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Abstract

Water quality issues caused by chemical contaminants are a major challenge that humanity is
facing in the twentfirst century Designing aenvironmentally benign biadsorbent material for

the removal of pollutants from water resources was a sustainable strategy to ensure water safety.
Nanocellulose is an attractive candidate for water remediation owing to abundant renewable
resources and table physicochemical characteristics. However, most of them are synthesized by
chemical crosdinkers, which usuajyl cause a second pollution and extra cost. Moreover, most
nanocelluloseomposites adsorbents are available in powder form, which present poor separability

and recyclability.

In order to address these issues, the main objective of this dissertation is to design and synthesize
stable nanocelluloskased3-D composite hydrogels by sedssembly mechanisms for water
remediation.Their chemical, morphology, and surface properties were characterized, and their
adsorption behavior for toxic dyes, heavy metal ions, oil spdis investigated in terms of the
optimal functionalized polymer content, pH effect, kinetics, and isotherm models. The results
show that after functionalizatiotheir adsorption capability for toxic dyes, metals ions and oils

are all significantly increase, especially for toxic dyes due to the electrostatic attraction
mechanism. This work not only provides a simple and -effettive synthetic route to
nanocelluleebased P composite adsorbents, but also offers valuable clues for the removal of

multiple water pollutants.
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Chapter 1. Introduction

Water contamination caused by harmful chemical compounds from industrial and municipal
wastewater has becon® global environmental concern. These compounds mainly include
traditional toxic dyes, metal ions, spilled oils and emerging contaminants [ECH) ECs are

those that have been recently detected in natural environments, including pharmaceutical organic
contaminants, personal care products (PCPs), endocrine disrupting compounds (EDCS),
surfactants, pesticides, flame retardants, and industrial aklitamong others with the
development of the timef]. Most of the abovementionedontaminants are toxic, nen
biodegradable and carcinogeaitd theiraccumulation posed serious thsgat human health and
ecosystems. Therefore, it is important to remove these contaminantshieomater prior to

disposal or reuse

Somemethods have been developmeker the yearso remove contaminants from watdihese
methodsinclude membrane filtratiorf3], coagulation4], solvent extractiorn5], photocatalytic
degradationj6], chemical oxidation and reductipr], biological oxidatiorj4], andadsorptior{8].
Among these adsorption has been considered the mosimonly usednethod because of low
cost, low energy consumingimple,and easy operatigmrocedureandwide varietyof adsorbent
materials[9-11]. Currently, substantialesearchhas focused onprepaing novel ecefriendly

adsorbents with large adsorption capacity, fast adsorption rate, $aggationand reused
property.
Generally, ideal raw materials for thevelopment ofadsorbent should meertainrequirements:

(1) should bescofriendly, (2) be inexpensive, (3) have good mechanical and structural integrity

to overcome water flow for a longeriod (4) show high adsorption capacities with high rates, (5)



have a large surface area and (6) possess a regeneration aptitude usffgatva approaches

[12]. Compared with metabrganic framewor or carbon and petrolewinased polymes
biopolymerbased materials are gaining more attention as adsorbents due to their cost
effectiveness renewabity and biodegradaility [13]. Cellulose is the most abundant Hiased
polymer on the earth, with an annyabduction estimated as over 7.5 x%bns[14]. This
polymer possesses unique chemical, physical, and mechanical properties, which have been
suggested its uder the production of a wide range of materigl§]. Moreover, it is easr to

cleave cellulose hierarchical structure to obtain nanocellulose (NC) in the form of nanocrystals
(cellulose nanocrystals, CNC and nanofibers (cellulose nanofibers, GNREhrough the
development obmergingtechnologges, allowing for mor complex material desift6]. In this

case, Wen the size iseducedto the nanoscale, the high specifigrfacearea contributes to

enhanetheadsorption capacitygf materials developed usitigese CNMg12].

However, there are limitatiorie theapplication ofnanocelluloseNC) absorbentsThe pure NC
adsorbentare easily disintegrated in watgrhich make handlingdifficult duringseparation and
reusing[17-19]. Besides the adsorption capacity is relatively low due to the &ectrostatic
activity of hydroxyl groupg19]. The presence of abunda@t groups in théNC structurealso
makes it difficult to be dispersed evenlynanpolar solventwith inadequate interfacial adhesion

with hydrophobic matrixesThis property mak& NC susceptible to aggregatioredudng the
surface area available for adsorption proce$2@s 21] Moreover much reportedNC-based
adsorbentocuseson single water pollutants, whidimit their practicalsettingsbecausemost of
thewater resourcesuch as rivers, lakes, and even oceans contain complex mixtures of pollutants,
including dyes, spilled oils, organic solvents, and heavy mg2a]s The chemicalmodification

of cellulose nanomaterials can improve the adsorption capacity of adsorbents to pollutants in
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agueous solution and determine their selectifaty specific pollutants ormultiple pollutants

because there are more active binding sites after modification

Numerougamodificationmethodshave been used to introduearious functionafroups onto NC
surface such assilylation, carboxylation, acetylation sulfonation, phosphorylationand
amidation orgrating withrelatedpolymers as well asormation compositet® increaseadsorption
performancefor water treatmentAmong all of them, introducinghe amine group hasshown

great potential for adsorption more types of wakdiutnants, including metal ions, toxic dyes,
some emerging contaminants and also camdmsl for carbon @aure. Moreover, the charged
amine group# adsorbentsan be protonated and deprotonated via adjusting the pH to enable the
adsorption and desorption of contaminants, thus realizing the regeneration of the adisbfbent
Branched PEI, contasrabundantprimary, secondary, and tertiary amino groups on its molecular
chain,andis an ideal watesoluble polymeric aminf23-25]. These active amino groups can be
crosslinked by carboxy group, aldehyde, or epoxy group to fabricate hydrogels, membranes, and
fibres polymers to develop b&orbents for treating wastewat&herefore, PEI and nanocellulose

compositexould beshow a promisingompositen water remediatiofiLl1, 23, 26]

Combirg cellulose or nanocellulose matrices with PEI has led to the production of a wide range
of compositedor water remediation andaveshown supperadsorption capability for different
kinds of pollutants than othexdsorbent§l6]. However, arrent research maingynthestesPEF
nanocellulose composites by chemical crosslinking Wiildging agents or high temperature
heating to promote the crosslinking of amino and carboxyl gril§27] The use of chemical
crosslinker not only increase the cbat alsocouldcause seconcbntaminatiorbecauséhe most
frequently used crodskers are toxiclike glutaraldehyde (GALandepichlorohydrin (EPI)[16,

28-31]. Some of research reported without usadufitional crosdinker or additive, directly cross
3
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linksPEI and NC prdunctionalized by 2,2,6;6etramethylpiperidine-bxyl (TEMPO) by thermal
processesbut this methodequiresfreezing dry and then heating (more than 100 °C), wareh
high energy consuming procesy32-35]. Moreover, it was found that NGPEI composite
adsorbents typically come in powders or aerogels form. For the powleyshave poor
separability and recyclability, thus making wastewater remediation a postgsg36]. Aerogel
materiak are highly interconnected porous and ultralight bulk selitheir high porosity, large
specific surface area, and ease of separation from aqueous solutionhena&iicient sorbent

for the removal of heavy metal pollutaf®$-38]. Nevertheless, the formation of aerogels requires
freezedrying, which is a process that consumes a lot of energy, which increases the cost of the
absorbentind carbon footprinfTherefore, it is necessary to synthesizig2 Borousnanocellulose
based composites without the need for fredzgéng or chemical crosslinking to replace aerogel

as an adsorberilydrogels can overcome tipeoblems from powders and aerogels.

In addition existing research mainly focused on using those composites to remove a single type
of contaminant from water. It is essential to realize that water pollutiaaesnplexprocessn

reality, given that it is not dealingenerallywith a single type of contaminant, but the- co
occurrence of more than a single pollutant in the water sy§&Ing0] A paradigm shift from

single pollutant to mukpollutant control is crucial to tacktbesewater purification challenge

Based orthe abovethe mainaim of this work is talesgn andsynthesze stableCNM-PEI 3-D
compositedqydrogelsthroughsel-assembling mechanisne theremoval of multiple pollutants

from water resources.

This dissertation consists of seven Chapt€hapter 1is thepresentmtroduction In Chapter 2,

presents thdackground anditeraturereview. First, detailedinformation regardinghe water



pollution problens caused by traditional anemerging chemical pollutantas well ascurrent
technologies for removing thepellutants andheir advantages and disadvantagesdiscussed
Potential usef nanocellulose based materitds water remediatiobased oitheir sustainable and
non-toxic properties,abundant resourcesjerarchical structuremolecular structurewith rich
hydroxyl groupas well asuniguemorphologicaland chemicalpropertiesproduced by different
processingechniques are presentékhe limitations of nanocellulose in water remediatiand
current countermeasureare also presented in additiono the greatpotential of CNM/PEI
compositesin addessing this limitation Additionally, a literaturereview summary ofthe
application of CNM/PEI composites in water remediation@irdent problemarepresentedlhe

final partof this chaptefocuses on theesearch ainand objective Chapter 3 focuseson the
design and synthesis of stable hydrogels flONF and PEIL. This work relies on utilizing an
agricultural byproducti soybean hull§ as a readily available raw material to prod@éFs to
preparenydrogelswith PEI byselfassemblingr physical interactionThen immersed into a PEI
solutionfor further functionalization by physical adsorptidrhe effect of concentration and pH

of PEI solutions was investigated. In addition, the adsorption efficiency of the hydrogels for the
capture of methyl bluelyes and Cu (ll) ions from water was tested to explore the potential
application of this new material for water remediatiGhapter 4 is focused orthe investigation

of the effect of pH on the removal mechanism of methyl blue byf@®@NFPEI hydrogels at
different pH In Chapter 5, to further increase mechanical properties and adsorption capability of
TCNFPEI composites hydrogeb expend the scope of applicatigraphene oxidizeGO) as a
adsorption sitewas introduced intoTCNFPEI composites hydrogel to design a new
TCNFHGO/PEI composite hydrogéb target multiple water pollutant3.o test the adsorption

capability ofthe resulting TCNFGO/PEI hydrogels for multiple water pollutants, the methyl



anionic dyes, methylene blue cationic dyes, Cu (ll) ions, and soybean oilssedas references.
Chapter 6 focuses orexploiing the effect ofnanocellulosearticle size onnanocelluloséased
hy d r osgriade properties aratisorption behavidor toxic dyes Finally, Chapter 7 outlines

the main research conclus&snd recommendatiorisr future work.



Chapter 2. Background and literature review

2.1Background

2.1.1 Waterscarcityand water pollution

Waterscarcity isa major challenge that humanity is facing in the tweingg century[41-43]. The

shrinkagein available sourceandreduction in quality can be correlatetb vanous reasonslike
rampanturbanizationjndustrialization,and uncontrolled populatiogrowth [44, 45] Presenty,

more than 78 million people globally are unable taccesssafe water for drinking purpose

whereas more thah million people los their lives due to waterelated disease3 hese loses

equalten times the numbef people that arkilled in wars every yeaon an averagpl5]. It has
beenreportedthat two-thirds ofthewor | dé6s popul ation is expecte

moderate or severe water esby 2025 which is of greatoncern46].

Water pollutionis one ofthe maincauses ofeduction inwater quality[47] (worldwide global

water contamination and their findings are as showridn2-1 [48]). This usuallyoccurswhen
unwanted materialsuch asgricultural, industrialand municipal effluestwhich contairvarious

harmful chemical compoundsuch asheavy metal ionstoxic organic dyes, spilled ojland
emerging contaminants (ECalje released intthe water bodies[47, 49] ECs mainly include
pharmaceutical organic contaminants, personal care products (PCPs), endocrine disrupting
compounds (EDCs), surfactants, pesticides, flame retardants, industrial additieeg others

[50, 51] The accumulation oéll these contaminantsausesserious adverse effects fouman

health and ecosystemgherefore, it is urgent to develop efficient technology to remove these

pollutants.
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Figure 2-1. Summary of worldwide global water contamination spread in numbers. (a) Superimposed geographical
distribution of water scarcity and of contamination by the type of major contaminants, including heavy metals,
pesticidesand radionuclides. (b) Normalized composition of water contaminants in treated and recycled water
streams. (c) Normalized volume of treated water by field of4&f

2.1.2 Current tehnologiesusedfor removal watepollutans

A number oftechnologiedave been developddr the removal ofvatercontaminant$52], and
are classified asshown in Fig. 2-2 [53]. The mostcommory employedtechnologiesare
coagulatiorflocculation [54, 55] membranefiltration [56, 57] photocatalysig58], chemical
oxidization or reduction59], biodegradation[60], and adsorption[61]. Nevertheless, these

technologies presettieir ownadvantages armdisadvantages, summariziedTable 2-1.
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Figure 2-2. Classification of technologies available for pollutant removal and examples of techi&iglues

Table 2-1. Advantages and disadvantages of mostly used technologies for water remediation.

Mostly used
water treatment Advantages Disadvantages References

technologies

o Productionbiodegradatiorioxic
] Simplicity.
Coagulation ) ] sludge.
] Inexpensive capital cost. ] ) ] [53, 54]
or flocculation ) o In effectiveness imemoving heavy
Rapid and efficient. _ _
metals and emerging contaminan

Rapid and straightforward techniques. ] )
) Maintenance and operation cost:
Membrane Suitable for all types of pollutants. o
o ) ) Low membrane lifetime. [53, 56, 57]
filtration Allows continuous separation. ) )
i ) ) High energyrequirements.
Enables easy upscaling hybrid processi

Chemical )

- . e . high cost
oxidization or  Simple, rapid, efficient and have multipl [53, 59, 62]

) By-products
reduction
) o Relies on light source to activate
High efficiency.
) N catalyst.
Photocatalysis Versatility. ) o [53, 58]
) Formation of dioxins and
A wide range of pollutants.
pollutants.

Biodegradation Simple. Slow processing. [53, 63]




Environmentally friendly. Favorable environment needed.

Economically attractive operation Generation of biological sludge
and uncontrolled degradation
products
Low-cost.
High efficiency.
Ease of operation. .
. _ Disposal of adsorbent after
Adsorption More choice of adsorbent substrates. . [53, 6466]
I adsorption
The possibility to recover the absorben

Competitive and efficient in low

concentration.

The magulatiofiflocculation process is one of the most important and widely used treatment
processes of industrial wastewater due to its simplicity and effectivi& 4] Its mainaimis

to agglomerate fine particles and colloids into larger partiolesdue turbidity, natural organic
matter,and other soluble organic and inorganic pollutants in the wastewlatexddition, this
processs simple, inexpensive cogiapid andefficient for removalinsoluble contaminantsuch
aspigmentsand colloidal particle§53, 65] However, there arkmitations for the coagulation
flocculation processincluding toxicity and health hazard posed by inorganic coaguldhés,
production of large amousbf toxic sludge andineffectiveness in removing heavy metals and
ECs[67].

Membrane filtration is a separation process that uses apsgmeable membrane to separate
particles or substances based on their size and molecular i&&gh57] It is a rapid and
straightforward techniquessuitable for most types of pollutantswhich allows continuous
separation under mild conditiongnd enabing an easy upscaling hybrid processifif].
However, this technology has some drawbagWsich include maintenance and operaticost,
concentration polarization and membrane fouling, low membrane lifetime high energy
requirement$s53, 56]
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Photocatalysis is a promising technology for water treatment that utilizes light and catalysts to
degrade pollutants and contamingdb®&]. Photocatalysis offeisigh efficiency, versatilityand can
be applied to a wide range of pollutaj@8]. The chdlengein thisprocesreliesonthelight source
to activate the catalyst and initiate the degradation of polluthratsoleads to théormation of

dioxins metals andother pollutantas byproductg53].

Chemical oxidation and reduction are two important processes used in water treatment to remove
contaminants and improve water qual®®]. Chemical oxidation involves the use of oxidizing
agentsor reducing agentto convert contaminants in water into less harmful or more easily
removable form$62]. Some commonly used oxidizing agents include chlorine, ozone, hydrogen
peroxide, and potassium permanganatee reducing agentsnanly include sodium bisulfite,

sodium metabisulfite,and sulfur dioxide. Chemical oxidation and reduction methos atgo
simple,rapid, efficient and have multiple appachesconcerningoxidizing and reducing agents
Howeve, chemicalsarerequired therefore, an additional cost is added to the treatment of waste
[62]. Additionally, potentially toxicby-productswill be producedduring the processingvhich

then will be needed to be addresgeg].

Biodegradationnvolves the breakdown giollutantsinto various byproductsy microorganisms,
including fungi, bacteria, yeasts, and algg3]. It is simple environmentally friendly
economicdl attractiveoperation53, 63] Neveatheless, there are sorimitations, such aslow
processingthe requirement of fvorable environment needebegeneration of biological sludge

and uncontrolledlegradation produc{s3, 65}

Adsorption is a process of mass transfer in whlissolved contaminants are transferred from the

liquid phase to the adsorbent surfac@urify the wate64-66]. Adsorption is currentlyopular
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for water treatment purposes because of the following advantagesosbyhigh efficiency, ease

of operation, the possibilitgf usng virous matrialsas adsorbergubstratesand the possibility

to recover the adsorbent and the adsorl@4¢. Importanly, adsorption is competitive and
efficient when the concentration of the contaminants in the water ranges frothtagrig L.

The removal efficiency of adsorption cgo up to 99.9%. The United States Environmental
Protection Agency (USEPA) declared the adsorption process as one of the most excellent and best
wastewater treatment techniquailable[65, 69] However the regeneration of the absorbent is

required[70]. Presentlyresearch is devoted to the pursuitd#aladsorbent materials

2.1.3 Nanamaterialsfor generation ohdsorbents

Generally, ideal materials for the adsorption of pollutants should meet several requireménts: (1)
shouldbe inexpensive, (2) have good mechanical and structural integrity to overcome water flow
for a long time, (3) show high adsorpticapacities with high rates, (4) have a large surface area
(5) possess a regeneration aptitude using-effsttive and (6) biodegralation andeco
friendliness[71-73]. A wide variety of materials have been developed for water remediation
application and their classification as showrFig. 2-3. Among all, nanomaterials havbeen
recognizedpotential adsorbents for wastewater treatnerie lastdecadanainly becausehey
preseh higher adsorption capacitiesand better binding affinities than theimacroscale

counterpart$71, 74, 75]

At the nanoscalegn additionaladvantage is realizdsecause of the small size, expansion of the
specific surfacethe dominance of interfacial phenomeaadthe ability to tailor surface criteria
via surfacedifferent modification technologieq76-78]. This opens the wayor nanomaterials
toward widerapplicaility such asn waterremediation Silica nanoparticle$79], nano zolites

[80], activatedcarbon(AC) [53, 81] graphene andrapheneoxide (GO) [82-84], metalorganic
12



frameworks (MOFs)85] andnanocellulosettract more tention due to their unique properties

for waterremediationTheadvantageand disadvantagef these materials for water remediation

are summarizedin Table 2-2 and will be discussed in the followingsection
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* Nano zeolites

*  Metal-Organic
Frameworks

* Metal hydroxides

—_

o

* Clays -
* Pillared clays

* Lignocellulosic =

residues
e Cellulose
¢ Nanocellulose
e Jute fibers
¢ Wood fibers
* Sugar beet pulp
e Sawdust

|'ﬁ_

Figure 2-3. The classification of current materials for adsorb§rits.

Activated carbon
Mesocaborn

Molecular carbon sicves
Fullerenes
Heterofullerenes
Carbon nanotubes
Graphene or graphene
oxide

lon exchange resins
Membrane
Moleculary
imprinted polymers

Table 2-2. Main advantages and disadvantages of mostly used nanomaterials for adsorbents.

Mostly used
nanomaterials for Advantages Disadvantages References
adsorbents
Highsur f ace atfgela (
N Large pore volume ) o
Silica _ _ Price and availability =~ [86-88]
Tunable sizes and properties
Ease of surface functionalization
Larger specific surface area (some zeelit
_ _ based materials >1000°y } Limited in possibilities of
Nanosized Zeolites [89-92]

Higher thermal stability and lattice stability

Easily tunable size and properties

functionalization

13



Difficult separation from

High surface area (ranges from 500 to water bodies
Nano structured , ,
, 1500m?g' ) High cost
Activated Carbon ) ] N
Well-developednternal microporosity Non-recyclability
(AC) . . : .
Wide spectrum of surface functional grou; High energy consumptior
for producing
Large specific surface area (26889' 3
Great electrical and thermal conductivity i . )
Graphene and ) ) - Production of higkhguality
i High chemical stability . .
Graphene Oxide (GO ) ) graphene is expensive
Excellentmechanical, thermal and optica
properties
) Possess wide range of window Low stability
MetalOrganic ) _ ) -
opening/pore cavity and different Poor recyclability
Frameworks (MOFs) ) N _ T
functionalities High cost for fabrication
High specific areay1000 n¥ gi 1) Making processing is
High adsorption capacity challenging
Low cost Limitation for multiple
Nanocellulose )
Sustainability water pollutant adsorptior

Non-toxic material
100% biodegradable

[53, 81,
93]

[82-84]

[85]

[71, 94]

Silica nangarticlesareone of the most commonly used naadsorbent fowater purificatiordue

toits high surface are@ > 1 QM@ d?) [95], large pore volumeunable sizes and shapes, and ease

of surface functionalizationin addition, it hasattractive physicochemical properties, such as

abundant surface chemistry, colloidal stability, hdjbpersity,and thermal stability{86-88].

However, the disadvantage of nano silica is its price and availability in certain countries. Some

countries have to import nano silica to be used in concrete ind@6jry

Nanosized zeolite has attracted more and more attention in the last decades becanberehits

properties, such as shorter diffusion channel, larger specific surfades@reaspecifinanosized

zeolite based materighsesents1000 nf g'1), higher thermal and lattice stability, easier shaping
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and tunable physical and chemical properties than regulaf@962]. However they are limited

in terms of possibilities diunctionalization which is mainly achieved by tuning the Si/Al ratio.

AC nanoparticlaes a widely used adsorbethiie to its exceptionally high surface area (ranges from
500 to 1500m? g' 1), well-developed internal microporositgwide spectrum of surface functional
groups and high adsorption capacityp3, 81} NeverthelessAC generates secondary pollution
becauseof the difficulty in its separation from water bodiesostineffective due to non
recyclability, and high energy consumptiobecause ofproductionby heating carbonaceous

materials at high temperatur&s, 81, 93]

Graphener graphene oxide (G(Qyossesses impressive propertmech asarge specific surface
area (2630n? g'%), goodelectrical and thermal conductivity, high chemical stability,well as
excellent mechanical, thermal and optical proper{@®.84]. These features make graphemne
multifunctionalmaterialso that carbe appliedn many differentfields. However,production of
high-quality graphene is expensive, whichasig challenge for the grapherme GO-based

materialg97].

MOFs are a class of highly porous materials composed of metal ions or clusters coordinated with
organic linkerg85]. Their tunable structureffers significant chemical and structural diversity,
allowing for precise control over pore size and functionalidgd enabling the adsorption of
specific moleculesCompared with activated carbons (ACs), zeolites, or other porous materials,
many MOFs possesswide range of window opening/pore cae#and different functionalities,

which enable them to accept several types of compounds inside their J@8}id3espite such

significant efforts, therare stillmany scientific issues and challenges inréraovalpurification
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of pollutants such as low stability and poor recyclabiliand higrcost forthefabrication of MOFs

[85].

Celluloseis an attractive alternative material for different applications especially for water
remediationowing to its low cost, low toxicity, high natural abundance, hindlegradabily.

When the size is minimized to the nanosd&®], its intricate architecture imparts a unique
combination of stiffness, strength, and toughness, and that it combines intriguing features from its
nanoscale elements, such as high strength and modulus and large aspethehah specific

area contributes tomproving the adsorption capacitesides the possibility of taildng the
surface propertiessuchas surfacecharge density, functionality, reactivity and processability
expands adsorbents forultiple pollutants[71]. Compared t@therinorganicnanoparticles, the
nanosized cellulose adsorbent exhibits many advantages, including sustainability, cost
effectiveness, a high aspect ratio, high adsorlmapiacity,and the possibility for selective
adsorption via appropriate surface functionalization. In addition, nanocellulose can be classified
as a nortoxic material, 100% biodegradable and having no side effects on the envirptiraent

use of nanocellulose eliminates the safety concerns generally encountered for maheeaiban
nanoparticle§71, 94] However,nanocellulose prodtion processing istill challengingnow.

This will be figured out with thedevelopment of nanotechnologyherefore, nanocellulodeas

beenthe first choice for adsorbents.

2.1.4 Cellulose
2.1.4.1 Source of cellulose
Cellulose is the most abundaenhewable rawnaterialin the biosphere, thithat can be derived

from virtually inexhaustible biomass feedstogkith an estimated production 1,0f¢hsannually
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by photosynthesif99]. It accountdor about 45% othe dry weight of wood100], andaround

33% of nonwoody plants[101], mainly including agriculturalresidues Although plantbased
lignocellulosic materials are generally regarded as a ubiquitous source of cellulose, other living
species such aalgae[102], as well ascertain bacteria such asAlcaligenes, Acetobacter,
PseudomonasAgrobacteriumRhizobium or Sarcina[103-106] anda fewmarine animalslike
tunicateqd107] canalsosynthesze cellulose[108, 109] Fig. 2-4 exemplify graphically some of

thesesources

Periderm (Cork) »

Vascular +
cambium

Figure 2-4. (A) Sources of cellulose. Some of pictures from the website or published papers
(https://alchetron.com/Bacteriakllulose#bacteriatellulose28bad1bes2ef4be498ae2adeb90c0aesize
750.jpeg [102, 110]

2.1.4.2Hierarchical structure of cellulose
In addition to its advantage as a potentially sustainable material, cellulose enables multiple

functions and transformative applications that derive from its umgulgdimensionalstructure
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[111]. Cellulosefiberscan be separated into fibrikgth diametes ranging from less than 1Q0m

to around2-4 nm [111-113]. Owing to this hierarchical structur@ig. 2-5), micrdfibrillated
cellulose(MFC, also known as cellulose nanofibril or CNFsatures substantial tunability in
terms of its morphology and fibril sif&14], whichresults inunique mechanical, optical, thermal,
fluidic, and ionic properties that faurpasshose of the parent celluloBbers MFC has attractive,
tunable properties and is biocompatibialicatingthe potential for practical implementation and
commercializatiorjl11]. Theincreasedadoption ofMFC is expected to facilitate the shift from
petroleum to biebased products in support of a more sustainable circular ecdaddjyRecent
research studies are focused intensely on cellulose at thescaledue to the consideration that
it is an ecefriendly material, with special properties to be used\&rsatilematerialwith diverse

applications more details will be discussed in the secfidn
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Microfibrillated Cellulose (MFC)

Nanofibrillated Cellulose (NFC)

Cellulose Nanocrystals{CNC)

“fransverse “eeliular wall “celiulose “individual “cellulose “eellulose -

section” structure” fibrils™ microfibril”  microstructure” molecule” unir
| | | | | | R
10 em 100 pm 10 pm 1 pm 10 nm 1 nm 14
| NANOCELLULOSE _g
) 14 1 nm 10 nm 100 nm 10 mm
- I I I I
"B(1.4) ghucan “sub- elementary bundle
polymerizing enxymes™ cellulose microfibril”

N —— —|—[= —

e N III I
10 nm particls ' 1 periplasmic membrane
N plasma membrane

Bacterial Cellulose (BC)

Microbial Cellulose

Figure 2-5. Hierarchical structure of cellulog#15].

2.1.4.3 Molecular structure of cellulose
The molecular structure of cellulose is composed-giuzose units linkettyb (1, 4) gl y c«
linkage (Fig. 2-6). Three hydroxy groups with different reactivities are present on glachse

unit at the C2, C3, and C6 positidiad 6]. On thecellulose molecular chaingch hydroxyl groups
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can contribute to the formation abundanintra- and intermolecular hydrogen bonds, which in

turn enable the creation of highly ordered, thdeeensional crystalline structur¢$l1]. The

dense packing of molecular chains origingtfrom the presence of hydrophilic hydroxy groups

and hydrophobicaxial® pl anes, gives an amphiphilic char
these hydroxy groups can be functionalized or elioked with other polymers tanodify the
mechanical and chemical propertiedich makecelluloseavailableto meet the neeas different

applicationg111].

e

DL

i

I pu—

Figure 2-6. Molecular structure of cellulogé11].

2.1.5 Nanocellulose

Nanocellulose is defined ascellulosic materiahaving at least one dimension ¢f1D0nm and

can be isolated from natural cellulose fibf@9, 117, 118 Nanocellulose have attracted rapidly
growing interest from both academic and industrial researchers due to their unique nanostructure
and impressive physicochemical properties such as high tensile stigmtphlQGPa) and elastic
modulus @p to 2D GPa), high specific surface area (up to several hundred¥g)f taw density

(1.6 g/cn8), reactive surfaces combined with biodegradability and renewaHlili§]. Based on

sources,size, morphologes properties,and preparation techniquesanocelluloseis mainly
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divided into three categoriesellulose nanofibrils (CNFs)kellulose nanocrystals (CNCsnd
bacterial nanocellulose (BN@99, 118120]. At present, most of theNFs and CNE&areisolated
from lignocellulosic biomaséFig. 2-7 (A)), astheyare the most sustainable sources of cellulosic
biomass Fig. 2-7 (B) shows the relationship between different types mdnocelluloseand the
corresponding micrographd-ig. 2-7 (C) shows thecharacteristics of different types of

nanocellulose

GV

Hemicellulose

Cellulose

e Secondary cell wall ’ o 8
(cellulose fy cel W ; ‘:\/g RS S R ,;/z\
extraction) p— o et o

amorphous region

Nanofibrils

N crystalline region
"~ Microfibrils

l Mechanical treatment Acid hydrolysis l

Cellulose nanofibers Cellulose nanocrystals

Rod-like nanoparticles
D: 10-80 nm
L: 100-900 nm

NC sources

®)

Micro-
nanofibers

Acid hydrolysis

‘ Filter paper
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Cellulose nano fibers

I

Diameter : < 100 nm

Length : micrometre range
Morphology : long cham
Tensile modulus : 100 GPa
Tensile strength : 0.8-1 GPa
Crystallinity : 50-65%
Aspectratio: 60-100

Specific surface area : 51 m?/g

homogemzation
microflnidization

hugh-pressure

Acid digesnon’ Cellulose nano crystals
Oxadation
Enzyvmati

armdmg
l x =75 % freatinent
uitr asonicanon —
N\ Crystalline
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Diameter : 1-100 nm

Length : 5-200 nm
Morphology : rod/meedle
Tensile modulus: 130 GPa
Tensile Strength : 8-10 Gpa
Crystallinity : 72-80%
Aspectratio : 10-50

Specific surface area: 533 m?/g

Amorphoug
region

Cellulose fibril

Bacterial nano cellulose

Diameter : 20-100 nin

Length : micrometre range
Morphology : twisted ribbon
Tensile modulus : 80-110 GPa
Tensile strength : 1.5-1.7 Gpa
Crystallinity : 75-80%
Aspectratio : 50

Specific Surface area: 125 m?/g

Figure 2-7. (A) Nanocellulose isolation processing from lignocellulosic materiBlsRelationship between different
types of NCs and the corresponding microgrdfph8]. (C) Characteristics of different types of nanocellulfisl].

2.1.5.1Cellulose nanofibexr (CNFs)

CNFs alsonamedasnanofibrillated cellulose (NFCarethin flexible fibrils with diameters<100
nm and length 50-500 nm orfew micrometerswhich arecomprised of both crystalline and
amorphousegions of cellulos§rl, 118, 122, 123]The quality of CNFs is very much dependent
on the cellulose source and the extraction methods. HoweéMgts are easily produced in high

yields and present both crystalline and amorphous regions, which unlike CNCs, give a rigid and

22



complex network compositio [118, 124, 125] Their productionprocessinvolved mainly
intensive mechanical disintegration to breddwn thef i ber 6 s cel | wal l s r el
cellulose nanofibrilssuch as high-pressure homogenization, micflaidization, high-intensity

mechanical grinding using a Masuko grindaal milling, and ultrasonicatiofil22, 126128].

Homogenizationincluding using homogenizerand microfluidizersand grinding are the most
common techniques used for mechanical production of B(If-2-8 (A)). These techniques are
the most efficient for delamination bber cellwall and CNF isolation, as well as are suitable for
upscaling which ardor industrial production of CNRowaday4126]. However both of themare
very energy intensivél2-70 MWh/) [129]. Another issue is clogging wheaprocessingong
cellulosefibers mainlydueto the fact that long cellulose fibers tenddaom entanglementd 26,
130]. Meanwhile, other methods are studied in ordeethuceenergy consumption ariisthd more
beneficial solutions for CNF productipmcluding enzymatic hydrolysi§131, 132] TEMPO
mediated oxidation[133, 134] sulfonation [135, 136] carboxymethylation[137-139],
guaternization[140, 141] and others[126]. Among them, TEMPO mediatedoxidation can
selectively oxidize the celluloses@ydroxyls to carboxylatestrodwcing a large amount of
negative carboxyl groups on tleellulose(Fig.2-8 (B)) [142]. Another strategys introducing
positive quaternary trimethylammonium groups on the surface of cellulose fiber to increase the
electrostatic repulsion arghhancehe fibrillation efficiency Moreover the introduced cationic
groups endowed the final CNFs with antibacterial propertidsch could be applied in food
packaging and biomedical applicatidifsg.2-8 (C)) [143]. Nevertheless, the above methods still
face severatlrawbackssuch as high cost of enzymes and chemicals,-tomsuming process,

difficulty to recover chemicals and environmental issii&é&refore it is of critical importance to
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developa morecosteffective, sustainable and environmelytélenign pretreatment methodology

for the preparation of highuality CNF5[130].

§— Homogenization ————
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Figure 2-8. (A) Schematic diagrams of most widely usedchanical approaches and the corresponding instruments
for CNFsproductionschematic diagranf426]. (B) Systematic diagram of preparation of CNFs by surface
carboxylation using TEMPO oxidatidh44]. (C) Schematic illustration of how the fibers quaternization enhanced
the fibrillation proces§143].

2.1.5.2 Cellulosenanocrystal{CNCs)

CNCs alsotermednanocrystalline cellulose (NCC) or cellulose nanowhisk€rW), are rigid
rod-like crystalline fibrils with10i 80 nm in diameter anéli 200nm in length[99, 123]

Several methods have been developeésftnacting CNG from cellulose Themog usedmethod

for preparatiorof CNCsis usinginorganicacid to selectively dissolve amorphous domains and
release cellulose crystallit€sig. 2-9 (A)). Sulfuric acid is the most commonly used acid for
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producing sulfonated CNSC which not only effectively isolates the crystalline regions by
dissolving amorphous parts but also provides sulfatedsadfr groups on the surface of CNCs,
resulting in high colloidal stability for CNC dispersion in water owing to electrostatic repulsion
[145, 146] Some other inorganiacidssuch as hydrochloric acid47], phosphoric acid148],
hydrobromic acid149, 150] and nitric acid151], have beemisedfor the preparation of CNCs as

well [152]. Strong acid hydrolysis is a simple and tisaving method. However, certain issues
such as harsh corrosiohequipment, severe environmental pollution, large water usage, and low
production yield need to be well addres4@80]. Enzymatic hydrolysis Subcritical water
hydrolysisare also used to produce CN@F3g. 2-9 (B)) [153]. Enzymatic hydrolysis has the
benefit of not requiring harsh conditions such as highly concentrated acids. Hoiveveften

not desirable due to the extended time that is required for the process to proper§siticédn
alternate method for hydrolysis has been explored using subcritical (Wege-9 (C)), which

hasthe advantage of not requiring harsh conditions as faumdid hydrolysisandalso being a
relatively quick process unlike enzymatic hydroly§l$4]. Besides, some sustainable and
environmentally friendly methods based on the replacement by recyclable chemicals have been
invented recently to address the above drawbacks, such as solid acid (e.g. phosphotungstic acid)
hydrolysis[155, 156] organic acid (e.g. formic acid, oxalic acid) hydrolydi§7-159], and ionic

liquid [160, 161]or deep eutectic solvents treatmgt@2, 163]
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Figure 2-9. (A) Preparation of CNCs from wood: Wood pulp can be hydrolyzed with sulfuric acid to selectively
remove amorphous regions, leaving behind crystalline cellulose narja6zds(B) lllustration of cellulose
enzymatic hydrolysis for CNd464]. (C) Schematic showing methodology for subcritical water hydro[j&8].

2.1.5.3Bacterial nanocellulose (BNC)

Bacterial nanocellulose (BNC) mstype of nanocellulos¢éhat hasa high lengthto-width ratio

(approximately 100nm in width and 100 um lengtltpmposed of nanofibrils of-2 nm width

[165]. Besidesfunctional groups such as carbonyl and carboxyl are generally absent in BNC and

exhibit pure cellulose without lignin and other foreign substances. BNC demonstrated a very

extensive polymer chain (up to 80@0)d crystallinity up t®0 % [105, 166]

BNC is generally created through the microbial fermentation prpEgs<®-10[105]. The bacteria

used for secretion extracellularBre some known genera such Ascaligenes, Acetobacter,

PseudomonasAgrobacteriumRhizobium or Sarcina[103-105]. Overall NFC are known for

possedssag both long length and high aspect ratio but suffers fromcigstallinity while CNC has
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a shorterlength andlow aspect ratio but possesses good crystalliaitg chemical stability

ConverselyBNC has highpurity and crystallinity which leads tesuperior mechanical strength

and stability[105]. BNC may well have applications in numerous fields, including food, paper,

pharmaceuticals, nonwoven cloth, waste treatment, textile industry, refineries, and broadcasting,

due to its unique propertiesiich asigh density, purity, and degree of crystallinity, good shape

retention, and higher surface area and whireding capacity{167-170]. However, the major

challenges faced for the applications of bacterial cellulose are-#salg production, the high cost

of the media and the low productivity at industrial s¢hL].
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Figure 2-10. Bacterial nanecellulose production frorK. sucrofermentangl 72].

2.1.6Application nanocellulose in water remediation

Due to their valuable characteristiadescribed in the previous section (2.1/e excellent
resistance, chemical inertness, renewability, transparent appearance, stiffness, biocompatibility,
high specific area, biodegradability, low thermal expansion coefficient, stable structure, low
density, high surface arg¢a-volume ratio and capéy for hydrogen bonding interactiofis71],

nanocellulose is appealing for application®iomedical engineerinfd. 73, 174] electronis[175,
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176], textile[177], energy{178, 179][117], contamination removal systefi880] and otherssee
Fig. 2-11.

Food packaging

CO, capture

Textile

Nanocellulose

Applications

Figure 2-11. Main applications of nanocellulo$&71].

Somemajor nanocellulosattributescontributeto their useas adsorbent favater remediations

highly attractive such ashe high specific area of the nanoseaddulose materials results in an
enhanced adsorption capagcithe high aspect ratienhanes the mechanical strength of the
adsorbentthe hgh crystalline degreenhances the chemical resistance of the adsofizént
However,the adsorption capacity afative nanocellulose remains relatively low due to the low
activity ability of hydroxylgroups[48, 181] Besides nanocelluloseare hydrophilic in nature
because of the presence of abund@t groups in their structur& his makes it difficult to be
dispersed evenly in nonpolar solvents and inadequate interfacial adhesion with hydrophobic
matrixesso thatnanocellulose materials are susceptible to aggregattooh diminishes the

surface area available for adsorption procef2@s21] Those limitations discourage the direct
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use of nanocellulose in adsorbents. Therefore, it is of utmeastssity to modify theanocellulose
to overcome their incompatibility and poor interfacial interactions, as well as enhance adsorption

performancg21, 48, 118]

2.1.7 Currentnanocellulose mdificationstrategiegor improving adsorption

Surfacemodificationis a key step to promote the adsorption of a specific class of pollutant and
enhance the adsorpticapacity{71, 108, 182] Themodificationof nanocellulose is often dictated

by the targetibsorbedspeciesthe mechanism of action between the adsorbent and contaminant
needs to be consider@B]. Normally, the negatively charged adsorbent will effectively absorb
the positively charged heavy metals and dyes. Meanwhile, considering the hydrophobic and
oleophilic characteristic of oiler solventsthe hydrophobic groups are commonly introduced to
nanocellulose by using chemiaalphysicalmethods to improve their oil adsorption capapi§).
[llustration of the possible modification according to the pollutant class is givEg.ig-12 [71,

183]. Thesemodificatiors can beachieved by8 categoriesl) chemical surfacenodification 2)

graftingwith polymers, an@®) formation of nanocomposit¢$08, 184]
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Figure 2-12. Surface modification strategies of nanocellulose according to the pollutanf7dss

2.1.7.1 Surfacefunctionalization

Nanaellulose surfaces canebfunctionalized by multiple methods such assilylation,
carboxyhtion, acetylation sulfonation phosphorylationand amidation[21, 48, 108, 185]by

which the correspondindgunctional groupsvereintroduced onto the nanocellulose surfatiee
reaction activity or adsorption capacity towards a specific contaminant is highly dependent on the
concentration of corresponding functional grol@s, 186] Silylation modification introduced

silyl groupsonto the surface of nanocellulose to improve compatibility with-pmar matrices

and can beused toabsorboil spills or nonpolar solverd or molecuds [186]. It has also been
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demonstrated that carboxyl, sulfonate, and phosphonate groups, when present on nanocellulose
can exhibit selective uptake of contaminants, such as metal ions, dyes and microbes for water
purification [187, 188] Amidation has been well explored as a tool to tailor the surface of
nanocellulose where amide linkage is formed by a reaction between amine and carboxylic moieties
[189]. Therefore,the carboxy groups should be first introduced before carrying out amidation
Most of the amidation reactions are conducted orogi@ized nanocellulose through TEMPO
mediated oxidatiofi.90]. Amino group can be pronated at apid range usually used focationic
ions[191] or anionis dyes remoyd92], but al® can adsorptiorsome cationialyes[193] ard

emerging contaminanf82, 194]

2.1.7 2 Grafting with polymer

The hydroxy groups of nanocellulose can act as chemical hgdt@®s Due to this uniqueness,
nanocellulosealso can begrafted with polymers such aspolyvinyl alcoho| poly lactic acid,
polyvinyl acetate,polymethyl methacrylatepolyvinyl chloride and many more synthetic
polymersto yield better performand@1]. Surface grafting of polymer chains is considered an
effective and versatile methdor surface modificatiomecause interfacial properties can be tuned
depending on the nature of the grafted polyrfl€8, 195] Polymer grafting can be classified into

t wo approaches: Agr af t(Figr2H1l3 (@randdb) [1GBInTdhe giiaffiimga f t i n g
onto approach relies osovalently attaching of a coupling agenflinker) and a polymer with a
reactiveend group onto the surface of the nanocellulose. This approach is popular due to its
simplicity, although the number of grafted functional groups that can be obtained from this
approach is limited. In the graftifigpom approachavariety of specific groupen polymersare
connected to the main chain of cellulasainly by free radical polymerisation, ringpening

polymerisation to enable nanocellulose to adshifierentpollutants[184]. This method enables
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production of polymer grafts witlhigher densities thamhose achieved with graftingnto
approach; however, the resulting polymers are difficult to charactgi¥® 196] Anyway,
carboxylated polymers, aminated polymessjfhydrylated polymers and so agrafting of

nanocellulose for metals and dyes adsorptl@4].

(a) grafting onto Polymer brush

Polymer with terminal
functional group

Surface functional
groups

(b) grafting from

Monomer

Figure 2-13. Schematic illustration of two grafting approachie€sgr af t i ng ont oo ( g)08land fAgr a

2.1.7.3 Formation of compositdsy ron-covalent surface modification

The synthesis ofhanomateriacomposites is another method for obtaining nanocellthased
adsorbents for water treatment. Nanocellulose composite adsorbevaislyi nclude
cellulose/metal nanocomposites, cellulose/organic polymer nanocomposites,
cellulose/biomacromolecule nanocomposites, cellulose/inorganic nonmetallic nanocomposites
etc [184, 197, 198] As an alternativeo the covalent grafting of functional groups or long
polymeric chains to the nanocellulose surface;oanv al ent cross | inking i

modify the nanocellulose surfa¢&€99, 200] Noncovalent surface modifications are typically
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achieved via nowovalent adsorption of surfactants or oppositely charged molecules onto the
surface of the nanocellulog&08, 199, 20Q] These interactions essentiablye a number of
reversible associationsuch aselectrostatic interactions, hydrophobic interactions, hydrogen
bonds, or van der Waals force. The reversible-coralent bonds can better recover from the
adverse effects that result from the rupturing and dissipation of the energy in the network during
the unloading process than covalent bgdd8]. Importantly, he reversible norovalent bonds

make it possiblefor the regeneration of adsorbents by desorptixiditionally, norrcovalent
physical assembly avoids the use of reagvatsare harmful to the environmeocvommonly used

for coval ent c r o §2681]). Howeveri it  notewdrtkeyrtlzatc rerovalans
interactions in most cases are not as strong as covalent interactions, making them more likely to

break and possibly rearrange under stj282].

2.1.8 Structure of novel nanocellulo®ased adsorbents

The structure of nanocellulo$ased adsorbent mairdxistsin powders, hydrogels, and aerogels.
The main drawbacks of powders are poor separahilityeusing 3-D hydrogels and aerogels are
more popular in latest yedngcause they can overcome the problems fromders

2.1.8.1 Hydrogels

Hydrogels are8D polymeric networks capable of absorbing and accommodating a large volume
of water in theiinterstitialassemblie§21, 203, 204] Great intereshas been directed toward
hydrogel applicationsinceits discovery inthe 1960s by Wichterle and Lif205]. This is a result
of its versatility enabling its usader variousapplications such dsomedical deviceR206-208],
soft electronic$209-211], sensor§212, 213] actuator$214, 215] andadsorbentf204, 205, 208,
216]. Nanocellulose hydrogetse formedas a result of chemical physical crosslinkingdrig. 2-

14 (A) [21, 217] Chemical crosslinking refers to the additionao$pecific crosslinker such as
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citric acid or glutaraldehyde to the solutidid 6, 218, 219]which can react with the nanocellulose
and form irreversible covalent bonds between the cellulose cA&MPO-oxidized CNFs were
crosslinked by 1,2,3;Butanetetracarboxylic acid (BTCA) as a chemical crosslinker to assist the
formation ofa crosslinking network structubg esterification reactions between the hydroxyl and
carboxylic acid groups of CNFs and BTCA, respectivefyg( 2-14 (B)) [117]. Physical
interactions such as hydrogen bonds, van der Waals forces, and hydrophobic interactions,
electrostatic interactions, and ionic interactiafisw hydrogel formation by selissemblyFor
example, carboxylic CNFs can undergo chelation with some multivalent metal ions via ionic
gelation to form a hydrogeF{g. 2-14 (C)) [116]. A stable, threglimensional network structure
could be created by the physical crosslinkaidiydrogen bondwithin and between molecules
since its chain contains many hydroxyl groups, which grsatiplifiesthe aerogel manufacturing
procesg180]. Although physicatrosslinkedhydrogels are nattrongand could dissociate, they

are usually favored in adsorption processes for theirtoxio nature as they do not require
additional chemicals and available adsorption sites. Recently, a lot of work focus angform
hydrogels byphysicalselfassemblyj220-222].

However, most reported hydrogels are constrained by their poor mechanical performances, low
adsorption capacity, or slow diffusion kinet{@4.6, 223, 224]Incorporatingadsorptive powders
such as grapherjg25], titanium dioxide, metal ometal oxide[226], and more recently biochar
[227] into a tough hydrogel matriis an effectiveway to improve the mechanical property of
hydrogel while simultaneously enhancing its adsorption capf2§]. However,this does not
resolve the inherent slow diffusion kinetics problenthebulk hydrogel§216]. Introducingpores

into the hydrogel matrix is a valid way to accelerate solvent transpontvbiking the capillary

force [216, 229] Enormous attempts have been taken to synthesize porous hydrogels through
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mechanical frothing230], gas foaming231], porogen leachin§232], and freeze dryinf216,

233]. However, most previously synthesized porous gels are very brittle and weak because of the
existence of a large number of pores in the 8, 234] Therefore, it is still beyond reach to
develop a facile yet general technique to synthesize porous hydrogels with robust mechanical

properties and excellent adsorption performances for water treg2téit
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Figure 2-14. (A) The gelation behavior of nanocellulose by chemical crosslinking and physical crosslinking. (B)
The mechanism of the gel formation by chemical crosslinking between CNFs and BTCA. (C) The gelation process
of nanocellulose with physical crosslinkifitiL6].
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2.1.8.2 Aerogels

Oncean hydrogel is formed, the solvenbuld beremoved to obtaimn aerogel[180]. Aerogels

are 3D materials fabricated by substituting the solvent in hydrogels with air while maintaining the
networkstructurg21]. The primary difficulty during the synthesis of aerogel is the elimination of
solvent without collapsing the network structure. The drying method of wet gel is a fundamental
factor in determining aerogel morphology and performdh86]. Atmospheric pressure drying
(APD), freezedrying (FD) and sipercritical drying using C&(SCD) are current techniques
exploited in cellulose aerogpteparation.APD isasimple and easto-operate methodn APD,

initially through the solvent exchange method, a low surface tension solvent is introduced in the
hydrogel. This solvent is then dried at ambient pressure condifa®t§. However, during
evaporation of the liquid from the gel pores, it produces capillary stresses l@juidevapor
interface which results in shrinkage and reduction in porosity of the a¢28¢¢IFD also known

as lyophilization, involves freezing solvents in the gel using refrigerator/dry ice/liquid nitrogen at
t emper at ulr 881 Gfrespechvely[237]. The temperature, ratand direction of
freezing of the gel can control thate of crystallizatiorof ice and its growth direction, which can

alter the overall pore structure and surface area of the a¢23@l The disadvantage of FD is

that during crystal growth, cracks are formed and shrinkage happens to the cryogel $&88@}ure
Besides, it is amnergyintensiveprocesghat consumes a lot @hergy To avoid pore structure
damage and shrinking of aerogels as in FD and APD, SCD can b&hse8lCD is carried out at

the critical pressure and temperature of the solvent. The main advantage of this process is that
capillary forces are avoided, due to the free movement of molecules at the criticE139ata

better aerogel structure can be obtained without any apparent collapse of the pore structures and

any pore damage as depiciadrig. 2-15. The requirement of higtemperaturgpressure, time
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consumptionpand cost are the main limitations of the SCD mefi8@, 236] Based on theore
structureintegrity retained and density after removal of thavents, the aerogels are named

aerogel §CD), xerogel(APD), or cryogel ED), as shown irfrig. 2-15.

-'5 m
C—

Closed pore structure Open pore structure Dense structure
Suitable for water purification

Figure 2-15. Cellulosehydrogel, aerogel, cryogel amérogelforms (after dried by SCD, FD and APD,
respectively) and their SEM imagEsS0].

2.19 Current tallenge of nanocellulosédased adsorbeirt water remediation

Nanocellulose holds great promise as a new classowél adsorbent forwater remediation.
However, before considering nanocellulose for real water treatment, many shortcomings need to
bedissolved Key challenges for future growth and integration of nanocellulose as a new class of

sustainable adsorbent for water purification and environmental remediation are:

2.19.1 Limited asorption capability

The adsorption capacity of nanocellulose remains relatively low due to the low activity of hydroxyl
groups.A lot of modifications have increased the adsorption capabilitgdiferent pollutantsas
talkedin 2.1.7 sectionFor example, sshown inFig. 1-12 (A), CNCs, TEMPGmodified CNFs,

and phosphorylated cellulose nanocrystals show significantly increase in adsorption capability
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compared tanmadified cellulose and CNFdue tobecause of sulfonic acid group, carboxyl group

and phosphate group were introduced on the nanocellulose J2fad8, 184] Moreover, if we
consider that the inexpensive adsorbents are generally effective in the removal of pollutants with
limits at the milligram per liter level, then nanocelluldsesed adsorbents, with an outstanding
capacity for removing hazardous contamisawith levels on the order of microgram per liter,
should be environmentally and economically benefigial. Therefore, @irther enhancemewof

the adsorption capacity and expansion of the range of pollutant species to be absorbed through

target chemical modification of the nanocellulose suriactill needed

(A) (B)
Cu (1) o
adsorption -
(mg/g) E
v
2
H
$
-~ 0 =

<

ce\w\os

Figure 2-16. (A) Adsorption capacities for Cu(ll) of various forms of cellulose: cellulose, cellulose nanofibrils
(CNF), cellulose nanocrystals (CNC), TEMRRidized cellulose nanofibrils (TOCNF) and phosphorylated
cellulose nanocrystals {E€NC)[183]. (B) Adsorption of different cationic dyes lbgllulose CNCs, and carboxyl
functionalzed nanocellulose, adsorbents (CNI34].

2.1.9.2 Multiple pollutants removal

Contaminants in real water are typically very complicateith various types of contaminants
usually coexishg [240]. The ceremoval of multiple types of coexisting pollutants might be
possible if multiple adsorption sites are available on the adsdt]t However, no published
work has tackled this aspebecausehe important challenge faced by the researchers is the

simultaneous removal of a multitude of contaminants in a single dtagehis, the aerogel's
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properties must be tuned in terms of porosity and functional groups present to perform
simultaneous adsorptioBesides, how to test eagho | | udorcentralis change in mix

solutionis also a big issuR1, 180]

2.1.9.3 Regeneration of adsorbents

Most of the workso farhas emphasizetthe usefulness afanocellulose as an adsorbeimice it
significantly affects the operational cof242]. However the reuse and regeneration of
nanocellulosalerivedmaterials, and recovery of the contaminants at the end of each cycle are
complex processeBesorption involves the recovery of adsorbents by stripping them from the
adsorbed species and then reusing tfdh Cellulosebased adsorbents used for heavy metal

and dye elimination are typicallgesorbedoy acidic treatments (HCI, 33Qs, and HNQ) or
alkaline treatments (NaOH, NaHGNa&COsz and KOH)if the adsorption process occurs due to
the electrostatic attractiondowever, it is very hard to desorb whastsorption process occurs due

to thecovalent bondindpecause it igreversible Anyway, this makes their longerm application
economically feasible, especially in the case of functionalized nanocellulose adsorbents, given the

higher cosinvolved in comparison with conventional adsorbents

2.110 Merits ofPEI modified nanocellulosadsorbent$or current challenges

Compare with otherspiroducing amine group show great potential for adsorption more types of
waterpollutnasts, including metal ions, toxic dyes, some emerging contaminants and also can be
used for carbon cauturBranched polyethyleneimine (PEI), containing primary, secondary, and
tertiary amino groups on its molecularain, is an ideal watesoluble polymeric aming23-25].

These active amino groups can be crosslinked by calrlaigghydeor epoxy groupto fabricate
hydrogels, membranes, afiitbers polymers to develop bsorbents for treating wastewater.

Moreover, the charged amine groups in PEI can be protonated and deprotonated via adjusting the
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pH to enable the adsorption and desorption of contaminants, thus realizing the regeneration of the
adsorben{11]. For exampleliuting et al. fabricated the aminfoinctionalized 3D multwall
perforated CNFbased polyethyleneimine (PEgrogelso remove Cuyll) efficiently, showinga
maximum adsorption capacity of 485.44 /mgDesorption performance afis aerogelwas
determined usingthylenediaminetetraacetic acid (EDTFA)a, which was found that 4 cycles
without signicant degradatiof243]. Besides, CNMPEI based composites also shoe super
adsorption capability for anion[@92], cationic dye$193], emerging contaminanf32, 194]and

oil spills [244]. Therefore,PEI and nanocellulose composites show a great promising in water
remediation11, 23, 26] more details will be show in the 2.2 section (A literature review based

on cellulosePEI composites for water remediatj@wersion of this was publishedliriernational

Journal of Biological Macromolecules 282023) 123342

2.2 Literature Review- Comparison between nanocellulospolyethyleneimine composites

synthesis methods towards multiple water pollutants removal: A review

2.2.1 Abstract

Nanocellulose/polyethyleneimine compositbave attracted growing attention due to their
versatility as new materials for application in different fields. Water remediation is one of the
traditional applications of these composites and their investigation as adsorbents for single water
pollutants is whk established. Howevemost water resources such as rivers, lakes, and even
oceans contain complex mixtures of pollutants. Despite several recently published reviews on
water purification technology, they only focused on these material as single gotertavers

and hardly mentioned their capacity for simultaneously recover multiple pollutants. Therefore,

there is still a gap in the archived literature considering nanocellulose/polyethyleneimine
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composites targeting water remediation with multiple water pollutants. In this review, methods for
synthesizing such composites are classified and compared according to the mechanism of
reactions, such as chemical crosslinking and physical adsorptioe, autiining advantages and
limitations. Then, the water pollutants mainly targeted by those composites are discussed in detail
to expound the relationship between the synthesis method and the type and adsorption capacity.
Finally, the last section presentschallenges and opportunities of these
nanocellulose/polyethyleneimine composites as emerging sorbents for sustainable multiple water
pollutants purification technologies. This review aims to lay out the bases for future developments

of these compositesonultiple water pollutants.

2.2.2 Introduction

The combination of cellulose nanomaterials or cellulose nanofiber matrices (CNMs) with
polyethyleneimine (PEI) has led to the production of a wide range of composites, which have
found ample application in different fields, such as paper mdR#ig248), wastewater treatment
[194, 249251], drug releasg252-255], sensing[256-258], heterogeneous cataly§59], and
others[189]. The potential utility of these composites has attracted significant interest from the
scientific community. The number of publications in this field has progressively increased in the
last 20years Fig. 2-1), with most of them (58.3%) dedicated gorbent systems for water

remediatior189].

41



120
® All CNM-PEI composites

® For Water remediation

100

60

No. of publications

40

=
=

e & |l e Il L || L Il ‘l || II || |‘ ||

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Years

Figure 2-17. The number of publications describing CNREI composites and their utility for wategmediation

during the past 20 years. The data obtained from Web of Science based on the search function: (polyethyleneimine
OR PEI) AND (cellulose OR nanocellulose OR cellulose nanofiber (CNF) OR cellulose nanocrystal (CNC)) for All
CNM-PEI composites; @yethyleneimine OR PEI) AND (cellulose OR nanocellulose OR cellulose nanofiber (CNF)

OR cellulose nanocrystal (CNC)) AND (water OR water remediation OR water treatment OR removal).

Being active in this research topic, we found that most research focused on using cellulose or
nanocellulose/polyethyleneimine composites to target singular water pollutants. Haweser,
water resources such as rivers, lakes, and even oceans contain complex mixtures of pollutants,
including dyes, spilled oils, organic solvents, and heavy m@wg. A paradigm shift from single
pollutants to multiple pollutants control is crucial to tackle-seaild water purification challenges

[260, 261]

The synthesis method of the nanocellulose/polyethyleneimine composites largely determines the
type and ability of contaminants that these composites can remove. Therefore, it is essential to

review the methods for synthesizing such composites, and howwtbidytowards removing
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different types of pollutants to lay out the bases for future development of these composites for
multiple water pollutants. In this review, the aim was to study the reported adsorption capabilities
of the CNM-PEI composites from a single contaminant, ifagdthe most common ones that can

be used as comparison in the transformation route to multiple contaminant removal. Likewise, to
close the gap in the exploration between the relationship of synthesis methods and the type and

capacity of adsorbed pollutant

2.2.3 Current synthetic strategies of CNIREI composites

When the different reported cellulé$tEl composites are compared, it can be noted that they were
formed mainly by following two formation mechanisms: chemical crosslinking and physical
adsorption. These are summarized in the scheme preserig®i@. Thefirst approach, chemical
crosslinking, can be subdivided into two types: with or without additional agents. These methods
are largely dependent on whether the cellulose or CNMs have be@mptienalized or not.
Starting from cellulose sources withopte-functionalization often requires the use of proper
crosslinkers to obtain stable and resistant composites. On the contrary, when operating in the
presence of préunctionalized cellulose, the formation of covalent bonds between the two building
blocksby direct crosslinking is possible under proper and controlled reaction conditR®is

Thus, a strong covalent bond can be obtained by hefd®@j or by using condensation agents
[194], without requiring additional molecules to act as bridges between the mdte88&ilsThe

second alternative is the direct assembly of the polymers by physical crosslinking between them.
To achieve this, interacting forces such as hydrogen bonglecirostatic forcesran der Waals

forces chain entanglements, and ionic & hydrophobic interactions dominate. Thus, allowing to
maintain surface functional groups available as active point on the materials. Following, a detailed

comparison between each method and the resulting composites was don
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Figure 2-18 The synthesis strategies of CNIREI composites and reaction mechanism.

2.2.3.1 Chemical crosslinking

2.2.3.1.1 Using additional chemical crosslinker

CNM-PEI composites can be synthesized by several chemical crosslinkers, such as glutaraldehyde
(GAL) [193, 262] epichlorohydrin (EPIl) [192, 263] -(23-epoxypropoxy)
propyltrimethoxysilane (GPTMS)264], Tri-functional trimethylolpropantris-(2-methyt1-
aziridine) propionatéTMPTAP) [243], among others. For this formation pathway, a common
feature is that the chemical crosslinker combines CNM and PEI together to form a complex
through chemical bonds. The crosslinking agent may increase the complexes mechanical
properties or help to form porous structure. Moreover, some of them can introduce functional
groups, increasing the trapping of the water pollutants. Meanwhile, when these crosslinkers are

introduced into the composites, their toxicity must also be considered. Therefore, thenreactio
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mechanism, functionality of each crosslinker in CNMI composites, and its toxicity will be

discussed in detail.

The most frequently used crosslinkers are glutaraldehyde (GAL) and epichlorohydrin (EPI)
because their use is operationally simple, and the reaction conditions are mild. For the GAL
processing, the reaction can be conducted in one pot by simply stirangdgents in polar
solvents at room temperatt93, 262] The use of GAL involves the crosslinking between PEI

and cellulose through the formation of a Schiff base and a hemideigtalg (A)).

When using EPI as the crosslinker, heating-60°C) was not necessary but can improve
reactions. Alkaline condition was required to open the epoxide ring and promote ether formation
to crosslink the cellulose and PEI as showikim 2-3 (B) [263, 265] However, the CNIVPEI
composites synthesized by these two methods exist in the form of powders, which have poor
separability and recyclabilif243]. To solve this problem, the latest research synthesized aerogels
by a combination of freezérying and GAL crosslinking, in which an aerogel was formed by
freezedrying and then crosslinked by the Gf266]. Besides, it still cannot be ignored that both
GAL and EPI have been reported to be highly toxic for humans and anir@8|s267269]. As
alternatives, recent research suggested the use of new crosslinkers, such as[2d] lsigd

TMPTAP [243] instead of GAL and EPI to synthesize CNMNEI aerogels.
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Figure 2-19. Reaction mechanism of different chemical crosslinkers.

For the GPTMSrosslinking process, condensation between the trimethoxy silane and cellulose
hydroxyl groups results in covalent linkadged. 2-3 (C)). This reaction started by the PEI being

added into the mixture of cellulose and the crosslinker epoxide group on the end of GPTMS

reacted sequentially with the amine groups on PElI, yielding robust neti2érk270, 271]The

obtained mixture was introduced to liquid nitrogen via a syringe pump at a controlled rate to form
uniform spherical beads. Afterward, these frozen beads were subjected tedfreeze ng at 1 45
to produce the aerogel bea@¥0, 271] No toxicity was observed in cellular studies of the
GPTMScont ai ning paste after 7 days, wh[7elh s howe
Another crosslinker reported in literature was TMPTAR@3 D). This is a relatively safe skeleton
tri-functional aziridine reagent, which is also an important intermediate for synthesizing massive

nitrogencontaining biologically active compound73]. There, TCNF spontaneously reacted
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with TMPTAP via a ringopening reaction in an aqueous solution at room temperature and then
crosslinked PEI into the composite. One of the advantages of this method is that TMPTAP acted
not only as a crosslinker but also introduced many amino and oxygéaining groups into the
composite, thus increasing the adsorption ability for water polluf@d®]. All the synthetic
processes involving chemical crosslinkers mentioned above can be operated under mild
conditions. However, GPTMS and TMPTAP are relatively safer than GAL and EPI. In addition,
TMPTAP was then superior to GAL, EPI, and GPTMS when it camedgroduction of additional
functional groups to increase their trapping ability for water pollutants. Thus, TMPTAP seems as

the ideal chemical crosslinking agent for the synthesis of @NBWicomposites.

2.2.3.1.2 Direct covalent bonding betwe@CNF and PEI

As seen in the previous section, a lot of the current methods for synthesizing-REIMs
composites involved additional chemical crosslinking agents that can react under mild conditions.
However, secondary pollution or toxicity caused by chemical crosstjrdgents demonstrated to

be an issue that could emerge and should be prevented. To avoid these problems, some research
focuses on seeking a way to directly promote the crosslinking of covalent bonds between
nanocellulose and PEI without adding additionohémical crosslinking agents. However, the
reactivity of hydroxyl groups on nanocellulose is not compatible with the amino groups in PEI to
form stable, covalent complexes without chemical crosslinkers. Therefore, nanocellulose needs to
be prefunctionalizd to introduce the functional group that can covalently bond with the amino
group [189]. The most popular peinctionalized methods were TEMP®ediated or
sodiumperiodate oxidization. These can introduce carboxyl and aldehyde groups into

nanocellulose, respectively. Both functional groups can be covalently bound with the PEI amino
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groups byamideor Schiff base reaction under proper conditions. At present, heating and adding

condensation agents to promote the combination of CNMs and PEI have been reported.

By heating

The addition of heat into solutions containing anionic cellulose and PEI allows for the materials to
break the energetic barrier to promote the condensation of the functional moieties and forming
covalent bondsThis mechanism has been used to foi@NF and PEI composites with a sponge

like structure, good mechanical stability, and a shrapenory capability in watef190]. The
composite formation was carried out in a multistep process. First fdeging was done to form

a foam, followed by heating in an oven over a temperature ramp of 60 to 102°C, over 8 h followed
by heating at 102 °C for 2 h, thus forming amide boretsvéen the two components during the
thermal treatmen{190] (Fig.4 A). Interestingly, a later study found that their mechanical
properties can be further enhanced by the introduction of a natural crosslinker, citfiz74d¢id

This approach made it possible to obtain cellulose nano sponges (CNS) due to their inner
nanostructure and nano porodity9, 275, 276]However, the problem with this method is that

the synthesis of CNF/PEI nano sponges needs a combination of freegi@g and heating over

100 °C, both of which are energiytensive processg$89, 275, 276]

By condensation agerEDC

CNM/PEI composites could also be formed by using condensation agents, ElG éd-ethyk

N NB-(dimethylamino) propyl)carbodiimide) (Fig. 2-4 (A)), which promotes amide bond
formation between the amines of PEI and the carboxyl groups of TEd4RIZed cellulose,
instead of thermal treatment in the absence of additional chemical crosslihéis The

advantage of this synthetic route relies on the possibility of operating at room tempéi@@ure
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194]. The disadvantage is that the EDC needs to be removed by a dialysis process after
crosslinking, which is a time tedious process.

By Schiff base reaction

Another alternative is the formation of the composite through Schiff base reaction. The CNF were
prefunctionalized bysodiumperiodateoxidation to introduce aldehyde groups. Then a cryogel
was prepared by freezeduced chemical crosslinking between the aldehyde groups and hydroxyl
groups on CNF. Finally, the cryogels were added to the PEI solution to functionalize to form the
CNFPEI composites cryogels by a Schiff base reac{ibig. 2-4 (B)). The CNF/PEI hybrid
aerogels exhibited good structural stability and shape recovery in water. Moreover, the-squeeze
deformed CNF cryogel was recovered to its original shape upon contact with[2vatkrThe

results of this study have made a breakthrough in improving the mechanical properties of CNF

PEI composites without heating, freeze drying and other conditions.
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Figure 2-20. Reaction mechanism by covalent bonding.

2.2.3.2 Physical adsorption

The downside of the chemical crosslinking strategies is the problem of using toxic reagents, the
chemical residues produced, and the extra cost added with new refZi8ht€ondensations
promoted by high temperature are energy intensive processes. An alternative strategy involves
physical crosslinking strategies that are governed bycogalent interactions such as electrostatic
interactions, hydrogen bonding, hydropho#ésociation, or chain windirfgd79]. In addition, the
technology of physical crosslinking is much simfeig. 2-5). Li and coworkers made a shape
memory aerogel fromrTCNF and PEI via electrostatic combination without additional chemical
crosslinkng. These aerogels were generated by maintaining the total concentrafiGiNBfand

PEIl at 12 mg/mL at pH 10 for 4 h at room temperature followed by fikezey i Nng f or 3 day
°C. The CNF/PEI hybrid aerogels exhibited good structural stability and shape recovery in water
[181]. In our research, &CNFPEI hydrogel was also formed by combination cationic chelating

and physical adsorption. TRECNF was chelated by zinc ions to form a preliminary hydrogel
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which was therput into the PEI solution to functionalize at room temperature, resulting in

TCNFPEI hydrogel composites (unpublished). These studies have confirmed that a physical

adsorption method is also a good option for the synthesis ofRENFcomposites for water

remediation.
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Figure 2-21. The synthesis of CNMPEI composites by physical adsorption.

2.2 4 Possible interfacial interactions with CNREI composites
It is very important to comprehensively understand the underlying mechanisms of adsorption to

fully exploit the utility of CNM-PEI for water remediation. Due to the abundant amino groups
added to the surface with PEI, as well as the presence of residuaydeand aldehyde groups,
electrostatic interactions are prevalent. Moreover, the high density of hydroxyl groups on the
cellulose backbone would allow hydration and the formation of hydrogen bonding between

molecules in the media and exposed surfaceswell as other van der Waals interactions.
Likewise, cellulose structures are known to adsorb molecules into the hydrophobic crystalline face

as their main entropic strategy to decrease the free energy in water sy28hsThe
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understanding of adsorption mechanism is helpful to design optimal composites targeting more
types and amounts of pollutants. Therefore, this section focuses on the adsorption mechanism of
the different types of water pollutants onto CNINEI composites.

2.24.1 Metal ions

Taking Cu (Il) as a model for divalent ions, previous studies showed that the adsorption capacity
of CNM-PEI could be attributed to a large amount of amino functional groups (primary amine,
secondary amine, and tertiary amine groups) and oxggetainingfunctional groups (hydroxyl

and carbonyl groups) available. These moieties provided abundant electrostatically charged sites
for the adsorption of cations like Cu (JB43]. Based on this, if the chemical crosslinker is rich in

the amine group and oxygeontaining functional groups, it will increase the adsorption capacity

for the ions.

Thus, one can roughly predict the order of metal ion adsorption capacity ofRENIbmposites
obtained by various synthetic methods according to the content of oxygen or amino groups
introduced by chemical crosslinkers. The orderTIMPTAP>GPTMS>GA, EPI > covalent
bonding by heating and EDC, physical adsorptioowalent bonding by Schiff base reaction if the
same moles of chemical crosslinker were added with same moles of CNF and PEIl. However,
considerations on porosity, surface area, and structureméedmade to confirm this.

2.2.4.2 Toxic dyes or other organic chemicals

Most of the research focused on the removal of toxic dyes by adsorption ontePENM
compositeg192, 248] PEI with abundant amine groups were immobilized on the surface of
TCNFHPEI hydrogel. Whed@ CNFPEI hydrogels were put into agueous solution whose pKa is
lower than the pKa of PEI, amine groups on hydrogels would translate to positively charged amine

groups[193]. These positively charged amine groups could form the c¢ation nt er acti ons,
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are electrostatic attraction between positively charged cations and negatively chargedritéctron

s y $281¢ Besides, positively charged amine group could also produce strong electrostatic
attraction towards the negatively charged anionic dye mole¢l®23. Furthermore, hydrogen
bounding, hydrophobic interaction, and Van der Whmatses all could exist between the hydrogels
and methyl blue dyg281]. Finally, it cannot be ignored that the multilayer adsorption caused by

‘i stacking is also a pathway of 1inte[283lcti on

Ingeneral,cation i nteractions show higher strength th
even chargecharge interactions, which are arguably one of the strongest noncovalent interactions

in aqueous solutionR82-284]. However, according to other research, the strong electrostatic
attraction between PEI and methyl blue dyes is prevalent, being the main reason PEI functionalized
cellulose compositeabsorbedhe methyl blue dyel 93]. More research is needed to determine

which role is dominant among those.

For the cationicorneh oni ¢ or gani ¢ -systems,the adsaption is tirhitedutd
these pollutants6é capacity to form electrosta
bonding with the hydroxyl groups and other polarizable fonetities. Another important
consideration is that the conditions of the system will also determine the pollutants adsorption onto
cellul osic materials since the systembds free
salt and the exchange of watmolecules for molecules on the surface would also favor the
adsorption of the molecules, even when other phenomena are not driving it. For example, coupling
hydrophobic molecules onto hydrophobic faces and points in the -EEMcomposites will

liberatewater and cosolvents, increasing the entropy of the overall system.

2.2.5 Applications of CNMPEI composites for water remediation
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Nowadays, the research of CNIREI composites in the field of water remediation focuses mostly

on heavy metal ions and organic dyes; with only some studies focusing on removing the emerging
contaminants (ECs) that have been recently detected in naturarenents. Different aspects of

the composite, such as processing, conformation, and experimental conditions, determine the
availability and reactivity of the active sites, modulating the removal efficigl89]. All these

aspects are mainly determined by siyathesis method. Therefore, it is necessary to compare the
synthesis methods and the types and amounts of pollutants adsorbed. Understanding this will help
select the method that can be used to synthesize -BEMcomposites capable of targeting
multiple types and higher amounts of pollutants.

2.25.1 Removal of metal ions

A general overview of cellulo$®El composites achieved by different methods for removing
heavy metals is provided ifable 2-3. Regardless of their methods of preparation, celldRisk
composite materials are wellited for the adsorption of metal ions due to the large amount of
charged moieties on the surface of the particles, as well as their capacity to chelate meta¢ions. T
most tested metal ions include Cu (lIl), Pb (Il), Cd (1), Ni [191], Cr (VI) [285], As (lll), As

(V) [286], Fe (1), Cr (1l1) [287], and Zn (I)[288, 289] Among all the metal ions of interest, Cu

(I has been widely taken as a reference in adsorption studies since it is well adsorbed, and the
sorption is easy to detect by a simple UV analjii9].

While comparing the adsorption capacity of such complexes, differences have been noted
depending on the method of synthesis. TMPTAP crosslinked TEbMX{zed CNF and PEI
aerogels had the highest adsorption capacity with up to 485.44 (Tate 1) [243]. This
difference is due to TMPTAP acting not only as a crosslinker but also introducing amino and

oxygenrcontaining groups, which all can chelate Cu (ll) ions, thus increasing the adsorption
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capacity of the material. Based ®able 2-3, the order of the maximum adsorption capacity of
CNM-PEI composites obtained by the various synthetic methods for Cu TIMBTAP> GAL,

EPI > covalent bonding by heating > physical adsorption> GPTdtSalent bonding by Schiff

Base reaction. This order is like the order we predicted only according to the content of carboxyl
or amino groups introduced by synthetic process in the adsorpgohanism section except for

the GPTMS.

It was also found that the composites that presented the highest adsorption capacity for Cu (ll)
ions, were also more likely to be highly adsorbent to other ions (Table HuRiEbnalized A4

paper has the higher adsorption capacity for Cu (II) (435nagvd) Cd (1) (370 mg/g) as compared

to TEMPGQoxidized cellulosePEI spongeq288, 289] Likewise, TEMPQoxidized CNF/PEI
aerogel performed better than the Rihldehyde bacterial cellulose composites for the adsorption

of Cu (Il) and for Pb (ll) with 357.44 mg/g and 141 mg/g, respectiMedy, 290] Therefore, the
adsorption capacity order of this kind of material to other ions can be roughly judged according to

the adsorption capacity order of copper ions.

Table 2-3. Cellulosé PEI compositeare usedor removal of metal ions.

Metals ions and their maximum

Composites Synthesis strategies adsorption capacity (mg/g) Reference
TEMPO-CNF/PEI TMPTAP Cu (Il) 485.44 [243]
aerogels
PEHunctionalized A4 Cu (I1) 435, Cd (I1) 370, Ni (I1) [291]
paper 208" Cr(VI) 68
PEI-carboxymethyl
cellulose nanofibrils Cu (1) 380.03 [292]
aerogel
PEI-CNF aerogel Cu (II) 135.1 [265]
PEITEMPO oxidized Crosslinker
cellulose hydrogels GAL Cu (1) 109.89, Pb (Il) 279.32 [293]
PElnanowood Cu (Il) 93 [294]
PEFmodified TCNF Cu (II) 53 [262]
powders
_ PEFmodified Cd (Ily 217, Pb (Il) 357 [295]
microcrystalline cellulose
PElcellulose aerogel Cr (VI) 229 [285]

beads
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PEI functionalized coffee

As (ll1) 13, As (V) 46 [286]
cellulose membranes
Cellulose/PEI powder Cu (Il) 285.7 [263]
Porous spherical PEI
cellulose powders - Fe (111) 377.19, Cr (l1l) 83.98 [287]
Hyperbranched PEI
modified cellulose fiber As (Il) 54.13, As(V) 99.35 [296]
powders
Cellulose aerogel beads Cu (Il) 163.40 [270]
Cellulose nanofiber GPTMS
(CNF)supported cryogel Cu (1) 138 [297]
PEI modified cellulose
based adsorbent GMA Cu (1) 102 [298]
PEIl coated bacterial
cellulose nanofiber GDE Cu (Il) 90.01, Pb (1) 130 [299]
membranes
PEI-TEMPO Cu (II) 194, Cr (lI1) 94, Cd (1) 84, [288]
oxidizedcellulose sponge: Zn (Il) 125
TEMPO oxidized Covalent
cellulosePEl cellulose bounding Heating Cu (I1) 89.6 [190]
sponges between
PEI-TEMPO carboxyl
oxidizedcellulose sponge: and amine Zn (1) 100 [289]
PEITEMPO oxidized group Cu (I1) 59.8 [182]
wood aerogel
TEMPO-Oxidized
cellulose nanocrystaPEl EDC Cr (VI) 358.42 [264]
powders
Covalent
bounding
PEF d'a('fé?lm’gseeba‘:te”a' ;32"@%2 Schiff base  Cu (Il) 148, Pb (Il) 14Ing/g [290]
and amine
group
TEMPO-NFC/PEI aerogel _FySical / Cu (1) 175.44, Pb (Il) 357.44 [181]
adsorption

Moreover, in a closer view, the TMPTAP crosslinked TEM&ized CNF and PEI aerogels
had the highest adsorption capability compared with other materials, as shiaine2-4. Most
CNM-PEI composites showed higher adsorption capability than other materials, which indicates

that CNM-PEI composites have excellent performance for metal ions.
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Table 2-4. Comparison of the adsorption capacities of TEM&@lized CNF/PEI crosslinked by TMPTAP with
other types of materials for Gu).

Maximum adsorption capacity for Cu (I1)

Composites Reference
P (mg/g)
TEMPO-CNF/PEI aerogels
crosslinked by TMPTAP 485.44 [243]
Magnetic tubular carbon nanofiber 375.93 [300]
Electroslpun polyacrylonitrikbased 354 [301]
ace nanostructures
Chitosan derivative 192.31 [302]
Graphene oxide/polyethyleneimine 150.9 [303]
sponge
Qraphene ox@e funct|onallzeq 111.11 [304]
chitosanmagnetite nanocomposite
Solid carbon
nanoonionia catalytic cepyrolysis 100 [305]

of lignin and polyethylene

2.2.5.2 Removal organic dyes

Water pollution caused by synthetic dyes has received considerable attention since such dyes are
extensively utilized in diverse industries such as textile, food, paper, drugs, leather, amongst others
[306]. Nowadays, over 100,000 dyes are commercially availaBB. Most of these dyes feature

toxic, nonbiodegradable, and carcinogenic features which cause adverse effects on human health
and ecosystem@06]. During the washing process, a certain fraction of dyestuffs unavoidably

ends up in the wastewater discharged into the environment.

Cellulosé PEI composites have also been used to remove these toxic dyes. A general overview of
cellulosé PEI composites for the removal of toxic dyes is providedable 2-5. The removal

efficacy has been demonstrated for both cationic and anionic dyes but most of the research focuses
on the anionic examples. RElodified cellulose aerogels crosslinked by GAL showed high
adsorption capacity for anionic Rose Bengal, methyl araaigd methyl blue reaching 1290, 1226,

and 1200 mg/g, respectivelfl92]. The strong adsorption performance of cellWB&d
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composites for anionic dyes was mainly ascribed to an electrostatic interaction between the
cationic charges of the amino groups of RIBH the negative charges of anionic dyes, with a
sorption efficiency depending on the charge present both on the surface of the composite and the
contaminant dyg189]. Conversely, the adsorption capacity of celllBgd composites for
cationic dyes is lower than that of anionic dyes. It shows enormous difference for different cationic
dyes, the adsorption capability up to 970 mg/g for Cationic Basic Yellow, butgs€ img/g, for
methylene blue. The reason is not very clear. Further research is needed to be able to explain this

behavior.

Unlike the research on metal ions, where most studies choose copper ions for reference, making it
easier to compare different methods and materials, the use of standard reference dyes is not
common.Thus, it is more difficult to compare the adsorption capacity of materials arising from
different synthetic tactics. Famethyl orange the adsorption capacity of CNF/PEI aerogel
crosslinked by EPI was up to 1226 m{l®2], which was higher than that achieved with PEI

MFC aerogel (500 mg/g) which was generated by covalent bonding between aldehyde and amine
group bySchiff baseaeaction277]. In addition, the adsorption capacityREI modified cellulose

based bieadsorbent crosslinked by GAL for the cationic dye bright yellow was 571.43 @8}

which was also higher than that of an Aldeh@ieF/PEI (160 mg/g) obtained Wchiff base
reaction[307]. This difference might be because GAL or EPI not only functioned as a crosslinking
agent but also introduced additional charged oxygen atoms, which can form hydrogen bonding

with oxygen and nitrogen atoms in methyl orange.
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Table 2-5. Cellulosé PEI compositeare usedor removal of different toxic dyes.

Metals ions and their maximun

Composites Synthesis strategies adsorption ability (mg/g) Reference
Anionic Rose Bengall 290
Anionic Methyl Blue, 1200
PElmodified cellulose Anionic Alizarin Red, 360 [192]
aerogels
Anionic Acid Orange 7, 280
, GAL Anionic Ponceau S, 220
Crosslinker
PEI modified cellulose . .
based bioadsorbent Anionic Reactive Yellow, 971 [193]
Oxidized cellulose
membranesnodified Anionic Xilenol Orange, 241 [308]
with PEI
CNF/PEI aerogel EPI Anionic Methyl orangel226 [281]
Anionic Brilliant Blue, 1000
Covalent o
AIdehydeCNF/PEI bounding Anionic Congo Red, 990 307
cryogels or powders ~ between Schiff Anionic Reactive Red, 950 13071
aldehyde basereaction '
and amine Anionic Eosin Y, 215
group
PEI-MFC aerogel Anionic Methyl orange, 500 [277]
PEI modified cellulose S
based bioadsorbent Cationic bright yellow 571.43 [193]
Oxidized cellulose
membranes modified Cationic Methylene bluel44 [308]
with PEI ]
Crosslinker GAL
PElmodified cellulose Cationic Methylene blue 6.0 [192]
aerogels
Covalent Cationic Basic Yellow, 970
bounding
Aldehyde CNF/PEI between Schiff
) [307]
powder aldehyde basereaction Cationic Bright Yellow, 160
and amine
group

When compared with other materials (as showhahble 2-6), the adsorption capability of CNM

PEI composites for anionic Rose Bengal, methyl orange, and methyl blue and cationic basic yellow
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was among the highest. Demonstrating that these composites also presented excellent adsorption

performance for toxic dyes.

Table 2-6. Comparison of the maximum adsorption capacity of GREl composites for Rose Bengal, methyl
orange, and methyl blue dyes with other materials.

Maximum
Dyes Absorbents Shape adsqr_ptlon References
ability
(mg/g)
Chitosan/PVA Powder 44.4 [309]
Kappacarrageenan/tamarind kernel Hydrogel 168.1 [310]
R Other powder
ose ;
materials fi ; i
60engal Polyethyleneimindunctionalized Beads 467.9 [311]
cellulose beads
Q)
Dextran hydrogel Hydrogel 1700 [312]
CNM'PEI PElmodified cellulose aerogels Aerogels 1310 [192]
composites
Chitosan/polyvinyl Alcohol_/zeollte Membrane 153 [313]
electrospun composite
Chitosan microspheres Microspheres 207 [314]
Other Amino-functionalized thregimensional
Methyl materials graphene 3D-networks 270.3 [315]
orange
¢) Functionalized carbon nanotube Powder 310.2 [316]
3D hierarchical GENiFe LDH Sandwichlike 438 [317]
structure
CNM'PEI PEI-modified cellulose aerogels Aerogels 1226 [28]
composites
Cellulose membrane prepared from co Membrane 8.8 [318]
stalk
BaFel2019 ferrite particles Powder 223.9 [319]
Other Poly (methacrylic acigto-2-
Methyl X (dimethylamino) ethyl methacrylate) an Aerogel 598.8 [10]
materials o
blue carboxylated cellulose nanofibrils
) Dlethylenetrlamlne‘unctlpnahzed hollow Powder 1341 [320]
polymer particles
B-Cyclodextrin functionalized SBAS5 Powder 1790.9 [321]
CNM'PEI PElmodified cellulose aerogels Aerogels 1333 [28]
composites

60



Fe@graphite coishellnanocomposite Nanocomposite  52.4 [322]

Basic Others ; L
Graphene oxid®olyethylenimine
yellow Polyvinyl alcohol Hydrogel beads 862.1 [323]
(+) ;
CNM-PE Aldehyde CNF/PE Powder 970 [307]

composites

2.2.5.3Emerging contaminants (ECs)

ECsare a large and relatively new group of compounds and can potentially cause deleterious
effects in aquatic and human life at environmentally relevant concentrations which are becoming
a growing concerri324]. At present, just counted studies focusing on using the EEM
composites for removal emerging contamind8% 194] P-nitrophenol pNPh) is an important
industrial precursor in the synthesis of different drugs, fungicides, and dyes. It has been found that
TEMPO-Oxidized celluloséPEI prepared by the direct amination of T@NF carboxylic groups

with PEI by heating, and without using a supplementary crosslinker, can be used to adsorb the
pNPh, as well as other Ecs like 2 4rlehlorophenol and amoxicillin. Their adsorption capacity
reached 1630, 205 and 556 mg/g, which are higher or like that of other mafbBaials 2-7).
Interestingly, Swasy and her collaborators found thatferidtionalized cellulose nanocrystals

can potentially serve as a new and viable remediation technique based on their ability to effectively
degrade various pesticides such as malathion, deltamethd permethrin with 100%, 95%, and

78% degradation in water, respectivEl@4]. Therefore, the CNMPEI composites also have an
immense potential for removing and eliminating emerging contaminants. More attention should

be paid to the removal of the emerging contaminants by &icomposites.
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Table 2-7. Compare CNMPEI composites with other materials for emerging contaminants adsorption capability.

Maximum adsorption

Contaminants Composites . Reference
capability (mg/g)
Hypercrosslinked magnetic polymer 152.6 [325]
Microporous activated carbon by
FeCkactivation 184.9 [326]
Nanographite oxide 268.5 [327]
TEMPO-oxidized cellulosePEI 1630 [32]
Macroporous polymers foams (MPFs
167.7 [328]
2,4,5
Trichlorophenol
(tCPh) Organeacid-activated bentonite 244.6 [329]
TEMPO-oxidized cellulosePEI 205 [32]
CoFe204 modified | 99.99 [330]
banana pseudostem
Amoxicillin Mesoporous Fe304/Si02/CTABIO2 362.7 (331]
TEMPGQO-oxidized cellulosePEI 556 [32]
2.2.5.4 Oil spills

Furthermore, it is possible to apply CNREI compositdor the cleaning of oil spilli244]. CNC-
PEI aerogel crosslinked by {8poxide and then coated by graphene were used to selectively
absorb organic solvents with a wei gdElbasedt i o

composite also showed satisfactory performance to clean od. spill

2.2.6. Challenges and opportunities of CNREI composites for multiple water pollutants

Although CNM-PEI composite sorbents demonstrated satisfactory sorption capabilities to remove
different classes of contaminants, ranging from heavy metals, organic dyes, some emerging
contaminants, and oil spills; most of these studies focused on the aleofoa single water

pollutant under an ideal model system condition. Realizing that this ideal condition may not exist
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because polluted water systems are often contaminated with a wider array of pollutants, an urgent
call for a multipollutant modeling approach aimed to target simultaneous uptake of coexisting
water pollutants is needed. In particular, the performancdesflig for simultaneous uptake of
coexisting water pollutants from different pollutant classes using &¥Visorbents has rarely

been reported in the literature and can be considered as one of the major gaps in adsorption studies.
A shift of current conveminal singlepollutant modeling toward a multipollutant approach should

be undertaken for a more inclusive coverage of water pollutant assessment using emerging CNM
PEI sorbents. It cannot be guessed what would happen in complicated multiple pollutams sys
including metal ions, dyes, and oil spills. The big challenge may be how to test the amount change

of each single pollutant in a mixed system with multiple pollutants.

2.2.7 Conclusions

Different strategies have been used to synthesize the-EEIMomposites as adsorbents for water
remediation due to their superior adsorption performance compared with other materials. In this
review, synthesis mechanism, processing, adsorption capabiity properties, antecyclability

of CNM-PEI composites were compared.

By doing this, we found tha&tAMPT seems to be an ideal chemical crosslinking agent due to easy
processing, high adsorption capability and 4baxic properties. TMPTAP acted not only as a
crosslinker but also introduced many amino and oxya@maining groups into the composite,
thusincreasing the adsorption ability for water pollutaf@ased on this, the incorporation of
chemical crosslinker has the capability to introduce more functional groups, appears to confer
higher contaminant removal performandakewise, the accessibility of a high number of amino

groups on PEI, the presence of hydroxyl, carbonyl, and carboxylic groups on cellulose fibers and
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nanofibers, also opens the possibility of introducing other functional groups. Besides, physical
adsorption also shows great potential to prepare &NV composites due to its comparable
adsorption capability and no extra cost paid for crosslinkers. Mered@NM-PEI based
composites demonstrated to be capable of adsorbing metals, dyes, emerging contaminants, and
oils. Therefore, there is enough knowledge developed to transition-ERIMomposites into a
multipollutant modeling approach aimed targeting diemeous uptake of coexisting water

pollutants.

The current problem is that CNMEI composites are usually powder form which has poor
separating capacity and recyclability. Freerging can help to transfer powders to aerogels, but
increased energy consumption needs to be accounted for. How to generate-BtatacBure

adsorbents under mild conditions {8l $he goal of future efforts.

The comprehensive understanding presented herein opens the way for the fabrication of more
sophisticated and functionalized systems, which would be capable of providing higher
contaminant removal performances, even in multipollutant systems. Moreoveridimeof the

CNM can be varied, making these biombhased materials candidates for sustainable solutions

for a wider range of uses.

2.3. Research objectiveand hypothesis
2.3.10verarchingobjective
The aim of thiswork was to synthesisCNM-PEI compositehydrogelsvia selfassembling

mechansm for water remdiation

2.32 Specific objectives

Chapter3:
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i) TosynthesizestableTCNFPEI hydrogels byombinationcationic chelation and physical
adsorption

i) To characterize the formed hydrogt learn their chemical andorphology properties

iii) To explore theeffect of concentration and pH of PEI solutioms the composite and
performance of formedCNFPEI hydrogels.

iv) To investigatethe adsorption efficiency dfydrogelsfor the capture of methyl blue dyes

and Cu (1) ions from water.

Chapter:
i) Toexplore thampact of pHin the adsorption of methyl blue ont@€NFPEI hydrogels

i) To elucidate the activimteractionmechanism oTf CNFPEI hydrogelsandmethyl blue.

Chapters:
i) Tointegrate ® onto theTCNFPEI hydrogeformulatiors.
i) To explore the effect of GO content on the stahilgyrface propertiegphysical and

chemical properties, aratisorption capability anultiple pollutants.

Chapter6:

i) To explore the effecdof enzyme hydrolysis bgndoglucanasEiberCare®on theparticle

size change of CNFs

i) To study the effect of particle size decease on the surface properties and adsorption

behavior of nanocellulose

2.33 Hypotheses

65



i) Stable TCNFPEI compositehydrogels can be formed by combination cationic chelation
of the carboxylgroups andPEI immobilization onto the surface of cellulose due tioe
hydrogernbonding

i) TheTCNFGO/PEI composite hydrogels can be formed by combination cationic chelation
andphysical adsorptiodue tocarboxyl group in th&O can be chelated koationic ions,
andthe hydrogen bonding betweerygencontaining groups GO and amine group in
PEL

iii) Addition of GO in theTCNFPEI hydrogels willpromote multiple water pollutants
adsorption due toultiple functional sitesnd high surface area of GO

iv) The decrease of particteze will significantly increase the adsorption capability of toxic

dyes due to theurface area increase.
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Chapter 3. Valorized soybean hulls as TEMP®oxidized cellulose nanofiber
and polyethylenimine composite hydrogels and their potential removal of
water pollutants

Note: this chapter was published as a peeiew article asi Na n , Y -Maldo@GaolanB.z
Iglesias, M. C., Whitehead, D. C., & Peresin, M. S. (2023). Valorized soybean hulls as TEMPO
oxidized cellulose nanofibril and polyethylenimine composite hydrogels and their potential

removal of water pollutant€ellulose 0123456789ttps://doi.org/10.1007/s10523-05086y 0

3.1 Abstract

Cellulose nanomaterials (CNM) and polyethylenimine (PEI) composites have attracted growing
attention due toheir multifunctional characteristics, which have been applied in different fields.
In this work, soybean hulls were valorized int@arboxyl cellulose nanofibersTCNFs) and
composited into hydrogels with PEI by combining them with cationic chelating and physical
adsorption strategies. Cellulose nanofibrils (CNFs) were producedsogbean hulls prior to
oxidation by a TEMPO mediated reaction to obT@NFs; then drops of zinc chloride were added

to 1.5% aqueoud CNF dispersions, which were left for 24to formTCNF hydrogels. Finally,

the hydrogels were functionalized using different concentration of PEI solutions over a range of
pH values. Elemental analysis results sedwhat 20% aq. PEl at pH 11.6 is the optimum condition

to synthesize th€eCNFHPEI hydrogels. Additionally, the adsorption efficiency for the removal of
anionic methyl blue dyes and Cu (Il) ions from water was tested, reachingo&2@ 69.8%,
respectively, after 2. These results demonstrate the great potentisCOfF/PEI hydrogelsas

adsorbent materials for water remediation
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3.2Introduction

Cellulose nanomaterials/polyethylenimine (CNMEI) composites have attracted growing
attention due to their multifunctional characteristiEstensive research has been devotetthéo
design and development of new materials for different applications, such as paper[B3&jng
wastewater treatmeri249, 263, 333, 334]drug releas¢252, 253, 335] sensing[336, 337]
heterogeneous catalysj489, 259, 338] and of particular interest to this group for water

remediation.

Current research mainly focuses on synthesizing adsorbents derived frorPENdmMposites

by chemical crosslinking189, 190, 339] The most frequently used crosslinking agents are
glutaraldehyde (GAL) and epichlorohydrin (EPI), both of whielve been reported to be highly
toxic to humans and animals, causing sedwauadd contamination within water systems and the
environment[192, 267, 340, 341] Si mi-(2,&epbxypropoxy) propyltrimethoxysilane
(GPTMS) and tri-functional trimethylolpropangris-(2-methytl1-aziridine)  propionate

(TMPTAP) [342] have been used to synthesize CIREI composites in recent yed2s0].

Considering the secortthnd pollution issue caused by chemical crosslinkers, some research
focuses orseeking a way to directly promote the crosslinking between nanocellulose and PEI
without the need for additional chemical agents. The intermolecular interactions between the
hydroxyl groups on the nanocellulose and the PEI amino garepather weak, which makes the
formation of stable complexes by electrostatic interactions between these two motifs challenging.
Therefore, prdunctionalization of the nanocellulose is preferred in order to either strengthen the
intermolecular interactiorthat facilitatecomposite formation, or to provide appropriate functional
groups that can be leveraged for covalent bonding to the PEI amino ft88p3 he most popular

pre-functionalized strategy is TEMP@ediated oxidizationwhich can selectively introduce a
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carboxyl groupn the G6 carbinol of the glucose residues in nanocelluld48, 344] This group
can then be used for covalent bond formation with the PEI amines via an amide linkage or facilitate
the formation of ionic interactions.€. ammonium carboxylate formation) under appropriate

conditions[189].

At present, heating and adding condensation agents to promote the combindi@xFrsfand

PEI has been the most studied met[i®P]. However, these processes require temperature and
dialysis, making the overall procedure eneagyl timeconsumingAnother challenge for the use

of CNM-PEI as an adsorbent is that most CIREI composites exist in the form of a powder or
aerogel. Their main drawbacks are that powders paee separability and recyclability, while
aerogelseed high energy demand to generate absorbdntsogels are malternative material

thatseemdo overcome the shortcomingspmdwdersand aerogels.

Regarding the raw material utilized to produce the composites, soybean hulls are an appealing
alternative as a cellulose source. In the U.S., over 96 million tons of soybeans are produced
annually[345]. Approximately 610% of the crop is a fibrous byproduct denominated soybean
hull, which is traditionally used as cattle fe@d5, 346] Previous work has demonstrated that
soybean hulls can be valorized as bionanomat@4&l]. Soybean hulls contain variable amounts

of cellulose (2851%), hemicelluloses (1@5%), lignin (1 4%), pectins (#8%), proteins (1l

15%), soy oils (<2.5%) along with other minor extractij@7]. These components are easily
extracted, and their properties are suitable for producing different materials. Nanofibrils of
cellulose generated from soybean hulls exliilgh surface area, colloidal stability, and favorable

polyanionic characteristig848].
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This work aims to address the design of stable hydrogels from soybean hulls anth®El.
hypothesigs that CNMPEI composites can be synthesized by combing cationic chelation and
physical adsorption. The novelty of this work relies on utilizing an agriculturgragucti
soybean hull§ as a readily available raw material to produce hydrogels. Bcetid, TEMPO
oxidized CNFs from soybean hulls were chelated using zinc chloride at room temperature to form
TCNF hydrogels, then immersed into a PEI solutionfurther functionalization by physical
adsorption. In order to increase the amount of the absorbed PEM@Mehydrogel system, the
effect of concentration and pH of PEI solutions was also investigated. In addition, the adsorption
efficiency of the hydrogels for the capture of methyl blue dyes and Cu (ll) ions from water was
tested to explore the potential apptioa of this new material for water remediati@chematic

illustration of the preparatioRCNFPEI hydrogels form soybean hull and PEFig. 3-1.

Cellulose nanofiber COOH-CNF
(CNF) dispersions (1.5%)

Crosslinked by Zn**

Physical
adsorption

PCrie v et 14

1 COOH-CNF/PEI ~ COOH-CNF
adsorption hydrogels hydrogels

Water contaminants

Figure 3-1. Schematic illustration of the preparatib@ NF/PEI hydrogels form soybean hull and PEI.
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3.3Materials and methods

3.31 Materials

CNF from bleached soybean hull fibers was produced at the Forest Products Development Center
(Auburn, AL) by mechanical processing on a Masuko supermasscolloider (MKZAIL WMasuko
Sangyo Co., Fiber, Japafor the preparation of the CNFs, bleached hulls were diluted tovet 2%
suspension. The washing wdsnefirst by lowering the suspension pH to 3 with MIHCI
solution. After 30min, hulls were rinsed with DI water until pH increased toi 8.5Then,
NaHCQ was added to obtain a 0.0RMLconcentratiorand pH was adjusted to 9 wititLNaOH

for 30min. Finally, washings were performed until no changes in conductivity were measurable.
The washed hulls were then processed by Masuko super mass colloider {MKIZA]) with 12
passes, obtaining a final consistency of 2.1@2%at a pH of 5.8Polyethylenimine (branched, Mw

= 25,000g/mol) was purchased from SigrAddrich. (2,2,6,6Tetramethylpiperidiril-yl) oxyl
(TEMPO), methyl blue anionic (MB) dye was purchased from VWR, and the anhydrous copper
(1) sulfate (98%) from Alfa Aesar.

3.32 TEMPO oxidation of CNF

TEMPO mediated oxidation of CNFECNFs) was adapted from studies previously reported [27].
Briefly, 5g of CNFs (dry mass basis) were suspended innd0®f distilled water containing
TEMPO 0.08g (0.1mmol/g CNF) and NaBr 0.§ (1 mmol/g CNF), and the pH was adjusted to

10 by addition of 0.81 aq. NaOH. Then 3L of 12.5% aqg. NaClO solution was added slowly

to the CNF slurry (1.651L/10 min, total 3h) and the reaction mixture was maintained at pH 10.5
at room temperature by adding ag. P1®SNaOH simultaeously. Furthermore, the oxidized CNFs

were precipitated by adding ethanol (1%00) and then centrifuged at 3868m. Finally, the
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oxidized CNFs were washed thoroughly with distilled water and filtered using af.2@llulose
acetate filter paper.

3.3.3 TCNFs hydrogel formation and functionalization with PEI

TCNF hydrogels were prepared by the dropwise addition of a 20 % wt. age ZpiGlion along

the walls of the glass tube into a 1.5% wt. BGNF dispersion. The final zinc ion concentration
was controlled to be Orol/L (0.35mL of 20% ZnC4 solution). Then, the mixture was allowed

to stand for 24 without stirring to enable the formation of the nanocellulose hydrogels. Afterward,
unbound ZA* ions were removed by rinsing the resulting hydrogels with 150 mL distildr

three timeg$349].

Next, TCNF hydrogels were immersed in an aq. PEI solution at room temperature for 24 h to
functionalize. The effects of pH (&) and concentration (2%, 5%, 10%, 20% and 40%) of PEI
on the amount of PEI adsorbedTi&NF hydrogel was investigated. Finally, the functionalized
hydrogels were first placed ingdl50 mL anhydrous ethanol solutifor 2 h and then washed with

150 mL distilled water for about 5 times until the pH of the cleaning water remained neutral.
3.34 Characterization

3.34.1 Fouriertransform infrared spectroscopy (FTIR)

Samples were freezdried ati 50 °C for 48 h and then analyzed using a PerkinElmer Spotlight
400 FTIR Imaging System (Massachusetts). An attenuated total reflectance (ATR) accessory with
diamond/ZnSe crystal was used for collecting 64 scans vaith 4resolution. Data was processed
with Spectrum 6 Spectroscopy Software (PerkinElmer).

3.34.2 Atomic force microscopy (AFM)

Surface characterization of the CNFs ar@NFs were performed using Tosca 400 equipment

from AntonPaar (Gratz, Austria). Surfaces were prepared byspmna t i nay?, Witd 150uL 2
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of 0.01% liquid samples at 3000m for 30s). Height images were obtained by tapping mode with

a NanoWorld (Neuchatel, Switzerland) ARRGNCR-20 silicon SPMsensor cantilever with a
resonance frequency of 28blz and constant force of A2/ m; scan siumes wer
Processing of the images was done with Gwyddion software 2.49 (SourceForge) and roughness
calculations were done with ProfilmOnline (KLA Corporation, Milpitas, CA, U.S.).

3.34.3 Carboxyl group titration

The carboxyl content of oxidized cellulose samples was determined by conductometric titrations.
The method was modified on the basis of previous stydE3. Briefly, 30mg (dry basis) of

TCNF samples were suspended into fAb of 0.01M HCI solution andadjusted to a pH of 2.

After 2 h of stirring, the suspensions were titrated with O/0llaOH.

3.34.4 Dynamic light scattering (DLS)

The Zeta potential for 0.1 %CNF and PEI solutions weltestedon a pH range from 2 to 12. All
measurements were done in a Litesfrem AntonPaar (Gratz, Austriafor all samples, twelve
repetitions were done and averaged.

3.34.5 Elemental analysis

Elemental analysis was performed on each sample using an elemental analyzer (Elementar vario
MICRO, Ronkonkoma, NY, USA). thg of freezedried sample were used for the test, and
measurements were performed by triplicate.

3.34.6. Scanning electron microscopy (SEM)

Freezedried samples were set onto aluminum studs and sputtered with goldSon @ EMS

x550 Sputter Coating Device from Science Services (Munich, Germany). Images with
magnifications o&50, x100, and x1000 were recorded in a Zeiss Evo 50VP SEM (Oberkochen,

Germany).
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3.35 Quartz Crystal Microbalance with Dissipation Monitoring (QOW

All the experiments were performed on aS@nse analyzer (Biolin Scientific. Vastra Frélunda,
Sweden). These measurements were performed on gold sensors that were purchased from Biolin
Scientific (Vastra Frélunda, Sweden). Analyte solutions at a condentrHt0.1% were prepared
and flowed onto the sensors at 100min at 25°C, according to previous work&s(© me z
Maldonado et al., 2021

3.3.6 Adsorption tests of Methyl blue and QL) ions

The adsorption efficiency of the hydrogels for methyl blue dyesCanl) ionswas testedThe
hydrogels were cut into a 3tBm long cylinder (0.0186 dry basi$ and then placed into AL

of 200mg/L methyl blue buffer solutions with pH 5.7 and left without any shaking; aliquots were
takenafter different time intervals (3, 6, 12, Bfand the methyl blue dye concentrations in the
supernatant were calculated by UV spectrophotometer airi96lydrogel cylinders of the same
size were also put into AL of 320mg/L Cu (Il) solutions fo 24 h. The remainin@u (1) ions

in solution after hydrogel treatmentre quantified by ICRMS.

3.4 Results and discussion

3.4.1 Characterization of CNFs ai@CNFs from soybean hulls

In order to confirm that the carboxyl group was successfully introduced to the CNFs, a FTIR
analysis was carried out. The FTIR spectra of CNFsT&MFs are shown iffrig. 3-2 (A). The
characteristic bands for CNFs afi@NFs are observed at 33841 * and 2904 * which relate

to O-H stretching and asymmetrici€ stretching, respectively. The band at 1¢28* indicates

a carboxyl stretching which is only observed in T&NF spectra, suggesting the formation of
carboxylate after TEMPO mediated oxidat{851, 352] This was further confirmed by titration

measurement where the carboxyl group content im@Fs was 1.82.0mmol/g CNH353]. The
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morphology of the fibers was assessed by AFM measurements, and the images of CNFs and
TCNFs are shown iffrig. 3-2 (B) and(C). After oxidation, the roomeanssquare height (RSq)

and arithmetic mean height (RSa) of the fiber decreaséd%yand 54.%, which could be related

to the decrease in fiber particle size. As can be observed.i-2 (B) and(C), the CNF sample
presents longer fibers compared WitBNFs where the patrticles are clearly smaller, indicating a

reduction in particle size after TEMP®@ediated oxidatiofi349].
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Figure 3-2. (A) FTIR spectra of CNFs anbBCNFs, (B) (C) AFM images of CNFs amdCNFs.

3.4.2 Synthesis of hydrogels

To overcome the issues caused by chemical crosslinking, heating, and the use of condensation
agents, a hydrogel absorbent was produced by combining cationic chelating and physical
crosslinking. To achieve this strategy, TEMB&Kdized CNF suspensions weseelated by zinc
chloride at room temperature to forfCNF hydrogels Fig. 3-3 (B)), then placed into PEI

solutions to further functionalize by hydrogen bonding and electrostatic interactions based on rich
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hydroxyl groups on the surface of the CNFgy(3-3 (C)). The results showed that the hydrogels
become opaque and appear to be more rigid after functionalization by PEI, which is an indicator

of successful adsorption of PEI into thRENF hydrogels.

o AL

Figure 3-3. Images ofTCNF dispersiongA), TCNF hydrogels(B)andTCNFPEI hydrogelgC).

3.4.3 Optimization on PEI adsorption conditions

The concentration and pH of the PEI solutions utilized to functionalize the hydrogels can impact
their composition and performancehe first study was performed by varying the pH of PEI
solutions using a reference concentration of 2842]. Elemental analysis was utilized to confirm

the presence of PEI in tHECNF hydrogel systemHKig.3-4. (A) and (D)). Thenitrogencontent
increased from 6.6% to 9.0% as the pH of the solution was increased from 5.1 t#6id.1374(

(A)), indicating that more PEI is absorbed in the hydrogel when the pH incréiaiseidhportant

to emphasize that PEI can be adsorbed in the hydrogel system by means of hydrogen bonding,
electrostatic interaction, and pore trappii2g0]. At pH values higher than 10, electrostatic
repulsionsoccur as evidenced by zeta potential valuEgy(3-4 (B) and (C)), causing PEI to
desorb from the system. However, results show thatrtii@gencontentstill increases when the

pH exceeds 10 compared to what was found elsewWBB#. A possible explanation for this is

that the amount of PEdAbsorbeddue to hydrogen bonding and pore trapping overcomes the
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desorption caused by the electrostatic repulsion at conditions of pH abovey18-4 (B) and

(©)).
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Figure 3-4. (A) The effect of pH on the N content TCNFPEI hydrogels; the DLS analysis for the zeta potential
of (B) TCNFs and C) PEI; and (D) the effect of concentration of PEI on the the N content iGiNF/PEI
hydrogels.

Further testing was done maintaining the adsorption pH at 11.65, where the adsorption of PEI was
highest, while varying the PEI concentrations from 2% to 40%. Herenithegen content
increased with increasing concentration of PEI up to 20%, and then began to decline at higher PEI
concentrationsKig. 3-5 (D)) as demonstrated by elemental analysis. This may be caused by the

volume reduction of CNF/PEI hydrogel, as shown Fig. 3-5 (F), leading to a decrease in surface

77


javascript:;
javascript:;

area and pore size, which may be related to ifREiobilization Thus, the best conditions for
hydrogel synthesis were defined as pH 11.65 and 20% PEI concentration, resulting in 14.2%
nitrogen content. A high nitrogen content in the hydrogel composite is essential for the adsorption

ability of anionic dyes and coppiens, as willbe discusseuh the following section.

(A) 0 | B)2% (©)5% (D) 10 % (E) 20 % (F) 40 %
Figure 3-5. Image demonstrating the physical changeB@NFs/PEI hydrogels with different PEI solutions.
3.4.4 Characterization of hydrogels
FTIR was used to probe the nature of the interactions of the PEI molecules attach&Cifhe
hydrogel. The FTIR spectra ahmodifiedTCNF hydrogels, PEI, andCNFHPEI hydrogels are
presented ifFig. 3-6 (A). The band at 17281 ! corresponding to carboxyl groups was observed
in the freeTCNF spectra butannot be found in thECNF hydrogel or thef CNFPEI hydrogels.
This can be explained as complete chelation of the carboxyl group by zinc chloride, which should
shift the asymmetric carboxyl stretching frequency to lower wavenumbers, thus obscuring it in the
broader bands around 1600 ¢originating from cellulose and PEB55]. For PEI, the absorption
at 2936 and 281@m'!, 1670cm'!, and 105@m'! were the characteristic bands aEH,-
stretching vibrationg356], amino groups, and -C skeleton vibration, respectivelpd92].
Meanwhile, the absorbance band near 1689 and 145%m are the NH bending vibration of
primary amines in PEB56, 357] The absorption at 2936, 2817, and 1688 were also found
in the TCNFHPEI hydrogels, which proves the successful introduction of PETGHFPEI

hydrogels. Moreover, no new bands were observed in@N~PEI hydrogels indicating that PEI
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functionalized hydrogel was physically blended and no chemical bonding occurred. Moreover,
there is no notable change in the characteristic bands of PEI when the pH in¢rieasSes (B)).
However, when varying the PEI concentration from 2 to 40%, there is a slight difference in the N
H band at 159@¢m' ! (Fig. 3-6 (C)). The value was the highest at 20% PEI concentration. This
could be related to the higher PEI adsorption in the hydrogel at 20% PEI concentration, which

agreeswith the elemental analysis results.
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Figure 3-6. FTIR analysis for (A)JCNF hydrogels, PElI aniCNFPEI hydrogels, (B) TEMPO CNPEI hydrogel
in PEI solutions with different pH, and (C) different concentrations.

Morphological characteristics of the hydrogels were studied by.F&\Mhownin Fig. 3-7 (A),

(B), and (C), TCNF hydrogels possessed a denser structure, compare@i@MR/PEI hydrogels

in Fig.3-7 (D), (E), and (F) which showed an open andicroporousstructure. A similar
phenomenon was reported by Li et al. (2018), where-eEFcomposite aerogels possess an open

and macroporous honeycomb strucf@®?]. While increasing surface area, the creation of pores
within the sorbent network allows liquid to diffuse and fill the pores, which provides favorable
interactions for the use of these materials for water contaminant ref@d@al Key features of

the pore structure including pore type, size, and volume determine the access and entrapment of

the pollutants within the pores of the adsorb§M$, 358]
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100 pm

Figure 3-7. SEM image ofTCNF hydrogels ((A), (B) and (C)) antCNF20%PEI hydrogels ((D), (E) and (F)) at
different magnification times.

345 QCM-D analysis

To better understand theteraction betwee CNFs and PEIlthe adsorption phenomena was
simulated on the surface of model films and followed by QQMt optimum conditions of pH
and PElconcentration Kig. 3-8 and Table 1). The chemicals used to synthesize the hydrogel
flowed through the QCIVD sessor irthe samerder that was used to prepare the hydrogels. The
frequency and dissipation change are showrign3-8 andTable 1 A frequency shift of 38.44

Hz was noted for the formation of thR€NFfilm on the surface with a 3.58m shift in dissipation,
confirming the deposition of a viscoW€NF film on the surface of the sensor, which was stable
after pure water was flowed on top. Whemaqueous solution of ZnGlas added, an increase in
frequency of 1.2Hz was observed as well as a dissipation dradd@2ppm. The negative shift

in dissipation confirms chelation at the surface of the f#&®9], and the shift in frequency can be
linked to water being released from the film after crosslinking. The change of pH from neutral to

a more alkaline value (pH 11.65) induced swelling of the CNF film as more sodium ions were
80



present in the media allowing for the weakening of tHeoHding[360] as indicated by frequency
decreasingi(11.63) and dissipation increasing (2.82). Finally, PEI was irreversibly adsorbed onto
the surface of the crosslink@@NF model film as demonstrated by a negative frequency shift of

127.16Hz, that remaind attached after rinsing.
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Figure 3-8. QCM-D sensogram of the analysis of the interaction between the components generatiDy ’eEl
composite hydrogels in thin model films.

Table 3 1. Data extracted from the QG2 sensograms.

Step ® F (Hz) ® D {ppm
PEI 111.36 0.44
TCNFs 138.44 3.56
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Zinc 1.22 11.02
pH change 111.63 2.82

PEI with pH 11.65 127.16 13.47

3.4.6 Hydrogel adsorption tests

For the cellulos€’El composites, most reseafolcuseson adsorption of anionic dyes and metal
ions, usually methyl blue and Cu (J)89]. Based on this, adsorption testing was dorguamtify

the removal ability of the hydrogels prepared in this study.

First, the effect of N content on the adsorption efficiency of methyl blue dye was tested to confirm
the hypothesis that more PEI would result in a higher adsorption efficiency. As expected, the

adsorption efficiency increased with the increase of therlteotd Eig. 3-9 (B)).
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Figure 3-9. The effect of N content (A) and different cationic ions (B) used for formation hydrogel on the
adsorption efficiency of CNFPEI hydrogel for the methyl blue dyes at initial 20Q/L and pH 5.7 for 48.

Based on the previous results, testing was done at 24 h adsorption under the optimal conditions
(pH 5.7) for the methyl blue and Cu (ll) ions adsorption. Results showed that the adsorption

efficiency reached 82.6% and 69.8 %, respectively. 3-10).
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Figure 3- 10. The adsorption efficiency afFCNFPEI hydrogels for methyl blue and Cu (ll) at pH of 5.7 after 24 h.

3.5Conclusion

In this work, aTCNFPEI hydrogel originating from valorized soybean hulls was successfully
synthesized by a combination of cationic chelation and physical adsorption. In order to increase
the quantity of PEI on the surface, the effect of concentration and pH of the PEIrsotuthe N

content of the composite was explored by elemental analysis. The results showed that the best
conditions to introduce the highest nitrogen content (14.2%) i @~PEI hydrogel were the
combination of a 20% solution of Piith apH of 11.6. The adsorption efficiency GiCNFHPEI
hydrogels for the removal of methyl blue dye and Cu (Il) from water were expidnedesults
showedhatthe adsorption efficiency for the methyl blue dyes@ndll) were 82.6 % and 69.8%,
respectively, after 24 h at pH 5.7. The results suggest that these hydrogel composites originating

from soybean hulls have potential uses in water remediation applications.
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Chapter 4. Cellulose polyethylenimine hydrogels for removal of anionic dyes

4.1 Abstract

Cellulosepolyethylenimine (PEI) composite has been widely used in water remediation. However,
most of them are synthesized by chemical chog®rs, which usually cause second pullulation

and extra cost. In order to address these issues, a stable T&wiP£ad cellulose nanofibril
(TCNF) and PEI composite hydrogel (TCNF/PEI) was synthesized bassdimbly mechanisms

of cationic chelation and physical adsorption. These hydrogels were used to remove methyl blue
ionic dyes from aqueous solutionsiteradions of the hydrogels and methyl blue dyesse found

to be highly pHdependent, resulting in dye removal by both adsorption and precipitation
phenomena. Over the pH of B57, most of the dyes were removed by adsorption with a
maximum adsorption obtained at pH value 4.7. Adsorption kineticsatitermal data were fitted

to a pseudsecondorder kinetic model and Langmuir model indicating ttta@mical adsorption

on a homogeneous surfasethe predominant mechanism of dye removehe maximum
adsorption predicted by the Langmuir adsorption isotherm model was 3,125 mg/g, which is higher
than most cellulosbased materials. Up to four regeneration cycles were done with adsorption
efficiencies is still higher than 82%. Furthermdteese hydrogels promoted rapid precipitation

of methyl blue at acidic pH values 2.7, where a total of 98.4 mg/g (91.5%) of methyl blue was
quickly removed from an initial 200 mg/L solution after 6 h. For the rs#ooycling, the
flocculation efficiency decreased to 24%. Removed methyl blue molecules were unaltered and did

not present any chemical modification based on the XRD and FTIR analysis. Based on this finding,

the TCNF/PEI hydrogels how gr e at potenti al for the anioni

industrial wastewater
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4.2 Introduction

Nanocellulosealisplays high surface areandhigh strengthas well agunable surfacehemistry

which makes it interesting for its use in watemediation[361-363]. However, adsorption
capacityof pure nanocellulose materialsredatively low and the scaffold generated caasily
disintegrated in waterwhich has limited theicommercial incursionf17-19]. Despite this,
numerous methodsave beemlevelopedo functionalizenanocelluloséo improve its functionally

for wastewater treatmerstuch asgrafting [364], carboxylation[365], crosslinking[366], and
composite formatidi367, 368] From the different possible chemical moieties that ezisiine
groups areone of the most effective groups to remove contaminants from wastesdteynot

only can remove cationic metal ions by chelating, but alsoadsorb anions by electrostatic
interaction[366, 367] Moreover, amino groups are pH sensitive and can be protonated and
deprotonated, allowing the pollutants to be absorbed and desorbed to permit the recycling of the

adsorbent§369].

Recently, extensive research haseen devoted to the use of polyethylenimine (PEIl) to
functionalize CNFs for water remediaticattribuing to its great number of primary, secondary,
and tertiaryaminegq19, 370, 371] Thiscombination has resulted in super adsorption performance
for different water pollutants and these composites are easy to regg@dRjtd-or example,
Liuting et al. fabricate N PElbased aerogets remove Cyll), showinga highestmaximum
adsorption capacit{485.44 mdyg), as well as being able to adsorb other ions. Furthermore, it was
easy to regenerate maintaing adsorption capalwiitiyout signicant degradatioafter 4 cycles
[243]. Besidescellulose nanomaterial CNM)-PEIbased composites also show super adsorption
capability for anioni¢28] andcationic dye$193], emerging contaminanf32, 194]and oil spills
[244].
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Nevertheless, most studies foedon synthesizing PEhanocellulose composites bjemical
crosslinking either usingcrosslinking agents or high temperature heatprgmoting covalent

bond formation between tHeEl aminesandresidual hydroxylsi(e. from unmodified cellulose)

or carboxyl group®n oxidized cellulos§27, 32, 189] Despite the use of a sustainable polymer
such as cellulose, most used chemical crosslinking agents are toxiglutaraldehyde (GAL)
andepichlorohydrin(EPI), and posing a risk afeconary contaminatiorof watersourceg28-31,

189] . Although avoiding chemical crosslinkers, heat mediated crosslinking strategies require a
pretreatment bjreezedrying, followed byheatingat high temperatureyer100 °C),making it a

highly energyintensiveprocesg32-35]. Moreover, most CNWMPEI composite adsorbensse
available inpowdes form, which presenpoor separability and recyclabilitythus making
wastewater remediation a costly ended2d3]. 3-D hydrogels and aerogels have become more
popular in latest years because they can overcome the problems from powders. Compared with
hydrogelsthe formation of aerogelssuallyrequires freezerying, as part of the manufacturing

process, again consumiadpigh amounbf energy, which is not economical.

Here,we pursued the generation afstable @ hydrogel by cationic chelation and physical
adsorption to avoid issues caused by using chemical-tbnésss. It was found that the resulting
hydrogelsdemonstrated a great potential in removal of methyl blue dye from Wétierwork
describes an extensive study about the effect of pH on the mechahigmoval of methyl blue
dye using PECNF hydrogek. Interestingly, the results show that the formed hydrogels can
remove methyl blue dyes by precipitationaddition to the traditionally reported adsorption as a
function. This findings canopen a way to design nanocellulose ba&&lhydrogeladsorbents

flocculants for water treatmen®.he Schematic illustratiomas shown irfFig. 4-1.
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Figure 4-1. Schematic illustration of COOIEN synthesis and its mechanism for removal of methyl blue.

4.3 Materials and methods

4.31 Materiab

Briefly, CNFs were isolated from soybean hulls by mechanical processing on a Masuko
supermasscolloider. Polyethylenimine (branched, Mw=25¢0®@l) was purchased from Sigma
Aldrich. (2,2,6,6Tetramethylpiperidirl-yl) oxyl (TEMPQO) and methyblue anionic (MB) dye

were bought from VWR.

4.32 TEMPO oxidation of CNF

TEMPO-mediated oxidation of CNF§ CNFs) was conducted based on our previous StB6].

Briefly, 5 g of CNFs (dry mass basis) were diluted to 500 mL with distilled water containing 0.08
g of TEMPO (0.1 mmol/g CNF) and 0.5 g of NaBr (1 mmol/g CNF). The pH was adjusted to 10
using 0.5 M ag. NaOH. Then, 30 mL of a 12.5% NaOCI solution wasdaglde/ly to the CNF
slurry (1.65 mL/10 min, total 3 h) while maintaining the pH at 10.5 at room temperature by adding
0.5 M ag. NaOH simultaneously. Next, the oxidized CNFs were ptateigiby adding ethanol
(1500 mL) and centrifuged at 3800 rpm. Finalhe oxidized CNF slurry was washed thoroughly

with distilled water and filtered with 0.20 um cellulose acetate filter paper.
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4.33 TCNF Hydrogel formation and functionalization with PEI

TCNF hydrogels were prepared by the dropwise addition £i@l>, water solution (20 %, w/w)
along the walls of @lass tubento the TCNF dispersion (1.5 % w/w) according to our previous
researchj366]. The final concentration of zinc ions was controlled torfal/L (0.35 mL of 20%
ZnCly solution) in the mixture. The mixture was then allowed to stand forn&ithlout stirring to
enable formation of the nanocellulose hydrogels. Therytbeund ZA" was removed by rinsing
the resultinghydrogels with distilled watgB49] For PEI functionalization, thECNF hydrogels

were placed inside a 20% aq. PEI solution with pH 11.56 at room temperature for 24 h.

4.3.4 Methyl blue removal
4.34.1 The effect of ppn TCNFPEI interaction withmethylblue dyes
The effect of differentpH (2.7, 3.7, 4.7, 5.7, 6.7, 7.7) on the removal capability of PEI
functionalized hydrogels for methyl blue dye was tested over titydrogels were cut into 3.5
mm long cylinders (0.0186 dry basig and placed into 10 mL of a solution containing 200 mg/L
methyl blue buffer solutiond.o better control the pH of these experimepktmsphate buffg(0.05
M) was used instead of water, as the PEI functionalized hydrogel would change the pH of methyl
blue dye water solution (from 5 to 10, data shown inRigeS1, The buffer solution PH changes
after adsorption as shownhig. S2 All pH values mentioned in the text are initial methyl blue in
buffer solution).Methyl blue dye concentrations the sipernatant were quantified by UV
spectroscopy at 596 nm at different times.
4.34.2 Adsorption
4.34.2.1 Adsorption capability
The adsorption capacity was calculated according to the following equations:
n —o 1)
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n —w 2)

where @ (mg/L) and € (mg/L) are the initial concentration and concentrations at time t,
respectively; g(mg/g) is the adsorption capacity at time t; V (L) represents the solution volume of
methyl blue, and m (g) represents the dry mass of the hydrogel adsorbgmyg/C) are
equilibrium concentrations,e@mg/qg) is the adsorption capacity at equilibrium.

4.3.4.22 Adsorption kinetics

A 0.0186 g sample of hydrogel was added tonlOof a 200 mg/Lmethyl blue solution at pH 5.7

and 25N, until the adsorption reached equilibrium. Aliquots were taken at set time periods to
obtain the dye concentration remining in solution. The adsorption data was then fitted to the
pseudefirst and pseudsecond order kinetic model as well to the and ipa#icle diffusion

model, using the equations presented below:

0&n n 0y QO (3)
- _ 4)
n 0 08 A (5)

where k and k are the rate constants for the pseficki order adsorption and pseudecond

order adsorption kinetic models, respectively.i& the rate constant (g frigmin'?) of intra-

particle diffusion kinetics, and c is the intercept.

4.3.4.23 Adsorption isotherms

A 0.0186 g sample afCNFPEI hydrogels was immersed in 10 mL methyl blue dye solution with

a concentration between 20 to 70000 mg/L to study the adsorption isotherms. The adsorption
experi ments were carried out at 25 at an in

were fitted into linear (equation 6) and nbnear (equation 7) Langmuir isotherm models.
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Likewise, the data was fitted into linear (equation 8) andlm@ar (equation 9) Freundlich

isotherm models to describe its behayi8, 372, 373] The equations used are described below:

- - — ©)
n — (7)
' — 8)

where ¢, (mg gb) is the maximum adsorption capacity estimated by the Langmuir model, and K

(L mg?) is Langmuir constant which is related to the adsorption intef#ty373] 'Y Uis the
separation factor, which values indicate the adsorption to be unfavorabléivhdnlinear when

Yo = 1, favorable when 0 & < 1, and irreversible wheiY; = 0. Co refers to the initial
concentration of the adsorbate in (mg/L)

oy 0 — 9)

nooo 6 (10)

Kr are constants of the Freundlich equations; 1/n in the Freundlich model represents an empirical
parameter, which is related to the energetic heterogeneity of the adsorbent surface and determines
either the favorable or unfavorable curve. When 1/n is griwdie zero (0 < 1/n < 1) the adsorption

is deemed favorable, when 1/n is greater than 1, the adsorption process is unfavorable, and it is
irreversible when 1/n =.1

4.3.4.3 Precipitation

The effect of concentration gnecipitationwas investigatetdy immersing).0186 g off CNFPEI
hydrogels ito different concentrations (50, 100, 200 and 400 mg/L) of methyl blue buffer solution.
Thenmethyl blue dye concentrations thesupernatant were quantifieftex 6 h and 24 by UV

spectroscopy
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4.3.4.4 Regeneratiostudies of TCNHPEI hydrogels

0.0186 g sample ofCNF/PEI hydrogels were put in 200 mg/L methyl blue solution to finish
adsorption at pH 5.7 after 120 h and precipitation at pH 2.7 after 6 h, respedtharyhydrogels

were taken out and immersed in 1 M sodium hydroxyl for 24 h to stimulate desorption of the
methyl blue or other ions, then washed by DI water until neutral PH. This procedure was repeated

4 times and the adsorption and precipitation capgglidr each cycle was calculated.

4.4 Results and discussion

4.4.1 Chemical and morphological properties of the hydrogels

TheTCNF/PEIhydrogel synthesis and characterization has been discussed in detail in our previous
publication[366]. In brief, he PEI was successfully absorbed on T@&NF hydrogels based on

the FTIR and elemental analysissulting in hydrogels with a N content up to 14.8%ost
importantly, the structure o0FCNFPEI hydrogels became a porous honeycomb structure after
functionalization with PEI, which is conducive to the adsorption of the water pollutants, especially
in the case of macromolecular organic dye pollutants.

4.4.2 Stability of methyl blue dye solution at differgai

It is well established that pH is a key factor affecting the adsorption performance of adsorbents
[374]. However, several articles have mentioned that methyl blue solutions are not stable at
different pH conditions without providing a detailed explanation about why or under which
conditiong[375, 376] Thus, herein the stability of methyl blue and the linear relationship between
absorbance and concentration were explored while varying the pH of the solution.

As shown in thé-ig.4-2 (A), the absorbance of methyl blue buffer solution decreased from 1.557
to 0.005 as the pH was increased from 2.7 to 8.7 at the same initial concentration (20 mg/L);

however, the absorbance did not change over time at eastalpkli(Fig.4-2 (B)). The linear
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relationship between the concentration and absorbance of methybutige solution under
different pH conditionsKig.4-2 (C)) was also explored. A high correlatior?¢R0.99) was found

at each pHsalue Here, we observed the solution color become lighter at higher pH conditions,
but it becomes stable over time at each pH value. Thus, a linear relationship between the
concentration and methyl blueuffer solution absorbance under each pH condition can be
established, and it can be used to calculate the methyl blue concentration upon adsorption.

It worth notingthatthat when the pH value was increased to 8.7, the absorbance value of the 100
mg/L MB solution was less than 0.05, which falls below the detection limit foMigVXie et al.

(2021) also showed that methyl blwes stable in agueous solution with a pH value of 8.0

[376]. However, Li et al. (2021and Shu et al. (201%@ried out their adsorption for methyl blue
water solution at pH 210 and showed contradictory results to the Xie s{@dp, 377] We
suspected that the different results might be caused by the ionic content of the media. To confirm
this, the color changes of methyl blue aqueous solutions at different pH values were also examined,
and we confirmed that aqueous solutions of methyd klere almost colorless at pH 10, as shown

in Fig.4-2 (D). Thereforejn this work, we limited our pH range to 277
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Figure 4-2. Dependencef absorbance of methyl blue solutiongA} different pH valuesand (B)overtime. linear
relationship between methyl blue concentration and absorbance at different pH@#laagColor change of methyl

blue aqueous solution (200 mg/L) at different fitérf left to right is 103) (D).

4.4.3 Adsorption and precipitatiasf methyl blue dyesn a function opH

The effect of pH of methyl blue buffer solutions on the removal performandeChi- and
TCNFPEI hydrogels was investigated. It was found that the maximum removal efficiency of
methyl blue byTCNF hydrogels was less than 14.4% over the tested pH range of 2.7 to 7.7 after
48 h using 200 mg/L as initial concentratidAg.4-3 (A)). However, the removal efficiency
increased to more than 82.6% after T@&NF hydrogels were functionalized with PEFig. 4-3

(B)). Interestingly, th& CNFHPEI hydrogels were able to remove methyl blue dye by adsorption
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and precipitation, depeimd) on pH. When the pH was 2.7, 91.2% of methyl blue dye was quickly
removed mainly by precipitaticafter 6 h. The removal efficiency slowly increased to 94.9 % over

48 h. Meanwhile, at pH values between 3.7 and 5.7, most of the dye was removed by adsorption,
with amaximum adsorption efficiency obtained of 88.34% at a pH of 4.7 after 48 h. When the pH
was between 6.7 to 7.7, the methyl blue was removed by both mechanisms, and we are unable to
distinguish which was the dominant mechanism of removal. The differereasntdalye removal

(i.e. precipitation vs. adsorption) are easily distinguishable based on the formation of a blue
precipitate at the bottom of the tuafter contact with thef CNFPEI hydrogelqFig. 4-3 (E)) or

the depth of color of the hydrogedarfaceafter adsorptiorfFig. 4-3 (F)). As pH value of 2.7, a
stronger blue precipitation was observed, while the hydrogel surface resulted in a lighter color.
Converselylittle blue precipitation was produced at pH-3.7, with a more visible coloration on

the hydrogel surface. Based on these respht5.7 was selected for flwr studies on the
adsorption behavior of thHECNFPEI hydrogelswhich aligns with the pKa (pKa of methyl blue

is 5) of methyl blue solutions.
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Figure 4-3. Removal capability and efficiency of methyl blue dyes by TANF hydrogels and (B) TEMPO CNF

PEI hydrogels at different pH values (Z77 from left to right) over time, each pH point has three repeats. The pH
change of methyl blue dyes buffer solution (C) before and (D) a@MF hydrogels orTCNFPEI hydrogel
adsorption(E). Surface colorchange®f the hydrogels after adsorpti¢R).

4.4.4 Adsorption studies

4.4.4.1 Adsorption kinetics

The absorption kinetics GICNFPEI hydrogels at different initiahethyl blueconcentrations are
shown inFig. 3. All adsorption curves presented a fast increase during the first 6 h, disregarding
the initial concentration present in the solutiéig( 4-4 (A) and (B)). The dys werecompletely
adsorbed when the initigbncentration is 20 and 50 mg/L after 24 h. However, when the initial

concentration was higher than 50 m@/did not reach equilibrium until after 120 h.
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Figure 4-4. Plots of the absorption kinetics ®CNFPEI hydrogels at different initimhethyl blueconcentrations

with pH 5.7

To investigate the adsorption behavior and mechanism, the adsorption data was fitted to pseudo
first and pseudsecond order models as showrkig. 4-5 (A). The fitting parameters are shown

in Table4-1. The Rvalueof the pseudsecond order model £R0.9745) was higher than that of

the pseuddirst order model (R2=0.9591), suggesting tbhémsorption was the predominant
mechanism of the removal process of dyga8, 379] This result agreed with previous studies,
which found thathemical adsorptiors the predominant mechanism between the PEI modified

cellulose aerogels crosslinked by glutaraldey@s.

To further examine the diffusion mechanism in the methyl blue dye adsorption process,-an intra
particle diffusion model was evaluated. As showRim 4-5 (B), the plots of gversus t°yielded

three linear regions, which are assigned to three stages of diffusion of methyl blue dye: (1) external
diffusion from bulk solution to the surface of the hydrogel, (2) internal diffusion from the surface

to the inner section of the hydrogel onle surface sites are saturated, (3) slow diffusion until the
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surface became saturat¢830]. The slopes of the three stages were calculated from the
intraparticle diffusion model and are summarizedable 4-1. It is evident that Kid,1 > Kid,2 >
Kid,3, suggesting the adsorption rate in the first stage wasstaSigpporting the previous

discussion orxternal surface adsorption proceshichbeingfaster than intrgarticle diffusion
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Figure 4-5. Model data of the kinetics fitted to (A) pseudiost- order and Pseudsecond order models; and (B)
intra-particle diffusion model.

Table 4-1. Parameters extracted from the psefitst- order, pseudosecond order, and Intrgarticle diffusion
models for adsorption kinetics.

Kinetic parameters TCNFPEI hydrogel
Ce.exp (MY/Q) 102.5
Pseuddfirst-order model

ge (mg/g) 60.9
K1 (mg/(g*h)) 710.0377
R? 0.9591
Pseudesecondorder model

ge (mg/qg) 84.74576
Kz (mg/(g*h)) 0.001327
R? 0.9745
Intraparticle diffusion model

ki1 (mg/(g*h)) 26.9

C1 11.8
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R:? 0.9918

ki2 (mg/(g*h)) 5.4
C2 54.6
R2? 0.9785
kis (mg/(g*h)) 1.7
C3 84.2
Rs? 0.9992

4.4.4.2 Adsorgion isotherm

Adsorption isotherm analyses were carried out to examine the maximum adsorption capacity and
interaction behaviors between the adsorbent and methyl blue dye. The adsorption data were fitted
into the Langmuir and Freundlich linear and fAimear models ashewn in Fig. 4-6. The
parameters obtained from the fittings are summarizéalie 4-2. Compared with the nelmear

model, the correlation coefficienfBf linear Langmuir (0.99829) and Freundlich (0.8955) models
were higher than that of the ndinearLangmuir model (0.9311) and Freundlich (0.8377) models.

For both linear and nelinear adsorption models,?Rf Langmuir models were higher than those

of Freundlich models, suggesting that th#sorption process occurred on the homogeneous
surface. [381]. The adsorption isotherm model agreed with results from a ceHBlBsaerogel
crosslinked byglutaraldehyde[28], confirming that the availability of amino groups is the
determinant factor in adsorption mechanismsteadof the type of crosslinker needed in the

hydrogels synthesis
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Figure 4-6. Adsorption data fitted to (A) linear Langmuir isothermal model, (B) linear Freundlich model, (€) non
linear Langmuir and Freundlich isothermal model.

Table 4-2. Langmuir and Freundlich constantsT®ENF/PEI hydrogels adsorption of methyl blue.

Adsorption isotherm Model parameters Statistics parameter
. _ — _ .
Linear model Langmtyr Qn=3125.0 mg/g, K=0.00021, R=0.060.99 R°=0.9829
Freundlich Kr=2.9084, n=1.3789 R?=0.8955
Non-linear  Langmuir Qn=3151.6 mg/g, K=0.00023 R?=0.9311
model Freundlich Kr=69.6226, n=2.8586 R?=0.8377

Langmuir fitting can predict the maximum adsorption capability of an adsorbent when forming a
monolayer adsorptiof880]. Qn of the linear Langmuir isotherm (3125.0 mg/g) was closer to the
experimental value (3010.5 mg/g) than that of -ibear Langmuir isotherm (3151.6 mg/qg),
further indicating the better fitting to the linear Langmuir isotherm (as showratue 4-3).
Throughout the archived literature, there are several adsorbents that have been evaluated to remove
methyl blue dye from wastewater. The maximum adsorption capacity measured for thé®ECNF
hydrogels developed herein (3125 mg/qg) is higher than mast migterals, showing significantly
superior performance. With the additional advantage of being produced from-adownd
sustainable source. Interestingly, the maximum adsorption capability of the TCNF/PEI hydrogels
in this work was more than two times highttian that of PEmodified cellulose aerogels
synthesized bylutaraldehyde crosslinking the previous study. The reason for this notable

increase might be due to the high PEI content immobilized in the TCNF/PEI hydrogels (i.e. 14.8 %
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of N content based on the element analysis from our previous res¢adéi) However,
homogeneous monolayer adsorption was dominant for both of them based on the adsorption

i sotherm model s, which means synthesis strate

Table 4-3. Comparison with other results.

Adsorption
Absorbents Shape ability References
(mg/g)

Epoxy chloropropane and
diethylenetriamine modified Membrane 9.06 [382]
cellulose membrane preparec
from corn stalk
Poly(methacrylic acigco-2-
(dimethylamino) ethyl

Cellulose based  methacrylate) and Aerogel 598.8 [383]
carboxylated cellulose
nanofibrils
PElmodified cellulose Aerogel 1333 28]
aerogels
TCNF/PEI Hydrogel 3125 This work
BaFel12019 ferrite particles Powder 223.86 [384]
Diethylenetriamine
functionalized hollow polymer Powder 1341 [385]
particles
b-Cyclodextrin functionalized powder 1790.9 [375]

Othermaterials SBA-15

Pol yaspartate
composite withquaternary Aerogel 7958 [386]
phosphonium salt (Mt/IPS2)

Macroscopic yttrium oxide

. Powder 8080 [387]
aerogel monoliths

4.4.4.3 Adsorption mechanisms
As explained throughout this manuscript, PEI with abundant amine groups was immobilized on
the surface of TCNF/PEI hydrogels through physical adsorption. When TCNF/PEI hydrogels were

placed into aqueous solution, amine groups on hydrogels would tramsladsitively charged
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amine groups. This positively charged amine group could promoteCaton nt er act i ons,
electrostatic attraction between positively charged cations and negatively charged-eléctooh
systemg388], producing strong electrostatic attraction towards the negatively charged anionic dye
molecules[28] (Fig. 4-7). The other electrostatic attraction exists between positively charged
amine group of hydrogel and natively charged sulfate group offi84§ Additionally, hydrogen
bonding, hydrophobic interactions, and Van der Waals forces can also promote adsorption of
methyl blue dye on the hydrog¢l34].

Furthermore, it cannot be ignoriedstaaki mndec onul
exist[389]. In general, these interactions typically show higher strength than hydrogen bonding,
and in some cases, are even stronger than drdmrgee interactions, which are arguably one of

the strongest noncovalent interactions in agusoligions[389-391]. However, according to this

and other researd892], the strong electrostatic attraction between PEI and methyl blue dye,
which is the maininteraction between PEI functionalized cellulose composites and methyl blue

dye, is the most probable adsorption mechanism.
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(C) Main mechanism of anionic methy! blue dyes adsorption process onto TCNF/PEI hydrogel
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Figure 4-7. Schematic of the structures of PEI and methyl blue, as well gsdbable mechanisms of adsorption
processes between the anionic methyl blue dyesTadiFPEI hydrogels

4.45 Precipitation

4.45.1 The effect of concentration on precipitation

The effect of methyl blue concentration on the precipitation performance was tested, as shown in
Fig. 4-8. The precipitation capability increased with the increase of methyl blue concentration until
the concentration values of 200 mg/L, after which it started to decrease due to the charge
neutralization mechanism caused by electrostatic absorption among cationic amine groups on the
hydrogel and anionic groups on the methyl bdueface[393, 394] The higher methyl blue
concentration, the more anionic sites available to flocculate through the above mechanisms. Thus,
precipitation efficiency increases with the increase of methyl blue concentration. However, when
the methyl blue concentration is aleothe hydrogel maximum flocculation capability, the

precipitation efficiency decreases.
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Figure 4-8. The precipitation performance changes with various methyl blue concentrations after (A) 6 h and (B) 24
h. Each test has three repeat® mg/L methyl blue in buffer solution before adsorption (C), after adsorption 6

h (D) and 24 h (E).

4.4.5.2 Precipitation mechanism

As mentioned above, PEINF hydrogels also promoted the precipitation of more than 90% of the
methyl blue dye under 2.7 pH buffer conditions. An explanation for this was sustained on the
hypothesis that the zinc ions or PEI were released from the hy@mgdebnsequently coagulated

the dye. To confirm this, zinc chloride and PEI were separately added in excess into methyl blue
dye buffer solutions and checked after 48 h. There was no precipitation found in the tubes where
the PEI was addedFig. 4-9 (A) and (B)), while blue precipitate occurred when zinc chloride was
addedatpH 2.7 and white precipitate occurrat3.7-7.7. From this result, it could be inferred that

zinc chloride can precipitate methyl blue dyes at pH 2.7. However, orddZ0of the methyl

blue was precipitated by a 10 times higher concentration of the zinc ions than that of zinc ions used
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in the synthesis of the hydrogels. In the adsorption test, 90% of methyl blue dyes were removed
by precipitation promoted by the TCNF/PEI hydrogels at pH 2.7. A similar observation was made
in previous research whepeecipitation of the dye anions was induced by solubfé &zd Md¢*

in alkaline white mud suspensiof895]. Although both cations were responsible for the methyl
blue precipitate, the pEonditions were opposite ours, suggesting a different mechanism causing
the methyl blue precipitatio herefore, the leaching of zinc ions might not be the dominant cause
of methyl blue precipitation and there should be the hydrogels serve as an efficient flocculant
makes the methyl blue dyes flocculate and precipj&28, 394] The precipitation mechanism

could be mainly attributed to the charge neutralization mechanism caused by electrostatic

absorption among cationic amine groups on the hydrogel and anionic groups on the methyl blue

surfacg393, 394]
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Figure 4-9. The investigation of precipitation of methyl blue by PEI (A) and zinc chloride (B) at pH from 7.7 to 2.7
(from left to right); (C) methyl blue removal efficiency by zinc chloride at pH72277

To better understand the composition of the precipitates and identify if @nEI were in there,
characterization by FTIR and XRD were dokaég( 4-10 (A) and (B)). It can be observed that
adsorption bands and diffraction peaks corresponding to methyl blue were found in precipitated

methyl blue.The band at 1161 and 1337 ¢rcan be assigned to the strong characteristic
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adsorption band of the S=0 of MB86, 396] 1600, 1571 and084cm ! are the C=C peaks of
aromatic ring$397]. The 149&m* is C=N stretching. 1146 and 995 ¢mare GN stretching386,

398]. These results suggest that the structure -pireeipitated methyl blue dyes did not change,

and that this method can be used to remove and recover methyl blue dye from industry wastewater.

The XRD analysis agrees with the FTSROwing a pattern with the main peaks of the methyl @tige
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Figure 4-10. The FTIR (A) and XRD (B) analysis of (a) pure methyl blue, (b) methyl blue dissolved in BuBfit
solution at pH 5.7, then freeze dried and (c) methyl blue precipitated by TCNF/PEI hydrogels in 0.5 M buffer
solution at pH 5.7 after 48 h then removed hydrogel and freeze dried.

4.4.6 Regeneration

To address the issue of economical and sustainable viability of the adsorption process, we
evaluated the TCNF/PEI hydrogels recyclability and reusabiiBf]. Here, the adsorption
mechanism is mainly driven by electrostatic interaction, so the dyes can be desorbed from the
adsorbent by drastically changing the pH of the solution. To this end, sodium hydroxide solution

1 M was used for desorption of dyes. Afletycles, the adsorption efficiency was still higher than
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82 %, indicating that the hydrogels have the capability of being recycled multiplg(figes-11

(A))

The flocculation recyclability of hydrogels was also tested, as shown in Fig. 10 (B). It was
observed that the flocculation efficiency decreased to 24% after 2 cycles. This is probably due to

the hydrogel local charges being neutralized by coupling rang the buffer solution.
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Figure 4-11. Generation test of TCNF/PEI hydrogel in the 200 mg/L methyl blue solution with pH 5.7 for
adsorption (A) and flocculation (B).

4.5Conclusion

This study provides a promising strategy for the development of efficient, sustainable, and cost
effective adsorbents and flocculants for the removal of methyl blue dye from aqueous solutions.
The synthesised TCNF/PEI hydrogels exhibited excellent adsorpéipability and flocculation
capability, as a function of pH, which was mainly attributed to electrostatic interaction. The
physical adsorption was also supported by hydrogen bonding, hydrophobic interaction, Van der
Waal s f of ces,t aaxrkd soifpent sfotverl graatl reclcling ability, withadsorption
efficiency still above 82% after 4 cycles. Importantly, in strong acidic conditions, these hydrogels
also promoted the rapid precipitation of methyl blue dye, while flocculation efficiency decreased

to 24% after 2 cycles. The structure ofmecipitated methyl blue dyes did not change during the
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precipitation process, indicating the possibility of recovering and reusing the dyes in related
industries. This study open a pathway to design nanocelbbsed 3D hydrogel adsorbents

flocculants for water treatment.
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Chapter 5. Polyethyleneimine functionalized graphene oxide and cellulose

nanofibril composite hydrogels for removalof water pollutants

5.1 Abstract

Nanocellulosebased adsorbent hibsen widely studied for single water pollutants. However, most
water sources like wells, rivers, lakes, and even oceans are drowning in a complex mixture of
pollutants, such as metals, dyes, organic compounds, and spilled oils. Therefore, developing
efficient technologies to remove multiple pollutants from water sources is necessary. Here, a stable
TEMPO-CNF (TCNF)/graphene oxide (GO)/polyethylenimine (PEdmposite hydrogel was
synthesized by combining cationic chelation and physical adsorption instexttathemical
crosslinkes. Their chemical, morphology, surface properties as well as thermal stability were
characterized with AIIFTIR, Raman, elemental analyzer, SEM, KSEA and TGA techniques,

and the adsorption behavior for methyl blapgw@as systematically investigated in terms of the
optimal GO content, pH effect, kinetics, and isotherm models. Besides, the adsorption capability
for methylene blue (+), Cu (Il), and soybean oils was also tested. The results indicated that a
negative relation between GO content and surface energy was fouradpbsitive correlation
between GO content and the amount of immobilized PEI or surface area was found in the
TCNF/GO/PEI hydrogelMoreover, adding GO did not change the main adsorption isotherm
model and adsorption mechanism but increasedetkternal diffusion rate of thatraparticle
diffusion model. Based on the Langmuir adsorption modelptagimum adsorption capability

for the methyl blue increased from 3125 to 3962 mg/g when 0.2% of GO was added at maximum
methyl blue solubility (70,000 mg/L). Tredsorption capability for Cu (ll) ions and soybean oils

increased from 205.3 to 218.5 and 2.1 to 7.2 mg/g, respectiMaly work not only provides a
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simple and cosgffective synthetic route to TCNF/GO/PEI hydrogels, but also offers valuable

clues for the removal of multiple water pollutants.

5.2Introduction

Cellulose nanomaterial and polyethylenimine (CI¥HEI) composites are widely applied in
different fields such as paper makifgt5, 332] wastewater treatmeifd00-404], drug release
[405-408], sensing409, 410] heterogeneous cataly$#l11-413], and others. Among all, water
remediatiorhas attracted most of the attentiure to its excellent adsorption capability for water
pollutants compackwith other material$16, 414] The adsorption of CNMPEI composites on
specific and single classes of water pollutants, such as heavy metf0dng15] toxic dyes,

and other organic chemicals has been studied in depth, which show super adsorption performance
andgood regeneration abilityrurthermore, the use of CNMEI composite coated by graphene

was also demonstrated efficacy for cleaning of oil sjdl&6]. Therefore, CNMPEI based
composites have shown a great potential to absorb various single water pollutants existing in the
water body[417]. However, most water resources such as rivers, lakes, and even apeans
polluted by a complex mixture of multiple pollutants, such as toxic metals, plastics, manufactured
chemicals, petroleum, urban and industrial wastes, pesticides, fertilizers, pharmaceutical
chemicals, agricultural runoff, and sewa@2, 418, 419] Therefore, a paradigm shift from single
pollutant to multipollutant control is crucial for realizing its industrial applicajith 420] The

design of CNMPEI composite adsorbents for multiple pollutants may be the key to solving this
challenge. Considering the hydrophilic properties of both cellulose and PElI, it is necessary to
introduce other substances with adsorption capability fdrgbeophobic molecules, solvents, and

oils to widen their application scale.
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Conferring adsorptive powders, such as grapli2ag], titanium dioxide, metal ometal oxide
[226], and more recently biochg27], into a tough hydrogel matrix is an effective way to enhance
its adsorption capacif228]. Recently GO has been reportechamvel material fothe removal

of contaminants from water resour§2®, 421] Owing to its high surface area of about 26Gym

GO is an excellent material for the removal of oil, organic compounds, and metal ions from
agueous solution22]. Moreover, GO has abundanf oxygencontaining functional groups such

as carboxyl, epoxy, keto, etc., which are active site to further irctieasdsorption capability for
water pollutant$422], while presenhg good mechanical and chemical stability. Thus, combining

it with other nanomaterials can further improve their dimensional stability, which is important for
water resistance applicati®fd21, 423] Various research studies have reported the ability of
graphene oxide aan excellent adsorbent for wastewater treatnj2t 421, 424] However, a
major drawback of using GO asneat materials the difficult separation from the aqueous
medium, since GO disperses in wgt22]. To overcome this shortcoming, the GO needs to be

crosslinked with polymers to arrest the leaching of GO into water.

There are two methods to introduce other polymers into nanocellulose: covalentamvatent
bonding. As an alternativeo the covalent bonding of functional groups or long polymeric chains
to the nanocellulose surface, Roovalentinteractionis the simplest way to synthesis composites
[199, 200] These interactions essentially are a number of reversible associations, b as
interestion electrostatic interactions, hydrophobic interactions, hydrogen bonds, or van der Waals
force [108, 199, 20Q] The reversible nonovalent bonds can better recover from the adverse
effects that result from the rupturing and dissipation of the energy in the network during the
unloading process than covalent bofid¥8]. Importantly, the reversible nezovalent bonds ake

it possible to regenemadsorbents by desorption. Additionally, roovalent physical assembly
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avoids the use of reagents that are har mful

linking interaction4201].

The aim of this work was to introduce GO into CNNEI composites by physical interactions to
design a new-B CNM/GO/PEI composite hydrogel to target multiple water pollutants. Here, it
was hypothesized that a stable CNM/GO/PEI composite hydrogel camtieesyed bythe
combination of cationic chelation and physical adsorptidoreover an increase in the diversity

and ability of contaminant adsorption would exist by introducing GO into CNM/PEI composites,
partially attributed to high surface area anggen functional groups on the GO. To this end,
TCNFs from soybean hulls and GO were combined by cationic chelating to form the TCNF/GO
hydrogels and further functionalized in PEI solution by TCNF physical adsorption to form the
TCNF/GO/PEIhydrogel To test the adsorption capability of resulting TCNF/GO/PEI hydrogels
for multiple water pollutants, the methyl anionic dyes, methylene blue cationic dyes, Cu (ll) ions,
and soybean oils were regarded as referenhesshow in thé-ig. 5-1. By doing this, soybea

hulls were successfully valorized to a valuable TCNF/GO/PEI hydrogainsasy and cost

effective way and can be applied fberemoval of various water pollutants.

COOH COOH m “ 1
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Soybean hulls (TCNFs) silition . v adsorption . 9 » Methylene blue dye (+)
» & ® | 1 cuqn
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Figure 5-1. Schematic illustration of COOIEN synthesis and its mechanism for removal of methyl blue.

111

t



5.3Materials and methods

5.31 Materials

CNFs, TCNFs and GO were preparethatSustainable BiBased Materials Laboratory, Auburn
University (Auburn, AL), details wengrovidedin the supplemental data. Polyethylenimine (CAS
number 90028-6, branched, Mw = 25,00/mol) was purchased from Sigeddrich. (2,2,6,6
Tetramethylpiperidirl-yl) oxyl (TEMPO) and methyl blue anionic (MB) dye were purchased
from VWR. Graphene flake (99.8%) and anhydrous copper (Il) sulfate (98%) from Alfa Aesar.
The soybean oil was supplibg Archer Daniels Midland company.

5.31.1Preparationbleached pulp from soybean hulls

Soybean hull is hydrolyzed with ONLHCI solution at 1:2@v/w (fiberto liquor ratio), at 90 £ 5 °C

for 1h using a magnetic stirrer at 190rpm. Afterwaing,sample is filtered without cooling using

a Whatman #4 qualitative paper. &ibare retained in the funnel and filter paper. Wash profusely

with DI water to neutral.

1009 fibers(dry base) from previous extractiavere added in 2.5L of DI water with 5§ of
NaCl®: (80% from AlfaAesar) and 18nL of glacial acetic acid (99.9% Fishscientific). 5

Doses of NaCl@and glacial acetic acid were added to complete the bleaching stepraedvals.

5.3.1.2Preparationof CNFs

Briefly, the bleached pulp from soybean hulls was diluted to 2 wt.% suspension and then washed
to low the pH to 3 with a M HCI solution; after 30nin, washings of the pulp with DI water until

pH increased to 4.5. Then, NaH&Was added to obtain a 0.0MLconcentration, and pH was
adjusted to 9 with M NaOH. After 30min, washings with water exchanges were performed until

the conductivity ofDI water was obtained. Finally, the washed pulp was processed with Masuko
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super mass collider (MKZA0-15J) for 12 passes, with a finebnsistency of 2.12 wt.% at pH
5.8.

5.3 1.3preparationof TCNFs

TCNFs were produced by TEMP@ediated oxidation based on our previous s{@6g]. Briefly,

5g of CNF (dry mass basis) was dispersed in iQ0of distilled water with TEMPO 0.08

(0.1 mmol/g CNF) and NaBr 0.§ (1 mmol/g CNF), and the pH was adjusted to 10 by addition of
0.5M ag. NaOH. Then 3L of 12.5% ag. NaClO solution was added slowly to the CNF slurry
(1.66mL/10min, total 3h) and the reaction mixture was maintained at pH 10.5 at room
temperature by adding ag. Wb NaOH simultaneously. Next, the oxidized CNFs were
precipitated by adding ethanol (1501) and then centrifugkat 3800pm. Finally, the oxidized
CNFs were washed thoroughly with distilled water and filtered using gudn2€ellulose acetate
filter paper.

5.31.4Preparatiorof GO

GO was prepared by the oxidation of grapHRa&e (according to Hummers method wittskght
modification. Briefly, 3 g of graphene flake (325 mesh) and 18 g of potassium permanganate were
added in a 1 L flabottomed flask, slowly adding the acid mix with 360 mL of 98 wt.9%6®&k

and 40 mL of 85 wt.% kPQu. Then, the reaction system was puaioil bath at 50 °C and stirred

at 500 rpm for 30 h. After that, the reaction solution was poured into a beaker with ice (formed by
500 mL DI water) and followed by a slow addition of 15 miCOp(30%) with a syringe (turning

the color of the solution from dark brown to yellow) and stirred at 500 rpm for 20 h. Fihally,
solid partwas washedsequentiallyby DI water, hydrochloric acid (368%), and ethanol by
centrifuging at 6000 rprto remove the metals amdanganse chloride

5.3.2 Synthesis and functionalizatiaaf TCNF/GO hydrogels
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TCNF/GO hydrogels were prepared by dropwise addition of a 20 wt.% ac Zni@ion along

the walls of the glass tube into a 1.5 wt.% aqg. TCNFs dispersion with 0 wt.%, 0.05, 0.1 and 0.2
wt.% of GO (all wt.% based on the total suspension mass). The final zinc ion concentration was
controlled to be 0.mnol/L. Then, the mixture was allowed to stand forh24t rest to enable the
formation of the hydrogels. Afterward, the resulting hydrogel rinsed with 150 mL distilled water
three times to remove unbound?Zions. Next, TCNF/GO hydrogels were immersed in an aq.
PEI solution with pHL1.6 at room temperature for 24 h to functionalize. Finally, unfunctionalized
hydrogel were named TCNF, TCNF/0.05%GO, TCNF/0.1%GO and TCNF/0.2%GO. While the
functionalized hydrogels, named TCNF/PEI, TCNF/0.1% GO/PEI, and TCNF/ 0.2% GO/PEI
hydrogels, respeéiwely. They were first placed into 150 mL anhydrous ethanol soldtio2 h

and then washed with 150 mL distilled water for about 5 times until the pH of the cleaning water
remained neutral.

5.3.3 Materialscharacterization

5.33.1 Attenuated otal Reflectancé&ourier Transform Infrared spectroscopy (AFRIR)

In order to confirmthat GO and PEI were successfully introduced into the hydrogelsRTR

was used to test their corresponding functional groups in the hydrogels. Samples wewdriedeze
ati50 °C for 48 h and then analyzed using a PerkinElmer Spotlight 40R Fhaging System
(Massachusetts). An attenuated total reflectance (ATR) accesbrgiamond/ZnSe crystal was

used for collecting 64 scans withcdmi 1 r esol uti on. Data was pro

Spectroscopy Software (PerkinElmer).

5.3.3.2 Raman spectroscopy
To further confirm the GO existed in the TCNF/GO and TCNF/GO/PEI hydrogels, Raman

spectroscopic analysis was carried out by DXR Raman Spectroscopy (Thermo SciAntific).
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532 nm (50.0 mW power ) waRarranspectipmeter tb analyze thew a s
sample. The data acquisition has been carried out in a raBg@-8500 cm® by OMNIC software.
5.3.3.3 Elemental analysis

In order to investigate theffect of GO content on the chemical composition of TCNF/GO/PEI
hydrogels, elemental analysis was carried out to test the C, N and H comignof 2reezedried

sample were used for elemental analysis by an elemental analyzer (Elementar vario MICRO,
Ronkonkoma, NY, USA). Each sample has three replicates.

5.3.3.4 Scanning Electron Microscopy (SEM)

SEM was used to observe the morphological properties. Fdeezke samples were set onto
aluminum studs and sputtered with gold fors9d an EMS x55@putter Coating Device from
Science Services (Munich, Germany). Images with magnificationd@® were recorded in a
Zeiss Evo 50VP SEM (Oberkochen, Germany).

5.33.5 Inverse Gas ChromatograpByrface Energy Analyzer (IGEEA)

Surface energy analyses and Brunaldemmett Teller (BET) surface area measurements were
conducted using IGGEA (Surface Measurement Systems, UK). Each sample $20mg) was
packed into a 4 mm chromatographic column and conditioned under a nitrogémwgés £ h.

The dispersive components of the surface energy were measured-aliiages probes, including
octane, nonane, decane, and undecane. Thebas&l components of the surface energy were
determined using ethyl acetate and dichloromethane begrall measurements were carried out
under controlled conditions (30C, 0% RH). The BET specific surface areas (SBET) were
determined by calculating the isotherm of octane with a pressure ratio (P/P0) ranging between 0.05

and 0.35.
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5.3.3.6 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was utilized for the investigation of thermal stability of the hydrogels
using a @500 thermogravimetric analyzer from TA instruments Inc. Sample weight of the
materials were maintained between a range €f3.6hg and were placemh a platinum plate. The
temperature range was from ambient conditions upward to 600°C with a scan speed of 5°C /min;

samples were continuously run under a nitrogen atmosphere with a purge flow rate of 60mL/min.

5.34 Adsorption behaviors

5.34.1 Effect of GO content and retention time

Hydrogels containing 0, 0.1 and 0.2 % of GO were cut into an&3ong cylinder (0.018§ dry
basig and then submerged into . of 200mg/L methyl blue buffer solutions with different pH
2.7-7.7 and left at resTo better control the pH of these experimeptsysphate buffef0.05 M)
was used instead of watédiquots were takeafter 24 h to test the methyl blue left in the solutions
byUV-Vi s spectrophommometer at o = 596

5.34.2 Adsorption kinetics

0.0186 g of absorbent hydrogehsadded to 10nL 200 mg/Lmethyl blue solution at pH 5.7 and
25 , unti |l t he equitbsiumrAliquatsovere takereatsat gnuk pexiods to obtain
the concentration reaming in the solution. The adsorption capacities were calculated with the

following equations:

n —o 1)
n —w 2
where G (mg/L) and ¢(mg/L) are the initial and concentrations after t time, respectivelyng{g)

is the adsorption capacity at time t; V (L) represents the solution volume of methyl blue, and m (g)
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represents the dry mass of the hydrogel adsorbent; Ce (mg/L) are equilibrium concentrations; q
(mg/g) is the adsorption capacity at equilibrium.
The adsorption data were then fitted to the psdingiborder kinetic model, pseuekecondorder

kinetic model, andhtra- particle diffusion model, using the equations presented below:

0&R N 0y QO (3)
- — = (4)
n L o8 A (5)

where k and k are the rate constants for the pseficki order adsorption and pseudo second
order adsorption kinetic models, respectively i the rate constant (g frigmin'?) of intra-

particle diffusion kinetics, c is intercept.

5.34.3 Adsorptionsotherms

0.0186 g absorbentgereimmersed in 10 mL methyl blue dye solutions with concentration from

20 to 70000 mg/L to study the adsorption isotherm. The adsorption experiments were carried out
at 25 at an initial pH of 5.7 afteeguatb20 h.
6) and nodinear (equation 7) Langmuir isotherm models. Additionally, the data was fitted into
linear (equation 9) and ndmear (equation 10) Freundlich isotherm models to describe its

behavior. The equations used areaided below:

— (6)
n — (7)
' A— (8)

where ¢, (mg g?) is the maximunadsorption capacity estimated by the Langmuir model, and K

(L mg?) is Langmuir constant which is related to the adsorption intensity (Guo et al., 2018; Wang

117



et al., 2020).Y 0Uis the separation factor, which values indicate the adsorption to be unfavorable
when; > 1, linear whenY; = 1, favorable when 0 % < 1, and irreversible wheht = 0. Co

refers to the initial concentration of the adsorbate in (mg/L)

oy 0 — 9)

nooo 6 (10)

Kr are constants of the Freundlich equations; 1/n in the Freundlich model represents an empirical
parameter, which is related to the energetic heterogeneity of the adsorbent surface and determines
either the favorable or unfavorable curve. When 1/n is grieae zero (0 < 1/n < 1) the adsorption

is favorable, when 1/n is greater than 1, the adsorption process is unfavorable, and it is irreversible
when 1/n=1

5.34.4 Adsorption capability for various pollutants

The adsorption capability of the hydrogels for methylene blue (+) dyes, Cu (Il) ions and soybean
oils was also tested. The hydrogels 0.048By basis were put into 8L of 200mg/L methylene

blue buffer solutions with pH 5.7 left at rest and samples were taken after different time intervals
(3, 6, 12, 2/). Methylene blue concentrations in the supernatant were calculated by UV
spectrophotometer at 664 nm, respectively. Hydrogel cylinders of the same size were also put into
10 mL of 320mg/L Cu (Il) soldions for 24 h. The remaining Cu (Il) ions in solution after hydrogel
treatment were quantified by Inductively Coupled Plasfaas SpectrometrfifCP-MS). Finally,

the same size of hydrogels was put in the 5 g (W1) of pure soybean oil after 30 min, then removed
hydrogels and tested the weight of oil left in the containes).(Whe soybean oil adsorption

efficiency was calculated based on the following (equation 11):

Soybean oil adsorption efficiency (%)—— %100 (11)
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5.4Results and discussion

5.4.1 The effect of GO concentration on the stability of TCNF/GO hydrogels

Carboxyl group in TCNF can be chelated by cationic to form stable hydi{@§€ls425] Here,

GO was introduced into the TCNF dispersioi&g( 5-2 (A)) and chelated by Zfi to form
TCNF/GO hydroged The interaction promoting the hydrogel formation was based on the
existence of similar carboxyl grosip GO that resuéidin a stable TCNF/GO hydrogel when the
GO concentration was less than 0.2 Big( 5-2. (B)). However,a higher concentration of GO
resulted in a collapse of structuifter PEI functionalization, the color of TCNF/GO hydrogel
changed from brown to black likely induced by the GO reduction to gragh6g which will

be further confirmed by the FTIR in the following section. Another visible change was that the

material seemed stiffer after PEI functionalization due to the crosslinking by the PEI.

0 )
! °‘]°‘EI
T
]

v,
1

(A) (B)
TCNF/GO dispersions TCNF/GO hydrogels

Figure 5-2. Images of TCNF/GO dispersions and TCNF/GO hydrogels with different concentration of GO (from
left to right: 0% GO, 0.1% GO, 0.2% GO, 0.5% GO, 1.0% GO, 1.5% GO with 1.5 % TCNF, 1.5 % GO without
TCNF) chelated by cationic ions.

5.4.2 Characterization of the hydrogels

5.4.2.1 Chemical properties

FTIR was used to identify the functional chemical group in PEI, GO, and corresponding hydrogels
(Fig. 5-3). For the GO Fig. 5-3 (A)), the bandaa r o u n d "Bighréaded o @H stretching
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vi brat i o'his sy@n@tic7streching vibration of CiH, 1 7'2i8 C=©siretching
vibration in carboxyl group and t he b ah dorrespgondd té thetsketetal stretching of
C=0 alkene group, i@i C bending vibrations at 1417 thj427,428] 1226, 1080 and
are GOH stretching/bending vibrations. Beside$,Cand GO are around 913 and 857 'dm
[429]. High intensity of major bands in GO revealed that large ars@minbxygencontaining
groups are present aftéeoxidation procesgt30-432]. For PEI Fig. 5-3 (B)), the signals at 2936

and 2817m' ! were the characteristic bands -6fH. stretching vibrations, while the bands at
1670cm' tand 105@m ! correlated to theNH; stretching vibrations, andi© skeleton vibration,
respectivelyj433]. Besides, the band near 1598 * and 145%m? are the NIH bending vibration

of primary amines ifPEl; 1350, 1278, 1126, and 10ét* are GN stretching vibration§434].

After PEI functionalization, some of GO characteristic peaks (1417, 1226, 987, 913 arahi.050

1y were visible in the TCNF/0.1%GO and TCNF/0.2%GO hydrogel spectra, which means GO was
successfully introduced into the hydrogdfsg( 5-3 (A)). However, these signal bands become
weakened. Besides, some of GO signal bands (1723, 1624, 9%)3dsappeared after PEI
functionalization. The weakened or disappearing bands for oxidentaining groups in
TCNF/GO/PEI hydrogels indicate that reductive PEI could partially reduce GO to grdpimne

5-3 (B)) [426]. All PEI characteristic bands were observed in PEI functionalized hydrogels,
proving the successful introduction of PEI to TCNF/PEI hydrogels.

To further make sure GO or graphene exists in the TCNF/GO and TCNF/GO/PEI hydrogels, all
samples were tested by Raman spectroscopy, as shokig.iB-3 (C). GO, TCNF/GO, and
TCNF/GO/PEI hydrogelshow peaks atD1315 cm (D band) andD1594 cm (G band)
corresponding to Spdisordered carbon and %spybridized carbon, respective[¢29, 435] In

comparison with GO, the D and G bamid not shift in hydrogels, but several changes oedur
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in the D and G peaks of the TCNF/GO andNF/GO/PEI hydrogels. Both D and G bands in
TCNF/GO and TCNF/GO/PEI hydrogels become broader than those of GO. Besides, the D and G
bands become narrower when GO increase from 0.1% to 0.2%. However, both D and G bands in
TCNF/GO/PEI hydrogels became namay after PEI functionalization compared with TCNF/GO
hydrogels. To explain this, the intensity ratio of the D and G bapds)(has been used to find

out the spdomain size and partially ordered crystal structure of carbon, respectively. The ratio of
In/lc of GO is 1.41, it decreased to 1.22 and 0.97 in the TCNF/0.1%GO and TCNF/0.2%GO,
respectivelylt definitely proves that TCNF has repaired the structural defects on the surface of
GO, thus reducing thie/lc [436]. It seems 1.5% of TCNF can repair more than 0.2% of GO,
becauseTCNF/0.2%GOhydrogel has a higher shift df/lg ratio. However, the d/lg ratio
increased to 1.23 and 1.38 after PEI functionalizafidns indicates that PEI functionalization

can increase the amountgBphite edges due tthe reduction of GQ437].
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Figure 5-3. FTIR (A) and (B), Raman (C) and elemental (D) analysis of all studied samples.

To explore the effect of GO content on the amount ofd&isbrbed on the TCNF/GO hydrogels,
elemental analysis was done to test the N content in the PEI functionalized these hydrogels. The
results showed that the N content increased with the increase of GO cbige®t3(D)). The N

content increased frodil.5 % to 12.1% when the GO content incrddsam 0% to 0.2%, which

can be attributed to oxygeaontaining group on the GO can combine PEI by covalent bonding,
hydrogen bonding andlectrostatic attraction forcgl38]. The N contentwas related to the

adsorption capability of these hydrogels for water pollutants, the higher N content, the higher
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adsorption capability366]. However, for all hydrogels, the values for carbon and hydrogen are
lower than expected, which could be explained by surface adsorption of4&tEr

5.4.2.2 Morphology characterization

Morphologies were observed by SEM(. 5-4). The TCNF hydrogel presented a dense structure
(Fig. 5-4 (A)), while TCNF/0.1% GO hydrogels and TCNF/PEI hydrogels showed a microporous
scaly structureKig. 5-4 (B) and (D)), but TCNF/0.1% Gydrogels look fluffier, while hydrogel
structure became croefisked when GO content increased to 0.2%, looked more orgaritigpd (

5-4 (C)). The structure of TCNF/0.1% GO/PEI and TCNF/0.2% GO/PEI look more compact and
more tightly Fig. 5-4 (E) and (F)) compared with their unmodified analogs. Generally, a more
porous structure would have a higher surfacea,awhich translates to higher adsorption
capabilities for the water pollutarig40]. To confirm this, the surface area of those materials was

tested (see next section).

#7100 um

O hydrogel

ot ; e : wd ity 100 jim

(D) TCNF/PEI hydrogel (E) TCNF/0. ].% GO/PEI hydrogel (F) TCNF/0.2% GO/PEI hydrogel

Figure 5-4. SEM images of TCNF/PEI hydrogels with different concentration of GO at 100x.
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5.4.2.3 Surface area and surface energy

SEM images inFig. 55 demonstrated changes in morphology caused by GO and PEI
functionalization. Here, BET surface area measurements were used to quantify the changes in
morphology relative to an unmodified control. As shownFig. 5-5, compared with TCNF
hydrogel (5 n/g), the surface area of TCNF/GO hydrogels increased with the increase of GO
content, up to 5.76 ffg when GO content increased to 0.1%, then decreased to 3Fdhen

the GO content was increased to 0.2%. This in
increase the surface area of TCNF hydrogels. However, the surface area of TCNF/PEI hydrogel
decreased to 2.82%y. It means PEI functionalization causzdignificant decreasim surface

area. Interestingly, it was found that the surface area of TCNF/GO/PEI hydrogel increased from
2.82 to 4.78 rfig when GO content increased from 0% to 0.2%, which means adding GO in the
TCNF/PEI hydrogels can help prevent surface area loss of TCNF hydrogel directly functionalized

by PEI.
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Figure 5-5. Surface area of all prepared hydrogels tested by $&&.
IGC-SEA was utilized to investigate the impact of surface modification and composite formation

on the surface energy of the hydrogels, and how these changes in energy profiles may influence
the final adsorption properties and mechanism of the compdsite®-6 (A), (B) and(C) show

the dispersive surface energy {, specific acidbasg surface energy ( ) and total surface
energy( ) of the studied hydrogels as a function of surface coverage for probe gases. Here, "n"
represents the amount of gas adsorbed, and "nm" is the monolayer capacity of the powders,
respectively. The  of solid surfaces is composedfof, andr components. The result
revealed thgt contributes a significant portion of the total surface energy for all the samples
tested441, 442] Moreover, these values decrease significantly with increasing surface coverage
at lower coverage levels, indicating that the samples are energetically heterogeneous. This
heterogeneity is further confirmed by the distribution [of (Fig. 5-6 (D)). However, the

decreasing trend was not significant when the surface coverage was larger than 0.88sthe
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same change trend with in spite of  continung to be slightly decreasing when therface
coverage was larger than 0.05, whiehsdue tq wasthedominant component gf . These
changes in surface energy align with previous literature examples for cellulosic materials, where
higher surface energies at lower coverages result from the preferential binding of probe molecules

to higherenergy surface sites under dilute condsipii3, 444]

Compared with TCNF hydrogels, all functionalized hydrogels with GO or PEI presented higher
[ andl  atthemost of surface coverage pdrEig. 5-6 (A) and (B)), which means all these
modifications increased the surface energy of TCNF hydrogels; Theof TCNF/GO hydrogels
increased from 49.4 (TCNF hydrogels) to 78.4 nmidAmen the GO content was 0.05%, then
decreased to 56.1 m¥nvhen the GO continued to being increased to 0.2% at lowest surface
coverage Fig. 5-6 (C)). When these hydrogels were further functionalized by PEI, TCNF/PEI
hydrogel showed highest  144.9 mJ/my while;  of TCNF/GO/PEI hydrogels decreased to
70.0 mJ/mM when the GO content increased to 0.2%. This result indicates that low levels of GO
(less than 0.1%) functionalization can enhance the surface energy of TCNF hydrogel, which is
consistent with the changes observed in surface area after functionalizéti@QviThe presence

of PEI on the surface significantly increases the surface energy of TCNF hydrogels, contrary to
the change in surface area after PEI functionalization. However, the addition of GO to TCNF
hydrogels followed by PEI functionalization leads to a decrease in surface energy, also
contradicting the change in surface area. Therefore, it appears that there is no clear relationship

between surface area and surface energy, contrary to previoushdss#ings[445].

Meanwhile, compared to TCNF hydrogel, all functionalized hydrogels showed a broader

distribution profile of total surface energlig. 5-6 (D)), which indicated that they had a large
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surface heterogeneity due tbeir complex physical structure (more porous) and chemical
composition (new functional groups were introduced into the TCNF hydrogel). Among them,
COOHPEI hydrogel displays the broadest distribution profile and the highest It is worth
noting that the order of the distribution profiles of all the hydrogels, from broadest to narrowest,

coincides with the order of their surface energy, from highest to lowest. Hence, a higher surface

energy corresponds to a larger surfacerbgeneity[445, 446]
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(D): distribution ofo" tested by IGEESA.
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5.4.2.4 Thermal stability

Fig. 57 (A) and(B) shows the thermogravimetric (TG) and first derivative thermogravimetric
(DTG) curves of all tested hydrogels, respectivly.shown in Fig5-7 (A), the mass loss of all
samples when temperature O 100 moeCules physicalyu s e d
absorbed onto the samples. The main mass loss of GO is around 170 °C. This is due to thermal
decomposition of oxygenontaining groups in graphite oxide to CO, £CGand HO

[447]. However, the main mass loss temperature of GO is around 200 °C based on other research
[447, 448] the different was probably induced by the producing process of GO. Pure PEI degraded
nearly completely at around 32@0°C, which is similar with previous stud®48]. TCNF
hydrogel mainly decayed at 2335 °C, which is decomposition of hydroxyl and carboxyl groups
[144]. Correspondingly, the initial decomposition temperature),(Tthe decomposition
temperature at 10% weight lossid#) and maximum decomposition temperaturem¥ are
summarized iMable 1 The order of §, T10% and Taxwas constant in the order of GO < TCNF
hydrogel < PEI, which means PEI had the highest and GO had the smallest thermal stability. The
GO functionalized TCNF hydrogels showed lowerTho%, and Thaxthan pristine TCNF hydrogel,

while PEI functionalized TCNF hydrogels have loweyThos, but higher haxthan pristine TCNF
hydrogel. This indicated that GO functionalization decreased the thermal stability of TCNF
hydrogel, while PEI functionalization can increase the thermal stability of TCNF hydrogel.
Besides, the residues of GO or PEI functlaea hydrogels were also lower than that of TCNF
hydrogels because of the GO and PEI decomposidd®]. Therefore, the chdobrming
performance of TCNF hydrogel di dnodt i mprove

respectively.
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Figure 5-7. TG (A) and DTG B) curves of PMS and CNFs.

Table 5 1. Summary of thermal decomposition parameters of PMS and CNFs samples.

Aerogels To( ) Tiow( ) Tmax( ) Residues (%)
GO 167 167 168 0.3
PEI 325 341 364 15
TCNF 258 284 304 32.7
TCNF/0.1% GO 201 232 241 31.7
TCNF/0.2% GO 198 227 237 26.6
TCNF/PEI 233 268 313 20.4
TCNF/0.1% GO/PEI 231 267 313 26.6
TCNF/0.2% GO/PEI 222 263 313 22.5

Note: To, T10%, Tmax represent the stdecomposition temperature, the decomposition temperature at 10% weight
loss, and maximum decomposition temperature, respectively.

5.4.3 Adsorption

5.4.3.1 Effect of GO addition

Testing was conducted to investigate the impact of GO addition on the adsorption performance of
the corresponding hydrogel for methyl blue, an anionic dye. The adsorption process was examined
within a pH range of 3:7.7 and measured after a-Bdur period As depicted irFig. 5-8, the
adsorption capacity of TCNF hydrogels increased aftea@dtion. In comparison to the TCNF

hydrogel (7.9 mg/g), the adsorption capacity of the-B@lified CNF hydrogel showed an
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increase with higher GO content, reaching a maximum of 42.3 mg/g at a GO content of 0.1% and
a pH of 5.7. However, when the GO content continued to increase to 0.2%, the adsorption capacity
decreased to 36.9 mg/g. These results align with the changegesbsesurface area and surface
energy(l ,/ and’ ) based on variations in GO content.

5.4.3.2 Effect of further PEI functionalization

Further modification of the TCNF and TCNF/GO hydrogels through physical adsorption of PEI
led to a sharp increase in adsorption capacity. The adsorption capacity of TCNF/PEI hydrogel
ranged from 64.6 to 79.1 mg/g within the pH range of737/ The adsorfmn capacity of
TCNF/GO/PEI further increased with higher GO content, reaching®8®3 mg/g across the
tested pH range. This increase can be attributed to the combined effect of surface area and surface
energy. Although the surface energy decreased iwitteasing GO content for TCNF/GO/PEI
hydrogel, the surface area increased. Consequenthfu@dionalized hydrogels exhibited lower
adsorption capacity compared to Hhctionalized ones due to the presence of electrostatic
attraction between the PHiodified hydrogel and methyl blue, as indicated by the higher total
surface energy of the PHiodified hydrogel mentioned earlier.

Furthermore, electrostatic attraction or repulsion, which depends primarily on pH, influenced the
adsorption capacity when the GO content was below 0.2% for both TCNF/GO and TCNF/GO/PEI
hydrogels [28, 388] Conversely, the adsorption capacity of TCNF/0.2%GO/PEI hydrogel
remained similar across all pH conditions. This suggests that when the GO content is below 0.2%,
the adsorption capacity is p#fependent, whereas with a GO content of 0.2%, the adsorption
capacity becomes independent of pH. This finding indicates a different adsorption mechanism,
prompting further investigation through adsorption kinetics and adsorption isotherm modeling to

clarify this difference.
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Figure 5-8. The effect of GO and PEI modification on the adsorption capability of correspomgtinggels

5.4.3.3 Adsorption kinetics

The adsorption capability and kinetics were evaluated using an initial concentration of 200 mg/L
using 0.0186 g of materiaFig. 5-9 (A)). The results showed that the adsorption capability of
TCNF/0.2%GO/PEI hydrogel reached 82.2 mg/g after just 12 h, while TCNF/PEI hydrogel needed
24 h to get to 85.9 mg/g. The time was cut in halftheTCNF/0.2%GO/PEI hydrogel to get
almost the same adsorption capabilitgs the TCNF/PEI hydrogel. However, the adsorption
capability became similar after 48 h, up to 92.8 and 94.2 mg/g, respectively. This indicates that
the addition of GO leads &nincreasen theinitial adsorption rateThis was further explored by
adsorption kinetics modeling. The adsorptieacled equilibrium after 120 h, with an adsorption
capability of 102.5 mg/g and the adsorption efficiency was 96.8%, which meant almost all methyl

blue dyes were adsorbed at initial concentration of 200 mg/L.
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