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ABSTRACT

Hetergoly acid (HPA) and its acidic salts have been widely applied as catalysts for
various types of chemical react®riThe substitution process involving proton with
larger monovalent alkaline cation (cesium) within th&eggin structure has
tremendouslyaffeded the microstructure oheteropoly compounds. Generally, highe
content of cesium (Cs), posséigher surface area and porosity. Nevertheless, low
cesium content of heteropoly compound was selected for better hydrolysis environment
in depolymerization ofcellulose. This is because, none or low cesium content of
Heteropoly compound can generate high concentration of hydronium ions when
dissolvel in water. That characteristic hasicreased the possibility of proton to
hydrolyze theb- linkages of cellulosgolymer chain. Heteropoly acid and its acidic
salts were screened for their performance towards depolymerization of cellulose to
nanocrystalline cellulose (NCC) with the asaiste of powerful ultrasonication.
Ultrasonication treatment introduced has emeanthe depolymerization of cellulose
through defibrillation of cellulose polymer chain, which eases the funciadPA
catalyst. lonizable proton generates from HPA can easily penetrate the amorphous
region of cellulose thus release the crystalline dama@he generated NCC were
analyzed by Fourier Transform Infrared (FTIR);ray Diffraction (XRD) , Raman
spectroscopy, Dynamic Light Scattering (DLS), Zeta potential, Surface Tension,
Thermogravimetric analysis (TGA), Scanning Electron Microscope (SEM),
Transmission Electron Microscope (TEM),daAtomic Force Microscopy (AFM)The

resuls from the material characterization revealed that when HPA was applied as a
catalyst, the treatment time was reduced by 5 minutes anmyt@llinity index (Crl)
calculaed through XRD analysis was 88.0,%imilarly when the reactiowas carried

out at 15 minutesn the absencef HPA catalyst. Furthermore, the smallest particle



sizes obtained was 37.84 nm and 83.nm withthe presee and absete of HPA
respectively. Howver, TEM images of NCC shoed some agglomeration and
accumulation of cellulosparticles thusndicéing that the particles are highly attracted

to each other due to surface hydrophilicity. From the TEM images, the diameter
measured was at range of-30 nm. Therefore, this study shows that the choices of
appropriate hydrolysis condition in producing NCC are very crucial and important. For
that reason, the best reaction condition for obtaining NCC were discovered at 225 W
(ultrasonication) for 10 minutesith the presece of 4 g of Tungstophosphoric acid
(TPA) catalyst. Therefore, it shows that HPA is one of the best alternatives in replacing

classical sulfuric acid in hydrolysis of cellulose to nanocrystalline cellulose (NCC)



ABSTRAK

Asid heteopoli (HPA) dan garam keasidannya telah banyak diaplikasikan sebagai
pemangkin dalam pelbagai jenis tindak balas kimia. Proses penukargantian yang
melibatkan ion proton dan ion alkali monovalent yang lebih besar di dalam struktur
Keggin telah menyebabkaperubahan yang drastik terhadap struktur mikro sebatian
heteropoli tersebuSemakin tinggi kandungan sesiusgmakin tinggiuas permukaan

dan keliangannyaWalaubagaimanapun, kandungan sesium yang rendah di dalam
kompoun heteropoli adalah yang terbaikuknkeadaan proses hidrolisis di dalam
penyahpolimeran sellulosa. Ini kerana, tiada atau kandusgsiom yangendah di
dalam sebatian heteropoli boleh menghasilkan kepekatan ion hidrogen yang tinggi
apabila larut di dalam air. Hal yang berikut adalahgsa penting dalam memastikan
keberangkalian ikatad di dalam rantai polimer selulosa dihidrolisiskan. Prestasi
penggunanan asid heteropoli dan garam asidnya dalam memangkinkan
penyahpolimeran sellulosa dengan menggunakan bantuan ukessorang kuateiah
dipantau Tindakan ultrasonikasi digunakan adalah untuk membantu menigkatkan
proses penyahpolimeran melalui proses penyahdefibrilasi rantai polymer sellulosa telah
memudahkan lagi tindakan pemangkin asid heteropoli. Proton yang terhasil daripada
asid heteropoli dapat menembusi kawasan amorpos selulosa dengan mudah lalu
membebaskan kawasan kristal seluldSanoselulosa(NCC) yang dihasilkan telah
dianalisa dengan mengunakpengubah fourier inframeralTIR), pembelaun Xray

(XRD), spektroskopi ramanpenyerakan cahaya dinamifOLS), Zet potential,
ketegangan permukaanTermogravimetrik analysis (TGA), mikroskop electron
pengimbas (SEM), mikroskop electron penghantafTEM), dan Atomic Force
Microscopy (AFM). Hasil dari pencirian bahan tersebut, iahtehenunjukkan bahawa

asid heteropoli yang telah digunakan sebagai pemangkin telah berjaya memendekkan

masa tindakbalas kepada 5 minit dan index kekristilan yang dikira ialah 88.0 % dengan

\Y



menggunakan XRD analisa, keputusan yang sama telah dikecapi dpualzikbalas
tersebut dijalankan dengan lebih lama iaitu 15 minit. Tambahan pula, saiz zarah yang
terkecil yang didapati ialah 37.84 nm apabila menggunakan asid heteropoli dan 43.82
nm apabila tiada asid heteropoli digunakan. Oleh yang demikian, imej TEMtBlah
menampilkan berlakunya pgumpalan dan pengumpulan zdrzdrah selulosa yang
menunjukkan berlakunydarikan yang kuat antara zaralarah berikutan daripada
pemukaan selulosa yang hidrofilik. Diameter yang diukur daripada imej TEM berada di
dalam plat 1630 nm. Oleh sebab itu, kajian ini telah menunjukkan bahawa dalam
proses penghasilan NCC, pemilihan keadaan yang sesuai adalah amat péeling
yang demikian, keadaan tindak balas yang terbaik untk menghasilkan(SNI®)

ialah pada 225 W (ultrasikasi) selama@ minit dengan menggunakan $¢gmangkin

asid tungstophosphorik TPA). Hal itu telah menunjukkan bahawa heteropoli asid
adalah merupakan calon yang terbaik di dalam mengantikan asid sulfurik dalam proses

hidrolisis selulosa ke nanokristglulosa (NCC).

Vi
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INTRODUCTION

1.1 Malaysian Palm Oil Industry

High technology development across Malaysas transformed this country intovall-
plannedand strategiplacefor an oil palm industry. Export demand and production of
Crude Palm Oi[CPO)increase throughout the year, which displayed an uptrend on the
average price of CPO from RM 2221.00 andary 2013 to RM 2574.50 in December
2013.Based on Table 1.1jlgalm planted area has expanded 3.0 % from the previous
year and this is mainly duto the opening of new plantations Sarawak which
recorded an increase of 7.9 %. Nevertheless, Salstii the largest contribution state

on oil palm planted area with 28 % among other states in Malaysia followed by

Sarawak with 22 % while all the states in Peninsular Malaysia accaionte@ %.

Table 1.1:Summary on Palm Oil plantation area in Malaysia2012 and 2013

[Malaysian Palm Oil Bard 2013)]

P'(ﬂ‘éifag;a 2012 2013 Difference (%)
Malaysia 5,076,929 5,229,739 3.0
Peninsular Malaysia 2,558,103 2,593,733 1.4
Sabah 1,442,588 1,475,108 2.3
Sarawak 1,076,238 1,160,898 7.9

Consequelty, the local palm oil industry has offered exciting opportunities in biomass
production. Palm oil industry has contributtdlRM 50 bi Il Il i on to Ma
National Income (GNI) while biomass market was projected to throw in RM 30 billion

to GNI. Theexploitation of biomasss on the generation of renewable energy on bio
ethanol production anehanufacturing of valuéadded ecoproducts (biefertilizer, bio-

pellet, bioplastic and biecomposites)Capitalization of these opportunities however



will not only benefit companies that investing in this sector, but also Malaysian

economy.

1.2 0Oil Palm Biomass

Oil palm tree (Elaeis guinees)shas been introduced to Malaysia in 1870 as an
ornamental plant and grows well under our tropical climate. Since palm tree ca
produce oil from its mesocarp and kernel, the accomplishment of Malaysia as the
second worl dbés top producer of palm oill
which transformed palm oil industry into the most important agricultbesed industry

in our country. The success of t he Mal a
hectares oil palm tree planted area in 2013 however, has created large amounts of waste
geneated from empty fruit bunches (from the millsoil palm fonds (@uring
harvesing) and oil palm trunksduring replanting. In addition, oil palm tree is a
multipurpose plant that generates oil (main) ammass as a feed fanany valuel

added industries. The biomass produced are extensively been exploited in the
production of clkemical, energy, and functionalized material. The estimated availability

of oil palm biomass in 200%a be illustrated in Figure 1(Astimar et al., 2011

The chemical and physicalqperties of palm tree biomass are differed based on their
origin and species. However, the major constituent of bizenass are relatively
composeebf cellulose, hemicellulose, lignin and ash. The composition of the major
constituent was tabulated in Taldl® according to the main componerftthe oil palm

tree.



Figure 1.1: Types of oil palm biomass generated in 2009 in million tones.

Table 1.2:Proximate analysis of logpalm biomass (Astimar et al., 2011

Components Oil Palm Oil Palm Empty Fruit
Trunk (OPT) | Fronds (OPF) | Bunches (EFB)

Lignin 18.1 18.3 21.2
Hemicellulose 25.3 33.9 24.0
U-celulose 45.9 46.6 41.0
Holocellulose 76.3 80.5 65.5
Ash 1.1 25 3.5
Alcoh.o_l benzene 18 50 4.2
solubility

1.2.1Cellulose

Cellulose is a natural occurring biopolymer which is biodegradable, renewable as well
as nori toxic, plus it is the most ubiquitous and abundant organic compound that can be
obtained from plants and microorganism. Cellulose carbohydrate polgneetinear

homopolymer of polysaccharides that consist egIDcose united together througkil,



4- glycosidic bond and commonly known as 1, 3, glucopyranoside(Klemm,
Schmauder, & Heinze, 200%1ohamad Haafiz, Eichhorn, Hassan, & Jawaid, 3013
Cellulose can be found in the lignocellulosic material that originated from agriculture
waste, water plantsgrasses and other plaint based substances. In lignocellulosic
material, cellulose is interlinked together with hemicellulose and lignin through
chemical, covalent, and hydrogen bonds (Harmsen, Huihgen, Bermudes Lopez &
Bakker, 2009)Coalescences of seatrcellulose polymer chains lead to the formation

of microfibrils which integrated to form macrofibril (fibers). Nevertheless, three free
hydroxyl groups of the glucose mononséiown in Figure 1.2reate a great tendency in

the formation of hydrogen bondsghich is essential in giving the crystalline packing
which also governs the physical properties of cellulose. The presence of intra and
intermolecular hydrogen bonding within the cellulose polymer chain has structured
cellulose molecule into supramoleaukemt crystalline structure with high degree of

polymerization (DP) that makes cellulose molecule insoluble in water and dilute acid

(Wertz, Bédué, & Mercier, 2010

Figure 1.2: Chemical structure of cellulose unit.

1.2.2 Hemicellulog

Hemicellulose is a biopolymdype polysaccharide that possesses 5 and 6 carbon rings.
It can be classified by the classical backbones comprised of xylans, mannans,
xyloglucans, and mixed linkages df- glucans. Composition and structure of

hemicelluloseare widely affected based on their species. Xylan is the most ordinary



hemicellulose with homopolymer backbone of xylose linked together thrbtigh4
glycosidic bonds Figure 1.3 shows the example structure of hemicelluldtsés
insoluble in wateandcommonly found in hardwoogHabibi & Lucia, 2012. However,
mannans type of hemicellulose contains more branches which help its solubilization

especially in alkaline solutiofiFengel & Dietrich, 2011Scheller & Ulvskov, 2010

H CH,0OH

OH H

T
o}

Figure 1.3: Chemical structure of hemicellulose (arbinoxylan).

1.2.3 Lignin

Lignin is an amorphous phenolic polymeric material that is highly abunaféert
cellulose. It acts as a natural binder within lignocellulosic material that provides rigidity
to the plant. The percentage of lignin varies depending on different types of plant.
Chemically, lignin comprised of phenyl propane units as the predotnmalting
blocks.Based on Figure 1.4htough the process of oxidative coupling via free radical
generatiorp-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol are formed as the
building block of lignin. Those structures play ampiortant role in ecalcitrant
lignocellulose where it creates a remarkable resistance to compression, bending and

impact(Ghaffar & Fan, 2014Kubicek & Christian, 201
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Figure 1.4: Dominant building block of lignina) snapyl alcohol,b) coniferyl alcohol

and c)p-coumarylalcohol.

1.3 Application of Oil Palm Biomass

Palm tree biomass has contributedot to our country through its diverse usage in
different industrial sectors. The common applicatiohbiomass hae been tabulated in

Table 1.3. In this few decades, the attention of researcher has been directed to obtain
nanocellulose through biomasslization. The phenomenas driven by the cheap raw
material that can be easily obtained throughout the year especially in hot and wet

climate country like Malaysia.

Table 1.3: Application of Palm Tree Biomass at different sectors of industry/product.

Industry/Product Application /Usage

1) Plywood and veneer
Wood based industries 2) Particleboard
3) Pulp and paper

Agriculture 1) Compost and vermiesompost

1) Automotive plastic bicomposite

2) Automotive plastic sound dampering bio
composite

3) Medium density fiberboard

Composite

1) Cdlulose /Microcrystalline cellulose

Green Chemicals 2) Lignin




1.4Nanocellulosei A new class of nanomaterial

Nanocellulose is usually referreas cellulosic material having a dimension in nano
scale range, and precisely the range should be between 1 to 10&unaily known as
cellulose nanostructure, but other common nameishaynonym to nanocellulosis
Nanocrystalline Cellulose (NCC) and Nanofibrilated Cellulose (NFC). It can be
produced from different sources of lignocellulosic material. Besides, differe
approaches applied to the cellulosic material will result in different structure of
nanocellulose. For an example, NCC is being synthesized using acid hydrolysis
(Eichhorn, 201} while NFC can be prepared through mechdnieatment(Abdul

Khalil et al., 20%).

Notably, cellulose is insoluble in water and most of the organic solvent, due to its
hydrophobicity, the application of cellulose is limited compared to nhawvale
cellulose. Thus, the hydrophobicity of cellulose can be encountered by traimgfdrm

into nanoscale dimension which broadts physical properties spectrum. Scientifically,
nanofibers cellulose shows greater hydrophilicity with excellent compatibility with
different type of materia[Sir6 & Plackett, 2010 which can be clearly illustrated
through biecomposite application. Furthermore, its high aspect raitg mechanical
performance and biodegradability create great possibilities in the application of smart
and green materighus explained significantly why nassize cellulose is favorable and
expanding material of intere§Bardner, Oporto, Mills, & Sami2008. Isolation and
application of nanocellulose has been rapidly expanding in different way for supporting
scientific, industrial communities, economic and environmental motivations.
Nanocellulose is very useful in making ultrbght material for an xample film.
Microfibrils are being applied to reinforce biopolymers like polylactic acid and starch

type polymer for packaging materials that can be easily degraded.



Nanoscale cellulose serves a good toughness and strength to traditional paper products
even in small quantitieBerglund, 2005Nakagaito & Yano, 2004 Some of the other

potential applications are (Koskinen 2011):

1) Paper and paperboard applications
2) Nanobiocomposites

3) Food applications

4) Cosmetics and creams

5) Medical and biemedical aplications
6) Absorbent application

7) Advance building product

8) Optical film.

1.51ssues in nanocellulose production

A notable feature of nanocelade has subsequently increased the demands of
sustainableoroducti N nan o mat e.rTheadentasd contindes grow ag the
consumer, government and ndmovernment organization are seeking for smart
material that can balance the economic growth with the need to address environmental
and social concem The driving forcehas ledto severaldevelopmentswith (1)
existence of pilot plant facilities in Northern European, Canada and Unites States; (2)
nanocellulose precious physical properties and; (3) ease to functionalize which serving
better and broader physical properties. Furthermore, the focused on the cellulosi
material has broadened into agriculture wastesnpared to only woody based and
generally the production of that material is prepared by acid hydrolysis of

microcrystalline cellulose.

Additionally, strong efforts have been exploited in order to intredtie standard

method in developing test method for characterizing the nanocellulose. A lot of
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researchers are using Transmission Electron Microscope (TEM) and Atomic Force
Microscope (AFM) in order to characterize nanocellulose dimensions. However these
techniques are expensive thus other alternatives that are more economical are highly

recommended.

Classically, the acid hydrolysis process was being accompanied by concentrated
sulfuric acid and other mineral acids. Namvironmental friendly, corrosivesg, and
uncontrolled hydrolysis process displayed through sulfuric acid hydrolysis has
increased the needs of replacing those acids with other suitable chemicals. Acid
hydrolysis approaches producd@C with low degree of amorphosity. Sometimes, due

to exassive hydrolysis activity (over depolymerization), instead of having-sealed
cellulose with high degree afystallinity, glucose (monomer) will also be obtained as
the final product. This has caused the yield of NCC to be affected. Application of
medianical treatment such as high pressure homogenization, grinder, cryocrushing,
electrospining and high intensity ultrasonication prodUdEE that is highly entangled

with small size of diameter. It is understandable that those mechanical treatments are
erergy intensive treatment that required a lot of energy, thus make it less
environmentally friendly. The combination treatment between chemical and mechanical
treatment become less practical in improving the quantity of NCC, when the chemical

used during tl process is also too harsh thus led to lower yield.

The burden of those issues can be minimized by introducing a suitable acid catalyst that
can help in producing good quality of NCC with higher yield. Solid acid catalyst that is
widely used in petrochemral industries is chosen as a suitable candidate in replacing
the conventional methodKeggini type of heteropoly acid that is highly acidic is a
suitable alternative in catalyzing cellulose depolymerizatidn. this work Keggin
heteropoly acid was beainchosen because of its acidity, ease of separation and

reproducibility. The bulk structure d€eggin anion will also create the same effect as
9



sulphate group in sulfuric acid hydrolysis. High intensity ultrasonication will also be
useful in that proces®dgether with the solid acid catalyst. The ultrasonication activity
will not require an extremely high enetrgs the powemtendedto use is low and not
very long. Theultrasonication energsubjected to the cellulose fibisruseful, as it will

act as retreatment to the cellulose fiber prior taastic activity. The ultrasonication
may help the cellulose fiber to expose marea or spaces for the catalytic reaction to
take placesThe synergy effect between the two main elements will béuluge

producing high qualitypanocellulose with higher yield.

1.6 Objectives

This research will be focusing more in producd@C or cellulose nanocrystals (CNs)
from microcrystalline cellulose (MCC) as a model compound. The strategy was
constructed in order to stydhe correct or ideal reaction condition for produdi@C

with the help of ultrasonication and HRxatalyst. Therefordwo main goals for these

studies are:

1. Todesign and synthesis HPA catalyst with optimal acidity and phase.
2. Tosynergize interplamf sonication and catalyst for the synthesis of NCC, with

different conditions and to evaluate the yield and the quality of NCC produced.

10



LITERATURE REVIEW

2.1 Catalyst and Catalysis: Overview

Catalysis is a multidisciplinary science that serves deparange of application
especially in chemical industries. i been defined as a chemical reaction that being
catalyzed by a catalyst. The evolution of catalyst occurs on the earliest commercial
processes through Haber process for the synthesis of amn@atalyst is a compound

that accelerates the rate of reaction without being itself being consumed or changed at
theend of the reaction. It speeds up the reaction rate by lowering the activation energy.
It provides an alternative pathway that reducesftbe energy of activation. A catalyst

can be anything including atom, compound or enzymes, but the fundamental is that it
needs to posse<lectron dynamic otherwise & just an ordinary material. Plus, an

ideals catalyst has to meet a characterigtactive, selective, andatile to the reaction.

On top of that, industrial application defines an ideal catalyst as a material that is
active, regenerable, reproducible, thermal and mechanically stable, and econamical.
good catalyst allowthe reactanto be absorbed temporarily on its surface and desorbed
as theproducts formed. In addition, its high surface area also increases the reactant
binding availability thus increase the productivity of the product. Moreover, catalyst
support such as aluminad silica have been shown to increase the dispersion of the
active components thus enhances the surface area of a cdGiyskendorff &

Niemantsverdriet, 2005
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2.2 Heteropoly compound

Polyoxometalates (POMs) are built up through incorporating of anion which having
oxygen cluster as the basic structural units. Unique chemical and plprsipalties of
POMs have attraed a lot of attention for variety of applicatisnpredominantly in
petrochemical(Tsukuda, Sato, Takahashi, & Sodesawa, P0@7edicine (Rafiee,
Joshaghani, Tork, Fakhri, & Eavani, 2008omposite Amirinejad Madaeni,Rafiee, &

Amirinejad, 201}, and catalysigMorin et al., 200). There are two common families

of POMs:
i) Isopoly compoundsppsses Ymetal cation and oxide
i) Heteropoly compoundggntain one or more-gl- or f- block ard oxide)

Due to plenty choices of heteropolyanions, the structure and the chemical properties of
heteropoly compound can be easily atersynthetically compared to isopoly
compounds. Therefore, this compound is predicted to be the best preferences in acid

catalysisKozhevnikov, 2002
2.2.1 Structure of Heteropoly compound (Heteropolyacid)

Heteropolyacids (HPAs) are Bronsted acid with complex proton structure through
assimilation of heteropoly anion that possess large group of complex oxygen
(octahedral) as thealic units. General formula for heteropoly anion isM¥Oy] %,
where:

i) M (addenda atom)- Tungsten (W), Molybdenum (Mo) or Vanadium

V)
i) O - Oxygen
iii) X (heteroatom} pi block element such as Silicon (Si), Phosphorus (P) or

Arsenic (As)

12



Among many possilities based on variety of elements that can be ptesen
constructing the heteropoly anion, 4 different groups based on their molecular
architecturescan be created; a) Keggin b) Dawson c) Anderson d) Waugh and
Silverton(Kozhevnikov, 2002Timofeeva, 2008

However, within the heteropoly anion structufeggin structure is the most preferable
compound that has been intensively stddiee to its relative superior activity. Other
positive characteristics dfeggin structue include oxidation potential, thermal and
hydrolytic. The acidity strength is higher than both mineral and Lewis acids. HPA are
easy to handle, nonexplosive and nonvolatile. HsPW;,040is an example oKeggin
Heteropolyacid that has been shown toabpeeffective catalyst for different kinds of
acid catalyzed reaction. HPAs witkeggin structure are more thermally stable and
capable of dehydration at 15®00 C compared to other HPAs structure.

Scientifically, HPA and its salts comprised of het@lgpnionsand countercation,
crystallizedwater and other molecules. Three dimensidBal) of HPA is known as
secondary structur&ix water molecules pétegginunit is the most stable HPA. Those
molecules are placed in bodgntered cubic crystal struce through incorporation of
water molecules throughsB," bridges.

2.2.2 Properties ofKeggin type i Heteropoly acid

HPAs are scientifically known as Bronsted acid, the acid strecegthbemeasured
using Hammett indicator. Through the Hammett indicatet, thhe value of Hammett
acidity function, H for H3PW;,040 found to beess than8.2 andit has beertlassified

as superacid. Superacid is an acid with Hammett acidity vatd@.<Acid strength for
HPAs determined not only by the acid dissociation @ntdbut also the salt effects

V. Kozhevnikov, 199k Therefore Keggin type HPAs that possess bulk structure of
heteropoly anion help the stabilization of intermediate formed. The best technique to

measure the acid strength of HPAs is by Microcalorimetry of ammonia sorption
13



(Bardin, Bordawekar, Neurock, & Davis, 19%8nce the acidity of HPAs are not only

accountal® on the surface but also in the bulk structure.

The reaction catalyzed by HPA is through protonation mechanism. Due to low lattic
energy, HPAs molecules are readily soluble in water and oxygen containing solvent. In
agueous medium, HPAs are fully dissoctaded they are stronger than usual mineral
acids such as 0, HNO; and HCI withnoncorrosivebehavior. Homogeneous acid
catdyzed reaction by HPA$ollows the same mecham like common mineral acid
since it is soluble in aqueous media, but in contrast to mineral acid, HPAs have the
ability in protonating the intermediate substrate thus enlsant®esubsequent reaction.

The sdtness of the heteropolyanions pdagn important role in stabilizing the
intermediate produci¥&ozhevnikov, 1998

In addition, HPA can catgte chemical reaction in biphasic system. This system is
essential owing to the separation of product and catalyst that has become very effective
thus eases the chemical processes. Biphasic systam applied through the
fundamental of chemical polarity. AA that act as a catalydissolve well in polar
solvent,and the catalysis reaction proceed in that particular pPaseg the reaction,

the noni polar product formed through the reaction will predominantly move to a less
polar region thus form two sliinct layers. That phenomenon can be clearly illustrated
through polymerization of Tetrahydrofuran (THF). The process starts when the ratio
between water and HPA is less than T@e catalysis occurred in HPA phase, the
polyoxytetramethylene glycol (PTMGdrmed transferred into THF phase that is inon
polar.

nTHF + H-,O A HO[(CH 2)4O]nH (21)

14



2.2.3 Catalysis Application of Heteropoly Compound

Heteropoly acid and its salts have created a new revolution in catalysis industrial
processes. The first aetion catalyzed by HPA is for the production of propanol
(CsH7OH) through hydration of prapme. Heteropoly compound acts as acid or
oxidation catalyst in homogeneous or heterogeneous system. The chemical properties
employed by heteropoly compound havewatd it to be extensively applied in several
large scale processefizumi, 1997 Misono & Nojiri, 1990. Howeve, the
polymerization of Tetrahydrofuran (THF) in liquid/liquid biphasic system was
conducted in laboratory scale. This section will discuss several chemical reactions

catalyzed by heteropoly compound.

2.2.3.1 Hydration of Olefins

Heteropoly acids play aital role as an active catalyst for the production of alcohol via
hydration of alkenes. The alcohol produc
secondary or tertiary alcohol. Plus, common olefins used for the hydration process are
propene ad isobuéne. With the assistanoé 12- Tungstosilisic acid (k5iW1,040) as a

catalyst, propne conversion achieves 600 % with 99 % selectivity of isopropanol. In
addition, the conversion of isobutene almost achieved 100 % with only O-bétame
conversion.The 127 Molybdophosphoric acid (#PMo,204) that was used for the
reaction is very specific with long lifetime. Heteropoly acid used in catalysis possesses
has more advantages over conventional mineral acids through low corrosion activity,
high selectivityand high catalytic activitfl. Kozhevnikov, 20021. V. Kozhevnikov,

1995 1998.
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2.2.3.2 Selective Oxidation

Production of methacrylic acid from methacrolein was accomplished by introducing
molybdenum (Mo), vanadium (V) and phosphorus (P) based heteropoly compound. Its
application is for the mnufacturing of crystal clear plasﬁttexiglag‘. Methacrylic acid

from the process succeeds with i7®0 % methacrolein conversion with 8085 %
selectivity to methacrylic acid. Oxidation of methacrolein requires -turtational
catalyst that can serves doth acid- base and redox catalysis propert{Bsuckman,
Haber, Lalik, & Serwicka, 198&erwicka, Bruckman, Haber, Paukshtis, & Yurchenko,

199)).

Acetic acid productions commonly manufactured through Monsanto process with
methanol anatarbon monoxide blendin@yVeissermel & Arpe, 2008However, it can
also be poduced industrially through direct reaction from ethylene with two main
reaction mechanisms using iP&PO/SIO, and PdAu-H,SOy/active carbon. In
contrast, combination of palladium amtySiW1,04 showsbetter performance with
single onei stage process hgirect oxidation of ethylene with {Sano, Uchida, &
Wakabayashi, 1999

2.2.4 Heteropoly compound in cellulose depolymerization

It has alreadknown that the hydrolysis of cellulose is less easy because of the poor
contact of catalyst and cellulose. Therefore, the hydrolysis reactions required

appropriate reaction condition to achieve maximunveasion.

The potential of heteropoly acid and its salts have been extensively applied to catalyze
the hydrolysis of cellulose under certain condition. Since heteropoly acid is a Bronsted
acid, the protonic sites serve as an excellent active site for ytepatation of

cellulose. In(Juan Tian et al., 20)0 H;PW;,04was used to catalyze the hydrolysis of

16



cellulose to glucose. The study has achieved a remarkable high yield of glucose up to
50.5 %.

The substitution of acidic pton with larger alkaline Cshas ledto hydrophobicity of
CsH3.xPW12040 Which displays easier catalyst separation. The catalyst was used to
hydrolyze microcrystalline cellulose to reducing sugar and glucose. The highest yield
was obtained with 27 % oversH,PW;,04 catalyst compared to &840 8PW12040 (J.

Tian, Fang, Cheng, & Wang, 2011

Cellulose depolymerization using heteropoly acid for the production of nanocellulose
was rarely studid due itspoor contact area. dwvever,(Liu et al., 2014 managed to
obtain the nanocellulose with the diaerebf 157 40 nm by using a concentrated
H3PW1,040. Plus, the catalyst was able to separate from the product by using diethyl
ether solvent.

2.3 Nanocellulose and its polymorphism.

A great demand worldwide on nanonaterials creates a rapid evolution ireth
formulation of producing nanocellulose. Therefore, this section will explain briefly on

the preparation of nanocellulose polymorphism.

The texture displayed bMFC and NCC reflects the approaches applied during the
preparation of that materidFC canbe prepared through mechanical treatment while
NCC can be simply prepared with the help of mineral acids. Though it sounds simple
but reliable recipe are required in order to obtain uniform size and aspect ratio. If the
reaction is not well contrtad, it will lead to the formation of reducing sugar (glucose)
and other unwanted side products.

Production of NCC or cellulose single crystals (cellulose whisker) is accompanied
through acid hydrolysis. Regular mineral acids that are being used for the pnecess a
hydrochloric acid, hydrobromic aciSadeghifar, Filpponen, Clarke, Brougham, &

Argyropoulos, 201), and sulfuric acid(Eichhorn, 201)L Sulfuric acid is the best
17



selection among others due to its ability in maintaining the cellulose colloidal
suspension. This is because, bulk sulfate group of sulfuric acid can incorporate on the
cellulose surface thus stabilize the suspension efficiently by creating a strong
electrostatic repulsion which create more stable ultimate suspef@edner et al.,
2008.

2.3.1 Nanofibrilated Cellulose (NFC)

Nanofibrilated cellulos€NFC) is described as a bundle of long, entangled, stretchable
and interconnected cellulose polymer chains of approximately 10 to 40 nm diameter
(Abdul Khalil, Bhat, & Ireana Yusra, 201Abdul Khalil et al., 201% The presence of
amorphous region within the cellulose polymer chain gives elasticity prapéotigne
material. NFC can be obtained through defibrillation of cellulose using an intensive
mechanical treatment revealing the underlying microfibrils that later provides
irreversible changes to the product. Regardless of théngtamaterial, mechanita
treatment that has been subjected to obtain NFC are high pressure homogenization,
cryocrushing, microfludization, grinding, and high intensity ultrasonificatidbdul

Khalil et al., 2014 Gardner et al., 2008 avoine, Desloges, Dufresne, & Bras, 2p12
Powerful impact and shearing forces introduce®@ responsible in revealing the
cellulose microfibrils by diminishing network of hydrogen bonds underlying the

microfibrils.

2.3.2 Nanocrystalline Cellulose (NCC)

Nanocrystalline cellulose (NCC) obtained from acid hydrolysis has been identified as
the new clas®f nanomaterial. NCC possesses many advantages, such as high surface
area, high modulus and tensile strength, unique optical properties, etc. A recent review
on NCC was published bhHabibi, Lucia, & Rojas, 20)0where a lot of chemical and

physical properties of NCC were discussed. NCC derived from acid hydrolysis
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employed different morphology and textudepending on the origin and hydrolysis
time. NCCs are widely observed as cellulose whisker and rigid rod like crystals. It has a
diameter range of 120 nm with length of few hundred nanometé@&ardner et al.,
2008. However, the NCCslimensions are highly dependent its origin. Table 2.1,
shows the most common NCC dimension according to #weirce whileFigure 2.1

shows images different type ofNCC.

Table 2.1:Variety of sources used for production nanocellulose and its dimensions

Source L (nm) D(nm) L/D Crystallinity References
(%)
Cotton Linter 177 12 19 91 (Morais et al., 2018
(Silvério, Flauzino Neto,
Corncob 210.8 415 534 83.7 Dantas, & Pasquini,
2013
MCC - <100 - -
(Bai, Holbery, & Li,
Rice Straw 117 11.2 - 91.2 2009
Sugarcane 170 35 (Lu & Hsieh, 2012)
baggasses
(Mandal & Chakrabarty,
Mengkuang 50400 5-25 1020 >70 2011
leaves

(Sheltami, Abdullah,
Ahmad, Dufresne, &
Kargarzadeh, 2032
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Figure 2.1:a)Rice straw(Lu et al., 2012)b) Sugarcane bagaddéandal et al., 2011)
c) Mengkuang leavegSheltami et al., 20)2d) Ramie (Dufresne &
Belgacem, 2013, e) Jute fiber§Cao, Ding, Yu, & AlDeyab, 2012 f)
Tunicin (Angles & Dufresne, 2000g) sugafr beet pulp(Azizi Samir,
Alloin, & Dufresne, 200%h) Kenaf bas{Zaini, Jonoobi, Tahir, & Karimi,
2013 , i) Eucalyptus wod pulp(Mesquita, Donnici, & Pereira, 2010
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2.3.3 Preparation method of Nanocrystalline Cellulose (NCC)

Preparation of NCC through acid hydrolysis is not relatively new, but mogtteof
researcher used sulfuric acid as their choice in obtaining NCC. Reaction variables such
as acid concentration, temperature, time, ratio between fibers: liquor and types of raw
material are the most important variables that should be taken serioushe in
preparation of NCC. Different reaction condition will resultdifferent dimension of

NCC. Typically, the most common reaction conditions proposed for the hydrolysis of
cellulose are: concentration of sulfuric acid from 44 to 70 wt %, temperatume2sdo

70 C and hydrolysis time from 30 min to overnight depending on the temperature
(loelovich, 2012. Table 2.2 shows different types of reaction varisinieed inthe

preparation of/arious type ofNCC.

Table 2.2:Reaction variables fdhe production of NCC

. ; Nanowhisker
Reaction Details . . References
Dimensions

Raw materialCotton Linter
Chemical:60 % (w/w) SO,
Fiber: Liquor: 1:20 (w/v)
Temperature45 C

Time: 60 min 177 nm x 12 nm (Morais et al.,

2013

Suspension obta&d was centrifuged for 15 min
at 13 000 rpm and was dialyzed with water unt
pH (6-7).

Raw materialCellulose
Chemical:64 % (w/v) BSO,
Fiber: Liquor: 1:9
Temperature45 C
Time:5 hrs (Jiang &
4.7 nm x 143 nm Hsieh, 2013
Hydrolysis was stopped by adding 10 fold cold
water. The suspension was centrifuged (5000
rpm, 15 min), the sedimenbllected waslialyzed

and ultrasonicated in ice bath
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0Table 2.2, cont i ndhemoductRechAMCQCi on var i

Reaction Details

Nanowhisker
Dimensions

References

Raw material: Microcrystalline Cellulose
Chemical: 64% (w/w) bSO,

Fiber: Liquor: 1:15

Temperature: 44C

Time: 3 hrs

Establish under mechanical stirring and ultrasd
(50 Hz). The hyblysis was stopped by adding
fold distilled water, centrifuged at 12 000 rp
Lastly, dialyzed using a dialysis tube.

207 100 nm
DP: 144

(Xiong, Zhang,
Tian, Zhou, &
Lu, 2012

Raw material: Cellulose
Chemical: 10 M HSO,
Fiber: Liquor:-
Temperature: 50C
Time: 40 min

The hydrolyzed material was washed

centrifugation at 10 000 rpm at 1Q for 10 min.
The step was repeated before neutralize it usi
dialysis tube. The resulting suspension was t
sonicated for 30 min.

107 15 nm

(Johar, Ahmad
& Dufresne,
2012

Raw material: Bleached Cellulose
Chemical: 5 % Oxalic acid

Fiber: Liquor:-

Pressure: 137 Pa

Time: 1 hrs

Undergo mild acid treatment and later W
introduced to steam explosion. Lastly, the fib
were washed and subjected to mechanical stif
and sonication

5-50 nm

(Abraham et
al., 201}
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0Table 2.2, cont i ndhepodluctRecdNdQCi on var i

Reaction Details

Nanowhisker
Dimensions

References

Source : Cellulose
Chemical: 60 % (W) H.SOy
Fiber: Liquor: 1:20
Temperature: 50C

Time: 5 hrs

Hydrolysis was stopped by adding 5 fold ¢
water, centrifuged 5 times. The colloid
suspension was sonicated using Ultrasonic p
for 5 min.

170 nm x 35 nm

(Mandal et al.,
2011)

Raw maerial: Cellulose
Chemical: 64% (w/w ) E5O,
Fiber: Liquor: 2:21
Temperature: 45C

Time: 1.5 hrs

The hydrolysis was terminated by adding 400
cold water. The diluted suspension W
centrifuges at 11 000 rpm for 10 min. The prog
was repeated to a@hie neutrality and later we
sonicated for 20 min wusing an ultraso
homogenizer at 19.5 kHz and 300

1.96° 0.85 nm
DP: 323

(Fahma,
Iwamoto, Hori,
Iwata, &
Takemua,
2010

Raw material: Microcrystalline Cellulose
Chemical: 64% (w/v) b5O,

Fiber: Liquor: 1:9

Temperature: 45C

Time: 5 hrs

The hydrolysis was stopped by adding 500 ml
water, centrifuged at 3500 rpm for 30 min. The
suspension obtained was washed filtered
using ultra filtration membrane

<100 nm

(Bai et al.,
2009
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60Table 2.2, cont i ndhegodluctRecdNdQCi on vari

abl e:

Reaction Details

Nanowhisker

Di . References
imensions
Raw material: Bleached fév
Chemical: 64% (w/w) EBEO,
Fiber: Liquor: 1:10
Temperature: 60C
Time: 30 min

(R. Lietal.,
The hydrolysis was stopped by adding 100 251 30 NM X 2009
cold water, the suspension obtained \ 4007 500 nm
centrifuged at 10 000 rpm for 10 min. The proc
was repeated until the supernatant besaurbid.
The collected material was dialyzed for 3 d;
and sonicated for 10 min.
Raw material: Cellulose (Moran,
Chemical: 60% (w/WH>SO, Alvarez,
Fiber: Liquor:- o Cyras, &
Temperature: 45C 30.9712.5 nm Véazquez,
Time: 30 min 2008

Produced under continuous agitation.
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2.3.4 Preparation method of Nanofibrilated Cellulose (NFC)

Preparation of NFC is usually assocthteith energy intensive equipments. The energy
generated from the mechanical treatment is important in disintegrating the cellulose
fiber into a nanescale dimension. The most common mechanicalnresat applied is
homogenization, microfludization,  cryocrahing, ultrasonication,  grinding,
electrospining etc. Table 2.3 shows the example of reaction variables for the production

of NFC with differentnanofibrils dimensions obtained

Table 2.3:Reaction variables fahe production of NFC

Reaction Details N‘f’mOf'b.r lIs References
Dimensions
Raw material Cellulose
Fiber : Solventl :400 (Jiang et al
2.7 nm x 100 2013) B
Cellulose suspension was blended at 37 000 r 200 nm
for 1 h at 97 C. The suspension was cooled an
centrifuged (1500 rpm 15 min).
Rawmaterial Cellulose
Fiber : Solvent1:100
Reagent: TEMPO + NaBr + NaClO + NaOH
(Jiang et al.,
The suspension was centrifuged (1500 rpm, 1} 1'71882))( 100 2013)
. i nm
min) and later concentrated using rotary
evaporator, ultrasonicated (40 % amplitude) ar
then filtered
Raw material Cellulose
Fiber :Solvent1: 100
ReagentBmimCl
Temperature: 130C
Time: 2 h (Li etal.,
10-20 nm 2012)
The mixture was dissolved by aid of microwave
oven .The clear and viscous solution was then
subjected to homogenizer at pressure level
rangng 40 to 140 MPa for up to 50HPH cycles
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60Table 2.3, cont i ndhegodluctRecddFCi on var i
Reaction Details N{inoﬂb_r ils References
Dimensions
Raw material Bleached pulps .
HNOs:CHsCOOH: 1:10 PP (Maheswari,
- Reddy,
Temperature1i20 C
Time: 15 min 10-50mm | Muzenda,
Guduri, &
The mixture were cooled and washed with Rajulu, 20.2)
ethanol and water and dried in oven at 105
Raw material Cellulose pulps
Solid conternt0.7% (Spence,
Pressure: 55MPa Venditti,
Cycles:20 Not determined | Habibi, Rojas,
& Pawlak,
The solid was homogenized with numbers 2010
passes and cold at 46.
Raw material Bleached cellulose
Solid contentl %
Pressure: 500 Bars
Cycles:15
Temperature: < 95C 2-5nm (Habibi,
DP 850-830 Mahrouz, &
The solid content was blended using a blender Vignon, 2009

15 min, when the temperature reached®5the
slurry was subjectkinto a homogenizer with 15
passes.
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METHODOLOGY

3.1 Introduction

This chapter describes briefly on the chemical and gases used and experimental
procedure irthe synthesis of G#l3.xPW;,04 catalyst, and thproduction ofNCC. The
generatedNCC and synthesized catalyst produced were further characterized using

variety of chemical analytical techniques.

3.2 Chemical and Gases

All the chemical and ga&s used foratalysts preparation and theictivation, followed

by catalyst screening for the production\$EC are listed in Table 3.1

Table 3.1:List of chemicals and gases used

No Chemical /Gases Supplier Description
1 Synthetic Oxygen MOX 99.8 %

2 Nitrogen MOX 99.9 %

3 Phosphotungstic acid (3AW:5040) Friendemann Schmidt | Grade AR

4 Cesium Carbonate ( &303) Acros Organics 99.5 %

5 Microcrystalline Cellulose (MCC) Sigma-Aldrich Cotton linter

3.3 Equipment

3.3.1 Universal Temperatue Programmed (UTP) for catalyst activation.

Calcination of catalyst precursor was carried out using a tubular furnace referred to as
Universal Temperature Programme (UTP) shown in Figure 3.1. The sample was placed
inside a quartz tube and positioned insithe furnace. The tube was sealed with other
quartz compartment, dnwas rotated at 270in circular motion. The oxygen gas
(oxidizing agent) was allowed to flow inside the tube through a connector. Flow rate of

oxygen gas was controlled using a mass ftowtroller.
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Figure 3.1: Universal temperature programme (UTP) equipment.

3.3.2 Ultrasonic Probe UIP1000hd for depolymerization of cellulose

Catalytic depolymerization of cellulose was carried out using ultrasonic probe
UIP1000hd (1000 W, 20 kHzhownin Figure 3.2. The Hielscher Ultrasonics consists

of a transducer and generator, automatic frequency tuning, amplitude adjustable from
50-100 %, and titanium horn. The power is transmitted at controlled amplitude, so that
the magnitude of the meamaal ultrasonic vibrations at the sonotrode is constant under
al load conditions. The titanium horrfsonotrode) has an excellent chemical

compatibility with most of the chemical solvent.
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Figure 3.2: Ultrasonic probe UIP1000hd

3.4 Synthesis of Heteropoly Acidi based Catalyst

3.4.1 Synthesis of G$13xPW1,040 Catalyst Precursors

Synthesis of catalyst precursor was done using controlled precipitation method in order
to obtain a suspension of catalyst precursor that will give a reproelymibperty. For
acidic cesium salt of Tungstophosphoric Acid (&sPW:.04) precursor, the
preparation procedure usddllows the controlled precipitation technique that has been
extensively used by a lot of researchers worldwie Amirinejad, S.S Madaeni, E
Rafiee, & S Amirinejad, 2011A. S. Dias, Lima, Pillinger, & Valente, 200&hiju,
Williams, & Brown, 2009 Shobeiri, Pourayoubi, Heydari, Percino, & Ramirez, 2011

In this study, the methowvas further optimized by changing the variations of the
contrdled parameters. It was accomplished consecutively to establistateomship
between the variegarameters. The effect of each synthesis parameter on the acidic

cesium salt of Tungstophosphoric Acid was examitieeirmally and structurally
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Tungstophosphic acid hydrate was used as a sourceKefygin framework with
excellent acidity, while Cesium Carbonatés{COs;) was sed as a source of cesium
atom.Cs,CO; was used because it produces large monovalent catiorthélsis used
for proton substitution thas modified the microstructure of Heteropoly acid. The
precipitation process was done using an Autotitrator (Mettler Toledo Th8)overall

reaction between @8Oz andH3;PW,,040was explained briefly in Figure 3.3.

Equation (3.1) shows the chemical reawctforthe substitutiorprocessBased on Table

3.2 a appropriate amount o€s,CO; solution was added to a fix volume of
Tungstophosphoric acid solution (TPA) with a precision control on the rate of addition
using Autotitrator. Both solutions were freslpgepared before starting the reaction and
stirred untilattaininghomogeneity. The pH changes were monitored during the titration
process. The addition of &30; solution was stopped when the neutralization reaction
reached completion. A milky suspensiobtained were aged before drying in vacuum

oven for 24 hours at 555 C (slowly evaporation).
H3PW 15040+ C52C03A CsH3PW15040+ CO5 + HO ééeééé. . ( 3.

Table 3.2:Details on metal salts solution preparation for respective samples.

Concentration | Concentration Volume Volume
Cs:H of of of of

CSQCO3 (M) H3PW12040 (M) CSQCOg (mI) H3PW12040 (ml)
1.0:2.0 0.25 0.08 21.4 41.50
2.0:1.0 0.25 0.08 32.6 40.16
2.5:0.5 0.25 0.08 36.0 38.94
2.8:0.2 0.25 0.08 39.4 38.47
3.0:0.0 0.25 0.08 43.2 38.18
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HsPW;5040 in water CsCOsin water

Mixing and Stirring

\4
CsTPA milky suspension

A

( Ageing at room
L temperature

CsTPA suspension (aged

<
<

( Drying in oven at 323 K,}

| air
) 4

Cs-TPA precursor (dried)

-
<

( Calcination in furnace at
L 623 K, 3 hrs, air (floy

A 4

Cs-TPA catalyst

Figure 3.3: Flow chart for CSTPA catalyst preparation.

3.4.2 Activation of CgH3zxPW1,040 Catalyst Precursors

Activation is the last step for a substance to become a catalyst. This procelgsrenh
eliminating the remaining ligands, impurities aratefign things that are temporarily
attached to the catalyst precursor. The ligands are being oxidized into stable forms by
introducing a dynamic flow rate of oxidant gas. In addition, during daivathe

catalyst can undergo structural amgstallinity changes.

The catalyst precursor was placed into a tubular quartz tube, and the quartz tube it was

subsequently positioned horizontally inside the UTP furnace. The sample was heated
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from 30 C to 3® C, and the temperature holding time was 4 hours. The 4 hours
holding time is sufficient in removing or eliminating water as well as the remaining
ligands and impurities that may be present in the catalyst preclineoexplanation can

be summarized byeferring to Figure 3.4Plus, the calcination procedure also helps to
develop the catalyst porosity, hence increase the surface area of the catalyst. Finally, the

sample was cooled down to room temperature anddaliected and tested

Flow rate, ml/min
A

10 350°¢C 350 C
mi/min

4 hours

» Temp/C
30C 30 C

Figure 3.4: Tempeature programmed set for J&A catalyst precursor.

3.5 Preparation of Nanocellulose from Microcrystalline Cellulose (MCC)

Depolymerization and separation of Nanocrystalline Cellulose (NCC) from MCC was
accomplished through a catalytic approach with #ksistanceof Heteropoly acid

(HPA) T based catalyst. The HPA catalyst is a Bronsted acid which plays an important
role in replacing a conventional mineral acid liquid catalyst. In principle, HPA catalyst
will donate protons during the reaction and subseiiyiean attack the easiest position

with high electronegativity atom located within the cellulose polymer chains.
Mechanical energy via ultrasonication treatments was applied during the reaction to
enhance the defibrillation of cellulose polymer througbaking of hydrogen bonding
which consequently, exposes more surface area and increase the accessibility for

catalytic reaction to take plac&he main reactions for nanocellulose production are
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hydrolysis of cellulose polymer chain and delamination outmsle polymer sheetze

shown inFigure 3.5.

Cellulose fibers

N
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Figure 3.5: Reaction scheme that took place during the production of Nanocrystalline
cellulose (NCC)

3.5.1 Flow Chart on Preparation of Nanocellulose

MCC was added to deionizedater at ratio 1:10 in 250 ml borosilicate beaker. The
mixture was stirred with glass rod, and it produced a temporary cloudy solution .The
mixture was then introduced for ultrasonication treatment uslficasonic Probe
UIP1000hd transducer at varying poweutput. After 10 minutes, a homogeneous
milky color suspension was generated. The mixture produced has a stable suspension
that does not separate nor settle down or sediment with time. The same procedure was
adopted when HPA and @4PA were used as a edyst. Isolation of nanocellulose was
studied by applying four different types of reaction variables which are 1) Sonication

power, 2) Reaction time, 3) Type of catalyst and 4) Amount of catalyst used.
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Upon completion, the resulting mixture was extraaieohg diethyl ether according to

(Li et al., 2014) to separate and recover back the catalyst. A small amount of
nanocellulose suspension was poured into a Petri dish, and was allowed to dry in a
vacuum desiccator. The nanocellulose that is completelywvihystick out from the
surface of Petri dish. The dried nanocellulose was further characterized thermally and

structurally

s

Microcrystalline
Cellulose (MCC)

v

Water

Unstable MCC
suspension

Ultrasonication

v

Stable NCC suspensio
(Crude)

Purification N

Stable NCC suspensio
(Purified)

\V )

Figure 3.6: Flow chart of nanocellulose production from MCC raw material
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The production of nanocellulose was being accomplishedskng ultrasonication and
catalytic route. The reaction variables for nanocellulose production were tabulated in
Table 3.3. The generated nanocellulose was coded as SN starting from 01 until 20

depending on the reaction condition.

Table 3.3:Details on tle reaction variables for nanocellulose production

Amount
nication power| Tim f

Sa:rSple :Cgltl)llj\ll(t);l? > Ca(tV?/) POTE (min? Caralyst catzllyst
(9)
SNO1 1:10 50 10 - -
SNO02 1:10 100 10 - -
SNO3 1:10 113 10 - -
SNO04 1:10 140 10 - -
SNO5 1:10 225 10 - -
SNO06 1:10 240 10 - -
SNO7 1:10 300 10 - -
SNO08 1:10 225 1 - -
SNO09 1:10 225 15 - -
SN10 1:10 225 2.5 - -
SN11 1:10 225 3.5 - -
SN12 1:10 225 5 - -
SN13 1:10 225 10 - -
SN14 1:10 225 15 - -
SN15 1:10 225 10 H3PW;2,040 2
SN16 1:10 225 10 H3PW;2,040 4
SN17 1:10 225 10 H3PW12040 6
SN18 1:10 225 10 Cs HoPW15040 4
SN19 1:10 225 10 Cs.5Ho5sPW12040 4
SN20 1:10 225 10 Cs HoPW12040 4
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3.6 Characterization Techniques

This section discusses different typef characterization methodssed in the quest to
understand the properties of proprietary catalyst prepared in this piyperimental

procedures applied for sample characterization are explained here.

3.6.1 Structural Analysis

3.6.1.1 xray Powder Diffraction (XRD) analysis

XRD was performed using a Brukerrdy Diffraction model equipped with EVA
Diffract software for data acquisition and analysis. This instrument helps to identify and
reveal the crystal lattice, structui@ystallinity index and composition of the material.
This machine uses Cykmonochromatized radiation source operated at 40 kV and 40

mA at ambient temperature.

The catalyst samples were finely grounded and placed in the sample holder, with the
powder lightly pressed into place using a microscopic slids fhe surface of the
sample was flattened and smoothens. The analysis parameter were accomplished at
continuous 8 scan mode from 5to 80 with high degree scanning at step time of 2s

and step size of 0.022q. A divergence slit was inserted to ensurattthe xiray

focused only on the samples and not at the edges of specimen holder. The
diffractograms obtained were matched against the Joint Committee on Powder
Diffraction Standards (JCPDS) PDF 1 database version 2.6 to confirm the phases of

catalyst thegrecursor and catalyst.

For cellulosic samples, the cellulosic film was placed onto the surface of sample holder.
The analysis parameters were set at continugus2n mode from 5to 60 with high
degree scanning at step time of 2 s and step size »f ®0. A divergence slit was

inserted to ensure that theiXay focused only on the samples and not at the edges of
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specimen holder. The diictogramsobtained were matched against the Joint
Committee on Powder Diffraction Standards (JCPDS) PDF 1 dataksssion 2.6 to
confirm the presence of cellulosic material and ¢hestallinity index was calculated

based on the given value.

CrI= ooz lamX 100 (3.2)
I 002

The crystallinity measurement was calculated from the ratio of the h&l§R peak
(loo2) and the height of the minimumg). Noteworthy, do, represents both amorphous

and crystalline regions, whilg,|signifies for amorphous domain at pekk.

3.6.1.2 Scanning Electron Microscop&nergy Dispersive Xxray (SEM-EDX)

SEM is a instrument that reveals the information about topography and the
morphology of a solid material through thregimensional (3D) images. EDX is a
technique that used to analyze near surface elements and estimate their proportions at

different position, ths giving an overall mapping of the sample.

The calcined samples were stacked to the alumintulnwsith carbon conductive tape

The stub was then mounted on the stub holder and loaded into the chamber and later
was evacuated prior to analysis. All samplesre sputten coated with gold before
microscopic images were viewed and obtain&EM images were taken at an
accelerating voltage of 10 kV at various magnificatidnsgages were collected using

Quanta 200 FEI microscope instrument.

3.6.1.3 Nitrogen Physorption Measurements (BET)

Specific surface areas, pore sizes and pore size distribution for catalyst were determined
using BET procedure by nitrogen adsorption and desorption. Thed$orption and

desorption carried out using Sorptometric 1990 Instramen
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Approximately 20 mg of catalyst were used for analysis. The sample was placed in a
tube of known volume and heated to 2%Dfor degassing under vacuum for 5 hours.
After outgassing, the catalyst was reweighted and later was placed at the analysis
staion. The catalyst was cooled in liquid nitrogen. After equilibration, the pressure was

measured and the sequence repeated with successive pulses of N
3.6.1.4 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectrums are capable in revealing infdrareabout the functional group present
within a molecule. FTIR spectroscopy were performed in order to observe any
significant changes occurred during the hydrolysis of cellulose and the chemical

structures oKegginanion of the catalyst.

FTIR spectra foa catalyst sample were recorded using Bruker spectrometer model IFS
66v/s using a KBr technique and working with resolution of 4 amthe Middle range.
Before analysis was preceded, air evacuation was applied under vacuum (14 mbars) for

15 minutes.

FTIR spectra for cellulosic samples were also recorded using Bruker spectrometer
model IFS 66v/s using a KBr technique and working with resolution of # ionthe
Middle range. Before analysis was preceded, air evacuation was applied under vacuum

(14 mBar$ for 15 minutes.
3.6.1.5 Raman Spectroscopy

The Raman spectra were obtained using Renishaw inVia Raman microscope. The
analysis was conducted using 50 x objective lens while the laser (785 nm) was set at 10
% of 150 MW (100 %) with instrument grating 12Q/mm grating. The sample was

exposed for 30 s to the laser power before obtaining the Raman shift.
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3.6.1.6 Dynamic Light Scattering

Measurement of all nanocellulose suspensions at 0.1 wt % were accomplished with
Zetasizer Nano ZS Instrument (Malverrging detection angle of 173at temperature

of 25 C. The dispersant used is water with material refractive index 1.67 and
dispersion refractive index is 1.33.Three measurements of 120 s of each were taken and

the averaging was done.

3.6.1.7 Zeta Potenal

Zeta potential or surface charge analysis was conducted using Zetasizer Nano Zs
Instrument Malvern Model EN3600 using Zetasizer Softwar&he analysis was
performed using a conductive cuvette consisting 0.01 wt % of nanocellulose

suspension.

3.6.1.8 Transmission electron microscopy (TEM)

The morphology anthe nanoscale measurements of NCC were caoigdusingHR-

TEM. The samples were observed after five dasingHR-TEM in order to make sure

that the samples are completely dfew dops of 0.01 wlb nanocellulose suspension
were deposited on copper grids and were dried in vacuum desiccator before observed
with JEOL, JEM-2100F field emission electron microscope operated at an acceleration

voltage of 200keV.

3.6.1.9 Atomic Force Microscopy (AFM)

1 % (w/w) of NCC suspension was dropped on the glass slide and was dried in oven for
several minutes. The sample was viewed using AFM modeM®T at scan rate of

1.01 Hz. The cantilever used has a length of L& width 30° 5Smand thickness of
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1.5 2.5mThe resonance frequency applied was 830 KHz with force constant of

1.4515.1 N/m.
3.6.1.10 Surface tension

The surface hydrophilicity was measured by using Tensiometer model DEL&Twith

12 V DC using SCAT software. The Wilhelmy plate technique wmamployed for
measuring the surface tension of the NCC suspension. A Platinum (Pt) plate was
suspended from a torsion balance. As the plat touches the solution, the instruments
begin to measure until stabl e valswface ar e

was measured as the plate was pulled from the mixture.

3.6.2 Thermal Analysis
3.6.2.1Thermogravimetric Analysis (TGA)

TGA is a quantitative analysis that measures the weight loss as a function of
temperatures chang@&€he mechanism can be confirmédough the analysis of solid

and gases of the decomposed product.

The measurement was accomplishethgisMettler Toledo TGA/SDTA 851 unit,
equipped with a microbalance and furnace that is capable of heating up to 1873 K. This
Mettler Toledo balance tenblogy on this unit allows the horizontal flow of gases that
minimize the chimney effect and more stable weight signal. Since, nitrogen gas is an
inert gas, it is necessary to allow it to flow continuously at 56 min * in order to

avoid any harmful ga&s from flowing backwards towards the microbalance.

For catalyst sample, about 50 mg of catalyst were measured in an open alumina crucible
(70 m), the sample was heated at an elevated temperature from ambient to 1373 K at 10

~C min*. Nitrogen gas waspplied as an inert medium for the sample and flow at the
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constant flow rate of 40 cimin . The result obtained was evaluated with the V7.01
STAR® software packages. The DTG curve was calculated as derivatives of the TG
curve. For cellulosic sample, abdd® mg of cellulosic material were measured in an
open alumina crucible (701), the sample was heated at an elevated temperature from
ambient to 1073 K at 10C min ™. Nitrogen gas was applied as an inert medium for the
sample and flow at the constahdvi rate of 40 cmmin ™. The result obtained was
evaluated with the V7.01 STARoftware packages. The DTG curve was calculated as

derivatives of the TG curve.
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RESULTS AND DISCUSSION

This chapter is organized into 2 major sections, i.e. Section 4.letto 4.4:
Presentation of results and discussion of catalyst synthesized and characterization,
Section 4.30 4.7: Presentation of results and discussion of cellulose depolymerization

to yield nanocellulose together with products assay.

PART A: CATALYST

4.1 Introduction

This section discusses the results obtained from various catalysts prepared and their
characterization techniques where their syntheses have been briefly described in
Chapter Three. It is divided into two categories i.e structural andh#hgroperties.

The study of structural property comprises of chemical fingerprint, crystal structure,
surface area and porosity, topography and morphology. Thermal properties in various
environmental atmospheres are also evaluated to explain the coon@siénd

structural change with temperature.

Catalysts prepared and characterized in this study are listed and coded in Table 4.1. The
catalyst selection criteria are based on the corresponding acid properties of the catalyst.
Effect of sonication power, omication time, catalyst amount and Cs:H ratio in
Tungstophosphori€TPA) catalyst was examined in order to identify the effectiveness
of cellulose depolymerization. The nanocellulose produced was examined and analyzed

for the structural and thermal pries.
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Table 4.1:List of catalysts prepared and their corresponding acidity.

Catalyst Code Composition Cs:H ratio Acidity (pH)
Cso01 H3PW;2,040 0:3 0.4
CS02 CsiH,PW;,040 1:3 2.6
CSo03 CsH1PW;,040 2:3 4.1
CS04 Cs.s8Ho sPW1,040 2.5:0.5 4.3
CS05 Cs8Ho sPW1:040 2.8:0.2 5.7
CS06 CsPWi,040 3:0 6.6

4.2 Structural Analysis

4.2.1 Xray Diffraction (XRD)

X-ray powder diffraction (XRD) is an important analysis for revealing information
about bulk crystalline phases, and to estimate the crystalligs.sitherefore, the
structur al properties and phase integrit
CS04, CS05 and CS06 were evaluated using XRD. Table 4.2 shows the main diffraction

peaks for all the Heteropoly compound types of catalysts.

The diffradion patterns of CS01, CS02, CS03, CS04, CS05 and CS06 are displayed in
Figure 4.1. Thedifact ogr ams di splayed for the cat a
29 = 87 50 . The displayed patterns show HPA characteristic peaks at, IB53,

23.6, 26.0, 30.2, 35.5, 38.8, 41.8, 43.0 and 54.8 (which matches PDfile: 00-

050-1857/041).
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Figure 4.1: Main XRD diffraction peaks related to CS01, CS02, CS03, CS04, CS05
and CSO06.

Table 4.2:Main diffraction peakselated to cesium salts of tungstophosphoric
(PDFfile: 00-050-1857/041).

No 2q d-spacing Intensity
(°) (A) (%)
1 10.5 8.41 36
2 18.3 4.84 36
3 23.8 4.19 34
4 26.0 3.42 100
5 30.2 2.98 17
6 35.5 2.53 15
7 38.8 2.32 13
8 41.8 2.16 7
9 43.2 2.09 28
10 54.8 1.67 23
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Substitution of cation with a larger atomic radi(@s) within the Keggin network
modifies the originality microstructure dfiPA throughthe rearrangement of the
secondary structurevhich increases the surfaggea of the compound. Secondary
structure of HPA are consistedké&gginanion and positively ion(Santos et al., 20}1
The highest intensity peak aj2= 26 has been marked as the signature peak of
tungstophosphic acid withKegginstructure All the cesium salts of tungstophosphoric
acid curves displayed the sarddfractogrampatterns However each of the catalyst
possessedlifferent lattice strain (%). Lattice strain and crystallite size, D were

calculated using Scherrer equation in Equatidn dnd the values calculated are listed

in Table 4.3.
D = &k /bCosq € é é é é é (Equation4.1)
b — (B'Z_bZ)I/Z

With k constant 0.9,

| =0.1542

(Cu Ka) radiation,

b =is true line width

B = measured line width, dn

b = instrumental broadening Diffractometer
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Table 4.3:Crystallite size and lattice strain for CS01, CS02, CS03, CS04, CS05 and

CS06.

Caltglyst Composition i%%g Crystzzlgj)'[e size Latticz;) ?train
cso1 HaPW12040 27.00 1007 0.587
csoz | CuHPWOw0 | 56 43 296 0.520
CS03 CHPW1O40 26.09 290 0.511
csos | C2FHHoPWiDw| 5 19 230 0.500
csos | C2HHoPWDw| 5 19 230 0.493
csos | CBHPWiOw0 | 56 50 229 0.480

When the Cs:H ratio number incredseom 0 © 3, the lattice strain (%) decrease. This

is due to the small lattice parameters created by the diverse effect generated by
exchanging cation diamet@Pizzio & Blanco, 200B. Furthermore, the substitution of
bigger(Cs) and smaller (H) diameter cation within teggin anion has decreased the
crystallite size up to 71 % from CS01 to CS02 and the value continue to decrease in

smaller range when the ratio increase from 1 tos3HL

The XRD patterns displayedrf@S03 and CS04 correspotadcubic phase, while CS02

is a mixture between cubic and triclinic phase. That information was gained from
HighScore dataase (PDFHile: 00-050-1857/041) This is due to the significant
difference in ionic radius of protons and *Csvhich altered the crystal structure of the
catalyst produced. It has been mentionedhiatha et al.(2012 that the existence of
triclinic phase decrease when the ratio of Cs:H incrdaaging a homogeneous cubic
phase inside. Exchanging more cesium atom withinKiaggin anion has redsuctued

its crystal structure through rearrangement of the secondary structure.
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4.2.2 Fourier Transform Infrared (FTIR)

Infrared spectroscopy is a study of the interaction of electromagnetic radiation with
chemical substances. The main purpose of this FTI&ysis is to reconfirm the
structure of theKeggin network after the substitution process. This method helps to
reveal a lot of information about the stretching and bending vibrations of functional
group presence. The frequency bands generated will b&nterprint band for the

Kegginstructure of each catalyst.

Based on FTIR spectra obtained in Figureahd the description in Table 4 t#here is

no disruption ofKeggin network occurred upon the substitution of hydrogen ion with
cesium ion. This habeen successfully illustrated through the presence of all the main
characteristic peaks dfeggin anion. Nevertheless, there is no specific information
revealed through these FTIR spectra which can explain briefly about the cesium content

present in eachatalyst analyzed.

\\\ 0 v\l O /O 0\ '\.“‘ Q -
w? XW///OQW/ \w/g\\-//o\\\w/
O/\///C;/ \o \0 5 5 \/\\/o/%\o/o/ \o
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Figure 4.2: (a) Three- dimensional (3Dpf Kegginnetwork.
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b) Keggin structure
fingerprint

O-H streching

' CS06
_—\I’f

' CSO05

CS04

Transmittance (a.u.)
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é
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o
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Figure 4.2: (b) Chemical fingerprint displayed from FTIR spectra for keggin
structure of CS01, CS02, CS03, CS04, CS05 and CS06,

(c) Chemicalfingerprint forKegginanion focused at wavenumber of
1250-500 cm* for CS01, CS02, CS03, CS04, CS05 and CS06.
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Table 4.4: Assignment characteristic peaks Keggginstructure.

Code Wavenl_Jlmber Band assignment Remarks
(cm™)
Oa: oxygen atom bonded to
i 1082 P-Oa tungsten (W) atoms and
phosphorus (P)
i 988 W=0t Ot: terminal oxygen atom
Ob: corner sharing bridgin
ii 892 W-Ob-W
oxygen atom
Oc: edge sharing bridgingcggen
iv 804 W-Oc-W
atom
Phosphorus atom is bonded
Vv 523 O-P-O tetrahedral configuration — wit

oxygen atom.
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Keggin anion were constructed through the primary structure (anion structure) that
consist of central atom of Phosphorus (P) in a tetrahedral arrangeitte Oxygen (O)
atoms, and linked together with twelve octahedral oxygen containing Tungsten (W) as
addenda atom. Twelve W@ormed four group of \A0O13 where each of Wgshared
edges and corner with 3®;3 group and central POrespectively through oxyge
bridging. Therefore, FTIR spectra éfeggin anion are consisted of four types of
oxygen atoms (1) central oxygen, (2) bridging oxygeorner, (3) bridging oxygen

edge and (4) terminal oxygen which displayed different vibration frexue

Cesium saltof tungstophosphoric acid possesses a discrete ueggin network,
which is comparatively stable upon substitution mechanism. Consequently, FTIR result
shown inFigure 4.2(a) has strongly confirmed that there is no abruptiodeggin
domain structureBased on Tablé.4,the $ectra before and after substitution displayed

a great similarity with absorption at 1082 ¢n988 cnt, 892 cnt, 804 cm* and 523

cm™. All those absorption are related to asymmetric vibration-6faR(Oa is oxygen
atoms bondetb three tungsten (W) atoms and to phosphorus (P), W=0t (Ot is terminal
oxygen atom), \WOb-W (corner sharing bridging oxygen atom),-@¢&W (edge
sharing bridging oxygen atom) and-F2O vibration respectively. Broad range of
asymmetric vibration between cm’ to 3700 cni is assigned to hydroxyl group
presence from protonated water clustersG#) in the catalyst, and later confirmed
with the presence of bending vibration at 1620"ane to water moleculgg&Essayem,
Holmgvist, Gayraud, Vedrine, & Ben Taarit, 200Basedon Figure 4.2(b), €H
asymmetric vibration curve for CS@t 3000 cni‘to 3700 crit is broader compared to
CS02, CS03, CS04, CS05 and CS06. This can be further explained sofetineir
hydrophobicity, CS03, CS04, CS05 and CS06 are insoluble in watkrC&802 are
sparingly soluble in water while CSO1 is highly soluble in water. Therefore, CS01

displayed great interaction with water molecules compared to others with the presents
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of 6 molecules of crystallization wat&k/ater that mainly refers to waterathis found in

the crystalline framework dfegginnetwork.

4.2.3 Nitrogen Physisorption Measurement

Adsorption is the accumulation of liquefied adsorbate molecules onto the surface of an
adsorbent. This process creates a liquid film of the adsorbatetoe adsor be
surface, while desorptiois areverse process of adsorption at given temperature and
pressure. Adsorption is usually described through adsorpgmherms that ar¢éhe

amount of adsorbate adsorbed/desorbed on/from the adsorbent asianfondts
pressure at constant temperature of liquid adsorlizdenauer, Emmet and Teller

(BET) theory statethat the physicahdsorptions of gas molecules on the solid suritace
serves as the basis for an important analysis technique for the meaguocéntiee

specific surface area of a material. The gas molecules are physically adsorbed on the
solid layer infinitely with no interaction between the adsorption layEesyerlund,

1973.

Fundamentally, when theamples arsubjected to BET analysis, the isolated sdas

the sample surface begin #olsorb the gas molecules at low pressure. As the gas
pressure increases, the coverage of adsorbed molecules increases to form a monolayer.
Further increase in the gas pressure will lead to dayar coverage where smaller

pores in the sample will be filled first. Lastly, a further increase in gas pressure will

cause complete coverage of the sample and fill all the flonesbardo & Bell, 1991

The physical absorptieresorption process of nitrogen on external and internal surface
areas of a catalyst, and the filling of pores is called physisorption. Nitrogen
physisorption technique is cad out at 77 Kandwidely applied to help reveal the
textural properties of the catalyst. It also provides information about surface area and

porosity of the catalyst. Generally, large surface area has a positive relationship to
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catalyst ability, corregnd to higher catalytic activity. The first stage in the
interpretation of nitrogen isotherms is the identification of the physisorption
mechanism. Surface area and pore size distribution were quantified using Density

Functional Theory (DFT) method. All dyst samples were calcined prior to analysis.

The specific surface area and average pore diameter of all the calcined catalysts are

tabulated in Table 4.5, and the isotherms are depicted in Figure 4.3 to Figure 4.6.

Table 4.5: Textural properties of bthe catalysts after calcinations.

. . . Average pore| Total pore

Catalyst (?;ti.oH Part(lrclzlrﬁ)&ze (ri%;l) diargetgr volume
(nm) (cmg”)

CS01 0.0:3.0 n.a 1 n.a 0.00
CS02 1.0:2.0 105.7 14 7.5 0.03
CS03 2.0:1.0 91.2 25 5.0 0.05
CS04 2.5:0.5 78.8 115 3.9 0.11
CS05 2.8.0.2 43.8 137 4.1 0.12
CS06 3.0:0.0 37.8 138 4.7 0.14

Typical N, adsorption idesorption isotherms measured on the cesium salt of
tungstophosphoric acidheld at 77 Kis characterized by sharp increase in the quantity

of N, adsorbedht low relative pressure (Figures 4.5 to 4.8), which can be attributed to
the filling of micropores (d < 2 nm). The existence of mesoporeSqQ2m) in cesium

salt of tungstophosphoric acid can be inferred from the presence of hysteresis loop in
their respective isotherms. Large disparity in the specific surface areas area between
CS01, CS02 and CS03-pb nfg™) with CS04, CS05 and CS06 (2188 nfg™) were

observed.

Ascending value of surface area ranging freom-substitutedCs’ to fully substituted
Cs are illustrated in Table 4.5. The CSO€S06 exhibits much higher surface area by
an average of 5 fold, which is dramatically higher than®g nuetermined for CSO1.

The values listed in Tabld.5 showsimilarities with other author@ias, Caliman, &
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Loureirg, 2009. The drastic changes occurred on the surface area of the catalyst is due
to the formation of the micropores and losses of mesopores. The taateofolume

also increases with the increase of cesium cont@und, Frodsham, Jubb,
Kozhevnikova, & Kozhevnikov, 2012Koyano, Ueno, & Misono, 1999 Pizzio &
Blanco, 2003 Figure 4.5(a) and Figure 4.6(a) show the differemcenicropores and
mesopores volume. As the cesium content increase, the volume of mesogp®iEsng

suppressed by the development of micropores.
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CSO01 is non porous, and it has low surface arand narrow poréistribution. The
absent of foreign cation within théegginnetwork caused the CSO01 to lack of porosity.
The high surface area and porosity on the parent acid can be modified by substitution
process by controlling the cation contents exchanged withirKéggin anion. This
happen due to the difference in cation diameter occupied the substitutedl placen

T substituted heteropoly acid shows adsorption isotherms Types Il based on IUPAC
classification. The noporous structure of CS01 shows that it @sssunrestricted
monolayer multilayer adsorption, where the monolayer coverage is completed at low

relative pressure.

CSO02 has lower cesium: hydrogen content, therefore CS02 displayed isothgress T

IV with H2 hysteresis loopThe volume adsorbed has rdlyi increased at low relative
pressure due to first energetic region. As the relative pressure reaches unity, a wide
hysteresis loop is formed. Capillary condensation occurred at 0.9 partial pressure. Types
H2 hysteresis loop are generally found in disoedeporous material. In such systems,

the distribution of pore sizes and the pore shapes is not well defined or irregular. This
statement can be further supported based on SEM images of CS02 in Figure 4.10. A
sharp step on the desorption isotherms is lsuaderstood as a sign of interconnection

of the pores (percolationfame explanation can be adopted to CS03.

CS03 and CS04 catalyst havesopores as well as micropores, which are-jpaeticle

voids of the crystallites. The high catalytic activity@$04 reported i lot of solid-

liquid petrochemicalreaction system is attributed to the strength and number of
accessible acid sites and the mesoporous structures that allows rapid transport of
reactants and product within the heteropoly acid. Regardiesion porousKeggin

unit, secondary structure of CS04, CS05 and CS06 are consisted of fine particles in
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microcrystallite. The aggregation of the microcrystallite has directed to the formation of

tertiary structures that possess interstices betweenlpart

The size of the primary particles (crystallite) has been measured by line width of XRD
peaks in Table 4.3. As synthesized, the surface ar&g'(rand crystallites size (nm)
within the agglomerated powders of CS01 and CS04 are 1 and 115, andrid@3.0,
respectively. Thus, the Cs salts are comprised of aggregates of extremely small
crystallites linked together, which in turn build the mesoporosity and microporosity
which account of the high surface area. Similar approaches can be adopted3or CS

and CSO06.

When the ratio of cesium: hydrogen reached 2, the shape of the adsorbed isotherms
shows some similarity with a defined hysteresis 1d@p03,CS04, CS05 and CS06 are
referred as Types IV isotherms. Rounded knee indicates approximate looation
monolayer formation, the closure at approximately relative pressure ~ 0.2 indicates the
presence of small mesopores. The low slope region in the middle of isotherms indicates
the first few multilayers. Figure 4.6(a) tigure 4.8(a) show the presermiehigher

volume of micropores as compared to mesopores.

Typically, the formations of mesopores are based on the collapse of micropores wall
structures. The pore volume sintering can decrease the porosity of the structure.
However, in this casethe observe figure hasan opposite situation, where the
development of micropores increases at the expense of mesopores with Cs substitution.
The shrinkage of mesopores porosity happens with the evidence of hysteresis loop at
high value of relative pressure. Thisiscause solid heteropoly acid and its salts have a
discrete structure which mainly consist of bulk heteropoly anions and counter cation.
Substituting smaller size "Hwith a larger size Cscreated large effects on its
microstructuresDue to the latticepansion effectCs ion that is relatively bigger than
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proton occupies bigger interstitial spaces, thus creating more micropores structure and

reduces mesopores structure.

4.2.4 Scanning Electron Microscopé Energy Dispersive Electron (SEMEDX)

SEM technjue is an important analysis for developing understanding on the texture and
morphology of the catalysts. The electron generated from SEM gun tip interact with the
lattice of catalyst subsurface, producing different signal which is detectable and contain

inf ormation of the catalystoés surface top

All the images captured were further analyzed using EDX analysis in order to determine
the amounbf elements in the catalyst. This technique is used in conjunction with SEM.
The analysis dd¢p is commonly about 1000 to 2000 nm. Due to the subsurface
scattering of the electron beam, the analyzed volume is shaped like a Florence flask
with the narrow neck shortened and reaching subsurface volume form which most of
the elemental composition datames. The lateral dimensions tend to be about 1000
nm. One can be caster the electron beam and obtain the average composition over larger
too much larger areas, which can relieve the problem of getting accurate average results

when all the signal with point analysis might come from a single patrticle.

The morphology and elemental analysis in the heteropoly acid and its substituted
cesium ion were studied using SEEDX. The elemental mapping was being
accomplished on the suburface of the material. Ttaetion was applied to confirm the
presence of all elements in the particular synthesized catalyst quantitatively. Figure 4.9
is the parent acid of all the substituted cesium types of catalyst. It has been mentioned
previously that pore size of cesium safttungstophosphoric acid can be specifically
controlled by substituting different cation content within Keggin unit. As a result,

the original microstructure of the catalyst has been altered and was further confirmed

through SEM micrograph.
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Based orfigure 4.9, the surface of CS01 is smooth and flat. Obviously, no porosity was
observed in CS01 images. The micrograph confirmed the low surface area/porosity
from BET adsorption isotherm. The low surface area and low porosity obtained are in
agreement wh the SEM images captured. Upon cesium substitution process, the
morphology and the surface texture of each catalyst changes drastically tvgHes:

H ratio started to increase, for example Cs:H:2, the surface morphology of the
catalysthas transfaned into a rougher surfaceHowever, further increase of cesium
content in theKeggin network from 2 to 3 somehow transforms the catalyst into
crystalline spherical particles. In CS@S09, at 40 000x magnification, the presence of
small and spherical slpe with size about 90 nm was observed. The formation of the
spherical shapes has created an irregular texture on the surface which resulting excellent
porosity compared to its parent acid. The replacement of small cation (H) with big
cation (Cs) give a gstalline HPA with defined geometry of bigger cation into a smaller
interstitial space serves by the proton change has increased the roughness of the catalyst
surface.The big different in cation diameter has significantly modified the roughness of

that suface.

EDX analyses were also performed to observe elemental composition of the samples.
The EDX spectrum of H#PW;,040and its salt showed the presence of P, W, O and Cs.
Based on Table 4.6, the commercial parent acid 85W¥,0,0 showed the elemental

raio of PW;,0393 The results obtained are in good agreement with the theoretical
value. This indicates that the synthesis procedure and catalyst activations did not lead to
leaching. Thé&kegginanion remains the same without any changes of chemical formula
as well as chemical structure. The only exchangeable unit involved during the process is

Cs and H. Cs experimental values are crucial in defining the overall chemical formula.
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Therefore, based on Table64o Table 4.11, the given atomic percent of Carednt

represent almost 96 % accuracy of the real value. This can be confirmed though the
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Figure 4.9: SEM1EDX images of CS01

Table 4.6: Atomic % of HlsPW;5049

Average atomic weight| Element | Theoritical
Element | Symbol (%) ratio ratio
Phosphorug P 1.91 1.0 1
Tungsten W 22.96 12.0 12.0
Oxygen @] 75.13 39.3 40.0
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Figure 4.10: SEM-EDX images for C82
Table 4.7: Atomic % of CgH.PW;,049
Average atomic weight Element | Theoritical

Element Symbol (%) ratio ratio

Cesium Cs 1.94 1.0 1.0

Phosphorus P 2.01 1.0 1.0

Tungsten W 22.11 114 12.0

Oxygen @] 73.94 38.1 40.0
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Figure 4.11: SEM-EDX images for CS03
Table 4.8: Atomic % of CsH;, PW12040
Average atomic weight | Element | Theoritical
Element Symbol (%) ratio ratio
Cesium Cs 3.98 2.0 2.0
Phosphorus P 1.99 1.0 1.0
Tungsten W 23.88 12.0 12.0
Oxygen @] 70.15 35.3 40.0
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Figure 4.12: SEM-EDX images for CS04

Table 4.9: Atomic % of Cs sHg sPW125049

Element Symbol Average ?Ot/z))mic weight Elgrtr;gnt Thigtriigcal
Cesium Cs 4.78 2.4 2.5
Phosphorus P 1.99 1.0 1.0
Tungsten W 23.51 11.8 12.0
Oxygen @) 69.72 350 40.0
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Figure 4.13:SEM-EDX images for CSb
Table 4.10:Atomic % of Cg gHo PWi12040
Average atomic weight Element | Theoritical
Element Symbol (%) ratio ratio
Cesium Cs 5.46 2.8 2.8
Phosphorus P 1.95 1.0 1.0
Tungsten W 234 11.8 12.0
Oxygen o} 69.19 35.5 40.0
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Figure 4.14:SEM-EDX images for CS06
Table 4.11:Atomic % of CgHoPW;12040
Average atomic weight| Element | Theoritical

Element Symbol (%) ratio ratio
Cesium Cs 5.89 3.0 3.0
Phosphorus P 1.99 1.0 1.0
Tungsten W 18.11 9.5 12.0
Oxygen O] 74.01 37.2 40.0
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4.3 Thermal Analysis
4.3.1 Thermogravimetric Analysisi Mass spectroscopy (TGAMS)

TGA coupled with mass spectrometer (MZ) helps to identify the number of
chemical reaction taken place under a specific teatpee programme. It will allow us

to discover the decomposition process involving evaporation of water molecules and
ligands or drying process. Equatidr?2 shows the possible product gained when the
catalyst is subjected to heat under oxidizing envirartm€herefore, the existence of
mass spectrometer is important and crucial in order to confirm the particular gaseous

compound evolved during the heating process.

It is very useful to record the first derivatives of TGA curve (DTG) for tracking any
changse in weight loss during the process. It can clearly revealed changes to the
samples when subjected to heat treatment under specific environment. Plus, DTG curve
also illustrated the inflection point where the highest weight loss has occurred during

heatingprocess.

The analysis was carried out in air in order to allow direct comparison with the real
calcination condition. The analysis was accomplished to all the precursor samples. The
observed weight losses accompanied for all thalyst is tabulated ifable 4.12while
thermogram of TGADTG are shown in Figures 4.15 and 4.16. Mass spectrometer data
were selected based on the major peaks which indicate the present of any gaseous

product released within the temperature range during the weight loss.

PWOs0% A WOs+P0Osé é é é é é é é . Equdtion 4.2)
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Table 4.12:Weight losses at various steps and temperature as obtained from thermal

analysis data.

TGA
1st weight loss| 2nd weight loss 3rd weight loss
Precursor Residue
IS IWt IS Witloss | 'S | Wtloss y
0ss o o (%)
CC) | (o) (°C) (%) (°C) (%)
CS01 |25113| 0.40 | 113298 3.44 | 313544 | 1.09 95.07
CS02 |25168| 1.33 - - 305632 | 0.32 98.35
CS04 | 25177| 2.02 - - 305632 | 0.71 97.27
CS06 2582 | 2.15 - - 305632 | 1.70 96.15

TGA andysis is crucial in understanding the behavior of certain material under specific
temperature programme. The correct calcination temperature on weight loss was

revealed through TGA thermogram (Figure 4.15).

Early mass losses at temperature below ID@arespondgo evaporatiorof loose and
physisorbed water on the catalyst surfd&@an-e & al., 1997. The observation is
supported by the mass spectrometer (MS) result at mass nymh® of 18 that
correspondto water molecule released. Quantity of water released at the early stage
varies since it is not easy to control the amount of ma@ueing synthesis of cesium salt

of tungstophosphoric acid.

Second weight loss,tdl13 - 298 C, is attributed to weight from coordinated or
crystalline water. It accounted for the loss of 6 moles & kHholecules pelKegginunit
equivalent to dehydratio of a stable hexahydratesPIV;2040.6H,0. The amount of
crystal water identified throughtaermal analysis method showamilarities with the
broad curve of hydroxyl group fingerprint detected at ~ 3400 cfiisono, 2013.
This behavior is only observed in CK0and not in other substituted cesium salt

samples, CSG2CS06.The weightlosses wereiot observed it h a t csam@e y st 6
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because the substituted cesiwalt catalyst did not contain any coordinated or

crystalline water.

Water molecules and acidic proton are linked together through hydrogen bonding.
Temperature range of 313544 C centered at about 45CQ corresponslto the loss of
acidic proton througlexpatriation of constitutional water (water that formed froin H
and the terminal oxygen of [PMD.*) and prior to collapse of the Keggin structure
through the formation of W£and BOs Both WQ; and RBOs are not detectable in the
mass spectrometer dteethe limitation of the instrument atomic mass capabifgsca

et al, 2013.

That 3 weight loss(temperature range of 313544 C) for CS02, CS04 and CS06 are
ascribed to the thermal stabilibf HPA catalysts. It shows that all the catalysts exhibit
similar degradation temperature range. Thermal degradatioiegin anion is
accompanied by the collapse of itseggin structure. The beginning of the
decomposition of the intermediate RP)énion, to what is possible as final mixtures of
oxides, occurs at temperature near 305 and its complete degradation is obseratd

higher temperaturg&amelas et al., 1999
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Figure 4.15: TGA thermogram for precursor CS01, CS02, CS04 and CSO06.
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Figure 4.16:DTG thermogram for precursor CS01, CS02, CS04 and CSO06.
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Figure 4.17:Mass spectroscopic analysis of gaseous products generated during TGA

analysis for all precursof€£S02i CS06)

4.4 Discussion and summary

Catalysis by heteropoly acids (HPAs) and their compounds is a field of increasing
interest and attention worldwide. It is known that, HPAs are generally applied as
catalyss in commercially important process such as hydro cracking, hydrogenation and
isomerization. HPA, 12tungstophosphoric acid, sAW;,04, (TPA) is known as a
strong Bronsted acid. The substitution of proton with other cation such'asdigses

the number bacid sites but increase acid strength. The substitution of small cafipn (H
with a bigger catin (Cs") changes the morphology and porosity of HPA catalysts
drastically. It increases microporosity at the expensen@$oporosity due to the big
differencesn cation diameter during the substitution process. It has significantly leaded
to high surface area as well as increasing surface hydrophobicity. In this study, the

effect of cesium content was evaluated by preparing the catalyst with different cesium
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content,CsHzxPW1204 (X = 1, 2, 2.5, 2.8 and 3) and characterization was performed

using FTIR, XRD, BET, SEMEDX and TGA.

The entire synthesized compounds (C&E06) have a cubic crystal structure. The
XRD patterns are in full agreement with other pghed reports. The width of the
diffraction maxima increase with the increase of Cs: H ratio. This could be an effect of
the crystallite size changes with the chemical composition. The crystallites size decrease
from 100 nm to 23 nm as the Cs loading iases. As expected, substitution of acidic
proton with larger monovalent cation has changed the physical properties of TPA as
well as its acidity. Higher cesium content has decreased the acid propertiggigf Cs
xPWi12040 in terms of pH valuéTable 4.1).The biggest difference that has taken place
over the substitution process is the surface area. Higher cesium content has caused the
surface area to increase from gihto 138 nfg™ with excellent porosity. The chemical
structure oKegginnetwork remains nchanged after the exchanging process occurred.
The FTIR spectrum of CEPA salts exhibits similar characteristic bands compared with
the pure TPA.This can be concluded that the substitution process has not caused any
disruption on the integrity ofKeggin structure. The morphological analysis of
substituted cesium atom was studied, and the images generated has revealed that when
the ratio of Cs to H is bigger than 2, the roughness of the surface inctéasesally,

the substitution process has dreasty changedhe smoothness and the flatness of TPA
surface into uneven and high porosity matefiatan be clearly seen in Figure 4.9 to
Figure 4.11, Cssto Cg are having irregular shape with weléfined spherical shape.

BET measurements showed anugdirincrease in the specific surface area with the
increase in Cs content. The images shown in SEM alsoeztawgreat correlation with

the surface area values obtained by BET analysis. A laser diffraction technique afforded
the size of all the synthesiz€&tkH3;,PW:.040. The particle size distribution of all the

substituted Cs in tungstophosphoric acid varies betwe&nl®0 nm. The particles size
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obtained does not represent the real crystallites size of the catalyst this is due to the
formation of secomary and the tertiary structure of E5.,PW1,040. It was found that
the average crystallite size of all synthesizegHa.gPW1,04is approximately the same

with the value of 30 nm.

The most important factor that needs to be accounted during celluladgrdepzation

is catalyst acidity. TPA will be the best candidate in the process due to its acidity and
high interaction with water molecules. The hydrophilicity characteristic of TPA makes
it highly soluble in water and generates concentrated hydroninmAimong a lot of
synthesized Gsl3 «PW;,040, the acceptable cesium: hydrogen ratio is 1: 2 for a=iil
depolymerization, and otheratio selected for catalytic screening of cellulose

depolymerization is Ggand Cs.

The rationale of choosing &sarnd Cs areto demonstrate the Bronsted acid properties
from both catalysts in catalyzing the cellulose depolymerization. It was shown in the
chemical formula that Csions are completely settled in 88,040 salt and not
showing any bronsted acidityf'hus explained he absece of acidic proton which
employed toa lower acidity behavioreflected toCsPW1,040, Excellent interaction of
HiPW;,040 with the water molecules has increased the concentrations of ionizable
proton in the reaction medium. Hence make a preferable choice forthe

depolymerization of cellulose.
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PART B- Catalytic Reaction of Cellulose to Nanocellulose

4.5 Catalytic depolymerization of cellulose to nanocellulose

The reasonable way to avoid the aforementioned issuels as depletio of non
renewable resources to fully utilize therenewableresources produces from oil palm
tree. Large amount of biomass was produced from oil palm tree industry every year.
The utilization of oil palm tree biomass is one of the best methods toerédti@amount

of waste generated from that industrBiomass mainly consists of cellulose,
hemicellulose, and lignin. One of the easiest ways to upgrade biomass into high value
material is to depolymerize the cellulose into nanale dimension. Narstrucured
cellulose or nanocellulose is the target material rather than glucose or others value

added ckmicals derived from cellulose

Cellulose is a linear polymer with a chemical formula ofH&Os)n, where n is the
repeating units. Celloke is distinguistd from otherpolymer of glucose by 1,-d-
glycosidic bonds which also leads it to a straight chain structure. Thb-Iglycosidic

bonds enables an intense intramoleculabadding among the groups around the
glycosidic bond. As a result, the cellulogelymer sheets are stacked on one another
connected together by Van der Waals forces which lead it to a supramolecular structure
that form a crystalline domain of cellulose microfibf{finaldi & Schith, 2009 Along

the same microfibril, the amorphous regions are also present and are highly exposed to
chemical changes with ease compared to crystalline domain. In any chemical reaction,
only exposed cellulosic cha of the microfibrils are easily accessible to chemical,
enzyme and catalyst. For that reason, the hydrolysis degree of cellulose is relatively low

compared to other natural polymer.

The main strategy for the production of nanocellulose is based onrtbeyg\effect of

mechanical enhancement and catalysis. Tmribution of both aspects expected to
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create a good quality of nanocellulose with higher yield. A mechanical treatment
applied during the reaction will help in defibrillation of cellulose pady chain into a
less complex structure. The effect of sonication power and time are crucial in
determining the best reaction condition in obtaining nanocellulose. However,
introduction of heteropoly acid as a catalyst during the mechanical treatmeatswill
help the process of fiber fragmentation which helps to increase the quality of the

nanocellulose produced.

4.5.1 Catalyst screening

The process of cellulose depolymerization through aid of ultrasonication was
investigated during the catalytic reactiorhe standard reaction conditions were at 10
minutes with 225 watt output power. Based on TablE3 4the appearances of the

products were observed as white in color.

Based on the physical appearance of the prododuged after the process, itcleaty
observed that the initial two distinct layers of water and cellulose were converted into
homogeneous gdike solution. The appearance of msettling turbidity in the colloidal
suspension was a definite indication on formation of rerade celluloseThe viscosity

of the homogeneous solution was also being observed through its physical appearance.
It shows that the homogenous solution is highly viscous compared to the previous
solution (Figure 4.18(a)). The inference was strengthened through theailbrst
captured in Figure 4.18. High intensity ultrasonication applied to the cellulose colloidal
has converted it into highly dispersed colloidal suspension. This is because, the energy
generated has significantly loosened and weakenshyfideogen bond umerlying

between the cellulose polymer chains.

Different ultrasonication power and time introduced to téaction were studied as

there arevery crucial in determining the efficiency of the process. The early
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determining steps in confirming the productrhed from the process are through
surface tension and surface charge analysis. The surface charge analysis was examined
using zeta potential where the movements of negatively charged hydroxyl groups were
tracked. Based on the results obtained, all theocellulose surface charge shows a

negative sign.

Figure 4.18: Physical appearance of nanocellulose with ultrasonic output power of a)
before treatment b) 50 W, c¢) 100 W, d) 113 W and e) 140 W f) 225 W

from sideview and g) 225 W from top view.
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4.5.2 Effect of sonication power.

When high intensity ultrasound is applied, cavitation bubbles develop and grow. A huge
amount of energy is released from the collapse of these bubbles, producing a
mechanical shock wave fett and leading to the disruption of hydrogen bonding
network. When low sonication power was applied, only the weak Izratsad/an der

Walls will break. However, when higher power was applied, strong bendk as
hydrogen bondcould be broken up by s&ation. The suspension stability of all

samples can be illustrated in Figure 4.19.

Table 4.13 Uncatalyzed depolymerization of cellulose by varying the p§Wer
at constant time.

Sample | Power Physical Zeta_ Surfgce Yield
D (W) appeaance potential tension (%)
(mv) (mN/m)

Water - Clear liquid n/a 72.00 n/a
Cellulose - White powder solid -14.8 53.50 n/a
SNO1 50 | Watery milky solution -21.1 61.22 30
SNO02 100 | Watery milky solution -24.1 76.87 44
SNO03 113 | Watery miky solution -30.6 79.80 57
SNO4 140 | Whitish gel and viscou -34.1 86.90 70
SNO05 225 | Whitish gel and viscou -36.6 88.77 85
SNO06 240 | Whitish gel and viscou -36.9 89.02 86
SNO7 300 | Whitish gel and viscou -37.5 90.55 87

240W 300w

Figure 4.19:Dispersion statef nanocellulose at different sonication power.
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Based on Figure 4.20, the highest yield of nanocellulose isolated when ultrasonication
mechanical enhancement was subjected to the process is 85 %. It can be clearly seen
that the yield increase when the puit power increase, and remain almost constant at
240 W and reduced when the power was further increased to 300 W. That is the basis
on selection of power chosen for the isolation of nanocellulose to be at 225 W when

other effects of other nanocellulosenesis variables were studied
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Figure 4.20:Yield of nanocellulose produced at different sonication power.

The production of nanocellulose through ultrasonication mechanical enhancement can
be divided into 4 main regions. Region A which is tieegion shows an increment of

32 % in yield when the output power was doubled from 50 W to 100 W. In region B,
the increment was higher, and the calculated slope was 0.66 % / W. In Region B, it was
suspected that defibrillation process takes place, wtleeenergy generated was

applied to release cellulose fibrils through breaking of interconnected network of
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hydrogen bonds. Region C shows a less steep slope with the value of 0.11 % / W. This
region was assigned to fibril fragmentation process. Ratlaer fiber defibrillation, the
energy subjected to the reaction has also lead to fibril fragmentation. It was predicted
that, the exposed defibrillated fibrils were fragmented into a shorter dimension. Region
D is a region when the power was increased f&2% W to 240 W. The yield remains
almost the same before it drops to 80 % when 300 W of output power were subjected.
From the abovementioned, it can be concluded that defibrillation process occurred at

higher rate compared to fibrils fragmentation basethercalculated slope.

Based on Table 4.13, higher power output, generates bigger absolute values of zeta
potential. Moderate stability of nanocellulose colloidal suspension was reached when
the output power applied was 113 W. Output powers less thanWLl@oduces
nanocellulose colloidal suspension that are easily agglomerated while at 225 W the zeta
potential obtained was36.6 mV.Increasing the sonication output power increase the
cloudiness of the nanocellulose suspenstdigher power of sonicationds created
adequate energy for defibrillation of cellulose fibers. As a result, the fibers are able to
detach themselves from the van deraa forces and interand intramolecular
hydrogen bonding that primarily creates the compactness of the cellllese. fihe
detachment of cellulose fiber with other cellulose fibers has increased the density of
hydroxyl group on the fiber surface. The phenomenon has created good dispersion of

nanocellulose colloidal suspemss thus prevent it from settlirdpwn.

Othe than that, surface tension is also measured in order to understand the interfacial
tension between water and (nano) cellulose, thus changes to its surface hydrophilicity.
These appear due to the cohesive forces present within the fluid molecules on the
surface. Strong attractive forces between the fluid molecules on the surface allow it to

resist external forces subjected. The action is taken by the exterior molecules since it
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tries to maintain a minimum surface area. Therefore, Wilhelmy plate techniggsie w
adopted in examining the equilibrium surface tension of cellulose colloidal suspension.
Water is use as a medium during the ultrasonication of cellulose and the surface tension
of water at 25C is 72 mNm. The surface tension analysis was done immelgiathen

the temperature of the watBiCC mixtures reached 28C. The reading was given
automatically by the Tensiometer instrument after the values reaches equilibrium.
Highly polar OH group present hasaused ultimate interaction between cellulose

surfaces and agueous solution thus increases its surface tension

Based on Table 4.13, the values of surface tension increase when the sonication power
subjected increase from 50 W to 225 W. The values given were significantly due to the
mechanism introduced dag ultrasonication process. It was known that ultrasonication
process helps to defibrillate the cellulose fiber into less entangle fibrils. The action has
notably increase the density of exposed hydroxyl group present within the cellulose
polymer chainHigher sonication power indicates higher exposed free hydroxyl group
due to effective defibrillation and fragmentatidne to breaking of hydrogen bond
underlying the polymer sheefoncentrated polar hydroxyl group present in the exterior
surface of collaal suspension create a stronger attractive foareeng the others
hydroxyl group The action is taken for maintaining the smallest surface area. As a

result, the surface shows an elastic behavior which increases the surface tension value.

4 5.3 Effectof sonication time.

Effect of sonication time during the delamination process is also a crucial parameter
that should not be taken for granted. Time dictates the quantity and quality of
nanocellulose product, this is because longer time gives good dispeitithe
sonication time is longer, more cellulose fibrils will be broken and change its

morphology into shorter nanocellulose with smaller diam@meme et al., 201
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Table 4.14 Uncatalyzed depolymerization oéllulose by varying the time, at constant

power.
Salrgp'e Time Physical po%grtftiim tse“rg"l‘gr? Yield
(Min) appearance (mv) (MN/m) (%)
Water - Clear liquid n/a 72.00 n/a
Cellulose - White powder solid -14.8 53.50 n/a
SN®B 1 Watery milky solution -17.0 42.86 20
SNO09 1.5 | Watery milky solution -19.1 55.33 36
SN10 2.5 | Watery milky solution -24.1 59.33 43
SN11 3.5 | Watery milky solution -30.1 72.42 55
SN12 5 Whitish gel and viscou -35.6 80.97 76
SN13 10 | Whitish gel and \8cous -36.6 88.77 85
SN14 15 | Whitish gel and viscou -39.1 94.26 88

Figure 4.21:Dispersion state of nanocellulose at different sonication time.

Based on Figure 4.22, the highest nanocellulose obtained was at 15 min with 88 %.
Since the increment gfield between 10 to 15 min is only 3.4 %, reaction time chosen
for all the depolymerization reaction using ultrasonication is 10 min. Graph on Figure
4.22 shows almost the same pattern of graph obtained when effect of duration time was
examined in the prgpation of nanocellulose. This graph can be divided into 3 main

regions, A, B, and C.
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Figure 4.22:Yield of nanocellulose produced at different sonication time.

Region A and B shows a steep slope compared to region C. The calculated slope of
regon B is 31.15 % / min. The design of the graph in region B is expected to be the
mechanism of fiber defibrillation. It explains that, when ultrasonication was applied to
the process, the phenomena occurred at higher rate. In region C, the calculated slope
2.37 % / min. The process that expected to occur at that region is fibrils fragmentation.
The calculated slope obtained at that region explained that the process occurred at a

lower rate compared to fiber defibrillation.

A viscous and whitish gel likeanocellulose was obtained when the duration time is
higher than 5 min. This shows that the nanocellulose obtained has undergone both fiber
defibrillation and fragmentation. As a result, conclusion made in effect of sonication

power can also be adoptedeavheffect of sonication duration was studied.

Fiber defibrillation process occurred at higher rate compared to fragmentation process,

but both mechanisms are important in obtaining high quality nanocellulose.
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Zeta potential is an important tool for umsianding the start of the nanoparticle surface
and predicting the long term stability of the nanopatrticle. From Table 4.14 thesthort
time introduced is 1 min while the longest is 15 min. Duration time of 10 min and 15
min displayed zeta potential valggeater than 35 mV, which consequently represent
the stability in colloidal suspension. By looking at sample SNO2 (Tablea#hd Figure
4.21) and SN10, the same valoézeta potential is achieve@hat value is achieved at
shorter period of time whendh sonication power is introduced. Short time introduced
has given a low zeta potential value, where the particles will eventually aggregates due
to the Van derWalls interparticles attractions. Appropriate duration time applied is
essential to make sutieat time allocated for the defibrillatios enough. Duration of 15
min posses zeta potentid9.1 mV,the valuehassignificantly informed that the higher
surface charge value has created electrostatic repulsive forces to the. Shiséem
electrostatic epulsive forces helghe nanoparticle from reunited or rebinding thus

formed a stable colloidal suspension.

For surface tension analysis, similar approaches of sonication power were applied when
effect of treatment time was issued to the nanocellulose.stiiface tension increases

to 54 % when the reaction duration time was prolonged from 1 min to 15 min. Longer
treatment time gives better opportunities for the defibrillation process to happen
efficiently as well as fiber fragmentation. Less ordered ki fragments that have

high susceptibility towards son6 energy was first disturbed, and consequently,
exposed the hydroxyl groups through fiber fragmentation. The longer the sonication
duration time, the higher the viscosity of the nanocellulose naxtdventhough both
viscosity and surface tension are independent variables, the viscosity of the mixture can
sti |l | be useful in explaining the concen
Highly exposed hydroxyl group has created high hydragtylion the nanocellulose

surface which increases its surface tensidme saturated exposed hydroxyl group on
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the molecule surface has increased the viscosity of the mixture due the interaction of

OH with the water molecules.

4.5.3 Effect of Tungstophaphoric acid, HsPW1,040 (TPA) catalyst loading.

The produdbn of nanocellulose was obtained from exposing éellulose microfibrils

to high intensity ultrasonication. A few hundred micrometer of cellulose mictofias

directly introduced to heteropobcid In this case, sonication was the dominant role in
making nanocellulose facilitadleby the existence of heteropoly compound as a proton
donor. The loosen spaces generated has increased the opportunity of heteropoly
compoundb6s pr ot @metherlimkadges, pgrodocing more magtaudtuned

cellulose.

Table 4.15 Catalyzed depolymerization of cellulose by different loading of
H3PW;1,040at 225 Wfor 10 min.

Sample CI:ata!yst Physical LI S”rf"?‘ce Yield
D oading Appearance potential | tension (%)
(@) (mv) | (mN/m)

Water - Clear liquid n/a 72.00 n/a
Cellulose - White powder solid -14.8 53.50 n/a
SNO05 - Whitish gel and viscous  -36.6 88.77 85
SN15 2 Whitish gel and viscous  -36.8 67.02 86
SN16 4 Whitish gel and viscous  -389 65.21 90
SN17 6 Whitish gel and viscous  -39.3 64.33 77

Figure 4.23:Dispersion state of nanocellulose at different loaslofgr PA
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The commercial production of nanocellulose was being dominated by sulfuric acid
hydrolysis. Eventhough the praction route is widely applied in many industries, the
yield obtained is not satisfying. Synergy effect of high intensity ultrasonication and
heteropoly acid hydrolysis has led to a better reaction performance in terms of product
yield. As shown in Figure4.24, under the same reaction condition, 1.16 % of
nanocellulose yield increased when 2 gJBA was added to facilitate the reaction. The
calculated slope at region A is 4.45 % / g while at region B is 15.94 % / g. The values
has given a rough indicatiaabout the fibril fragmentation that has taken place during

the process.

Once the heteropoly acid was added to the process, the production of nanocellulose was
further enhanced through fibril fragmentation. The higher slope reported above, has
explained thawhen 4 g ofTPA was applied , the yield is increased. It shows that fibrils
fragementation work efficiently in acidic condition. However, the value dropped when

6 g of TPA was introduced to the process. ®fgTPA represent a highly acidic
environment fo cellulose depolymerization which reduced the yield of nanocellulose
through uncontrolled cleavage of glycosidic linkages. The vyields of nanocellulose
obtained in SN17 (6 g) possess zeta potential36f3 mV, this shows that higher

content of TPA creatgood quality of nanocellulose but at a lower yield.
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Figure 4.24:Yield of nanocellulose produced at different loading of TPA.

As a result, 4 g offPA was chosen to be thaptimal value of catalyst loading for
catalytic depolymerization of dalose. Commercial production of nanocellulose
employs sulfuric acid liquid catalyst. This catalyst, although higbtiwe, can lead to
corrosionand environmental issues. Use of solid acid catalysis for the reaction could
potentially overcome those draadks. Therefore, the reaction will be more likely to
occur effectively with liquid phase Bronsted acid compared to the solid Bhassted

acid This is because the intrinsic catalytic activity of liquid phase heteropoly compound

is higher in this reactio(Huang & Fu, 2013

Miniaturization of cellulose to nanofibersize cellulose not only requirekigh
sonicaton power and appropriate treatment time but also proton dmpability to
facilitate the depolymerization process. The preseh TPA in the reaction medium is
crucial for determining the effectiveness of the hydrolyBRA is a Bronsted acid type
where the reaction goes through protonatieaction stepThe Bronsted acid action at

this stage has become more predominant, where the proton generated will be oriented to
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highly accessible amorphous region of cellulose microfibril. The amorphous region that
is less susceptible towards the acid attack was hydrolyzed, |e¢hemgystalline region
intact. The relationship between amountsI®fA subjected with the zeta potential of the
nanocellulose suspsion was investigated. [fable 4.15jt shows that adtdon of 2 g,

4 g, and 6 drPA catalystgenerates zeta potential #6.8mV, -38.9nV and-39.3nV

respectively.

Zeta potentia(ZP) values increase when the amounTBfA catalyst useihcrease. The

ZP values indicatethat the generated cellulose nanoaigst(NCC) have a good
dispersibility in water dispersanie have nanoparticle colloidal suspension stability
Introduction of acidic medium to the reaction has increase the breaking of
intramolecular hydrogen bondin@[(2) ---O (6) bonding and O (3)}-O (5)] between

the glucose molecules thus exposing more hydroxyl group of. NDE presence of
negatively chargettydroxylgroupso n t h e N C éndamragesithe ffoamateon of
electrostatic layer covering the NCC and supports their spreading in wadgordvent

it from flocculation and sedimentation.

However, adding of PA catalyst in catalyzing the reaction has resuitddwer surface
tension of NCC colloidal suspension. AmounfTéfA added is inversely proportional to
the surface tension valueshd higher the amount added, the lower the value. This
phenomenon is mainly due to thalkinessof Kegginanion.TPA dissolves in water to
produce proton andéeggin anion. Incorporation of anioniKeggin ions with freely
hydroxyl group on the surface of KIChas reduced the seléssociation tendency
among the hydroxyl group. This is becadgsggin anion act as a clustesurfactant
(Texter,201])) thus reduces the surface tensibigh value of surface area gives good

indication on the quality of nanocellulose. It shows that the defibrillation and
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fragmentation has successfullyndergone breaking of hydrogen bond and glycosidic

bond thusexposing highly saturated hydroxyl group on the molecule surface.

4 5.3 Effect of Cs:H content

Notably, the role of Bronsted acid is less pronounce when the physical state of Bronsted

acid changes from liquid to solid phase.

Table 4.16:The physical stateof Bronsted acid for the heteropoly compounds.

Physical State of .
Bronsted Acid Sample Code Chemical formula
Liquid
CS02 CS_]_HzPW12040
CSO03 Cs HiPW1,040
. CS04 Cs.sHosPWi:040
Solid
CSO05 Cs.gHoPWi:04
CS06 C%HOPW12040

There aretwo physical states of Bronsted acid introduced during the process of
cellulose depolymerizationTable 4.16differentiated phases of TRAquid phase of
heteropoly compounds are accompanied S01) HPW;,04 and (CS02)
CsH,PW,040 While the solid phase are (CS04) AgdosPWi204 and (CSO06)

C%PW12040.

Table 4.17 Catalyzed depolymerization of cellulose byl@sPW;,04 at different

Cs:H ratio
Sample | Cs:H Physical Zetq Surfgce Yield
ID ratio appearance PEETE] tension (%)
(mv) (mN/m)
Water - Clear liquid n/a 72.00 n/a
Cellulose - White powder solid -14.8 53.50 n/a
SNO05 - Whitish gel and viscous -36.6 88.77 85
SN16 0:3.0 | Whitish gel and viscous -38.5 65.23 91
SN18 | 1.0:2.0| Whitish gel and viscous -334 66.47 86
SN19 | 2.5:0.5| Whitish gel and viscous -30.6 67.68 85
SN20 3.0:00 | Whitish gel and viscous -29.1 69.01 83
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The application ofHzPW;,04 in nanocellulose production has showed an excellent
yield. Introduction of cesium atom within the Keggin structure haserelously effect

the yield of nanocellulose. Increasing amount of cesium, has decreased the yield of
nanocelluse. Region A shows an increase in yield when no subsituted cesium present in
the reaction. Slope i is more steep compared to slope ii, this pksnex that fibrils
fragmentation occuunder non substituted cesiumhiPW;,040is better compared to
subsitutedcesium Eventhough botislopes do not represent the rate of reaction, but it
still can be used as indicator for process efficiency. Whehehigesium contens
present within the Keggin network, the yield of nanocellulose dropped. The reaction is
less pronounced and the production of nanocellulose is continued only via
ultrasonication. This can be explained through the same yield of naroselbbtained

when the ratio of Cs: H reached 2.5 with the uncatalyzed production of nanocellulose. It
shows that the number of acid sites is higher than the acid strength and the process

requires higher Bronsted acid strength for the depolymerizatioityact
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Figure 4.25:Yield of nanocellulose produced at different Cs : H ratio.
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Both HsPW,2040 and CsHoPW,2,0,40 are soluble and ionize in water to generate highly
concentrated acidic proton that hydrolyzdinkages of cellulose microfibrils. Orhe
other hand, solid phase of £Blp sPW1,040 and CgPW;,04 are insoluble in water and
hardly ionize to produce acidic proton for cellulose hydrolysis. Low hydrolysis capacity
posses by those catalysts are due to their low proximation between theseellulo
molecules. It shows that, eventhough, & sPWi,040 and CsPW; 04 catalyst
possesd high surf ac em’d respectiveihh thecvhlues abtaifed 5 a

seeminsignificantin cellulose depolymerization to nanocellulose.

Conventionally, mineal acid especially sulfuric acid was used to assist the process of
cellulose depolymerization. Therefore, the process type involved wasistbdid
reaction. Nevertheless, it was clearly known that catalyst added to sample SN16 and
SN18 were solid butdve great interaction with aqueous solution due to low solvation
energy. Whereas, catalyst catalyzed in SN19 and SN20 have low interaction with water
molecules owing to its hydrophobicity thus creates low hydronium ion concentration.
Consequently, depolymieation of cellulose in SN19 and SN20 are less effective due to
lack of interactionof solid catalyst with cellulose molecules. Eventhough both catalysts
used to catalyze the reaction posses excellent porosity and surface area, but those
elements were laspronounce when solid bmolymer was used asraw materials.
Therefore, good zeta potential values obtained from the reaction are mainly due to the

ultrasonication effect that creates good dispersibility of collordaqueous medium.
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4.6 Nanocelllose product assay
4.6.1Crystallinity Index by X-ray Diffraction (XRD)

Cellulosecrystallinity is very significant in determining the thermal and mechanical
properties oNCC generated. The crystalline structure of cellulose has been extensively
been stdied through XRD methodGenerally, ellulose | is the most abundant form
found in nature, with cellulosg [monoclinic) form being dominant in higher plants.
XRD patterns in Figure 4.26xhibitsthe diffraction signals at@of 15 , 16 , and 22.8

~ (PDF i File 050 2241)

Table 4.18:Main diffractions peak of cellulose I.

No d-spacing (A) 2q(C) Intensity (%)
1 5.90609 14.988 33
2 5.37240 16.487 33
3 3.90018 22.782 100

A parameter termedrystallinity index (Crl) has been extensively applied inesrdb
illustrate the relative amount of crystalline portion in cellulose. To calculate Crl of
cellulosic maerial from XRD spectrapeak heightnethod waspplied by using height
ratio (Park, Baker, Himmel, Parilla, & Johnson, 20Q1Between the intensity of the
crystalline peak ¢brlam) and the total intensity dJ;) as simplified into equation 4.3
wheréy loo2 represents both amorphous and crystalline region gndt118  which

signifies the amorphous regionThis was done aftesubtractionof the background

signal.

0i O——— wp mmt (Equation 4.3)
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Based on Figure 4.26 and Table 4.8l of the raw material, microcrystalline cellulose
(MCC) was measured to be 736. Introduction of ultrasonication on the cellulose
fibers increases the Crl of the mechanically treated cellulose up to 87.5 %. Low
sonication output power has significantly increased Crl about 6 % from the raw MCC.
This value started to steadily growsen the output power were increased to 225 W.
The increase in crystallinity was undoubtedly due to the decrease in compaction degree
of cellulose polymer chain through delamination process. Powerful energy introduced
also can lead to reduction and remowdl amorphous section of cellulose during
defibrillation. Unordered arrangement of amorphous domains in cellulose polymer
chains make it more prone towards high energy treatment compared to crystalline
region. The Crl of NCC was around 80 % and above, yimglthat ultrasonication
subjected had greatly affected the crystallinity of NCC. Removal of amorphous region
has successfully remained the crystalline region intact which reflects to better quality of

NCC.
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Figure 4.26: XRD diffractograns ofon effect of sonication power.

Table 4.19:Crystallinity Index (Crl)values of NCC from effect of sonication power.

Sample ID Power (W) Crl (%)
MCC - 75.6
SNO1 50 80.1
SNO02 100 84.5
SNO3 113 85.1
SN04 140 86.0
SNO5 225 87.5

Depolymerization b cellulose to NCC through ultrasonication treatment requires an
appropriate amount of treatment time. Based on Table 4.20, 7 different time duration
have been subjected for analysis in order to determine the best reaction times for
obtaining NCC throughhe highest Crl values. As a result, SN12 with treatment
duration of 15 minutes generates the best value of Crl with 88 %. Longer

ultrasonication time introduced has created a great opportunity for the system to
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generate adequate energy for cellulose filbefibrillation. During the cellulose
defibrillation, cellulose macrofibril tends to delaminate itself using the $emergy
created by the ultrasonication. The delamination process involves breaking of hydrogen
bond leaving the cellulose fibrils intactufcient time introduced has given an
opportunity to the fibrils for undergoing fibrils fragmentation thus cleaving the
amorphous domain. Therefore, high percentage of amorphous region diminished within

the cellulose fibrils has significantly increaskd Crl illustrated in Figure 4.27.

— 1min

— 1.5min
— 2.5min
—— 3.5min

(002)

Intensity (a.u)

2q
Figure 4.27: XRD diffractograms obn effect of sonication time.
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Table 4.20:Crystallinity Index (Crl)values of NCC from effect of sonication time.

Sample ID | Duration time (Min) Crl (%)
MCC - 75.6
SNO08 1 85.6
SNO09 1.5 85.7
SN10 2.5 86.0
SN11 3.5 86.3
SN12 5 87.0
SN13 10 87.5
SN14 15 88.0

Hydrolysis of cellulose via sulfuric acid is a classical method in obtaining NCC.
Minerals acid such sulfuric acid, nitric acid, hydrochloric acid and others act as a proton
donor that hydrolyzed ether linkages present within the cellulose polymer chain.
Amorphous regions that are more susceptible toward low pH environment are
hydrolyzed, leaving the crystalline region intact. The removal of amorphous domain has
increased therystallinity values of the NCC generated which can be shown in Figure

4.28.

However, uncontrolled hydrolysis reaction can cause the reduction of Crl of NCC.
Highly concentrated of hydronium ion were able to penetrate into the crystalline region,
thus pomoting the hydrolytic cleavage of glycosidic bond which decrease the
crystalline crystallites. Same effect has been adopted in studying the Crl generated from
NCC catalyzed by Heteropolyacid (HPA). Based on Table 4.21 the Crl of NCC
increases from 75.6 ¥ 86.5 % when the hydrolysis reaction was catalyzed by 2 g of
TPA. TPA has caused such transformation because of its Bronsted acid properties that

dissolves the amorphous region of cellulose polymer chain.
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Figure 4.28: XRD diffactograms oreffect amount of TPA catalyst.

Table 4.21:CrystallinityIndex (Cr)v al ues of NCC from effec

Sample ID | TPA'samount (g) [ Crl (%)
SNO5 - 87.5
SN15 2 87.8
SN16 4 88.0
SN17 6 85.4

However, by increasing the amount of TPA to 6,ghe Cit of NCC producedwas
reduced while 4 g of TPA gavwbe best value of Crl. As a result, 4 g of TPA is the
optimum weight to get the best Crl of NCC produced. The value obtained was similar
with SN14. This is because, application of TPA as a catalystedased the activation
energy for depolymerization of cellulose thus lesser time is requirebt&mnsuch Crl.

It shows that TPA acts as an excellent catalyst in producing NCC.
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Depolymerization or hydrolysis of cellulose requires an acidic environmearter to
diminish the amorphous region present. Substitution of proton with a larger monovalent
cation such as cesium cation reduced the acidity of the Heteropoly compound. This is
because introduction of cesium ion within the Keggin network has incribase

alkalinity of the compound plus alteration of its hydrophilicity.

— Cs:H =0:3
Cs:H=1:2
(002) Cs:H=2.5:0.5
(1o1) (101) Cs:H=3:0

N

intensity (a.u)

2q

Figure 4.29:XRD diffactograms of NCC catalyzed by,El xPW;,0,at different
Cs:H ratio

Table 4.22:Crystallinity Index (Crl)values ofNCC at different Cs: H ratio

Sample ID | Catalyst ID | Cs:H ratio Crl (%)
SN16 CS01 0:3 88.0
SN18 CS02 1:2 84.2
SN19 CS03 2.5:0.5 80.4
SN20 CS04 3:0 80.1
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It has been mentioned in Section 4.2 that CS03 and CS04 were insoluble in water.
Therefore, both foth catalysts desnot ionize in water to produce hydrogen ions. As a
result, the hydrolysis effectiveness drops through the reduction of Crl. Baséguoa

4.29 andTable 4.22, the highest Crl is 88.0% and the lowest is 80.1 %. The number of
titratableacid sites decreases with increase of Cs content. Hence, CS01 has the greatest
protonic acid sites, thus showirgxcellent catalytic performance in tesnof higher

value of Crl. Amonghe 3 catalysts that have Cs substituted, C&&alyzed reaction

has siown good Crl compared tihe reaction catalyzed bS04 and CS06. Despite,
CS04 and CSO06 hasigh surface area and porosity, low Guf nanocelluloseare
obtained from the depolymerizatigmocess catalyzed by therfhis can be credited to
mass transporin solid i solid reaction. High porosity and surface area of CS04 and

CSo06aremostfavorablein liquid or gas reaction systeffiian et al., 2011

4.6.2 Chemical structure by Fourier Transform Infrared (FTIR) spectroscopy

FTIR spectroscop is one of the most important analytical techniques available to
researche FTIR was carried out using KBr method. Tisisrucial for determining the
chemical characteristic and compositions of cellulose biopolymer. Any changes
occurral which involvingthe bond breaking or formingan be illustrated through FTIR
spectra. Therefore, for depolymerization of cellulose to NCC, this ctieaization was
doneto observeahe changes happeg at b - linkages of cellulose polymer chain. The
intensity of tranmittance (%) generated will give an information about the adjustment
that has taken place during the process. Alteratiothe€trystalline domain®ffers a
guide towards a significant generalization through the reduction of intensity of the
crystalline donains characteristic band3herebre, FTIR spectroscopynethod is
important in giving rapid information about the efficiency of the process commenced.

Table 4.23 displagthe general characteristic barfdr the cellulosic material.
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Table 4.23:Common bad assignments for cellulose through FTIR spectroscopy.

Waxégrr:]glr)nber Band assignments References
_ : (Fan, Dai, & Huang,
3400 O-H stretching 2012
) . (Mohamad Haafiz et al.,
2800 C-H stretching 2013
1640 O-H bending of absorbed water | (Johar et al., 2032
. (Kumar, de la Luz Reus
1425 CH; bending Medina, & Yang, 200p
1054 C-O-C pyranose ring stretching | (Mandal & Chakrabarty,
vibration 2017
Asymmetrc vibration of GO-C
1151 bonds (Fan et al., 2012
(Fan et al., 203;Halib &
1043 Stretching of GO-C bond Amin, 2012 R. Li et al.,
2009
—_— : (Ciolacu, Ciolag, &
896 IC'EIiCOSIdIC C, deformation ob- Popa, 2011Jiang &
INKages Hsieh, 2013

Generally, broad band at 35008200 cnt aredue to the existence of hydroxyl group
through free GH dgretching in cellulose polymer, hydrogen bonded gives lmoad
bands.Based on Figure 1.2 (Chapter 1hete are three different hydroxyl groups
present which in C2, C3 and C6. Their presences have allowed the formation of
different kinds of intra and intemolecular hydrogen bondsiabibi et al., 201)) 2894

i 2911 cnt, bands are assigd for GH stretching vibrationPeaks at 16411650 cm

are mainly related to GH bendingproperties associatetd absorbed water, the peak
exissin every cellul oseds spetismlated withbos or p't
intermolecular hydrogen attraction at C6 group. Meanwhile, peaks at 1048nch896

cm* correspondo glycosidic ethebonds andylycosidic*C, deformation ob- linkages
respectively are very important in determining the effectiveness of cellulose
depolymerizationBased on Figure 4.30, @an beclearly observe that thereare no
distinct changes chemical structure afelluloseshownin the FTIR spectra. However,

if the figure wadurther focused, there is some small changes in transmittance (%) has
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taken place at peak 896 ¢nirhe changes in transmittance (%) reading are recorded in
Table 4.24. The transmittance (%) peaks 896 cih gradually reduced in intensity

when the sonicatiopowerswereincreasd from 50 W to 225 W. The changes happen

due to the defibrillation process that has taken places. It has been mentiQieldcn

et al.,(201]) that absorption band at 896 ¢risd e si gned as an fAamor |
b a n @h&decrease in its intensity indicatée increasen crystalinity of the samples

due to the loss of glycosidic linkages through hydrolysis process in amorphous domain.
Peak 896 cmwas used as @ferencebecause removal of amorphous domain is much
easier copared to crystalline domain. Dislered crystéites of cellulose molecules

present in amorphous region wezasily diminished when high ultrasonication energy

was introduced which also contribute to the increase in big@&allinity.
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Figure 4.30:FTIR spectra of NCC from effect of sonication paw

Table4.24:.Rel ati onshi p between sonication pow

intensity at absorption bands 896 tm

Sample ID Power (W) Wavenumber (cmi’) Transmittance
SNO1 50 896.74 0.96
SNO02 100 896.74 0.94
SNO3 113 896.74 0.91
SNO4 140 896.74 0.89
SNO05 225 896.74 0.79

The patterns of FTIR spectra in Figure 4.31 were almost identical for all time duration,
but the intensity of each peak was different to some extent. The broadness of peak 3400
cm™* was reduced into safl area when the reaction time was longer. Longer treatment
time has broken the hydrogen bonds that are connected through intra and intermolecular
attraction. Furthermore, peak 896 tifTable 4.25) also shows reduction in intensity
when the treatment tienwas increased to 15 minute. The decrease in intensity was the
indication of increasing crystallinity of NCC which can be related to fiber fragmentation
due to breaking of glycosidic bond in amorphous region. Amorphous regions are
consists of disorderedeliulose crystallite while crystalline region are consists of
ordered cellulose crystallite. The amorphous amount was being used as the indicator
for the determination of crystallinity index. This is because the removal of amorphous
domain is easier compad to crystalline region. Removal or lacking of crystalline
region has shown that the reaction time subjected to reaction is too long thus caused the

crystallinity index to decrease.
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Figure 4.31:FTIR spectraof NCC from effect of songtion time.

Table4.25:Rel ati onshi p between sonicati

intensity at absorption bands 896 tm

Sample ID Time (min) Wavenumber (cni’) Transmittance
SNO7 1 896.74 0.95
SNO08 15 896.74 0.88
SNO09 2.5 896.74 0.87
SN10 3.5 896.74 0.86
SN12 5 896.74 0.80
SN13 10 896.74 0.79
SN14 15 896.74 0.77
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Infrared absorption bands around 900tmo 1100 cnt is found to be very sensitive to

the amount of crystalline structure againstogohous structure(Janardhnan & Sain,
201]). Therefore, any broadening of thendareflects to higher degree of disordered
crystallite structures. Increasirtige amount of acidic TPA in the reaction reduced the
intensity of peaks 896 cmfrom 0.79 to 0.78. The relative absorbancebof 1, 4
linkages between glucose units were dcafly decreasg by adding CSO01 catalyst
similar to acid hydrolysis(Nada, EiKady, EFSayed, & Amine, 2009 The
collaboration between ultrasonication and acid hydrolysis has increased the possibility
in obtaining NCC.CSO01 produces hydronium ions which can eagignetratethe
defibrillated fiber after the ultrasonication proceés. a result,enhancedemoval of

amorphous region can be accomplished.
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Figure 4.32:FTIR spectra of NCC from effect af P A @&rsunts.
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Table 4.26:Relationship betweeh PA@dmount wi th transmittanc
absorptim bands 896 crh

SampleID | TPA®s amd Wavenumber (cm?) Transmittance

SN15 2 896.74 0.78
SN16 4 896.74 0.75
SN17 6 896.74 0.71

Based on Figure 4.33, it shows that high Cs content in TPA posess high intensity of 896
cm* absorption band. It cabe explained by the low acidity displayed by CS02, CS04
and CSO06. Low acidity and high hydrophobicity of CS04 and CS06 did not cause any
increment in crystallinity degree of nanocellulose. Low interaction of CS04 and CS06
in water medium makes them lessnizable thus producing lesser numbers of
hydronium ion. Low concentration of proton makes the penetration and rupture of
amorphous region less pronounced. As a result, the production of nanocellulose was
fully developed from ultrasonication energy througgfibrillation and fragmentation
process. The breaking activities of hydrogen bond network were higher compared to the
breaking of glycosidic linkages. This has undoubtedly maintained the high percentage
of amorphous domain in the nanocellulose produgezkghe breaking of ether bond in
amorphous region was less pronounced. Additionally, infrared spectroscopy above
shows no trace of HPA left which means that the nanocellulose purification has been

successful.
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Figure 4.33: Chemical structure of nanocellulose catalyzed by HEsPW1,040 at

different Cs:H ratio.

Table4.27.Rel ati onship bet ween

absorption bands 896 ¢ém

Cs: H rat.

Sample ID | Catalyst ID Cr:jt:i: Wavenumber (cni') | Transmittance
SN16 CS01(TPA) 0:3 896.74 0.75
SN18 CS02 1:2 896.74 0.78
SN19 CSo04 2.5:0.5 896.74 0.79
SN20 CS06 3:0 896.74 0.84
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4.6.3 Raman Spectroscopy

Raman spectroscopy technique is important and eféeatethod for investigating the
vibrational spectra of cellulose, pulp as well as cellulose derivatives. Ease of sample
preparation and short analysis time make it a popular characterization technique besides
FTIR spectroscopy. Moreover, Raman spectra atntributed to further conformation

and examination on the NCC generated which has been analyzed by FTIR
spectroscopy. Furthermore, Raman spectrosaspg useful tool in evaluating the
degree ofcrystallinity of the cellulose other than XRD. Therefone,this section, Crl
through Raman intensity data will not be calculated since the Crl values of NCC has
been calculated in section 4.5.3. This section will be focusing more in supporting the

Crl values gained in the previous section.
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Figure 4.34: Raman spectra of microcrystalline cellulose (MCC) in the range of 250
1600 cni,
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Cellulose is a complex bimolecule that possesses high vibrational degree of freedom
that can be illustrated in Raman spectra, but some nmer@eprobably degenerated.
Celluloseis composesf C, H and O atoms and the main bonds is ether bond thiugh
1, 4 linkages. Therefore, the skeletal stretching and bending mode£at GC-O-C,

and OC-C are dominant, and located at region below th@@ ém' (Kavkler &

De mg a r ). Ho®eVel, 2stretching of €€ ard C-O in pyranose compounds was
dominated at region of 800 to 1200 tifWiley & Atalla, 1987. While asymmetric
vibration signal specifically at 1150 ém(Zhang, Feldner, & Fischer, 201 Moreover,

it has been mentionaateviouslythat peak 896 cthassociates to cellulose crystallinity,
whereby higher and narrowpeak were related to low crystallinity and the value will
shift to higher frequencies around 900913 cni'* when the crystallinity is higher

(S z y ma-Gksrgod, Cybulska, & Zdunek, 2011

The notable peak at 1096 ¢ris a characteristic peak of cellulose which represents the
symmetric ring vibrabn of GO-C group. This peak wassually related to peak at
signal 380 cnt, where the relationship between these two intensity values gi@ek a
of a cellulose materiglAgarwal, Reiner, & Ralph, 2010; Agarwal, Reiner, Filpponen,
Isogai & Argyropouos, 2010)Peaks at 1481 cfand 1462 cni are an assignment
band for HC-H scissoring bending in cellulose I. Both peaks will appear at crystalline
cellulose while lacking of peak at 1481 ¢ns a confirmation of amorphous cellulose
(Schenzel, Fischer, & Brendler, 2003 herefore, through mercerization procdéiss

loss of peak 1481 chwill be replaced with brad 1462 crit which indicates the
transformation of cellulose | to cellulose II. As a result it barconcludel that high
degree otrystallinity corresponds to higher peaks at 1481'¢81z y m a-Gsrkoh et

al., 201). The main purpose of introducing ultrasonication in the production of NCC is

to help defibrillation of cellulose polymer chain.
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It has been mentionethat peakl481 cnt is use qualitatively to indicate whether the

NCC contain highly crystalline structuog not. Based on Table 4.28, the intensity of

peak 1481 cm has increase from 1158 to 2340 counts when being subjected to

powerful sonication power. Raman spescopy was done in order to strengttzn

well as to supporthe statementhat highersonicationpower increases the degree of

crystdlinity . That statement has bealneady proven quantitatively in section 4.6 he

extensive energy generated fronvitation process has significantly disintegrated the

fiber into less compact form. The complex multilayers of cellulose polymer chain was

later reduced and create better probability in revealing or exposing highly crystalline

cellulose crystallite. The ersddded crystalline region in the matrix of amorphous

domain has reduced h e

exposure

of

cAppropriate ansoend af

energy can also lead to fiber defragmentation which increasesystallinity of NCC.

The intramolecular forces hydragéond present in flexible amorphous region was

broken revealing the rigid crystalline region unharmed.
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Figure 4.35: Raman shift for NCC generated on effect of sonication power

111

cry



Table 4.28:Intensity of peaks 1481 and 1464 ton effect of snication power.

Sample ID Power Raman shi_flt of | Raman shi_flt of
(W) 1481 cm 1464 cm
SNO1 50 1158 801
SNO02 100 1472 1072
SNO3 113 1956 1466
SNO04 140 2126 165
SNO05 225 2340 1975

Based on previous description about Raman spectroscopy, the Ramiaa sjkgive

a lot of information about the skeletal stretching of the main bonds present in cellulose
molecules. Longer treatment time of sonication toward cellulose fibers has significantly
affected some of the original skeletal backbone of celluloséequles. Different
treatment time at higher energy of sonication has caused some changes in the
vibrational properties of cellulose fibers. The difference can be illustrated in Figure
4.36. A specifically characteristic band at 1481 -@mwas further focusd, and the
intensity was tabulated in Table 4.29. It can be clearly observed that all the spectra
exhibit similar patterns. Peak 1481 ¢iis assigned td CH, bending, the peak intensity
increase when longer treatment timéntroduced. This peak indicatehe difference in
crystallinity degree in the NCC samples. Higher intensity of this peaks is corresponds to
high crystallinity index (Crl). Moreover, peak at 896 tulisplayed in Figure 4.38

shifted to higher frequencies around 900 ‘¢nwhich signifes an increment in
crystallinity. Therefore, the information given creates a good correlation with section
4.6.1 thus support the hypothesis of longer sonication time increases the Crl of NCC

produced.
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Figure 4.36:Raman shift for NCC generat under effect of time

Table 4.29:Intensity of peaks 1481 and 1464 ton effect of sonication time.

Sample ID | Time (min) Raman shi_flt of Raman shi_IZt of
1481 cm 1464 cm
SNOS8 1 986 754
SNO09 15 1137 869
SN10 2.5 1389 912
SN11 3.5 1532 1144
SN12 5 1798 1474
SN13 10 2340 1975
SN14 15 2513 2137

HPA plays an important task in facilitating the depolymerization of cellulose through
hydrolyzing the unordered crystallites that constitutes the amorphous domain. The
presence of Keggianion of TPA can be detectable through the existence of peak at
1010 cnt* (Figure 4.37()). The peak was assigned as the characteristics band for the
phosphate grougMi ol , St oj adi n §presdnce iné&e MNandackbone & 0 0 9
Kegginds TPA. However, the peak disappe

accomplished leaving only the main characteristic peaks of cellulose as shogurm Fi
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4.37. As discussed earlier, the peak at 1481 @man indicator peak for degree of
crystallinity and it was measured quantitatively using the intensity (counts). Moreover,
the control for this reaction was SNO5 and addition of 2 g of TPA in caiglyhe
reaction has caused an increment of intensity from 1145 counts to 1258 counts. Thus,
this demonstrates and proofs the catalyst effectiveness in catalyzing the
depolymerization process. The value continues to increase up to 2114 counts when 4 g
of TPA was added but lowered when the amount reached 6 g. This phenomenon was
seen earlier in evaluating Crl using XRD method. Higher concentration of hydronium
ion in the reaction medium has caused excessive hydrolysis to the ether bond present in
the crystdine region. As a result, less amount or content of crystalline region present in

each of the polymer chain.
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Figure 4.37a. Raman shift of NCC generated und

purification pocess.
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Table 4.30:Intensity of peaks 1481 and 1464tmn ef f ect of TPAO®Ss
Samole ID T P A 6 ounta 1 Raman shift of | Raman shift of
> (9) 1481 cnit 1464 cm'

SN15 2 2390 2116

SN16 4 2599 2066

SN17 6 2321 2122

Acidic cesium salts of TPA are common in many organic synthesis reactions especially

in liquid 7 liquid phase reactiofKozhevnikov, 199k Increasing the cesium content in

the Kegginnetwork has caused an alteration oa pinysical and chemical properties of

the catalyst. The criticagffects of the TPA transformation during the substitution

process are thieydrophobicity and decreasing acidity. Those effects have tremendously

reduced thecrystallinity of NCC produced thmagh the reduction ofcrystallinity

characteristic band at 1481 ¢émFrom SN16 to SN18, 40 9ftensity reduction has

taken place, andhé biggest reduction occurrécbm SN19 to SN20 where it causes
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about 50 % of intensity reduction. This is because whercesium content aneased

until the ratio of Cs: H reaches 2.5: 0.5, the concentration of proton present in the
reaction media is limited due to the hydrophobicity of the catalyst. Aesualt, the
hydrolysis efficiencydropped due to low interaction leten the two compound$he

same effect and explanations can be implemented when the ratio of Cs: H reaches 3:0.
It can beclearly observe that the area under the cursat peak 1481 cthwerevery

small compared to the other three spectra and peak3ati®® is shifted to lower
frequencies when the cesium content incréasehe maximum. The shifting indicates

an increasing amount afnorderedcrystallites in the NCC produced. This can be
concluded that the cellulose depolymerization through acid hjgilsgrocess becomes

less pronounce when being catalyzed with acidic cesium salt of TPA compared to TPA

alone.
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Figure 4.38:Raman shift of NCC catalyzed by & «PW;,04pat different Cs:H ratio
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Table 4.31:Intensity at peaks 1481 and 1464 tat effect of Cs: H ratio

Sample ID Ratio Raman shi_ft Raman shi_flt of
Cs: H of 1481 cnit 1464 cm
SN16 0:3 2114 2066
SN18 1:3 1313 1035
SN19 2.5:0.5 1278 1112
SN20 3.0 1149 943

4.5.4 Particle Size Distribution (PSD)

Particle size distribution (PSDr size dispersion analysis was accomplished to
discover the statistical distribution of NCC particles in water disper&@u, Fu,
Zheng, & Zhan, 2012 Generally, Dynamic Light Scattering (DLS) or sometimes
referred as QuasiElastic Light Scattering (QELS) is an established method designed
for measuring size of particles that has aetision lower than him. DLS has the

advantage of less time consumuowmnpared to microscoppased method.

Basically, applications of DLS are for determining particles sizes which have been
successfully dissolekin a liquid (dispersant). The Brownian nati of freely moving

NCC particles in water dispersant causes the laser light to be scattered at different
intensities. Three measurements were taken with each reading takes 120 s, and the
standard deviations of the reading are stated. The PSD valuesfi@ng&7.84 nm to

91.26 nm were tabulated in Table 4.32 until Table 4.35, and the histogram of the values

listed are illustrated in Figure 4.39 until Figure 4.42.

PSD analysis reveals an average particle sfzkess than 100 nm for almost 90 %
number of pdicles. However, a small percentagepairticles sizdarger than 100 nm

also existed in the colloidal mixtures.
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When the lowest ultrasonication poweassubjected to the process, large proportion of
particles size is 68.09 nm with 24.9 % was measwigld 10.6 % of particlesizewere
larger than 100 nm. Increasing sonication pofr@m 50 W to 225 W has narrowed the
size distribution curvewith almost 10 % number of particles poss&ge less than 100
nm. By introducing high sonication powé¢hne hydogen bonds interconnected within
the cellulose polymer chaimas harshly destroyatius resultingn narrowingNCC size
distribution. Therefore, when the highest sonication power was applied to the cellulose
mixture, defragmentation of celbde fiber als occurred throughintramolecular
hydrogen bondindgpreakagenhich caised 88.5 % of NCC patrticles sizesmging from
58.77 nm to 79.92 nm were gainestainedcompared to NCC generated at 100 W with
only 67.3 %.Besides thataising the sonication power fro 50 W to 225 W has

decreased the amount of particles having size bigger than 100 nm.

Table 4.32:PSD values of NCC prepared from effect of sonication power.

Number (%)

Size SNO1 | SNO2 | SNO3 | SN04 | SNO5

50W | 100W | 113W | 140W | 225W
50.75 9.1 9.10 2.0 - 6.2
58.77 23.2 23.20 22.1 1.0 26.4
68.06 24.9 2490 | 42.2 25.5 38.9
79.92 19.2 19.20 27.3 48.2 23.2
91.26 13 - 4.5 23.6 4.6
Total 89.4 76.40 98.1 98.3 99.3
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Figure 4.39 PSD of NCC prepared from effect of sonication, a) 50\LAOW, c)
113W, d) 140 W and e) 225W.
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Ideal treatment time in depolymerization of cellulose through ultrasonication is crucial
in producing a good distribution of particles size. Short sonication time produced only
29.8 % of paicles with siz less than 100 nm with the smallest size obtained were
68.06 nm. However, when 15 minutes of treatment time was apphedier range of
particlessizewasobtained with the smallest size is 37.84 nm. Table dh@8vs that the
percentagef particles size smaller than 100 nm increases when longer sonication time
was introduced. Despite tlact that theparticles exhibit wider size distribution in 15
minutesreaction, the treatment managedobtain size of 37.84 nm. Thiproves that,
longer treatment time can create higher possibility in defibrillating and fragmenting the

cellulose fibers.

Table 4.33:PSD values of NCC prepared from effect of sonication time

Number (%)

Size | SNO8 | SNO09 SN10 SN11 | SN12| SN13 | SN14

Imin | 1.5min | 25min | 3.5min | 5min | 10 min | 15 min
37.84 - - - - - - 8.3
43.82 - - - - 4.4 - 16.2
50.75 - - - - 12.6 6.2 23.4
58.77 - - 3.3 6.6 12.1 26.4 31.6
68.06| 3.5 3.7 10.2 19.8 11.0 38.9 18.2
79.92| 104 11.4 16.1 21.1 15.6 23.2 1.7
91.26| 15.9 20.2 20.2 14.2 16.3 4.6 -
Total | 29.8 35.3 49.8 61.7 72.0 99.3 99.4
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Figure 4.40:PSD of NCC prepared from effect of time; a) 1 min, b) 1.5 min, ¢) 2.5

min, d) 3.5 min, €) 5 min, f) 10 min, and g) 15 min.
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Depolymerization of cellulose thugh TPA catalyzed reaction creates excellent
particles size distribution with almost 100 % of particles exhibit size less thamni.00
The resuls obtained indicatedhat TPA is one of the bestatalysts inhydrolyzing
cellulose fibers othethan sulfuricacid. SNO5wasthe blankused for these reactions.
The additionof TPA has produced NCC with the smallest size382 nm with 5.5 %,
howeverthe smallst size for SNO5 was only 50.75 nm with 6.2 %. When TPA amount
was increased from 4 g (SN16) to 6 g (S the difference in number of particle size
obtained was only 0.3 %. This showgtter amount of TPA has generated higher
concentration of hydronium ion in reaction media. The concentrated hydronium ion
present has consequently boosted up the probalwfitproton in hydrolyzingthe

cellulose fiber thus allowinthe rupture ob - linkages.

Table434PSD val ues of NCC prepared from

_ Number (%)
Size SN15 SN16 SN17
29 49 69

37.84 - 10.0 14.6
43.82 5.5 17.1 18.2
50.75 9.6 23.4 24.0
58.77 16.4 33.2 30.7
68.06 22.1 15.4 11.9
79.92 27.3 - -

91.26 15.2 - -

Total 96.1 99.1 99.4
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Depolymerization process tedyzed by high cesium content catalyst neducedthe

number of particles size in nassze dimensionsThis wasclearly shown in Table 4.35
that by increasing Cs: H ratio fewer NCC with particles size less than 100vasn

obtained Furthermore when no cesium was present, the particles size of NCC

of

produced were almodi00 % with only 0.9 % particles displayed sizes more than 100

nm. The best size obtained was 37.84 (10.0 %). Presence of cesium atom
extensively reducethe numberof NCC particles sizavith none of particles exhibit

sizes less than 50 nm. Catalyst in reaction SN19 to SNsagied low acidity with

limited solubilization in water media. This has consequently limits the acid hydrolysis

process during the defibrillation process.
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Table 4.35PSD values of NCC catalyzed by,8s<PW;,04 at different Cs:H ratio
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Figure 4.42:PSD of NCC catalyzed by (43 PW;,040at different Cs:H ratio ; a) Cs:

H=0:3,b)Cs:H=1:2,c) Cs: H=2.5:0.5and d) Cs: H = 3:0.
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4.6.5 Morphologicd analysis (SEM, TEM and AFM)

Optical microscope is generally used for observingcron level materials with
reasonable resolution. Further magnification beshass practical through common
optical microscope due to aberrations and limit in wavelengthight. Hence the
imagingusingtransmission electron microscope (TEM), scanning electron microscope
(SEM) and atomic force microscopy (AFM) have been developed to obsersalthe
micron size materials. Though the principles of all the techniques aregeatiff¢hey

generate a highly magnified image of the surface.

SEM, TEM and AFMwere widely utilized to characterizéhe NCCmorphology and
dimensions. This method can provide information on NCC width and length. Although
these techniques are able to previthat information, aggregations of llo®se
nanofibers havecaused difficultyin examining the edgesf individual NCC. The
nanofibers aggregation are theoretically due to high density free hydroxyl groups
present on the nanofibers surface which alloteuin to strongly interact and resemble

thus lead to aggregati@speciallyafter drying.

Therefore this section will explairthoroughly thevisual explanation that occuiiom
microcrystalline cellulose (MCC) to cellulose nan®tays (NCC) via images ptured
from SEM, TEM and AFM. Generally, SEM micrographnd AFM images displayed
threedimensional (3D)imageswhile TEM can only illustrate twalimensional (2D)
images Low magnification power capability inhibits the imaging process fro®EM
techniqus which make TEM and AFNhe most favorable tools in viewing nascaled

cellulose.
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Raw material used for depolymieation process of cellulose wMCC originated from
cotton linters. The nerconductive cellulose specimen wesated with a layer of gold

by low vacuum sputter coatirgyior to SEM analysisThe action wa taken in order to
prevent accumulation of static electric charge on the specimen during electron

irradiation(Joshi, Bhattacharyya, & Ali, 2008

Figure 4.43, shows fivedifferent SEM images of MCC captured at various
magnifications. It clearly shows the irregular shape and sig&ibdition of the
microfibrils in MCC. It can ke clearly observed in Figure 8(:c) that MCC are noi
fibrous and appears as big clumped ptat. The SEM images (Figure 3.4d-e)) of

one individual macrofiber at larger magnification sksdhat the arface of the fibers
uneven and rough with preseno€ pores. Each particle shows a compact structure

exhibiting an alignment on the fiber surface.

Generdly, MCC particles consisbf noni fibrous component with width of 20 to 40

mm and length more tma50 nm. The noni fibrous component arscattered over the
surface,displaying variation of size. The agglomeration prevents us from correctly
measuring the length and diameter of corresponding fibers. MCC can be easily obtained

through hydrolysis of cellose using dilute mineral acids.

The treatment applied has effectivelonverted MCC into NCCFigure 4.44 to Figure

4.47 shows the TEM micrographs of dilute nanocellulose suspension generated through
depolymerization process. The main mechanisms apptieitied production of NCC

were defibrillation and fiber fragmentation. The analysis has revealed that the aqueous
suspensions of NCC consist of whisker like particles rather than rod like structure.
Based on Figure 4.43, the big cluster of cellulose prasahe micre range scale has

been successfully transformed into smaller dimensions with-rearge scale. The non

T fiborous MCC cluster particles was destroyed and transformed into small irregular
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shape of nanowhisker (Figure 4.44). The help of mechanieatment itself has
actively transformed big chunky agglomerated cellulose into less thickinemeker

under appropriate condition. By adding Bronsted acid (TPA) into the reaction process,
the particles generated were thinner and appear as dAgeddhape (Figure 4.45). The
presence of proton donated from Bronsted acid activity has increased the fibrils
fragmentation activities thus reducing the thickness of the particles. Figure 4.46 has
strongly illustrated the defibrillation process that occursmduthe production of NCC.

The detachment of the fibrils from the fiber was being enhanced by the cavitation
process resulting from the high intensity ultrasonication. The energy generated from the
ultrasonication process has forced the fibrils to appeatyfifrom the fiber attachment.
Prolonged sonication activity has given extra energy to break fredihils and

undergdragmentation which causes the fibrils to be shorter.

Some of the nanoparticle were agglomerated and aggregated in the formstesf clus
particles, clumped in the form of bundle, though some of them are well separated. The
agglomeration that happens between the particles shows that NCC particle were
attracted via Van der Waals forces due to intermolecular hydrogen bonding and strong
hydrophilic hydroxyl group on the NCC surface. The NCC dimension illustrated
through TEM micrograph can be measurable. It was found that the diameter of NCC
was in the range of 10 30 nm while the length was larger than 30 nm. Based on
Figure 4.47 (4 g o€sH,PW;5040) a clear demonstration of defibrillation process can
also be monitored. By comparing the images from Figure 4.45 (4 gRMWHO,), the

main difference between the two images is the configuration of the fibrils. The fibril in
Figure 4.47 is dnger compared to fibril in Figure 4.45. The interconnected fibrils
illustrated in Figure 4.47 have proven that fibril fragmentation through breaking of B
linkages is crucialLow concentration ohydrogenions led toless breakage of fibrils

which can lad to longer and entangled fibrils.
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AFM of all NCC (Figures 4.48 to 4.51) show the aggregation and accumulation of the
particles. Transition from 10 min to 15 min has changed the larger fibrils (20 nm in
diameter) into a smaller fibril (10 nm in diametefhe aggregation of the particles
makes it difficult to calculate the whole particles present in the image. However, a big
difference has been illustrated in Figure 4.51 compared to other AFM images where the
diameter of the NCC is much thinner. The amdlen of HPA as a solvent and proton
donor has successfullgives better quantity of nanocellulose compared to classical
sulfuric acid. Sulfuric acids a strong oxidizing agent which can lead to uncontrolled

depolymerization of cellulose which causesyitedd of NCC to decrease.
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Figure 4.43: SEM micrographs for microcrystalline cellulose (MCC); a) MCC at 900x
magnification, b) MCC at 900x magnification, ¢c) MCC at 500x
magnification, d) MCC at 100 000x magnification and e€) MCC at 200
000x magnification.
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Figure 4.44: TEM images of NCC generated at 225 W for 15 min with ateseh
catalyst(SN14
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Figure 4.45:TEM images of NCC generated at 225 W at 10 min with 4 g
of TPA (SN16)
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Figure 4.45 (continued)TEM images of NCC generated at 225 W for 10 min with 4g
of TPA (SN16).
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Figure 4.46: TEM images of NCC generated at 225 W for 10 min witbeate of
catalyst(SN13).
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Figure 4.46 (continued):TEM images of NCC generated at 225 W for 10 min with
absegeof catalyst{SN13)
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Figure 4.47: TEM images of NCC generated at 225 W for 10 min with 4
CS]_H2PW12040 (SN 18).
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Figure 4.48: AFM imagesof NCC produced at 225 W for 10 miith absene of
catalyst(SN13).

Figure 4.49: AFM imagesof NCC produced at 225 W for 15 min with abseof
catalyst(SN14)
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