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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 alsoreducingthe yield of purified water. This dissertation is hence motivated by the
potential value of integrating matesdlased membrane technology and photocatalytic
degradation in a sustainable way to mitigate fouling and to improve the pert@mgn
membrane filtration.

First, | utilized titanium dioxide (Ti) in a separate photocatalytic system to investigate
the performance of a photocatalytic membrane system for mitigating fouling, and to
identify critical properties for membrane foulinghd photocatalytic system had been
demonstrated to disaggregate foulants and mitigate fouling adhesion forces in both
foulantto-membrane and foulato-foulant interactions. A radar map was rationally
designed to highlight the enhancement of-faling ability in a comprehensive way to

predict fouling behaviors.



In the second part, | propakbybrid strategies by fabricating graphitic carbon nitride
(g-CsN4) membrane to reduce membrane fouling and to improve water filtration
performance. The introducedfekated 2D carbon nitride nanosheets were incorporated
to fabricate the integrated pheateactive membrane, which had achieved filtration with
inactivation of bacteria (i.e.E. coli), and the biofilm control ofStaphylococcus
epidermidis providing a new pathway of affbuling membrane development.

Thirdly, | highlight the strengths of using atomic force microscopy (AFM) as a
promising tool to explore various insights on properties and interactions, especially for the
characterizatiom the environmental engineering field.

This thesis aims to develogaotoreactivenembrane system towardshancedvater
flux, desired membrane selectivity, and optimized fouling mitigates well as to
understandhe underlying mechanism3he broadermpacts of this thesis includie
development ofa framework of sustainable water purificatioto 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 tbe development asur 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 thellution from complex contaminants through
industrialand municipal activitie$ Millions of people are facing the challenges of getting
access to safe and sustainable drinkable water (Figure An#)the situation might
become increasingly severe in the neaureiiue to the current trend of population growth
and global ecological damag®y 2050, 1.8 billion people are supposed to face water

deficient situation in watedeficient regiong

Legend im=year)
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(Reprinted with permission frodMQUASTAT, Food and Agriculture Organization,

Copyright 205.)

Moreover, the lack of adequate sanitation for safe drinking water will rise the potential
human health risks due to the chemi@aig microorganismsncluding virusesremained
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 asdfficientwater supply.
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Figure 1.2Global distribution proportion of population using improved drinking
water sources $0) .4
(Reprinted with permission froMvorld Health OrganizatigrCopyright 2015.)
Varioustechnologies have been developed for sustainable water purification, such as
flocculation, adsorption, distillatignand advanced oxidization processes (AOPS).

However, complex contaminants (e.g., inorganic salts, organic malinfection

byproductsand microorganisms) ithe feed water put severe pressoneconventional



water treatmentechnologies to meet increasingly stringent water quality standards.
Moreover, some technologibke AOPs requiretremendousmount of chemicals, which
might produce chemical byproducts and sludge, thereby making water treatment more
complicatec® Hence the development of robussustainablgenergyefficient,andgreen
chemicaltechnologiess of remarkable significanc€urrently those traditional methed
of purifying water do not adequately satisfy tivater purification requirements for
treating wastewater and drinking water in compliance with discharge and use sténdards

Pressure driven membrane technologies are serving as a potential solatidressing
the challenge of sustainabiligndthey are playing an increasingly crucial role in water
treatment processes, such as desalination, disinfectiproloyict control, tinfection,to
remo\e organic inorganic and biologicalcontaminantsand to purify watefor potable
reuse’8

Membrane technologies have been appfedwater and wastewater treatment in
various ways. Due to the energy efficiency, membrane technolageescreasingly
growing to meet those challengbfcrofiltration (MF), ultrafiltration (UF), nanofiltration
(NF), reverse osmosis (RO), forward osmosis (FO), membrane bioreactors (MBR),
electrodialysis (ED)and membrane distillation (MD) have beelevdoped for water
purification and reclamation. Their inherent attributes, such as highly selective separation,
low chemicalfootprints scaleup potential,and low energy consumption, pide a
promising future for water an@vastewaterpurification Furthermore, by combining
several membrane technologasdvarious processes, such as the MBR process and
the URRO-ED mult-membrane procesgmarkable outcomes and performance can be

achieve for sustainable purification of seawater or industrial wastewatstil now,



more and more water treatmeatans have been built and demonstrated the potential for

applying available commercial modules of membranes to produced purified water.
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Figure 1.3Membrane processes for water purification 1
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Although the membrane processhave achieved tremendous success in the water
treatment, howeveahe concerns remain for challenges dimditations embedded in the
membrane filtration processes. One inherent limitatiomefbrane processes lieslie
permeabilityselectivity tradeoff.l® Water flux equation through the membrane can be
described as:

= A (azap Lt
where J (L/m?h)i s the water flux, A is the permeabi

hydraulic transmembrane pressuen d nm isghe osmotic pressure difference across the



membrane, which is normally negligible for MF and phiecesseshutcannot be omitted
in NF and ROmembrane processes.

For porous membranes t he water permeability is

r el

membrane surface por osi p)yand(mémbraneraetivedayes n e

t hi c k) acosling(taithe HagérPoiseuille equatiaft
6 — (2)11

Therefore, in order to achieve a high selectivity, the average pore size sheuidlles

than the ejected particles, which in return compromises the water flux

For nonporous 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 bthe following equatioft:
E) E— (3)12

where \ is the molar volume of water,gis the gas constarand T is the absolute

temperatureOn t he ot her hand, the transport
diffusion:
0 on (4)*?
where D is the solute diffusion coefficient and i s lute boacerdration gradient

across the membran€he coefficients fp and D together define the filtration of ron
porous membrane3he permeabilitiyselectivity tradeoff was found by comparing the

diffusive water and salt permeabilities for several bulymer materials.

of

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

both porous membrane and Rporous membrane cases. For UF membrane, the

selectivity characterized by the separation factor decreases dramaticafyvath the

5

t

at

por

h



increasing permeabili}? For nonporous RO membranes, the trawfé relationship is
obvious on a commercial thiiim composite (TFC)olyamide RO membrane treated
stepwise with chlorine and alkaline to increase permeabiline dashed line is the

corresponding proposed trad# relationship for TFC membrané$
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Figure 1.4Permeability—selectivity trade-off for ultrafiltrat ion (a. porous) and
reverse osmosis (b. noporous) membranes'©
(Reprintedoy permission fromMacmillan Publishers LimitedSpringer Naturd\ature
Reviews Materials Werber, J., Osuji, C. & ElimelechCopyright 2016. DOI:

10.1038/natrevmats.2016)18

Despite the intrinsic limitationpne major concern for membrane processes is the
membrane foulingwhich isthe accumulation of substances on the membrane surface or
within the membrane porgsetting upa major obstacle forhe efficientfiltration of

membrane systems. There generallythree types of fouling: organic fouling lize



adsorption of dissolved organic majteuch as polysaccharides, natural organic matter
(NOM), proteins, fatty acids and surfactattscaling bythe deposition of precipitated
salts or bythe surface nucleation and growth of sparingly soluble galts silica, ferric
hydroxide, aluminum oxidend calcium phosphategndbiofouling by thedeposition and
growth of microorganisms to for strongly adherent biofilm$ In response to the
significant concerns on the membrane fouling in the environmealiation controland
biomass production, we aim to develop a systematic understanding of the fouling
mechanisms in reactive membrane systdo facilitate the fouling mitigation as well as
the energy saving and therefore to offer a sustainable solution to antifouling process in
membrandreatment

In order to minimize the impacts of membrane fouling and meanwhile to recover the
energy and costs used for the cleaning and replacement of memtaxaveasety of
conventional methodsave been attempted to prevent or mitigate the fouling process, such
aspretreatment methods (e.g. coagulation, powered activated carbon (PAC) adsorption,
oxidation), and cleaning processes (e.g. physioathod and chemical degradation)
Physical cleaning methods include mechanical or hydraulic cleaning by flushing
membrans, while chemical cleaningypically useshydrochloric acid, citric acid, and
sodium hydroxiddor membrane recoveriri§'’ These conventional methoarevitably
increase thehemical 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 considerafioninhibit or to

eliminate membrane foulinghe development of novel membrane systbasattracted



paramount interestn the research area of membrane technology. Various strategies from
passive antifouling to active antifouling have been explored.

Inspired by thebiological membranes, people come up with the ideanembrane
surface modification bgonstructing a hydrophilic surface for previagtthe nonspecific
interactions between foulants and the membrane surface. To date, various hydrophilic
materials, such apoly(ethylene glycol\PEG)}based, zwitterionic, and peptidomimetic

polymers, are employed toodify hydrophilicsurfaces with fouling resistan&&?!
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Figure 1.5Comparison of the antifouling mechanisms for porous membranes:
(a) Hydrophilic membranes. (b) Heterogeneous hydrophilic membrane®.
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Although hydrophilic membranes can mitigate fouling from some foulantsydikieal
organic matterflOM) and biomacromolecules, it still fails to substantially prevent fouling
from smallfoulants and fails to prevent the shflux decline. Therefore, the development
of membranes with broader fouling resistance and low flux declimgldy desirable. In
addition to preventing attachment from foulant, researchers found various ways to

facilitate the detachment of foulantader low hydrodynamic shear forcé$?
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Figure 1.6Active fouling prevention by heterogeneousnembrane°



(Reprintedoy permission fromMacmillan Publishers LimitedSpringer Naturd\ature

Reviews MaterialsCopyright2016. DOI: 10.1038/natrevmats.2016)18

By taking advantage of the synergyhgfdrophilic moieties withheir fouling-resistant
attribute and hydrophobic moieties witteirfouling release capability, the heterogeneous
membrane wagabricated 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 nepolar low surface esrgy molecules and functional groups to
hydrophilic membrane surfaces, which exhibited remarkable performance for mitigating
fouling with negligible flux decling10-20'2

As discussed above, proper tailoring of the surface chemical properties of mesnbran
can substantially enhance the membrane fouling resistdancaddition to modify
hydrophilicand hydrophobisurfaces, researchers found that some nanomaterials can be
employed to mitigate fouling on membrane surfaces..,Tk&04, Al203, M0S,, and
carbonbased nanomaterials (CBNsdich as carbon nanofibecsybon nanotubes (CNTSs),
graphene oxide (GO), and graphitic carbon nitride have attracted considerable attention
due totheir superior functionalities fanitigatingthe fouling /2 Onthe one hand, most
of these nanomaterialsre hydrophilic, which camtrinsically increase the hydrogen
bondingfunctional groups othe membrane surfacksading theformation of a tightly
bondedinterfacialwaterlayer. For exampleWang et al. first usd GO as an additive to
fabricate an antifoulingolyvinylidene fluoride (PVDFUF membrangwhich had shown
an improved fouling resistance lbovine serum albumi(BSA) with a higher water flux

recovery ratio (up to 96.4%9% On the other hand, theanomaterials cafurtherdecorate
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surface with functional group® enhance hydrophilicity and resistance against various
foulants
Energy consumptionis a significant parameter to evaluate thdvancementof
membrane technology with current and future needs. To harvest the sustainable and
abundant energydm the suninacogf f ecti ve way 1is capturing
interestsAmong those various antifouling methods, the photocatalytic membrane system
alternatively stand out for their promising capability of harvesting green energy from
suright irradiation to produce a series of reactive oxygen species (RQ@S) as
superoxide radical anions, hydrogen peroxide, hydroxyl radi@atksinglet oxygerfor
the degradation of contaminants that can only be physically rejected by the
membrane$3¥ but also alleviatenembrane fouling from NOM or microorganisms and
reduce associateenergy cost. However, it is not yet wélustrated how the photo
oxidation affects the NOM in the molecular level and few reports provided the molecular
mechanism of NOM foulingfor membranesin the photocatalysis Fundamental
understanding of fouling mechanisms in these novel membrane systems and the foulant
interactions withcommonly used andmergingmembrane matrix materials such as g
C3Ng and TiQ is still largely unexplored. Therefore, it is critical to conduct a systematic
researchnto the reactive membrane systems to overcome the challenges identified.
Among various2D nanosheets,-§sN4, consisting of trs-triazine unitslinked with
tertiary amino groups in each layer amdelativelyweak Van der Waals fordeetween
layers hasattracted enormous attentidnDespite increasingnvestigationson ¢-CsN4
nanosheets, the mechanisms of fouling mitigationgdfsNs nanosheets and the

development of a robugtCsN4s membrane are still need further investigation.
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Figure 1.7 The proposed mechanisms of-@3sNs nanosheets membrane¥.
(Reprintedby permission fromElsevier Journal of Hazardous Material€opyright

2019. DOI:10.1016/j.jhazmat.2018.11.083

Tofill the gapof fouling studies related to photoreactive membrane systigimt help
to understand the mechanisms of the type of fouling mitigation. Nofalbbfpcatalysis
combined with membrane filtration has been demonstrated to achieve significant
improvement fomitigate fouling However, it is not yet wellinderstood the ethanism

of how photocatalysisnitigate the retention of foulants and membrane fouling.
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Photocatalytic membrane (Ti#0g-CsN4) systemhad beerdeveloped and tested. This
researclnasemployeda multi-faceted approactombiningmembrane 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 foulartaim at not onlyproviding mechanistic
undersanding of fouling mitigation in the reactive membrane systems for the fields of
membrane fouling control, but alpaving the way tdranslate the knowledge into other
promising fields,such as biofilm control anfbod reservationas well as selleaniry

surfacedor addressing challengestsalth-environment nexus.

1.2 Research Objectives and Scope of Work

1.2.1 SystematicUnderstanding of thePhotocatalytic Fouling Mitigation

The goal of this study is tmentify 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 photodegradati in the presence of T¥@0 produce the partially oxidized
humic acid (OHA) with half decay of the chemical oxygen demand (COD) as a
representative photoxidized 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 foulethembranes were characterized byay photoelectron spectroscopy
(XPS), sizeexclusion chromatography (SEC), fluorescence excitamission matrix

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

13



also applied to investiga membrane fouling by the foulants at the microscale or
nanoscale in an aqueous environment. T&astion had provided a moleculadevel
understanding of how photocatalytic membranes prevent NOM fouling in water and

wastewater treatment

1.2.2 Development of gCsN4 Nanosheet Structured Membranes

g-C3N4 can be well tailored to form muitunctioral membrane byexfoliating the
porous gCsN4 powder to nanosheets and crosslinking the nanosh&efsaration
performance of the novel membraren be well comparable to other reporte@zfjls
based membraneg-urthermore, this photoreactive membrane systam efficiently
facilitate the fouling mitigation

After the characterization and evaluation of th€sls based membranes, the anti
microbid potential ha been testedn addition to water purificatiorthe developedg-
C3N4 based membranesre antimicrobial and thegan effectivelycontrol the biofilm

formationandpromotebacterial inactivation.

1.2.3Highlight the Use of AFM in the Environmental Engineering Field

The fundamentalesearchasshape the design of water treatment system to improve
the quality of produced water as well as the -effgctiveness of the system. As the
development chdvanced microscopitd spectroscopic strategjesvariety of tools have
been utilized to explore the water system at a mioreeven nanoscale Atomic force

microscopy (AFM) stands out as a powerful tool not only for the high atomic resolution,
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but alsofor its versatilecapability in characterizing surface properties and electrostatic
properties either imtmosphere oa liquid environment.

In this study, summarizedhesignificance and advantages of the AFM in the research
of water treatment and how AFM help to characterize impogiaysical, chemical, and

mechanicaproperties in the corresponding research.

1.3 Dissertation Outline

Photocatalysis, as a promising degtama 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 afuneactive 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 needlie identified. In addition, the relationship between
foulantmembrane interactions need to be further explored. Seco@iNg with
promising solar energy harvesting capability and 2D cbalmechanical properties
provides a versatile platform fdeveloping photoreactive membranes. Exploiting the 2D
g-CsN4 membranes can facilitate the design of effective photoreactive membranes. Third,
the applications of 2D-@sN4 membranes in biofilm control is needed to complement the
mitigation of fouling in conplex 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 e unpublished work of the development of 2D graphitic carbon nitride
membrane. This work addresses research objdativ.2, Chapter 4 contains the work
published in Environmental Science: Water Research & Technology entitled as Research
highlights: ajlications 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, itellectual merits, border impacts, and future research directions.
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Chapter 2: Fouling Mechanism in A Photocatalytic Membrane System

This chapter iseprinted with permission and modificatitmm Mechanism of Humic
Acid Fouling in a Photocatalytic Membrane SystdimMembr. Sci2018 563, 531540.

Elsevier Copyright2018. (https://doi.org/10.1016/j.memsci.2018.06.p17

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 photacatalyt
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 photocatalysipurifeed
humic acid (PHA), and the OHA showed reduced fouling for polyvinylidene fluoride
(PVDF) ultrafiltration membranes compared to PHA.

Molecularlevel characterizations indicated that OHA had a reduced molecular size, an
increased oxygen content, amcreased hydrophilicity. OHA also formed smaller
aggregates on the fouled membrane surfaces than PHA. The introduction of-oxygen
containing, hydrophilic functional groups, e.g9H and-COOH, to the humic acid and
the depolymerization or mineralizatiofithe humic acid in photocatalysis could result in
the reduction of the foularmembrane and foulafibulant interactions, as characterized

by atomic force microscopy (AFM), thereby mitigating membrane fouling.
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Foulantmembrane adhesion forces were alsvégrger than foularfoulant adhesion
forces in our study, irrespective of the humic acid before or after photocatalytic oxidation,
which may suggest that the reduction of folar@mbrane 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
mechanim st udy, the molecular changebs effect
investigating the forces between the foulants and foulants, as well as the foulants and
surfaces, which provided the intermolecular interactions for understanding fouling
mechanims of photocatalytic oxidationn summary, this study sheds light into humic
acid fouling in a photocatalytic membrane system through a systematic and
comprehensive researapproach angrovides insights for the design of novel membrane
materials and presses with improved performance for water purification.

Pressurariven membrane filtration, including microfiltration, ultrafiltration,
nanofiltration, and reverse osmosis, is becoming a promising physical process for the
removal of a broad range of cantinants in water and wastewatérDespite the
e ectiveness of membrane filtration for wate
technology still faces great challenges of membrane fouling, intensive chemicals and
energy consumption for operationcamaintenance, 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 refifoval

Natural organic matter (NOM), sb as humic acids, fulvic acids, and tannic acids, is
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ubiquitously present in various waters and results in significant membrane fog.
not only accumulates on membrane surfaces or inside membrane pores to foul the
membranes but also leads to thernfation of disinfection byproducts (e.g.,
trihalomethangshaloacetic acidsf and thus requires removal in water and wastewater
treatment.

Many previous studies have been conducted to understand membrane fouling with
NOM, by evaluating théopography of foulants on membrane surfaces, and by exploring
the e ect o f wat er matrices (e.g., pH, cat
interactions between the foulants and the membrane surfaces (e.g., electrostatic forces,
hydrophobic attraain) on fouling!***To mi ti gate membrane fouling
have been used in engineering practices, includingtreatment of water prior to
membrane filtration (e.g., coagulation, activated carbon adsorption, oxidation), regular
maintenanceand cleaning of membranes (e.g., physical vibration and backwashing,
chemical treatmentf surface modification of conventional membranes (e.qg., grafting of
hydrophilic and zwitterionic functional group$)?* and the development of new
membranes! Notably, the prereatment of oxidation has been demonstrated to achieve
significant improvement for the removal of humic substances and to mitigate membrane
fouling.?> Taking ozonation as an example, ozone decomposes foulants into small
molecules and remarkly prevents membrane fouling, due to the formation of highly
reactive hydroxyl r ads®*#owever(chenitdl comosion, ot her
potential toxicity, and the relatively high cost and energy consumption of the operation
have prevented one from broad application in water purificati®rt® 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 contarrant 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, deopose larganolecule 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 biofilfsn addition, photocatalysts
can potentially harvest sught and activate £and HO in ambient conditions, and thus
photocatalysis can reduce the energetic and chemical footprint for water and wastewater
treatmeng®3°

Our study aims to provide a moleculavel understanding of how photocatalytic
membranes @vent NOM fouling in water and wastewater treatment. In this study,
photocatalysts containing titanium dioxide (EF)Qvere suspended in water containing a
humic acid, which is typical NOM, to simulate the tandem photocatalytic membrane
system of a photocaliytic 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
() avoids polyneric membrane oxidation and deterioration in photocatalysis, (ii)
improves the mass transfer rate and photoreactivity for oxidation{iignéllows easy
illumination for photocatalysig:*°*! TiO, was selected because it is an inexpensive, stable,
and e cient photocatal yst for water puri fi
power f ul oxidant AOH that r dimitediraesiwwateh most ¢

for NOM decomposition®>34TiO, has been demonstrated to facilitate the photocatalytic
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oxidation of humic acids in recent yedrs® Uyguner et al. studied the molecular weight
distribution of a humic acid after Tibased photocatalysis under UVA irradiation,
whereby lower molecular size (less than 10 kDa) and higher UV absorbing compounds
were formed?® Liu et al. also investigated the photocatalytic oxidation of a humic acid on
TiO2, and the very hydrophobic acica@ition in the humic acid decayed rapidly to form
hydrophilic charged species, whereas the hydrophilic neutral fraction was the most
persistenf’ However, due to the complex structure of humic acids and varying
experimental conditions, the mechanism of tphatalytic 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 menmdgsawhich 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 alsouss the mass of the foulants (e.qg.,
through mineralization), and foulant mass reduction could lead to artifacts in evaluating
the e ect of humic acid structural changes
Our study uses a thorough and systematic approach to underséamdokbcular
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 igdrihumic acid (PHA).
The PHA was then subjected to photodegradation in the presence.dbTifdduce the
oxidized humic acid (OHA) with half decay of the chemical oxygen demand (COD) as a

representative photoxidized product of PHA. Next, both PHA a@HA, 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-tgy>Xphotoelecbn spectroscopy
(XPS), sizeexclusion chromatography (SEC), fluorescence excitamission matrix

(EEM) spectroscopy, and contact angle analysis. Atomic force microscopy (AFM) was
also applied to investigate membrane fouling by the foulants at the scadeoor
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., fotflauiant and foulantnembrane forces,
elasticity, viscosity)*+44We 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 smallenae
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 fgatingy membrane

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

wastewater treat ment) , and can -bnelcgst achi eve

e ective membrane filtration.
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2.2 Experimental Section
2.2.1 Chemicals
Unless otherwise specified, all chemicals were reagent gradeQMiléionized water
was supplied from a DIRECD 3 ultrapure water purification system with a resistivity of
18.2 MgqAcm at 25 AC. Sodium hydrisomopytle ( NaOH
alcohol, ethanol, sodium phosphate monobasic gR&kK2H,0), sodium phosphate-di
basic (NaHPQs-12H,0), sodium sulfate (N&Qs), and TiQ nanepowder (Aeroxid®
P25, with a reported average particle size of 21 nm) were purchased from/Adyroa.
A humic acid sodium salt was also purchased from Sigidach (H16752, technical
grade). Ultrafiltration membranes (YMBY3001, supplied by Synder Filtration,
polyvinyf i dene fl uoride (PVDF), mol ecul ar wei ght

purchased from Sterlitech.

2.2.2 Production of Purified Humic cid (PHA)

The humic acid from SigmaAldrich was treated to remove impurities, including fulvic
acids, metals, and ash, basedaomodified acid and base washing methtdHCl was
first added to the humic acid to produce a final concentration of 0.1 g of the aciahic
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 rsuspended in a HCI solution (1 mdl 1. This centrifigation 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 throudgh| 0 PVDF filters,
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and the filtrate was acidified to ca. pH 1.0 with HCI. 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 252030, MWCO of 1000 R) and freeze

dried. A stock PHA solution of 250 mg twas prepared from the freedeied PHA (pH

7) and stored in the dark at 4 °C

2.2.3Production of Oxidized Humic Acid (OHA) via Photocatalysis

Photocatalytic degradation of PHA on BiQvas used to produce OHA. The
photocatalytic experiments were conducted in a temperatureolled reactor (25 °C)
under the illumination of a 1000 W Xenon lamp (Newport) with a 305 nm-pasg
optical f il t eg#(loadirg o>l g& PvBas sispehded iMa RBIA solution
(160 mg L' ! equivalent to 210 mg'L*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 T§ODuring thefirst batch of photocatalytic
reactions, 650 OL of the suspension was c
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 mtas COD after 4.28 h of
photocatalytic degradation). The product of the plotiolized 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 rfsaturescsmparedgo®HA i cant |
and membrane fouling behaviors. For the mass production of OHA in the following
batches of photocatalysis, the PHA solution was irradiated for thagpeemined reaction

time of 4.28 h and centrifuged at 13,000 rpm five timad, the supernatant was freeze

27



dried to obtain the OHA powder. The Ti@®anoparticles were completely removed from
the OHA through the repeated centrifugation, antitaniumsignal was observed in XPS
for the OHA powderThis process aimed at utilizing piocatalysis to degrade the PHA

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

2.2.4Membrane Filtration

To explore membrane fouling, the tangential flow filtration experiments were
conducted in a flowthrough membrane unit. The flow rate of the feed was maintained at
100 mL mid tand the concentrate was recirculated back to the reservoir while the filtrate
was collectedThe TiQ; had been completely removed before fouling experimexts.
membrane was first thoroughly rinsed with ultrapure water, and@rpacted with the
ultrapure water under 15 psi for 2 h to reach a stable membrane flux, which wasealculat
from the mass of filtrate as a function of time. After water stabilization, PHA and OHA
solutions of the same concentration (10 rhdgds COD) were amended, and the membrane
flux was monitored as a function of time. The same concentration of PHA andv@siA
selected, because our study focuses on how the changes in humic acid molecular structures
after photocatalytic oxidation impact membrane fouling, rather than staieding

carbon | oss in photocatalytic degradation an

2.2.5 Size-Exclusion Chromatography (SEC)
SEC was conducted by using a hijggrformance liquid chromatography (HPLC)
system (LG20, Shimadzu, Japan) coupled with a photodiode array detectorN|2BR),

in which the absorption wase as ur e d a basea onsprevdobisdstudie’ Two
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gelcolumns (TSKGEL G3000PWXL, TSKGEL G2500PWXL) and a guaablumn of
the same packing material (TSKguardcollum PWxI-CP) weesl for SEC at 40 °C. The
mobile phase was a phosphate buffer (prepared from 0.37%af NaH,PQu-2H;0, 0.57

g L" lof NeeHPQy-12H:0, and 3.55 g L'of NaSQu) maintained at pH 6.8, aride flow

rate was 0.5 mL min! The HA solutions (PHAorOHA®@ 00 mg Li 1 as COD)

filtered with a 0.2 um polytetrafluoroethyle@TFE) membrangrior to SEC analyses.
Control experiments were conducted by using ultrapure water as the ddanie.
Polyethylene glycol (HPLC grade) with a molecular size of 380, 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 coaéirgy lay
on the bare membranes, a concentrated humic acid solution (PHA or OHA of 563'mg L
as COD) was repeatedly loaded on the membrane surfaces with low speedasipign
and drying. The samples were dried for 24 h in a vacuum drying container before
perfaming contact angle measurements. Images of ultrapure water droplets on three
di erent membr ane surfaces (i.e., a bare
OHA coated membrane) were obtained by a contact angle goniometer equipped with an
environmental lsamber (Kriss 1L4201). For each membrane sample, five sets of
equilibrium sessile drop contact angles were recorded betwsem@®0 s after the drop

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

exposure (less than 60 s), which should not

2.2.7 X-ray Photoelectron Spectroscopy (XPS)

The oxidation states and bonding environment of PHA and OHA etemacterized
by XPS, which was conducted on a PHI 5600 system with a Mg Ka source (1253.6 eV)
and under ultrahigh vacuum conditions (pressure' $Ti@rr). Escaped photoelectrons
were captured and analyzed by a hemispherical energy analyzer operatogstbat
passenergy of 58.7 eV. Peak positions were referenced to C1s, at 284.5 eV. The humic

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

2.2.8Fluorescence EEMSpectroscopy

Fluorescence EEM spectroscopy was used to evaluatesicent organic substances
of PHA and OHA. The humic acid solutions were first filtered through a 0.45 um PVDF
membrane, and the fluorescence EEM spectra were recorded using7@d F
spectrofluorometer (Hitachi, Inc., Japan). Fluorescence EEM spectrosteasurements
were peiformed 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, thilamensional spectra werdofted 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 MFBBDnicroscope 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 (gl bri
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. 7.48\dsused
for imaging.

For imaging purposes, we dried the fouled membranes (from meenfitaation
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 m! and applied a static load of 20 nN. To infer the mechanical properties of
the humic acids rather than the PVDF support, PYDF 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 and
foulantmembrane adhesion forces in an aqueous environment, amine gkitg) (
functionalizel polystyrene microspheres (25 um 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 memane.

For the AFMforcetests, 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 drod.d?B@\p1

or OHA solution (160 mg L 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 shosldflment

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 successitinlg of humic acids

onto the probeDuring force measurements, the PHA or OHA coated probes were used to
contact a bare or humic acid fouled membrane in the agueous environment, in which at
least 180 force curves for six random spots were obtained &br smmple 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 werelcand.8.37 N m?

respectively, and a tip approaching velocity of 300 hriwsas used for the analyses.

2.3 Results and Discussion

2.3.1Photodegradation ofPurified 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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experments. 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
photocatafsis). 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 hunic 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 omembrane fouling behaviors.

Table 2.1 Photodegradation of PHA andproduction of OHA

Adsorpt Total Phptodegrad
ion (%) Phqtodegrad Remo ation Rate R?
a ation (%) val Constant
(%) (min)
CO 12.6 38.3 50.9 2.7+0.4x 10 0.96+0
uv 41.9 38.7 80.6 4.6x£0.7x 10 0.95+0

2 Adsorption percentage was calculated based on the following equation:
Adsorption (%) =100 x [(&- Cad9/Co] where G is the value before adsorpticandCads

is the value after 15 min adsorption in contact withghetocatalyst Ti@in the dark.

Table 2.1 summarizes the results of dark adsorption onr @@ photocatalytic
oxidation kinetics of PHA in terms of COD and UV254 absorbance for the preparation of

OHA. In the photocatalytic process, UV irradiation exsiiee electrons from the valence
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band to the conduction band in Bi@esulting in the generation of holes and the formation
of radical s, This prpcess fadilitatesltha degrdd@tibin of the humic acid
ei t h e r adboyptioA @khe Tigsurface or by diffusion into the bulk solution. The
important role of PHA adsorption onto the Ti€urface for photocatalytic oxidation in
our study is in consistent with a previous repbrt.

A pseudefirst order kinetic model was applied to describe the photodegradation of
PHA under UV irradiation, and the photodegradation rate constant was calculated to
estimate the halife of PHA in terms of COD. OHA was harvested when half COD was
degradd for PHA. Similar to COD, photocatalytic degradation kinetics of PHA in terms
of UV 254 absorbance also followed the pseudo-@irder kinetic model, but the reaction
rate was larger than that in terms of COD, which might suggesthindtiV-absorbing
moieties in the humic acid could be decomposed faster, compared to the total carbon of
the humic acid in the photocatalytic oxidatioAfter obtaining reaction kinetics and
calculating the halfife 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.

2.3.2Membrane Filtration Flux of PHA and OHA

Membrane flux, normalized to the initial flux of time zero, for PHA and (bifling
decreased significantly as a function of time at the beginning of the filtration testd (i.e., O
5 min) before leveling off (Figre 2.1). Precompacting the membrane with DI water was
conducted to achieve a steady flow before the filtration of PH®HA. 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 filtratiostsewith 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 aftleembrane 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 de/jatmcess 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 resglfrom preferential decomposition of

large moleculasize and hydrophobic moieties.
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Figure.2.1Membrane flux as a function of time in PHA or OHA fouling
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(Reprintedby permission fronklsevier Journal of Membrane Scienc@opyright2018.
DOI: 10.1016/j.memsci.2018.06.01L7

Notably, both PHA and OHA of the same concentration (i.e., 10'mlgd.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 reduétibe bumic 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 duringatadysis,

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

2.3.3Molecular Size Characterization

Size-exclustionchromatography was conducted to determine the molecular weight of
PHA and OHA. According to Fige 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>3 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 ginant sizewas 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 mineradiion of the humic acidu nd e r the a4 tack of

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 AOH oxidati on

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 Sigldach humic acid. Our
findings suggested that the humic acid, irrespective of photocatalytic oxidatiad fbal

membranes via adsorption rather than pore blocking.
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Figure. 22 Molecular size of PHA and OHA.
(Humic acid was characterizedd¥ 254 nmA . U. represents darbitr

(Reprintedby permission fronklsevier Journal oMembrane Scien¢g€opyright2018.

DOI: 10.1016/j.memsci.2018.06.01L7

37



Similar to the advanced oxidation of photocatalysis, 0zone was also used to pretreat the
water containing humic acids to mitigate membrane fouling, and the results suggested that
the membane pore size played an important role in foulii§® Ozone oxidation could
reduce the molecular size of the huraads 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 menta&sh 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 relatreéationship between the humic acid
molecular size and membrane MWCO, and might increase fodlmaugh 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 readleas other results could be expected
in a different membrane systeifherefore, 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 mierane 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 devigtigare
2.3). It was remarkable thdtoth 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 s@fdde humic

acid became more hydrophilic after photocatalysis, which could be ascribed to the
introduction of hydrophilic functional groups (e.¢QH, -COOH) into the humic acid by

TiO2 treatment®®® Considering the reduction of the molecular size and mass of the humi
acid during photocatalysis, we speculate that humic acid oxidation started with the
introduction of hydrophilic functional groups and proceeded with depolymerization and

mineralization.

A Bare Membrane: (85.5° + 0.6°)

A PHA Coated Membrane: (51.0° + 1.2°)

OHA Coated Membrane: (46.1° + 0.9°)

Figure. 2.3Sessile drop contact angle profiles on a barmmembrane, a PHA
coated membrane, and an OHA coated membrane.
(Reprintedby permission fronklsevier Journal of Membrane Scienc@opyright2018.

DOI: 10.1016/j.memsci.2018.06.01L7
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2.3.5SEM Characterization
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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 haweitt coated membranes
was used to demonstrated that wuniform and su
We used a high concentration of PHA or OHA (563 rrigds COD) to coat the membrane
repeatedly to ensure a full coverage with the PHA or OHA. ddior 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 roudésanghiform 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 kery se., 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 (ire 2.5). According to the binding energy, the Cls
peaks at 288.0 eV and 286.5 eV corresponded=® &xd GO bonds, respectiveRy.
After photocatalyticoxidation, the peaks representing@ and GO increased, which
suggested the introduction of oxygen containing functional groups {@ld,,-COOH)
into OHA compared to PHA. In addition, no obvious shift of the C1s binding energy was
observed before and after photocatalysis, indicating that theicddestates of carbon in
the humic acid samples remained the sakditionally, there was no signal of Ti in the

XPS of OHA, clearly indicating all Ti©was removed by centrifugation.
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Table 22 XPS of PHA and of OHA

Sample o/C CIC (%) CIO (%) C=0 (%)
PHA 12.6 38.3 50.9 2.7+0.4 x 163
OHA 41.9 38.7 80.6 4.6+0.7 x 163

C(1s) O(1s)
C-C/C-H

cCoO

_\"\\;o

OHA

W

PHA ] \~_.

T T T T T T

290 285 280 540 535 530

Binding Energy (eV)

Figure. 2.5XPS characterization of PHA and OHA.
(OIC represents the atomic ratio of oxygen to carbe@, C-O, and GO represent the
contributionsof carbon based on the deconvolution of the carbon peak.
(Reprintedby permission fronklsevier Journal of Membrane Scienc@opyright2018.

DOI: 10.1016/j.memsci.2018.06.01L7

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=0 ar@ (Q.e., C=0 increased from ?8

to 10.5% and € increased from 14.4% to 17.9%). There was no specific selectivity
towards C=0 or € generation in the humic acid, probably due to the-sedective

oxi dati on blyased @etocatatysiS¥ iThe 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 EEMAnNalysis

Fluorescence EEM spectroscopy contour plots infei@.6 highlighted the fluorescent
response of PHA and OHénder 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.,xitation in the range of 22@50 nm and emission in the range of
280/ 560 nm) were shown. The qualitative analysis of fluorescence EEM spectra focused
on component identification, iwhich the characteristic peaks matching the data from
standard samples including both excitation wavelengths and emission wavelengths were
obtained.

Five fluorescence components were identified, including tyrdgieecompounds
(region 1) in the range ob-e x / & e ni256 nm2/2280330 nm, tryptophatike
compounds (region | 1) 1250nmt/ 838380 neyfgvee acald oe x/ ae
(region 1 11) i n the r angid80 anh, solwl@exmiceobiah = 220
products (region IV) in the range efe x / & e iiMB6G=nm2Z B30D380 nm, and humic

acids (region V) i ni45tnen / 388560gnen. Thef peaksenere ase m =
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observed in region V for both PHA and OHA samples, indicating the presence of the
humic acids before and after photocatalysiswever, before photocatalysis, PHA only
showed a stronfjluorescencegeak in the region V, but not in the other regions-bf.1

This characteristic fluorescence signals distribution was in agreement with other studies

of the fluorescence analysis of hunaicid.52:63

. L OHA .
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380 800.0 380 . 800.0
£ 6000 £ 600.0
S 340 ¢ g 340 -
g 4000  E 400.0
%300 % 300
[4%] 200.0 = 200.0
260 Hi 0.000 260 0.000
220 220 AL G M|
280 320 360 400 440 480 520 560 280 320 360 400 440 480 520 560
lﬁmmlon'nm Emission/nm

(a) (b)

Figure. 2.6Fluorescence EEM spectroscopy of (a) PHA and (b) OHA
(Reprintedby permission fronklsevier Journal of Membrane Sciend@opyright

2018. DOI:10.1016/j.memsci.2018.06.01L7

Interestingly, OHA showed multiplguorescenceeaks in the regionslll in addition
to region V after photocatalytic oxidation. In addition, tlerescenceeak blueshifted
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 thdategraroducts

contributed to fluorescence in the regiofH.|

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 surfacesuffei@.7, left column). Phase imaging was also
conducted (Figre 2.7,center column), whereby the contrast in the phase images indicates
gualitative contrast in the stiffness/softness of the material surface, vistenations,
and adhesive interactions between the AFM tip and the surface.

Phase imaging complements the topography analystsuse 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 um by 5 um; howeabere 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 distributionabfiréss 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 acidsmentbrane

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

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

fouled membrane (bottomrow).

(Reprintedby permission fronklsevier Journal of Membrane Sciend@opyright2018.

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. @B vs. 0.050.2 um), and the small OHA

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

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

aggregates (ca. 27840 vs. 2070 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 (5@ 213.7 nm vs. 47193.1 nm at different locations of AFM analyses), also
suggesting the formation of large PHA aggregates.

Photocatalytic oxidation tailors the molecular structure of the huanid, 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., Londomsiiap@rces,
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 BAGggregation 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 foraaicroscopy CRFM) is a dynamic mechanical analyss
revealthe 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 mendre surface and form stronger mechanical accumulation of
foulant layers that resist backwashing and mechanical cleartiegefore CRFM holds
promise for elucidating the inherent mechanical properties of humic acids, i.e., elasticity
and viscosity, whictprovide 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 thes@ymple junction during the interaction of the
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oscillating probe with the material, respectivéfyAn 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 \d&spation, and vice

versa 5566

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 sample#s to the quality factor results, veeiggested 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 removear. 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
membane 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 toetherane
surface’” 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 thefquotditwas 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 @600

kHz, used in the CRFM experiments. The foulant that exhibited tee$ii 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 disintegrationoggp to an elastic body,

which recovers its original shape once the deformation forces are removed.
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Figure. 2.8 Contact resonance frequency (a) and quality factor (lof the bare
membrane,PHA coated membrane, and OHA coated membranesing CRFM.
(Reprintedby permission fronklsevier Journal of Membrane Sciend@opyright2018.

DOI: 10.1016/j.memsci.2018.06.017

This result needs to be interpreted with caution because the visesgigation
measurement (or the quality factor measurement) in CiRF-® 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 i®qG&FM
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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 frequenqyeistexk for the
membrane and the foulant on the membrane surface during filtration or backwééing.

are cautious to interpret the results that suggested -OHA had a stronger
interconnection than PHRHA, because the CRFM results are highly dependettieon
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.
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Figure 2.9 Histograms of contact resonance frequency (left) arglality factor
(right) for bare, PHA coated, and OHA coated membranes.
(Reprintedby permission fronklsevier Journal of Membrane Sciencgopyright2018.

DOI: 10.1016/j.memsci.2018.06.0117
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In addition, CRFM was conducted for the dried samplestid 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 foulachamical properties in an
agueous environment. Therefore, adhesion forces were also evaluated subsequently in the
agueous environment thest simulate the scenarios relevant to membrane filtration.
Histograms of the contact resonance frequency and qtedityr analyses are shown in
Figure2.8 2.9 The KolmogorovSmirnov 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).

2.3.10AFM Force Analysis ofFouling 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
electrestatic interactions of the humic acids and the probe, i.e., negatively ch&Q&x
and positively chargetNHs*. We tried to used Fourier transform infrared spectroscopy
(FTIR) and Raman spectroscopy to characterize the loading of the humic acidseonto th
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 prdve polystyrene microspheres were fully covered

by PHA.
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% HV curr mag U HFW WD dwell det mode 5/23/2018 20 pm
H 1.00 kV 50 pA 6 500 x 63.8 ym 9.4 mm 10 ps ETD SE  7:.03:42 PM Teneo

(b)

# HV curr mag & HFW WD dwell det mode 5/28/2018 30 pm
H 1.00 kV 50 pA 5000 x 82.9 ym 9.6 mm 5us ETD SE  8:18:00 PM Teneo

Figure 2.10. SEM of (a) an uncoated amine functionalized polystyrene microsphere

tip and (b) a PHA coated amine functionalizegolystyrene 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 offfeHA,

probe surface became more uniform and smoother. The resonance frequency analysis is

based on Hookeds Ilwhwich ¥ is the resonance fr

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 masadrease of 40.85 ng on the AFM cantilever. This mass increase was
sufficient to coat fully for the probe with a diameter ofr@d (by assuming the density of
humic acid of 1.51.6 g cn?), despite the fact that much of the humic acid likely coated

the cantever as well.
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Figure. 2.12 Adhesion forces of foulantmembrane and foulantfoulant
in an aqueous environment
(Reprintedby permission fronklsevier Journal of Membrane Sciend@opyright2018.

DOI: 10.1016/j.memsci.2018.06.01L7
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Figure 2.13 Adhesion force distribution of foulant-membrane and foulantfoulant
in an aqueous environment.
(Reprintedby permission fronklsevier Journal of Membrane Scienégopyright2018.
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Figure. 2.12and 2.13descrils the adhesion force distributioasdalso highligls that
low adhesion force dominates after the photocatalytic oxidation of the humic acid.
Adhesion forces in the ranges3or O 2 nN contributed 51.6% and 76.6% of the force
measurements of OHAembrane and OH®HA, in contrast to only 16.3% and 47.2%
of the force measurements of PHidembrane and PHRHA. 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,
reduceghe interaction forces between the foulant with the membrane as well as the foulant
with itself.

Providing that there were less foulanembrane and foulafibulant interactions for
OHA than purified humic acid (PHA) without oxidation. However, Figufetiais 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, membrasieulant interaction dominates thedinning of filtration
process, and foulafibulant 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 foulanfioulant interactions was in ¢astronger 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 foulanfoulant interaction was smaller fBHA fouling. Indeed, we saw a
faster flux decline for OHA after-20 minutes of filtration(Figure 2.13) However, the

observed results may not directly imply that the foufantant interaction in OHA is
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stronger than that of PHA. According to the AFMaddcterization, 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 additionhe 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 th@HBHA
interactions were strongemsply 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 membrafmulant and foulanfoulant to provide direct and
guantitative characterizatig, and we used these results to understand membrane fouling

behaviors.
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Figure. 2.14 Normalized flux of PHA and OHA for the initial stage filtration.
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We speculate 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 repulsiontife.g.,
presence of more degipnatedCOO- 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 muckmaller than that of foulasmhembrane. This observation is in agreement
with the findings of Wang et al., in which a reduced adhesion force was observed for
foulantfoulant with respect to foulasmhembrane for the fouling of bovine serum albumin,
sodium #ginate, a humic acid, and secondary wastewater effluent organic matter for
PVDF ultrafiltration membrane$. Hence, the reduction of the membrane foulant
adhesion force might be important for controlling hueid 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 Kolmoge8mirnov tests were
also conducted for the adhesion force analyses,tlandesults showed that any two

distributions were statistically different (p < 0.05).

2.3.11Mechanism ofMembrane Fouling by Humic Acid

Photocatalysis introduces oxygeantaining functional groups (e.gQH and-COOH)
into the humic acid, leading #m 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.h& structural change of the humic acid could
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reduce the interactions of membréoelant and foulanfoulant, which were a key factor
controlling membrane fouling. The results support our observations in AFM topography
and adhesion force analysis: humiddaeduced aggregate size on the membrane surface,
and the adhesion force of membrdoelant and foulanfoulant decreased. The adhesion
forces of membrantoulant were larger than those of fouldaulant, irrespective of the
humic acid before or afterhptocatalytic oxidation, which supports the argument that
reducing membranfoulant interactions is critical for membrane fouling control. IruFeg
2.14, we provide a comprehensive comparison between PHA and OHA in terms of their
topographical, physicathemical, 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 &e, aggregate size, and adhesion forces of the humic acid and thus can mitigate
membrane fouling.

The force of membran®ulant and foulanfoulant provides direct evidence for the
extent of membrane fouling. In our study, we analyzed the moleculanmpespa humic
acids before and after photocatalytic oxidation, the force of memffwatent and
foulantfoulant, and correlate these factors to membrane fouling. From the radar map,
photocatalysis introduces oxygeantaining functional groups (e.gQH 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 andpdsenim
into OHA with small molecular sizes. The structural change of the humic acid could

reduce the interactions of membrgoelant and foulanfoulant, which were a direct key
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factor controlling membrane fouling. We admit that the smaller aggregata sifeulant
could induce higher membrane resistance than another foulant, however it was not

observed or supported in our study.
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Carbon/Oxygen < " Foulant-Foulant Adhesion Force
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Dominant Molecular Size Aggregate Size

Figure. 2.15 Critical properties of PHA and OHA and their contribution to
membranefouling.

(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 feulant
menbrane adhesion force and fouldatlant 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 um. The molecular size was

the most dominant molecular size normalized to 3 kDa. The carbon/oxygen atomic ratio

60



corresponds to the XPS measurements normalized by 5. Hydrophobicity corresponds to
the contact angle with water normalized to 9
(Reprintedby permission fronklsevier Journal of Membrane Scienc@opyright2018.

DOI: 10.1016/j.memsci.2018.06.017

Based on our study, the interaction of membyfugant and foulantoulant is critical
to determine fouling behaviors during the &libn. 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 fllecdease. 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 taationship between humic acid properties and the

led by the interactions of membrafalant and foulanfoulant.

Consideringlivalent ions such as Egresent in the feed water might play a significant
role in membrane fouling, it wdsghly agred with the opinion that calcium ions could
lead to a significant impact on the fouling behaviors and they may intensify membrane
fouling. Moreover, he additim of calcium ions could not only facilitate the photocatalysis
by bridging the humic acid molecules with the surface of;Ti@noparticles, but could
also change the mechanical properties of the humic acid foulants after the photocatalysis.
Therefore, thempacts 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 rejectiand 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 renewalslolar 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 teaevith a downstream membrane separation
unit is one of the most commonly used configuratiti 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 fiftratauld 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 largeprawe 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 systie

We first prepared OHArom partial oxidation of PHA in Ti@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 gsne 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 oxidatioPhotocatalysis likely introduces oxygeontaining
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 humacid on fouled membranes indicated that OHA formed
smaller aggregates than PHA, and the adhesion force of both fowtambrane and
foulantfoulant decreased after the photocatalysis of the humic acid. The adhesion forces
of membrandoulant were largethan those of foulardbulant, irrespective of PHA or
OHA, which supports the argument that reducing memki@uant interactions is critical
for membrane fouling control. CRFM suggested that the humic acid became softer (less
stiffy and more viscous aft 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 OltAterms 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 faling.

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 fohiggork 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.
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Chapter 3: 2D Graphitic Carbon Nitride Membrane for Water Purification

3.1 Introduction

Although TiO2 nanoparticlehiave been considered e mostwidely usedmaterials
for photocatalytic degradation of organic pollutants becausthef high efficiency,
availability, low cost, notoxicity, and chemical stability TiO2 only absorbs UV light
which limitsits performancevhen used for sunligkidriven photocatalytic reactiorfs/Vv
lights only contributes to ~4% of solar enerdgiiremendousittempts have beenadeto
modify TiO», either by changing its band structure or by combinimgtit other catalytic
material for light absorption ancelectrontransfer enhancement. Howevehallenges
remainon limited efficiency reproducibility,andcontrolof TiO»-based catalysts.

Carbon nanostructures have been widelestigatedas catalyst$or photcoxidation
reactions’ In particular,carbonnitrides (GN4) offer promisingalternative to TiO,-based
catalytic applicationsAmongall theallotropesgraphiticCsNa, is considereé@sthe most
stableeven up to 600C, which enables potential applicationshieterogeneous catalysis
underextreme conditionsMoreover, ithas proved to bean efficient photocatalyst for
many reactions under visible ligitradiation from watersplitting to oxidization of
alkanes™ The promising features d@sN4 are attributed to itstunableband gap 1.6
eV~29 eV)® and to itshighest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levelsvhich enable many photocatalytic
oxidation and reduction reactions, and alltve harvest of lighphotonsin a wide

wavelength range of 42827 nm.>’
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Figure. 3.1 TEM (a) and SEM (b) of microporous graphitic carbon nitride’
(Reprintedby permission fromElsevier Applied Surface ScienceCopyright 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 photoad®eitgntly,various
method to synthesizethe 2D structures ofg-CsNs4 have been developed 8! 2D
nanosheetare a new class of stable, higlplsocessable materials that feature distinctive
propertiescompared to theibulk counterpartsg-CsN4 is an intrinsically 2D covalent
organic framework characterized by a thfeleled symmetric arrangement of tgs
triazine connected btertiary amine irplane’° In the bulk form, most of the catalytic
sites are not directly availaliecause¢hey ara@naccessible. Since bulk@Na4is a layered
material, thesimpleand effectivevay to maximize the exposure of the catalytic sites is to
exfoliate thebulk formedg-CsN4 material intofew andsinglelayer gCsNa.

2D g-C3N4, which is an analog of graphite, has been reported with the merits of high
chemical s taabluinldiatnyaedwitheapprapribedand energy alignmeft

The spP-conjugated carbon atoms g-CsNa are packed in a honeycomb latticeith
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extraordinary physical, chemical and catalytic propsftiendowing g-CsN4-based
membranes theersatilecapabilities one of which capturing our interest, is to assemble
multifunctional membranes for specifiagplications, such as large molecules sieving and

separation in aqueous environment
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Figure. 3.2 Schematicgraphitic carbon nitride structure ’
(Reprintedby permission fromElsevier Applied Surface Scienge&Copyright 2007.

DOI: 10.1016/j.apsusc.2006.12.032

Theidentical sp-b o n d strdcture and carbon network are exhibited by graphene and
g-CsNas, which endow them the compatible materials to develapostructure¥’
However, the utilization of §€3Ns-based nanocomposites on thater purification and
antibacterial applicationarerelatively scarce and still in its infan@xploration More
importantly,nanoporousg-CsN4 with various structures and controllable psizemake

it promising to develop a 2hateriatbasednembrane for water purification.

74



Investigationhave been conducted on the synthesis©@$Mg: nanosheet for enhanced
photocatalytic performance comparea the bulk gCsNs, which is conventionally
generated from heating process of only one precursor, such as melamine, urea,
dicyandiamide, or other precursoof g-CsNs. Various attempts have been made to

improve the effectiveness and robustness-6§4 based material§:101>19

(@) (b)

X X .-
wfffé?g’w B,
MY

Figure 3.3 Scheme of (a) driazine and (b) tri-s-triazine based connection in ¢C3Na.
(Blue and gray spheres represent nitrogen and carbon atoms, respettively
(Reprintedby permission fromRoyal Society of ChemistriEnergy & Environmental

ScienceCopyright2015. DOI: 10.1039/C2EE03479D

A study by Zhou et investigateda membrangyhotoreactor (MPR)assembledoy
nanosheets ofgraphitic carbon nitride (€3N4) through vacuum filtration and
demonstrated its efficient capability in the degradatidBuafanorange G, rhodamine and
methylene blueThey have demonstrated ttgCsN4 membranes (Figure 3.4) have the

potential tomake lowcostandefficient system fowater treatmentinder visible light’
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Figure. 34 Schematic2D-nanosheets based reactor for photodegradatiotf
(Reprintedby permission fromRoyal Society of ChemistryJournal of Materials

ScienceCopyright2016. DOI: 10.1039/C5TA09152%5

Partially exfoliated 2D ¢C3Ns4 nanosheets with artificial nanopores and unstripped
fragments as seBupporting spacers were produced by destroying tertiary amino groups
The gCsNs membrane exhibitpromising potential ofseparation performance than
commercial membranes and mesoporous inorganic membranes for water purification. The
nanochannelgenerated by the setipporting spacers in the@N4s membrane were very

stable and rigid under different pdénditions and presses'®.

76



1‘" @ H,Omolecule
"é avouns

tri-s-triazine

® Natom
®

C atom

P1: intrinsic nanopore P2: artificial nanopore Self-supporting spacer
(unstripped fragment)

Figure. 35 a) A diagram of water transport through g-C3N4 nanosheetssia artificial
nanopores. Adhered unstripped fragments generate a spacing between the
nanosheetsStructural models of b) gCsN4 nanosheets with intrinsic nanopore¢P1)
and an artificial nanopore (P2);c) molecular water transport through the artificial
nanopore; d) theself-supporting spacer between ¢-3N4 nanosheets?®

(Reprintedoy permission fromWiley-VCH: Angewandte Chemie International Editjon

Copyright2017. DOI: 10.1002/anie.201701288

The aboveexfoliated 2D gC3N4 nanosheetsvith artificial nanopores (sizes between
1.5' 3 nm)fabricatedon anodic aluminum oxide (AADsubstratean sparate water from
evans blue (EB) moleculdsy uilizing nanopores andanochannel$or resering the

transporpathwayto molecules under a specific range of sipbsnnel space ranged from
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6nm to 12nm by molecular dynamics simulationfie nanochannels; the gCsNa

membranere proved to bstable and rigid under different pténditions and pressur&s
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Figure. 36 Cross-sectional view ofg-CsN4 nanosheetsnembraneon AAO (left) and
MD simulation system topview of ag-CsN4 nanosheef(right) .8
(Reprintedoy permission fromWiley-VCH: Angewandte Chemie International Editjon

Copyright2017. DOI: 10.1002/anie.201701288

In Figure 3.7, a research about 2D grapldtia r b o n naN4) manosheetafnegd C
by polyacrylic acid (PAA) has been reported with promisingptential for water
purification. The hybrid membrane withn@mbrane thickness of 160rirad achieved a
high water fluxof 29L m' &' ‘bar *with rejectionrateo f 87 % f or evans bl u.
and of 91% fobovineserumalbumn (BSA, Mn=65,000 Da)The artificial nanopores in
the gCsN4 nanosheets and the spacers between the partially exfoli@gdhgnanosheets

haveprovided nanochannels for water transport while bigger molecules are retained.
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Figure. 3.7 2D carbon nitride nanosheetsnembrane for water purification. °

(Reprintedby permission fromAmerican Institute of Chemical EngineesIChE
Journa) Copyright2018. DOI: 10.1002/aic.16076

In Figure 3.7, astudyabout 2D graphitic ar b o n  naN4) mamosheettieay byC
polyacrylic acid (PAA) has been reported with promigiogentialfor water purification.

The hybrid membrane with membrane thickness of 160rimad achieved high water
flux without sacrifitng much rejection rat83% for evans blue (EBY?

In ourstudy,we usedy 34 nanosheet without acid etching to fabricate ultrafiltration
membrane from a commercially available microfiltration membrane support. The
fabricatedg 34 nanosheet has a good water permeability and has a potential feasibility
in water treatment. This rearch has a broader impact including providing alternatives for
fabricating 2Dnanostructured 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 Meare$Composites

Material Purpose Synthesis Light Source | Targets Performance Year
AAO/g-CsNsnanosheets 2D membrane with concentrated HCexfoliation No light needed Rhodamine B Rejection rate % 20178
ultralow friction Evansblue 75.5,87.2,99.5
PAA/ g-CsNsnanosheets 2D ultrafiltration thermal etching, vacuum No light needed Rhodamine B, Rejection rate %: 52, 2018°
membrane with filtration Evansblue, BSA 83,91
antifouling
PAN/g-C3N4 nanosheets High permeable acid etching, ultrasound, PVA 300 W Xenon Methylblue, E.coli  99.83% rejection for 2019°
water filtration, & GA treatment lamp& 420 nm MB; 100% removal
Antibacterial filter of E. coli
Ag/g-C3N4 composite Disinfection ethanolexfoliation, 300 W Xenon E.coli (10" cfu/mL)  100% removal at pH 20162
ultrasonication lamp& 420 nm 6.2,7.2,&8.2
filter
Monolayer nanosheets Photocatalysis and dicyandiamide heating & 500 W Xenon H> generation 2.6 times the rate of 2013
of g-CsNa H. generation H.SO, exfoliation lamp& 420 nm enhancement H. production of the
filter bulk GN4
g-CsN4 nanosheets Membrane photo liquid-phase exfoliation (LPE) 100W Mercury Sudanorange G, ~100% conversion  2016°
reactor (MPR) in IPA/water lamp& 400 nm Rhodamine 110 and after 2 hours
filter Methylene blue
RGO/PDA/g-CsN4 Separation of thermal treatment, 500W longarc Methylene blue, 99.8%dyerejection, 20177
composite oil/water and polydopamine modification Xenon lamp oil/water separation 98.3% OQil rejection,
degradation of dye robustrecycling
0-C3N4 nanosheetsen Hybrid membrane thermal etchingyltrasound No light needed Water/ethanol Extremely high 20158
sodium alginate(SA) with high water exfoliation mixture permeation flux of
matrix permeability 2469 g/nih
GCN-sulfuric acid (SA) Enantioselective  thermal etching, No light needed Limonene, glutamic Reliable 2019°
composite permeation with ultrasonication, sulfuric acid acid, enantioselective
tunable interlayer etching, camphorsulfonic acid phenylalanine, permeationdr chiral
distance tailoring tryptonphan resolution
Layered double Photocatalytic ultrasonication, vacuum 500 W longarc Methylene blue, 99.28% rejection for 2021*°

hydroxide {DH)/g-

CsN4/PDA

degradation and
contaminant
separation

filtration

Xenon lamp

rhodamine B,

petroleum

organic dye, flux of
gasoline, diesel, anc 397.14 L/m?h bar




3.2 Methods and Experiments

3.2.1Reagents andSupply

Melamine (99%}vas suppliedy Fisher (AC12350010%lutaraldehydesolution(50%)
was supplied by Sigmaldrich. Polyvinyl alcohol was provided by Sigma Aldrich.
Bovine serum albumirBSA) (500mg L) was providedy Sigma Aldrich(A9647-50G).
NaCl (99% was purchase froovWR. KCI (99%) was provided bySigmaAldrich.
NaeHPQs (99%) andKH2PQs were supplied byrisher Tryptic soy broth (TSR tryptone
and yeast extractwere supplied byBD BiosciencesMi | | i por eSi gmaE | sofj
Polycarbonate Membrane Filters (0.2 um, 47 mwmas obtainedfrom Fisher
(GTTP04700, EMD Mi |l I i pore Dur ame(0.45fn, 47w Ras Me mbr a
supplied by FisherHVLP0470Q. Filmtracer LIVE/DEAD Biofilm Viability Kit was

provided by Thermo Fisher.

3.2.2Melamine BasedBulk g-C3sN4 Production

The gCsN4 bulk was produced by heating melam{88%) at 550 °C with a ramp rate
of 3 °C/min and maintained at this temperature for another 3 h in Argon envirofinent.
bulk precursor was stored for the next step of thermal etching for the produaiiizef
nanosheetThe thermakxfoliated gCsN4 nanosheeproductionwas based on the reheat

treatment of the bulk.

3.2.3Synthesis of 2Dg-C3N4 Nanosheets
2 g ofmelamine was placed in an open ceramic crucible (big one) and was hez@éd @

at a rate of 5 °C/min and hold for 2 h, labeled as(MZ5g, 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 A¥tgr two-step reheat
method, bulk carbon nitridead become white and fluffy compared to the previous yellow and

compact powders.

Figure. 38 Graphitic carbon nitride M1 and M2 using reheat strategy

Disperse 10 mg of Mfabricated in the previous step50 mL ethanol by stirring 12 h
and sonication for 2 lthe mixture was then vacuupmessed onto the bare membrane
substrate for forming a uniform layby-layer structure.The purified gCsN4 was
dispersed into 200 mL afeionized 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 protonat€gtNy nanosheets were left in the
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supernatant. Tis, the g-CaN4 nanosheetsvas obtained, and can be collected from the

dispersiorby filtering through themembranesubstrates.

3.2.4Membrane Assembly

80" C
settlement
g-C3N4/GA
g-C3N4 nanosheets deposition Direct GA treatment
| ) ) ) | 2l ;
PVA treatment

g-C3N4/PVAIGA

GA treatment

Figure. 39 Graphitic carbon nitride nanosheet membrane fabrication
(Reprintedby permission fromElsevier Journal of Hazardous MaterialSopyright

2019. DOI:10.1016/j.jhazmat.2018.11.0833

After obtaining theg-CsN4 nanosheetswe canfabricate the g-CsN4 nanosheets
deposited membrane by vacuum filtratidine gCsN4 nanosheenembranes were dried
at ambient temperatune theair.

The gCsN4 composite membranagere 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 PVAY-CsN4 nanosheet confinemengsmL of0.1 wt% PVA
solution was decanted into a deatl membrane modul€he solvent was evapdeal at

80 °C oven for 0.5 dur. Subsequently, themembrane was immerged in GA solution for
0.5 hour to constitute thesteady coatingAlternatively, the membraneavas directly
immersedn GA solution for 0.5 bur to crosslink PVA andy-C3N4.2° After comparing
the results of two synthespmathways, we chose to directly use GA solution for the

fabrication without PVA crosslinking.

3.2.5SEM Characterization
The morphologies and structures of the membsantacesvere observednd verified
using scanning electromicroscopy (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 MFBBDnicroscope and a Cypher
S microscope, both from AsyluiResearch (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 #\n Olympus AC240TS cantilever with a fundamental resonance
frequency of ca. 1861 kHz and a fundamental force constant o6cZ0 N mi *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 PermeationM easurementwith Filtration

MilliporeSigmaE | soporeE Polupcdtamnyéamat e
Fisher GTTP04700 were used as the substate for the synthesis of graphitic carbon nitrite
membrane. Different loadings 0f@N4 nanosheet suspension were applied to fabricate
membranes. The -GsNs4 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.

Thepure water fluxandrejectionmeasurements were performed drosnemade dead
endfiltration devicewith aneffective area was.25cn?. The mass of water going through
membrane wasollected undel5 psiand recorded by a balance. The corresponding
volume wascalculatedthrough the mass. The water flux was calculatecelive flux
divided by the normal stabilized water flik/m%h/bar)for each experimengor the
regjectionexperiments, BSA500mg L) from Sigma Aldrich(A9647-50G) and thehumic
acid (40 ng L'*as COD purified from Sigma Aldrich(H16752100G were applied for

filtration. The molecule concentrations were analyzed usingvid\épectroscopy

3.2.8 Antibacterial Experiments

E. coli (ATCC 11775) was selected as a Graagative pathogen surrogate to
demonstrate the antimicrobial capabilitygs€3N4 under visiblelight irradiation.Instead
of trying graphitic carbon nitride membrane, we take an investigation on MCB coupon.
Preparationof MCB-g-C3sN4 was shown as follows: First, 2g of melamine (Fisher

125350010), 1.93g of cyanuric acid (Sigma 185800G) and 0.07g of barbituric acid
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(Sigma 18569%00G) were mixed in 40 mL of ethanol (Fisher BP28184) in arDO
glass container at 1000rpgor 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 @Gegative bacterium to
evaluate the photocatalytic inactivation as shown in the Figure 3.24. The disinfection of
planktonic E.coli under white LED light irradiation iphosphatebuffered 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 o¥efold decrease of colorforming unit

(CFU) under visibldight irradiation for 250 min.

3.2.9Biofilm Control

To furtherinvestigate the biofilm inhibitioexperimentsStaphylococcus epidermidis
(ATCC 35984), as a Granpositive bacterium, was selected to form biofilms on the
surface ofy-CsN4 coupon.Staphylococcugpidermidis(ATCC 35984 were cultured on
the g-CsN4 coupons in the darkondition for 3 days in 1€old diluted TSB Control
biofilms were growrcontinuously m thedark environmentWhile thelight group coupons
werethenexposedo white lightemitting diode LED irradiation (7 W) undsame living
environmentith temperature (37 °C)nixing rate (80 rpm), nutrierdondition (10fold
diluted TSB) The white LED lamp wasaintained 15 cm away from the surface of the

coupon.
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3.3 Results and Discussion

3.3.1SEM

Three types of membrane substrates had been considered as the support and foundation
for the g-C3Ns4 nanosheetsnembrane, including PVDF membrafeMD Millipore
Dur apor e E PV DFshavH/noP047@)netectrospun PVDF membrane, and
PC membrane with 02m pore sizéMi | | i por e Si g, Fish&rGTTRO470®p r e E
In general, the first two membranes have relatively large pores that impede the formation
of nanosheets upon the membrane surfdoeBigure 310, the pore sizes of the PVDF
membrane vary fror.5 um up to ~1@um, which might allow the graphitic carbon nitride
nanosheet to pass through, therefore dramatically reduce the coveringC:0fs g

nanosheets on the membrane surfaces as shown in the SEM images Figure 3.1

PM 2.00 kV 50 pA ETD SE 829 ym 5000 x 10.4 mm 10 ps

Figure. 310Bare PVDF membranesupport for fabrication
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)
g X \\
urr  det mode HFW m dwell
ZOOkV SOpAETDSE 638um6500x 10.2 mm 10 ps

g HV curr mag U HFW WD dwell det mode g 30 pm
2.00 kV 0.20 nA 5000 x 82.9 ym 8.6 mm 5 us ETD SE 6 PM Teneo

Figure. 312 Electrospun PVDF membrane
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9 HV curr det made HFW mag MWD dwell | 4 pm
M 2.00 kV 50 pA ETD SE 11.8 pm 35000 x 9.8 mm 10 ps Tenco

Figure. 313 SEM of Bare Polycarbonate (PC) membranewith 0.2um pore size

Similarly, the PVYDFmembrane 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 laylgy-layer way. In Figure 3.12, the obvious
hollow between PVDF nano fibers can be as large as 150ure.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 the48l4 nanosheets is of great significance and would be necessary.

PolycarbonatéPC)membrans (0.2 um) which has aemarkablainiform pore size on

the menbrane surfacehenceproviding 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 prodéssl | i por e Si g makE

| soporeE Polycarbonate Membrane Filters (0.

were used as the substate for the synthesis of graphitic carbon nitrite membrane.
Based on the SEM resultsreatively uniform surface has bealmostcovered by the

carbon niride nanosheets according to tbkowing SEMimages (Fig3.14and Fig.3.15)

for a 1.2 mL of C3Ns4 nanosheets suspension loadingnd a completecovering of

membrane surface with a 2 mL ofNG nanosheets suspension loading has been revealed

and confimed withthe SEM images of Fig. 3.18Fig. 3.20.

\ (04:57 PM 2.00 kV 25 pA ETD SE 414 pm 1 000 x 9.9 mm 10 ps

Figure. 314 SEM of g-C3sN4 membranewith 1.2 mL loading (large scale)
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L 4 )
% y M 2.00 kV 25 pA ETD SE 518 ym 8000 x 9.9 mm 10 ps

Figure. 315 g-CsN4 membranewith 1.2 mL suspension loading

HV curr  det mode HFW mag O WD dwell [ 30 pm
2.00kV 25 pA ETD SE  82.9 um 5 000 x 9.7 mm 10 ps Teneo

Figure. 316 g-C3sN4 membranewith 1.2 mL loading fouled by BSA
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._.." / cumr ¢ je HF w0 fwel
} 610 lZOOkV 50 pA ETD SE 829pm 50000 9.8 mm I.Oua

Figure. 3.17 g-C3N4 membranewith 1.2 mL loading fouled by BSA(large scale)

Figure 3.5 and 3.7 show the SEM images of@sN4 nanosheet membrane after the
filtration with Bovine serum albumifBSA) solution. A rough andoulantaccumulated

morphology of the membrane surfaces had been observed.

M 2.00 kV 0.10 nA ETD SE 166 mm ZSOx 10 5 mm I.Ous

Flgure 3.18 g-C3sN4 membranewith 2 mL loading (large scale)
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C% 10/12/2019 HV curr det mode HFW mag [ WD dwell S— L V)
° 12:26:36 PM 2.00 kV 0.20 nA ETD SE 34.5 pm 12 000 x 10.3 mm 10 ps Teneo

Figure. 319 g-CsN4 membranewith 2 mL loading

% 10/12/2019 HV curr det mode HFW mag 0O wD dwell
1 1:42:39 PM 2.00 kV 0.20 nA ETD SE  6.38 pm 65 000 x 10.2 mm 10 ps

Figure. 320g-C3sN4 membranewith 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 Figur®,3He evident layered
structure of gCsN4 nanosheet provides support for the implementation of 2D material
menbrane architectureThe SEM is applied to confirm the formation ofCgNa
nanosheets membranes. As displayed in FI3, 3hebare -Z membranenhas relatively
dispersedsurfaceporeswithout distinct cracks, and the@N4 nanosheets are evenly
distributed on the membrane surface. Bid8i 3.20indicate the active layers are coherent

and compact.

3.3.2 AFM Topography for 2D g-C3N4 Nanoshee$
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Figure 3.21 AFM topography of graphitic carbon nitride nanosheet

To further understand the thickness and morphology of 46eNg nanosheetsAFM
measurements were performed. The AFM image (Fi@@H revealed that thg-CsN4
nanosheets wer8.1-0.2 ym in lateral size. In addition,from the Figure 3.22, it is
suggested thahe thicknesf C3N4 nanosheetsvas within ~10 nm.The topography
clearly indicated thathe height of @4 nanosheets layer was 8.6 nm highe height

profiles also suggested thae laterakize of nanosheet can be as large as 0.1~0.15 pm.
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Figure 3.22 AFM of graphitic carbon nitride nanosheet on Z membrane
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TosummaryAFM images have presented a visualized proof to illustrate and to analyze
the topography of GAQ-C3sNs4 nanosheet composite on membrane surf&cether
understanohg of the interactions between target contaminants orifgutulprit andg-

Cs3N4 nanosheetsnight requireAFM force measurement® 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-CaNs4 nanosheets membrane might be achieved.

However, the spacing measurement betwg€3N4 nanosheets need to bealyzedto

validate thehypothesisMoreover, the detailed AFM applications in the environmental

engineering field have been reveatetdl discusseih Chapter 4.

3.3.3 PermeationTests for 2Dg-C3sN4 Nanoshees Membrane

Relative Flux

0.30

=+ (.12 pg loading (BSA)
-&- 0.2 pgloading (BSA)
-+- 0.2 ug loading (HA)
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Figure 3.23 Relative water flux profiles for carbon nitride nanosheet membrane

The flux of the membrane was measured. As shiowFigure 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 stdbifir each

filtration test. And for the1.2 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 afNa membraneThe water stabilization flux at

the beginning can be as high=#08L/m?h/bar aft er near |l yofthe hour s o
free-standing membranghe water flux went down to 250~300m?/h/barat the time of

0 min (after switchingfrom the water stabitiation to the contaminatfittration mode).

The rejection rates for BSA are 75.4% andb8®for 2mL loading and 1.2 mL loading

of graphitic carbon nitride nanosheet suspension, respectiVied.rejection ratesf

humic acidfor 2 mL loadingg-CsN4 nanosheetsnembrane and 1.2 mL loadiggCsN4
nanosheetsnembraneare 79.6% and 61.2%hese 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 eféectively eliminate
waterborne pathogenic microorganisthgHowever,disinfection byproducts asell as
operational challenges storing andransporiof strong oxidation chemicals haxaisel
concernsPhotocatalytic inactivation of bacteria and biofilm have captured the interest
and attention from a considerable number of researcensipared withtraditional
organic and inorganic fungicides, photocatalysis based©sNg has the advantages of
durability, heat resistance, safety, drug resistanidere strategies to enhance the
antibacterial performancef g-CsNs-based nanostructured photodynamic inactivation

materialsareintroduced
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Inactivation of planktonicE. coli using white LED light irradiation on thg-CsN4
couponhasbeen revealed in Figure 3.24. The light control experiments represent the
performance in the presence of light but withoutgf@N4 coupon, and the dark control
experiments were conducted wighCsNa4, butwithout any light irradiation sourc&he
disinfection efficiency is remarkable that the CFU ofcBli has decreased more than 6
fold in 250 minutes (~4 hours)f visible LED light irradiation with the help 0§-C3N4

deposited surfaces.
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Figure 3.24 Photocatalytic inactivation efficiency of gCsN4 againstE. coli under
white LED light irradiation in PBS (CFU as colony forming unit92.
(Reprintedby permission fromAmerican Chemical SocietyACS Applied Material

InterfacesCopyright2018. DOI: 10.1021/acsami.8b185%3
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Confocal images in the Figure 8.Bave shown the remarkable decrease of green spots,
indicating the living cells of the biofilm had been successfully inactivatietd exposure
of the 3day-growing Staphylococcugpidermidis(on the surface of-CsN4 andin the
dark environmentunderthe white LED light irradiation of 24 hour3he dramatical
increase of the ratio dhe dead cells over the living cells in thiefiims suggested that
the biofilms became more and more detathabddisintegrated aftethe photocatalysis

process.

Figure 3.2 Confocal imagesof Staphylococcusepidermidis biofilm on g-CaN4

coupon in the dark (left) and visible lightirradiation (right) condition in 10-fold

diluted TSB.

Consistenfindings 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 dramaticallipespite the AFM analysis might not fully reflecteth
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.
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Figure 3.26 AFM of Staphylococcus epidermidis biofilm on g-CsNa coupon in the

dark condition.
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In thecases of dark culturing condition of tBéaphylococcus epidermidisiofilm on
the graphitic carbon nitride couporiBhere 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 thg-C3sN4 coupons.
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Figure 3.27 AFM of Staphylococcus epidermidis biofilm on g-CsN4 coupon in the

light condition.
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3.4 Summary

In summary g-C3N4 has been proven to be one of the mmsimising candidates
suitable for designing anfdbricating advanceghotocatalytic bactericidal materials for
various photodynamic inactivation applications. To date, many approaches, such a
heterostructures, decoration, element doping and morphology cdaittblhave been
adopted to enhance the pbdynamic inactivation activity, buhe limited enhancement
achieved so fastill need to be improvedChallengesremainin rationally fabricaing
highly efficient, inexpensive -§@3Ns-based sterilizing agent®r complex application
systems and taleeply understand the underlying enhancement of the photodynamic
inactivation mechanism ofGsNs-based nanostructured materials

How we can make the use thie promising multifunctionality of thg-CsN4 towards
not only photocatalytic applications, busalheterogeneous 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-CsNg, fruitful capacities ofg-C3Na4 could be explored to develop a robust and-cost
effective system fomultiple applications across the areas of environmental degradation,
antifouling surfaces, disinfection for bacterial and virudesterogeneous catalysis,

electrical transfer, andemv generation of batteries and sensors.
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Chapter 4: Fouling ResearchHighlights: Applications of Atomic Force Microscopy

in Natural and EngineeredWater Systems

This chapter iseprinted withfull permission and modificaticinom Zhu, R.; Tan, D.
T.; Shuai, D. Research Highlights: Applications of Atomic Force Microscopy in Natural
and Engineered Water Systergswviron. Sci. Water Res. Techn201§ 2 (3), 415 420.

(https://doi.org/10.1039/c6ew900N2gRoyal Society of ChemistriCopyright 2016

4.1 Abstract

The mechanistic understanding of the fate, transport, and transformation of
contaminants in natural and engineered water systems is of igmpattance 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 studieg @g$tivl 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 treatioicland
growth of manganese (Mn) (hydr)oxide for remediatingddntaminated 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
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allows ugo 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 coseffectiveness of the systems. To date, a variety of characterizaisrhave
been developed to explore natural and engineered water systems at @n@eem nano
scale, among which, atomic force microscopy (AFM) stands out not only for the high
atomic resolution (angstrom scale) but also for its versatile capabilitharacterizing
surface properties and electrostatic properties either in an atmosphere or a liquid
environmeng®

AFM is a scanning probe microscopic (SPM) technique that is widely used to investigate
morphological, structural, and functional charastess 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, especiallgrelsterization 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 distributiosystems, and nucleation and growth

processes of manganese (Mn) (hydr)oxide nanoparticles.

4.3 Molecular Mechanisms oM embrane 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 targetontaminants 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.

N

Retracting Molecular Packing Property —

& .
Maximum Adhesion Force =
v Close

Relationships

Figure. 4.1Schematicof intermolecular interactions measured by AFM on an

APAM fouled PVDF ultrafiltration membrane. #

APol ymer (i .e., anionic polyacrylamide (AP
(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 concentratiopolarization layer (CPL) and gel layer (Gd).
(Reprintedby permission fronElsevier American Chemical SocietyEnvironmental

Science & TechnologyCopyright2016. DOI: 10.1021/acs.est.5b040%8.
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Membrané&foulant and foularitfoulant intermolecular interactions play critical roles in
membrane fouling. However, these interactions over the concentration polarization layer
(CPL) and the gel |l ayer (GL, or Oagalke | ayer
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-iriked stru¢ured 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 membransdo To
evaluate the relationship between the membrane fouling and intermolecular interactions
over the CPL and GL, Liu et d.used an aminfunctionalized AFM probe covalently
bound with anionic polyacrylamide (APAM), the probe membrane foulantgttigirthe
polymer fouling behavior on a polyvinylidene fluoride (PVDF) ultrafiltration membrane.

The atomic force microscope used a probe attached to a-caistilever to approach
target surfaces (Figure. 4.1). The probe passed the surface in a rakten fand
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 attachedctmtihever.

A critical finding by Liu et al* was that the CPL had a greater impact on the membrane
flux loss than the GL. Specifically, the intermolecular interactions between foulant

foulant, rather than foulaithembrane, were closely related to memibréouling.
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Figure. 4.2 Impacts of Na* and Ca&* on the APAM-APAM intermolecular
interactions: (@) and (b): comparison of the influence of Naand C&* (with identical
ionic strength) on approaching force curves and rupture force curves, respectively;
(c) and (d): impacts of the concentration of C& on approaching force curves and
rupture force curves, respectively; (e) and (f): impacts of the concenttisn of Na" on
approaching force curves and rupture force curves, respectively.

(Reprintedby permission fronElsevier American Chemical SocietyEnvironmental

Science & TechnologyCopyright2016. DOI: 10.1021/acs.est.5b04098.

The CPLresistance (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,
consideing the effects of G4 and N4 that are ubiquitously present in real water (AFM
force characterizations with the presence df@ad N4 are shown in Figure. 4.2), in the
presence of G4 a larger APAM APAM maximum adhesion force resulting in a higher
membrane flux loss was observed. Even though the introductior?bélidanot increase
the Rg significantly, nevertheless the recovery of membrane flux after backwashing was
significantly deceased, indicating that €acauses more severe fouling in the GL. As to
Na’, the GL structures with Ndikely corresponded to the proposed molecular packing
among APAM chains, which could be used to predict the irreversible fouling potential and
guide GLcleaning. 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 iRigure 4.2(e) and (f) were measured in pure water, 10 mM, 20 mM,
40mM, 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 M echanisms oM embraneFouling

Biofilms RECOVERED during long-term of disinfectant exposure

a Max stiff
—_E: e Viax stiffness
O &
© &%
NS »lg G DD
Before disinfection 18t month 2" month 3 month

Min thickness

Biofilm
Thickness

Figure. 4.3 Schematic of biofilm stiffness and thickness changes over three months

of disinfectant exposure?
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(Reprintedby permission fronElsevier American Chemical SocietyEnvironmental

Science & TechnologyCopyright2016. 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 biofiims are two major
factors influencing the accumulation and release of pathogens. A disinfestidoal, 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, itofsgreat interest to understand the
mechanical and structural properties of biofilms under theteng exposure of disinfectants,
as this will shed light on determining the methods of predicting, assessing, and controlling the
risk of pathogens in DWD@igure. 4.3). According to Shen et 2AFM 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 down Wephdrical eads with & giametdr of 2ne m s
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 alastiuctive way.

The indentation force was measured as a function of indentation deptreandentation
curve for the biofilm outer layer had a lower slope compared to the biofilm inner layer

(Figure. 4.4)? 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 outayer ratherthan innedayer 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 datar thicknessvas also characterized by

the AFM, but the biofilm thickness was determined by optical coherence tomography
(OCT) because the biofilms were relatively t

was not able to characterize the full thickness.

- 6.0x10"
Sphere probe o
- 4.0x1
l (20 um) g
o
< Biofilms -4
z
#-pPVC 42.0x10° =
------------------ <4 0.0
A L A
-2.0x10° -1.0x10°
--------- . -
Fit Hertz model Outer layer thickness
Outer layer E= 1.8 kPa 1.25 um

Figure. 4.4 I ndentation test principle. A s|
was used in the indentation measurement.
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 functioemiiithah

depth was then plotted, and the biofilm outer layer Young's modulus and thickness were
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determined accordinglyReprintedby permission fromElsevier American Chemical
Society, Environmental Science & Technology Copyright 2016. DOI:

10.1021/ac®est.5b04653
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Figure. 45 The percentage stacked bar for the Young's modulus (E) of biofilms

during the three months of monochloramine treatment under stirring conditions®

(Reprintedby permission fronElsevier American ChemicaSociety, Environmental

Science & TechnologyCopyright2016. 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 lonterm 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 theexpos
to monochloramine and freghlorine, 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 fromilDZ0 NN 18 &m tad 9pdedtc@&@ me t |
biomass consumption. However, with longer disinfectant exposure up to three months, the
biofilm mean stiffness showed a @ 5fold decrease, along with an increasing biofilm
thickness to 110 +i1 29 N 8 & m. It suggestododgtetmhat t he
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. Thacreased 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 longterm exposurdéo 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 bichissociated pathogens in

DWDS.

4.5 Nucleation andGrowth of Mn (hydr)oxide Nanoparticles inNatural 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 merals, 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,uhg et al.® explored the heterogeneous nucleation and growth of Mn
(hydr)oxide nanoparticles at minéralater 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 a@ound
nm. However, in the 100 mM IS system, a unique-sbdped Mn (hydr)oxide was
observed.

Moreover, the rogshaped nanoparticles showed an atrhctured height profile along
the rod axis, indicating that these nanopatrticles were formed by orientedatggreThe
observed roghaped Mn (hydr)oxide nanoparticles were next characterized by high
resolution Xray diffraction and Xray photoelectron spectroscopy, and Mn(&¢4) and
Mn3Os (s) were found.

The formation process of Mn (hydr)oxide nanopartioleshe 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 indivadiparticles 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 fwemed Mn (hydr)oxide nanoparticles and

generated roghapecanoparticles (>15 minutes).

TmMIS 10mM IS 100mM IS 100 mM TS: zoomed-in images
SRR :

Aggregated
o
£ 3
_E_« 20 \ | = °
g | | §
o L l AAM
° 50 00 0 500 1000 700 700
Length (nm) Length (nm) Length (nm) Length (nm)

Figure. 4.6 AFM height images show that the 1 mM ionic strength (IS) (A) system

forms many large aggregatedparticles, 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.
fiThe AFM height images from zooméd images (marked in C) for the 100 mM IS

system show the pseudomonodispersed size distribution (C1) and oriented aggregation of

nucl eated particles (C2). The AFM i mage si ze
(Reprintedby permissim from Elsevier American Chemical SocietyEnvironmental

Science & TechnologyCopyright2016. DOI: 10.1021/acs.est.5b028)9
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The AFM image size$n Figure 4.7ar e 1 1| 1 &em. This schemat

heterogeneous nucleation of Mn (hydr)oxidetha quartz substrate, followed by the

nucleation and growth of Mn (hydr)oxide on top of the heterogeneously nucleated

particles.
Nucleation happens grown particles on the
Heterogeneous on the top of the bottom particles
growth on the quartz heterogeneously aggregate and form
substrate grown particles their own structure
5min ¥

/4 g o 17/ /) /, I/
B soars /4 //6“4@////// Wi

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.
fiThe nucleated particles form both fekdaped and round particles through oriented
aggregatiorn (Reprintedby permission fromElsevier American Chemical Society.

Environmental Science & Technolagyopyright2016. DOI: 10.1021/acs.est.5b028)9

In this study, the AFM not only precisely characterized the structural properties and
morphologies of Mn (hydr)oxideanoparticles, 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 -Bbmtaminated

environmental systems (e.g., acid mine daga)®
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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 atheroscopic or spectroscopic
tools because it measures samplesdestructively under environmental conditions (e.qg.,
in the air or water rather than vacuum). It overcomes the challenges of complicated sample
preparation, and even enables the charactenizaf 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 exampke AFM scans samples in a raster fashion
and it is suitable for analyzing sampl es
microscopic or spectroscopic tools should also be used to provide complementary
characterization. In addition to AFM, otheP® (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
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Chapter 5: Outlook on Design of Membrane Systems for Water Purification

5.1Introduction

Tasks in the development of membrane can be consideredagsithization tasks,
with designatedbjective function such asoptimizing the water fluxof membrane
during theseparation proces®r increamg selectivity against particular group of
undesirable impuritiesor even redung the membrane cost under corresponding
circumstancesvith the constraints of (1)he physical and chemical properties of
materials for makinghe membranes, (2) the characteristics of the membrane surfaces,
(3) the operation environmental settings, suchmesnbranes setp in the system,
working pressuref membrans, temperature, and surface shear fgremd (3) the
chemical, physical, and Hamical characteristics dfeatedwater. Therefore, our goal
is toseek an optimal solution achieving the best feasible performance that satisfies such
constraints with respect to some wadfined and priorityoriented (such as max
permeability orientedr rejectionroriented) criteria.

In such context of transforming the membrane development into solving
optimizationproblems in theory, ware facing two major problems, the first is how we
canquantitativelyformulate the objective functidior flux or rgection rateovera set
of variables of the properties of materiatbaacteristics of membrane surfacasd
the second is how tguickly solvethe high dimensional problemhen the number of
variables and the number of constraints grow dramatiffallyexample, instead ddib-
scale research, we are facing thenicipal water treatmedr the whole metropolitan
area or the wastewater treatment for a whole industry, deailihdrundreds of impact

variables and parametersyhich is more difficult and need efficientand rapid
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adjustment during operation.

Table 5.1 Mathematicallodels forPredicting theWaterFlux

Dead End
v ] AP
Microfiltrati - n "R, + RS, + Ry
o
Crossflow - AP
Microfiltrati N ok (U 0.5
20k (1 _ exp (<2E)))) 4. (Rn + R)
orf k(%) e
Ultrafiltratio AP [T TAP s
__ rar _ ar 4 4
. = &, Jr;,""" n(0)f,(ry, 0)exp( B, rptL c(rs)drs)rodr,
Nanofiltratio (e)
dp du;
. N=—A (a - Y-
Forward TpeXp <— %) —mgexp(NK)
| N=A — AP
Osmosié 1+2 {exp(NK - exp(— %)]
Reverse
N = A(AP — An)
Osmosi$
(N: water flux; @P: transmembpDbDSosmoticpr essur e
pressur e; d: feed viscosity; A: sol vent p €
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me mbr ane, cake | ayer , c aake layérothickness;dp: r espect i
membrane thicknessp™ , ™" maximum and minimum pore radiusip, ¢ U

suspension and cake solid volume fractiom; fkting parameter; dU/dy: velocity

gradient; ; & (rp, t): probability density function; cdr contaminant density; ;ipion

el ectrochemical p ot e n tiiianldiffusion coefiicentykke ane coor
mass transfer coefficieit.

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 byottetical models of the system under
the research with validating the parameters and measuring variables under experiments
to find a best fit with high precisiai the satisfaction for different systems.

For instance, Fane and Waters lpaublished the article revealing the relationship
between the membrane surface pore characteristics and the flux for ultrafiltration
membranes.They have demonstrated a modified concentration polarization model
with effective free area correction assumatyF 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 sludgaracteristic and membrane flux in a
submerged membrane bioreactor had been revealed by Wang et. al. ili200i6.
study, viscosity, mixed liquor suspended solids (MLSS), extracellular polymer
substances (EPS), soluble chemical oxygen demand, cawillation time, and their
correlations with membrane fouling were investigated. A detailed list of conventional

models for predicting the flux of membrane processes has been prabmesh Table
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5.1

However how to combine and integrateechanisms for the overall dynamics
involved in a complex systememains challengingOue to the challenges associated
with the second major problem of increasing variables and environmental factors, only
a limited proportionof candidates for both membranes and membrane systems have
been developed in the laboratory and experimentally valid&tede most models are
developed on the data from experiments designed for specific purpdsel are
greatly dependent on the meclzms of the corresponding processes, the
generalization of @ optimizationsolution to the complex and varyingembrane
processebecomes complicated.

Meanwhile, artificial intelligence (Al) methods such as machine learning and deep
learning have emerged 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.
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Figure. 5.1 Machine learning push the fidelity/computational efficiency?
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(Reprintedby permission fromElsevier Swarm and Evolutionary Computation,

Copyright2011. DOI:10.1016/j.swevo.2011.05.0051

5.2 State-of-art of Machine Learning in Membrane Processes
Machine learning in nature is tearn 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 EMachine Learning enables us to tackle difficult tasks that are inefficient
to solve by fixed programs. Inou c as e, the Atasko becomes

learning to process a collection of data obtained in the membrane processes.
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Figure. 5.2 A general machine learning model for predicting molecular
properties.? (Reprintedby permission fromRoyal Sogety of Chemistry: Chemical

Society ReviewsCopyright2020. DOI:10.1039/C9CS00786E
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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,
transmenbrane 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.
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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 Chmnical Identifier (InChl), or extendedonnectivity fingerprints
(ECFPs). By using such encoding protocols, we can extract the molecular information
for either the membrane materials, or the contaminants rejected by the membranes
processedxtracted feattes 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 neigbors, support vector machines (SVM), and neural netwdiikear
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 fo the prediction and estimation.
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Figure. 5.4 Schematic of decision tree based method for classificatidn.
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(Reprintedby permission fromRoyal Society of ChemistryChemical Society

Reviews,Copyright2020. DOI:10.1039/C9CS00786E

Decision tree classifier is one of the possible approaches to multistage decision make
with a sequential table loekp rule. Each node of the decision tree represents a feature
of the objective. Take Fig. 5.3 as an example, in omléddntify 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 phasd. n
na denote the number of hydrogen bond donors and smseagspectively. Follow the
satisfied selection for each feature, final
permeation has been achieved. Similarly, we can use decision tree model to identify
whether a membrane surface is hydrophilic or hydroghalp 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) x, x2, én,and associate them with a learnable set of weightswy é
wn and compute the output f(x,w) using forwafeled and backpropagation. The
feedforward network is to approximate function f* that defines a mapping from the
i nput x to an output vy, which vy = f*(x, d)
updating weights toldain 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 aoedbwith a convolutional neural

network detection model to achieve a robust (>98%) sensitivity to identify the damage
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state of the membrane moddfeTo investigate the diverse fouling mechanisms of
natural organic matter (NOM) in nanofiltration systemsd & 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 thickn&'ss.
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Figure. 5.5 Schematic of a neural network for predicting mass spectri.
(Reprintedby permission fromRoyal Society of ChemistryChemical Society

Reviews,Copyright2020. DOI:10.1039/C9CS00786&

5.3 Configurations for PhotoreactiveMembrane System in Application
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In general, photoreactive membrane systems are applied in the water and
wastewater treatment with two representative configurations: SPMBpénded
photocatalytic membrane readt@and IPMR (immobilizeghotocatalytic membrane
reacto). 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 procéssVhile IPMR system usually anchored

photocatalysts on the membrane with little concern of recovering cat&lysts.
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Figure. 5.6 Schematic of a typical suspended photocatalytic membrane

reactor.'®
(Reprintedby permission fronlOP Publishing LtdIOP Conference Series: Earth

& Environmental Scien¢g€opyright2018DOI: 10.1088/1753.315/208/1/012078

Figure 5.6 above has shown a typical independent SPMR configuration, where the

membrane module is separated with the pheé&xtor. The strong point of this
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configuration is the clear and simple structure, while the drawback is the difficulty of

controllingthe stabilization of the whole membrane process.
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Figure. 5.7 Schematic of an integrated suspended photocatalytic membrane
reactor.!3
(Reprintedby permission fromlOP Publishing LtdIOP Conference Series: Earth

& Environmental Scien¢g€opyright2018DOI: 10.1088/1753.315/208/1/012073

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 mserted 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 photocataly/sts.
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IPMR configuration, on the other hand, dropouts the concern for the recycle of
photocatalysts by immobilizing photocatalysts on meanbes 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 mastransfer between the feesolution and the anchored

photocatalysts might compromise the degradation protess.
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Figure. 5.8 Schematic of @ immobilized photocatalytic membrane reactor?
((Reprintedby permission fromlOP Publishing LtdIOP Conference Series: Earth
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5.4 Outlook for Applications and Summary
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Existing research using machine learning in the membrane sygt@vigdes an
effective but limited prediction of membrane filtration performance. Membrane fouling
and fouling behaviors have not bdargelyexplored yet, the machine learning models
hold the potential to provide instant solution for preventing fouliogmation 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 tofidbetween permeation and
selectivity in membrane filtration process, there existglg¢off between model
capacity the number of parameters) atie amount of datao be trainedusually we
needa remarkablamount of data to train the model in order to achieve a high accuracy
and precision rat@therwise we need to develop a machine learning model with enough
paramegrs (he remarkabl&PT-3 can be applied to use without any fia@ning, but
with 175 billion parameters}®

The integration of machine learning models with4téake monitoring in membrane
based water and wastewater treatment plant can make contrilmitiestablishing
automatic control systems for membrane processes with enhanced accuracy and prompt
response.

In summary, liis dissertation focused on the development of sustainable membrane
for water purification In this thesis, it explored differenthptoreactive membrane
systems, including photocatalysis on membrane fouling behaviors and 2D material like

graphitic carbon nitride (¢sN4) in the application of membrane fabrications.
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Extensive instrumental analyses (e.g., scanning electron microscBM),(&tomic
force microscopy (AFM), and Xay 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 membrdaalant and foulantfoulant
interactionsas well as thapplicability of photocatalysis in membrarfiération, the
photocatalysis of humic acid with titanium dioxide in the membrane system was
conducted. In Chapter the foulingmechanis on how the photocatalytic membrane
system mitigated membrane fouling frddOM (humic acid) was revealedh this
study, separated photocatalysis and membrane filtratiere used tamprove the
mass transfer during the photodegradation of humic awitthe lighttransmission
into the photocatalytic membrane systeDHA from partial oxidation of PHAvas
madeand then ged for the fouling of PVDF ultrafiltration membranes. The results
suggested thatfter photocatalysi€)HA fouling was alleviated othe membrandue
to the molecular change of the structure

Next, humicacid properties were systematically evaluated, and it was found that
the humic acid exhibited lower molecular weight and increased hydrophilicity and
oxygen content after photocatalytic oxidatioitroduce&l oxygencontaining
functional group®f -OH and-COOHby photocatalysis helgepolymeriz the humic
acid to smaller fragmentdFM characterization of theHA and OHAon membranes
indicatedthe lessaggregabn after photocatalysisnd thesmalleradhesion force of

both foulantmembrane and foulafibulant decreased after the photocatalysis. CRFM
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suggested that the humic acid became softer (less stifff and more viscous after
photocatalytic oxidationFinally, A radar map wasfferedto provide asystematic
evaluationfor the photocatalytic mitigation of fouling.he studyin Chapter 2has
provided mechanistic understanding of humic acid fouling in a photocatalytic
membrane system at the molecular lewéh the insightsinto the development of
photaeactivemembranesystemdo mitigate fouling.

In Chapter 3membranes assembled from tdimmensional (2D) layered graphitic
carbon nitride(g-CsN4) nanosheets have bepresented witlpotential use in water
ultrafiltration separation In this study characterizations, membrargeparation
performance, and antifouling properties of ti€3N4 nanosheets embrane were
examined in detail. Overall, incorporatir®pP g-CsN4 nanosheetsnto membrane
developmentvas an effective and convenient method to imerhewater separation
performance, promotg the application of the 2D-§sNa4 in the future development
of membrane system&D materials not only offer extended material properties, but
also provide versatile platforms to develop promising reactive nsmabrwith
intrinsically multiscale features to facilitate the water purification as well as the energy
saving. The bottorup approaches to design and develop membrane systenise
improved with sufficient information of the mechanisms of photoreactivabrane
systems and the understanding of the interactions between molecules in water and the
surfaces of the membranes

In Chapte#, ausefultool, the atomic force microscope (AFMhd its capability in
environmental related studies has been introduced. The applications dha@sHdéen

developed for in situ topographic imagimgthe environmentahnd biological fields.

137



AFM holds greatpotential for understanding material propertiesd surface
interactions irstudying both air and liquidystemsWhile the promisingstructure of
graphitic carbon nitrideenables systematic modulation rofterials properties for
tunable performande both photocatalysis and 2D membrdifteation processeghe
photostabilityand robustnessf g-CsN4 need to be explored systematically to improve
thelargescaleuse of gCsN4. Combinedexperimental and theoreticadsearclonsuch
kind of photocatalysts with complex water matricesill yield straegies to control
membrane foulingpy manipulatingnembrane surface properties and to enhance water
separation performance without significantly compromising the selectivity.

In Chapter 5Strategiedike machine learnintpokingbeyondmaterialshemselves
have emerged adternativepathwaysfor improved membrane systedesign.With
the development dftateof-the-artmachine learningechniques and the understanding
of photoreactive membrane system, it is promisingresentgreatopportunity ©
furtherproduce water of high quality hutilizing renewableenergywith theendurable
substrate andobustmembrane, which paves the way toedfective and sustainable

futurefor water purification.
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