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Abstract

The use oftitanium dioxide for thephotccatalytic removal of organic, inorganic, and
microbial pollutants from natural water and wastewater has been considered a very promising
technique. The aim of this study was to prepare nitrogen doped titaniurdejiorimobilize

it on asymmetric polymeric membranes of poly (methacrylic acid) grafted onto poly
(vinylidene difluoride) (PVDF) blended with poly (acrylonitrile) (PAN), and evaluate the

photo-catalytic, antimicrobial, and antifouling properties of the memas.

Nitrogen doped titanium dioxide (NiO,) nanaparticles were prepared by a low temperature

sol gel synthesis technique. The modification of JJi@ith nitrogen allows photo
sensitization of the photeatalyst towards visible light utilization. The NO, nangparticles

were characterized by fourier transform infrared spectroscopylRFTscanning xay
photoelectron spectroscopy (SXPSkra¢ diffraction analysis (XRD), diffuse reflectance
spectroscopy (DRSBrunauer Emmett TelleBET) surface area analysis, and transmission
electron microscopy (TEM). The characterizations revealed the presence of the expected
functional groups and confirmed sessful doping and that the product was visible light

responsive.

Novel poly (methacrylic acid) grafted onto poly (vinylidene difluoridpdly (acrylonitrile)
(PMAA-g-PVDF/ PAN asymmetric membranes were prepared by thewdty phase
inversion technique. The poly (methacrylic acid) (PMAA) side chains where grafted onto an
activated PVDF backbone by reversible addition fragmentation chain transfer (RAFT)
polymerization. The photoatalytic membranes were generated by blendiig®¢ with the

polymer solution before casting the membranes. The membranes were characterized by FT



IR, nuclear magnetic resonance spectroscopy (NMR), scanning electron microscopy (SEM),
and thermegravimetic analysis (TGA). FIIR and NMR analyses confirmed successful
grafting of MAA chains onto PVDF whil&SEM confirmed the successful preparation of

membranes with asymmetric structure.

The efficacy of the photoatalytic asymmetric membranes was evaluatedhe removal of
herbicides from synthetic water. Bentazon was easily degraded while atrazine and paraquat
were recalcitrant and proved difficult to degrade. The best results were observed with 3 % N
TiO,-PMAA-g-PVDF/ PAN asymmetric membranes on the pkaggradation of bentazon,
atrazine and paraquat in water. Significant enhancemein¢ photodegradation of the three
herbicides was observed when phottalytic degradation wasoupled with ozonation.

Liquid chromatographynass spectrometry (L-®1S) andysis confirmedthe presence of a
degradation byroduct during the photoatalytic degradation of bentazon. The photo
catalytic membranes were also evaluated on the platédytic reduction of heavy metals

Pt and F&" in water, and the best results were obtained ugirigy N-TiO-PMAA-g-

PVDF/ PAN and 1 % NIO2-PAN asymmetric membranes.

All prepared photeatalytic membranes where capable of completely inactivadEingoli
ATCC 8739 within 120 minutes of exposure anddtivation rate increased with increasing
N-TiO, photocatalyst loadingHowever, there was an indication from the results obtained
that N-TiO, supported on PMAAJ-PVDF/ PAN showedh higher inactivation rate d&. coli

ATCC 8739 compared to-WiO,-PAN andN-TiO,-PVDF membranes.

The 1 % NTiO,-PMAA-g-PVDF/ PAN membranes gave the highest pure water flux (421.83

L/m?h). This increase (PVDF 30.50L/m*h, PAN =73.85L/m?h) in pure water flux is owed

Vi



to PMAA grafting as well as addition of -lWO,. These modications resulted in an
increased membrane surface hydrophilicity, which promoted permeation of pure water
through the membrane structufehigh bovine serum albumin (BSA) rejection (76.5Was

noted andcan be attributed to steric hindrance brought about by PMAA side chains which
prevented the bulky BSA molecules from attaching to the membrane surface for-BMAA
PVDF/ PAN membranes. However, the supporting porouslastdy of an asymmetric
membraneseemedo playa very important role in the overall permeability of a membrane.

PVDF membranes are highly hydrophobic hence they gave a very low pure water flux.

Vil
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CHAPTERL1

1. Introduction

1.1. Study introduction and motivation

Water is one of the elements responsible for life on planet earth. It has been treated as a cheap
and abundantesource by mankind until a few decades back. The philosophy towards water
has changed dramatically, it is at present considered a valuable resource, which can easily be
polluted and is difficult to decontaminat®Hilippopoulos and Nikolaki, 2010 Due to
population growth, rapid urbanization, rising farming, and changes in climate, the world is
facing a drastic shortage of potable water especially in developing economies. According to
the Blue planet networK..2 billion people in the world do not havecass to safe drinking

water, and about 2.2 million people in developing countries, most of them children, die every
year from preventable diseases related to lack of access to safe drinking water, inadequate
sanitation, and poor hygiene. Unfortunately,pifiesa growing recognition that more must be

done to help those without clean water or adequate sanitation, a report by the Pacific Institute
estimates that over 34 million people might perish in the next 20 years fromrelated
diseases eveniftheUnt ed Nations “Mill ennium Devel opme

proportion of those without safe access by half, are met (WHO/UNICEF, 2005).

1.1.1. Water pollution

Water pollutioncan be defined ake contamination of water bodiesi(face watee.g.lakes,
rivers, oceans, aquiferand groundwater)mostly by human activitiesWater pollution

transpiresvhen pollutantsuch agarticles, chemicals or substances t@itaminatevater



are discharged directly or indirectly into water bodies witrsuificient treatment to get rid

of harmful compound@Nater pollution guide, 2003013)

1.1.2.Risks posedby organicand heavy metadollutants in water

The bulk of natural organic matter (NOM) found in water do not pose a direct threat to
humans However methods like chlorination necesdarthe disinfection of drinking water to
curb watetborne illnessegesult in the formation of various chlorination-psoducts(CBPSs)
when chlorine reacts withdissolved organic compounds. Some examples @fseth
chlorination byproducts includerihalomethane{THMSs), haleacetic acids (HAAS), etc.
Disinfectionof organic byproductscan cause great thre@at natural ecosystems and human
health, owing to their chronic toxicity, persistence, and bioaccumul@leenget al.,2013,

Lu et al., 2009; Siddiqui et al., 2000. Trihalomethane species like chloroform have been
suggested to be potential carcinogens from toggioll studieshat have been carried out
since the 1970sThere are various toxicological aegidemiological studies that have been
carried out to establish relationships between levels of CBPs in drinkitey andhumerous
carcinogenic and other adverse hedatfects (egayet al., 2011; Richardsonet al., 2007,

Villanuevaet al.,2007).

Synthetic chemicals like pentachlorophe(feCP)widely used in agriculturand industry for

their bactericidal and fungicidal properties have a stable structure and are known to be highly
carcinogenic posing risks to human heaBtudies by other resedwers have proven that PCP
exposed in the environment can be transformed potgchlorinated dibenzp-dioxins and
polychlorinated dibenzofurans (PCDD/Fs) thak toxicto organisms in the ecosystem

(Blacket al.,2012; Jinet al.,2012;Harnly et al.,2000)



Chlorination significantly diminishes the risk of pathogenic infections, but in the presence of
bromine in watehypochlorous acid (HOCI) can oxidize the bromide to hypobromous acid
(HOBr), a much stronger halogenating agent th&OCI. Brominated disinfection by
productspose more significant health risks to humans thair chlorinated analogudg$)yak

and Toroz, 2007)Studies conducted on drinkirgnd natural water demonstrated that the
yields of THMs and HAAs increased as the initial bromide concentration increased during
chlorination {fang and Shang, 200Quonget al., 2003 Changet al., 2001; Luong et al.,

1982).

Mining operations, metal platinigcilities, battery manufacturing processes, and many other
industries lead to the discharge of heavy metal pollutants into the envirotimargh their
wastewater (Leinonen and Letho, 2001§radual accumulation of toxic heavy metals may
occur in human bodies either by direct intake or via foloains Abdel Salamet al.,2017).

Heavy metal contaminants such as?Cure”, Mn*, zr**, Cf* and PB* are non
biodegradable and thus tend to analate in livingorganisms, causing various diseases and
disorders Kyroslav et al.,2006 Morenoet al.,2001;Bailey et al.,1999. There is evidence

that toxic metals can interact wittleoxyribonucleic acid INA) and proteins causing
oxidative deterioration of biological macromolecules. Thushbmeostatidbreakdown of
metations has been involved in a plethora of diseases (Halliwell and Gutteridge, 1990, 2007,

Valko et al.,2005 Mates, 2000Mateset al.,1999 Stohs and Bagchi, 1995).

1.13. Removal of organics from potable water

Biological treatment of low concentration of highly chlorinated aromatic compounds in
agueous waste streams often leaves the chlorinated compounds untreated or requires longer

periods, e.g. several daySusarlaet al., 1998; Bryantet al., 1991). Bio-filtration has



successfully beemsed in water treatment plants fidegradation obrganic and ammonia
removal, however,bio-filtration has drawbacksthat include complex water and air
distribution systems, backwash requiremerisriodic massivebiofiilm removaland a high
nitrite residue in theeffluent (Carlson and Amy 2000; Zhanget al., 2000) The
electrochemical reductive approashamethodthatensurethe selective removal of chlorine
atoms undemild conditions without us of highly reactivereducing agentdt is a promising
method for detoxificationof chlorinecontaining aromatichydrocarbons however, non
agueougeaction mediasuch asaproticsolventsare required for effective performan(@ui

et al.,2005;Chenget al.,2003.

Nancfiltration membranes are capable of removimgtural organic matter although the
rejection is lower than reverse osmosis membraNesofiltration is rather seeras a
combinatory technique capable ofeliminating hardness and &road spectrunof other
componentsuch as pollutants a singlestep(Van der Bruggerand Vandecasteele, 2003)
Reverse osmosis sapble of removng most of the organic pollutants but not in sufficient
guantities. Modern dyes are highly stabtendering conventional physicochemical and
biological treatmentechniquesneffective for their removalCoagulation and flocculation,
electrefloatation, preipitation, ion exchange, membrane filtration, electrochemical
destruction, irradiation, biological (Khehea al.,2005) and ozonation (Gagj al.,2004)are

the conventional methods used in the removal of dyes from v@&ierently there is a lot of
ontgoing research on membrane technologies to come up with better and more efficient and

cost effective membranes



1.14. Removal of heavy metals from potable water

There are many techniques that can be employed in the treatment of water polluted with
inorganic pollutants (heavy metals), and these include; chemical precipitation, flocculation,

solvent extraction, ion exchange, reverse osmosis, etc. @raf,2009.

Heavy metaldsorption on conventional adsorbents like activated carbon haneubee as

an effective adsorption processmany applications, and the activated carbon produced by
carbonizing organic materials is the most widely used adsorbent. ifhecbst of the
activation process, however limits its use in wastewater treatment applications (Amarasinghe
and Williams, 2007). The regeneration of activated carbon for reuse is also known to result in

rapid loss of its adsorption capacity (Gatal.,2004).

Reverse osmosis is a very efficient way of treating polluted water, but owing to membrane
fouling it becomes a cost prohibitive technique (Bruning, 2012). Elelcalgsis is a suitable
method to keep the concentration of dissolved salts to abbeptaels compared to reverse
osmosis, however, it is cost effective only for concentrated solutions and does not remove
uncharged molecules. lon exchange regarded as some kind of adsorption technique is an

effective but expensive treatment proc@$ésmarbhayand Palanisamy005.

Advanced oxidation technologies have been employed quite extensively in the removal of
organic, inorganic and elimination of microbial pollutants frarater. The use of semi
conductors in the photeatalytic breakdown of organic pollutants iseay promising method

of water treatment. The most researched smmductor photeatalyst is titanium dioxide
however, its usés limited due several drawbackghich include;its large band gap energy,

tendency to agglomerate at high concentrationpamstirecovery of the catalyst particles after



water treatment (Chonrgt al.,2010).Hence there is egoing research to improve the photo

catalytic properties oftanium dioxide for commercial purposes

With the emergence of new and recalcitrant pollutants in water systems due to
industrialization, there is need to develop new, efficient and cost effective water treatment
technologies. Several researchers havestigated the efficacy of TiQand modified TiQ
photocatalyst on the removal of various pollutants from water, and they established that it
was a potential alternative treatment technique. However, there are still issues associated with
the use of slrry type TiQ photoreactors and also to establish if it does not produce toxic
disinfection byproducts during the treatment process. The issue of joSt recovery has
prompted many researchers to explore many potential support materials for this photo
catalyst to avoid potential secondary pollution of the treated water which is likely to cause

adverse health problems to humans and other species which depend on those water sources.

No single method managés removeall contaminants and oftencembination of treatment
processes are required to effectively treat water. Regardless of which method of treatment is
considered, water is generally tested first to determine what substances are present. It is very
important to know what contaminants gneesent and their quantities prior to selecting the
method of treatment because this helps to choose the best and most effective method. In this
study the main focus is phetatalysis as a way to effect water treatment. Titanium dioxide
offers great potdral as an industrial technology material for detoxification or remediation of
waste water due to several factors: phodatalysis can occur under ambient conditions very
slowly, and direct UV light exposure increases the rate of reaction; there is aomplet

oxidation of substrates to GGand HO; titanium dioxide hagelatively high chemical



stability and photestability; it canalsobe supported on many suitable reactor substrates; and

it is relatively cheap.

Ozonation is another widely used industriaihbeology for detoxification or remediation of
water and waste wateDespite the high oxidation potential of ozone, the presence of
refractory pollutants and formation of 4pyoducts (Rice and Cotruvo, 1978) that are not
further oxidized necessitates thembination of ozonation with other AOPs. The hydroxyl
radical is generally more thorougfihe simplest and cost effective way to convert a
conventional ozonation process into AOP is the addition of hydrpgexide(H20,) (Von
Gunten, 2003Glazeet al., 1992 Duguetet al., 1985). Several researchers have observed
improved removal of organic pollutants from water through the synergistic effects of ozone
and hydrogen peroxid@isarenkoet al., 2012 ChelmeAyala et al., 2011 Matilainen and
Sillanpaa2010. The current study focuses ovestigatng the synergistic effects of-IlNO,
photocatalysis and ozonatio®zonation was also used ascomparative study to-NiO;

photccatalysis.

1.2. Problem statement

The most commonlytilized photocatalyst material for research and industpatposess
titanium dioxide (TiQ). The capability of this advanced oxidation technology has been
widely reportedin the depollution of water contaminated with persistent organic compounds
and microorgnisms. Currently, the main technical challenges hindering its
commercialisation are centred on the pesbvery of the catalyst particles after water
treatment (Chonget al., 2010). Several researchers have conducted work on the
immobilization of titanium dioxide on different support material, for example natural clays

(Kun et al.,2006), glass fibre (Pugkt al.,1995), stainless steel (Murabayashial., 1993),



and micreporous cellulose membranes (Bellobogtoal., 1992). Most of these techniques
encaunter problems such as membrane structure deterioration, low-gdtatgtic activity

and loss of deposited Ti®ayer over time. This current work seeks to address the problems
of catalyst postecovery through the use BMAA-g-PVDF (poly (vinylidenedifluoride))/

PAN (poly (acrylonitrile) membranes as matrix for the phatatalyst. The studyseels to
develop a membrane with improved, antifouling, antimicrobial, and high ababytic

activity.

1.3. Aims and objectives

1.3.1 Main aim

The major ainis to develop visible light responsive NO, supported of?MAA-g-PVDF/

PAN asymmetric membrane for wateeatment.

1.3.2. Specific objectives

1 To synthesize and characterizenitrogen doped titanium dioxide {NO,)
nanoparticles

1 To incorporate nitrogen doped titanium dioxide nanoparticles into PVDF, PAN, and
PMAA-g-PVDF/PAN asymmetric membrane matrices

1 To characterize the preparedTiO, nanoparticles an®@VDF, PAN, and PMAAg-
PVDF/ PANasymmetric membranes

1 To establish thdiltration capacity of the NIO,-PMAA-g-PVDF/ PAN asymmetric

membranes



1 To evaluate the photcatalytic properties of the-NliO,-PVDF, N-TiO,-PMAA-g-
PVDF/ PAN, and NTiO,-PAN membranes alone and in tandem with ozong (O
technique on water depollution.

1 To evaluate the antimicrobial and antifouling properties of th€i®Y PMAA-g-
PVDF/ PAN membranes

1 To establish the degradatipnoductsof abentazon

1.4. Scope of study

This study focuses on the preparation of nitrogen doped titanium dioaitEparticles via

the sol gel method, using optimum conditions that had been established in the research group
(Mungondoriand Tichagwa 2013 Nyamukambaet al., 2012). The main focus of the study

was to establish suitable conditions for the immobilization of the ptattdytic material on
asymmetric polymer membrargipport to allow easy removal of spent titanium dioxide

photo-catalyst from water.

1.5. Thesisoutline

This thesis comprises of three main sections and is made up of nine chapters. The first section
includes chapters one and two, which present the introduction and the literature review.
Chapter one gives a general introduction to the thesis. The problem statement, aims and
objectives, scope of study as well as thesis outline are presented in this cDiagpeer two

is the literature review, giving detailed information on advanced ogida&tchnologies. Of
particular interest is the photatalytic applications of the semonductor TiQ,
modifications to improve its performance, immobilization to avert-pasivery problems.

The chapter also presents studiegpotymeric membrane as highlighting their use as both



filtration media and photoatalytic membranes capable of degrading organic pollutants as

well as reducing heavy metal ions to allow their removal from water.

The second sectioms made upof Chaptersthree four and five which present the
experimental worlexecutedto achieve theims andobjectives of this thesislhis section
deals with the preparation of the phatatalytic semiconductor material as well as the
support materialfor the photecatalyst. Chapter three presents thaterials and chemical
reagents used in this study. The last section of chapter three givesitheharacterization
techniques used in this study. Chapter four is on the preparation and characteokation
nitrogen doped titanium dioxide {WNiO,). Chapter fivegives detailed informatioon the
preparation of three types of polymeric asymmetric membyraheas is PAN, PMAAg-
PVDF/ PAN, and PVDF asymmetric membranes. The last section of this chaptetytiesen

results on the characterization of these membranes.

The last section is made up of chapters six, sevmteightwhich cover the evaluation of the
prepared photgatalytic membranes on the removal of organics, heavy metals and microbial
pollutans. Chapter six presents results on the removal of the herbicides bentazon, paraquat
and atrazine from water using-NO, entrapped PAN, PMAA-PVDF/ PAN and PVDF
membranesThe findings on the removal of bentazon, paraquat, and atrazine by ozonolysis as
well as O/ 3 % N-TiO, system are presentetihe last section of this chapter gives results on

the N-TiO, assisted reduction of Pband F& heavy metal ions from synthetic water.
Chaptersevenis on the evaluation of the antimicrobial propertiedNefiO, entrapped PAN,
PMAA-g-PVDF/ PAN, and PVDF membranes. The membranes were evaluated on the

inactivation ofEscherichia coliIATCC 8739in water Chapter eight presents findings on the

10



filtration of 1 mg/ mL BSA solution and static protein adsorption stutiiesssess the

antifouling properties of the prepared membranes.

Chapter nine gives general conclusion this study and recommendations for future work.
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CHAPTER 2

2. LiteratureReview

2.1. Introduction

Wat er covers mor e t han bililofs oPpeoplé lack dceessaoacleanh ' s

water supplyHumans use watenof drinking and bathing to agricultural activities, as well
transportation and power generatidviost urban communities harvest water from natural
water bodieswhich include; streams, rivers and aquifeffie water undergs various
treatment processes that remove any chemicals, organic substapeésogenicorganisms

that could be harmful to human healtiefore it can bdelivered to the community

Waste water isusually treatedvia: chemical precipitationgvaporation, reverse osmosis,
electradialysis, phytoextraction and ultrafiltratioMobasherpouet al., 2011, Sprynskyyet
al., 2006; Li et al., 2003. These technologies are practical and applicaukely to
concentrated wastewaterdut are ineffective when applied to lowly concentrated
wastewatergPavasantet al., 2006 Muhammadet al., 1998). Waste watergpolluted with

organic like chlorophenols and dyes can be treaisthg advanced oxidation technology,

electrochemical methods, microbiological decomposition, ozonation, coagulation and

membrane filtrationZhanget al.,2011;, Lataet al.,2008; Linet al.,2008).

2.2. Advanced oxidation technology in water treatment

Advanced oxidation technologies (AOTs) or processes (AGIPs)a set of chemical

treatment techniques designed to eliminate organic (and sometimes inorganic) materials in
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water and waste water by oxidatidmdugh reactionsvolving hydroxyl radicals (OH). The

oxidation of organic pollutant®ccurring primarily through eactions with the hydrgxk
radical is termed advanced oxidatioBof, 2005; Glaze et al., 1987), however in water
treatment applications, AOPs usually refer to a particular subset of processe<ltitd in
ozorolysis (Ogz), hydrogen peroxidtion (H>O,), and/or ultraviolet (UV) light radiation
(Grote, 2012) Advanced oxidation processes can dpdit into two categories, whictare
established and emerging technologiEable 1 gives details on the above mentioA€P

categories.

Tablel: Established and emerging advanced oxidation processes (AOPS)

Established technologies Emerging technologies

Hydrogen peroxidtion’ ozorolysis (H,O,/ TiO,-catalyzed UV oxidation

03)

Hydrogen peroxidatio Ultra-violet light High energy electron beam irradiatidi-

beam)
radiation(H,O,/ UV)

Ozonatiort ultraviolet light radiation (Os/ Cavitation (Sonication & hydrodynamic)

uv)

Fenton's reaction

2.2.1. Oxidation

The oxidation procesis defined as the transfer of one or more electrons from an electron
donor (reductant) to an electron acceptor (oxiddntan oxidation reaction thexidanthas a
higher affinity for electronsThe transfer of electrons induces chemical transformation of
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both the oxidant and the reductant, in some instances geneetingls. These are unstable
and highlyreactive;leading to further oxidation of organic or inorganic species present in the
system until thermodynamically favourable products are generdigole 2 gives the

oxidation potentials of some known oxidizing agents.

Table2: Relativeoxidation power for some oxidizing species

Species Oxidation potential (eV)
Fluorine 3.06
Hydroxyl radical 2.80
Nascent oxygen 2.40
Ozone 2.07
Hydrogen peroxide 1.77
Perhydroxyl radical 1.70
Hypochlorous acid 1.49
Chlorine 1.36

Fluorine has the highest oxidation although it is not used in water treatmertydioxyl

radical (OH) is a nonselective powerful oxidizing agent that acts rapidly on organic

pollutants Mohapatraet al., 2014; Parsons and Williams, 2004 rapido et al., 200Q

Langlaiset al.,1991). AOPs incorporate two stages (a) generatiostafng oxidantgb) and

the subsequent reaction with organic or inorganic pollutants in \iidtergeneration ofOH
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radicals is commonly accelerated by combining fillowing AOPs as necessary: (ozone
(O3), hydrogen peroxide (#D,), titanium dioxide (TiQ), heterogeneous phetatalysis, UV
radiation, ultrasound, and (or) high electron beam irradiatiimy.end products of complete

mineralizationof organic compoundgre carbon dioxide (Cpand water (KO).

2.2.2. Advantages of A

Some of the advantages of AOPs are:

A Fastreaction rates

A Potential to reduce organic compounalsicity

A Capability to nmeralize organics, i.e. conversion to G@nd water

A Do notaccumulatevaste for further treatmenike in the case ofnembranes

A Do not produce "spent carbon” suasactivated carbondsorption

A Can asilybe aitomated andontrolled

A Reduced Labar Input

A Do not create sludge as with physical chemical process adogmal processes

(wasted biological sludge)

2.2.3. Disadvantages of AOPs

Some of the disadvantages of ACi?e
A They are apitalintensive
A Complex chemistry must be tailored to specific application

A For some applications quenching of excess peroxidedsssary

(Mohapatraet al., 2014; Parsons and Williams, 200®Brapido et al., 2000; Langlaiset al.,
1997
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2.3. Established technologies

2.3.1.0zone (Q) treatment

2.3.1.1. Ozonatiomeaction mechanisms

Ozone is a very powerful and selective oxidizagent(Khan et al., 2010and Dalmazioet
al., 2007, only second to the hydrgkradical. This renders it capable of oxidizing many
organic and inorganic compounds in waters highly reactive, ands soon as it is dissolved
in water, it undergoes a series\wary complex sellecomposition and oxidation reactions
(Zhou and Smith, 2002 The StaehelinBuhler, and Hoigné (SBH) model (Staehelin and
Hoigng 1982) and the Tomiyasu, Fukutomi, and Gordon (TFG) model (Tomigasil,

1985)are the two most widely accepted mechanisms for ozone decomposition and oxidation.

However the mechanisms postulate that ozone decomposition in water is a radical chain
process whereby decomposition intermediates will further catalyseved of molecular
ozone.Ozone can react either by direct oxidation of substrate or via 0zone decomposition to
generate hydroxyl radals that oxidise substraf@/anget al.,2012 Benetal., 2012;Kim et

al., 2012; GomezPacheccet al.,2011; Khanet al.,2010; Uslu and Balcioglu, 200&hou

and Smith, 2002; EPA, 199%indings from several research investigations revealed that: (1)
ozone can react directly with organic pollutants theate high electron densisitesor (2)
throughoxidation of compounds by hydrade free radicalggenerated upodecomposition of

ozone(Fig. 21).
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Direct oxidation of organic compounds >

Indirectoxidation
of substrate by
via hvdroxide (OH) hydroxide radicals

Ozone decomposition

\

V
Radical depletion by species such
HCOs, COZ By-products

Figure 21: Oxidation reactions of compounds in water during ozongiganget al.
2012

The direct oxidation pathway is relatively slow compared to indirect oxidatidmytsoxyl
radicals.Hydroxyl radical reactions are neselective virtually reaatg with nearly all the
organic compoundgiroughhydrogenatom abstractiordirect electron fnsfer, or insertion
however the hydroxyl radicatoncentration is relatively small under normal ozonation
conditions Zhou and Smith, 2002Hoigné and Baderl977) Figure 2.2 shows the
mechanism of alkenazonolysis. The initial step of the reactisnal,3-dipolar cycloaddition

of ozone to the alkenproducing aprimary ozonide (molozonide, 1,2tBoxolang which
decomposeseading toa carbonyl oxide and a carbonyl compouiitie carbonyl oxides
resembleozone in being 1;8ipolar compounds, and undergo-tijpolar cycloaddition to the
carbonyl compounds with the reverse regiochemisésultingin a mixture of three possible

secondary ozonides (1,2{doxolanes)
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Figure 22: Mechanism of alkene Ozonolydig) syn (same side or face¥idative cleavage
(b) anti(opposite sides or faces)idative cleavageesulting in the formation of intermediate

M in either reaction patthttp://ent.arp.harvard.edu/kinetics/)

2.3.1.2.0zone microbial inactivation mechanism

Ozone is a powerfubntimicrobial agent that isapable of inactivatingbacteria, fungi,
viruses, protozoa, and bacterial and fungal sp@fémdreet al., 2001). The manneiin
which biocidesmpact on microorganisms dependent on their chemical structurewever
it is not the onlyfactor limiting antibacterialantifungal effectiveness. Mosf the biocidal
agentanterfere with metabolic pathways afigenetraing into the cell which in turn leadto
the necrod of the microorganisnfTurkiewicz et al.,2013 Turkiewicz, 2011;Van Hamme
et al.,2003;Viera, 199; Sundeet al.,1990. Upon dissolutiorof molecular ozone in water,

the molecule can remain as; ©r decomposevia a variety of mechanisms, ultimately
producing thehydroxyl free radical OH) which is astronger oxidizingagent than ozone

The hydroxyl radical targes membrane components such as proteins, lipids, and

polysaccharidekeading to cell lysis with further oxidatiqfrig. 2.3). Ozone inactivation is a
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complexprocess that encompassesdation of certain membrane and wall constituents such

as unsaturated fatty acids and cell constituents such as enapghasucleic acidsBoth

ozone and its breakdown component®Hl) play a role in the inactivation mechanism of

microbes.The microbes are killed due to cell membrane disruption or disintegration leading
to cell content leakageMicro-organisms cannot develop resistaagainstozone due to its
mode of inactivation which is cell lysis, unlike otliBsinfectant agents that have to permeate
the cell to have any effect on the micrdBauiz et al.,2007 Blang 2005 Thanomsulet al.,

2002).

Before ozone treatment After ozone treatment

1. Ozone oxidizes cell membrane, causing osmotic bursting

2. Ozone continues to oxidize enzymes and DNA

Figure 23: Biocidal action of ozonen bacterial cells (Juan, 2000)

2.3.13. Primary uses of ozone

Ozone is usedt various stages drinking water treatmeraind these include:

A Disinfection;

A Oxidation of horganic pollutars, suchasiron, manganese, and sulfide;
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A Oxidation of organic micrgollutant,including pesticides, phenolipollutants,taste
and odar compounds; and
A Oxidation of @ganic macrepollutant includingremoval ofcolour, increasingrganic

compoundbiodegradability, and@hlorine demandeduction

2.3.14. Disinfection

Ozone technology is one of the most widely researched AOPs due to its use in a number of
water and waste waténeatment facilities as @isinfecting anctlarifying agent(Mohapatraet

al., 2014. Ternes and cavorkers, 2003reported that ozonation is an appropriate technique
for the treatment of wastewater and wastewataige It was found that ozone possesses
strong cell lytic activity and can exterminate microorganisms fouratiivated sludge and

also further oxidize the organic substances released from the c€llone is agood
disinfectant and icapable of inactivaing even more resistant pathogenic microorganisms
such as protozoa (e.G.ryptosporidium parvunoocysts) where conventional disinfectants
(chlorine, chlorine dioxide) failOrr and ceworkers, 2004discovered that ozone alone, or in
combination with hydrogen peroxideas incapable of destroyirthe highly toxic STX and
GTX-2/3, and only partially estroyed deSTX, and the lowtoxicity C-toxins and GTX5

from water contaminated with cell free extractsAofibaena circinalisRamseieet al.,2011
treated drinking water with ozone and other oxidants to investigatkinetics of membrane
damage ohative drinking water bacterial cellfhey measured embrane damagéa flow
cytometry using a combination of SYBR Green | and propidium iodide (SGI+PI) staining as
indicator for cells with permeabilized membranes and SGI alone to measure total cell
concentrationThey discovered thainly ozonation resulted in a decreasette# total cell
concentrations for the investigated reaction timébkandet al., 2007, achieved 7%%6

eliminationof Escherichia coli(E. coli) from waterin about 3hoursof treatment time using
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an optimized combination of hydrodynamic cavitation ambnation.In another study
coliform inactivation effectiveness was carried on wastewater from a wastewater treatment
plant (University of Sao Paul@razil) using varying doses of ozone (5, 8, & 10 mgLO).

The total coliform inactivation range was 2-8@6 logo, and the inactivation range for

Escherichia colwas 2.414.65 log, (Silvaet al.,2010).

2.3.15. Removal of organics amharmaceutically active compound$hACs)

Carballaet al., 2007, observed that an ozone dose of 20 rgggQotal suspended solids

(TSS) was able to remove up to 60% of carbamazepine, when they studied the influence of
ozone prdreatment on sludge anaerobic digestion and simultaneous removal of
pharmaceutical and personal care products. Nakaad., 2007, observed varied removal
efficiency (8.381 %) when they studied removal of carbamazepine during sand filtration and
ozonation at a municipal sewage treatment plant. Rosal andié@rs, 2010, achieved 100

% removal of carbamazepine with ozonation dosewker t han 130 pupM, afte
treatment. A study by Leet al., 2012, on the feasibility of ozone and ilbration as an

alternative to reverse osmosis (RO) for the elimination of pharmaceutical and personal care
products (PPCPs), including carbazepine from treated wastewater revealed that ozone

doses of 8 mg L¥ were nearly as effective as RO.

2.32. Disinfection parametersf ozone

The section below describes the relation between ozone decomposition with variations in pH,
temperature andoncentration of organic & inorganic constituemdshigh aqueous ozone
concentration is necessary for efficient inactivationmo€robes, thus factors accelerating

ozone decomposition are not desirable.
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2.32.1. Influence ofpH on ozonolysis

Studies byFarooq 1976 indicated thatchanges in pH have little or no effect omaone
inactivation of aciefast bacteria such amycobacteriaand actinomycetesRoy 1979,
observed a slight decrease in theucidal efficacy of ozone residualgith decrase in pH.
However,Vaughn and cavorker, 1987, observed an opposite effddte decomposition rate
of ozonewith changes in pH appears to be the main factor controitsglisinfection
efficiency (Ding et al., 2013; Dow et al., 2006) Langlaiset al., 1991, reported that none
decomposition occurs faster mgueous solutions withigher pH and formsa variety of
oxidants withdiffering reactivities Studies byHarakeh and Butler, 1984ndVaughnet al.,
1987 revealed adecreasdn virus inactivation byozone at alkaline pH (pH 8 to 9) for
poliovirus landrotaviruses SAL1 and Wa. Studies bywWickramanayake, 1984andicated

an improvement iiardia muriscyst inactivatiorwhen the pH was increased fror®7

2.32.2.Influence of emperatur®n ozonolysis

The solubility and stability of ozone is reduced when temperature increlasegver
chemical oxidation and disinfection rates remain stéRkn et al., 2010; Li et al., 2001,
Katzenelsoret al., 1974. Studies have shown thattemperature increase from300 ° C
significantly reduces the solubility of ozone in water and rapidly increases its decomposition.
Neverthelessthis phenomenon has no effect on the disinfection rate of badeng €t al.,

2013; Larsonand Marifias 2003;Kinman, 197%. Ding and ceworkers, 2013 studied ozone
inactivation of prions, and they discovered thla¢ rate of inactivation increased with

increasing temperature.
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2.32.3. Influence of sispendeadnatteron ozonolysis

Studies by Vdlsh and ceworkers in1980revealed thabzone inactivation rates of microbes
found in minute flocs of aluminiurwasnot reduced at floc turbidity levels of 1 and 5 NTU
(nephelometric turbidity unit)They clearly irdicated that the floc offered no protection at all
to the microbesln waters heavily polluted with organics increased slime growth is observed
due to an abundance @fonation byproducts(easily metabolizedhat promote growth since
ozonation does nobbmpletely degrade organics to carbon dioxide and wWéfdczak et al.,

1992 Edward and Benjamjri991, Troyan and Hanson, 1989

2.32.4. Advantages obzonation

The use of ozonatioin drinking water treatmendffersthe following advantages:
Taste anacdour reduction

Effectiveiron and manganese remoyal

Capability to remove colour

Capable of efficiendisinfecton over a wide range gfH andtemperaturg

> > > > >

Capable of dstrgring bacteria, viruses, spores, giardia and cryptosporidiith

brief contact periods

A Reduces the formation of disinfection-pgoducts (DBP) such asihalomethanes
(THMs) andhaloacetic acidsdHAAS),

A Does not require the esite storagdike other chemicals with the associated hazards
and costs

A Capable of removingydrogen sulphide

A Ozonation can reduce tlnount ofchemicalsrequiredfor flocculation or flotation

by 20-50 %,
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A Ozonation is known toeduce turbidity and dissolved organic carbon by enhancing
aerobic digestion in biologically active filters

A Capable ofemoning synthetic micrepollutants found in surface and ground water.

2.32.5. Disadvantages of ozonation

Disadvantages of ozonation in water treatment include

A Low ozonedoses mafail to effectively inactivate smespores, cysts and viruses

A Ozonation is more complesomparedo other disinfectiormethods

A Ozone ishighly reactive and corrosiveyhich calls for the use aforrosionresistant
material, such as stainless steel

A Ozonation is notost-effectivefor poor quaity (poorly treated) wastewater,

A Ozone is extremely irritating and possibly toxic, segsHbes from the contactor must
be destoyed to prevent worker exposure,

A The cost of treatment is relatively high, being both capitadl powetintensive

A Ozonatiorhas no measurable residwahich necessitatgost-chlorination

A Ozonation may generate some undesirable aldehydes and ketones when it reacts with
certain organics

A Ozone is less soluble in water thahlorine; therefore special mixing devices are

required.

(Spartan environmental technologies, 20ChelmeAyala et al., 2011; Matilainen and

Sillanpaa 2010;Irabelli et al.,2008;Vilve et al.,2008 Tech brief, 1999; Budet al.,1999;

Cotruvoet al.,1999 Langlaiset al.,1991)
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2.3.3. Hydrogen peroxide/ Ozor(el,0,/ Os)

Hydrogen peroxide(H,O,) is a clear colourless liquidwith a slightly pungent odur.
Hydrogen peroxide iscommercially produced aimost exclusively according to the
Anthraquinoneautoxidation processsing hydrogen and atmospheric oxyglenthis process

an anthragquinonéerivative is used as the reaction carrier.

The process starts with the reduction of an anthraqui@Bige 24) to its corresponding
anthrahydroquinone, typically through hydrogenation on a palladium catalyst. The starting
anthraquinone is regenerated as the anthrahydroquinone undergoes autoxidation with

hydrogen peroxide being produced as ghyduct.

catalyst

2- ethy/anthraqumone

T l+ 0,

organic layer C2H5
+ H,0
. H,0, +
aqueous layer
+ Hy0,
¢ 2-ethylanthraquinone

40% solution of H,O,

Figure2.4: Hydrogen peroxide production process (httpd#levonik.com/productioy,)

Equation 2.2 showa simplified overall proces®r the production of hydrogen peroxide
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2.3.3.1. Hydrogen peroxide/ ozone reactions
Combination of hydrogen peroxidgH,O,) with ozone allows the enhancement of O

transformation to hydroxyl radicaIéQH) in solution Hydrogen peroxide is weekly acidic,

hence dissociates intbhe hydreperoxide ion (H@) in aqueous mediurfEquation2.3). The
hydro-peroxide ion([Equation 2.4yapidly reacts with ozoneinlike HO, which reacts slowly

(Hoigne, 1998

H,0, + H,0 >  HOy +HiO oo 23)

O; + HO,

v
®)
I
+
e
+
QP
N
>

The hydroxyl radicalreacts further with the hydroxyl ion, hydpgroxide ion,hydrogen

peroxide and ozon@Equations 2.82.9 respectively

"OH + OH > HXO+O0 . (2.5
'OH + HO, >  HO, + OH ovoovooos e, (2.6)
OH ,® H >  HOy 40 Heoooeeee 2.7
OH ;+ -O > HO, %O 2.9
HO, ¢ > O H e (2.9

The reactions in equations 23 (Gottschalket al., 2019 Zhong et al., 1999) occur

simultaneously with pollutardxidation by the hydroxyl radical

In an HO,/ O3z system,0zone is generated on site sincdatomposes rapidlyOon the other

handH,O; is fed from an aqueous solutiomdathe specific ratio depends tire disinfection
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requirementspromide concentration, contaminacbncentration,and other water quality

parameter¢Liang, 1999).

2.3.3.2. Disinfection

Studies by Willians et al., 2005 indicated that ozone and hydrogen peroxide were more
effective after longer contaperiodsin termsSalmonellaandE. coliO157:H7inactivationin

juice products They concluded thatootact and reactivity could be increastdough
agitation bystirrers orvia bubblingof ozone Neverthelessmechanical stirring may lead to
ozone haHife redudion (Wickramanayake, 1984Reports byPalron, 1995, indicate that
pressurizing ozon@aseousand hydrogen has a positive effect on Salmorglfzhimurium
inactivation in egg shell productBressures believed tdorce the sanitizer into the pores of
the shell egg$enceeffecting betterinactivation However, studies by Koidis and other,
2000, revealed that pressurized aqueous ozone did not have similar effsiotdl eggs. An
ozone/ dimethyl dicarbonate (DMDGystem was observed to possess improved inactivation
capability on five strans of Salmonellain apple cider and orange jui@®mpared to the

ozone/ hydrogen peroxide systewiilliams et al.,(2005)

2.3.3.3. Organic pollutants removal

Several researchers have observed improved renmaivakganic pollutants from water
through the synergistic effects of ozone and hydrogen perdaRidarenkocand ceworkers,

2012, investigated the effect of combining ozone and hydrogen peroxide on the removal of
trace organic contaminants (TOrC) and the link Nenitrosodimethylamine(NDMA)
formation in drinkingand wasteater treatmentThey observed little effect on NDMA

removal with ozone alone. The addition of hydrogen perof@demg peroxidel) to 10 mg
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O4/ L resulted in a 46 % removal efficiency of NDMArace organic contaminant removal

with ozone and ozone/ peroxide also yielded similar tréAdsrenkeet al.,2012)

The ozoneperoxideprocesshas been observed not to provide additional removal benefits
over ozone alone for compounds suclhcashamazepindrimethoprim, and diclofenathat

are easily oxidizedn another investigation 50 % removal of two herbicidesroxynil and
trifluralin) was achieved using ozone alo®& enhancemendf bromoxynil and trifluralin
degradationwas observed using :0H,0, process(ChelmeAyala et al., 2011). Studies
conducted by other researchers revealed that addition of hydrogen peroxide is beneficial in
the reduction othe optimum ozone dose required in the removal of dissolved organic carbon
(DOC) and total organic carbon (TOQJabelli et al.,2008 Paodeet al.,1995; Pradost al.,

1995a)

Findings bylrabelli et al., 2008 indicatedthat postozonationwith the Os/ H,O,-system
attains better removal of DOCuxtaposedto preozonation. Neverthelessthe overall
concentrations ofrihalomethane THM) were higher insamplespost and pretreatedwith
the O3/ H,0, systemcompared to ozonated samplésf§elli et al.,2008).In smilar studies
Mosteoand ceworkers,2009 did notrealiseany significanimprovement inTHM reduction
after addition ofeither H,O, or TiO, to theozone treatmeniThe simultaneous addition of
H,O, and TiQ to the ozonationsystemresulted in lower production dfihalomethanes

(MatilainenandSillanpaa 2010)

2.3.3.4. Advantages o0& H,O,/ O; system

Some of the advantages include:
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A Theeffective removal of MTBE and other natural and synthetic orgényi¢$,0,/ Os
process has beemownto be more effective thamsingO; or H,O, alone.The use of
a combination of @and HO, to produce hydroxyl radicalas opposed t@; alone
allows for a lower dosage of ©to be used. Thisniturn has alesirableeffect in
reducingoperationcosts and bromate formatipotential.

A The theoretical yield of hydroxyl radicals for,®/ Os is less affected by water
quality (i.e., turbidity, iron, and nitratesrhichlowersthe yield for UV processes

A H,0,/0; systems have beethoroughly tested and applied imlecontamination
applications for grounavater.Therefore the implementation of #D,/ O3 systems has

a field-proven history of operation and regulatory acceptance.

2.3.3.5. Disadvantages of 4@,/ O;

Some of the disadvantages include:
A Ozone Q3) use can potentially result in bromate formation; however, bromate
formation can beeducedvy lowering the pH tdelow6.5,andincreasing the kD, to
O; ratio, or adding another radical scaversgéke ammoniathat will react with
hydroxyl radicaldoeforebromide.
A Residual hydrogen peroxide H,O,) can serve as an oxygen source for
microorganisms and can promote biologicagrewth in the distribution system.
(ChelmeAyala et al., 2011, Catalkaya and Kargi, 2009rabelli et al., 2008; Ikehata and

GamalEl-Din, 2005 Crawford, 1999

2.3.4. Ultraviolet/ Ozone

Ultraviolet (UV), light is an invisible form of electromagnetic radiatibaving a shorter

wavelength than the lightvhich humans can seeUV carries more energyshorter
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wavelength)than visible light(longer wavelengthand can someties break bonds between
atoms and moleculeshangingthe chemistry of materials exposed to it. UV light can also

induce fluorescenda some substances

Yiolet — Visible — Red
LY i

Cosmic | Gamma | y. i
Rays Rays Y-Rays | Ultraviolel
|

10'm

107m

10™m

Vacuum | ShortWave UV | Middle Wave UV | Long Wave UV
Uy (UV-C) (UV-B) (UV-A) (nrm)
| 1 1 ] | |
100 185, B4, W3 400

Figure2.5: UV light spectrum

One of the ways of disinfecting water is via Uight exposureUV light disinfection can be
used alone or ikombination with other processésis known to be beneficial if it precedes
membrane filtration since d@an supress bitouling in the systemUV-LED light sources are
commercially available. These UMED light sourceseemit monochromatidJV light at 365
nm (or 385 nm) Their low power consumption makethem an energysaving and

environmentally friendly light source.

2.3.4.1. Ultraviolet/Ozone reactions

In the Q/ UV oxidation process, hydroxyl radicals are produced according to the following

equations:
hA L
O; > O'(D+0,...... e e i (2.10)
ko.
o'+ H,0 > HoOs vt e e . (2.11)
H,0, > HO  + .. QHo (2.12)
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The above reactions occur simultaneously with pollutant oxidation by the hydroxyl radical
(Andreozziet al.,1999. The G/ UV system behaves similarly to the/®1,0, and the HO,/
UV systemsl(egrini et al.,1993; Glazeet al.,1987). The use of @ UV systems requires the

use of a sparging device.

2.3.4.2. Disinfection

During UV/ G; treatment, inactivation of microbial pollutants can transpire through direct
reaction with ozone, UV photolysis, and synergistic actiod O¥ Studies were carried out

to assess the effectiveness of QV systemsin the reduction of microbial pollutants
vegetable wdswater in the fresttut industry.lt was reported in literature that the/@V

system achieved a 6.6 log CFU thteduction after treatment for 60 minutedso a very
significant turbidity reduction was achieved by the/ @V system. The researchers
concluded that the £ HUV system was a suitable alternative sanitizer for the fceshvash
process (Selmat al.,2008).In another study it was concluded tloabne activated with UV

light could be &ahighly suitablealternative to chlorie for washing shredded lettycet only

in reducing microbial populations, but also maintaining visual quéitignde et al., 2006)

Other researcher investigated the effects of temperature and UV light on the performance of
ozone in the inactivationfdMycobacterium fortuiturusing a laboratory scale continuous
flow system. They observed that when UV light was used as a catalyst in ozone disinfection
no apparent increase in inactivation Mf fortuitum was observedNevertheless, UV light
alone was observed to exert a huge inactivation potential (Fetadq1977).Dumetre and
co-workers investigated the effects of Uight and ozone in the inactivation ®bxoplasma
gondii oocysts. They achieved aldg inactivaton of T. gondii with UV fluencesgreater
above 20 mJtn?. However, ozone was not able to inactivategondii (Dumétreet al.,

2008).
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2.3.4.3. Organic pollutant removal

Several researchers have investigated the synergistic effect of 40 the degradation of
organic pollutants in waterStudies were carried out to investigate the degradation of
dichloroacetic acid (DCAA) and trichloroacetic acid (TCAA) using UV radiation and ozone.
Their findings indicated that UV radiation or ozone al@d not attain appreciable levels of
degradation of these haloacetic acids. They discoveredhthlty/ O3 systemwas the most
suitableadvanced oxidation process for the degradation of DCAA and TCAA in water (Wang

et al.,2009.

Vollmuth and Niessneinvestigated the removal oblychlorinated dibenzodioxigPCDD),
polychlorinated dibenzofuran RCDF, polycyclic aromatic hydrocarbon (PAH),
polychlorinated bipheny(PCB) and chlorinatedphenolsfrom landfill seepage water using

UV irradiation, ozoneand UV/ Q. They achieved 90 % removal efficiency for the
degradation of chlorinated phenols and PAH. However, there was no significant effect on the
degradation of PCDD/ PCDF (Vollmuth and Niessner, 1993splugas and others
investigated UV/ @degradation of phenol while varying pH between 3 anth@y achieved

80.9 % phenol removal efficiency with ndmiffered solution, 92.6 % phenol removal at pH
6.9, and 91.9 % phenol removal at pH 9.4 in a period of eighty minthey.concluded that

the changes in degradation of phenol due to the synergistic effects of UV andr®very

marginal(Esplugast al.,2002)

2.3.4.4 Advantages of UV

Some of the advantages include the following:

A Ultraviolet light is a physical process that does not raektition of chemicals
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A UV is very effective towards inactivation of protozoa, nevertheless viruses are more
resistant
A There are no known UV disinfection 4pyoducts and it only requires short contact

times.

2.3.4.5. Disadvantages of UV

Some of thelisadvantages include the following:

A UV disinfection has no residuaffect

A There are variations in output among different types of UV lamps
A Itis not possible to measure lamp dose in practise.
A

UV disinfection is affected by turbidity.

(Wanget al.,2009 Esplugaset al.,2002 Vollmuth and Niessner, 1995)

24. Emerging technologies

24.1. Cavitation

It can be described as the formation, growth, and collapse of-mitrales or cavitiesvith

the successive local release of large sums of energy. The energy is as a result of the fast
collapse ofthe cavities, compressing entrappgas andvapour leading tdocal hot spots.

This high energy brings about excitation of dissolved gases, vapawiatnt and solutes
which <can =eventwually dissociate | eading t
Sonochemical reactors generate cavities through ultrasound irradiation while hydrodynamic
reactors do so through interchange of flow energy and pressergye@ptic cavitation is

produced by high light intensity photon, which rupture the liquid continuum, while particle
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cavitation is produced by elementary particles of any other type of f€hakinalaet al.,
2009; Gogate and Kabadi, 200%prreset al.,2008 Torreset al.,2007;Mason and Pétrier
2004;Mason and Lorimer, 200Z0gate, 2002L.uchg 1999;Shahet al.,1999;Crum, 1995
Suslick 1990; Mason and Lorimer, 198&igure 26 shows an illustration of cavitation in

water.

Figure 26: lllustration of cavitation in water (eswt.net, 2012)

24.1.1. Mechanism of radical formation

Hydroxyl and perokle radicalsare generated within cavities according to the following

eqguations:
Ultrasound _ .

H,O > H+ HQ. ... . (2.13)
Ultrasound

0O, > 20 s e e (2.14)

O +H,0 > 2HO s e (2.15)




H + 0, > HO  4Qis oo e, . (2.16)

H + 0, > HOO. . o oo (2.17)

The amount of OH radicals produced during acoustic cavitation can be estimated by
measuring the fD.pr esent , since it is produced when
of organic pollutant§Chakma and Moholkar2013;MéndezArriagaet al.,2008; Torreset

al., 2008; Torreset al., 2007; Adewuyi, 2005;Chematet al., 2001; Pétrier and Francony

1997).

24.1.2. Organic pollutant removal by cavitation

Sonochemical and hydrodynamiavitation have been employed in the removal of organic
pollutants from water resourgeand industrial waste waters. Jiang andwookers
investigated the sonolytic degradation of chlorobenzdie degradation was described

using the following equations:

Ultrasound
CeHsCl > CgHs +Cl i et i ((2.108)
CeHs' > CHs + CHo o (2.19)
C4H3 > CiHot+  Ho (2.20)
C4H; > CH+Co e neeneee e (2.21)

After fifty minutes of degradation, they observed some brown carbonaceous particles in the

sonochemical reactor. They deduced that phenyl radicals could further decompose into
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CsHy , 2HxCand C (Jianget al., 2002). Several researchers have carried out studies to
investigate the effectiveness of sonochemical or hydrodynamic cavitation towards organic
pollutant abatement. Torres and-workers carried out a comparative studyuttfasonic
cavitation and Fenton process the removal of bisphenol A from water, a xenobiotic that
exhibits endocrine disruption action. They conducted their experiments using deionized
acidic water (pH 3) and natural water (pH 7.B)trasound cavitation and Fenton reaction
showed equal ratesf bisphenol A eliminatioras well as primary intermediatesdeionized

water. Chemical oxygen demand (COD) and total organic carbon (TOC) analyses allowed
them to deduce that the Fenton process was slightly more efficient than the ultrasound
cavitation. Experiments carried out in natural waters showed that the Fenton process was

inhibited whereas the cavitation process was never affected at all (Torres, 2007).

Destaillatsand others investigated the sonochemical degradation of dichloromethane (DCM),
trichloroethylene (TCE) and thaethyl orange (MOWsing a pilot scale reactddES 4000 C
Pilot-statior). They compared thebserved reaction rates on the degradation of the three
pollutants with those obtained using bersciale reactors under similarngbtions in order to
evaluate the performance of the piftation.The pseuddirst-order cegradation rate for TCE

in the plot-station wasobservedto be more than 4 times higher thahe corresponding
smaller values measured in {abale reactorsA similar trend was also observed in the

degradation of DCMDQestaillatset al.,2001).

Li and coworkers investigated the degradation of phenol using riighble collapse
technique. They achieved 60 % removal efficiency in a period of two hours when air was
employed as the source of midsabbles. They also investigated the dependence exigbh

degradation on pH of the solution and the type of gas entrapped in thebmiokyles. There

42



was a linear increase pseuddfirst order rate constamt with increasing Hin the solution.

The highesk values were achieved with oxygen midyobbles (i et al.,2009). Takahashi

and ceworkers also observed similar trends on the degradation phenol usingbuiohies.

They achieved 30 % phenol degradation after the addition of acid (sulphuric, nitric and
hydrochloric acid) and the degradation procesddgd intermediates such as formic acid,

oxalic acid, benzoquinone ahgdroquinone (Takahasht al.,2007).

Tasaki and others investigated the degradation of methyl orange using short wavelength UV
irradiation with oxygen micrdubbles. Their findingshowedthat the oxygemicro-bubbles
enhancedhe demlourizationrate of methyl orange under 1254 nm irradiationHowever,
micro-bubbles under 365 and 254 nm irradiation didcatseany significant change in the
decolourization of methyl orang&hey also established th#ite pseudezero order reaction

rate constants imicro-bubble system were 2.1 times higher than in the conventional large

bubble systenfTasakiet al.,2009)

An in-depth analysis conducted b@onzalezGarciastated thasonochemical degradation
follows a radical mechanism whighioducesa very wide range of chlorinated compounds in
very low concentrationsThey concluded in their analysis thstwnochemical degradation
alonewas not an efficient treatment tower the orgaic pollutant level in waste water

(GonzélezGarciaet al.,2010).

2.4.1.3. Microbial inactivatiorby cavitation

Cavitation generates highly reactive free radicals from the collapse of-mibides and
these have great potential to disinfect wéfagarwal et al.,2011; Takahashet al.,2009; Li

et al., 2009; Jyoti and Pandit 2004) Acoustic cavitation is generally a more expensive
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disinfection measure compared to hydrodynamic cavitaBomebacterialspecieggenerate
colonies and spores whichgigmerate irclusters protecting them froattack by biocidesn
some caseBocs of fine particles caalso trapbacterialcellsleading to their protectiofrom
biocidal action,whilst some bacteridevelopresistance wardsconventional biocidesuch
as chlorine. Power ultrasoun$ known todisrupt these bacterial aggregatioeghanag
biocide efficiency(Kesariet al.,2011;Joyce and Mason, 20Q0%jigure 27 gives a schematic

of sonochemical inactivation of bacteria in water.

Sound pressure M/\/\
. | |
Compression waves |
|

Change in briblles size@0 o @ mcm.

Time

Cell Death | Free radical
'y formation

Degradation of the| | ROS formation | Lysosome

cell organelles Bursi

Figure 27: Sonochemical inactivation of bacterial cells in water (Kesstaai.,2011)

During ultrasound water disinfection, the imploding bubbles produce high shear forces and

liquid jets which may have sufficient energy to physicalamage bacterial cell walls. The
radicals producedH O " ,) oxkdise cell wall components leading to leakage of intracellular

components and eventually cell dea®mall amounts of hydrogen peroxide are also
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produced which contribute to the biocidaition Agarwal et al.,2011; Gogateand Kabadi,

2009;Joyce and Mason, 200Harnshawet al.,1999.

Several studies have been carried out to evaluate the effectiveness of cavitation on the
inactivation of microbial pollutants in wateKobayashi and cavorkers investigated the
inactivation ofEscherichia coliusing carbon dioxidenicro-bubbles at a low pressure and

near room temperatur@hey achieved a 6 log reduction i coli population in 60 minutes
usingCQmicrobub bl es at 40 ° C a iihey adso gstabtishexi thap® of 2
micro-bubbles were not capable of inactivatiBg coli. An increase in the amoutf CO,

used was observed to increase Eheoli population reduction rat@obayashiet al.,2009.

Mezule and others also investigated the effectiveness of hydrodynamic cavitation on the
inactivation ofE. coli. Their study measured respiratory activity using Bheyanoe2, 3-

ditolyl tetrazolium chloride (CTC) method heir findings showed that5 % of theE. coli

cells had been inactivated within 3 minutes of exposure (Mezule, 28@&ral other studies

have been conducted showing high inactivation efficiencies for Euswig hydrodynamic

cavitation(Arrojo et al.,2008 Jyoti and PandiQ004, 2003, 20Q).

In another studythe effectiveness of ozone miebobbles was investigated on the
inactivation ofFusarium oxysporum sp. melonisand Pectobacterium carotovorusubsp.
carotovorumin hydroponic culturesTheir investigation focused on the comparison of the
performance of ozone mictaubbles(OMB) and ozone milklbubbles OMM). OMB gave a
higher inactivation ratesagainstF. oxysporumf. sp. melonisand P. carotovorumsubsp.
carotovorumcompared tadOMM. They concluded thadMB may be used as a disinfecting
methodfor the inactivation ophytopathogens in hydroponic culture solutigiiebayashiet

al., 2011).
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24.1.4. Advantagesf cavitation
A It can effectively inactivate various microbial ageintsvater
A Cavitation is capable of converting chemical substrates like chlorinated hydrocarbons,
aromatic compounds, textildyes, phenolic compounds and esters into short chain

organic acids, carbon dioxide and inorganic ions as firaducts

24.1.5. Disadvariges of cavitation

A Comparatively higher cost of water treatment

A Ultrasonic treatment of water is highly energy intensive

A There argroblemsassociated with efficient operation at levels of power dissipation
required for treatment

A Ultrasonication is notconomically feasible alone, hence requires coupling with other
techniques.

A Itis a degradative technique which may produce potentially toxjargucts.

(Agarwalet al.,2011; Takahastet al.,2009; Liet al.,2009; Jyoti and Pandit, 2004)

24.2. Fenton process

The Fentonprocess is an advanced oxidation technique that employs hydrogen peroxide
(H20,) and ferrous sulphate (Fe9Qo generate hydroxyl radical$he Fenton reagent was

discovered by Henry John Horstman Fenton in the 1890s.
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2.4.2.1.Mechanism of Fenton process

During the Fenton process ¥dons are oxidized by #D, to F€" with the subsequent
production of one equivalent of hydroxyl radicals and hydroxide ions. Thieidies are
reduced td=€** ions by HO, producing a hydroperoxyl radical and a protdhe process is
summarized by the following equatio@Banget al.,2010;Liu et al.,2007; Guivarclet al.,

2003 Chamarrcet al.,2007):

FE"+H,0, —> Fe&'+ HO " .+..HO.....ooococ... 2.2

F€"+H,0, ———> F&'+ HOO" .. +..H.iiiii . (2.23)

In the photeFenton reaction, the Eeions producedor its complexesact as the light
absorbing secies resulting in the production of hydroxgdicals and the regeneration of
Fe?* ions (Fallmanret al.,1999):

KA
FE*"+HO ————> Fe'+ HO " .. 4+..H. o, . (2.24)

KA

[Fe*L,] >  [FELna] +L oo, (2.25)

The above reactions occur simultaneously with pollutant oxidation by the hydroxyl riadical

agueous solution.
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24.2.2. Disinfection

The Fenton process has been evaluated on the inactivation of microbial pollutants in water by
several researcherSeodoroand ceworkers investigated the efficacy of the Fenton process

on Pseudomonas aeruginogaactivation in greywater pre-treated by constructed wetlands

The investigation was carried out at pH 3 and neutral pH, keeping ffiedtestant and
varying hydrogen peroxide concentration between 150 and 25'mijie most efficient
disinfection and clarification of greyater was observed in the system maintained at pH 3.
Neverthelessthe HO,/ UV systemwith concentration of 150 mgtLhydrogen peroxide gave
results similar to systenaljusted tqH 3. They concluded that the high®} concentration

was the main factor contributing to the efficient inactivatiofPséudomonas aeruginosad

clarification of greywater (Teodoroet al.,2014).

In another study, the efficacy sblar photeFenton at neutral pklvas investigated in the
inactivation of natural enteric bacte(tascherichia coli in real municipal wastewatefhey
carried out ontrol experiments testablishthe individual effects of mechanical stress, pH,
reactants concentration, and UVA radiation as well as the combined effects oF&J\4Ad
UVA-H,0,. The synergistibactericidakffect of solatUVA with 50 mg_" of H,O, resulted

in complete disinfection fototal coliforms within 120 min The photeFenton process
accelerated the disinfection process, attaining total inactivation within 60 minutes.
Optimization studies indicated thatet best conditions were 50 mbf hydrogen peroxide

and 20 mgL* of F&¢* (OrtegaGomezet al.,2014).

Several other studies have been conducted to investigate the efficacy of the Fenton process:

Salmonellaspp.Inactivation NdounlaandPulgarin 2014, E. coliinactivation Rubioet al.,
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2013 RodriguezChuecaet al., 2012; Spuhler et al., 2010; Diao et al., 2004, and

Phytophthora capsidnactivation (PoleLopezet al.,2013)

2.4.2.3. Organic pollutant removal

The efficacy of the Fenton reagent {EeH,0,) was investigated by many researchers on the
degradation of organic pollutants in wat@®xidation of organic pollutants by Fenton reagent
may proceed according to the following equati@danget al., 2005; Neyensand Baeyens

2003; Kangand Hwang2000)

RH + H6——> H,O + ..R... i i, . (2.26)

R ¥ e  FE 4+ R e C(2.27)

Lin and others investigated the degradation efficiency of the Fenton reagent on surfactant
waters alkyl-benzene sphonate (ABS) and linear alkplerzene sypthonate (LAS). These
surfactants are commonly used in household and industrial detergents. The focus of the study
was on theeffects of pH, amounts of ferrous sulphaed hydrogen pexide and
temperature on the surfactandegradation Residual HO, interferes with COD
measurements; hence the findings indicated that for every I*mesidual HO, an
additional 0.26 mgl:t COD is generatedAn optimum pH of 3 was maintained to avoid
precipitation of F&". They also established thB@ mirutesof Fentontreatmentvith 90 md.~

! [FeSO4} was stfficient to achievemore than95 % ABS andLAS removal(Lin et al.,

1999.

Chamaro and ceworkers investigated the efficacy of the Fenton reagent on the degradation

of formic acid, phenol, 4hlorophenol, 24ichlorophenol and nitrobenzene aqueous
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solution. They established a stoichiometric coefficient of 0.5 mol of orgeompoundper

mol of hydrogen peroxide in the Fenton reaction. However, for formic acid the coefficient
was approximately one owing to the direct fatran of CQ. The treatment was capable of
removing the toxic copounds (Chamarret al.,2001). Several other studies were conducted
on the degradation of pesticides (Husém Pignatellp1999 Fallmanet al.,1999, azo dyes
(Guivarch, 2003)phenolic compound3ernjaket al.,2003),landfill leachate (Zhanegt al.,

2005), dimethyl phthalate (Liet al.,2007) andphenol degradationianget al.,2010.

24.2.4. Advantages of the Fenton process

Some of the advantages include:
A The main advantage of the Phdtenton process is the light sensitivity up to a
wavelength of 600 nm
A The depth of light penetration is high
A The use of a homogenous solution allows high contact betwedising agentand

pollutant

24.2.5. Disadvantages of the Fenton process

Some of the disadvantages include:
A Operation requires low pH values (below pHeatavoid F&" precipitation.
A There is need for iron removal after reaction
A The high HO, consumption is major drawbadk the photeFentonreactionif total

degradations to be achieved

(Jianget al.,2010; Liuet al.,2007; Guivarctet al.,2003; Chamarret al.,2001)
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2.4.3. Photo-catalysis

Photo-catalysisis the acceleration of a photoreaction in the presence of a catalyst. There are
two types of photocatalysis: homogeneous phatatalysis where the reactants and the
photo-catalystsexist in the same phase and heterogeneous ghtdtysis where theeactants

and the photaatalysts are in different phasdsansition metal oxides and semiconductors
(TiO2, ZNnO, ZrQ, ZnS, CdS, elcare the most common heterogeneous platalysts. Thy

are mostly employed in water and wastewater treatment, air treatment, and energy generation
(Yousefzadelet al.,2014;Zhanget al.,2014, Quaret al.,2014 Khan and Berk, 2014Cao

et al.,2014; Zhanget al.,2014 Castroet al.,2009 Mills and Hunte, 1997; Hoffmanet al.,

1995; Fox and Dulay, 1993 In a semiconductor, the valence band (HOMO) and the
conduction band (LUMO) are separated by a band gap which when exposed to a photon of
light of equal or higher energy an electron ismoted to the conduction band leaving a
positive hole which is highly oxidizingSilva and Faria, 2009)he electrorhole pair can
recombine or react with don{ID) or acceptofA) species adsorbed on or close to the surface

of the particle (Litter, 1999Herrmann, 1999).Conduction band electrons can photo
catalytically reduce adsorbed species if their redox potential is more positive than the
flatband potential and the valence band positive holes can oxidize adsorbed spéeigs if

have redox potentiatgreater than the flatband of the valence band.

Titanium dioxide (TiQ) is the most extensively studied semiconductor phatalyst. It is
the most suitable catalysdr heterogeneous photatalysis owing to its various attributes,
which include:photostability, chemical and biological inertness, phattivity, relative non
toxicity, adsorption propertiesuperhydrophilicity, and antimicrobial actio@yanet al.,
2014; Konstantinou and Albanis2003; Anpo, 2000Linsebigler et al., 1995. Titanium

dioxide crystdlizes in two main phases, which are anatase and r(Kisbraet al., 2004;
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Linsebigleret al.,1995. Anatase i s stable at | ow temper a

appearing b(Gramwskeet 6.02012;Aléhso et al., 2009 Reddyet al.,2002;
Zhanget al.,2000;Murray et al.,1993. Titanium dioxide havand gap energy of 3.2 eV for
the anatase phase and 3.0 eV for the rutile pfAsanget al., 2014; Quanet al., 2014,

Alonsoet al.,2009; Cheret al.,2008 Li etal., 2005.

24.3.1. Mechanism of Tigphotocatalysis

Titanium dioxide is a very strong UV light absorlifelN > 3 dué its largg band gap
(Grabowskeet al.,2012; Renet al., 2007) Upon irradiation of TiQ with photons of light
with energy equal or greater than the band gap, an electron is profrwtethe valence
band to the conduction band. The heteregeis photecatalytic process can be expressed by

the following equations:

TiO, > TiO, (€, h'yy) ———> Recombination..(2.28)

TiO, (') + HHO ———> TiO,+  HFH ot i, (2.29)
TiO, (h'yp) + HOpgs — > TiOo+  H@. oo, . (2.30)
TiO, (h'yp) + Dags — > TiO2+ D agsveveeeeioeeiee i, (2.31)

H O * Dags > Dox e cveeen e et (2.32)
TiO, (E¢p) + Aads > TiOo+ A dgs e eeieieiiiie e (2.33)

(Dags Aad9 Speciesadsorbed on the surface of TiO
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The oxidation of organic pollutants in water may transpire through hydroxyl radical oxidation
or the oxidative power of the positive hole of the valence band. In the presence of adsorbed
oxygen, superoxide radica(®; ) are generted and these lead to the formation of more
hydroxyl radicals in the systenG(abowskaet al., 2012; Litter, 1999). The superoxide
radical may undergo protonation leading to the formation of the hydroperoxyl radical (HO
(Silva and Faria, 2009Y.otal mineralization of organic pollutants results in the formation of
CO, and HO as end products. Titanium dioxide photdalysis may also induce reduction of
cationic species in water. Figure82hows thesimplified diagram of the heterogeneous

photo-catalytic process.

p

v A d 0,7, HOY'
Ief e
D v /_\ Photo-catalytic

mineralization

Conduction band ¢

Titanium dioxide Pollutants _ CO;

e.g bentazon ' HZO
\ Valence band h*

\/c Photo-catalytic mineralization

HO°, VOCs H.0

S

Figure2.8: Simplified diagram of Ti@ heterogeneous photmatalysisshowing positive holes

(h") created in thealence band and electrong @omoted to the conduction band
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24.3.2. Preparation ditanium dioxide

There areseveraltechniques that can be employed in the preparation of Ma@cparticles.
Some of them include; soglel, microwave assisted methods, hydsolvothermal methods
deposition methods and oxidation methof@ilse method otthoice forthis studyis solgel

techniquebecause it is simple and does not require sophisticated equipment

The solgel methodinvolves the evolution of inorganic networks through the formation of a
colloidal suspensionsgl) and gelation of the sol ttorm a network in a continuous liquid
phase del). The starting materialfor synthesizing these colloids roprise of a metal or
metalloid element surrounded bgveralreactive ligands. The starting material is processed
to form a dispersible oxide and fos a sol in contact with water or dilute adidiminationof

the liquidpartfrom the solproduceghe gel, and the soffel transitionregulateshe particle

size and shapd&he oxide is produced throughlcination of the gel

A sol can be describeds a stable dispersion of colloidal particles or polymers in a solvent

with amorphous or crystallingarticles A gelis composeaf a three dimensional continuous
network, which encloses a liquid phade a colloidal gel, the network is built from
aggeation of colloidal particles. In a polymer gel the particles have a polymeric sub
structure made up of alggnerates of sukrolloidal particlesThe forces of attractionetween

sol particles maye van der Waals forces or hydrogen bonds. A gel may algurdzkiced

through linking polymer chains. In most gel systems used for materials synthesis, the
interactions are of a covalent nature and theatipel process is irreversiblelf other
interactions are involvedhe gelation process may be reversiflee techniquebehind sol

gel synthesis is to “dissolve” the compound

regulated way The advantage ofsolgel methodis the eliminationof co-precipitation
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problems which may cause inhomogeneity and enablesng at an atomic level and results

in minuteparticles, which are easy to sinter.

24.33. Titanium dioxide modifications

Titanium dioxide can only be activated by UV light, UV light only accounts for ab&u¥%3

of the solar spectrum. Thiecessitates the modification of L@ allow utilization of visible
light, which constitutes a much wider spectr(Renet al.,2007; Yanget al.,2006) Several
researchers have explored different methods to shift the spectral responsgtoiEids the
visible region to improve its photmatalytic efficiency.Titanium dioxide photecatalyst has
been doped with some transition met@ds\po and Takeuchi, 2003; Klosek and Raftery,
2001; Wanget al., 2000; Yamashitaet al., 1999; Choiet al., 1994; Ghosh and Maruska,
1977, nonmetals(Mungondori and Tichagwa, 2013; Nyamukandtaal.,2012;Renet al.,
2007 Yanget al.,2006;Asahiet al.,2001) and ionic species to allow utilization of visible or
solar light, and reduce recombination of eonhole pairs(Ahmed et al., 2010. Other
researchers havexplored plasmonic photeensitization through successive ionic layer
adsorption and reaction (SILAR) technique preceded by piedhaction(Wanget al.,2014)
lonic species incorporated inthhe TiO, lattice structurecan act as charge traps hence
reducing electromole recombination which improves phatatalytic efficiency. The
influence of doping on photoatalytic activity is determined by several factors which
include; amount and type afopant, synthesis technique, physiemical properties of the

catalyst, and the structure and concentration of pollutant (Aletald 2010).

24.34. Transition metaion doping

Several researchers have investigated the usemdition metaldopants to sensitize TyO

towards visible light utilizationDoping with transition metal ions was observed to increase
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formation of Tf" states which cause more oxygen defects hence allowing adsorption of
oxygen on the surface of Tvhich results in increased rate of phottalysis(Kumar and

Devi, 2011) Choi and ceworkers investigated the pheteactivities of 21 metal ion doped
colloids. They established that doping Zi®ith between 0.D.5 % metal ion (F&, Ru*,

Mo, Re*, v*, 0s”, and RA") significantly increased its photactivity for both oxidation

and reduction while Cé (partially filled electronic configurationpind AP* lowered the
photoactivity (Choi et al.,1994) When Fé&" traps electron and holeairs its oxidation state
changes to 2+ and 4+, which are relatively unstable leading to the release of the electron and
hole to adsorbed surface oxygen and hydroxyl i@spectively This prevents electrehole

pair recombination hence increasing the rate of photwity of TiO, (Kumar and Devi,
2011J). Nevertheless, the photatalytic activity of transition metal ion doped TifS low due

to the fact that transition metals may act as recombination centres for charge carrierst(Quan
al., 2014; Choiet al., 1994 andthey were observed to causieermal instability ofanatase

TiO, (Renet al.,2007;Kang, 2005.

2.4.35. Nonmetal doping

Non-metal doping has been explored by several researahdrss a promising modification
that allows TiQ to maintain thermal stability. Yang and others prepared nitrogen doped TiO
thin films using iorassisted electreheam evaporatioriThe TiONy thin fiims had a red
shifted absorption band edge (500 nm) and exhibited visible light induced-gdtatgtic
properties. The thin films were capable of phdegrading methylene blue under visible light
irradiation and the best N substitutional loadinghe thin films was 5.6 ight% (Yang et

al., 2006) Investigations conducted by Batzill and-workers indicated that no band gap
narrowing occurs in nitrogen doped Ti®lowever, nitrogerdoping induces localized N 2p

states within the band gap judiowe the valence bandndthese facilitate the formation of
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oxygen vacancies at elevated temperatubegantinduced energy levels within the band
gap mayincrease the yield for electrdrle pair formation undevisible light irradiation
(Batzill et al., 2006) Ren and cavorkers also prepared carbon doped ;Tida low
temperature hydrothermal synthesitiey observed that the carbon doped ;s able to
absorb visible light in the range 4d80 nm, and possessed very hgjtotcactivity towards

the degadation & rhodamine B compared to undoped 7i& well as commercial Degussa
P25 TiGQ (Renet al., 2007). Nevertheless, nitrogen doping is the most promising dopant
although it requires edoping to further enhance the phatatalytic performance ofiO,
(Nasiret al.,2014; Quanet al., 2014; Songkhumand Tantirungrotechak013;Conget al.,

2011;Fujishimaet al.,2008; Emelinest al.,2007).

2.4.36. Other TiQ modifications

Titanium dioxide may also be modified through several other waysia#t reported in
literature that TiQ can be combined witlother semiconductors to achieve better charge
separation in a light energy conversion system. Charge catrahsferredfrom one
semiconductor to another witbuitable band edge positions that anerinodynamically
favourable increasg the lifespan of charge carriers hence enlagphotccatalytic activity
(Kumar and Devi, 2011Serponeet al.,1995) When a wide band gap energy semiconductor
like tin dioxide (SnQ®) is coupled to Ti@ animprovement in the photoatalytic activity is

observedZhouet al.,2008; Hattoriet al.,2000.

Noble metals can also be deposited on the surface of tdi@xtend thelifespan of the
electronhole pairs and also to extend the absorption bandiatlgthe visible light regionit
was reported in literature that semiconductmtal composites act as passive sinks for

electronsreducing recombination ratiang et al., 2010; Yuet al., 2009; Kamat, 2007
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Photogenerated electrons are distributetineen the semiconductor antetal nanoparticles
when they arén contact until equilibrium is attaine@he photecatalytic performance dhe
semiconductemetal heterojunction igo a larger extennfluencedby the size and shape of
metal naneparticles(Subramaniamt al.,2004) Anpo and Takeuchi reported that addition of
small amountof noble metal like platinum (Pt) and rhodium (Rh) greatly enhanced the
photo-catalytic activity of TiO, (Anpo and Takeuchi, 2003)Li and Li also studied the
performane of Au/ AU™*-TiO,. UV-Vis diffuse reflectancespectra (DRS) and optical
absorption spectra indicated that a new energy leaebeen creatdzelow 3.2 eVin the Au/
AU**-TiO, which allowed optical absorption in the visible region aedabledexcitation by

visible light E < 3.2 eV)(Li and Li, 2001).

24.3.7. Disinfection

The research into titanium dioxide disinfection potential was sparked by Matsunaga and co
workers in 1985 when thegported that UMight irradiated TiQ-Pt thinfilms were able to
inactivate bacterial cultures in water within-620 minutes of exposur@latsunageet al.,
1989. Ever since their report on TyOwater disinfection, several studies have been
conducted to establish the disinfection potential of this pbatalyst on various
microorganisms. Earlier research findings could show that TiQeally possessed
antimicrobial activityagainst bacteria (Hugret al.,2000; Manesegt al.,1999; Jacobt al.,
1998; Horieet al.,1996;Matsunaga and Okochi, 199%iruses Hajkovaet al.,2007 Zanet

al., 2007 Leeet al.,1997; Wattst al.,1995, and tumour cellsSakaiet al.,1994; Caiet al.,
1992, but, the bactericidafunction was never understoadkll. Severalstudies on water
treatmentemployedfine TiO, powder suspended in the water to be treated and illuminated
with a strong light, such as a mercury lampesehsystens, nonethelesshad two major

problems; the recovery of Tigpowder and the high cost of providing light from a lamp. In
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this study the focus is on thase of NTIO, photocatalytic asymmetric polymeric

membranes

2.4.3.8. TiO, mode of microbial inactivation

lllumination of TiO, with theright wavelength of light triggers a series of reactions that result

in the production of the hydroxyl radical which has been suggested to be the most toxic for
microorganisms owing to its capability to degrade substrates like proteins, lipids,
carbohydrates, nucleic acids, and many others. was reported in |ite
radical promotes peroxidation of polyunsaturated phospholipid components of the lipid
membrane causing disorder in the cell membrame={ al., 2008; Srinivasanet al., 2003;
Manes<t al.,1999).Matsunaga andthersmade the first attempt to elucidate the mechanism

of TiO, photocytotoxicity. They demonstrated that oxidation of coenzyme A (CoA) may be

a possible mechanism of phatwlucedmicrobial cell inactivation. By then the reactivity of

ROS was thought to be naelective. A possible role of ROS was oxidation of the cell
membrane prior to the oxidation of CoA (Matsunagal., 1985; Dadjouret al.,2005).The

small TiO, particles may also enter the alreadynihged cell membranes and cause further
damage (McCullaglet al., 2007).A study by Gelover and eaorkers indicated that faecal
coliforms treated Ti@photocatalysis could not setepair(Geloveret al.,2006) However,
Adams and cavorkers observed th&iacterial death also occurred in the dark indicating that
other unknown mechanisms may be involved (Adatal.,2006).Several researctehave
demonstrated that doping Ti@ith silver significantlyimproves photacatdytic inactivation

of bacteria (Paget al.,2007; Reddyet al.,2007) and viruses (Kimat al.,2006).The general

trend in the mechanism of microbial cell death observed by many researchéngialasell

membrane damage followed by destructiomafacellular componeni$ig. 29).
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Figure2.9: Schematic diagram of Tgdnechanisms of microbial cell inactivati@Matsunaga

et al.,1985)

The etention of nand’iO; is critical not only because of the cost associated with logseof
photo-catalyst but also, and more importantlpwing to its potential impacts on human
health and ecosystems light of this problem, several researchers have focused on studying
the efficacy of immobilized TiQ on the inactivation of microbial pollutants in watBaram

and ceworkers investigated efficacy of immobilized TLiGanotube electrodes on the
inactivation ofE. colithrough photeelectrocatalysisThear use of the high suréa area TiQ
nanotube®nabled them to attaimgh photocurrent and an extremédgt E. coliinactivation
rate(DlO6 CFU/ ml bacteria within 10 min(Baramet al.,2009) In another study, they also
investigated nanotubular TiQ layer with high surface arean the photocatalyic

inactivaton of Escherichia colbacteria and other microorganismihey achievecE. coli
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inactivation under direct sunlight and also over several cycles (Betram 2011) Hayden
and ceworkers also reportecadmium sulphide coated Ti@anotubes with increased visible
light activity. They achieved total inactivation & coliin a short time using a small applied

potential (Haydert al.,2010).

2.4.39. Organicpollutant removal

The presence of organic pollutants in water and wastewater is of great concern since most of

them have been known to cause adverse health effects especially to hli@anshoto
catalytic oxidation has beeregeived as the most successidvanced oxidation proceks
the elimination oftoxic water pollutantsAlthough slurry type TO, provides the largest
surface area for photoatalytic reactions, there are problems associated withrpostery of
the fine particles which may result in secondary polluti®ozgoet al., 1997). Hence most
researchers are currently focused on utilizing immoédi TiG for removal of organic

pollutants and other harmful products.

The oxidation of cimetidine was investigated under continuous flow using UV light
illuminated TiO, nancfibres immobilized on a stainless steel filter (SSF). They employed
PVDF as thecoupling agent and carried out an oxidation experiment while varying the
thickness of the Ti@PVDF layer. They achieved 4D % oxidation of cimetidine at a flow
rateof 10 L/bhwi t h a t hi cknes s,nandfibres.0No further fn@ease inh e
oxidation rate of cimetidine was observed when thickness of the na@ofibre layer was

i ncr eas e dRamasundadret aln013).In another study, Ti@modified zeolites
with adsorption and photcatalytic proprties were used in the removal of some antibiotics
(marbofbxacin (MAR), andenrofloxacin (ENR) from water.The derivatization withTiO,

improved the adsorption capacity of the zeolite and allowed solar indiegeddation of the
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fluoroquinolones They achieved@omplete removal of fluoroquinolones from the outlet of a
wastewater treatment plaafter spiking with MAR and ENR at the micrograms per litre

levels, with the begterforming modified zeolitéMaraschiet al.,2014)

Glass immobilized 0,/ CNT composites were investigated on the removal of methylene
blue from waterA 62 % removal efficiencyvas achievedor methylene blue with sol gel
prepared Ti@ CNT composites as opposed to 46 % removal efficiency using bare TiO
(Sampaicet al., 2013). Shinde and covorkers investigated thefficacy of conductive glass
immobilized NTIO, photocatalyst on the degradation ealicylic acid, 4-chlorophenol,
benzoic acid and oxalic aci@ihar photo-catalytic system under solkght irradiation preed

to be anothersuitable approach for the oxidativeemoval of norbiodegradableorganic
pollutants in water (Shindet al.,2014) Mendret and cavorkers studied the degradation of
acid orange under UV light irradiation using BPI@\I,03; composite membrane§he rate of
photodegradation was quite low under continuous flow, however, pihegoadatin helped

to enhance composite membrane flux and to prevent membrane foMergiretet al.,
2013). Several other studies have been conduaedthe organic pollutant efficacy of
immobilized titanium dioxide photoatalyst Saggioroet al., 2015; Vaiano et al., 2015;
Rathinaveluand Palanively 2014; Sampaioet al., 2013; Yun et al., 2013; Naeemand
Ouyang 2013 Avisaraet al., 2013. Photcecatalytic membranegPMs) have shown great
potential for usein energyefficient waterpurification andwastewatertreatmentowing to
their ability to combinethe physical separationof membrane filtration, organipollutant
degradatiorandanti-microbial propertyachievedoy photocatalysisin oneunit (Leonget al.,

2014)
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2.4.3.10. Support material for Ti©

Although titanium dioxide at nantevel has many advantagesjs very difficult to isolate
from treatedwater, which hindess its practical application.Several support material have
been explored as matrix for Tihotocatalystand these includglass(Mungondori and
Tichagwa, 2013;Daneshvaret al., 2005; Hofstadler et al., 1994) polymer films
(Dhananjeyaret al., 2001; Uchida et al., 1995, sand(Haarstricket al., 1996; Matthews
1991) activatedcarbon(Ao and Lee, 2003and clay(Meng et al., 2008) Many attempts
were made to recover TiO, nangparticles from its sugpensionby membranefiltration;
however a lot of problemsare encountered in the proceseh(ruvenkatacharet al., 2005).

In this study the use of novel N'iO,-PMAA-g-PVDF/ PAN asymmetric polymeric phato
catalytic membraness proposed.They will combine ultrafiltration, photoatalytic and

antimicrobial properties.

24.311. Membranes

A membrane is a layer of material which serves as a selective barrier between two phases and
remains impermeable to specific particles, molecules, ostanbes when exposed to the
action of a driving forceSome components are allowed passage by the membrane into a
permeate stream, whereas others are retained by it and accumulate in the retentate stream.

Figure 210 shows a schematic diagram ofrassflow membrane.
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Figure 2.10: Schematic diagram of a crelsw membranegWhere @, Q,, and Q are the
feed, permeate and retentate flux and@, and G are the concentrations of pollutant in the

feed, permeate and retentate respectively)

Membranes can be of various thicknesses, with homogeneous or heterogeneous structure.
According to IUPAC, there are three different types of pore size classificathmrs:-porous

(dp < 2 nm)mesaporous (2 nm < dp < 50 nmgnd nacreporous (dp > 50 nmMembranes

can be neutral or charged, and particles transport can be active or passive. The latter can be
facilitated by pressure, concentration, chemical or elattggadients of the membrane
process(Scott and Hughesl996) Membranes can be generally classified into synthetic

membranes and biological membranes.

Synthetic membranes are fabricated in two main geomeffies: sheet utilized the in
constructionof flat sheet, and frame modules etand glindrical, utilized in tubular and
capillary modulesAlthough the most practically useful membranes are asymmetric, some
membranes are symmetrisymmetric membranes are of a uniform structure, and are of three
general types: with approximate cylindrical pores, porous, anegpamus (homogeneous).
Symmetric membranes are preparedtkd@k etching or precipitation from the vapour phase

(Khulbeet al.,2008 Strathmann1986)
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Asymmetric membranes aoharacterized by a neimiform structure, comprising an active
top layer or skin supported by a porous -fayer. An integrally skinned asymmetric
membrane has the same material for the top dense layer and the portayeswhile a
composite one hasfterent material Asymmetric membranes are prepareddriawet phase
inversion technique (LoeBourirajan method), or thermally induced phase separation method

(Khulbeet al.,2008; Kesting, 1990)

In this study asymmetric photmtalytic membranes wengrepared through the dwyet

phase inversion technique. The polymer material of choice is dissolved in a suitable solvent,
and homogenized through continuous stirrige polymer solution is then cast on a flat
sheet of glass and partial evaporation d¥esat allowed. The sheet of glass with cast polymer
solution is then placed in a coagulation bath that carries theoleent. The solvent used is
compatible with the noesolvent but is not able to dissolve the polymEre movement of
solvent from polymesolution into the nosolvent allows the solidification of the membrane.

To produce photgatalytic membranes, Tikpowders are blended with the polymer solution

and then placed in the coagulation bath.

To be effective for separation, membramaterials should ideally possess the following
properties:

A Chemical resistance (to both feed and cleaning fluids),

A Mechanical stability,

A High permeability,

A High selectivity,

A Stable operation

Khulbeet al.,2008; Scott and Hughes, 19%Gesting, 1990 Strathmann, 1986)
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24.3.12. Poly {inylidene difluoridg PVDF

PVDF is a highly norreactive & pure thermoplastic fluoropolym@tig. 211). It has a low
mel ting point (177 ° €pPVDRistte naterdleihckoicé whendhe 1. 7 ¢

porous structure will be exposed to ozone or chlqi$encadast al.,2004;Nalwa 1991)

i KX
| ¢
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Poly (vinylidene difluoride)

Figure2.11: Polymerization of 1, -Difluoromethane

Poly (vinylidene difluoride) has the following attributes:

A Resistance to most chemicals and solvents (e.g. acids and alkalis),
Unaffected by longerm exposure to UV radiation,
Withstands exposure to harsh thermal and chemical conditions,
Low permeabity to most gases and liquids,
Low weight,

Mechanical strength and toughness,

> > > > > >

High abrasion resistance

(Sencadast al.,2004; Hesteet al.,2002 Kong and Lee, 199Nalwa, 1991)

PVDF membranes have been used in water filtrationmiany researchers. Kong aneéd.
reported a hydrophobifiat sheetPVDF membraneprepared by immersion precipitation
technique. Thenicro-porous hydrophobic membrane allesithe permeation of an oil phase

at almost zero pressure and retaithe waterlt was reported that oil removal can be as high
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as 77 % under normal experimental conditions (Kong and Lee, 19&8)g and others
fabricatedPVDF hydrophobic asymmetric hollow fdsmembrane with narrow pore size
and ultrathin skin. The PVDF hollow fitresproduced a water permeation flux 1.5 Kg/

m?/ h during direct contact membrane distillation with a 99.99 % sodium chloride salt
rejection (Wanget al.,2008). R/DF is hydrophobichence modification is necessary to allow
high water flux during filtrabn. Hester and caevorkers reported pH responsiself-
organizing blends of polgvinylidenedifluoride) (PVDF) and an amphiphilic comb polymer
with a PVDF backbone and polynethacrylic acid) (PMAA)side chainsTheir findings
indicated that rambranes coatning PVDFg-PMAA exhibited rapid and reversible pH
dependent flux variations of over an order of magnitude as the feed solutimaspt-aried

between 2 and @Hesteret al.,2002)

Recently researchers have also focused on the preparation of PVDF anesbvith
inorganic fillers to improve on hydrophilicity of the membranes to achieve high water flux.
Cruz and ceworkers prepared PVDF/ Tinembranes by grafting acrylic acid onto PVDF
then coated the surface with Ti€ols.A 98.77 %reactive black 5RB5) dye colour removal
wasachievedin 5 hours with PDVFpoly (acrylic acid PAA)/ TiO, at pH 1.25. The study
also showed that the modified membranes have lower total filtration resistance compared to
unmodified PVDF membrane€{uzet al.,2014). Safarmur and ceworkers prepare®VDF
membranes loaded with 0.05 weight % inorganic filler (graplexide/ TiQ). Thar findings
indicated that thélended membraseanith 0.05 weight % rGO/ TiO, nanecomposite with

GO to TiG ratio of 70/30 hadimproved permeabtly and antifouling performance (Safapour

et al.,2014).In this current stud\N-TiO,-PMAA-g-PVDF/ PAN photccatalytic membranes
were prepared and evaluated for their phkaatalytic, antimicrobial and antifouling

properties.
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2.4.3.13. Poly (acrylonitrile) PAN

PAN is a synthetic,semicrystalline organic polymer prepared by the polymerization of
acrylonitrile (Fig. 212). It has none of the hazardous propertiegsahonomer Owing to the
formation of strong chemical bonds betwehe nitrile groups, the polymer molecules resist

most organic solvents and do not melt without decompoBifgN o nl y mel t s abov

o i
H C=N LH C=N n
Acrylonitrile Poly (acrylonitrile)

Figure2.12: Polymerization of acrylonitrile

Poly (acrylonitrile has the following attributes:

A Resistant to most chemicals and solvents (e.g. acids and alkalis),
Low permeability to gases,
Slow to burn/ thermal stability,

Mechanical strength and toughness,

> > > >

Unaffected by longerm exposure to UVadiation

PAN only membranes have not found extensive use in water filtration experiments
Scharnagl and Buschatz reported on ultrafiltration and microfiltration fabricated through
phase inversion technique. They showed that morphology of membrane pesieiat on
concentration of polymer solution and temperature of coagulation Tagliindings of their
study revealed thdtux of the membranesould be adjusted between 1@hd2000L/ m*h

with high rejection(Scharnagl and Buschatz, 2000)ost applicdions of PAN membranes
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are in conjunction with other polymers to enhance performasibeicht and Belfortstudied

poly (acrylonitrile) (PAN) and poly(sulfong (PSf) ultrafiltration (UF) membranesodified

by low temperature plasmadydrophilic PAN membranes modified by plasma treatment
showed high fouling resistandering static protein adsorptiostudies and improved protein

UF performancgfluxes up to 150 %) (Ulbricht and Belfort, 199@)ow and ceworkers
reported M-phenylenediamine (MPD) andrimesoyl chloride (TMC) nancfiltration
membranes coated on both sides with poly (acrylonitrile) (PAN) for the purpose of water
softening. Experiments carried out revealed thatk monomer solutionand denser PAN
structure lead to membramevith better solutes rejectionLow et al., 2008). Currently
researchers are working on improving the mechanical strength of PAN-fibeso
membranes. Chemical modification of PAN with poly (dopamine) (PDA), to strengthen the

fibres and improve on hydrophilicithasbeen reporteHuanget al.,2014)
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CHAPTER 3

3. ExperimentaProcedures

3.1 Introduction

This chapter gives details of the materials and reagents usdbeirstudy and the

methodology followed.

3.2 Materials and chemicedagents

Titanium tetrachloride (TiG) (99 % Merck) was used as the precursor matémniahe
preparation of nitrogen doped titanium dioxide-TND2). Ammonia (25 % MET —-U-ED
Chemical Co.) was useds thenitrogensource in the preparation of-NO,. Potassium
hydroxide (KOH) was used to adjust pH in the preparation afi®y. Phenol (99.5 %
SigmaAldrich) and phenol red (Searle Co.) were used as model organic contaminants in the
photodegradation analysi®oly (acrylonitrile) (PAN) (SigmaAldrich, M,, 150 000)powder,

poly (vinylidene difluorid@ (PVDF), and methacrylic aci®9 % SigmaAldrich) were usd

as the precursor material in the preparation of PMARVDF/ PAN membranes used as
matrix forthe N-TiO, photocatalyst.Dimethylacetamide (DMAC) (99 % Merck), Absolute
ethanol (99.9 % Merckgcetone (99 % Merckgnd aionized water wre used asolvents.

For microbial evaluation the following materials were used; sterdeulating loops agar

gel, nutrient broth, normadaline, plates for incubation aril coli ATCC 8739 bacteria.
Table 3 gives the chemical names, formulae, molecular structures and molecular masses of

reagents.
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Table3: Chemicals and reagents used

Chemical name Molecular Molecular formula Chemical structure
massigmol™
Titanium tetrachloride  189.71 TiCly Cl
Cle..
cl” “cl
Bentazon 240.28 CioH12N>O3S O CHs
N/I_CHs
|_O
e
H A\
Paraquat 257.16 C12H14C|2N2 H3C—K</:\>—</:\>KI—CH3
cr\= =/ cr
Dimethylacetamide 87.12 C4HgNO @)
CH
HsC I\ll/ 3
CHs
Acetone 58.08 C3HsO ®)
X
H3C CHs;
Atrazine 215.68 CgH14CINg il
CHj J\l\/ IN
ch)\H \N)\H/\CHg
Ethanol 46.07 CoHsO
HC OH
Methacrylic acid 86.06 C4HeO> 9)
H3C |
OH
CH,
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3.3. General procedures

3.3.1. Preparation of Tiand NTiO,

Titanium dioxide was prepared by slow additiontisdnium tetrachloride into deionized

water in a beaker over an ibath under stirring. The resulting sol was heated aC9%r 10

minutes while stirring to allow the gelation process. The resultimge solution was adjusted

to pH 8.0 by the additionf 0.01 M KOH solution drojwise. The product was collected via
centrifugation and washed three times with deionized water to geteite$s chloride ions.

The amorphous Tipwas dried i n an oven at 60 °C. To
amorphous M, powder was he at3Fhbursalitrogén5doped T® wdso r
prepared in a similar fashion except for the addition of ammonia as a nitrogen source during

the gelation stage.

3.3.2. Prparationof polymer membranes

All the polymer membranes were prepared by dissolving the polyRDF, PAN and
PMAA-g-PVDF) in dimethylacetamide (DMAC)The polymer solutions were homogenized

through stirring, and then sonicated for 10 minutes to remove air bubbles trapped in the
polymers.Each of the polymer solutions (5 mL) was uniformly spread on 6.5 x 11.5 cm flat

glass plate. Partial evaporation sifivent was allowed before placing the glass plate into a
coagulation bath. The coagulation b&h PAN membranes had deionized wad@d was

mai ntained at 30 °C. The c ogsPyDFl RAN membrariesat h f
was ethanol: watel3(1r at i o) mai n fTkeimengbchnes that c®r@ainéd different

N-TiO, photccatalyst loadings were prepared by blending the polymer solutions with

varying amounts of the photoatalyst before casting onto the glass plates.
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3.4. Characterization techniques

This section describes the analytical techniques that were used for the characterization of the
nitrogen doped titanium dioxidehotocatalystas well as the membranes (PMAYPVDF/

PAN) that had been prepared. Samples were characterized using the following techniques:
Fourier transform infrared spectroscopy {MH), Nuclear magnetic resonance (NMR),
BrunauefEmmetTeller (BET) surface area analysis-ray diffraction (XRD) analysis,
Tramsmission electron microscopy (TEM), Diffuse reflectance spectroscopy (D&®jle
strength and elongation measuremer@sanning electron microscop§SEM), Thermo
gravimetric analysis (TGA)UItravioletvisible spectroscopy (UWIS) was used for the
guariitative analysis of the organic model pollutants during plugtgradation studieJ.otal

organic carbon (TOC) analysis was used to assess the organic load of syntheticiquater.
chromatographynass spectrometry (L-®1S) wasused to follow the degradati patterns of

the herbicide bentazorJltrafiltration (UF) experiments @re carried out to establish the

filtration capacity and the antifouling properties of the membranes prepared.

3.4.1. Fouriertransform infrared spectroscopy (f)

FT-IR Spectroscopytands for'Fourier Transform Infrared Spectroscopy”. This analytical
techniquevasdeveloped in 1970®r qualificationand quantitation ofcompounds utilizing
infrared absorption of metules. In the FT-IR technique spectra are calted based on
measurements of the coherence of a radiative source, usingldimmegn or spacdomain
measurements of the electromagnetic radiation or other type of radiatidR. iE€mployed

in the identification of functional groups in samples of either inorganic or organic

compounds.

91



IR radiation is passed through a samgtel in the processome of the infrared radiation is
absorbed by the sample and some of it transmitted.spéetrumobtained representhe
molecular absorption and transmission, creating a molecular fingerprint of the sample. Like a
fingerprint, each molecular structure produsea uniqueinfrared spectrum. This makes
infrared spectroscopy useful for the determination of the functional groupgnprén

compounds and other analyses (Abragram, 1888ns, 2006 Amand and Tullin2013.

Michelson Interferometer

N

L

Ax Cryostat & sample

for emission

isaa e ]

_— S
L“I‘_"d He cooled Cryostat & sample
Si bolometer for transmission
I I
Interferogram
FT Spectrum
Ax E

Figure3.1: Schematic diagram of an AR instrument (www.faculty.sdmiramar.edu)

3.4.2. Nuclear Magnetic Resonamg@ectroscopyNMR)

Nuclear magnetic resonance spectroscopy (NMR) is an important tool for the determination
of molecular structureThis technique exploits the magnetic properties of certain atomic
nuclei. Some nuclei exist in discrete nuclear spin states wlagedin an external magnetic

field (e.g.'H, *C, *F, and®'P), so NMR spectroscopy observes transitions between these

spin states.The proton and carbon spectra are the most important for organic structure
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determinationThese spectrgive information about the number of hydrogens and carbons in
a molecule and how those hydrogens and carbons are connected together as well as

information about functional grougsacomber R.S, 2004iolmes, 202).
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Figure 3.2 Schematic representation of NMR  spectroscopy instrument

(www.orgchem.colorado.edu)

3.4.3. Brunauer EmmeTeller (BET) surface area analysis

BET surface area analysis is a technigumployedin the determiration of the specific
surface area of powders, solids and granules. UHits are expressed in meter square per
gram (m? g). Gas molecules in the surroundings tfan solid surfaceget adsorted and
Brunauer, Emmett and Teller theory (BET) provides a matherhatwdel for the process of

gas sorption. Thiprocesss called physisorption and is used to measure the total surface area
and pore size of naAmores, micrepores and mesopores. The BET surface area measurement

is importantin understanding the behavioof a material, as the material reacts with its
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surroundingghroughits surfaceA higher surface area materialasticipatedo react faster,

dissolve faster and adsorb more gas than a similar material with a lower surface area.

Surface Area is a measure of the exposed surface of a solid sample on the molecular scale.
The BET (Brunauer, Emmet, and Teller) theory is the most popular model used to determine
the surface area. Samples are prepared by heating while simultaneouslgtiegaou

flowing gas over the sample to remove tbleasedmpurities. The prepared samples are then
cooled with liquid nitrogen and analysed by measuring the volume of gas (typigatyki)
adsorbed aspecific pressures. Krypton gas is usewbstly when the measured surface is
expected to be less than Zgh, which is typical for pharmaceutical samples and natural

organic materials (Brunauet al.,1938 McMillan and Teller, 195}L

3.4.4. Diffuse reflectance spectroscopy (DRS)

Diffuse Reflectance Infrared Fourier Transform Spectroscopy is a technique that collects and
analyses scattered IR energyis techniquds used for measurement of fine particles and
powders, as well as rough surfaces (e.g., the interaction of a surfaittathe inner particle,

the adsorption of molecules on the particle surface). Samplogdk and easy because little

or no sample preparation is requiréds the IR beam enters the sample, it can either be
reflected off the surface of a particle o# bransmitted through a particle. The IR energy
reflecting off the surface is typically lost. The IR beam that passes through a particle can
either reflect off the next particle or be transmitted through the next particle. This
transmissiorreflectance eva can occur many times in the sample increasing the path length.
Finally, such scattered IR energy is collected by a spherical mirror that is focused onto a
detector. The detected IR light is partially absorbed by particles of the sample, resulting in

sanple information §cott, 1988Workman, 1998Jensen, 2001).
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Figure3.3: Schematic diagram of DRS instrument (Jensen, 2001)

3.4.5. X-ray diffraction(XRD)

In this techniqueX-rays are diffracted from the planes of a crystal (diffraction analysis)
which depends on the wave character of thea}(s and the regular spacing of the planes in a
crystal. Although diffractiortechniquesare normally used for quantitative analysisyt are

most widely used for qualitative identification of crystalline phgBesward, 1992).

X-ray powder diffraction analysis is a powerfiéchniqueby which Xrays of a known
wavelength are passed through a sanmfdteseX-ray diffraction techniqueare based on the

elastic scattering of Xays from structures that have lerange order. The wave nature of

the X-rays means that they are diffracted by the lattice of the crystal to give a unique pattern
of peaks of 'reflections' at different angles amensity, just as light can be diffracted by a
grating of suitably spaced linéandré Authier, 200

The diffracted beams from atoms in successive planes cancel out unless they are in phase,

and the condition for this is given by the Bragg relatiomgBguation 3.1)

n\  dSin2 (3.2)
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where A 1 s t he w-aaysedisahe distamce betwedn ldiferett plane of atoms in
the crystal | attice and -#ay detectot rhoges arougdltlee o f
sample and measures the intensity of these peaks and the position petileséiffraction
angle 20). The highest peak is defined as
peaks are measured as a percentage of the 100 % peak (wwwplasma

biotal.com/xraydifl.html, Accessdi?-07-2013).

3.4.6. Scanning electron micsoopy (SEM)

In scanning electron microscof8EM) the electron microscope imagesample surface by
scanning it with a higenergy beam of electrons in a raster scan patiectrons interact

with the atoms thatonstitutethe sample producing signals that contain information about the
sample's surface topography, composition and other properties such as electrical conductivity

(Pergamon, 1962Nells, 1973.

Electron Microscopes (EMd)asically operatexactly as their optical counterparts except
that they tilize a focused beam of electrons instead of light to "image$pleeimen and gain
informationabout itsstructure and compositioithe basic steps involved in alMs areas
follows: A stream of Ectrons isgeneratedn high vacuum (by electron guns). This stream is
accelerated towards thepecimen (with a positivelectrical potentialwhile confined and
focused usingnetal apertures and magnetic lenses into a thin, focused, monochromatic beam

(VoutouandStefanakj 2008; http://ncnc.engineering.ucdavis.edwcessed 087-2013.

3.4.7. X-ray photeelectron spectroscopy (XPS)

X-ray photoelectronspectroscopy(XPS) is a quantitative spectroscopitethod used for

measuringhe elemental composition, empirical formula, chemical statesbaironic state
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of the elements that exist within a materifPS is alsoreferred toas ESCA (Electron
Spectroscopy for Chemical Analysis), an abbreviation introduced by Kai Siegbahn's research
group. XPS is asurface analysis technique with a sampling volume that extends from the
surface to a depth of approximately-BO AngstromsXPS analysis caralsobe utilized for
sputter depth profilingn the characteriation of thin films by quantifying matrixevel

elements as a function of degffadley, 2010Hofmann, 2013

The surface of a samp{€ig. 3.4)is irradiated with photons aharacteristic energy (usually
Mg-K U radiationor Al-Ka), which directly interact with core electrons of the sample atoms.
As a result, ionized states ageneratedand a photoelectron is emitted with a kinetic energy
given approximately by the differendcetween the photon energy and the binding energy.
The measured photoelectron spectrum is a direct indication of the binding energies of the
different atomic electron levels and is often calibrated in eV of binding energy: The lower the
kinetic energy, théhigher the binding energgMcNaughtand Wilkinson, 1997 Wagner

2017).
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Figure3.4: Components of a typical XPS instrument (Hofmann, 2013)
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3.4.8. Thermo gravimetric analysis (TGA)

Thermo gravimetric Analysis (TGA) istachnique used to measure the amount and rate of
change in the weight of a material as a function of temperature or time in a controlled
atmosphere. Materials that can be characterized via TGA are those that exhibit weight loss or
gain due to decompositipoxidation, or dehydrationTGA measurements are used primarily

to determine the composition of materials and to predict their thermal stability at
temperatures up to 1000°&. TGA machine comprises of a sample pan which hangs off a
hook and is connectedy a microgram balance arm to a tare pan. A TGA instrument
continuously weighs a sample as it i s heat
temperature elevates, various components of the sample are decomposed and the weight
percentage of each resultingass change can be measured. Results are plotted with
temperature on the-dxis and mass loss on theaXis (Coats and Redfern, 1963kooget

al., 2007)

3.4.9. Ultra-violet/ visible spectroscopiyV/ Vis)

Ultraviolet and visible (UWVis) absorption spectroscopy ia technique used in the
measurement of the attenuation of a beam of light after it passes through a sample or after
reflection from a sample surface. Absorption measurements can be at a single wavelength or
over an extended spectral range. Ultraviolet and visible light areetgiteegough to promote

outer electrons to higher energy levels, and-W¥ spectroscopy is usually applied to
molecules or inorganic complexes in solution. The-\4¥ spectra have broad features that

are of limited use for sample identification but areymeseful for quantitative measurements.

The concentration of an analyte in solution can be determined by measuring the absorbance at

some wavelength and by applying the Beambert Law(Owen, 1996)
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Since the UWis range spans the range of human visgaility of approximately 400750

nm, UV-Vis spectroscopy is useful in characterizing the absorption, transmission, and
reflectivity of a variety of technologically important materials, such as pigments, coatings,
windows, and filters. This more qualitai application usually requires recording at least a
portion of the UWVis spectrum for characterization of the optical or electronic properties of

materials(Reusch, 2013Dwen, 199%.

The light source is usually a deuterium discharge lamp for UV measuats and a tungsten
halogen lamp for visible and near infrared measurements. The instruments automatically
swap lamps when scanning between the UV and visible regions. The wavelengths of these
continuous light sources are typically dispersed by a holagrapating in a single or double
monochromator or spectrograph. The spectral {p@sd is then determined by the
monochromator slit width or by the arralement width in arragetector spectrometers.
Spectrometer designs and optical components are a@ptinio reject stray light, which is one

of the limiting factors in quantitative absorbance measuren(atsaet al.,2001).

3.4.10. Total organic carbon analysis (TOC)

Total Organic Carbon (TOC) issummatiorof the concentration of all organic carbatoms
covalently bonded in the organic molecules af given sample of watefThe units of
measure foTfOC are inpartsper million (ppm or mg/L) The specific organic contaminants
present in a waterasnple cannot be determined from total orgaradbon Neverthelessall
carbonbearing moleculepresent in a water sample can deteced thus signifying the
presence of any organic contaminaimtgspectiveof molecular makeaip. TOC is determined
by subtracting theTotal Inorganic Carbon from the Total @n yields TC. (TETIC=TOC).

This is termed the difference method, and is commonly used for volatile organic compounds.
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Thermal or wet chemicalxidation of organic carbon to carbdioxide (CQ) is the basis of
all TOC measuring method3he carbon dioxie isdetected and quantitativeBvaluated
The expulsion method entails direct determination of TOC after complete expulsion of total
inorganic carbon through acidification and purging widarbonfree air prior to

measurement

3.4.11. Liquid chromatographynass spectrometry (L-®1S)

Liquid chromatographynass spectrometry (L-®1S, or alternatively HPLEMS) is a
separation methodthat combines the physical separation capabilities of liquid
chromatography (or HPLC) with the mass analysis capakildf mass spectrometiyiquid
chromatography (LCin simpler terms can belefinedas the separation of components of a
mixture basedipon the rates at which they elute from a stationary pbvesea mobile phase
gradient.Separation results from theffdring affinities of themixtures components for the
stationary and mobile phases, sipegticularcomponents wilhave a greater attractioo the
mobile phase and will elute quickly whilst othevsl be retained by the stationary phase for
longer anchenceelute muchslower (Agilent technologies, 2013hurman and Ferrer, 20P3
Mass spectrometersan be used as liquid chromatography detectdisss spectrometers
generate thredimensional dataandin addition to signalstrength, they generate mass
spectraldata that can provide valuable informatiabout the molecular weight, structure,
identity, quantity, and purity of a sample. Mass spectral data add specificityndhedses
confidence in the results of bothualitative and quantitative analysé€allwood and

Goodacre, 201@Murray, 1997.
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3.5. Evaluatiorprocedures and instrument -sgt

3.5.1. Photalegradation experiments

Photedegradation experiments were carried out under striclsdAnd sunlight Figure3.5

shows the experimental sep used for strict Ul light experiments carried out in a

darkroom.

Figure 35: Photedegradation satp under strict UVlighat 25 ° C and natur al

All the photedegralation experiments consisted of a control which contained a membrane
disk (A = 28.3 cnf) without N-TiO,. The control was exposed to similar coiudis as other
reaction vessels. To each reaction vessel, 100 mL of organic pollutant with a concentration of
10 ppm were addedwo sets of experiments were carried out in triplicatge undestrict
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UV 36 light and the othesunlightfor each of the three herbicides (bentazon, atrazine and
paraquat)All experiments were carried out at naturalpgbkhd a t emperexxepur e of
in the cases where the effect of pH was investigadéduots were collected &0 minute

intervals for a period a2hrs 20 minutes. Changes in concentration of were followed by UV/

Vis spectroscopyThe effect of NTiO, photecatalyst loading was investigated using PAN,

PVDF and PMAAg-PVDF/ PAN membranes blended with 1 to 5 %TiD, during

preparationTable4 shows the actual photmatalyst loadings for each membrane type used.

Table4: membrandype and photaatalyst loading

Membrane type Photoecatalyst loading (g/ L)
PAN, PVDF, and PMAAg-PVDF/ PAN 0
1%N-TiO,-(PAN, PVDF PMAA-g-PVDF/ 0.6
PAN)

3%N-TiO,-(PAN, PVDF PMAA-g-PVDF/ 1.8
PAN)

5%N-TiO,-(PAN, PVDF, PMAAg-PVDF/ 3.0
PAN)

3.5.2.0zonolysis

Ozonolysis experiments were carried out on the degradation of the three herbicides bentazon,
atrazine and paraquat. The expemtal setup is shown in Figur8.6. Ozone was supplied at
aflow rate of 25 L/ nm and concentration of 4 g/ hr foll azonolysis experiments. All the

experiments were carried out in triplicagliquots were collected every 5 minutes for a
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period of 35 minutes. The changes in concentration of herbicides over time were followed by
UV-VIS spectroscopyThe control of theexperiment was kept in darkness and without ozone
supply. All experiments for nedetermination of the effect of pH were carried out at natural

pHand a temperature of 25 °C

|
|

HERBICIDE |
soLuTioN |

. -

N

@ OZONE GENERATOR

Figure 36: Experimental setip for ozonolysi®f herbicidest 25 ° C and natur al
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Another set of experiments were carried out using all the preparedgatatgtic membranes
in combination with ozone under sunlight. The experimentaugeanh figure 3.6 was used

except that the experimemerecarried out under solar irradiation.

3.53. Removal of heavy metals

The experimental setp for heavy metal (Pband F&") removal was similar to the one used

for organic pollutant degradation (ssbction 3.5.1). After establishing the optimum amount
of N-TiO, photccatalyst(subsection 6.2.2Yhat can be loaded onto the membranes, heavy
metal removal experiments were only carried out with PAN, PVDF, and REIRXDF/

PAN membranes blended with 1 and 3 %D, photccatalyst.The heavy metal removal
experiments were carried out under sunlight using 100 mL of 10 ppifroPB€* solutions.
Aliquots were collected &0 minutes interval$or a period of 6 hours and changes in heavy
metal concentration were followed by AAS spectroscopy. The control of the experiment
utilized a membrane (PAN, PVDF and PMAAPVDF/ PAN) disk without NTiO,, but
exposed to similar conditions with other reantivessels.All experiments for non

determination of the effects of pH were carried out at natural pH.

3.5.4. Antmicrobialexperiments

All antimicrobial experiments were carried out under visible light irradiation eVakiation

of antimicrobialactivity was carried out using sterilized 90 mm petri disBssluation was
carried out on (1 % and 3 %-NO,) nitrogen doped titanium dioxide supported on PVDF,
PMAA-g-PVDF/ PAN and PAN membraneA total of six membranes were evaluated. Each
membrane &s cut into a disc (Area = 28.3 Hnand placed into a sterilized 90 mm petri dish.
Twenty millilitres of autoclaved nutrient broth were added to each of the petri dishes holding

the membrane<£. coliATCC 8739 (0.1 mL) were then inoculated into eachigkshwhile
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stirring to homogenize. All the petri dishes were covered and then exposed to sunlight to
allow activation of the nitrogen doped titanium dioxide-T{iD,). The control of the
experiment involved the use of the three membranes without afiDNon them. These

three vesselsvere also inoculated with 0.1 mL &. coli ATCC 8739 and exposed to the
same conditions as the other petri disHegery 30 minutes swabs were taken from each
reacton vessel and ptaed on the freshly prepared nutrient agkates. Theset up was leftor

3 hoursand results collected in duplicatgll the plates were labelled and then placed in a
Cocono incubator op e rThetekparimentaltsetBissshowCin figuwe 2 4

3.7.

DIRECT SUNLIGHT

. /
MEMBRANE

CONTROL 1%N-Ti02 MEMBRANE 3%N-TiO2 MEMBRANE
TERILIZED SURFACE

Figure 37: Experimental setip for antimicrobial testat ambient temperature
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3.5.5.Antifouling experiments

The protein adsorption resistance of thdi®, modified asymmetric membranes of PAN,

PVDF, and PMAAg-PVDF/ PAN was investigated by carrying out pure water filtration tests

as well BSA filtration tests. The filtration experiments were carried out using a-mae

setup consisting of a filtration celwith a perforated surface that supports & dibaped

membrane (6 cm diameter) with area 28.3,canpressure gauge, and a vacuum pump. The
filtration cell used was a dead end filtration cell, with graduations to allow measurement of
permeate volume. Theed solution was continuously stirred, with a constant temperature of

25 ° C. The filtration pressure was maintai ni
The membrane was fixed in place and reservoir filled with deionized Wagere 3.8 shows

the experimental setp used.

RADUATED DEAD
END FILTRATION
UBE

Figure 38: Filtration experiments seip at a pressure of 96 KPa
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CHAPTER 4

4. Preparation and characterizatioh nitrogen doped
titanium dioxide

4.1. Introduction

This chapter is about the preparation of nitrogen doped titanium dioxid@Q}. In an

attempt to stit the absorption band edge of titanium dioxide (Jidto the visible region to
enhance photoatalytic activity, NTiO, was prepared via sol gel syntheslhie sol gel
process is a hydrolysis and condensation technique used in the preparation of metal oxides
and other materials starting from a chemical solugiitva and Faria, 200%u et al.,2006.

The appropriate amot of dopant is added during the hydrolysis process.

Optimum doping conditionas used byMungondoriand Tichagwa2013; Nyamukambat

al., 2012, were employed in the preparation of the nitrogen doped titanium dioxide nano
particles The type of dopings substitutional, where nitrogen atoms replace some of the
lattice oxygen atom@sibi et al.,2008;Yuanet al.,2006;Kobayakawaet al.,2005).Nosaka

et al.,2005 carried out nitrogen doping using urea and guanidine as nitrogen sdlolees.

et al., 2011 also managed to prepare-NO; via sol gel usingl, 3-diaminopropane as a
nitrogen sourceThe problem associated with sukind of dopans is the possibility of
having a cedoped product, whereby carbon may also be incorporated into the lattice
structure. In the current work ammonias useds the nitrogen sourde avoidproducing a
co-doped product. This allowlr an effective assessment thfe changes in the spectral

responsdrought about in titanium dioxidey nitrogen doping.
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4.2.Methodology

4.2.1. Preparation of nitrogen doped titanium dioxide

Nitrogen modified titanium dioxide narmarticles were obtained by hydrolysis taanium
tetrachloride, followed by heatinglrying and calcination after addition of an appropriate
amount of dopan(Fig. 4.1) In a typical experimentitanium tetrachloride (TiG) (98 %
Merck) was addedirop wise to deionized water in a beaker on arbat under rigorous
stirring. Ammonia solution (25 % MEDU-ED) was added as the nitrogen source, followed
by heating on a hot plate at 80 for 10 minutes under stirrindhe resulting precipitate was

collected via centrifugation and washed three times with deionized water beforg alrga

°C in an oven.
. Added dropwise ..
98 % TiCl, ] P Deionized HO
J Hydrolysis
Ammonia Sol formation
solution
Condensation )
TiO,xNHXx TiOCl,
90 °C f oL
Calcination

{ Tioz_xNx ]

Figure4.1: Flow diagram for the sol gel preparationNTiO,
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4.2.2. Calcinatiomf nitrogendoped titanium dioxide (Ti&N,)

The dried powder wndesnittogen atmospkede foaz houssdddalthe C
transformation fronthe amorphougphase of TiQto predominantly anatase titanium dioxide
(Nolanet al.,2011; Cui et al.,2010; Nosakaet al., 2005 which is most photaatalytically
active.A programmable furnacghown in kg. 4.2 was used for the calcinatigonocessHeat
was supplied at a rate &f0 / mi Calcination also improves crystallinity which enhances

photo-caalytic properties of TiQ (Zhanget al.,2003).

Figure4.2: Programmable furnaaesed in the calcination of Tg&nd NTIO,

4.2.3. Preparation afndoped TiQ

Undoped titanium dioxide nanmarticles were also prepared Wee sol gel synthesis method.

The procedures employed were similar to those used in the preparatiehi©$,Nexcept for
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the exclusion of a dopanfhe undoped titanium dioxide wanecessary for comparison

purposes witmitrogen doped titanium dioxide.

4.3. Characterization

Infrared spectra dN-TiO, and TiQ were recorded usinBerkinElmerSystem 2000 FTIR.
1.0 mg of sample was properly mixed witb0 mg of potassium bromidéKBr) and then
ground thoroughly usinghortarand pestle An adequateamount of the ground sample was
pelletized using &ydraulicpelletizer to give a transparent pell@hd then thesamples were
run against an air backgrouné&ight scans were carried pudor each samplen the

wavenumber range 4000 €rio 370 cnit with a resolution of 4 cih

X-ray photeelectron spectr of N-TiO, were obtainedusing a Physical Electronics
Quantum200G&pectrometewith an xray power of 25 W, and u p p | y i x-tpysAThe K a
Xx-ray beam had a ,dassenegiexof 1104 eV (witi€) and 89.35 (narrow).
The analyses were carried out at an ambient temperature of 20 °C + 5 °C and a relative
humidity of 50% RH + 25 % RH. The NTIO, sample was analysed at tiNational
Metrology Institute of South Africa (NMISAn Pretoriaby irradiating the surfaceof the
powderswith x-rays in order te&extract photeelectronsThe binding eneligsof the extracted
electronswere determined from knowing the energy of XAy photons and measuring the
kinetic energies of the extracted electrofisis quantity is uniguand can be used to identify

the elements from which the electrons were extracted.

X-ray diffractograms oN-TiO, and TiQ were obtained using BrukerrAXS D8 Advance
diffractometer (Cu I radiation withl = 1.5406 A) equipped with a PSD LyBye Sistrip
detector (with 196 channels), at room temperatuféis technique allowetbr crystal phase
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identification and estimation of crystallite siZéne xray diffraction analysis was carried out

in locked couple mode&vith an accelerating voltagdO kV and applied currendf 40 mA
BrunaurEmmettTeller (BET) surface areaf N-TiO, and TiQ was determined using a
Micromeritics Pulse Chemisorb 2700 nitrogen adsorption appafengples were dried in a

helium gasflow at 250 °C and the suddteamnedbyaN,ea of
chemisorptionDiffuse reflectance spectra (DR8) N-TiO, and TiO, were acquiredn the

200-800 nm rangausinga Cary 500 UWis-NIR spectrophotometeiThe gectraenabled

determination of the shift in the absorption band edge-oidy.

Transmission electromicrographs of NlO, and TiQ were recorded on a JEN200CX
transmission electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 120 kV.
The TEM microscopy allowed detailed micsiructural examination and crystal structure

composition investigation of the-WO, and TiQ nangparticles

4.4.Results and Discussion

4.4.1.FT-IR analysis of NTiO, and TiG

Fourier transform infrared spectroscopy {R) was usedo identify the functional groups in
nitrogen doped titanium dioxidend titanium dioxideThe broad peak located betwe®d0

cm™* and 400 crit in unmodified TiQ is due to Ti-O stretching vibrationas seen in Fig. 4.3.
Other researchers also obaat similar result§Chainaronget al.,2011;Beranek and Kisgh

2008. The presence of the anatase phase of titanium dioxide was identified by the valley
around480 cmi' in the FT-IR spectra obtained for-¥liO, and TiQ. Theotherlabelled peaks

can be ascribed to OH stretching vibrasi¢garound 3415 cif), OH bendingvibrations 1636

cm?, and O-Ti-N stretching vibrations aroun827 cm™. Etacheriet al., 201Q from their
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findings reported that thepectra they obtained were highly dependent on the processing
temperatureThey observed a shift to higher energies forTth®©-Ti stretching energiefor
unmodified TiQ. In nitrogen doped Ti@ stretching and deformation vibrations Ny
groups overlap with broad bands for OH groups located bet@2@®3100 cni and 1700
1500 cnt. FT-IR analysis managed to confirm successful preparation-6iQN and TiQ.

The formation of NT-O was also confirmed via SXPS, and the results will be discussed in

the relevant section.
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Figure 43: FT-IR spectra of (a) NliO,and (b) TiQc al ci ned at 550 ° C

4.4.2. SXPS analysis of-HiO,

Scanning Xray photoelectron spectroscopy (SXR&)s carried out on the-WNiO, to identify
the elements present from their unique binding eneageshown in Fig 4.45XPS analysis

revealed the presence of TGN, which is a kind of doping whereby nitrogen atoms replace
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some of the lattice oxygen atomBhe N1s(Fig. 4.5)had a binding energy of 397.3 eV,

which is in close agreement with the typi®dls binding energy of 397.2 eV as reported in

literature Nolanet al.,2012;Guoet al.,2011;Etacheriet al.,2010).
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Figure 45: N 1s spectrum of N'iO, calcined at50 ° C
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Figure4.6: Ti2p spectrum for NTIiO, calcined at 50 ° C
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It was mentioned by other researchers that the N1s binding energy is highly dependent on the
method of preparation, but in general most of the binding energies reported in literature range
between 396 eV and 408 eV. Literature also mentions that thetit soimie controversy in
assigning of XPS peaks for nitrogen doped titanium dioxide. €& wab, 2011 reported that a

peak 396.2 eV was attributed to a chemically bounsipiEcies and a weak peak around 398.3

eV was derived from the presence of thélieN linkages in the crystalline TiQattice of

their XPS spectralhe T2p core levgbeak (Fig. 4.6had a binding energy @b58.6 eV, and

this value is in agreement with values reported in litera@w® et al.,2011) SXPS and FT

IR analyses confirmed treaiccessful preparation oFNO, nanceparticles.

4.4.3. XRD analysis

X-ray diffraction analysis wasarried outto identify the phase composition of NO, and

TiO, prepared via sol gel syntheskag 4.7 shows theX-ray diffractograms of NIO,, and

TiO,. The X-ray analysis revealed that the prepared,Ta@d NTiO, nanepowders were in

the anatase phase. Titanium dioxide has three polymorphs; anatase and brookite, stable at low
temperatures, and rutile which is stable at high temperatures. The rutile phase of titanium
dioxide starts to appear if titanium dioxideppw r s ar e cal ci nectabeyond
2012; Guoet al., 2011). Literature reports that the anatase phase is the most photo
catalytically active polymorph of titanium dioxide (Capal.,2004; Dieboldet al.,2003; Hu

et al., 2003). Comparison othe two diffractograms clearly shows that there were changes
brought about by the introduction of nitrogen into the lattice structure of titanium dioxide.
The peak at a 2 theta angle of 25 ° is attri

both TiO, and NTiO».
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Figure4.7: X-ray diffractograms of (a) Tigand (b) NTiO,c al ci ned at 550 °C

The diffractogram of NTiO, showed peaks at 2 thetaanglegof . 2 °, 28.6 °, 29
°, which do not appear in the diffractogram of Bi@hich suggest that these could be
changes brought about by the introduction of nitrogen in the lattice structure of titanium
dioxide. The diffractogram of titanium dioxide shows a peak at a 2 theta angle of,55.8

which has also disappeared in that offiD, which is another indication of the changes

brought about by doping TiQvith nitrogen.

X-ray diffraction analysis also enabled the estimation of the average particle size ah@iO
N-TiO, through the Scherrer equatiofhe sizes where calculated by the instrument from the
anatase 101 peak which is located at a 2 theta angle’oTR&nium dioxide had an average
particle size of 16.9 niwhile nitrogen doped titanium dioxide had an averpgrticle size of
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14.5 nm(Table5). This clearly shows that replacement of some lattice oxygen ataotms

nitrogen atoms allowed a reduction in the particle size of titanium dioxide nanoparticles

Table5: XRD particle size folfiO, and NTiO,c al ci ned at 550 ° C

Sample XRD Particle size (nm)
TiO, 16.9
N-TiO, 14.5

4.4.4. BET surface area analysis of 7e&bd NTiO,

BET surface area analysisas used to determine the surface @@ pore sizesf TiO, and

N-TiO,. Table6 shows theBET surface areas obtained as well as the pore sizes.

Table6: BET surface area and pore size of J#dd NTiO,c al ci ned at 550 ° C

Sample BET surface area (ffg) Pore siz€nm)
TiO, 283.69 5.2
N-TiO, 309.77 8.3

The trend observed in BET surface area analysis is an increase in surface area with decrease
in particle sizeThe prepared titanium dioxid@iO-) gave a surface area (#83.69 mig™),

while nitrogen doped (N'iO,) had(309.77 mg?). These resultare in agreement with the

XRD particle sizes obtained for Ti@nd NTiO, (Table5). Pore size of the nanoparticles

increased with an increase in surface area, g a pore size &.2 nm, while NTiO, had
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a pore size of 8.3 nnlLiterature reports amverage BET surface area &0(nfg?) for
commercial titanium dioxidgDegussa P25JGuo et al., 2011). The nanepowders we

prepared had exceptionally high BET surface area mostly becdubeir small average

particle sizes.

4.4.5. Diffuse reflectancsepectroscopy (DRS) analysis of Ti@nd
N-TiO,

Diffuse reflectance spectra of Ti@nd NTiO, were obtained to evaluate the shift in the
absorption band edge of Ti@fter modification with nitrogeFig. 4.8) The trend shown by
the diffuse reflectancepsctra of titanium dioxide and nitrogen doped titanium dioxide
clearly show a shift in the absorption band edge of, il the visible region with the
replacement of lattice oxygen atoms by nitrogen atoms. ¥étah, 2006, reported a shift in
the absorption band edge of Biom 388 nm to 600 nm with an increase in the amount of
urea(which contains N in addition to G@opant. Inthis study theshift in the absorption band

edge of TiQ wasfrom 364 nm to 402 with thaddition of ammonia as the nitrogen source.
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Figure4.8: DRS (a) TiQand (b) NTiO,c al ci ned at 550 ° C
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Chainaronget al., 2011, also reported high visible light absorption foiTi®, with an
increasing amount ojuanidine carbonate dopant. They mentioned that the observed shift
into the visible regiorior N-TiO, was due to the introduction of new electronic states above
the valence band dfiO,, which corresponds with other literatui@u et al.,2008; Valentin

et al., 2007; Livraghiet al., 2006; Asahi et al., 2001). The extent of visible light response
depends on the amount of dopant added as well as the type of dopanbuisédes not

necessarily translatato an increaseghotccatalytic activity.

The diffuse reflectance data obtained was also used to calculate the band gap energies of

TiO, and NTiO, using Equation 4.1.

Eg — (4.2)

Where Eg iIs the band gap energy, Tt@aRf i s a
dioxide had a band gap energy3®#0eV and nitrogen doped titanium dioxided a band

gap energy of 3.08 eV. Literature repob@ndgap energy of 2. eV for anatasditanium

dioxide corresponding with wavelengths below 388 maur{gondoriand Tichagwa2013;
Nyamukambaet al.,2012;Chainaronget al.,2011;Yuanet al.,2006).After doping titanium

dioxide with nitrogen a reduction in band gap was observed (3.08vkei¢h brought about

the ability for NTiO, to absorb visible lightThe band gap energy for titanium dioxide was

slightly higher than what is reported in literature, and the reason could be due to difference

in the preparatiosonditions as well precursors.
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4.4.6. Transmission electron microscq@¥M) analysis of TiQand
N-TiO,

Transmission electron microscopyages of TiQ and NTiO, were obtained to evaluate the
crystal structure composition of the prepared rpawticles. The TEM images obtained are

shown in figure 4.9.

100 @A

123



W

Figure4.9: TEM images of (a) Ti@and (b) NTiO,c al ci ned at 550 ° C

The images obtained for titanium dioxide ngrasticles revea&dthe existence of some nano
rod-like structures. However the bulk of the ngarticles exhibiéd an ovoidal to undefined
structuresMany of the nangparticles in the EM image of titanium dioxide appear to be
aggregated or in lumps. On average a patrticle size of 23.08 nm was obtained for;the TiO
nanoeparticles.This value for average patrticle size is much higher than that obtained from
XRD particle size estimation (16.9 nm) in section 4.4Nevertheless, theseffgrences in

particle size can be expected since estimate results were acquired using diffeteneitst

Figure 4.9 (b) shows the TEM images obtained for nitrogen doped titanium dioxide nano
particles. The bulk of theN-TiO, nancparticles exhibit a rectangulazonformation.

However, a variation in size of these rectangular shaped peatioles isclearly observable
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from the TEM images. Measurement indicates that the average particle size of the rectangular
nancparticles is 15.39 nm. This value is much closer to the XRD estimate parziel€l4.5

nm) obtained for NTiO, in section 4.4.3.

4.5.Conclusion

Nitrogen doped titanium dioxide was successfully prepared sol gel techniqueand
characterized by FIR, SXPS, XRD, BET, DRS, and TEM analysdsI-IR analysis
indicated the presence of the necessary functional grdtlpsmental composition athe
powders was confirmed via scanningay photoelectron spectroscoppd it indicated the
presence of Ti, O, and N. Hence the doping process was successful. The nitrogen doped
titanium dioxide nangowders were confirmed to b the anatase phase via-ray
diffraction analysisBET surface area analysis revealed thati®, had a larger surface area
compared to TiQowing to a reduced particle size after dopifhge shift in absorption band
edge of NTiO, was evaluated by diffuse reflectance spectroscopy which gave an absorption
band edge of 402 nm for-WiO, and 364 for TiQ. The transmission electron microscopy
images obtained famitrogen dopeditanium dioxide nangparticles reveald thatthe N-TiO,
nano-particles exhibit a rectangular conformation. However, a variation in size of these

rectangular shaped naparticles is clearly observable from the TEM images.

125



Bibliography

Aguado J., Van Grieken R., Lop&tunoz M.J., and Marugan Catalysis Today75 (2002)
95.

Asahi R., Morikawa T., Ohwaki T., Aoki K., and Tage 3cience 293 (5528)(2001) 269
271.

Beranek R., and Kisch HPhotochemical and Photobiological Scien¢¢2008) 40-48.

Carp O., Huisman C.L., and Reller Rrogress in Solid State ChemistB2 (2004) 33.
Chainarong S., SikongL., Niyomwas S., and Pavasupré&¢hSEceEnergy and Materials
Science and Engineering Symposi@hiang Rai, Thailand 238 May.2011.

Cui L., Huang F., Niu M., Zeng L., Xu J., and WangJéurnal of Molecular Catalysis:A
Chemical 326 (2010) 1-7.

Diebold U.Surface Science Repart (2003) 53.

Etacheri V., Seery M.K., Hinder S.J., and Pillai S0bemistry of Materiats22 (2010) 3843
3853.

Guo W., Miao Q., Xin G., Wu L., and Ma Key Engineering Materials}51(2011) 21-27.
Guo W., Shen Y., Boschloo G., Hagfeldt A., and MaElectrochimica Acta56 (2011)
46114617.

Hu Y., Tsai H.L., and Huang C.Materials Sciencand Engineering A344 (2003) 209.
Kobayakawa K., Murakami Y., and Sato Yournal of Photochemistry and Photobiology A
Chemistry 17q2005) 177-179.

Ksibi M., Rossignol S., Tatibouét J.M., and TrapalisMaterials Letters 62 (2008) 4204
4206.

Livraghi S., Paganini M.C., Giamello E., Selloni A.; Valentin, C.D., and Pacchioni G.

Journal of theAmerican Chemical Society28 (49)(2006) 1566615671.

126



Mungondori H., and Tichagwa Materials Science Forumyvol. 734(2013) 226-236.

Nolan N.T., Synnott D.W., Seery M.K., Hinder S.J., Wassenhoven A.V., and Pillai S.C.
Journal of Hazardous Material$2012) 88-94.

Nosaka Y., Matsushita M., Nishino J., and Nosaka AStience and Technology of
Advanced Materialst (2005) 143-148.

Nyamukanba P., Tichagwa L., and Greying i@aterials Science Forunv¥12(2012) 49-63.

Silva C.G., and Faria J.Uournal of Molecular Catalysis:AChemical 305(2009) 147-154.
Valentin C.D., Finazzi E., Pacchioni, G., Selloni A., Livraghi S., Paganini M.C., and
Giamello E.Chemical Physics339 (13) (2007) 44-56.

Wu Z., Dong F., Zhao W., and GuoJ»urnal of Hazardous Materiald57(1)(2008) 57-63.

Xu C., Killmeyer R., Gray M.L., Khan S.U.MApplied Catalysis BEnvironmental 64
(2006) 312-317.

Yuan J., Chen M., Shi J., and ShangguaniMérnational Journal of Hydrogen Energgl
(2006) 1326:1331.

Zhang D.B., Qi L.M., Cheng H.M., and Ma J.Mhine® Chemical LettersVol. 14 (1)

(2003) 100-103.

127



CHAPTER 5

5. Synthesis ofpoly (methacrylic aciyl grafted onto
poly (vinylidene difluoridg/ blended with poly
(acrylonitrile) asymmetric membranes(PMAA-g-
PVDF/ PAN)

5.1. Introduction

This chapter is about the preparation of polymeric asymmetric membranes of GMAA
PVDF, and PAN that will serve as both filtration membranes as well as supporTi@,N
photo-catalyst toavoid problems associated with thestrecovery of spent photcatlyst

after the photalegradation of pollutants in wateAsymmetric membranes are of great
industrial significancePoly (vinylidene difluoridg is the most widely employechembrane
material owing to its high mechanical strength, excellent chemical resistaand, high
operating temperature capabiliti€sSome of its important uses include processes such as
pervaporation, membrane distillation, {erRchangemembranes, ultrafiltration (UF)and
microfiltration (MF). Several other polymeric materials have been used as well in the

manufacture of synthetic membranes.

Sui et al., 2012, prepared poly (inylidene difluorid@¢ membraneswhose surface was
functionalized with 2-hydroxyethyl methacrylate (HEMA) an@-(dimethylamino) ethyl
methacrylate(DMAEMA), in a bid to improve antifouling and antibacterial properties.
Hashim and cavorkers, 2009, usedsamplified method for preparation of hydrophilic PVDF
membranedrom an amphiphilic graft copolymeo try andimprove water flux through the

membrane Adout et al., 2010, prepared novelpoly (acrylonitrile) (PAN) ultrafiltration
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membrane incorporating tlemphiphilic comb copolymer additive, pdlgcrylonitrile)-graft
poly (ethyleneoxide) (PAN-g-PEO).Their membrane was capable of prevenadpesion of

bacteria E. coli K12) unlike unmodified commercial PAN membrane.

In this current work, asymmetric membranes of PM&RVDF/ PAN were prepared via the
dry-wet phase inversion techniqudso known as # LoebSourirajan metho@hulbeet al.,
2008) This method involves the preparation of a polymer solution of a suitédiesity,
which is then cast on a suitable mateaald partial solvent evaporation allowed. The cast is
then placed in a nesolvent bathwere solidification of the membrane transpires through
evaporation of solvent as well aslvent nonsolvent interactionPhonthammachaet al.,
2006, managed to pregegphoto-catalytic membrane using highsurface area Ti©catalyst
synthesized from titanium triisopropanolamirséispersed into polyacrylonitrile) matrix.
This current work seeks to develop a novel membrane with improved-pdwaidgtic activity,

antibacterial and antifouling properties

5.2.Methodology

5.2.1. Prareatment oPVDF with ozone

The initial stepin the preparation of MAAg-PVDF is ozonepretreatment(Fig. 5.1) A

suitable amount of polywinylidene difluoridg¢ (PVDF) pellets were dissolved aimethyl
acetamide (DMAC) to give a polymer solution that Ww&8gL™. An ozone/ oxygetiOy/ O.)

mixture wasbubbled through the polymer solution for 10 minutes at a flow rad®@® mg/

hr at Th2 Activat€l.PVDF was cooled on anl@h, and then precipitated in excess
ethanol. The precipitate was filtered off and then dried under reduced pressure at ambient

temperatureThe product was stored in a sealed container for further processing.
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Figure5.1: Ozone activation of poly (vinylidene difluoride) (PVD&) a flow rate of 25 L/

min and a concentration of 4 g/ hr

5.2.2. Preparation of PMAA-PVDF

Methacrylic acid was graftednto ozone practivated poly(vinylidene difluoridg via
thermally induced reversible addition fragmentation chain trafB&FT) polymerization.
The peroxides generated on the ozpretreated PVDF facilitated ththermally initiated

graft copolymeriation of AMAA in the RAFFmediatedprocess Ozone pretreated PVDF
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(12.7 g)weredissolved in 25 mL oflimethyl acetamide (DMAC). The polymer solution was
transferred into a three necked flask with the subsequent addition of 2 mL of methacrylic acid
monome while stirring. The methacrylic acid was freed of inhibitor via vacuum distillation

prior to addition After placing a condenser and thermometeithe three necked flask, argon

was saturated into the flask for 30 minutéke reaction flask was thetacedin an oil bath

mai ntained at 60 ° C (Rid. 5.2) Tha reactioe flask yasfcdoledwoff o f a1
after allowing ample time for the reaction to go to completion. PMARVDF was
precipitated inethano] filtered, redissolved in acetonend precipitated in ethanollhe
precipitate was further purified byoustoi rri ncg

eliminate any remaining homopolymer (PMAA)

7
, AS BUBBLE
~ FLOW METER

ARGON GAS
SUPPLY

HERMOMETER

SILICON OIL BATH AT
60 DEGREES

ATER OUT
STIRRER HOT PLATE

Figure5.2: Graft copolymerization of MAA ontPVDFa t  6fd 6 KrsC
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5.2.3. Preparation of PMAA-PVDF PAN/ N-TiO, membrane

A series ofnovel membranesmpregnated with varying amounts of nitrogen doped titanium
dioxide photecatalyst were prepared via the dwmet phase inversion techniqué&oeb-

Sourirajan)Fig. 5.3) The amount of NI'O, added was varied betwe&fb %.

PMAA -g-PVDF/ PAN
or PVDF or PAN

Dissolve in Dimethyl acetamide
solvent

(DMAC)

Polymer solution

Add photocatalyst & 1,3,&5 0/0
homogenize N-TiO,

Membrane castlng
solution

Castonglasssurfacel Coagul ate in wat

N-TiO-PMAA-g-
PVDF/ PAN PVDF,
PAN membrane

Figure5.3: Flow diagram for the precipitation of membranes witi i,

Oh et al., 2009, managed to prepaPd/DF/ TiO, organicinorganic compositenembranes
for the improvement ofouling resistanceThe PVDF membrane surfacgas changedrom
hydrophobic to hydrophilic after Tigaddition which resulted in a reduced membrane

fouling. Losito and ceworkers, 2005, preparefiO,-poly (vinylidenedifluoride) composite
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films for the removal of pesticides from wateran attempt to eliminate problems associated

with TiO, post recovery

5.2.3.1. Preparation of-NliO,-PMAA-g-PVDF/ PANmembrane

A novel NTiO,-PMAA-g-PVDF/ PAN membrane was prepared via the L-8elrirajan
method. Three sets of membrane were prepared with varying amountsTa©®Nphoto

catalyst (1, 3, and 5 %-NiO, respectively) 14.9 g of poly(acrylonitrile) (PAN) and 0.1 g
PMAA-g-PVDF were dissolved ii00 mL of dimethyl acetamide (DMAC)Stirring was
continued until the entire polymer was completely dissolv&d mL aliquotof the polymer
solutionblendwasadded to each of the three small beakers, with the subsequent addition of
N-TiO, photocatalyst(1, 3, and 5 % respectively) under stirrifigne beakers with polymer
solution were then placed in a sonic bath&orhourto get rid ofany bubbles.The polymer
solutions were then cast on flat glass surface and then immersed in a coagulation bath to
allow for the solidification of membrane. The coagulation bath was a mixtueghainol and
deionized wate(3: 1). The membranes were then washed thoroughly with deionized water
then placed in a water bath at 55 °“C for 30
The membranes were then storedcontainers filled with deionized water to prevent them

from dryingup since theganbecome brittle if they lose water.

5.2.3.2. Preparation &§-TiO,-PVDF andN-TiO,-PAN membranes

For the purpose of comparisampvel NTiO,-PVDF and NTiO,-PAN series of membrane
were also pneared viahedry-wet phase inversiotechnique PVDF (15 g)were dissolved in
100 mL dimethyl acetamide under stirring for 3 hours to allow total dissolatidd, 3, and
5 % of NTiO, were addednto 3 beakers containing 5 mL of polymer solutidhe mixtures

werethen homogenized. After sation for an hour to remove any air bubbles th&i0,-
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PVDF solutions were cast on glass plaed partial evaporation of solvent allowed. The thin
membraneswvere then coagulated in @deionized watebath The membranes were then
treatedn 55°C waterbathfor 30 minutesandthen stored under deionized water for later use.
A series of NTiO,-PVDF solutions werealso prepared in a similar fashiexcept for the

coagulation bath which had an ethanol/ water ratfa bf

5.2.3.3. Prepareshembranes and conditions applied

Table7 shows all the prepared polymeric membranes and the conditions under which they

were fabricated.

Table7: List of asymmetrianembranes fabricated and the parameters used

Asymmetric Solvent used Non solvent used it Coagulation batt
membrane coagulation bath temperature

0, 1, 3, 5%NTiO,- DMAC Deionized water 30 °C
(PAN)

0, 1, 3, 5%NTiO,- DMAC Water: Ethanol 30 °C
(PVDF) 1:5

0, 1, 3, 5%NTiO,- DMAC Water: Ethanol 30 °C
(PMAA-g-PVDF/ 1: 3

PAN)

5.3. Characterization

Infrared spectra of N'iO, -PMAA-g-PVDF/ PAN/ PVDF membranesere recorded using

PerkinElmer System 2000 FTIR. 1.0 mg of sample was properly mixed with 100 mg of
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potassium bromide (KBr) and then ground thoroughly using martdpestle An adequate
amount of the ground sample was pelletized using a hydraulic pelletizer to give a transparent
pellet, and then the samples were run against an air background. 8 scans were carried out for

each sample in the wavenumber range 4008 ten370 cnm' with a resolution of 4 cih

Nuclear magnetic resonance spectroscopy (NMR) was used to investiggely
(methacrylic aciyl (PMAA) was successfully grafted onto polyinylidene difluoride
(PVDF) through structureelucidation Proton tH) and carbon {°C) spectra of PMAAg-
PVDF were acquired from "arian "™ Inova600 NMR spectrometer with i frequency
of 300 MHz and &%C frequency of 75 MHz. A Bnm dual channel Broad Band probe was

used to collecthe'H, and**C NMR spectra.

Scanning electron microscopy (SEM) was used to check the surface morphology and cross
sectional view of the N'iO,-PMAA-g-PVDF/ PAN/ PVDF membranes. Scanning electron
microscopy (SEM) images were acquired on a JEOL -83R0D LV electron microscope

operatechtl5 kV. SEM specimens were first coated with gold before acquiring images.

Thermo gravimetric analysis (TGA)as carried out on the prepared-NO-PMAA-g-

PVDF/ PAN/ PVDF membranes to assess their thermal properties. A PerkinElmer TGA 7
thermogravimetric analyser was used to acquire the thegraos in the temperature range
20-900°C. The sample$10 mg)were run undenitrogen/air flow with a heating rate of 15

°C/ min.

Tensile strength measurements were carried out using a universal electromechanical tensile

tester which has variable speed electric motor. The preparBdTiO-PMAA-g-PVDF/
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PAN/ PVDF membranesere cut into pieces 20 mm in length, 3.5 mm in width and Qué4

in thickness.

5.4. Results and discussion

5.4.1. FFIR analysis of PMAAg-PVDF

Fourier transform infrared spectroscopy {fl) was used to identify the functional groups in

PMAA-g-PVDF. Figure 5.4 shows the FIR spectra ofmethacrylic acid (MAA),poly

(methacrylic aciyl grafted poly (vinylidene difluorid¢ (PMAA-g-PVDF), and poly

(vinylidene difluoridg homopolymer (PVDF).

70 ~

-—-=MAA
60 ——— PMAA-g-PVDF

------- PVDF homopolymer
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Figure5.4: FT-IR spectra of (a) MAA, (b) PMAAS-PVDF, and (c) PVDlpr epar ed

The spectrum of methacrylic acid (MAA) shows peaké 734 cni due to-C=0 stretching

vibrations of~COOH group 1639 cm -C-O single bondstretching vibrationsand3424 cm
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! owing to O-H stretching vibrationsThe spectrum of PVDF homopolymégas peaks at
1410, 1180, & 1075 cthandcan be attributed t€-F deformation vibration§Ying et al.,
2002) The peaks a8023 cnit and 2981 ci are attributed te-CH, (methylene group) anti
symmetric and symmetric stretching vibrations respecti(®bu et al., 2012 Menget al.,
201]). The peaks are superimposed with thél@ibrations of PMAAwith aband between
2500 and 3500 cth In the spectrum of PMAA-PVDF the peaks located 4270 cni and
1000 cni* are ascribed to the stretching vibrations-®fO of the-COOH groupand these
peaks indicate the successful grafting of PMAA to PVDF. The medium pddlidatcn is
ascribed toC-O-C stretching vibrationsonsistent with the group formed with the graft
reaction(Fig. 5.5)(You et al.,2012;Sui et al.,2012;Hashimet al.,2009;Denget al.,2005;

Ying et al.,2002)

(l)H

H F O F 0—0
’7I I—‘ O3/ O, | ||
c—C —> c—C Cc—C

LI I 10 min T NT Ty
H F_, H F H F

PVDF Activated PV DF

Thermal graft CH,

copoly merization |C|: CH

—CHg3

a 60°C COOH

H
\Lcl:—ca%% CHZ—CFZ%
X
° CHg COH
CHy- CQ—E:HZ— ciL
| 2 [ In
COOH CHg

PMAA-g-PVDF

Figure5.5: Suggested graftopolymerization of PMAA onto PVDF
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5.4.2.NMR analysis of PMAAg-PVDF

'H and*®C spectra were acquired to elucidate the structure of P}AA/DF and also to
confirm successful grafting of PMAA onto PVDF polymer chaifigiure 5.6 and 5.7 show
the proton and carbon 13 spectra RIIAA-g-PVDF respectiely. The various signak
appearing on the proton NMR spectrum of PMgAVDF indicate the existence of non
equivalent proton in the compounthe signal at 5.95 ppm can bgcabedto the proton of
the carboxylic acid group, appears downfield of the referencenedtiaylsilane (TMS) due

to deshielding.

a2
e
PMAA - PVDF
b
%CE—CF;HC —CF;ﬁ—
X A
d OfF
|
o o o :
(c c—fcri-c b 8
c ya Py - S
0=C € CH:
OH d iR
f —
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| 3 d z 5
S =
l.l ] |
J L " J

11291

6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
1 (ppm)

Figure5.6: 'H NMR spectrum of PMAAG-PVDFpr epared at 60 ° C f
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The peak abn ¢ h e mi c)atl 55 ppmicantbe sgribed tothe protons of theO-CH,-

group which experiences some deshielding from the electronegative oxygen atoms in the
vicinity. The proton of -CH-CF,- appeas at a chemical shift 0f2.87 ppm this proton
experiences deshielding from the oxygen atom as we as the fluorthe aeighbouring
carbon atom. The methylene and methyl groa@ge peaks with chemical shifts 2.49 ppm

and 1.84 ppm respectly. These groups of protons appearfiefd because they amore
shieldedthan the rest of the other nequivalent sets of protons in PMA&PVDF. The
chemical shiftsof protons in the spectrum of PMA&PVDF are inclose agreement with
correlationdatachemical shift in variouditeratures(Carbajo and Neira, A@3; McMurray,

2008)
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Figure5.7: *C NMR spectrum of PMAAg-PVDFpr epar ed at 60 °C for

The'*C NMR spectrum of PMAAg-PVDF presentedeven signals representing the different
carbon environments present in the structure.* TBeNMR allows the mapping of the carbon
skeleton of compound3he peak at 123.09 ppm was assigned to the carbon of the carboxylic
acid group. This carbon is highlgeshieldedsince is directly attached to a highly
electronegative atom of oxygen through a double bond, hence it appears dowhketeak

at 119.84 ppm was assigned to the tertiary camp@Gi-O-) also directly bonded to an

electronegativeoxygen atom.The signal atl16.58 ppm was ascribed to tharbon ofthe
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methylene grouf-CH,-O-) that is also directly bonded to a highly electronegatixggen
atom.The peak at 43.23 ppm was assigned to a quaternary carbon atom, that at 42.92 ppm to
a carborbondedto the halogen fluorine CF,-). The carbon of the CH,-) group had a peak

at 42.61 ppm, while that of the methyl grou@ils) appeared ufield with a chemical shift

of 21.18 ppm since it ishielded (Carbajo and Neira, 2013VicMurray, 2008) NMR
spectroscopy and FIR spectroscopyonfirmed that polymethacrylic acijl (PMAA) was
successfully grafted onto polyinylidene difluoridg (PVDF) via reversible addition

fragmentation chain transfer (RAFT).

5.4.3. SEM analysis oN-TiO-(PVDF, PMAA-g-PVDF/ PAN, and
PAN) membranes

5.4.3.1. SEM analysis of-liO,-PAN membranes

Poly (acrylonitrile) asymmetric membranes with 1, 3, and 5 %I, prepared via dret

phase inversion technique were analyzed by scanning electron microscopy (SEM) to study
their surface morphology as well as the cresstional view.Pristine PAN asymmetric
membranes wersuccessfully prepared’he membranes have arttdense todayer and a
porous subayer with fingerlike micrevoids (Fig. 5.8 (aJSuet al.,2009) The top layer of

the membrane exhibits a rough surfatiee morphology of the porowsiblayerof the PAN
asymmetric membrasehangeswith the additionof N-TiO; (1, 3, & 5 %) from the finger

like looking micrevoids to somewhat ovoid lookingmaller micrevoids However, he

surface morphologgf the membranes does not change with the additior oM.
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The entire PAN asymmetric membranes produced were rough skinned (Yang and Liu, 2003).

SEM confirmedthe successful preparation of-TNO,-PAN asymmetric photgatalytic

membranes.

5.4.3.2. SEM analysis of-NliO,-PVDF membranes

A series of NTiO,-PVDF membranes prepared via the L&urirajan method were
analyzed byscanning electron microscopy (SER) elucidate their surface morphology as
well as crosssectional view. Fig. 5.9 shows the SEM micrographs obtained for PVDF; 1%N

TiO,-PVDF, 3%NTiO,-PVDF, and 5%NTiO,-PVDF (a-d respectively)

15kV X190 100pm 03/MAR/14 15kV  X2,000 10um UFH-SEM

15kV X190 100pm 03/MAR/14 15kV  X2,000 10pm UFH-SEM
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15kV X190 100um UFH-SEM 15kV X2,000 10pm UFH-SEM

(d 15kV X190 100pm 03/MAR/14 15kV X2,000 10um UFH-SEM
Figure5.9: SEM images of(a) PVDF, (b) 1%NTiO»-PVDF (c) 3%NTiO»-PVDF and (d)

5%N-TiO,-PVDFpr epar e d adlver Water/ e2hanolr(lo 5)

Asymmetric PVDF membranes with different loadings of-TNO, were successfully
prepared These membranes exhibit a thin top layer with a sptikgespherulite)porous
sublayer(Lai et al.,2014 Liu et al.,2012. The spherulites are more closely packed together
just below the dense top layer of tREDF asymmetriecnembraneA transitionfrom densely
packed to sparsely packed spherulites can be obsacveds the membrane cresectional

view. No significantchange in the morphology tie crosssection of PYDF membranes was
observed with the addition of different loadings 6fTND, powder. The surface of tH®V/DF
asymmetric membranes is rough with no visible pores. No change in surface morphology of

these membranes was observed with the addition 0N powder.
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5.4.3.3. SEM analysis of-NMliO,-PMAA-g-PVDF/ PANmembranes

Another series ofpoly (methacrylic aciyl grafted onto polyvinylidene difluoridg blended
with poly (acrylonitrilel membranes with different loadings of nitrogen doped titanium
dioxide (1, 3, & 5 % respectively) were prepared via the L8ebrirajan methodFig. 5.10

shows the SEM images obtained for the above mentioned membranes.

15kV X190 100pm UFH-SEM X2,000 10pm UFH-SEM

15kV X190 100um UFH-SEM X2,000 10pm UFH-SEM

15kV X190 100pm 03/MAR/14 15kVv. X2,000 10pm UFH-SEM
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(d 15kV X190 100pm UFH-SEM 15kV X2,000 10pm UFH-SEM
Figure5.10: SEM (a) PMAAgG-PVDF/ PAN (b) 19%NTiO, PMAA-g-PVDF/ PAN (c) 3%N

TiO, PMAA-g-PVDF/ PAN and (d) 5%MNiO, PMAA-g-PVDF/ PANpr epar ed at

nonsolvent water/ ethanol (B)

The prepared novel PMAA-PVDF/ PAN blend membrane exhibitedypical asymmetric
structure. The crossectional view of theristine PMAAQ-PVDF/ PAN blend asymmetric
membransrevealed the presence of a dense top layer and a supporting pordargesuthe
effect of addition of different loadings of nitrogen doped titanium dioxide powder could
clearly be observed from the changeexture and morphology of the porous dayer of the
membranesThe pristine PMAAg-PVDF/ PAN blend membranes hatiegerlike micro
voids in the supporting sulayer, whereas membranes with one percBRTIO, powders
exhibit shortfingerlike micravoids from the top of the porous slgyer and ovoidnicro-
voids towards the bottom. With further addition of (3 % and 5%\N-GfiO, powders, the
fingerlike microvoids disappear, and only ovoid mievoids can be observed in the porous

sublayer of thePMAA-g-PVDF/ PAN blend asymmetric membranes.

Pristine asymmetric PMAA-PVDF/ PAN blend membranes have a somewhat smooth
looking surface with no visible pores. However the morphology changes to a rough looking

surface with the addition of different loadingsN{TiO, powders.
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5.4.4. Tensile strength analysis NfTiO,-(PVDF, PMAA-g-PVDF/

PAN, and PAN membranes

The prepared membranes were analyzed for tensile strength using a tensil&itphelrl

show the results obtaineBristine poly(vinylidene difluorid¢ membranes exhibited lagh
tensile strengti{4.4 MP3 (Yang and Liu, 2003 A steadydecreasen the tensile strength

was observed with the addition of nitrogen doped titanium dioxide in the PVDF membranes
(1%N-TiO,-PVDF (40 MPa); 3%NTiO»-PVDF (3.8 MPa); and 5%NTiO,-PVDF (3.4
MPa)). The incremental addition dfi-TiO, powders in PVDF membranes resulted in their
gradual loss of mechanical streng@milar trends wereobserved for PMAAg-PVDF/ PAN

and PAN membrans, however PMAAg-PVDF/ PAN membranesxhibited higher tensile
strengthcompared to PAN membraneBhe highest dcreasen mechanical strength was
observed in PANZ5.9 %), followed byPVDF (22.7%) and therPMAA-g-PVDF/ PAN (8.0

%).

Poly (vinylidenedifluoride) (PVDF) membranes exhibited the highest elasticity compared to
poly (methacrylic aciyl grafted poly (vinylidene difluorid¢ (PMAA-g-PVDF) and poly
(acrylonitrile) (PAN) membranes. A decrease in the elongation at break was observed for
these memtanes as more of the inorganic particlesthe form of Tiwere added to the
membranegFig. 5.12). In another studyan and ceworkers 2006, observed an increase in
elongation at break with the addition of alumina(@y) up-to a certain limit, then decrease

in the elasticity of PVDF membranes with further additions. In the current work similar
trendswere observedvith the addition of NTiO, powders, where there was ectleasen the

elongation at break for all the membranes prepared.
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Figure5.11: Tensile strength of (a) PVDF, (b) PAN & (c) PMA&PVDF/ PAN membranes
prepared at 30 °C
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Figure 5.12: Elongation of (a) PVDF, (b) PMAA-PVDF/ PAN & (c) PAN membranes

preparecat 30 ° C
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membranep r epared at 30 °C

Similar trends were also observedyvin u n g’ s (Fi@ 8.18)wlhiege there was @decrease
with the addition of NTiO, (44.5 to 40.1 MPa for PVDH,3.2 to 11.2 MPa for PMAA)-

PVDF/ PAN and 15.5 to 7.3 MPa for PAN).

5.4.5. TGA analysis of NiO,-(PVDF, PMAA-g-PVDF/ PAN and
PAN membranes

The thermal properties of the series of asymmetric membranes prepared were dnalysed

thermagravimetric analysis.

5.4.5.1. TGA analysis of NiO,-PVDF

The thermograms obtained for poly (vinylidene difluoride) membranes incorporated with

different amounts of nitrogen doped titanium dioxide are shown in figavre
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Figure5.14: Thermograms of (a) PDVF (b) 1 % NO,-PVDF, (c) 3 % NTiO,-PVDF, (d) 5

% N-TiO,-PVDF and (e) Derivativesf (a)-(d)heat i ng rate 15 ° C/ min

The first peak in alfour thermograms denatavater loss from the membranes. As can be
seen from the derivatives of the PVDF and i®,-PVDF membranewater loss is observed

from ar O ®ristthe PVOF membrar{éig. 5.14 (@)s howed st abi l be

Ity
as reported elsewher®@lmongeand Mattosq 2000; Zulfigar et al.,1994. Melting of the

PVDF membrane i s 0 b anwards. eFdrthef heatimg rds@itéd in’ tBe

decomposition of PVDF, with hydrogen fluoride as the major product as well the monomer
and small amounts of /83F3 (Zulfigar et al., 1994. Carboncarbon fission leads to the
breakdown of the polymer repeating units. The addition-Gi®, to the PVDF membranes
was observed to reduce stability. As observed from the thermodgran¥dN-TiO,-PVDF
(Fig. 5.14 (b)), of the

decomposition me mb r &
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for pristine PVDF membranebcreasing the amount of-lNO, to 3% and 5% is observed

to reduce the stability of the PVDF membranes fur(Reg. 5.15) The trermograms indicate

that decomposition st aMN{Ti©-P¥DF addBON-TICGGPVDREd 410
membranes respectivelyhe variation of PVDF decomposition temperature as a function of

inorganic filler (NTIOy) is shown inFigure 5.15.
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Figure5.15: Variation of PVDF decomposition temperature as a functiofi® added

In general decomposition of PVDF membramesurred in two stages: (the first stage

owing to water and solvent | oss ocgcwitha ed i n
weight loss between 20 % and 30a¥td (ii) the second stage owing to PVDF decomposition
occurred inthetemer at ure range 400 °C to 700 °C, wit

50 % for PVDF and NTiO,-PVDF. In similar studies other researchers prepared PVDF
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incorporated with different inorganic filler namely silicon dioxide (§jCQeolite 4A and
MCM-41. In their findings, they observed a decrease in the PVDF decomposition
temperature withan increasing amount of inorganic filler in the three composites they

preparedShen and Lua, 2012).

5.4.5.2. TGA analysis of NiO,-PAN

Figure 5.16 shows ththermograms obtained for the thermal analysis of PAN membranes
loaded with different amounts of -INO,. It was reported elsewhere that heating poly
(acrylonitrile) leads to its decomposition producing volatiles which include nitriles, the
monomer, ammoniand othergJoseph and TretsiakowacNally, 2012 Martin et al.,2001;
Surinarayanaret al., 1998; Xueet al., 1997. The thermogram of PAN exhibits three
degradation steps. The initial step observed
to wate loss as well as solvent used in the preparation of the membrane. This initial step had

a weight |l oss of 5 %. The PAN membrane shov
commencement of nitrile group decomposition. The second step of PAN membrane
degraddt i on in the temperature range 270 °C to
step is attributed to the degradation of the poly (acrylonitrile) chains and this is observed in

the temperature range 325 °C to 500 °C with

The variation of AN membranedecomposition temperature as a function of inorganic filler
(N-TiOy) is shown in figure 524 The derivative thermograms of PAN membranes
incorporated with NTiO, clearly show that there is increased stability with the addition of

the inorganic nanoparticles.

152



120 - o |
100 - -0
-1
80 -
2 -2
g,so
D ™
2 - = PAN s TR P (- e N OF
an o %N-TiO2- - T - °
1%N-Ti02-PAN (b) £ ™3
40 { = = = 3%N-TiO2-PAN ~
5%N-Ti02-PAN (ajn mast
DTG-PAN \
20 - DTG-1%N-TiO2-PAN
DTG-3%N-Ti02-PAN R
DTG-5%N-Ti02-PAN
0 : : : : : ; ; ; -6
0 100 200 300 400 500 600 700 800 900
Wavelength/ nm

Figure5.16: Thermograms of (a) PAN (b) 1%-TNO2-PAN, (c) 3% NTiO,-PAN, (d) 5% N

TiO,-PAN and (e) Derivativeheating at e of 15 ° C/ mi n

When the PAN membranegereincorporated with 1 % N'iO, the membranewere stable

up to 310°C as opposed to 27 for pristine PAN membraneAddition of more NTiO,
stabilized the PAN membranes further. When the content-di®, wasincreased to 3 % N

TiO, and 5 % NTiO,, the decomposition temperatures also increased t6@Hnd 317C
respectively, entailing further stability of PAN membrarn@ther researchers prepared poly
(acrylonitrile))  NaMontmorillonite/ Slicon dioxide (PAN/ NaMMT/ SiO,;) nanc
composites. They observed similar trends whereby there was increase in thermal stability
with increasing amount of either NMontmorillonite or Silicon dioxide (Si¢). The highest
thermal stability was observed when PAN wasorporated with both NMMT and SIQ

(Yu et al.,2007).

153



320

310

300

290

280

Decomposition temperature/ °C

270

260
0 1 2 3 4 5 6

Amount of N-TiO; (wt %)

Figure5.17: Variation of PAN decomposition temperature as a functieh®, added

5.4.5.3. TGA analysis of NiO,-PMAA-g-PVDF/ PAN

The thermograms obtainéor PMAA-g-PVDF/ PAN membranes incorporated with different
amounts of NTiO, are shown inFigure 5.18. It was reported in literature thagioly
(methacrylic acid) decomposes in two stages; one involving transformation in methacrylic
anhydride and another c@mposition from subsequent heatifignese decompositions have

been observed t o o dCadenas dl.,2a00 Schild, T993 Hotecahdd 0 ° C
Chin, 1992. On the other handh this study, it wasobservedthat PAN had two major
decompositions at 270 °C and 325 °C, while
However, in this instance the membrane prepaved constituted of the three polymer

materials, namely PMAA, PVDF and PAN.
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Figure 5.18 Thermegrams of (a) PMAAg-PVDF/ PAN, (b) 1%NTiO,-PMAA-g-PVDF/

PAN, (C) 3%NTiO»-PMAA-g-PVDF/ PAN, (d) 5%NTiO,-PMAA-g-PVDF/ PAN & (d)

Derivative

heat.

ng rate 15 °C/ min

The initial step in the degradation of PMAAPVDF/ PAN membranewas in the

temperatur e

r ath g Advsight lossOf 8u% was absedved owing to water

loss and solvents used in the preparation of the PMAX/DF/ PAN membranether

researchey carried out TGA-FTIR studies and observetetformation of anhydriddike

structureqthe majority of which involve énembered ringsjowards the end of the first step

as confirmed by the shift in the carboxyl group from 1709 en1715 crit (Dubinskyet al.,

2004; McGaugh and Kottle, 1967Also observed was the loss of residual monombe

PMAA-g-PVDF/ PAN membraneas

stable up t edti®eddyinninGoftheh i ¢ h

second step of decompositioHere a major weight loss of 60 %as observed in the
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temperatur e r an.Jhis stage 0of dég@dation invdba@ decatboxylation

of anhydride structuresf the poly (methacrylic acid) chaimsleasing carbon dioxideading

to the formation of intermediates which later fedhother products such as ketenes, ketones
and unsaturated compoun@ervantedJc et al.,2006; Hoet al.,1992; Mauretet al.,1987%);

and decompositiorf the nitrile groups of poly (acrylonitrile) chaingith the release of
ammoniaand other productsThe last stage of PMAAJ-PVDF/ PAN decompositionvas
observed in the temperature r an §®&%.Atdigher’ C up
temperatures substantial decomposition of poly (methacrylic acid) chainedoesulting in

the formation of a largely aromatic charth phenol functionalities as well as metland
guaternary carbons (Fyfe and McKinnon, 19&B). the other handlecomposition of PVDF
chainsoccuedin this temperature rangeth hydrogen fluorideas the major product as well
the monomer and small amounts ofHgF; (Zulfigar et al., 1994). Beyond 325°C
degradation of the poly (acrylonitrile) chaialso transpire through fission of carbon bonds

linking the monomers.

Figure 5.19 shows thevariation of PMAA-g-PVDF PAN membrane decomposition
temperature as a function of inorganic filler-{MD,). The incorporation of nitrogen doped

titanium dioxide into PMAAg-PVDF/ PAN membranes impaxt on the stability of these
membranesnegatively. When 1 % NiO, was added to the PMA/PVDF/ PAN
membrane, alecreasdan the decomposition temperature was observed. PMAX/DF/

PAN membranes were st abl-TBO-RMAA-¢g-RVDRB PAN wasC whi |
st abl e u pAddition of3308BN-TiOcand 5 % NTiO, further reducd the thermal

stability of the PMAAg-PVDF/ PAN membrane with decomposition temperature ®f5 ° C

and 310 °C respectively.

156



322

320

318

316

314

312

Decomposition temperaturef °C

310

308
0 1 2 3 4 5 6

Amount of N-TiO, (wt %)

Figure5.19: Variation of PMAA-g-PVDF/ PAN decomposition temperature as a functibn

addedN-TiO,

Addition of inorganic fillers such as-NiO, noticeably has different effects depending on the
polymer in questionin the case of poly (vinylidene difluoridejembranesSection 5.4.5.1.)
adecreasén thermal stability was observed with the additioTi®,, yet in the case of poly
(acrylonitrile) membranes an increase in the thermal stability was observed with the addition
of N-TiO,. However, in the present case where three polymers combined PMAA-g-

PVDF/ PAN) a @écreasen thermal stabilitywasobservedvith the addition of NTiO,.
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5.5. Conclusion

Asymmetric polymeric membranes of PAN, PVDF, and PM&RVDF/ PANIloaded with 1

%, 3 % and 5 %N-TiO, were prepared via the dwyet phase inversion techniqeoeb

Sourirajan method). FIR and NMR analyses confirmed the successful grafting of poly
(methacrylic acid)chains onto poly (vinylidene difluoride). Tharepard membranes all
conformed to the asymmetric structure as confirmed by -@@s$onal view study via

scanning electron microscopy. Asymmetric membranes are characterized by a thin selective

top layer supported by a porous daper. Tensile strength analigsindicated that addition of
incremental amounts of-MiO; to the PAN, PVDF, and PMAA-PVDF/ PAN membranes

results ina reduction in tensile strength, elongation at break andythei n g’ s modul u
However, PMAAg-PVDF/ PAN membranes were least affecteccaspared to PAN and

PVDF membranesThermal aalysis of the three differéncomposition of membrane

revealed theivarying degree o$tabilitywhen heat ed f r olncreasihgtheC t o
amount to NTiO, was observed to bring about thermal stability in PAN membranes while it

had an opposite effect for PVDF and PMAAPVDF/ PAN membranes.
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CHAPTER 6

6. Evaluation of phote@atalytic properties of NiO,-
PMAA-g-PVDF/ PAN membranesith ozonolysis

6.1. Introduction

This chapter is on the evaluation of the phoatalytic properties ofnembrane supported
nitrogen doped titanium dioxiddifferent photecatalyst loadinggl %, 3 %, and 5 % N

TiO,) were supportedbn asymmetricmembrans of PVDF, PMAAg-PVDF/ PAN, and

PAN. The effect of photgatalyst loading was also investigated on the degradatiorgahic
pollutants inwater The nvestigation focused on three herbicides (bentaparaquatand
atrazine) that are commonly used imiagitural practicesvorldwide. The source of UMight

was a Camag lam(b0/ 60 Hz, 40 W) gaable of providing U¥Yss or UV3g6 Visible light
experiments were conducted using solar irradiat@@ronolysis was also evaluated on the
degradation of the threeefbicides alone, as well as in cohmation with membrane
supported NTiO,. The studyalsofocused on investigating the synergistic effect of titanium
dioxide photecatalysis and ozonatiod mighty ozone generator supplying ozone at a flow
rate of25 L/ min and concentration of 4 g/ was used in all ozonation experiment$ie

other part of the study focused on the removal of heavy metals from water using membrane
supported NTiO, photocatalyst. The model heavy metal pollutants investigated were lead
(Pb?") and iron (F&). All the experiments carried in this section utilized membrane disks
28.3 cm2 in size (diameter 6 cm), a temperature 0fC2%nd natural pH except in the case
where effects of pH are investigated. The adjustment of pH was done by addition of an acid

or a base to the experimental solutions in question.
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6.2. Photocatalytic performance of membrane supported N

TiO,

6.21. Effect of support material

The effect of using different polymer support materRYDF, PMAA-g-PVDF/ PAN and
PAN) on the effectiveness of-WiO, was investigated on the degradation of the herbicide
bentazonin water. The essence of using different polymmeaterials was to investigate the
robustness of each membrane material under ptaitdytic conditionsand also to establish
how much it interferes with the overall phaigidation processFigure 6.1 shows the
degradatiordataof bentazorover four cycksusinga fixed amount ophotccatalyst (1 %N-
TiO,) supported on PVDF, PMAA-PVDF/ PAN and PANmembrans. These experiments

were carried out under strict UV light irradiation.
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Figure 6.1: Bentazon degradation using (&YoN-TiO,-PVDF, (b) 1%NTiO,-PMAA-g-
PVDF/ PAN and (c) 1%MNiO,-PAN under U\4gslight irradiationat 25 ° C and
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The rate of bentazon phetegradation was quite low for all three phetdalysts (1 % N
TiO,-PVDF, 1 % NTiIO,-PMAA-g-PVDF/ PAN, and 1% N-TiO,-PAN) under strict UV

light irradiation. This is most probably due to the modification of titanium dioxide via doping
with nitrogen to shift its absorption band edge from being a strong UV light absorber towards
the visible regionAnother factor that could also have contributed to low removal efficiency
of the herbicide bentazon is the phatdalyst loading. The effect of phetatalyst loading

was investigated and presented separately in another section in this chbhptgihote
catalyst (NTiO,) supported on PMAAY-PVDF/ PAN membraneshowed the highest rate of
bentazon photaegradationover four cycles. A29.7 % percent removal efficiency of the
herbicide bentazon was achieved usingo N-TiO,-PMAA-g-PVDF/ PAN membrane, 24.5

% with 1 % N-TiO>-PAN membrane and 13.4 % with 1 %TNO,-PVDF membraneNo
deterioration was observed for the three sets of membranes after four cycles of photo
degradation experiment¥he findings of these experiments indicated that the most suitable
photo-catalyst support material was PMARAPVDF/ PAN; hence it was used in further

investigations.

6.22. Effect of photecatalyst loading

The effect of photecatalyst loading was imstigated on the degradation of bentazon under
both UV and visiblelight irradiation Asymmetric membranes of PMA&PVDF/ PAN were
loaded with incremental amounts of nitrogen doped titanium diokiggre 6.2 shows the
photodegradation profilesbtainedon the photedegradation of the herbicide bentazon under
UV light irradiation usingl % N-TiO,-PMAA-g-PVDF/ PAN, 3 % NTiO,-PMAA-g-PVDF/
PAN and 5 % NTiO,-PMAA-g-PVDF/ PAN.The initial concentration of herbicide bentazon
in water was 10 ppm, and it isedrly visible from the control of the experiment (d) that no

change in the concentrati@eccurredwhen the reaction vessel was kept in the darks is a
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clear indication that titanium dioxide modified or unmodified can only be activated by
photons of lignt of a specific wavelengtfenergy equal or greater than the band gap energy)
hence no photgatalysis transpires if the reaction vessel is kept in the (Hdr&n and Berk,
2014 Caoet al., 2014 Castroet al., 2009 Yuan et al., 2006; Kobayakawaet al., 2005.

Photedegradation of bentazon was observed with 1-%®b under UV light irradiation.
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(d)

10

Concentration/ ppm
<D

—o—1%N-Ti02
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Figure 6.2: Degradation of bentazon using (a) 19%MD, PMAA-g-PVDF/ PAN (b) 3%N
TiO, PMAA-g-PVDF/ PAN (c) 5%NTiO, PMAA-g-PVDF/ PANand (d) controat 25 ° C,

natural pH and strict U34g light irradiation

About 12 % of the herbicide was removed within 3 hours of exposure to IT#@Nohotc
catalyst. When the photmatalyst loading was increased from 1 %D, to 3 N-TiO, the
rate of bentazon photdegradation also increased (a@hd about 30 % of the herbicide

bentazon was degraded. This clearly indicates that increasing the concentration of the photo
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catalyst translates to an increased rate of ptlegradatn of the organic pollutant bentazon

in water.

However when the concentration of phetatalyst was increased to 5 % TND,, no
significant change in the rate of bentazon pla#gradation was observedhe most
probable explanation #hat this isdueto loss of surfacareaas the NTiO, nancparticles
begin to form lumps or agglomerates with each increment of gtadédyst powder.These
experiments were also carried out under sunlight. Figure 6.3 shows the degradation profiles

of bentazon obtaineahder both UV and visible light irradiation.
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Figure6.3: Degradation of bentazon under visible light using (a) 5%®,, (b) 3%NTiO,,
& (c) 1%N-TiO, and under strict UV light using (d) 5%NO,, (e) 3%NTiO,, (f) 1%N-

TiO,, & (g) controlsupported o®PMAA-g-PVDF/ PANat 25 ° C, natur al pH
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When the photalegradation of the herbicide bentazon was carried out under sualight
dramatic increase in the rate of phoegradation was observethis huge increase in the
rate ofphotodegradation is owed to the effect brought about by doping Wit nitrogen
(Quanet al.,2014;Khanand Berk 2014; Mungondorand Tichagwa2013; Nyamukambat

al., 2012 Castroet al.,2009. Nitrogen doping resudin the narrowing of the band gap of
TiO, (Ksibi et al.,2008; Jiagucet al.,2006. An herbicide degradation efficiency of 78.3 %
was observed within 3 hours using 1 %I'ND,-PMAA-g-PVDF/ PAN.Increasing the photo
catalyst loading to 3 % O, was observed to further increase the rate of bentazon-photo
degradation, resulting in a removal efficiency of 94.9 %. Nevertheless, when the photo
catalyst loading was increased to 5 %D, no significant change in the rabé bentazon
degradation washserved. This phenomenon was observed under both UV and visible light
irradiation. The findings of this study suggested that the optimum amoun{TeDNthat
could be incorporated into PMA&PVDF/ PAN membranes was 3 % TNO,. Increasing

the amount of is photecatalyst beyond 3 % NiO, appeared to be uneconomical since no
significant change in the rate of bentazon pkaegradation was observed. Tinest sensible
explanation is owed to surface area reduction caused by agglomeratioiGh Manc

particles.

In other studies Ag/ Rd@iO, photocatalyst supported on multtalled carbon nantubes
(MWCNT) were prepared via modified drymix metatorganic chemical vapour deposition
technique (MOCVD). The researchers varied titenia loading between 10 and 40 weight
%. They realized a 92 % removal efficiency of 50 mg/L methylene blue wdbpmsition of
2% Ag on 20% TIGMWCNT in 4 hourswith a photecatalyst loading ol g/ L (Hintshoet
al., 2014).You and ceworkers plasma graftedoly (acrylic acid)(PAA) onto commercial

poly (vinylidenedifluoride) (PVDF) to introduce functional groups tire membrane surface
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that ould supportTiO, nanoparticlesin their investigations, they achieved between%s0
and 42 % removal efficiency of 50 mb/aqueous reactive black 5 (RB&hder UV light
irradiation (Youet al.,2012) with a photecatalyst loading of 1.5 weight % T3OBosc and
co-workers prepared asymmetric ceramic membranes coated with anatasentdéide in

a bid to combine membrane separation and pbatalysed reactionfn their designgcolloids
and macromolecules ag retained by thesdective top layer whereas phetiegradation of
smaller organic molecules remaining in the permeats catered for through irradiation of
the oppositeside of the membrane with UV lightThey observed that the side of the
membrane in contact with the reception solution (methylene blue sol(iti)) remained
white under continuous UV light irradiatiomhey noticed thatdr the lowest concentrations
in the feed solution, MBvas completely destroyed as it arrivi@ the reception taniBoscet

al., 2005).

6.2.3. Effect odifferent organic pollutarst

The photedegradation efficiency 08 % N-TiO,-PMAA-g-PVDF/ PAN was evaluated on
the degradation of three different herbicides (bentazon, paraquat, and atrazine) in water.
Figure 6.4 shows thkerbicide removal efficiencprofiles obtainedRemoval efficiencies

were calculated using the following etjoa:

YO — PTTIP ., C e . (B.1)

Where RE is the removal efficiencyy S the initial concentration, and C is the concentration

at any given time.
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Figure 6.4: Removal efficiency of (a) atrazin€b) paraquat, and (c) bentazant 25 ° C,

natural pH undersolar irradiation

Experiments to evaluate the phategradation efficiency of three different herbicides
(bentazon, paraquat, and atrazimesre carried out in triplicate. The initiabncentration of

all three herbicides was 10 ppm and the evaluation period was 3 hours under visible light
irradiationwith a photecatalyst loading of 3 weight %6%.6 mg/m?) N-TiO, supported on
PMAA-g-PVDF/ PAN membranesThe photedegradation of the drbicide bentazon was
quite rapid, reaching a removal efficiency of 94.9 % in a period of 3 hours of exposure to N
TiO,. In other studies employing slurry TiQunder UV light irradiation, 99 % removal
efficiency of the herbicide bentazon was achieved per@od of 90 minutegPourataet al.,

2009) The differencebetween the two studias the fact that slurry Tipwas used in the

earlier studiesvhich obviously presead a larger surface area comparedheimmobilized
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TiO, in the current studyHowever, one of the aims of the current study was to produce
immobilized nitrogen doped TiQ to avert the problems associated with pesovery of
spend photeaatalyst from theagueous environmengeck and cavorkers also conducted a
comparative studgn the removal efficiency of the herbicide bentazon from water ssihg

gel preparednanaccrystalline TiQ materialand Degussa P2ommercial TiQ) under UV

light irradiation They achieved the most efficient removal of bentazon and its toxic

intermediates using narwystalline TiQ at pH 7.0 Secket al.,2012.

A paraquat removal efficiency of 49.2 % was attainsohg 3 % NTiO,-PMAA-g-PVDF/

PAN under visible lightirradiation while that for atrazine was as low as 16.6 %. The
differences in structural constitution of these three herbicides may be ascribed to the observed
differences in the rate of phettegradation. The most obvious reason deduced from the
findings of this investigation may be ascribed to the differences in the mechanisms cf photo
oxidation. The findings of this studifFig. 6.4) indicatedhat the herbicide bentazon was
more susceptible to phetixidation than paraquat and atrazine. Atrazine carobsidered to

be more recalcitrant followed by paragu@hese two herbicides proved to be more difficult

to remove from water, hence more time for complete mineralizegioncur Furman and co
workers studied the phottegradation of atrazine in surfasaters of the Columbia basin,
Washington. They achieved atrazine removal efficiencies of between 51 % and 80 % over
two days using a xenon lampurmanet al.,2013. Their findings also prowkthat atrazine is

a more recalcitrant organic pollutant thatjuged more exposure time to phetiegrade.
However, Yola and cworkers achieved an atrazine removal efficiency of 94 % in 70
minutes using titanium dioxide that was prepared using boron enrichment wast&EM)

(Yola et al.,2014).Cantavenera ancb-workers investigatethe photecatalytic degradation

of paraquat using polycrystalline Tiegussa P25 under near UV light irradiation. They
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achieved total removal of the herbicide in 3 hours with a pbatalyst loading of 0.4/d-
(Cantaveneraet al, 2007). This is a clear indication that unimmobilized Ji® more
effective tha immobilized TiQ, nevertheless, the goal is to avert problems associated with
photocatalyst postecovery.Another factor which comes into play is the limited amaoint
photo-catalystthat can be effectively blended or incorporated into the lonane without

compromising its structure and integrity.

6.2.4. Effect oppH on the photalegradation obrganic pollutants

The effect of pH on the phottegradation of organipollutants was investigatedhe
herbicides bentazon paraquat and atrazirveere used to establish the optimum pH for the
photodegradation proces3he photedegradation experiments were carried out under both
acidic and basic conditions (pH3, 7, 9).The pH was maintained using buffer systeiise
optimum photecatalyst loading (3 % NiO,-PMAA-g-PVDF/ PAN) was used in this
investigation under visible light irradiatiofrigures 6.5 to 6.7 show the phategradation
profiles obtained for the three hericies under acidic neutral and basicconditions

respectively.

Under acidic conditions, bentazon and atrazine show fairly high rates otgdgrtadation as
compared to paraquat. At low pH the surface eTi, is cationic hence favouring the
adsorption of bentazon and atrazine. Removal efficiencies of 83.9 % and 62.6 % were
observed for bentazon and atrazine respectively at pH 3.0. When pH was increased to 7.0, the
removal efficiencies of bentazon and atraziso increased to 90.1 % and 66.2 %

respectively.
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Figure6.5: Degradation of (a) bentazon, (b) atrazine, and (c) paraquat at p2b63@ under
solar irradiatiorusing3 % N-TiO,-PMAA-g-PVDF/ PAN
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Figure6.6: Degradation of (a) bentazon, (b) atrazine, and (c) paraquat at pH 72Q5undér C
solar irradiatiorusing3 % N-TiO,-PMAA-g-PVDF/ PAN
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Figure6.7: Degradation of (a) paraquat, (b) bentazm (c) atrazine at pH 9.0 2 ,5undérC

solar irradiatiorusing3 % N-TiO,-PMAA-g-PVDF/ PAN

Studies by other researchers also indicated that the pH of an agqueous environmeant plays
important role in the degradatiororganic pollutants. Surface chargad the size of
aggregates formed by the phatatalyst are dependent on the pH of the aqueous environment
(Seck et al., 2012; Singh et al., 2007; Haqueet al., 2006). At pH 3 paraquat removal
efficiency was gite low (16.7 %). At low pH paraquat is catiorhence its adsorption is
fairly low compared to bentazon and atrazil¢hen pH was increased to 9, a paraquat
removal efficiency of 79.3 % was observed. Under basic conditions the qditatgst surface

is negative, hence favouring the adsorption ofocéti species like paraquakt high pH the
concentration of the hydroxyl ions is quite high, thus recombination of eldntlerpairs is
minimized since hydroxyl ions act as ha@eavengersSorollaet al.,2012. This leads to an
increased rate of paraguphotedegradationOther researchers also investigated the photo

degradation of paraquat under acidic and basic conditions. The focus of their study was
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investigating the effectiveness of commercial Fi@egussa P25), homeade TiQ and
TiO,/ SBA-15. They observed thaparaquatremoval using TiO,/ SBA-15, which is
negativelychargedevenatvery low pH, was moreadvantageousince it does natall for pH
adjustmentof solution for @cient photooxidation of the herbicidg(Sorollaet al., 2012)
Under basic conditionghe rate photooxidation of bentazon and atrazindecreasd,
indicating that the optimum pH for their phetaidation is around pH 7.0n other studies,
high photedegradation rates of&hlorophenol were observed under high pH.§)l2ising a
TiO,/ UV system(Doonget al.,2001) This shows that adjusting the pH of a solution is very

critical in achieving high removal efficiency of organic pollutants in water.

6.2.5. TOC analysis of bentazon, atrazine and paraquat degradation

Total organic carbon (TOC) analygisulti N/C® 3100 TOC analyzerwas carried out on the
aliquots collected from the phottegradation of the herbicides bentazon, atrazine and
paraquat. The three herbicides were phaegraded with 3 % NiO,-PMAA-g-PVDF/ PAN
under solar irradiation. TOC analysis was carried owtskess the organic load sfinthetic
waterwith progression of photdegradation. Figure 8 shows the TOC profiles obtained for
bentazon, atrazine and paraquat. The TOC was detedndirectly using the expulsion
method, which involves initial removal of total inorganic carbon (TIC) through acidification

and expulsion.
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Figure6.8: TOC analysis of the photbegradation products of (Dentazon, (ii) atrazine, and

(iii) paraquata t 2 ratural @H, under sunlight usiBgo N-TiO,-PMAA-g-PVDF/ PAN

The degradation of bentazon is very rapid compared to atrazine and bentazon. A decrease in
the concentration of the three herbicides cqmess with the decrease in TOC over time.
However, atrazine and paraquat are more recalcitrant compared to bentazon, hence a slow
decrease in their concentration as well TOC was observed with the progression of the photo
degradation reaction. The TOC fitvetdegradation of bentazon was reduced by 95.5 % while

thosefor paraquat and atrazineevereduced by 67.9 % and 43.1 % respectively.

Cantaveneraand coeworkers also investigated changes in TOC for the degradation of
paraguat using Degussa P25 TiQhey achieved a almost complete disappearance of
paraguat and TOCith 0.4 g/ L TiQ within 3 hours of treatment. The experiments carried in

the dark with TiQ present and also in light with TiCGabsent showed no change in the

176



concentration of paraquat as well as TOC (Cantaveeierd., 2007). Liu and ceworkers
investigated the mineralization o2,4-dichlorophenol (2,4DCP) in water under UV
illumination usinga composite membrane with ¥ activated carbon filer(ACF) and TiQ
(FE’ TiOo/ ACF). They achieved 72 % TOC removal in 4 hours u§idl TiO./ ACF. They
observed thaACF addition and its adsorptiazapabilitiespromotd 2,4DCP mineralization

and TOC removgLui et al.,2009).

6.26. Kinetic study of herbicidphotodegradation

It is of paramount importance to know reaction rate kinetics since it dictates how fast
contaminants are degraded and whether reaction rate is pollutant dependent or pollutant
independent. Reaction kinetics of membrane supported {ohtdtyst are appardnt
dependent on theansport of pollutants and products to and fro the phatalyst which is
entrapped in the membrane structure. The btitke photodegradation reactions carried out

by TiO, photocaa | yt i ¢ me mb kfiar nseer kirteticprespeatigdeof the type of
pollutant(Lin et al.,2012;Romano<t al.,2012;Athanasekowet al.,2012;You et al.,2012;

Liu et al., 2012 Liao et al.,2012;Hu et al., 2011 Morris et al., 2004. This implies that
reaction rateis depenént solely on the concentration of the organic matf€he kinetic

studies were performed using data obtained from the glegoadation obentazon, atrazine

and paraquat with 3 % -NiO,-PMAA-g-PVDF/ PAN photec at al yti ¢ membr ane
natural pH, under sunlightradiation. The reaction kinetics plots obtained for bentazon,

atrazine and paraquat are showifigure 6.9.

Figure 69 shows that the photcatalytic degradation of the three herbicides (atrazine,
paraquat, and bentazon) corresponds to pséislarder reaction kinetics since it followed

the following relationship:
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In (C/ Go) =kt

Where G is the initial concentration, C is the concentration at a given timadk is the

apparent rate constant.
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Figure6.9: Kinetic analysis of (a) atrazine, (paraquat, and (c) bentazdagradation at 25 C

under solar irradiation using 3 % NO>-PMAA-g-PVDF/ PAN

The photedegradation of the three herbicides was carried out using 3STHONPMAA-g-

PVDF/ PANunder sunlightThe photedegradation of bentazon h#te highest rate constant

(1.49x10% minY), indicating a faster rate of pollutant phateidation, followed by paraquat

(3.38x10° min™) and lastly atrazinbada rate constant of 9.09x%enin™ indicating a much

slower rate of photoxidation. The data obtained for apparent rate constants and linear

correlation values for the three herbicides are displayelhbie 8. The plots of In C/Co)
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against time for atrazine, paraquat and bentazon are straight lines gxignplying that the
photodegradation othe three herbicideBtted as pseuddirst-order kinetics(Yola et al.,

2014;Sorollaet al.,2012;Pourateet al.,2009)

Table8: Type of pollutant, linear correlation coefficientjRalue and rate constant

Type of membrane Type of pollutant R° Rate constant
(min™)
3%N-TiO,-PMAA-g- Bentazon 0.9717 1.49x10°
PVDF/ PAN
Atrazine 0.9668 9.09x10"
Paraquat 0.9522 3.38x10°

The high coefficients of determination’#®.95)(Table8) yielded from the serdbgarithmic
plots of the concentration data for thkotodegradation of bentazon, paraquat and atrazine

signified agood fitto pseudefirst-order rate kinetics.

6.3. Removal obrganic pollutants via ozonolysis

The removal othe herbicides bentazon, paraquat and atrazine were also investigated using
ozonolysis.Aliquots that were collected were immediately treated with 0.005 M sodium

thiosulphate to quench any remaining ozone and prevent further reaction after sampling.

6.3.1. Effect of initial pollutant concentration

The degradation profiles obtainddr the degradation of bentazon using ozgfg) are

shown inFigures 6.10. The ozone was supplied at a constant rate while the concentration of
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bentazon was varied from 5 ppm to 15 ppm. The effectiveness of ozone degradation was
evaluated wittanincreasing concentration of bentazdmitially the removal rate of bentazon
was very fast, but subsequently became slow. When the initial concentfaientazon was
increased from 5 ppm to 10 ppm, a significdecreasan the removal efficiency of the

pollutant by ozone is observed (Figl®.

1R

09 -
08 - ——5 ppm bentazon

07 - —4—10 ppm bentazon

06 - 15 ppm bentazon

0.4 -
0.3 -

0.2 - @) (b) (c)
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Time/ min

Figure6.10: Ozone degradation of bentazon (a) 5 ppm, (b) 10 ppm{@rkb ppm at ozone

flow rate of 25 L/ min and concentration of 4 g/ hr.

The degradation profiles clearly showed that when the initial concentration of bentazon was
further to 15 ppm, there is decreasan the removal efficiency. At an initial bentazon
concentration of 5 ppm, a removal efficiency @45 % was achieved in 20 minutes of
treatment with ozone. Anitial bentazon concentrations @D ppmand 15 ppm, removal

efficiencies of 90.9 % and 86.7 % were achieved in 25 and 35 minutes respectively. It is
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expected thatat constant ozone concentratidiegradation ofan increasing amount of
bentazomresults in an increased amount of reaction tile results obtained revealed that

bentazon removal efficiency decreases with increasing pollutant concentration.

The effect of increasing initial organic pollutant removal via ozone degradation was further
investigated using two other herbicides (paraquet atrazine).The degradation profiles
obtained are shown in figures 6.4nd 6.2. The degradation profiles of paraguat showed
that the initial degradation of paraquat by ozone is very rdpitigradually slows down.
Increasing the initial paraquat com¢eation to 10 ppm and 15 ppm was observed to reduce
the removal efficiency of the pollutant via ozone degradatidre removal efficiencies
achieved with initial paraquat concentrations of 5 ppm, 10 ppm and 15 ppn7@&sen 30

minutes,38.9 % in 60 minutes and0.3 % in 80 minutes.

()
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0:3. =
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0.1 -
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Figure6.11. Ozone degradation of paraquat (a) 5 ppm, (b) 10 ppm and (c) 15 ppm at ozone

flow rate of 25 L/ min and concentration of 4 g/ hr.
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The profiles obtained for thegradation of atrazine using ozone are shown in figu A<l
observed for the degradation of bentazon and paraquat, the removal efficiency of atrazine

also decreases with increasing initial concentration of the pollutant.
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Figure6.12. Ozone degradation of atrazine (a) 5 ppm, (b) 10 ppm and (c) 15 ppm at ozone

flow rate of 25 L/ min and concentration of 4 g/ hr

The removal efficiencies obtained for the ozone degradation of 5 ppm, 10 ppm and 15 ppm
atraine were40.6 % in 20 minutes, 31.1 % in 40 minutes and 22.1 % in 80. Findings of this
study indicated that for all the three herbicide pollutants, increasing the initial pollutant
concentration result®n decreasedemoval efficiencyComplete degradatioof paraquat and
atrazine could not be achieved even after longer periods if treatment. This indicates that
paraquat and atrazine are resistant to ozonation possibly due ébetti®nwithdrawing

effect of the nitrogen atos) which make themolecules stable since the N at@mesist the
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removal of electronsin the case of atrazine, the electron withdrawing property of the
chloride atom also addgability to the molecule. The electron density on the ring is reduced
by the electrorwithdrawing chlorineatom hencedeactivaing it, such that ozone attack is

nucleophilic which is generally slow.

6.3.2. Removal of organic pollutants using/ M-TiO,-PMAA-g-

PVDF/ PAN system

The effectiveness of the 30N-TiO,-PMAA-g-PVDF/ PAN system was evaluated on the
degradation of the herbicides bentazon, paraquat and atrazine inFiguee6.13 shows the

degradation profiles obtained for the degradation of bentazon.

Bentazon concentration/ ppm

i —4—0zone (b)

——0zone-N-TiO2 (a)

0 5 10 15 20 25 30
Time/ min

Figure 6.13: Degradation of bentazon with (a)/G % N-TiO,-PMAA-g-PVDF/ PAN and

(b) Oz at ozone flow rate of 25 L/imand concentration of 4 g/ hr
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The degradation of bentazon was carried out under solar irradiation@giBg% N-TiO,-
PMAA-g-PVDF/ PAN system. The results obtained were compared to thoseeifitazon
degradation using ozon#law rate of 25 L/ min and concentration o®@D mg/ hr) alone.
The degradation of bentazon with ozone is very rapid achieving a removal efficier@ of 9
%. The combination obzone with 3 % NTIiO, was observed to imprevthe degradation of

bentazon, attaining a removal efficiency of 93.3 %.

The degradation of paraquat using thg¢ % NTIO,-PMAA-g-PVDF/ PAN system 45.2
% removal efficiency and ozone 33.9 % removal efficiengyalonealso yieldedsimilar
trends as observed in the degradation of bentazon. However, the degradation of paraquat is

much slowercompared to bentazon.

Paraquat concentration/ ppm

2 4 —e—0zone
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Figure6.14: Degradation of paraquat with (a¥@ % N-TiO,-PMAA-g-PVDF/ PANand (b)

Oz atozone flow rate of 25 L/ m and concentration of 4 g/ hr
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The degradatiomprofiles obtained foratrazineare shown in figure 651 The degradation
processgs quite slow, nevertheless combination of ozone with 3-%® was observed to
increase the degradation rate of atrazine. The removal efficiency of atrazine increased by 7.98
% when the @ 3 % NTIO,-PMAA-g-PVDF/ PAN systemwere employed compared to

using ozone alone.
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Atrazine concentration/ ppm
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=#—-0zone-N-Ti0O2

0 5 10 15 20 25 30 35 40 45
Time/ min

Figure6.15: Degradation of atrazine with (a8 % N-TiO>-PMAA-g-PVDF/ PANand (b)

Osat25 ° C, n a toaoneaflow rateHof 25 W/imtn And concentration of 4 g/ hr

The combination of Ti@photocatalysis withnorganic oxidants is known to leadggnergic
e f f e ertigejet @ (2010).Several reports mention that ozone is more easily reduced by a
photogenerated conduction band electron from ;led@mpared to oxygen, hence improving

hydroxyl radical production through prevention of generated trelec hole pair
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recombination as it scavenges electrewmilting in the formation of supexides(Ye et al.,
2009;Tizaouiet al.,2008;Gogate and Pandi2004;PeraTitus et al.,2004;Vogelpohlet al.,
2004;Akawatet al.,1999. Ye and ceworkersused the TiQ UV/ O3 system in the removal
of 4-chloronitrobenzene (€NB) from water.The researchersbserved that combination of
TiO,/ UV and Q greatly enhanced the rate éfchloronitrobenzeneemoval e et al.,
2009. Kim and ceworkers developed TiO; assisted reactor with improvedth UV light
penetrationTheyalsoobservedanimproved rate ofsopropyl atohol (IPA) photeoxidation
when they charged the solution with ozone migcubbles. Recentlysome researchers
investigated the degradation of formic acid using ozonation and -plegradation. They
discovered that the combination of ozonation phdtccatalysis synergistically enhanced
the removal efficiency of the pollutafarrinoet al.,2014) Cernigoj andco-workers2010
studied the effect of dissolved ozone or ferric ions on the pihegoadation of thiacloprid in
the presence of different Ty@atalystsThey observed that higher TiGurfacearea lead$o
increased synergieffect. However, increasing the phatatalyst loading did not have a
bearing on the degree of synergiywasdeduced that their findings supported the theory that

the synergy waa consequence of adsorption of ozone osuhiace ofTiO..

6.4.LC-MS analysis of bentazon degradation

The photedegradation of bentazamsing 3 % NTiO,-PMAA-g-PVDF/ PANwas followed

by LC-MS analysis to identify the bgroducts involvedand also to get an understanding of

the overall degradation proce4s$V-Vis spectroscopy gave an indicat of how many by

producs can be expected from the phategradation of bentazon (Fig. 6.18he UV-Vis

spectra show the changes in the absorption of the compounds present over time which gave
an idea of the disappearancetioé herbicide bentazon during the phdegradation process

using NTiO, photocatalyst
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Figure6.16: UV-Vis Absorption spectra for the phetiegradation of the herbicide bentazon

using3 % N-TiO,-PMAA-g-PVDF/ PAN

Figure 6.17 shows the @IS spectra obtained for the degradation of bentazon. The first
elutionspectrum (0 minutes) fer bentazon beforgeatment with NTiO, photo-catalyst and

the second one is for bentazon (240 minutes) after treatment witkdNphoto-catalyst.
Comparison of the two spectsaows that there is a new component eluting at 7.10 minutes,
andthefact that the M+1 peak eluting at 20.40 minutes kept on diminishing in size indicating
continuous breakdown of the herbicide bentaFagure 6.18 shows the elution spectra of the

six aliquots collected at fixed intervals during the phi¢gradatiorof bentazon. The spectra

are overlaid for comparison purpose to show the changes in intensities of certain peaks over
time. The componentat was elted at 7.10 minutes had a magsharge ratio of 226.1285,
suggesting bentazon parent molecule that has lost a nitrogenTatbl®9 shows the photo

products obtainedgtention times and spectral patterns.

187



(LRI
B & & ¥ B K K Lz 02 6L @ 4L 9L g vl EL I L oL B @8 & 3 § ¢ £ 7 |1 -
e T R —— = e i
. ﬂ. .___, " _ A 0L
; 96 W6 o da | g MUS[RY ace L e
. mmﬁ BrEL ULLlL wwﬁh i A BLTL HLL s BTG -
8181 rewl § L [ w0C z
gz G909 SLEL sy
y BEEE whur IBEL w‘
| IR B E L x5 =
| . | ! KED %14 w
ﬁ,ﬂ. Bz THEZ %02 m
0682 1 L
[17 s 1 11) [ ]
S vt eave W ore S20 | o
05z - %001
| BF = + SOOPFARS - [ | SpEums] (ML LPDR 0T Wed) Wi, peepsdian v
OO0 L7E = ZW HEs [+ Spihes, (1 oithuws] . 31 LPOY 102 Do A3AInG YOI @
LI N |
B2 B 2 ® R m 2 mm/r._ _H/m 21 % FLEL 2L WL 0L BN® ¢ 9 & ¥ £ 7 1 -
j.. i L - e == e
4 jﬁg_jit 4 | TFTATT * o
o Z00 | ane
. xoe H
.w_.._h__ H oLe o [ o W
| B0zl tead SFEL e wal savi Vi M vien sz LFE BFZ R
0p g ___.=: - X0 =
W
i e &
.r__-._.__u P X08
L F X0E
- %004

s - || spuaes] pa gl D LOZ Wl wng peplada | i
iy - || pdwes] pe L L LOE B S8AmG g i —

Figure 6.17: LC-MS spectra showing (a) elution time, and (b) intensities of components

eluted at specific elution timésm the degradation of bentazonder sunlight irradiation
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Figure 6.18. Elution time spectra obentazon photalegradation products with increasing

time of treatmentising 3 % NTiO,-PMAA-g-PVDF/ PAN
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Table9: Intermediate products formed during the phdégradation of bentazamsing3 %

N-TiO,-PMAA-g-PVDF/ PANa t  2uBdersu@light

m/z Possible structure Retention time (min) Fragment ions
O CHs
226.1285 7.10 194.3 176.1, 178.1
CHs
~ | ’I\I 0
<
N H/S\\
O

The peak at retention time 20.40inuteswas used to monitor the presence of bentazon
during the photalegradatiorprocesgFig. 6.19. The peak at m/z 241 had an initial intensity

of 1.8<10°, which was observed to decrease in intensity with progression of reaction
signifying the photadegradation of bentazon by theTNO, photocatalyst.LC-MS data is in
agreement wit UV-Vis absorption spectra which showed the accumulation of a single-photo

product/ intermediate witthe progression of the phetlegradation reaction.

Other researchsinvestigated the photdegradation of bentazon usiegl gel prepared Ti©

and commercial Ti@(Degussa P25) C-MS studies revealed the presence of three possible
transient intermediates with a mdescharge ratio of 255. The value was higher than that of
the parent molecule (m/z 241), but consistent with the hypothesissilygested the
formation of monehydroxylated productdNeverthelessthe fragmentation patterof these
three moleculepermittedthemto accuratelydeterminethe different positiorof the hydroxyl
group(Secket al.,2012. However,in this studyonly a shgle photeproduct was identified,

and was observed to accumulate with time.
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Figure6.19: LC-MS spectra of bentazon degradation followed through the peak at m/z 241
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6.5. Removal of heavy metals from water

The effect ofN-TiO, photocatalyst loading was evaluated on the removal of the heavy
metals lead (PB) and iron (F&) from water. The photoatalyst loading was varied between

1 % NTIO, and 3 % NTiO,. The support materials investigated w&A&N, PMAA-g-
PVDF/ PAN aml PVDF and the experiments were carried out under solar irradiation.

Experimental details are given in chapter 3-sebttion 3.5.3.

6.5.1. Effect of photecatalyst loadingand support materiabn the

removal of iron (F&)

Theremoval efficiencies obtainddr the removal of F& from synthetic wateare shown in
Figure 6.20 (i-iii). Using1 % N-TiO»-PAN photoecatalyst, 37.7 % removal efficiency of ¥e

was achievedFig 620 (i)).
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Figure6.20: Removal of F& from water using (i) NTiO»-PAN, (i) N-TiO»-PVDF, and (i)
N-TiO,-PMAA-g-PVDF/ PANat 25 ° C, natur al pH, under sun
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The heavy metal pollutant was renealvviaN-TiO, assisted reductiorNo precipitate was
observed at the bottom of the reaction vessel overwmmeh is also another indication that
removal of heavy metal did not proceed via preatmn The 1 % NTiO,-PVDF phote
catalyst achieved a slightly higher®teemoval efficiency (38.3 %) compared 1 %TNO.-
PAN (37.7 %). However, the highest removal efficiency was observed for 1-PON
PMAA-g-PVDF/ PAN photecatalyst(76.2 %). The findings of this study indicated that
PMAA-g-PVDF/ PAN membranes were the bsespport material for the photmtalyst N
TiO,. The most likely reason was increased adsorption Bfdrethe surface of the PMAA

g-PVDF/ PAN through interaction with the carboxylic acid moieties of the PMAA chains.

When the photaatalyst loading(N-TiO,) was increased on all three membrane support
material (PAN, PVDF, and PMAA-PVDF/ PAN), a sharp decrease in the removal
efficiencies of F& was observed. &.3 %decreasén Fe’* removal efficiency was observed

for 3 % N-TiO2-PAN, 7.9 % for 3 % NTIiO,-PVDF and 42.8 % for 3 % NiO,-PMAA-g-
PVDF/ PAN. The findings of this study indicated that increasing the concentration of the
photocatalyst negatively impacted the removal efficiencies of.Rdost likely when the
amount of photacatalyst loadingon the membranes increasedit interacts with more
binding sites on the polymer membranes hence reducing the binding sites that can interact
with the F&" ions This in turnleads to a reduced removal efficiency tife pollutant from
water. Howeverthis studyis not completely alluding to the fact that reduction in removal
efficiency of F&" ions from water with increasing phetatalyst loading is solely due to
reduction in binding sites, as other factors could also come into play. Increasing the photo
catalyst loading may lead to the agglomeration €Fi, photocatalyst, hence reducing the
surface area that is available for reactissmich may have contributed to reduced removal

efficiency for F&* ions from water.
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6.5.2. Effect of photecatalystloading and support material on the

removal of iron P&)

The removal of PH from waterwas alsoinvestigated using NiO, supported on PAN,
PVDF, and PMAAg-PVDF/ PAN membranes. The profiles obtained on the removal %f Pb
are shown irFigure 621 (i-iii). High removal efficiencies were achieved for the removal of
PK** ions from waterThe profiles obtained for the removal®lons from synthetic water
illustrated that the process is initially very rapid, but gradually slows down with progression
of reaction for all three photeoatalystsupport material combinationshe 1 % NTiO,-PAN
photocatalyst attained BE* removal eficiency of 90.5 %within 6 hours of treatment, while

1 % N-TiO-PMAA-g-PVDF/ PAN had a removal efficiency of 88.9 %, lastly 1 %0 i,-

PVDF with a removal efficiency of 86.9 %.
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Figure6.21: Removal of PB" from water using (i) NTiO,-PAN, (i) N-TiO,-PVDF, and (iii)

N-TiO,-PMAA-g-PVDF/ PANat 25 ° C, natur al p H, under sun
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Fairly high removal efficiencies were attained on the removal 6f Bhs from water as
compared to F& ions removal $ection 6.5.1). The performance of the three support
materials (PAN, PVDF and PMA&-PVDF/ PAN) on the removal Bbions from synthetic
water was closely matchetlowever PAN supportmaterial performed slightly better as
compared to PMAAG-PVDF/ PAN, unlike in the case of Fdons removal from synthetic

water where PMAAg-PVDF/ PAN supported attained the highest removal efficiency.

The effect of NTiO, photocatalyst loading was also investigated on the removal &f Pb
from synthetic water. The PAN, PVDF, and PMAAPVDF/ PAN membranes were loaded
with 3 % N-TiO, photocatalyst and evaluated on their’Pion removal efficienciesNo
significant change in Pbremoval efficiency was observed for 3 %TD.-PAN since it
remained around 90.3 %. Nevertheless, 3 %i0QL,-PVDF and 3 % NTiO,-PMAA-g-
PVDF/ PAN achieved 2.4 % and 1.55 % increasPlifi removal efficiencies respectively.
The findings of this study indicated that increasing the amoumt(¥ on the membrane
support material resulted in an increased’ Pémoval efficiency, unlike in the case of’Fe
(Section 6.5.1) where increasing the phetatalyst loading negatively impacted on the
removal efficiencyThe optimum amount of phowatalyst br the removal of P8 ions from
synthetic water was 1 %-NiO, on PAN membrane suppornother deduction from the
findings of this study was that efficiency of a support material on the remotta¢ studied
inorganic pollutarg was dependent on the type of heavy metal species in question;*for Fe
removal 1 % NTiO.-PMAA-g-PVDF/ PAN was the most effective, while for®bemoval 1

% N-TiO,-PAN was the most effective phetatalystsupport material combination.
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6.5.3. Effect ofpH on the removal of Béand P6*

The effect of pH was investigated on the removal of heavy metalsaPd F&" from
synthetic water. The pH was adjusted from low pH to hightpblugh the addition of acid or
basein order to establish the optimum @bt the removal of the two heavy metal ions from
synthetic water. Figure B2 shows the removal efficiencies obtained fof'Rind F&" ions.
The most suitable photmatalystsupport materiatombination wasised forthe removal of
either heavy metal iont % N-TiO»-PAN for P5* ions and 1 % NIiO,-PMAA-g-PVDF/

PAN for F€" ions.
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Figure6.22: Removal efficiencies for (a) Pband (b) F&" at various pHunder sunlight, at

25 °C

At low pH, the removal efficiencies of boft?* and F&" were very low; PB had an initial

removal efficiency 0f25.6 % while F& had an initial removal efficiency of 18.9 %. The
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removal efficiencies of Pb and F& ions from synthetic water gradually increased with
increasing pH. Around pH 6, a rapid increasePii” and F&" removal efficienciesvas
observed 79.9 % removal for PH and 56.8 % removal for Ee The removal efficiencies
reacled a peak at pH 8 wheneo further increase in the removal efficiencies was observed.
At the optimum pH 8, 98.9 % removal efficienmgs attained for P ions and 81.8 % for

Fe’* ions. The findings of this study indicated that the pH of the solution is very important as

it determines how much of the heavy metal ions can be removed from the agueous solution.
A more basic solution allowed the removal of a higher percentage of the heavy metal ions

while acid conditions hampered the removal of these heavy metal ions from water

It was reported in literature that titanium dioxide pho#talysis is capable of simultaneously
converting toxic heavy metaisto nontoxic ionic states and further reducing them into their
corresponding elemental form for metal recovery (Chetngl.,2010).1t was been reported
that metals of Ag(l), Cr(IV), Hg(ll) and Pt(ll) were easily treatadth TiO, of 0.1wt%
whereasit was not possible to remov@d(ll), Cu(ll) and Ni(ll) (Prairie et al., 1994. The
level of conversion forsuch metals antheir recoveryprocess argreatlydependent on the
standard reductiopotential of the metals for the reduction reactigys efficient removal of
the metals is achievable with a positive potential that is greater than 0.4 Vi©s flat band

potential (Kabraet.al.,2004 Herrmann, 1999).

6.6. Conclusion

The investigatiorwas carriedout to identify the most suitable support material foiT KD,
photocatalyst and thisrevealed that PMAA-PVDF/ PAN membrare were the most
appropriate matrix since they were observed toallow higher rates of pollutant pheto

degradation compared to PVDF and PAN membrafbs. investigation carried out on the
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effect of photecatalyst loading on the phoettegradation of the herbicideentazonn water
indicated that the optimummount of NTiO; that could be successfully immobilized on the
membranes investigated was 3 %. Increasingatheunt ofN-TiO, to 5 % was observed to
effect any significant change in the rate of pollutant plugtgradationAccumulation of the
N-TiO, within the membrane matrix could have resulted in the agglomeration of the nano
powders resulting in reduction of surface area that could be presented focatadysis. The
investigation carried out on the phategradation of three herbicides (bentazparaquat,

and atrazinejevealed that atrazine and paraquat were more recalcitrant, since they were very
slow to degrade when exposed to 3 W iN,-PMAA-g-PVDF/ PAN. Findings of this study

also indicated that solution pH played a very important roléehenphotedegradation of
organic pollutants in waterdigh removal efficiencies were achieved for bentazon and
atrazine between pH 3 and 7, whereas high pH (9.0) promoted higher removal efficiencies for
paraquat.The plots of In (C/ @ against time for atrazine, paraquat and bentazere
straight lines (Fig. 6.9), implying that the phategradation of the three herbicides fitted as
pseudefirst-order kinetics Studies carried out on the ozonolysis of bentazon showed a
decrease in theate of degradation with increasing pollutant concentration at a fixed
concentration of ozone supplihe use of the & 3 % N-TiO,-PMAA-g-PVDF/ PAN system

was observed to enhance organic pollutant removal efficiencyMEGtudies of bentazon
degradationindicated that there was accumulationao$ingle photeproduct/ intermediate

with m/z 226 over time.

Heavy metals P and F&" were removed from water via-NO, assisted reductiofThe

highest removal efficiency for Fewas achieved with 1 % {NiO,-PMAA-g-PVDF/ PAN

photocatalyst (76.2 %)while for PBE* removal 1 % NTiO,-PAN was the most effective
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photocatalyst 0.5 %). An increasingly basic environment promotes high removal

efficiencies for Pb" and F&".
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CHAPTER 7

7. Evaluation of antimicrobial properties of-NO,-
PMAA-g-PVDF/ PAN membranes

7.1. Introduction

This chapter is on the evaluation of antimicrobial properties of memgirafieF, PMAA-g-

PVDF/ PAN, and PAN supported NTiO, photocatalyst.The optimum amount of NiO,

that can be incorporated into theembranes was determinedGhapter 6. Hence evaluation

was carried out using membranes loaded with 1 % and 3 % nitrogen doped titanium dioxide
(N-TiOy). The antimicrobial studies were carried out on the removal or inactivation of
Escherichia coliATCC 8739 in water. The study focused on evaluating the effectiveness of
N-TiO, immobilized on different polymer support material with regard to microbial agent

removal.

7.2.Experimentaprocedure

7.2.1. Materials

The following materials were employed in the evaluation of antimicrobial properties of
membrane supported-lNO,: Nutrient agar (Merck, biolab), Nutrient broth (Merck, biolab),
sterile inoculating loops (Lasec, SA), 90 mm sterilized petri dishes (Yacheng Huida Medical

Instruments Co. LTD), Distilled water, aigcherichia colATCC 8739.
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7.2.2 Preparation of dcFarland turbidity standard

A McFarland 0.5 turbidity standard was used for all the antimicrobial experiments carried
out. The standard was prepared by mixintDOnL of a 1 % solution (w/v) of Baglwith

19.90 mL of a 1 % solution (v/v) of k8O, (McFarland, 1907; Murragt al., 2007). The
standard gave an absorbance of 0.08 abs units at a wavelength of 625 nm. The prepared
standard was then used to estimate bacterial densiti€s Goli ATCC 8739 in saline

solution by comparing absorbance. Talbeshows the approximate densities of organisms

for each McFarland standard.

Table 10: McFarland standards for visual/ spectrophotometric comparisons of bacterial

densities in saline or liquid growth medium

Standard 0.5 1 2 3 4

Approximate bacteria 1.5 3 6 9 12

density x 16 mL

7.2.3 Preparation of nutrient agar

The nutrient agar that was used in all the antimicrobial experiments carried out was prepared
by dissolving 31g of agar in one litre of distilled water. Aftgssolution, the solution was
sterilized by autoclaving at 121 °C. The nu

all owed to set. All the plates were then sto
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7.2.4. Preparation of nutrient broth

Nutrient broth was prepared by dissolving d®f the nutrient broth powder in one litre of
distilled water. After homogenizing, the sol

minutes. All the experiments were carried out using the sterifim&ent broth.

7.25. Culturing of Escherichia coli ATC8739

Escherichia coliATCC 8739 were transferred onto freshly prepared nutrient agar using a

sterile inoculating loopThe bacterial cells were spread by gently rubbingitieulating

loopont o the surface of the nutrient agar mat ¢
24 hours. After the incubation period tlRescherichia coliwere transferred into a saline

solution (0.85 % NaCl) using a sterilized loop to make up the 0.5 McFast@mtlard

containing approximately 1.5x3@rganisms. The standardized saline solution containing the

Escherichia colATCC 8739was then used in all the antimicrobial experiments carried out.

7.2.6. Antimicrobial experiments

All antimicrobial experiments were carried out under visible light irradiation evVakiation

of antimicrobial activity was carried out using sterilized 90 mm petri dighesluation was
carried out on (1 % and 3 %-NO,) nitrogen doped titanium dioxide [goorted on PVDF,
PMAA-g-PVDF/ PAN and PAN membraneA total of six membranes were evaluatEdch
membrane was cut indisc fArea= 28.3 cnf) and placed into a steriliz& mm petri dish.
Twenty millilitres of autoclaved nutrient broth were added to each of the petri dishes holding
the membrane<. coli ATCC 8739 (0.1 mL) were then inoculated into each petri while
stirring to homogenize. All the petri dishes were coveredl then exposed to sunlight to

allow activation of thenitrogen doped titanium dioxide {WNiO,). The control of the
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experiment involved the use of the three membranes without afy)Non them.These
three vesselsvere also inoculated with 0.1 mL &. col ATCC 8739and exposed to the
same conditions as the other petri disHegery 30 minutes swabs were taken from each
reacton vessel and ptaed on the freshly prepared nutrient agar plates.séhep was leftor

3 hoursand results collected iduplicate All the plates were labelled and then placed in a

Cocono incubator operating at 37 °C for 24

7.3. Results and discussion

This section presents the results obtained from the antimicrobial evalwhtipolymeric

membrane supported nitrageoped titanium dioxide.

7.3.1. Inactivation oE. coliATCC 8739

The profiles obtained for the phetatalytic inactivation oE. coli ATCC 8739using poly
(acrylonitrile) supported nitrogen doped titanium dioxideT(ii®,-PAN) are showrFigure

7.1. Theessence of this work was to evaluate the effect of support material as well as the
photo-catalyst loading on the bacterial inactivatidh ¢oli ATCC 8739) The investigation
involved three sets of membranes (PAN, 1 WiN,-PAN and 3 % NTiO,-PAN). The
control {PAN membrane (¢)of the experiment clearly indicates that in the absence-of N
TiO, there is no inhibition oE. coli ATCC 8739. Hence a steady increase in the number of
E. coliATCC 8739 colony forming unit€CFU) was observed over timA.sharp decline in

the numberE. coli ATCC 8739 colony forming units was observed in the case of 1-% N
TiO,-PAN membrane. Initial CFU count after 30 minutes of exposure indicates a CFU of
214 However, when exposure time was increased to 60 minutes, theentCFU was

reduced to approximately half (103 CFU). After 90 minutes of exposureT®ONPAN
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under solar irradiation the numbe&r coli ATCC 8739 CFU hadlecreasd to 23.Total
inactivation ofE. coli ATCC 8739 bacterial cells was achieved with an exposure period of

120 minutes.

350 +

300 -

250 - ©

200 -
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(b) ——-3%N-Ti0O2-PAN

100 - Control
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Time/ min

Figure 7.1: Photocatalytic inactivation oE. coli ATCC 8739 under visible light using (a)

3%N-TiO,-PAN, (b) 1%NTiO,-PAN and (c)control

The effect of increasing the-lNO, photo-catalyst loading can be seen from the inactivation
profile of 3 % NTIO,-PAN (a) onE. coli ATCC 8739.The growth rate oE. coli ATCC

8739 is very low under a higher dose of the phuattalyst as witnessed from the initial CFU
count of 70. Exposure for 60 minutes further reduces the CFU count to 51. After 90 minutes

of the E. coli ATCC 8739 had been reduced 3¢ CFU, a value sligly higher than that
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obtained for 1 % NTIiO,-PAN after the same period of exposure. Beyond 120 minutes almost

all of the E. coli ATCC 8739 bacterial cells had been inactivated.

The inactivation profiles oE. coli ATCC 8739 obtained using -WiO, supported on poly

(vinylidene difluoride) (PVDF) are shown in figure 7.2.
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2
S 150 - —+—1%N-Ti02-PVDF
(o))
s
) - 3%N-Ti02-PVDF
O
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3
O
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0 ‘ ‘ 3 | ‘
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Figure 7.2: Photocatalytic inactivation oE. coli ATCC 8739 under visible light using (a)

3%N-TiO,-PVDF, (b) 1%NTiO,-PVDF and (c) control

Increasing the photoatalyst loading from 1 % HiO, to 3 % NTIO, noticeably has a
profound effect on the inactivation &. coli ATCC 8739 in waterUsing 3 % NTIO;
allowed the reduction d&. coliATCC 8739 colonies by 64 % within 60 minutes of exposure

as opposed to 38 % reduction of colonies when using 1-T4O for the same period of
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exposure. Nevertheless, all tle coli ATCC 8739 bacterial cells had been inactivated

beyond120 minutes of expsure to NTiO,-PVDF under solar irradiation.

Figure 7.3 shows the inactivation profilesE&fcoli ATCC 8739 using NTIiO, supported on
poly (methacrylic acid) grafted onto poly (vinylidene difluoride) and blended with poly

(acrylonitrile).

300 -

250 -
. 200 -
=)
(1N ~
e (c)
()]
e 150 - .
© —o—1%N-TiO2-PMAA-g-PVDF/ PAN
O
O
l;_ ——3%N-Ti0O2-PMAA-g-PVDF/ PAN
% 100 -
o Control
i

50 -

0 ‘ , = | ‘
0 50 100 150 200
Time/ min

Figure 7.3: Photocatalytic inactivation oE. coli ATCC 8739 under visible light using (a)

3%N-TiO-PMAA-g-PVDF/ PAN, (b) 1%NTiO,-PMAA-g-PVDF/ PAN and (c) control

Increasing the amount of-WNO, photocatalyston the support material (that is PMAGRA
PVDF/ PAN) definitely increases the rate of bacterial inactivat®noleserved in the casé

N-TiO.-PAN and NTiO,-PVDF. This studyestablishedhat for allthree different polymeric
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membrane support material fNFTIO,, increasing the amount of phetatalyst translates to
increased rate of bacterial inactivation. However, studies in sebtbd indicated that
increasingthe amount of NTiO, reduces the tensile strength, elongation at break and the
y oun g’ siswmchcanrpromises the integrity of the membrane and durabiiitglings

of this study revealed that inactivation Bf coli ATCC 8739 occurs fastest when using N
TiO, supported on the novel PMA&PVDF/ PAN membranes prepared (Fig. 7fé)lowed

by N-TiO,-PAN and lastly NTiO,-PVDF.
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Figure 7.4: Photocatalytic inactivation oE. coli ATCC 8739 under visible light using (a)

3%N-TiO-PMAA-g-PVDF/ PAN, (b) 3%NTiO,-PAN, and (c) 3%NTiO,-PVDF

Figures 7.5, 7.6 and 7.7 show the image& . otoli ATCC 8739 growing on nutrient agar

plates after exposure to 1 % and 3 941, supported on PAN, PVDF and PMA&PVDF/
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PAN membranesThese images all complement the information pravidg the inactivation

profiles ofE. coliATCC 8739 (Fig. 7.47.3).

(b (1)
Figure 7.5: Images ofE. coli ATCC 8739 treated with (a) 1%NiO,-PAN, and (b) 3%N

TiO.-PAN, (i) 30 minutes, (ii) 60 minutes, (iii) 90 minutes, and (iv) 120 minutes

Figure7.6: Images ofE. coli ATCC 8739 treated with (c) 1%NiO,-PVDF, and (d) 3%N

TiO,-PVDF, (i) 30 minutes, (ii) 60 minutes, (iii) 90 minutes, and (iv) 120 minutes
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Figure7.7: Images ofE. coliATCC 8739 treated with (c) 1%NiO,-PMAA-g-PVDF/ PAN,
and (d) 3%NTiO,-PMAA-g-PVDF/ PAN (i) 30 minutes, (ii)) 60 minutes, (iii) 90 minutes,

and (iv) 120 minutes

All the sets of images show a decrease in the number of coloriesai ATCC 8739 with

the progression of time from 30 minutes of exposure to 120 minutegher studies, the
effectiveness of platinum, carbon and nitrogen doped commercial powders were investigated
on the inactivation oE. coli ATCC 8739. These experiments were carried out under visible
light and U\light. They noticed a reduction in bacterial colony count to @Biog with a
photocatalyst load of 4.2 g PtTiO, within a period of two hoursf fluorescent light
exposureHowever, their GTiO, showed lower antimicrobial activitypwardsk. coli ATCC
8739 inactivation (1.2+0.2 log) (Caballeet al., 2014). In literature other researchers
investigated the antimicrobial properties of apatatedtitanium dioxide photecatalyst on

the inactivation of bacteriaS(aphylococcus aureus, Escherichia ciethicillin-resistant
Saphylococcus aureus, amdicrococcus luteususing black ligh{ultra-violet light), visible

light and dark conditionsThey observed a decrease in the number of viable bacteria with
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increasing irradiation time up to 24 houiBhey found black light irradiation to be more
effective on bacterial cell inactivation as opposed to visible light and dark conditions. Their
findings sugested that apatite coated titanium dioxide passestimicrobial activity under

both black and visible light irradiatioiKéngwansupamonkoet al.,2009).

7.4. Conclusion

The results obtained from this investigation indicated that increasinghbescatalyst
loading (NTIOy) translates to an increased rate Eof coli ATCC 8739 inactivation. As
observed for all three sets of membrar(®AN, PVDF and PMAAg-PVDF/ PAN)
incorporated with NTiO, photocatalyst, when the catalyst loading was increased from 1 %
N-TiO, to 3% N-TiO; the rate of bacterial cell inactivation also increaddu: three polymer
materiat allowed inactivation oE. coli ATCC 8739 in a reasonable amount of time (120
minuteg that is the antimicrobial capabilities of -NO, were not hindered by its
incorporation into support material. Hewer, there was an indication from the results
obtained that NI'O, supported on PMAAY-PVDF/ PANshowed higher inactivation rate of

E. coliATCC 8739 compared to-WiO,-PAN and NTiO,-PVDF membranes.
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CHAPTER 8

8. Evaluation of antouling properties of NTIO,-
PMAA-g-PVDF/ PAN membranes

8.1. Introduction

This chapter is on thevaluation of the filtration capacity asymmetric membran€BVDF,
PMAA-g-PVDF/ PAN, and PANIoaded with (1 %, 3 %, and 5 %jtrogen doped titanium
dioxide (N-TiO,) as well as their antifouling propertieShe objective of this part of the
experimentsvas to assess thgerformance of the modified membranes on protein fouling.
The filtration studies were carried on the filtration of bovine serum alb@whet-U-Ed, My,

67 000)solution in order to compariae protein fouling on the unmodified and modified

membranes.

8.2.Experimental

8.2.1. Materials

The following materials were employed for this part of the stugtwine serum albumin
(BSA) (Met-U-Ed, M, 67 000) Sodium dihydrogen phosphate (N&@), disodium

hydrogen phosphate (M4PQOy), and deionizeavater.

8.22. Protein staticdsorption tests

Proteinstatic adsorption tests were carried out to investigate the protein resistant property of
N-TiO, modified asymmetric membranes of PAN, PVDF, and PMARVDF/ PAN. The
concentration of the BSA solution used in the investigation was 1 mg/ mL, which was
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prepared by dissolving BSA flakes in 0.1 M phosphate buffer solution (PBS) at pEacht.

of the membranes was cut into acf x 3 cm piece, which was immersed inebath
containing 1 mg/ mL BSA solution for a period of 6 hours. Changes in concentration of the
BSA solution were measuret a wavelength of 280 nuomssing a Perkin ElImer Lambda 25
UV/ Vis spectrophotometeilhe static saturated adsorption capacities wel@ileded from

the resulting data using equati(@l):

Wh e r e hestatic adsdrption capacity gimcnf), o, and g are the BSA concentrations

before and after equilibrium respectivedynd A is the membrane surface area.

8.2.3. Filtration studies

The protein adsorption resistance of thdi®, modified asymmetric membranes of PAN,

PVDF, and PMAAg-PVDF/ PAN was investigated by carrying out pure water filtratiors test

as well BSA filtration testsThe filtration experiments were carried out using a homaee

setup consisting of a filtration cell with a perfded surface that supports a disc shaped
membrane§ cm diameteryith area28.3 cnf, a pressure gauge, and auum pumpThe

filtration cell used was a dead end filtration cell, with graduations to allow measurement of
permeate volume. The feed solution was continuously stiwik a constant temperature of

25 ° C. The filtrati on pifoeal she experinveatscarmed ouht ai n
The membrane was fixed in place and reservoir filled with deionized water. The flux of pure

water Jw was then determined using equaii@n
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Wherely is the purewater flux(L/ m?h), U is the permeate voluni&), 6 is the surface area
of the membraném? , At i s .Proteie filttaiomexpeiintemts) were then carried out
using 1 mg/ mL BSA solutionsand the protein solution fluxJ{) determined.The BSA

rejection ratio was then calculated using equation 8.3:

Where R is the rejection ratio (% andC, are the concentratior{gng/ mL) of BSA in the
feed and permeate respectivebfter protein filtration experiments the membranes were
washed with deionized water and then pure water filtration experiments carriagaiutto
determine the pure water fludg). The water flux recovery was investigated through
comparison of the values dfy, Jo, andJg. The relative flux reductiofRFR) and the flux

recovery ratiFRR)were calculated using the following equationg @nd 8.5):

2&2 p — PTTP.ii e (8.4)

&2 2 — PTTR . e (8

(Cruzet al.,2014;MorihamaandMierzwa, 2014; Zhanget al.,2012; Faret al.,2012 You et
al., 2012;Hu et al.,2011;Yi et al.,2011;Zhanget al.,2008; Boscet al.,2005 Khayet al.,

2002
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8.3. Results and discussion

8.3.1. Protein static adsorption tests

The effect of the amount of inorganic filler {NO,) on the resistance of PAN, PVDF, and
PMAA-g-PVDF/ PAN membranes to adsorb BSA on their surfacesimaestigated. The
amount of inorganic filler was increased from 1 % up to 5 % and the trends in BSA

adsorption monitored (Fig. 8.1).

1 M
a

R~ (&)

0.8 —= s
= (c)
5 0.7
2 07-
5 06 -
m
[
C
S
B 04-
k=
(<]
@ 03 ——N-TiO2-PVDF
[=]
(&)

024 _gN-TiO2-PAN

01 -

N-Ti02-PMAA-g-PVDF/ PAN
O T T T T T |
0 1 2 3 4 5 6
Amount of N-TiO,/ %

Figure8.1: BSA adsorption Vs. NiO; inorganic filler loading for (a) PVDF, (b) PAN, and

(c) PMAA-g-PVDF/ PAN membranes

The amount of BSA adsorbed by pristine PVDF memizaras 0.14 mgmL in a period of
6 hours, however, decreasén the amount of protein adsorbed is observed with the addition

of incremental amounts of -NMiO, nanepowders. With 5 % NIiO,, no BSA adsorption
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occurred on the surface of PVDF membrarisstine PAN membrandsad an initial BSA
adsorption 0f0.11 mg mL, and this value was lower than that obtained for pristine PVDF
membranes. Nevertheless, an opposite effect is observed for BSA adsorption onto the surface
of PAN membranes with the addition of NO,. A gradual increase in the amount of BSA
adsorbed ont® AN membrane surface was observed for the PAN membranes, unlike in the
case of PVDF membrane where BSA adsorption was reduced with increasiig,.N
PMAA-g-PVDF/ PAN membranes had an initial BSA adsorption of 0.14 mig which
compares to that of PVDF mibranes. Howevean increase in the amount of BSA adsorbed

was observed with the addition of 1 %TND,. Further increase in the amount of\O, up

to 3 % and 5 % brings about a gradual decrease in the amount of BSA adsorbed as can be

seen fronfigure8.1

The proteinstatic saturated adsorption capaciidsainedfor the membranes PAN, PVDF,

and PMAAg-PVDF/ PANare shown in tabl&l.

Table 11: Protein static saturation adsorption capacities for PAN, PVDF,RMMAA-g-

PVDF/ PAN membranes blended with 1 % to 5 Y9,

n mg/ cnf)
Membrane 0 % NTiO, 1% N-TIO, 3 % NTIiO, 5% NTIiO,
PVDF 0.014 0.011 0.00085 0.000
PAN 0.012 0.016 0.018 0.019
PMAA-g-PVDF/ PAN 0.016 0.022 0.021 0.019
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The data give an indication of how much BSAvas adsorbed by the PAN, PVDF, and
PMAA-g-PVDF/ PAN membranes per square centimeter of membrane surfecéndings

from literature indicated that protein static adsorption is highly dependent on the surface
chemistry of te membrane. It was observed that hydroxyl groups form a large hydration
layer through hydrogen and polar interactions which contributes to a high hydrophobicity
(Leonget al., 2014; Fanet al., 2012;Li et al., 2009 Zhanget al., 2008. Zhang and co
workers reported thahé content of Ti@had significant effects on the performance of hybrid
membranes through promoton of hydrophilicity and permeabilitythus enhaning the
antifouling abilityof the hybrid membrang@hanget al.,2012. Pristine PVDF membranes

are highly hydrophobicYou et al., 2012, hence they exhibited a very high protein static
adsorption capacity (0.014 mg/ ®mModifying PVDF with NTiO, imparts hydrophilicity

onto the membrane surface, hence the realieectinuous decrease in protein static
adsorption capacity with increasing amount eT i, (Table9). Grafting PMAA onto PVDF
known to bring about hydrophilicityhowever, the protein static adsorption capacity for N
TiO,-PMAA-g-PVDF/ PAN initially increased, then started decreasing gradudlaple 9).

The protein static adsorption capacity of PAN membranes was also observed to increase with
increasing amount of NiO; nevertheless it was much lower than that of PM&RVDF/

PAN.

8.3.2.Filtration tests

Filtration experiments were carried out oRTND, entrapped PAN, PVDF, and PMAg&:
PVDF/ PAN asymmetric membranes to assess their antifouling propefiadsde 12
summarizes the filtration data obtained for PAN membranes modified wilfONnanc
powders in a bid to improve water flukrough enhancing hydrophilicitend also to

minimize membrane surface fouling.
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Table 12: Flux, proteinrejection ratio, relative flux reduction and flux recovery ratio for

PAN, 1 % NTiO»-PAN, and 3 % NTIiO,-PAN asymmetric membranes

L/m°h %
Membrane Jw Jp N R RFR FRR
PAN 73.85 17.94 49.01 64.0 75.7 66.4
1% NTiO,-PAN 239.05 28.47 238.95 73.1 88.1 99.9
3% N-TiO-PAN 183.65 18.66 140.93 69.7 89.8 76.7

Pristine PAN membranes had an initial water flux of 73.85°h/which is quite low.PAN
membranes are relatively hydrophilic and stgBleharnagl and Buschatz, 200though they

still suffer from significant fouling which calls for modification to improve thiuling
resistance (Asatekiet al., 2007 Hilal et al., 2005; Gooseret al., 2004; Marshallet al.,
1993. When PAN membranesesemodified with 1 % NTiO,, the pure water flux increased
three fold (239.05 L/Ah). Nevertheless, further increase in the amount of inorganic filler to 3
% did not realize further increase in pure water flux, but a decrease to 183.86 L/m
However the pure waterflux for 3 % NTiO,-PAN was still higher than that obtained for
pristine PAN membranes (Tablg). Addition of excessive amounts of inorganic filler is
believed to cause clogging of membrane pores hence ultimately reducing the pure water flux
(Cruz et al.,2014) The PAN membrane had a very low flux (17.94 tnfor 1 mg/ mL

BSA solution filtration, which increased to 28.47 Efmafter modification with 1 % NiO,
powders.The trends in protein rejection (BSA) also follow those obtained for pure water flux
in tha a higher BSA rejection (73.1 %) was realized after modification of PAN membranes
with 1 % N-TiO, and that further increase in-NO; to 3 % did not translate to a further

increase in BSA rejectiorfTable 12). After BSA solution filtration, membranes were
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thoroughly washed with pure water which resulted in a pure water flux recoveries of 66.4 %,
99.9 %, and 76.7 % for PANL % NTIO,-PAN, and 3 % NTiO,-PAN membranes
respectively. However, 3 %-NiO,-PAN membrae had the highest relative fluxdegction
(Table 12). Filtration experiments were also carried out on PM&RVDF/ PAN

membranes and the results are shown in THhle

Table 13: Flux, protein rejection ratio, relative fluseduction and flux recovery ratio for
PMAA-g-PVDF/ PAN, 1 % NTiO,-PMAA-g-PVDF/ PAN, and 3 % NiO,-PMAA-g-

PVDF/ PAN asymmetric membranes

L/m?h %

Membrane NYY Jp Jr R RFR FRR
PMAA-g-PVDF/ 95.85 36.26 85.45 71.4 62.2 89.2
PAN

1% N-TiO,- 421.83 44.89 263.66 76.5 89.4 62.5
PMAA-g-PVDF/

PAN

3% N-TiO»- 170.55 41.08 96.39 78.0 75.9 56.5
PMAA-g-PVDF/

PAN

The initial pure water flux for PMAA-PVDF/ PAN was higher than that obtained for PAN
(Table 12) and PVDF(Table 14) menbranes The high flux can be attributed to grafting of
PMAA chains to the PVDF backbone impart hydrophilicity into the membrandsan and
cowor ker p-gllecgnalacteng mdadified poly (sulfone) membranes (B8 to
impart hydrophilicity. Findings from proteiadsorption and filtration studies revealed that the
modified PSF membranes had improved hydrophilicity andpaotein adsorption properties

(Fanet al.,2012). The PMAA chainsdo not only enhance the hydrophilicitgf the PVDF
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membrans, but alsosterichindrance suppressgsotein adsorptiomn the membranesurface
(Heet al.,2010; Weiet al.,2000).The blending of PMAAg-PVDF/ PAN membranes with 1

% N-TiO, further increased the membrane hydrophilicity resulting in a 4 fold increase in the
purewater flux However, increasing the amount of entrappedi®, resulted in a decrease

in the pure water flux170.55 L/nth) of the PMAAg-PVDF/ PAN membranesThis could

have resulted from the clogging tie membrane pores by-NO, nancparticles. The
highest BSA rejection was observed for 3 %TIi®,-PMAA-g-PVDF/ PAN membranes
(78.0 %). This was in agreement with protein static adsorption restith showed a
gradual decrease in BSA fouling with increasing amount-3i®b. During1l mg/ mL BSA
solution filtration, the water flux for PMAA)-PVDF/ PAN membranes dropped to 36.26
L/m?h due to fouling. However, after thorough washing of the membranes with pure water,
an 89.2 % pure water flux recovery was observed for the same membhnenelative flux

reduction was a bit high for 1 %-NO,-PMAA-g-PVDF/ PAN membranes (89.4 %).

Table 14 shows the data obtained from the filtration studies carried out-drOpimodified

PVDF asymmetric membranes. Generally PVDF membranes presented very low fluxes
during pure water fitation. The explanatoncanbeound i n the structure
supporting porous sdlayer which is spongdike, as opposed to that of RAand PMAA(Q-

PVDF/ PAN membranes which exhibit fingdte micro-voids which perhaps allow much

higher water flux.Blending of PVDF membranes with 1 % TNO, was observed to bring

about a 24.8 % iprovement in pure water flux. Further increase in the amoliiN-TiO,

entrapped in the PVDF membrane matrix was observed to reduce the pure water flux by 15.9
%. Calculations carried out indicated th€tTiO,-PVDF membranes however maintained

considerably higher BSA rejection ratios (Taldl4) compared to PANTable 12)and
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PMAA-g-PVDF/ PAN(Table 13)membranes, owing to the fine structure of the thin selective
layer of the membrane.
Table 14: Flux, Protein rejection ratio, Relative flux reduction and flux recovetip for

PVDF, 1 % NTiO,-PVDF, and 3 % NTiO,-PVDF asymmetric membranes

L/m°h %
Membrane Jw Jp R R RFR FRR
PVDF 30.90 16.10 26.00 496 47.2 85.3
1 % N-TIiO,- 38.07 17.69 33.3% 81.6 53.5 87.6
PVDF
3% N-TiO»- 25.64 14.35 25.64 77.7 46.3 95.9
PVDF

Protein static adsorption tegi&able11) also support the high BSA rejection observedNer

TiO, modified PVDF membranes

8.4. Conclusion

It is desired for a membrane to have high foulmgistance;however optimization of
membrane properties is of utmost importance for superior performance and durblhdity.
% N-TiO,-PMAA-g-PVDF/ PAN membranes gave the highest pure water #fX1.83
L/m?h). This increase in pure water flux is owed to PMAA graftas well as addition of N
TiO,. These modifications resulted in an increased membrane surface hydrophilicity, which
promoted permeation of pure water through the membrane struthadigh BSA rejection

(76.5 %) can be attributed to steric hindranceught about by PMAA side chains which
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prevented the bulky BSA molecules from attaching to the membrane surface. Hawever
supporting porous sullayer of an asymmetric membrane plays a very important role in the
overall permeability of a membranas obsrved in the case of PVDF membranes. PVDF
membranes have a sporge supporting porous sdlayer as opposed to PAN and PMAA
g-PVDF/ PAN membranes which presented finjleg micro-voids in the porous sulayer.

The spongéike sublayer of PVYDF membranesaused resistance to pure water flow resulted
in the observetbw pure water fluxes. The essence of modifying membranes was to optimise
their overall performance which water achieved through grafting and addition of inorganic
powders. The 1 % NiO,-PAN membranes performed better than the PVDF membranes,
presenting a pure water flux 889.05L/m?h as opposed t88.07 L/m?h for 1 % NTiO,-

PVDF membranes.
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CHAPTER 9

9. Conclusions and recommendations

9.1.Conclusions

Nitrogen doped titanium dioxide naparticles were successfully prepared via sol gel
synthesisAmmonia was used as the source of nitrogeiIR, SXPS,and XRD analyses
confirmed that the pregared nangowders were anatase phase nitrogen doped titanium
dioxide. The product was capable of absorbing visible light as confirmed by diffuse

reflectance spectroscopy.

The essence of the study waspi@pare a suitable support membrane material tigh
photo-catalytic propertiesvhich also served as an ultrafiltration media. Poly (acrylonitrile)
and poly (vinylidene difluoride) membranes have been prepared and stédiedvel
asymmetric membranghich combined the properties of both PAN and PVDE waepared.
The membrane was prepared tha dry-wet phase inversion techniquhe membrane was
constitutedof PVDF backbone with poly (methacrylic acid) side chains that were grafted on
through RAFT polymerization. This membrane was then blended with, RAd varying
amounts of the NiO, photocatalyst powder. FIR, NMR, and SEManalysis confirmed
successful preparation of PMA&PVDF/ PAN asymmetric membraneBensile strength
measurements showed that there was a decrease in tensile strengticre@sing amounts
of N-TiO, powders entrapped within the membrane matrix. However, P AADF/ PAN

membranes were least affected as compared to PVDF and PAN membranes.
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The prepared photoatalyticasymmetric membranes of PAN, PMAAPVDF/ PAN, and
PVDF were evaluated on the phategradation of the herbicides bentazon, paraquat, and
atrazine in synthetic watefindings of the photalegradation study showed that 3 %I'ND,

was the optimum amount that could be immobilized on the membrdines PMAAQg-

PVDF/ PAN asymmetric membranes were the most suitable support material and they
allowed high removal efficiencies for organic pollutants. Atrazine and paraquat were more
recalcitrant, hence required longer treatment periods as compared to beBtéuztoon pHis

a veryimportantparameteron the photedegradation obrganic pollutants in wateHigh
removal efficiencies were achieved for bentazon and atrazine between pH 3 and 7, whereas
high pH (9.0) promoted higher removal efficiencies for paradlia¢. plots of In (@ C)
against time for atrazine, paraquat and bentazon were straight lines, implying that the photo
degradation of the three herbicides fitted as pséiusteorder kineticsThe R values were

also greater than 0.90 for the three hedas.

Another advanced oxidation technology (ozonolysis) was also evaluated on the degradation
of bentazon, paraquat and atrazine. Ozonolysis is very effective on the degradation of organic
pollutants. However, in some cases it results in the formafionaesirable byroducts that
cannot be further degrade@itends observed in the ozone degradation of the herbicides in
water were similar to those observed foiTND, photodegradation except that ozonation
occurred at a much faster rate. Ag/ @ % N-TiO,-PMAA-g-PVDF/ PAN system was also
investigated. Findings from the study revealed that there was significant enhancement in the

removal efficiencies for the three herbicides investigated.

The photecatalytic removal of heavy metal ions from watersvedso investigated using the

prepared photeatalytic asymmetric membrandseavy metals PB and F&" were removed
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from water via NTiO, assisted reductioriThe highest removal efficiency for ¥ewas
achieved with 1 % NiO,-PMAA-g-PVDF/ PAN photecatalyst (76.2 %)while for P5*
removal 1 % NTiO,-PAN was the most effective phetatalyst (90.5 %). An increasingly

basic environment promotes high removal efficiencies f6f &fd F&".

The antimicrobial properties M-TiO, entrapped®AN, PMAA-g-PVDF/ PAN, and PVDF
asymmetricmembranes ere evaluated on the inactivation of Escherichia coli ATCC 8739
All three types of membrane were capable of inactivaEingoli ATCC 8739. The findings
of the study also indicated that reasing the NIiO, photocatalyst load translated to an
increased rate dE. coli ATCC 8739 inactivationThe most effective photoatalystsupport
material combination on the inactivation of E. coli ATCC 8739 was 3-%aQ¢-PMAA-g-

PVDF/ PAN.

The antifoling properties of NTiO, entrapped PAN, PMAAJ-PVDF/ PAN, and PVDF
membranes werevaluated through protein static adsorption and BSA filtration experiments.
The grafting of PMAA chains onto the PVDF backbone imparted hydrophilicity into the
PMAA-g-PVDF/ PAN membranes. This was evident through their Ipigte water fluxes
observed as Weas protein fouling resistance. The blending off D, with the membranes

also imparted the hydrophilic character into the asymmetric polymeric membranes.
Comparison of pristine and -WiO, modified membranes revealed that the modified
membranes achieveligher pure water fluxes and better BSA fouling resistaticés
believed that PMAAg-PVDF/ PAN membranes avoid BSA adsorption onto the membrane

surface through steric hindrance brought about by the PMAA side chains.
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9.2. Recommendations

Polymeric membrane mmobilized nitrogen dopeditanium dioxide photecatalyst can be
used several timesn the photalegradation of organic pollutants in wateithout any
significantlossin photacatalytic powetbecause the catalyst is phatimble and regenerates
at the end of photoatalytic cyclesln this study NTiO, entrapped PMAAg-PVDF/ PAN
membranes were used over four degradation cycles without any loss indeloaolation
capacity.Further studies can be carried out to investigate the performance BfTI®,
PMAA-g-PVDF/ PAN photecataltic asymmetric membranesinder continuous flow
conditions since they achieved considerably high organic and inorganic pollutant removal
efficiencies under batch studieBhese NTiO»-PMAA-g-PVDF/ PAN membranes proved
capable of inactivating:. coli 8739 within short period of treatment even with low photo
catalyst loading (1 9-TiO,). The membrane could hesed in a continuous flow fldted
reactor, where the reactor design wouldowllthese phot@atalytic membranes to be
employed as photoatalyst as well as ultrafiltration media for the removal of pollutants
which fall within the ultrafiltration range. However, further studies neduoktearried out to

establish such conditions andnceptualize such reactor design.

Extensive work needs be carried out in the case of PVDF membranes since they performed
poorly as ultrafiltration media. There are also several problems encountered in the
preparation of PVDF membranes and they also baesmdency to shrink as soon as they are
placed in a norsolvent bath, which hinders the prodantof smooth flawless membranes.

PAN asymmetric membranes performed fairly well and cqddorm better with further
modification. Although NTiO,-PMAA-g-PVDF/ PAN membranes possessed antimicrobial

activity, further modification could also be beneficial to enhance performance when it comes
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to continuous flow treatment to allow very large flow ratésr instance ancsilver and

nitrogen cedoped TiQ could be preparesince nao-silver possesses antimicrobial power
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