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Efficient production of cellulose nanofibers (CNFs) from wood pulp 
remains a challenge for industrial applications, requiring optimized 
pretreatment and processing strategies. In this study, hardwood kraft pulp 
(Hw-BKP) was pretreated with NaOH solutions (5 to 20 wt%) and 
subsequently processed using a large-scale wet grinder. The effects of 
pretreatment concentration and grinding on nanofibrillation efficiency were 
evaluated through compositional, structural, and optical analyses. Alkali 
pretreatment promoted hemicellulose removal and crystalline transforma-
tion, while mechanical grinding facilitated progressive microfibrillation. 
Notably, pretreatment at concentrations above 15 wt% significantly 
enhanced nanofibrillation efficiency, highlighting the importance of 
crystalline transformation in addition to hemicellulose removal. These 
findings provide practical insights for optimizing CNF production 
processes and advancing their industrial-scale commercialization. 
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INTRODUCTION 
 

 Cellulose nanofibers (CNFs) exhibit distinctive features such as high specific 

surface area and aspect ratio, low density, tunable surface nature, and excellent mechanical 

strength. Owing to their naturally derived composition, excellent biocompatibility, and 

multifunctional nanoscale characteristics, CNFs are emerging as key materials in 

biomedical engineering, energy storage systems, and environmental remediation 

(Meyabadi et al. 2014; Ganesan and Rengarajan 2022; Hajikhani and Lin 2022; Hiwrale et 

al. 2023). Nanofibers can be manufactured by bottom-up approaches such as self-assembly, 

electrospinning, and phase separation, or by top-down methods involving chemical and 

mechanical treatments such as grinding and high-pressure homogenization. It’s also 

possible to make nanofibers biologically, using microbes or enzymes. Among these, the 

top-down approach has the advantage due to its simple process and high productivity, 

making it suitable for large-scale production. Wood-derived pulp, in particular, has drawn 

continued attention as raw material of nanofibers because it’s not only plentiful but also 

offers high purity (Barhoum et al. 2019; Carter et al. 2021; Djafari Petroudy et al. 2021; 

Ganesan and Rengarajan 2022; Ke et al. 2022). Cellulose is a linear polymer composed of 

β-1,4-glycosidic linkages, naturally synthesized in plants, microorganisms, and algae. It is 

the most abundant natural polymer on Earth, with an annual global production of 

approximately 1.5 trillion tons. Cellulose-based nanofibers are actively studied in a wide 
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range of applications due to their outstanding properties such as high mechanical strength, 

transparency, flexibility, and biodegradability (Kassie et al. 2024). 

Representative top-down mechanical methods for producing nanofibers from 

cellulose include high-pressure homogenization, microfluidization, and ultrafine grinding. 

Each method differs in energy consumption, productivity, and processing efficiency. High-

pressure homogenizers generate strong shear forces, enabling the production of highly 

uniform CNFs, but they consume significant energy (1.1 to 8.8 kWh/kg), especially with 

repeated passes, and often require costly maintenance. Microfluidizers consume 0.06 to 

0.18 kWh/kg per cycle depending on the pressure, with total energy use averaging around 

2.55 kWh/kg for full processing. They can produce high-quality, uniform nanofibers and 

offer advantages in particle size control. However, they also suffer from drawbacks such 

as pressure-dependent energy spikes, slower throughput, and clogging issues. In contrast, 

ultrafine grinders are valued for their lower energy demands (1.3 to 3.1 kWh/kg) and 

suitability for continuous processing. Although they may yield fibers with less uniformity, 

they are often preferred in large-scale operations due to their economic and operational 

advantages (Spence et al. 2011; Nechyporchuk et al. 2016; Djafari Petroudy et al. 2021; 

Pradhan et al. 2022; Yao et al. 2023; Jose et al. 2025). 

To enhance the production and nanofibrillation efficiency of cellulose nanofibers 

through the mechanical treatments, various chemical pretreatments have been introduced 

prior to the mechanical disintegration of the pulp (micro sized cellulose). Chemical 

pretreatment facilitates the disintegration of cellulose by removing hemicellulose and 

loosening the crystalline structure, thereby improving fibrillation efficiency. Typical 

approaches include TEMPO-mediated oxidation, alkali treatment, and enzymatic 

hydrolysis. Among them, alkali treatment with NaOH has long been employed in cellulose 

chemistry due to its low cost and ability to remove hemicellulose, which adheres to 

elementary cellulose fibrils. Hence, the alkali treatment, when combined with mechanical 

processing, represents a cost-effective strategy for producing cellulose nanofibers. Alkali 

treatment of sufficiently high concentration removes hemicellulose and lignin from the 

wood fiber and rearranges hydrogen bonds between cellulose molecules.  

The interaction between alkali and cellulose has been extensively studied, revealing 

that alkali treatment induces a transformation from the native cellulose I to the 

thermodynamically more stable cellulose II (Yue et al. 2013; Wang et al. 2014). The 

resulting cellulose II has improved thermal stability and reactivity (Yue et al. 2013; Wang 

et al. 2014). The structural conversion occurs as sodium hydroxide hydrates penetrate and 

swell the cellulose fibers, forming intermediate alkali–cellulose complexes. During this 

process, the molecular arrangement shifts from a parallel chain configuration (cellulose I) 

to an antiparallel configuration (cellulose II) through diffusion-driven reorganization 

within the crystalline lattice (Dinand et al. 2002; Banvillet et al. 2021). When cellulose is 

exposed to concentrated alkali solutions, its crystalline regions swell and subsequently 

rearrange upon washing, leading to the formation of a new polymorphic structure known 

as cellulose II (mercerization) (Dinand et al. 2002). In film applications, this CNF produced 

via mercerization exhibited the potential to tailor film properties through the formation of 

a continuous network and controlled crystalline structures (Banvillet et al. 2021). 

Furthermore, to enhance the nanofibrillation efficiency of micro-sized cellulose, it has been 

reported that incorporating enzyme pretreatment allows high-concentration alkali-treated 

cellulose to improve enzyme accessibility to the cellulose surface, consequently enhancing 

both the hydrolysis reaction rate and yield (Kuo and Lee 2009; Kobayashi et al. 2012; 

Sibila et al. 2016; Ling et al. 2017a). Still, most of the existing literature has primarily 
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addressed improvements in fiber characteristics such as crystallinity, thermal properties, or 

hydrophilicity. Far fewer studies have looked into how varying alkali concentrations 

interact with mechanical grinding, or how these factors can be optimized together to 

improve nanofibers’ quality, scalability, and production efficiency (Jonoobi et al. 2015; 

Nechyporchuk et al. 2016; Cao et al. 2022; Jose et al. 2025). 

In this study, hardwood kraft pulp was subjected to alkali pretreatment using 

aqueous NaOH solutions at concentrations of 5, 10, 15, and 20 wt%. The pretreated pulp 

was then mechanically processed using a large-scale wet grinder (MKZA15-40J) to 

produce CNFs. The manufactured nanofibers were evaluated for their physicochemical 

characteristics to evaluate how different alkali pretreatment concentrations and mechanical 

treatment conditions affect nanofibrillation efficiency. Based on these results, the study 

aimed to support the development of optimized processes for large-scale CNF production 

and to provide fundamental data for the design of industrial-scale processes and future 

commercialization of CNFs. 

  
 
EXPERIMENTAL 
 

Materials 
Sheet-type hardwood bleached kraft pulp (Hw-BKP), consisting of mixed 

hardwood species (oak and acacia), was provided by Moorim Paper Co., Ltd. (Ulsan, South 

Korea). NaOH (>98%, Daejung, Siheung, Korea) was used for alkaline pretreatment. 

 

Pretreatment and Disintegration of Hardwood Kraft Pulp Hw-BKP 
Alkali pretreatment 

The Hw-BKP was shredded into approximately 2 × 2 cm pieces and dried before 

use. Alkali pretreatment was conducted at room temperature using NaOH aqueous 

solutions with concentrations of 5, 10, 15, and 20 wt%, following a modified TAPPI 

method (T203 cm-99). Each sample was treated for 1 hour and then thoroughly washed 

with tap water using a 200-mesh sieve until neutral pH was reached. 

 

Mechanical treatment 

The pretreated pulp was dispersed in water to prepare a 1 wt% suspension. This 

suspension was processed using a grinder (colloid mill, MKZA15-40J, Masuko Sangyo 

Co. Ltd., Kawaguchi, Japan) with a throughput capacity of approximately 200 to 1000 kg/h 

and a disk diameter of 360 mm. The clearance was first adjusted to a 50 µm disc gap 

without any sample and rotating the discs at 1,740 rpm. When the sample passed through 

the discs, the clearance was set to –200 µm. Prior to reaching the target clearance, the 

sample that had passed through the grinder was collected and reprocessed to ensure 

uniform treatment. The mechanical grinding speed was maintained at ca. 6 kg/min, 

providing consistent nanofibrillation efficiency across the number of passes. The total 

suspension processed, including cellulose, was approximately 90 kg. Nanofibrillation was 

performed in multiple passes, up to 80 passes, with evaluations at 20-pass intervals. 

 

Analysis of the Physicochemical Properties of the Cellulose Nanofibers 
X-ray diffraction (XRD) analysis 

Sheets were prepared from Hw-BKP treated with various concentrations of alkali 

and grinder treatment, and then analyzed using an X-ray diffractometer (DMAX-2500, 



 

PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu 

 

 

Yang et al. (2026). “Nanofibrillation vs. NaOH conc.,” BioResources 21(1), 288-304.  291 

Rigaku, Tokyo, Japan). The diffraction patterns were measured in the 2θ range of 10 to 40 

degrees, using Cu Kα radiation (40 kV, 200 mA) at a scanning rate of 2°/min. 

 

Scanning electron microscopy (SEM) analysis  

The morphological characteristics of alkali-pretreated and grinder-treated Hw-BKP 

were analyzed using field-emission scanning electron microscopy (FE-SEM). To prepare 

the sample, Hw-BKP nanofiber (CNF) suspension was diluted to 0.002 wt% and dispersed 

for 30 seconds using an ultrasonic homogenizer (VCX130, Sonics & Materials, Newtown, 

CT, USA). The suspension was then vacuum-filtered through a 0.1 µm PTFE membrane 

filter (Advantec, Japan) and solvent-exchanged three times with tert-butyl alcohol. The 

sample was stored at -60 °C for 24 h and then freeze-dried for 72 h using a freeze dryer 

(LP-03, Ilshin biobase, Dongducheon, Korea). The dried specimens were coated with a 2 

nm layer of iridium (Ir) using a sputter coater (EM ACE600, Leica, Wetzlar, Germany) 

and observed under an ultra-high-resolution scanning electron microscope (UH-SEM, S-

4800, Hitachi, Tokyo, Japan) operated at an accelerating voltage of 5 kV. 

 

Fiber morphology evaluation 

The manufactured Hw-BKP nanofibers were evaluated for their dimensional 

properties using image analysis software ImageJ (National Institutes of Health, Bethesda, 

MD, USA) based on SEM images. The average fiber diameter was calculated from 

measurements of approximately 300 individual fibers. For fiber length, coarseness, and 

fines measurement, alkali-pretreated Hw-BKP suspensions were prepared at a solid content 

of 0.1 g, and the measurements were conducted using an L&W Fiber Tester Plus (ABB 

AB/Lorentzen & Wettre, Kista, Sweden). 

 

Chemical composition analysis 

The compositional changes of Hw-BKP resulting from alkali pretreatment and 

mechanical processing were evaluated by sugar analysis. For this analysis, 0.2 g of dried 

sample was mixed with 3 mL of 72% (w/w) sulfuric acid (Daejung Chemicals, Siheung, 

Korea) and stirred for 2 h. The hydrolyzed solution was then diluted to 4% and subjected 

to a second-stage hydrolysis in an autoclave at 121 °C for 1 h. The completely hydrolyzed 

sample was filtered through a 0.45 µm membrane syringe filter (Whatman, Cytiva, 

Maidstone, UK) and analyzed using high-pressure liquid chromatography (HPLC) (1290 

Infinity II, Agilent Technologies, Santa Clara, CA, USA). An Aminex HPX-87H column 

(300 × 7.8 mm, Bio-Rad Laboratories Inc., Hercules, CA, USA) and a refractive index 

detector (1290 Infinity LC, Agilent Technologies, Santa Clara, CA, USA) were used. The 

column temperature was maintained at 40 °C, and 0.01 N sulfuric acid was used as the 

mobile phase at a flow rate of 0.6 mL/min to evaluate changes in the chemical composition. 

 

Optical properties 

To characterize the optical properties of CNF, the alkali- and grinder-treated Hw-

BKP suspensions were prepared at a concentration of 0.04 wt% and homogenized using a 

sonicator (VCX 130, Sonics & Materials, Newtown, CT, USA) at 300 W for 3 min. 

Subsequently, the suspensions were centrifuged at 1,000 g for 15 min using a centrifuge 

(Supra R22, Hanil Scientific Inc., Gimpo, Korea) to separate the supernatant containing 

nanofibers. The separated Hw-BKP nanofibers were characterized by measuring 

absorbance in the wavelength range of 200 to 600 nm using a UV/VIS spectrophotometer 

(Optizen POP, Mecasys Co., Ltd., Daejeon, Korea), and turbidity was determined using a 
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turbidity meter (TL2360, Hach Company, Loveland, CO, USA). Morphological analysis 

of the alkali-treated pulps was performed using an optical microscope (Axio Imager A1, 

Carl Zeiss Microscopy GmbH, Germany). For sample preparation, 1 wt% cellulose 

suspension was dropped (200 μL) onto a glass slide together with methylene blue solution 

(200 μL) for staining. The mixture was gently spread over the slide using a glass rod to 

achieve uniform dispersion. Subsequently, excess moisture and dye were carefully 

removed using a lint-free wipe (WypAll, Kimberly-Clark, USA), and the remaining fibers 

on the slide were observed under the microscope. 

   

 
RESULTS AND DISCUSSION 
 

Effect of Alkali Pretreatment Concentration on the Properties of Hw-BKP 
Figure 1(a) presents the variation in sugar yield of Hw-BKP according to the alkali 

pretreatment concentration.  
 

 
 

Fig. 1. Changes in (a) sugar composition, (b) XRD patterns, (c) SEM images, and (e, f) fiber 
analysis of Hw-BKP as a function of alkali pretreatment concentration 
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The untreated pulp exhibited 70% glucose, 13.6% xylose, and 0.5% arabinose. 

With increasing NaOH concentration, the glucose content progressively increased, while 

the xylose content decreased. In particular, pretreatment with NaOH over 10 wt% 

concentrations resulted in glucose content approaching 85%, accompanied by a sharp 

reduction in xylose content. This was attributed to the effective removal of hemicellulose 

even at relatively low alkali concentrations, thereby increasing the relative proportion of 

cellulose. Arabinose derived from hemicellulose was detected only in trace amounts, 

showing negligible variation with alkali pretreatment (Carrillo-Varela et al. 2022). 

Figure 1(b) shows the XRD patterns illustrating the crystalline structural changes 

of Hw-BKP after alkali pretreatment at concentrations of 0, 5, 10, 15, and 20 wt%. In the 

untreated and 5 wt% NaOH-treated samples, distinct diffraction peaks corresponding to 

native cellulose I were observed at 2θ = 15° (1-10), 16.5° (110), and 22.3° (200). However, 

in the 10 wt% NaOH-treated pulp, where hemicellulose was extensively removed, a weak 

diffraction peak appeared near 2θ = 20° (110), which is characteristic of cellulose II with 

the cellulose I peaks. This indicates that no changes in the cellulose crystal structure 

occurred at low alkali pretreatment concentrations, whereas partial conversion from 

cellulose I to cellulose II begins to undergo slight changes at alkali concentrations above 

10%. 

At NaOH concentrations above 15 wt%, the cellulose I peaks disappeared entirely, 

and only the characteristic cellulose II peaks at approximately 12° (1-10), 20° (110), and 

21.6° (020) were observed, confirming a complete crystalline transformation (French 2014; 

Ling et al. 2017b; Carrillo-Varela et al. 2022). This trend is consistent with previous 

studies, which reported that no crystalline transition occurs below 10 wt% NaOH, whereas 

cellulose I peak disappeared and the cellulose II peak dominant at NaOH concentrations 

above 15 wt% (Oh et al. 2005; El Oudiani et al. 2011a; Yokota et al. 2022). These 

consistent results suggest that the crystal structure conversion occurs robustly under 

various conditions, from laboratory scale to pilot scale. 

This transition can be explained by the structural response of cellulose fibers to 

alkali exposure. During mercerization, three sequential processes are generally involved: 

swelling of the fibers, disruption of the crystalline regions, and the formation of a new, 

thermodynamically stable lattice after the removal of the alkali solution. Liu and Hu well-

reported that these sequential transformations govern the overall mercerization behavior of 

cellulose fibers, with particular emphasis on the balance between fiber swelling and 

crystalline lattice rearrangement (Liu and Hu 2008). At relatively low NaOH 

concentrations, the hydroxide ions are fully hydrated and their large hydrated size prevents 

them from penetrating deeply into the crystalline lattice (Lee et al. 2004). Hence, the alkali 

reacts primarily with amorphous regions and interfacial components, leading to partial 

removal of interfibrillar matrix components and a loosening of the interfibrillar structure 

(Gassan and Bledzki 1999). Conversely, as the NaOH concentration increases, the amount 

of free water available for hydration decreases, producing smaller, less hydrated hydroxide 

ions that can penetrate the crystal lattice more easily. This diffusion promotes swelling and 

relaxation of the cellulose lattice, facilitating the conversion from cellulose I to cellulose 

II. Upon reaching maximum swelling, extensive ionic penetration and structural 

rearrangement occur, resulting in the formation of the antiparallel cellulose II structure. 

Accordingly, in this study, the coexistence of cellulose I and cellulose II was observed at 

the NaOH concentration of 10 wt%, which was identified as the transition concentration 

for the structural conversion of cellulose. 
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Figure 1(c) presents SEM images of pulp fibers treated with various alkali 

concentrations. SEM analysis showed the structural and surface changes of pulp fibers 

following NaOH pretreatment. The untreated pulp exhibited thick fibers with minimal 

inter-fiber entanglement. With increasing NaOH concentration, fiber diameters 

significantly decreased, and the fibers formed a more densely entangled. The smooth 

surfaces observed in untreated fibers gradually developed fine wrinkles and partial 

detachment of the surface layers as the alkali concentration increased. At concentrations 

above 15 wt%, pronounced helical twisting and extensive fibrillation of the surface 

microfibrils were evident. These morphological changes are attributed to the removal of 

matrix components within the cell wall during alkali treatment, fiber swelling induced by 

water uptake during processing, ion exchange between sodium and hydrogen ions, and 

subsequent shrinkage during the drying stage (Duchemin 2015; Chen et al. 2017). 

Figure 1(d) shows that morphological characteristics (mean fiber length, mean fiber 

width, coarseness, and fines content) of pulp according to NaOH pretreatment 

concentration. The mean fiber length decreased with increasing NaOH concentration. This 

is attributed to the removal of amorphous components such as hemicellulose within the 

pulp during alkali treatment, which weakened inter-fiber bonding, loosened fiber bundles, 

and promoted individual fiber separation. At 20 wt%, a slight increase in length was 

observed, likely due to fiber swelling coupled with chain alignment or re-agglomeration of 

separated fibers, resulting in some fibers being perceived as longer. The mean fiber width 

increased slightly with increasing alkali treatment concentration, then decreased again at 

20% NaOH. This trend may be explained by fiber swelling and the rearrangement of 

hydrogen bonds caused by the crystalline transition from cellulose I to cellulose II, which 

led to a looser fiber structure and thus an apparent increase in width. However, at 20 wt%, 

the reduction in mean width occurred. This can be due to a combination of factors, 

including excessive swelling, crystalline transformation, the formation of helical twisting, 

and fibrillation of surface microfibrils. The fines content showed a slight but consistent 

increase across treatments. This is consistent with the SEM observations indicating that 

alkali treatment induced detachment of microfibrils from the fiber surface, generating 

additional fines. Coarseness increased steadily from 19.3 μg/m to 31.9 μg/m with 

increasing NaOH concentration. This was likely due to the crystalline transformation and 

hydrogen bond rearrangement between cellulose chains, leading to enhanced fiber 

structural densification, aggregation, and increased van der Waals interactions, thereby 

elevating the relative density (El Oudiani et al. 2011b; Choi et al. 2016; Chen et al. 2017). 

 

Effect of Alkali Pretreatment Concentration on the Properties of Hw-BKP 
Mechanical grinding was performed on nanofibrillated pulp pretreated with various 

concentrations of NaOH, and the results are presented in Fig. 2. Compared with Fig. 1(a), 

the contents of glucose, xylose, and arabinose in untreated pulp remained nearly constant 

regardless of the number of grinding cycles. This indicates that mechanical fibrillation 

alone, without pretreatment, caused negligible degradation of cellulose-derived sugars. 

Notable changes were observed in sugar content after mechanical grinding of 

alkali-treated cellulose fibers. In samples pretreated with below 10 wt% NaOH, the glucose 

content increased slightly due to the reduction in xylose content resulting from the removal 

of hemicellulose. In addition, changes in the crystalline structure of pulp were hardly 

observed. However, contrary to the initial assumption that mechanical grinding would only 

affect particle size, significant decreases in glucose content were exhibited for pulps 

pretreated at NaOH concentrations above 15 wt%, where crystalline transformation was 
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evident. The decrease was 2.42% at 15 wt% and 3.6% at 20 wt%. Moreover, glucose 

content showed a slight but consistent decrease with increasing grinding cycles across all 

pretreatment concentrations. As shown in Fig. 1d, after alkaline treatment, microfibrils 

exhibited little change in thickness but a clear reduction in fiber length. This suggests that 

alkali pretreatment not only removed hemicellulose but also weakened the amorphous 

regions within the cellulose main chains, while inducing crystalline transformation 

(cellulose I-to-II) and reducing crystallinity, making the fibers more susceptible to 

breakage during mechanical processing (Carrillo-Varela et al. 2022). Xylose content 

decreased with increasing pretreatment concentration but showed no significant change 

was observed with additional grinding. This is because most hemicellulose was already 

removed during pretreatment. Arabinose content remained extremely low throughout and 

was unaffected by any treatment conditions. These results suggest that changes in the sugar 

composition of pulp are primarily caused by alkaline pretreatment, whereas mechanical 

treatment alone exerted no substantial effect on compositional changes.  

 

 
 

Fig. 2. Sugar composition of Hw-BKP after alkali pretreatment and grinding: (a) untreated,  
(b) NaOH 5 wt%, (c) NaOH 10 wt%, (d) NaOH 15 wt%, and (e) NaOH 20 wt% 

 

XRD analysis (Fig. 3) was performed to examine the changes in crystalline 

structure of cellulose pulp according to NaOH pretreatment concentration and the number 

of grinding passes (G20 to G80). As NaOH increased from 0 to 20 wt%, diffraction patterns 

progressively shifted from cellulose I to cellulose II. At low concentrations (0 and 5 wt%), 

typical diffraction peaks of cellulose I were observed at approximately 2θ = 15°, 16.5°, and 

22.3°. In the 10 wt% NaOH-treated pulp, peaks corresponding to cellulose I were 

accompanied by a new peak near 2θ = 20°, indicative of partial transformation to cellulose 

II. At higher concentrations (15–20 wt%), alkali pretreatment induced a complete structural 

transformation, with cellulose II peaks appearing at approximately 2θ = 12°, 20°, and 21.6°. 

However, regardless of the pretreatment concentration, grinding from G20 to G80 did not 

shift peak positions but gradually reduced their intensities (El Oudiani et al. 2011a). 

These results indicate that crystalline structure transformation in cellulose is 

influenced by chemical alkali pretreatment, whereas mechanical fibrillation alone is 

insufficient to induce such conversion. The observed decrease in XRD peak intensity 

during grinding is attributed to physical changes such as crystal size reduction and 
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increased microfibrillation (Supian et al. 2020; Hernández-Becerra et al. 2023; Norfarhana 

et al. 2024). 
 

 
Fig. 3. XRD patterns of Hw-BKP after alkali pretreatment and grinding: (a) untreated, (b) NaOH 5 
wt%, (c) NaOH 10 wt%, (d) NaOH 15 wt%, and (e) NaOH 20 wt% 

 

Figure 4 presents optical microscopy images of pulp fibers after alkaline 

pretreatment (0 to 20 wt% NaOH) and mechanical grinding (20 and 80 passes). At low 

alkali concentrations, the overall fiber morphology remained almost unchanged. As the 

alkali concentration increased, however, the fibers became clearly more curled and bent, 

particularly at concentrations above 10 wt%. These morphological changes are considered 

to have resulted from the removal of matrix components, including hemicellulose, in the 

cell wall, as well as from relaxation of the fiber structure caused by swelling and partial 

dehydration during alkaline treatment. In the 80-pass samples, distinct fibril peeling from 

the fiber surfaces was observed, and fragmentation and fibrillation progressed further with 

increasing alkali concentration. This is attributed to the weakening of the fiber structure 

induced by the crystalline structure transition during NaOH treatment. 

 

 
 

Fig. 4. Optical microscopy images of pulp fibers after alkaline pretreatment (0 to 20 wt% NaOH) 
and mechanical grinding (0 and 80 passes) 
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Figures 5 and 6 show the morphological changes of pulp fibers observed by SEM 

under different NaOH pretreatment concentrations and grinding cycles, at both low (x200) 

and high (x10k or 30k) magnifications. At low magnification, the number of large 

microfibers decreased with increasing NaOH concentration and grinding cycles.  

 

 
Fig. 5. SEM images of Hw-BKP after alkali pretreatment and grinding (micro scale) 

 

 
Fig. 6. SEM images of Hw-BKP after alkali pretreatment and grinding (nano scale) 
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At higher magnifications, nanoscale fibrils were clearly observed on the surfaces 

of microfibers, and repeated grinding facilitated the fibrillation of fiber bundles into thinner 

nanofibrils. In particular, up to G20 and G40, higher NaOH concentrations enhanced 

fibrillation efficiency, resulting in more effective nanofibrillation. However, under higher 

grinding cycles combined with strong alkali pretreatment (15 to 20 wt%), the fibers 

exhibited less uniform fibrillation, showing a mixture of fibrils with varying diameters, as 

well as thicker, aggregated, and twisted structures. This can be attributed to the 

transformation of cellulose I to cellulose II during high-alkali pretreatment, accompanied 

by hydrogen bond rearrangement and a reduction in mechanical strength. As a result, shear 

forces during grinding caused partial fibrils to twist or aggregate rather than forming 

uniform, straight nanofibers (Wang et al. 2012; Wang et al. 2014; Chen et al. 2017; Hubbe 

et al. 2017). 

Figure 7 shows the variation in fiber width of Hw-BKP under different NaOH 

pretreatment concentrations and grinding cycles, analyzed from SEM images using 

ImageJ. The average fiber width was determined from 90 microfibers and 300 nanofibers. 

The diameters of untreated and alkali-pretreated microfibers (Fig. 7a) were approximately 

17.7 to 18.6 μm, and significantly decreased with increasing grinding cycles. The diameter 

of pulp pretreated with 10 to 20 wt% NaOH exhibited a more reduction compared with 

untreated and 5 wt% pretreated samples with increasing mechanical treatment times. 

However, the extent of diameter reduction tended to decrease with increasing alkali 

concentration. This trend is attributed to the removal of lignin and hemicellulose, together 

with fiber swelling and weakening during alkali pretreatment, which facilitated 

microfibrillation under shear forces.  

For nanofibers (Fig. 7b), the diameter also decreased as the number of grinding 

passes increased, but both the mean diameter and the distribution width tended to increase 

as the NaOH concentration increased. This suggests that, as shown in the SEM results, 

excessively loosened fiber structures by strong alkali pretreatment underwent 

entanglement or twisting during mechanical treatment, resulting in relatively thicker fibrils. 

Moreover, under high-alkali conditions, partial disintegration of cellulose chains followed 

by re-agglomeration led to the persistence of aggregates during nanofibrillation. 

The reproducibility and reliability of the mean width data for both nanofibers and 

microfibers were assessed using box plots generated with Origin software (OriginLab, 

USA), as presented in Figs. 7c and 7d. In the box plots, the boxes represent the interquartile 

range (IQR), which encompasses 50% of the data around the median. The box length 

indicates the degree of data dispersion, while the horizontal line inside each box 

corresponds to the median value. When the median line is located near the center of the 

box, it indicates a uniform distribution of the data, suggesting a high level of consistency 

and reproducibility in the repeated measurements. A stable data distribution was observed 

with increasing alkali concentration and the number of grinding cycles. Therefore, alkali 

pretreatment was identified as a key factor to accelerate fibrillation of pulp, while both 

pretreatment concentration and grinding cycles determined the degree of fibril defibration 

and the resulting diameter distribution (Hubbe et al. 2017; Wang et al. 2012). 

Figure 8 presents the UV to Vis transmittance and turbidity results of Hw-BKP 

suspensions pretreated with alkaline pretreatment and grinder treatment. In the UV-Vis 

spectra (a–e), transmittance in the range of 200 to 600 nm decreased with increasing 

grinding cycles under all conditions. In particular, the transmittance of UVA (320 to 400 

nm) and UVB (280 to 320 nm) wavelengths decreased markedly, indicating that 

mechanical treatment enhanced nanofibrillation and thereby increased the concentration of 
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dispersed nanofibers. Moreover, at higher NaOH pretreatment concentrations, the 

transmittance decreased more prominently with increasing grinding cycles. 

 

 
 

Fig. 7. Fiber width variation of Hw-BKP depending on NaOH pretreatment concentrations and 
grinding cycles: (a) microfibers and (b) nanofibers from analyzed using ImageJ, (c) & (d) box plot 
illustrating determined by the micro & nanofiber width variation. 

 

 
 

Fig. 8. Optical properties of cellulose nanofiber suspensions prepared from Hw-BKP under 
different NaOH pretreatment concentrations and grinding cycles: (a) untreated, (b) NaOH 5 wt%, 
(c) NaOH 10 wt%, (d) NaOH 15 wt%, (e) NaOH 20 wt% UV-Vis transmittance spectra, and  
(f) turbidity of centrifuged supernatant.     
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Turbidity analysis (f) revealed that turbidity values increased with both NaOH 

concentration and grinding passes cycles. This is consistent with the report of Frone et al. 

(2011), which demonstrated that the progression of nanofibrillation elevates turbidity due 

to the increased number of dispersed fibrils. In this study, enhanced fibrillation and 

nanofiber concentration due to alkali pretreatment and the mechanical grinding are 

considered the primary causes of turbidity increase. Notably, suspensions prepared with 

high NaOH concentrations (15 to 20 wt%) exhibited higher turbidity values compared to 

low-concentration pretreatment, suggesting that alkali pretreatment is a key factor for 

efficient nanofibrillation.  Furthermore, Shimizu et al. (2016) reported that an increase in 

fibril diameter and the formation of aggregate networks in suspension enhance light 

scattering and consequently increase turbidity. Similarly, Chen et al. (2020) demonstrated 

that aggregation of cellulose nanocrystals enhances light scattering and consequently 

increases turbidity in suspension. In this study, SEM observations showed entangled and 

partially aggregated fibers under high-alkali pretreatment (15 to 20 wt% NaOH), 

suggesting that both entanglement and aggregation could enhance optical scattering. 

Therefore, the entanglement and partial aggregation of fibers induced under high-alkali 

pretreatment can be considered to have contributed to the increase in turbidity. 

Based on the sugar content and XRD results shown in Fig. 1(a) and (b), alkali 

treatment at concentrations below 10 wt% mainly resulted in the reduction of 

hemicellulose. In contrast, at concentrations above 15 wt%, crystalline structure 

transformation became more dominant than hemicellulose removal. According to the UV 

and turbidity analyses, although the nanofibers exhibited an increase in thickness at 

concentrations above 15 wt%, their content tended to increase qualitatively. Accordingly, 

in the production of cellulose nanofibers using alkali pretreatment combined with 

mechanical grinding, not only hemicellulose reduction but also crystalline structural 

transformation should be considered to improve fibrillation efficiency. Banvillet et al. 

performed chemical treatment of bleached eucalyptus kraft pulp using 5 to 15% alkali 

concentrations and investigated the crystallinity of the treated pulp (Banvillet et al. 2021). 

They reported that the pulp’s crystallinity decreased from 40.7% (untreated) to 18.0% 

(15% alkali-treated). This reduction was attributed to the structural disruption of cellulose 

by NaOH hydrates occurring during the cellulose II structural transition. Hence, enhancing 

the fibrillation efficiency can be attributed to the overall structural weakening of cellulose 

fibers caused by crystalline transformation. Consequently, high-concentration alkali 

pretreatment above 15 wt% can be an effective approach for nanofibrillation of cellulose 

fibers by mechanical grinding. 

 
 
CONCLUSIONS 
 

1. Alkali pretreatment effectively removed hemicellulose, increased the relative cellulose 

content, and induced crystalline transformation from cellulose I to II at 10 wt% NaOH, 

with complete conversion above 15 wt%. Increasing NaOH concentrations also caused 

fiber swelling and morphological changes, reducing fiber length and increasing 

coarseness and fines. 

2. Mechanical grinding did not affect sugar composition or crystal structure of pulp, but 

progressive grinding reduced XRD peak intensity and promoted microfibrillation. 

3. Higher NaOH concentrations improved the fibrillation efficiency by removal of matrix 
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components and structural weakening, although excessive pretreatment (15 to 20 wt%) 

led to entanglement, aggregation, and increased morphological heterogeneity. UV–Vis 

and turbidity analyses showed consistent trends, confirming that higher NaOH 

concentrations and longer grinding cycles improved nanofibrillation efficiency. 

4. The crystalline transition from cellulose I to cellulose II induced by alkaline 

pretreatment (≥15 wt% NaOH) was closely associated with differences in grinding 

behavior. Pulp in the cellulose I state (≤10 wt% NaOH) showed limited disintegration 

due to its higher crystallinity and compact structure, whereas pulp converted to 

cellulose II (≥15 wt% NaOH) exhibited easier mechanical disintegration, attributed to 

increased amorphous regions and weakened inter-fiber bonding. Overall, these results 

indicate that the crystalline allomorph formed by alkaline pretreatment plays a key role 

in determining the nanofibrillation efficiency of pulp fibers. 

5. These results demonstrate that, in the fabrication of cellulose nanofibers through alkali 

pretreatment combined with mechanical grinding, the effect of structural 

transformation as well as hemicellulose removal plays a decisive role in improving 

fibrillation efficiency. In particular, alkali pretreatment at concentrations above 15 wt% 

provides a highly effective approach to enhancing the production efficiency of cellulose 

nanofibers. 
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