xn and associate them with a learnable set of weights w1, w2, é, 

wn and compute the output f(x,w) using forward-feed and backpropagation. The 

feedforward network is to approximate function f* that defines a mapping from the 

input x to an output y, which y = f*(x, ɗ), and learns the value of parameter ɗ by 

updating weights to obtain a best function approximation. 

Applying the use of neural network into the area of membrane processes plays a role 

of adding catalysts into the field. Monitoring of membrane module integrity can be 

facilitated with an array impedance measurement combined with a convolutional neural 

network detection model to achieve a robust (>98%) sensitivity to identify the damage 
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state of the membrane module.10 To investigate the diverse fouling mechanisms of 

natural organic matter (NOM) in nanofiltration systems and to controlling membrane 

fouling,  a long short term memory (LSTM) model combined with optical coherence 

tomography (OCT) was established by the research group of Jaegyu Shim for the 

prediction of permeation flux and fouling layer thickness.11 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.5 Schematic of a neural network for predicting mass spectra.9 

(Reprinted by permission from Royal Society of Chemistry: Chemical Society 

Reviews, Copyright 2020. DOI: 10.1039/C9CS00786E)9 

 

5.3 Configurations for Photoreactive Membrane System in Application 
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In general, photoreactive membrane systems are applied in the water and 

wastewater treatment with two representative configurations: SPMR (suspended 

photocatalytic membrane reactor) and IPMR (immobilized photocatalytic membrane 

reactor). SPMR system separating photocatalysts from membranes is easy to be 

accessed and implemented with great recovery of photocatalysts and effective mass-

transfer of the photocatalysis process.11 While IPMR system usually anchored 

photocatalysts on the membrane with little concern of recovering catalysts.12 

 

 

 

 

 

 

 

 

 

Figure. 5.6 Schematic of a typical suspended photocatalytic membrane 

reactor.13 

(Reprinted by permission from IOP Publishing Ltd: IOP Conference Series: Earth 

& Environmental Science, Copyright 2018 DOI: 10.1088/1755 1315/208/1/012078.)13 

 

Figure 5.6 above has shown a typical independent SPMR configuration, where the 

membrane module is separated with the photo-reactor. The strong point of this 
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configuration is the clear and simple structure, while the drawback is the difficulty of 

controlling the stabilization of the whole membrane process. 

 

 

 

 

 

 

 

 

Figure. 5.7 Schematic of an integrated suspended photocatalytic membrane 

reactor.13 

(Reprinted by permission from IOP Publishing Ltd: IOP Conference Series: Earth 

& Environmental Science, Copyright 2018 DOI: 10.1088/1755 1315/208/1/012078.)13 

 

To further achieve stable reactions for the whole photoreactive system, an integrated 

SPMR configuration is developed as illustrated in Fig. 5.7, where the membrane 

module is immersed in the reactor and photocatalysts can be activated by the light 

source inserted in the reactor. To mitigate the potential photoreactive corrosion to the 

membrane, a light buffle is applied to eliminate the direct explosion to the UV lamp. 

Overall, the advantages of SPMR system are simple installment, stable reactions, and 

easy maintenance, while the disadvantages lie in the precise control of the 

photocatalysts and the loss of photocatalysts.11,13 
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IPMR configuration, on the other hand, dropouts the concern for the recycle of 

photocatalysts by immobilizing photocatalysts on membranes themselves. However, 

the introduction and the utilization of light irradiation might not as effective as SPMR 

system, as the external light source is applied with a highly transmitted glass. Besides, 

the relatively low mass-transfer between the feed solution and the anchored 

photocatalysts might compromise the degradation process. 13, 14 

 

 

 

 

 

 

 

 

 

 

 

Figure. 5.8 Schematic of an immobilized photocatalytic membrane reactor.13 

((Reprinted by permission from IOP Publishing Ltd: IOP Conference Series: Earth 

& Environmental Science, Copyright 2018 DOI: 10.1088/1755 1315/208/1/012078.)13 

 

 

5.4 Outlook for Applications and Summary 
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Existing research using machine learning in the membrane systems provides an 

effective but limited prediction of membrane filtration performance. Membrane fouling 

and fouling behaviors have not been largely explored yet, the machine learning models 

hold the potential to provide instant solution for preventing fouling formation by 

dynamic adjusting of operational parameters. Since there is no further studies have been 

conducted on the photocatalytic membrane systems, it is promising to investigate and 

simulate the novel membrane systems using machine learning modeling. 

It is noteworthy that the machine learning is not a panacea for the development and 

the optimization of membrane processes. Like the trade-off between permeation and 

selectivity in membrane filtration process, there exists trade-off between model 

capacity (the number of parameters) and the amount of data to be trained, usually we 

need a remarkable amount of data to train the model in order to achieve a high accuracy 

and precision rate, otherwise we need to develop a machine learning model with enough 

parameters (the remarkable GPT-3 can be applied to use without any fine-tunning, but 

with 175 billion parameters). 15  

The integration of machine learning models with real-time monitoring in membrane-

based water and wastewater treatment plant can make contribution in establishing 

automatic control systems for membrane processes with enhanced accuracy and prompt 

response. 

In summary, this dissertation focused on the development of sustainable membranes 

for water purification. In this thesis, it explored different photoreactive membrane 

systems, including photocatalysis on membrane fouling behaviors and 2D material like 

graphitic carbon nitride (g-C3N4) in the application of membrane fabrications. 
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Extensive instrumental analyses (e.g., scanning electron microscopy (SEM), atomic 

force microscopy (AFM), and X-ray photoelectron spectroscopy (XPS)) were also 

conducted to identify key properties that determine interactions and performance.  

Due to the versatile settings of the photoreactive membrane systems and the various 

target contaminants, the fouling mechanisms of photoreactive membrane system are 

not fully explored. To investigate the membrane-foulant and foulant-foulant 

interactions as well as the applicability of photocatalysis in membrane filtration, the 

photocatalysis of humic acid with titanium dioxide in the membrane system was 

conducted. In Chapter 2, the fouling mechanism on how the photocatalytic membrane 

system mitigated membrane fouling from NOM (humic acid) was revealed. In this 

study, separated photocatalysis and membrane filtration were used to improve the 

mass transfer during the photodegradation of humic acid and the light transmission 

into the photocatalytic membrane system. OHA from partial oxidation of PHA was 

made and then used for the fouling of PVDF ultrafiltration membranes. The results 

suggested that after photocatalysis, OHA fouling was alleviated on the membrane due 

to the molecular change of the structure  

Next, humic acid properties were systematically evaluated, and it was found that 

the humic acid exhibited lower molecular weight and increased hydrophilicity and 

oxygen content after photocatalytic oxidation. Introduced oxygen-containing 

functional groups of -OH and -COOH by photocatalysis help depolymerize the humic 

acid to smaller fragments. AFM characterization of the PHA and OHA on membranes 

indicated the less aggregation after photocatalysis, and the smaller adhesion force of 

both foulant-membrane and foulant-foulant decreased after the photocatalysis. CRFM 
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suggested that the humic acid became softer (less stiff) and more viscous after 

photocatalytic oxidation. Finally, A radar map was offered to provide a systematic 

evaluation for the photocatalytic mitigation of fouling. The study in Chapter 2 has 

provided mechanistic understanding of humic acid fouling in a photocatalytic 

membrane system at the molecular level with the insights into the development of 

photoreactive membrane systems to mitigate fouling.  

In Chapter 3, membranes assembled from two-dimensional (2D) layered graphitic 

carbon nitride (g-C3N4) nanosheets have been presented with potential use in water 

ultrafiltration separation. In this study, characterizations, membrane separation 

performance, and antifouling properties of the g-C3N4 nanosheets membrane were 

examined in detail. Overall, incorporating 2D g-C3N4 nanosheets into membrane 

development was an effective and convenient method to improve the water separation 

performance, promoting the application of the 2D g-C3N4 in the future development 

of membrane systems. 2D materials not only offer extended material properties, but 

also provide versatile platforms to develop promising reactive membranes with 

intrinsically multiscale features to facilitate the water purification as well as the energy 

saving. The bottom-up approaches to design and develop membrane systems can be 

improved with sufficient information of the mechanisms of photoreactive membrane 

systems and the understanding of the interactions between molecules in water and the 

surfaces of the membranes  

In Chapter 4, a useful tool, the atomic force microscope (AFM) and its capability in 

environmental related studies has been introduced. The applications of AFM has been 

developed for in situ topographic imaging in the environmental and biological fields. 
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AFM holds great potential for understanding material properties and surface 

interactions in studying both air and liquid systems. While the promising structure of 

graphitic carbon nitride enables systematic modulation of materials properties for 

tunable performance in both photocatalysis and 2D membrane filtration processes, the 

photostability and robustness of g-C3N4 need to be explored systematically to improve 

the large-scale use of g-C3N4. Combined experimental and theoretical research on such 

kind of photocatalysts within complex water matrices will yield strategies to control 

membrane fouling by manipulating membrane surface properties and to enhance water 

separation performance without significantly compromising the selectivity. 

In Chapter 5, Strategies like machine learning looking beyond materials themselves 

have emerged as alternative pathways for improved membrane system design. With 

the development of state-of-the-art machine learning techniques and the understanding 

of photoreactive membrane system, it is promising to present great opportunity to 

further produce water of high quality by utilizing renewable energy with the endurable 

substrate and robust membrane, which paves the way to an effective and sustainable 

future for water purification. 
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