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Abstract 

Developing routes to produce cellulose nanocrystals (CNCs) from high-lignin wood residues is essential for 

expanding sustainable nanocellulose feedstocks. In this work, Meranti (Shorea sp.) sawdust was valorized into 

CNCs by integrating ammonium persulfate (APS) pretreatment with subsequent sulfuric acid hydrolysis. To 

establish a severity map and define an operating window, APS pretreatment severity was systematically varied 

by adjusting APS concentration and the sawdust-to-APS (solid-to-liquid) ratio, and its influence on CNC 

structural properties was evaluated. APS pretreatment partially disrupted and oxidized the lignocellulosic matrix, 

enabling acid hydrolysis to liberate crystalline cellulose domains. XRD analysis confirmed the preservation of 

the cellulose I crystalline structure, with a maximum crystallinity index of 72% at 2 M APS and a sawdust-to-

APS ratio of 1:30 (w/v), and an average crystallite size of approximately 10 nm estimated using the Scherrer 

equation. SEM and TEM analyses revealed rod-like CNCs with smooth surfaces and relatively homogeneous 

dimensions. The optimized samples exhibited CNC lengths of 188.71 ± 5.01 nm and widths of 26.79 ± 1.72 nm. 

These results demonstrate that Meranti sawdust, a high-lignin wood residue, can be converted into structurally 

well-defined CNCs using a two-step APS/acid process without prior alkaline pulping or bleaching. This study 

clarifies the role of APS oxidation in enabling CNC production from feedstocks with lignin contents above 20% 

and provides a basis for valorizing Meranti sawdust as a renewable precursor for CNCs in advanced material 

applications. 

 

Keywords: Ammonium persulfate oxidation, Cellulose nanocrystal, High-lignin biomass, Meranti sawdust 

(Shorea sp), Sulfuric acid hydrolysis 
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1 Introduction 

 

Cellulose nanocrystals (CNCs) have emerged as a 

class of renewable nanomaterials with outstanding 

mechanical properties, high aspect ratios, large 

specific surface areas, and abundant surface hydroxyl 

groups that can be chemically modified [1]–[5]. These 

attributes make CNCs attractive for a broad range of 

applications, including polymer nanocomposites [6], 

lightweight epoxy composites reinforced with natural 

cellulosic fibers [7], functional coatings, water 

treatment, biomedical devices, food packaging, and 

drug delivery systems [2], [8], [9]. CNCs are 

commonly obtained from cellulose or lignocellulosic 

resources and typically exhibit a cellulose I crystalline 

structure with crystallinity indices above 50% and 

rod–like morphologies on the nanometre scale [5], [6], 

[8], [10]. 

Despite this potential, the production of CNCs at 

scale remains challenging. Conventional extraction 

routes frequently rely on multi–step pre–treatments, 

such as alkaline pulping and bleaching, followed by 

acid hydrolysis or oxidative treatments [5], [11]–[15]. 

These processes often require long reaction times, 

large amounts of chemicals, and significant energy 

input, which can limit their industrial viability and 

increase environmental burdens [11]–[14]. For 

example, two–step schemes that combine extensive 

delignification, bleaching, and subsequent mineral–

acid hydrolysis may yield CNCs with high 

crystallinity but at the expense of complex operations 

and high chemical consumption [11]–[13]. Oxidative 

routes such as TEMPO–mediated oxidation offer 

efficient fibrillation and controlled surface 

functionalization, yet they can suffer from incomplete 

oxidation or require additional acid treatments to fully 

isolate crystalline cellulose domains, particularly 

when applied to lignocellulosic feedstocks with high 

lignin contents [6], [16], [17]. 

In parallel, there is increasing interest in 

valorising industrial and forestry residues as 

sustainable sources of nanocellulose. Wood sawdust 

(waste from the sawmill industry), agricultural by–

products, and other lignocellulosic wastes represent 

abundant and underutilised biomass streams that could 

be upgraded into high–value CNCs [18], [19]. 

However, many of these residues contain substantial 

amounts of lignin and hemicellulose, which 

complicate CNC extraction and often necessitate 

harsh chemical pretreatments. In particular, high–

lignin feedstocks tend to require more severe pulping 

and bleaching conditions or multiple sequential steps, 

further intensifying chemical and energy demands and 

generating large volumes of effluents [20]–[22]. 

Developing extraction strategies that can deal 

effectively with high lignin contents while minimising 

process complexity, therefore, remains an important 

challenge. Recent reviews of chemical pretreatments 

for lignocellulosic biomass highlight that pretreatment 

selection and severity strongly control recalcitrance 

reduction and downstream processing burdens, 

reinforcing the need for simplified yet effective 

strategies for high–lignin residues [23], [24]. 

Ammonium persulfate (APS) oxidation has recently 

attracted attention as an alternative or complementary 

step in CNC production [25], [26]. Under appropriate 

conditions, APS decomposes to generate strong 

oxidizing species capable of degrading lignin and 

hemicellulose while partially oxidizing cellulose 

surfaces, thereby facilitating the subsequent liberation 

of crystalline domains [27], [28]. APS–based 

treatments have been applied to various 

lignocellulosic substrates, including bamboo and other 

residues, often followed by additional steps, such as 

alkaline extraction or acid hydrolysis, to obtain CNCs 

[1], [16], [25]. These studies suggest that APS can 

simultaneously promote delignification and introduce 

surface functionalities, but they also indicate that 

process performance is highly sensitive to APS 

concentration, reaction temperature, and solid–to–

liquid ratio [29]. Furthermore, the extent to which 

APS pre–oxidation can replace conventional 

pretreatments, particularly for high–lignin woody 

residues, remains insufficiently understood. 

Beyond their sustainable origin, cellulose 

nanocrystals (CNCs) offer practical advantages for 

advanced materials due to their high crystallinity, high 

specific surface area, and rod–like morphology. In 

polymer nanocomposites, CNCs can act as reinforcing 

nanofillers that improve stiffness through load transfer 

and network formation, while in coatings and thin 

films they can contribute to uniform film formation 

and enhanced barrier performance. CNC suspensions 

can also function as rheological modifiers and 

stabilizers in water–based formulations because 

anisotropic nanoparticles can form percolated 

networks that increase viscosity and improve 

dispersion stability. These attributes have motivated 

the use of CNCs in applications ranging from 

composite reinforcement to coatings/packaging and 

functional aqueous formulations [30], [31]. 
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Meranti (Shorea sp.) wood is widely used in the 

timber industry, particularly in Southeast Asia, and its 

processing generates substantial quantities of sawdust. 

Reported compositions indicate that Meranti sawdust 

contains around 41.58% cellulose and a relatively high 

lignin content, making it a representative example of 

high–lignin wood residues with significant potential 

as a CNC precursor [32]. Nevertheless, the direct 

conversion of Meranti sawdust into CNCs is nontrivial 

because the high lignin fraction can hinder cellulose 

accessibility and limit the efficiency of purely acid–

based hydrolysis routes. Existing studies on CNCs 

from hardwood species typically rely on extensive 

alkaline pulping and bleaching prior to hydrolysis, 

which increases process complexity and chemical 

demand [33], [34]. More importantly, for high–lignin 

woody sawdust, there remains a limited systematic 

understanding of how APS pretreatment severity, 

particularly APS concentration and sawdust–to–APS 

ratio (solid–to–liquid ratio), controls CNC structural 

outcomes (crystallinity index and TEM–derived rod–

like morphology). Without this correlation, an 

operating window that balances effective matrix 

disruption/delignification against the risk of over–

oxidation (damage to ordered cellulose domains and 

reduced crystallinity) is not clearly established for 

lignin–rich sawdust feedstocks. To address these 

challenges, this study investigates the production of 

CNCs from Meranti sawdust using a two–step APS 

oxidation followed by sulfuric-acid hydrolysis, 

without prior alkaline pulping or bleaching. APS 

oxidation is applied to disrupt the lignocellulosic 

matrix and improve cellulose accessibility, after which 

sulfuric-acid hydrolysis releases the crystalline 

domains as CNCs. The effects of APS concentration 

and sawdust–to–APS ratio on CNC structure are 

systematically evaluated in terms of crystallinity 

(XRD/CI) and TEM–derived morphology.  This work 

aims to assess Meranti sawdust as a high–lignin 

feedstock for CNC production without conventional 

pulping/bleaching, establish how APS severity 

controls crystallinity and particle dimensions, and 

identify processing conditions that yield well–defined 

CNCs for advanced material applications. 

CNC production from high–lignin sawdust 

remains challenging because pretreatment severity 

must be balanced to promote delignification/ 

disruption while preserving ordered cellulose 

domains. The novelty of this work lies in establishing 

an operating window for a high–lignin feedstock 

(Meranti, ≈33.56% lignin), where moderate APS 

severity increases the relative crystalline contribution, 

whereas excessive severity reduces crystallinity, 

indicating the onset of oxidative damage. Under the 

optimized condition (2 M APS, 1:30 w/v), CNCs with 

cellulose I features, high crystallinity (72%), and rod–

like nanoscale dimensions were obtained, supporting 

the feasibility of converting high–lignin sawdust into 

CNCs via a simplified route for advanced material 

development. 

 

2 Materials and Methods 

 

2.1 Materials 

 

Meranti sawdust (Shorea sp.) was used as the raw 

material in this study. The sawdust was obtained from 

a sawmill industry located in Riau, Indonesia, with a 

lignin content of approximately 33.56% based on 

standard chemical composition analysis. High–lignin 

sawdust as a CNC feedstock presents inherent 

limitations related to feed variability and process 

reproducibility. Batch–to–batch variations in 

lignin/hemicellulose content, extractives, ash/ 

minerals, moisture, and particle–size distribution can 

change reagent demand and mass transfer during APS 

oxidation and subsequent acid hydrolysis, potentially 

affecting consistency of CNC quality. In addition, 

impurities such as resinous extractives and inorganic 

particulates may increase oxidant consumption, 

contribute to residual coloration, and complicate 

washing/neutralization. Consequently, strict control of 

raw–material preconditioning (e.g., drying to constant 

moisture, sieving to a defined particle size range, and 

periodic compositional checks) is recommended to 

improve reproducibility when using high–lignin 

sawdust–derived biomass.  

Ammonium persulfate (APS) with 99% purity 

(Sigma–Aldrich, USA) was used in the experiment 

without further purification. 64% sulfuric acid 

(H2SO4, Merck, Germany) was employed for the acid 

hydrolysis process. All other chemicals used in this 

study were standard laboratory reagents, and 

deionized water was used to wash and stabilize the 

final product. 

 

2.2 APS oxidation and acid hydrolysis procedure 

 

The oxidation process [25] was carried out in a closed 

reactor by mixing Meranti sawdust with ammonium 

persulfate (APS) at sawdust–to–APS ratios of 1:20, 

1:30, and 1:40 (w/v) and APS concentrations of 1, 2, 
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and 3 M. The ratios correspond to 20, 30, and 40 mL 

APS solution per gram of dried sawdust. Thus, the 

APS input spanned 0.02–0.12 mol per gram sawdust 

(4.56–27.36 g APS per gram sawdust, Mr = 228 

g/mol), depending on concentration and liquid–to–

solid ratio. The mixture was heated at 60 °C with a 

stirring speed of 300 rpm for 7 hours. After oxidation, 

the mixture was cooled and centrifuged at 7000 rpm 

for 15 minutes to separate the solvent from the 

precipitate. The supernatant was discarded, and the 

remaining pellet was transferred to a reactor 

containing 15 ml of 64% sulfuric acid and heated at 50 

°C for 2 hours to promote preferential hydrolysis of 

disordered cellulose domains and facilitate CNC 

isolation. 

After acid hydrolysis, 200 ml of deionized water 

was added to the reactor, and the mixture was 

centrifuged again. The washing process was repeated 

by alternating between washing, centrifugation, and 

sonication cycles to remove any remaining acid and 

optimize the quality of the CNC suspension. Washing 

was stopped when the pH of the solution reached 

approximately 6, with deionized water replaced three 

times over an 8 h period. This process aimed to obtain 

a clean and stable CNC suspension. These conditions 

determine reagent intensity and processing time and 

generate a sulfate–containing aqueous effluent from 

persulfate/acid usage and washing/neutralization, 

which is relevant to later assessment of scalability and 

economic viability. 

 

2.3 Characterization 

 

The CNCs produced from the APS oxidation and acid 

hydrolysis processes were then analyzed to determine 

their structural properties and morphology using 

various characterization techniques. One of the 

techniques employed was X–ray diffraction (XRD), 

which is useful for measuring the crystallinity index 

and crystallite size of the obtained CNCs. The XRD 

diffractogram was analyzed within the Bragg angle 

range (2θ) from 10° to 100°, using the XPERT–PRO 

Panalytical instrument (Panalytical Ltd., UK) operated 

at a temperature of 25 °C. This XRD analysis provided 

important information about the crystallinity level and 

structural characteristics of the produced CNCs. The 

crystallinity index (CI) of the nanocellulose fibers was 

calculated using Equation (1) [35], [36]. 

 

CI = 
𝐼𝑚𝑎𝑥−𝐼𝑂

𝐼𝑚𝑎𝑥
 x 100% (1) 

 

Where Imax represents the crystallinity peak's intensity 

and IO is the minimum intensity at 2θ, indicating the 

amorphous region. Crystallite size determination was 

based on the central peak of the diffractogram pattern 

using the Debye–Scherrer equation, calculated with 

Equation (2) [36], [37]. 

 

 𝐷 (𝑛𝑚) =
𝐾𝜆

𝛽 𝑐𝑜𝑠 𝜃
 (2) 

 

Where K is the Scherrer constant (0.9), λ is the 

wavelength of the X–ray used (Cu, λ = 0.15406), β is 

the full width at half maximum (FWHM) (rad), and θ 

is the diffraction angle (rad). XRD data were collected 

at 25 ℃ over a Bragg angle (2θ) range from 10°-100°. 

At the primary peak of the diffractogram pattern, the 

value of ϴ was found to be 0.0142 rad, and the FWHM 

was 0.2042 rad. 

In addition, Scanning Electron Microscopy 

(SEM) was used to observe the surface morphology of 

the CNCs at high magnification, up to 20,000 times. 

This observation provided a visual representation of 

the shape, size, and distribution of the CNC particles 

produced. SEM was operated using a JEOL JCM 7000 

SEM (JEOL Ltd., Japan), which enabled detailed 

visualization of the CNC surface, allowing us to assess 

the smoothness of the surface and the uniformity of 

particle size. For a more in–depth analysis of particle 

size and morphology at a higher resolution, 

Transmission Electron Microscopy (TEM) was 

employed. TEM provided a morphology view at the 

nanometer scale and was used to measure particle size 

and determine the uniformity of CNC dimensions. 

This technique was performed on a TEM HT7700 

instrument (Hitachi High Technologies America, Inc., 

USA) with an acceleration voltage of 120 kV, 

providing the high resolution necessary to accurately 

and precisely analyze particle size. 

 

3 Results and Discussion 

 

3.1 Morphological transformation of eranti 

sawdust and CNC purification process 

 

Figure 1 illustrates the morphological transformation 

of Meranti sawdust before and after treatment with 

ammonium persulfate (APS). Figure 1(a) shows 

untreated sawdust, while Figure 1(b) presents sawdust 

treated with 1 M APS. In this process, APS is used as 

an oxidative pretreatment intended to partially 

disrupt/solubilize lignin-associated structures and 

preferentially affect less–ordered (amorphous/ 
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disordered) regions, thereby improving accessibility 

for the subsequent sulfuric–acid hydrolysis step, 

which releases crystalline domains as cellulose 

nanocrystals (CNCs). Oxidation with APS offers a 

significant advantage as it eliminates the need for 

alkali treatments or bleaching, which are commonly 

used in conventional methods that typically involve 

high chemical consumption and increase process 

complexity and chemical demand  [29].  

The APS oxidation process involves the 

decomposition of persulfate ions (S2O8²⁻) under heat 

to generate free radicals (SO4⁻) that break down the 

strong lignin structure and oxidize the amorphous 

regions of cellulose, as shown in Equation (3). These 

free radicals, along with hydrogen peroxide (H2O2) 

formed under acidic conditions (pH 1.0) as described 

in Equation (4), open the aromatic rings of lignin and 

break down the amorphous regions of cellulose. This 

process leads to lignin degradation and the 

strengthening of the crystalline cellulose structure, as 

described in several previous studies [25]. 

 

S2O8
2− + heat   → 2SO4

.− (3) 

 

S2O8
2− + 2H2O → 2HSO4

− + H2O2 (4) 

 

In the present dataset, the selective role of APS 

is supported by qualitative visual indicators (Figure 1) 

and severity–dependent crystallinity outcomes 

(section 3.3). Moderate APS severity increases the 

relative crystalline contribution, while excessive APS 

severity reduces crystallinity, indicating the onset of 

oxidative damage to ordered domains. Figure 1(b) 

shows that the yellow coloration remains after 1 M 

APS treatment, indicating that oxidative 

modification/solubilization of lignin–derived 

chromophores was incomplete at this concentration. 

Increasing the APS concentration to 2 M and 3 M 

(Figures 1(c) and 1(d)) produced progressively lighter 

coloration, which is interpreted as a qualitative 

indication of more extensive oxidation/solubilization 

of lignin-associated chromophores, rather than direct 

quantitative confirmation of complete lignin removal 

[1]. Importantly, this visual trend is consistent with 

increasing oxidative severity, which can also influence 

the disordered (amorphous) fraction and, at excessive 

severity, may begin to affect ordered cellulose 

domains (as reflected by the crystallinity decrease at 3 

M, see section 3.2). 

After APS oxidation, sulfuric acid hydrolysis 

was applied to isolate CNCs from APS–treated, 

cellulose–enriched solids. Figure 2 shows the CNCs 

after sulfuric acid treatment. While acid hydrolysis 

preferentially hydrolyzes disordered cellulose 

domains and facilitates the release of crystalline 

regions as CNCs [38], [39]. This study did not 

quantify residual lignin/hemicellulose after each 

intermediate step. Therefore, the product is described 

as CNC–rich/cellulose–enriched rather than 

completely lignin–free. 

 

 
Figure 1: (a) Samples of sawdust before treatment, (b) 

After treatment with 1 M APS, (c) After treatment 

with 2 M APS, and (d) After treatment with 3 M APS. 

 

 
Figure 2: CNCs after sulfuric acid treatment. 

 

3.2 X–ray diffraction (XRD) analysis 

 

Figure 3 shows the X–ray diffraction (XRD) pattern of 

CNC samples produced through ammonium persulfate 

(APS) oxidation and acid hydrolysis. Each sample 

exhibits a primary peak in the 2θ range of 22.7°-23.4°, 

which aligns with the standard ICDD 00–056–1718 

peak position for cellulose Iβ, located at approximately 

22.3° 2θ. This primary peak indicates that the CNCs 

  

  

 

 

(a) 

  

(b) 

 

(c) 

 

 

 

 

(d) 

  



  

                             Applied Science and Engineering Progress, Vol. 20, No. 1, 2027, 8152 

     

 

 

A. Amri et al., “Valorization of Lignin-Rich Meranti (Shorea sp.) Sawdust into Cellulose Nanocrystals via APS Pretreatment: A Severity Map 

and Operating Window.” 

  
6 

produced have a crystalline structure of cellulose Iβ, 

which is the most stable and well–structured 

crystalline form of cellulose [1], [35], [36]. The 

presence of this primary diffraction peak suggests that 

the majority of the material produced is crystalline 

cellulose, which is highly desirable for nanomaterial 

applications.  

 

 
Figure 3: XRD spectra of CNCs in various sawdust–

to–APS (w/v) ratios. 

 

However, the smaller and less sharp peaks in the 

diffraction area (Figure 3) indicate the presence of 

amorphous phases in the samples. This suggests that 

while most of the cellulose remains structured, some 

material is not fully organized into crystalline form. 

The diffraction pattern also reveals characteristic 

peaks at 34.4°, 22.5°, 16.4°, and 14.6°, corresponding 

to the lattice planes 004, 200, 110, and 1–10, 

respectively. These peaks indicate the presence of 

cellulose I structure, which consists of parallel glucan 

chains (β–(1→4)–D–glucopyranose) that repeat, as 

described in previous literature [40], [41]. This 

cellulose I structure is important as it is the most 

commonly found form of cellulose in nature and 

exhibits good stability for various applications. Non–

cellulosic polysaccharide bonds are detected in several 

samples, marked by the diffraction planes 004, 110, 

and 1–10, which are not clearly visible [40].  

At an APS concentration of 2 M, the intensity 

and sharpness of the cellulose crystal peaks are higher 

compared to the APS concentrations of 1 M and 3 M, 

indicating a higher crystallinity at the 2 M 

concentration [35]. This increase in crystallinity 

suggests that APS oxidation at 2 M is more effective 

in removing lignin and amorphous regions from the 

cellulose structure, which, in turn, enhances the 

amount of crystalline regions in the CNCs. This is 

crucial because CNCs with high crystallinity exhibit 

superior mechanical and thermal properties, as well as 

better stability in nanomaterial applications [42–44]. 

However, at an APS concentration of 3 M, the 

diffraction peaks appear broader and the intensity is 

lower, indicating a decrease in crystallinity [35], [45]. 

This phenomenon suggests that at higher APS 

concentrations, degradation of the crystalline cellulose 

structure occurs due to excessive oxidation [1], [46]. 

Over–oxidation can damage the hydrogen bonds 

between cellulose chains that form the crystalline 

regions, leading to a decrease in crystallinity or even a 

transition to an amorphous form [47]. Therefore, 

although higher APS concentrations may be more 

efficient in removing lignin, they can cause damage to 

the crystalline cellulose structure, reducing the quality 

of the resulting CNCs. 

Furthermore, the crystallite size calculation 

based on the Scherrer equation shows that at an APS 

concentration of 2 M, the crystallite size of the 

resulting CNCs is approximately 9.9 nm, which aligns 

with the observed increase in crystallinity [37]. The 

Scherrer–derived crystallite size (~9.9 nm) represents 

an apparent value from peak broadening and is used 

here as an indicative parameter. The estimated value, 

together with the sharp cellulose I reflections, suggests 

the presence of ordered crystalline domains relevant 

for polymer composites and coatings [48], [49].  The 

crystallite size estimated by the Scherrer equation 

should be considered an apparent crystallite size based 

on peak broadening. In the present analysis, 

instrumental broadening and microstrain were not 

independently corrected/separated. Therefore, the 

reported value may include contributions from these 

effects in addition to finite crystallite size. 

Accordingly, the Scherrer–derived crystallite size is 

used here only as a comparative/indicative parameter.  

Table 1 shows the relationship between 

increasing APS concentration and the crystallinity 

degree of CNCs at various sawdust–to–APS ratios. 

The increase in APS concentration correlates with an 

increase in CNC crystallinity, with an average 
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increase of approximately 18%. This increase 

indicates that stronger oxidation, through higher APS 

concentrations, is more efficient in removing lignin, 

hemicellulose, and amorphous regions from the 

cellulose structure, contributing to the improvement of 

crystallinity [40], [50]. However, at an APS 

concentration of 3 M, the 17% decrease in crystallinity 

indicates degradation due to excessive oxidation, 

which damages the crystalline cellulose structure [1], 

[46]. Overall, an APS concentration of 2 M proved to 

be the optimal condition, producing CNCs with the 

highest crystallinity (72%) and the best quality. This 

result is higher than the CNC crystallinity of 69.8% 

reported by Hu et al., [51] at the same concentration. 

For comparison with a conventional route (bleached 

pulp followed by sulfuric acid hydrolysis), Chen et al., 

reported a Segal CrI of 76 % for the starting bleached 

eucalyptus kraft pulp and ~73% for CNC produced at 

58 wt% H₂SO4. H₂SO4. Our maximum Segal CrI 

(~72%) is comparable to this conventional CNC 

crystallinity level, despite the use of a high–lignin 

sawdust feedstock and the absence of alkaline 

pulping/bleaching [52]. These findings align with 

previous reports that suggest the optimal APS 

concentration provides the best balance between 

lignin removal and the preservation of cellulose 

crystalline structure [29], [51]. 

 

Table 1: The relationship between increasing in APS 

concentration and CNC crystallinity degree in various 

sawdust–to–APS (w/v) ratios. 
Sawdust:APS 

(w/v) 

APS concentration 

(M) 

Crystallinity index, 

CI (%) 

1:20 1 47.20 

1:20 2 57.39 

1:20 3 50.94 

1:30 1 48.13 

1:30 2 71.97 

1:30 3 41.07 

1:40 1 31.73 

1:40 2 55.43 

1:40 3 41.44 

 

3.3 Scanning electron microscopy (SEM) analysis 

 

Figure 4 shows the Scanning Electron Microscopy 

(SEM) analysis results of raw Meranti sawdust. In 

Figures 4(a–b), the surface of the Meranti sawdust 

particles appears to contain cellulose fibers and fine 

aggregates [49]. This image shows that the Meranti 

sawdust consists of cellulose fibers ranging in size 

from approximately 1–10 μm, making it a suitable raw 

material for the production of cellulose nanocrystals 

(CNCs). Additionally, Figures 4(c–d) reveal the 

presence of disintegrated fibrils and cavities, 

indicating the breakdown or splitting of fibers through 

mechanical processes such as milling, cutting, or 

sanding [38]. This disintegration process suggests that 

Meranti sawdust contains fibers that can be further 

processed into CNCs with additional treatment [53]. 

 

 
Figure 4: Morphology of Meranti sawdust at 

magnifications of (a) 100x, (b) 500x, (c) 1000x, (d) 

2000x. 

 

Figure 5 shows the morphology of CNCs after 

oxidation with ammonium persulfate (APS) at a 

concentration of 1 M and a sawdust–to–APS ratio of 

1:40. In this image, it can be seen that the oxidation 

process successfully removed most of the fine 

aggregates from the cellulose fibers, resulting in a 

denser fiber structure. However, further analysis using 

ImageJ software revealed that the cellulose diameter 

after oxidation was approximately 2.4 μm. indicating 

much of the material remained aggregated. This 

aggregation is most likely due to suboptimal 

sonication, which hindered the effective dispersion of 

the CNC nanoparticles [54]. Therefore, although 

oxidation has transformed the cellulose structure into 

a denser form, it was not sufficient to produce 

nanocellulose with smaller sizes and a more uniform 

size distribution [55]. Regarding delignification 

uniformity, the present study provides only qualitative 

morphology evidence from SEM, which primarily 

reflects surface/near–surface changes. SEM images 

from representative regions show consistent matrix 

disruption after APS oxidation, suggesting broadly 

similar structural effects across observed particles. 

However, spatial uniformity of delignification 
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throughout the full biomass particle cross–section was 

not quantified here. 

 

 
Figure 5: Morphology of CNCs post–oxidation 

process at magnifications of (a) 100x, (b) 500x, (c) 

1000x, (d) 2000x. 

 

Figure 6 shows the SEM results of CNCs after 

oxidation and acid hydrolysis, followed by 7 hours of 

stirring, centrifugation, and 15 minutes of sonication. 

In these images, it can be observed that the cellulose 

fibers consist of both crystalline and amorphous 

phases, with the crystalline phase being more 

dominant [56]. Figure 6(a)–(d) show that the 

breakdown of the cellulose fibers due to the removal 

of the amorphous regions is clearly visible, resulting 

in CNCs with a more homogeneous surface. Although 

most of the amorphous regions have been removed, 

microfibrillar cellulose structures are still visible, 

indicating that the acid hydrolysis process did not 

completely break down the amorphous structure of the 

wood cellulose fibers. 

According to Vasconcelos et al., [57], although 

acid hydrolysis produces cellulose nanocrystals 

(CNCs), incomplete breakdown of the amorphous 

structure can result in nanocrystals larger than 100 nm 

[57]. This is related to the short hydrolysis time, which 

hinders the breakdown of the amorphous phase in 

wood cellulose fibers [58]. Longer hydrolysis times 

can degrade most of the amorphous structure and 

increase the crystallinity of the resulting CNCs [59]. 

As seen in Figure 6, the fibers in the CNCs exhibit 

aggregation, forming micrometer–sized fibers due to 

strong hydrogen bonds between cellulose chains and 

stable Van der Waals forces between glucose 

molecules [60], [61]. 

 

 
Figure 6: Morphology of CNCs after acid hydrolysis 

process at magnifications of (a) 100x, (b) 500x, (c) 

1000x, (d) 2000x. 

 

The incomplete lignin decomposition and the 

presence of minerals such as ash and silica in Meranti 

wood also affect the lignin decomposition process, 

which in turn influences the fiber size distribution in 

the CNCs. Incomplete lignin decomposition results in 

an uneven fiber size distribution, leading to larger 

CNC particle sizes and a broader size distribution [62]. 

Therefore, additional processes such as mechanical 

treatment using an ultrasonicator and mechanical 

grinding are essential to achieve smaller CNC sizes 

and a narrower size distribution. Combining physical 

and chemical methods can provide an alternative 

approach to improving the efficiency of the 

nanocellulose isolation process [62]. 

 

3.4 Transmission Electron Microscopy (TEM) analysis 

 

Figure 7 shows the Transmission Electron Microscopy 

(TEM) analysis results of CNC samples processed 

with oxidation at a sawdust–to–APS ratio of 1:40 and 

APS concentration of 1 M (Figure 7(a)–(b)), and 

samples processed with a combination of oxidation 

and acid hydrolysis at a sawdust–to–APS ratio of 1:30 

and APS concentration of 2 M (Figure 7(c)–(d)). In 

Figure 7(a)–(b), the morphology of the nanofibrils in 

a rod–like structure is observed, which remains 

intertwined with persistent amorphous regions [38]. 

The direct oxidation process using APS only removes 

lignin and hemicellulose and breaks down cellulose 

fibers into microfibrils/ nanofibrils. However, the 

amorphous regions remain intact [63]. As a result, the 
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produced microfibril/ nanofibril structure remains 

interconnected and elongated, but does not yet meet 

the desired CNC specifications. This indicates that 

CNCs cannot be obtained from Meranti sawdust using 

a single–step method (oxidation process). Meranti 

cellulose fibers contain more than 20% lignin [32] and 

have a linear structure that binds cellulose through 

hydrogen bonds [64], [65]. These hydrogen bonds 

cause the cellulose surface to be covered and 

obstructed, making it difficult for the radicals 

generated by APS to oxidize cellulose into CNCs [1]. 

These findings confirm that oxidation alone is 

insufficient to break down cellulose fibers into CNCs 

effectively, requiring additional steps to more 

thoroughly isolate crystalline cellulose. 

 

 
Figure 7: TEM analysis results for (a–b) Oxidation 

process 1:40 1M, (c–d) Oxidation and acid hydrolysis 

process 1:30 2M. 

 

In Figure 7(c)–(d), the morphology of the CNCs 

produced after oxidation and acid hydrolysis shows a 

rod–like structure with smaller particle sizes down to 

the nanometer scale, forming CNCs. This result is 

consistent with the findings of Sacui et al., [66] and 

Thompson et al., [67], who reported that CNCs 

produced from wood exhibit a rod–like structure and 

high crystallinity. Oxidation followed by acid 

hydrolysis proved effective in breaking down the 

amorphous structure, allowing for the formation of 

CNCs with smaller and more uniform sizes, which is 

a crucial step in enhancing the application of CNC–

based materials. 

Figure 8 shows the particle size distribution 

resulting from the oxidation process and the 

combination of oxidation–acid hydrolysis. Particle 

dimensions (length and width) were measured using 

ImageJ from TEM micrographs after calibration with 

the scale bar. To minimize selection bias, particles 

were selected randomly from the TEM fields–of–

view. Results are reported as mean ± standard 

deviation based on the number of measured particles 

(n), which is specified for each condition. 

For the oxidation–only condition (1M APS, 

sawdust–to–APS ratio of 1:40), the particle length of 

the resulting CNCs is approximately 379.98 ± 47.87 

nm and the width is 23.94 ± 0.37 nm (Figures 8(a)–

(b)), with an aspect ratio (L/D) of approximately 15.87 

± 2.01, based on n = 28 measured particles. These 

particles are larger and show a broader size 

distribution compared to the CNCs produced after 

oxidation and acid hydrolysis. In this oxidation 

process, although the cellulose fibers are broken down 

into microfibrils and nanofibrils, many amorphous 

regions remain intact, leading to the formation of 

larger aggregates. This is consistent with previous 

findings that indicate lower APS concentration 

oxidation is less effective in producing CNCs with 

smaller and more uniformly distributed sizes [68]. 

In contrast, in the oxidation and acid hydrolysis 

condition (2 M APS, sawdust–to–APS ratio of 1:30), 

the particle length of the resulting CNCs is smaller, 

approximately 188.71 ± 5.01 nm with a width of 26.79 

± 1.72 nm (Figure 8(c)–(d)), and an aspect ratio (L/D) 

of approximately 7.04 ± 0.49, based on n = 67 

measured CNCs. The smaller particle size indicates 

that acid hydrolysis plays a significant role in 

improving the particle size and size distribution of the 

CNCs. By removing most of the amorphous regions 

from the cellulose, the acid hydrolysis process results 

in more uniform and smaller particles, which are 

highly desirable for nanomaterial applications in 

various fields, including composite materials and 

biosensors [69], [70]. 

This TEM–derived length scale is consistent 

with conventional wood–CNC production via 

concentrated sulfuric acid hydrolysis of purified pulps 

as performed by Chen et al., who quantified a length–

weighted average crystal length spanning ~130.5–

228.2 nm across representative reaction conditions. 

Chen et al., further noted that at lower acid 

concentration (56 wt%), insufficient depolymerization 

yielded more nanofibril–like particles rather than a 

well–defined CNC morphology [52]. 

The increase in crystallinity observed in the 

samples processed with oxidation and acid hydrolysis 
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(APS concentration of 2 M) is also directly related to 

the reduction in CNC particle size. The acid hydrolysis 

process improves the quality of the CNCs by 

increasing crystallinity and reducing particle size 

through the breakdown of amorphous regions, 

supporting previous findings that high crystallinity in 

CNCs contributes to enhanced mechanical and 

thermal properties [1]. Thus, the oxidation process 

followed by acid hydrolysis demonstrates higher 

efficiency in producing CNCs with a narrower size 

distribution and higher quality [8]. 

The aspect ratio (L/D) is an important parameter 

for application design, because it influences 

reinforcement potential and processing behavior. In 

the oxidation–only sample, the higher aspect ratio 

reflects longer fibrillar/aggregated structures, whereas 

the combined oxidation–acid hydrolysis condition 

yields shorter rods with more consistent dimensions 

within the measured population [71].  The structural 

characteristics of the CNCs obtained from Meranti 

sawdust are relevant to several advanced material 

applications. For polymer nanocomposites, the 

combination of high crystallinity and rod–like 

geometry can support efficient load transfer and 

reinforcement, while a moderate aspect ratio may ease 

processing compared with highly fibrillar/high–aspect 

ratio particles [30], [31]. For coatings and thin films, 

nanoscale dimensions and a relatively narrow size 

distribution under the optimized condition can 

contribute to more uniform film formation and surface 

coverage, supporting barrier–oriented coating/film 

development [72], [73]. Compared with CNCs 

produced from purified/bleached cellulose sources, 

sawdust–derived CNCs may face greater feedstock 

variability and a higher likelihood of residual non–

cellulosic components (e.g., lignin/extractives), which 

can influence color, surface chemistry consistency, 

and reproducibility [74], [75]. Nevertheless, the 

present results indicate that high–lignin sawdust can 

still yield CNCs with structural characteristics within 

the typical range reported for wood–based CNCs [30], 

[76]. 

 

 

  

  
Figure 8: Particle size for (a)–(b) Oxidation process 1:40 1M, (c)–(d) Oxidation and acid hydrolysis process 1:30 2M. 
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4 Conclusions 

 

This study demonstrates the feasibility of producing 

cellulose nanocrystals (CNCs) from high–lignin 

Meranti sawdust using a two–step APS oxidation 

followed by sulfuric–acid hydrolysis without prior 

alkaline pulping or bleaching. Under the optimised 

condition (2 M APS and a sawdust–to–APS ratio of 

1:30, w/v), the resulting CNCs exhibited the highest 

crystallinity index (72%) and nanoscale, rod–like 

morphology, with an average particle size of 188.71 ± 

5.01 nm. Acid hydrolysis facilitated the removal of 

disordered regions and the release of CNCs.  From a 

scalability perspective, this route involves APS 

consumption governed by molarity and liquid–to–

solid ratio, a cumulative processing time of 7 h 

oxidation and 2 h hydrolysis plus 

washing/neutralisation to pH ~6, and generates 

sulfate–containing aqueous effluent from 

persulfate/acid usage and washing steps. Compared 

with conventional CNC production routes that 

typically involve alkaline pulping and multistage 

bleaching prior to acid hydrolysis, the proposed 

APS/acid route eliminates dedicated alkali/bleaching 

steps, thereby potentially reducing process complexity 

and avoiding bleaching–specific waste streams. In this 

study, the chemical inputs are mainly APS and sulfuric 

acid, while the principal liquid waste is sulfate–

containing wash liquor generated during quenching, 

washing, and neutralisation. With routine 

neutralisation and wastewater management, this 

streamlined chemistry offers a practical pathway for 

converting high–lignin sawdust into CNCs while 

limiting the need for additional pulping/bleaching 

chemicals. 
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