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Abstract The environmental impact of petroleum-based plastics packaging continues to grow, increasing attention has

been directed toward the development of sustainable materials derived from renewable biomass. Cellulose-based biomass

from agricultural residues and food processing by-products has emerged as a promising alternative due to its abundance,

renewability, and biodegradability. To enhance the processability and applicability of cellulose derived from such sources,

recent studies have focused on chemical modification techniques such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO)-

mediated oxidation, as well as the use of advanced solvent systems including ionic liquids for the production of regen-

erated cellulose (RC) films. This review explores the fundamental principles and mechanisms of TEMPO-mediated oxi-

dation and highlights the characteristics and potential applications of TEMPO-oxidized cellulose nanofibers (TOCNFs)

derived from various biomass sources. In addition, it discusses the fabrication and performance of TOCNF composite

films, major cellulose solvent systems and their dissolution mechanisms, and the properties and applicability of RC films.

Keywords Cellulose-based biomass, Food by-products, TEMPO-mediated oxidation, Regenerated cellulose film,

DMAc/LiCl solvent system, Sustainable packaging

1. Introduction

Cellulose-based biomass, including cellulose or lignocel-

lulose derived from agricultural, marine, and food processing

wastes, is considered one of the most promising alternatives to

non-renewable resources due to the environmental benefits

such as biodegradability and sustainability1-5). However, cel-

lulose-based biomass exhibits robust inter- and intra-molec-

ular H-bonding due to chain stereoregularity and high density

of the hydroxyl groups (-OH). As a result, they are insoluble

in common organic solvents, which limits their applicability in

various fields6-8). To overcome this limitation and improve the

processability and applicability, appropriate mechanical and

chemical modifications are necessary for converting cellulose-

based biomass into nanomaterials6-8). Cellulose-based nano-

materials have aroused significant attention in the fabrication

of packaging materials and other applications, due to their

large surface area, high aspect ratio, excellent mechanical

properties, biodegradability, and low coefficient of thermal

expansion9-11). Mechanical treatments such as homogeniza-

tion, grinding, blending, and ultrasonication have been suc-

cessfully applied to produce these nanomaterials. However,

such methods often require massive energy inputs, multiple

processing steps, and involve high production costs11-13). To

address these issues, pretreatment with chemicals such as acid

hydrolysis, alkaline-acid treatment, and oxidation has been

employed to reduce energy consumption11,12). Among them,

acid hydrolysis with strong acids (e.g., HCl) is the most

widely used technique. However, it presents several draw-

backs, including equipment corrosion, wastewater treatment

challenges, and environmental concerns13).

To address these limitations, 2,2,6,6-tetramethylpiperidiny-

loxy (TEMPO)-mediated oxidation has attracted recent sig-

nificant interest as an alternative chemical modification

method for cellulose-based biomass1,7,10-12). Owing to the

abundance of active -OH groups on its chains, cellulose is

highly suitable for chemical modification. TEMPO-mediated

oxidation selectively converts the primary -OH groups to car-

boxylate groups (-COO-), thereby allowing for the controlled
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spread of surface charge density and selective disintegration of

cellulose fibers from plant cell walls. It not only reduces the

energy required during mechanical treatment markedly but

also enables the efficient production of cellulose-based nano-

materials. Furthermore, it can enhance the hydrophilicity of

cellulose, allowing easy dissolution in solvent systems such as

aqueous or ionic liquids1,7,10-12). 

Despite the increasing hydrophilicity through TEMPO-

mediated oxidation, cellulose-based biomass cannot readily

dissolve in water or polar organic solvents due to strong H-

bonding and crystalline structure. Therefore, several special-

ized solvent systems, including N, N-dimethylacetamide

(DMAc)/lithium chloride (LiCl), dimethyl sulfoxide (DMSO)/

tetrabutylammonium fluoride, N-methylmorpholine-N-oxide

(NMMO), and sodium hydroxide (NaOH)/urea have been

employed to overcome this limitation6-8,14). These have

enabled the processing of cellulose into regenerated cellulose

(RC) films, which are obtained through a two-step process

comprising its dissolution and subsequent regeneration by

physical and chemical interactions3,5,6,14,15).

Accordingly, this paper provides an overview of the recent

advances achieved in the processing of cellulose-based bio-

mass aimed at enhancing their processability and applicability.

Particular emphasis is placed on TEMPO-mediated oxidation

and the use of ionic solvents for the fabrication of RC films.

First, we outline the principles and mechanisms underlying

TEMPO-mediated oxidation. Second, we summarize recent

studies addressing the application of TEMPO-oxidized cel-

lulose in the packaging material industry. Third, we outline

key solvent systems for cellulose and their respective dis-

solution mechanisms. Finally, we review the preparation

methods and physicochemical properties of RC-based films,

highlighting their potential in the field of fabricating sus-

tainable packaging materials.

2. TEMPO-mediated oxidation

2.1. TEMPO-mediated oxidation mechanism
TEMPO is a commercially available, stable, water-soluble

nitroxyl radical11,16). Moreover, compared to methods involv-

ing chemical modification of the -OH groups within cellulose

chains, such as periodate oxidation or carboxymethylation

using strong acids or harmful chemicals, TEMPO is a rel-

atively safer with lower environmental impacts and toxici-

ty13,17). Under mild reaction conditions, TEMPO-mediated

oxidation can efficiently and selectively oxidize the C6-pri-

mary -OH groups of the cellulose chain to C6 sodium car-

boxylate groups (-COONa) without the need for high

temperature and pressure1,7,16-18).

The efficiency and selectivity of TEMPO-mediated oxi-

dation strongly depend on the reaction conditions and the sys-

tem employed. The TEMPO/sodium bromide (NaBr)/sodium

hypochlorite (NaClO) oxidation system in water at pH 10-11

and room temperature is most commonly used16,18). In this

system, TEMPO and NaBr are co-catalysts, while NaClO is

the primary oxidizing agent, which is consumed during the

reaction16,18). NaClO oxidizes the TEMPO to its active radical

TEMPO+ and NaBr to NaBrO. NaBrO further reacts with

TEMPO to produce (+N=O), which serves as an additional

oxidizing agent. The nitronium ion facilitates the stepwise oxi-

dation of C6 hydroxymethyl groups (-CH2OH): first to alde-

hyde groups (-CHO), subsequently to a -COONa groups, as

illustrated in Fig. 112,16-18).

2.2. Effect of TEMPO-mediated oxidation on the phy-

sicochemical and morphological properties of the cel-

lulose extracted from diverse sources
TEMPO-mediated oxidation alters the chemical and mor-

phological structure of cellulose, significantly influencing its

Fig. 1. Mechanism of TEMPO-mediated oxidation of cellulose12,16-18).
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physicochemical properties. To assess the feasibility of Spent

coffee grounds (SCGs) as an alternative to natural resources

like wood, Kanai et al.1) employed a TEMPO/NaBr/NaClO

system to prepare TEMPO-oxidized cellulose nanofibers

(TOCNFs) from SCGs. Ground and dried SCGs were stirred

in n-hexane to remove the major lipid, triacylglycerol. The

pretreated SCGs were stirred in distilled water (DI water) con-

taining TEMPO and NaBr. Oxidation was initiated by adding

NaClO, and the mixture was stirred continuously for 3 h. The

pH was maintained at 10-10.5 with either 0.5 M NaOH or 1

M HCl. The point at which the pH was stable for 10 min was

considered the end-point, and the reaction was terminated by

adding ethanol. The TEMPO-oxidized cellulose was vacuum-

filtered, washed repeatedly with DI water, and then collected

by freeze-drying. In this study, the properties of SCGs-derived

TOCNFs were compared with those of the microcrystalline

cellulose (MCC) derived from wooden materials. 13C solid-

state Nuclear Magnetic Resonance (13C NMR) analysis con-

firmed the conversion of the -OH groups on the surface of the

SCGs microfibers to carboxyl groups (-COOH) via TEMPO-

mediated oxidation. XRD analysis indicated that SCGs-

derived TOCNFs exhibited a lower crystalline structure com-

pared to wood-derived MCC. This effect was attributed to the

presence of residual hemicellulose, lignins, and triacylglyc-

erols in the SCGs, which likely hinder the fibrillation process.

Thermogravimetric analysis (TGA) revealed that SCGs-

derived TOCNFs began to decompose at a markedly lower

temperature (100°C) compared to MCC (280°C). Further-

more, differential thermogravimetry (DTG) revealed that

TOCNFs underwent thermal degradation in two distinct

stages. The first step observed at 251°C is attributed to the

decomposition of thermally unstable sodium hydro-glucuro-

nate units introduced during the oxidation process. The second

step, observed at 267°C, is associated with the decomposition

of unaltered cellulose chains. In contrast, MCC exhibited a

single prominent degradation peak at 344°C. This variation

might be due to the presence of anhydroglucuronate units in

TOCNFs reduces the thermal stability of crystalline cellulose

domains, leading to an earlier onset of decomposition. Khoshk

& Moeenfard19) prepared TEMPO-oxidized cellulose from

SCGs with varying particle sizes, and their physicochemical

properties were evaluated. Roasted Robusta coffee beans were

powdered using a household grinder and sieved into three dis-

tinct size ranges: 850-1400, 500-850, and 355-500 μm. The

powder was continuously stirred in DI water, followed by fil-

tration and oven-drying to obtain the SCGs. The dried SCGs

were defatted utilizing n-hexane in a Soxhlet apparatus, dis-

persed in 2 mol/L NaOH, and stirred at 90°C for 1 h. The

solid residues were filtered, washed, and bleached with a 3%

NaClO solution (v/v) at 90°C for 2 h. The bleached SCGs

were suspended in DI water containing TEMPO and NaBr.

TEMPO-mediated oxidation was initiated by adding NaClO at

pH 10-10.5, and the reaction was terminated by adding abso-

lute ethanol after the pH stabilized after 3 h of oxidation. The

resulting TEMPO-oxidized cellulose was recovered by cen-

trifugation and thoroughly washed, followed by dialysis in DI

water at 4°C for 2 days. A 1.5% (w/v) TEMPO-oxidized cel-

lulose suspension was then homogenized by ultrasonication

using a disperser. The final TEMPO-oxidized cellulose prod-

uct was freeze-dried and subsequently analyzed. Fourier trans-

form infrared (FTIR) analysis confirmed that the TEMPO-

oxidized cellulose exhibited a distinct C=O absorption peak

that was absent in the original SCGs, indicating the formation

of -COONa groups through oxidation. Morphological analysis

employing scanning electron microscope (SEM) images

revealed that the TEMPO-oxidized cellulose prepared from

SCGs with particle sizes of 850-1400 μm formed a network-

like structure composed of cellulose bundles. In contrast,

TEMPO-oxidized cellulose derived from SCGs with particle

sizes of 500-850 and 355-500 μm exhibited aggregated cel-

lulose with irregularly shaped, short, and wide fibers. XRD

showed that all TEMPO-oxidized cellulose exhibited a crys-

talline diffraction pattern characteristic of cellulose I. Among

them, the TEMPO-oxidized cellulose derived from the 850-

1400 μm SCGs fraction exhibited the highest crystallinity

(49.9%), which was inversely proportional to the SCGs par-

ticle size. This trend may be attributed to a disruption of the

crystalline regions within cellulose caused by TEMPO-medi-

ated oxidation and mechanical disintegration. TGA results

indicated a reduction in the thermal stability of TEMPO-oxi-

dized cellulose with declining SCGs particle size. The

TEMPO-oxidized cellulose prepared from SCGs with a par-

ticle size of 850-1400 μm demonstrated the maximal thermal

stability, likely due to its greater crystallinity and longer fiber

structure. Conversely, TEMPO-oxidized cellulose samples

obtained from smaller-sized SCGs particles (500-850 and

355-500 μm) exhibited lower thermal stability, which may be

associated with a reduction in the major crystalline domains

and a relatively lower content of -COONa groups. Soni et

al.11) synthesized four types of cellulose nanofibers (CNFs)

from cotton stalks using various chemical treatments such as

H2SO4 hydrolysis and TEMPO-mediated oxidation, followed

by ultrasonication. First, the ground cotton stalks were

extracted with ethanol in a Soxhlet apparatus to remove the

wax, and then dried. To extract pure cellulose, alkaline-acid

pretreatment was used. The cotton stalks were soaked in a 15

wt% NaOH solution and then hydrolyzed with 1.0 M HCl at

80°C to dissolve the hemicelluloses. The fibers were then

retreated with a 2.0 wt% NaOH solution and added with an

acidified NaClO2 solution at 75°C until the fibers turned com-

pletely white. These fully bleached fibers were then filtered

and washed. CNFs were prepared from the pretreated cotton

stalks by treating them with various chemicals. The H2SO4-

neutralized CNFs were prepared by hydrolyzing the pretreated
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cotton stalks with a 64% H2SO4 solution at 45°C for 50 min,

followed by neutralization with a Na2CO3 solution and cen-

trifugation. The H2SO4-dialyzed CNFs were prepared in the

same manner, followed by dialysis in DI water for 4 days until

the pH was neutralized. TOCNFs were prepared by sus-

pending the pretreated cotton stalks in DI water, adding NaBr

solution and TEMPO, and stirring for 10 min. The pH was

maintained between 10 and 11 with 0.5 M NaOH, and 13%

NaClO solution was added while stirring. After 1 h, ethanol

was added to end the reaction, and 0.5 M HCl was used to

adjust the pH to 7.0. The oxidized suspension was vacuum-fil-

tered and washed with DI water. The H2SO4-neutralized

CNFs, H2SO4-dialyzed CNFs, and TOCNFs were collected

after ultrasonication followed by freeze-drying. In this study,

the properties of the four different types of CNFs-untreated

fully bleached pulp, H2SO4-neutralized CNFs, H2SO4-dia-

lyzed CNFs, and TOCNFs—were compared. The chemical-

ultrasonication treatment significantly affected the physio-

logical properties of CNFs. Among these, TOCNFs formed

more uniform and smaller nanofibers, due to the negative

charges introduced by -COONa groups at the C6 position,

which promoted electrostatic repulsion between fibers and

their separation. FTIR analysis revealed that the TOCNFs

exhibited a distinct C=O peak, distinguishing them from the

other chemically treated CNFs. Moreover, TGA indicated that

the TOCNFs underwent ~70% thermal degradation and began

to decompose at a much lower temperature (215°C) compared

to the H2SO4-neutralized CNFs (285°C) and H2SO4-dialyzed

CNFs (225°C). This earlier onset of thermal degradation is

attributed to the presence of -COONa groups formed during

TEMPO-mediated oxidation. Pratama et al.10) prepared CNFs

from various cellulose sources, including corn cobs, bagasse,

wood waste, and bacterial cellulose via TEMPO-mediated

oxidation and evaluated their properties. Cellulose was iso-

lated from lignocellulosic materials such as corn cobs, bagasse,

and wood waste by grinding the raw material, followed by stir-

ring the powder in 2% (w/v) NaOH at 80°C. The resulting

precipitate was filtered and washed to remove the lignin and

alkaline residues, and then dried in an oven at 60°C for 24 h.

The dried powders were bleached using 1.7% (v/v) NaClO at

80°C, followed by filtration and washing with DI water. The

white solid obtained was oven-dried at 60°C for 24 h, ground,

and sieved through a 250 μm mesh. For bacterial cellulose, the

gel obtained was processed in the same manner. The CNFs

were separated using the TEMPO/NaBr/NaClO system. Cel-

lulose sources (corn cobs, bagasse, wood waste, and bacterial

cellulose) were dispersed in DI water containing TEMPO and

NaBr. Oxidation was initiated by adding a NaClO solution.

The pH was maintained at 10.5 by adding 0.5 M NaOH drop-

wise, and subsequently neutralized with 0.5 M HCl. The

TOCNFs were recovered by vacuum filtration and washed

with DI water. A 2% (w/w) suspension of the water-insoluble

oxidized cellulose was prepared by adding DI water, followed

by ultrasonication for 30 min. The same procedure was

applied to MCC for comparison, and the TOCNFs charac-

teristics were evaluated to assess the influence of diverse cel-

lulose sources. FTIR spectroscopy was employed to analyze

the cellulose molecular structure pre- and post-oxidation. A

new peak appeared at 1740 cm−1 in the spectrum of oxidized

cellulose, confirming the conversion of -OH groups to -COO−

groups. XRD analysis indicated that all samples exhibited

peaks characteristic of cellulose I crystals diffraction at 2θ =

16°, 22.6°, and 34°. Notably, TOCNFs derived from MCC

and bacterial cellulose were more crystalline than those from

lignocellulosic biomass, attributed to the presence of amor-

phous regions composed of hemicellulose and lignin within

the lignocellulosic biomass. The charge-indicative surface -

COOH groups of TOCNFs obtained through TEMPO-medi-

ated oxidation were measured. TOCNFs derived from MCC

and bacterial cellulose exhibited higher surface charge than

those derived from lignocellulosic biomass. In the case of

MCC derived TOCNFs, this is attributed to residual sulfonate

groups (SO4
2-) remaining after acid hydrolysis during MCC

production. However, TOCNFs derived from bacterial cel-

lulose possess lacks sulfonate groups, resulting in lower sur-

face charge compared to those from MCC. The surface -

COOH groups of TOCNFs can influence suspension stability,

interactions with other compounds, and dispersibility in var-

ious solvents. Hop et al.12) also employed the TEMPO/NaBr/

NaClO oxidation system to produce nanocellulose from

bleached wood pulp. The pulp was stirred in DI water con-

taining TEMPO and NaBr. Oxidation was initiated by slowly

adding a NaClO solution, while maintaining the pH at 10,

with 0.5 M NaOH. TEMPO-oxidized cellulose was filtered,

thoroughly washed, and subsequently suspended in water to

obtain a final concentration of 3% (w/v). The suspension was

then ultrasonicated for varying durations to obtain the

TOCNFs. FTIR analysis revealed a shift in the -OH bending-

related vibration peak at 1630-1600 cm−1, which indicated the

conversion of the -OH groups at the C6 position to -COONa

groups. XRD indicated the crystallinity values of pristine cel-

lulose and TEMPO-oxidized cellulose to be 66% and 65.2%.

This finding indicates that TEMPO-mediated oxidation selec-

tively modified only the -OH groups to form -COOH groups,

without affecting the cellulose crystalline structure. Under

phase-contrast microscopy, the TEMPO-oxidized cellulose

fibers appeared lighter than pure cellulose ones. This obser-

vation can be attributed to the negatively charged -COOH

groups formed on the surface of TEMPO-oxidized cellulose,

implying reduced interfacial interaction between the fibers due

to charge repulsion. Fukuzumi et al.20) also prepared TEMPO-

oxidized cellulose from bleached softwood kraft pulp utilizing

a TEMPO/NaBr/NaClO oxidation system and evaluated their

properties. The pulp was suspended in DI water containing
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TEMPO and NaBr. NaClO solution was added, and the sus-

pension was stirred at room temperature and pH 10 until the

consumption of 0.5 M NaOH stopped. To prevent unexpected

reactions due to the -CHO groups generated during TEMPO

oxidation, the oxidized cellulose was further treated with

NaClO2 in 0.5 M acetate buffer (pH 4-5) at room temperature

for 24 h to remove these groups. The TEMPO-oxidized cel-

lulose was then filtered, washed, and dispersed in DI water to

obtain a solid content of 0.1%, followed by ultrasonication to

synthesize the TOCNFs. According to the TGA analysis, the

onset decomposition temperature of pristine cellulose was

275°C, whereas that of the TOCNFs decreased to 222°C. This

reduction was ascribed to the transformation of the -CH2OH

groups at the C6 position to -COONa groups, which facilitated

decarboxylation during thermal decomposition and weakened

the molecular interactions, thereby accelerating degradation.

Previous studies have identified that TEMPO-mediated oxi-

dation induces consistent and marked changes in the chemical

structure, morphological characteristics, and physicochemical

properties of cellulose. Chemically, TEMPO-mediated oxi-

dation selectively converts the primary -OH groups at the C6

position of the cellulose backbone into -COONa or -COOH

groups. The introduction of the negatively charged -COO−

groups imparts surface charge to the nanofibers, enhancing

dispersibility and electrostatic repulsions between the indi-

vidual fibers. Regarding morphological structure, TEMPO-

mediated oxidation reduced the size of cellulose fibers to a

nanoscale, resulting in uniform nanofibers. This phenomenon

can be attributed to the introduction of surface charges during

oxidation, which increases the electrostatic repulsion between

fibers, thereby enhancing their susceptibility to subsequent

mechanical treatments such as ultrasonication. TOCNFs typ-

ically exhibited the diffraction peaks typical of cellulose I

crystals, and their crystallinity remained largely unchanged

compared to that of pristine cellulose. This uniformity occurs

because TEMPO-mediated oxidation selectively modifies

only the primary -OH groups, converting them into -COONa

or -COOH groups, without significantly affecting the cellulose

crystalline structure. However, the TOCNFs derived from lig-

nocellulosic biomass generally exhibited lower crystallinity

than those from pristine cellulose or MCC, due to amorphous

components of the raw biomass such as hemicellulose and lig-

nin. In general, TOCNFs were less thermally stable compared

to pristine cellulose. This finding may be attributed to oxi-

dative degradation caused by the decarboxylation of -COONa

groups that were formed during the TEMPO-mediated oxi-

dation process, which weakened the cellulose molecular struc-

ture (Table 1). 

2.3. Recent studies on physically blended TOCNFs

films
To optimize the performance of TOCNFs films for potential

applications in sustainable packaging materials, researchers

have explored various physical blending strategies, including

the preparation of monolayer films for coating, polymer-

TOCNFs composite films, and plasticizers (Table 2).

To investigate the compatibility between polyvinyl alcohol

(PVA) and the TOCNFs derived from SCGs, Kanai et al.1)

prepared PVA/TOCNFs composite films by mixing a PVA

solution with the TOCNFs derived from SCGs. A shift in the

characteristic peaks, such as those of carbonyl and methyl

groups, was observed when the TOCNFs were mixed with the

PVA matrix. Additionally, TGA analysis revealed that the

maximum decomposition temperature (289°C) of the PVA/

TOCNFs composite film was between that of pure PVA

(313°C) and TOCNFs films (255°C). This thermal behavior

suggests H-bonding between the PVA matrix and TOCNFs.

These results indicated that the TOCNFs derived from SCGs

were successfully incorporated into the PVA matrix. Oh &

Lee21) investigated the potential use of SCGs as packaging

materials in the form of TEMPO-oxidized SCGs films pre-

pared through delignification, TEMPO-mediated oxidation,

and ultra-high pressure homogenization. Glycerol as a plas-

ticizer, and 0.02 wt% cinnamaldehyde as a crosslinking agent,

were used to improve the physical properties of the TEMPO-

oxidized SCGs films. Film-forming solutions were obtained

using ultra-high-pressure homogenization and subsequently

cast to form monolayer films. An analysis of the resulting

TEMPO-oxidized SCGs films showed that the addition of 1.5

wt% glycerol remarkably improved the mechanical properties,

increasing tensile strength from 15.5 MPa to 23.3 MPa and

elongation at break from 9.26% to 35.19%. This improvement

may be attributed to glycerol acting as a plasticizer that dis-

rupts the intermolecular hydrogen bonding within the cel-

lulose network. Soni et al.22) developed transparent and high-

performance bio-nanocomposite films by incorporating

TOCNFs into a chitosan matrix as reinforcing agents. In this

study, chitosan, TOCNFs, and sorbitol were dispersed in a 2%

acetic acid solution, and the mixture was dried in petri dishes

to form films. The TOCNFs composition varied at 0%, 5%,

10%, 15%, 20%, and 25%, while the sorbitol ratio was fixed

at 25%. Morphological examinations confirmed the uniform

dispersion of the TOCNFs within the chitosan matrix. As the

TOCNFs concentration within the chitosan matrix increased,

the surface of the composite films slightly roughened. In addi-

tion, the mechanical properties were improved due to robust

electrostatic interactions between the TOCNFs and chitosan.

As the water absorption rate, water vapor, and oxygen per-

meability decreased, the absorption and permeation of the gas

molecules into the composite matrix became difficult. This

phenomenon can be due to the electrostatic repulsions

between the negatively charged TOCNFs and the positively

charged chitosan.



120 Mechanisms et al. Korean Journal of Packaging Science & Technology

Table 1. Summary of the previous research findings on TEMPO-mediated oxidation and its impact on the properties of cellulose derived

from diverse natural sources

Cellulose
source

Characterization
and properties

Major findings Ref.

SCGs

Chemical structure
• 13C NMR analysis confirmed the conversion of the surface -
OH groups of SCGs microfibers to -COOH groups via
TEMPO-mediated oxidation.

(Kanai et al., 2020)Morphological structure
• XRD analysis showed that the crystallinity of the TOCNFs derived
from SCGs (72%) was lower than that from the MCC (79%).

Thermal properties

• The main degradation temperatures of SCGs-derived TOCNFs
were observed at 251°C and 267°C, which are significantly
lower than that of MCC (344°C), indicating reduced thermal
stability of the SCGs-derived TOCNFs.

SCGs

Chemical structure
• FTIR analysis exhibited a distinct C=O peak at 1610 cm-1 in
TEMPO-oxidized cellulose, indicating the successful formation
of -COONa groups through TEMPO-mediated oxidation.

(Khoshk, &
Moeenfard, 2025)

Morphological structure

• SEM analysis indicated that the SCGs particle size was
affected by TEMPO-oxidized cellulose morphology, with larger
particles forming networks and smaller particles producing
irregular, aggregated fibers.
• XRD analysis revealed that TEMPO-oxidized cellulose
retained the cellulose I structure; the highest crystallinity was
observed in larger SCGs particles (49.2%), and it decreased
with smaller particles (37.2%).

Thermal properties

• The thermal stability of SCGs-derived TEMPO-oxidized cel-
lulose was directly proportional to the SCGs particle size.
TEMPO-oxidized cellulose derived from SCGs with larger par-
ticle size showed higher thermal degradation temperatures
(290°C and 404°C), while samples from smaller particles
exhibited lower values (246-250°C and 353-365°C).

Cotton stalks

Chemical structure
• FTIR analysis of the TOCNFs showed a distinct absorption

peak at 1610 cm-1, corresponding to the -COONa groups intro-
duced at the C6 position.

(Soni, Hassan, & 
Mahmoud, 2015)

Morphological structure
• Negatively charged -COONa groups at the C6 position
enhanced the electrostatic repulsion between fibers, promoting
separation, uniformity, and smaller TOCNFs.

Thermal properties

• The decomposition temperature of TOCNFs was observed at
215°C, which is lower than that of H2SO4-dialyzed CNFs

(225°C), indicating reduced thermal stability of TOCNFs due to
the formation of -COONa groups during the TEMPO-mediated
oxidation process.

Corn cobs
Bagasse

Wood waste
Bacterial
cellulose

Chemical structure

• FTIR analysis exhibited that the -OH groups on the TOCNFs

were converted to -COO− groups through TEMPO-mediated
oxidation, resulting in the appearance of a new characteristic

peak at 1740 cm−1.
(Pratama et al., 2024)

Morphological structure

• XRD analysis of TOCNFs exhibited characteristic cellulose I
crystalline diffraction peaks. TOCNFs derived from MCC
(83%) and bacterial cellulose (82%) showed enhanced crys-
tallinity compared to those derived from lignocellulosic bio-
mass (73%-78%).

Bleached wood 
pulp

Chemical structure

• FTIR analysis confirmed the conversion of the -OH groups at
the C6 position to -COONa groups, as evidenced by the shift of

the absorption peak from 1630 cm-1 to 1600 cm-1 corresponding
to the asymmetric stretching of carboxylate groups.

(Hop et al., 2022)

Morphological structure

• XRD analysis indicated that the crystallinity of TEMPO-oxi-
dized cellulose (65.2%) did not differ significantly from that of
pristine cellulose (66%).
• Phase-contrast microscopy revealed that the TEMPO-oxidized
cellulose fibers appeared brighter than pristine cellulose fibers.

Bleached
softwood kraft 

pulp
Thermal properties

• The thermal decomposition temperature of TOCNFs was
222°C, which is lower than that of pristine cellulose at 275°C.
This decrease in thermal stability is attributed to the presence of
-COONa groups formed during TEMPO-mediated oxidation.

(Fukuzumi, Saito, 
Okita, & Isogai, 2010)
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3. Recent studies on RC films

RC films with better biodegradability, renewability, and

recyclability have gained significant attention in recent years

due to their remarkable potential in a wide range of appli-

cations6,14,15,23,24). Owing to their excellent mechanical, opti-

cal, and gas barrier properties, RC films are increasingly being

use in various industries, including textiles, energy, pulp and

paper, pharmaceuticals, and packaging films6,14,23,24).

The preparation of RC films typically involves two key

steps: the dissolution of cellulose in an appropriate organic

solvent, followed by regeneration in a coagulation bath23,24).

Various solvent systems, including aqueous alkali, phosphoric

acid, amine oxides, and ionic liquids, have been employed for

dissolving cellulose. Among these, the sodium hydroxide/car-

bon disulfide (NaOH/CS2) system, used in viscose rayon and

cellophane production, is effective but environmentally haz-

ardous, as CS2 is toxic and generates harmful wastes. Sim-

ilarly, NMMO enables cellulose dissolution at high

temperatures (>85°C), but suffers from side reactions, insta-

bility, and by-product formation6,8,24,25). These challenges

necessitate the development of safer and more efficient sol-

vent systems.

3.1. Dissolution mechanism of cellulose in the DMAc/

LiCl system
DMAc/LiCl is one of the most extensively studied cellulose

solvent systems due to its high polarity, thermal stability, and

ability to dissolve without structural degradation. Unlike other

ionic liquids, it does not require additives or specialized equip-

ment and offers excellent recyclability6,15,24,26). In this system,

LiCl exists as dissociated Li+ and Cl- ions8), as shown in Fig.

2. The Cl- anions form H-bonds with the -OH groups of cel-

lulose, thereby disrupting their interactions with other groups,

and replacing the existing OH-OH-bonds with OH-Cl- ones.

Additionally, Li+ ions form a Li+(DMAc)x cationic complex

by interacting with the carbonyl oxygen (C=O) of the DMAc

molecules, facilitating the dissolution of cellulose8,26,27).

McCormick et al.27) reported that when cellulose dissolves in

the DMAc/LiCl system, the Li+(DMAc)x cationic complex

binds with Cl− ions, and the Li+ ions do not interact directly

with the -OH groups of the cellulose molecules. Thus, Li+ ions

Table 2. Summary of the recent research on physically blended TOCNFs films

Cellulosic
source

Product
Preparation

method
Major findings Ref.

SCGs
PVA/TOCNFs

composite films
Casting

• The characteristic peaks (carbonyl and methyl groups) shifted
upon mixing TOCNFs with the PVA matrix.
• The thermal stability was enhanced with a maximum decom-
position temperature (289°C) between those of pure PVA (313°C)
and TOCNFs films (255°C), indicating H-bonding.

(Kanai et al., 2020)

SCGs

TEMPO-oxi-
dized

SCGs-based
monolayer films

Solvent
casting,
Vacuum
filtration

• The mechanical properties were improved with the addition of 1.5
wt% glycerol as a plasticizer.

(Khoshk &
Moeenfard, 2025)

Cotton 
stalks

Chitosan/
TOCNFs
composite

films

Casting

• The tensile strength and Young’s modulus were enhanced by
increasing the TOCNFs contents (0%, 5%, 10%, 15%, 20%, and
25%) within the chitosan matrix.
• The water vapor and oxygen barrier properties were improved by
increasing the TOCNFs contents (0%, 5%, 10%, 15%, 20%, and
25%) within the chitosan matrix.

(Soni et al., 2016)

Fig. 2. Dissolution mechanism of cellulose in DMAc/LiCl solvent8,26,27).
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mainly play a role in maintaining the stability of the solvent

system without direct interactions with cellulose.

Zhang et al.8) reported that when cellulose dissolves in the

DMAc/LiCl cosolvent system, H-bonds are formed between

the protons of the cellulose -OH groups and Cl− ions. During

this process, the H-bonding network between cellulose mol-

ecules is broken, and LiCl dissociates into Li+ and Cl− ions.

Subsequently, the Li+ ions are further solvated by the free

DMAc molecules, and these ions form an electrostatic equi-

librium with the Cl− ions that are H-bonded to the cellulose

molecules. This rearrangement allows the cellulose chains to

disperse within the solvent system and form a homogeneous

solution.

Wang et al.26) investigated the dissolution mechanism of

cotton-derived MCC in the DMAc/LiCl system by employing

a pretreatment step involving the prolonged soaking of MCC

in either water or DMAc. This pretreatment induced the

delamination of cellulose particles, facilitating the formation

of nanopores on the cellulose surface, which markedly

enhanced the diffusion of Cl− ions into the cellulose matrix.

The Cl− ions formed H-bonds with the -OH groups of cel-

lulose and generated the electrostatic repulsion between

chains. This phenomenon disrupted the intermolecular H-

bonds and peeled off the external cellulose layers. This syn-

ergistic effect ultimately enabled the complete dissolution of

cellulose in the DMAc/LiCl solvent system. This process is

highly dependent on various parameters, such as temperature,

the DMAc/LiCl ratio, and coagulation conditions, which

influence the viscosity and stability of the RC solution; their

optimization is essential for producing high-quality RC films.

3.2. Recent studies on the development of RC film

from food by-product biomass
Several recent studies have explored the preparation and

characterization of RC films from various biomass sources for

use in sustainable packaging, including biodegradable, active,

and intelligent packaging systems (Table 3).

Zhao et al.5) extracted cellulose from durian peels using the

DMAc/LiCl solvent system to develop biodegradable pack-

aging materials. After mechanically grinding the peels, hemi-

cellulose and lignin were extracted with alkaline and bleaching

solutions, and cellulose via acid treatment. The extracted cel-

lulose was swollen by stirring in water, immersed in methanol

and DMAc to prevent H-bond reformation, and then dissolved

completely in a DMAc/LiCl solution. The prepared cellulose

solution was cast onto a glass plate, regenerated with water,

and dried to form a transparent RC film (DC film). XRD and

FTIR confirmed that the chemical structure of cellulose

extracted from durian peels closely resembled that of com-

mercial cellulose derived from cotton linters. Morphological

analysis revealed that the DC film had a smooth and homo-

geneous surface and a cross-section similar to commercial cel-

lulose (CC) film and cellophane. TGA results indicated that

the DC film was more thermally stable compared to the CC

film. The CC film exhibited an initial weight loss at ~150°C.

However, the thermal degradation of the DC film began at

~270°C, with two distinct stages at ~270 and 345°C due to the

decomposition of the cellulose matrix and salts, respectively.

Notably, the char residue of the DC film was remarkably

lower than cellophane film at 480°C, suggesting high levels of

additives in the latter. An examination of the mechanical prop-

erties showed that the elongation at break of DC and CC films

was ~6% and 8%, much lower than cellophane film (35%).

This variation might be due to the inclusion of a plasticizer in

cellophane film. Biodegradability was assessed through a 4-

week-long soil burial test. Compared with cellophane and DC

film, the RC film exhibited a faster biodegradation rate in the

soil during the first two weeks and complete degradation at 4

weeks.

Saedi et al.3) extracted cellulose from ginger pulp through

mechanical and chemical treatments, including grinding,

dewaxing, alkali treatment, bleaching, and acid hydrolysis.

Initially, 3 g of the extracted cellulose was dispersed in 150

mL of distilled water, followed by redispersion in methanol.

Subsequently, the cellulose was filtered and dissolved in a

DMAc/LiCl solvent system while stirring for 12 h. The cel-

lulose solution obtained was centrifuged at 5°C for 10 min to

remove the air bubbles and then cast onto a Teflon-coated

glass plate. The plate was gently immersed in different coag-

ulation baths (water, ethanol, or acetone) to obtain an RC gel.

The gel was then immersed overnight in a 3% (v/v) water-

glycerol solution to remove any remaining solvent. The gel

was spread on a Teflon-coated glass plate and fixed by drying

overnight at room temperature to obtain the RC film. Mor-

phological studies revealed that the RC films obtained from

the ethanol or acetone coagulation baths exhibited smooth sur-

faces, whereas those from the water coagulation bath showed

rough surfaces. This variation can be attributed to differences

in phase inversion rates between the DMAc/LiCl solvent sys-

tem and coagulation solvents such as water, ethanol, and ace-

tone. The high mixing rate between the DMAc/LiCl solvent

system and water leads to immediate phase inversion and

coagulation on the surface of the cellulose solution. As a

result, the RC chains do not have sufficient time to align and

form a dense, uniform structure, resulting in a rough film mor-

phology. In contrast, the slower solvent exchange with organic

solvents such as ethanol or acetone allows more time for RC

chain rearrangement, promoting the formation of smoother

and more dense film surfaces. Mechanical property analyses

showed that the RC films obtained from the ethanol and water

coagulation baths had the maximum and lowest mechanical

strengths of 51.4 ± 5.9 and 29.5 ± 2.4 MPa, respectively. SEM

indicated that the RC film prepared using water as the coag-

ulating agent contained numerous pores, which disrupted
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inter-chain bonding, significantly reducing its ability to trans-

mit and withstand mechanical stress. To provide active anti-

microbial and antioxidant functionality to the RC films, Saedi

et al.3) further developed RC/zinc oxide-curcumin (RC/ZC)

composite films. To prepare these composite films, 3% ZnO

NPs and 1% curcumin were dispersed in a DMAc/LiCl solu-

tion and homogenized utilizing ultrasonication. The prepared

mixture was then added to a cellulose solution to obtain the

RC film. Compared to the RC film, the RC/ZC composite

film showed decreased tensile strength and Young’s modulus,

but an increased elongation at break. This variation was

attributed to a reduction in H-bonding between the polymer

chains caused by the incorporation of curcumin and ZnO NPs.

Furthermore, the RC/ZC composite film exhibited antimi-

crobial and antioxidant activities against various foodborne

pathogenic bacteria, including Listeria monocytogenes, Staph-

ylococcus aureus, Bacillus cereus, Escherichia coli, Salmo-

nella typhimurium, and Vibrio parahaemolyticus.

Reddy et al.6) dissolved the cellulose extracted from boras-

sus fruit fibers in an ionic 1-allyl-3-methylimidazolium chlo-

ride liquid (AmimCl) to obtain the RC films. Cellulose

extraction involved delignification with a toluene-ethanol

mixture, followed by a NaClO solution at 100°C, and hemi-

cellulose removal via NaOH treatment. The extracted cel-

lulose was dissolved in AmimCl at 80°C for 120 min, and cast

onto a glass plate to form a film. The film was coagulated,

washed with DI water to remove the ionic liquid, and then

dried to obtain the final RC film. Morphological analysis of

the RC film made from borassus fruit fibers exhibited a

smooth surface and compact cross-sectional structure, indi-

cating a higher level of molecular alignment during the regen-

eration process. XRD analysis of the RC film showed that the

characteristic diffraction peaks of cellulose I in the raw fibers

transformed into those of cellulose II in the extracted cel-

lulose; these peaks almost disappeared in the RC film, where

amorphous cellulose predominated. Additionally, a broad

peak at 2θ = 19.6° confirmed the presence of residual cel-

lulose II in the RC film. The crystallinity indices of the raw

fibers, extracted cellulose, and RC film were 45.5%, 66.6%,

and 41%, respectively. The decreased crystallinity in the RC

film can be attributed to the disruption of H-bonds during the

dissolution and regeneration of the cellulose extracted from

the borassus fruit fibers. TGA showed that the maximum

decomposition temperatures were 379°C, 394°C, and 368°C

for the raw fibers, extracted cellulose, and the RC film, respec-

tively. This decline in the thermal stability of the RC film was

attributed to a greater disruption of the inter- and intra-molec-

ular H-bonds during dissolution compared to the raw borassus

fibers or the extracted cellulose. The RC film made from

borassus cellulose exhibited a high tensile strength (111 MPa)

and elastic modulus (6,149 MPa), demonstrating superior

properties compared to commercially available polyolefin

films (PP and PE).

4. Conclusion

The growing concern over environmental issues, the

demand for sustainable materials has been increasing. Cel-

lulose-based biomass derived from renewable resources such

as agricultural, marine, and food processing wastes is con-

sidered a promising alternative to non-renewable resources

due to its biodegradability and sustainability. Consequently,

Table 3. Summary of the recent research findings on the properties and potential applications of RC film 

Cellulosic

source

Dissolution

Solvent System

Regeneration

Method
Major findings Ref.

Durian peels DMAc/LiCl DI. Water

• The durian peels based RC (DC) film exhibited enhanced thermal

stability, with thermal degradation starting at 270°C compared to

150°C for commercial cellulose (CC) film.

• The DC film showed a smooth and homogeneous morphology

with similar cross-sectional structure to cellophane.

• Biodegradability was significantly improved, with complete deg-

radation observed within 4 weeks during a soil burial test.

(Zhao et al., 

2019)

Ginger pulp DMAc/LiCl

DI. Water,

Ethanol,

Acetone

• The mechanical strength varied significantly depending on the

coagulation solvent, with ethanol-based films achieving the highest

tensile strength (51.4 ± 5.9 MPa) and water-based films the lowest

(29.5 ± 2.4 MPa).

• Composite RC films incorporating 3% ZnO nanoparticles and 1%

curcumin (RC/ZC) exhibited enhanced antimicrobial and antiox-

idant activity against multiple foodborne pathogens.

(Saedi et al., 

2023)

Borassus fruit 

fiber
AmimCl DI. Water

• XRD analysis indicated a transition from crystalline cellulose I in

raw fibers to predominantly amorphous cellulose in the RC film.

• The RC film demonstrated high mechanical performance with a

tensile strength of 111 MPa and an elastic modulus of 6149 MPa.

(Reddy et al., 

2017)
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extensive research efforts have been dedicated to valorizing

food by-products and waste into high-value materials. This

review investigates the principles and mechanisms of TEMPO-

mediated oxidation, the characteristics of TOCNFs and their

applications, the main solvent systems and dissolution mech-

anisms of cellulose, as well as the properties and utilization of

RC films. Previous studies have extensively demonstrated the

fabrication of TOCNFs and TOCNFs composite films via

TEMPO-mediated oxidation from various biomass resources,

evaluations of their physicochemical properties. Characteri-

zation of TOCNFs has confirmed their high aspect ratio, abun-

dant functional groups (-COONa), and excellent thermal

stability. Furthermore, TOCNFs composite films exhibit supe-

rior mechanical strength, thermal properties, and oxygen bar-

rier performance. Recent research has reported that RC films

exhibit excellent biodegradability, renewability, and mechan-

ical properties, indicating their high potential as eco-friendly

packaging materials. Especially, the DMAc/LiCl solvent sys-

tem has attracted attention as a promising solvent due to its

effective cellulose dissolution capability while minimizing

structural damage. Extensive studies have been conducted on

the fabrication and property evaluation of RC films derived

from various food by-products. These films have demon-

strated thermal stability, crystallinity, and mechanical strength

comparable to or exceeding those of commercial cellulose

films. TOCNFs and RC films are recognized as promising

sustainable materials with diverse potential applications. The

complementary properties of these materials provide oppor-

tunities for the development of multilayer films through a

layer-by-layer coating approach. However, there are still some

challenges that limit industrial applications. Future research

and technological development should focus on the large scale

production of high-quality materials, enhancement of func-

tional properties, design integration with food products, cost-

effectiveness, and comprehensive safety assessments.

Acknowledgment

This research was supported by Kangwon Green Envi-

ronment Center as Research Development Project in

2025(KWGEC-2025) and Basic Science Research Program

through the National Research Foundation of Korea(NRF)

funded by the Ministry of Education(RS-2024-00463647).

References

1. Kanai, N., Honda, T., Yoshihara, N., Oyama, T., Naito, A.,

Ueda, K. and Kawamura, I. 2020. Structural characteriza-

tion of cellulose nanofibers isolated from spent coffee

grounds and their composite films with poly(vinyl alcohol):

A new non-wood source. Cellulose. 27(9): 5017-5028.

2. Liu, Z., Li, X., Xie, W. and Deng, H. 2017. Extraction, iso-

lation and characterization of nanocrystalline cellulose from

industrial kelp (Laminaria japonica) waste. Carbohydr.

Polym. 173: 353-359.

3. Saedi, S., Kim, J.T., Lee, E.H., Kumar, A. and Shin, G.H.

2023. Fully transparent and flexible antibacterial packaging

films based on regenerated cellulose extracted from ginger

pulp. Ind. Crops Prod. 197: 116554. 

4. SEKİ, Y. 2025. Isolation and characterization of cellulose

from spent ground coffee (Coffea Arabica L.): A compara-

tive study. Waste Manag. 193: 54-61. 

5. Zhao, G., Lyu, X., Lee, J., Cui, X. and Chen, W.-N. 2019.

Biodegradable and transparent cellulose film prepared eco-

friendly from durian rind for packaging application. Food

Packag. Shelf Life. 21: 100345. 

6. Reddy, K.O., Maheswari, C.U., Dhlamini, M.S., Mothudi,

B.M., Zhang, J., Zhang, J., Zhang, J., Nagarajan, R. and

Rajulu, A.V. 2017. Preparation and characterization of regen-

erated cellulose films using borassus fruit fibers and an ionic

liquid. Carbohydr. Polym. 160: 203-211. 

7. Wang, F.-P., Li, J.-J., Zhang, Y., Sun, M.-Y., Li, L., Wahid,

F., Xie, Y.-Y., Jia, S., Li, W. and Zhong, C. 2022. TEMPO-

mediated oxidation promotes cellulose dissolution in a zin-

cate-NaOH system at suprazero temperatures. ACS Sustain-

able Chem. Eng. 10(22): 7374-7384. 

8. Zhang, C., Liu, R., Xiang, J., Kang, H., Liu, Z. and Huang,

Y. 2014. Dissolution mechanism of cellulose in N,N-dimeth-

ylacetamide/lithium chloride: Revisiting through molecular

interactions. J. Phys. Chem. B. 118(31): 9507-9514. 

9. Perumal, A.B., Nambiar, R.B., Moses, J.A. and Anandhara-

makrishnan, C. 2022. Nanocellulose: Recent trends and

applications in the food industry. Food Hydrocoll. 127: 107484.

10. Pratama, A.W., Piluharto, B., Mahardika, M., Widiastuti, N.,

Firmanda, A. and Norrrahim, M.N.F. 2024. Comparative

study of oxidized cellulose nanofibrils properties from diverse

sources via TEMPO-mediated oxidation. Case Stud. Chem.

Environ. Eng. 10: 100823. 

11. Soni, B., Hassan, E.B. and Mahmoud, B. 2015. Chemical

isolation and characterization of different cellulose nanofi-

bers from cotton stalks. Carbohydr. Polym. 134: 581-589. 

12. Hop, T.T.T., Mai, D.T., Cong, T.D., Nhi, T.T.Y., Loi, V.D.,

Huong, N.T.M. and Tung, N.T. 2022. A comprehensive

study on preparation of nanocellulose from bleached wood

pulps by TEMPO-mediated oxidation. Results Chem. 4:

100540. 

13. Xu, Y., Wu, Z., Li, A., Chen, N., Rao, J. and Zeng, Q. 2024.

Nanocellulose composite films in food packaging materials:

A review. Polymers. 16(3): 423. 

14. Liu, Z., Wang, H., Li, Z., Lu, X., Zhang, X., Zhang, S. and

Zhou, K. 2011. Characterization of the regenerated cellulose

films in ionic liquids and rheological properties of the solu-

tions. Mater. Chem. Phys. 128(1-2): 220-227. 

15. Gao, X., Li, M., Zhang, H., Tang, X. and Chen, K. 2021.

Fabrication of regenerated cellulose films by DMAc dissolu-

tion using parenchyma cells via low-temperature pulping from

Yunnan-endemic bamboos. Ind. Crops Prod. 160: 113116. 



Vol. 31, No. 2 (2025) Recent Advances in TEMPO-oxidized Cellulose Nanofibers and... 125
16. Isogai, A., Hänninen, T., Fujisawa, S. and Saito, T. 2018.

Review: Catalytic oxidation of cellulose with nitroxyl radicals

under aqueous conditions. Prog. Polym. Sci. 86: 122-148. 

17. Rol, F., Belgacem, M.N., Gandini, A. and Bras, J. 2019.

Recent advances in surface-modified cellulose nanofibrils.

Prog. Polym. Sci. 88: 241-264. 

18. Isogai, A. and Zhou, Y. 2019. Diverse nanocelluloses pre-

pared from TEMPO-oxidized wood cellulose fibers: Nanonet-

works, nanofibers, and nanocrystals. Curr Opin Solid St M.

23(2): 101-106. 

19. Khoshk, H.R. and Moeenfard, M. 2025. TEMPO-oxidized

cellulose fiber from spent coffee ground: Studying their

properties as a function of particle size. Heliyon.11(1):

e41646.

20. Fukuzumi, H., Saito, T., Okita, Y. and Isogai, A. 2010. Ther-

mal stabilization of TEMPO-oxidized cellulose. Polym. Degrad.

Stab. 95(9): 1502-1508. 

21. Oh, H.W. and Lee, S.H. 2022. A study on film manufactur-

ing methods and quality characteristics using coffee by-prod-

ucts. Food Eng. Prog. 26(2): 105-111. 

22. Soni, B., Hassan, E.B., Schilling, M.W. and Mahmoud, B.

2016. Transparent bionanocomposite films based on chitosan

and TEMPO-oxidized cellulose nanofibers with enhanced

mechanical and barrier properties. Carbohydr. Polym. 151:

779-789. 

23. Huang, K. and Wang, Y. 2022. Recent applications of regen-

erated cellulose films and hydrogels in food packaging. Curr.

Opin. Food Sci. 43: 7-17. 

24. Wang, S., Lu, A. and Zhang, L. 2016. Recent advances in

regenerated cellulose materials. Prog. Polym. Sci. 53: 169-206.

25. Liu, X., Tian, Y., Wang, L., Chen, L., Jin, Z. and Zhang, Q.

2024. A cost-effective and chemical-recycling approach for

facile preparation of regenerated cellulose materials. Nano

Lett. 24(29): 9074-9081. 

26. Wang, W., Li, Y., Li, W., Zhang, B. and Liu, Y. 2019. Effect

of solvent pre-treatment on the structures and dissolution of

microcrystalline cellulose in lithium chloride/dimethylacet-

amide. Cellulose. 26(5): 3095-3109. 

27. McCormick, C.L., Callais, P.A. and Hutchinson, B.H. 1985.

Solution studies of cellulose in lithium chloride and N,N-

dimethylacetamide. Macromolecules. 18(12): 2394-2401. 

투고: 2025.07.14 / 심사완료: 2025.08.08 / 게재확정: 2025.08.13


	Recent Advances in TEMPO-oxidized Cellulose Nanofibers and Regenerated Cellulose Films from Food by-product Biomass: Mechanisms, Properties, and Applications
	Jihyeon Hwang1, Dowan Kim1,2,3*
	1Department of Food Processing & Distribution, College of Life Science, Gangneung-Wonju National University, 25457, Republic of Korea 2Department of Marine Bio Food Science, College of Life Science, Gangneung-Wonju National University 3Haeram Institu...
	Abstract The environmental impact of petroleum-based plastics packaging continues to grow, increasing attention has been directed toward the development of sustainable materials derived from renewable biomass. Cellulose-based biomass from agricultura...
	Keywords Cellulose-based biomass, Food by-products, TEMPO-mediated oxidation, Regenerated cellulose film, DMAc/LiCl solvent system, Sustainable packaging
	1. Introduction
	2. TEMPO-mediated oxidation
	3. Recent studies on RC films
	4. Conclusion
	Acknowledgment
	References
	*Corresponding Author: Dowan Kim Department of Marine Bio Food Science, College of Life Science, Gangneung-Wonju National University, 25457, Republic of Korea Tel: +82-33-640-2337 E-mail: dowankim@gwnu.ac.kr






