Sustainable Chemistry and Pharmacy 43 (2025) 101880

Contents lists available at ScienceDirect T SUSTAINABIE

CHEMISTRY &
PHARMACY

Sustainable Chemistry and Pharmacy

-

e =
ELSEVIER journal homepage: www.elsevier.com/locate/scp

Valorization of PDMS-coated glassine wastepaper for
microcrystalline cellulose: Extraction and
physicochemical characterization

Nuhairi Alias®, Che Rozid Mamat*, Zaiton Abdul Majid *, Nur Faraliana Japri®,
Nur Hafizah A. Khalid "
@ Department of Chemistry, Faculty of Science, Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor, Malaysia

Y Centre for Advanced Composite Materials (CACM), Faculty of Civil Engineering, Universiti Teknologi Malaysia, 81310 Johor Bahru, Johor,
Malaysia

ARTICLE INFO ABSTRACT

Keywords: Polydimethylsiloxane (PDMS)-coated glassine wastepaper present challenges to waste manage-
Microcrystalline cellulose ment, particularly due to its limited recyclability and the presence of polymer coating. The high
Valorization cellulose and minimal lignin content in PDMS-coated glassine wastepaper makes it a good
r]/)al\s;;paper candidate for microcrystalline cellulose (MCC) extraction. A 5% sodium hydroxide (NaOH) and
Glassine sodium hypochlorite (NaOCl) were used to extract MCC from the PDMS-coated glassine waste-

paper. Sodium hypochlorite (NaOCI) ranging from 1.0 to 3.0% was applied to assess its influence
on the physicochemical properties of extracted MCC and subsequently compared to the com-
mercial MCC. The samples were characterized by Fourier transform infrared spectroscopy (FTIR),
X-ray diffraction (XRD), thermogravimetric analysis (TGA), particle size analysis (PSA) and
transmission electron microscopy (TEM). The study revealed that the properties of extracted MCC
closely resemble to those of commercial MCC with 5% NaOH and 1.6% NaOCI achieving the
highest crystallinity index (CrI) of 78.90%, the lowest d-spacing of 3.91 A and activation energy
of 25.349 kJmol ™. The crystallinity showed a decline with increasing NaOCI concentration
beyond 1.6% due to intensified oxidative bleaching. The study has also shown that the extraction
of MCC from PDMS-coated glassine wastepaper was possible without the use of acid hydrolysis.

1. Introduction

Waste is generally classified into two main categories: municipal solid waste, which includes waste produced by households and
small businesses, and non-municipal waste, which encompasses waste generated by industrial activities, as reported by the United
Nation Environment Programme (Lenkiewicz et al., 2024). The importance of managing industrial waste efficiently was highlighted by
Khoshsepehr and co-workers (2023), who emphasized the need for the industrial sectors to adopt smart technologies for better waste
management. According to Kaza et al. (2018) in the World Bank publication “A Global Snapshot of Solid Waste Management to 20507,
paper products accounted 17% of the global waste composition. Furthermore, the United Nations Office on Drugs and Crime reported
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in “Unwaste Trendspotting Alert,” (2023) that paper waste and its industrial by-products are often disposed in landfills or released into
the environment. The rising awareness of environmental concerns due to huge amount of waste generated during production have
forced the industries to find alternative ways in utilizing the waste that were normally burned or disposed in the landfills. To be the
second most disposed material among others, paper is made up of fibrous cellulose as the major component which is build up from
polysaccharide structure with numerous hydroxyl groups, that makes paper hydrophilic in nature. To improve the properties of paper
such as water repellence, chemical stability and adhesion, some paper products have been treated with polymer coatings such as
polydimethylsiloxane (PDMS) (Fu et al., 2022; Soz, 2022), polyethylene (Zgajnar Gotvajn and Kaléikova, 2018), poly(ethylene
terephthalate) (Lei et al., 2018), resin (Iwamiya et al., 2022), polyvinyl alcohol (PVA) (Shen et al., 2021) and latex (Samyn et al.,
2020). Glassine paper, for example, when coated with PDMS can be used as backings for food wrappers and labels. The manufacturing
of glassine paper was first invented by Karlson and patented in 1951 (Karlson, 1951). Most of the lignin in the wood pulp was removed
but the hemicellulose content is retained. According to a review by Deshwal et al. (2019), fillers such as titanium dioxide can be
incorporated into the pulp to enhance opacity of glassine paper while plasticizers can improve toughness. Subject to the prolonged
treatment process during the production of glassine paper will shorten the fibres that help to improve the smoothness of the surface
(Trivedi et al., 1979). The application of PDMS gives special characteristics and advantages to glassine paper; however, the major
drawback is that they are not suitable to be recycled not only because of the extremely short fibre but also due to the presence of
coating. The thermal breakdown of PDMS results in the emission of cyclosiloxane (Zielecka et al., 2020) and the impurities in the form
of oligomers can be released into the environment through waste-gases, wastewater and solid waste, eventually entering the food chain
and being ingested by both humans and animals (Xiang et al., 2021). Hence, recovery of valuable material from PDMS-coated glassine
wastepaper might provide a potential source for the production of microcrystalline cellulose (MCC) in order to utilize the benefits that
are offered by this cellulose-rich biomass.

Cellulose has captured the interests of many industries due to its attractive properties attributed to its repetitive chains arrange-
ments and the presence of functional groups in the structure (Riseh et al., 2024). Specifically, MCC is categorized under nanostructured
materials with various size, morphology and other characteristics depending on the source of cellulose and extraction conditions
(Trache et al., 2020). MCC is a biodegradable material has drawn attention in food industries due to its safe use as a functional food or
dietary fiber (Nsor-Atindana et al., 2017) and emulsion stabilizer (Schvartz and Shoseyov, 2022). Due to its poor solubility, MCC is
suitable as an excipient (Vora and Shah, 2015), filler or binder in compressible tablets (Agboeze et al., 2022) and internal lubricants
(Backere et al., 2022) in pharmaceutical. The three hydroxyl groups per anhydroglucose unit in chains of cellulose makes MCC hy-
drophilic in nature and strongly interact with water, hence acting as a water reservoir in cement due to its high-water retention
capability. The retained water in cement matrix will be released when the free water is diminished during hydration process (Wu et al.,
2021) thus improves the mechanical properties of cement (Cavdar et al., 2022). In addition, having abundance of hydroxyl groups on
the surface of MCC gives a potential advantage as an adsorbent by interacting effectively with pollutants, allowing them to be removed
them from water (Mhike et al., 2023). The production of MCC can be derived from any potential sources with high cellulose content.
Lignocellulosic biomass is among the most popular starting materials used in producing the white, odourless and crystalline powder of
MCC. Industrial waste such as waste cotton fabrics (Shi et al., 2018), tobacco waste including related tobacco product (W. Salem et al.,
2016), rice husk (Nur Hanani et al., 2017) and wastepaper (Uyigue and Okwonna, 2013) have been utilized as a source material for the
MCC production.

Recent research has explored innovative methods for extracting cellulose from wastepaper, highlighting its potential as a sus-
tainable resource. One notable study focused on using office wastepaper as a feedstock for cellulose extraction. This process involved
an alkali treatment followed by chlorine-free bleaching and acid hydrolysis, resulting in the production of cellulose suitable for
creating polyvinyl alcohol (PVA)-starch/cellulose-based biocomposites (Mohammed Irfan et al., 2023). Another research by Lei et al.
(2019) focused on extracting cellulose nanocrystals from office wastepaper to reinforce polyurethane, enhancing its thermal and
thermo-mechanical properties. A study by Hafid et al. (2023) investigated the extraction of cellulose from gloss art paper (GAP) waste
using ultrasonic homogenization. The process improved the particle size, crystallinity and thermal stability of the extracted cellulose,
making it suitable for reinforcing starch films in packaging materials. Secondary paper waste has been successfully used to extract
cellulose nanocrystals through hydrolysis, resulting in enhanced physical properties, such as increased tear resistance and improved
burst indices when added during papermaking processes (Egamberdiev and Norboyev, 2022). Furthermore, Sridhar and collegue
(2020), developed a novel method using NaOH/urethane aqueous system to extract microfibrillated cellulose from wastepaper. This
method proved effective in removing lead from contaminated water, showcasing the potential of cellulose-based materials in envi-
ronmental remediation efforts.

Research has also increasingly focused on extracting MCC from wastepaper, with an emphasis on environmentally friendly methods
and high-value applications. The common practice in producing MCC from any lignocellulosic materials are delignification, bleaching
and hydrolysis. Several methods have been developed for extracting MCC, with acid hydrolysis being the most common due to its
ability to yield highly crystalline material. A study investigated the characterization of MCC obtained from paper sludge using different
acid concentrations (Zaki et al., 2022). This study found that using a 3.0 M acid concentration achieved the highest crystallinity index,
suggesting potential applications in film packaging due to its UV protection properties. However, the extraction of MCC without using
traditional acid hydrolysis with sulfuric acid (HySO4) has been explored through various innovative techniques to provide more
sustainable and environmentally friendly alternatives to conventional acid hydrolysis, which generate more hazardous waste (Xiu
et al., 2019). Hosseinzadeh et al., 2024 developed a novel method for extraction from sugarcane bagasse involves using gaseous
hydrochloric acid (HCl) as a milder and greener alternative. R. H. Rana et al. (2022) reported that MCC with desirable tableting
properties can be produced without the conventional acid hydrolysis acid by pretreating wastepaper with a chelating agent followed
by pulping, bleaching and hydrothermal degradation. The hydrothermal process at high temperature has been previously proven by
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Trisant et al. (2020) as an effective method in extracting MCC without the need of acid hydrolysis. The hydroxyl and hypomethyl group
in the amorphous is removed at temperature of 120 °C and 140 °C (Zhang et al., 2022). Silvia & Maharani (2023) discovered that
enzymatic hydrolysis using cellulase enzyme derived from a microorganism Trichoderma viride, effectively to produce MCC from rice
straw. Several mechanisms have been described for the cellulose glycosidic bond cleavage such as transglycosylation, ring contcation,
glycolysis, ring fragmentation and atom number identification, as highlighted by (Zhu et al., 2017). Furthermore, it was found that
prolong alkaline pretreatment may contribute to the dissolution of amorphous cellulose (Bali et al., 2015; Junadi et al., 2019).

The extraction of MCC from PDMS-coated glassine wastepaper has not been addressed or reported by other researcher. This study,
therefore, aims to introduce a method for recovering MCC from PDMS-coated glassine wastepaper, focusing on two main objectives: to
remove the PDMS coating and to extract MCC. The extracted MCC samples are then characterized qualitatively and quantitatively,
with the characterization data compared to that of commercial MCC to evaluate the quality and effectiveness of the extraction process.

2. Experimental section
2.1. Materials

PDMS-coated glassine wastepaper was sourced from a labelling company for use as the raw material in this study. The extraction of
MCC was conducted using analytical-grade reagents. Sodium hydroxide (NaOH) with 99% purity was supplied by Merck and sodium
hypochlorite (NaOCl), with 10% concentration obtained from QRec. All chemicals were used directly as supplied, without any
pretreatment.

2.2. Extraction of microcrystalline cellulose

The PDMS-coated glassine wastepaper was first cut into small pieces and boiled in distilled water for 1 h to remove impurities and
soften the paper fibre. After boiling, the paper was blended to form a thick slurry, which was then rinsed multiple times with distilled
water. The slurry underwent pre-treatment by boiling with 5% (w/v) NaOH for 3 h and subsequently washed with distilled water until
pH 7 was achieved as indicated by the litmus paper. Following the pre-treatment, the neutralized slurry was subjected to treatment
with varying concentrations of NaOCl, ranging from 1 v/v% to 2 v/v%, and further increase up to 3 v/v% under vigorous stirring for 2
h. The reaction was quenched by adding distilled water, and the slurry was washed until the solution reached a pH of 7. The resulting
sediment was freeze-dried completely before undergoing further characterization. The yield of MCC obtained from the process was
calculated using Equation (1):

_ Weight of dried cellulose

Yield (%) = 100% Eq. 1
feld (%) Weight of wastepaper x ’ 4

2.3. Physicochemical characterization

The total Si concentrations of the effluent from alkaline treatment at different treatment time were determined by inductively
coupled plasma — optical emission spectroscopy (ICP-OES) (model Avio 200; PerkinElmer). The extracted cellulose was identified using
Fourier Transform Infrared spectroscopy with attenuated total reflectance technique (ATR-FTIR) (model Frontier; PerkinElmer) in the
range of 4000-650 cm L. The crystallinity was analyzed via X-ray diffractometer (XRD) (model Empyrean; PANalytical) in the 26 angle
range of 5° to 50°. Calculation of the crystallinity index (CrI) was determined based on Segal et al. (1959) (Equation (2)).

(Too2-Tam)

Crystallinity Index, Crl = x 100% Eq. 2

002

Where Crl denotes the degree of crystallinity (%), (Ipp2 — [am) is the intensity of the crystalline peak, Iyo2 represents total intensity of
002 lattice diffraction while Iy is the diffraction intensity for the amorphous part. The crystallite sizes of extracted MCC of different
bleach concentration were estimated using Scherrer equation (Equation (3)):

Ki

Scherrer equation,D=——
4 pcos @

Eq. 3

where K = 0.94, 1 is the x-ray wavelength of 1.5406 A, 8 corresponds to the full width at half maximum (FWHM) measures in radian
located at any peak position (26) in the spectrum. The thermal stability of the extracted cellulose was studied using thermal gravimetric
analysis (TGA) (model DTA-TG DTG-60H; Shimadzu) with temperature ranging from 30 °C to 800 °C at 10 °C/min of heating rate
under nitrogen atmosphere with flow rate of 200 ml/min. The physical properties of MCC were studied by observing the morphology
and particle dimension of the samples using Scanning Electron Microscope (SEM) (model JSM-IT200LV; Jeol Ltd.) where the samples
were sputter coated with platinum to avoid charging. To further investigate the particle size, a selected MCC sample was subjected to
particle size distribution analysis using Shimadzu SALD-2300 particle size analyser, applying a refractive index of 1.55 as per method
by Gaudreault et al. (2005). The result was then compared with those of commercial MCC. The images and dimensions of selected MCC
sample and commercial MCC were also obtained using high resolution transmission electron microscopy (HR-TEM) with Hitachi
HT7700 at an accelerating voltage of 120 kV.
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Fig. 1. SEM micrographs of: a) paper-side of PDMS-coated wastepaper; and b) cross section image of coated wastepaper with approximate thickness
of 2.575-2.579 pm.
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Fig. 2. Possible reaction mechanism of PDMS degradation by NaOH adapted from Kaden et al. (2017).
3. Results and discussion
3.1. Morphology of PDMS-coated glassine wastepaper

The morphology and the coating layer of PDMS on wastepaper were examined using SEM as depicted in Fig. 1. The micrograph
reveals a densely packed structure of paper fibers with various sizes and orientations, indicative of the low porosity characteristic of the
paper sample employed for MCC extraction (Vicente et al., 2017). The presence of a high concentration of small-sized fibers, ranging
from 3 to 10 pm in width, effectively fills the gaps between the larger fibers (>30 pm). No aggregation observed on the surface or in
between the paper fibers, suggesting the absence of filler on the PDMS-coated glassine wastepaper. According to Han et al. (2020),
fillers such as calcium carbonate can be distinctly identified by their aggregation around paper fibers. The application of PDMS coating
layer serves to enhance the hydrophobicity of the paper. Line scan results indicate the presence of a thin coating layer, with a thickness
ranging from 2.575 to 2.579 pm, observable in the paper’s cross-sectional image. Soz (2022), expanding on the research by Krumpfer
and McCarthy (2011), described a potential interaction mechanism between paper and PDMS. The mechanism suggests that Si-O-C
bonds are formed when the siloxane units of PDMS interact with the hydroxyl groups on paper surface, facilitated by adequate heat
treatment.

3.2. Alkaline treatment

The PDMS-coated wastepaper was subjected to 5% NaOH solution for 3 h. The effect of this alkaline treatment on the paper coating
and morphology were assessed.

3.2.1. Effect of alkaline treatment on paper coating
Alkaline treatment is a crucial process in the extraction of cellulose and the removal of PDMS from various raw materials. This
method involves the use of an alkaline solution, NaOH, to break down and dissolve non-cellulosic components such as lignin,
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Fig. 3. FTIR spectra of paper pulp after 2 h and 3 h of alkaline treatment with 5% NaOH.

hemicellulose and other impurities (Lei et al., 2019). In the context of PDMS-coated materials, alkaline treatment is particularly
effective in hydrolysing and removing the PDMS layer (Orn, 2019). The high pH environment disrupts the siloxane bonds in PDMS,
facilitating its removal and leaving behind purified cellulose fibers. This dual functionality of alkaline treatment not only purifies the
cellulose but also ensures the effective removal of synthetic coatings like PDMS, making the cellulose suitable for various industrial
applications.

Under alkaline conditions, PDMS is hydrolysed into hydrophilic compounds such as siloxanols. According to Kaden et al. (2017),
both acidic or alkaline pH levels promote chemical degradation of PDMS. Fig. 2 shows the possible reaction mechanism of PDMS
degradation by NaOH. The reaction of PDMS with NaOH involves the nucleophilic hydroxide ion, OH™, attacking the silicon atoms, Si,
in the siloxane bonds, leading to the formation of a pentavalent silicon intermediate. The intermediate undergoes a transition state
stabilized by hydrogen bonding, leading to the cleavage of the Si-O bonds in the polymer chain. As a result, the siloxane bonds break
down, producing smaller molecules with silanol groups (Si-OH), effectively degrading the PDMS into more hydrophilic
silanol-containing fragments. The extent of PDMS removal during alkaline treatment is influenced by the reaction time whereby longer
reaction time allow for more thorough etching or removal of the polymer (Orn, 2019).

Fig. 3 shows the FTIR spectra of paper pulp subjected to a 5% NaOH of alkaline treatment, comparing the effects on both the coated-
side and paper-side at different treatment time of 2 h and 3 h. The variations in peak intensity and shifts reveal changes in the cellulosic
and hemicellulosic components of PDMS-coated glassine wastepaper pulp. A broad peak around 3300-3400 cm ™! and 2900 cm ™! were
observed in all samples except for coated side of the PDMS-coated glassine wastepaper, associated with O-H and C-H stretching vi-
brations which typically found in lignocellulosic materials. However, the absorption peak of lignin was not detected in both paper-side
and coated-side of PDMS-coated glassine wastepaper. The absence of the characteristic lignin peak at 1530 cm ™! assigned to C=C
aromatic ring vibration (Kostryukov et al., 2023) confirms that the lignin in PDMS-coated glassine wastepaper is very minimal. Upon
alkaline treatment with NaOH regardless of duration, a reduction in peak intensity was noted at 1157 cm ™' and 897 cm™?, particularly
more pronounced in the paper-side of the PDMS-coated glassine wastepaper. These two peaks represent C-O-C vibrations of arabinosyl
units in hemicellulose (Haryanti et al., 2022) and f-glycosidic linkages between the xylose units in hemicellulose (Florez-Pardo et al.,
2019), respectively. The decrease in these peak intensity for alkaline treated PDMS-coated wastepaper pulp suggests the intermo-
lecular degradation in the hemicellulose structure. These changes are the crucial factor that supports the removal of hemicellulose after
the alkali treatment.

Furthermore, FTIR spectra of alkaline-treated PDMS-coated wastepaper pulp for 2 h and 3 h of reaction time showed the absence of
three (3) distinct peaks located at 795 cm ™!, 1256 cm ™! 2960 cm ™. These peaks correspond to the asymmetric CHg stretching in
Si-CHgs, deformation of CHg in Si-CH3 and Si—C stretching in Si—-CHjs, respectively. Preliminary analysis using FTIR confirmed that the
three (3) significant sharp peaks are characteristics of PDMS. Another notable peak for PDMS, corresponding to Si-O-Si stretching,
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Fig. 4. SEM micrographs of the (a) alkaline-treated paper fiber, (b) and (c) zoom-in of the area marked in (a).

appears at 1012-1076 cm ™! as identified by Johnson et al. (2013). The findings indicate that the chemical degradation of PDMS is
effectively achieved under alkaline conditions, with the complete removal of characteristic PDMS peaks in the FTIR spectra after
sufficient reaction time. This confirms the efficiency of the alkaline treatment in breaking down PDMS and converting it into hy-
drophilic compounds, thereby enabling its removal from the treated materials.

In addition, the efficiency of PDMS removal by NaOH at different reaction time was quantified using ICP-OES where the average
silicon (Si) concentration for each reaction time was measured. The findings demonstrated that extending the reaction time to 3 h led
to a higher Si concentration (57.53 mgL 1) in the treatment effluent compared to 33.21 mgL ™! observed after 2 h reaction time. While
extended alkaline treatment is expected to remove a greater amount of Si, it can also potentially damage the cellulose structure
(Sriprom et al., 2022). Furthermore, as the reaction time increases, the paper slurry becomes thicker due to vaporization of liquid,
thereby limiting the stirring motion. Hence, an optimal reaction time of 3 h is recommended for alkaline treatment. Additionally,
during the bleaching step, a residual Si concentration of 1.52 mgL~' was released into the aqueous phase as a result of PDMS
degradation, indicating that Si removal also occurred during the bleaching process.

3.2.2. Effect of alkaline treatment on the morphology of paper fiber

Fig. 4 presents the SEM micrograph of the paper fiber after 3 h of alkaline treatment with NaOH. The alkaline treatment has
effectively disrupted the compact fiber bundles, breaking them down into individual cellulose microfibrils with diameters ranging
from 100 to 500 nm. Alkaline treatment significantly increases the surface area of lignocellulosic biomass through several mechanism.
Primarily, NaOH disrupts the hemicellulose and lignin matrix, that contribute to the recalcitrance of lignocellulose. This process breaks
down the complex polymer into simpler molecules such as monosaccharides and oligosaccharides. The removal of these components
not only increases the porosity but also inflates the cellulose structure, making it more accessible for further chemical reaction (Junior
et al., 2013).

NaOH plays a significant role in the dissolution and structural modification of hemicellulose. Hemicellulose, characterized by its
amorphous and highly branched structure, is particularly vulnerable to alkali attacks (Barman et al., 2020). When NaOH is introduced
in the solution, it interacts with the cellulose and hemicellulose components of the pulp, facilitating the separation and dissolution
processes. NaOH can break the inter and intramolecular hydrogen bonds within the cellulose and hemicellulose structures, thereby
enhancing their solubility (Qin et al., 2021; Rodrigues et al., 2023). Moreover, the alkaline treatment by NaOH causes the breakdown
of the intermolecular ester bonds between lignin and hemicellulose as well as between lignin and cellulose, leading to their removal
and thus exposing the cellulose fibers (Abolore et al., 2024; Yang et al., 2021). A high concentration of NaOH causes disruption in the
crystalline regions of cellulose, leading to an increase in its solubility results in the treatment solution. This increased solubility results
in the cellulose dissolving more readily, which ultimately decreases the yield of the cellulose fiber (Sayakulu and Soloi, 2022).

This defibrillation and disruption of the hydrogen bonding network are achieved through alkaline treatment, commonly known as
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Fig. 5. Reaction mechanism of hydrolysis by NaOH of ester bond in lignocellulose. The lignocellulose structure was adapted from Barman
et al. (2020).

mercerization (Verma and Goh, 2021). Additionally, NaOH modifies the chemical structure of the fibers by converting hydroxyl, -OH
groups to sodium alkoxide, -ONa™ groups (Akram Khan et al., 2011). The reaction mechanism of alkaline treatment by NaOH, as
illustrated in Fig. 5, involves a series of chemical interactions initiated by the OH . The OH™ ion specifically targets and attacks the
carbon atom present in the ester bond. These ester bonds are integral connections that can occur in various configurations: between
lignin and carbohydrate molecules, linking two lignin components together, or joining two carbohydrate components (Modenbach and
Nokes, 2014). The rapid reaction involving the resulting alkoxide acting as a base to deprotonate the carboxylic acid, leading to the
irreversible hydrolysis of the ester bond, significantly weaken the structural integrity of lignocellulose. Alkoxide is essential in the
degradation of hemicellulose in NaOH by aiding the breakdown of hemicellulose into smaller molecular components. Additionally,
sodium carboxylate formed during the degradation of hemicellulose is water-soluble, facilitating its dissolution in aqueous NaOH
solutions (Budtova and Navard, 2016).

3.3. Bleaching treatment

The next step in the extraction of MCC involves a bleaching process using NaOCl resulting in a white, powdery MCC. All MCC
samples are denoted as MCC1.0%, MCC1.2%, MCC1.4%, MCC1.6%, MCC1.8%, MCC2.0%, MCC2.5% and MCC3.0% according to
NaOCl concentration used. Bleaching treatment using NaOCl plays an important role in the extraction of MCC by effectively removing
any residual hemicellulose and lignin from cellulose fibers. The concentration of NaOCl significantly impacts the extraction of MCC by
influencing the removal impurities, the integrity of cellulose fibers and the overall yield. The optimal NaOCI concentration can vary
depending on the source material, as different materials contain varying levels of hemicellulose and lignin, affecting their response to
bleaching. For instance, a 5% NaOCI concentration is used for rice husk (Ahmad et al., 2016), 4% for Lembang Plant (Sayakulu and
Soloi, 2022) and 3.5% for tapioca solid waste (Ansharullah et al., 2020). Higher concentrations of NaOCl are more effective at
removing impurities, leading to a purer MCC product. However, these higher concentrations can also cause greater degradation of the
cellulose fibers, reducing both the quality and yield of MCC. Specifically, as the concentration of NaOCl increases, the yield of MCC
tends to decrease because of the more aggressive bleaching process breaks down the cellulose chains. Finding the optimal concen-
tration is crucial; it must be high enough to remove impurities but low enough to preserve the cellulose fibers’ integrity and maximize
yield. Therefore, controlling the NaOCI concentration carefully is essential to balance impurity removal with cellulose fiber preser-
vation, optimizing both yield and quality of MCC.

In this study, the wastepaper used in this study contains 22.64% hemicellulose and only 3.02% lignin. Due to the low lignin content
in the wastepaper, less protection is needed against cellulose degradation. While lignin provides rigidity and structural support to plant
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Fig. 6. FTIR spectra of MCCs extracted from PDMS-coated wastepaper under different NaOCl concentration: a) 1.0%, b) 1.2%, c) 1.4%, d) 1.6%, e)
1.8%, ) 2.0%, g) 2.5%, h) 3.0% and i) commercial MCC.

cell walls, it also protects cellulose fibers from degradation, hence act as a shield, preventing acute degradation of the fibers during
bleaching (Gierer, 1982). This allows for the use of lower concentrations of NaOCl as the bleaching agent, under controlled conditions
and the findings of this study validate this approach. As the concentration of NaOCl increases, the yield of MCC decreases. Starting at
1.0% NaOCl, the yield is 58.4% but it gradually declines as the concentration increases to 3.0%, reaching its lowest at 42.7%. This
trend indicates that higher NaOCl concentrations result in lower MCC yields. The data suggests that the reduction in yield at higher
concentration of NaOCl could be due to over-oxidation or degradation of the cellulose. Delignification through alkaline and bleaching
treatments is a critical process in the modification of lignocellulosic materials, often leading to significant weight loss. The weight
reduction is primarily due to the dissolution of hemicellulose and lignin, along with the degradation of the PDMS coating. The
breakdown of these two key lignocellulosic components from the starting materials results in a notable decrease in yield and con-
tributes to the loss of pulp strength (Esteves et al., 2022).

As the bleaching condition is getting more severe by using higher NaOCl concentration, higher temperature and a longer bleaching
time, the extracted cellulose will be affected due to the kinetic effects and collision theory (Peleg, 2023). NaOCI concentration and
temperature exhibited significant impact on the quality of cellulose whereby excessive bleaching conditions caused severe oxidation of
celluloses and significantly reduced their dimension. Therefore, the reaction condition needs to be controlled to keep the degradation
of cellulose at a minimum. Degradation of cellulose might occur when the glycosidic bond in cellulose is ruptured (Aridi et al., 2021)
and oxidized by NaOCl thus lowering the molecular weight of the cellulose and increase solubility (Aurelia et al., 2019; Garrido et al.,
2014). However, dissolution of cellulose will not occur if the treatment temperature used is lower than its degradation temperature due
to the strong intra and intermolecular hydrogen bonding within the cellulose structure (Sayakulu and Soloi, 2022). Another external
factor affecting the percentage yield is the loss through washing during the neutralization stage.

3.3.1. Dissolution of NaOCl in water

When NaOCl is introduced into water, it undergoes several series of reactions. As shown in Equation (4), NaOCl reacts with water to
form sodium ions, Na™ and hypochlorous acid, HOCL. The dissociation of NaOCl creates a dynamic equilibrium of NaOH and hypo-
chlorous acid (HOCI). In aqueous system, HOCI dissociates into hydrogen ion, H" and hypochlorite ion, OCl~, where chlorate ion,
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Fig. 7. XRD diffractograms of (a) extracted samples and commercial MCC; and (b) peak deconvolution for MCC1.6%.

ClO3is produced resulting from the reaction of OCl™ in a fast rate. As highlighted by Gordon et al. (1997), NaOCl is a strong oxidizing
agent due to the rapid formation of chlorate ion (ClO3) with high oxidation number in aqueous.

NaOCl + H,O — HOCI + Na*(OH")
HOCI - H" + 0Cl™

_ _ _ [ Slower
OCl” +0ClI" - ClO,- +Cl ( step ) )

0Cl" + ClO,- —ClO + Cl° (Faster )
step

The oxidation number of chloride in ClO3 in the faster step is +5, requiring more electrons for stabilization. This suggests that ClO3
initially attack the remaining lignin and hemicelluloses prior to cellulose especially in the amorphous regions which are easier to break
down and hydrolyze chemically than the crystalline regions (Isroi and Cifriadi, 2018). Referring to proposed reaction mechanism of
lignin oxidized by NaOC], as described by R. Wang et al. (2019), HOCI formed in aqueous solution act as an electrophile that target the
ortho positions of ~OR group of lignin to eliminate H' ions. As the oxidation process continues, benzenediol will be oxidized to break
the ring structure and finally converted into carboxyl and CO,. According to Estrela et al. (2002), HOCl and OCl™! can lead to hy-
drolysis and increase in temperature of NaOCl solution can enhance its ability to dissolve organic matter (Stojicic et al., 2010).
Additionally, Sang et al. (2017) highlighted that the amorphous region of cellulose can be accessed and readily degraded by NaOCl to
produce dissolved fragments of cellulose. From the FTIR analysis as shown in Fig. 3, the intensity of the lignin peak at 1530 cm ™ is
very weak. With the advantage of NaOCI as described by Sang et al. (2017) and the low content of lignin in PDMS-coated glassine
wastepaper, this will create a favourable condition for NaOCl to degrade the amorphous region in cellulose.

3.4. Characterization of extracted MCC

3.4.1. Functional group analysis using ATR-FTIR
The common cellulose FTIR spectra are characterized by four important regions: (1) OH stretching region (3700-3000 crn_l), 2)
CH stretching region (3000-2700 cm’l), (3) OH bending region (1800-1300 cm™ ) and (4) fingerprint region with multiple C-O
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Table 1
FTIR and XRD data for extracted and commercial MCC.
Sample FTIR XRD
LOI TCI Crystallinity Index (%) Average Crystallite Size (nm)
MCC1.0% 0.62 1.08 77.86 3.39
MCC1.2% 0.57 1.24 78.85 3.38
MCC1.4% 0.55 1.05 77.66 3.36
MCC1.6% 0.52 1.26 78.90 3.33
MCC1.8% 0.49 1.17 77.72 3.42
MCC2.0% 0.42 1.22 77.92 3.32
MCC2.5% 0.33 1.19 76.99 3.37
MCC3.0% 0.39 1.14 76.53 3.35
Commercial MCC 1.02 1.01 79.24 3.78

vibrations (1250-850 cm™!) as shown in Fig. 6. A broad OH stretching band ranging from 3644 to 3000 cm™! is observed across all
samples, comparable with a prominent peak at 3332 cm™! and a weak shoulder at 3274 cm™! in commercial MCC, labelled as
commercial MCC. This band is attributed to the intermolecular and intramolecular O-H stretching vibrations, which are essential for
understanding the hydrogen bonding network in cellulose. The broad nature of this band indicates extensive hydrogen bonding as
noted by Li et al. (2023). The CH asymmetric band is observed around 2900 cm ™! corresponding to the C-H stretching vibrations
within the cellulose molecule. These vibrations are important for understanding the cellulose backbone’s structural integrity and
composition. A band observed at 1622 cm ™! is attributed to the bending vibrations of water molecules. The position of this band can
shift to a lower wavenumber, reflecting stronger interactions between water molecules and the hydrogen bonding network in cellulose.
Such shifts indicate changes in the hydration state and the strength of hydrogen bonds within the cellulose matrix (Hong et al., 2021;
Seki et al., 2020). Another band related to CH vibration, the CH asymmetric deformation at 1366 cm ™! represents the C-H bending
vibrations. The fingerprint region at 1250-850 cm™! is known for its complex patterns unique to cellulose. This region contains
multiple bands related to C-O stretching and C-H bending vibrations, which are important for identifying the unique structural
features of cellulose. At wavenumber of 897-900 cm ™}, the band is assigned to CH deformation of p-glycosidic linkages and the
amorphous structure of cellulose. The reduction in the intensity of the peak at 897 cm™! could be indicative of an increase in the
crystallinity of the obtained MCC samples, as highlighted by K. S. Salem et al. (2023) and Wahlstrom et al. (2020).

The intensity of the band at 1366 cm™! and 2900 cm™! are essential for calculating the Total Crystalline Index (TCI). The TCI is
derived from the absorbance ratio of the CH bending vibrations band at 1366 cm ™ to CH stretching band at 2900 cm™!. This ratio
indicates the degree of crystallinity regions, correlating with a more ordered and stable cellulose structure. A higher TCI value in-
dicates a higher degree of crystallinity, reflecting a more ordered cellulose structure. Another indicative band of the crystalline
structure within cellulose is at 1425-1430 cm ™', The intensity of this band reflects the amount of crystalline cellulose present, with
higher intensities signifying a more ordered crystalline structure. The absorbance of the band at 897-900 cm ™! is taken for determining
the Lateral Order Index (LOI). The LOI value is derived from the absorbance ratio of the bands at 1425-1430 cm ™! and 897-900 cm ™. It
explains the overall degree of order in cellulose, with higher LOI values indicating a more organized arrangement of cellulose chains
(Cichosz and Masek, 2020).

3.4.2. Crystallinity studies of MCC

Fig. 7(a) displays the XRD patterns of all extracted and commercial MCC samples. The figure clearly shows that MCC extracted at
various NaOCl concentrations are crystalline, matching the crystallinity of commercial MCC. The diffraction pattern of MCC is
characterized by a major peak approximately 22.7° (002) and a shoulder peak at 20° (021), which indicates the polymorph of cellulose
I crystalline structure. In Fig. 7(b), the peak deconvolution of MCC1.6% diffraction spectrum shows distinct diffraction peaks corre-
sponding to the cellulose I polymorph. The major peaks at approximately 20 of 16° (101), 20° (021), 22.7° (002) and 34.5° (040)
confirm the presence of crystalline cellulose. So-yoon Park et al. (2024) reported the same findings for MCC extracted from pistachio
shells with 20 around 14.9-16.2°, 22.1-22.3° and 34.5°. As highlighted by Wei & Li (2016), the CrI, reflects the proportion of ordered
regions within the cellulose structure while d-spacing represents the distance between parallel atomic planes in a crystal, commonly
referred to the interplanar distance and can be calculated according to Bragg’s law as shown in Equation (5):

%
" 2sing

Equation 5

where X refers the X-ray wavelength (1.542 A) and 6 denotes the Bragg angle associated with the (002) plane.

MCC treated with 1.6% NaOCI concentration shows the highest Crl. This suggest that at this concentration the amorphous com-
ponents were effectively removed while simultaneously preserving the crystalline regions. In terms of d-spacing, represented by dog2,
the data reveals a distinct trend that differs from that of the Crl. The dgg2 parameter reaches its lowest value of 3.91 A, at NaOCl
concentration (1.6%) compared to 3.93 A for commercial MCC, indicating a densification of the crystalline structure (Howell et al.,
2011; Ren et al., 2022). The intermolecular forces between cellulose chains are stronger with decreasing interplanar distance, allowing
the cellulose chains to pack more tightly which enhances the overall structural order of the cellulose matrix (Cui et al., 2014).
However, as the concentration of NaOCI increases beyond 1.6%, the d-spacing begins to increase, indicating the loosening of the
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crystalline layers (Arnata et al., 2019; Chen et al., 2016). The higher value of d-spacing shows cellulose structure become less compact
due to the swelling of the cellulose resulting from the oxidative effect of NaOCl (T. Wang and Zhao, 2021).

In this study, PDMS-coated glassine paper originally has a crystallinity index of 82.42%. However, when subjected to alkaline and
bleach treatment, a noticeable decrease in crystallinity is observed. The observation was also noted by Das et al. (2010) who found that
the high crystallinity of filter paper was reduced when exposed to chemical treatment. Table 1 provides a detailed overview of the
crystallinity and crystallite size of extracted MCC samples compared to commercial MCC. The crystallinity data derived from FTIR,
includes the LOI and TCI, while the crystallinity index is obtained from XRD analysis. These parameters provide insight into the
structural order and crystalline content of the cellulose. Furthermore, the table presents the average crystallite size determined by XRD
analysis, which indicates the dimensions of the crystalline regions within the MCC samples. The crystallinity index for MCC1.0% is
77.85% and increases slightly to 78.85% for MCC1.2% indicating an initial improvement in crystallinity. However, the crystallinity
index values for MCC1.4% to MCC2.0% shows slight fluctuations between 77.66% and 78.90% but remain relatively close to each
other. These small variations suggest that within this concentration range, the crystallinity is affected in a controlled manner, with
minor differences possibly arising from subtle inconsistencies in the treatment process. A more significant reduction in crystallinity is
observed as the NaOCl concentration increases further where the crystallinity index for MCC2.5% and MCC3.0% drops to 76.99% and
76.53%, respectively. The decreasing trend indicates that higher NaOCI concentrations start to adversely affect the crystalline regions
and confirms the significant disruption of the crystalline structure at excessive NaOCl levels. When comparing these results with the
commercial MCC which has a crystallinity index of 79.24%, it is apparent that the optimally bleached MCC at 1.6% NaOCl concen-
tration displays a marginally lower yet comparable degree of crystallinity. However, as the concentration increases, the difference
becomes more significant, with MCC3.0% exhibiting a much lower crystallinity index than the commercial MCC. This highlights that
while controlled bleaching can enhance crystallinity to a certain extent, excessive bleaching adversely affects the crystalline structure,
leading to a reduction in the overall crystallinity of the material. The crystallinity index from XRD is used to further confirm the
crystallinity data obtained through LOI and TCI calculations based on FTIR absorbance values.

The LOI and TCI values collectively reflect the structural and crystalline characteristics of MCC (Poletto et al., 2014; Polettoa et al.,
2012). Both values are useful metrics for characterizing the crystallinity properties of MCC using FTIR. The data indicates noticeable
variations in the LOI and TCI indices of MCC extracted at different NaOCI concentrations, reflecting significant differences in the
structural organization and crystallinity of the MCC. The MCC samples extracted at varying NaOCl concentrations show lower LOI
values, ranging from 0.33 to 0.62, and varying TCI values between 1.05 and 1.26. This reflects that extracted MCC has a less ordered
structure, consisting of both crystalline and amorphous regions. The combination of high LOI and low TCI in MCC samples suggests
that, although the MCC arrangement are well-ordered laterally, the overall structure still contains a significant amount of amorphous
regions (Poyraz et al., 2018). The MCC extracted with lowest NaOCl concentration displays the highest LOI of 0.62 among all extracted
MCC, accompanied by a low TCI of 1.08, indicating the MCC1.0% has a well-ordered lateral arrangement of cellulose chains but also
contains a significant amount of amorphous regions. As the concentration of NaOCl increase up to 3.0%, the LOI decreases, suggesting
that the higher NaOCl concentration in the extraction process leads to excessive degradation or disruption of cellulose (Isroi et al.,
2017). This elevated concentration likely causes a more severe breakdown of both crystalline and amorphous regions, resulting to a
MCC with lower structural order and reduced crystallinity. However, the determination of crystallinity should not be exclusively based
on FTIR spectroscopy as this technique provides relative values that reflect contributions from both crystalline and amorphous regions
and essentially to corroborate with additional analytical methods such as XRD (Park et al., 2010).

The comparison between extracted MCC and commercial MCC reveals several key differences in terms of crystallinity and struc-
tural organization, as revealed by FTIR and XRD analyses. Commercial MCC exhibits a notably higher LOI of 1.02 and TCI of 1.01,
which collectively indicate a highly ordered and crystalline structure. This superior crystallinity is further supported by XRD data,
where commercial MCC shows the highest crystallinity index of 79.24%. Among the extracted samples, MCC 1.6% stands out with a
TCI of 1.26 and a crystallinity index of 78.90%, which are the closest to those of commercial MCC. These values have shown a
consistent correlation with the crystallinity index derived from XRD data calculations as demonstrated in the research by Sangian et al.
(2018). This indicates that a NaOCl concentration of 1.6% is optimal for preserving the crystalline structure during extraction,
resulting in a product with properties that approach those of commercial MCC. When comparing MCC1.6% with commercial MCC,
both of which have a comparable XRD crystallinity index, several differences become apparent. MCC1.6% shows a higher TCI of 1.26
whereas commercial MCC has a TCI of 1.01, indicating that MCC1.6% has greater overall crystallinity according to FTIR measure-
ments. On the other hand, commercial MCC has a significantly higher LOI of 1.02 compared to 0.52 for MCC1.6%, indicating better
lateral crystalline alignment in commercial MCC. The conclusion that can be drawn from the comparison between MCC1.6% and
commercial MCC is that each material exhibits unique strengths in terms of crystallinity characteristics. These differences suggest
distinct applications for each material. MCC1.6% with its higher TCI, may be more suitable for applications requiring high stability and
uniformity (Zhao et al., 2022). On the contrary, commercial MCC with its superior lateral crystalline alignment and high crystallinity
index, might be better suited for applications where enhanced mechanical properties and better structural integrity are crucial
(Janmohammadi et al., 2023; Poyraz et al., 2018). The inclusion of highly crystalline cellulose will increase the strength of a bio-
composite material (Ahvenainen et al., 2016; Ni’'mah et al., 2017).

The crystallite size of MCC significantly influences its physical and chemical properties, making it another important parameter for
optimizing MCC for various applications. The extracted MCC samples exhibit average crystallite sizes between 3.32 nm and 3.42 nm,
vary slightly among the different concentrations. However, commercial MCC has an average crystallite size of 3.78 nm, which is larger
compared to the extracted samples. Smaller crystallite sizes generally result in higher mechanical strength due to the increased density
of grain boundaries, which impede dislocation motion, making the material more rigid and resistant to deformation (Stricker and
Weygand, 2024). Additionally, MCC with smaller crystallites tend to have higher thermal stability, as increased surface area enhances
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Fig. 8. TGA/DTG curves (shown in solid and dotted lines, respectively) of extracted MCC with NaOCl concentration range of 1.0%-2.0%.

the interaction between cellulose chains, making the material more resistant to thermal degradation (Zhou et al., 2018). Chemically,
smaller crystallites exhibit higher reactivity due to a higher surface area-to-volume ratio, which is beneficial in applications requiring
efficient chemical modification (Cerro et al., 2020). In pharmaceutical applications, smaller crystallite sizes enhance solubility and
dissolution rates, improving the bioavailability of active drugs (Huang et al., 2023). The significant variability of crystallite size of MCC
are due to several factors including the inherent properties of cellulose source, the methods employed during extraction and various
post-processing conditions. These variations with crystallite sizes can be ranging from as low as 2.40 nm for Lembang (Typha
angustifolia L.) (Adawiyah et al., 2022) to as high as 9.41 nm for oil palm frond (Syamani et al., 2015).

Previous studies have highlighted significant variations in the concentrations of NaOCl, with differences in the resulting crystal-
linity observed across various sources. Generally, higher concentrations of NaOCl do not necessarily lead to higher crystallinity. For
instance, tapioca solid waste treated with 3.5% NaOCI shows the highest crystallinity of 94.16% (Ansharullah et al., 2020), whereas
rice husk with a higher concentration of 5% NaOCl exhibits a much lower crystallinity of 63.90% (Ahmad et al., 2016). PDMS-coated
glassine wastepaper used in this study needed only 1.6% NaOCl to reach maximum crystallinity index of 78.90%. The concentration of
NaOCl required for effective bleaching of cellulose is influenced by a variety of factors related to both the raw material and the
processing conditions. The type of source material such as wood, agricultural residues or recycled paper, significantly impacts the
necessary NaOCl concentration due to the differences in lignocellulosic composition and structure. Materials with higher lignin and
hemicellulose content, typically require higher NaOCI concentrations for thorough bleaching. Additionally, the presence of impurities
and the initial cellulose content also play important roles; materials with higher impurity levels often need more aggressive bleaching
conditions.

3.4.3. Thermal analysis

Thermogravimetric analysis (TGA) was conducted to study the thermal behaviour of MCC by measuring mass loss in the samples as
the temperature increased, enabling the quantification of material that decomposes over a particular temperature interval. The TGA
and DTG profiles of extracted MCC at NaOCl ranging from 1.0% to 2.0% are reported in Fig. 8. The TGA curves reveal three distinct
regions of weight loss, showing that all MCC samples experience similar major decomposition events. The initial weight loss at
temperature below 100 °C is identified as the loss of free water and the release of bound water from the polymeric structure of MCC.
The second region, between approximately 200-300 °C, is indicated by the initial significant drop in the weight loss curves. The third
region, occurring between 300 and 400 °C, marked by a more substantial decrease in the curves. Beyond 400 °C, the weight loss
stabilizes, indicating the completion of major decomposition process. This effect is more clearly illustrated in the differential ther-
mogravimetry (DTG) curves, offering a comprehensive understanding of the thermal degradation behaviour of the MCC.

The DTG curve provide further insights into the decomposition behaviour, with peaks representing the temperatures at which the
rate of weight loss is at its maximum (Libourel et al., 2020). The main DTG peak indicates cellulose degradation, with a shoulder at the
lower temperature, signifying hemicellulose degradation. Hemicellulose, being less thermally stable than cellulose, decomposes at a
slightly lower temperature, resulting in the shoulder observed in the DTG curve (Carrier et al., 2016; El-Gendy et al., 2020). The
prominent crystalline peaks appearing around 328-333 °C in all MCC samples are typically indicative of high concentration of
a-cellulose, which decomposes at higher temperature. Meanwhile the peak around 255 °C signifies the presence of a notable amount of
hemicellulose. Variations in the TGA and DTG curves of MCC extracted at different NaOCl concentrations suggest subtle differences in
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Fig. 9. Overlay of DTG curves of (a) commercial MCC and extracted MCC; (b) MCC1.0%, (c) MCC1.2%, (d) MCC1.4%, (e) MCC1.6%, (f) MCC1.8%
and (g) MCC2.0%.

Table 2
TG/DTG data of MCC samples at Ty, extracted at different NaOCl concentrations and commercial MCC.

Samples Weight loss (%) Rate of weight loss at Tyay (%/s) Tonset (°C) Tmax (°C) Tena (°C)
MCC1.0% 44.26 —0.1406 274 333 373
MCC1.2% 43.63 —0.1434 273 332 372
MCC1.4% 43.57 —0.1407 273 331 369
MCC1.6% 43.26 —0.1445 272 331 369
MCC1.8% 41.65 —0.1341 271 331 368
MCC2.0% 40.10 —0.1340 269 328 367

Commercial MCC 88.48 —0.4544 293 350 375

thermal stability. The crystalline peak of extracted MCC had shifted to a lower temperature compared to commercial MCC and these
interpretations and transitions can be seen clearly in Fig. 9. It was observed that as NaOCl concentration increases, the temperature of
the crystalline peak at which decomposition occurs gradually decreases due to the progressive oxidation in the polymeric structure of
cellulose. The oxidative process intensifies, leading to a more significant breakdown of the cellulose structure, which in turn causes it
to decompose at lower temperature compared to commercial MCC and alter the thermal stability stability of MCC (Isogai et al., 2018).

Table 2 presents comprehensive TG/DTG data for MCC samples extracted with varying concentrations of NaOCl and commercial
MCC as reference, highlighting the impact of NaOCI concentration on the thermal stability and decomposition behaviour of MCC.
Specifically, it demonstrates the influence of NaOCl concentration on the temperature where the decomposition started, Tonset,
maximum decomposition temperature, Tp,ax, final decomposition temperature, Teng, and the weight loss at Tyax. According to J. Wang
etal. (2021), most hemicellulose and some amount of cellulose decomposed below the DTG shoulder temperature while the remaining
cellulose degraded at higher temperature.

The onset and maximum decomposition temperature are vital indicators of a material’s thermal stability. These properties provide
valuable insights into how a material responds to thermal stress and are essential for evaluating its stability and performance in various
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Fig. 10. Coats and Redfern plot of extracted MCC to determine the activation energy (Ea).

applications. Analyzing the extraction process with lower NaOCl concentration, it is observed that these concentrations result in MCC
with higher thermal degradation temperatures and greater weight loss. For example, the Tp,ax for MCC extracted with 1.0% NaOCl is
the highest at 333 °C with 44.26% weight loss. This suggests that the cellulose structure remains largely intact, retaining more of its
original properties, which includes higher thermal stability and higher weight loss upon decomposition. As the NaOCl concentration
increases to 2.0%, a slight decrease in T,y is observed. The Tp,ax values decrease marginally to 328 °C for MCC2.0% with a notable
decreasing trend in weight loss at Tpax, of 40.10%. This small reduction in Tp.x indicates that higher concentrations of NaOCl may
cause a slight degradation of the cellulose structure. The reduction of Tp,.x Where the temperature at which maximum decomposition
occurs, indicates a decrease in thermal stability of a material to withstand at higher temperature without decomposing. In essence, the
material becomes more prone to breaking down at lower temperatures, reflecting a compromised ability to resist thermal degradation.
In this case, the reduction in thermal stability of MCC samples can be attributed to the modification of the cellulose structure induced
by higher concentration of the oxidizing agent. The oxidative properties of NaOCl can break down the cellulose chains, rendering the
chains more susceptible to thermal decomposition (Nakasone and Kobayashi, 2016). Oxidative modifications of cellulose structure by
NaOCl can introduce functional groups such as carbonyl group and lead to the conversion to carboxyl group as the concentration of
oxidant increases (Baron and Coseri, 2020). Even at a very low degree of carboxyl functionalization, the thermal stability is notably
diminished compared to that of original cellulose (Sharma and Varma, 2014).

When the extraction is conducted at NaOCl concentration of 1.0%, the onset of degradation starts at a higher temperature of 274 °C
and subsequently decreases to 269 °C as the concentration increases to 2.0%. Correspondingly, the weight loss progresses steadily,
reaching Tepq of 373 °C at the lowest concentration with weight loss rate, —0.1406 %s L. At the highest concentration, there were only
minor changes where the Tenq decreasing slightly to 367 °C and a reduced weight loss rate of —0.1340 %s ™", indicating a minimal
impact on the overall thermal decomposition process. Commercial MCC exhibits a significantly higher weight loss percentage of
88.48% and higher rate of weight loss at Tpax of —0.4544 %s™!. In term of thermal stability, commercial MCC shows a superior
performance where it started to decompose at higher temperature of 293 °C with a single step degradation curve. This indicates that
high purity of commercial MCC can contribute to higher rate of degradation due to reduced interference from components like lignin,
hemicellulose or other impurities (Erdal and Hakkarainen, 2022). The crystallinity of MCC may also influence the rate of weight loss.
Degradation process of higher crystallinity cellulose is more abrupt and concentrated around the peak degradation temperature
resulting in higher rate of weight loss at higher degradation temperature. According to Poletto et al. (2012), a higher number of
hydrogen bonds between adjacent cellulose chains can result from a more densely packed cellulose structure. The increased hydrogen
bonding contributes to a more orderly and crystalline arrangement within the cellulose, leading to greater overall crystallinity.
Consequently, the enhanced crystallinity leads to improved thermal stability, as the ordered and tightly bonded structure requires
more energy to break down. As conclusion, the TGA data corroborate the XRD results, demonstrating that as the concentration of
NaOCl increases, the crystallinity of cellulose decreases, leading to a corresponding reduction in thermal stability (Leng et al., 2020; M.
M. Rana & De la Hoz Siegler, 2023). Referring to Tpax of MCC extracted with a NaOCl concentration of 1.6% which demonstrates the
highest crystallinity among the MCC samples, commercial MCC exhibits higher thermal stability as evidenced by its higher Tmax of
342 °C in accordance to a study by Kerche et al. (2022).

The activation energy (E,) required for the thermal decomposition of MCC was determined by analyzing the TGA data via the Coats-
Redfern method (Coats and Redfern, 1965). This method is a widely utilized approach for studying the kinetics of thermal decom-
position reactions, particularly under non-isothermal condition. For first-order reaction, the Coats-Redfern method provides the
mathematical relation as outlined in Equation (6) (Kulkarni et al., 2019; Paswan et al., 2021).
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In this context, o refer to the fraction of sample decomposed as defined in Equation (7):
@= xz : Vvt‘g Equation 7

where W, is the weight of sample at any given temperature T (mg), Wy is the initial weight of the sample prior to decomposition
reaction (mg), W is the final weight of the sample after the reaction is completed (mg); p is the heating rate (10 °C/min) and T is the
absolute temperature (K).

In Fig. 10, a plot of log {W} against 1000/T is presented, where the term log% {1 %’ﬂ is considered to be relatively constant

for most values of E, within the typical reaction temperature range. The linear relationship observed in the plot allows the deter-

mination of E, with the slope of the straight line corresponding to -Z.S’Eﬁ. According to Liang et al. (2023), the activation energy is
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Fig. 12. Cumulative distribution of MCC1.6% and commercial MCC.

independent of the heating rate while thermal degradation is heating-rate dependent (Rantuch and Balog, 2014). The activation
energy of all extracted MCG samples is found to be approximately 25 kJmol ! which is marginally higher than that of commercial MCC,
estimated at 22 kJmol . The calculated activation energy for MCC derived from PDMS-coated glassine wastepaper aligns with pre-
vious studies where MCC from Millettia pinnata reported an activation energy of 25.349 kJmol™ (Gopal P. M. et al., 2024) and MCC
from Lantana aculeata leaves showed an activation energy of 30.12 kJmol ™! (Gokulkumar et al., 2023).

Notably, extracted cellulose demonstrate lower decomposition temperature at Tp,x coupled with higher activation energy
compared to commercial MCC which exhibits the reverse thermal characteristics. This discrepancy may be attributed to residual
remaining impurities in the extracted cellulose, potentially decreasing the decomposition temperature while increasing the activation

energy (Guo et al., 2021).

3.4.4. Morphology and dimension analysis of MCC

The morphology of the extracted MCC sample was analyzed using SEM as depicted in Fig. 11. Following the successful removal of
PDMS coating and non-cellulosic component during alkaline and bleaching treatment, coarse particles of different sizes were observed
across all MCC samples. This variation in particle size is attributed to the effectiveness of the treatments in breaking down non-
cellulosic material to leave behind the cellulosic part. The images reveal that despite varying concentrations, all MCC samples
exhibit similar morphology and particle size. Moreover, the larger size of MCC particles may indicate a degree of aggregation, likely
resulting from their lower solubility in water as noted by Alves et al. (2015). While some variations in texture and aggregation are
observed, the overall morphology remains relatively consistent. Across the series from MCC1.0% to MCC2.0%, the particles consis-
tently display similarity in size distribution. In conclusion, the SEM micrographs indicate that MCC samples, regardless of NaOCl
concentration, maintain consistent particle morphology and size distribution. This consistency indicates that bleaching treatment
using different NaOCI concentration during extraction do not substantially impact the fundamental structural characteristics of MCC.
The MCC extracted from PDMS-coated glassine wastepaper, regardless of NaOCI concentrations used, feature higher aspect ratio,
ranging from 1.9 to 2.3 whereas the commercial MCC shows an aspect ratio of 1.2-2.2. In the pharmaceutical industry, MCC particles
with higher aspect ratio are often chosen to enhance the hardness of tablets. This is because the increased aspect ratio contributes to
greater compressibility, allowing the particles to compact more tightly and create strong interparticle bonds (Horio et al., 2014).

To further investigate the particle size of MCC, MCC1.6% was selected as the optimal candidate for particle size analysis due to its
comparable crystallinity with commercial MCC. Fig. 12 presents the cumulative distribution versus particle diameter of MCC1.6% and
commercial MCC. The abbreviations; di¢, dso and dgg refer to the particle sizes at which the cumulative size distribution reaches 10%,
50% and 90%, respectively. These values represent the particle sizes where d;¢ and dyg are critical in application when the presence of
fine and course particles can affect the performance or quality of the material. For instance, in filtration processes, fine particles can
lead to deposition within the internal structure of the medium while large particles tend to form a deposit on the medium’s surface
(Wakeman, 2007). The median diameter, dsg, represents the midpoint of the particle size distribution, where half of the particles are
smaller and the other half are larger. This parameter is particularly important because it provides a central value that effectively
summarizes the overall particle size distribution. It is observed that the dso for MCC1.6% shows a larger average particle size of 36.4
pm compared to 28.5 pm for commercial MCC. Factors that contribute to the size differences of MCC are the source material and the
chemical processing conditions (Das et al., 2010). For instance, MCC isolated from pistachio shells demonstrates smaller particles sizes
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Fig. 13. High magnification TEM image of a) MCC1.6% and b) commercial MCC; yellow lines indicate the width of the microfibrils.

ranging from 21.47 nm to 29.40 nm, with a further decrease in size observed as the ratio of alkaline hydrogen peroxide (AHP) used to
break down lignin increases (Park et al., 2010). In contrast, the particle size of MCC obtained from date seeds is considerably larger,
falling in the range of 100-300 pm and is comparable to Avicel PH102 (100 pm) and Avicel PH200 (180 pm) (Abu-thabit et al., 2020)

The TEM images shown in Fig. 13 highlights a network of fibrous structures of MCC1.6% and commercial MCC samples. It was
found that the cellulose fibers in MCC1.6% exhibit an average diameter of is 13.10 nm. This estimation was made by examining the
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intertwined, elongated and tubular structure, marked by yellow lines in the image. Remarkably, this diameter is closely aligned with
the fibrils observed in the commercial MCC, which have an average diameter of 12.80 nm. These findings indicate a significant
similarity in the structural characteristics of MCC1.6% when compared to commercial MCC, suggesting that both materials share
comparable physical properties. The fiber diameters observed in this study are also in agreement with those reported in previous
research. For example, Abu-thabit et al. (2020) documented a fiber diameter of 13.61 nm for MCC obtained from date seeds while
Owolabi et al. (2016) reported a diameter of 13.35 nm for MCC extracted from oil palm fronds.

4. Conclusion

The extraction of MCC from PDMS-coated wastepaper was effectively achieved through an alkaline treatment with NaOH followed
by bleaching with NaOCL. In contrast to the conventional acid hydrolysis which is widely employed in MCC extraction from various
substrates, this study presents an approach which eliminate the acid hydrolysis in MCC extraction. FTIR analysis confirmed the
successful removal of the PDMS coating upon alkaline treatment, while the subsequent bleaching step exhibited a cellulosic spectral
profile closely resembling that of commercial MCC. MCC extracted with 1.6% NaOCl concentration was found to have the highest CrI,
of 78.90% with the smallest interplanar spacing (dooz) of 3.91 A. However, the crystallinity showed a decline with increasing NaOCI
concentration beyond 1.6% due to intensified oxidative bleaching. The thermal analysis of extracted MCC samples shows a decom-
position temperature range between 328 and 333 °C and activation energy of approximately 25.6 kJmol*. Morphological analysis
revealed a rough and irregular shape with aspect ratio and particle size slightly higher than that of commercial MCC. Notably, MCC
from PDMS-coated wastepaper extracted using 5% NaOH and 1.6% NaOCl demonstrated comparable properties to commercial MCC,
offering a viable alternative to acid hydrolysis under optimal treatment conditions.
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