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Abstract
Bio-mass derived materialsuch ascellulose nanomaterials (CNsre naturaly abundat
sustainate, and bio-degradale, and they are promising next generatiomrmaterialsto replace
petroleum derivedystems The thesidocuse on the management oénvirormental pollutios
causedby the discharge of emulsions and heavy metal ions in wastewaté¢heande of non
sustainable surfactamiind toxic solventsised inconventional pesticide formulatiofo achieve
this goal, hegeneral approaches adopted in thistoral studyare 1) development opesticide
emulsion formulation using sustainable cellulose nenystals (CNCs)as emulsifies, 2)
development of novadrganicsolvent and surfactantiree pesticide nanalispersiorusing CNCs
as carriers and dispersing agents, 3) developrobr@Nsbased aerogel adsorbents tbe
treatment of wastewater containing heavy metal ions and emulsion drdpletsovery of water

pollutants as nutrients for plant growth

Firstly, surfactanlike CNC particleswere synthesized by grafting aminated polystyreneNPI9
on the end of CN@ia reductive aminationThe effect of eactionconditions,such as reaction
time (1, 3 or 7 days), reaction temperatu@n temperatureor 7 0 ) and polystyrene chain
length Mn of 5000 or 1000(Da) on the modification degree were investigatedrther, he
emulsificationcapability of theendmodified CNCs wagnvestigatedwherethe modified CNG
were more effectivein emulsifying toluene and hexadecane than pristine £N@rious
parameters, such as concentration of particles, electrolgiek polarity of solvents on the
characteristics of the emulsiongere investigatedSuch system, bearing biocoatjble and
environmentallyfriendly characteristicsshowed excellent encapsulatiasf amodel hydrophobic
compound(Nile red without coalescence over a period of more than 4 momthich offers

promise forprepamg emulsionformulationsfor pesticide encapsulation

Following this, & organic solventand surfactantree pesticide nandispersionrwas developed

usingpristine CNCsas carriersand dispersing agentsliminatingthe use oforganic solvents in

the final formulation. Such characteristadigns with one of the key focusesof sustainable

agriculture i.e., development agnvironmentally friendly naneized pesticide formulation. CNC
was usedhsa carrier and dispersing agent fiovo waterinsolublepesticides (Deltamethrin and
Permethrin) to formulatequeouspesticide formulations The optimum loadingmassratio

between pesticide and CNC was determiaged.:100from UV-vis spectrophotometer, dynamic

iv



light scattering (DLS), zetaotential, and transmssion electron microscopy (TEManalyses
Besides, the possibhgtractve force between the pesticide molecules and CNC was studied by
Fourier transform infrared spectroscopy (FTIR) and Isothermal Titration Calorimetry (ITC).
addtion, both laboratory and field tridkstswere conducted to evaluate the pest control efficacy

of thenanadispersionwith performancéetter or equal to exing commercial formulatios

Functionalized cellulose nanofibrils (CNFs) based aesogele synthesizetb removeCu (1)
ionsand emulsified emulsion droplets wastewater streambirstly, aminefunctionalizedCNF

was prepared by crosinking polyethylenimine (PEI) to cellulose nanofibrils (CNF) using 3
glycidyloxypropyl trimethoxysilane (GPTMSRobust cellulose aerogel beads (CGP, diameter of
3~4 mm)were producedby injecting crosslinked CNF dispersiontmliquid nitrogen, followed

by freeze dryingTheeffect ofmass ratio between PEI and GPTMS (1:1 or 8riljhetotal amine
contentsmechanical strength antbrphologie®f the aerogel beads were investigated. In addition,
the effect of pH, ionic strength, adsorbent dosage, temperature as wetladconcentration on

the adsorption performaneeere studiedwherethe maximumadsorption capacityadsorption
kinetic wereexamined Small CGP beadsith desirable characteristics, such as high amomeent

(5.74 mmol/g for CGP3 beads), large maximum Cu (Il) adsorption capacity (163.40 mg/g for
CGP3 beads), very fast adsorption rate (< 10 h to reach equilibrium), high shape recovery (2.00 %
plastic deformation for CGP3 beads at 50% strain), robugtanézal strength (stress around 10.5

KPa at 50% strain), amubssibleregenerabn were achieved

As an extension from the previous studgthoxylated CNF aerogel beads were prepare@ior

(1) ions removalA one step protocol to prepare highly carbaxyd and chemically crosslinked
cellulose nanofibril (CNF) aerogel beads using maleic anhydride (MA) was develbiped.
crosslinking wasachieved by esterification reactibased on the results froRourier transform
infrared spectroscop{FTIR) andcondwctometricpotentiometrictitration. The carboxyl groups

and ester linkagesereproduced snultaneouslyduring the ring open reaction of MA, yielding a
carboxylic content of up to 2.78 mmol/g. The effect of CNF concentration on the morphology and
wet mechanical strength of the crosslinketogebeads were also investigatésults suggested

that higher GIF concentration yielded a compact network that displayed a maximum compressive

stress of 2800 Pa at 60% strain. In addition, Cuighy adsorptiorcapacityof 60.92 mg/g and



84.12 mg/g was yielded for CNFMA 1% and CNFMA 2%, respectively. The adsorptiovas

achieved by complexation between carboxylic and hydroxyl groups.

Furthermore anambient amphiphilic cellulose aerogel was prepared for both emulsifiéat
waterandwaterin-oil emulsion filtration.DicarboxylatedPEG crosslinkersof different kengths
were synthesized byrafting MA onPoly (ethylene glycol) (average M 600, 1500, 3350, 8000
Da) by esterification reactionThen, anbient amphiphilicand underwater superoleophobic
cellulose aerogel{CPMs) were prepared by crosslinking cellulose nanofibrils (CNF) with
dicarboxylatedPEGsof different lengths. Thdriedaerogels showed excellent uptalegacityfor
various solventpossessing different polaritiesndthereleasd of the absorbed oils in watérhe
crosslinking efficiency decreasedth increasing crosslinker length. Both crosslinking degree and
network density contributeto the mechanical strength tife aerogel. Such amphiphilic aerogels
were effective for botbil-in-waterandwaterin-oil emulsion separation. Thgermeation flux and
separation efficiency fooil-in-water emulsionsare controlled bya combination effect of size
sieving and electrostatic interaction between oil droplets and the negatively chaoggsd. ddre
aerogel also demonstrated excellent separation perforn{2@2686) for cellulose nanocrystal
stabilizedoil-in-waterPickering emulsions. Favaterin-oil emulsions, the viscosity of oil showed
a significant effect on the permeate fléxseparatn efficiency over 97% was achieved for all

studied watein-oil emulsions.

Finally, the potential ofCNF based aerogels an absorbenfor water and nutrient capture and
releasewas examined As an example,hie as prepare@PM aerogel waduried in soil before
planting pea seeds Seed germination and growth ie CPM aerogel containing seilwas
compared withnormal soil. After harvesig, the fresh weight, average shoot/ root length and
diameter of seedlings from eaphbt werecompared The results suggeghatthe functionalized

aerogelsvereeffectivefor promding seedgermination and seeding growth

In summary, the thesis contributés the development of CNs frontwo perspectivesl)
development of new and nowalstainable systems and advancing new fundamental understanding
on the properties of these systeamsl 2)expandingtheir applicationsto other fields, such as
agricultural (not often reportedland wastewater treatmenthe $ecific applicationsbeing

demonstrated areovel pesticideformulations preparatiorgerogel beads for heavy metal ions
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removal, superwetting cellulose aerogel faily wastewater purification, anéerogel for

promoting plant growth.
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Chapter 1 Introduction
1.1 Problem statement

With theincreasingoopulation, agricultural production of food must significantly increase to meet
the demand for food for nutritianin the past decades, increasing dpplicationof pesticides,
fertilizers, waterand other resources is a very straightforward approaehttancesrop yield?
As most pesticidactive ingredients (Al) are insoluble in watayxliary ingredients such as
carriers, solvents, surfactants, aeguiredto prepare suitable formulations to facilitate ithe
applicatiors in the field?® For exampleemulsifiable concentrate (ECA type of commercial
pesticide formulationss prepared by mixingpxic organicsolventscontaining Al withsurfactants
to improve the water dispersity othe Al.” However, the inefficiencieof agrochemical
formulations has led to the overusepesticides, surfactantsolvents fertilizersand waterwhich
causeenvironmentapollutions According to a report, 187 million metric toaf fertilizer, four
million tonnes of pesticides, 2.7 trillion cubic raet of water (about 70% of all freshwater

consumptive use globallgre requiredo produce three billion meétrtors of crops per yedt.

As a consequence of agrochemical itssughleaching, water and soil pollutidras become an
environmentalssueand concerfl To reduce environmental pollutions caused by agrochemicals
lossthroughleaching, advancedelivery systems based on polymer capsules, spheres, micelles,
emulsionssuspensionsand carriersvere developet thepast decaded he goal is achieved by
improving nutrient delivery efficiencyo enhane crop production yield However, nost of these
systemausesyntheticandnon-degradablg@olymers which furtlr contribute to thenvironmental
probl ems. According to the dete¢agod and Agocolturef A s u
Organization of the United Nations, land, water, and ecosystems must be sustainably managed
while ensuring crop yield. Compad to conventioal agrochemical formulations for plants,
sustainable agriculture requires {olegradable and bicompatible materialdor desigring

efficient agrochemical delivery systems or water retention systems without comprising crop
yield.1°

The discharge olvastewater containingmulsionsdroplets dyes,pharmaceuticalsmetal ions,
fertilizers pesticidesand oil spillss anothemajor source of water pollution for decadégthods
including sorption, membrandiltration, chemical preipitation, coagulatiorflocculation, and

catalytic degradatiorare widely adopted to remove pollutarfitem wastewaterNotably, the



removal of emulsions from oily wastewater is a global chaleregpecially for surfactants
stabilized emulsions due to their good stabilitiesulting from theirmicro- or nane droplet
sizest! Traditional methodssuch ascentrifugation, oil skimming, and floatation for oil/water
mixture separatiorare not aplicable for separahg theseemulsions'? Activated carbon and
petroleum basepolymerswith a large carbon footpriatre commercially used to treat wastewater
From asustainablgerspectivenaturalmaterials arenoredesiableto designeffective systems

for water treatment.

Biomass materiaJssuch as wheat straw, wood and sugagasse are natural resourtiest are
beingconsideed for these application$he utilizationof largevolume ofagriculturalwastess

an environmentally and economically friendly approach to minimize soil contamindsidhese
materialsmainly consist of cellulose, hemicellulose, lignin, pedig they can be converted to
high value products like cellulose nanomaterials,- hpolyols, biooil, and biochart34
Furthermorethese prodcts are starting materiale design systemsof agriculturaland water
treatmentapplications, for example, agrochemical delivery, water retention, pesticide/ fertilizer
metal iongemoval oil absorbents, etSuch close looptrategygreatly reducesie environmental

pollution caused by agricultural activities, whglpportghe sustainable agriculture concept.

As the largest component tiie biomass, cellulose ia promising materialto replace non
degradable polymers developingmany advancedlelivery andpollutants removakystems.
Cellulose is a high molecular weight polysaccharide composed of anplyahose units, where
the repeating segments are conneutat h €l, 4glycosdic linkages.To extract cellulosébers
from biomass, it is necessary to remove hemicellulose, lignohother components from the raw
materials Underchemica)] mechanical, or enzymatic treatmeellulosicfibers can bdurther
brokendownto cellulose nanomateria(€Ns), such as cellulose nanofibrils (CNFs) and cellulose
nanocrystals (CNCs)he detailedisolation procedureof CNs from biomass wastes have been
reviewed byRajinipriya et al!® Garciaet all® andMishraet all’ As nanoscale materials, CNs
possessnany beneficial characteristicsyuch adarge surface aredigh aspect ratiogxcellent
water stabilityin addition tosustainability andhydrophilicity.

In addition, surface modification methods ©GNs have been widelyeported dudo its abundant
surface hydroxyl groups. There aseveral comprehensive review papediscussng the

background informatioron the structure physical property, classification, preparation, and



modification of cellulosé®?° These techniques provide solid support for researchers to construct

various functional systems fanultiple applications.
1.2 Research objectives

Thescope of thigesearch is toeduceenvironmentapollution caused byonvertional pesticide
formulatiors and wastewaterdischarge The objectiveis achievedvia four approachesi)
development opesticide emulsioformulation using sustainable cellulose nenystals (CNCs)
as emulsifiers2) development of novel organic solveand surfactantsfree pesticide nanro
dispersion using CNCs as carriers and dispersing agents, 3) develagnahtbased aerogel
adsorbents for trei@g wastewater containing heavy metal ions and emulsion drog)atscovery
of water pollutants as nutrients for plant growtA. detailed literature revievis describedin
Chapter2, whereonly a few reportson the use of cellulose nanomateriats preparepesticide
formulations were evident compared to their apphldions inwater treatment, oil recovery,
nanocompositedhiomedical,etc. For pollutants removalporous aeroggbossessed significant
advantagesver singlecellulosenandibersin terms of theperformanceBesidesthere are very
few studies onheapplicaton of cellulose aerogel for emuisd oil droplets removal
Based orthe literaturesurvey, the following hypothesis anesearch goalareformulated:
Researchhypothesis
(1) Cellulose nanocrystals cane bused toencapsulate waténsoluble active pesticide
compounds
(2) Pesticide nandispersionwith good water dispersity can h@eparedusing cellulose
nanocrystal athe carrier,
(3) Cellulose aerogel beads possess fagitutantsadsorptionratethanmonolithiccellulose
aerogel;
(4) The recovered water pollutants can be used as nutrients for promoting plant growth
(5) Superamphiphiliccelluloseaerogekan be synthesized foothoil-in-waterandwaterin-
oil emulsiors separation
Researchobjectives:
(1) Synthesisand characterizatioof amphiphilic cellulose nanocrystdly grafting aminated

polystyrene on itgeducing ed via reductive amination reactionts capacity asan



emulsifierto stabilize oil-in-water emulsionfor the encapsulation af mocdel hydrophobic
compoundi.e.Nile redwas evaluated

(2) Preparation of organic solvenand surfactantree pesticide nandispersion using
cellulose nanocrystals as carriesghere the preparation conditionand pestcontrol
efficiencywill be evaluated

(3) Synthesis and characterizationashinated and carboxylated cellulose aerogel beads for
heavy metal ions removalhe adsorptioperformance of aerogel monolith and beads
be compared

(4) Synthesis of ambier@mphiphilic and underwater sup&eophobicfor oil-spill recovery
as well asemulsion droplets separation

(5) Explore the potential of functionalized cellulose aerogeh gdatform for water and
nutrientcapture andleliveryto promot plant growth

1.3Thesis aitline

The thesiscomprises8 chapters Chapter 1 introducethe environmental pollutons caused by
conventional pestide formulationand wastewater discharght also introduceghe research
objectivesand outlineof thethesis Chapter Zonsists of a detaildderature reviewcoveing the
background iformation of commercial pesticide formulationcellulose naomaterials(CNs)
preparation and propertZNs as Pickering emulsifier€Ns asdrug carriersandthe application
of CNsin crop protection as well as imater treatmentThe results from all the research work
conducted in this doctoral reseasrie reported in the manuscript forraad they are describéa
Chapter3 throughChapter7. Specifically, Chapter3 reportson the synthesis ofin amphiphlic
cellulose nanocrystateroughredudive amination reaction at its reducing eaddits capacity as
a Pickering emulsifierfor hydrophobicpesticide encapsulatiorwas investigated. Chapter 4
provides ascahble andnovel solution to preparerganic solventand surfactantree pesticide
nanadispersion using cellulose nanocrystals as carfiesrpest control efficiencyvas evaluated
in both laboratory and field trial experimentShapter5 to Chapter 7 focuss on the pollutant
removal from wagtwater usingaerogelgprepared usingellulose nanofibrilfCNFs). Chapterb
and Chapter @eporton the synthesis odmimatedand carboxytedcellulose aerogelfor the
capture ofheary metal ions §uch asCu?*) respectively Chapter 7describes and discussas
ambientamphiphilic and underwater supereophobiccarboxylated cellulose aerogel foily

wastewater treatment including spilled oil recovaryd emulsified oil droplet removalnd for
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emulsified watedroplet removal from oilln addition, the potential of the aerogel as water and
nutrient capture and delivery platform for promoting plant growth was exploastly, Chapter
8 summarizeshe major conclusionsand contributionof this research work along wittine

recommendations for future studies.



Chapter 2 Literature review

2.1 Commercial pesticide formulations

As most of the pesticide active ingredients (Al) are inslelin waterauxiliary ingredientssuch
as solvents, surface active compounds, and stabilireusedto prepareghepesticide formulation
Commercial pesticide formulatiors typically consist of: emulsifiableconcentrates (EC),
suspension concentrates (SC), soluble concentrates ¢&h3ule suspension (CS)wettable
powders (WP), watedispersible granules (WG), granules (GR), tablets (TA), ®ie.specific
format isdetermined by theropertyof Al, for examplejts solubility in organicsolvents andks
toxicity to nontargetorganisns. Each formulation has itsdvantagesand disadvantageand the
generatomponentscharaatristics andpreparation process tife most widely usefbrmulations
such a£C, SC WP and WGarereviewed

Emulsifiable concentrates (EC)

EC is aconcentrateail-in-water emulsiors consisting of arorganic solvente.g, toluene and
xylene)with the solubilizedAl andlarge amount®f surfactantge.g, alkylphenol ethoxylates)
The solvent type determines tloelor, viscosity,flammability and potential phytotoxicitgf the
formulation Upon dilution,EC forms oitin-water emulsions, wherereaming anail droplets
coalescaceare commonlybservediuringapplicationDue to thepresencef toxic solvens, ECs
may be more phytotoxto plants than othaypes offormulations egpeciallyfor active ingredients
that ara@ntended to remain on the lesirface andhotto penetrate plant tissues

Suspension concentrates (SC)

A SC formulation usually contains milled Alagicles suspended in watgith the aid of
suspension agents prevent thé\l particlesfrom setting. To increase the water dispersitiyAl
particles, wetting agentgerequiredasmostAls arehydrophobicThe SC formulation generally
possessshigh viscosityto prevent phase separatid&fpon dilution in water, Al particlesend to
settle in the tank bottom due to the reducedcentration ofuspension agengnd their micre
size Therefore, it i€ritical that agitation be maintained dilution. Depending on the formulation,

the solids can be difficult to resuspeortte tley have settled.
Wettable powders (WP)

" This chapteis adaptedrom a manueript in preparatiorfor a review paper
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WP is a powder pesticide formulatioamprisingof milled Als, usually with a carrietinert fillers,
and other additivesAs WPsaredry powdersthey can be dustynd require proper protection.
Upon dispersingin water, WPs form auspensiorsimilar to SC, thus agitation should be
maintainedduringdilution.

Water-dispersible granules (WG)

Waterdispersible granule@VGs)arealsodry formulationghat are similawith WPs except they
consist of largeAl particles and are typicalljwuch less dustyPrior tothe application, they are
required tobe dispersed in wateto form a suspensiononsisting ofsolid particles. Similarly,
adequate agitationust be maintained toreventthe settling of the solids.

2.2 Cellulose nanomaterials peparation and property

2.2.1 Cellulose nanomaterials preparation

Cellulose is a high molecular weiglmear polysaccharideontainingb-D-glucopyranosenits,
where the repeating s ednglycosalic lmkagesCelloloseizant e d
abundant material widelfjpundin wood, plants, tunicates, algae, and bactétries a promising
materialdue to its abundance, biodegradabilapd lov cost.Cellulose fibersarecomprised of
alternatng tightly packed crystallineegiors andloosely packe@morphousegionsasshownin
Figure2.1 (A). Such characteristic providé¢he scientificbasisfor researchers to prepare CNs.
Underchemical, mechanicabr enzymatic treatent, heloosely packe@morphousiomainscan

be partially or completely removegroducing CNFs or CNCs, respectivel\s proposed byhe
Technical Association of the Pulymd Paper Industiff APPI), US Department of Agriculture, US
Forest Servicand various Canadian entitjghe classificatiorof CNscan be divided intdwo

groups, namely cellulose nanocryst@®NCs) and cellulose nanofibrils (CNFs).

Thedetailedisolaion procedureof CNs from biomass have been reviewedRajinipriyaet al,*®
Garciaet al,'® Mishraet al,}” and Moon et a! Generally CNCs are produced via acid hydrolysis
of thecellulose fiberswhile CNFs are preparemblely bymechanicatlisintegration treatmertr
combined with chemical treatmeas shownin Figure 2.1 (B).Using mineral acids, such as
sulfuric, hydrochloricpr phosphoriacidstreatmenttheamorphous regiona the cellulose fibers
aredisintegrated, leaving behirtbe crystalline domainswhich is generallyeferred to as CNCs
In recent 5 years, organigeak a&ids, such ascitric acid, maleic acidpxalic acid were also
reportedfor the preparation cENCs CNCsextractedrom plantspossess lateral dimensioofs

5-10 nm lengths ranging fron60- 250 nmand thicknessf around a few nanometedepending
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on the source$or example, CNCs extracted from cotton posseskadyth of 195 35 nm, width
of 22 + 3 nm, and thickness of 6 + 0.2 Afin addition negati\ely charged ester groups are
decorated on CN&afterhydrolysis which induceelectrostatic repulsiobetween CNC particles
resulting inan excellentcolloidal stability On the other handnechanical shearinguch as
refining, grinding,microfluidization intense ultrasonicatigrigh-pressurenhomogenizatiorand
chemical treatmenfTEMPO oxidationand acid hydrglsis) are usedto prepareCNFs CNFs
contain someamorphousdomairs, and their dimension differ widely depending on the
methodologyand treatment procesd-or example, Zimmermann et.aleported the use of a
microfluidizer (Microfluidics Inc., USA) for CNF productioBulphite pulp suspensions were first
treatedby an ultraturrax (FA IKA) at 24,000 rpm for 8,land then subjected toicrofluidization

at a pressre of 1000 bar for 60 mirkinally, CNFswith a diameter 020-100 nm andength of
several tens of micrometers were obtaifitlth another studyisogai et al. prepared CNFs from
native wood cellulosethrough TEMPO oxidatiaryielding individual nanofibersvith a width of
3-4 nmand length oBeveral micron$* Typically, CNF have a diameter of3® nm and a length

of few micrometers®
2.2.2Properties of ellulosenanomaterials

In addition to sustainabilityand biodegradability, CNs also possess favorable physical and
chemtal propertiesAs nanoscale materials, CHghibit superhydrophility, large surface area,
high aspect ratiexcellent colloidal stabilityrefers to CNCs)andhighmodulus Besidesyarious
modificatiors can be performed on CNs due to the abundahsurfacehydroxyl groupsMoon
et al. summarized theommonly usedapproaches fothe surface modification of CNs. These
strategiescanbe categorizethto 3 distinct groups: (1decoration of functional moietiem CNs
duringtheirpreparatiorprocessas shown in Figure 2.1 (QR) physicaly adsob modifyingagents
onto the surface o€ENsasshown in Figure 2.1 (D)and (3)chemicallygrafting reagentsto the
surfaceof CNsas highlightedn Figure 2.1 (E¥® These advantages can umed for thelesignof
systems fomany differentapplicatiors, and this topiavill be discussed isection 2.3 to section
2.7.
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Figure 21 (A) Schematic of the tree hierarchical structt/réB) Schematic diagram showing the
process of extracting CNs from trees along with micrographs of Wbers during the various
stages ofhe extraction proce& Surface modification on CNsy the extractiormethod(C), by

physical adsorption (D), and lspemically grafting (EF®

In addition to surfac&nctionalization thee are several reports on the enddification of CNCs

in therecent 10 yearg.he phenomenothat thehemiacetal ring form of glucose is in equilibrium
with an openchain aldehyde fornas shown inFigure 2.2 (A),so calledmutarotation was
discoveredit the beginning of the #@entury?® Although such characteristic has been known for
decadesthe endmodification on CNCghat utilizesthe reducing end (reactive aldehyde group)
haveonly emerged recently, because of analyticalleimges associated with the loanentration

of the modified groupslt is known that the cellulose chain$ native celluloseare aligned in
parallel, thus the reducing end groups in CNs are at the same terminal. To date, reducing end
modification is mainly performed on CNC#r interface stabilizationfluorescent labéhg,
composite reinforcement, and safsembly regulation as seen in Figure 2.23{BYhe most
commorty usedapproachegor the modification of thealdehydeendgroup aresummarizedn
several studiesThese metbds can belassifed into 4 types:(1) hydrazine, hydroxylamine, and
thiosemicarbazide ligatigft (2) reductive aminatiof? (3) Pinnick oxidationor followed by



amidation®*3*and(4) Knoevenagel condensatidhThe correspondinghemicalreaction scheme

is shown in Figure 2.2 (C).

(A)[ o —
woAHO0 | HO Reducing end mutarotation “g- '\‘;«S_i
H\,F(\H O)&OO H on H-) Mo
OH W '; OF _— OH H
OH ) -~ \“ — H
HO el Lk
hemiacetal open-chain aldehyde
OH
Reinforcing rubber-based i ilizis p,d“‘,ing
(B) g © .

Ligation o o Reducing OH SEH
H agent H
X N B
HN g Hom @ HO N @
OH 4 OHYy

3

/\0 Preserving surface hydroxyl groups OH Reductive Amination
T . Functionalized HO =0 =
‘ o \{;«g T 0 reducing end o X=NHorO
Oso;
oso; " st on Pinnick Oxidation
o o\/o Preserving negatively charges NaCIO,
Knoevenagel
condensation OH Amide Coupling
s = /\ o O OH 0 Coupling OH
L =8 AMg o et .x\_on
—— 5§ OHYoy HO.

OH
B . NH, OH '@
G xS0 ® 6 N
Oeng s
7 OH o

Precise regulation of self-assembly behavior Fluorescent biolabeling

Figure 22 (A) Open chainmutarotation phenomenon of cellulose chain, ¢Byeral reported
applications of reducing erdodified CNCs (C) most commoly usedapproaches toward

modifying reducingaldehydegroupon CNCs?°

2.3 Cellulose nanocrystals as Pickering emufsérs

Emulsions arevidely usedin cosmetic food and agriculture industrie&enerally, surfactants are
necessaryo reduce theoil and water interfacial tensidior preparingemulsions.Since the first
reporton Pickering emulsion bRickering in 1907micro- or nanoparticles have been widely used
as fAPickering eWithths rapdrdéveloprneatoi materale scienoeye and
more typesof solid particlesbeyond silica nanoparticles wedevelopedas stabilizers.Also,
additional modificationgan be performed osolid particledo impart multi-functionscompared
to surfactats. Moreover Fickering emulsionpossessuperior stability and low toxicitpompared

to classical emulsion¥.

Toyield a stable Pickering emulsiotie key factor is to prepasslid particleswith wettability

towardsboth oil and waterUnder partial wetting conditions, the contact angle ofainex oil/
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wateri nt er f ace wi t h as Bhewnsneiduie @.3 (AXdetarnmmesdthe dype of
emulsion for ajivensolid particle. For hydrophilic particles witR0°<d <t Gndjqr parof
the particlewould immerse in the aqueous phase, inducinddireationof an oitin-water (o/w)
emulsion.On the other handyydrophobic particles with60°>d > weull Aroducevaterin-
oil (w/o) emulsionsTheoretically, prticles with an angle of 90° at thé-water interface possess
the maximum desorption emyy according tdeq. (2.1),
0o “ir p wéEi — (2.1)
wheredow is the interfacial tension between oil and wates; the radius of soligarticle dis the

the contact angle dheinterface with the solidmeasured through tlegueous phake

From the equation, we conclude thhe particle ralius hasa critical effect onthe adsorption
energy i.e., larger articles possess highexdsorption energyAs an example, thadsorption
energy of1l0 nmspherical #ica nanoparticles at th®luenewater interface dw = 36 mN-m)

with a contact angle of 9Gs 2750kT, which is multiple orders of magnitude larger thiaermal
energykT (4x10%! J at 293 K)lIn contrast, surfactant moleculasually have a radius less than
0.5 nm,which results iranadsorption energgf several kTThus, theadsorption otolid particles
onthe interface isonsideredrreversibie, while surfactantgouldadsorb and desodia relatively
shorttime scale®’ In recent years, particles with different shapes such as fibers, cubes, rods were
also used as Pickering stabilizers. Comparitl spheres, fibers and rods possess high aspect ratio,
which could connecto each other and form a stalleverage oremulsiondropletat a higher
concentration. Thgghenomenorwas observed b¥alashnikova et alwho prepared cellulose

nanorods with aspecatios between 13:1 and 16621

Cellulose nanomaterials (CNsxhibitinherent advantages Beckering emulsion stabilizedue

to its biocrenewality, bio-degadablity, high aspect ratiand ease of functionalizatioMoreover,

it is also reported b¥alashnikovaet al. thatCNC possess hydrophilicplanes( ( 01 0) b/ (110
and(1i1 0) b/ (ahdhydrophobie d ge pl ane £ TH2iBydrdphobic¢ faceonly U)
orientedto the oil phase whil¢he hydrophilic faces stayed in the water phase as shown in Figure

2.3 B). Pristine CNCextraced from bacterial cellulose and cotton cellulasth surface charge

less than 0.08/nnt could stabilize hexadecane in water emulsi@ssseen from Figure 2.3 (C)

These dsorbed CNCs$unctionedasphysicalbarriers prevening the coalescence tife droples.

It was reportedhat the surface charge played a critical role @mulsion preparation. Strong

repulsionbetween CNC particles wegeneratedvhenits surface charge density exceeded 0.03
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e/nnt. To reduce the surface charged density, they prepiasdifated CNCdy treating sukited
CNCs with 2.5 N HCIThe surface charggecreasefrom 0.16 e/nrito 0 e/nm after treatmat.
The orienation of CNCs at the oil/water interface weenfirmedusing Small Angle Neutron
Scattering (SANS}echnique and theemulsifier thicknesswas determined from thsignal
intensity contrasas shownn Figure 2.3 (D)SANS resultgevealed that th€NCs adsorbed on
the oil dropletpossessea thickness of 7 nmwhich corresponded ttine lateral crosssection
dimensionof the CNCmeasured origad tothe (20) plane, whilethe thicknesgerpendicular to
(1-10) and (110) weraround 46 nm Besides, the thickness maintained at 7 megardless othe
CNC concentrationsuggeshg that the monolayer of thsulfated CNCs were packedn the
surface otheoil droplet while the exces€NCs remained in the water phagénally, hexadecane
in water emulsion witlan averagelropletsizeof around 3 um was obtaineahd the corresponding
surface coveragiy the CNCs was35%*

As limited by the surface charghydrophilicity, and insufficient wettability in the oil phase,
pristine CNG havdimited emulsification capacitfor many types o$olventsgspecially for polar
solventssuch as toluendt is known that interfacial tensiattecreases with increasing pilarity,
beconing negligiblewhentheoil and water icompletely niscible FromEqg. (2.1), onecanpredict
that the adsorption energy decreasegth increasing oil polarity Thus the introdudion of
hydrophobic domains on the surface of CNCs is an effestrhagegyto drive the solid particles
towards the oil phade increagits contact angle with the interfgaghichenhanesthe adsorption
energyto form stableoil-in-wateremulsians.Recently, hydrophobimodificationsof CNCs have
beendeveloped forstablePickering emulsionpreparationFor example, Letal. graftedoctenyl
succinic anhydrideon CNCsvia esterification and he static water contact anglef CNCs
increasd from 560° to 80.2°after tydrophobic modiftation whichallowed themodified CNCs
to be partially wetted by both phades food-gradeoil tripropioninandtributyrin stabilization*
In anotherstudy, Hiranphinyophatt al. decaaited a biecompatible and bialegradable thermo
responsiveolymerpoly[2-isopropoxy2-oxo-1,3,2dioxaphospholane] (PIPBh CNCsvia ring-
opening polymerization of cyclic phosphoester monomerg-isopropoxy2-oxo-1,3,2
dioxaphospholane (IPPyhe obtainedCNC-g-PIPP functioedas an effective emulsifier at 4 °C
for the preparation of heptar@-water emulsionswhile the phase separation was obserwdten

the temperaturexceededts low critical solution temperatur@5°C).*> Other methodssuch as
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acetylation, carboxyethylation, surfactantoating, ATRP polymer grafting were also widely

adted topreparehydrophobically modified CNCs.

(A) air or oil (B)
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N air or oil ‘

water
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Contrast Contrast Contrast
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Figure 23 (A) Schematic illustration of contact anglé the air/oil interface with solid particles
(measured through water phasess than 90(left), equal ta90° (middle),andgreater thar90°
(right), and thecorrespondingmulsions fomed?3’ (B) Schematic illustration of therientationof
cellulose nanocrystals at thé/water interfacevith thehydrophobic edge (20@wards athe oil
phase® (C) SEM images of polymerized styrene/water emulsions stabilized by (a) bacterial
cellulose nanocrystals (BCN) and (b) cotton cellulose nanocrystals (CCH)) A concept

demonstration of thENC layer thickness measuremegtSANS 4

24 Cellulose nanocrystals asarriers

As introduced edier, CNCs posessed biwompaitbility, low toxicity, high surface areand
excellent colloidal propertiedts use asarriers fordrugs, dyesand inorganic particleswere
reported in recent yeatd® The carriers can be a hydw, a complex particle formed by CNC
and otherpolymers, a film, a membraner CNC itself. Here, we summarize the recent key
progress of using CNGslelyto conjugate/loacdbrganiccompoundsn dispersiorform. In 2011,
Jackson et afirst reported the use @NCsas a druglelivery excipientTheseCNCsboundlarge

guantities of watesoluble, ionizable drugs tetratcycline and doxorubizynopposite charge
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interaction achieving around 20 wt% drug loading capa@ityp mgtetratcyclineon 2 mg CNCs)
For loading hydrophobi@nticancer drugssuch asdocetaxel, paclitaxel, and etoposidetyl
trimethylammonium bromide (CTAByvas used to decorate hydrophobic domains on CNCs
Around 200ug hydrophobic drug were bound on 2 mg CN@s hydrophobic interaan.*’
Hydroquinoneis ahydrophilic druggthat could inhibit the production of melanin and eliminate
the discolorations of skinfaheriet al.introduced cellulose nanocrystals as suitable carriers for
the delivery to skin. A maximum 79.3246 binding efficiency was obtainedwhen 1.1 mg
hydroquinone was added 2omg of cellulose nanocrystaf§ In 2017,a detailedstudy on CNCs
as carriers for watesoluble drug wasreportedby Wijaya et al, who extraced CNCs from
passionfruit peelghrough sulfuric acid hydrolysiso conduct e binding experimentdts
adsorptionfor tetracycling a pHdependent amphoteric antibigtivas investigated aB0  in
variouspH conditiors (3, 4, 5, 6, and’). A maximum adsorption capacity 4295 mg/g was
achievedat pH 31 t 6 s k n lewetracyclme moledulesxist as cations at pH < 3.3, as
zwitterions at pH between 3R7,and as anions at pH7.7. In addition hydrophobidnteraction
between the CN€and tetracyclinencreasedvith decreamg pH, which also contributed to the
adsorptiorcapacity**

Theloading capacity o€ TAB modifiedCNCsfor waterinsoluble drugs wasivestigated bying

et al, whocoatedacationic surfactant cetyltrimethylammonium bromide (CTMABjospherical
CNCsvia electrostatic irgraction.Adsorption isothermadtudies indicatethatthe adsorption of
CTMAB on CNCs followedthe Freundlichmodel, which suggesteda multi-molecular layer
adsorptionKineticsstudy revealed thdhe adsorptioffiollowed the pseudsecondorder kinetics
processThe CTMAB coated CNCs possessadtable and goodispersionn water, whichwere
further used asarriers for two watemsolubleanticancerdrug luteolin (LUT) andluteoloside
(LUS). Moreover the drug loading and release performance of CTMABted NCC were studied
using as model drug¥he hydrophobic CTMAR:ould bind hydrophobic drugandresulted in a
loadingcapacity 0f12.9 + 1.5 and6.9 + 0.9mg/g forLUT and LUS respectively. In addition,
the authors also attributed thlkeug loading capability to the possibleelectrostaticattraction
betwea positive CTMAB andnegative charged drugarticles.Both LUT and LUSshowed a

sustainedeleasenamer at37 in PBSbuffer solutionover one daybservatiorf®

The performance of pristine CNCs for loading hydrophebmpound was investigated by Sun et
al. and Tang et al. in 2014 and 2017, respectivelitydrophobic spirooxazine (Sépsed dye
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was loadedo CNCs prepared bgulfuric acid hydrolysis. Nano scaled SO dyes were uniformly
distributed on CNCs ashownin Figure 2.4(A), which significantlyimproved the photochromic
efficiency of SO.However, the loading capacity and adsorption mechanism of CNC for
hydrophobic SO dyes were nexamined®” In the studyreported by Tang et al., pristine CNCs
prepared by sulfuric acid hydrolysiss/used as carriers for dispersing a hydrophasttioxidant

20 (R)}ginsenoside Rg3, to improve its free radical scavenging prog&nylarly, the surface
charge of 20 (Ryinsenoside Rg3heloading capacitpf CNCsandadsorptiormechanism ere
alsonot discussee Neverthelesseir researches have demonstrated that pristine CNCs without
surface modification could be an effective carrier foading and dispersing water insoluble
compounds to improve their water dispersity and solubility s€fiadings provide insights for

the administrationof drugs with low water solubility. It has beenpreviously reported that
compoundssuch as CTABandPH possesgytotoxicity thatcouldled to adverseffects on cell
survival, viability, and proliferationin contrast, CNCs itself exhibited very logytotoxicity,

which is very promising as drug vehiclé$:52

2.5 Cellulose nanomaterials fopesticideencapsulation

With the advancement of nanotechnology, nanomaterials have been incorponsaeg systems
due to their size, high surface area, as well as attractive mechanical prop&tiasmaterials
are widely usetb design systems fdrugdelivery, which canalso beusedfor pesticide delivery?

As discussed earlier, CNs are reaxted from biemass based materialgiey are sustainable,
renewableandbio-degradald. They are very promising materials for tiabricationof pesticide
delivery systems to reduce the lman footprint. Encapsulation technology is very effective to
reduce Al loss, improve handling safety, prevent Al degradation, and control Al défividris
section summarizes systemsepared usingCNs for pesticide encapsulatioBased on the
nomenclaturgthe systems can be classified into hydrogels, emulsions, capsules, dispenstns

other types of sstems.

2.5.1 Cellulose nanomaterialased hydrogels for pesticide encapsulation

Hydrogels possedsghly porousstructure thaallows the loadingof compoundsnto the matrix
Therefore, it is very promising loadpesticideswhich couldbereleasd from the matrixat a rate
that is dependent on the diffusion coefficienpon swelling.For example,Nornberg et al.
incorporated 5 wt% cellulosmicrofiber irto alginate solution, and the mixture was further

crosslinked with CaGlo prepared hydrogel beatfsThe addition of CMF increasédeherbicide
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imazethapyr (IMZ) encapsulation efficiency (>85%) by reducing the crosslinking density within
the beads networkwhich generatednore vacantspacesfor loading IMZ moleculesRelease
experiments in wateshowedthat the beads could prolong the herbicide relbgsg to 30 days.
Bacterial cellulose (BC) is produced by bacterial speciemd it exhibits high water holding
capacity,andgeltlike charater. BC has similar chemical composition to the plant cellylasd

it possessdsigher purity, crystallinityand water absorbance. AlonBdaz et al. anchored AgPs

in bacterial cellulose by isitu thermal reduction under microwave irradiation to troies a slow
release of silver nanoparticles hydrogel patch-@fBIPs) for pathogens controlThe hydrogel
texture exhibited excellenadherence tdN. benthamiandeaves ashownin Figure 2.4 (B),
reducingnanopatrticles loss and raiff. The authors also assessed itheitro antibacterial and
antifungal properties of the hydrogel patch against the badfsadherichia coliand two agre
economically relevant pathogens: the bacterRssudomonas syringaad the fungugotrytis
cinereal (a causal agent of gray mold disease). Reslltsred that the BEAgNPs exhibited
positive inhibitory effect towardsscherichia coland inhibitedBotrytis cinereatolonization and
spore production. Besides, the authors also studieththiro inhibition of the BGAgNPsIn
Nicotiana benthamianand tomato leavesfected byP. syringae The positive inhibitory
properties were proven by quantitative gene expression profiling of various plant defense marker
genes (Bthogenesiselatedal, Homeboxl and Harpininduced geneand reduced production of
reactive oxygen species {Bp).

2.5.2 Cellulose nanomatertblased emulsions for pesticide encapsulation

As introduced in Section 2.1he production of EC involves organic solvents and synthetic
surfactants, Wichgeneratadverse effects to the environment and-narget organisms. In recent
years, many studies have demonstrdbed Pickering emulsions (emulsions stabilized by solid
particles) possessed better thermal stability and require@rdesisifiercompared to surfactants
stabilized emulsions due to their irreversiblysoption at the oil/water interface:>® Cellulose
nanomaterials have been widelgedas Pickering emulsion stabilizers in food and oil recovery
industry,showing googromis to replace traditional swa€tants in agrochemical formulations.
Essential oil (EO) is plarderived compound thatisplay a broadspectrumbiological activity
such as antiepellency, antgermination, fungicidal, antibacterial, etc. E@ainly consist of
terpenes, terpenoids, and rarely nitrogamd sulphuwcontaining compounds. In agriculture, EO
has been used as pest repellent andbaatierial agent® Its mode of action is through pasg
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the cell wall and penetriag between the fatty acid chains of the lipid bilayagking the cell
membrane more permeable. Eventuatlgan cause cytoplasm leakage, cell lysis and cell death,
thus inhibiting the sporulation and germination of spoilage fudgithe other hand, some studies
shown that EO can play a role in plant defense mechanisms by production of secondary metabolites
such as alkaloids, benzoxazinoids, phenolics, and terpefmidself protection. Some typical
examples of EO are cinnamon, citronella, lemon grass, garlic, thyme, eugethdlirpentine.
Compared to synthetic agrochemicals, EOs can reith@cenvironmental risk and are exempted
from registration along with extsive toxicological and environmental tests. However, EO is
volatile, which is nbfavorable for long term storage. Therefore, techniques such as encapsulation
are required to formulate stable EO based prodfcts.

Shin et al. encapsulated thyme white essential oil, wduatposed of gymene (38.14%), thymol
(35.82%), limonene (7.93%), pinene (7.22%), and linalool (3.56)y sulfate CNC (degree of
sulfate substitution was 0.40) as emulsifleThe successful EO encapsulation was eidgn
confocal microscopic imageas shown in Figure 2.4 (Q.The droplet size decreased with
increagng CNC content which in turn enhanced emulsion stability as demonstrated by the
turbidity and rheological tests. Also, the antimicrobial activity agaistherichia coliand
Staphylococcus aureusf the emulsion were investigated. The Pickering emulsion exhibited
postive resultswith alower minimal inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) valuewhencompared to the pure EO counterp&s. ssenfrom Figure
2.4(D), the emulsion possessed faster and longer bactericidal activity tharE@ due to the
increased permeability towards bacterial as well as the densely absorbed CNRastezluced

the volatility of EO. At last, the emulsion shown larvicidal activity against Asian tiger mosquito
Aedes albopictus.

In anothestudy, Mikulcova et al. conducted a more detailed study using nanocellulose (CNC and
MFC) as emulsifier for three types of antimicrobial EO (cinnamaldehyde, eugenol and limonene)
encapsulatioi? The effects of nanocellulose type, EO type and content on the emulsion
antibacterial activity were investigated. In teraisemulsion droplet size, 0.5 wt% CNC could
yield smaller droplet size (13 4 campared t®.5wWi% MFC (2% 1 e m) . Thi s i s
shorter length CNC could accommodate a higher curvature and form a dense kngsiroplet
surface, while longer tgth MFC lack such flexibility. Oil polarity is another factor affecting the

droplet size, where oil with lower polarity yielded smaller droplet Sikhas, snaller droplet sizes
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were observed in limonene and cinnamaldehyde emulsions. The antibacteitgl\®es mainly
governed by oil typeand they followedthe order cinnamaldehyde > eugenol > limonene.
Cellulose type only played a minor effect on the antibacterial activity when higher oil content was
used. At lower oil content, MFC stabilized emulsiatisplayed slightly better inhabitancy,
however, the authors ditbtgive a clear explanation for such phenomenon. Besides, the emulsions
displayedstronger inhibition efficiency oram positive bacteria thafram negative species.

The CNC and MFC stabilized emulsions exhibited good storage stabBityeeks antheycould

be effectivein protecing the EO from oxidation and volatilization.
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Figure 24 (A) TEM images of CNCs befor@) and after loading SO dyes (B)B) Antibacterial
and antifungal activity of B&AgNPs in N. benthamiana against P. syringae. (a)ABNPs

adhered to a N. benthamiana leaf. Thjeeweekold N. benthamiana plants were infiltrated with

P. syringae (DC3000) at an O.D.600 of 0.0008. After infiltration, infected areas were covered with
different treatments: BAgNPs, BC, or left uncovered’ (C) Size distribution of CNC/EO PE
prepared at the diffent contents of CNC&. (D) Antimicrobial activity of CNC/EO PEs and
thyme white only against E. cplihe extracts were diluted 1000 times and spread on an agar plate
after the storage for (A) 0 d, (B) 10 d, and (C) 25d
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2.5.3 Cellulose nanomatertblased capsules for pesticide encapsulation

Desigring of microcapsule for Al encapsulation is highly desirable as it ensures safer handling,
reduces Al leaching and early degradation. Pickering emulsion can be used as template to prepare
microcapsule. For example, Tang et al. developed polydopamine (PDAycapsule templated

by cinnamoyl chloride modified cellulose nanocrystals stabilized W/O Pickering emulsion for
essential oil (turpentine) and herbicide (®¥encapsulatiof® This technique eliminated the
template etching process and the use of synthetic surfactant and achied«l en2apsulation
efficiency of 74.9% when 1200 mg dopamine was used. The PDA microcapsule exhibited
sustained releas# the herbicide and showed potential leaf affinity as well as UV resistance due

to the adhesive PDA shell and U¥Wsarption capacity o€innamoyl moiety. In another study,
Kadam et al. modified CNF by stearic acid to prepare surfactant free W/O/@neimulsions,

which functioned as templates to prepare polyurethane microcapsules through interfacial
polycondensatiof* The hydrophobicity of the modified CNF was demonstrated by its water
contact angle of 112°2 Such hydrophobic CNF could be welkpersed in paraffin oil as the
continuous phase. Then, the dispersed phase containing a water sensitive insect repellant agent N,
N-diethyl3-methylbenzamide (DEET) and monomer toluehye4-diisocyanate (TDI) was added

to the continuous phase under vigies stirring to produce emulsionsitérwards, ethylene glycol

(EG) was added to the mixture to conduct the interfacial polycondensation with TDI. The presence

of CNF in the microcapsule wall greatly decreased DEET release rate due to its barrier effect.

2.5.4 Cellulose nanomatertblased dispersions for pesticidading

Compared to microscale emulsions and capsules, pesticide formulation in nanoscale can greatly
facilitate its bioavailability (especially for poorly wateoluble pesticides) due to the anked
surface area and better leaf affinity. Nesuspension or nardispersion is an important type of
nano formulations. Different from emulsifiable concentrate (EC), ndispersion has no organic
solvents in the final product, which can reduce envitental risk and enhance safety to end users
and non targeed organisms. Also, unlike suspension concentrate ,(®89se Al particles are
generally produced by tegiown approach nanedispersion usually produce Al nanoparticles by
bottomup approachSCalso requires mixing surfactants to stabilize the Al NPs, while the Al NPs
in nanadispersionwere often loaded @o the nanccarriers. NPssuch as silica, metal, metal
oxides, lipids, carbon, and polymeric nanoparticles soene common nanaarriers for

agrochemicals.

19



In recent years, CN&Cdisplay advantages as drug carriers in food, cosmetic, biomedical and
nutraceutical applications. Hower, the exploration of CN&as agrochemical carriers was less
reported. CNC can be a very competitive candidate to formulate-baged pesticide nano
dispersions considering its excellent colloidal stability due to its high negatifacecharge and
nano dimension Another advantage of CNC is its reape particleln general, CNC has an
average length of around 200 nm and width of 10lrence it possessasnoderate téarge aspect
ratio. The rodike morphology will prevent therolling off from leaves, therebyoffering good
foliar retention propertiest is widely accepted that the size of the pesticide particle significantly
affects its bioavailability and effecy. CNC as carrier for pesticigad dengthof around 200 nm,
imparts significant adantage compared to the mietmulk pesticide particles. For example,
Elabasy et al. loaded a watsluble pesticide thiamethoxam (TMX) on CNC by emulsion solvent
evaporation method as shown in FigRr&® Briefly, TMX and CNC were mixed with methylene
chloride as the organic phase, then droppetidonater phase containing PVA under stirring to
form O/W emulsions. The mixture was subjediedolvent evaporation tproduceTMX loaded

CNC nanosuspension. TGA results and UV analysis revealed that the loading efficiency and
entrapment efficiency of TMXvas 18.7% and 83.7 £ 1.8%, respectively. The release study of
TMX from CNC indicateda sustained release behavior, achieving 12.73% in 72 hslbhe
releasaate was due to the hydrogen bontkractionbetween CNC and TMX. The bioassay test
againstPhenacoccus solenopsisas conducted by a leaf dipping methbdaves were dipped in

the naneformulation or control formulations containing different concentratan MX, and 10

P. solenopsisecondinstarnymphs were transferred the dried leaves. The TMX loaded CNC
nanc formulation exhibited lower LC50 than the technical and commercial formulation due to the

smaller particle size and larger surface area.
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O/W Emulsion TMX-CNCs NF

Figure 25 Schemadt description of the preparation of the thiamethoxam (TN&&ded cellulose
nanocrystals (CNCSY.
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In another study, hexadecyl trimethyl ammonium bromide (CTAB), an efficientracitobial
surfactant, was coated on CN@& electrostatic interaction for oomycete conffohtomic force
microscope (AFM) analysisdicated thathe dameter of CNC increased from 21.6 +1.8 nm to
32.5 +1.6 nm aftebeingcoated with CTABBesides, a change of zeta potential fr@.4 mV to

+7.7 mV was observed aftdre coatingwith CTAB because ofhe quaternary ammonium head
groups The antimicrobiahctivity was achieved through the adsorption of quaternary ammonium
moiety of CTAB onto the cell surface, which enatbies hydrophobic long chaito interact with

the phospholipid bilayer of the cell membrane. Such interaction could destroy thessstiled
structure of the pathogeny cell membrane, leadmgell death. Enhanced amtomycete
efficiency was observed by increasing CTAB@CNC concentration or CTAB coating d&hsity.
particle could also prevent infestatiaimenapplied on thdeaves ofpegperachievng a disease
index as low as zero wh&TAB density wagreatetthan 3.96< 102 nmol/cnft.

25.5 Other ellulose nanomateridlased systems for pesticidecapsulation

To preparean anttUV membrane for controlled biopesticide potenone and chlorogenic acid
release, microcrystalline cellulose was dissolved in NirNethylacetamide (DMAc)/ LiCl
mixture to yield a homogenous cellulose solution. An isocyaoaisslinker synthesizedyb
toluenedi socyanate (TDI) and -dinydrexxberedpheaond (DHBN) ab s o
was added to the cellulose solution to produce mechanically robust, hydrophobic ad¥ anti
cellulose membran®.

Patil et al. mixedCNF derived from sugarcane bagasse in staith ureaformaldehyde granules

to encapsulat& welkknown mosquito repellent agent dimethyl phthakR®iP).°8 The CNF
reinforced starch granulesisplayedmuch higher water uptake capacity than granules without
CNF, which was attributed to the increased hydrophilicity dfteaddition of CNF. Itis worthy

to note that the incorporation of CNF could reduce initial burst relega®®P, which enhance

the oveall release amount. The authamslicated that the addition of CNF could reduce the
network porosity, thus inhibiting the initial release. On the other hand, the overall incf¢lase
DMP release in CNF incorporated granule was due to water inducelthgwel

The barrier effect of CNF teeducethe pesticide release rate was also reported by Mattos et al.,
who blended CNF with nar8iO; isolated fromEquisetum arvensgorsetail) for tebuconazole
loading®® The added CNF was able to trap the silica nanoparticles in @awbnstructure.
Moreover, CNF possessed affinity towards tebuconazole due to the hydrophobic interaction
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between the nepolar moieties from tebuconazole and hydrophobic backbone of CNF. A short
term slowrelease rate was achieved by the dual effects ¢f.CN

2.6 Cellulose nanomaterialsor aerogelspreparation

Since the first report of silica aerogel Kistler in 1931 usingsupercritical drying methodmany
types of aerogels have been synthesizeth the advancememtf material science and drying
techniques. In the beginninghet e r mi n aetogely was réiserved forporous materials
prepared by supercritical drying, while porous materddtgainedby ambientevaporation and
freezedrying werereferred toas xeroged and cryogels, respectivellowever, the definition of
aerogel has shifted from drying methimdpore size in recent yeawt present, anyightweight,

sol gelderivedporous materials withredominantly mesoporous (p@ige betwee and 50 nm)
pores are consideredas an aerogel.Recently, solgel derived porous materialghat possess
macroporous (>50 nnpores were alscalledas aerogelsyhich are als@appropriatéy labelled as
foamsor sponge”°Ther ef ore, we adopt faerogel 0-gdd o des«

derived and possepsedominantly mesoporows macroporous structure throughout the thesis.

Aerogels have attractedsignificant interest due to their unique characteristics, such as high
porosity, low densitylarge surface areand low thermal conductivityThey have demonstrated
excellent advantages as absorbents, heat insulat@plds, and sensorCurrently, rseart
activitieson aerogel synthessemotivated byusingsustainable precursorather tharraditional
polymer derivedrom petroleum product#&s the most abundant and sustainabledyiothesized
material, cellulose fibers have attracted intenser@sts for aerogel preparation. In addition,
aerogels prepared by cellulose fibers exhibit better mechanical property than silica based inorganic
aerogels’* CNs expose more hydroxyl groups and larger surface area than raw cellulose fibers,
andthey are very promising for designing functionalized gel® through surface modification.

In the followingsectionsthe advancgin thepreparation procesgrying methodssommonly used

pore formingtemplates and aerogebeadspreparationbased on cellulose nanomaterialse

reviewed.
2.6.1Generalpreparatiomprocess

In general, the preparation of Cldsrogel involves three steps: 1) pregi@mn of CN digpersion;
2) gelation of CNby physical or chemical crosslinking, &ying of wet gelsin somesituatiors,
only step 1) and 3) werngerformedto producepristine CN aeroged, which were subjected for

postmodification treatmentto obtain robusand functionalized aerogel$?hysical crosslinking
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induced gelationncludes hydrogel bondinigiteraction,ionic/electrostatianteraction reversible

bonding, and selfassenbly, while chemicalcrosslinking formedirreversible covalent bonds

betweerthe cellulose chaingor exampleZheng et al. prepared alinyd physicallycrosslinked
CNF/PVA aerogel byfreeze drying followed by treatment with methyltrichlorosilanevia a

thermalchemical vapor depositiqgrocess? Lewis et al.adopted a freezthawmethod to induce

the gelation of CNCs by physicaigregatiorasshownin Figure 2.6 (A);® Dong et alreported
theionic gelation of carboxylate@NF bydivalent or trivalent cations (4 zr?*, C/#*, Al®*, and
Fe*") (Figure 2.6 (B),"Li et al. prepared chemitky crosslinkedCNF gel networlby crosslinking
of PEI on CNFwith GPTMS as crosslinksi(Figure 2.6 (C).”> A drying process isequredto
displacethe liquid with gago maintain porousetworkafter gelation The dried product iseferred
to asaerogel.

2.6.2Drying methods
2.6.2.1Ambient drying

Duringthe drying process, the evaporatiorilad solvent at the gaquid interface transmitted to
the pore walls cagenerateapillary pressurewhichis caused byheliquid surface tension at the

liquid-solid interfacethatis sufficientto inducestructural collapsé® Asiillustratedin (a) of Figure
2.6 (C) the resultant forces on the pore walls in the horizontal directionatealancedwhich
ultimately lead to the collapse of theres The caillary pressure can be expressed byMbang

Laplace formular ireq. (2.2)

0 _ (2.2)
where 2 i s t loféghesmlventinthege] td nisds othhe contact
and the pore wall is the radius of the pore

Toreducethe capillary pressuréur strategies are adoptid ambient dryindbased oreq. (2.2)
i) replace water ithe wet gels withsolvens of low surface tensiari) increase the pore size

angl ¢

reducd , iii) regulatetheuniformity of the poresandiv) increase the pore mechanical strength by

crosslinking reactiorf-or exampleToivonenet al. adopted a solvent exchange prot@mssacuum

filtrated CNF gelto prepareCNF aerogeasshownin Figure 2.6D). Waterwasexchangeavith

2-propanol and further to octane, followed by ambient dryegd o lateral shrinkage was

observed upon drying from octaffeln another work by Li et al., acetone wased to replace

water in the wet CNF gel duringo$hlet extractiorto decrease the capillary pressure within the
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pores and subjectetb ambient drying. Thebtainedaerogels possesdexcellentflexibility and

a much higher (4.3 times) specific surface area thaobtainedrom freezedrying.”® However,
ambient dryingcannot comletely prevent the collapse and craul of the pore structure due to
the presence of surface tensionaif-solventinterface.In addition, theintegrity and porosity of

the aerogel is highly dependent on tbplacedsolventas well as the replacement time.
2.6.2.2 Supercritical drying

Supercritical drying method is performed under high pressure and temperature conditions based
on the supercritical fluide.g.,carbon dioxide, alcohol, and acetopenciple Carbon dioxide is
commonly used in supercritical drying methods because of its accessible critical temperature and
pressure (304 K, 7.4 MPa) and the advantages of low cost and high Gafeliguid conversion
occurredunderthe critical conditiors, where noliquid surface tensioexisted during the solvent
replacementThe benefits of using this method are that it can avoid damage to the three
dimensional network structure caused by capillary pressure inside theTgepsoducel aerogel

hasa low shinkagerate which allows the production of aerogel materials with a more uniform
structure For example Sakaiet al. prepared CNF aerogel usir@O, supercritical dryingand
compared with freeze dryin/§ Theyconduded that aerogefrom supercritical dryingpossessed

much highesurface are§160m?g) than freeze dried aerogdB0 m?/g), which agreeswith the
corclusion from Darpentignyet al. ”® However, supercritical drying is not extensively used,
mainly because of the high cost of the equipment for extreme conditions (temperature and vacuum)
and complexity of the process. Besides, the process caoivant and timeconsuming

2.6.2.3 Freezergling

Compared teupercritical drying andmbient drying method§eezedryingis the mostommon
methodto make lightweight porouSN aerogels from the wet gedgcording to a literature survey
shown in Figure 2.7 (ADuring thefreezedrying process, the gel is first frozaha temperature

below the freezing point of the liquid medium (usually water). Thengstitid ice crystals are
eliminated by sublimation under low pressuyteavingporesin the networkThis process avoids
contact with the gabquid phasesthuspreventinghe capillary pressure formed duritig drying
processFreezedrying is asimplg efficiert, and environmentriendly method and the resulted

aerogel haalower rate ofshrirkageand excellent porosity.
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(D) Vacuum filtration of CNF dispersion

2. Wet gel-cake on
filter membrane Aalto University
School of

Science

3. Rapid solvent
exchange for gel-cake 2::1“? "f'r'",' S.'c.»‘:rcg

[
\ Water - 2-propanol - octane
|
[— \ Aalto University
School of Science

4. Drying from octane
in ambient conditions

-> CNF aerogel

Figure 26 (A) gelation caused by physically aggregation of CKi¢B) Freestanding gels formed

ionic gelation between metal saltd carboxylated CNF dispersioigC) (a) Capillary pressure
analysis of pore walls of porous materials during the drying process and (b) schematics of the
crosslinked networks? (D) Schematic illustration of the preparatiprocessof CNF aerogel
membranesndits photograph of CNF aerogel membréfest) and compactefiim (right).”” (E)

CNF aerogepreparedirom freeze dying method and (F3upercritical drying method artteir

SEM imags.®

2.6.3Pore forming templates

To create @orous structure, a template is required during the gel formation process. The template
is either removed during the drying process or removed bytfatment process, leaving the
cavitiesin the network. These templates can be categorized agygtals, emulsions, air bubbles

and solid particlesAmong them, de crystals are most comniprused templates durinthe
aerogebreparation.

2.6.3.1Ice crystal template

Factors such asooling rateinduced bythe freezingtemperatureand temperaturgradientplay
significant roles in the pore morphology duethe ice crystalsgrowth behaviar® Jiang et al.
investigated the freezing temperature on tésultantpore size and morphology dhe CNF
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aerogel.CNF suspensions were frozéar approximately 2 hn a freezer 0 °Q or frozenin
liquid nitrogen(-196°C) for 5 min, followed by freeze dryin§ Much smallenucleiwere formed
at -196 °C due to thefaster cooling rate, while larger ice crystals were formed-za °C
Consequently, smaller pores were observetherapid frozen CNF aerogel afterying. In
addition, themorpholog of thepore wallsdisplayedsignificantdifferencedue to thealifferentrate
of ice formation.Seen from Figure 2.7 (B), mooederedand smoothestructuresvere observed
in the slower frozen aerogel, while more dispersedless ordered thinner wallsare formed in
rapid frozen CNF aerogels as shown in Figure 2.7 (C)

However, aerogels produced by these homogenous freezing conditions possessed randomly
distributed pores, whicprevents the aerogel from achieving a directidiggit propagationheat
andmass transfer, electrical conductivity, amdter transportationg he growth direction of ice
crystals can be controlled by manipulating the temperajwadient To date, unidirectional
freezing and bdirectional freezinghas been reported forhighly ordered porousaerogel
preparation. The differencebetween thenis that one direction andwo directionstemperature
gradientwereappliedto the gel during the freezing procesa bottomup temperature gradieist
applied br unidiredional freeze drying (Figur2.7 (D, a)), inducingthe ice crystals grotl along
this direction®? Generally, honeycombike poresalong the transverse direction apdrallel
channelsalong the longitudinal directioare produced imnidirectionalfreezing(Figure2.7 (D,

b)), which was also demonstrated by Pan €&f dlhe authors prepared CNFomolith by
unidirectionalfreezedrying, producingparallel nicro-honeycomtstructure in the networlSuch
structure could only allow laséght to penetrat through the aligned channels, whilasblocked

in the transverse direction as shown in Figure 2.7 (D, c). Sitalaonmogenous freezing, an
inverserelation between pore size and cooling rate isabgdicablefor directional freezing. Seen
from Figure 2.7 (D, e and f), the aerogel exhibéesmaller pore size when a higher cooling rate

was applied.
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Figure 27 (A) A literature survey by web ofsce nce dat abase with a topi
and Aambi,endr dawyd nGouper cirfirteieczaed ddrryyiinnggdd ,i nort |
SEM image ofCNF aerogebbtained aftefrozenin freezer {20 °C)(B) andobtained after frozen

in liquid nitrogen €196 °C)(C).8! (D) (a) an illustration a setup for unidirectional freeZingh)

SEM images othe cross section dhe transverse and longitudinal direction of CNF aerogel
produced by unidirectional freezingc) Laser penetration tests on the aerogel, Kiahly

magnified SEM image of the aerogedll, (e, ) SEM images dfhe crosssections ofaerogels

produced with a cooling rate 80 cm/h and 2.5 cm/h into liquid nitrogen, respectiféKE) (a)

an illustration a setup for bidirectional freezing, (b) SEM images of the cross sectiba of
transverse and (c) longitudinal direction of graphene oxide aerogel produced by bidirectional
freezing®® (F) (a) an illustratiorthe setup for bidirectional freezingeveloped by Wang et al. (b)

and (c) SEM images dhhecross sections of the-X and XY planes ofb-PI/BC aerogeprepared

by bidirectional freezin§®

A radial and centrosymmetrfmorous structure was obtained when dlibéctional freezing was
used as shown in Figure 2.7 (E, A% copper rod hasogd thermal conductivitythe dispersion
loaded in the setup wasibjected to twdemperature gradients, offem bottomup along the
copper rodand the other in the radial directioWang et al. produced graphene oxide with highly
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orderedvertical and radially aligned structuusing this method, which was demonstrated by the
SEM images shown in Figure 2.7 (E, b and*d{owever, similar morphology has not been
reported on CN based aerogels. A differbitirectional freezing technigueas developed by
Zhang et al. (Figure 2.7 (F, a)), where a PDMS wedge wstbpe angle of around 28ftting on

a copper plate was used as the bottdwn upward temperaturgradientperpendicular tahe
copper pate and a temperatuggadientparallel tothe diagonalof wedge were generatedi-B
directional anisotropic polyimide/bacterial celluloseRBC) aerogelsvith well-aligned lamellar
structurewereobtained bythis technique The SEM images from the¢-Z and XY cross section
b-P1/BC aerogetlemonstrated the excellent and uniform lamellar structure (Figure 2.7 (F, b and
c)). Significant distinctthermal insulation behaviora/ere observed in theadial direction
(perpendicular to the lamellapdin the axial direction (parallel to the lamell&)jitra-low thermal
conductivity of 23 mW it K in theradial directionwas observed, which wagarly twicetimes
lower than theaxial direction(44 mWwm? K1), The anisotropgtructure showpromise for heat

managemen thermal insulation applications
2.6.3.2Emulsiontemplate

As described earlier, CNare excellentPickering emulsifiers for emulsion preparatidil
droplets arérappedoy CNswith higher aspect rati(e.g., CNF)after emulsification, producing a
stablenetwork Jim@ezSaeliceset al. usal CNF stabilizedemulsion droplets atemplate to
prepare CNF aerogdbr thermal insulation applicationas illustrated in Figure 2.8 (&%
Hexadecane oil was selectasithe oil phase due tds highcrystallization temperatur@d8 °Q.
Stable and gdike oil-in-water emulsionsvas producedsing a oil/agueous phase volume ratio
of 20/80and CNF concentration frot0 to 30 g/L After freeze drying, highly porous aerogels
with BET surface area betweed5 and 13 rfig were produced The authorsdescribeda
hierarchicalpore morphologyaccording to the SEM imagalveolar larger macroporésm ice
crystalssuldimation, spherical macropordsom emulsion template, and mesopor@asesat the
pore wallsformed by entangled CNF fibesxceptfor thehigh porosity, the aerogehlso possess
high compression modutif 1.5 MPaand lowthermal conductivityof 0.018 W/(m-K).

In anotherstudy, Li et al. preparedvarious CNF/polymer composite aerogetyy dissolving
different polymergpolylactic acid polycabonate polystyrene polymethyl methacrylajan 1,2-
dichloroethane (DCE)Yollowed by emulsification and freeze dryi(spe Figur®.8 (B).2" It was

found thatstable and geike emulsions werebtaired for all types of polymerst a water to oil
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volume ratio of 4:1, CNF concentration of @&lin the water phasandpolymer concentratioaf

2 % in the oil phaséPdymers were adherdd the lamellar structure of the CNifer ice crystals
sublimation,producingstrongpore walls conisting of CNF/ polymercomposite Based on the
results, the authors further addefiumrophore 1,4-dihydroxyanthraquinone (1:BHAQ), in the

oil phase duringCNF/PLA composite aerogel preparatioater insolublel,4DHAQ was
uniformly distributed in the aerogeétwork using this metho@he1,4DHAQ loadedCNF/PLA
composite aerogeixhibitedan extremely low detection concentratiorl6f mol/L, which is very
promising as novel soligstate fluorescence probe fordetection

2.6.3.3Air bubble template

Similar to Pickering emulsion, CNare also effectivén stabilizingthe ar-liquid interfaceto
produce air bubblesCervin et al. coatedoctylamineon carboxylmethyhated CNF apH 9 to
increaseCNF hydrophobicity, the modified CNFwerefurther usedas emulsifiersto prepare
stable air bubble® Themixture wasstirredusing an Ultra Turraxnixer for 10 min at 8000 rpm
and for another 10 min at 13500 rp#ifter stirring with a stainlessteel milk beaterCNF
stabilizedair bubblesvas generateds seen in Figure 2.8 ((Excessive waten the foamwas
drained with aunnel andthe resulting wet cake was driatlé 0 to yield the aerogellt was
found that stable foam argbod mechanical strengterogel was obtained when 1% modified
CNF was used. Thaerogel possessedporosity of 98%andan average pori a met er of
as shown in Fgure 2.8 (D)However, thevet foamwas dried ira humidenvironmenby placing
on top of a watefilled porousceramic fritto reduce drying rateSuch process took 2 days for
drying the wet foam, which is nefficient.

Themechanisms behinget foam stability and CNF emulsifier propertgrgclarified byCervin

et al.in anotherstudy®® It was found thadctylaminemodified carboxylated CNpossessed lower
surface engy thanunmodified CNF, whichcontributed toreducingthe interfacial tension
between air and watetherebyproducing stable foanThe aspect ratio of the emulsifier has a
significant effect onthefoam stability. A morestable foanwasgeneratedvhen CNF wasised as
emulsifier comparedo CNC. Based on thes&ndings, Cervin et al. further prepared avater
durable and wetresilient foam using octylamine modified periodate oxized CNFs as
emulsifiers®® The aldehydegroups could react with neighboring hydroxyl groups, forming

hemiacetafroups and crosslinked@NF networksafter drying Theresultingfoamscould uptake
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waterup to 34 timesheir own weightwith waterreleaseandreabsorptioruponcompressioras

seen in Figure 2.8 (E)
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Figure 28 (A) lllustration of CNF stabilized hexadecane in water emulsion droplets as templates

to prepare CNF aerogel for thermal insulation applicatién@®) lllustration of Pickering
emulsions as templatéo prepare CNF/ Polymer composite aero§e{€) Confocal microscopy
image of air bbbles stabilized by fluorescently labeled octylamirmoated CNF® (D) A
photograph of porous CNF foam prepared by air bubble templates and its corres@&ENing
images *° (E) A demonstration of water absorption capacity of crosslinked CNF foam prepared by

air bubble template®

2.6.3.4Solid particle template

Solid particles, suchs®CaCQ, polystyrene beads, anddium bicarbonatare widely used as hard
templates to fabricate capsules and porous materials. Li et alnasedizedCaCQ particle as
pore forming agento prepare porous cellulose aerogel beadsadizedCaCQ particles were
added to dissolved cellulose solution amdrofibrillated cellulosanixture, followed by dropwise
addition of HCIto generate beadsa precipitation CO, bubbles were released thg the process
to generate pores inside the netwdrke resuling hydrogel beads wesmaked iracetone for 24

h, anddried in the vacuum ovep yield cellulose aerogel beads. The method effectively enhanced
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the porosity of theaerogel beads, leading #éohighadsorption capacity303 mdg) toward to

methylene bluelye®*
2.6.4Cellulose nanomateridlased &rogel beads preparation

Due to the convenientpreparation processaerogel monoliths were oftenstudied in many
applicationslin recent yearsaerogelbead have receivedanore attention becausef their larger
surface areashorter dryingluration and potential for large scale productishen compared with
aerogel monolithsAerogel beadsre very promising as carriefsr drug delivery absorbents/
filters for pollutants removaland flame retardarstfor thermal insulatiorapplications.In this
section, the productiomethods and applicatisof aerogel beads based on CNs wilreeewed.

2.6.4.1Spraying and atomizing

Atomization is a procesthat disintegraes a liquid streamwith compressed aileading to the
formation of poly or monodispersed droplet§hese droplets were usualiyjectedi n a A |
t e mp e r a touanensadvénnnkediumfollowed bydropletscollectionand dryingto obtain
aerogel beads. Cai et al.cguled such method to prepare crosslink&tF aerogel beadas ell
culture scaffold. CNF with a diametebelow 50 nmwas prepared a$e starting material CNF
dispersionwas mixedwith a crosslinkeKymene(polyamideepichlorohydrin resin)which was
pouredinto the steel feed tankf the atomizationequipment followed by sprayng into liquid
nitrogenas thefreezedrying processas illustrated in the schematic shownFigure 2.9 (A).
Crosslinked aerogelbeads wereachieved by curing the drieaerogelsat 120 °C for 3 hThe
diameter ofCNF aerogelbeadswasdistributedbetween60-1 2 0 wvghith increasednversely
with CNF concentrationBesidesthe aerogebeadgpossessdalow bulk densityof as low as<l.8
mg/cn?, andpore sizerangal from nane to macroscalevith anexcellentwater uptake capacity
of 100 g/g which is very promising asszaffoldfor cell culture®

2.6.4.2Precipitation

| t 6 s thahadlwosefibers can be dissolved solvents such as ionic liquid alNAOH ured
watermixture (7 wt % NaOH12 wt % ureaand 81 wt% water)yieldinghomogeneous cellulose
solutions Under acid condition, cellulos#issolved inNaOH uredwatersoluion will precipitae

due toits reduced solubilityBased on the mechanism, cellulose beads are produced by dropping
cellulose solution in a coagulation bath. For examBlachechenret al. dissolvedcarboxylic
cellulosefibers inNaOH ured watermixture, which wasinjectedinto 2M HCI via a syring. It

was found that spherichlydrogelbeadswith an average diameter 8fmm were produced when
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the distance from syringe tip to bath was controbbetiveen2.5-3.5 cm Aerogel beadsvere
obtained after freeze dryiffg.Similarly, Guo et al.prepared plyethyleniminefunctionalized
cellulose aerogdbeads for efficient removal @hromium(VI) and Li et al. preparedarboxylic
functionalizedcellulose aerogel beaftsr methylene blue removaking thesyringeinjectionand
coagulatiormethod®!:%4

2.6.4.3Emulsification

Emulgons are pherical dropletshat are commonly prepared by mixitvgo immiscible liquidsn
the presence of stabilizerBy injecting dissolvedcellulose solution or CN dispersionn an
immiscible oil phase spherical cellulose droplets in oil phaseere generated aftethe
emulsification processAs illustrated in Figure.9 (C),Levin et al. preparedcrosslinkedCNC
aerogel beadssing aT-junction microfluidic fabricationdevice,which ispromising fora larger
scaleproduction Aldehyde functionalized CNCs ahgdrazidefunctionalized CNCs were mixed
to form the water phasewhich was dispersed ifood-grade soybean odontainingfood-grade
emulsifier polyglycerol polyricinoleate (PGPR)Uniform spherical CNC dropletstabilized by
PGPR were produced, followed byaporatiorat4 0 for 72 h.During the process yrazone
bonds werdormedbetweeraldehydeandhydrazidegroupsbetween neighbouringNC particles.
The dried CNC a®gel beadgpossesseditra-porouswith an average size 10 N & 0
evidentfrom the SEM image®’ In contrast td_evin et al.,Druel et al. prepared cellulose aerogel
beads using a emulsiamagulation methodsshown in Figure 2.9Y). Homogenous @lulose
solution wasobtainedby dissolvingmicrocrystallinecellulosein NaOH/ ureamixture. Emulsion
prepared byellulose solutiormnd paraffin oil an@mulsion prepared by celluloseanonsolvent
(acetic acid (8.6 M)and paraffin oil were mixed to induceagulationThe gelation was achieved
by the slow diffusion oficetic acidrom its emulsified droplet toellulose solution droplet since
acetic acidis partly soluble in paraffin oil The resultingcellulose microgelswere subjectedo
supercritical dryingo produe cellulose aerogel beads. Ressh®wed thathe aerogel beads

possessedn average diametef 21 >m with ahigh surface arearound355m?/g.%®
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Figure 29 (A) Schematic illustration oKymene crosslinked@NF aerogel beadsrepared by a
spraying atomizing freez drying proces%’ (B) Schematic illustration of celluloserogel beads
prepared by nonsolvent precipitation method.(C) Schematic illustration of crosslinked CNC
aerogel beads prepared mjcrofluidic emulsification procesS. (D) Schematic illustration of

cellulose aerogel beads prepared by emulsificatioagulation process.

2.7 Cellulose nanomateriatbased aerogelfor water treatment

Due to thebio-degradable, sustainable, large surface,aneghly porousand easy tomodify
properties CN-basedaerogels are popular in water treatment applicatibimsy werereportedor
dye adorption,metal ions adsorption, agrochemicals adsorppbarmaceuticalesiduesspilled
oil absorption, and emulsion droplets separation the recent5 years, there are several
comprehensive reviesvssummarimg the application of CNsn water treatment applications
including 1D CNfibrils, 2D CN membranesand 3DCN hydrogel/ aerogeldierein, a detailed
summary regarding thecope of each review is provided.

In 2015,Carpenteet al. summarizetheprocessin@ndproperty of CNeandcomparedhemwith
carbon nanotube§.he review also coveretthe application oftD CN fibrils as adsorbentior
heavy metal ions remova&Ns as reinforcing materials to fabrica@ membranefor wastewater

filtration, CNs asscaffoldsto prepare supbydrophobic3D aeroget for oil/ organic solvents

33



absorptior?’ In 2017, Liu et alreviewed CNbased3D aerogelsas oil absorbent for oil spill
cleanup applicatia®® In 2018, Abouzeid et al. providedan overview ofsurface modification
strategies of CNs arttie tydrogels,aerogelsmembranes absorberits dyes, heavy metal ions
and organic pollutants removallotably, they only summarized the application of -Gased
aerogelsasoil absobents® In the same yeakMlohammecdkt al.published a critical review of CNs
in water treatment applicationdn addiion to the preparation process, property, surface
modification the review also included CNs based flocotdaabsorbents, membranesatalysts
for water treatmentln terms of CNbasedaerogels, the authors reviedits application foroil
absorptiondye adsorptionandheavy metal ions adsorptidf? In the papeby Choudhuryet al,
the recenaidvancesf CN-based aerogels foil absorptiorwere also reviewet?! The application
of CN-based membrandsr water treatment were reviewed ljautne et al.in 2020'°2In 2021,
Chen et al. summarized theeparatiorand modificatiorof CN-based aerogel amtiscussedheir
application in adsorption, separation, energy storage, ntlaérinsulation, electromagnetic

interference shielding, and biomedical applicatithis.

In summary,CN-based aerogeglexhibit more advantagesver 1D CN fibrils regardingthe
recoverable propertyfter adsorption avoiding secondary contaminatioA comprehensive
review on the recent advanced CN-based aerogdbr oily wastewater (emulsion droplets)
lacking Specifically, therecovery ofpestiede/ fertilizerfrom wastewater using Gldsabenthas

not been reporte@ased on the function of Ghased aerogels, they are categorized as adsorbents
and filters In the followings, CNbased aerogel adsorbents fiyes, heavy metal ionpesticide

and fertilizers, and spilled oitemoval was firstly reviewed hen,CN-based superwetting filters

for oil/water mixtures and emulsiossparation was summarized.

2.7.1Cellulose nanomateridlased aerogels as adsorisent

Parameterssuch aspH, temperature, ionic strength, and adsorbent dosagegererally
investigated to optimize thadsorption conditiosy andthe maximum adsorption capacity,
adsorption rateandrecoveryproperty are keyeferencesisedto evaluateghe performanceThe
adsorption capacity of the adsorbentyigically determinedby the batchadsorptionprotocol A
known amount of adsorberstmixed withthe pollutant solutiomat controlled concentratiorad
volume The concentration ofgllutants aequilibriumwas measure@nd he adsorption capacity
ge (Mg/g)iscalculatedusingEq. 2.3):
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f —0 (2.3)

where @ (mg/L) and G (mg/L) are the initial and equilibrium concentrations, respectively; V(L)

represents the solution volumepafilutantsand m (g) represents the mass of the aerogel adsorbent.

The asorption isothermals determined fronthe batch adsorption experiment, e a fixed
amount ofabsorbenis added to dixed volume ofthe pollutantof varying concentratios at a
giventemperatureThe adsorption behavigdescribed by Langmuisotherm modehs expressed

in its nonlinear and linearized forms as shownEgq. (2.4) and(2.5) respectively
n —— (24)
Or itslinearized form

- = — (25)

wheregm (mg/g) is the maximum adsorption capacity of the absorbent, an{Lkng) is the
binding constantthat describeshe affinity between the pollutant and adsorb@imte Langmuir
isothermal modehssunes that a monolayer adsorption occurs @usorption siteswhich are
identical andhomogenouy distributed on the adsorbentsor heterogenousortidentical
distributed sitesind multilayer adsorptionk-reundlich isotherm modéd more suitable modeb
describe theadsorption behaviorThis model is developed fronempirical assumptionsas

illustrated in its nodinear and linearforms shownin Eq. (2.6) andEq. (2.7) respectively
n 00 (2.6)
ag o8 & 00t (2.7)
where K- is a constantandn represents the empirical parametescribingthe magnitude of the

adsorption driving force or the surface heterogen&@snerally the adsorption process imear

(n=1), favorable (0 a < 1),andunfavorablerf > 1).

During the adsorption process, thesorptioncapacity(q:) versuscontact time(t) is examined
graphically The adsorption kinetics andnechanisms of adsorption can be examined using
differentkinetics modelsFor physical adsorptiopseuddirst-ordermodelis used while pseudo

secondordermodelis used wherhemicaladsorptiondominate the processPseuddfirst-order
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kinetic modelin its nonlinear form (Eq. 2.8)) and liner form (Eq. 2.9)), pseudesecond order
kinetic modelin its non linear form (Eq. 2.10)) and liner form (Eg. 2.11)), and intraparticle

diffusion model (Eq.Z.12)) are showrbelow.

n npep Q (2.8)
ImM 7 ag Qo (2.9)
n — (2.10)
_ (2.11)
n U o8 & (2.12)

where g (mg/g) is the adsorption capacity at time t, anéhkd k are the rate constants for the
pseudefirst order adsorption and pseudecond order adsorption kinetic models, respectively. K

is the rate constant (g mMgnin™) of intra-particle difusion kinetics.

2.7.1.1 Dye adsorption

Organic dyessuch asedredG (ARG), methylene blue (MB), methylene orange (M@alachite
green(MG), andrhodamine B (RhB) arwidely used intextile, food, paper, drygand leather
industries Most of trem are toxic, nonbiodegradabland carcinogenjcwhich threatenwater
guality, ecological balanceand humarbeing health when discharged to the water stream
Thereforemethods like membrane filtratiofiocculation degra@tion,and adsorption angsed to
efficienly removetheseorganic pollutantfrom wastewaterAmong them, adsorption methbds

been considered as an economic methaaltoits simplicity and efficiency.

Diverse functionalized Chbased aerogelwere designed fotargeting the removal of dyes
depending on theiproperties The adsorption can be achieved pyre diffusion, electrostatic
interaction, and -’ st ac ki n.gliang ettake prepardacirboxylated CNFhydrogel by
assembling EMPOoxidized CNFsvia freezingthawmethod, folowed by solvent exchangéth
tertbutanoland freeze dryingo obtaina honeycomb cellular structutecarboxylatedaerogel
CNF aerogel wittasurface area af93 nf/g andsurface charge of 1.29 mmolMgasusedfor the
removal ofcationic malachite green dye& maximum adsorptiomapacityof 212.7mg/g was

achievedat anoptimal conditionmainly through electrostatic interactidit
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Foranionic dyesuch asnethyl orangecationic CNFaerogel wagprepared byhang et al., who
introducedaldehyde group®n CNFsvia periodate oxidationfollowed by thefreezeinduced
chemical crosslinkingria the formation ofhemiacetal bonds between aldehyde and hydroxyl
groups To producea cationic CNF aeroggbolyethyleneimingPEI) was graftedo the cryogel

via reduction amination reactiomhe maximunadsorption capacitygf 500 mg/gwasachievel at

a pH of 4.5 that wasattributed to the strong interaction betwg®ntonated amingroups and
negatively charged MQit is known thatboth acidc and basc forms of MO coexistd at pH
between4.5 to 2.5 thusenhancing theelectrostatic repulsiobbetween MO moleculand the
aerogel. However,the protonation degree of amino grougpscreasea@s thepHs wereincreasd
from 4.5 to 11thereby causing a reduction in thesorption capacityhe aerogel also possessed

excellentmechanical sength where a stress 804.5 kPavas achieved at 80 strain'®®

Lyu et al. prepared aarboxylded andpolyaniline (PANI) functionalized CNF aerogel for both

Acid Red G (ARG, anionic dye) and MethBlue (MB, cationic dyeyemoval. A maximum

adsorption capacitgf 600.7 and 1369.6 mgwas achievedor ARG andMB respectivelyThe

adsorption of ARG oraerogelwas mainly through the electrostatic interaction with protonated

amine groupenP ANl , whil e t he adsor ptisthaolki rMdB iwmatse raa
aromatic ringof PANI and electrostatimteraction withthe carboxyl groupson theCNF.1% To
achievemulti-types of pollutant adsption performancgWang et & loadedonetype of MOF, i.e.,

UiO-66, onthe CNF aerogel MOFs have received much attentifmn pollutantsremoval due to

theirlarge surface area and high porositybic shapetl/iO-66 nanoparticle with a size of about

500 nmwereloadedto CNF aerogel netwitx throughhydrogen bonding betwedaydroxyl groups

on CNF and oxygencontaining groupn UiO-66 particles.The obtainedcomposite aerogel
possessetligh adsorption ability towards bo#mnionic methyl orange (71.7 gy and cationic

methylene blu€51.8 mdg), which wasattributedb the’-~ st ac ki nigetweenUi®@6 act i on
and dyamolecules®’ A similar concept was adoptegl Bhao et al., wh@reparegorous aromatic
frameworks (PAFsjoaded CNF aerogel composite thie removal ofbisphenol Athrough™ -

stacking interactiof®®
2.7.1.2 Heavy metabnsadsorption
Heavy metalons (e.g., Pb (Il), Cu (II), Cr (I Hg (ll)) are serious water pollutants that threaten

human health due to their high toxicity, ndlegradability and bicaccumulatiorcharacteristics

Similar with dyesremoval,recent studies have shown tiglls based aeroget®uld effectively
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removeheavy metal ions from wastewat&hiol moieiesexhibitedstrong affinity forHg () ions
as shown byGeng et alwho grafted 3-mercaptopropyltrimethoxysilanéMPT) on TEMPQO
oxidized CNF fibergdo decorate thiol groupen the aerogelsF{gure 2.10 (A). MPT not only
functioned asnodification agentit was also arosslinking agenio prepareCNF aerogelThe as
preparedaerogelpossessed both carboxyl and thiol growggwing a high adsorption capacity
for Hg (1) ions of approximately718.5 mg/gln addition, themodified aerogetould effectively
and selectively remove more than®2Hg (Il) ionsovera wide rangef 0.01- 85 mg/L1%®

PolyethyleneimingPEI) is a widely used functional agefior multiple heavy metal ions removal
in water treatment applidahsdue to its positive anelxcellentchelatirg propertiesFor example,
Li et al. preparegbhysicaly crosslinked aerogehrough the charge interaction betwd#al and
carboxylatedCNF. The aerogelvaseffective forthe removal ofCu (1) and Pb(ll) ions,resulting
in a maximum adsorption capacity &75.44 mg/g and 357.44 mg/gespectively which was
determined from th&angmuirisothermalmodel*'® Hong et al. prepared amine functionalized
CNF aerogel bygrafing PEI on CNFwith glutaraldehydeas crosslinker The synthesized
PEI@CNF aerogetxhibitedoutstandingon selectivityandexcellentCu (II) adsorption capacity
of 135.1 mg/gA continuous treatmemtf wastewater containing low concentratiorCaf (I) (20
mg/L) was realized by loading the synthesized aerodel tine column?! Notably, Mo et al.
reported &@EHunctionalizedTEMPO- oxidizedCNF aerogel adsorbettiatpossessethe highest
Cu (ll) ion adsorption capacity of 485.44 mgimongall repatedcellulosebased adsorbent$’

In addition to PElother typesof compounls thatcontain amino groups were alseportedfor
heavy metal ions removadli et al. prepared aarientedmicrochannel structudechitosan (CS)/
CNF compositeaerogelvia directional freezalrying method Suchstructurereducedthe metal
ions diffusionlength that yielded arapid adsorptiorequilibrium within 10 min The aerogel
possesgk excellentadsorption capacity for Pb (I{(248.5 mdg) dueto the amine groups from
chitosan'!?

Amongheavy metal ions, Cr (VI) is more complex than otlasisexisted indifferentforms such
as HCrQy, HCrQy', CrQ? ', and Cs07* "depending on the pH and concentratibnvasreported
thatamine andquaternaryammoniumgroupswere effective foiCr (V1) removal.For example,
both He et al. and Liang et alevelopedquaternaryammoniumfunctionalized CNF aerogébr
Cr (V1) removal.According to He et al., maxmum adsorption capacityas achieved athh 3.0

sinceHCrO4' was the dominargpecieunder this conditionFurther increasi the pH produced
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CrO4? ' and Cs07 ' whichrequirediwo CI ionsfor exchanging obne Cr (V1) ion thus reducing
the aerogeadsorptiorperformancél* Similar conclusion wasilsoobtained byLiang et al**° In
anotherstudy, Zhao et al.reported adendrimer poly(amidoamingrafted CNF aerogelthat
possessethe highest Cr (VI) adsorptiotapacity 0f377.36mg/g It hasabundanamine groups
andamide groupsvith strong affinity forCr (VI) species:® Other types oferoges, such as Ui@
66 particles loadedCNF aerogelvas reportedor PtZ*and C3* removalt!’ andcarboxylatecdCNF
aerogelwas reportedor P?*, Cu?*, Zn**and NF* ions renoval 118

2.7.1.3Pesticide and fertilizemdsorption

Water and soil pollutions associated with iitmroperuse of pesticide formulations and leaching

of fertilizers have been one of the magballengesn environmental management. Excepttfoz
development of novel smart agrochemical formulations to reduce the total pesticide input,
techniquesused toremowe such containments from environment argently neededVarious
methods such as photocatalysis, biodegradation, electrochemical oxidation and adsorption for
pesticide removal arkeing exploredPorous silica, activated carbon, metal oxide particles, and
porous polymers have been widely used for pesticides adsorption and révravalP as essential
nutrients for plant growth, are prone to leaching due tchigle-water solubility and poor soil
retentioncapmbility, which furtherinduce watereutrophicatn. The Environmental Protection
Agency (EPA) limitthe acceptablphosphoruslischarge tdess than 0.1 mg/LThe ecoveryof
nutrients from wastewater could reduce water pollution as welreservethe limited P rock
resource.

Remediation rathods sud aschemical precipitation, reverse osmosis, coaguldtmrculation

and adsorption have been appliedremowe NH4s* and HPQ/. Design of such systems for
containment removal based on cellulose materials have Wwedgly reported. By surface
functionalization, cellulose materialssplaymany advantages as absorbents for heavy metals (e.qg.,
CU*, PI¥*, Crf*, etc.)removaltt®*?organic dyes (methylene orangegtinylene blue, and Congo
red, etc.), and oil spill cleanupNEs possessinique propertiethat are ideal for thé&abricaton

of absorbents for pesticides and fertilizers adsorptioa to theirflexible fiber structure, large
surface area, versatile maddtion methods, hydrophilicityand biocompatibility.

Komal et al. synthezed CdS nanoparticles on saline modifi€iNFs derived from sugarcane
bagassevia a solvothermal rout®! Cc?* ions were asorbed on the surface of SCNF through
metal coordination interaction with oxygen containing groups on the SCNF. DMSO was used as
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the solvent as well as S elemargource in the hydrothermal synthesis of CdS. As temperature
wasincreasedthe S=O bond of MSO becameweaker liberdhg theS? 'ions that coordinate

with the absorbed Cdions. Thus, SCNF provided sites for tecleationof CdS nanoparticke

that minimized theparticle agglomeration. The adsorption of the nanocomposites towards an
organophogpate pesticide Chlorpyrifos (CPF) was investigated. Adsorption conditions such as
pH, absorbent dosage and SCNF content were investjgateste themaximum adsorption
capacity (86.95 mg/glasachievedat pH of 3, absorbent dosage at 1 g/L, and SCNF cargé

10 wt%. The adsorption was achieved by: (1) the charge interaction between the organophosphate
anion and the protonated nanocomposites at lower pH, and (2) hydrogen bonding between the O
atoms of CPF and protons of the adsorbent at lower pH.

Khalfaaui et al. functionalized cellulose fiber extracted from Juncus acutus L. plant (Smar) by an
amine containing compound diethylenetriamine (DET) for linuron adsorpfichhe authors

found that enhanced linuron adsorption capacity coutithvedvhen Cd* was used asbridge

between the pesticide and amine functionalized cellulose fiber. After funtloedinaton with

Cu?*, the DET grafted cellulose fibeisplayedstronger interaction towards linuron (64.8 mg/g at

20 ) due to the metal mnegraugbi nati on bonding w
Adsorption of fertilizer ions through charge interaction is widely adopiesl to theease of
operation. Shang et al. fabricated cationic cellulose with quaternary ammonium groups for
phosphate ions adsorption by grafting of epichlorohydthmree diamine, and trimethylamiké.

It was found thathte presence of competing ions can greatly affect the adsorption performance.
Compared to Cland NQ, the coexistence of S©Owith higher ionic strength could significaynt
reduceadsorptiorcapacity After phosphate adsorption, the potential of the amsitesfor use as
aslow-releasdertilizer in soil was evaluate@nd27.5 % loaded phosphate was released in 4 days,
which was much slower thaherelease in aqueous solution.

In another study, Wang et al. dissolved cellulose extracted from wstreat in NaOH/Urea
mixture and further decorated quaternary ammonium groups and carboxyl groups by grafting 3
chloro-2-hydroxypropy! trimethylammonium chloride (CTA) and chloroacetic acid (CA) to
produce amphoteric straw cellulose (AS&)The ASCdisplayedrapid adsorption rate for both

NHs* and HPQ/ due to the dal functional groups. Adsorption conditignsuch as pH,
temperature, absorbent dosaged ionic strength were thoroughly studia@sd anequilibrium

adsorption capacity for NMandH.PQ/' was 68.4 mg/@nd38.6 mg/gespectively The nutrients
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laden ASC exhibited ptlesponsive slow release and water retention properties, which could
reduce water pollution/ consumption and promote crop growth.

Martin et al. used cellulose asemplate to fabricate porous pellets floe removaland recovery

of phosphaté.Water insoluble magnesium carbonate was blended with cellutddsearying

weight ratios 0, 5, 10, 15, 20 %) to synthesdlzep e | | et s, whi ch were then
yield internal prous absorbentsviagnesium (Mg) elements in the composites functioned as
binder forthe phosphatesBET testson the pelletgevealeda maximum area of 43.1%g when

15 % cellulose was used. Unstable porous struetithereduced surface area was obsdmnuen

20 % cellulose was incorporated. The phosphate adsorption capacity of the pellets was investigated,
and the concentration of phosphate was determined by using\ddJpectrophotometer (DR

2700, HACH) via the US EPA PhosVe? BAscorbic Acid) methd at 880 nm. Isothermal study
showed an average adsorption capacity of 96.4 mg/ g was yielded when 15 % cellulose was used.

2.7.1.4 Qil absorption

Frequent o spills during marine transpottian and organic solvei¢akagehave beermersistent
sourca of water pollutionOwing to the low densityspilled oils/organic solventssuallyfloat on
the top of waterAerogel isa promisingabsorbent to rem@woil spills due to itslight, porous
flexible, andrecoverable propertie€EN-based aerogehave attractedreatinterestdecausehey
can be produced fromaturalandabundantaw materialsTo allow theaerogeldo float onwater
to selectively uptake oilssuperhydrophobianodification of the cellulosebased aerogels
required to reductheir bulk absorptiontowardswater.As discussea@arly,the application of CN
based aerogel for oil absorption has been revieimethe past 5 yearsthus only several
representativevorks will be highlightechere

Chemical vapor deposition (CVD@sterification, and fluorinatiomethods wereommonly used
to fabicate a superhydrophobic surfacgheng et b prepaed glutaraldehydecrosslinked
PVA/CNF aerogeby freeze dryingwhich was treated witinethyltrichlorosilane via a simple
thermal chemial vapor deposition proceshe resulted aerogel possessegherhydrophobic
(water contact angle 150.3 £ 1.28uperoleophiliclow density, and high porosifyropertes,
allowing the aerogeb float onwaterfor various types obil spill adsorptionit could uptakeoil
weights ranging from 44 t®6 timescompared to itsiry weightdepending on the oil density
Similarly, Rafieian et alprepared CNF aerogeirom CNF dispersiomf varying conentrations
through freeze dryingandthey were furthemodified via chemicalvapor deposition (CVD) of
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hexadecyltrimethoxylafHDTMS). Theresultinghydrophobic aerogelsossessedater contact
andesrangingfrom 127 to 139, which were effectivéo remove oil and organjollutants from
water'?® In anotherstudy by Zhou et al., a coposite aerogel witthighly ordered anisotropic
lamellar microstructurewas prepared bydirectional freezalrying of graphene/polyvinyl
alcoholCNF mixture. The freezedried compositeaerogel was further treated lbgrbonization
processeso yield compressie andsuperhydropbbic propertes (water contact angle df38°).
Suchaerogelshowedexcelent oils and organic solventsbsorption capacitef up to 155288
times its own weightueto its parallel lamellar porous structuren addition,the aerogelvas

reusableby aconvenient extrusioprocess due to its elaspcoperty2°

2.7.2 Cellulose nanomateribhsed aerogels as filters

The discharge ddily wastewater containingmulsionsand oil spills during marine transportation
have been one of the major sources of water pollution for diesaRemoval of emulsions from
oily wastewater is a global challemgspecially for surfactants stabilized emulsions due to their
good stabilities and micr@r nane droplet sizes? In anotler aspect, water will also be a pollutant
when it exists in oils particularly in fuels regardiedsether they aréee, soluble, or emulsified.
The presence of water promot@scrobial growth and corrosion that could further damtige
vehicleengine sysim'2”128Therefore, the removal of emulsified oil and water droplets is of great

importancegor environmental management as well agorification industries.

Traditional methods including centrifugation, oil skimminggsorption,and floatation for
oil/water mixture separation are not applicable to separate emuliBittsation technologyis
promising for oily wastewater treatment due to its high efficiency and low energy consumption
Commercial 2Dmembranessuch as PVDFand PTFE membranesexhibited high separation
efficiency for emulsionsdue to their small pore sizeHowever,they are asily fouled by
contaminantdue to the low porosity and shgrermeation channelghus compromising the
duration andeparation performanc@D porous aerogetsvercome such shortcomingsmpared
to 2D membrane®ecause ofheir high porosity and longethannelsOther thanporosity and
thicknesspropersurface wettability and pore size are two key fadimraerogel filtes to achieve
an excellent separatiagfficiency by either blocking oil or water droplets permeate throtigh
filter.}! Cellulose basethembranes weneidely reportedfor dyes andheavy metalonsremoval,
emulsion separatiorgir purification, and other types of particles exclusi®a®?® In contrast,

celluloseaerogelfilters wereonly reportedfor oil/ water mixture oil-in-wateremulsionswater
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in-oil emulsions separation in thegpaecaddn the scenario dfil-in-wateremulsions separation,
superhydrophiliccellulose aerogefilters possess intrinsic advantages over superhydrophobic
filters due totheir low oil adhesion while high water affinity properties. On the other hand,
superhydrophobicellulose aerogdilters are widely adopted for oil spill cleanup awdterin-

oil emulsions separatiori®
2.7.2.1Superhydrophilic€N-basedaerogeffilters

Cellulosehasintrinsicsuperhydrophilic property due tioe abundance strface hydroxyl groups.
Its interaction with wateis associated witkifferent length scale®\s illustrated in Figure 2.10
(B), the inteactionconsists ofydration, wetting, capillarity diffusionwhen thehierarchydegree
of celluloseextend fromsupramolecular structurgD primaryfiber, 2D fiberassembliesand 3D
bulk porousmaterialst®' A large amount of watean be retained in the aerogel network, forming
awater filmon the surface, which prevetie adhesion of oil$n generalpnly a fewpublications
describing the application of superhydrophilic cellulose aerogel fail-in-water emulsions
filtration have been reportad the lastten yearsin contrastsuperhydrophilic cellulose aerogel

for oil/ water mixture filtratiorarewidely reported.

A superhydrophilicand undemwater superoleophobicellulose spongesolely prepared by
cellulosewas first developed by Wang et al. in 20Cenerally, he sponge was prepared by
dissolvingof cellulose powder iZnCl solution, folowed by a regeneration procete.fabricate
adouble layecellulose sponge wittlifferent pore sizgyore forming agent (N&Qs-10H0) was
added in theupperlayer before regeneratioas illustrated in Figure 2.10 (CThe resulting
cellulose sponge displayed a distinct two layers witbropores(> 3 >m) in the upper layer and
nangores(< 1>m) in the bottom as shown in Figure 2.10 (D, a andJmderwater oil contact
angle(OCA) and underoil water contaaghgle(WCA) arecommonlyexamined tanvestigate the
wettability. As expectedthe cellulose sponge possesaaderwateOCAs greaterthan 150%nd
underoil WCA of nearly 0° (see Figure 2.10 (D, ¢))suggestingits superhydrophilic and
underwater superoleopholmbaractestics Toluene in water emulsion was preparedibying 4
mL toluene in 120 mL water containifg2 wt% Tween 8@s surfactanfThe produced emulsion
droplethas a sizéelow 20>m as seen in Figur2.10 (D, d) Owning to the uniqueorestructure
the cellulose sponge could achieveexcellentoil-in-wateremulsion separation efficiency over
99.94%. A clear contrastor the emulsions before and after filtratiasobserved in Figure 2.10

(D, e), where the filtraten the right sides clearly transparentiowever, the filtration flux was
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only about 91 L/(m?-h) due to the nansized pores in the bottom layer. Notabkuch
configurationallowed the spong®rming a layer of water filnon the upper layeandprevening

the permeationf oil dropletsthroughthe bottom layet32

In 2021, Yang et al. adopted the same metlwodrepare asuperhydrophilic and underwater
superoleophobic cellulosponge The difference ishatYang et al. prepared a partially dissolved
cotton cellulosgand the final sponge possesselierarchical pore structunacluding nane,
micro-, and macrescale poredn addition, the sponge exhibited ultralomderwater oil adhesion
force & 2 uN) when tested with various types of oils. Tdwperoleophobioature ofthis sponge
contributed to its excellent separation efficiency towardth surfactamntfree and surfactant
stabilizedoil-in-wateremulsions For example, a separation flux @0L/(m?. h) and efficiency
of 99.26 were achievedolely driven by gravity for Tween 80 stabilizedn- Octane in water

emulsions'33

In another study, a superhydrophilic and underwatesuperoleophobic polyamideamine
epichlorohydrin (PAEgrosslinked CNFRaerogel filter with tunable pore structwassynthesized
by He et al The prepared aerogel filter showadunderwatepil contact angl@bout155.6° + 2.5°
andnearly 0 water contact angle in aif.he pore structures can beedby alteringthe CNF
concentrationbefore freezalrying. As a result, the aerogel achieved excellentseparation
efficiency for both oil/water mixture (100 %, even after 10 cyclesnd surfactantfree oil/water

emulsiors (98.6%)solely by gravity'3

For oil/ water mixture separationSun et al.prepareda superhydrophilic and underwater
superoleophobic aerogsblely by CNF. Negatively charged CNFs were preparedsogium
periodate oxidation and consecutive sodium sulfite sulfonatiomore uniform dispersion was
obtained after such modification, yieldinetter dispersion morphology of nanofibers in the final
aerogel after freezdrying. The aerogelshowedvery highunderwater OCAof 173.9°, 167.1°,
160.9°, 172.7° and72.5°for five different oils hexadecane, hexane, toluene, paraffin oil and
kerosengrespectively After prewetting, the aerogetould act as filtergo realizefive types of
oil/water mixturesseparationHowever, he authos did not explain hovhe aerogel maintained
its shapein waterasthe aerogel was formesblely by physical entanglemetietween CNFs.
Although a compression test was conductld,testing condition (in dry or wet state) atite

unloading curve wrenot shown'3®
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Figure 210 (A) Schematic Iillustration of the preparation process &
mercaptopropyltrimethoxysilane (MPTodified CNF aeroget®® (B) Water interactionscde

with cellulose along witlits degree of hierarchy! (C) lllustration of the peparation process of
double layersuperhydrophiliccellulose spong&®? (D) SEM images oflouble layer cellulose
sponge (a) andtap view of theupper layer (h)underoil water contact angle testa dried sponge
immersedn n-hexangc), microscope image of toluene in water emulsions stabilized by tween 80
(d), andphotos of emulsions before and after filtration'8).

Other superhydrophilic and underwater superoleophatmenposite aerogel prepared using
hydrophilic components such as graphene, chitosan, and alginate together with CNF were also
reportedfor oil/water mixture separatiork-or example, Li et al. prepared an alginate/CNF
composite aerogel using €aons as creslinkers.The resulted aerogel possessed numerous
randomly distributed micropores with sizes of5® O . Besites, it displayed undseawater oil

contact anglegreaterthan 155° for rFhexane, kerosene, vacuum pump oil, toluene, soybean oil
and crude ¢i Suchunderwater superoleophobicitynderwater OCAs150°)could be maintained
evenafter being immersed in the seawater for 30 dagsto the saltolerantproperty ofalginate.
Resultsshowedthat the composite could hold an intrusion pressure dbd6tKPa, allowinghe
separation of kerosersmawater mixture with a maximum height of 18.6 cm for keros&na.
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their another study, the authors nmixehitosan with CNF to prepare a composite aerogel for
oil/water mixture separation.The resulted aerogel also possessed -tslgtant and
superoleophobicitproperties under seawater. Moreover, it was able to separate various kinds of
oil/lseawater mixturesvith high efficiency (> 99%) and excellent recyclability, which is very
promising for oil/water separation in marine environmeétits.

2.7.2.2 Superhydrophobic Cbasedaerogel filters

Exceptfor oil absorptionsuperhydrophobicCN-based aerogelsould also be used as filters for
waterin-oil emulsions separatiomo construct a superhydrophobic surfem@face roughness and

low surface energgrenecessaryZhou et alprepareda superhydrophobi€NF aerogeby freeze

drying a mixture containingnethyltrimethoxysilanéMTMS) modified CNFand SiQ (~30 nn)
nanoparticleslt is known thatMTMS is ahydrophobic reagethatpossessslow surface energy

while the presence of Si©could increase the surface roughness. Hence, the resulted aerogel
displayed a water contact angle X#8.4°in air. In addition, the aerogel possessed rradale

pores including nansizedporesD6-40 nm, micresizedporesaround 82 0 . &arouswater

in-oil emulsionswith a water content of 2 wt%tabilizedby 0.1 wt % span 8Were preparetb
evaluate the aerogel separation performaiaer dropletsintherangeofl®de m wer e obser \
underoptical microscopéefore filtration.A high separtion efficiency (>99%) and high oil flux
(1910 + 60L/(m?-h)) was achieved solely driven by graviliheseparationascompleted bygize
sieving and deemulsfication effects attributed to themallpore size as well abe surfacesuper
hydrophobicity.Moreover the aerogelcould maintain stable efficiency eveafter 20recovery

cycles.Suchadvantages make the aerogel very promising for oil/ organic solvents purifitition.

Grafting low-surfaceenergylong alkyl chainor fluorine functional groupto aerogel surface &
common strategyto producea superhydrophobic surface. Howevdrese organiaeagents
especially fluoroalkylsilanesould cause serious water pollutiand threat human being hwsin

the long runThe exploration ofjreen and dicient modifiers has nevereasedlt is known that
surface wettability is determined by both micromorphology structure and chemical composition.
Li et al. depositedcopper nanoparticlesn cellulose fibers extracted from Sisay chemical
reduction of copper acetate in the presence of hydrazine hy@rateanoparticles with particle

size ranging 5@00 nm were distributedn cellulose fibers as seen in Figure 2.11. (Me
resultant cellulose aerogpbssessed water contact anglaround150.3°,while an oil contact

anglearound O (Figure 2.11 (B)) The superhydrophobic and superoleophilic property allowed
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the aerogehdbsorbed ofboth ligher and heavier than watém.addition,it couldseparate oil/water
mixturesand emulsionsontinuously and rapidlyith a high separation efficiency (above 97%)

as seen in Figure 2.11 (&f
2.7.2.3 Superamphiphilic GHasedaerogl filters

To achieve a duaelectivityfor emulsions separatiosmart filterswere also reportedn recent
years,stimuli-responsive compoungdsuch as PDMAEMA, PNIPAM, Ti@ ZnO, were adopted
to fabricate such smart surfaces.wittaility transition was achieved when the filters were
subjected t@xternal stimuli, for example pH, temperature, gas, andf§Bwitchablevettability
can be realized bgrafting responsiveolymers on CN aerogel#$\ CO. responsiveCNF aerogel
was eported by Li et al., who graftegholy (N,N-dimethylamine2-ethyl methacrylate)
(PDMAEMA) polymer brushesn PEI modifiedCNF aerogeVia surfaceinitiated atomtransfer
radical polymerizatioras illustrated in Figure 2.11 (DBJH method revealed that thesulting
aerogel possessed numerous mesopores in the rangdOmé ad 60120 nm. Surface
wettability of the aerogel was further evaluated by water contact angle with and witBeut
treament.As evidentfrom Figure 2.11 (Etheaerogel possessedvater contact anglef around
130° even after 50 without CQ treatment, while it gradually decreadeom 130° to 0° within
50 after treatment with COThe switchable wettability allowed the aerogelrealizeoil/water
mixture and their emulsienseparationBy bubbling with CO, for 15 min, the aerogelwas
effective to separate water from di-water emulsion andthe process could be reverséa

separatia of oil fromwaterin-oil emulsionafter bubblingwith N2 for 15 min4!

The same group hadsoreported &CNF aerogel withpH-responsive wettability in 202@r oil-
water separatiorlCNF andcellulose acetoacetate fibers were crosslinkétd amino silane (3
aminopropylltriethoxysilang APTES) to form atrongporous cellulosioetwork By controlling

the amount of APTESsome acetoacetyhoieties wereallowed toreact with alkylamines via
reversibleSchiff base reactiomhree types ofilkylaminesof differentof alkyl chainlengtts, i.e.,
hexylamine (HA), dodecylamine (DCA) and octadecylam{@DA), were grafted on the
crosslinked aerogéb yield hydrophobiaerogels. Water contact angle of the aerogel increased
from 129 + 2°135 + 2°, 146 = 2With increasingof alkyl chanslength.The aerogelbecame
superhydrophiliky theremoval of alkylaminewhen treateavith HCI. Therefore, it couldchieve
excellent separation efficiency for botraterin-oil (99.2%)andoil-in-wateremulsiong99.5%)

by attaching and deattachingalkylamines respectively:*?
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Figure 211 (A) SEM image of Cu nanopatrticles coated cellulose fiber. (B) Wateoibndntact
angles of the Cu nanoparticle modified cellulose aerogel in@jySet up fowaterin-oil emulsion
separatior(a), optical microscope images of thaterin-oil emulsions before and after filtration
(b), anda summary of oil/water mixture andiaterin-oil emulsions efficiencie€c).*® (D)
Schematic illustration of the synthesis processDMREMA grafted CNF aerogel. (E) Water
contact angd of the aerogel in air without G@eatmenia), with CO;, treatment (b)photograph
of its COz responsiveil/water mixture separation performar(cg and fluxes obil/ water mixture

separationn the absence and presence of,Qf).}4!

2.8 Summary

In this chapter,commonly usedcommercial pesticiddormulatiors and their corresponding
preparationcomponents, and characteristics wiestly reviewed Then, the peparation, property,
surface and end modification methods of cellulose nanomaterials were reviemethe res of
this chapterCN-basedpplicationsvere revewed.Due to the large surfae@eahigh aspect ratio,
anmphiphilic, and sustainablgroperties, CNsire effective afickeringemulsionemulsifiess. The
emulsionstabilization mechanismof CNC was discussed and compared wiltht stabilized by

surfactang. Factors such ashape, aspect ratio, surface charge, wettability, and oil potarity
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emulsion stabilitywere also discussedn addition, CNCs are efective carriers for organic
compoundssuch as drugs ardies Pesticide delivery systentmsed orCNssuch as hydrogel,
emulsions capsules, dispersiorend other systemsere alsaeviewed.CNs can also be used as
skeletorsfor aerogepreparationfor multiple applicationsThe general preparation procesiying
methods, pore forming templates and methods for aerogel beads prepeeatioaviewed.asty,
CNs based aerogels assalbentfor heavy metal ions, dyepgesticides & fertilizers, and oils
adsorptionwere summarizedCNs based aerogels figers for oil/water mixtures an@mulsions

separatiorwerealso introduced.

Through theliteraturereview it is found thatCNs are excétnt naturalmaterials forpesticide
delivery andoollutants removal. Howevesgeverakesearch geggremainedetweernCNs and their
applicatiors in agriculture and wastevater treatmentFirstly, report on thecapacity ofend
modified CNC asPickering emulsifierhas not observed Consequently, itscapacity for
hydrophobic compounds encapsulation is unknd@esidesthe loading capacity of pristine CNC
for hydrgphobic compoundand the corresponding dimg force have not beereportedFor CN-
based aerogdleads a method that caprecisely measure th@echanical strength is laci.
Furthermore, thpollutantadsorption performandeetweertheaerogel beadndaerogel monolith
hasnot studied.Lastly, there are very few studies on the aggion of CN-basedaerogel for
emulsified oil droplets removal he goal of this doctoral research isn@rrow the gap andto
expand the application ofN\G.
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Chapter 3* Amphiphilic CelluloseNanocrystals for Enhanced Pickering

Emulsion Stabilization

Sulfated cellulose nanocrystal§CNC) with high surface charge density are inadequate for
stabilizing oiltwater emulsions, which limits their applications as interfacial stabilizers. We
performed endgjroup modification by introducing hydrophic chains (polystyrene) to CNC.
Results showed th#tte modified CNC are more effective in emulsifying toluene and hexadecane
than pristine CNC. Various parameters were investigated, such as concentration of particles,
electrolytes and polarity of solvenbn the characteristics of the emulsioHsis study provides
strategies for the modification of cellulose nanocrystals to yield amphiphilic nanoparticles that
enhance the stability of emulsions. Such systems, bearing biocompatible and environmentally
friendly characteristics, are attractive for use in a wide range of industries spanning food,

biomedicine, pharmaceuticals, cosmetics, petroleum etc.

Graphical Abstract
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N\
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Reductive amination

CNC CNC-PS

CNC-PS stabilized oil in water emulsions

"This chapter i s Jdadg @.1Spidneyf $.;05m, Zg Tapga {;ePeng, B.; LuoTam, K. C.
Amphiphilic Cellulose Nanocrystals for Enhanced Pickering Emulsion Stabilization. Langmuir 2018,,32883)
12905 ©
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3.1 Introduction

Emulsions stabilized by solid particles, knownPaskering emulsions, have attracted incnegs
attention as alternatigeto surfactant stabilized emulsiotf$ 14° They require less emulsifier,
benefit from increased stability, and possess other advantages when compared to emulsions
stabilized by surfactant§®1>° Pickering emulsions perform ther over classical emulsions
because the solid particles are irreversibly adsorbed onto thateif interfaceandsubsequently

form an effectiveelectresteric protective shield for the emulsified dropléts>115* while in
surfactantbased emulsions, thermodynamic equilibrium is usually observed, which means that the

stabilizer molecules are exchanging betweetwailer interface and bultontinuougphase'4®

Currently, there is an increasing interest in sustainable systems that are naturalamgeen
abundant, where thpresentneed is achieved without compromising ttesource of future
generation Thus, the production and extraction of sustainable nanoparticles for use in the
formulation of Pickering emulsions V& been actively pursuedver the last 10 year$®>1%®
Cellulose nanocrystalCNC), derivedvia the acid hydrolysisof biomass,are one type of
nanoparticles that have received increasing atteftrdn! 15315715 Dye to their renewable and
figr eeno istcd®B% aandt fanctional groups on their surface that can be readily
modified'®31%4 new systems have been developed. Hence, this sustainable material has been used
in a wide range of applications, such as catalyst and drug ¢&xtércomposite nanofilléf’, as

well as Pickering emulsifié®®1%°Their capabilities to stabilize various types of emulsions, such

as oikin-water, wateiin-oil, waterin-water and complex emulsions have been
reportedt>> 159170171 Al these studies have shown that surfacfesg emulsions for
pharmaceutical, food, and cosmetic applications can be formulated using nanomaterials from

naturetl’?

As a result of the anhydrous glucose units, CNC possesses abundant functional moieties, such as
aldehyde and hydroxyl groups, which can be modifiedblerg thecontrol over their physical or
chemical properties>'? Anisotropy in the modified CNC can be enhanced by taking advantage

of decorated aldehyde groups the end of the CNC nanorodsljowing for the selective
modification of the reducing es@f CNC. Although such study has not been widely reported,
seveal groupshave takeradvantage of the reactive reducing ends to prepare functional cellulose
nanocrystal with speciaharacteristicd>'’3177 Lokanathan et al. introduced thiol groups at the

reducing aldehyde ends otllose nanocrystals using either a -@tep method via direct
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reductive amination or a twstep procedure consisting of oxidation and carbodiirmeeiated
reaction® Very recently, Zoppe et al. reported on-at8p process to introduce initiators at the
reducing end of cellulose nanocrystals, where thegeadp can be used to initiate a controlled
radical polymerization reactiori” However, such modification protocol is complicated and some

degree of functionalizatiomccurredalong the prinipal CNC axis (surfaceyvhichis unavoidable.

Acid hydrolysis by sulfuric acid is one of the common methtedgroducenegatively charged
CNC. However, sulfated CNC is not effective in stabilizing oil droplets due to the strong repulsion
between the nanapticles that inhibit their adsorption at the-witer interfacé®®1’8 Surface
modifications of the CNC are commorggrformedo improvethe stability of the emulsions, and
most of these studies focused on the surface hydroxyl group modificRid#fs 61798 owever,

a possible modification of CNC can be conducted at the reducing end to paemamghilic
nanoparticles or surfactatike particle, where such modification is rake.this work, we seek to
prepare an amphiphiicanoparticl e, which is akin to the ¢
a hydrophilic CNC surface and a hydrophobic end group, the amphiphilic character of the modified
CNC will improve the wetting characteristics that promotes the partitioning oithaparticle to

the oilwater interface, thereby enhancing the emulsion stability. This approach consists-of a one
step modification protocol, is simple and straight forward, wherime terminategolystyreneas

a model compound grafted to the reducingnd of sulfated CNC via the Schiff base reaction.
Additionally, the imine linkage could be further reduced to amine groups by the addition of
reducing agent§&Schemed.1). Different reaction conditions and parameters, such as concentration
of particles, &ctrolytes and polarity of solvents on the properties of the emulsions were examined.
This study provides some perspectivea the modification of CNC, which could be utilized
preparealternative amphiphilic nanoparticlesimprove the stability of eaisions.

3.2 Materials

Sulfated cellulose nanocrystals were kindly provided by Celluforce Inc. Amine terminated
polystyrene (average M 5000 Da, PDI<1.2; average,™ 10000 Da, PDI<1.3), N, dimetheyl
formamide (DMF, anhydrous 99.8%), tetrahydrofuran (THF, anhydrous 99.9%), sodium
cyanoborohydride (reagent grade, 95%), hydroxylamine hydrochloride (reagent grade, 98%),
toluene (anhydrous 99.8%), hexadecane (anhydrous 99%), potassium bromide (KBnp sodiu

chloride (NaCl), and Nile red were purchased from Sigma Aldrich unless specified otherwise. All
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chemicals were used without additional purification, unless stated otherwise QMniater

(resistivity of 18.2 Mg.cm)sionms used to prepa
3.3 Methods
3.3.1Selective grafting of polystyrene onto CNC via reductive amination

0.5 g of cellulose nanocrystals were dispersed in 50 ml of-tliméthyl formamide (DMF) in a

250 mL reaction flask. The dispersion was sonication for 10 mioistéon a weHdispersed CNC
dispersion. 50 mg of amine terminated polystyreng ¢f6000 or 10000 Da) was added to the
mixture, and the dispersion was stirred at 600 revolutions per minute. 5 mg of sodium
cyanoborohydride was weighed into another vial disdolved in 5 mL of DMF. The solution of
sodium cyanoborohydride was then transferred to the original reaction flask, and degassed with
N2 under constant stirring for 20 minutes. After degassing, the dispersion was allowed to stir for
certain time (refeto discussion section) at room temperafute or 70°C. The reaction mixture

was then recovered via centrifugation in tetrahydrofuran (three times) and acetone (once). The
nanoparticle was rdispersed in water and dialyzed Mut-off of 12000 Da) aginst Millipore

water for 3 days with constant change of wafBne solution was then concentrated and freeze
dried for subsequent use.

3.3.2Preparatiorof Pickering emulsions

All the emulsions were prepared using pristine CNC or modified CNC dispersibese water

and toluene or hexadecane were used as the aqueous and organic phase respectively. The
emulsions were prepared using an ultrasonic probe (MigdigroscorXL2000), unless
otherwise stated. All the emulsions were produced in 1 and 2 mL ahiorgnd aqueous phase
respectively, with various concentrations of nanoparticles (based on the aqueous volume). The
power setting was calibrated using DI water, achieving a 10 W power output when partially
immersed in DI water. The mixtures were premixoyghand and then subjected to sonication for

1 minute.
3.3.3Characterization of nanoparticles and emulsions

Dynamic 1|ight S c-potenti@ exparimentg \keke SPndueated dising a Malvern
Zetasizer Nano series at nanoparticles concentratiOrDdfwt%.Values for zeta potential were
determined from the average of 3 measurements, consisting of 12 runs per measurement. The

surface tension profiles were acquired using a surface tensiometer (Data PhysicsLDCAT
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Samples were prepared by dispegdine freezalried powders in water and homogenized to yield

a homogeneous dispersion.

Fourier transform infrared spectroscopy (FTIR) spectra were obtained using a Bruker Tensor 27
spectrometer FTR spectrometer with a resolution of 4 'érand a scanningumber of 32 from

400 to 4000 cri. Briefly, pellets were prepared by mixing the freezied samples with KBr,
grinding via mortar and pestle and the compressed into a pellet. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruketvance500 MHz spectrometer with DMS@6 as
solvent, where 15 mg of samples (CIRS or CNC) were dissolved in 1 mL DMSIB.

The aldehyde content on the reducing end of CNC was determined using the classical
hydroxylamine hydrochloridé! as well as the potentiometric titration technigtfe$he two

methods are described below:

In the first method, the reaction of hydroxylamine hydrochloride with the aldehyde on the
nanoparticles produces an oxime, and releases an HCI equivalent for each formyl residue. The
amount of HCI produced was determineohfr potentiometric titration, and the change in the pH
values were used to determine the amounts of aldehyde groups on the nanopatrticles. Typically, 1.0
g of hydroxylamine hydrochloride powder was added to 50 ml of 1 wt% CNC orEd@at

was kept stirringunder dark for 12 hrs.

In the second method, the aldehyde groups on the reducing end of CNC were selectively oxidized
to carboxyl groups as described by Arcot e¥&@pecifically, NaClQ powder was introduced to

10 mg/mL CNC suspension to obtain a final Nagt©ncentration of 250 mMThe pH of the
dispersion was adjusted to 3.5 using acetic acid, and the reaction mixture was stirred for 20 h at
room temperature. Then, the mixture was centrifugated and dialyzed against MQ water to remove
excess reactants and side products. The reg@iC with carboxyl functionalized ends (CNC

COOH) were subjected to potentiometric and conductometric titration using 0.005 M NaOH, and
the aldehyde content on the reducing end of CNC was determined.

The emulsions were all visualized by an inverted optigeroscope (Nikon Elipse TE) equipped

with a CCD camera (Qlmaging ReTIGA 2000R). A total 6felL o f the resultin
emulsion was added onto glass slides, then a single drop of water was added to dilute the emulsions
and observed in a microse@pDroplet diameter was measured by image analysis using the

Al mageJo software. A total of at | east 300 dr
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D (3,2) (the Sauter diame}avas reported as the average diamétdditionally, 0.3 wfb aqueous
dispersion of samples were prepared by spraying onto copper grids (200 mesh coated with copper)
and allowed to dry for TEM characterizations (Philips CM10).

The surface coverage (C) was determined according to Caproffewhich is defined as the

ratio between the maximum surface area of CNC particles to the total surface displayed by the oil
droplets:

S — (3.1

where my is the mass of CN®S patrticles in the aqueous phase; D(3,2) is the suriaea
diameter of the emulsion dropletsgi\fs the volume of oil (1 mL), h is the width of the CNRS
particles (10 nm) measured by TEMs the density of the CNES particle$1.6 g/cni) assuming

that this density is similar to that of the CNC.

The stability of the Pickering emulsions was monitored by the creaming behavior and the height
ratio of the creaming layer to the total height (H %) was compared. Photographs of she vial
containing the emulsions were recorded using a P1 digital camera (Olympus), and the thickness of
the creaming layer was measured with a digital calipée oil fraction in the formulated

emulsions was calculated from E8.3)
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Scheme3.1 Schematic illustration of the procedure used to selectively modify the reducing end
of CNC with polystyrene (via reductive amination).

3.4Results and Discussion

The chemical structure of cellulose suggests that two types of reactive sites could be used for
covalent modification: hemiacetal group and hydroxyl groups. Cellulose nanocrystal (CNC), a

product derivedrom cellulose fiber, could also possess the saneenatal properties since the

55



chemical structures were retained after acid hydrolysis. For the hydroxyl groups, the hemiacetal
group only exist at the reducing end of cellulose chains/molecules (See Shemhbis terminal

unit is in an equilibrium stateas it undergoes exchanges between the ring and open
structure®?173189An aldehyde functional group could be exposed to the environment while in its
open structure. Several studies have reported that further reactions with these aldehydes are
typically slow, taking up to one week to achieve a good yi€l@his is due to the low availability

of the aldehyde functional groups.

3.4.1Characterization of particles and colloidal dispersions

Polystyrene with a M= 5000Da (PSNH.) wasusedas awell-definedrepresentativ@olymerto
conductthe reactionsln order to achieve good yield, we set the CNC teNP& (M, = 5000Da)

weight ratio at 10:1 and allowed the reactions to proceed at room temperature for 1, 3 and 7 days.
The reaction mixture was then dialyzed with Millipore water, an@ av® CNC dispersion was
prepared for the surface tension measurements. RBdufre) shows that the surface tension of 0.2

wt% nanoparticle dispersion decreased frontordround 69 mN/m when the reaction time was
increased. When compared to pristine Clli€persions, the reduction in the surface tension is
attributed to the hydrophobic polystyrene on the nanopatrticles. Similar phenomena was observed
when amphiphilic polymers were grafted onto CNC surt§e&°18As negligible change was
observed on the surface properties when the reaction time was extended from 3 to 7 days, we then
conducted all subsequent modification by setting the reaction time to 3 days. For quantifying the
aldehyde contents on the pristindC as well as the CN@S, the classical hydroxylamine
hydrochloride (CHC) and potentiometric titration (PT) methods were ‘is@the CHCmethod
revealed an aldehyde content on the reducing end of pristine CNC to lser@¥&, while the PT
method gave a value of 31.6810l/g (Data shown in Figurg1(B)). Similar results was obtained

by Lokanathan et al., who reported that the conceatratf reducing ends on pristine CNC was
between 35 to 46mol/g 32 As the CHC method is efficient, we utilized it to determine the amounts

of PSNH: grafted on the ends of CNC nanorods. It was found that after modification, the aldehyde
content decreased from 24.5 to 1tmol/g, confirming that the grafting to the reaction was

successful.
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Figure 31 (A) Surface tensionf CNC-PS reacted for 1 day (black) and 3 days (red)péByand
conductivity titration curves of selectively end carboxylated CNC

Reaction temperature is anotheaportant factor that should be considered as the number of high
energy collisions increased disproportionately when the temperature is increased. For this purpose,
reactions were performed either at room temperature (r.t.) or@ #r 3 days and theeight

ratio between CNC and FA$H> (M, = 5000Da) was kept at 10:1. The FTIR spectroscopy was
used to confirm the presence of polystyrene on the cellulose nanocrystals after modifications. As
discussed earlier, small amounts of aldehyde groups were iateessing the reactions and thus

it would be difficult to achieve high grafting density. Fig@t2(A) shows the presence of several
specific signals that were correlated to the structure of polystyrene. For example, the arematic C
H stretching vibratin at around 3000 cf the benzene ring C=C stretching at 1494'camd the

C-H bending at around 700 cinwere observed. The intensity of these peaks increased
significantly by increasing the temperature of the reactions (e.g. from room temperatut€}o 70
The!H NMR spectrum (Data shown in Figue2 (B)) was also recorded to confirm the presence

of PSNH20n the CNC after the reductive amination reaction temperatur€@t R@an be clearly
observed that the -thppmandial=1Xlhppdi dresassaciatedito the 6 . 3
protons of-CeHs and-CH>-CH- on the polystyrene chains, respectively.

The colloidal properties of pristine and modified CNC nanoparticles were also studied as they
provided valuable information on the physical properties of the modified CNC in aqueous solution
(see Figure3.2(C) and Tabled.1). Although CNCs are relike nanoparticles, the scattering from

dynamic light scattering measurements can be used to estimate the hydrodynamic diameter of the
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nanoparticleé®* Pristine CNC possessed a hydrodynamic diameter of 25.4 nm whileRSQ.)

and CNCPS (70°C) possessed a hydrodynamic diameter of 34.5 nm and 55.7 nm respectively.
The increase in the size of the modified CNC is associated to the aggregation induced by
hydrophobic interactions. Such aggregation was also evident from ariall§ses as shown in
Figure3.3. It can be evident that the size of #idde CNC particles increased after hydrophobic
modification of CNC with polystyrene. However, the aggregation was somewhat limited, and this
may be due to the low grafting of the P&ichon the ends of CNC. Wmstulate that interesting
properties may be achieved if we can tune the composition hydrophobic and hydrophilic domains
of the system. The zeta potential of nanoparticle dispersions was measudethey are
summarized in Tabl8.1. Pristine cellulose nanocrystals possessed a zeta potentdl ®imV,

while the polystyrene modified CNC had a zeta potential ranging 818 t0-39.2 mV,
depending on the reaction temperatures. When polystyrene chains were grafted on ttie ends o
CNC, some inteparticle interactions may occur due to hydrophobic interactions, and the

aggregated CNC may screen the surface charge of the CNC aggregates.

Table 31 A summary about the aldehyde contents, average sizezetaghotential of the

nanoparticles

Nanopatrticle Aldehyde contents ¢mol/g) | Average Size (nm)| -potential (mV)

CNC 24.5 254 -47.5
CNC-PS I.t. 114 34.5 -39.2
CNC-PS 70C 6.8 55.7 -33.3
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Figure 32 (A) FTIR spectra of sulfated cellulose nanocrystal (red), polystyrene (blue);FENC
from room temperature (black), CNES from 70°C (pink); (B) *H NMR spectrum otellulose
nanocrystal (blue), CN®S from 7C°C (red);(C) Intensity distribution of a 0.t % suspension
of nanoparticles (CNC, CNES at r.t. and CN®S at 70C) in water measured by DLS.

Figure 33 TEM images showing the morphologies of (A) pristine CNC, (B) @N&from room
temperature, and (C) CNES from 70°C.
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3.4.2Pickering emulsion stabilized by pristine CNC and CRE

In order to investigate the capability of the various types of CNCs for the stabilization of oil/water
emulsions, toluene was used as the model solvent and different concentrations of CNCs were
examined. The volume of oil to water used was kept at 1 amdl r2spectively, unless stated
otherwise. As shown ifigure 34 (A), for all the concentrations examined (0.3, 0.5, 1.0 wt%),
emulsions stabilized by pristine CNC were unstable against coalescence and total phase separation
occurred immediately after saaition. All the sulfated CNC were highly negatively chargexdi

the highly hydrophilic character of the CNC hindered their partitioning to theatér interface.

The strong repulsion force between the nanoparticek induce the destabilization of elsions

as reported in the literatute®***However, the toluenm-water emulsions stabilized by CNES

(r.t.) were stable against ceatence for all the concentrations tested, as shoWwigune 34 (B)

and Figure 31 (C). The emulsions would cream to the top of dispersed phase due to the density
difference between the oil and water, however the emulsion renstaialé against coalesw

even after 4 months. This clearly showed the enhancement in the emulsion stability when the end
modified PSCNC was used as the emulsifier instead of CNC.

The effect of particle concentration on the characteristics of emulsions was investigated and the
result is shownn Figure3.5 (A). Toluenein-water emulsions were stable against coalescence at
high concentrations (above 0.3 wt%), while some coalescentphase separation were evident

at low CNC concentrations (below 0.3 wt%). This difference was attributed to the dosage of
nanoparticles that were partition to the-water interface. Selective end modification imparts
hydrophobic domains to the nanopa#s that promote the adsorption of the nanoparticles to the
toluenewater interface. Ultimately, the average emulsion droplet size is controlled by the
nanoparticles present at the-wihter interface, and the grafting of PS to CNC resulted in a
reducttod i n the dropl et si z erigira3.6@®)). We atsanotdd thiatsihet o 1 4
average emulsions droplet size remained unchanged when the nanoparticle concentration exceeded
0.5 wt%, and this is associated to the complete coverage of-thvateilinterface by the modified

CNC. Therefore, the surface coverage ratio is 1.4 with 0.5 wt% nanoparticles according to Eq.
(3.2), which indicated that 0.5 wt% CNES was sufficient to stabilize 1 mL toluene. Similar
phenomenon was also observed by Captal.avhere the surface coverage ratio exceeded 100

%, where the particles exceeded the critical pBint.
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Figure 34 Photographs of (A) pristine CNC and (B) CNRS from room temperature (a: 0.3 wt%,

b: 0.5 wt%, c: 1.0 wt%) suspensions as well as mixture after emulsifications (toluene water ratio
1:2, d: 0.3 wt%, e: 0.5 wt%, f: 1.0 wt%); (C) Optical micrographs of ewngsstabilized by CNC

PS from room temperature at different concentrations (toluene water ratio 1:2, 1: 0.3 wt%, 2: 0.5
wt%, 3: 1.0 wt%)

In order to gain a better understanding on the stability of the emulsionerttentage height of
emulsion phase ovdotal mixture (H%)was visually evaluated, and the data are presented in
Figure3.5B). For toluene emulsions stabilized by CIRS (r.t.), theH % for all the emulsions
decreased rapidly within a storage period of approximately 15 mindoboed by a slower
decrease, and beyond 3 days, the% remained constantBy increasing the nanoparticle
concentrations, a progressive reduction in H % was obséfigaare3.5 B)). Smilar phenomena

were observed for other Pickering type emulsionbilstad by different nanoparticle4€®18°In
addition, the H % of all the stable emulsions turned to around 50 % after storage for 3 months,

thus the oil fraction in the formulated emulsions is 66.7 % according t@E2}). (

In addition to toluene, hexadecane was used as the organic phase in preparing the Pickering
emulsions. It was evident that the emulsion stability was improved when compared to toluene, and
the creaming rate was much low€his could be attributed to tolne possesses a higher polarity

than hexadecane; i.e. tolueme=(2.38;m= 0.43), and hexadecarex 2.05;m= 0.06), where the

polarity of each solvent is being expressed by its dielectric corestard dipole momenin At
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concentrations below 0.5 wt%he H% of the creaming layer of the emulsions decreased rapidly

in the initial 30 mins, followed by a slower decrease. For emulsions with nanoparticle
concentrations greater than 0.8 wt%, mild creaming was observed, where only a 4 % change in
height was ecorded after 4 hours for emulsions stabilized by 1 wt% ®&8Gr.t.) (see Figur@.5

(D)). The differences in the creaming behavior at low particle concentrations could be attributed
to the effect of droplet size. It was found that the droplet sizenofisions stabilized by CNES

(r.t.) were much smaller when hexadecane was used instead of toluene BFg(¢). The
dropl et size decreased from 21 to 4.8 em when
(Figure3.6 B)). Once the concentratiapproached 0.5 wt%, further increase incthrecentration

did not result in a substantial reduction in the droplet size. Therefore, the surface coverage ratio at
0.5 wt% nanopatrticles is 50 %, which was determined by3&E&1). {t means 50 % surface coage

is sufficient to stabilize 1 mL hexadecane. When the oil droplets have been sufficiently covered
by the nanoparticles, a further increase in concentration will only lead to the excess nanoparticles
being dispersed in the continuous phase. This witeiase the volume fraction of particles, which

will result in an increase the viscosity of the emulsion system. The creaming rate can be better
understood from the Stokes equation, as shown ir3E3). (h addition, similar with toluenwater
emulsions, kthe stable hexadecaeater emulsions had a H % around 50 % after three months

storagethus the oil fraction in the formulated emulsions was 66.7 % according t8.Bq. (
6 —— (3.3

whereV i s the creaming rate, r is th@stheédeasgyl et r a
of the dispersion medium, d is the viscosity

due to gravity.
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Figure 35 Optical micrographs of toluene (A) and hexadecane (C) in water emulsions stabilized
by CNGPS from room temperature at different concentrations (oil water ratio 1:2, A: 0.05; B: 0.1,
C:0.2; D: 0.3; E: 0.5; F: 0.8; G: 1.0 wt%). Creaming profile ofénki(B) and hexadecane (D) in
water Pickering emulsion stabilized by CNRS from room temperature at different

concentrations.

A

y

404 - ®- CNC-PS r.t. Toluene
- @~ CNC-PS r.t. Hexadecane

Diameter (um)
N
o
i ]

0.0 0.2 0.4 06 0.8 1.0
Weight Percent (%)

Figure 36 (A) Optical micrographs of toluene (up) and hexadecane (bottom) in water emulsions
stablized by 0.3 wt% CNEPS from room temperature. (B) Droplet size dependence on
nanoparticle content in the water phase in an emulsion containing toluene or hexadecane with a

1:2 oil to water ratio.

The effects of salt concentration on the stability ofkeiing emulsions have been previously
described in the literatufg®17°18By screening the charge of the sulfate groups on the surface of
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CNC, the introduction of salt lowers the zeta potential of charged particles that favours the inter
particle interactions at the eNater interface that enhances the stability of the emulsion. When salt
was added to CN®S from r.t., similar behavior wabserved. As shown in FiguBe7, the zeta
potential decreased when the salt concentration was increased. A visible increase in the viscosity
was also observed with the increase in salt concentration, due to aggregation and network
formation of the CNC péicles and the emulsion droplets. Different amounts of NaCl were added

to 0.5 wt% of CNGPS (r.t.), and their impact on the stability of toluemsvater emulsions were
investigated. As discussed earlier, the addition of salt induced the aggregation ,ofeSitihg

in the increase in the turbidity of the dispersion (FigBu& (A)). Figure 3.8 (B) and 3.8 (C)

il lustrate the decrease in the creaming rate
by the increase in the salt concentration fromo 80 mM. However, beyond 50 mM, a further
increase in the salt concentration did not have an impact on the creaming process. This trend is
consistent with the trend observed from the zeta potential measurements. The reduction in the
creaming rate couldebcorrelated to the reduction in the size of the emulsion droplet and the

increase in the viscosity of the continue phase as governed by the Stokes equat®B)JEq. (
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Figure 37 Zeta Potential of CN@S (0.5 wt%) with various salt concentration
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Figure 38 (A) Photograph shows the transparency of 0% WNGPS suspensions in different

NaCl concentrations (A: 0, B: 5, C: 10, D: 25, E: 50, F: 100 mM); (B) Emulsions with toluene as
oil phase (probed with Nile Red) stabilized by GRS suspensions (0.5 wt %) with different
NaCl concentrations (A: 0, B: 5,:@0, D: 25, E: 50, F: 100 mM) after the storage of 1 day; (C)
Creaming profile of toluene in water emulsions stabilized by 0.5 wt%-€8@nd different NaCl
concentration; (D) Droplet size dependence on NaCl concentration in the continuous phase while

keep the nanoparticle concentration at 0.5 wt% and oil to water ratio 1:2.

3.4.3Pickering emulsions stabilized by modified CNC with differentd¥ipolystyrene

In this section, the impact of the molecular weight of polystyrene on the emstalaitity was
investigated. Amine terminated polystyrene of different averag®®00 vs 10000 Da) were used

in the modification at room temperature. The ratio between reactive groups on CNC and
polystyrene were kept constant, where the weight ratio leetZ&NC and polystyrene were 10:1

and 5:1 for molecular weight of 5000 and 10000 Da, respectively. Toluene was used as the organic
phase since its stability against coalescence can be easily observed. As shown B.Fi@)re

no significant difference ithe droplet size was observed for emulsions prepared using the same
CNC concentration of 0.8 wt%. In fact, the droplet sizes were slightly larger for emulsions
stabilized by nanopatrticles prepared using a higher molecular weight polystyrene 3EgBie.

We hypothesized that a relatively lower grafting density on cellulose nanocrystals was present
when a higher molecular weight polystyrene was used since an increase in the molecular weight
will reduce the mobility of the polymer chain during the reattiThe small terminal groups may

be buried inside the random polymer coil, making it less accessible for the reaction with the
hemiacetal groups on the ends of the CNC. The creaming behavior were also investigated to
examine the stability of the emulsigrend this is summarized in FiguBelQ There was no
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significant difference on the creaming profile between emulsions stabilized by these two types of
CNC-PS.
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Figure 39 Optical micrographs of toluene in water emulsions stabilized by 0.8 wt% E3 /A

= 5000 Da, up) and CNE€S (M, = 10000 Da, bottom). The inserted photograph shows the
emulsion stability after 2 weeks with different concentrations of nanoparticles (eil ia#ib 1:2,

A: 0.05; B: 0.1; C: 0.2; D: 0.3; E: 0.5; F: 0.8; G: 1.0 wt%); (B) Droplet size dependence on
nanoparticle content (CNES, Mi=5000Da, and CNCGPS, M,=10000 Da) in the water phase.
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Figure 310 Creamingprofiles of toluene in water emulsion stabilized by GRE with various

reaction conditions (Left) room temperature and RS3@00Da; (Middle) room temperature and
PS My=10000Dg; and (Right) 70 PS M=5000Da at different concentrations.
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3.4.4Pickering emulsions stabilized by modified CNC prepared at different temperatures

In this study, polystyrene with aM\bf 5000 Da was used and the weight ratio between CNC and
polystyrene was fixed at 10:1. Nanoparticles from two different reaction temperatures were
compared to assess their capacity to stabilize the tcluatex emulsions. As shown in Figure
3.11 @), the emulsions stabilized by modified nanoparticles were stable against coalescence when
the concentrations were greater than 0.3 wt%. The average droplet size was much smaller for
emulsions stabilized by nanoparticles prepared &iC7(Figure3.11 B)). At a higher reaction
temperature, more polystyrene chains were believed to be grafted onto the cellulose nanoparticles.
CNC with a higher density of hydrophobic PS chains will be more favourably partitioned to the
oil-water interface. A slight creaming behawvifor emulsions was also observed, which may

attribute to the size difference between these two systems.
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Figure 311 (A) Optical micrographs of toluene in water emulsions stabilized by 1.0 wt% CNC
PS (r.t) (up) and CNEPS (7CPC) (bottom). The inserted photograph shows the emulsion stability
after 2 weeks with different concentrations of nanoparticles (oil water ratio 1:2, A: 0.05; B: 0.1;
C: 0.2; D: 0.3; E: 0.5; F: 0.8; G: 1.0 wt%); (B) Droplet size delpece on nanoparticle content
(CNC-PS from r.t. as well as AT) in the water phase.

3.5Conclusions

Hydrophobic polystyrene was successfully grafted tmtoeducing end of cellulosganocrystals
through a selectiveend group modification protocolThe modified nanoparticles displayed
favourable surface properties and were capable of stabilipingne or hexadecasiie-water
emulsions. Both emulsions displayed good stability against coalescence over a period of more than

4 months. When hexadecane was ¢il phase, the droplet size of the emulsions was smaller than
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toluene, which also displayed a much slower creaming rate. The creaming behavior of the
emulsions was inhibited by electrolytes, which screened the charges on CNC Sinimeeork

offers apossible strategy to modify CNG produceamphiphilic particlesor stabilizingPickering
emulsions.
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Chapter 4 One Step Synthesis of Green HigPerformance Pesticide Nano

dispersion using Cellulose Nanocrystal

Developing novel environmentally friendly nasized pesticide formulation is a key focus of
sustainable agriculture. In thistudy, we used cellulose nanocrystal (CNC) asarrier and
dispersing agent for two model water insoluble pesticides (i.e. Detttaim and Permethrin) to
formulate organic solvent and surfactant free pesticide-despersionsThe esults show thahe
optimum loading ratio between pesticide and CNC WaH)0 asdetermined by UWis
spectrophotometer, dynamic light scattering (PL&eta potential, andransmissionelectron
microscopy (TEM). Fourier transform infrared spectroscopy (FTIR) and Isothermal Titration
Calorimetry (ITC)results suggestdd/drophobic interactiodominatedheadsorptiorprocessin
addition, both laboratory and field trial tests were conducted to evaluate the pest control efficacy
of the nanedispersion, andt possessegerformance better or equal to existing commercial
formulations.The nanedispersion wasffective to controtiamond back moth (DBMh cabbage
achiewng a mortality percentage of 99%onsequently, #otal cabbageyield of 322.3kg was
obtainedor the nanedispersion treated plot, while that of tt@mmercial formulation treated plot

and thecontrol plot was319.2kg and294.28kg, respectively.

" This chapter is partially adapted from a pa@#unxia Tang, Jason PuandMichaelK.C. Tam, fiOne Step Synthesis
of Green HighPerformance Pesticide Naiwgspersion using Cellulose Nanocrystal Ma n uusderprepardtion
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41 Introduction

Pesticides are essential compounds to ensure crop yield, and the demand ludsimeneasd

due to population growth and arable lamdiuctionacross the worldf® However, poor water
solubility of the majority of pesticides has greatly limited their water dispersity, and consequently
their pest control efficacié§’ Therefore, pesticides are often formulated as emulsifiable
concentrate (EC), suspeasiconcentrate (SC), wettable powder (WP), microemulsigtges,in
orderto enhance their water dispersityMeanwhile, large amoumntf solvents and surfactants are
consumed during the productiohthe pesticide formulation&or example, organic solvents such

as toluene and xylene, and synthetic surfactants are commonly required to dissolve the pesticides
and maintain droplet stalijiin EC and emulsion formulatiodsThese organic solvents possess
strong toxicity and viatility, which are potential risks to the end users. In addition, environmental
pollution is another problem associated with @pplicationof such pesticide formulationsa

sprayingdue to the leaching of pesticides and thosgneen adjuvants.

In recent years, great efforts have beewvotedto develop environmentallriendly pesticide
formulations, aiming at reducing/avoiding the use of toxic organic solvents and surf&&#iits.
Inspired by recent advances in nanotechnology and material sciencepasticaes have
received much attention due to their unique surface to volume pgegdert!*°In contrast, bulk
pesticide crystals generalbpssessiiameters up to hundreds of maeneters, which are difficult

to yield stable agueous dispersions. Two pathways are commonly used to prepgrestartes:

grind pesticide crystals to naisized particles and precipitate the pesticide solution mora
solvent The former requires high energy input and additional steps to produce stable formulation,
while the latter can produce stable naligpersion in one step when stabilizargpresent in the
non-solvent!® Nanomaterials can play thele as stabilizers or carriers in the precipitation step
due to their excellent colloidal stabilities and large surface areas. Moreover, they can help reduce

the pesticide particle size as well as increase its dispersity and st&l3ifity.

A wide variety of materials have been demonstrated as pesticide carriers: Inorganic materials, such
as clay, mesoporous silica, and layered double hydroXi€8 Synthetic polymers/ epolymers,

e.g., poly (ethylene glycol) (PEG), pelycaprolactone (PCL), and polymethylmethacrylate
(PMMA)- polystyrene copolymer$8®” Natural polymes, like chitosan, lignin, cellulose
derivatives, alginate, eté:'® Among them, biomassased polymers are usually considered as

sustainable, biodegradable and environmentally friendly materials. Therefore, they are highly
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desirable as alternative green carriers for piestscto replace emulsion based products that are

formulated using toxiorganiesolvents>>3198

Cellulose is one of the most abundantimass based polymers on earth. However, caslubased
nanoparticles arearely usedor pesticide application. Very recently, some new cellulossed
nanoparticles became commercially available, which also offered a great opportunity for
devel opment of Agreener 0 pneand sucfactdrfree pesteitiee ms
formulations. Cellulose nanocrystal (CNC) is one of these very promising candidates, which is
obtained by the acid hydrolysis of native cellulose using an aqueous inorganic acid, such as sulfuric
acid?% Under the acidic environment, the amorphous regions of native celaredissociated,
leaving behindthe highly ordered crystallinelomairs (commonly referred to as cellulose
nanocrystal (CNC)j1169201Typically, CNC produced from sulfuric acid hydrolysis possesses a
width ranging between 5 and 20 rand length of several hundred nanometers. In addition, the
hydrolysis of cellulose using sulfuric acid leads to the formation of sulfate ester groups generating
numerous negative charges on the surface of CNC, which promotes homogeneous dispersion of
cellulose nanocrystals due to electrostatic repulsion in aqueous sol§fidftis.

Thus, instead of using polymeric nanopartidi@sagrochemicals encapsulation and dispersion,
CNC can be an ideal carrier fahe preparation of pesticide namtispersion due to its
biodegradability, biocompatibility, lge surface area and excellent colloidal stability. Ingtidy;

a universal and cogtffective methodwas developed to fabricate organic solvent/surfadtaet
pesticide nanalispersion using biomadmsed CNC. The preparation conditions, binding
mechanism and pest control efficacy in both laboratory and field trial of thedispersion were
studied.

4.2 Materials and method

4.2.1Materials

Sulfated cellulose nanocrystals powder produced by sulfuric acid hydrolysis were provided by
Celluforce Inc. Deltamethrin (DEL, solubility in water < 0.002 mg/L at 25 deg C (data from
PubChem)) and Permethrin (PERubility in water < 0.13 mg/L at 25 deg C (data from
PubChem)) were purchased from SigAldrich in analytical standard. Aceton&@S reagentd

99.5%99, ethanol ACS reagentd 99.5%), and potassium bromide (KBr, FTIR grade) were
purchased from Sigma Aldhic A commercial EC formulation of ORTHGHOME DEFENSPE
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MAX ™ with permethrin concentration of 0.25% was purchased from Home Depot (USA) for in
laboratory pest control test. Another commercial EC formulation Deltamethrin 2.5 EC was used

as reference in fiditrial test. Ultrap ur e wat er (resistivity of 18. 2
theaqueous dispersions. Living mealworms and waxworms which have life expectancy of 1 month
were purchased from PetSmart (Canada) and storte indge at 4 degree. Th@orms were

taken out from the fridge to at room temperature baf@experiment. An average of 30 min and

40 min is needed for mealworms and waxworms to be active, respectively.
4.2.2Preparation of pesticide nawispersion
1 wt% CNC stock dispersion warepared by dispersing CNC powdiate Milli -Q water. DEL

or PER dissolved in acetone at various concentrations were mixed with 1 wt% CNC dispersion
(containing 0.5 g CNCat awater to acetone volume ratio of 1 to 2, followed by evaporation in a
vacuumoven at 60 °C and vacuum pressure of 15 KPa for 6 hours. The obtained dispersion was
denoted as CNDELx or CNGPER, where X represents the mass of pesticide (mg) used. As an
example, CNEDELs means nanopatrticles prepared by 5 mg DEL and 0.5 g CNCmpasson,

control samples (DEL) without CNC were formulated by mixing DEL acetone solution with
ultrapure water following the same process as described. Solid content of a dispersion was
calculated by freeze drying of a known weight of sample.

4.2.3Charaterization of nanoparticles

Dynamic | ight s cpotenticd The avgragd diain&er and peth patential of the
nanoparticles were measured usitige Malvern ZetasizerNano series. Experiments were
conducted at 90 degree with a sample concentration of 0.04 wt%. The results were determined
from anaverage of 3 measurements, consisting of 12 runs per measurement.

Turbidity measuremenfTurbidity of nanedispersions (0.4%vt%) were measured by Uwvis
spectrophotometer (Cary 100 Bio) at 500 nm. Briefly, 2 mL of sample was transferred to a Quartz
cuvette, and the transmittance (%) at 500 nm was recorded. All the measurements were performed
3 times and averages were reported.

Fourier transform infrared spectroscopy (FTIRHTIR spectra were obtained using a Bruker
Tensor 27 spectrometer AR spectrometer with a resolution of 4'¢rand a scanning number of

32 from 400 to 4000 chh Briefly, freezedried samples were mixed witkBr, followed by

grinding via mortar and pestle, then compressed into a pellet.
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TransmssionElectron Microscopy (TEM)To observe the nanoparticle morphologies, 0.0% wt
agueous dispersions wegrkcedontothecopper grids (200 mesh coated with copped allowed

to dry at room temperature for TEM characterizations (Philips CM10, 60 Kev).

Isothermal Titration Calorimetry (ITCMicroCal VRITC (Northampton, MA, USA) was used to
study the binding mechanism betwekapesticide molecules and CNC nanojzdes. CNC stock
solution with a concentration of 0.1 mg/mL was prepared by adding CNC water dispersion to equal
volume of ethanolSimilarly, 25 >g/mL DEL stock solution was prepared by dissolving DEL in
ethanol/ water (1:1, v/v) mixture. The good solitpibf DEL in ethanol/water (1:1, v/v) mixture

was confirmed by the linearly increased UV adsorption intensity at 277 nm with increasing DEL
concentration when it was below 28@/mL (See Figurd.1l). To conduct the titration, aliquot of
10>L was dropped stepwise by an auto injection syringe that contairnd ZBHL stock solution

to a reaction cell contains 1.43 mL CNC stock solution with a 6 min interval. For comparison,
background was collected Injection of DEL stock solution to ethanol/ water (1:1, v/v) mixture
without CNC following the same method. The temperature was set at 25 °C throughout the
titration, and data obtained were plotted with the Origin 7.0 software.
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@ Ethanol:Water (1:1) @ 277 nm |

0.8

0.6 Y=0.00423 X
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0.2+
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Deltamethrin concentration (pg/mL)

Figure 41 UV adsorption curve of DEL in ethanol/water (1:1 v/v) mixture

4.2.41n laboratory nanalispersion pest contrefficacy evaluation

Before the test, CNDELs and CNCPER; nanadispersions were diluted to 0.1, 0.5, 1.0 and 1.5
wt%, where the corresponding active ingredient (Al) concentration was 9.9 ppm, 49.5 ppm, 99.9
ppm and 150 ppm. To perform the pest control test, fresh spinach leaves were spread on a petri

dish (10 cmdiameter), then 2 mL of the dispersion was sprayetheteave surfaces with 1 mL
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on the top and 1 mL on the bottom. After that, 20 active worms were placed on top of the leaves,
and the survival rate of the worms was recorded at set time intervalksteFmahe whether a worm

was dead, three steps weadopted i) lightly touch the worm around its body with a wide tip of
tweezer, ii) lightly pinch the worm in the stomach and tail with tweezer, iii) lightly lift the worm
with tweezer. If there was no mawent after the 3 steps, the worm was recorded as dead. In
comparison, the pest control efficiency of 1.0 wt% CNC (0 ppm DEL) and; Béiitrol (100 ppm

DEL) were also investigated and compared with 1.0 wt% TNEC5(99.5 ppm DEL). In addition,

the pest comol efficiency of CNGPERs was compared with the commercial EC pesticide
ORTHC® HOME DEFENSE MAX™ under the same PER dosage. Both mealworms and

waxworms were used for the evaluation.
4.2.5In field nanoedispersion pest control efficacy test

To examine th efficacy of the developed nadgspersion, Deltamethrin was selected as a model
pesticide for the field trial test, which was conducted in Pobbathiri Tsp, Nay Pyi Taw Region of
Myanmarduring Winter 2020. This field trial wasarrangedby our industrial prtner, Asiatic
Agriculture Industrial Pte Ltd. Three plots (T1, T2 and T3) of 4 m x 3 m were designed for planting

of Cabbage, Crown (hybrid), and each of them had 3 replications (R1, R2 and R3). The efficacy
of the prepared nandispersion was comparedtiva commercial formulation Deltamethrin 2.5

EC for the control of Diamond back moth caterpillar (DBM) in cabbage. -OECs nanc
dispersion was prepared at a concentration of 3.75 g/L prior to spray, and Deltamethrin 2.5 EC
was diluted in water with a coantration of 1.5 mL/L to maintain the same Al concentration. The
spray volume was set as 100 L / acre for 2 times with an interval of 7 days. The details of treatment
applied for each plot is summarized in Table To evaluate the DBM control efficacjd® heads

of cabbage in each replication were selected and the initial number of targeted pests per head was
recorded on the #4day after planting. The first assessment was conducted on frdaythat

was 3 days after first applications, and the sd@ssessment was conducted on tHedgg, which

was 3 days after subsequent applications. In the end of the test, cabbages were harvested and the

total yield of the three plots were calculated.
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Table 41 Details of treatment for each plot

Application

Time T1 T2 T3
Deltamethrin 2.5EC CNC-DELs5s
74" Day Control
1.5 mL/L 3.75g/L
Deltamethrin 2.5EC CNC-DELs5s
81 Day Control
1.5 mL/L 3.75g/L

4 3 Results and discussion

The formation process of the nadispersion can be illustrated in four stages as shown in Scheme
1. In stage |, pesticide solution was mixed with CNC dispersion, where the pesticide existed in
molecular state in acetone/ water (2:1, v/v) mixture. Intenadietween pesticide molecules and
CNC nanoparticlesould occumwhen they were close enough. The attraction force could attribute

to hydrophobic interaction, hydrogen bonding or Van der Watdsaction®* In stage |1, acetone

in the mixture was partiallyemovedat 60 °C,andthe mixture still maintained its solubility
towards these pesticide moleculesn€equently, more pesticide molecules approached the CNC
surface due to theinigher concentration. In stage Ill, as more acetone was evaporated, the
solubility of the mixture was significantly reduced. Therefore, small clusters consisted of several
molecues were formed. CNC could provide sites for these clusters due to its large surface area
and amphiphilic surface. With the evaporatnoceeding more and more pesticide molecules
were deposited orthe CNC, forming new clusters or adding thgising clusters. In stage 1V,
acetone was completely removed, thus majority of the pesticide molecules precipitated from the
mi xture and for med cl ustiepresticaita transfarmlbthe pasticidec | e s .
molecules from the mixture to CNC swéa Therefore, while some of the pesticide nanoparticles
weredeposited on CNC, some were anid he proportion depends on the ratio between pesticide
and CNC.
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Stage Il

Pesticide clusters and
particles

Acetone/water Acetone evaporéﬂ-g

Schemed.1 lllustration of the formation process of CMNCT nano-dispersion.

4.3.1 Optimum loading ratio study

Both Permethrin and Deltamethrin belongthe synthetic pyrethroid pesticides, and they have
very similar chemical structure as well as poor watgubility.?°> Here weusedDeltamethrin

(DEL) as an example to investigate the optimum loading ratiwdsn pesticide and CNC. CNC

DELx nanadispersions were prepared by pesticide with dosages varying from 0 mg to 20 mg and
0.5 g CNC. As shown in the inserted picture in Figu#A), the turbidity of nanalispersion
increased with DEL dosage, and it was evaluated by measuring the UV transmittance (%) at 500
nm. Seen from Figuré.2 (A), the transmittance (%) decreased proportionally with DEL dosage,
and a rapid transmittancdecline was observedthen DEL dosage beyond 5 mg, which could be

caused by the increased pesticide clusters concentration that scattered more light.
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Figure 42 (A)Transmittance of CN@ELx nancedispersion as a function of DEL dose (mg).
Inserted picture showing the 0.45 wt% nahspersions with different DEL dose (mg). Average
hydrodynamic diameter of CNDELx (B), DELx control (C), and their zeta potential values (E).
The illustration oDEL clusters formation process (D), electronegative groups on DEL molecules

and DEL particle surface charge shielding effect (F).

To examine the particle size, DLS measurememt®.05 wt% CNCDELx dispersions were
conducted at 90 degree. Although CNCaisod-like nanoparticle, the scattering froBILS
measurements at 90 degree were reported to estimate the hydrodynamic diameter of CNC before
and after modificatioR®3!®°® From Figure4.2 (B), we observedhat pristine CNC possessed an
averagehydrodynamic diameter of 75.9 nm, and the diameter clearly increased after ltaading
DEL. Two distinct increment slopes were observed dftetinear fitting was applied to these
data. Specifically, the diameter of CNRELx displayed a faster rate whBXL amount exceeded

5 mg which mightbe caused by the formation of larger pesticide clusters during precipitation
when pesticide dosagaceededhe loading and dispersing capacity of CNC. The dispersion effect
of CNC on DEL particles wdsirther identifed by a control experimer&hown in Figuret.2(C),

the diameter of DELcontrol without CNC was much larger than CIRELx under the same DEL
content For example, the diameter of CNRELs was 131.2 nm, while that of DElwas 380.8
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nm. The muctsmaller size demonstrated that CNC could significantly reduce DEL particle size

as a dispersing agent, howevarger DEL clusters/particles wepeoducedwithout CNC due to

the overgrowth othe clusters. The possible formation process of DEL clusteittigdrated in

Figure4.2 (D), which shows the sellassembly of hydrophobic DEL molecules to clusters by
hydrophobic -intsermaa&t ingn i ot eraction during ace
continued to deposit aine formed small clusters witht the presence of CNC, resulting in large

clusters. Furthermore, DLS results indicated that CNC had limited surface/sites as dispersing
agent. For 0.5 g CNC, waseffective for dispersinggpading up to 5 mg DEL. A further addition

would significantlyincrease the particle size, causing the loss in colloidal stability, consequently

the phase separation during formulation storage.

Surface charge is another important parameter to evaluate the stability of pesticide formulation as
high surface chargeould introduce strong electrostatic repulsion between particles. Pristine CNC
possessed excellent colloidal stability due to its negatively charged sulfate ester groups, which
yieldeda zeta potential 0#42.2 mV asshownfrom Figure4.2 (E). Theabsolute zeta potential

value of CNGDELx increased with DEL dosage, which was probably caused by the increased
amount of DEL particles. The surface charge of DEL pagicight be attributed to the polar
groups {CN, -Br) on DEL moleculs. As discussedaglier, the DEL clusters were formed by self
assembly of DEL molecules, where the hydrophobic domains of DEL molecules formed the core
and the polar groups wera the aitsidefacingthe polar solvent (Figuré.2 (D)). N and Br are

strong electronegativdeanents that can attract electrons; therefore, the electrons of C atom were
strongly attracted by N and Br i@k N and-C C (Br). groups (see Figu.2 (F)). The negative

zeta potential values from Dklcontrol further supported the conclusion. Simi€NC-DELx,

the surface charge of Dklcontrol also increased with DEL dosage, which was probably due to
more-Ck N and-C C (Br) groupspresentin larger particles. Interestingly, the zeta potential
value of CNGDELx was very close to DELcontrol. This mght be caused by the loaded DEL
particles shielding the negative sulfate ester groups on CNC (illustrated in &ig ().

In summary, the optimum loading mass of DEL was considered as 5 mg when 0.5 g CNC was
used. This ratio was adopted in the following studies as it produced nanopuiticlesalker size
as well asmore negativezeta potential, which are important paramet& preparestable

formulations.
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4.3.2 Naneparticle morphology and size distribution study
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Figure 43 TEM images of pristine CNC (A), CNDELs (B), DELs control (C), and patrticle size
distribution of 0.05 wt% of these dispersions by intensity (D). FTIR pattern of CNC; QG

and DEL (E), and a magnified region (F). Calorimetric curve of injection of DEL solution to
ethanol/ water mixture (red) and to CNblack) (G) and integral plot after subtracting background

(H).

Pristine CNC is a rotlke nanoparticle with an average length of 2D nm and width of 20

nm as seen in Figue3 (A) determined fronTEM analyseslts dispersing and loading capacity
towards DEL particles were evident as demonstrated by the uniformly distributed DEL
nanoparticles on CN(Figure4.3 (B)). However, significant aggregation of DEL particles was
observed when CNC was absdfbm Figure4.3(C), we observed thdDELs contrd exhibited

much larger particle size than CNIELs, which further confirmed the dispersing effect of CNC.
DLS measurements were further conductedrtalyze their particle sizessrom Figure4.3 (D),

we observedhat pristine CNC possessediagle peakwith an average hydrodynamic diameter

of 75.9 nm,andthe peak bcamebroader and the average hydrodynamic diameter increased to
131.2 nm for CNEDELs. In the scenario of DElcontrol, the average hydrodynamic diameter of

DEL particles was much largeiith a size 0f380.8 nm.

4.3.3 Binding mechanism study
There are somstudies thateported that pristine CN€ouldbe used as carrier for hydrophobic

compound, however, the interaction mechanism between CNC and hydrophobic molecules was
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not clearly explaing?°42%” Herein, FTIR was used to investigate the bonding information before
and after loading DEL on CNC. As shown in Figdr&E), asmallpeak at 1735 crhwas observed

in CNC-DELs, whichbelongsto the ester groupn DEL. A magnification from 1800 crhto 1600
cmitis shown in Figurd.3(F). Interestingly, no other characteristic peaks belgtp DEL were
observed on CNDELs, which was probably due to the low concentration of DEthexCNC-

DELs. In addition, we expected that hydrogen bonding could exist between CNC and DEL
particles when they are very close as illustrated in Figixé). Overall, FTIR results suggested

the interaction between CNC and DEL was physi@atino chemical bond as formed.

To furtherexaminethe interaction mechanism between CNC and DEL molecules, ITC was used
to monitor the heat change associated with the interaigk typical curve (in red color) of
titrating concentrated DEL solution to ethanol/water mixtutbout CNCis shown inFigure4.3

(G), where the heat released was due to dilutiothe presence of CNC, obvious enthalpy change
was observed as a function of time or DEL concentration as shpwre black spectria Figure
4.3(G) The distinct enthalpy difference in the first 5000 s indicated that &mme of interaction
occurred between CNC and DEL molecules. After 5000 s, the enthalpy was almost overlapped
with the background, suggestitigeseinteractiors had ceased with wheadditional DEL was
titrated to the CNC solutiorAfter subtracting the background, the integrations of the peak areas
were plotted and shown in Figu4e8 (H). The enthalpy change was negative,-88.06+4.94 cal,
suggesting the interaction was exothierfd® Also, the small association constanf ¢6.69 +

3.42) -10* indicated the binding force was a weak force. It seémasone type of binding
interactionwas present as the data could figed to aone sitebinding model?'9212 Since no
hydrogen bonding peak was observed fiibaFTIR spectra hydrophobic interaatn would be

the only likely driving force for the bindindRecent studies on CNC revealed that CNC is an
amphiphilicsystem where the axial direction of the rings formed-H were hydrophobic and

the hydroxyl groups are hydrophifi&? 215216 However, the specific hydrophobic plane of CNC is
still beingdebaté. For example, Capron at. reported that plane (200) was hydrophdbié®®

while a recent work based on molecular dynamic simulation concluded that both plane (100) and
(010) of CNC were amphiphili€t* In other words, theres nostandard method to calculate the
content of he hydrophobic domains on CNC. Therefore, the X axis of FiguB(H) was
designatedas the mass ratio between DEL and CNC. N is known as stoichiometric, which
represents the molar ratio between the ligand and receptor when the sites of receptoateé. satur
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Here, N represented the mass ratio between DEL and CNC when the sites on CNC were saturated,
and it was around 0.0106. This result was consistent with the optimum loading ratio determined

by DLS measurements in sectiéd3.1.

4.3.4 In laboratory nandispersion pest contrefficacy evaluation

Both Permethrin and Deltamethrin are wide spectrum pesticides, and their mode of action is mainly
based on contact and stomach toxicity. The pest control efficacies ofDENE€and CNGPER;
nanoadispersion were evaluated with twgpes of worms, i.e. mealworms and waxworms.
Mealworms are the larval of the mealworm beetles, and waxworms are the caterpillar larvae of
wax moths. Figurd.4 (A) illustrates thepest control experiment of CNBELs nancdispersion

at different concentrations and two control samples in real time. The effect ofDENE
concentration on mealworms mortality is shown in FigudeB). Clearly, the living worm ratio
decreased from 65% to 45% with CNBELs concentrationncreasing from 0.1 wt% to 1.0 wt%.

The increased efficacy was mainly due to the increased DEL dosagernh dispersion. Notably,

the 1.0 wt% dispersion displayed very fast knockdown effect, as 55% mortality was achieved in

60 mins.

For comparison, thefficacies of CNC and DE.control were also investigated and compared
with 1.0 wt% CNCDELs, and the results are shown in Figdré (C). Itis evidentthat CNC did

not show effective pest control efficacy, only 5% mortality vedsservedduring the 2 hors
observation, which was probably caused by natural death of the worms. In contrastoDiEhl
(contains100 ppm DEL) exhibited effective pest control efficacy, where 30% mortality was
achieved in 2 hours. However, CNRELs still possessed tharonget pest control efficacy when
compared with DEkcontrol under the same DEL dosage. The superior performance was probably
attributed to the smaller DEL particle size in GIRELs, yielding a larger surface ardar contact

with the worms

82



A 0.1wt% 0.5wt% 1.0wt% 1.0wt% DEL
( )I'ime (mins)

CNC-DEL CNC-DEL  CNC-DEL CNC control
—— :

5 min

10 min

30 min

60 min

90 min

120 min

(B) —#— 0.1 wt% CNC-DEL (9.9 ppm DEL)
—8— 0.5 wt% CNC-DEL (49.5 ppm DEL)
S 90+ —&— 1.0 wt% CNC-DEL (99.9 ppm DEL)
‘o’ 0.1 wt% | 0.5 wts% ] 1.0 wtd%
T 80-
£
o 704
H 70 A
<
)
E Go_
o
£
2
- 50 A
T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120
Time (min)
(C) 120

—=— 1.0 wt% CNC-DEL (99.9 ppm DEL)

1104 —®— DEL control (99.9 ppm DEL)

—A— 1.0 wt% CNC (0 ppm DEL)

USSR LU U SIS
0 10 20 30 40 S50 60 70 80 90 100 110 120

Time (min)

Figure 44 (A) Optical pictures of mealworms mortality in real tiniB) living mealworms ratio

of 0.1 wt% CNCDELSs, 0.5 wt% CNCGDELs, and 1.0 wt% CNEDELs dispersion as a function of

time, and the insert sh@the three dispersiongC) living mealworms ratio of 1.0 wt% CNC,

DELs control, and 1.0 wt% CNDELs dispersion as a function of time, and the inserted picture

shows the three dispersions.

Similarly, the pest control efficacy of CNBER; at different concentrations were also studied and

compared with a commercial EC pesticide formulation whose active ingredient is also permethrin.

The efficacy was also dominated by PER concentration as shown in &iguvoreover, the 1.0

wt% CNGPER; achieved a comparable mortality (around 55%) to the commercial formulation

(containing 100 ppm PER).
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Figure 45 (A) Optical pictures of mealworms mortality in real tiniB) living mealworms ratio

of 0.1 wt% CNGPER;, 0.5 wt% CNCPER;, 1.0 wt% CNCGPER; dispersion and the commercial

EC formulation as a function of time, af(d) pictureshowng thefour pesticide formuladns

For a more comprehensive assessment of the formulation performance, efficacy tests were also
conducted on a larger body weight worm, i.e. waxworm. The living waxworm ratios of 1.5 wt%
CNC-PER; (150 ppm PER) and commercial formulation (150 ppm PER) as a function of time of
are shown in Figurel.6. It is evidentthat the commercial EC formulation displayed faster
knockdown effect as 75% of the waxworms were killed in 2 hours, while-DEIG formulation

achieved 70% mortality in 3 hours. The faster knockdown effect of commercial formulation was
probably due to the presence of large am®ahbrganic solvents.

Overall, in laboratory worm testheresults suggested that the CNDELs/ PER; nanadispersion
displayedgood pest control performance. Besides, the current mptssgssemany advantages,
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such asno organic solvents and surfactamisre usedsimple preparation process, whicteet

the sustainable agriculture and
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Figure 46 (A) Optical pictures showing the state of waxworms treated with 1.5 wt%-EERE

and commercial (150 ppm PER) at different tiigi,living waxworm ratio of the two samples in

real time, andC) picture of the two formulations.

435 Large scale field trials of theanadispersiorfor evaluatingoest controkfficacy

The three plots of 4 m x 3 tand designed for planting afabbagdas shownin Figure4.7 (A).

3.75 g/LCNC-DELs nanadispersion and.5 mL/LcommerciaDeltamethrin 2.5 EC were sprayed

on cabbages ashownin Figure4.7 (B) on the 74 day and 8% day after planting. 10 heads of

cabbages in each replication were selected the targeted pesiger head before and after

treatments were recorded in Takle. Figure4.7 (C) shows a demonstration of target pest

counting on a selected cabbage kiglire4.7 (D) is a close view ofarvaes on the leafThe mean

number of target pest/head of cabbage of each plot before and after traatsueminarized in
Figure4.7 (E). It is evidentthatthe cabbage plot treated with CNQELs nanadispersion (T3)

displayedthe lowest number of larvae infestation perchehcabbagefollowed by that treated

with Deltamethrin 2.5EC (T2). Control plot (T1) showed the highest number of larvae infestation

per head throughout the whole data collection and assessment period. The mortality percentage of

T2 and T3 was 96% and @as calculated based on the mean number of target pest/head before

and after treatment. It is evident that the CGNELs nanaesuspension possessed comparable pest
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control efficacy to the commercial Deltamethrin 2.5 EC formulation. In additiocathteageield

is shown in Figurd.7 (F), where we observe a total yield of T3 is 322.3 Kg, followed by T2 with
319 Kg and T1 with 294.28 Kg. Such results suggested that the develope®EINGanc
dispersion is very effective to control the diamond back moth (DBM) in cabbage, and consequently
increase cabbage yield. The natispersion can be widely applied to other typesrops and

pests by simply changing the active ingredient on CNC duhia nanedispersion preparation.

R1 R2 R3
Cabbage yield / replication

74th day 77th day

Figure 47 (A) An overview of the plots planted with cabbadB) demonstration of spray
experimentluring the tes{,C) demonstration of target pest counti(i) a close view of thiarvae
on the leaf(E) Mean number of larvae per head of cabbage in each plot before and after treatments

(F) A summary of cabbage yield in 3 replications of each plot treated with differemtlations.
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Table 42 Mean number of target pests/ head of cabbage in each plot before and after treatments

Data collection dat¢ 20.3.2020
Before treatment(initial data)
Number of Pest per plant

T1| S1|S2|S3|S4|S5| S6| S7| S8 | S9 |S10|Means
Ri| 5 | 15 | 17 | 23 | 10 | 14 | 16 | 22 | 14 | 11 14.7
R| 22| 23| 20| 24 | 15| 13 | 12 | 23 | 0 | 17 16.9
R3| 14| 22| 12| 0 | 13 | 15| 11 | 0 | 18 | 14 11.9

Average of T1 14.50

T2 | S1| S2|S3| S4| S5 S6| S7| S8 | S9 | S10 | Means
Ri| 46 | 8 | 16 | 14 | 18 | © 3 20| 20 | 11 15.6
R| 14| 15| 7 | 26 | 11 | 44| 10 | 15| 9 9 16.0
RR| 5 | 24| 22| 13| 5 | 10| 13| 17 | 5 | 11 12.5

Average of T2 14.7Q

T3 | S1| S2|S3| S4| S5 S6| S7| S8 | S9 | S10 | Means
RL| 3 5 6 | 17 | 14 | 20 | 13 | 2 8 | 10 9.8
Re| 22| 21| 31| 15| 28| 7 1|16 | 9 | 17 16.7
R3 |44 | 12| 10| 4 | 15| 31| 18 | 12 | 15 | 16 17.7

Average of T3 | 14.733
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Data collection dat¢ 23.3.2020
1st time after treatment
Number of Pest per plant

T1|S1|S2|S3|S4|S5| S6| S7| S8 | S9 | S10|Meand
Ri| 13| 8 | 26 | 14 | 23 | 14 | 15 | 11 | 12 | 14 15
R| 15|12 | 20| 24 | 23| 4 | 13 | 14 | 11 | 12 14.8
R3| 20| 14 | 13| 2 | 21 | 24| 7 | 13 | 20 | 15 14.9

Average of T1 | 14.90

T2 | S1| S2| S3|S4| S5 | S6| S7| S8 | S9 | S10 |Meang
RL| o 4 4 3.6
R 0 3.3
R3| o 1 7 4 3.3

Average of T2 3.40

T3 | S1| S2|S3| S4|S5| S6| S7| S8 | S9 | S10 [Means
R1 4 3 1 3.5
R 0 3 4 2.1
R3 0 3 3 4 4 3.1

Average of T 3 2.9
Data collection date 30.3.2020
2nd time after treatment
Number of Pest per plant

T1|S1| S2 | S3|S4| S5 Se | S7| S8 | S9 | S10 |Meang
Rl | 3| 13 | 34 | 13 | 11 | 21 | 12 | 4 | 23 | 15 17.9
Re| 3 | 201|103 | 12| 10| 14 | 21| 11 | 7 16.6
R3| 20| 32 | 11| 8 | 31| 37| 8 | 21| 10| 8 18.6

Average of T1 | 17.7Q

T2 | S1| S2 | S3 | S4| S5 | S6 | S7 | S8 | S9 | S10 |Means
RiL| o 1 2 0 0.5
R 0 0.5
R3 | 1 1 0 0 0.7

Average of T2 0.57,

T3 | S1| S2 | S3 | S4| S5 | S6 | S7 | S8 | S9 | S10 |Means
R1 0 0 0 0 0 0.1
R 0 0 0 0.2
R3 0 0 0 0 0 0.1

Average of T3 | 0.133
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4.4 Conclusions

We developed a simple and scalable process to produce organic sawvehsurfactantsfree
pesticide nanalispersion using cellulose nanocrystal (CNC) as carrier and dispersing agent. FTIR
and ITC studies suggest#thtthe attraction between hydropholgesticide molecules and CNC

was dominated by hydrophobic interaction. The optimum loading mass ratio between deltamethrin
and CNC was 1:100 as determined by DLS and ITC results. In addition, both laboratory and field
trial tests have suggestéuhtthe rancdispersion possessed excellent pest control efficacy that
was comparable to commercial formulations. Besides, the small particle size and high zeta
potential value of CNEELs nanoparticle are very important propertiesproducea stable
dispersion tht can be stored long term. In summary, the rdispersion is very promisinfpr
repladng conventional pesticide formulations due to its simple preparation process,

environmentally friendly material, odorlesgyredients and excellent pest control eféicy.
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Chapter 5° Shape Recoverable and Mechanically Robust Cellulose Aerogel
Beads for Efficient Removal of Copper ions

Developing biebased absorbents with high removal capacity towards heavy metals is one of the
key strategies to manage water pollution worldwide. Robust cellulose aerogel beads (CGP,
diameter of 3~4 mm) with high amine content were prepared by-linkgsg polyethylenimine

(PEI) to cellulose nanofibrils (CNF) using@ycidyloxypropyl) trimethoxysilane (GPTMS). The

mass ratio between PElI and GPTMS (1:1 or 3:1), crosslinking mechanism, morphologies,
elemental compositions, total amine contents, mechaniicaigths as well as the adsorption
capacity and kinetic of the aerogel beads were investigated. Small CGP beads possessed several
desirable characteristics, such as high amine group content (5.74 mmol/g for CGP3 beads), large
maximum Cu (Il) adsorption capity (163.40 mg/g for CGP3 beads), very fast adsorption rate (<

10 h to reach equilibrium), high shape recovery (2.00 % plastic deformation for CGP3 beads at
50% strain), robust mechanical strength (stress around 10.5 KPa at 50% strain), and they could be

regenerated and reused.

Tree

Cellulose Nanofibrils
Cellulose aerogel bead

" This chapter is adapted from a papeang, C.; Brodie, P.; Li, Y.; Grishkewich, N. J.; Brunsting, M.; Tam, K. C.
Shape Recoverable and Mecharic®obust Cellulose Aerogel Beads for Efficient Removal of Copper lons. Chem.
Eng. J. 2020, 124821.
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5.1 Introduction

Heavy metals (e.g., Pb (II), Cu (I1), Cr (V1)) are serious water pollutants that threaten human health
due to their high toxicity, nedegradability and bi@ccumulation?!’ Various technologies have

been adopted to remove the metal ionsmf wastewater, such as temchange, chemical
precipitation, flocculation, membrane separation and adsorgtigkmong them, adsorptias an
efficient and economical approach since it is easy to design and opEratesorbents, such as
activated carbon, clay, biochar and polymers are widely used for wastewater tré&dtment
However, most of these commercial absorbents consisted of powders, which have poor
recyclabilty, low removal efficiency and high cogt Besides, the poor recycldiby of these
powders can cause the secamdpollution. Therefore, novel absorbents that can satisfy the

practical requirements are necessary.

Aerogels are highly interconnected porous solid materials that possess many advantages, such as
ultralow density, high surface area and adsorption capacity and ease of separation from the bulk
aqueous solutiong??> These unique properties make aerogels ideal absorbents for water treatment.
Many materials have been demonstrated to bectefe for preparing aerogel absorbents, e.g.,
graphene oxide, silica, polymers and-biass based materi&fs 2% In recent years, intense
studies have been devoted to-lmass based materials due to their low costdeigradability as

well as abundant surface reactive grotfds

Cellulose is an environmentally friendly compound derived from natural resources, such as trees
and agriculture biomas8 Dependhg on the size and aspect ratio, cellulose materials can be
classified into cellulose fibers (mainly used for papermaking), microcrystalline cellulose (MCC),
cellulose nanofibrils (CNF) and cellulose nanocrystals (CNE&} CNF exhibits its unique
properties to prepare aerogels due to its high aspect ratio, abundant surface hydroxyl groups, and
structural flexibility.22” However, physically crosslinked CNF aerogel such as pure CNF entangled
aerogels or polymers (e.g., PVA, PEG, gelatin) blended CNF aerogels are easy to dissociate in
water due to the hydrogen bonding interaction betwedrydsoxyl groups and water molecules

227 Chemical crosslinking is an effective and commonly used approach to enhance cellulose
aerogel wet mechanical strength via the formation of robust covalent bondgemdral, surface
modification of CNF with crosslinking sites such as silyl, amine, epoxy, carboxyl or aldehyde

groups is necessary to build up robust and functionalized CNF aeftigels
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Considering the low adsorption capacity of fypd/ls groups on CNF towards metal ions,
modification of CNF with crosslinkers containing carboxylic, amine or phosphate groups is an
effective strategy to enhance its heavy metals removal capacity as well as wet mechanical property
217 For example, Zhang et al. prepd a CNF aerogel absorbent that possessed both carboxyl and
amino groups by grafting polyethylenimine (PEI) on TEMP&Xidized CNF, achieving a
maximum Cu (I) capacity of 52.32 mg?§ Tang et al. introduced PEI on CNF using
polydopamine as crosslinker to produce CNF aerogel absorbent, whielved a maximum Cu

(1) adsorption capacity of 103.5 mg?& Li et al. mixed PEI with carboxylate@NF via physical
crosslinking to prepare aerogel absorbent with a Cu () absorption capadiis.44 mg/¢=°
However, similar to these mentioned CNF aerogels, most CNF aerogel absorbents reported in
literature are monoliths. Altholgthese monoliths exhibited high adsorption capacity, the
adsorption kinetics is slow due to the long diffusion path. Since the removal rate is a critical

parameter to improve its efficiency, this can be achieved by reducing the diffusion pattfiength

In this study, we grafted a hypednched cationic polymer, PElI on CNF using- (3
glycidyloxypropyl) trimethoxysilane (GPTMS) as a crosslinker. The obtained mixture was
injected into liquid nitrogen for rapid freezing, followed by sublimatmobtain cellulose aerogel

beads (diameter betwee3-4 mm). The chemical structure and composition, morphology,
mechanical property, Cu (ll) ion adsorption capacity and mechanism as well as regeneration
performance of the aerogel beads were investigated. The novelty of this work comprise of: (1)
celluloe aerogel beads was used instead of cellulose aerogel monoliths for Cu (ll) removal to
improve the removal efficiency by reducing copper ion diffusion path length; (2) small beads with
larger surface to volume ratio than monoliths that enhanced the aolsogte; (3) a scalable and
simple one pot chemical crosslinking reaction conducted at room temperature and in agueous
solution was proposed; (4) the mechanical performance of the aerogel beads were precisely
guantified, and to our knowledge, this is fhist reported study; (5) the beads possessed excellent
adsorption, regeneration and mechanical property, which is very promising for packed column

adsorption.

5.2 Materials and Methods
5.2.1 Materials

CNF slurry was obtained from the Process DevelopmenteZ (University of Maine), and the

detailed production process was reported previolislga-glycidyloxypropyl) trimethoxysilane
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(GPTMS), branchedpolyethylenimine (BPEI, My 750,000 Da), copper (I1) sulfate pentahydrate,
sodium hydroxide (NaB), hydrochloride acid (HCI, 37%), potassium bromide (KBr), humic acid
and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma AldrichQNnititer

(conductivity of 15 e€s/cm) was wused to prepar

5.2.2Preparation of cellulose aerogel beads/monoliths

GPTMS was dropwise added to the CNF dispersion (1 wt%) under magnetic stirring at room
temperature with a mass ratio of CPTMS: CNF = 1:1, and the mixture was further stirred for 2
hours to allow the GPTMS kyolyzed and condensed on CNF. ThefHl solution (20 wt%)

was added to the mixture with a mass ratio of CNF: GPTMS: PEI = 1:1:1 or 1:1:3, followed by
stirring for 30 min at R.T. The obtained mixture was introduced to liquid nitrogen via a syringe

pump & a controlled rate to form uniform spherical beads. Afterwards, these frozen beads were

subjected to freeze drying & 5 to produce the aerogel beads

denoted as CGP1 (CNF: GPTMS: PEI mass ratio of 1:1:1), and CGP3 GINMMS: PEI mass

ratio of 1:1:3). In comparison, aerogel beads without PEI were also prepared, and designated as
CG (CNF: GPTMS mass ratio of 1:13GP1 aerogel monolith with a dry mass of 100 mg was
prepared by freezing a scintillation vial (diameter ofi@®) containing the reaction mixture in

liquid nitrogen, followed by freeze drying &5

5.2.3 Characterization

Fourier transform infrared spectroscopy (FTIR) spectra were obtained using the Bruker Tensor 27
spectrometer FTR spectrometer with gesolution of 4 crt and a scanning number of 32 from

400 to 4000 cm. Briefly, pellets were prepared by mixing an amount of fresdrie aerogel beads
with KBr, finely ground in mortar and pestl e
all the beads samples were dialyzed in Midliwater to remove the unreacted CPTMS/ PEI before

the characterization.

Scanning electron microscopy (SEM) equipped with EDS was used to examine the morphologies
and elemental composition of the aerogel beadsdfiad aerogel beads were sputtered with gold

and visualized in a Carl Zeiss NTS GmbH instrument with an acceleration voltage of 5 keV.

The amine contents of the beads were quantitatively determined via a conductometric
potentiometric titration method ug a Metrohm 809 Titrando auttrator (Switzerland).

Samples were dialyzed in MH water until the conductivity remained constant prior to the
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titration. Known mass of dry beads or PEI solution was placed in the vessel and 25 Q Milli
water was adak Then, 0.1M HCI was used to adjust the pH to 3.5 followed by titration with
0.01M NaOH. The amine content of the sample was calculated using.Bg. (

56 0HBE O QH SN 8 (5.)

where V(mL) is the NaOH volume dm (Q)is the dry weight of the sample.

The compressive strength of the aerogel beads was evaluated in a Microtester G2 (CellScale
Biomaterials Testing, Waterloo). To fully cover the beads, a 5 mm x 5 mm steel platen was selected

and glued on the cantiler. The beads were placed under the steel plate and the compressive tests
were conducted in a water bath. All compression tests were performed in a displacement
controlled mode, with images, displaceinggent (0
the compress. The strain (&) and stress (0) we
spherical and the contact area was fixed during the compression. Here, we use the maximum

contact area to calculate the stress as shown in the fofjegimations:

P pmmljoO (5.2
3d4d O)(q (5.3
AOA pm Q7Y (5.4)

where D (mm) is the diameter of the bead, and F (N) is the force applied at real time.

5.2.4 Adsorption experiments

5.2.4.1 Adsorption pH, absorbent dosage and istiength study

To study the optimized pH for adsorption, 100 mg dry beads were massed and dialyzed in Milli
Q water before immersing in 50 mL 100 ppm Cu (II) solution. The initial pH) @Hhe solution

was adjusted from 3 to 6.2 by using 0.1M HCI or MaQhe concentration of Cu (ll) in the
mixture was monitored by a Copper lon Selective Electrodd $EyColeParme?). Besides, the

pH of the solution during adsorption was recorded by a pH electrode and the value at equilibrium
(pHe) was reported. Alsahe conductivity of the solution during adsorption was recorded by a

conductivity electrode. The adsorption capacitynag/g) was calculated by Ed.p) as follows:
n —o (5.9
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where G (mg/L) and G (mg/L) are the initial and equilibriurnoncentrations, respectivelys q
(mg/qg) is the adsorption capacity at equilibrium; V(L) represents the solution volume of Cu (Il)

ions and m (g) represents the mass of the aerogel adsorbent.

The effect of absorbent dosage (20 mg to 100 mg CGP1 beadshanstrength (100 mg CGP1
beads, 0 M to 0.5M NacCl) were investigated in 10 mL 100 ppm Cu (I1) solution under pH 5.6 and
25 , and the correspondi ng(mgg)werelalsolcalaulated bya d s o r

Eq. 6.5).

5.2.4.2 Adsorption isothermal and thermodynamic study

20 mg absorbents were immersed 15 mL Cu (II) solutions with concentration ranging from 50 ppm

to 400 ppm to study the adsorption isothermal.dltes or pt i on experi ments WwWEe
with initial pH of 5.6. The adsorption behavior was described by Langmuir and Freundlich

isotherm models:

- - — (5.6)
QENQ aéu’Q ¢ adQ (5.7
where ¢, is the maximumadsorption capacity of the absorbent, andakid K- is the binding

constant of the Langmuir and Freundlich equation, respectivelg, thei Freundlich model

represents the empirical parameter.

To investigate the adsorption thermodynamic, 20 mg CGP1 heedisnmersed in 20 mL Cu (II)
with varying concentrations and the adsorption experiments were carried?dut at 3 @nd
35 , respectivel y. The thermodynamic paramet e

eqguations as follows:

VO EA®TEU® p ITTTD (5.9
yJ 24D1 (5.9
Yy J Y(J 4Y¥3 (5.10
ae Ll X (5.19)
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Where K (L/mg) is Langmuir constant determined from Langmuir adsorption isotherraasg, K
thermodynamic equilibrium constant that is dimensissleand the factor 63.546 is the molar
weight of Cu and 55.5 is the number of mol es
Gibbs energy, enthalpy and entropy change respectively. R is a universal gas constant 8.3144
JimolxK, T (K) is absolutéeemperature.

5.2.4.3 Adsorption kinetics study

100 mg CGP1 absorbent was added to 50 mL 100
the mixture was stirred continuously until the adsorption reached equilibrium. The adsorption data
were fitted to the geudefirst order kinetic model (Eq5(12), pseudesecond order kinetic model

(Eq. 6.13), and intra particle diffusion model (Eq5(14)):

Im i afg Qo (5.12
- — = (5.13
n 0 o8 & (5.19

where g (mg/g) is the adsorption capacity at time t, andukd k are the rate constants for the
pseudefirst order adsorption and pseudecond order adsorption kinetic models, respectively. K

is the rate constant (g Mgnin®) of intra-particle diffusion kinetics.

5.2.4.4 Simulated wastewater treatment

The simulated wastewater was prepared by addition of a common Natural Organic Matter (NOM),
humic acid, to Cu (Il) solutions (from 50 ppm to 400 ppm). The adsorption experiment was
conducted by immersing 20 n@GP1 beads in 10 mL Cu (Il) solutions containing 50 ppm humic
acidat pH 5.6 and 25 . The adsorptiogapacity was calculated by E&.5%).

5.2.5 Regeneration study

The aerogel beads after Cu (lI) adsorption were immersed in 0.1 M EDTA solution to riaeove

Cu (I). A clear color transition from bright blue to colorless was observed during the regeneration
process. Afterwards, the beads were recovered using a mesh and squeezed by hand to remove the
excessed solution, followed by soaking in M{iwater gveral times to elute the salts until the
conductivity became constant. The regenerated beads were subjected to adsorption process and the

regeneration process was repeated for five cycles.
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5.3 Results and discussion

The preparation process and formatiomamanism of the aerogel beads are illustrated in Schematic

1. Under aqueous condition, GPTMS hydrolyzed to form silicon hydroxyl groups that further
reacted with the hydroxyl groups on CNF via condensation redCtiime epoxy groups on the

other end of GPTMS were reacted sequentially with the amine groups amaRE#¢ ring open
reaction, to form robust networks. The proposed chemical structure of the network is shown in
section (b) in Schentia 5.1. To form spherical porous beads, liquid nitrogen was chosen as the
cold source and freezing bath due to its extreme low temperature and neglectable capillary force.
Many studies have reported that the high temperature gradient created by lijpgdmitould

induce the rapid ice crystals nucleation speed and result in lots of small crystal domains, which is
crucial to yield porous aerogel with small pore size after sublim&ti®i?33As the reaction
mixture dropped to liqai nitrogen, small ice crystal domains formed within the network and
forced the crosinked CNF fibers to aggregate to form pores with thin walls. Porous cellulose
aerogel beads with small pore size were produced when these small ice crystal domains were

removed by sublimation via a freezlrying proces$3*

'31( ¥ % Syringe Liquid Nitrogen
’ pump - - 5?
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Schemati&.1 lllustration of the preparation and chemical structure of the CGP beads
5.3.1 Characterizations of the aerogel beads
To verify the crossinking reaction between CNF, GPTMS and PEduriertransform infrared
spectroscopy (FTIR) was used to detect the characteristic peaks or formed covalent bonds, and the
results are shown in Figure 1. Compared to pristine CNF aerogel, CG aerogel displayed three peaks

at 1200, 900, and 851 chisee Figuré.1(a)), which were assigned to the characteristic peaks of
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epoxy groups on GPTMZ® After further modification witlPE| (see CGP1 andGP3 in Figure

5.1(b)), the peak at 851 chrwvanished due to the ring open reaction, while some typical peaks
belong to PEI were evident. For example, the new peak at 328 aine to the N stretching

vibration of secondary amine; new peaks at 1573 and 1475 cm are attributed to the M

bending vibration, and the new peak at 820 é¢snassigned to N wagging vibration; Also, the
intensity of GH stretching vibration peaks at 2935 “trand 2867 cm increased due to the
aliphatic -CH,-CH.- space in PEI; Another new peak at 1316 ¢rbelongs to €N stretching
vibration. The presence of new peaks and disappearance of epoxy groups confirmed the successful
crosslinking reaction. In addition, compared to CGP1, CGP3 displayed strongebéhding

vibration intensity, which may ascribe to the higher amine cantent

(@) (b)

3280
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£\ g f
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Figure 51 (a) FTIR patterns of CNF and CG, (b) FTIR patterns of CGP1 and CGP3 aerogel beads.

Amine group content is a critical parameter in terms of improving the aerogel adsorption capacity
as it exhibits strong chelation ability towards Cu (ll) ions. Thereforehis study we could
increase the amine content by tuning the mass ratio of PEI to GPTMS (1:1 or 3:1). From the
conductometrigpotentiometric titration results shown in Figube (a), we noted that PEI
displayed three pKas ( 8.75, 6.37 and 4.25) duthéobranched structure containing primary,
secondary and tertiary amine grod@isThe amounts of each amine groups were calculated and
summarized in Figure.2 (d), where the molar ratio of primary: secondary: tertiary is
approximately 1:2:1. In contrast, CGP1 aerogel beads did not display the 3s€BGimee5.2

(b)), where no primary amine groups were detected. The possible reason is that most of primary

98



amine groups had reacted with the epoxy groups since they are more reactive compared to the
secondary and tertiary amin@and the residual amounts of primary amine could not be measured

by the titration method. Overall, CGP1 aerogel beads contained a total amine content of 2.67
mmol/g, with 1.50 mmol/gNH- that would mainly contribute to Cu (Il) ions adgton because

of the high steric hindrance of tertiary amine. By increasing the mass ratio of PEIl: GPTMS to 3:1,
the amine contents in CGP3 aerogel beads were significantly enhanced, with primary, secondary
and tertiary amines of 1.50, 2.24 and 2.00 mmakgpectively. The high amine content of the
aerogel beads is the basis for high Cu (Il) ions removal capacity and efficiency. In addition, most
studies (listed in Tablg.2) using absorbents containing PEI did not quantitatively measure the 3

types of anmes, which is the first time such information is quantified for this aerogel.
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Tertiary amine 5.72 mmol/g 1.17 mmol/g 2.00 mmol/g

Figure 52 Conductometrie potentiometric titration curve of (a) pure PEI, (b) CGP1 beads, (c)
CGP3 beads, and (d) a summary of the amine species and their contents for pure PEI, CGP1 beads,
and CGP3 beads.

The morphologies of these aerogel beads were visualiz&EM; and results indicated that all

the aerogel beads possessed tdigeensional porous structure but their morphology differed
greatly. From Figuré.3 (a), we observed that pure CNF aerogel consisted of fibrillated and sheet
like structure in the netwky where the fibril structure dominat&t The fiber bundles
interconnected loosglto form porous networks. In contrast, the CG aerogel possessed a denser
structure with larger amounts of fiber sheets. This is associated with the crosslinking effect of
GPTMS, which brought the fibers closer to form sheets during freezing. The crivgslflect

was more pronounced after the modification with PEI. As shown in Fig8rE) for CGP1, the
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sheets were closely connected with a dense network, where less fiber bundles were evident.
Furthermore, there are no individual fiber when the mags o&PEI:GPTMS was increased to

3:1. The fibers were tightly crosslinked constituting porous skeletons as seen frombEddje

In addition, the elemental composition of each aerogel was analyzed by EDS, and they are
presented in Figure.3 {d @& dure CNFF is composed by repeating glucose units comprising of

atomic C, H, O. The element analysis result showninFig8iea 6 ) i s consi stent w
atomic C, O with neglectable N element. After modification with GPTMS, the Si signal appeared
(Figure53( bo6) ) and it consisted of 14.26 wt% of th
the N signal intensityo 4.62 wt% of the total elements (see Fighi@( c 6 ) ) . Simil ar|l
content in CGP3 aerogel beads increased to 24.22 wt% (see®Rurd 6 ) ) , whi ch i s m
than CGP1 and consistent with the titration results. All the results further coahfithee
crosslinking reaction was successful and it was effective to prepare therazhiperous aerogels.
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Figure 53 SEM images of the aerogel beads surface. (a) pure CNF bead, (b) CG bead, (c) CGP1
bead and (d) CGP3 bead.aBebar: 20 um. EDX element analysis and the composition table of
(adé) pure CNF bead, (bd) CG bead, (cd6) CGP1 b
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Wet mechanical stability is another important factor on the recyclability of the absorbents as they

could withstand thetress and deformation during adsorpffC o mpr e s s i vsgaingt r e s s

measurements were performed to evaluate the mechanical properties of the aerogetheatts

be noted that pure CNF aerogel bead broke easily once placed in water due to the hydrogen

bonding formed between the hydroxyl groups on CNF and water molecules. However, after

crosslinked with GPTMS and PEI, CNF beads possessed excellent wetnmathtrength as the

fibers were linked by robust covalent bonding that could prevent the aerogel disintegration from
100



hydrogen bonding attraction. Teet r e-stmin@ G )}cur ves at different st
50%) of CG and CGP1lare shown igtie5.4 (a) ands.4 (b). The curves possessed three distinct
regions: In the first region, the compressive stress increased linearly with compressive strain,
suggesting the beads are elastic when the compressive strain was below 12% for CG and 26% for
CGPL; In the second region, the curves displayed a plateau region as the stress increased slightly
with compressive strain, which was associated with the gradual collapse of the porous structure in
the aerogels; As strain exceeded 25% for CG and 40% for QG $tress showed a dramatic
increase as the beads went through a densification process after the complete collapse of the porous

structure?37238

Figure54( ¢) s hows a -strandce) téstat asconstans strain(ofi5P% for CG, CGP1

and CGP3 beads, where distinct stress difference among the beads was seen. CGP3 bead possessed
the most robust mechanical property due to its high crosslinking density. The plastic deformation
(refers tothe ratio of permanent deformation height to the original height), maximum stress and
energy loss coefficient (the area ratio of hysteresis loops to compress curves) of the beads in each
cycle were calculated and presented in Fidgudd), 5.4 (e) ands.4 (f). From Figures.4 (d), the

two CGP beads exhibited much smaller plastic deformation compared to CG bead, highlighting
their excellent shape recovery property. Specifically, the plastic deformation of CG bead increased
from 10.35% (% cycle) to 12.386 (10" cycle), while that of CGP1 slightly increased from 2.25%

(1%t cycle) to 2.48% (1B cycle) and that of CGP3 remained around 2.00% without changing.
Besides, CGP3 beads displayed the largest maximum stress among the three beads (5ek Figure
(e)), indicating the stable structural robustness. Energy loss coefficient is another fexcatuadte

aerogel elasticity and mechanical compressibifityShown in Figures.4 (f), the energy loss
coeffident of CG bead was much higher than the CGP beads and it decreased frofho§dé) 1

to 0.46 (18 cycle). The higher energy dissipation revealed the viscoelastic characteristics of CG
beads, and the large plastic deformation was one form of energgrsmm. For CGP1, the energy

loss coefficient decreased from 0.32 to 0.30, which is small compared to other CNF aerogels
237,240,241 ggesting the excellent compressibility of the be@@&P3 displayed a slightly higher
energy coefficient (0.33) than CGP1, which might be caused by the high stress at 50% strain (3
times higher than CGP1). The low energy loss coefficient suggested the CGP beads possessed
excellent elasticity and compresdity, as the beads could bear high stress by bending the fiber

networks, thereby reducing the extent of deformation. All the results further support the conclusion
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that crosslinking with PEI is a very effective strategy to increase the amine contens@mnal al

improve the wet mechanical strength and shape recovery property of the beads.
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Figure 54 Mechanical compression of the aerogel beads. (a) Ssamess curve of CG with

di fferent strain (&: -s2t0r,es3s0,c wWrOov ea nodf 5@0@8 1 Wibt)|
20, 30, 40 and 50%), (c) Cyclic test of CG, CGP1 and CGP3 at strain%af () plastic
deformation, (e) max stress and (f) energy loss coefficient of CG, CGP1 and CGP3 at different

cycles with a strain of 50%.

5.3.2 Copper adsorption experiments

5.3.2.1 Effect of pH, dosage and ionic strength

The initial pH of thecopper solution has a critical effect on the absorbent adsorption performance
as it determines the form of copper species as well as the electrostatic repulsive forces between the
absorbents and Cu (Il) ions. For example, Cu (ll) ions transformed to C)» (@ien the pH
exceeded 6.5'° Therefore, we fixed the initial pH between 3 to 6.2 to study its effect on the bead
adsorption capacity. The results are shown in Fi§li€a), where gwas smaller at low pH due

to the strong electrostatic repulsive force between positively charged PEI dhdo@si PEI

became protonated at pH below 9.5 (determined from the titration curve), and the protonation
degree increased inversely proportional to the pH, hence a suitablagdHofebetween 5.0 to 6.2

was selected to conduct the adsorption studies. At a pH of 5.6, the adsorption capacity was

determined to be 47.5 mg/g while at pH 6.2 a value of 48.5 mg/g was observed, hence no pH
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adjustment was necessary. The adsorption datéd &.6 is shown in Figurg.5 (b), where the
CuU* concentration continuously decreased during the adsorption. The CGP aerogel beads
transformed from white to bright blue as the adsorption experiment progressed (shown in the
inserted picture, due to therplexation of Cu (l1) ions with the amine groups on PEI ch&ths

In addition to Cu (ll) ions concentration, we also monitored the pH and conductivity of the mixture
during the adsorption process (Fig&® (c)). With the removal of Cu (Il) ions, the conductivity

of the mixture decreased while the pH increased. Thegiowas due to the contribution of Cu (11)

ions to the conductivity. As for the pH, the sustained increased from 5.6 to 7.0 suggested that the
adsorption was not dominated by &kchange, but rather by the coordination/ chelation between
the amine groups dCu (I) ions. The increase in the pH could be associated to (i) the shifting of
the equilibrium of Cu (ll) ion hydrolysis during adsorption, and (ii) the removal of theythe
protonation of the amine groups facilitated by the chelation éfiGos and the nitrogen atom. A

control experiment was conducted by immersing CGP1 beads in puréQMiliiter without Cu

(1N ions, and the pH and conductivity were recorded as plotted in Fagu(d). The conductivity
remained constant at around 15 ps/cm duthre experiment, indicating no electrolytes (such as
free PEI molecules) were released. However, the pH showed a progressing increase from 6.4 to
7.4 after the beads was immersed in the solution, suggesting a slow protonation of the amine groups.
Furthernore, to further confirm the above observation, we examined the pH before and after
adsorption under different initial pH conditions (Figurg (®)), and all the pH at equilibrium were

in the narrow range of-@®.5.

From the above results, we concludeé fiollowings: (1) the PEI protonation and Cu (ll)
adsorption processes occurred simultaneously, and (2) the adsorption is dominated by
coordination/ chelation of amine groups and Cu (Il) ions. A suggestion for practical applications
of PEI based absorbensto maintain a constant pH at the optimal value, thereby improving the

adsorption capacity since the pH of the solution might change during adsorption.

The effect of absorbent dosage was studied by varying CGP1 beads mass from 20 mg to 100 mg
with a fixed Cu (1) solution volume of 10 mL. Seen from Figbi®(f), the equilibrium adsorption
capacity of CGP1 beads remained increasing when the absorbent dosage below 60 mg and
decreased when further increased absorbent dosage. This may be due to thatech€aiul|)

adsorption under higher absorbent dosage. By contrast, the Cu (ll) ions removal efficiency
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increased constantly with absorbent dosage, yielding 97.26% removal percentage when 100 mg

absorbent was used.

lonic strength is another parameter tbatild affect the absorbents performance. Fidure(a)

shows the effect of NaCl concentration (0 M, 0.01 M, 0.1 M, 0.25 M and 0.5 M) on CGP1 beads
adsorption capacity. ltds seen that the equil
to 8.33 mgg as NaCl concentration increased from 0 M to 0.5 M. The results indicated that the
aerogel adsorption performance was significantly affected when strong ionic strength presented.

It might be caused by extreme high concentration of counter iqaZG¥50ppm for 0.5 M NaCl,

which is 177.5 times higher than Cu (Il)) that shielded the positive charged amine groups.

Figure 55 (a) Effect of initial pH on the adsorption capacity and (b) concentration of Cu (Il) ions
during adsorption at initial pH 5.6 (100 mg CGP1 beads, R.T., and 50 mL 100 ppm Cu). (c) pH

and conductivity curves during adsorption (100 mg CGP1 beads, R.T., 3@®ppm Cu and

initial pH of 5.6). (d) pH and conductivity curves in Mi water (100 mg CGP1 beads, R.T., and

50 mL Milli-Q water). (e) pH values at adsorption equilibrium with different initial pHs. (f) Effect

of absorbent dosage on Cu (Il) adsorpteapacity and removal percentage (20 mg to 100 mg
CGP1 beads, 25 , 10 mL 100 ppm Cu and initia

104
























































































































































































































