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General introduction  

Plastic packaging is essential for preserving, protecting, processing, and transporting food1. 

Numerous petrochemical polymers such as PE, PP, PS, and PVC are extensively used in packaging 

industries owing to high flexibility, transparency, strength, impermeability, and easy 

processibility2. Anthropogenic littering of petrochemical plastic presents a substantial source of 

contamination in the intertidal and subtidal benthos3. Biodegradable, oxo-biodegradable, and 

compostable plastic are often regarded as potential solutions to the accumulation of plastic litter 

and waste. However, certain conditions (as temperature, humidity, light, oxygen demand, CO2 

evolution) are required for the breakdown of the polymer chain4. It is found that plastic bags that 

claim to be biodegradable were still functional as carry bags after 3 years in the marine 

environment5. Biodegradable polymers as PCL, PVL, and Ecoflex (polybutylene adipate 

terephthalate) were not degradable at all, and PHB degrades only by 9% in seawater6. So, there is 

a lack of evidence that biodegradable, oxo-degradable plastics offer a marine environment 

advantage over conventional plastics7. The potential for fragmentation into micro-plastics causes 

additional concern8.  

Marine biodegradable plastics have previously been developed with PHA, PHBH, 

and PBS9–11. However, these are both categorized as aliphatic polyesters and are of poor 

quality compared to conventional plastics, such as polyethylene and polypropylene, 

while being producible only in low yields (approximately tens of thousands of tons per 

year compared to an annual global production of 300 million tons for conventional 

plastics) and at more than twice the cost of that of conventional plastics, all of which are 

factors that have limited their use11–13. Thus, there has been a strong demand for the 
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development of a low-cost 

and mass-producible 

marine biodegradable 

plastic that can enable us to 

tackle the growing problem 

of marine debris14. To 

overcome this problem, 

biodegradable polymers from 

renewable resources have 

attracted much attention as packaging materials of the next generation.  

Polysaccharides are the potential substitutes for petrochemical polymers due to their 

biodegradability and renewability. Cellulose and starch are the amplest biomass15. Hydrolysis via 

the enzymatic route is accomplished synergistically by actions of a group of enzymes known as 

cellulases and amylase16. Marine microbes as isoptericola, bacillus, halomonas, pseudomonas, etc., 

are potential cellulases and amylase sources17. It is found that cellulases/amylase from marine 

microbes were used to hydrolyze different 

plant biomasses such as bamboo, cumbu 

leaf, sorghum. Bacillus cereus showed 

bioconversion of plant biomass to 

fermentable sugar18. Therefore, packaging 

bags prepared by biomass (as cellulose 

and starch) are the potential substitute for 

Fig. 2. Presentation of water durability problem associated with 

polysaccharides films. 

Fig. 1. Concept of polysaccharide based packaging film to reduce marine 

pollution. 
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low-cost marine compostable single-use plastic (Fig. 1). However, the lack of strength and 

durability of cellulose and starch in freshwater restricts their application (Fig. 2)19,20.  

Cellulose is the most abundant occurring natural polymer on earth, being the predominant 

constituent in cell walls of all plants. Cellulose is composed of a unique monomer: glucose under 

its β-D-glucopyranose form. Due to its regular structure and array of hydroxyl groups21, it tents to 

form strong hydrogen bonded crystalline microfibrils and fibers and is most familiar in the form 

of paper and paperboard in the packaging context22. However, these packaging are opaque, has 

low mechanical strength and poor water durability.  

Many chemically modified celluloses as cellulose acetate, cellulose octanoate, cellulose 

palmitate, and methylcellulose have been prepared to improve water durability23,24. Such 

hydrophobic modification was found to enhance water durability; however, enzymatic degradation 

was drastically reduced. Almost zero hydrolysis rate for cellulose acetate, cellulose octanoate, 

cellulose palmitate by enzymatic degradation has been reported in the earlier study25,26.  

To prepare transparent and high strength packaging film, cellulose is disintegrated into 

microfibrillated or nanofibrillated cellulose (MFC or NFC) by physical methods (grinding, high 

pressure homogenizing) or chemical methods (TEMPO-oxidation, oxoammonium salt oxidation 

etc.)27–29 (Fig. 3). Because of the unique characteristics of MFC and NFC as; a very high surface 

area, high aspect ratio, high crystallinity, have wide range of applicability in material 

technology30,31. MFC and NFC mostly used as; reinforcement in nanocomposite, filtration media, 

antimicrobial membranes, and oxygen barrier material in food, cosmetic and pharmaceutical 

industries32–34. MFC and NFC production requires repeated disintegration of the cellulose 

suspension using a high-pressure homogenizer (physical method), which consumes a huge amount 
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of energy in large-scale production35. Therefore, development of packaging film become costly 

and not costumer friendly.  

NFC production by chemical 

methods become popular owning 

to fast, easy and economical 

processability. 2,2,6,6-

tetramethylpiperidine-1-oxyl 

(TEMPO) is a water-soluble and 

stable nitroxyl radical, and 

commercially available for 

laboratory and industrial use. 

TEMPO-mediated oxidation of cellulose is position-selective oxidation of C6-primary hydroxyl 

groups to sodium C6-carboxylate groups with a TEMPO/NaBr/NaClO system in water at pH 10.5. 

After oxidation, the yield is processed by mechanical disintegration (carboxylate moieties created 

strong electrostatic repulsion) to prepare highly fibrillated TEMPO-oxidized cellulose nanofiber 

(TCNF)36,37.  

TCNF is used in ultra-low density transparent aerogel preparation with high specific surface 

area, transparent, strong, and high-oxygen barrier films preparation, water filter preparation to 

absorb heavy metal ions, bone and cartilage tissue engineering owning to calcium deposition 

properties, lubricating agents and cosmetic hydrogel etc38–41. TCNF film has high optical 

transparency, mechanical strength and oxygen barrier properties that is make the TCNF film quite 

suitable for packaging applications.  

Fig. 3. Illustrative representation of preparation of cellulose nanofiber by 

(A) mechanically fibrillation method and (B) chemical method (TEMPO-

oxidation).   
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However, TCNF film has swelling network due to strong electrostatic repulsion among 

carboxylate moieties. So, TCNF film showed poor water durability owing to microgel structure 

formation after immersion in water42. Many polymers such as poly(acrylamide) (PAM), 

poly(vinylamine) (PVAm), and poly(ethyleneimine) (PEI) have been introduced to TCNF to 

further improve its wet tensile strength43. However, these synthetic polymers non-degradable are 

hazardous to the environment.  

Starch is a biocompatible, biodegradable, renewable, and abundant polysaccharide. Starch is 

regenerated from carbon dioxide and water by photosynthesis in plants44. Starch is mainly 

composed of two homopolymers of D-glucose: amylose, a mostly linear α-D(1,4’)-glucan and 

branched amylopectin, having the same backbone structure as amylose but with many α-1,6’-

linked branch points. Starch has different properties of amylose and amylopectin ranging from 

about 10-20% amylose and 80-90% amylopectin depending on the source. Starch occurs naturally 

as discrete granules since short branched amylopectin chains are able to form helical structure 

which crystallize45 (Fig. 4A).  

In order to prepare 

film, starch granule 

suspended in water and 

followed by 

gelatinization. When 

heated in water, starch 

granules swell, so 

amylose leaching and 

partial granule disruption 

Fig. 4.  Representation of (A) starch granule, amylose and amylopectin and (B) starch 

paste retrogradation process (reassociation of amylose and amylopectin in starch 

paste during storage).  
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occur. This process is called the gelatinization of starch46. Disruption of the semi-crystalline 

arrangement requires high energy, so gelatinization of native starch granules is achieved at high 

temperatures (above 80 °C). The starch paste poured into dish and followed by solvent casting 

method. The prepared starch film has high optical transparency; however, it is highly brittle and 

immediately dissolved in water. Therefore, only starch films are not suitable for packaging 

application47.  

Crystallinity also influence starch film water durability and wet strength. Starch paste 

crystallinity can be changed by amylose and amylopectin reassociation, the process called 

retrogradation48. Starch granules have an amorphous core (composed of amylose) surrounded by 

concentric semi-crystalline growth rings alternating with amorphous growth rings (composed of 

amylose and amylopectin). Gelatinization occurs initially in the amorphous region, loosely bound 

amylose chain leaches out from the granule and starch granule loss its birefringence and crystalline 

order.  When the starch gel is cooled and stored, disaggregated amylose and amylopectin chains 

reassociate to form a more ordered structure; this is called starch retrogradation. Retrogradation is 

an inevitable process for native starch, linear amylose chain reassociates initially during the 

cooling of the starch paste and formation of ordered or crystalline amylopectin molecules take 

place during storage (Fig. 4B). Higher amylose content starches have rapid retrogradation. Starch 

retrogradation usually results in an increased degree of crystallinity with the appearance of B-type 

crystalline polymorphs49,50. However, a packaging film cast with only gelatinized starch or 

retrograded starch has poor wet strength and collapses in water. 

Due to potential reactivity of hydroxyl groups, serval chemically modified starch has prepared 

as hydroxypropyl starch (HPS), acetyl starch (AS), acetyl-oxidized starch (AOS), di-aldehyde 

starch (Di-aldS), octanyl succinate starch etc51–53 (Fig. 5). Although, chemical modification found 
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to enhance starch film mechanical properties but water durability is inferior for packaging 

application. Starch is blended with serval polymers as PE, PVA, PLA, PCL, PHA etc. Starch blend 

composites showed good mechanical properties and adequate degradability, however, 

compatibility between hydrophilic and hydrophobic polymer, and use of urea and formamide are 

point of concerns54–57.  

 

Fig. 5. Physiochemical structure of differently modified starches. 

 

In this thesis, the author has proposed a starch crosslinker to enhance mechanical properties, 

and water durability of cellulose nanofiber reinforced starch film. The blending of starch with 

oxidized cellulose nanofiber in the optimized concentration was found to improve film properties. 

The formation of hemiacetal crosslinking between hydroxyl groups of starch and aldehyde groups 

of oxidized cellulose has a crucial role in elevated water durability. Further, comprehensively 

analyzed the role of different kinds of starches as HPS, AS, AOS, Di-aldS, and differently oxidized 

cellulose nanofibers as TEMPO-oxidized, sodium periodate oxidized, sodium bromide oxidized. 

Moreover, starch paste crystallinity was optimized to synergize crystallization and hemiacetal 

crosslinking to enhance film properties. In addition, enzymatic degradation and marine microbial 

degradation were analyzed to confirm the degradability of the films. Therefore, starch crosslinker 
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elevated the film properties and increased the microbial degradability of the films. This thesis is 

composed of 3 chapters as 

In chapter 1, the formation of 

hemiacetal crosslinking between starch 

and cellulose nanofiber has studied. 

TEMPO-oxidized cellulose nanofiber 

(TCNF) was blended with three 

different types of modified starch: 

hydroxypropyl starch (HPS), acetyl 

starch (AS), and acetyl oxidized starch 

(AOS), respectively. It was demonstrated that the TCNF/starch film exhibited reduced swelling in 

water and enhanced mechanical strength in wet condition compared to neat TCNF or starch film 

because hemiacetal bonding was formed between TCNF and starch (Fig. 6). Thus, the formation 

of hemiacetal crosslinking has a 

dominating role in elevate water durability 

of TCNF/starch film. 

In chapter 2, synergistic effect to starch 

paste crystallinity and hemiacetal 

crosslinking has studied. TCNF/starch 

films prepared by mixing different-

storage-duration native tapioca starch 

(NTS), hydroxypropyl starch (HPS), and 

di-aldehyde starch (Di-aldS) with TCNF. 

Fig. 6. Graphical presentation of swelling reduction in 

TCNF/starch film owing to hemiacetal crosslinking formation.  

Fig. 7. TCNF/starch film prepared with short-term and long-

term stored starch paste, and corresponding TCNF, amylose and 

amylopectin arrangement. 
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We demonstrate that the films prepared with the stored starch pastes exhibit improved mechanical 

properties and wet strength owing to the synergistic effect of enhanced crystallinity and hemiacetal 

crosslinking. However, long-term storage of the starch pastes negatively affected their properties 

(Fig. 7).  

In chapter 3, we used a wet pulverization process to prepare mechanically fibrillated cellulose 

nanofiber (MCNF). They were further followed by sodium periodate oxidation to prepare oxidized 

cellulose nanofiber (OMCNF). MCNF and OMCNF were converted into a film by a solvent 

casting process. OMCNF film prepared with 1 h oxidized cellulose nanofiber had significantly 

higher wet tensile strength than MCNF film. Also, water durability can further be enhanced by 

adding starch (Hydroxypropyl starch, HPS) with OMCNF. Moreover, starch addition enhanced 

microbial growth that increased the degradability of OMCNF/HPS film in marine conditions. Thus, 

OMCNF/HPS film had adequate freshwater durability with marine degradability (Fig. 8) and has 

the potential to serve as next-generation packaging material.    

 

Fig. 8. Cellulose nanofiber reinforced starch film possess high fresh water durability and adequate marine 

degradability.   
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Chapter 1 

Cellulose nanofiber reinforced starch film with high mechanical strength and 

water durability  

 

1.1 Introduction 

Cellulose is the amplest biomass on the earth. In the production of transparent packaging 

membranes, cellulose fibers are disintegrated in micro/nano sized fibers, so called microfibrillated 

cellulose (MFC). MFC production requires repeated disintegration of the cellulose suspension 

using a high-pressure homogenizer, which consumes a huge amount of energy in large scale 

production1.  

TEMPO-mediated oxidation converts the C6 primary alcohol of cellulose into carboxylic acid. 

Electrostatic repulsion among the carboxylate moieties liberates the cellulose nanofiber in water, 

producing TEMPO-oxidized cellulose nanofiber (TCNF)2. TCNF has a high crystallinity (~74%), 

and high aspect ratio (4-20 nm wide, 500-2000 nm length). TCNF self-standing membrane is 

flexible and transparent with a high tensile modulus (6-7 GPa). Therefore, the TCNF membrane 

is a suitable  packaging material3. However, its poor wet strength and swelling network restrict 

many packaging applications. In wet TCNF membrane, anionically charged microfibrils generate 

strong electrostatic repulsion, which disturbs its fiber arrangement and allows water to permeate 

into the network4.  

Some aldehyde moieties form as intermediate structures on the cellulose microfibrils during 

the TEMPO-mediated oxidation. It is reported that intermediate aldehyde moieties significantly 

contribute to improving the TCNF membrane wet strength by hemiacetal linkage formation5,6. 
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Many polymers such as poly(acrylamide) (PAM), poly(vinylamine) (PVAm), and 

poly(ethyleneimine) (PEI) have been introduced to TCNF to further improve its wet tensile 

strength7. However, these synthetic polymers are hazardous to the environment. On the other hand, 

starch is biocompatible, biodegradable, renewable, and is an abundant polysaccharide8. Presence 

of hydroxyl groups make it a suitable material for intermolecular hemiacetal bonding with the 

aldehyde groups of TCNF.  

In chapter 1, we developed a biodegradable TCNF/starch membrane with eminent water 

resistivity by optimizing the concentrations of both polysaccharide derivatives in the TCNF/starch 

composite. Starch and cellulose are inexpensive biomass resources. However, since neither of 

them are thermoplastic, there has been no material design to realize a plastic membrane by 

blending them. When TCNF was mixed with modified starch in an appropriate ratio, we obtained 

a transparent membrane with excellent in water resistance and mechanical properties; although a 

membrane consisting only of starch or TCNF respectively collapsed in a short time when 

immersed in water. The mechanical strength of the composite membrane was greater than that of 

existing plastic membrane, and the transparency was high enough to replace the existing plastic. 

The development of polysaccharide membranes using biomass is an innovative material 

development that contributes to reducing the global environmental impact. 

1.2 Experiential section 

Materials  

Commercially available cellulose powder was supplied by Nacalai Tesque, Japan. Sodium 

bromide, sodium borohydride and 2,4-dinitrophenylhydrazine (DNPH) were purchased from 

Sigma Aldrich, Japan. (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) was supplied by TCI 
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chemicals, Japan. Sodium hypochlorite was supplied by Nacalai Tesque, Japan. All reagents were 

laboratory grades. Three types of modified tapioca starch powder, hydroxypropyl starch (HPS, 

DS: 0.11), acetyl starch (AS, DS: 0.08) and acetyl oxidized starch (AOS, DS: 0.04) were supplied 

by Nihon Shokuhin Kako Co. Ltd., Japan and used as received. Milli-Q water was used throughout 

the experiment.  

Preparation of cellulose nanofiber (TCNF) 

Cellulose nanofiber was prepared by TEMPO-mediated oxidation as reported by Isogai 2. 

Briefly, cellulose powder (4.0 g), TEMPO (0.075 g) and NaBr (0.75 g) were added to 300 mL of 

Mili-Q water and dispersed using magnetic stirring for 1 h at room temperature. The obtained 

suspension was placed under an automatic titrator (Auto Titrator com -1600, Hiranuma, Japan) to 

confirm the reaction system maintained at a pH value of 10.5. The total volume of NaClO added 

was 18 mL. The obtained suspension was treated by centrifugation. After a thorough wash, the 

cellulose was mechanically treated for 15 min using a blender in order to disperse the cellulose 

into individual nanofibrils. Concentration of TEMPO-oxidized cellulose nanofibrils (TCNF) in 

suspension was calculated by weight measurement of before and after lyophilization. The aqueous 

dispersion of TCNF with a concentration of 0.8% (W/V) was prepared by adding water, and was 

stored in the refrigerator for further use. Before experiment, suspension was thoroughly stirred to 

conform the homogeneity. 

Preparation of starch solution 

Starch powder (5.0 g) was added to 100 mL of Mili-Q water. The suspension was mixed using 

magnetic stirring at 85 oC for 1 h to obtain a homogeneous solution. The prepared solution was 

stored at room temperature for further experiments. 
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Preparation of TCNF/starch composite membrane 

Prepared TCNF dispersion (0.8%, W/V) and starch solution (5%, W/V) were blended together 

in different weight ratio and stirred until a homogeneous dispersion was obtained. TCNF/starch 

dispersion was casted in a teflon PFA Petri dish and kept in an oven at 45 oC for 6 h. Dried 

membranes were cut into specimens for further experiments.   

Preparation of reduced-TCNF (R-TCNF) 

NaBH4 was used for the selective reduction of aldehyde moieties on TCNF. 20 g of TCNF was 

suspended in 40 mL of water and stirred to obtain a homogeneous dispersion. Sodium borohydride 

(1.0 g) was added to the dispersion with a pH value of about 8, which was adjusted by adding 

diluted ammonium hydroxide. Subsequently, the slurry was stirred for 24 h and followed by water 

wash for filtration9. Prepared R-TCNF stored in refrigerator for further experiment.  

Measurement of aldehyde concentration 

Aldehyde group concentration in TCNF and R-TCNF (reduced-TCNF) suspension was 

measured by the UV-spectrophotometric method using 2,4-dinitrophenylhydrazine (DNPH). 5 mg 

of DNPH was dissolved in 0.2 mL of concentrated sulphuric acid and stirred to obtain a 

homogeneous solution. 2 mL of ethanol was added under continuous stirring at room temperature. 

The mixture was allowed to react for 10 min to achieve homogenization. Final volume was made 

up to 20 mL by adding water. Prepared DNPH solution was diluted by water into four different 

concentrations and absorbance at 360 nm was measured for each concentration using a 

spectrophotometer. A calibration curve for DNPH was plotted in order to formulate standard 

equation for aldehyde concentration measurement10,11.  
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500 µL of TCNF or R-TCNF was added to 5 mL of the prepared DNPH solution, and the 

mixture was allowed to react for 5 h at room temperature. Unreacted DNPH was collected by 

centrifugation and absorbance was measured at 360 nm using the spectrophotometer. The amount 

of aldehyde moieties was calculated as: 

Aldehyde concentration (µmol/g) = 
Reacted DNPH concentration (µmol)

Amount of cellulose in TCNF or R−TCNF (g)
 

Characterization 

Surface morphology of the dried membranes was observed by SEM (Hitachi SU3500, Japan) 

at an accelerating voltage of 15 kV and a working distance of 10 mm. Before the SEM examination 

the surface was sputter coated with platinum-palladium (5 nm thickness) using a vacuum 

sputtering instrument (Magnetron sputter MSP-1S, Japan). To measure the transparency of the 

membranes, UV-vis spectra of the dried membranes were collected in the wavelength range 

between 200 nm to 800 nm using a UV spectrometer (Hitachi U-2810, Japan). Data was acquired 

and analyzed using UV solution 2.0 software. Self-standing dried membranes of thickness 25 µm 

were used and the air was the blank medium throughout the experiment. Mechanical properties of 

the membranes were evaluated by a tensile test. Five specimens (20 mm × 5 mm) were cut from 

each membrane. A micrometer was used to measure their thickness before the test. Measurements 

were taken at four different positions for each specimen, and the average value was used for the 

calculation. Tensile test was performed using a universal testing machine (EZ graph, Shimadzu 

corporation, Japan) with a 100 N load cell and a 0.5 mm/min strain rate. Swelling test was 

performed in water. Dried membranes specimens (2 cm × 2 cm) were immersed in water. After a 

fixed time period, swollen samples were gently taken out using tweezers and excess water was 
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removed with a tissue paper before samples were weighed. Swelling ratio (SR) was calculated as 

follows:                                             SR (%)  =         
𝑊𝑠𝑠−𝑊𝑑𝑠

𝑊𝑑𝑠
∗ 100  

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

The tensile test of swollen membranes was performed using a universal testing machine with a 10 

N load cell and 0.5 mm/min strain rate. Three samples were taken from each group for 

measurement, and the average value of the calculation is reported. 

1.3 Results and discussion 

Optimization of TCNF/starch composite 

Weight ratio of TCNF and modified starch (HPS) in TCNF/starch composite was optimized to 

cast a membrane possessing adequate dry and wet tensile strength with minimum swelling in water. 

TCNF and HPS were mixed at different weight ratios as shown in Table 1-1. The TCNF/HPS 

composite was casted into membrane (Fig. 1-1) and subsequently characterized by dried and wet 

membrane tensile test and swelling test, the same as explained above and data are shown in Table 

1-1.  

 

Fig. 1-1. Schematic illustration of TCNF/modified starch membrane prepared by solution casting process. 
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Dried neat TCNF membrane (N-T) had a tensile modulus of 6.4 GPa. After addition of HPS 

to TCNF, the obtained dried membrane (S-0.2 and S-0.6) had a higher tensile modulus of 7.6 and 

7.3 GPa, respectively. Further increasing the starch concentration in the casted membrane (S-1, S-

1.5 and S-6) reduced the tensile modulus to 6.7, 5.7 and 4.8 GPa, respectively (Fig. 1-2A). 

Table 1-1. Mechanical properties and swelling ratio of TCNF/HPS membranes with different weight ratios of TCNF 

and HPS. 

 
Group 

TCNF : HPS  Weight 
ratio 

Tensile modulus of 
dried membrane 

(GPa) 

Swelling ratio 
(wt%) 

Tensile modulus of 
wet membrane (MPa) 

N –T 1 : 0 6.4 ± 0.2 6720 ± 678 0.05 ± 0.01 

S – 0.2 1 : 0.2 7.6 ± 0.3 1337 ± 95 1.61 ± 0.19 

S – 0.6 1 : 0.6 7.3 ± 0.1 606 ± 6 7.11 ± 2.17 

S – 1 1 : 1 6.7 ± 0.3 698 ± 24 4.07 ± 1.38 

S – 1.5 1 : 1.5 5.7 ± 0.4 868 ± 32 1.13 ± 0.20 

S – 6 1 : 6 4.8 ± 0.5 924 ± 28 0.21 ± 0.19 

N – S 0 : 1 1.6 ± 0.1 Dissolved Dissolved 

 

These results indicated that the addition of certain starch concentration (S-0.2 and S-0.6) 

worked as an effective binder between cellulose nanofibers and improved the compatibility of 

TCNF with each other. Therefore, the dried membrane of S-0.2 had the highest tensile modulus of 

7.6 GPa in this experimental conditions.  

The swelling properties of each membrane were investigated by immersing them into water. 

In wet membrane analysis, neat TCNF membrane (N-T) had the highest swelling of ~6500% as 

shown in Fig. 1-2C. Interestingly, water resistance of the membrane had been effectively improved 

by addition of HPS; swelling ratio of composite membranes decreased to 698%, 868%, 924% and 

1337% for S-1, S-1.5, S-6, and S-0.2, respectively. Although neat HPS membrane (N-S) rapidly 
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dissolved in water. The wet membrane tensile strength and modulus were decreased with 

increasing swelling ratio, and the highest swollen membrane (neat TCNF) showed minimum wet 

tensile modulus (0.05 MPa). S-1, S-1.5, S-6, and S-0.2 membranes showed wet tensile modulus of 

4.07, 1.13, 0.21, and 1.16 MPa, respectively. Minimum swelling ratio of ~600% was observed in 

S-0.6, then the highest wet tensile modulus of 7 MPa was observed as shown in Fig. 1-2B. These 

results indicate that there was an optimal combination of TCNF and HPS in terms of water 

resistance, and that S-0.6 is the best combination. 

 

Fig. 1-2. TCNF/HPS membranes with different weight ratios: (A) tensile modulus of dried membranes; (B) tensile 

modulus of wet membranes; (C) swelling profile of the membranes. Square, cross, circle, triangle, star and diamond 

symbols indicate N-T, S-0.2, S-6, S-1.5, S-1 and S-0.6, respectively.  

 

During TEMPO oxidation of cellulose, sodium carboxylate and aldehyde moieties were 

introduced onto the cellulose nanofiber surface. The aldehyde moieties can form hemiacetal bonds 

by reaction with hydroxyl groups during the drying process of the casting solution. When dried 
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TCNF membrane is immersed in water, the carboxylate moieties experience strong repulsion 

among each other, causing intermolecular hemiacetal bonding to lose their strength. Cellulose has 

a strong hydrophilic nature allowing water molecules to easily bind with the cellulose fiber and 

partially cross-linked cellulose fiber network creates microgel structure12. These microgel 

structures cause swelling of the dried TCNF membrane (Fig. 1-3A). Dried TCNF membrane  had 

a Young’s modulus of 6.4 GPa, after immersion in water for 2 h Young’s modulus reduced to 0.05 

MPa with ~ 6500% swelling of the membrane. However, addition of optimized concentration of 

starch (S-0.6) formed adequate intermolecular hemiacetal bond, which providing stability and 

strength to the membrane in water and prevented water molecules to insert into the membrane (Fig. 

1-3B). Therefore, group S-0.6 membrane has minimum swelling (~600%) and the highest wet 

tensile modulus (7 MPa).   

 

Figure 1-3. (A) Partially cross-linked TCNF film showed microgel structure but (B) addition of starch improved 

hemiacetal crosslinking and microgel structure not observed.   
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To confirm the dominating role of the 

hemiacetal bonding for wet strength and 

durability of TCNF/HPS membrane, we 

performed selective reduction of aldehyde 

moieties in TCNF by sodium borohydride, to 

form reduced-TCNF (R-TCNF). R-TCNF 

was mixed with HPS in 1:0.6 ratio, and the 

mixture was casted into a dried membrane 

with same conditions as explained above. 

TCNF/HPS membrane was stable in water 

but R-TCNF/HPS membrane was 

disintegrated in water within a few minutes. 

Aldehyde groups concentration of TCNF was 

27 µmol/g, that decreased to 2.2 µmol/g after 

selective reduction of aldehyde groups on 

TCNF (Fig. 1-4). Therefore, the R-

TCNF/HPS membrane disintegrated due to 

internal carboxylate moieties repulsion (Fig. 

1-5). This result proved the dominating role 

of hemiacetal bonding in the water durable 

TCNF/HPS membrane. 

Effect of modified starch on TCNF/starch membrane 

 

Figure 1-4. Aldehyde moieties concentration before and 

after NaBH4 reduction 

Fig. 1-5. TCNF/HPS and R-TCNF/HPS film stability in water. 
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Three different kinds of modified tapioca starch, hydroxypropyl starch (HPS), acetylated starch 

(AS) and acetyl oxidized starch (AOS), were used for the preparation of TCNF/starch membrane 

(TCNF to modified starch ratio is 1:0.6) and composition is shown in Table 1-2. Visually, all 

membranes had high optical transparency, as shown in Fig. 1-6A. Transparency of the membrane 

is an essential property when the membrane is to be used in food packaging. Transmittance of all 

the dried membranes situated in between 75 to 88 %, for the visual wavelength range from 380 

nm to 740 nm as shown in Fig. 1-6B. The transmittance at 650 nm was used as the relative value 

for comparison and data are shown in Table 1-2. 

 

Fig. 1-6. Dried TCNF/starch membranes: (A) optical transparency of the self-standing membranes; (B) UV-spectra 

of the membranes. 

 

Table 1-2. Tensile properties and optical transparency data of dried membranes casted with different kinds of starch 

and TCNF blend. 

 

 
Group 

Tensile modulus 
(GPa) 

Tensile strength 
(MPa) 

Strain (%) 

 

Optical Transparency 
(%) 

(at 650 nm) 

TCNF 6.4 ± 0.2 134 ± 11 3.6 ± 0.2 87 

TCNF/HPSa 7.3 ± 0.2 125 ± 13 1.7 ± 0.3 86 

TCNF/ASb 6.7 ± 0.3 105 ± 3 1.6 ± 0.3 85 

TCNF/AOSc 8.0 ± 0.2 119 ± 22 1.5 ± 0.2 84 

a Hydroxypropyl starch, b acetyl starch, c acetyl oxidized starch 
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Tensile properties of TCNF/starch membranes with varying types of starch were evaluated. 

Average values of the tensile strength and modulus are summarized in Table 1-2. Regardless of 

the type of starch, tensile modulus of TCNF/starch increased compared to TCNF. As shown in Fig. 

1-7A, dried TCNF membrane had a smooth surface and a layered cross section. On the other hand, 

the addition of starch (HPS, AS and AOS) to TCNF caused to disappearance of the layered 

structure of TCNF (Fig. 1-7B, C, and D). These results also indicated that starch worked as a 

binder to fill between TCNF layers. Moreover, dried TCNF/HPS membrane had smooth surface 

and starch granules were not observed on the surface and cross-section of the membrane (Fig. 1-

7B), conforming uniform mixing of TCNF and HPS. On the other hand, many starch granules 

were observed in the case of TCNF/AOS membrane. Then starch granules may act as fillers for 

high mechanical strength of AOS composites13. 

 

Fig. 1-7. Surface and cross-section morphology of dried membranes: (A) neat TCNF membrane; (B) TCNF/HPS 

membrane; (C) TCNF/AS membrane; (D) TCNF/AOS membrane. 
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The water resistance behaviors of these membranes were investigated. Fig. 1-8A shows images 

of swollen membranes after immersion in water for 2 h. All samples were strong enough to be 

handled with tweezers. The swelling profile of TCNF/starch membranes is shown in Fig. 1-8B 

and the values are summarized in Table 1-3.  It was found that the swelling ratio decreased even 

if the starch type was changed. However, the swelling ratio varied depending on the type of starch. 

TCNF/AOS and TCNF/AS had swelling ratio of 2300% and 1000%, respectively. TCNF/ HPS 

showed the lowest swelling ratio of 600%. 

Wet membranes tensile modulus are shown in Fig. 1-8C and the data summarized in Table 1-

3.  The wet membrane tensile properties were higher in all TCNF/starch membranes compared to 

the neat TCNF membrane. However, the mechanical strength depended on the type of starch. The 

tensile modulus was found to be 0.06, 2, and 7 MPa for TCNF/AOS, TCNF/AS, and TCNF/HPS 

membranes, respectively. The water resistance of TCNF/AOS and TCNF/AS were evaluated by 

changing the composition between TCNF and starch, but the water resistance was remarkably 

inferior to that of HPS. 

Table 1-3. Tensile behaviors and swelling data of the wet TCNF/starch membranes.  

 

 
Group 

Swelling ratio (%) after 
2 h 

Wet membrane tensile 
modulus (MPa) 

Tensile strength (kPa) 

TCNF 6721 ± 678 0.05 ± 0.01 1.5 ± 0.8 

TCNF/HPSa 606 ± 6 7.12 ± 2.27 300.0 ± 15.0 

TCNF/ASb 1008 ± 25 2.15 ± 0.18 150.0 ± 8.0 

TCNF/AOSc 2297 ± 70 0.06 ± 0.01 4.2 ± 1.6 

a Hydroxypropyl starch, b acetyl starch, c acetyl oxidized starch 
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These results can be explained by the chemical structure and microstructure of the modified 

starch. When comparing AS and AOS, the wet strength of AOS was remarkably low compared to 

AS, although its mechanical strength in the dry state showed the highest value. 

 

Fig. 1-8. TCNF/starch membranes immersed in water for 2 h: (A) swollen samples after 2 h kept in water; (B) swelling 

profile of the membranes; (C) tensile modulus of the swollen membranes. In swelling profile graph, square, triangle, 

circle and diamond represent TCNF, TCNF/AOS, TCNF/AS and TCNF/HPS, respectively. 

 

Due to oxidation of starch, amylose and amylopectin chain depolymerized and amylose content 

was reduced because of easy to react with oxidant 14,15. Therefore, AOS has shorter amylose chains, 

which attributed to diminish strength of intermolecular hemiacetal bonding (Fig. 1-9). Moreover, 

AOS formed granules during the synthesis process. This granule was also observed in SEM 

observation (Fig. 1-7D). It is considered that the mechanical strength in water did not improve 
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because the effect as a binder was low in case of AOS. In particular, it is clear that the formation 

of hemiacetal bonds between aldehyde groups of TCNF and hydroxyl groups of starch is important 

for membranes with a lower swelling ratio. HPS has higher – OH moieties compare to AS and 

AOS16.  Additionally, the hydroxypropyl groups are considered to have higher molecular mobility 

and higher reactivity compared to the hydroxyl groups of starch17. Therefore, hemiacetal bonds 

were effectively formed between HPS and TCNF despite processing from water. These results 

suggested that the water resistance of the TCNF/starch membrane can be improved by paying 

attention to the chemical structure of starch and mixing it with TCNF at an appropriate ratio. 

 

Fig. 1-9. Schematic illustration of intermolecular hemiacetal bonding formation under wet condition: (A) neat TCNF 

membrane; (B) TCNF/HPS membrane; (C) TCNF/AS membrane; (D) TCNF/AOS membrane. 
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1.4 Conclusion 

In conclusion, we comprehensively studied the effects of mixing three different kinds of starch: 

(hydroxypropyl starch (HPS), acetyl starch (AS) and acetyl oxidize starch (AOS)) with TEMPO-

oxidized cellulose nanofiber (TCNF). TCNF/modified starch membrane casted with 60% cellulose 

nanofiber/40% starch composite (1:0.6 weight ratio) showed minimum swelling with adequate 

wet strength. The addition of HPS promoted the interaction between TCNF and starch through 

hemiacetal bonding. Improved wet tensile modulus (7 MPa) and reduced swelling in TCNF/HPS 

membrane confirm the formation of intermolecular hemiacetal bonding. Recently, the TCNF/HPS 

membrane has been found to show good biodegradability in marine. Further studies on marine 

biodegradability of the composite membranes are in progress. We believe that the TCNF 

reinforced HPS membrane opens the research for the next generation renewable, biodegradable, 

water durable high performance - green packaging membrane. 
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Chapter 2 

Synergistic effect of hemiacetal crosslinking and crystallinity on wet strength 

of cellulose nanofiber reinforced starch film  

 

2.1 Introduction  

Starch is a biocompatible, biodegradable, renewable, and abundant polysaccharide1. Starch is 

formed by two types of polymers: amylose and amylopectin. Amylose is essentially a linear chain 

with limited branching points. Amylopectin (starch constitution, 70-85%) consists of linear chains 

of glucose units interspersed by highly branching small glucose chains every 10 nm along the 

molecular axis2. However, packaging films that are prepared from starch pastes have low water 

resistance and dissolve within a few minutes.  

Previously, starch incorporates with many inorganic fillers as silica, CaCO3, alumina, etc., to 

improve water durability3–5. However, the optical, mechanical properties and recyclability of such 

films are detrimentally affected.  Aldehydes might be the most frequently used chemicals for starch 

crosslinking due to their high reaction efficiency to form hemiacetal/acetal crosslinking. 

Glutaraldehyde and formaldehyde are examples of aldehydes that are most widely used in 

crosslinking starch-based composite to enhanced water durability6–8. However, hazards and 

toxicity restrict their application on a large scale. Aldehyde moieties introduced to polysaccharides 

to prepare environmental friendly cross linkers. Starch film crosslinked by oxidized sucrose (di-

aldehyde sucrose), di-aldehyde starch, and di-aldehyde cellulose (~100% oxidized, amorphous) 

had water stability due to hemiacetal crosslinking9–12, however, film possess poor wet strength 

owing to highly amorphous.  
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Crystallinity also influence starch film water durability and wet strength. Addition of cellulose 

nanocrystal, or micro fibrillated cellulose improved crystallinity of starch/cellulose film, and 

enhanced the film water durability13. TEMPO oxidation of cellulose resultant highly fibrillated 

TCNF with a high aspect ratio (4-20 nm) and crystallinity (~74%) that possess some aldehyde 

moieties (~27 mmol/g) as intermediate structures on the surface14–16. A composite film of starch 

with TEMPO-oxidized cellulose nanofibers (TCNF) exhibited high water stability and wet 

strength17. Therefore, hemiacetal crosslinking and crystallinity both have a key role in improving 

wet strength.  

The crystallinity of starch depends on the reassociation of amylose and amylopectin in the 

starch paste18,19. Moreover, the reassociation process directly depends on starch paste storage time 

and conditions. Thus, starch crystallinity can be changed by optimized starch paste storage time in 

control conditions. Also, Starch modification as hydroxypropylation, acetylation, oxidation, etc., 

not only changes the hemiacetal crosslinking due to modified moieties reactivity, and changes 

crystallinity to slow down the reassociation process in the starch paste20–22. Therefore, the starch 

paste storage time should be considered for optimizing the synergistic effect of hemiacetal 

crosslinking and crystallinity on TCNF-modified starch films.  

In chapter 2, we optimized the storage time of the starch paste for achieving the synergistic 

effect of hemiacetal crosslinking and crystallinity on TCNF/starch films. Three types of starch 

(different physiochemical structure and reactivity to form hemiacetal crosslinking), namely native 

tapioca starch (NTS), hydroxypropyl starch (HPS), and di-aldehyde starch (Di-aldS) pastes, were 

blended with TCNF after storing the starch pastes for different numbers of days.  Further, several 

characterization tests (as rheology, mechanical test, optical analysis, swelling, and wet tensile test) 

were performed to optimize the paste storage time to get the most suitable crystalline arrangement 
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and crosslinking for higher film properties. In addition, the most acceptable TCNF/starch 

composite was demonstrated for different applications. Thus, optimizing the TCNF/starch film 

properties by controlling the starch paste storage time is an innovative, environment-friendly, and 

adaptable industrial method.  

2.2 Experimental section  

Materials  

Commercially available cellulose powder and sodium hypochlorite were supplied by Nacalai 

Tesque, Japan. Sodium bromide (NaBr) was purchased from Sigma-Aldrich, Japan. (2,2,6,6-

Tetramethylpiperidin-1-yl)oxyl (TEMPO) was supplied by TCI Chemicals, Japan. All reagents 

were laboratory-grade. NTS (17-20% amylose and 83-80% amylopectin), HPS (molar substitution, 

0.1), and Di-aldS (molar fraction, 5.4) powders were supplied by Nihon Shokuhin Kako Co. Ltd., 

Japan and used as received. Milli-Q water was used throughout the experiments. TCNF was 

prepared same as explain in chapter 1.  

Preparation of the starch paste 

NTS, HPS, and Di-aldS powders (5.0 g) were added to 100 mL of Milli-Q water. The 

suspensions were mixed using magnetic stirring and gelatinized at 90 °C for 1 h, to obtain 

homogeneous starch pastes. The prepared starch pastes were immediately used for film preparation 

(represented as day 0). In each case, some of the starch paste was stored at close container (~22 °C, 

~25% RH) for 1,3,5,7, and 10 days for amylose and amylopectin reassociation. The reassociated 

starch pastes were shaken thoroughly before being used for film preparation.  

Preparation of films  
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The prepared TCNF suspension (~1% w/v) and starch pastes (5% w/v) were blended at 

different days of reassociation, and stirred until homogeneous dispersions were obtained. The 

TCNF/starch dispersions were cast in polypropylene petri dishes, and were kept in an oven at 45 °C 

for 6 h. The prepared dried films were cut into specimens and stored in close container (~22 °C, 

~25% RH), and were referred to as “TCNF/starch_day” in the experiments.  

 Marine microbial degradation test 

Prepared TCNF and TCNF/HPS films were cut into 15 mm square using scissors and used as 

the degradation test sample. For the marine microbial degradation test, films were placed on 

whalebone, which was kept at 4 °C in a tank simulating the marine environment. The whalebone 

sample was collected from Nojima tidal put inside a container full fill with artificial seawater 

simulating intertidal zone. Whalebone provided support and required nutrition to grow marine 

microbes. The films were kept in plastic cell strainers (Falcon, 40µm nylon mesh) and covered 

with glass slides to prevent floating. The samples were incubated for 4 weeks.  

After completing the incubation period, the films were immediately fixed with glutaraldehyde 

solution and dried using a water freeze-drying apparatus. The dried samples were followed by 

surface morphology analysis using SEM imaging. 

Characterization 

A stress-controlled rheometer (Haake Rheo Stress 6000, Thermo Scientific) was used to 

examine the rheological behavior of the obtained TCNF/starch suspensions. All of the 

measurements were conducted with an aluminum cone-plate geometry (diameter, 40 mm; angle, 

2°). The strain amplitude value 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 
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(Haake UTM controller, Thermo Scientific) was used to maintain temperature (25 °C) during the 

measurements. X-ray scattering measurements of the dried films were performed using a SmartLab 

X-ray diffractometer (Rigaku Corporation, Japan) equipped with a copper tube operating at 40 kV 

and 200 mA. Diffractograms were obtained by scanning from 5° to 40° (2) at a rate of 5°/min, step 

size of 0.02°, and scatter slit width of 1°. Data were acquired and analyzed using SmartLab Studio 

software. A haze meter (Haze meter NDH 4000, Nippon Denshoku Kogyo Co. Ltd.) was used for 

measuring the haze of the films. Self-standing dried films (thickness, 25 µm) were used, and the 

air was the blank medium throughout the experiment. Dried and wet film mechanical test and 

swelling analysis performed same as explain in chapter 1.  

2.3 Results and Discussion 

Effect of the starch paste storage time on dried films  

To analyze the effect of the native starch paste storage time, we prepared an NTS paste and 

stored it at close container (~22 °C, ~25% RH) for 0, 1, 3, 7, and 10 days, respectively. On each 

day of interest, the prepared starch paste was mixed with the prepared TCNF dispersion (1:0.6, 

TCNF: starch). Further, the TCNF/NTS suspensions were converted into films using the solvent 

casting method; the prepared films were referred to as “TCNF/NTS_ day” in the experiments.  

Self-standing TCNF/NTS films were prepared using the starch pastes stored for different 

numbers of days, as shown in Fig. 2-1. TCNF/NTS_0 and TCNF/NTS_3 had 15% and 17% haze, 

respectively. However, the films cast with longer-stored starch paste samples exhibited higher haze 

values (38% and 47% for TCNF/NTS_7 and TCNF/NTS_10, respectively). The dried films strain 

energy density and crystallinity of the prepared TCNF/NTS films are shown in Fig. 2-2, and the 

data are summarized in Table 2-1. TCNF/NTS_0 had a strain energy density of 972 kJ/m3, which 
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increased to 1042 kJ/m3 for TCNF/NTS_1. However, the strain energy density then monotonically 

decreased to 924, 730, and 518 kJ/m3 for TCNF/NTS_3, TCNF/NTS_7, and TCNF/NTS_10 

films.  

 

Figure 2-1. Preparation of TCNF/NTS films from TCNF and NTS paste samples with different storage times. 

 

During the initial storage period, amylose and amylopectin chains were well-dispersed in the 

starch paste. The interaction between the starch and TCNF reduced mobility and hence improved 

rigidity23. Therefore, the film become tough and strain energy density increased significantly for 

the TCNF/NTS_1 film. However, for longer storage times, a homogeneous starch paste is known 
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to convert into a non-homogeneous dispersion of amylose, amylopectin with reassociated starch 

granules20, a phenomenon known as starch retrogradation. 

 

Figure 2-2. (A) Strain energy density and (B) crystallinity of the TCNF/NTS films prepared with different-storage-

time NTS paste samples. 

 

 

Figure 2-3. XRD of TCNF/NTS films prepared using different storage-duration NTS pastes. 

 

 These larger starch granules increased the haze of the casted film (TCNF/NTS_7). This 

retrogradation is an ongoing process, and the size of the reassociated starch granules increased 

with increasing the storage duration. Therefore, the haze value rapidly increased for 
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TCNF/NTS_10. In addition, the excess size of the reassociated granules diminished the interaction 

between the starch and TCNF4. Therefore, the film become brittle and the strain energy density 

started to decrease.  

Further, the reassociation of the starch polymer chains was confirmed by measuring the 

crystallinity of the TCNF/NTS films. The crystallinity results for the TCNF/NTS films prepared 

on the different days of the NTS paste storage are shown in Fig. 2B, and the corresponding XRD 

curves are shown in Fig. 2-3. The TCNF/NTS_0 film exhibited randomly oriented amylose and 

amylopectin molecules, and its crystallinity was 43.4%. The starch paste crystallinity increased 

owing to reassociation of amylose and amylopectin, with increasing the storage time18. The 

crystallinity peaks for starch and cellulose were observed for 2 values ranging from 10 to 30, in 

the XRD analysis. Therefore, the overall crystallinity of the TCNF/NTS films increased, due to 

the superimposition of the starch crystallinity peaks on the cellulose peaks, because the 

crystallinity of the TCNF component was the same throughout the experiments.  

The TCNF/NTS_1 film exhibited enhanced 

crystallinity of 43.9%, owing to the rapid 

reassociation of the amylose chains. Because the 

amylopectin chain reassociation is a slow process24, a 

slight change in crystallinity was observed for NTS_3 

and NTS_7 cast films. After a long storage time, rapid 

reassociation in amylopectin occurred. Therefore, the 

crystallinity of the TCNF/NTS_10 film increased 

dramatically (45.8%). Thus, dried TCNF/NTS films 

Figure 2-4. Dependence of haze on the storage 

duration, for TCNF/NTS, TCNF/HPS, and 

TCNF/Di-aldS films prepared with different 

storage-duration starch pastes.  
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exhibited very significant dependence of their optical and mechanical properties on the storage 

time (starch paste crystallinity) of the NTS paste. 

 

Figure 2-5. Optical images of self-standing TCNF/NTS, TCNF/HPS, and TCNF/Di-aldS films prepared with different 

storage-duration starch pastes. 

 

To analyze the storage-time effect of modified starch pastes, HPS and Di-aldS were used for 

preparing TCNF-modified starch films. We prepared HPS and Di-aldS pastes and stored them at 

the same time and conditions as explained above. The stored modified starch pastes were blended 

with TCNF (1:0.6, TCNF:starch) at respective days, and were referred to as “TCNF/modified 

starch_Day” in the experiments. TCNF/NTS, TCNF/HPS, and TCNF/Di-aldS films, prepared on 

different days of the starch pastes storage, are shown in Fig. 2-4, 5. 

Tensile strength and strain energy density of dried TCNF/modified starch films prepared on 

different days of the modified starch pastes storage are shown in Fig. 2-6, and the corresponding 

data are summarized in Table. 2-1. TCNF/HPS_0 and TCNF/Di-aldS_0 had tensile strength ~91 
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and ~95 MPa, and strain energy density of 969 and 926 kJ/m3, respectively. The TCNF-modified 

starch films exhibited the same behavior as the TCNF/NTS films. Amylose and amylopectin 

reassociation enhanced the interaction between the starches and TCNF, and the tensile strength 

and strain energy density of the TCNF/HPS_3 and TCNF/Di-aldS_1 films increased to 110 MPa, 

1080 kJ/m3 and 115 MPa, 992 kJ/m3, respectively. However, excess storage caused the formation 

of starch granules. 

 

Figure 2-6. Dried film tensile strength of (A) TCNF/NTS (B) TCNF/HPS (C) TCNF/Di-aldS films and (D) 

comparative analysis of strain energy density of the films prepared with different day stored starch paste.   

 

Therefore, the interaction between starch and TCNF fibers was reduced, and the film become 

brittle. The tensile strength and strain energy density decreased to ~95 MPa, 685 kJ/m3 and ~99 

MPa, 678 kJ/m3, for TCNF/HPS_10 and TCNF/Di-aldS_10, respectively. Starch modification 



43 

 

reduced the reassociation rates of amylose and amylopectin owing to modified moieties25. 

Therefore, the reassociation process was slow for the HPS paste, and the TCNF/HPS films did not 

exhibit much variation in the haze value, even after 10 days of storage (Fig. 2-4). Moreover, the 

TCNF/HPS_3 film showed the highest strain energy density (1080 kJ/m3), owing to the stronger 

polymer chain interactions of the hydroxypropyl moieties. 

 

Table 2-1. Mechanical behavior of dried TCNF-modified starch films prepared on different days of the starch paste 

storage.  

 
Starch 

paste 

storage 

time 

TCNF/NTS TCNF/HPS TCNF/Di-aldS 

Strength 

(MPa) 

Strain 

(%) 

Strain 

energy 

density 

(kJ/m3) 

Strength 

(MPa) 

Strain 

(%) 

Strain 

energy 

density 

(kJ/m3) 

Strength 

(MPa) 

Strain 

(%) 

Strain 

energy 

density 

(kJ/m3) 

Day 0 90.89±5.47 2.14±0.26 972±15 91.93±4.61 2.11±0.13 969±15 95.52±18.45 1.94±0.10 926±19 

Day 1 103.26±8.70 2.02±0.20 1042±18 101.09±4.23 2.05±0.14 1036±12 115.45±9.91  1.72±0.15 992±17 

Day 3 99.39±6.71 1.86±0.32 924±13 110.25±5.72 1.96±0.20 1080±15 112.89±7.21 1.65±0.17 931±16 

Day 7 95.52±9.75 1.53±0.35 730±17 103.34±9.31 1.72±0.16 888±17 110.34±11.61 1.44±0.20 794±19 

Day 10 92.56±4.19 1.12±0.51 518±20 95.81±12.93 1.43±0.35 685±22 99.8±4.28 1.36±0.25 678±25 

NTS = native tapioca starch, HPS = hydroxypropyl starch, Di-aldS = di-aldehyde starch 

 

Dried TCNF/Di-aldS films exhibited the highest tensile strength and lesser strain energy 

density, representing brittle behavior of the films. In addition, depolymerized starch chains do not 

favor reassociation process26. Therefore, the TCNF/Di-aldS films did not exhibit any significant 

haze value variations after 10 days of storage. These results suggest that the films prepared with 

modified starch pastes exhibited the same variation in their mechanical properties as their 

corresponding native starch paste, but rate of variation in properties was less due to slow 

reassociation process. Moreover, the optical properties of TCNF/modified starch films showed 
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less change.  Thus, changes in crystallinity of starch paste drastically affected mechanical 

properties of TCNF/modified starch film. 

 

Effect of the starch paste storage time on wet films 

The prepared TCNF/modified starch films were kept in water for 2 h, for comparative analysis 

of the modified starch pastes storage duration on swelling and wet strength. The swelling ratio 

(SR), wet tensile strength, and wet strain energy density of the studied TCNF/starch films are 

shown in Fig. 2-7, and the corresponding data are summarized in Table 2-2.  

For the TCNF/NTS_0 film, the SR was ~333%, the wet tensile strength was 0.70 MPa, and the 

wet strain energy density was 55.13 kJ/m3. However, for the TCNF/NTS_10 film, the SR was 

~1700%, while its wet tensile strength of ~0.09 MPa was the lowest, and its wet strain energy 

density was ~7.87 kJ/m3. The TCNF/NTS_1 film exhibited the lowest SR of ~273%, with a higher 

wet tensile strength of ~1.04 MPa, while its wet strain energy density was 123.82 kJ/m3.  

The same behavior was observed for the TCNF/HPS and TCNF/Di-aldS films. The TCNF/Di-

aldS_1 and TCNF/Di-aldS_10 films exhibited the SRs of ~366% and ~725%, respectively, and 

their wet tensile strengths were 0.81 MPa and 0.47 MPa, respectively. The TCNF/HPS_1 and 

TCNF/HPS_10 films exhibited the SRs of ~302% and ~637%, respectively, and their wet tensile 

strengths were 0.89 MPa and 0.66 MPa, respectively. The highest wet strength of ~1.17 MPa, and 

the strain energy density of 133.3 kJ/m3, were obtained for the TCNF/HPS_3 film. Thus, the water-

resistance behavior of TCNF/starch films increased during the initial starch storage period. 

However, the SR increased, and the wet strength decreased with longer storage duration. 

TCNF have anionic carboxylate moieties that generate strong electrostatic repulsion, 

disturbing the fibers arrangement in wet conditions27; thus, pristine TCNF films exhibited the SR 
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of ~6000%. However, the composite of starch_day 0 with TCNF worked as an effective binder by 

forming hemiacetal crosslinking between the hydroxyl moieties of starch and the aldehyde 

moieties of TCNF, thus avoiding water penetration in the resulting TCNF/starch film. Therefore, 

TCNF/NTS_0, TCNF/HPS_0, and TCNF/Di-aldS_0 films exhibited lower SRs of ~333%, ~302%, 

and ~366%, respectively. Hydroxypropyl moieties had higher reactivity for forming hemiacetal 

crosslinking; consequently, TCNF/HPS_0 exhibited less swelling. Because Di-aldS contains 

depolymerized starch chains that diminish the hemiacetal crosslinking strength28, TCNF/Di-

aldS_0 exhibited higher swelling. 

 

Figure 2-7. Swelling ratio and wet tensile strength dependence on the starch paste storage duration, for (A) 

TCNF/NTS, (B) TCNF/HPS, and (C) TCNF/Di-aldS films. (D) Strain energy density of swollen TCNF-modified 

starch films, vs. the storage duration, for different pastes.  
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Table 2-2. Swelling ratio, wet tensile strength, and strain energy density of TCNF-modified starch films prepared 

using different storage-duration starch pastes. 
Starch 

retrogradation  

TCNF/NTS TCNF/HPS TCNF/Di-aldS 

Swelling (%) Wet 

strength 

(MPa) 

Strain 

energy 

density 

(kJ/m3) 

Swelling (%) Wet 

strength 

(MPa) 

Strain 

energy 

density 

(kJ/m3) 

Swelling (%) Wet 

strength 

(MPa) 

Strain 

energy 

density 

(kJ/m3) 

Day 0 333.46±11.08 0.70±0.10 55.13±2.02 322.13±11.19 0.81±0.07 32.09±1.67 397.58±20.43 0.73±0.11 49.30±1.17 

Day 1 273.17±23.58 1.04±0.12 123.82±1.58 302.86±29.72 0.89±0.10 82.71±1.89 366.04±30.41 0.81±0.07 95.19±1.65 

Day 3 400.08±16.69 0.95±0.08 97.42±1.41 290.29±25.83 1.17±0.12 133.32±3.29 435.96±28.64 0.75±0.080 79.95±1.56 

Day 7 526.99±9.79 0.64±0.04 71.01±1.22 417.72±21.94 0.97±0.13 75.94±4.80 505.87±26.87 0.68±0.093 64.71±2.08 

Day 10 1696.77±383.01 0.09±0.021 7.87±2.97 637.75±17.75 0.66±0.086 57.44±7.94 725.43±18.78 0.47±0.079 44.10±6.94 

NTS = native tapioca starch, HPS = hydroxypropyl starch, Di-aldS = di-aldehyde starch 

Gelatinization destroys the crystalline structure of starches; consequently, day-zero starch 

pastes are amorphous. During the starch paste storage, amylose and amylopectin reassociate and 

form crystalline network structures that enhance water durability. Thus, the blending of crystalline 

starches with TCNF improved the water durability and strength of the TCNF/starch films owing 

to the synergistic effect of hemiacetal crosslinking and starch crystallinity. Therefore, 

TCNF/NTS_1, TCNF/HPS_3, and TCNF/Di-aldS_1 exhibited less swelling. We observed the 

highest wet strength and strain energy density for the TCNF/HPS_3 film, owing to its higher 

hemiacetal crosslinking density.  

Longer-duration storage promotes the 

formation of large-size starch granules29. The 

starch crystallinity increased, but its crosslinking 

density decreased due to the formation of 

granules. In addition, starch granules disturbed 

the fiber packaging of the films. Therefore, 

TCNF/NTS_10, TCNF/HPS_10, and TCNF/Di-aldS_10 exhibited higher swelling. Rapid 

Figure 2-8. Swollen films of TCNF/NTS_10 and 

TCNF/HPS_10. 
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reassociation in native starch induced more extensive granule formation; thus, TCNF/NTS_10 

exhibited the highest swelling (~1700%) and the lowest wet strength (Fig. 2-8).  

Changes in polymer packaging with the starch paste storage time in TCNF/starch suspensions 

were confirmed by rheological analysis. Variations in the storage moduli (G’) and loss moduli 

(G’’) of the prepared TCNF/starch suspensions were investigated for frequencies ranging from 0.1 

to 10 rad/s, and the results are shown in Fig. 2-9. The values of G’ and G” at the frequency of 1 

rad/s were used as the relative values for comparison, and the results are summarized in Table 2-

3. 

 

Figure 2-9.  Storage moduli (G’) and loss moduli (G”), plotted vs. frequency in the 0.1 to 10 rad/s range, for TCNF-

modified starch suspensions prepared with different storage-duration starch pastes. 
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Table 2-3. Storage moduli (G’) and loss moduli (G”) at the frequency of 1 rad/s, for TCNF-modified starch 

suspensions prepared with different storage-duration starch pastes.  

Starch paste 

Storage 

Storage moduli, G’ (Pa) Loss moduli, G’’ (Pa) 

TCNF/NTS TCNF/HPS TCNF/Di-

aldS 

TCNF/NTS TCNF/HPS TCNF/Di-

aldS 

Day 0 39.1 37.5 34.1 8.1 8.7 8.1 

Day 1 47.5 39.5 35.2 9.7 8.8 8.5 

Day 3 39.2 42.4 31.0 9.6 8.9 7.7 

Day 7 34.1 35.8 30.2 8.9 8.5 7.5 

Day 10 28.5 32.5 26.3 8.6 8.4 6.8 

NTS = native tapioca starch, HPS = hydroxypropyl starch, Di-aldS = di-aldehyde starch 

The TCNF/NTS suspension exhibited enormous variation of G’ with the paste storage 

duration; however, the TCNF/HPS and TCNF/Di-aldS suspensions exhibited more moderate 

dependences of G’ on the pastes storage time. Reassociated amylose and amylopectin networks in 

TCNF/NTS suspensions and corresponding hemiacetal crosslinking (after drying) on day 0, on the 

day with the highest G’, and on the day with the lowest G’, are shown in Fig. 2-11. Surface and 

cross-section morphology of dried TCNF/NTS film shown in Fig. 2-10. 

 

Figure 2-10. Surface and cross-section morphology of dried TCNF/NTS film prepared with suspension at day 0, the 

day yielding the highest G’ and the day yielding the lowest G’. Starch granule on film surface and cross-section 

indicated by yellow arrow.  
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Figure 2-11. Schematic of NTS orientation in TCNF/NTS suspensions on day 0, the day yielding the highest G’, and 

the day yielding the lowest G’. The corresponding hemiacetal crosslinking in dried conditions is shown as well. 

 

On day 0, amylose and amylopectin were randomly arranged in TCNF, and prepared film had 

smooth surface and cross-section. After a certain storage time, amylose chains started to 

reassociate and form crystalline arrangements that enhanced the interaction between the starch 

molecules and TCNF; therefore, TCNF/NTS exhibited the highest G’ under these conditions. The 

hemiacetal crosslinking densities were similar for day 0 and for the day yielding the highest G’ 

state, but owing to higher crystallinity, the film exhibited better mechanical strength and water 

durability for the highest G’ state. Also, dried TCNF/NTS film had smooth surface and small size 

granule (~ 500 nm – 1 µm) observed in cross-section that contribute to enhance mechanical 

properties of the film.   However, during extended storage, starch granules started to form due to 

syneresis of the starch paste 30. The formed granules reduced the interaction between the starch 

molecules and TCNF, thus reducing G’. In addition, the dried TCNF/NTS film had large size 

starch granule (~ 5 – 10 µm) on surface and cross-section that diminished mechanical properties 

of the film. On the other hand, chemical modification of starch slowed the reassociation process, 

and granule formation took longer than in the native starch. Therefore, TCNF/HPS and TCNF/Di-
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aldS exhibited weaker dependence of G’ on the paste storage time. Thus, formation of hemiacetal 

crosslinking and starch paste crystallinity had significant role in enhancing wet strength of 

TCNF/starch film.  

A demonstration of the application of films prepared with the TCNF/HPS suspension (highest 

G’ state) is provided in Fig. 2-12. The film thickness was varied by changing the volume of the 

casting suspension. The TCNF/HPS film possesses adequate mechanical strength (~120 MPa) and 

optical transparency, which is sufficient for packaging applications. Moreover, it is possible to 

prepare thick sheets (thickness, ~200 μm). Such thick sheets with self-standing ability can also be 

used as faceguards; they are promising as substitutes for plastics that are difficult to reuse and must 

be incinerated from the hygienic point of view.  

 

 

Figure 2-12. (A) TCNF/HPS films exhibit high optical transparency. The film thickness can be optimized according 

to its use in (B) food packaging covers (~10-15 µm), (C) packaging bags (~40-50 µm), or (D) face shields (~150-200 

µm). 
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Fig. 2-13. Representation of marine microbial degradation process. 

 

Moreover, TCNF and TCNF/HPS films were kept on a whalebone to confirm the film marine-

microbial degradability (Fig. 2-13). Surface morphology (after 28 days) is shown in Fig. 2-14. 

TCNF film had less microbial growth and degradability, however, addition of starch (HPS) support 

microbial growth and enhance degradability. So, TCNF/HPS film had rapid degradation by marine 

microbes. 

 

Fig. 2-14. Surface morphology of TCNF and TCNF/HPS films after 28 days kept in marine microbes. Arrows are 

indicating bacterial growth on the surfaces.  
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Hence, these results suggest that the optical and mechanical properties and water resistance 

behavior of TCNF/starch films can be optimized by focusing on starch modification and starch 

paste crystallinity.  

 

2.4 Conclusions 

This study comprehensively analyzed the effect of (NTS, HPS, and Di-aldS) starch paste 

storage time on the optical, mechanical, and water resistance properties of TCNF/starch films. 

Short-term storage of starch pastes was found to improve the mechanical and water resistance 

properties of TCNF/starch films, owing to the synergistic effect of starch paste crystallinity and 

hemiacetal crosslinking. However, long-term storage of starch pastes promoted the formation of 

granules that negatively affected the polymer packing and film properties. The TCNF/HPS film 

prepared using the HPS paste stored for 3 days (~22 °C, ~25% RH) exhibited adequate strength 

and durability, making it suitable for packaging applications. Recently, TCNF/HPS composite 

films have been shown to have good biodegradability in marine environments. Further studies on 

the marine biodegradability of composite films has conform applicability as marine degradable 

plastic. We believe that TCNF/HPS films open new vistas for next-generation renewable, water-

durable polysaccharide packaging films. 
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Chapter 3 

A facile way to prepare fresh water durable and marine degradable cellulose 

nanofiber reinforced starch film 

 

3.1 Introduction 

Cellulose and starch are hydrolysis via the enzymatic route is accomplished synergistically by 

actions of a group of enzymes known as cellulases and amylase1,2. Marine microbes are potential 

source of such enzymes, therefore, packaging bags prepared by biomass (cellulose and starch) are 

better substitute for marine degradable single-use plastic3,4. However, poor freshwater durability 

of cellulose and starch based films restrict their applications.   

Many chemically modified cellulose as cellulose acetate, cellulose octanoate, cellulose 

palmitate, and methylcellulose have been prepared to improve cellulose film's water durability5,6. 

Such hydrophobic modification was found to enhance water durability; however, enzymatic 

degradation was drastically reduced. Almost zero hydrolysis rate for cellulose acetate, cellulose 

octanoate, cellulose palmitate by enzymatic degradation has been reported in the earlier study7,8. 

Many polymers such as poly(acrylamide) (PAM), poly(vinylamine) (PVA), and 

poly(ethyleneimine) (PEI) have been introduced to cellulose to improve its wet tensile strength9–

11. However, these synthetic polymers are non-degradable and hazardous to the environment. On 

the other hand, starch is biocompatible, biodegradable, renewable, and is an abundant 

polysaccharide. Blending of starch with serval polymers as PVA, PLA, PHB, PCL etc. enhanced 
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mechanical properties and degradability in marine environment12–14. However, fresh water 

durability reduced owing to hydrophilicity of starch.  

Aldehydes might be the most frequently used chemicals for starch crosslinking due to their 

high reaction efficiency to form hemiacetal/acetal crosslinking15. Aldehyde moieties introduced to 

polysaccharides to prepare environmental friendly cross linkers. Starch film cross-linked by di-

aldehyde sucrose had water stability compare to non-cross-linked neat starch film. PVA/di-

aldehyde starch composite film had higher freshwater durability owing to hemiacetal 

crosslinking16–18. Blending of starch with TEMPO-oxidized cellulose nanofiber (TCNF) enhanced 

water durability and strength owing to provide flexible hemiacetal binding between TCNFs19,20. 

Therefore, hemiacetal crosslinking had a crucial role to enhance fresh water durability of starch 

base composite films.  However, cellulose/starch composite film's freshwater durability and 

strength are still needed to improve for packaging application.  

In chapter 3, sodium periodate oxidation was performed to cellulose nanofiber (Selectively 

convert the two secondary hydroxyl groups in the C2 and C3 position of the anhydroglucose units 

into aldehyde moieties)21. The oxidation time was optimized to prepare film with adequate 

mechanical strength. Further, we demonstrated that the addition of starch in oxidized cellulose 

nanofiber enhances the water durability and strength due to hemiacetal crosslinking. Moreover, a 

degradation test was performed in marine mud and marine microbes to confirm the film's marine 

degradability. Thus, the development of polysaccharides-based freshwater durable and the marine-

degradable film will potentially substitute for next-generation packaging material to reduce global 

environmental effects. 

3.2 Experimental section  
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Materials 

Commercially available cellulose powder was supplied by Nacalai Tesque, Japan. Sodium 

periodate and ethylene glycol were purchased from Fujifilm Wako, Japan. Phosphate buffer saline 

(pH 6) was provided by Nacalai Tesque, Japan. Sodium azide was purchased from Sigma Aldrich, 

Japan. Cellulase enzyme (Aspergillus niger) was supplied by TCI, Japan.  All reagents were 

laboratory grades. Three types of modified tapioca starch powder, hydroxypropyl starch (HPS, 

DS: 0.05) and di-aldehyde starch (Di-aldS, Molar substitute 5.4 (A) and 15.2 (B)) was supplied by 

Nihon Shokuhin Kako Co. Ltd., Japan and used as received. Milli-Q water was used throughout 

the experiment.  

Preparation of MCNF suspension 

We prepared a dispersion of cellulose powder (~1% w/v) in water. The dispersion was 

processed by wet pulverization process, subject to mechanically disintegrate cellulose into 

cellulose nanofiber. In the disintegration process, the dispersion was pressurized at approximately 

245 MPa and ejected into the device chamber through a 100 μm aperture nozzle, then pulverized 

with a ceramic ball using a Star Burst Mini wet pulverizing and dispersing device (Sugino Machine 

Co., Ltd., Japan) equipped with a ceramic ball collision chamber22. The disintegration process 

repeated around ~ 25 times to get fibrillated and homogeneous suspension of cellulose nanofiber. 

The prepared suspension was named mechanically fibrillated cellulose nanofiber (MCNF) in the 

experiment. The concentration of MCNF suspension was calculated by weight measurement 

before and after lyophilization. 

Preparation of starch paste 
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Hydroxypropyl starch (HPS) powder (5.0 g) was added to 100 mL of Mili-Q water. The 

dispersion was mixed using magnetic stirring at 90 °C for 1 h to obtain a homogeneous starch 

paste. The prepared paste was stored at room temperature for further experiments. 

Preparation of OMCNF and OMCNF/HPS suspension 

In a close container, 20 g MCNF suspension (~ 1%, w/v) dispersed in water (20 ml). 0.4 g (2-

time weight of MCNF) of sodium periodate added in the homogeneous dispersion and mixed by 

magnetic stirrer for 1 h at room temperature (~28 °C). After 1 h, the remaining periodate was 

decomposed by adding excess ethylene glycol23. Further, the dispersion was thoroughly washed 

with water (at least 5 times wash). The final concentration of OMCNF was measured by the freeze-

drying process. Aldehyde moieties concentration measured by DNPH test. Prepared OMCNF 

suspension (~0.8%, W/V) and HPS paste (5%, W/V) were blended together in different HPS 

concentrations and stirred until a homogeneous dispersion was obtained, and named OMCNF/HPS 

suspension. 

Preparation of films 

Prepared MCNF, OMCNF, and OMCNF/HPS suspension (~1%, W/V) were cast in a Teflon 

PFA Petri dish and kept in an oven at 45 °C for 6 h. Dried films were cut into specimens for further 

experiments.   

Aldehyde concentration measurement 

Aldehyde group concentration in OMCNF suspension was measured by the UV-

spectrophotometric method using 2,4-dinitrophenylhydrazine (DNPH). 5 mg of DNPH was 

dissolved in 0.2 mL of concentrated sulphuric acid and stirred to obtain a homogeneous solution. 
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2 mL of ethanol was added under continuous stirring at room temperature. The mixture was 

allowed to react for 10 min to achieve homogenization. The final volume was made up to 20 mL 

by adding water. Prepared DNPH solution was diluted by water into four different concentrations, 

and absorbance at 360 nm was measured for each concentration using a spectrophotometer. A 

calibration curve for DNPH was plotted to formulate a standard equation for aldehyde 

concentration measurement.  

500 µL of OMCNF was added to 5 ml of the prepared DNPH solution, and the mixture was 

allowed to react for 5 h at room temperature. Unreacted DNPH was collected by centrifugation, 

and absorbance was measured at 360 nm using the spectrophotometer. The amount of aldehyde 

moieties was calculated as: 

Aldehyde concentration (µmol/g) = 
Reacted DNPH concentration (µmol)

Amount of celluose in OMCNF (g)
 

 

Enzymatic degradation test 

Fast biodegradation of the films was measured in laboratory conditions by enzymatic 

hydrolysis. Commercially available cellulase enzyme (activity 6000 unit/g) dissolved in phosphate 

buffer saline (0.1 mol/l, pH 6). Sodium azide (0.1 g) is used as an anti-bacterial agent. The films 

were cut into small pieces (10 mm × 10 mm) and placed in a six-well plate.  The needed enzyme 

mixture was added based on the dry weight of the films according to the equation7 

                Volume of enzyme mixture =  
50 (

𝐹𝑃𝑈

𝑔
) × 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑓𝑖𝑙𝑚 (𝑔)

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑝𝑟𝑒𝑝𝑎𝑟𝑒𝑑 𝑒𝑛𝑧𝑦𝑚𝑒 𝑚𝑖𝑥𝑡𝑢𝑟𝑒  (
𝐹𝑃𝑈

𝑚𝑙
)
 



61 

 

Five days incubation was started with the addition of the enzyme mixture at 37 °C. Three 

replicates of each sample were measured. As a reference, films were kept in PBS solution without 

enzyme. After the hydrolysis, the remaining film samples were gently taken out with the help of 

tweezers, washed with ethanol, and followed by the drying process. Percentage weight loss was 

calculated as  

                 Percentage weight loss (%) =   
𝑊𝐵𝐷−𝑊𝐴𝐷

𝑊𝐵𝐷
∗ 100 

Where, WBD and WAD are weights of the dried films before degradation and after degradation, 

respectively.  

Marine microbial degradation test performed same as explain in chapter 2.  

Characterization  

Lyophilized MCNF and OMCNF suspensions were analyzed by Fourier transform infrared 

spectra (Thermo scientific, Nicolet iS5) to confirm the oxidation and date analyzed by OMNIC 

software. The mechanical properties of the films were evaluated by a tensile test. Five specimens 

(20 mm × 5 mm) were cut from each film. A micrometer was used to measure their thickness 

before the test. Measurements were taken at four different positions for each specimen, and the 

average value was used for the calculation. Tensile test was performed using a universal testing 

machine (EZ graph, Shimadzu Corporation, Japan) with a 100 N load cell and a 1 mm/min strain 

rate. Water uptake ratio (WUR) test was performed in freshwater. Dried film specimens (2 cm × 

2 cm) were immersed in water. After a fixed time, swollen samples were gently taken out using 

tweezers, and excess water was removed with tissue paper before samples were weighed. WUR 

was calculated as follows: 
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WUR (%)  =         
𝑊𝑠𝑠−𝑊𝑑𝑠

𝑊𝑑𝑠
∗ 100  

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

The tensile test of swollen membranes was performed using a universal testing machine with a 10 

N load cell and 1 mm/min strain rate. Three samples were taken from each group for measurement, 

and the average value of the calculation is reported. Surface morphology of the marine degraded 

samples was observed by SEM (Hitachi SU3500, Japan) at an accelerating voltage of 15 kV and a 

working distance of 10 mm. Before the SEM examination, the surface was sputter-coated with 

platinum-palladium (5 nm thickness) using a vacuum sputtering instrument (Magnetron sputter 

MSP-1S, Japan). 

3.3 Result and discussion: 

Optimization of water durability 

To fabricate high water durable film, Cellulose nanofiber suspension was prepared by wet 

pulverization process (245 MPa, 25 Passes) and named mechanically fibrillated cellulose 

nanofiber (MCNF). Further, MCNF was followed by sodium periodate oxidation (NaIO4) to 

prepare oxidized cellulose nanofiber (OMCNF) suspension. The prepared suspensions were 

converted into films by solvent casting method, as shown in Fig. 3-1.  

Oxidation was optimized to get adequate mechanical strength of dried OMCNF film. Oxidation 

of MCNF suspension performed for 15 min, 1 h, and 4 h (at constant temperature 28 °C and oxidant 

concentration) and named as Run 1, Run 2 and Run 3, respectively. During oxidation, aldehyde 

moieties are introduced to the surface of cellulose nanofiber that forms di-aldehyde cellulose. FTIR 

spectra of MCNF and OMCNF (different times oxidized) are shown in Fig. 3-2A. MCNF had O-
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H stretching (adsorbed water signal) peak at 1641 cm-1. After oxidation, a weak carbonyl (C=O) 

stretching vibration peak was observed at 1732 cm-1 and O-H stretching peak shifted to 1635 cm-

1. With higher oxidation time, the O-H stretching peak intensity (1635 cm-1) was reduced, and the 

carbonyl stretching peak intensity increased. That confirms the convergence of hydroxyl moieties 

(at C2 and C3) to aldehyde moieties.  

 

Figure 3-3. Illustrative representation of MCNF, OMCNF and OMCNF/HPS films preparation process. 

 

 

Figure 3-2. (A) FTIR spectra of different time oxidized OMCNF and (B) comparative analysis of aldehyde moieties 

on MCNF, TCNF and 1 h oxidized OMCNF.  
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Aldehyde concentration was calculated as 39, 176 and 887 µmol/g for Run 1, 2, and 3, 

respectively. The prepared self-standing OMCNF films were shown in Fig. 3-3A, and MCNF film 

(named as Run 0) used as control. UV-vis spectra of self-standing MCNF and OMCNF films are 

shown in Fig. 3-3C, and the transmittance at 650 nm was used as the relative value for comparison, 

and data are summarized in Table 1. Transmittance of MCNF film was 68% that was drastically 

reduced to 43%, 26%, and 14% with higher oxidation time. Tensile strength and strain energy 

density of dried OMCNF films are shown in Fig. 3-3D, E and summarized in Table 1. MCNF film 

had a tensile strength of 175 MPa and a strain energy density of 1.99 MJ/m3. However, OMCNF 

films exhibited a tensile strength of 117, 99, and 65 MPa, and strain energy density of 1.09, 0.84 

0.49 MJ/m3, for Run 1, Run 2 and Run 3, respectively. Thus, optical transparency, tensile strength, 

and strain energy density of dried OMCNF films rapidly reduced with higher oxidation.  

Morphology of surface and cross-section were showed in Fig. 3-3B. MCNF film had a smooth 

surface and cross-section, indicating good packaging of fibers. However, the OMCNF films 

surface and cross-section become rough owing to agglomerate fibers, and roughness was 

increasing with higher oxidation. Then, non-uniform agglomerate fibers disturbed packaging and 

reduced the optical transparency. Moreover, during oxidation, cellulose nanofiber gets 

depolymerized, fibers crystallinity diminished, and crystallinity reduction is continued with the 

oxidation. Therefore, Strain energy density of the films was rapidly reduced. With Run 1, the 

prepared OMCNF film had a smooth surface with adequate mechanical strength. Furthermore, 

aldehyde moieties concentration was found to be ~176 µmol/g that was almost ~7 times higher 

than aldehyde concentration of TEMPO-oxidized cellulose nanofiber (~26 µmol/g) as shown 

in Fig. 3-2B. Therefore, OMCNF film prepared with 1 h oxidation was quite suitable for further 

experiment.   
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Figure 3-3. Characterization of different time oxidized cellulose nanofiber (OMCNF) films as (A) self-standing films 

(B) surface and cross-section morphology (C) UV-spectra in visible wavelength region (D) tensile strength and (E) 

strain energy density. 

 

 

 

Table 1. Dried film optical transparency and mechanical properties of different time oxidized cellulose nanofiber 

films.  

Run 

groups 

Oxidation* 

time 

Aldehyde 

(µmol/g) 

Optical 

transparency 

(%) (at 650 

nm) 

Tensile 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Strain (%) 

Strain 

energy 

density 

(MJ/m3) 

0 

(MCNF) 
- 0 68 8.24±1.71 175±15 2.27±0.26 1.99±0.020 

1 15 min 39 43 7.87±0.75 117±6 1.86±0.12 1.09±0.039 

2 1 h 176 26 6.87±1.33 99±14 1.68±0.32 0.84±0.022 

3 4 h 887 14 5.79±1.27 65±11 1.52±0.43 0.49±0.026 

* Temperature (28 °C) and oxidant concentration was constant during reaction.  
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To analyze wet durability, prepared MCNF and OMCNF films kept in water. The water uptake 

profile for the films is shown in Fig. 3-4A. MCNF and OMCNF films exhibited ~ 207% and ~53% 

water update ratio (WUR), respectively. Rapid reduction observed in WUR of OMCNF film. 

OMCNF was blended with HPS to further improve water durability. The WUR of OMCNF/HPS 

films prepared with different concentrations of HPS (with respect to OMCNF) is shown in Fig. 3-

4B. OMCNF/HPS film prepared with ~64% HPS concentration exhibited ~122% WUR. With 

reducing the HPS concentration to ~32% and ~16%, the WUR decreased to ~83% and ~65%, 

respectively. OMCNF/HPS film prepared with ~8% HPS concentration showed a minimum WUR 

of ~30%, significantly lower than OMCNF film.  

Water uptake profile and wet tensile strength of MCNF, OMCNF, and OMCNF/HPS films 

measured after 2 h immersion in water, are shown in Fig. 3-5 and data summarized in Table 3-2. 

MCNF film had a tensile strength of 1.62 MPa with 27.8 kJ/m3 strain energy density. Wet tensile 

strength increased to 20.4 and 35.8 MPa, and strain energy density was enhanced to 373.9 and 

646.1 kJ/m3 for OMCNF and OMCNF/HPS films, respectively.   

 

Figure 3-4. (A) Water uptake profile of MCNF and OMCNF films and (B) water uptake ratio of OMCNF and 

OMCNF/HPS films (Prepared with different HPS concentration) after 2 h immersion in fresh water.    
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Aldehyde moieties on OMCNF form inter and intra molecular hemiacetal bond during the 

drying process of film preparation. This hemiacetal crosslinking improved the water durability of 

OMCNF film (Fig. 3-5C); therefore, OMCNF film showed a reduced water uptake ratio of ~53% 

and higher wet tensile strength of 20.4 MPa. The addition of HPS works as a flexible binder 

between OMCF and HPS. Also, the higher reactivity of hydroxypropyl moieties enhanced 

hemiacetal crosslinking density. Therefore, OMCNF/HPS film had a minimum WUR of ~31% 

and the highest wet strength and strain energy density. Wet strength demonstration of 

OMCNF/HPS film shown in Fig. 3-5D. Moreover, HPS granule observed in cross-section (Fig. 3-

6) that enhanced inter and intra fiber interaction, reduced mobility and increased rigidity. So, dried 

OMCNF/HPS film had higher tensile strength (~117 MPa) than OMCNF film (Fig. 3-6). However, 

access HPS concentration increased WUR owing to the hydrophilicity of starch.  

To confirm the effect of hemiacetal crosslinking, Di-aldehyde starch (different D.S.) blended 

with MNCF to prepare MCNF/Di-aldS films. Wet films stress-strain curves and corresponding 

strain energy density are shown in Fig. 3-7. Wet film mechanical properties (stress and strain) 

elevated, and strain energy density enhanced to 0.98, 30, and 68 kJ/m3 for MCNF, MCNF/Di-

aldS_A, and MCNF/Di-aldS_B, respectively.  

 

Table 3-2. Dried and wet film mechanical properties of MCNF, OMCNF and OMCNF/HPS films.   

 

Type of film Dried film mechanical properties Wet film mechanical properties 

Tensile 

modulus 

(GPa) 

Tensile 

strength (MPa) 

Tensile 

modulus 

(MPa) 

Tensile 

strength (MPa) 

Strain energy 

density (kJ/m3) 

MCNF 8.24±1.71 175±15 56±9 1.62±0.8 27.8±11.4 

OMCNF 6.87±1.33 99±14 786±139 20.4±5.7 373.9±83.4 

OMCNF/HPS 7.87±0.75 117±13 1479±498 35.8±5.2 646.1±136.2 
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Water durability increases with the di-aldehyde substitute in starch, confirming the hemiacetal 

crosslinking role to elevate the film's wet strength. However, the reactivity of hydroxypropyl is 

higher to form crosslinking, and high mobility and flexibility of starch (compare to cellulose) 

elevated crosslinking density. So, OMCNF/HPS film had a significantly high wet strain energy 

density (646 kJ/m3) than MCNF/Di-aldS film (68 kJ/m3). In addition, loosely bonding starch in 

MNCF/Di-aldS film was found to show adhesive behavior (application demonstration of adhesive 

behavior shown in Fig. 3-8, indicating lesser reactivity of hydroxyl moieties (MCNF) to interact 

with di-aldehyde starch.  

 

 

Figure 3-5.  (A) Water uptake profile of MNCF, OMCNF and OMCNF/HPS films and (B) Wet tensile strength of 

these films after 2 h immersion in water. (C) Possible formation of hemiacetal crosslinking that elevated the wet 

strength of the films. (D) Demonstration of large size self-standing OMCNF/HPS film and wet strength of the film.  

OMCNF/HPS film used for wet strength demonstration highlighted by Yellow Square.  
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Figure 3-6. (A) Dried film surface/cross-section morphology and (B) tensile strength of MCNF, OMCNF and 

OMCNF/HPS. 

 

 

 

Figure 3-7. Wet films (A) stress-strain curves and corresponding (B) strain energy densities of MCNF and MCNF/Di-

aldS films (prepared with different D.S. of di-aldehyde moieties in starch).  
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Figure 3-8. (A) Representation of water healing behavior of MCNF/Di-aldS film. (B) Stress-strain curve of 

MCNF/Di-aldS, normal film and healed film and (C) role of Di-aldS in recovery of healed film mechanical properties. 

(D) Application demonstration of MNCF/Di-aldS film healing behavior in packaging.   

 

These results suggest hemiacetal crosslinking has a crucial role in the water durability of 

OMCNF and OMCNF/HPS films. Also, the addition of starch enhanced hemiacetal crosslinking 

density and elevated wet strength of the films. Aldehyde moieties on CNF and hydroxypropyl 

moieties on starch are a good combination for high wet strength films, instead of vice-versa.     
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Degradability of the films 

MCNF, OMCNF, and OMCNF/HPS films degradation test were performed in the artificial 

marine environment. Sample preparation for marine microbial degradation had explained above, 

and illustrative representation is shown in chapter 2 (Fig. 2-13).  

MCNF, OMCNF, and OMCNF/HPS films were kept on a whalebone to confirm the film 

marine-microbial degradation. Surface morphology (after 28 days) is shown in Fig. 3-9. MCNF 

film shown rapid marine microbial degradation; however, OMCNF film had less bacterial growth 

and slow degradation. OMCNF/HPS had shown high bacterial growth with moderate degradation 

that was higher compare to OMCNF film. These results suggest that non-chemically modify 

cellulose had rapid degradation by marine microbes. Also, the addition of starch supports microbial 

growth on the film surface that helps to enhance degradation.  

Effect of chemical modification on enzymatic degradation analyzed by keeping the film in 

cellulase enzyme at laboratory conditions. Percentage weight loss of MCNF, OMCNF, and 

OMCNF/HPS films after 5 days immersion in cellulase enzyme are shown in Fig. 3-10. MCNF 

film had shown ~90% weight loss; however, OMCNF and OMCNF/HPS film had shown almost 

similar weight loss of ~75%. Thus, oxidized cellulose films had slow degradation due to chemical 

modification. Slow hydrolysis rate for oxidized cellulose by enzymatic hydrolysis has also been 

reported in an earlier study24,25. Also, The portion for glucose released was reduced with longer 

oxidation time; therefore, 1 h oxidation was quite suitable for adequate degradability.  

 



72 

 

 

Figure 3-9. Surface morphology of MCNF, OMCNF and OMCNF/HPS films after 28 days kept in marine microbes. 

Arrows are indicating bacterial growth on the surface.  

 

 

Figure 3-10. Weight loss (%) of MCNF, OMCNF and OMCNF/HPS films after 5 days immersion in cellulase enzyme 

at 37 °C. 

 

Therefore, OMCNF/HPS film prepared with 1 h oxidized cellulose nanofiber had high fresh 

water durability with adequate marine microbial degradability. These results suggest that the water 
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durability and marine degradability of OMCNF/HPS films can be optimized by optimize the 

cellulose oxidation time and starch concentration.  

3.4 Conclusion 

This study comprehensively studied the freshwater durability and marine degradability of 

sodium periodate oxidized cellulose nanofiber (OMCNF) film. The film prepared with 176 µmol/g 

aldehyde concentration (1 h oxidation) had adequate dried and wet film mechanical properties. 

Further, the film water durability could be enhanced by the addition of starch (hydroxypropyl 

starch, HPS). The formation of hemiacetal crosslinking between oxidized cellulose nanofiber and 

starch elevated water durability of OMCNF/HPS film. Aldehyde moieties on CNF and 

hydroxypropyl moieties on starch are good combination for high wet strength films, instead of 

vice-versa. Moreover, starch addition enhanced microbial growth that increased OMCNF/HPS 

film's degradability in marine conditions. We believe that the OMCNF/HPS film opens the 

research for the next generation freshwater durable, marine-degradable, renewable, and high-

performance - green packaging film.   
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Concluding Remarks 

In this doctoral thesis, cellulose nanofiber reinforced starch film prepared that possess adequate 

wet strength, water durability, and marine degradability.  

In chapter 1, TCNF/starch film prepared with 60% cellulose nanofiber/40% starch composite 

(1:0.6 weight ratio) showed minimum swelling with adequate wet strength. The addition of starch 

promoted the interaction between TCNF and starch through hemiacetal bonding. Furthermore, 

effects of mixing three different kinds of starch: (hydroxypropyl starch (HPS), acetyl starch (AS), 

and acetyl oxidize starch (AOS)) with TCNF, on swelling and wet strength properties of 

TCNF/modified starch film had comprehensively studied. AS and AOS have lesser hydroxyl 

moieties than HPS, so less crosslinking density causes higher swelling and lower wet strength. The 

highest wet strength and minimum swelling were observed with TCNF/HPS film.  

In chapter 2, the effect of starch paste storage time on the optical, mechanical, and water 

resistance properties of TCNF/starch films were analyzed. Short-term storage of starch pastes was 

found to improve the mechanical and water resistance properties of TCNF/starch films, owing to 

the synergistic effect of starch paste crystallinity and hemiacetal crosslinking. However, the long-

term storage of starch pastes promoted granules that reduced hemiacetal crosslinking density and 

negatively affected the film properties. Moreover, effect of modified starch reassociation on water 

durability of TCNF/modified starch films were comparatively analyzed. Further, TCNF/HPS film 

prepared with 3 days stored HPS paste was found to show the most acceptable dried and wet film 

properties. In addition, TCNF/HPS film showed higher marine microbial degradability compare 

to neat TCNF film. These results suggest that mixing of reassociated starch paste not only 

enhanced the film properties also elevated microbial degradability.  
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In chapter 3, the freshwater durability and marine degradability of oxidized cellulose nanofiber 

(OMCNF) films were investigated. Sodium periodate oxidation was optimized to introduce 

aldehyde moieties on cellulose nanofiber surface and to get adequate mechanical properties of 

OMCNF film.  The OMCNF film prepared with 176 µmol/g aldehydes (1 h oxidation at 28 °C) 

shown adequate mechanical properties in dried and wet conditions. Further, the film water 

durability could be enhanced by the addition of starch (HPS). The formation of hemiacetal 

crosslinking between oxidized cellulose nanofiber and starch elevated water durability of 

OMCNF/HPS film. Moreover, starch addition enhanced microbial growth that increased 

OMCNF/HPS film's degradability in marine conditions.  

In conclusion, the technique developed in this thesis extends the usages of polysaccharides-

based films in packaging. TCNF/starch film and OMCNF/starch film are expected to not only 

contribute significantly to a reduction in the amount of new marine debris deposited globally but 

also to a more efficient and sustainable material cycling process and the reduction of greenhouse 

gases, giving it the potential to enable the realization of the United Nation’s Sustainable 

Development Goals. The author believes that the TCNF, OMCNF reinforced starch films open the 

research for the next generation renewable, biodegradable, water durable high performance - green 

packaging. 
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