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In this study, cellulose nanofibers (CNF) were obtained by chemical 
pretreatment using a rubberwood substrate. Different forms of drying were 
used to prepare three CNF film variants. Each of the films was rehydrated 
and hot-pressed to introduce more hydrogen bonds, and the films were 
characterized in terms of density and porosity, micromorphology, and 
mechanical properties. The mechanical properties of the films improved 
substantially after rehydration and hot-press drying. The tensile strengths 
of the films increased to approximately two to three times that of the 
original CNF films. These results with micromorphological observations 
suggest that adjusting the water content during CNF drying can 
significantly improve the formation of 3D networks in the films, thus 
imparting higher hydrogen bonding content to the films and improving the 
mechanical properties of the substrates. This study provides a theoretical 
basis for the formation of high-strength materials through water molecule-
induced assembly and broadens the application of biomass cellulose 
materials in emerging fields. 
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INTRODUCTION 
 

Since the beginning of the 21st century, with the surge in population, traditional 

single materials can no longer meet the requirements of developments in modern science 

and technology, making it increasingly important to prepare new composite materials from 

various raw materials (De Silva et al. 2015; Chen et al. 2019; Swolfs et al. 2019). 

Composite materials generally are comprised of a matrix combined with one or more 

reinforcing materials. The mechanical properties, biocompatibility, and chemical 

modification of the matrix material have a significant impact on the performance of the 

composite materials (Ray and Bousmina 2005). Matrix materials are typically divided into 

organic and inorganic materials. Conventional inorganic carrier materials usually use ions 

as precursors. Powder particles are obtained in the form of classical crystal nucleation and 

growth via electrostatic interactions between ions (Thanh et al. 2014; Karthika et al.  2016). 

These ionic compounds do not have structural continuity and shape controllability, and 

they are poorly biocompatible and hard to degrade. In contrast, organic materials usually 
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use organic monomers as precursors, which are covalently bonded to form a linear or 

reticular structure. This mode can easily realize not only the plastic preparation of 

continuous structural materials but also allow the polymerization and cross-linking 

between monomers, resulting in materials with high mechanical strength. Among them, 

cellulose, which has good bioactivity and mechanical strength, is widely used as an organic 

backbone support carrier to load inorganic particles and nanoparticles to prepare 

multifunctional composites with additional properties (Fu et al. 2018; Jiang et al. 2018; Li 

et al. 2019). 

Cellulose, a straight-chain polymer compound consisting of β-D-glucopyranosyl groups 

linked by β-1,4-glycosidic bonds, has been relevant to human lives since ancient times; it 

has been used as building materials, clothing, and chemical raw materials (Klemm et al.  

2005; Habibi et al. 2010; Habibi. 2014). Among the many cellulose-derived materials, 

nanofibrillated cellulose offers a unique natural advantage as an organic backbone 

support material for effective combination with nanoparticles, polymers, and 

biomolecules because of its high Young's modulus, high strength, ultra-fine structure, and 

specific surface area (Klemm et al. 2011; Moon et al. 2011; Thomas et al. 2018). Song et 

al. (2017) used cellulose nanofibers (CNF) as a carrier and prepared 40 groups of CNF 

with reduced graphene oxide (RGO) films having thermal conductivities of λx/λz = 279. It 

was found that one-dimensional CNF and two-dimensional reduced graphene oxide films 

exhibited good synergistic mechanical properties with excellent flexibility and high 

tensile strength (107 MPa). Hou et al. (2018) prepared CNF/RGO conductive paper with 

an RGO mass fraction of 4% using chemical treatment and vacuum filtration, whose 

electrical conductivity was as high as 4382 S/m and tensile strength (90.9 MPa) was 

relatively close to that of pure CNF paper (109.1 MPa). Yan et al. (2014) prepared a 

nanocellulose/graphene composite nanopaper that was still able to sense in all directions 

under 100% stretching conditions, and its strength was more than 10 times higher than 

that of stretchable carbon nanotube and silver nanowire sensors, making it an ideal 

material for testing dynamic indicators. Huang et al. (2015) designed a nanocellulose 

network using nanosheets and then prepared highly conductive composite nanocellulose 

aerogels with electromagnetic shielding effectiveness of up to 219 dB cm3/g for specific 

ethylene sulfate-1-methyl-3-ethylimidazole (EMI SE), which has great potential for 

application in spacecraft and special weapon materials. Cellulosic nanofibers contain a 

large number of hydroxyl groups, a high specific surface area, and good mechanical 

properties, which make them ideal environmental carriers for the preparation of 

multifunctional composites (Islam et al. 2014; Ling et al. 2018a). 

Nanocellulose is an excellent high-strength support and carrier material, which is 

attributed to its high polarity and ability to produce strong hydrogen bonding easily 

(Benitez et al. 2013; Ling et al. 2018b). The large number of intramolecular hydroxyl 

groups facilitates the formation of hydrogen bonds within and between cellulose molecular 

chains during evaporative drying due to capillary forces (Parthasarathi et al. 2011; 

Buchtova and Budtova 2016; Wu et al. 2020). In turn, during the formation of hydrogen 

bonding-induced nanocellulose-based high-strength support carrier materials, water 

molecules become important participants in the construction of hydrogen-bonding network 

structures. Therefore, humidity and moisture content have a major influence on the 

formation of nanocellulose-based hydrogen-bonded network structures (Verho et al. 2013). 

To date, there have been only a few reports on water molecule-induced nanocellulose 

assembly to build high-strength support carrier materials. Revealing the role of water 
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molecules in the drying process of nanocellulose-based materials has a profound impact on 

improving the mechanical properties of carrier materials.  

In this study, a method was designed to investigate ways in which water molecules 

affect the structure and properties of nanocellulose films by various drying methods 

(natural drying, freeze-drying, and replacement drying) with nanocellulose as the substrate. 

Specifically, CNF was prepared using a chemo-mechanical method using rubber wood 

(RW) as the raw material. Fourier infrared spectroscopy, X-ray diffraction, 

thermogravimetric analysis, and scanning electron microscopy were used to characterize 

and analyze the nanocellulose filaments. In order to explore more deeply the effect of water 

molecules on the film structure under the synergistic effect of hydrogen bonding during 

the drying of nanocellulose films, the extracted CNF films were subjected to natural drying, 

freeze-drying, and alternative drying treatments. In Furthermore, water molecules are 

believed to play an important role in the film structure and properties during drying. The 

dried films were rehydrated and then subjected to high-temperature hot pressing to 

investigate the changes in film properties before and after hot pressing as a way to reveal 

the hypothesis of hydrogen bond formation between fibers due to contraction from 

capillary forces during drying. In addition, the effects of water molecules on the mechanical 

properties of nanocellulose films were investigated by characterizing their microscopic 

morphology and mechanical properties.  

 

 

EXPERIMENTAL 
 

Materials 
The RW was obtained from Danzhou City (Hainan, China), and was cut with a 

plant crusher to produce a 40 to 60 mesh powder. Benzene (AR, 99.5%), anhydrous ethanol 

(ACS, 99.5%), potassium hydroxide (AR, 85%), sodium chlorite (80%), and acetic acid 

(99.8%) were provided from Damao Chemical Reagent Co. Ltd. (Tianjin, China). 

 

Experimental Methods 
Isolation of CNFs 

The CNFs were prepared from RW, as reported in the literature (Abe and Yano 

2009). Briefly, 2 g of RW was placed in a Soxhlet apparatus, and an appropriate amount 

of benzene-alcohol solution (benzene:ethanol = 2:1; v/v) was added, and extracted in a 

water bath at 95 °C for 6 h to remove fatty acids and terpenoids. Thereafter, the extracted 

RW was placed in a conical flask containing 65 mL of distilled water, and 0.6 g of sodium 

chlorite and 0.5 mL of glacial acetic acid were added. The contents were heated in a 

constant temperature water bath at 75 °C for 1 h. This process was repeated 4 to 5 times. 

Immediately thereafter, the sample from the previous step was treated with 100 mL of 

potassium hydroxide solution (5 wt%) for 2 h to remove hemicellulose. The product 

obtained was named purified cellulose fiber (PCF). The PCF was treated in an ultrasonic 

cell crusher for 30 min (1 s interval, 1 s working) to obtain CNF. The PCF and C0000NF 

were freeze-dried and stored in a desiccator.  

 

Fabrication of nanocellulose films 

A certain amount (0.04 g) of CNF was prepared in a suspension with a 

concentration of 0.3% and passed through a sand core filter to form a CNF gel on the filter 

membrane. The CNF gel then underwent natural drying, freeze-drying, or displacement 
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drying. For natural drying, the CNF gel was allowed to dry naturally in a fume hood (room 

temperature is 25±3 °C) until it reached a constant weight and was recorded as AD-CNF. 

For freeze-drying, the CNF gels were freeze-dried at -20 °C for 24 h and then transferred 

to a vacuum freeze dryer at 0.1 Pa for 24 h and recorded as FD-CNF. For displacement 

drying, the CNF gels were immersed in 25% tert-butanol/water solution for 12 h at room 

temperature (25±3 °C). This process was then repeated with 50%, 70%, and 100% tert-

butanol/water solution. The gels were then dried naturally to a constant weight and 

recorded as SD-CNF. After reaching a constant weight, all samples were dried at 105 °C 

for 24 h to remove the adsorbed water from the CNF film and then stored in a desiccator. 

The obtained films had a thickness of approximately 50 to 100 μm.  

 

Rehydration and hot-press drying of nanocellulose films 

To introduce more hydrogen bonds into the CNF films, they were immersed in 

distilled water at room temperature (25±3 °C) for 24 h to reach saturation point in terms 

of water content. The water-saturated CNF films were then transferred to a hot press at 120 

°C and 0.5 MPa for 3 min to obtain rehydrated and hot-press-dried nanocellulose films, 

which were referred to as RAD-CNF, RFD-CNF, and RSD-CNF, respectively. 

 

Characterization 
Characterization of fibers 

The morphologies of RW, PCF, and CNF were visualized using a scanning electron 

microscope (SEM, Zeiss Merlin Compact, Oberkochen, Germany). All the samples were 

sprayed with gold. A Fourier-transform infrared spectrometer (FTIR, Nicolet, Madison, 

WI, USA) was used to describe the changes in the chemical structure during CNF 

preparation. The spectra were recorded in the range of 400 to 4000 cm-1. The crystallinities 

of RW, PCF, and CNF were analyzed by X-ray diffraction (XRD, D/max 2200, Rigaku, 

Japan). The scanning range was 5 to 60° with a scanning speed of 5 °/min. The crystallinity 

index (Xc) values of the samples were calculated using the Segal method (Segal et al. 1958). 

The thermal stabilities of RW, PCF, and CNF were studied using a thermogravimetric 

analyzer (TG, TGA5500 type, New Castle, DE, USA). Thermograms were acquired 

between 30 and 800 °C at a rate of 10 °C/min.  

 

Characterization of cellulose nanofilms 

The density of the nanocellulose film was calculated using the following equation,  

           (1) 

where  is the density, m is the mass (g), and ν is the volume (cm3). To accurately 

determine the film thickness, a thickness gauge was used to measure the thickness at ten 

different locations and the average value was used as the film thickness.  

The porosity of the nanocellulose films was calculated using Eq. 2, 

         (2) 

where D is the porosity (%), is the CNF film density (g/cm3), and  is the cellulose 

density [  (Yang et al. 2019)]. 

The mechanical properties of all films were characterized using an electronic 

universal testing machine (CMT6103 type). The specimen used was 20 mm long and 5 mm 
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wide. The specimens were extended at 5 mm/min and three measurements were made per 

group. The micromorphology was observed using a SEM for surface micromorphology 

and tensile sectioning.  

RESULTS AND DISCUSSION 
 

Extraction of CNFs 
The CNFs were prepared by chemical pretreatment combined with ultrasonic 

treatment (Fig. 1a). The initial RW material was composed of cellulose, lignin, and 

hemicellulose components, with dense intercellular connections and a smooth surface (Fig. 

1b). After chemical treatment, the fibers in the PCF were separated from each other and 

the cell walls were thinned, indicating that “gluing” components, such as lignin and 

hemicellulose, had been removed (Fig. 1c). With further sonication, the size and 

morphology of the obtained CNFs were considerably different from those of RW and PCF, 

with nanoscale fibers and a high aspect ratio (Fig. 1d). The CNFs were interwoven to form 

a mesh structure, which provided strong conditions for the subsequent preparation of 

nanocellulose films.  

 

 
 

Fig. 1. (a) Isolation schematic of cellulose nanofibers (CNFs); (b-d) SEM images of rubberwood 
(RW), purified cellulose fiber (PCF), and CNFs; (e) FTIR spectra of RW, PCF, and CNFs; and (f) 
XRD curves of RW, PCF, and CNFs 
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Fourier transform infra-red spectroscopy is an important tool for characterizing the 

changes in chemical functional groups during the preparation of nanocellulose. Figure 1e 

shows the chemical structure changes during the preparation of the CNFs. The 

characteristic peaks at 1740 and 1510 cm-1 in RW correspond to the stretching vibrations 

of the hemicellulose polyxylose chromogenic group and C=C of the benzene ring skeleton 

in lignin, respectively. After chemical treatment, the characteristic peaks at 1740 cm-1 and 

1510 cm-1 disappeared, indicating that hemicellulose and lignin were largely removed 

(Abou et al. 2009). In addition, the peaks characteristic cellulose peaks were present 

throughout the chemical treatment, with intense peak at 3340 cm-1 attributed to the 

stretching vibration of –OH, the peak at 2900 cm-1 due to the stretching vibration of –CH, 

the characteristic peak at 1430 cm-1 corresponding to the internal bending vibration of –

CH2 with –OCH, and peak at 897 cm-1 due to the vibration of anomeric carbon, indicating 

that cellulose was not affected (Wu et al. 2019). 

Figure 1f shows the changes in the crystalline structure during the extraction of the 

CNF. All samples showed diffraction peaks around 16.5° and 22.6°, indicating a typical 

cellulose type I structure. This shows that the crystal structure of cellulose was not altered 

during chemical treatment (Wu et al. 2019). The relative crystallinity of RW was 57.1% 

and that of PCF obtained after treatment with sodium chlorite and potassium hydroxide 

increased by 62.5% owing to the removal of lignin and hemicellulose. However, the 

relative crystallinity of the CNF obtained after sonication was 58.5%, which was a slight 

reduction. This might have been caused by the damage to some crystalline regions of 

cellulose due to the cavitation produced during the ultrasonic process. 

 

 
 

 
Fig. 2. Thermogravimetric (TG) and differential thermogravimetric (DTG) curves of RW, PCF, and 
CNF 

 

Figure 2 shows the thermogravimetric (TG) and differential thermogravimetric 

(DTG) curves for RW, PCF, and CNF. As can be observed from Fig. 2, all samples showed 

a slight loss of mass in the range of 30 to 150 °C during the initial stages of warming. This 

was due to the evaporation of the adsorbed water retained in the sample as the temperature 

increased. As the temperature continued to rise, the maximum rate of weight loss was 

reached at 331.96 °C, 353.41 °C, and 348.24 °C for RW, PCF, and CNF, respectively. The 

higher temperature of maximum weight loss rate of PCF compared to RW can be attributed 

to the removal of the less thermally stable hemicellulose (which degrades at approximately 

Temperature (°C) Temperature (°C) 

T
G

 (
%

) 

D
T

G
 (

%
/m

in
) 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Liang et al. (2022). “Bonding in nanocellulose films,” BioResources 17(4), 6761-6774.  6767 

180 to 350 °C) (Poletto et al. 2012). The reduction in the maximum CNF weight loss rate 

temperature after sonication may be attributed to the destruction of the cellulose crystalline 

region during sonication, resulting in a reduction in its thermal stability which is consistent 

with the XRD test results. Above 350 °C, the RW mass residue is consistently higher than 

that of PCF and CNF, due to the higher thermal stability of lignin, which consists of three 

benzene-propene type unit structures that are highly cross-linked (John and Thomas 2008). 

 

Mechanical Properties of Thin Films Related to Bonding 
In this study, a three-step process was used to investigate the effect of bonding on 

the structural properties of CNF films. First, the CNFs were prepared by chemical 

pretreatment and sonication. Three different drying methods were immediately used to 

explore the effect of water molecules on the structure of the prepared nanocellulose films. 

Finally, a rehydration treatment coupled with mechanical hot pressing was used on the 

films to increase the inter-fiber contact area, resulting in entanglement as well as the 

introduction of more hydrogen bonds. The CNF films prepared by the three drying methods 

showed substantial structural differences. Figure 3 shows digital photographs of their 

surface microscopic morphology. The AD-CNF films (naturally dried) had smooth 

surfaces and dense textures. 
 

 
 

Fig. 3. Thin film SEM images of (a) AD-CNF; (b) RAD-CNF; (c) FD-CNF; (d) RFD-CNF; (e) SD-
CNF; and (f) RSD-CNF. The inset shows a macro photograph of the films. 
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During natural drying, the evaporation of water molecules leads to the replacement 

of the original “cellulose-water-cellulose” hydrogen bonds with “cellulose-cellulose” 

hydrogen bonds within the fibers. The AD-CNF films exhibited the highest density (ρ = 

0.54 g/cm3) and lowest porosity (D = 64.29%). This is also clearly demonstrated in the 

SEM image (Fig. 3a), where the fibers are more closely aligned with each other. During 

the freezing of FD-CNF, the freezing of water molecules to form ice crystals prevented the 

surface from being close enough to allow the formation of binding at the molecular level 

(Benitez et al. 2013). The growth of ice crystals during drying drives the CNF assembly to 

form a lamellar structure (Fig. 3c), resulting in its lower density (ρ = 0.44 g/cm3) and higher 

porosity (D = 70.38%). Tertiary butanol is often used as a displacing agent owing to its 

high freezing point and low surface tension. During the tert-butanol displacement process, 

the water molecules in the original network structure were replaced by tert-butanol, which 

greatly reduced the destruction of the fiber network structure during drying. This restricted 

the formation of bonds between the CNFs, resulting in a rough surface and loose structure 

of SD-CNF with a large number of gaps between the fibrils (Fig. 3e) (Han et al. 2019). The 

SD-CNF exhibited the lowest density (ρ = 0.34 g/cm3) and highest porosity (D = 77.60%). 

 

Table 1. Density and Porosity Before and After Hot-Pressing 

Drying 
Method 

Initial 
Density 
(g/cm3) 

Density after 
Hot-pressing 

(g/cm3) 

Initial 
Porosity 

(%) 

Porosity after 
Hot-pressing 

(%) 

Porosity 
Reduction 
Rate (%) 

Natural 0.54 0.70 64.29 53.22 17.23 

Freeze 0.44 0.64 70.38 57.29 18.60 

Displacement 0.34 0.66 77.60 55.78 28.12 

 

The mechanical properties were further investigated based on the microscopic 

morphology and structure (Fig. 4). The difference in mechanical properties in Fig. 4 is a 

visual indication of the effect of water molecule-induced bond formation on the structure 

of the CNF films.  

 

 
Fig. 4. Mechanical properties of films: (a) Stress–strain; and (b) Tensile strength 
 

The presence of hydroxyl groups between fibrils is thought to be the basis for the 

formation of hydrogen bonds. At the same time, the formation of hydrogen bonds promotes 

the entanglement of nanocellulose particles with each other, which coordinates with each 
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other to further improve the mechanical strength of the film. It was found that the tensile 

strength of AD-CNF was approximately twice that of SD-CNF, suggesting that water 

molecules play the role of an “adhesive” in the assembly of the film, facilitating the 

formation of the hydrogen-bonding network structure.  

 

 
 

Fig. 5. Hot-pressed CNF-film tensile sections: (a, b) RAD-CNF; (c, d) RFD-CNF; (e, f) RSD-CNF; 
and (g) Schematic illustration of the rehydration and hot-press drying procedure 
 

CNFs exhibit a high degree of water absorption owing to the large number of 

hydroxyl groups on their surface. To further investigate the effect of bonding on the 
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structure and properties of the CNF films, the three CNF films were rehydrated combined 

with mechanical hot-pressing treatment. The water molecules introduced by the 

rehydration and hot-press drying treatment allowed the formation of a large number of 

hydrogen bonds in the network structure of the fibril assembly. At the same time, the 

pressure helped the cellulose to overcome its inherent spatial resistance, while the 

temperature provided by the hot pressing process softened the cellulose and promoted 

interfibrillar entanglement under capillary pressure, forming an increasingly "strong" 

three-dimensional network (Hossain et al. 2021). Table 1 shows that regardless of the 

drying method used, the density and porosity changed considerably during hot-pressing. 

Although the density and porosity of the films fabricated using the three drying methods 

tended to be similar, RAD-CNF still exhibited a higher density (ρ = 0.70 g/cm3) and lower 

porosity (D = 53.22%) than the other two films, and was denser and smoother after hot 

pressing. In addition, SD-CNF exhibited the greatest change, with a 28.12% reduction in 

porosity. Figure 3f clearly shows that there were no significant fibrils in the CNF films 

after hot-pressing. 

The contribution of the thermal pressure to bond formation was visually confirmed 

by the mechanical properties (Fig. 4). After hot-pressing, the tensile strengths of the RAD-

CNF and RFD-CNF films were approximately twice as large as they were before hot-

pressing, while the tensile strength of the RSD-CNF film was approximately three times 

as large. RSD-CNF is more likely to form a relatively dense three-dimensional structure 

after hot pressing due to its larger fiber spacing. This was further confirmed by the tensile 

strength results obtained after hot-pressing (Fig. 5). The RAD-CNF film has a relatively 

neat section and is assembled into a lamellar structure that is mostly pulled off during 

stretching, whereas the RFD-CNF film has a partial fibril structure, indicating that some of 

the fibrils are withdrawn during stretching. The RSD-CNF film is mostly lamellar and 

uneven, which may be attributed to its low hydrogen bonding content and weaker bonding 

between fibrils and microfibrils. Furthermore, the fibrils slide during stretching; therefore, 

their tensile strength is low. In brief, the inter-nanocellulose entanglement effect was 

further improved by rehydration and hot pressing, thus significantly improving the 

mechanical properties of the films (Fig. 5g). 

 

 

CONCLUSIONS 
 

1. The cellulose nanofibers (CNF) were successfully prepared by chemical pretreatment 

and ultrasonication to remove components such as lignin and hemicellulose from the 

rubber wood (RW) raw material. The prepared CNFs exhibited good thermal stability 

and crystalline properties. 

2. Three CNF films, air-dried (AD-CNF), freeze-dried (FD-CNF), and displacement dried 

(SD-CNF), were prepared using natural drying, freeze-drying, and solvent 

displacement drying, respectively. The three films were characterized by their density 

and porosity, micromorphology, and mechanical properties. Comparing the 

characteristics of the AD-CNF, FD-CNF, and SD-CNF films, they exhibited a decrease 

in density, increase in porosity, and decrease in mechanical properties. These results 

combined with micromorphological observations confirmed that water molecules play 

an active role in the formation of bonded network structures and facilitate the assembly 

of CNF films.  



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Liang et al. (2022). “Bonding in nanocellulose films,” BioResources 17(4), 6761-6774.  6771 

3. The three films prepared were rehydrated and hot-pressed, and their tensile strengths 

increased to approximately 2 to 3 times of the initial tensile strength. It was further 

shown that bonding has a significant influence on the structure and properties of CNF 

films, revealing the changes in the intrinsic structure of bonding during the assembly 

of CNF films. 

4. This study aimed to reveal the effect of bonding on the structure and properties of CNF 

films by controlling the drying method to regulate the formation of a bonding network 

structure using CNFs as the substrate. This research provides a theoretical basis for the 

application of biomass cellulose materials in emerging fields. 
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