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Abstract: Nanocellulose has attracted growing attention in recent years due to its renew-
able origin, excellent mechanical properties, and wide applicability in various fields such as
packaging, biomedical materials, and electronics. In the manufacturing process of nanocel-
lulose, pretreatment is essential to determining the efficiency and quality of the final prod-
uct. Among these, enzymatic hydrolysis is considered a more environmentally friendly
alternative. In this study, we employed a pretreatment method using a mixed enzyme sys-
tem composed of three types of cellulase enzymes to improve sustainability in nanocellu-
lose production. The nanofibrillation process was performed using a high-pressure
homogenizer, which is widely recognized for its effectiveness in producing uniform nano-
cellulose. Furthermore, the effects of various conditions during enzymatic pretreatment
and nanofibrillation on the surface morphology and crystalline structure of pulp were
investigated. In particular, the effects of enzyme amount on the crystallinity and surface
morphology of the pulp were analyzed using XRD and SEM. The enzymatically pretreated
pulp subjected to high-pressure homogenization resulted in nanocellulose with an aver-
age diameter of approximately 16 nm. The results emphasize that the degree of enzymatic
activity significantly enhances the crystallinity of the pulp, thereby affecting the properties
of the nanocellulose.
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Figure 1. Process schematic and photographs of the overall procedure for producing nanocellulose from softwood pulp.
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Figure 2. (a) Crystallinity index analysis according to the enzyme unit used during the enzymatic pretreatment process and (b) crystallinity index
analysis of enzymatically pretreated samples according to the number of high-pressure homogenization cycles.
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Figure 3. FE-SEM images (left) and surface-morphology analysis images (right) of softwood pulp treated with different enzyme loadings (0, 1, 2,
3,4, 9,18, and 36 units).
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Figure 3. Continued.
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Figure 4. (a) Schematic illustration and electron microscopy images of softwood pulp pretreated with enzymes and subsequently processed by
wet colloid milling (1st nanofibrillation), (b) bundle-type fibers, and (c) sheet-type fibers.
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(f) Mean: 16 nm

Counts
>

5 10 15 20 25 30 35 40
Fiber diameter (nm)

Figure 5. Electron microscopy images of enzyme-pretreated softwood pulp subjected to colloid milling (1st nanofibrillation) and high-pressure
homogenization (2nd nanofibrillation); (a), (b), (c) FE-SEM images, (d), (€) TEM images, and (f) histogram of average fiber diameter.
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