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Abstract
The continuous use of single-use petrochemical-based plastics has created a global crisis with a significant buildup of plastic 
pollution. The use of biomass resources as a replacement source of plastic constituents, namely cellulose and starch, may 
contribute to alleviating the crisis. In this study, cellulose nanofiber-reinforced starch films were produced and studied for 
their pH response in terms of their swelling behavior and wet tensile strength in both freshwater and seawater conditions. 
Mechanically fibrillated cellulose nanofibers (MCNFs) were blended with dialdehyde starch (Di-aldS) and made into MCNF/
Di-aldS films. The films were found to swell more and had a lower wet tensile strength at pH of 9. The film’s strength reduced 
to 1.60 MPa in basic conditions, 80% less than in acidic environment. This is related to hemiacetal crosslinking, resulted 
from the interactions between the modified moieties of the starches and cellulose nanofibers. Such bioplastics enhance the 
reusability of cellulose nanofibers and have the potential to replace conventional petrochemical plastics to create a carbon–
neutral circular society.
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Introduction

Plastic packaging has played an important role in preser-
vation, protection, handling, and consumer convenience in 
several industries. Most of the commercial plastic packaging 
materials are made from petrochemical polymers, namely 
polyolefin, polyester, polyvinyl chloride, and polystyrene 
[1–4]. These plastics commonly serve their single-use func-
tions and are thrown out after use [5]. However, because 
of their inert nature and very slow degradation, there is a 
buildup of these plastics globally, along with the amount of 
microplastics worldwide from the plastics’ fragmentation 
[6–8]. Extensive studies into the potential replacement of 
these conventional polymers have been explored. Biopoly-
mers extracted from renewable biomass resources have 
attracted much interest for their use as single-use packag-
ing materials, mainly because of their biodegradability and 
renewability [9, 10].

Cellulose and starch-based films are considered suitable 
for single-use packaging owing to enzymatic hydrolysis 
by cellulase and amylase [11, 12]. On top of cellulose and 
starch being the most naturally abundant biomass resources 
available, their ability to degrade by bacteria, E. coli, and 
fungus pushes their suitability as components for the pro-
duction of bioplastics [13–16]. However, their application 
is limited by their opacity, poor mechanical properties, and 
poor freshwater durability.

In a previous study, a water-stable transparent film was 
prepared by introducing aldehyde moieties to polysac-
charides which prepared environmentally friendly cross 
linkers, that have been found to improve the films’ over-
all properties [17]. Starch films cross-linked by oxidized 
sucrose (di-aldehyde sucrose) [18], di-aldehyde starch [19], 
and di-aldehyde cellulose (~ 100% oxidized, amorphous) 
[20] exhibited water stability from hemiacetal crosslinking 
between the polysaccharides. Studies that have used modi-
fied starch to blend with (2,2,6,6-tetramethylpiperidin-1-yl)
oxyl (TEMPO)-oxidized cellulose nanofibers (TCNF) pro-
duced films with high optical transparency (~ 90%) and a 
wet strength of ~ 300 kPa owing to the hemiacetal binding 
between the TCNF and starch [21–23]. A study by Soni 
et al. [24], showed that through the introduction of aldehyde 
moieties on the cellulose nanofiber surface, the films’ wet 
strength increased from ~ 2 MPa to ~ 35 MPa after blending 
with starch. The di-aldehyde moieties on cellulose reduced 
marine-microbial degradability compared to native cellu-
lose but through the incorporation of starch, the microbial 

attachment and degradability was improved. Anionic TCNF 
was blended with cationic starch to prepare poly-ion com-
plex (PIC) based films, which exhibited rapid disintegra-
tion in the marine environment owing to the presence of 
counterions [25]. These kinds of starch blended TCNF films 
have higher optical transparency, mechanical strength, water 
durability, and degradability. However, the large-scale pro-
duction of cellulose-nanofiber is economically expensive, 
hazardous to the environment, and dangerous for forestry.

Recycling of cellulose has been reported to be possible by 
dissolving in different chloride salts, such as LiCl [26, 27], 
 ZnCl2 [28],  CaCl2 [29], and  FeCl3 [30]. Moreover, NaOH/
Urea solution [31–33] and ionic liquid [34–36] have also 
been widely reported to be used for recycling cellulose. 
However, such a recycling process breaks down the hydro-
gen bonding between the cellulose chains for dissolution, 
thus diminishes cellulose’s crystallinity during the process 
[37]. Therefore, recycling of cellulose nanofibers while 
maintaining its properties as aspect ratio, strength, and crys-
tallinity, is proven to be a challenge with previously reported 
procedures. According to earlier studies that have stated the 
presence of hemiacetal crosslinking within the fiber network 
[38, 39], this chemical crosslinking has been found to alter 
its strengths with the regulation of different pH conditions 
[40–42]. So, through the introduction of inter- and intra-
molecular hemiacetal crosslinking, a potential method of 
recycling the cellulose nanofibers while maintaining its 
properties can be explored.

In this study, a cellulose nanofiber-reinforced starch film 
that exhibited adequate freshwater durability and pH-respon-
sive weakening and disintegration was prepared. Mechani-
cally fibrillated cellulose nanofibers (MCNF) were blended 
with di-aldehyde starch (Di-aldS) to develop a MCNF/Di-
aldS film. The film was kept under different pH conditions 
(4, 7, and 9) in both freshwater and seawater to analyze 
the freshwater durability and pH-responsive weakening. 
Moreover, rheology and Fourier transform infrared (FTIR) 
spectroscopy were performed to confirm the pH-responsive 
formation and disintegration of hemiacetal bonding between 
cellulose and starch. Thus, this study presents a novel and 
low-cost approach to developing pH-responsive disinte-
gratable films that will increase the reusability of cellulose 
nanofibers.
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Materials and methods

Materials

Commercially available cellulose powder was supplied 
by Nacalai Tesque, Japan. Tapioca starch modified with 
dialdehyde moieties (Di-aldS, DS: 0.04) was supplied by 
Nihon Shokuhin Kako Co. Ltd., Japan, and was used as 
received (Table 1). All reagents were of laboratory grade 
and were used as received. Artificial seawater solution 
was made using Daigo’s Artificial Seawater SP for Marine 
Microalgae Medium from Fujifilm Wako Chemicals, 
Japan. Milli-Q water was used throughout the experiment.

Preparation of mechanically fibrillated cellulose 
nanofiber (MCNF)

Cellulose powder (4.0 g) was added to 500 mL of Mili-Q 
water and dispersed through magnetic stirring for 1 h at 
temperatures between 25 to 27 °C. The obtained disper-
sion was processed via wet pulverization, which mechani-
cally disintegrated the cellulose into cellulose nanofibers. 
During this process, the dispersion was first pressurized 
to approximately 245 MPa and is fed through a 100-μm 
aperture nozzle into the device chamber [43]. The disper-
sion was then pulverized with a ceramic ball using a Star 
Burst Mini wet pulverizing and dispersing device (Sug-
ino Machine Co., Ltd., Japan) equipped with a ceramic 
ball collision chamber. This disintegration was repeated 
approximately 30 times to obtain a homogenously fibril-
lated suspension of cellulose nanofibers. The resultant sus-
pension is referred to as mechanically fibrillated cellulose 
nanofibers (MCNF). Before the experiment, the suspen-
sion was thoroughly stirred to completely homogenize the 
nanofibrils.

Preparation of Di‑aldS suspension

Starch powder (3.0 g) was added to 100 mL of Mili-Q 
water. The suspension was mixed using magnetic stirring 
at 90 °C for 1 h to obtain a homogeneous solution. The 

prepared solution was stored at room temperature for fur-
ther experiments.

Preparation of MCNF/Di‑aldS composite film

Prepared MCNF dispersion (1.0%, W/V) and Di-aldS solu-
tion (3%, W/V) were blended together in a 1: 0.6 weight ratio 
and stirred until a homogeneous dispersion was obtained. 
The dispersion was also centrifuged to remove any air bub-
bles before casting. The MCNF/Di-aldS mixer was cast in a 
Teflon PFA Petri dish and baked at 40 °C for 6 h [44]. Dried 
films were cut accordingly for the respective experiments.

Characterization

A stress-controlled rheometer (Haake Rheo Stress 6000, 
Thermo Scientific, USA) was used to examine the rheologi-
cal behavior of the obtained MCNF/Di-aldS suspensions 
under different pH conditions. All measurements were con-
ducted with an aluminum cone-plate geometry (diameter, 40 
mm; angle, 2°). The strain amplitude value that was selected 
was 0.01, which was in the linear viscoelastic region for 
all samples. Frequency sweeps were performed from 0.1 to 
10 rad/s. A temperature controller (Haake UTM controller, 
Thermo Scientific, USA) was used to maintain the tempera-
ture (25 °C) during the measurements. The MCNF/Di-aldS 
suspensions under different pH conditions were lyophilized 
and analyzed using FTIR (Nicolet iS5, Thermo Scientific, 
USA) to confirm the aldehyde moieties and were analyzed 
using OMNIC software.

A swelling test was performed in freshwater and seawa-
ter under different pH (4, 7, and 9) conditions. Dried film 
specimens (2 cm × 2 cm) were immersed in the water. After 
a fixed time period, swollen samples were gently taken out 
using tweezers, and excess water was removed with tissue 
paper before the samples were weighed. The swelling ratio 
(SR) was calculated as follows:

where Wds and Wss are the weights of the dried and swollen 
samples, respectively [45].

The mechanical properties of the swollen films were 
evaluated by the universal testing machine (UTM) (EZ 

SR(%) =
Wss −Wds

Wds

× 100,

Table 1  The film components 
and their purpose

Components of film Amount used (g) Purpose

Cellulose powder 4.0 (1% w/v dispersion) Reinforcement within the films
Di-aldehyde starch (DS:0.04) 3.0 (3% w/v dispersion) Provides aldehyde moieties

Creates intra-molecular hemi-
acetal crosslinking

Main matrix of the films
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Graph, Shimadzu, Japan) with a 10-N load cell and a strain 
rate of 5.0 mm/min. Five specimens (20 mm × 5 mm) were 
cut from each film and were kept in freshwater and sea-
water under different pH (4, 7, and 9) conditions for 2 h. 
A micrometer was used to measure the thickness of the 
swollen films before the tensile test. Measurements were 
taken at four different positions for each specimen, and the 
average value was used for the calculation.

Results and discussion

The film was prepared by mixing MCNF with dialdehyde 
starch (Di-aldS) at a weight ratio of 1.5:1. A general experi-
mental scheme is illustrated in Fig. 1. These films were then 
immersed in both freshwater and seawater at pH values of 4, 
7, and 9 and were then evaluated for their swelling behavior 
and wet strength, as shown in Fig. 2 and tabulated in Table 2.

To confirm the strengthening and weakening of intramo-
lecular hemiacetal bonding in different pH conditions, the 

Fig. 1  Illustrative representation of film preparation and experimental scheme

Fig. 2  MCNF/Di-aldS films a, c swelling behaviour and b, d wet tensile strength in freshwater and seawater, respectively, under different pH 
conditions
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swelling ratio and tensile strengths of each film were meas-
ured. The MCNF/Di-aldS films reached saturated swelling 
in freshwater with a pH of 7 after a 2-h immersion with a 
swelling ratio of 243%. The swollen films were also sub-
jected to the UTM with a 10-N load cell at a strain rate of 
5 mm/min. The stress–strain curves were used to determine 
their wet tensile strength. The resulting specimens for the 
films with a pH of 7 had a value of 4.31 MPa. However, once 
placed in an acidic solution with a pH of 4, their swelling 
ratios reduced to 204%. With this reduction in swelling, the 
films displayed a higher wet strength of 7.03 MPa. While 
in an alkaline solution with a pH of 9, the films exhibited 
more swelling with a value of 302%. This resulted in a wet 
strength of 1.60 MPa for the film.

The film was also kept in artificial seawater under differ-
ent pH conditions (pH 4, 8, and 9) to investigate the weak-
ening of the films owing to the pH in marine environments. 
The swelling behavior and wet strength are shown in Fig. 2b, 
d and are summarized in Table 2. The films reached satura-
tion in artificial seawater (pH 8) after being immersed for 
5 h with a swelling ratio of 312%. Increasing the pH to 9 
also increased the film’s swelling to 364%, while decreasing 
the pH resulted in a reduction in swelling. The changes in 
pH resulted in similar trends being observed compared with 
the films’ immersion in freshwater. With respect to the wet 
strength of the films, for a pH of 9, the value decreased to 
2.66 MPa, then to 6.98 MPa for a pH of 4.

This phenomenon can be explained through the intramolec-
ular hemiacetal crosslinking that occurs between the modified 
moieties of the starches and the hydroxyl groups of the fibers 
within the film’s network [21]. The incorporation of di-alde-
hyde starch, which acts as a flexible binder, improves the films’ 
water durability through hemiacetal crosslinking [21], there-
fore exhibiting less swelling in general. As mentioned before, 
the formation of hemiacetal bonding depends on pH condi-
tions. The additional  H+ ions available in acidic conditions 
allows the hemiacetal crosslinking to be more readily made as 
 H+ ions function as catalysts for the interacting groups to con-
vert to hemiacetal groups; this results in the films’ heightened 
integrity in water, thus taking up less water. The films became 
more rigid and had a higher wet tensile strength as a result. 
This was also the case for basic conditions, whereby with the 

relatively low number of  H+ ions present, the aldehyde moi-
eties of the network were not able to convert to hemiacetal 
crosslinks, thus resulted in a higher water uptake. The softer, 
swollen films would then lack rigidity and integrity, therefore, 
led to a weaker wet tensile strength. A rheology analysis was 
also performed to investigate the pH responsive disintegration 
of the hemiacetal crosslinking in MCNF/Di-aldS suspension. 
The results of this test as storage moduli (G′) and loss moduli 
(G″) are displayed in Fig. 3 and tabulated in Table 2. With the 
increase in pH, both the storage and loss moduli of the suspen-
sion decreased, confirming the effect of pH on the formation 
and disintegration of hemiacetal crosslinking, and an illustra-
tive representation is shown in Fig. 4. Moreover, FTIR analy-
sis of the lyophilized suspension was performed to analyze 
reversal of hemiacetal bonding in alkaline conditions. With the 
increase in the C=O peak (1732  cm−1) intensity observed for a 
pH of 9 and the decrease in intensity of the same peak at a pH 
of 4, this result confirms that there is a reversal of hemiacetal 
bonding corresponding to higher pH conditions.

Previous reports have shown use of metal chlorides, ionic 
liquid, and strong basic conditions for weakening of cel-
lulose nanofiber reinforced films. However, these processes 
are expensive, hazardous and diminishes cellulose’s prop-
erties. MCNF/Di-aldS film with introduction of hemiacetal 
crosslinking has shown weakening of the films at higher pH 
conditions. Also, the film lost its strength, with a reduction 
to 1.60 MPa after 2 h immersion in alkaline water. Such 
weakened films can completely be disintegrated via mechan-
ical stirring for reusability. In addition, the film rapidly loses 
strength in seawater compared to other packaging materi-
als [46]. These polysaccharide-based, freshwater-durable, 
and pH-responsive disintegrable films have the potential 
to be next-generation packaging materials that can help to 
realize the reusability of cellulose nanofibers and reduce 
deforestation.

Conclusion

This study investigated the effects of pH on films made 
of mechanically fibrillated cellulose nanofibers (MCNF) 
blended with dialdehyde starch (Di-aldS). MCNF/Di-aldS 

Table 2  Swelling ratio, wet 
tensile strength of MCNF/
Di-aldS films in freshwater and 
seawater and storage moduli 
(G′), loss moduli (G″) of the 
suspension under different pH 
conditions

pH Freshwater Seawater MCNF/Di-aldS 
suspension rheol-
ogy (frequency at 
1 rad/s)

Swelling (%) Wet strength (MPa) Swelling (%) Wet strength (MPa) G′ (Pa) G″ (Pa)

Acidic 204 ± 17 7.03 ± 0.43 267 ± 9 6.98 ± 0.61 9.36 15.63
Neutral 243 ± 5 4.31 ± 0.14 312 ± 18 3.87 ± 0.50 6.96 8.30
Alkaline 302 ± 14 1.60 ± 0.37 364 ± 13 2.66 ± 0.19 2.90 7.74
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film strength reduced to 1.60 MPa at pH 9 and disintegra-
tion under alkaline conditions. Moreover, rheology and 
FTIR confirmed the reversal of hemiacetal bonding in 
basic environments. This phenomenon will enhance the 
recyclability of cellulose nanofiber compared to existing 
methods. Further studies of MCNF/Di-aldS films will pro-
vide insight for further research on pH-responsive disinte-
grating, reusable and greener packaging films.
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of 1 rad/s d FTIR of lyophilized MCNF/Di-aldS suspension for different pH conditions

Fig. 4  Illustrative representation 
of integration and disintegration 
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to hemiacetal formation under 
different pH conditions
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