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CHAPTER |
INTRODUCTION

1.1 Research background

Nowadays, sustainable concern has raised great attention. This concern
motivates people to maximize the utility of renewable resources and minimize the
production of industrial residues. Cellulose is the most abundant natural polymer on
earth, with 1.5 trillion tons produced each year!. Cellulose can be derived from
agricultural products and residues. Cellulose consists of linear homopolysaccharide
composed of unbranched glucose units linked by B-1,4-glycosidic linkages. Cellulose
has strong inter and intramolecular H-bonding from glucose unit that carries three
hydroxyl groups, causing it remains insoluble in most solvents?. Cellulose possesses
significant advantages, such as high molecular order, biodegradability,
biocompatibility, non-toxic, and good thermal stability, making cellulose an attractive
“green” material®. Cellulose has been widely used in the textile industry, sensing,
food, composite material, and biomedical applications.

Pineapple is one of the most favorite tropical fruit that is widely cultivated. Due
to its popularity for food and beverage consumption, pineapple contributes to
approximately 1 million tons of agricultural residue annually in Thailand®. Pineapple
leaves are the major residue of pineapple plants (1 million tons of leaves with 1.79
million tons of pineapple production)®. Pineapple leaf fiber (PALF) has high cellulose
content (74%) that can be a great resource for cellulosic products®.

Despite the high potential of PALF usage, there is still a huge amount of
pineapple leaf residue that makes the farmers prefer to burn the pineapple leaf residue
to clean their field. This burning creates more problems in sustainable concern due to
generating air pollution’. Comprehensive work must be done to reduce the residue
and increase more value on the PALF. By turning PALF into cellulosic products, it
will advance cellulose applications and increase the value of PALF.

Cellulosic products can be categorized as microcrystalline (MCC), nanofibril
(NFC), nanocrystal (NCC), and regenerated amorphous cellulose (RAC)® °. NCC is

very popular in the cellulose research field, which most of the researchers have



worked for this. NCC has advantages such as high tensile strength, high modulus,
high hydrophilicity, high dispersion, large surface area, unique optical properties®® 1,
But NCC has a low yield (~ 24%) due to the process of how NCC was formed?2,
Cellulose has the amorphous and crystalline region on its structure. The amorphous
region will be destroyed by the hydrolysis agent, and the crystalline region will be
preserved in the process of making NCC. However, the hydrolysis agent has poor
selectivity for the amorphous region, as some of the crystalline region has also been
degraded. As a consequence, the NCC production has a low yield*2,

In this research, we focus on preparing RAC from PALF via sulfuric acid
treatment at low-temperature (-20 °C) and following the changes in the process of
producing RAC by spectroscopic and morphological characterizations. Transforming
PALF into RAC will give a higher yield (yield ~97.4%)%* than to NCC due to the
sulfuric acid interaction mechanism with cellulose. The RAC can be used as a
potential alternative for the same application with NCC, such as a reinforcing agent,
composite material, and water in oil emulsions stabilizer'™ 6. At low-temperature (-20
°C), sulfuric acid will majorly break down the inter and intramolecular H-bonding
among cellulose molecules, dissolving the amorphous and crystalline regions
together, but only minor cleaving the cellulose chain under the acid hydrolysis
reaction!’. At high temperature (i.e., >50 °C), which obtaining NCC, sulfuric acid will
destroy the amorphous region of the cellulose fiber by hydrolysis, while the

crystalline region remains unaffected?®,



1.2 The objectives

1.

To develop processes for large scale production of regenerated amorphous
cellulose.
To develop economical purification processes of regenerated amorphous
cellulose.
To perform spectroscopic and structural characterization of the regenerated

amorphous cellulose.

1.3 The scopes of research

1.
2.

Purification of the PALF using alkali and bleaching treatment.
Characterization of PALF using an optical microscope (OM) and Fourier
transform infrared (FT-IR) spectroscopy.

Hydrolysis of the PALF into nanocrystalline cellulose via high
temperature sulfuric acid treatment.

Dissolution of the PALF in cold H2SO..

Regeneration of the cellulose solution by adding the water as an anti-
solvent.

Purification of the regenerated amorphous cellulose and nanocrystalline
cellulose.

Characterization of the morphology and chemical structural changes in the
regenerated amorphous cellulose and nanocrystalline cellulose with XRD,
FT-IR, and TGA characterization.
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CHAPTER I
THEORETICAL BACKGROUND

2.1 Pineapple leaf fiber (PALF)

Jirapornvaree et al. (2017) reported that pineapple production in Thailand has
reached about 1.7 million tons annually, making Thailand the fourth-largest producer
and exporter of pineapple in the world. From this huge production, Thailand could
generate pineapple leaf wastes about 1 million tons approximately* °.

Pineapple leaf fiber (PALF) is an essential natural fiber that displays high
stiffness and strength with a ribbon-like structure that consist of a vascular bundle
system present in bunches of fibrous cells obtained after removing the epidermal
tissue mechanically (Figure 2.1). PALF is of high quality, and its structure is without
mesh and can be turned into nanofibers thinner than fibers from bacterial cellulose

(BC) and tunicates®®.

Figure 2.1 Production of pineapple leaf fiber, sequential (A) pineapple plant, (B)
extraction of fiber from pineapple leaves, and (C) pineapple leaf fiber.
Copyright 2015 Hindawi Publishing Corporation?.

2.1.1 Cellulose content in PALF compared with other agricultural wastes

The cellulose content of PALF was the highest compared to other agricultural
wastes. The high cellulose content in PALF can be an advantage in producing
cellulosic products from PALF. The list of cellulose content in agricultural wastes

was written in Table 2.1 below.
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Table 2.1  Cellulose content in agricultural wastes.

Material Cellulose (%) Ref.
PALF 74 6

Rice husk 35 21
Wheat straw 30 22
Soy hulls 48 23
Kenaf bast fibers 44 24
Bagasse pith 40 25
Corn cobs 35 26

The calculations are based on a dry basis

2.1.2 Purification in PALF
2.1.2.1  Major impurities in PALF
PALF not only consists of cellulose but also some impurities attached to the
fiber. Maniruzzaman et al. (2016) reported that on a dry basis, PALF contains
cellulose about 74.24% with hemicellulose 12.6% and lignin 7.14% as its main

impurities®.

Figure 2.2 Chemical structure of lignin?’.
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Lignin exists in an abundant aromatic (phenolic) polymer in nature®. Its main
function is cementing the cellulose fibers in plants. Biological functions of lignin in
vascular plants are to promote rigidity, also to protect the structural polysaccharides
cellulose and hemicellulose from enzymatic hydrolysis. Lignin is a heterogeneous,
crosslinked with a highly polydisperse phenolic copolymer of three different
monolignols: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol®®. The

chemical structure of lignin was shown in Figure 2.2.

%
A

Figure 2.3  Chemical structure of hemicellulose.

Hemicellulose with a random ordered structure is located within the cellulose
and between the cellulose and lignin®.. Hemicellulose structure consists of pentoses
such as xylose and arabinose, hexoses such as glucose, mannose, galactose, and

sugar-acid®. The chemical structure of hemicellulose was shown in Figure 2.3.

2.1.2.2 Advantages and disadvantages of purification treatment
Purification treatment is needed in order to obtain pure cellulose by removing
lignin and hemicellulose from the PALF. Purification treatment with high effectivity,
simplicity, and low cost is favorable. Based on these reasons, the advantages and

disadvantages of the treatment have been made in Table 2.2.



Table 2.2  Advantages and disadvantages in purification treatment.
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Method Advantages Disadvantages Ref.
Dilute Acid e Operation time is less e Acid recovery 33
e High effectivity e Generate the high
e Can be for large scale amount of inhibitory
production products
Organosolvosis  High effectivity e Solvent recovery is 34
expensive
Milling e Operation time is less e Effectivity is low 35
¢ No require chemical e Expensive
e Can be for large scale instrument
production
Peroxide-Acetic  High effectivity Need assistance for 36
Acid more strong acid
Steam explosion  No inhibitory compounds  Maintaining high 37
pressure itself is a
challenge
Alkali treatment e High Effectivity In high concentration 38
eCan be done at room Of NaOH, defect on
temperature mechanical
e Low cost properties of fibers
e Simple purification could be occurred
e Can be for large scale
production
H202 bleaching e Environmental friendly Fast degraded of 39

e Strong oxidizing agent
e Low cost
e Simple purification

H.O>

This work required a low cost, high effectivity, and environmental friendly in

the process. Alkali treatment assisted with H>O> bleaching is the most required

treatment for this work.
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2.2 Cellulose

2.2.1 Cellulose structure

Cellulose has a linear chain of ringed glucose molecules. The repeat unit is
comprised of two anhydroglucose rings ((C6H1005)n; n = 10 000 to 15 000, where n
is dependent on the cellulose source material) connected together through covalent
bonding of oxygen to C1 of one glucose ring and C4 of the adjoining ring (1—4
linkages), named as B-1,4-glycosidic linkages. The intrachain H-bonding bonded
between OH groups and oxygens of the adjacent ring molecules stabilizes linkages,
making a linear configuration of the cellulose chain*. Cellulose structure and the inter

and intramolecular H-bonding was displayed in Figure 2.4.
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Figure 2.4  Structure of cellulose and its inter and intramolecular H-bonding*!.

Van der Waals and intermolecular H-bonding between OH groups and oxygens
of adjacent molecules provide parallel stacking of multiple cellulose chains obtaining
elementary fibrils that further bundle into larger microfibrils (5-50 nm in diameter
and several microns in length). The intra and intermolecular H-bonding network
builds a strong and stable cellulose, providing the cellulose fibrils with high axial
stiffness. These cellulose fibrils are the main reinforcement phase for trees, plants,
some marine creatures (tunicates), algae, and bacteria, making there are regions where
the cellulose chains are arranged in highly ordered (crystalline) and disordered

(amorphous) regions (Figure 2.5)*2.
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Cellulose Chains

100nm Crystalline Regions

Figure 2.5 Crystalline and amorphous (disordered) regions in cellulose. Copyright
2011 The Royal Society of Chemistry.

2.2.2 Cellulosic products
For advanced applications, cellulose generally develops into cellulosic products

that typically differ based on its particle size.
2.2.2.1  Microcrystalline cellulose (MCC)

Figure 2.6  Morphology of MCC in SEM images. Copyright 2014 Elsevier Ltd*.

MCC is prepared by partial acid hydrolysis of native cellulose. MCC is
generally used in pharmaceutical (tablet binder), food (rheology control agent), paper,
and composites manufacturings**. MCC has micro-sized rod-like particles (Figure
2.6), with length and width about 10-200 pm and 30 nm-20 pum, respectively. MCC
has a high cellulose content and a higher crystallinity and comprises aggregate

bundles of multi-sized cellulose microfibrils strongly H-bonding to each other®® %,
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2.2.2.2  Nanocrystalline cellulose (NCC)
s )

3 = 200in

Figure 2.7 Morphologf NCC shown in the T mage. Copyright 2016 The
Royal Society of Chemistry*®.

Nanocrystalline cellulose (NCC) is formed when cellulose consist of
amorphous and crystalline regions are subjected to a proper combination of
mechanical, chemical, and enzyme treatments, the highly ordered regions of the
cellulose microfibrils can be extracted, resulting in the formation of NCC. NCC was
stiff rod-like shape material (Figure 2.7) composing of cellulose chain portions in a
nearly perfect crystalline structure. Habibi et al. (2011) mentioned that NCC has a
length and width of about 50 nm-3 um and 3-70 nm, respectively*?. Compared to bulk
cellulose, which has more significant amorphous compositition, NCC exhibit high
specific strength, modulus, high surface area, and unique liquid crystals properties®
4748 Due to its excellent properties, NCC is popular in the research field for many
various applications.

Jiang et al. (2019) made a composite film using carbon nanotube and NCC.
Conductive CNT + NCC hybrid films (5-20 um thick) were cast on glass microscope
slides with and without shear by blade coating®.

Kalashnikova et al. (2012) applied NCC as an oil/water stabilizer. An
emulsion able to be dispersed in water and resistant to centrifugation at 4000g was
obtained from NCC®°.

Although NCC can apply in many applications, it has a disadvantage
corresponding to its low yield because of removing the amorphous region and some

defects in the crystalline region due to the obtaining process®..
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Figure 2.8 Morphology of NFC displayed in the TEM image. Copyright 2018
WILEY-VCH Verlag GmbH & Co. KGaA®,

Nanofibril cellulose (NFC) was obtained using mild acid hydrolysis or ball
milling to retain their fibrous structure. Cellulose nanofiber consists of crystalline and
amorphous regions®>. NFC's width ranged from 10 to 90 nm, regardless of the
cellulose fibers used, whereas the length was estimated to be on a micrometer scale?.
The morphology of NFC was displayed in Figure 2.8.

Uddin et al. (2018) applied CNF as microfluidic channels for glucose detection
due to its nanoscale dimensions and the strong ability to form entangled porous

networks®3,
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2.2.2.4  Regenerated amorphous cellulose (RAC)

Regenerated amorphous cellulose (RAC) is the most different cellulosic
product. Compared with the extensive research on the crystalline form of cellulose,
less research has been devoted to the amorphous form of cellulose. It does not have a
fibrous morphology but a unique gel-like shape morphology (Figure 2.9). It was
formed by breaking inter and intramolecular H-bonding®’. In this state, the crystalline
and amorphous regions of native cellulose were dissolved together into cellulose
solution without any removal. Then, after adding water into the solution, RAC made a

new arrangement in a random manner, resulting in a gel-like shape* 617,

Figure 2.9 Morphology of RAC showed in the SEM image. Copyright 2019

American Chemical Society>*.

Jia et al. (2013) reported that RAC could be a potential alternative for NCC in
some applications that do not need crystalline properties. The yield was also so high,
almost 100%, because the crystalline and amorphous were mixed in the process,

without any removal®,
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2.3 Methods to obtain RAC

2.3.1 N-methylmorpholine-N-oxide (NMMO)

N-methylmorpholine-N-oxide (NMMO) has been used as an organic solvent for
the preparation of cellulose solutions. It is applied as a non-derivatizing solvent in the
cellulose dissolution procedure. The cellulose is supposed to undergo an entirely
physical process during dissolution due to the H-bonding and ionic interactions
between NMMO and cellulose. NMMO is a green solvent for cellulose dissolution.
Still, the drawback of NMMO is the requirement of activation before dissolution,
instability, the side reaction of the solvent itself without an antioxidant, difficulty for
recycling, and its high cost as well®®. The summary of work using NMMO was listed
in Table 2.3.

Table 2.3 Summary of work using NMMO.

Cellulose

Solvent T (°C) Note Reference
Source
Bleached NMMO 210 e The requirement of Dogan,
linter Watt activation before the Carbohydr.
pulp dissolution Polym., 2009
e High cost

2.3.2 Inorganic salts

Hattori et al. (2016) proposed mixtures of small amines and certain inorganic
salts can dissolve cellulose without degrading it. But the method is not convenient
because it took about 3 days to dissolve the cellulose completely and also needs to be
stirred every 6 hours®. The summary of work using inorganic salts was listed in Table
2.4.

Table 2.4 Summary of work using inorganic salts.

Cellulose

Solvent T (°C) Note Reference
Source
MCC NaSCN RT The dissolution was  Hattori, ACS
completed in 3 days Sustainable
Chem. Eng,

2016




20

2.3.3 lonic liquids (IL)

lonic liquids (IL) are salts that exist as a liquid at relatively low temperatures
(less than 100 °C), with many attractive properties such as nonvolatile, chemical and
thermal stability, non-flammability, and immeasurably low vapor pressure®’. Works
of Tan et al. (2019) and Iguchi et al. (2013) have done using IL at high temperature
(90-120°C), which means IL consumes more energy to be done®® . Cellulose
dissolution also took a long time to dissolve, around 3-5 hours completely. The

summary of work using IL was listed in Table 2.5.

Table 2.5  Summary of works using IL.

Cellulose
Source
MCC [Emim][OACc] 90 Regenerated using anti- Tan, Int. J.
solvent water would lead to  Biol.
the small forming amount of  Macromol.,
cellulose I, while ethanol did 2019
not  show  the peak
corresponding to cellulose Il
in XRD patterns.
MCC [omIm][CI] 120 RAC in this work still has Iguchi,
high crystallinity (50-70%) Carbohydr.
Polym.,
2013

Solvent T (°C) Note Reference

2.3.4 NaOH/Urea

Cai et al. (2008) mentioned that NaOH “hydrates” could be more easily attracted
to cellulose chains through the formation of new H-bonding networks, relatively
stable at low temperatures. Whereas, the urea hydrates as shell surrounded the NaOH-
cellulose to form an inclusion complex (IC) with sheath-like structure, leading to the
dissolution of cellulose®. But this method is less useful for high molecular weight
samples like wood, so it needs to be partially hydrolyzed for full dissolution in
NaOH/Urea aqueous'’. The summary of work using NaOH/Urea was listed in Table
2.6.
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Table 2.6 ~ Summary of works using NaOH/Urea.

[ul
Cellulose Solvent T (°C) Note Reference
Source
Cotton 7% (w/v) NaOH -12 Fast dynamic self-assembly Cai, J.
linter 12% (wi/v) urea process among small solvent Macromolecul

molecules and cellulose es, 2015
macromolecules

2.3.5 LIiCI/N,N-dimethylacetamide (LiCI/DMAC)

LiCI/N; N-dimethylacetamide (LiCI/DMAC) is a nonaqueous solvent system
that has been widely applied to dissolve different cellulose types without necessary
degradation for cellulose modification under homogenous reaction conditions to
prepare a wide range of derivatives. It is noted that LiCI/DMAc can dissolve cellulose
with high molecular weight (>1000,000) at ambient temperature without noticeable
degradation.®. The work of Dupont et al. (2003) reported that the product is stable for
several months, but the water has to be excluded from the system because LiCl and
DMACc are very hygroscopic. Considering the solvent preparation is complicated, this
method is not the most convenient one to choose®. The summary of work using
LiClI/DMACc was listed in Table 2.7.

Table 2.7 Summary of work using LiCI/DMAc.

Cellulose Solvent T (°C) Note Reference
Source
Filter LiCI/DMAc  50-100 e Product is stable until Dupont,
paper several months Polymer,

e Water has to be 2003
excluded from the
system (LiCl and DMAc
are very hygroscopic)

e Solvent preparation is
complicated

2.3.6 Acid treatment
Jia et al. (2013) reported that acid treatment provides a simple process to

dissolve cellulose. Direct dissolution of cellulose in 85% (w/v) HsPO4 was difficult
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because the dry cellulose powder dissolved rapidly and produced a viscous layer that
made the solvent penetrated very slowly. Prewetting of the cellulose powder was
needed to achieve a quick dissolution. It took 5 hours to dissolve the cellulose
completely!®. Huang et al. (2016) reported that H,SO4 took 5 min to dissolve a high
molecular weight sample without any prewetting®’. This result suggested that H,SO4
is more powerful, quick, and direct to dissolve the cellulose. In this work, H2SO4
treatment was chosen to obtain RAC from PALF. The summary of work using acid

treatment was listed in Table 2.8.

Table 2.8  Summary of work using the acid treatment.

Cellulose Solvent T (°C) Note Reference
Source
MCC 85% (w/v) - Yield of RAC: 85.6 + Jia, J. Agric.
H3PO4 1.1% Food
Chem., 2013
Bleached 64 (Viv)%  -20 Simple process, powerful,  Huang,
kraft pulp H2SO04 quick, and direct solvent  Cellulose,
for high molecular weight 2016
cellulose

2.4 Applications of RAC

Qi et al. (2013) fabricated multifunctional carbon nanotube (CNT)-cellulose
films by dissolving cellulose and dispersing CNTs homogeneously in aqueous
alkaline—urea solution. The obtained composite films with 2-10 wt% CNTSs have both
characteristics of normal flexible paper and conducting CNT, which show a volume
resistivity controlled over a wide range of 1.35-540 Ohm cm. The composite films
accomplished multifunctional sensing ability to monitor stress-strain, temperature,
and humidity. The composite films with CNTs were enhanced of both their themal
and mechanical stabilities. The morphology and microstructure of CNT-cellulose

composite films were displayed in Figure 2.10.
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Figure 2.10 Morphology and microstructure of the CNT-cellulose composite films
regenerated from NaOH-Urea aqueous solution: (a) photograph, (b)
AFM image, and (c) TEM image. Copyright 2013 The Royal Society of

Chemistry®?,

Zhang et al. (2015) reported the amorphous cellulose film (ACF) that was
prepared from cellulose solution in LiCl (8 wt%)/DMACc by regeneration with acetone
had a solid, smooth surface, and high transparency. The image of the ACF was

displayed in Figure 2.11.
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Figure 2.11 The image of a transparent film of CF11 6%. Copyright 2015 The
Royal Society of Chemistry®3.
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CHAPTER 111
EXPERIMENTAL SECTION

3.1 Chemical reagents

3.2

1. Pineapple leaf fiber, PALF (local farmers, Thailand)

2. Sodium hydroxide, NaOH (Merck & Co., Germany)

3. Sulfuric acid, H2SO4 (95-97% (v/v)) (Merck & Co., Germany)

4.  Hydrogen peroxide, H202 (50% (v/v)) (Solvay Peroxythai Ltd., Thailand)

5. Kim-Tech wipes (Kimberly-Clark Ltd., Thailand)

6.  Filter paper (Johnson test paper Ltd., Thailand)

7. Avicel PH-101 (Sigma Aldrich Ltd., Thailand)

8.  De-ionized (DI) water

Instruments

1.  Centrifuge (Hettich EBA 200, Hettich GmbH & Co., Germany)

2. Refrigerator (Hitachi R-H200PA-1, Hitachi Asia Co., Ltd., Thailand)

3. Digital thermometer (TP300)

4.  Optical microscope, OM (Axio Scope. Al with a CCD camera, AxioCam
HRc, Carl Zeiss Co., Ltd., Germany)

5. Fourier-transform infrared spectrometer, FT-IR (iD7 ATR Nicolet,
Thermo Fisher Scientific Inc., US)

6. Hotplate stirrer (MR Hei-standard, Heidolph GmbH & CO.KG, Germany)

7. Thermogravimetric analyzer, TGA (Pyris 1 TGA, Perkin Elmer Inc., UK)

8.  X-ray diffractometer, XRD (RINT2000, Rigaku Corp., Japan)



25

3.3 Purification of raw PALF

3.3.1 PALF pretreatment

The raw PALF was cleaned using tap water to remove the water-soluble dirt.
After it was clean, the raw PALF was cut into short fibers with lengths ~10 cm. The
cutting was done to process for the next treatment effectively. The cut PALF was kept

in the plastic bag for further usages.

3.3.2 Alkali treatment

The cut PALF (50 g) was boiled in NaOH (4% (w/v), 500 mL) for 2 h under
mechanical stirring. The alkali treatment started to occur when the solution became
yellow. The alkali-treated PALF was washed with DI water until a neutral pH was

obtained.

3.3.3 Bleaching treatment

The mixture solution of H.O> (50% (v/v), 25 mL) and NaOH (0.1% (w/v), 500
mL) was prepared. The alkali-treated PALF was immersed and boiled in the mixture
solution for 1 h under mechanical stirring. The bleached PALF was washed with DI

water to reach a neutral pH. Then, it was kept in the refrigerator for further usages.

‘ ... The mixture solution of H,O, (50% wiv,
== | 25mL)and NaOH (0.1% w/v, 500 mL)

AN
&
e
e ) 1. Bailing (2 h) RL —_—
‘ 2. Washing with DI water until 9 ( f
oS pH7 R 1. Boiling for 2 h =
e 3. Separating the PALF and the s ‘ 2. Washing with DI water until - |
V= water et pH7 ey
Raw PALF (50 g) in Alkali-treated PALF Bleached PALF

NaOH (4% wiv, 500 mL)

Figure 3.1 Purification of PALF using alkali and bleaching treatments.



3.4 Preparation of cellulosic products from bleached PALF via sulfuric acid

treatment

A: 25% (v/v) H,SO,
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Figure 3.2  Sulfuric acid treatment of PALF in (A) 25% and (B) 50% (v/v) H2SOa.
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The bleached PALF (1 g) was treated with H>SO4 (10 mL) with continuous
stirring under different conditions as follows: 25% and 50% (v/v) H2SOs solution.
Each concentration was treated at -20 °C, 30 °C, and 50 °C for 2 h. As noted at -20 °C,
we pre cold the H.SO4 (placed the H2SOq in the refrigerator) to prevent the increasing
temperature at the system. The reactions were terminated by adding an excess (10-
fold) cold DI water. The acidic solution was removed by successive centrifugation at
6000 rpm for 15 min. The precipitate was washed with DI water and centrifuged it
several times. Then, the precipitate was collected after reaching a neutral pH. The
cellulosic products were labeled “Temperature-PALF-Sulfuric acid concentration”.
For example, “-20PALF25%” means the PALF in 25% v/v H2SOs and -20° C

condition. The process was illustrated in Figure 3.2.

3.5 Characterizations

3.5.1 Optical microscopy (OM)

Morphologies of the raw PALF, alkali-treated PALF, bleached-PALF, and all
cellulosic products were characterized using an optical microscope (OM) (Axio
Scope. Al with a CCD camera, Carl Zeiss) with magnifications of 50X, 100X, 200X,
500X, 1000X by putting the sample on the glass slide.

3.5.2 Fourier-transform infrared (FT-IR) spectroscopy

The raw PALF, alkali-treated PALF, bleached PALF were dried using an air-
circulated oven at 100 °C. Cellulosic products were dried by a vacuum desiccator on a
glass slide to form the thin film. Kim-Tech wiper and filter paper were directly put on
the FT-IR spectrometer, respectively. FT-IR spectra of the raw PALF, alkali-treated
PALF, bleached PALF, Kim-Tech, filter paper, and all cellulosic products were
collected using a Fourier-transform infrared spectrometer (FT-IR) (iD7 ATR Nicolet,
Thermo Scientific). The FT-IR spectra were recorded over the range of 4000—400
cm ! with 16 co-addition scans.
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3.5.3 Birefringence analysis
Each cellulosic product from sulfuric acid treatment was prepared in the same
concentration (0.1 g/mL) and placed in the 3 mL glass vial. These bottles were placed

in a cross-polarized attachment and photographed by a smartphone camera.

3.5.4 Thermal gravimetric analysis (TGA)

The thermal properties of PALF were determined by using a thermogravimetric
analysis (TGA) instrument (Pyris 1 TGA, Perkin Elmer). The process was carried out
under nitrogen gas flow at the rate of 50 cm®min. The samples were prepared by
placing a various amount of raw PALF, alkali-treated PALF, bleached PALF, and
cellulosic products with 1 mg of sample on a crucible ceramic pan. The samples were
heated from 35 °C to 600 °C with a heating rate of 10 °C/min.

3.5.,5 X-ray Diffraction (XRD)

XRD patterns of samples were performed in an X-ray diffractometer (XRD)
instrument (RINT2000, Rigaku) using Cu Kal radiation (A = 0.154 nm) and a power
of 40 kV and 20 mA. Samples were tested with a scanning angle of 26 from 10° to 50°
at a rate of 1°min. The crystallinity index (CI) was calculated as a function of the
maximum intensity of the diffraction peak from the crystalline region (l200), at an
angle of 20 ~ 22.5° and the minimum intensity from the amorphous region (lam), at

an angle of 20 ~ 18°, according to the following equation®:

Lyoo — I
Cl(%) = %100
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CHAPTER IV
RESULTS AND DISCUSSION

4.1 Purification of pineapple leaf fiber (PALF)
4.1.1 Physical changes in PALF after purification treatment

B: Stiff and bundled PALF

E: lllustration of PALF F: Lignin structure
Cellulose (74.24%)
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Figure 4.1 (A) Photographic image and (B-D) OM images of raw PALF, (E)
drawing illustration of composite-like structure between cellulose, lignin,

and hemicellulose in PALF, (F) lignin structure, and (G) hemicellulose

Hemicellulose (12.6%) Lignin (7.14%)

Hed
H

structure.
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Pineapple leaf fiber (PALF) was an abundant renewable raw material due to the
huge production and consumption of pineapple fruit in Thailand, as we mentioned
before. In this research, the raw PALF was supplied from local farmers in Thailand.
The raw PALF has a length of ~90 cm with brown colour, stiff fiber, and impurities
attached to its surface (Figure 4.1). Raw PALF is protected with lignin, cellulose, and
hemicellulose, bundled together formed a rigid composite-like structure, made the
PALF stiff and rigid®. The composite-like structure of PALF is illustrated in Figure
4.1E. Lignin had a complex polymer structure consisted of aryl ether and carbon-
carbon linkages, which made the lignin hard to break® (Figure 4.1F). The brown
colour in PALF was also one of the effects of lignin presence in PALF®¢. Compared to
lignin, hemicellulose can be easily removed due to its structure that branches with
short lateral chains, not as complex as lignin®’.

The rigid composite-like structure of PALF formed by lignin and hemicellulose
covering cellulose is the main obstacle to obtain the desired product in sulfuric acid
treatment. Lignin and hemicellulose obstructed the sulfuric acid access to penetrate
inside the PALF and possibly caused an undesired product?. In other words,
purification treatment needed to be done to remove lignin and hemicellulose from
PALF before treating it with sulfuric acid.

A:'Photographiciimage™ m | B: Raw PALF

200 um Fibrillation

Figure 4.2 (A) Photographic image and (B-D) OM images of raw PALF, alkali-
treated PALF, and bleached PALF.
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Alkali and bleaching treatments as purification treatments were employed for
PALF. In alkali treatment, the most commonly used alkali reagents are the hydroxyl
derivatives of sodium, potassium, calcium, and ammonium salts. In this project, we
used sodium hydroxide (NaOH) as an alkali reagent because NaOH has found to be
most effective reagent among these hydroxyl derivatives, as mentioned in the
previous research®®. In the pretreatment process, the raw PALF was cut into ~10 cm
lengths to make NaOH effectively penetrate to the PALF. After 2 hours, the solution
became yellow. Meanwhile, the PALF turned out to be brighter. The change of colour
in PALF after alkali treatment is displayed in Figure 4.2A. These results suggested
that the lignin dissolution occurred. OM images (Figure 4.2B-C) that captured the
structural change in the PALF have supported this statement. The raw PALF that was
rigid and glued has started to show fibrillation, indicating that some fibers have freed.
Alkali treatment cleavaged the -O-4 aryl ether bonds in lignin, which ~50-65% of
lignin structure is p-O-4 aryl ether bond®. The cleavage of the B-O-4 aryl ether bond
led to the destruction of the lignin structure. Figure 4.3 showed the cleavage reaction

of the B-O-4 aryl ether bond in lignin during alkali treatment.

CHs, CH3

| | o
_ CH

HT o NaOH i 2 N

—_— -
CHOH CHCH
HsCO HyCO
OCH4 OCHj,
OH OH

Figure 4.3 The cleavage reaction of the 3-O-4 aryl ether bond in lignin during alkali

treatment®C,

However, observing from OM and photographic image, PALF were not entirely
separated, and some brown colour still remained in fibers after alkali treatment. These
results suggested that further purification treatment was required to wholly removed

the lignin. Therefore, hydrogen peroxide (H202) was applied to remove the lignin
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residue in bleaching treatment. The advantages of bleaching using H2O; are low
investment and strong bleaching effect?®. Bleaching treatment was performed in the
alkali condition (pH 10-12). In alkali media, the equilibrium of H>O> shifted to the
formation of perhydroxyl anion (HO2) to be an active species to degrade the lignin

from the fibers™. The reaction of H,O; activation in Figure 4.4 is shown.

OH + H,0, == HO, + H,0
Fibers + HO,” <= Bleached fibers

Figure 4.4  The reaction of H.O- activation in alkali condition™.

CHy CH, 0 COOH
CH, H202 CH,
} + +
CHOH NaOH CHOH
H,CO H;CO
/ /
l Q OH
\ HOOC
OCH, HOOC OCH;

OH
Figure 4.5 The reaction of the phenolate groups in lignin was oxidized into

carboxylate in bleaching treatment’?,

H>O- oxidized the phenolate groups in the lignin structure and introduced the
carboxylate group® . The presence of carboxylate groups would increase the
solubility of lignin in the water. The reaction of phenolate groups was oxidized into
carboxylate in the bleaching treatment was explained in Figure 4.5. The perhydroxyl
anion (HOy) oxidized the phenolate groups through ring-opening reaction, produced
carboxylate, and led to the lignin dissolution’ 73,

The most noticeable change of PALF after bleaching treatment was the fibers
that happened to be white. We mentioned before that the lignin gave brown colour to
the fibers (Figure 4.1A). In other words, the white colour on PALF can be a

preliminary indicator of the lignin residue removal. The structural change of PALF
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after bleaching treatment has been observed from OM images in Figure 4.2D. The
PALF was no longer intact and separated into small fibers, designating that the rigid

composite-like structure between cellulose, lignin, and hemicellulose has destructed.

4.1.2 Chemical structural changes in PALF after purification treatment
FT-IR spectroscopy was used for obtaining molecular information on chemical
structural changes taking place in PALF during purification treatment. The band

assignments of F-TIR spectra in Figure 4.6 are shown in Table 4.1.
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Figure 4.6 FT-IR spectra of raw PALF, alkali-treated PALF, and bleached PALF.
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Table 4.1  Band assignments of FT-IR spectra raw, alkali-treated, and bleached

PALF.
Wa\(/srr:]l{: berV|l|)\;|eZtcljznal Band assignment Compound Reference

3339 yOH  OH stretching of intramolecular ~ Cellulose gk
H-bonding at O(3)H---O(5)

3289 yOH  OH stretching of intermolecular ~ Cellulose 7
H-bonding at O(6)H---O'(3)H

1731 yC=0  C=O0 stretching in unconjugated Hemicellulose 7 78-%
ketones aldehydes and carboxyl

1600 yC=C  C=C stretching of the aromatic Lignin 78,80
ring

1511 yC=C  C=C stretching of the aromatic Lignin 77,78, 80
ring

1315 0CH2  CH;wagging of C(6) Cellulose 74,78

1245 yCO  CO stretching of acetyl groups Ligninand 27778

hemicellulose

1109 CO valence vibration of C(3)- Cellulose 4,75
O@)H

1054 yCO  CO stretching of C(6) Cellulose 4,75

1031 yCO  CO stretching of C(6) Cellulose 7581

Notes: y: stretching, 6: bending.

FT-IR spectra of PALF showed some changes after the purification treatment.
The first observable change was the disappearance of peaks at 1731, 1600, 1511, and
1245 cm™. These peaks attributed to the carbonyl group (C=0) stretching in
hemicellulose, C=C stretching of the aromatic ring in lignin, and CO stretching of
acetyl groups in lignin and hemicellulose, respectively’” 8. This result indicated that
hemicellulose and lignin were removed.

As the interferences were removed from the PALF, some peaks corresponding
to the cellulose content have became more prominent. Peaks at 3339 and 3289 cm™
which representing OH stretching of intramolecular H-bonding at O(3)H---O(5) and
intermolecular H-bonding at O(6)H---O'(3)H, respectively, belonged to cellulose have
become more pronounced. Lignin and hemicellulose also had inter and intramolecular
H-bonding. This bonding disturbed the absorption intensity of inter and

intramolecular H-bonding in cellulose. While the lignin and hemicellulose have been
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removed, the absorption intensity of inter and intramolecular H-bonding in cellulose
became more visible®?. Peaks at 1315 cm™ associating with CH, wagging of C(6)
have increased significantly after purification treatment due to the increment of
crystalline content in cellulose, which is also related to the shifted peak 1425 cm™ 7
82 The increment of the peak at 1109 cm™ representing CO valence vibration of C(3)-
O(3)H is associated with the more prominent peaks at 3289 and 3339 cm™. The peak
at 1054 and 1031 cm™, attributing to CO stretching of C(6). These peaks have
significantly increased due to the cleavage of lignin that connected with the cellulose
at C(6). The bond at C(6)-O has freed from the lignin and increased the absorption
intensity of the spectra®®. The FT-IR spectra between alkali-treated PALF and
bleached PALF were similar, suggesting that the amount of lignin residue was too
small to be detected in spectra. Peaks at 1054 and 1031 cm™ have slightly increased in
bleached PALF due to removing lignin residue that interfered with the CO bonding of
cellulose before.

Overall, FT-IR spectra are in good agreement with those reported in the
literature for other plant cellulose and with the previous results of structural images”
12,23, 84 We can conclude that the purification treatment has successfully removed the

hemicellulose and lignin, obtaining pure cellulose.
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4.1.3 Comparison of bleached PALF with commercial cellulose standards

In the previous section, we have demonstrated that the purification has
successfully done to remove the impurities from PALF. To be more sure about the
cleanness of our bleached PALF, we tried to compare our bleached PALF with the
commercial cellulose standards, which are filter paper, Kim-Tech wipes, Avicel
PH101, and bacterial cellulose (BC).
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Figure 4.7 FT-IR spectra of bleached PALF, filter paper, Kim-Tech, Avicel PH101,

and bacterial cellulose (BC).

The four spectra of bleached PALF, filter paper, Kim-Tech, and Avicel PH101
have the same pattern, as shown in Figure 4.7. Peaks corresponding to lignin and
hemicellulose in four spectra have not appeared (2850, 1731, 1600, 1513, and 1245
cm™), indicating that the impurities have not existed in all samples?. In OH region,
peaks at 3339 and 3289 cm™ that we mentioned before belonged to inter and
intramolecular H-bonding of cellulose shown as prominent as the filter paper, Kim-
Tech, and Avicel PH101. Peaks at 1315, 1109, 1054, and 1031 cm™, sensitive to the
cellulose content, have the same intensity’® 8. These results suggested that the

bleached PALF was already cleaned.
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It is also worth noting that the same pattern of bleached PALF, filter paper, Kim-
Tech, and Avicel PH101 due to the same source of cellulose, which is plant cellulose.
The cellulose from plant predominantly produced cellulose type allomorphs IB%.
Meanwhile, I is mainly made by BC®. We compared our bleached PALF with BC to
observe the difference between Ip and Ia. BC also can be an excellent comparison to
prove the cleanness of PALF since BC did not contain any lignin and hemicellulose
because of it obtained from the bacterial®’. Band assignments attributing to the
bleached PALF and BC FT-IR spectra are listed in Table 4.2.

Table 4.2  Band assignments of FT-IR spectra from bleached PALF and BC.

Wavenumber Vibrational

(cm ) Mode Band assignment Compound Reference
3339 yOH OH stretching of intramolecular B, Ia 74-77
H-bonding at O(3)H---O(5)
3289 yOH OH stretching of intermolecular B 77
H-bonding at O(6)H---O'(3)H
3236 yOH OH stretching of intermolecular o 86
H-bonding at O(6)H---O'(3)H
1425 O0CH> CHa scissoring of C(6) IB, Ia 74,75, 78
1315 0CH> CH:> wagging of C(6) IB, Ia 74,78
1109 CO valence vibration of C(3)- B, Ta 74,75
O3)H
1054 yCO CO stretching of C(6) B, Ia 74,75
1031 yCO CO stretching of C(6) 1B, Ia 74,75, 81
897 yCOC  C-O-C stretching symmetric of 1B, Ia 74,75
glycosidic linkage
745 0OH OH bending out of plane (¢ 88
700 60OH OH bending out of plane Ip 88
663 yCO COH bending out of plane IB, Ia 74,75, 81

Notes: y: stretching, 6: bending.

The apparent difference of FT-IR spectra between bleached PALF (IB) and BC
(Io) was at OH region (3500-3000 cm™) because the difference between I and Ia was
their three-dimensional (3D) crystal form and the inter and intramolecular H-bonding
formed their 3D crystals®® 8. The peak attributing to OH stretching of intermolecular

H-bonding at O(6)H---O' (3)H was at a different characteristic position. The position
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of 1 was at 3289 cm®, while for I, was at 3236 cm™ . The peak of BC at 3339 cm
representing OH stretching of intramolecular H-bonding at O(3)H---O(5) has a higher
intensity compared to bleached PALF. This high intensity happened due to the
characteristic of BC that has high crystallinity and purity in its cellulose.
Furthermore, the peak attributing to OH bending out of plane for Ia (745 cm™) and IB
(700 cm™) also in a different position. Yu et al. (2013) mentioned that the different
peak positions of OH occurred due to the different strength of H-bonding in Ia and Ip
8, Other peaks corresponding to the cellulose content (1425, 1315, 1109, 1054, 1031,
and 663 cm™) of T and IP were at the same position, distinct only at the intensity, as a
consequence of different resource®.

As our bleached PALF has the same intensity and pattern as all commercial
cellulose standards, we concluded that the pure cellulose has already been obtained
from our bleached PALF. The Ip and Ia were chemically identical but differ in the 3-
D crystal arrangements of cellulose chains in the unit cell that made some peak
position not the same. After we confirmed that we obtained pure cellulose from
bleached PALF, the bleached PALF was ready to use for the next treatment, which

was sulfuric acid treatment.
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4.1.4 Thermal properties of PALF
Wet tried to investigate the effect of removing lignin and hemicellulose in the
thermal properties of the PALF samples. The thermal properties of PALF were
observed using thermogravimetric analysis (TGA), which involved analyzing the

weight loss of the sample as a function of temperature®?.
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Figure 4.8 (A) TGA and (B) DTG thermograms of raw PALF (black), alkali-treated
PALF (red), and bleached PALF (blue).

Table 4.3  Thermal properties profiles of raw PALF, alkali-treated PALF, and
bleached PALF.

Weight loss at

Samples Onset T (°C)  Decomposition T (°C) 600 °C (%)
Raw PALF 288 342 85.1
Alkali treated PALF 344 380 86.8
Bleached PALF 340 382 90.0

TGA thermograms and its derivatives (DTG) of the raw, alkali-treated, and
bleached PALF have been displayed in Figure 4.8. The onset temperature,
decomposition temperature, and percentage weight loss at 600 °C have listed in Table
4.3. It found that all samples exhibited a one-step degradation process. The weight
loss below 100 °C was attributed to water evaporation. The primary degradation of
raw PALF has started at 288 °C and got maximum decomposition temperature at 342

oC. It has been observed that there is a significant increment in the thermal properties
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profile of PALF after applying purification treatment. The onset and decomposition
temperatures of PALF have shifted to 340°C and 382 °C, respectively. The lignin and
hemicellulose trace has disappeared from previous FT-IR spectra, which confirmed
lignin and hemicellulose removal after purification treatment. Combining this result,
we suggested that the increment of thermal properties has related to lignin and
hemicellulose removal. The increment of thermal properties due to lignin and
hemicellulose removal has also been reported in previous works of Santos et al.
(2013) and Zhou et al. (2017)" %2, Our results are also in good agreement with Kim et
al. (2006) that said hemicellulose mainly degraded at 150-350 °C, cellulose at 275-
350 °C, and lignin at 250-500 °C, which mean that hemicellulose and lignin possibly
take degradation faster than cellulose®,

The TGA and DTG results confirmed that lignin and hemicellulose made the
thermal properties of PALF degraded. By removing lignin and hemicellulose from
PALF, better thermal properties would be obtained, which can be used to assess its

potential value in high-temperature applications®.

4.2 PALF in 25% H2SO4 (sulfuric acid) treatment

Crystalline region Amorphous region

Figure 4.9 Drawing illustration of cellulose structure in bleached PALF consists of

amorphous and crystalline regions.

In the previous FT-IR spectra of bleached PALF, we have confirmed that our
bleached PALF had no lignin and hemicellulose left. The rigid composite-like
structure formed by lignin, cellulose, and hemicellulose has broken down, remaining
the cellulose. The cellulose itself consisted of the amorphous and crystalline regions
in its structure, illustrated in Figure 4.9%. The crystalline region has an order
arrangement structure of strong inter and intramolecular H-bonding held firmly

together side-by-side®. The main objective of this research is to develop a process to
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obtain regenerated amorphous cellulose (RAC). To accomplish this aim, we need to
dissolve the native cellulose. But due to its strong inter and intramolecular H-bonding,
the cellulose would be hard to process in conventional solvents such as water or
ethanol®. To produce our RAC, we have to treat cellulose using sulfuric acid (H2SO4)
as a solvent.

Huang et al. (2016) first reported using 64% (v/v) H2SOa at low temperature (-
20 °C) to obtain RACY. Interestingly, Santos et al. (2013) using the same acid
concentration at high temperature (45 °C), producing a very different product, which
is nanocrystalline cellulose (NCC)’. It is safe to say that temperature treatment is
playing an essential role in obtaining RAC and NCC.

Many works have focused on research using a high acid concentration (more
than 60% H,SO4) in producing cellulosic products” 1" %, Apparently, the behavior of
cellulose products obtaining in low acid concentrations and different temperatures has
not been particularly observed. In this section, we tried to investigate the influence of
using low acid concentration (25% v/v H2SOgs) at different temperature sulfuric acid
treatment (-20, 30, and 50 °C) by following the physical, chemical structure, and
thermal properties of PALF after sulfuric acid treatment.

4.2.1 Physical properties of PALF after 25% (v/v) sulfuric acid treatment

Morphology of PALF after sulfuric acid treatment was observed using an optical
microscope (OM) with a corresponding histogram of length and width distributions.
Figure 4.10A showed that the bleached PALF initially has long fibers entangled
together. The long fibers have spread into short fibers with various lengths and widths
after sulfuric treatment, depending on its temperature treatment (Figure 4.10B-D).
Bleached PALF and short fibers were characterized by their length (L), width (D),
and aspect ratio (L/D). A minimum of 300 particles has been used to measure the
length and width of short fibers. The average diameter, length, and aspect ratio were
listed in Table 4.4.
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Table 4.4  Average diameter (D), length (L), and aspect ratio (L/D) of bleached
PALF, short fibers after sulfuric acid treatment, and Avicel PH101.

Samples L (um) D (um) L/D
Bleached PALF - 574 +1.39 -
-20PALF25% 106.40 £ 61.10 5.14 £ 0.97 21
30PALF25% 70.26 + 46.47 544 +1.05 13
50PALF25% 29.57 £ 9.99 5.02+0.84 6

Avicel PH101 41.51 + 28.05 - -

HO
HO
Ri PN o HO, . om 1 Ry H HO OH
— R
o (0, o HHLSO, N, < c', oL
OH - o > * Jd °
HO™ * 1 6 Ho OH
oM OH
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HO HO "o
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\ 0, Y 1 o] R;
I o on +H0 \O \ + HO o
Hd OH on ¢ o

Figure 4.11 The reaction of hydrolysis in sulfuric acid treatment.

Bleached PALF has a width of 5.74 + 1.39 um with undetermined length due to
its entangled long fibers, possibly length in the centimeters range. Meanwhile -
20PALF25%, 30PALF25%, and 50PALF25%, have length and width about 106.40
61.10 and 5.14 = 0.97, 70.26 £+ 46.47 and 5.44 £ 1.05, 29.57 £ 9.99 and 5.02 + 0.84
um, respectively, categorized as microcrystalline cellulose (MCC)* °" % The MCC
was well-known formed by a partial hydrolysis reaction®” %. The hydrolysis in
sulfuric acid happened when hydronium ions (H") from acid attach to the B-1,4-
glycosidic bonds, causing a split in the cellulose chain. The formed carbonium ion
reacts with a water molecule, which liberates an H*" 1%, The reaction of hydrolysis
was written in Figure 4.11.

In hydrolysis, the amorphous region in cellulose would be more affected and
removed because acid could easily access the amorphous glycosidic bonds due to its
less ordered form. Meanwhile, the crystalline region ordered form would make the
acid hard to penetrate through the crystalline region. In partial hydrolysis, the
amorphous removal is not intensive, made some amorphous regions was indelible and

remained in the cellulose. This condition made the amorphous intact together with the
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crystalline region, forming a micro-size material called microcrystalline cellulose
(MCC)™¥, The illustration of partial hydrolysis that happened during forming MCC
was displayed in Figure 4.12.

Crystalline region Amorphous region

P ——
e

Cellulose Fibers l + H2S04 (25%, -20, 30, 50 °C)

@ﬁ—lﬂz
—————— . ————&—————— ———— 4
e —————c.——— ) ——— 4

Microcrystalline cellulose (MCC)

Figure 4.12 Drawing illustration of partial hydrolysis occurred, forming

microcrystalline cellulose (MCC).

A significant length reduction could be seen from -20PALF25%, 30PALF25%,
and 50PALF25% compared to bleached PALF (Table 4.4). By increasing the
treatment temperature, the shorter MCC has been obtained. Similar results have been
reported by Tan (2015), suggesting that as the treatment temperature was increased,
hydronium ions penetrated the more accessible amorphous regions at a higher rate
during the hydrolysis and subsequently cleaved the glycosidic bonds, obtaining
shorter MCC?%2, In contrast, the decrement of the width happened slightly (decreased
about 5-12.5%). These phenomena are related to the crystalline region’s ability to be
less affected in the hydrolysis reaction than the amorphous region'® 5. The
amorphous and crystalline regions in PALF were located on the surface and their
main axis®’. As shown in Figure 4.12, the amorphous region contributed to arranging
the length axis of PALF. Meanwhile, the crystalline region established width axis®’. It
was mentioned before that the amorphous region had been affected more than the
crystalline region. So, when the hydrolysis occurred, the amorphous region was
intensively removed, the crystalline region was only slightly defective, resulting in a

significant length reduction and mild width reduction.
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Besides, the uniformity in the length of MCC PALF also increased significantly
with the temperature increment. The standard deviation reported for the length of -
20PALF50%, 30PALF50%, and SOPALF50% were £ 61.10, + 46.47, and + 9.99 um,
respectively, as a parameter of uniformity. These findings indicated that more
homogeneous MCC could be obtained by increasing the treatment temperature. This
trend was not obvious for the width.

The physical properties of our MCC were compared with a commercially
available MCC Avicel PH101. As mentioned before, our MCC has a short fiber
shape. On the other hand, Figure 4.10E showed the morphology of Avicel PH101
with an irregular shape!®. The average length for the Avicel PH101 particles was
41.51 + 28.05 um with undetermined width attributing to its irregular shape. The
morphology difference between our MCC and Avicel PH101 because Avicel PH101
came from a wood source, while our MCC was PALF®8. Moon et al. (2011) reported
that the morphology of cellulose depended on the source of the original cellulose®.

Due to the irregular shape of Avicel PH101, its aspect ratio could not be
measured. It is well known that MCC's aspect ratios played a crucial role in most of
their applications, such as pharmaceutical tablets application%*. Another property that
important was uniformity. The uniformity of S0PALF25% was also more eminent
compared to Avicel PH101 showed from their standard deviation. Our MCC offers a
definite advantage over Avicel PH101 in the aspect ratio and uniformity. Our MCC
could also be a potential alternative in producing a commercial MCC based on its
simple process and ability to control the size.
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4.2.2 Chemical structural changes of PALF in 25% (v/v) H2SO4
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Figure 4.13 FT-IR spectra of bleached PALF, -20PALF25%, 30PALF25%,
50PALF25%, and Avicel PH101 at 3900-600 cm™ region.

FT-IR spectroscopy is an appropriate technique to establish the variations
introduced by low acid concentration and different temperature treatments on the
chemical structure of the treated samples. FT-IR spectra of bleached PALF, -
20PALF25%, 30PALF25%, 50PALF25%, and Avicel PH101 shown in Figure 4.3.
All spectra exhibited almost similar profiles. The absence of additional peaks in the
spectra of PALF after 25% sulfuric acid treatment indicated that all samples had there
is no significant change of chemical structures in the process of hydrolysis'®. A
slightly narrower profile was found after acid treatment in all MCC PALF samples at
peaks in the 3500-3000 cm™, which correspond to OH stretching vibrations,
suggesting that the hydrolysis process weakened the H-bonding of cellulose but not
disrupt the arrangement°®.

The same profile of FT-IR spectra in MCC PALF and Avicel PH101 suggested
that even the morphology was different, but the chemical composition on their
structure was the same. The same profile indicated the same cellulose type allomorph

as well. The profile of these spectra representing cellulose lg. A confirmation that
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MCC PALF and Avicel PH101 have cellulose Ig type was proved by the absence of
the peak at 745 cm™, which is the characteristic peak of cellulose 1,%. The peak
attributed to OH stretching of intermolecular H-bonding at O(3)H---O'(6)H also
appeared at 3289 cm™ which is the characteristic peak of cellulose 155 88,

From these results, it was noteworthy that the MCC obtained from PALF via

sulfuric acid treatment is close to the commercial MCC.

4.2.3 Thermal properties of bleached PALF and cellulosic products

Thermal properties of PALF after 25% H,SO4 (sulfuric acid) treatment was
investigated.

A: TGA thermogram B: DTG thermogram
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Figure 4.14 (A) TGA and (B) DTG thermograms of bleached PALF (black), -
20PALF25% (red), 30PALF25% (blue), and 50PALF25% (green).

Table 4.5  Thermal properties profile of bleached PALF, -20PALF25%,
30PALF25%, and 50PALF25%.

Weight loss at

Samples Onset T (°C)  Decomposition T (°C) 600 °C (%)
Bleached PALF 340 382 90.0
-20PALF25% 317 344 100.0
30PALF25% 332 364 96.2
50PALF25% 281 318 95.0

Figure 4.14 showed thermogravimetric analysis (TGA) and derivative
thermograms (DTG) curves for bleached PALF, -20PALF25%, 30PALF25%, and
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50PALF25%. Table 4.5 reported the data obtained from Figure 4.14. The TGA curves
for all the samples showed two weight loss stages within the temperature of 50-600
°C. The drying stage for the samples occurred at a temperature below 100 °C, which
was associated with the evaporation of water®®, For bleached PALF, the main
degradation started at 340 °C, suggesting the cellulose degradation processes, such as
dehydration, decarboxylation, depolymerization, and decomposition of glycosyl units,

107 After sulfuric acid, a decrement in

followed by the formation of a charred residue
degradation temperature compared to the bleached PALF was found. Sample -
20PALF25%, 30PALF25%, and 50PALF25% have decrement of onset temperature
about 23, 8, and 59 °C, respectively. This degradation behavior was also reported in
previous researches on sulfuric acid treatmen® & 107 vasconcelos et al. (2017)
explained that the decrement of thermal properties in sulfuric acid-treated samples
due to the presence of sulfate groups®. The presence of sulfate groups causes
decreased activation energy for the thermal degradation of cellulose®® 1%,

The degradation temperature of the sulfuric acid-treated samples comparing
with each other has also been observed. The higher amount of sulfate groups in MCC
would lead to a higher decreased degradation temperature in MCC“8. On the other
hand, the number of sulfate groups in cellulose is related to MCC size. The smaller
size would lead to a higher surface area, which means more access to sulfate groups
on the MCC surface!®. The onset temperature of -20PALF25%, 30PALF25%, and
50PALF25% were started at 317, 332, and 281 °C, respectively. Related to the
previous result of MCC's length, the degradation temperature of -20PALF25% and
50PALF25% were in the same agreement with the previous statement. But there is an
anomaly on 30PALF25%, which has a higher degradation temperature than -
20PALF25%. The effect of width decrement might be related to this phenomenon.
We suggested that the size of width has more effect on the decrement of degradation
temperature than the length because the defect of the crystalline region occurred in the
width decrement. Due to the width decrement, the sulfate groups would attach less on
the MCC.
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4.3 PALF insulfuric acid treatment of 50% (v/v) H2SO4
The influence of 50% (v/v) HSO4 and the temperature treatment (-20, 30, and
50 °C) on the physical, chemical structural, crystallinity, and thermal properties of

PALF and its cellulosic products were investigated.

4.3.1 Physical properties of PALF in 50% (v/v) H2SO4
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Figure 4.15 OM images of (A) bleached PALF, (B) -20PALF50%, (C)
30PALF50%, (D) 50PALF50%, cross-polarizer images, and

corresponding size distribution of lengths and widths.

Figure 4.15 showed a series of OM images assisted with cross-polarizer images
of a bleached PALF after sulfuric acid treatment at three different temperatures. The
bleached PALF exhibited long fibers with a width of about 5.74 + 1.39 pm and an
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undetermined length due to its long fiber entangled. The morphology of the sample at
each different temperature displayed a very different morphology. In -20PALF50%,
the gel-like shape was captured by the OM image (Figure 4.15B). Jia et al. (2013)
reported the gel-like shape of the cellulose is a characteristic of regenerated
amorphous cellulose (RAC)*®. Jia also mentioned that gel-like shape morphology as a
consequence of losing crystallinity that shaping its initial fibrous shape. This report
has a good agreement with our result in the cross-polarizer image of -20PALF50%
that capturing no birefringence exists as evidence of amorphous cellulose was
formed!’°. The gel-like shape was suggested relating to the phenomena that happen in
forming RAC.

+ H280: (50%, -20 °C) + H20

>

Figure 4.16 Transformation of (A) bleached PALF into (B) cellulose solution, then
regenerate into (C) RAC after washed with DI water.

Figure 4.16 has recorded the transformation of bleached PALF into the RAC.
The process of obtaining RAC started by adding cold 50% (v/v) H2SOs in bleached
PALF. After 2 h continuously stirring in the ice bath, a transparent cellulose solution
was obtained (Figure 4.16B). Then, DI water was used to wash the solution until pH
reached ~7. After adding the DI water to the solution, it transformed into a solid gel-
like solution (Figure 4.16C). The transparent cellulose solution has been explained in
previous research by Huang et al. (2016). Huang explained that at low temperature (-
20 °C), the process of hydrolysis when the hydronium ions (Hz0") of H2SO, attached
to the B-1,4-glycosidic bonds of cellulose that causing a split in the cellulose chain
will be slowed. Because the hydrolysis happened slowly, HsO" and SO4> broke down

the inter and intramolecular H-bonding instead of breaking B-1,4-glycosidic bonds,
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made the cellulose dissolved into a transparent cellulose solution, called as a

dissolution process'’. The reaction in this process has written in Figure 4.17 below.

Cellulose Cellulose
CIJ cl, $0,%
AN, + H,S0, cone” N OHy, M.
/‘ —_— 3 —_— o “504%
/ Inter and
M mtramollecular ‘OH3  H( , Cellulose
o H-bonding T SO4*
Cellulose Cellulose

Figure 4.17 Chemical reaction of the dissolution process in cellulose!!t,

Cellulose dissolution in sulfuric acid involved a reaction between hydroxyl
groups of cellulose and sulfuric acid to form cellulose sulfate (cellulose-0- SQOa).
Another by-reaction, such as acid hydrolysis of -1,4-glycosidic bonds could occur,
but the acid hydrolysis could be prevented by decreasing the dissolution
temperature!'?, The washing process using DI water has formed a gel-like solution to
remove acid from the system. The cellulose randomly tangled to each other after the
acid leaving the structure, reconstructing the new H-bonding arrangement
(regenerated process) but was not in an orderly arrangement like before the
dissolution process. Since there was a reconstruction of a new arrangement in the
structure, the transparent solution has transformed into a solid gel-like particle called
regenerated amorphous cellulose (RAC)** 8. The illustration has made to facilitate
the understanding of PALF transformation into RAC (Figure 4.18).
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Figure 4.18 Drawing illustration of RAC transformation in 50% H>SO4 at -20 °C.
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Figure 4.19 Partial hydrolysis occurred, forming microcrystalline cellulose (MCC).

However, the OM image of 30PALF50% in Figure 4.15C displayed the short
fiber morphology with the length and width of 37.63 + 14.19 and 3.85 £+ 0.66 um
categorized as microcrystalline cellulose (MCC)*. As we mentioned in the previous
section, MCC was formed by partial hydrolysis. The acid randomly hydrolyzed
cellulose by partially breaking the B-1,4-glycosidic, removing some amorphous
regions, but some amorphous regions still remained attached in the structure, resulted
in the microscale crystalline cellulose (Figure 4.19). Comparing with the MCC series
in the previous section, it is worth noticing that the width in 30PALF50% is smaller
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with the decrement of width ~33%, which means higher than in 25% H>SO4 samples
(~5-12.5%). This result suggested that acid concentration has a vital role in size
reduction. The previous work of Du et al. (2016) mentioned that the hydrolysis
severity is a critical factor of cellulose fibers size reduction!®. By increasing the acid
concentration, it will increase the severity of the reaction. The concentrated acid
increased the hydrolysis effect in removing the amorphous region. It made the MCC
length decreased until 37.63 + 14.19 um and defected more on the crystalline region
due to stronger acid ability, reducing MCC's width.

Figure 4.20 Photographic image of -20PALF50%, 30PALF50%, and 50PALF50%.

The morphology of 50PALF50% could not be seen in OM images (Figure 4.15D),
assuming that the nanocrystalline cellulose (NCC) was formed because the OM could
not capture the material with the size under 1 pm***. Our assumption has been proven
by the cross-polarizer image that exhibited a flow birefringence phenomenon, which
is only shown in NCC. NCC alignment resulting in a structural anisotropy form and
flow anisotropy exhibiting the flow birefringence phenomenon®. The presence of
birefringence is also the evidence of the well-dispersed of NCC in water!'®. From this
statement, we suggested that the physical appearance could also be an indicator of
obtaining NCC because the physical appearance also relates to another characteristic
of NCC. 50PALF50% performed a transparent homogeneous aqueous suspension and
well-dispersed in the water (Figure 4.20C). These results have the same agreement
with the NCC obtained from some previous works!® %2, NCC was transparent because
NCC's size is so small in the nanometer scale!'®. The homogeneous and well-

dispersed NCC came from the reaction between sulfuric acid and the surface hydroxyl
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groups of NCC to yield negatively charged (surface) sulfate groups, promoting

perfectly uniform dispersion nano rod-like in water*?,

Crystalline region Amorphous region

Cellulose Fiber

+ H2S04 (50%, 50 °C)

Nanometer
—_ e— _P —

==
Nanocrystalline cellulose (NCC)

Figure 4.21 Drawing illustration of hydrolysis at 50 °C of 50% (v/v) H2SOs, forming
nanocrystalline cellulose (NCC).

We have observed that obtaining NCC required an extreme condition to
hydrolyzed the cellulose into a nanometer-scale of crystalline cellulose. This extreme
condition referred to the high acid concentration (50% (v/v) H2SOs) at 50 °C. The
extreme condition would help acid removed most of all amorphous regions, increased
depolymerization, resulting in produced NCC*. The non-harsh condition of
hydrolysis would lead to obtaining microcrystalline cellulose (MCC). The illustration

has been made to explain the process of obtaining NCC (Figure 4.21).

4.3.2 Chemical structural changes of PALF in 50% (v/v) H2SO4

FT-IR spectra have been taken to follow the chemical changes of RAC, MCC,
and NCC that we obtained. Because of their complexity, FT-IR spectra were divided
into two regions, which are the OH and CH stretching vibrations in the 3900-2700
cm? region (Figure 4.22A) and the "fingerprint” region, which assigned to stretching
vibrations of different groups of cellulose components at 1800-600 cm™ (Figure
4.22B). The corresponding band assignment has listed in Table 4.6.
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Figure 4.22 FT-IR spectra of bleached PALF, -20PALF50%, 30PALF50%, and
50PALF50% in the (A) 3900-2700 cm™ and (B) 1800-600 cm™ regions.
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Table 4.6  Band assignment of FT-IR spectra from bleached PALF, -20PALF50%,
30PALF50%, 50PALF50%.

Wavenumber  Vibrational

(cm) Mode Band assignment Reference
3493 yOH OH stretching of weak H-bond 117
3442 yOH OH stretching of intermolecular H- 117
bonding at O(3)H:--O'(6)H
3339 yOH OH stretching of intramolecular H- 74-77
bonding at O(3)H---0O(5)
3289 yOH OH stretching of intermolecular H- 77
bonding at O(3)H---O'(6)H
3181 Unidentified H-bonds 117
1635 OH of water absorbed 74,75, 81
1425 0CH2 CHa scissoring of C(6) 74,75, 78
1315 0CH2 CH> wagging of C(6) 74,78
1109 CO valence vibration of C(3)-O(3)H 74,75
1054 yCO CO stretching 74,75
1031 yCO CO stretching 74,75, 81
996 yCO CO stretching 74,75, 81
897 yCOC C—O—C stretching asymmetric 16

Notes: y: stretching, 6: bending.

At -20PALF50%, the OH region (3900-3000 cm™) corresponding to the inter
and intramolecular H-bonding showed a different pattern compared to bleached
PALF. This result suggested that there is arrangement changes in the inter and
intramolecular H-bonding of the cellulose. The peak at 3493 cm™ correspondings to
OH stretching of weak H-bonding, has appeared. The weak H-bonding has arisen due
to the inter and intramolecular H-bonding broke down in the dissolution process.
Then, in the regenerated process, they have arranged randomly and bonded weakly in
the structure!®®, The peak at 3442 cm attributed to OH stretching of intermolecular
H-bonding at O(3)H---O" (6)H possibly formed due to the new arrangement of H-
bonding in RAC. The arrangement could not be capable of forming the same order H-
bonding, making some H-bonding shifted. Peaks at 3339 and 3289 cm™ assigned to
OH stretching of intramolecular H-bonding at O(3)H---O(5) and intermolecular H-
bonding at O(3)H---O'(6)H, respectively. In the dissolution process, acid broke the
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inter and intramolecular H-bonding of native cellulose resulted in their disappearance.
These peaks also contribute to the gel-like shape that appeared in the OM image,
showing the loss of ordered structure in the cellulose!!®. The shoulder peak at 3181
cm? attributing to unidentified H-bonding has appeared only at -20PALF50%. Leng
(2018) has reported that the peak at 3181 cm™ is the most unstable H-bonding and
only appeared in amorphous cellulose. We proposed that it could have a connection
with the appearance of peak 3493 cm™ proving that the new arrangement of H-
bonding which is not strong, stable, or well-ordered.

In the 1800-600 cm™ region, there are also some changes in the FT-IR spectrum
of -20PALF50%. At the peak at 1635 cm™ associating with OH of water absorbed
from cellulose, it has the highest peak compared to other samples. This result
indicated that -20PALF50% has the highest water absorption due to the amorphous
structure. In the crystalline structure (MCC and NCC), water could not penetrate the
cellulose well. In the amorphous form, it increased the capacity of the sample to hold
into the water in consequence of disorder and weak H-bonding'* %, Whereas the
peak at 1425 cm™ ascribing to CH, symmetric bending scissoring of C(6) has
disappeared at -20PALF50%. This peak has been sensitive to the amount of
crystalline. The absence of this peak indicating a significant decrease in its intensity
reflected, reducing the degree of crystallinity of the sample!® . This peak has the
same agreement with the cross-polarizer image, which showed no birefringence in the
sample. The peak at 1315 cm™ associating with CH, wagging of C(6) has lost in -
20PALF50%. This peak is connected to the disappearance of the crystalline band
(1425 cm™). The peak at 1109 cm representing CO valence vibration of C(3)-O(3)H
has disappeared from -20PALF50%. The absence of this peak attributed to the
disappearance of peaks at 3339 and 3289 c¢cm™ that related to C(3)-O(3)H bonding.
The peak at 1054 and cm™ assigning to CO stretching has disappeared from the
sample. Meanwhile, the new peak at 996 cm™ representing CO has appeared. These
phenomena occurred due to the new arrangement in RAC. The peak at 897 cm™
designated as the amorphous absorption band and was more pronounced in -
20PALF50%, suggesting the amorphous content was high® 17,

On the other hand, FT-IR spectra of both 30PALF50% and 50PALF50%

performed a similar pattern with bleached PALF. This result indicating that there is no
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new arrangement has occurred. The hydrolysis did not change the arrangement of the

chemical functional groups in MCC and NCC structure, only cutting the chain

between cellulose at the B-1,4-glycosidic linkage.

4.3.3 X-ray diffraction patterns of bleached PALF and its cellulosic

products

The X-ray diffractometer (XRD) was used to investigate the crystalline structure
of samples. XRD patterns of bleached PALF, -20PALF50%, 30PALF50%, and
50PALF50% were displayed in Figure 4.23. The corresponding peak and crystallinity
index (CI) have written in Table 4.7.

Figure 4.23

Table 4.7

Diffractionintensity (a.u)

Bleached PALHF

i -20PALF50%

30PALF50%
SO0PALF50%

10 20 30 40 50

26(°)

X-ray diffraction (XRD) patterns recorded from bleached PALF
(black), -20PALF50% (red), 30PALF50% (blue), and 50PALF50%

(green) samples.

Corresponding peaks of XRD patterns and crystallinity index (CI).
Samples 20 (°) Cl (%)
Bleached PALF 15.1 22.7 76.5
-20PALF50% 12.1 19.7 21.4 -
30PALF50% 15.1 22.7 74.6

50PALF50% 15.1 22.7 68.3
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The XRD patterns of bleached PALF, 30PALF50%, and 50PALF50% exhibited
a similar curve, showing peaks around 26 = 15.1° (1 -1 0) and 22.7° (2 0 0), attributing
to cellulose 1*2%, This result suggested that the crystal integrity of cellulose had been
maintained in MCC and NCC!?%. However, -20PALF50% displayed a different
pattern compared to other samples. The XRD pattern was almost flat, typical of
regenerated amorphous cellulose (RAC), but showed off with three small peaks at
12.1° (1 -1 0), 19.7° (1 1 0), and 21.4° (2 0 0), corresponding to cellulose 11°% 13, The
small peaks of cellulose Il were existed due to the storage of RAC in the aqueous
condition. The aqueous condition might be happened to enhance arrangement of
hydroxyl groups in RAC forming small amount cellulose Il. Hattori et al. (2016)
reported that even after obtained a fully amorphous product, the cellulose Il would
appear due to the storage in the aqueous condition.

The crystallinity index (CI) determined from these XRD curves were listed in
Table 4.7. CI of bleached PALF, 30PALF50% and 50PALF50% were 76.5%, 74.6%,
and 68.3%, respectively. In this research, we found that the decrement of crystallinity
happened when the treatment temperature increased. The crystallinity decreased in
30PALF50% was about 1.9%, while in 50PALF50% was about 8.2%, compared to
the bleached PALF, suggesting that the crystallinity decrement happened due to the
defect of the crystalline region in the process of acid hydrolysis® 5. The acid
hydrolysis process removed the amorphous region but at the same time also slightly
defected in the crystalline region. Das et al. (2017) also reported the decreasing of
crystallinity about 3.7% in filter paper after the acid treatment®?.
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4.3.4 Thermal properties of bleached PALF and cellulosic products
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Figure 4.24 (A) TGA and (B) DTG thermograms of bleached PALF (black),
-20PALF50% (red), 30PALF50% (blue), and 50PALF50% (green).

Table 4.8 Thermal properties profile of bleached PALF, -20PALF50%,
30PALF50%, and 50PALF50%.
J Weight loss at
I T(° D T
Samples Onset T (°C) ecomposition T (°C) 600 °C (%)
Bleached PALF 340 382 90.0
-20PALF50% 310 340 100.0
30PALF50% 272 293 96.0
50PALF50% 135 181 95.0

TGA and derived curves (DTG) were plotted as a function of temperature. An

initial weight loss was observed for all samples upon heating to 100 °C. The weight

loss corresponded to the vaporization and removal of moisture in the samples.'?*

Table 4.8 displayed the decrement of degradation temperature in -20PALF50%,
30PALF50%, and 50PALF50% compared to the bleached PALF due to the sulfate

groups presence induced the decrease in degradation temperature?. For 30PALF50%

(MCC), the behavior of the thermal properties is in the same agreement with the MCC

obtained from 25% (v/v) H2SOs in the previous section. Meanwhile, thermographs of

50PALF50% revealed a remarkable decrement of the degradation temperature with a

broad curve on the DTG thermograph. Some researchers have reported a similar

decrement of degradation temperature in their NCC obtained from sulfuric acid
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treatment'? 24 8 90 The high surface area of 50PALF50% (NCC) may play an
essential role in this decrement of thermal properties'®?. The higher surface area
would increase the access of more sulfate groups to attach to the cellulose surface.
Sulfate groups would promote the degradation started faster and occurred in a broader
temperature range, which explained the decrement phenomena and the broad curve at
DTG thermograph®. In the case of 50PALF50%, degradation happened in two sub-
processes. The first sub-process corresponds to the degradation of the more accessible
regions, which are highly sulfated. The second sub-process corresponds to the
crystalline fraction broke down that has not been attacked by sulfuric acid. These two
sub-processes happened in a wide range of temperature degradation, causing a broad
curve shaped®’.

However, it is worth noticing that -20PALF50%, which is a RAC (310 °C),
showed a higher onset temperature than MCC (272 °C) and NCC (135 °C), the
crystalline products. We proposed that this is related to the arrangement of the RAC
and the crystalline products. The amorphous cellulose arrangement was more
accessible to the water and caused the sulfate groups to easier removed from the
products. Meanwhile, crystalline products such as MCC and NCC were tightly packed
by the well-ordered region results in the access of the water was limited'?®. FT-IR
spectra of -20PALF50% also confirmed high water absorption (peak 1635 cm™) in the
amorphous cellulose. This result also supported by the previous work of Wang et al.
(2007) that done repeated washing for more than one month, but small amounts of
sulfate groups still remained in the NCC*8,
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CHAPTER V
CONCLUSIONS

In summary, the large scale production and economical purification of
regenerated amorphous cellulose (RAC) have not been done. However, a simple
process using sulfuric acid (H2SO4) treatment has been developed to produce three
types of cellulosic products from PALF, which are regenerated amorphous (RAC),
microcrystalline (MCC), and nanocrystalline (NCC) cellulose. Temperature treatment
and sulfuric acid concentration played an essential role in the cellulosic products that
would obtain. H2SO4 acid treatment has been done in 25% and 50% (v/v) H2SO4
under three different temperatures (-20, 30, and 50 °C). In 25% (v/v) H2SQOa4, various
MCC lengths (about 29.57 + 9.99 to 106.40 + 61.10 um) were produced from
different temperatures. Different temperatures in this condition gave the ability to
control the MCC size without changing the chemical structure, confirmed by OM
images and FT-IR spectra. Compared to the commercial MCC, Avicel PH101, MCC
PALF obtained in this work offers definite advantages over Avicel PH101 regarding
aspect ratio and uniformity. In 50% (v/v) H2SOa, three kinds of cellulosic products
were obtained and could be differentiated using OM, cross-polarizer, FT-IR, and
XRD characterizations. RAC was obtained at -20 °C, confirmed from the gel-like
shape morphology, no birefringence shown, the crystalline band's disappearance at
1425 cm* and increment of the amorphous band at 897 cm™ on FT-IR spectrum, and
XRD patterns of amorphous cellulose with small peaks corresponding to cellulose I1.
MCC was obtained at 30 °C, showing a short fiber morphology in OM image with
length and width at 37.63 + 14.19 and 3.85 £ 0.66 um, respectively. NCC was
obtained at 50 °C, showing flow birefringence phenomena, confirmed by cross-
polarizer.

Furthermore, our MCC can be a potential alternative to produce a commercial
MCC regarding well-defined aspect ratio and good uniformity. Producing RAC and
NCC required adequate acid concentration and temperature treatment. By adjusting

the temperature in an appropriate concentration, different products could be obtained.
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