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Abstract

Sources of water pollutantsuch aswaste disposabf natural and synthetic trace
contaminants at the nanogram level have J@mmn negative impacts that are detrimental to
human health and drinking water qualityowadays, it is critical to use biomaterials for
wastewater treatment applications to provideiremmentally friendly water purification
processes and minimise pollutiorelfdlosebased membranes to remove water contaminants
have been gaining attention for water treatmeuné totheirbiocompatibility renewability, and
potential for surface modiftation Combined filtration and adsorption using cellulose
membrane ipreferreddue to having the advantages of both processelulose requires
further modification to achieve higher adsorption. Modification approaches for cekuitise
from limitations, including tedious separation methods, excessive chemical consumption, and
costly procedures for their productidrhis thesis focuses on producing depth filters using in
situ synthesed nesoporous silican celluloseto produce a materiabith high adsorption
capacity toward small charge moleculeand size rejection at ultrafiltration level. This
composite has biocompatibilithigh specific surface area, high adsorption capacitycand
befurther modifed The cellulosemesoporous silicaompositecan be separated via filtration

under gravityand producedn large scales without using organic solvents.

Higher loading oimesoporous silican cellulose via irsitu precipitation is more desirable
to enhance the surface area of the compositesapgly more adsorptive sites for depth
filtration. However, adsorptionf contaminantshrough membrangltration processsof the
mesoporous silicaellulose composite form was unavailable. In this thesisoptenised
mesoporous silica nanoparticle (MSN) loag on microfibrillated cellulose (MFC) and
nanofibrillated cellulose (NFC) files using thein-situ synthes approach via changing
reaction time andhe molar ratio of NFC to TEOSProducingthe NFC-MSN sampleonly
requireda shot reaction time of 1480 min. Using the NFC/tetraethoxysilane (TEOS) molar
ratio equal to 0.2¥ieldeda composite withihe high specificsurface are§SSA) of 560 nf/g
and MSN loading of 46 wt%, while the MSN loading decreased to 20 wt% by increasing the
NFC/TEOS molar ratio td.37. In addition, the particle diameter is important floe stability
of particles on cellulose fibres to avdhik detachment of particles. The size of MSN patrticles
in NFC and MFCcomposites w&s20-30 nmafter all tested reaction durationsh&reaction

time longer than 10 mirmid na change patrticle sizes. The small median siz&8N can
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provide a stable composite structure without detachment of parti€les. structural
charactesation of celllosemesoporous silicaomposites in this thesmovided insights to

design composites imeforms of films and aerogels to apply them in water treatment.

It was also important to evaluathe adsorption capacity of NF®ISN composite
membranesThe NFGMSN compositeaerogel with the highest surface axeas usedfor
adsorptiorof charged molecules, which led to methylene blue (MB) adsorption capacity of 291
mg per gram of MSNSinglelayer membranes led to high flux and low adsorption due to their
high porosity. Hene, doublelayer membranesncluding NFC and NFEGMSN layers were
formedto control the flux of the NF@/JSN depth filter andichieve high adsorption capacity.
90% size rejection of 200 kDa polyethylene glycol (PEG) of the ddaér membrane was
obtained which displayedan improvement of size rejection afoublelayer membranes
compared to the NFC singlayer membraneThe composite doubleyer membranes were
advantageous for adsorption of chargeolecules and size rejection by controlling flux using
the NFC layer.

Higher flux and adsorption capacity and using higher gsm of depth filter are more desirable
for industrial applications. The maximum gsm of the depth filter in the-NISTI doublelayer
membrane was 30 gsmince the higher gsm led to demseng flux. Thus, we synthesd
mesoporous silichleached eucalyptus kraft pulp (BEEQmMposites to apply its higher gsm as
depth filter layer and compare th#éux and adsorption capacity withe NFGMSN composite
depth filtermembranesThe optimumBEK-MS depth filter exhibited 9.5 LMH/bar flux and
83.5 mg per g of MS for MB adsorption. The BBKS membrane also had metal removal
efficiency and adsorption of anionic molecules after its modification with pdsitorerged
polyelectrolyte. Moreover, thBEK-MS doublelayer membrane improvettie size rejection
of 20 kDa PEG compared to the sintdger membraneBEK-MS composite depth filter
providedinsight into applying costeffective depth filters with highditux to eliminate the
homogeniation st required for the NFC supplying for the depth filter productidsing
BEK-MS composites with high adsorption capacity can reduce the cost of composite

productionon large scalecompared to NFC.

In another part of this repotheselective removal adntibiotic polluantsis demonstrated
Wastewater streams from pharmaceuticals manufacturing and animal farming, including

antibiotics contribute to issues of antibiotresistant bacteria growth in the environment.
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Selective adsorption of an antibiotis desirable for its preoncentration and detection for
further analysis of largecale contaminated water. Molecljarimprinted composite
membranes using target molecules as the template in the composite membranes is an efficient
approach toward selecévadsorption of antibioticsChloramphenicol (CA)as the pore
directing agent combined with PEI in the MSN fabrication was used to pro¢tfCeviISN
composites withmolecularly imprinted mesopore§he MIP membrane was tested for
adsorption of CA to investaje its selective adsorption performance. Mifpositegrepared

by CA did not displaynonselective adsorptiotoward thiamphenicol as the analogue
antibiotic while it has adsorption toward CA as the tardetaddition, the noiselective
adsorption ofcomposite without moleculdy imprinting toward the targetmoleculewas
negligible, suggestinthe advantages of MIP for selective adsorption. Thishniquecan be
generalsed toselectivelydetect specific antibiotics with bacterial gene resistanceghmisi
important for correlating the concentration of a specific antibiotic to bacterial resistance genes.
The prepared cellulose composite membranes are scalableffecsitze, biocompatible, and
applicable for wastewater treatment processeis. flihdamental research can be effective for

further modification of membranes for various applications.
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Chapter 1

1.1.Introduction

In order to have recycled water for particular -eiseés efficient wastewater treatment
processes anequired to remove severe threat€luding dyes and antibioti¢4, 2]. Among
varied methods for water treatment, membrane filtration has been investigated ext¢Bilsively
Although polymeric membranes with strong chemical and mechanical resistance have been
used for membrane filtrations, they have undesirable points suchnamil-based polymers
as well as their poor adsorption of smalaed molecule$4, 5]. Cellulose, as the most
abundant atural polymer, has numerous unique properties, including itseffestiveness,
functional groups, and hydrophilicity¢], which offers itthe best candidate for membrane
fabrication. Removingvater contaminants through celluldsased membranes mossible
throughsize exclusion. Howevethe adsorption of pollutants during filtration is also critical,
which requiresmprovement of the lowpecificsurface areéSSA) of cellulose. One feasible
option to addresthe limited adsorptivity of cellulose is its modification to produce cellulose
composites. However, environmental aspects, without consuming toxic chemicals and organic
solvents, to reduce waste prodiréed to be considerda-situ preipitated mesoporous silica
on cellulosecan provide a biocompatible composite with hi§SA to enhancewater
contaminant adsorption during filtration. Different sources of cellulose, including
microfibrillated cellulose(MFC), nanofibrillated cellulos§NFC), and BEK, were used to
prepare composites to have insight into the impafibod sizes onrmesoporous silickbading
andSSA ofthesecompositesThe significance of this study was to determine if high adsorption
of charged molecules can l@hievedfrom a source of cellulose which requires less
processingVaried parameters weenalysedo characteee NFGMSN composites, which is

invaluable for broader applications of this composite.

The knowledge obtained from the structural characteristicSF6G-MSN compositesvas
used to manufacture the aerogel form of the compositedadsorption of organic pollutants.
Another objective is to form cellulose depth filtevith both low MW size exclusion and
adsorption capabilitiesof charged moleculesTo achieve this objective, doubkyer
membranes, includingn NFC barrier layer and the depth filtevere fabricatedGiven that
the homogeniation process can be time and energgsuming,replacingNFC with cost
effective BEK cellulose pulp to maufacture the BEKMS composite and its depth filter is

another target of this thesis. The NFC barrier layer is used ®@EKeVS depth filter layer to
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control flux and adsorptionDoublelayer membranes including BEK and BEBKS were

prepared to comparedin flux and adsorption with NF&SN doublelayer membranes.

Moreover, glective adsorption of antibiods desirable for its preoncentration and
detection for further analysis of largeale contaminated water. Moleclaimprinted
composite membraseusing target molecules as the template in the composite is an efficient
approach toward selective adsorption of antibiotics, which is another objective of this thesis.
The target moleculehloramphenico{(CA), was useds the pore directing agent in thesitu
MSN fabrication to produce molecularly imprint®t5N and apply it to form its membrane.

In addition, MSN covered byolecularly imprintegpolymer (MIP) was formed to evaluate its

adsorption toward the target malde.

Chapter 1 presents the review of cellulose composites and depth filters, which lead to the
objectives ofthe thesis. Section 1.2 includesliterature review of cellulose, MSN, and
cellulose composites. Differeypes of celluloseMS depth filters including doubldayer
depth filters are also reviewed in section 1.2.7. Selective adsorption using MIP and cellulose
membranebasedMIP was discussed in sections 1.2.8. Gaps of knowledge, objectives, and

outlines of chapters are presented in sectionsl43and 1.5.

1.2.Literature Review

The aim of this literature review is to revieWwe development of cellulosmesoporous
material compositefor wastewater treatment applications to find gaps of knowlatlgaused
the terms MSN and MS for the nanometrerange sized particles and larger particles
respectively We use the general term of mesoporous siithout considering particle sizes
We present brief overviewof wastewater treatmem¢chniqus, cellulose, ananesoporous
silica, to provide a background for further discussion almaliulosecompositesand depth
filtration. This review therfocuseson theformation properties, and application$ cellulose

compositedor depthfiltration.

1.2.1.Wastewaterconcerns

Clean watescarcity and pollution of wateesourcesredue to their contaminatiam large
scales in varied industriesmproper waste disposaand the presence alynthetic trace

contaminants at the nanogram lepgl Water pollution cause$e lowquality of surface and
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groundwater for drinking. Water contaminantg8], including oil [4], pharmaceutical
compounds[9], heavy metalg10], dyes[11], dissolved saltd12], and pesticides[13],
accumulag in food chains due to their resistance to chemicalbémidgical degradatiofil4],

which end up in humans.oXic pollutantscreae neurologicaldisordersand carcinogenic
diseasesn humang14]. Furthermore, plant nutrients such as nitrogen and phosphaeire
increagng exponentially, creating increased aquatic plant growth such as algae and weed

affecting the colar, smell and taste of watdf.5].

A large proportion oflyes used in industries endp in wastevaterstreamsandland[16].
Textile dyeingeffluentsare one of the largest wastewater sources, contaivangpusdyes,
surfactantstraces of heavy metald7], and organic contaminan{d8]. Toxic dyes have
adverse effects oaquatic systemandthe environmentover the long ternj19]. Therefore,
separation can beffectivein minimizing the amountof wastavater inthe environmentand

mitigating health issues of living organisms

Anothersignificantsource of water pollution is heavy meiahs that are released to waste
streams of various industriesuch as battempanufacturing, alloy production, and pipif@.
The accumulation diieavymetal ions in humans and animals can cause severe antbiong
medical and cellulardisorders, canceibrain and nervous systediseaseqd7]. Therefore,
purifying water fromheavymetal ionscansupply safe and clean watdn. addition, heavy
metal ions with high value can be collected and recoverefiiiare appication from waste
streams. It is very critical in the futunehere resources of heavy metals W&l more limited

overthenext decadef0].

The discharge of pharmaceuticals into watsranother primary source of water
contaminant$21]. The discharge of pharmaceuticalsoimvater is not unprecedented, but the
unregulated and continuous production and discharge of these compovedsderbated
the issud21]. A diverse range of these pollutamtgeneratedhrough wastewater streams of
manufacturingpharmaceuticalsfrom using them as growth promoters in agricultural and
animal farming industrie/22] andfrom their consumption in humarand veterinary madne
[23]. Humans and animalshen excretethem into sewagesystems [24], introducing
pharmaceutical wastento the aquatic and terrestrial environngef#5]. The pesnce of
antibiotics contributes to the development of multesistant strains of bacterim the

environment, whiclareharmfulto living organismg26]. Furthermore, aquatic organisms are
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susceptible to the toxic effects of these antibs®ieen at low concentratiori@3]. Thiscould

potentially disrupt the ecological balari@®].

The wastewater containyg these antibioticgontain aractive substance and thus requires
chemical pretreatment to manage these effluept®r to their releasento the environment
[25]. However, current pretreatment solutionsre ineffective in antibiotic removaj27].
Examples of current methods indeimembrane bioreactors atblogical treatment using
activated sludgand in wastewater treatment plaf#i8]. Zheng et alinvestigated theemoval
efficiency of antibiotics for all detected antibioticin a wastewater treatment plant.
Biodegradatiorandadsorptiorusing activated sludge showgd. 26 removal efficiency for all
detected antibioticshowever, microfiltration displayed negligible removal efficiency of
antibiotics Althoughthebiological treatmeritad decreased the concentration of the antibiotics
within the wastewatesomeantibiotics remained in the watafter biological treatmenf28].
In addition,theconcentratiorof some type®sf antibiotics and theiassociatedesistance genes
in wastewater treatment plamgy not becorrelatedwhich cannot lead tanexact conclusion
about the cause of a specific gene resefZB]. A more advanced yet conventional method
implementedn treating pharmaceutical wastewater is through membrane filtration or reverse
osmosis. This process is the mechanical separation of particles through a membrane with
pressure as a driving force. Although this process is relatively more efficient than sludge, it is
highly dependent on the pore size of the membran¢gha@iameter omolecules and hdsgh
costg[29]. Therefore it is necessary to develop efficiaarid costeffectiveantibiotics removal
systemsand correlateéhe concentration of some specific antibiotics and their resistance genes
via selectiveantibiotic detection The following section provides overviews of methods for

water treatment.
1.2.2.Wastewater treatment approaches

Conventional ater treatment methods indemembrane separatipaerobic and anaerobic
digestion [16], evaporation, precipitatiof30], flocculation [31], degradation[32], and
electrochemical treatmefi33]. Highly efficient, feasible and cosfffective water treatment
processeare key elements to address water polluttoprbtect human healtAdsorption and
membrane filtratiorare recognisedsefficient water treatmertechniqus due tomeeting the
aforementioned criterig32, 34} However, the most important aspeatf utilizing these

approachesare to considerthe use of sustainablemethods andmaterials[35]. Utilising
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sustainable materiatiecreasgscaleup production costs of materidts adsorptiorprocesses
[36] andreducesecondary waste prodgcBustainable@urces oimateriald37] canfacilitate

largescale wateremediatiortechnologiesor the future [38].

Nanocelluloseis produced by mechanical or chemical treatment of cellulose pulp with
median fibrediametelin nanometre rang@9]. Nanocellulosean also stabse nanomaterials
with high adsorption capacity32, 33] Nanocellulose is a prominent alternatite
conventional materials such astivated carbon in adsorptigmoceduresNanocellulosean
be functionaksed further to improvés adsorption and used for membrane fabrication due to
its low cost and sustainabilitfHence,the combinationof filtration and adsorption using
nanaellulose can provide advantages of bothchniquesvia producing nanocellulose

composite membranes

The combined adsorptiofmembranefiltration, which is denoted depth filtrationgan
increase the efficiency of membranes. Cellulose compbaged depth filtration wilbe
overviewed in section 1.2.10Ib addition, MIPcan be utilied in cellulose depth filtratiofor

selective adsorptioof differenttargetsin water treatment.
1.2.2.1.Adsorption

Adsorptionis one of the most attractive water treatment techniques due to its ease of
operation and accessibilibAdsorption also has advagesover photocatalytic degradation
since it does not produce hazardous intermediate profdi®dtsThe alsorption mechanism is
mostlythroughelectrostatic interaction$herefore, materials with highSAcan provide more
reactive sites for adsorptiowhile the scale of contaminated water is significant, desorption
processedrom adsorbents can produ@elower volume of contaminated watewhich is
important in industrial scales of wateemediation Different types of interaction®of

adsorption procees are presented in Figurgd0].

Nanomaterials are deemed to have exceptpotaintial for improving adsorption efficiency
and treating contaminated water resouhes to their higfsSAand their binding site81].
Effective nanostrature adsorbents include zeolji§, carborbased compoundg1], Al>Os
nanoparticlesNP9 [42], silver NPs metatorganic frameworKMOF), andsilica NPs [14].
However, these adsorbents have several issigs low adsorptio10], small scale of

production,time-consumingpreparation, and difficulty of separation after adsorptther
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issues related to conventional adsorbents include the high cost of dispafsiogic sludge of
adsorbents, which can inhibit its largeale application. Hence, developiadsorbentsvith
costeffectiveness, easy operatjoand excellent adsorption performance for large scale
applicationis of high interestUsing bb-based adsorbentsave attracted extensive attention
for waterremediatiordue tomeeting theenvironmentactriteria mentioneébove In addition,
they can be considered for recyclingyield sustainable processgisl]. Howeve, bio-based
adsorbents have generally I@agsorption capacitgompared to metal oxide NP42]. This
requiresmodification of theirfunctionality with nanomaterialso improveperformanceCork
and paper wastkased activated carboesulted in high adsorption capacibvardMB [19].
Anionic NFC as an adsorbent also led tooapgton of the pharmaceutical batamol as an
ionisable micropollutan{43]. Cellulosebased composites cafsobe utilised for adsorbing

microelements and releasing them as festilj44].

The separation of thdispesed NFC fibres usedas adsorbentss a tedious process.
However, membranebasedadsobentsare handled easily portable,and disposable which
make thenusableto provide potableclean water Therefore, developing adsorbenttithe

membrane form is necessaryagoply thempracticaly in water treatment.
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A chemical bond force

B electrostatic force

C Van der Waals' force

Figure 1. Adsorption mechanism for PB* and Cu?* ions using crosslinked cellulose
nanofibrils, adapted from [40], Copyright 2018, with permission from Wiley-VCH.

1.2.2.2.Molecularly imprint ed polymer for selective adsorption

The direct determination of target analytes in any given sample of interest is diffithét
presence of lrge number of matrix compounds apbssible low concentration of therget
componentsOverthe past few deades, the development of sensors for the rapid detection of
target analytes has garnered much attention within the scientific comiisi#6] In these
conditions, sample preeatmentand/or extraction technique is required prior to final
instrument analysis to ensure more effective analysis of the target compbhetfl] Up to
now, nonselectivesilica-based polymeric sorbents arebpecially recentlynanostruatred
sorbentshave beerusually utilised leading to the extraction of unwanted compoujds.
Thereforeto selectively determinene target antibiotic with low concentration among multiple
components in wastewajeit is useful to concentraté. The concemated analyte can be
detectible easily using analytical instrumern#6]. In order tocreate selective extraction
techniques, MIP with specific detection sites towards a target molexsgenerged49]. MIP

is an artificial recepteselective material that contamspecific recognition sites towards a
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defined target molecule due to their shape, size, and functiorativgnition[50, 51] MIP

can adsdr variousorganic and inorganic target molecules such as metal dyes,and
antibiotics Synthesis approaches for MIP include polyrsation of a targetnolecule as the
structuredirecting agentvith a monome[5, 52] followed by removing the template by solvent
extractionto create template grooves in the polymer m4&8{. Figure 2presents a schematic

of MIP formation by covalent or necovalent approa@s[54]. The most common imprinting
methodis via selfassembly of the target molecule to the polymerisable molecules to form non
covalent imprinting. MIPon a heterogeneous phase also be fabricated to enhance the mass
transfer rateof the target molecules inside templaféd4]. MIP has great mechanical and
chemical stability ease of preparation, low coatjdgoodspecific adsorptionThe reversible
covalent bondingbetween the target and polymefie molecule is related to covalent
imprinting[54]. MIP can be recovered by desorption of target molecules due to hydrogen bonds
and electrostatic interactions of target molecules and[88P This thesis focusson antibiotic
removal viananocellulose membrafimsedViIP samples.

The conventional way of molecularly imprintingsing commercial polymergesults in
directly convertingthe polymeric materiaio the molecular recognition matermithout the
process of polymesation for MIP formation[56, 57] This procedure for prepag MIP is
costeffective, quicker, and more ef@endly compared to conventional methardsantibiotic
removaldue to a reduction in the number of applied reagents such as catalysts, radical initiators,
and monomer§45]. While MIP allows for high selectivity of target moleculésgexhibits a
few deficiencies, includinghe difficulty of recoveryin the reaction mediumand the slow
leaching of the template from the polymer maf{#8]. To combat this, NPs are used as
excellentsolid support materials for surface imprinting due to their large suttagelume
ratio[46]. Surface imprintinggnhanestheMIP performance in terms afvailable binding sites
of MIP andimproves mass transportn addition, NPs enhance the physieald chemical
properties of MIRas they provide a quaspherical geometrwith easier dispersiofb9]. MIP
formation of norfloxacin on magnetic halloysitanotubesusing the solgel approach was
reported The MIP system witlmagnetic propertyacilitates the targeseparation. Usinghe
solgel approach foMIP formation is due to its mild reaction conditions and physical rigidity
for thecreation of binding sites and high selectij6g].

Water treatment includéseremoval of atibioticsdue to theienvironmental issig3, 61,

62] and detrimental impacts anedical systemf3] andthefood industry{64]. The constant

exploitation of anthioticsand incomplete metabsdition ofantibiotics by aquatic organisms
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is directly proportionato the spread of gefresistant microorgnismg[1, 28, 65] Therefore,

it is requiredto design and develop new adsorbents for treating antibiotic{68afabricated
NFC-graphene oxide hybrid aerelg to removeantibioticsfrom water with reusability after
desorption. The SSA and pore volume of the aerogel were $7¢5 and 0.4 crig?. The
aerogel demonstratetisorption capacities for different antibiotregging from 128.3 mg/g
to 454.6 mg/g. Sayer6l] employed a lignocellulosic substrate from wheat bran for
enrofloxaén removal from water with the maximum adsorption of 91.5 mg/g. pHpared
without surface imprintingacks easy separatidrom the reaction medium after adsorption of
target moleculeddence preparing MIP in inorganiorganic hybrid composite membranis
more efficientto enrich a specific target and maintain MIP capacity for target recogfbtion
58].

However,polymeriation processes in MIgynthesishave tedious stepef theirproduction
toxic solventand using monomer#dditionally, they require optimetion and controlling a
variety of keyelements, some of which are time, temperature, concentrations of monomers,
and content of polymesation initiators[5, 67-69]. Hence, using commercial polymers to
eliminate the polymerisation step for MIP production has gained intexasttly DiazLifian
[49] applied immobilied MIP on filter paper by a polymeationfree method. In this study, a
solution of dissolved nylet polymerwasmixedwith quinineasthe target moleculendadded
to the filter paperAfterwards, the template was removed by solvent extractgince ainine
has fluorescence activity, ig useful forits detectionafter its adsorption to the systaming

fluorescent spectroscopy.
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Figure2. Molecular imprinting by covalent and naovalent bondingobtainedfrom [54],
Copyright 220, with permission fronthe American Chemical Societyhe yellow, blue and
red parts represent imprinted molecules covalently anecagalently bonded to monomers in

covalent and nowovalent imprinting approaches
1.2.2.3 Filtration

Liquid filtration has been an area of interlesthfor recovering valuable suspended solids
andfor water purificationby removingdifferent size of pollutants through theeparation of
particles and dissolved solute molecules frim feed solution. Retaining gpticles and
dissolved moleculesn the surface of filters based on mechanical entrapment is called surface
filtration [70]. Filtration of any substance can be achdebgits differert properties from other
components in the feed solutionhis leads to seleaf the kind of filtration of the target
compoundwvith other materials coelated to differences in physical/chemical properfiéese
properties includenolecule size, vapour pressure, freezing point, affinity, charge, density and

chemicalcharacteristicef components [5].

Filtration s typically doneby imposing pressure on the top side of the filter. Pressure is the
driving force of filtration. Thenitial liquid fed tothe top of thdilter is calledthefeed solution,
while theliquid that flows through the filter mediis called permeatsr filtrate solution. Two
modes ofoperation used ithefiltration systeminclude deadendfor lab-scalefiltr ation and
crossflow filtration for commercial scaldn deadendfiltration and crosslow filtration, the
feed solution passethrough the filter andcross the membrane, respectivdliie iltrate is
accumulated on thmembrane surface or within the mierane thicknessAdsorption or
deposition of colloids and particles on the membrane surface or msitdrane poreseate
fouling of the membrane, which impacts the membrane permeability and perforimahde
this thesis, deadnd filtration under constapressuravas used, and the flux was recorded in
different time intervalss the variable

Filtration is classifiedased on the pore sidestributionsof membraneswvhile thepore size
of membraness reduced from microfibHation toward reverse osmosMicrofiltration (MF)
and ultrafiltration (UF) processes are generally used in size excludiicrofiltration
membraneswith pore sizei n t he r an g eredocethe@molintsdf solidsSrone m
waste streamswhich could produce foulingMF can be usedin oil-water separatiomnd

removal ofblood cells, large bacteria, alaigemacromoleculesMicrofiltration has been used
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extensivelyin food processing for clarificatioof fruit juices and beverag¢s?2].

Ultrafiltration membrans have poresizesin therangeof 10 to 100 nmHigher pressurél
to 10 bar)is required for theperation of ultrafiltration membraneésie to their smaller pore
sizes Ultrafiltration has practical applications thefood industry removingproteins colaur,
bacteria [17]and virusedUltrafiltration is preferredovermicrofiltrationdue tothe disinfection
of water streams from bacteria and viruses.

Nanofiltration membranes have pore sizes in the range of 0.5 to 10 nm and operate under
10 to 30 bar pressure. Nanofiltration and revessrosis processes daave the same priipde
for filtration to separate materials with low molecular weighdrganic salts or small organic
molecules). e salt rejection ohanofiltrationmembranes is not completan contrastto
reverse osmosis memimes which are useth the production of ultrapure water [25figure
3 presents a schematic of filtration by presgimeen membranes from microfiltration to
reverse osmosis for water treatmt8]. The focus of this thesis is to purify water using robust

cellulosenanocomposite membranes with ultrafiltration performance.

Pore Size in Nanometers ( nm)

 50-500 2-50 Q 0.3-0.6
Microfiltration T Nano filtration T
Ultrafiltration Reverse Osmosis

0 Suspended

Viruses ® lons

Particles
Colloidal small
® Macromolecules v X ma
ofganic Compounds
<+ Bacteria matter
¥ oil

Figure 3. Scheme of pressur@riven membranes obtained from [73], Copyright 2017,
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with permission from Springer.

In the filtration system polymeric membranes are more important than inorganic
membranes due to their higher mechanical and chemical stability compared to inorganic
membranes. Organic polymers for membrane fabrication include polyethersulfone,
polyacrylonitrile, polyvinylchlori@, polyvinyl alcohagl polyethersulfone, polyvinylidene
fluoride, and polypropyleng33]. Due to the lower cost of petroledpased polymers than
polysaccharides, industridggave usedhem more without considering their environmental
impactg35]. Issues associated with synthetic polymers include using toxic monifiasd
organic and volatile solvents for their synthesis membrane forming75], which requires
high coss for disposal. Thereforejndustriatscale water treatmenttechnologes using
renewablematerials with outstanding performance atmver secondary waste generation
their productionsteps are more desirabldo be developedor the future Using natural
polymers has more benefits than synthatid petroleunbasedpolymes for industrialscale
water treatmentn terms oftheir abundancepiodegradability,facile production and low
environmental impact§30]. Natural polymers inclué cellulose, cyclodextrin, starcfy6],
chitosan, pectin [77], and poly(lactic acid)11]. Celluose is themost abundant natural
polymer, which can be utilised for developing sustainable adsorption and filtration processes
[32]. Cellulose pulp containshicron-sized cellulose fites. Their lreakdown into nangized
cellulose fibrils leads téhe production ofnanocellulosg78]. Nanocellulosehasadditional
advantages compared to cellulose pulp, including mgkhanicaktrength and surface area
[79]. The focus of this thesis is to utilise nanogklse for composite and membrane

fabrication which will be reviewed in sectioh2.3

1.2.3.Cellulose

1.2.3.1.Cellulose terminology in this thesis

I n t his thesi s, t he term Afcell ul ose
microfibrillation. Microfibrillated cellulose (MFC)from wood is a bundle of stretched
cellulose nanofibes. Refining and chemical pretreament of wood pulp before
homogenisation subjected to high pressure can be performed to producéMiG-C used
in this thesis is a commercially purchagedduct.Further fibrillation of MFC was performed

via disintegration and higpressure homogenisation steps, which led to the production of
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cellulose fibres with median fibre diameténsthe range of 1L00 nm which issmallerthan
those of the initial \FC sample The termnanofibrillated celluloseNFC) in this thesis refers
to fibres producedy MFC homogenisation fa3 to 8 passes under high press@ellulose
hydrolysis by acid to remove its amorphous parmisesl to makeellulose naocrystas (CNC).
We use the term cellulose when we want to address celbésssl materials in this thesisd
the term nanocellulose to cover both NFC and MFC in this thesis.

1.2.3.2.Cellulosepulp

Cellulose pulp can be extracted from varied soyioetiding wood andgricultural crops
and wastesAgricultural cropsusedto make nanocellulosacludebagassegrice strawpanana
rachis [80], pineapple pee[81] and etc Fibrillation of agriculturalcrops isless energy
intensivedue to the presence of cellulose in their primary cell walls. Thergf@extraction
of cellulosepulp from wood has cody processesiue to the presence of cellulose in the
secondarycell walls of wood[82], leading to the higher priceof cellulose wood pulpThis
generated more interest agricultural crops and wastder deriving cellulose Figure 4
presents théierarchical breakdown of a piafrom the cell wallto the microscopic scale of
cellulose moleculesThe cellulose pulp used in thikesis was supplied from bleached
eucalyptus kraft pulp (BEK) extracted from wood.
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Figure 4. Hierarchical breakdown ofthe plant cell wallto the cellulosemolecule obtained

from [83], Copyright 2012 with permission from Elsevier.
1.2.3.3.Nanocellulose

Homogensation and refiningof cellulose pulp can produceanocellulose The najor
drawbacks of this mechanical processfanocellulos@roduction from woo¢based cellulose
are the high energyequired[84] and clogging of the homogemis[8]. However, energy
consumptionfor MFC production caralso be reduced using chemical and enzymatic pre
treatments to improve the fibrillation degr@4]. However, some chemical pteeatmens to
producenanocellulosgsuch a,2,66-tetramethylpiperiding-oxyl (TEMPO) oxidation and
carboxymethylationhave high cost[80]. The focus of this thesis was not to reduce the cost
of nanofibrillation.In this thesisfurther homogenation of MFCwas performedo produce

NFC with asmaller median diameter compared to MFC.

Nanocellulose rabeen used in variougpplicatiors such as reinforcing bioomposites,
electronic devicesthe food industry [85], and medical application$80]. Chromatographic

columns for the separation oficdl enantiomers have use@nocellulosédasedsystems for
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pharmaceuticalf86].

Activated carborms used in water treatment due tohigh SSA and modification capability
However, the production of activated carbomequirescarbonsation and activation stages
Moreover,regeneratiorof activated carboiis a costly andnergyintensiveprocess since it
requires a high temperature forcalcination which is another prohibitive elemeri80].
Remediation of wastewater usimgnocellulosébased materials has been developed as an
alternative towards activated carbbbased adsorptigi5]. In addition, the high hydrophilicity
and abundant hydroxylOH) groupsthat caninteract electrostatically with contaminants [12]
makenanocellulosan ideal meerial for adsorptiof heavy metal ions and residual antibiotics
in agricultural and industrialeffluents and waterpurification. Nanocelluloseis appliedin
different forms, includindibres [87], microsphere$88], aeroges [77], hydroges$ [89], and
membrans [90] for water purification However, separatioof cellulose fibres in particle and
fibre forms can be prohibitive fdarge-scale continuous systentwf water purificationCharge
modification and functionalizing ofnanocellulosewith chelating moieties such as amine
sulfonate, phosphorylacetyl, thiol, and carboxyl groupg48] can be performed foits
correspondin@pplicationd86]. In the fdlowing section, we focus on different aspects related

to cellulose membranes.
1.2.4.Preparation of nanocellulosefilms

Spraying, casting, and vacuum filtration are the most important methods for cellulose
membrane fabrication_ab-based acuum filtrationincludes pouring suspensions inside a
filtration chamber and its agitatioBellulosefibres will be settled at the bottom of the chamber
on filter paperand form a filter cakeinderthe vacuum. Then, wet samples hlle pressed
under presure Drying of cellulose films can be perfoed usingasheet dryer, oven dryer

hot pressafterthe labscalevacuumfiltration.

The @sting methodk also limited to laboratory production scal&se main drawback of
the casting methodare related to its difficulty forfilm making using low cellulose solid
contens. The spraying91] and vacuum filtratiorf92] methods arepplicablefor the large
scale production of cellulose membran€ke graying method islesstime consumingand
reducethe water volume for film productid®3]. Another advantagef the spraying approach

is using it for higher cellulose solid content. However, it also has some drawkacksas
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clogging the pump ahesprayeror the spray heaavasting cellulose samples during spraying,
creatng cracks and large poresfitms, and lack otiniformity of solid contenticross film Al

of these factors are prohibitive ftine reproducibility of nanocellulosdilm formation and
consistent filtration performances differenly prepared samplesAnother downside of
spraying is its occupational health risk to spray compositembcelluloseNPs due to its
potentials to create aerosq®4]. However, it can be appli to producethe nanocellulose

singlelayer as the substrate layer of doulalger membranesn large scales.

In this thesis, wappliedvacuum filtration to produce singlayer membranes and double
layer membranesf NFC-MSN and BEKMS samplesnot to create aerosols of NFAs
addition, the sheet dryer was set at 112°C, which dregdilns after around 10 miwithout
creating cacks in sampledNe also prepared a few douldeyer membranesncluding NFC
singlelayer membranes produced byapng, where th@anocellulosdayer was used as the

substrate layer of tidFC-MSN suspension inside the filtration chamber.
1.2.5.Properties and applicationof nanocellulosefilms

1.2.5.1.Membrane filtration

Nanoellulose membrarscanbe used for water purification to supply clean and safe water.
In order to improve water purification performannanocelluloseompodtes can be formed.
Onur et al. reported using NF@erlite compositdilms for dye adsorptiorf90]. Cellulose
basedantibacterialfilms can also beised for water treatmen¥laliha et al. reported using
bismuth complexcellulose composite for disinfecting waféb]. Nanocellulosgerforns size
rejedion based on its pore sizéetweenfibres. Membrane pore size will decrease with
nanocellulosdibre diameter Thus, cellulose membranes with smaller pore sizes can be used
for the separation of smaller moleculddsing crosdinkers to increas¢he entanglement of
nanocellulosdibres is another approach to improwe size rejection of cellulose membrane
[70]. Limitations of cellulose membranaserelated to tkir chemical, thermal, and mechanical
propertiesdue to cellulose hydrophilicityTherefore,nanaellulose modificationsfor film
fabrication in terms of structural properties, functional groups, and charge caiore
according to théargetedapplication[96]. Properties of petrolewbased polymer membranes

can also be impved in terms of strength and water permeabilitydgirsg nanocellulosg6].
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1.2.5.2.Packaging

Nanocellulosean be useds a component d¢iie packaging angroduction of paperboasd
It also has high rigidity and barrigmropertiesdue tothe high entanglement of nafibres
compared tothe more porous structure opaperboard made froroellulose pulp.Plastic
packaging carbe difficult to recycle and can accumulate in the environmEmtrefore the
development ohanocellulosébased materials for packaging is highly desirable for satiag
environment due tbeing biomas$ased andiodegradale [93]. However,it hashigh water
vapaur permeability(WVP) under high humidity due to its high hydrophiliciynd swelling
through water adsorptiorHowever, adding inorganic materials such rasntmorillonite
(MMT) to nanocellulosecan result imanocellulose&eomposites with muced WVP, suitable
for its packaging application. Since the vacuum filtration approach to pnople
nanocelluloseMMT composite films requirealong time (24 h to 4 days), it is inefficient for
largescale packaging applicati®[®7]. However,usingthesprayingtechniqueo produce the
nanocelluloseMMT composite filmgs more convenier®3]. Another gplication of cellulose
films in packaging is incorporating materials with antimicrobial and antioxidant properties to

provide food safety98].
1.2.6.General aspectof nanocellulose aerogel

Aerogelshavelow density high porosityand SSAand low density99] produced byreeze
drying or supercritical drying of suspensioff8]. The freezedrying methodremovesthe
solvent fromthefrozen sample by sublimati@ndis a widely applied techniquempared to
supercritical drying100]. The ice crystal formatioduring the freezing stepeatesheporous
structure of the aeroggl01]. However, the largscale production of aerogelsing the
aforementioned drying methodis energyintensive and timeconsuming compared to
membraneforming by drying atambient temperatur¢/]. Cellulose can reinforce and
immobilise organic and inorganic materiaigelding cellulosecomposite aerogeivith higher
SSAthan pure cellulose aerog¢l02]. Cellulosebased aerogels can be usednmironmental
applications such as water treatm¢gB2], air filtration [103], and catalyst suppor{104].
Zeolitic imidazolate framew#-67/bacterial celluloseBC)/chitosanaerogel displayed 200.6
mg/g adsorption toward lions[96]. They can also be appliesthermal insulairs, electre

conductive material[105], andsupercapacitorfd 06]. Cellulosebased aerogels can be utlis
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in medical applications such a®undhealing drug delivery, and sensarB04].
1.2.7.Mesoporous silicasynthesis

In recent decasbs, porous materials have exhibited great potential to offerléstiag
solutions to global issues, including the increasing energy demandsdarcthgthe industrial
pollutants, exhaustion of resources, and health improverfdét, 108] In particular,
mesoporous materials have garnered much attention from the scientific community since the
first report of M41Stype ones by Mobil researchers in 19909]. According to its IUPAC
definition, a mesoporous material has pore sizes betw&ennn[110]. Among thevarious
avdlable mesoporous materiategesoporous siliGavhichfeatures a purely inorganic siloxane
framework,hasproven to be an extremely promising class of porous mateaiatshas been
extensively researchddl11]. This is due to its many unigue properties, such as its large SSA
[112, 113] biocompatibility[114], high hydrophilicity, ancase of functionadation[114].

Mesoporous silicas generallysynthessed by bottomup approaches based on-gel
chemistry [115]. This process involves the hydrolysis and condensation of silanes or
organailanes. The kinetics of both processes can be regulated Isyaadidbase[116]. The
commonly used silica precursor is tetraethoxysilane (TEO®)siol-gel reaction. The first
hydrolysis step generates reactiveC5groupsthat canconderse with other organosilanes,
forming covalent siloxaneonds (SiO-Si), and thus a sol of silicate oligomdfsl7]. This
process produces silica @olysiloxane frameworks (Figure 5) To obtaina mesoporous
structure, soft templates (cationic surfactants, e.g. cetyltrimethylammonium bromide (CTAB))
and the mixture o& hard template (e.g. cellulosejth a soft pore directing ageate often
utilisedas a poralirecting agenfl115]. The negatively charged reactive OH groups of silica
interact electrostaticallyith positively charged CTAB mickds [117]. The cooperative
assembly and aggregation result in the precipitation from a gel, during which microphase
separation and continuous conderabf silicate oligomers occur. The removal of organic

templatescan beperformed by solvent extractiprcalcination and microwaveassisted
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template removab produce mesopores in the strucris].

composite: inorganic mesoporous malerial
Iyotropic liquid-crystalline phase mesostructured solid/surfactant (shown MCM-41)
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Figure 5. The procedure to synthesie mesoporous silicaobtainedfrom [111], Copyright

2018 with permission from Elsevier.

Mesoporous silicatructuredhave been created usinglluloseas a hard template to direct
poreformation Zhanget al.[119] prepared mesoporous silica nanotubes by using cellulose
filter paper as biotemplate and coating the NFC surface waiitania film. According to this
study, there was no formation of mesoporous silica nanotube on cellulodtmesnof the
filter paper withoutits modification with titania Song[120] investigated the synthesis of
mesoporous silica nanotubestiwcetylmethylammonium bromide (CTABand cellulose
nanocrystal CNC) as the template to produce mesoporous silica nanotubes on the surface of
the CNC particles(Figure 6) CTAB creates a layer around the surface of CNC due to its
electrostatic interactio The positivdy chargel side of CTAB then interactswith the
negativdy charged CNCdecreasg the CTAB concentration for micelle formation around
TEOS. Thereforemoressilanes areadsorbedon CNC owing to the positive charge of CNC
covered by CTABCai[121] usednanoporous regenerated cellulose for cellulmssoporous
silica composite aerogel preparatidie purpose of using regenerated cellulose was its high
mechanical strength, high SSA, and mesoporous structure to act as a temph&tsofoorous
silica synthesis. The SSA ofmesoporous silicafter removing cellulose bgalcinationwas

similar tomesoporous silicaerogel prepared without cellulose.
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Figure 6. Mesoporous silica nanotubes formed using CNC and CTABobtained from

[120], Copyright 2014, with permission from the American Chemical Society.
1.2.8.Mesoporous silicaproperties and application

Functionalsed nesoporous silicaan be applied iwater treément applications to adsorb
pollutants due to its high SSA and the interaction of its functional groups with contaminants.
It can be combined with solid supports such as graphene for environmental rem¢t{gtion
Tao[122] reportedmaterial production using polyelectrolyte to adheraesoporous silicéo
cotton for wastewateremediation Mesoporous silica can be changed from hydrophilic to
hydrophobicusing silanol precursors containing aliphatic substit{4¢go adsorboil and

organic solventfl23].

The OH groups of the polysiloxane network can ftwydrogenbonds with the OH groups
of biopolymerg[111]. Molecules can be filled into abundant mesopofemesoporous silica
anddecorated othe surface gbarticles providing them with additional functiofs15]. These
properties equip them to serve as multifunctional nassels Functionalsed mesoporous
silica is applied in catalytic sstemsas nanoreactors to load active species for industrial
catalytic reaction§l24]. Mesoporous silica hasany outstanding physicochemical properties
for hybridizing organic and inorganic components to its strugfLkB], including adjustable
particle size[125], tunable pore sizl26, 127] and morphology128-130]. Therefore, it
servesas a robustnanocarrier to carry drugd31] and can provideorganic anticorrosive

coatings [132] for therapeutic[133], diagnostic and anticorrosion applicationgl34].
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Mesoporous silica caalso be added tbiopolymers tocreate composites fdhe controlled
releaseof oil and drugdn food packagindg135], tissue engineeringpplicationg136, 137]

and wound dressing mategdlL38]. In addition,a mesoporous silica coating anagnetic
graphene oxide particles as the qomevides a preventive oxidation layéor the magnetic core

and prevents aggregationof magnetic particles This composite formeda honeycomb
mesoporous structure \itaccessible channels for molecular adsorption and desorption
capacities [54]Linear polymerswhichform a brush layer into pores and/or on the mesoporous
silica porescan create responses to different stimuli such as light, pH, light, etc., whish is al
critical for biomedical applicationd 39]. The varied applications and properties of MSN are

presented ifrigure 7.

Sincemesoporous silichy itself poserisks to health due to aerosolizing, many researchers
have studied the benefitsitd surface modificatioandcombination withdifferentsubstrates,

biocompatible polymers, and functional agentmtoimiserisks to human health.

Using biodegradable materials is important for sustainable wastewater trefid@nt
Thereforethebiodegradability of MSN can be aaivtageous for its utilising in water treatment
[114]. It was reported in the literaturihat mesoporous silicaould bebiodegradable in water
after modification with chitosanwhich isdue to thénydrogen bondingf silanol groups on the
MSN surface and water as the degradatr@dium[141]. In addition, coating MSN with
stimuli-responsive components can lead to biodegradaiioMSN [114]. For example
biodegradablenesoporas silicahas beerproduced bythe incorporation of C& and PQ:*
ions in the nesoporous silicaetwork wherebiodegradabilitywas obtainediue to dissolving

the incorporatedbns in acidic conditionfL42].
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Figure 7. Advancesand attributes of MSN, obtained from [114], Copyright 2020, Wiley-
VCH.

1.2.9. Production of nanocellulose composite

The low SSA ofpristine nanocellulose compared to inorganic nanomaterials, makes it
difficult for adsorption processetue tothe low number ofreactive sites for electrostatic
interactions The adsorption capacitan beimproved by combining nanocellulosewith
differentmetal oxide NPancludingSiO; NPs[123], TiO2NPs[143], Al.O3 NPs[144] zeolites
[145], and transition metadtructures[102], through electrostatic interactiori86]. Using
nanocelluloseas the scaffolccan maintain their SSAn the cellulose networland avoid
aggregatiorof NPs Thus,nanocellulosénybrid materials can combirike propertiesof their
componentsSome methods for composite fabrication nainaellulosesilica NPs include
impregnating siliclPsinto wet coagulatedanaellulosg[121], forcedflow of the suspension
of silica NPsinto wet coagulatechanaellulose[146], in-situ formationof the SiO; NPs
nanocellulosecomposite[145], and dispersing silicAlPsinto the nanaellulose suspension
[81]. As bothnanaellulose and SiIONPs have negative charges in neutral pHa@onic
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polyelectrolyteis required to cover the surface ofetal oxideNPs to stabike them on
nanaellulose via electrostatic interactiofis47, 148] However, coating metal oxides with
polymers, which is required for combination withnaellulose, can prevettte interaction of
the particle surface witlthe target specie$33]. In addition, it is critical for membrane
fabricationto haveahomogeneous dispersion of inorganic materials intocefulose Using
polymer for incorporation ofiancellulose andsiO, NPscan create poor dispersion $i0O,
NPsin the cellulose networkl?2]. In this regard,nanocellulosemetal oxide composites in
different forms of aerogelra membrane canelformed for various application€omposite
fabrication withnanaellulose also facilitates removimgnocellulosébased composites after
their synthesis and adsorption procesSesiocellulos&omposite separation can be performed
via filtration under gravity instead of centrifugatifit¥9]. This also can reducenergyand

avoid the loss of adsorbents during draining procg4&€s 151]

Co-polymeriation ofnanaellulose and inorganic precurs¢i46, 152] such asol-gel co
condensation of organosilanand titanium precursors andnanaellulose generates a
monophasic compositereated by dispersednucleation sites of nancaellulose [153].
Orgarosilane precursors will hydrolgsand then condense with@H or acetate groups in
nanaellulose[145] to combinesilica NPsandnanaellulose In addition,nanaellulosecan
support materials with low mechanical stabjlgych as silica aerogdl77]. The formation of
nanocelllloseorganic silica composites caoombine advantages of both components,
includinghigher thermal stability anchechanical stability104].

Mesoporous silicés a biocompatible metal oxide, which can be usedhfenanaellulose
composite formatiorto combine itsversatile characteristicswith cellulose [122]. Using
calcination to removéhe surfactantand producéiighly orderedmesopoous silica is energy
intensiveand requirs a long processing tim@18]. In addition,the calcinationprocesgorms
agglomerags which impacs negatively onthe dispersion of mesoporous sili¢a54]. The
agglomeration of NPs can be prohibitive for these in membrane composite formatiamd
adsorption prcesses due to the uneven distribution of particles in the mem[rabg
Mesoporous silicaanalsobedetrimentato humanhealth due to the dust cldereated during
their usagelNoncoated rasoporous 8ta nanoparticlealso aggregataftertemplate removal
surface modification, and dryinNg.56], which reduces its dispersion in the reactoadium
and its SSA. Blockingnesopores by adding polyelectrolytes is also another downsitie of

direct blending of cellulose andesoporous silica herefore, blendinghesoporous silicaan
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cellulosecan lead to the reduction of mesoporous siéidaorption performanceue tothe
reasons outlined abovelowever, the irsitu combination of cellulose and mesoporous silica
can eliminae dust production created by mesoporous ssjoghesis, high energy consumption
for calcination, and using a polyelectrolyte for its combination waflulose. It can retaithe
pore volume of mesoporous siliaad avoid further aggregation of partic[@87]. Therefore,
the in-situ fabrication ofnanocellulosenesoporous silicaomposite has more advantages.
Another impact of nanocellulosaesoporous silicdormation isimproving nanocellulose
membrane permeability for filtration processékere is asignificantgap of knowledgdnow

the nanocelluloséibre diametercontrolson the median size and SSA of mesoporous silica

particlesprepared by irsitu precipitation. This gaill be investigated in this thesis.
1.2.10.Properties and applicationsof cellulose composits

CelluloseSiO; NPs composites possess developed hydrophobicityubeaat SiQ weak
permeability]145, 158] Moreover alow wt% of cellulose nanocrystal (CN<)JO, composite
was employed as a reinforcement additivedifferent polymers such a®lgstyrene[159],
polyurethand160], polylactic acid161], and poly(acrylic acid)162] to improve mechanical
strength for waterborne coating applicatio@emposites of cellulose amdesoporous silica
including amidoxime functionalisd CNCGmesoporous silicg103] and microcrystalline
cellulosemesoporous silicl63] compositeswere applied folCO, captue at ambient ah
120°C temperaturesPereira[123] reported oleophobic cotton textile production using
hydrophobic MSN prepared by a-condensation of a hydrophic organosilane and TEOS
using both soft and hard templates to creatsopmes MSN coated theuter surface of cotton
textile andretaineda mesoporous structure without mesopdresg blockedy fibres (Figure
7).
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Figure 8. Production of superamphiphobic cotton textiles by hydrophobic mesoporous
silica nanoparticles obtained from [123], copyright © 2011,with permission from the

American Chemical Society
1.2.10.1 Cellulosecompositedepth filters

Celluloseadsorbents can produce cellulasanposites fodepthfiltration [164]. In degh
filters, adsorbents are included in the bulk of the membrane, while size rejection can occur on
the surface and in bullAdsorption in the membranes is generally limited to small charged
molecules.Size rejection of depth filters generally limited to large molecules due to their
porous structure§ herefore strategies tdabricate depth filtexwith lower (molecular weight
cutoff) MWCO are required Doublelayer cellulose composite membranes for water
treatmentcan also perforndepth filtration[39], while using a low poraity barrier layer in
doublelayer cellulose composite membrares alsoimprove size rejectianrHowever, the
optimal structure has not yet been established that can minimise performance Hudlrias a

and as a deptfilter. Therefore, this gap will be addressed in this thesis.

A combination of cellulose and metal or metal oxide NPs to foefiulosebased
membranes can improve dye and metal removal efficig8tly Adding copper[165] and Ag
NPs[166] can improveheantimicrobal and antiviral properties of membranes. Integration of
ZnO NPs[167]to nanocellulose also rde utilsed for photocatalytic degradation. Moreover,

adding metal oxides can improtree porosity and flux of menmanes[35]. However,it is not
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clear what the increased flux does to adsorption.

In addition, cellulose composite depth filter membranes can enmg@mios and nutrients.
The adsorbed nutrients to cellulose composites are beneficial to lsedufdr renewable
energy production and fertilisef84]. Indeed, cellulose compositeafter adsorption of
nutrients can release them slowly to perform as a fertiliser, which can be used [h6&iil
Hence,the biodegradability of cellulose competess is of great importance for using them as

fertiliser inthesaoil.
1.2.10.2 Cellulosecompositebased molecularly imprinted polymer

Cellulosebased adsorbents can be sl for antibiotic removal with high efficien¢%69].
However, they performed neselectively, which led to the adsorption of multiple components.
In another study, -butyl-3-methylimidazolium hexafluogghosphate [@MIM][PF¢] ionic
liquid was used to coatagnetic cellulose nanoparticles for reglective @tection odifferent
antibiotics[170]. The adsorption capacity of the adsorbent was in the range-24 L L
1. The selective adsorption usitigeMIP system in cellulose composite membisisef great
importance for the detection of the concentration of special targets for further anvabtss.
compatible cellulose acetate membrane plgoédted by melamine imprinted napberes was
prepared by polymergion with methacrylic acid as fumgnal monomer, ethylene
glycol dimethacrylateas crosslinker, acetonitrile aporogen,and melamine as template
molecule. MIPmodified cellulose acetate membranes exhikatkijh affinity to melamine in
dry milk. Composite membrasevereused as a solighase extraction medium for melamine
from dry milk samples. The melamineadingwas 0.020 winl. Results showed higher
binding capacity for melamine imprinted membranes in comparison with thenpoimted

membrane§l71].

Mesoporous silicaan provide some @mnels for the creatioof MIP around themselves to
adsorb antibioticsZhao et al. synthesed nanocomposite cellulose membrivased MIP
using polymemation of dopamine as the monomer and norfloxacin orr WiRsand filtering
the MIP on a commerciategenerated cellulose membra(fégure 8) [58]. The MIP-
nanocomposite adsorbed 2m8/gof norfloxacin, which wad.8.9 ng/g higher than the nen

imprinted nanocomposite membrane

Mesoporous silica has been recognised in the field of nanotechnologps fomiform
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structure and porealong withits large surface area. When made into molegulanprinted
polymers, MSN can itrease the efficiency of the adsorption of target molecules by forcing
these molecule® the mesopores walls for rapid point position recognition using imprinting
mesopores with the target molecule asstinecturedirecting agenf53]. MIP andmesoporous
silicaare both advanced materials. MIP compounds havedm®edas biomimetic materials

in applicationgangingfrom separation and sensing to catalyssiscting as synthetic receptors
with antibodylike binding properties or enzymiie activities[172]. Additionally, MSN with
highly ordered mesopores is also important for catalysis, separation, andysétSM in
recent years has been faved for its mesoporous structuasd mechanical and chemical
stability. Thesurface propertiesan also be modifiedith abundant active bonds on the pore
walls. The adsorption of heavy metal ions is increased effgctfter the functionasiation of
mesoporous silicaThe modification does not affect theesoporous silicatructure but the

functional groupshatare adsorbed onto the exterior of the MSN or wittsipores [55].

The combination of these respective adsed materials is highly desirable for prospective
applications due to the great selectivity, binding capacity, anesgzang from both materials
[56]. Since the mesoporous structure of silica can improve the SSA of the MIP effectively,
applying mesopaoous silicain MIP technology allows for both enhancement of adsorption
capabilities and more effece selective adsorption. ImagesMésoporous silicMIP show
uniformly sized\Ps where the approximate average diameter is 147 ®&mie the imprinting
layer thickness of the polymer was around 1dnY producing fasteadsorption [57]In an
experiment with perfluoroocten s ul f onat e ad&lMHCI(EvN\8: 2atarédmokzet O H
template molecules, MIP adsorption capacities decreased by less than 5% after five cycles,
displaying the reusability and regenerability of the polymer [Blgsoporous silicaMIP has
higheradsorption capacitgs it hagnore binding sites of the target in comparison with silica

NPs without enough binding sites adsorltargetmolecules

The efficiency oimesoporous silicdIP compositesn removing trace lead amounts from
solutionswas also investigated. It was found thagsoporous silicMIP was costeffective
due to the reusability of the adsorbents. This was tested by repeating adsorption/desorption
proceduresix times on the sammesoporous silicMIP sample, and it was found that for all
six runs, the adsorption effency was almost constant, which substantiates the remarkable

stability and reusability aihesoporous silicdIP [58].
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According to the mechanism of the formation of the mesoporous structure, the imprinted
cavities withn the MIP are mostly embedded the surface of thenesoporous siligacausing
the expansion of regular mesopores and improth@SSA of mesoporous silicaThis also
increases the mass transfer of the template within the mesopores [59]. Mesoporous structures
provide excellent selectivity, large SSA for adsorption, homogenous binding site distributions,
site accessibility, and fast mass transfer, making tem@ppropriate candidate for MIP usage
[60]. Based on the mentioned strategftuorescence probe wasade from a hybrid quantum
dot-mesoporous silicMIP, and this structure was used for tetracycline detection in a serum
sample[173]. In the literature, rasoporous silicMIP with a high SSA was fabricatgdr

efficient separationf perfluorooctaneulfonate[174] anddicyandiamidg175].

Figure 9. Schematic ofcellulosebasedMIP membrane preparation, obtained from [58],

Copyright 2018, with permission from Elsevier.
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