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A B S T R A C T

Cellulose nanofibrils (CNF) have been among the most researched materials for their myriad advantages, yet are 
still facing challenges toward advanced developments due to their natural hydrophilicity affecting a broad range 
of properties. A simple, mildly-conditioned (low pressure at 7 MPa, for 0–25 cycles) homogenization approach 
was explored, and its effects on the Northern bleached softwood based-CNF films’ functional properties were 
investigated. Post-homogenization, promoted hydrogen bonding and fibrillation were evidenced by FTIR and 
surface SEM, respectively. A maintained high crystallinity (64 %) and smoother surface of homogenized CNF 
films (Sa, 2.64 from 4.73 μm) compared to the untreated CNF films was also achieved. The resulting decrease in 
oxygen permeability (0.25 from 0.48 cc.μm/m2.day.kPa, at 50 %RH) is comparable to the reference values of the 
commercial oxygen barrier resin brand of ethylene-vinyl alcohol (EVOH). Significant improvements in me
chanical (tensile strength, 157 from 94 MPa; Young’s modulus, 3843 from 2630 MPa; and elongation-at-break, 
7.59 from 5.69 %) and thermal (elastic modulus, loss modulus, damping factor, and degradation temperature) 
properties were confirmed. Contact angle improvement (0–60 s) was also obtained. With varying optimum 
homogenization cycles, this work demonstrates the prospect of a straightforward, cheap, and environmentally 
friendly approach in modifying CNF with enhanced processability and applicability for diverse applications.

1. Introduction

Americans waste 40 % of their food, costing 1.3 % of GDP (EPA, 
2016; FAO, 2013; FAO, 2021). Food spoilage is mainly triggered by 
microbes, H2O, O2, temperature, and light (Magoulas, 2016). Food and 
its packaging comprise roughly 45 % of the solid wastes landfilled in the 
USA (EPA, 2015). Globally, one-third of agricultural land is used to grow 
food that ends up wasted every year, releasing greenhouse gases (UNEP, 
2024). Around 98 % of single-use plastics (e.g., polyethylene, poly
propylene, polyethylene terephthalate), including those used in food 
packaging applications, are made of non-sustainable or 
non-biodegradable fossil fuel (Charles & Kimman, 2023; Tun et al., 
2023) and roughly 80 % became wastes (Geyer et al., 2017). Composting 
merely covers 6 % due to limitations in infrastructure, expensive labor, 
materials, and contamination (NRDC, 2020; ReFED, 2018). Meanwhile, 
only 12 % and 9 % are incinerated and recycled, respectively, with 
challenges including losses, degradation, mechanical performance, cost, 
complexity, and release of CO2, toxic chemicals, micro-/nano-plastics, 
or volatile organic compounds, with the rest ultimately contaminating 

soil and water (Birkett et al., 2017; Byun et al., 2015; Geyer et al., 2017; 
UNEP, 2022). However, due to the urbanization-led global dietary 
change and reliance on processed foods (World Packaging Organisation, 
2008), food packaging remains in high demand.

In response to these lingering issues on food (packaging) wastes, 
“prevention” (e.g., spoilage-prevention primary packaging) is encour
aged over “recovery” and “recycling” (EPA, 2016; European Commis
sion, 2023; FAO, 2022). Thus, studies on shelf-life extension through 
barrier features to suppress spoilage rates are continually advancing 
(Almenar, 2023; Verghese et al., 2015). Likewise, research on packaging 
materials with biodegradability in various environmental conditions has 
also been prioritized. The Earth’s most abundant naturally biodegrad
able polymer is cellulose (Klemm et al., 1998). Cellulose comprises 
several linear β-(1,4)-D-glucose chains joined by inter-/intra-molecular 
hydrogen bonding and van der Waals forces, forming (micro)fibril 
structures (Liu et al., 2023). Cellulose can be converted into two ‘top-
down’ nanosized products to create a more extensive network structure 
(Lee et al., 2017). The first is the rigid rod-like cellulose nanocrystals 
(CNC), prepared chemically (e.g., acid hydrolysis, oxidation, 
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cationization) to remove amorphous region, leaving purely-crystallines. 
Meanwhile, the second is the flexible cellulose nanofibrils (CNF), pre
pared mechanically (e.g., micro-fluidization, homogenization, grinding, 
sonication), to preserve both amorphous and crystalline regions (Dias 
et al., 2020; Ibrahim et al., 2019; Sofla et al., 2016).

Sometimes referred to as cellulose nanofibers or nanofibrillated 
cellulose, CNF is among the most researched due to its high specific 
surface area, crystallinity, surface activity, barrier ability, and an even 
better aspect ratio than CNC, while having low porosity and density 
(Yang et al., 2019). In the past decades, many have researched the 
growing potential of CNF in improving barrier properties (Aulin et al., 
2010; Fukuzumi et al., 2013; Fukuzumi et al., 2009; Roilo et al., 2018) 
and biodegradability in diverse environments (Arun et al., 2022; Babaee 
et al., 2015; Niu et al., 2021; S. Xu et al., 2021). Softwood-based CNF, 
precisely one derived from northern bleached softwood kraft pulp, was 
selected for this work. Besides being the first raw material (Herrick et al., 
1983; Turbak et al., 1983) and today’s most popular (Lee et al., 2017), 
softwood-based CNF was more flexible and responsive to be fibrillated 
than hardwood, whose spirally-layered outer secondary wall reduces 
flexibility and accessibility to the inner secondary wall (Stelte & Sanadi, 
2009). Softwood is also easier to modify chemically due to glucomannan 
being the dominant component of its hemicellulose, which contains C6 
primary hydroxyls and is easily convertible into other functional groups. 
In contrast, hardwood’s hemicellulose is mainly xylan that lacks C6 
primary hydroxyl groups. Films produced using softwood-CNF also 
possessed a higher light transmittance (Fukuzumi et al., 2009; Sjostrom, 
2013).

However, CNF still possesses some constraints that hinder process
ability and applicability compared to conventional polymers. Although 
hydrophilic/hygroscopic by nature, cellulose in its native form is 
insoluble and non-redispersible in water and most organic solvents due 
to crystallinity and extensive strong intra-/inter-molecular hydrogen 
bonds between individual chains (Etale et al., 2023; Lavoine et al., 2012; 
Nechyporchuk et al., 2016; Zuppolini et al., 2022). Moisture absorption 
could also cause swelling that disrupts strength, durability, barrier 
ability, and thermal stability (Xia et al., 2018; Yang et al., 2019). As the 
solution to the aforesaid challenges, homogenization is among the most 
popular treatments for cellulose-based materials as it does not require 
high temperatures and organic solvents or chemicals other than simply 
water, highlighting its simplicity and environmental friendliness (Wang 
et al., 2021). Cellulose-based aqueous suspension is pumped through a 
spring-loaded valve assembly that opens and closes repetitively, allow
ing the suspension to be subjected to certain pressure drops, inducing 
high shear, cavitation, and impact forces in the narrow slit of the valve. 
It promotes fibrillation and the subsequent hydrogen bonding and 3D 
network strength (Chun et al., 2011; Lee et al., 2017; Nagarajan et al., 
2021). Structural stability would be improved since homogenization 
affects rheology, particle size, surface area contact, and distribution/
dispersity before and after the film drying stage, especially for poly
saccharides like CNF (Cheng et al., 2010; Flores et al., 2021; Usenko 
et al., 2013).

Homogenization is categorized based on the conditioning pressure 
range, namely ultra-high (>250 MPa), high (50–250 MPa), and low 
(<50 MPa) (Aguayo et al., 2017). However, the most notorious draw
back of conventional homogenization is the high pressure that leads to, 
not only high energy consumption and cost (Boulemkahel et al., 2021; 
Lee et al., 2017; Nagarajan et al., 2021), but also crystallinity loss due to 
surface crystallites peeling off under high shear and impact forces 
(Davoudpour et al., 2015). Therefore, lower pressure homogenization is 
prospective for treating CNF, which has yet to be studied. Multiple 
passes or cycles are often required in homogenization (Nakagaito & 
Yano, 2004), where the number of cycles determines the final homog
enates’ degree of fibrillation and subsequent properties (Davoudpour 
et al., 2015; Kalia et al., 2014). Some even emphasized the importance of 
the number of passes over other homogenization operating conditions, 
including pressure (Fu et al., 2011; Yu et al., 2021). Another common 

challenge in homogenization is clogging (Lee et al., 2017; Nagarajan 
et al., 2021). Thus, a homogenizer equipped with the novel, patented 
modular ‘emulsifying cells’ was explored in this work. The parallel flow 
setup has several alternating orifices that allow material to flow in one 
direction and exit from the opposite end of the nozzle. Due to its 
absorption-inducing reactors, this design replicates multiple homoge
nization passes with the cost/time efficiency of merely 1–2 passes. The 
emulsifying cell also excels with its tailorable shear/cavitation/impact 
forces, pressure, flow, and duration, as well as the minimal heat buildup 
after the advanced cooling systems (Pion, 2015; Pion, 2024). This 
essentially prevents clogging, agglomeration/aggregation, and destruc
tion in the resultant CNF films due to over-shearing/pressure/heating. 
Such an approach has been evidenced to be fruitful in an array of ma
terials, including CNF-based products where the effect of varying cycles 
and pressures were investigated, e.g., 8 cycles/151 MPa (Li et al., 2018), 
5 cycles/69–207 MPa (Cheng & Via, 2017), 10–30 cycles/70–310 MPa 
(Lee et al., 2018), 3 cycles/160 MPa (Du et al., 2016), and 4–20 
cycles/110–290 MPa (Wang & Drzal, 2012). However, utilizing the 
aforesaid ‘emulsifying cell’ based homogenization at low pressure, 
especially on CNF modification, has yet to be explored.

Ultimately, the development of softwood-based CNF film treated 
with a milder-conditioned homogenization in varying cycles was con
ducted. The goal of this work was to determine the effectiveness of such 
a novelty in the homogenization approach (low-pressured and ‘emulsi
fying cells’-equipped) in modifying CNF. The effect of the number of 
homogenization cycles was hypothesized to promote the fibrillation of 
CNF that governs the final product’s functional properties, including, 
but not limited to, physical, mechanical, morphological, and thermal 
stability.

2. Materials and methods

2.1. Materials

CNF slurry (3 % solids) of northern bleached softwood kraft pulp was 
from the Process Development Center of the University of Maine (Orono, 
ME, USA). According to the product’s safety data sheet, technical and 
specification reports (Amini et al., 2020; Sluiter et al., 2008; Y. Uni
versity of Maine, 2017; Y. University of Maine, 2017), its weight per
centages of constituents were 78 % cellulose, 20 % hemicellulose, and 2 
% lignin; with nominal fiber width of 50 nm and lengths of up to several 
hundred microns; and surface charge (zeta potential) of − 48 to − 5 mV. 
HPLC-grade water was purchased from EMD Millipore (Burlington, MA, 
USA).

2.2. Homogenization process

CNF slurry (3 % solids) was diluted with water (1:3, 30 mins) to 
obtain neat-CNF solution. The solution was further treated with a Mini 
DeBEE 30 homogenizer (Pion Inc., Billerica, MA, USA) with a 0.2 mm 
(0.008 inch) nozzle at 7 MPa, repeated for a different number of cycles 
(0, 5, 10, 15, 20, 25; N-0, N-5, N-10, N-15, N-20, N-25, respectively). The 
cycles were maintained <30 referring to optimized results of previous 
studies on homogenized cellulose modified at a medium and low con
ditioning pressure range (Cheng & Via, 2017; Chun et al., 2011; Du 
et al., 2016; Lee et al., 2018; Li et al., 2018; Wang & Drzal, 2012). The 
internal cooling system was followed by the use of an isotemp refrig
erated circulating bath 910 chiller (Fisher Scientific, Waltham, MA, 
USA).

2.3. Film production

The homogenized CNF solution (30 mL) was solvent-casted into a 
petri dish (9 × 1.5 cm) and left to dry in the Forma environmental 
chamber (Thermo Scientific, Waltham, MA, USA) (50 %RH, 23 ◦C, 48 h). 
The same preconditioning was conducted prior to each test of the films, 
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as listed below. One-way variance analysis (ANOVA) followed by 
Tukey’s was conducted, where different letters denote statistically sig
nificant differences (p-value ≤ 0.05).

2.4. Fourier transform infrared (FTIR) analysis

Nicolet 8700 FTIR–Attenuated Total Reflectance (ATR) spectroscopy 
(Thermo Scientific, Waltham, MA, USA) was used to produce spectra 
that plot 32 scans of wavenumber (400–4000 cm-1) vs IR absorbance.

2.5. Crystallinity

The employed D8 x-ray diffraction (XRD) (40 kV; 40 mA; Cu Kα 
irradiation: λ, 1.54056 and Å, 0.154 nm; 1181 steps; 2θ = 5–35◦; 0.025◦

increment; 0.5 s) (Bruker Corporation, Billerica, MA, USA) was equip
ped with “twin/twin” optics (“Motorized Slit: Slit-width”; primary, 0.6 
mm; secondary, 5 mm) and cooler (15–20 ◦C). The resulting data in .brml 
format were processed using PowDLL (Kourkoumelis, 2013) or Profex 
(Doebelin & Kleeberg, 2015) software to produce spectra that plot XRD 
angle (2θ) vs intensity. 

CI =
(

1 −
Iam

Itotal

)

× 100% (1) 

The popular, easy, and time-efficient Segal’s “height” method was 
used to determine the crystallinity index (CI), or mass ratio of crystalline 
substance in the total dry sample based on crystallographic two-phase 
model. The intensity ratio formula between spectra’s crystalline and 
amorphous peaks is above (Eq. (1)), where Iam is the minimum intensity 
of amorphous peak (or the maximum point where the entirely amor
phous region is located) at 2θ = ~18–19◦, and Itotal is the maximum 
intensity of crystalline/major peak at 2θ = ~22–23◦ (Daicho et al., 
2018; Nurhadi et al., 2022; Park et al., 2010; Segal et al., 1959).

2.6. Morphology and roughness

Sample (25 mL) was kept in a Forma 88,000 ultra-low freezer (− 80 
◦C, 1 h) (Thermo Scientific, Waltham, MA, USA) prior being sent to a 
benchtop freeze-dryer (− 40 ◦C, 1 h) (Millrock Technology, Kingston, 
NY, USA). Dry sample was then mounted onto a pin stub using copper 
tape before being coated with gold (100 Å) using argon gas (10–15 psi) 
in an ion sputter coater (50 mTorr, 45 milliamps, 45 s) (Denton Vacuum, 
Moorestown, NJ USA). Morphology was imaged at different magnifi
cations using NeoScope JCM 5000 Scanning Electron Microscope (SEM) 
(10 kV) (JEOL Ltd., Tokyo, Japan).

In regard to roughness, surface irregularities height is expressed by 
the arithmetic mean deviation of the height of a line, or Ra. The 
extension of Ra to a surface, Sa, is the difference in height compared to 
the surface’s arithmetical mean. Simply put, Ra is the average of the 
surface heights along a measurement trace, while Sa is the average 
roughness over a measurement area (Adamčík et al., 2023; Keyence, 
2021; Mike, 2022; Woch et al., 2022). Keyence VK-X3000 3D (Keyence 
Corporation, Osaka, Japan) was used referring to ISO 25,178, where the 
produced 3D and z-stack images of the specimen surface were analyzed 
with the MultiFileAnalyzer software to perform filtering according to 
reference plane to the real surface to smooth out height variability.

2.7. Transparency

In addition to naked-eye detection, Genesys 10S ultraviolet-visible 
(UV–vis) spectrophotometer (Thermo Scientific, Waltham, MA, USA) 
was used to produce spectra that plot wavelength (190–900 nm, 0.5 nm 
interval) vs light transmittance.

2.8. Barrier property

The 700–118–20 Quick Mini digital thickness gauge (Mitutoyo, Ka
wasaki, Japan) was used for ten readings to the nearest 0.001 mm. The 
C230 Oxygen Transmission Rate (OTR) Testing System (Labthink In
ternational Inc., Medford, MA, USA) was employed according to ASTM 
D 3985–95 with the “Film-ASTM” test type without compensation 
selected (preheating 2 h, 100 mL/min, 50 %RH, 23 ◦C, referring to 
ASTM). To maintain purity, cycle process mode with rezero purging for 
nitrogen gas in the cells was performed (30 s, one cycle interval). Cycles 
under standard test mode were completed at 30-min intervals in each 
cell to obtain oxygen (O2) permeability (OP) values.

2.9. Mechanical properties

The Universal Testing Machine MTS 10-GL 27–00,112 (MTS Systems 
Corporation, Eden Prairie, MN, USA) was used according to ASTM D638 
–22 (ASTM, 2022). The stress-strain relationship was determined by 
applying tension/compression in a steadily increasing axial force to the 
sample to determine the following mechanical behaviors: 1) tensi
le/ultimate strength (TS); 2) elastic/Young’s/tensile modulus or relative 
stiffness or rigidity (E); and 3) elongation-at-break or fracture strain or 
ductility (EAB). TS, E, and EAB of the films (2 × 8 cm; 50 %RH, 23 ◦C) 
were measured with 0.1 N preload at a test speed of 0.40 mm/s.

2.10. Thermal properties

The Discovery Q850 Dynamic Mechanical Analyzer (DMA) (TA In
struments, New Castle, DE, USA) was employed by loading sample strips 
(13 × 7 mm) using dual screw film clamp type. The 0.05 %-oscillatory 
multi-frequency strain, static force of 0.01 N in tension, and temperature 
ramp (− 60–150 ◦C; 5 ◦C/min) were applied. Force track and soak times 
were adjusted to 125 % and 5 min, respectively. Viscoelastic behaviors 
(elastic/storage modulus (E’), loss/imaginary modulus (E”), loss/ 
damping factor/tangent (Tanδ = E”/E’)) were recorded at 1 Hz.

Next, Thermogravimetric Analyzer (TGA) 550 (TA Instruments, New 
Castle, DE, USA) was conducted. Pan loading-taring was performed 
using the auto sampling technique, where sample (5–15 mg) was spread 
in the 100 μL-platinum pan to maximize surface area. Temperature was 
equilibrated at 50 ◦C, then ramped to 700 ◦C (10 ◦C/minute). Temper
ature when the sample reached 5 %-degradation (Td,5 %) was recorded. 
Data was analyzed using the TRIOS/TA Universal Analysis (TA In
struments, New Castle, DE, USA) software.

2.11. Contact angle

The OneAttension® Theta Flow optical tensiometer (Biolin Scienti
fic, Stockholm, Sweden) was employed. Using the “sessile drop” exper
iment type with a 200 μL pipette tip at 25 μL/min dispenser speed, a 
water drop (5 μL) was deposited onto the film surface. “Light” and 
“heavy” phases were set as air and water (20 ◦C), respectively, to 
determine density difference for surface tension measurement. The drop 
images and contact angles were obtained with a total duration of 60 s at 
ten-second intervals.

3. Results and discussion

3.1. Fourier transform infrared (FTIR) analysis

Fig. 1 illustrates the chemical structure of cellulose, whose major 
functional groups’ presence was discussed through FTIR spectra find
ings. Table 1 lists the approximate wavenumber (cm-1) of dominant 
peaks/bands and their assigned functional groups/bonds and molecular 
vibration type (Morán et al., 2008; Soni et al., 2015). The 
intra/inter-molecular hydrogen bond was characterized by the observed 
O–H stretching vibrations belonging to hydroxyl groups (–OH) in all 
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CNFs. Likewise, C–H, C–C, and C–O occurred not only as glycosidic 
linkages but also within pyranose rings of glucose units. The O–H bands 
of H2O were also present in all spectra, indicating the remaining mois
ture even post-drying due to cellulose-H2O interaction (Korhonen et al., 
2011; Morán et al., 2008). Nevertheless, freeze-dried CNFs were used 
instead of films to produce spectra with more obvious peaks/bands. 
Other volatile degradation products that would be emitted during 
freeze-drying could also be hydrocarbons (3100–2600 cm-1), CO2 
(2420–2240 cm-1), CO (2240–2040 cm-1), C = O (1800–1600 cm-1), and 
C–O (1130–1050 cm-1) (Quiévy et al., 2010)—all unapparent in 
freeze-dried CNFs’ spectra. Conclusively, no new bonds were formed 
post-homogenization, indicating no chemical composition change, as 
seen in similar studies (Huang et al., 2020; Ilyas et al., 2019). The peaks 
at 890 and 1420 cm-1 (Akerholm et al., 2004; Schultz et al., 1985) also 
confirmed that the desired high crystallinity of CNF was successfully 

maintained despite the mechanical treatment, whose in-depth analysis 
by XRD is discussed in the next section. All spectra discussed were 
similarly observed in other studies on homogenization impact on 
cellulose-based materials (Huang et al., 2020; Quiévy et al., 2010; 
Shamskar et al., 2019).

3.2. Crystallinity

Fig. 2 presents the diffraction peaks of CNF film. Based on previous 
reports (Hafez et al., 2020; Manimaran et al., 2019; Siti Syazwani et al., 
2022; SriBala et al., 2016; Zhao et al., 2019), the resulting patterns were 
categorized into Cellulose I type whose characteristic peaks were the 
Miller indices of (1Ī0) at 2θ = 15◦, (110) at 2θ = 17◦, (200) at 2θ = 22.5◦, 
and (004) at 2θ = 35◦ (Liu et al., 2022). Despite the mechanical treat
ment, CNFs retained the crystallinity and structure of the native cellu
lose in the rawest form of softwood as found in nature. Minuscule peaks 
arising at 2θ = 25◦, 28.5◦ and 32◦ were attributed to the crystalline 
phase of impurities/trace elements or residual salts. No significant dif
ference in crystallinity index (CI) (averaging 64 %) signified the applied 
low-pressure, multicycle homogenization (7 MPa for 0–25 cycles) did 
not significantly alter the molecular structure and crystalline rear
rangement, as reported previously, e.g., 30–50 MPa for 0–3 cycles 
(Boulemkahel et al., 2021), 30–60 MPa for one cycle (Kasemwong et al., 
2011), and 60 MPa for one cycle (Wang et al., 2008). These were in 
contrast to the considerable effects on crystallinity of CNFs homoge
nized under higher pressure and cycles, e.g., 20–50 MPa for 20–40 cy
cles (Davoudpour et al., 2015), 40 MPa for 4 cycles (Liu et al., 2023), 
140 MPa for 4–20 cycles (Chun et al., 2011), and 150 MPa for 0–20 

Fig. 1. Chemical structure of cellulose and FTIR spectra of freeze-dried CNFs.

Table 1 
FTIR peaks assignment of freeze-dried CNFs.

Wavenumber (cm-1) Molecular vibration type and functional group/bond

3300–3340 Stretching; O–H
2900 (A)symmetrical stretching; C–H of CH2 (methylene)
1640 Bending; O–H of H2O (water)
1420 Scissoring; C–H of CH2 (methylene); cellulose’s crystalline
1370 Bending; C–H and C–O
1310 Wagging; C–H of CH2 (methylene)
1150 Stretching; C–C
1040–1050 Asymmetrical stretching; C–O of C–O–C of pyranose ring
890 Cellulose’s amorphous; β–1,4–glycosidic linkages
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cycles (Ueda et al., 2022). Though mechanical treatment promotes 
water binding capacity and gel-like structure formation (Ulbrich & 
Flöter, 2014), harsh conditions including excessive homogenization 
pressure and number of passes might lead to the destruction of (sub) 
crystal zones and covalent bonds (Hoover & Ratnayake, 2002). Particles 
passing through the "high-energy zone" resulted in aggravated particle 
structure and compact layer structure damage, decreased amorphous 
region stability, and branched the crystal region’s molecules to be cut 
into short straight-chain ones (Guo et al., 2019; Meng et al., 2014). 
Despite this work’s multiple homogenization passes, this finding high
lighted the success perseverance of CNF’s crystallinity due to the low 
pressure, especially suitable to certain processing where the preserved 
long cellulose chain is essential, e.g., reinforcement agent (Yano et al., 
2018) and thermal-conductive filler (Lou et al., 2021).

3.3. Morphology and roughness

The surface morphological images of freeze-dried CNFs are pre
sented in Fig. 3(a). Freeze-dried specimen was preferred during micro
scopic visualization due to dehydration and subsequently preserved 
nanoparticles integrity and porosity (Abdelwahed et al., 2006; Lee & 
Chow, 2012; Palmkron et al., 2023; Vasconcellos & Farinas, 2018); thus, 
the CNFs fibrillation post-homogenization could be highlighted. Prior 
homogenization (N-0) images showed rough and unevenly-thick bun
dles (average width, 8–10 µm) of compactly entangled fibrils. 
Post-homogenization even after minimum cycles (N-5), the degree of 
fibrillation was improved due to the provided shear impact as the sus
pensions flew through tiny gaps under intensive shear (Wang et al., 
2021). Fibrils began to loosen and detach from each other, significantly 
reducing the bundles’ dimensions, even releasing individual fibrils with 
nanosized diameter. The increased specific surface areas eventually 
promoted hydrogen bonding with water (Kose et al., 2011). With the 
more homogenization cycles, the more extensive and complex web of 
thin, fine, and long fibrils was formed, especially in N-15. However, the 
over-shearing was apparent in the higher number of homogenization 
passes (N-20/25), indicated by the aggregation and agglomeration of 
individual fibrils possibly caused by excessive mechanical treatment as 
observed in previous works including ones with higher pressure ho
mogenization approach (Dilamian & Noroozi, 2019; Kose et al., 2011; 
Malucelli et al., 2018; Pelissari et al., 2017).

The roughness of CNF films was presented in Sa values (Fig. 3(b) and 
Table S1) and microscopic images (Fig. S1). Top surface was specif
ically selected due to the film solvent casting method that led to the 

smoother bottom surface as it was dried out directly on the petri dish 
and such a varying microstructure might affect wettability, porosity, and 
pore size (Jagodzińska et al., 2021; McGaughey et al., 2020). Minimum 
cycles of homogenization (N-5) managed to significantly decrease the 
CNF film’s roughness (44 % smoother). However, the effect of 
over-shearing became apparent after 20 passes (N-20), where the film 
surface started to regain roughness although still 27 %-smoother than 
the control. This phenomenon was aligned with morphology findings 
(Fig. 3(a)) and perhaps after the protuberance prominences on the sur
face, regardless of the occurrence of aggregation (Xue et al., 2021; 
Żołek-Tryznowska et al., 2023). Micro-pores likely existed in locations 
along the thicker parts of the N-20, usually attributed to more residual 
fibers—the non-fibrillated microscopic fibers and fiber fragments that 
might contribute to a rougher surface (Chinga-Carrasco et al., 2014; 
Miettinen et al., 2014; Nechyporchuk et al., 2016). Overall, the obtained 
range of Sa values was comparable to that of high-pressured, homoge
nized CNF reports (Miettinen et al., 2014). Other roughness profiles 
investigated were 3D and z-stack microscopic images (Fig. S1) con
firming the findings even further on the homogenized films’ smoother 
surfaces. Smooth CNF films are potential in gloss finishes applications; 
meanwhile, the roughly-surfaced ones possess noteworthy implications 
on electrical behavior when used in field-effect transistors (Lehmann & 
Zahn, 2009). The prospect of smooth cellulose-based films as food 
packaging has been explored (Chen et al., 2014; Han et al., 2024; Huang 
& Wang, 2022).

3.4. Transparency

Fig. 4 displays the UV–vis spectra paired with naked-eye detection of 
CNF films. Homogenized films were significantly more transparent 
(higher %-light transmittance) due to the enhanced fibrillation (Dinesh 
& Kandasubramanian, 2022). N-20 displayed the best transparency 
among all films (56 %-transmittance at 900 nm), nearly thrice as 
transparent as the control (20 %-transmittance at 900 nm) and superior 
to other nanocellulose reports (Herrera, 2015; Herrera et al., 2012; Sun 
et al., 2018). However, decreasing transparency was observed eventu
ally due to over-shearing. Though fibril aggregation and agglomeration 
started at N-20 as discussed in surface morphological (Fig. 3(a)) and 
roughness’ 3D/z-stack (Fig. 3(b), S1) findings, it only became impactful 
enough to the ability of light to pass through at N-25 which led to more 
scattered light and decreased optical transmittance (Lizundia et al., 
2016), as formerly reported (Cheng et al., 2015).

Fig. 2. XRD spectra and CI of CNF films.

B. Lovely et al.                                                                                                                                                                                                                                  



Carbohydrate Polymer Technologies and Applications 9 (2025) 100739

6

3.5. Barrier property

Fig. 5(a) and Table S1 present the thickness of CNF films. The films 
became thinner the higher the homogenization cycles, whose values are 
comparable to former studies (Dogan & McHugh, 2007; Kittle et al., 
2018; J. Wang et al., 2018; Y. Xu et al., 2021). Furthermore, Fig. 5(b)
and Table S1 display the O2 permeability (OP) of CNF films at 50 %RH, 
where the O2 diffusion path is illustrated in Fig. 5(b). OP significantly 
decreased by 48 % after minimum cycles of homogenization (N-5), 
implying the impact of promoted fibrillation post-homogenization that 
enhanced hydrogen bonding, creating a more densely packed structure 
(Peresin et al., 2017), as also evidenced in morphological findings (Fig. 3 

(a)). OP increased when more passes of homogenization were applied 
presumably after fibril length reduction as the over-shearing aftermath, 
as reported where the initially observed long fibrils at small numbers 
disappeared with continued mechanical treatment, alongside the 
appearance of newly-produced fibrils (Redlinger-Pohn et al., 2022; Zhou 
et al., 2018). Instead of the long fibrils with a high aspect ratio turning 
and entangling into a web structure, the hydrogen-bonded shorter fibrils 
and subsequent more void volumes made a significantly less tortuous 
diffusion path for O2 (Wang et al., 2020). Therefore, despite the pro
moted fibrillation, N-10 and beyond suffered from worsened barrier 
ability. Film thinness could be another reason for the rising OP (Aulin 
et al., 2010; Kittle et al., 2018; J. Wang et al., 2018).

Fig. 3. (a) Surface SEM images (1000 x); and (b) roughness (Sa) of CNFs.
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The best obtained value (N-5) was compared with ethylene vinyl 
alcohol (EVOH), a commercial polymer with exceptional O2 perme
ability usually applied in multilayer structures with other polymers. 
EVOH composition dictates its performance and 25–45 mol % ethylene 
content is required for high barrier resin standards (Artzi et al., 2005). 
N-5 possessed a noteworthy barrier performance (0.250 cc.μm/m2.day. 
kPa) compared to EVOH products, falling between EVOH38 and 
EVOH44 (38 and 44 mol % ethylene, respectively), in particular H and E 
type of the EVAL™ brand (0.099–0.138 and 0.197–0.375 cc.μm/m2.day. 
kPa, respectively) (Kuraray, 1972). OP of N-5 was also notably superior 
against several common synthetic, O2 barrier plastics, i.e., PVA, MXD6, 
PET, and PVC at 0.197–9.869, 0.493, 10–50, and 20–79 cc.μm/m2.day. 
kPa, respectively, even some PVDC (0.099–2.961 cc.μm/m2.day.kPa), at 
50 %RH (Michiels et al., 2017). This work’s finding also exceled over 
other CNF-based high barrier films, e.g., CNF composite, filtered-pressed 
CNF, carboxymethylated CNF, and carboxylated CNFs, at 0.470, 0.600, 
0.365, and 0.622 cc.μm/m2.day.kPa (Aulin et al., 2010; Kumar et al., 
2014; Liu et al., 2011; Nair et al., 2014; Osterberg et al., 2013; Siró et al., 
2011; J. Wang et al., 2018). Remarkable barrier property is among 
cellulose’s numerous advantages. In regard to its applicability as 
food/pharmaceutical packaging, OP is responsible for many degrada
tion processes, e.g., lipid oxidation, microorganism growth, enzymatic 

browning, and losses in flavor, color, and nutrients; even identified as 
the most common cause of packaged product’s quality loss (Ayranci & 
Tunc, 2003; Brown, 1992; Hong & Krochta, 2006). Despite the necessary 
presence of O2 for any living tissue’s respiration, O2 also accelerates 
ethylene production, leading to senescence (Oms-Oliu et al., 2008; 
Rojas-Graü et al., 2007). OP provides protection necessary to achieve the 
desired shelf life of a product whose O2 sensitivity may vary (Koontz, 
2016). Due to humidity, CNF’s hydrophilicity led to swelling and 
moisture-absorbing tendencies of hydroxyl groups, allowing the water 
to replace hydrogen bonds, loosening the structure, and eventually 
allowing gases, such as O2, to penetrate and diffuse.

3.6. Mechanical properties

Fig. 6 and Table S1 display the mechanical properties of CNF films. 
Tensile strength (TS) determines the maximum stresses one can with
stand before falling, while elastic modulus (E) defines how much one 
would deflect (structural displacement) under an applied load, and 
elongation-at-break (EAB) implies one’s resistance to shape changes 
without cracking (Djafari Petroudy, 2017; Jain et al., 2009; Jurowski & 
Grzeszczyk, 2015; Koo et al., 2017; Pavlík et al., 2019). The highest TS, 
E, EAB were achieved by N-10, N-15, N-5, roughly 67 %, 46 %, 33 % 

Fig. 4. Transparency of CNF films: (a) UV–vis spectra; (b) naked-eye detection.
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increase from the control’s, respectively. These proved the promoted 
fibrillation association with the increased resistance from rupturing. The 
observed ‘plateauing’ was similarly found in other homogenized cellu
lose reports (Iwamoto et al., 2007; Josset et al., 2014; Naderi et al., 
2015; Spence et al., 2010). However, EAB is highly influenced by aspect 
ratio, thus, CNFs with a lower aspect ratio post-homogenization (N-10 
and beyond) were rigid and easy to pull out from the aggregated/ag
glomerated fibers (Pelissari et al., 2017; Saïd Azizi Samir et al., 2004), 
similarly discussed in surface roughness (Fig. 3(b)) and OP findings 
(Fig. 5). Overall, N-25 showcased the most obvious effect of ‘over-
shearing’ as highlighted in other properties. Aggregation/agglomeration 

impaired contact among fibrils and weakened the structure, making it 
more prone to rupture, as evident in other CNF studies (Malucelli et al., 
2018; Pelissari et al., 2017). Fibril-fibril hydrogen bonding facilitates 
stress transfer and is influenced by dimensions, orientation, surface 
functionalities, counterions, and porosity. Strong interfacial adhesion 
eases stress distribution during deformation, improving strength due to 
the repeated breakage/reformation of hydrogen bonds between neigh
boring fibrils and energy dissipation under stress (Mokhena et al., 2021). 
Overall, these mechanical trait findings are comparable to others 
(Atiqah et al., 2019; Fein et al., 2021; Malucelli et al., 2018; Pelissari 
et al., 2017).

Fig. 5. (a) Thickness and (b) OP of CNF films at 50 %RH; and (b) illustration of oxygen diffusion paths comparison.
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3.7. Thermal properties

Thermo-dynamic mechanical analysis (DMA) results of elastic/stor
age modulus (E’), loss/imaginary modulus (E”), loss/damping factor/ 
tangent (Tanδ) and each highlighted values at 25 and 100 ◦C as the 
reference temperatures (Kwan, 1998) are presented in Fig. 7, Fig. S2, 
and Table S2. E’ (Fig. 7(a)) defines strength, stiffness, and rigidity; 
decreases as temperature increases, and increases again to a maximum 
value because of structural change, before decreasing back after glass 
transition temperature and reaching the final cure due to thermal 
degradation and devitrification (Candan et al., 2016; Sanyang et al., 
2016). At low temperatures, E’ remained constant (~2− 3 GPa) before a 
drop at − 3–27 ◦C corresponding to glass-rubber transition or energy 
dissipation during concomitant relaxation (Saïd Azizi Samir et al., 
2004). At N-0, a hike post-relaxation was observed followed by ‘plateau’ 
indicating entangled nanofibers (M. Jonoobi et al., 2010; Saïd Azizi 
Samir et al., 2004), as confirmed morphologically (Fig. 3(a)). E’ signif
icantly increased by 104 % and 73 % at N-5 and even better at N-15 (161 
% and 115 %) at 25 and 100 ◦C, respectively. These evidenced the 
enhanced heat stability and incorporated rigidity due to stronger 
interfacial interactions post-homogenization, on par with values of 
previous CNF reports (Gong et al., 2011; Ilyas et al., 2018; M. Jonoobi 
et al., 2010; Saba et al., 2017). The plateau faded due to promoted 
fibrillation and less tangling post-homogenization. However, despite 

still producing a higher thermal resistance than control, over-shearing at 
N-25 dramatically shortened the fibrils, making it highly prone to ag
gregation or agglomeration, hence the plateau reappearance. The next 
trait is E” that represents viscous response by measuring energy loss 
under stress or deformation as heat/cycle, associated with internal 
friction (Jawaid et al., 2015; Saba et al., 2017). A pattern similar to E’ is 
found in E” plots (Fig. 7(b)) (Ilyas et al., 2018). Compared to control, E” 
of N-5 rose by 102 % and 64 %, and even higher at N-20 with a 180 % 
and 93 % increase at 25 and 100 ◦C, respectively, superior to those of 
other nanocellulose studies (Ilyas et al., 2018; Saba et al., 2017). Higher 
E” values emphasized a homogenous dispersion/distribution and less 
agglomeration (Saba et al., 2017; Xu et al., 2013). Lastly, Tan(δ) (Fig. 7 
(c)) measures E” to E’ ratio and characterizes recoverable strain energy 
in the distorted specimen, implying internal energy dissipation when 
exposed to varying temperatures (Sanyang et al., 2016). As the tem
perature increases, Tan(δ) increases to its maximum in the transition 
region and decreases in the rubbery region. A more intense peak means 
more molecular mobility, faster energy dissipation, and better disper
sion, which inhibits movement. Whereas, agglomeration increases 
vacant space for the chain to move/rotate, thereby increasing 
visco-elastic behavior (Chen et al., 2008; Saba et al., 2017). The increase 
in E’ and Tan(δ) can be attributed to the promoted interaction that re
stricts the segmental chain mobility, as usually aligned with mechanical 
properties (Fig. 6), where the reinforcing effect restricted molecular 

Fig. 6. Mechanical properties of CNF films: (a) TS, (b) E, and (c) EAB.
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chain mobility (Bondeson et al., 2007; M. Jonoobi et al., 2010). These 
theories supported this work’s findings, where N-0 showed the highest 
Tan(δ) at high temperatures (~70–100 ◦C) indicating the most molec
ular chain mobility by the untreated CNFs that consisted of bundles of 
entangled fibrils. As the fibrillation was enhanced post-homogenization, 
there became less moving space for the polymer chains as also confirmed 
morphologically (Fig. 3(a)). A significant decrease of 5 % and 10 % were 
observed at N-5 and N-25, respectively. These results are comparable to 
other reports (Gong et al., 2011; Ilyas et al., 2018; M. Jonoobi et al., 
2010; Saba et al., 2017).

Fig. 8 and Table S2 display the thermogravimetric analysis (TGA) 
results. CNFs typically begin to decompose through evaporation or 
dehydration at 40–47 ◦C due to the loosely bound moisture content. 
However, as freeze-dried CNF was used, the first decomposition was not 
initiated until water boiling point at 100 ◦C (Ilyas et al., 2018; Yang 
et al., 2019) (Fig. 8(a)). N-0 decomposed the earliest due to its 
still-natural high hydrophilicity (Abral et al., 2020), to be discussed 
further in the next section on contact angle (Fig. 9). The second signif
icant weight loss was by cellulose decomposition through pyrolysis at 
260–360 ◦C (Abral et al., 2019; Araújo et al., 2018), followed by the 
third after 360 ◦C attributing to the final, thermal-oxidative decompo
sition of char/ash (Asrofi et al., 2018; Zhao et al., 2013). An improve
ment in thermal resistance post-homogenization was evident, where 
CNFs managed to maintain 8–12 % of their initial weight and did not 
fully degrade even after reaching 700 ◦C (Fig. 8(b)), owing to the 
enhanced interlinking hydrogen bonding and energy requirement for 
decomposition (Islam et al., 2014; Kim et al., 2010). Temperature when 
the samples reached 5 % degradation (Td,5 %, Fig. 8(c)) was enhanced by 
over 10 % post-homogenization, as similarly investigated in other 
studies (Fukuzumi et al., 2010; Supian et al., 2020; Yang et al., 2019). 
For heat-resistant applications, the recommended ambient temperature 

should not exceed 250 ◦C to ensure fit-for-use strength retention, 
therefore the obtained CNFs would suffice (Yang et al., 2019). Such 
thermostable films exhibit potential as conducting films in touch panels, 
displays, lighting devices, flexible printed circuit boards, solar cells, and 
medical devices (Sun et al., 2023). Thermal resistance could also be vital 
in (reheatable) food packaging applications (Abral et al., 2020; 
Ahmadzadeh et al., 2015; Fernandes et al., 2014; Van Nguyen et al., 
2024).

3.8. Contact angle

Fig. 9 and Table S3 showcases contact angle of CNF films. As pre
viously mentioned in surface roughness discussion (Fig. 3(b)), the used 
solvent casting method caused a variance in microstructure, porosity, 
and pore size between the films’ top and bottom surface, where the top 
tends to be significantly less hydrophilic (Jagodzińska et al., 2021; 
McGaughey et al., 2020). The more passes of homogenization, the 
higher the contact angle (or the lower the wettability/hydrophilicity). 
The highest contact angle was performed by N-25 regardless of the side 
of the film, a comparable result to previous reports (M. Jonoobi et al., 
2010). Though surface roughness is among the crucial factors (M. 
Jonoobi et al., 2010), cellulose’s naturally high hydrophilicity, meaning 
the plentiful polar groups (e.g., − OH, − COOH) (Q. Wang et al., 2018), 
was also taken into account. Studies have also proven a negative rela
tionship between the number of polar functional groups and contact 
angle (Sun et al., 2021; Zhou et al., 2015). Hence, despite its roughest 
surface (Fig. 3(b)), N-0 did not display the highest contact angle. N-5, 
being the most hydrophilic, aligned with its surface being the smoothest. 
Regarding applicability, the less hydrophilic CNFs fit best as coating 
(Huang et al., 2022), while more hydrophilic ones would be suitable for 
hydrogel/aerogel as a drug-delivery system (De France et al., 2017). The 

Fig. 7. DMA spectra of CNFs: (a) E’, (b) E”, (c) Tan(δ).
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Fig. 8. (a) TGA spectra, (b) Td,5 %, (c) %-weight at 700 ◦C of CNFs.
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influence of film wettability in the food packaging field has been 
investigated (Asim et al., 2022; Balasubramaniam et al., 2020; Deng 
et al., 2017).

4. Conclusions

This work’s findings comprehensively investigated and confirmed 
the significant advantages of the novel approach of low-pressure, multi- 
cycled homogenization on CNFs’ fibrillation and the subsequent 
hydrogen bonding, promoting several functional properties, i.e., surface 
smoothness, oxygen permeability (comparable to commercial oxygen 
barrier resins like EVOH), mechanical properties, thermal properties, 
contact angle, on top of the successfully-maintained high crystallinity. 
The simplicity and mild operating condition of low pressure overcame 

the conventional, high-pressure homogenization techniques’ recurring 
complications, particularly clogging, high cost/energy requirement, and 
molecular destruction. As the optimum number of homogenization cy
cles differs per property, further development can be designed according 
to the intended applications.
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