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This study on sustainable nanocellulose modifications for various packaging applications is driven by the
global social awareness and growing demand for bioproducts to reduce the use of single-use plastics.
Mixed office waste (MOW) was used as the raw material to extract cellulose nanocrystals (CNCs) via the
acid hydrolysis method. The average length and diameter of the CNCs were approximately 104.08 +
0.1 nm and 9.49 £+ 0.3 nm, respectively. The crystallinity index was 87%, as confirmed using transmission
electron microscopy and X-ray diffraction analysis. Coating solutions of varying concentrations were
prepared by mixing CNCs with collagen hydrolysate and glycerin, and the coatings were applied to the
surface of uncoated paper via a rod coating process. FTIR spectra confirmed the presence of CNCs in
the coated paper. High-resolution FE-SEM images provided detailed information on the surface
morphology of the coated papers. The barrier and mechanical performances of the coated paper were
evaluated using the oil and grease resistance KIT, hot oil, water vapor permeability, air permeability,
water contact angle, tensile index, burst index, percentage of elongation, and fold tests. All the coated
paper samples passed the hot oil test and exhibited the highest KIT rating. The water vapor and air
resistance values of the coated paper samples increased 14 times and 250 times, respectively, compared
with the uncoated paper samples. The water contact angle of the coated paper samples increased to
99.40° from 60.13°, and the surface roughness decreased from 2.37 um to 0.85 um. The presence of
coating also increased the tensile and burst indices by 5.28 times and 1.79 times, respectively, compared
with the uncoated paper samples. No cytotoxic effects were found in the optimized coated paper, and
all the samples were fully degraded within 49 days, as confirmed using the soil biodegradability test.
Therefore, the coated paper can be a potential alternative to existing single-use plastics for packaging
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transportation in all logistic phases.'” In the past few decades,
plastic packaging has replaced traditional packaging materials,

1 Introduction

Packaging plays a critical role in the field of product supply
chain management. The primary function of packaging is to
protect the products from external factors, such as dust, mois-
ture, chemical pollution, microbial contamination, and volatile
substances, while preventing physical damage during
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such as cardboard, metal, and paper, owing to its lightness,
cost-effectiveness, compatibility, and ease of production.*®
Most plastics are produced from petroleum, and their long-term
degradation leaves detrimental effects on the environment.®
Nondegradable plastics accumulate in the environment,
generate secondary microplastics and nano-plastics, and
release hazardous chemicals while manufacturing. The exten-
sive use of plastic and its improper disposal and combustion
lead to environmental pollution.”™ Poor plastic waste
management can cause drain clogging in cities and
surrounding areas.'* Approximately 10-12% of plastic residues
from municipal solid waste is combusted, releasing greenhouse
gases into the environment. As a result, air pollution increases,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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contributing to the greenhouse effect.>™* At the turn of the 21st
century, owing to the depletion of petroleum resources and the
emergence of environmental problems, biodegradable and bio-
based packaging gained increased attention as a replacement
for plastic packaging. Hence, the world is currently moving
towards naturally derived bio-based packaging materials to
replace plastic packaging products.”**

Bio-based packaging materials are derived from renewable
sources, which results in a lower carbon footprint, less envi-
ronmental impact,’* waste management,'>'® more customer
acceptability, preservation of the packed good's barrier qualities
and shelf life, and sustainable end-of-life management."”” Many
companies, including PepsiCo, Kraft Heinz, and McDonald's,
have recently announced plans to shift toward completely
biodegradable packaging with 100% renewable and recyclable
materials by 2025.'%'* In 2022, Eurostat data show that Euro-
peans generated 83.4 million tons of packaging waste, equiva-
lent to 186 kg per inhabitant. The share of plastic packaging
waste, paper and cardboard, glass, wood, and metal was 19.4%,
40.8%, 18.8%, 16%, and 4.9%, respectively. Wastepaper, being
a valuable resource for extracting cellulose, can be chemically
modified to produce economically significant cellulose deriva-
tives, as well as a variety of environmentally friendly and useful
specialty end products.**** Wastepaper from office waste is an
economic resource to produce CNCs. Mixed office waste (MOW)
includes phone books, old mail, paperboard, and daily office
paper waste that are recycled to produce products such as
tissues, chipboard, wallboard, and cellulose insulation through
the pulping and deinking process.*»** However, this production
is less economically feasible than virgin pulp production. The
biggest challenge in the recycling processes of MOW is reducing
the cellulose fiber length, which results in weaker and lower-
quality paper products than those made from virgin pulp.**

Wastepaper recycling results in shorter fiber lengths of
cellulose, which leads to poor-quality paper. Since the highest
percentage of paper-to-paper recycling is 65%,***® enormous
amounts of byproducts are produced, which must be disposed
of eventually. With the rising expense of generating paper from
recycled paper and the disposal of waste fibers that are unfit for
use, the development of new techniques to recycle wastepaper is
essential. Due to its cellulosic composition, wastepaper can be
used as a raw material in the manufacturing of CNCs.
Manufacturing CNCs from wastepaper would give an alternative
to paper recycling while potentially addressing the issue of
byproduct generation from paper-to-paper recycling.*” In the
past decade, cellulose nanomaterials have garnered significant
interest due to their lightweight nature, low cost, ease of recy-
cling, and environmental friendliness.**** The ecotoxicity of
nanocellulose is very low.**** CNCs are used in packaging as
a filler*** and reinforcing agents in polymeric matrices due to
their strength, high aspect ratio, surface area, and high tensile
modulus.** CNCs can form hydrogen bonds that create a dense
and strong network within the packaging material, preventing
the permeation of various molecules through the packaging
layers and thereby increasing the barrier properties.***

The main motive of the present work was to upcycle MOW by
extracting CNCs from it through an acid hydrolysis process. A
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coating recipe was developed using CNCs from recycled sour-
ces, collagen hydrolysate, and glycerin, and was applied as
a coating on paper to evaluate its barrier and mechanical
properties. The work emphasizes upcycling waste paper while
contributing to environmental sustainability. The findings
explore the potential of recycled, biodegradable materials as
promising alternatives to conventional non-biodegradable
single-use plastics.

2 Experimental sections
2.1 Materials

Mixed office waste (MOW) and brown uncoated base paper
(100 g m~?) were collected from the local market. Collagen
hydrolysate was extracted from shaving dust collected from the
local tannery industry, a procedure established in our labora-
tory.*” Sodium sulfate (Na,SO,, lab grade, >99% purity), sodium
carbonate (Na,CO;, lab grade, >99.5% purity), sodium
hydroxide (NaOH, lab grade, 1 M), glacial acetic acid (CH;-
COOH, lab grade, 99% purity), concentrated sulfuric acid
(H,SO,, lab grade, 98%) and glycerin were purchased from
Merck, Germany. Hydrogen peroxide (H,O,, technical grade,
70% purity) was purchased from Research-Lab Fine Chemical
Industries, India.

2.1.1 Preparation of cellulose nanocrystals. MOW was
soaked in water overnight. Pulp was made from these materials
using a Valley beater under full load. The MOW pulp was used
as a raw material to produce cellulose nanocrystals (CNCs). The
composition of MOW was cellulose-72.49%, hemicellulose-
13.73%, lignin-3.65%, ash-6.29%, and moisture-3.84%. First,
2 g of pulp obtained from MOW was taken in a container, and
20 mL of H,SO, (50% v/v) was added. The container was sealed
carefully through a sealer machine. Then it was dipped into
a water bath at 45 °C for 1 h. Then, the sample was transferred
into a falcon tube for washing through a centrifuge to neutralize
the pH of the solution. After washing several times, the sample
was transferred into a beaker, and a drop of phenolphthalein
indicator and 2 mL of 0.1 M NaOH solution were added to
neutralize the solution completely. The neutralized suspension
was mechanically treated using a high-speed disperser (T-18
digital ULTRA-TURRAX) operating at 20000 rpm for 30
minutes. Finally, the sample was transferred into a cyclone
separator and kept for 24 h to settle down. Residue was
collected from the bottom, and the suspension from the upper
section containing nanocellulose was further centrifuged to
remove water content. The final product contained CNCs in the
form of suspension. Fig. 1 represents the extraction process of
CNCs from mixed office waste (MOW).

2.2 Formulation of the coating recipe

A 10% collagen hydrolysate solution was prepared by dissolving
collagen hydrolysate powder in 1% acetic acid solution and 0.5-
1 mL of glycerin. Then, 1, 3, 5, 7, and 10% of CNCs were taken in
the weight ratio of the collagen hydrolysate powder. The
formulations were prepared following Table 1 by stirring for
24 h at room temperature and sonicated for 20 min to remove
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Fig. 1 CNC extraction from mixed office waste (MOW).

Table 1 Coating formulations with collagen hydrolysate, CNCs and glycerin

Serial no. Coating recipes Sample ID

1 Uncoated base paper UP

2 Paper coated with 1% CNCs, 10% collagen hydrolysate, and (0.5-1) mL of glycerin CP-1%

3 Paper coated with 3% CNCs, 10% collagen hydrolysate, and (0.5-1) mL of glycerin CP-3%

4 Paper coated with 5% CNCs, 10% collagen hydrolysate, and (0.5-1) mL of glycerin CP-5%

5 Paper coated with 7% CNCs, 10% collagen hydrolysate, and (0.5-1) mL of glycerin CP-7%

6 Paper coated with 10% CNCs, 10% collagen hydrolysate, and (0.5-1) mL of glycerin CP-10%

the bubbles. Fig. 2 represents the application steps of CNC-
based coating on the packaging material.

2.2.1 Coating solution application by rod coating. A
coating solution of the desired amount was applied on the
uncoated base paper through rod coating by using Meyer rod
no. 12 to get the desired coat weight of 35 ¢ m~?, and the
resulting coating thickness was 0.03 mm. After coating appli-
cation, the coated papers were dried by hot air flow and
conditioned for 24 h at a TAPPI (T402 sp-98) standard condi-
tioning temperature of 23 °C and 50% relative humidity (RH)
before testing.

2.3 Characterization

2.3.1 X-ray diffraction (XRD). The characteristics of the
CNCs were observed from the diffraction patterns obtained by

Glycerin (0.5-1) ml

10% Collagen
hydrolysate
solution

Stirred for 24 h at
room temp.

Formulation of
coating solution

Fig. 2 CNC-coated paper as a packaging material.
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the X-ray diffraction method. The X-ray diffractometer (RIGAKU
ULTIMA 1V X-ray Diffractometer, Japan) used for sample anal-
ysis consisted of a radiation source of Cu Ko operating at 8.04
kv. The samples were analyzed at a diffraction angle (26) from
5° to 40° at room temperature. The wavelength of the X-ray was
1.5406 A, and the step rate was 3° min . The crystallinity index
of CNCs was determined by the Segal peak height method,
using the following formula:*®

Crystallinity index (CI) = 100 x (00 — Tam)/I200 (1)

According to the equation, the Segal technique®® was used to
determine the crystallinity index (CI) from the heights of the
(200) peak (100, 20 = 22.6°) and the minimum intensity between
the (200) and (110) peaks (L, 26 = 18°). I, stands for the

Air flow

A

Rod coating

Drying Packaging

material
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amorphous material, while I,o, denotes both crystalline and
amorphous materials.

2.3.2 Transmission electron microscopy (TEM). A Tecnai-
12 (Philips) transmission electron microscope running at 120
kv was used to evaluate the size of the CNCs. Low-dose
circumstances were used to observe the specimens. A
TVIPSF224 CCD camera was used to capture the images.* The
CNC suspensions were diluted to 100 pg mL~" and sonicated
three times for 60 s each with a cold bath before deposition on
the grid. Drops (5 pL each) were placed and blotted on glow-
discharged carbon-coated copper TEM grids for one minute.
The staining was not done.

2.3.3 Fourier transform infrared (FTIR) spectroscopy. FTIR
analysis was performed using an IRSpirit-X Series Fourier
Transform Infrared Spectrophotometer. The sample was used
as a solid without any pretreatment or modifications. The
baseline was corrected before the test sample was placed. In this
analysis, all spectra were measured after 64 scans per sample
from wavenumber 400 to 4000 cm ™' with a resolution of 4 cm ™.
The FTIR spectra were recorded in the transmittance mode.**

2.3.4 Field emission-scanning electron microscopy (FE-
SEM). An FE-SEM (SU8700, Hitachi High-Tech Corporation,
Japan) was used to investigate the surface and cross-section of
the coated and uncoated papers. The micrograph of the
composites was taken at an accelerating voltage of 5 kV and
a resolution of 20 pm. The samples were kept on a stub with
carbon tape and coated with AuPd to obtain better images by
applying a thin conductive layer.

2.3.5 Barrier properties measurement. For the grease
resistance KIT test, the testing method was TAPPI UM 557,
where three organic solvents were used at twelve ratios (KIT no.
1-12). KIT no. 1 was the mildest, and KIT no. 12 was the
harshest solution.*” Both coated and uncoated papers were
tested in hot oil barrier tests. A hot oil solution was prepared by
mixing red dye (D53004 Chromatint® Red IK Liquid) with one
gallon of Mazola corn oil to achieve a 0.1% concentration. The
solution was heated to 62-65 °C and poured onto the coated
surface at a depth of 3 mm. The sample was left for 20 minutes,
and the time was checked with a stopwatch. The oil was
removed from the coated surface after 20 minutes, and any
excess oil was cleaned using a tissue paper. The backside of the
coated paper was immediately observed for soak-through or
staining. The uncoated and coated samples were tested for air
(Gurley porosity) and water vapor permeability using the T460
om-96 and STM 473 methods, respectively. For water vapor
permeability, the diameter of the sample was 34 mm, and the
sample was placed in the neck of the holder. The silica gel was
rotated for 8 hours, and the sample weight was measured before
and after the test. For air permeability, the sample size was
30 mm in diameter and placed in the Gurley apparatus, which
was filled with air that was compressed by the weight of
a vertical cylinder floating in liquid. In the Gurley porosity
tester, air permeability was calculated as a function of the time
required for a specific volume of air to pass through a specified
area and pressure.

2.3.6 Mechanical properties. The tensile properties of the
uncoated and coated papers were evaluated using a universal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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testing machine (model: STM 566, SATRA, UK). Standardized
strip specimens (length, 80 mm; width, 10 mm) were cut into
dumbbell shapes from the coated paper at room temperature
and 50% relative humidity (RH). The accurate width and
thickness of each sample were determined using a slide caliper.
The burst index was measured using a lastometer (model: STM
463, SATRA Technology). All paper samples were cut into
circular shapes with a diameter of 45 mm, on which the force
from a ball plunger was recorded.

2.3.7 Thermogravimetric analysis (TGA). TGA and its first
derivative (DTGA) were done using a PerkinElmer model TGA
8000, Netherlands. The experiments were conducted at
a temperature in the range of 50 to 620 °C, at a heating rate of
20 °C min~' and a nitrogen flow rate of 20 mL min~". The
samples were placed in pans with a perforated cover, allowing
water vapor and other volatile compounds to escape during the
thermal breakdown of the coatings.

2.3.8 Water contact angle. The hydrophilicity of the coated
paper was studied using a contact angle measuring machine
(Attension Theta). The uncoated and coated paper samples were
first cut into rectangular specimens with a width of 15 mm and
a length of 50 mm. Then, a water droplet was placed on the
specimen for 10 seconds. Pictures were taken, and the contact
angles were determined using the machine. All the measure-
ments were performed at room temperature.

2.3.9 Surface roughness. A Keyence VKx1100 confocal laser
scanning microscope was used to measure the surface rough-
ness. R, is the average peak-to-valley height and R, is the
arithmetical mean line roughness in the 0.1 pm to 1 mm range.

2.3.10 Cytotoxicity assessment. The Vero cell line, which
consists of kidney epithelial cells extracted from African green
monkeys, was used to test the cytotoxicity of the medium. The
medium contains 1% penicillin-streptomycin (1:1), 2%
gentamicin, and 10% fetal bovine serum (FBS). Cells (3.0 x 10*/
200 pL) were seeded into 48-well plates and incubated at 37 °C
with 5% CO,. The following day, 50 pL (autoclaved) samples
were added to each well, and after 48 hours of incubation, the
cytotoxicity was investigated using an inverted light microscope.

2.3.11 Biodegradability. The biodegradation of the
composites was checked by a soil burial test. Samples (UP, CP-
3%, CP-5%, CP-7% and plastics such as polypropylene, poly-
styrene and polyethylene) have undergone biodegradability
tests. The samples were cut into 2 cm X 2 cm squares and
placed in soil (plantation quality) at a depth of 9 cm, at pH =7.2
with 50% moisture content, which was checked periodically for
the extent of degradation.®

3 Results and discussion

Fig. 3A represents the XRD data, where the crystallinity index of
CNCs was determined through the Segal peak height method.*
The crystallinity index of CNCs obtained from mixed office
waste (MOW) was 87%. The increase in the crystallinity index
(C1) for CNCs was due to the effective removal of non-cellulosic
components from the fibers, specifically the dissolution of
amorphous regions, through a controlled acid hydrolysis

RSC Adv, 2025, 15, 13188-13198 | 13191
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process, which accounts for the increased crystalline nature of
nanocellulose.*

The TEM image shown in Fig. 3B exhibits the morphology of
CNC samples. The treated CNC suspension consisted of long,
rod-like particles, comprising individual filaments and some
agglomerated bundles. The acid hydrolysis process seems to
have removed amorphous cellulose and hemicellulose. The
average length, diameter, and aspect ratio of CNCs were,
respectively, 104.08 £ 0.1 nm, 9.49 £+ 0.3 nm, and 10.97 +
0.2 nm.

The coated and uncoated papers were examined using FTIR,
as shown in Fig. 4A. Compared with uncoated paper, new
absorption peaks were found for CP-3% at 2955 cm ™ * for amide,
1659 cm ™ * for amide I (C=O0 stretching), 1560 cm " for amide II

View Article Online
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(A) XRD graph of CNCs. (B) TEM analysis of CNCs obtained from MOW.

(N-H bending), 1268 cm " for amide III (C-N stretching),
1471 cm™* for -CH, bending vibration, and 1350 cm ™" for C=0
stretching vibration due to collagen hydrolysate. Compared
with the neat collagen hydrolysate and uncoated paper, the
peaks at 1125 cm ™' corresponding to collagen and 1029 cm™*
corresponding to uncoated paper shifted and formed a new
peak at 1096 cm™ " because of hydrogen bonding between the -
OH group of cellulose and -NH, and -COOH groups of collagen,
ensuring the coating effect of collagen to the uncoated paper.
The FE-SEM images provide detailed information about the
morphology of coated and uncoated paper, as shown in Fig. 4B.
A smooth surface was observed when the uncoated paper was
coated with CP-3%. However, as the concentration of CNCs in
the CP-5% coated paper increased, agglomeration occurred
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(A) FTIR spectra of collagen hydrolysate, uncoated base paper and coated paper. (B) FE-SEM image of UP (B1), CP-3% (B2), and CP-5% (B3).
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Hot oil failure

Fig. 5 (A) Oil and grease resistance (KIT) test of UP (A;), CP-1% (A;), CP-3% (As), CP-5% (A4), CP-7% (As) and CP-10% (Ag) samples, (B) hot oil test
of UP (B4), CP-1% (B,), and CP-3% (Bs) samples, and observations of the backside of the papers (By1, B>1, and Bsz;) and underneath of the tissue

paper (Blz, 822, and B32).
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between the CNC particles, which reduced the uniformity of the
coating layer on the paper.

Grease resistance KIT tests were also conducted on coated
and uncoated paper samples using 12 different oil and grease
concentrations, as specified in the TAPPI standard. In Fig. 5A,
the uncoated base paper (UP) failed to pass KIT rating 1,
whereas the coated paper samples (CP-1%, CP-3%, CP-5%, CP-
7%, and CP-10%) passed the highest KIT rating 12, indicating
better oil and grease resistance. Oil and grease are nonpolar
substances, whereas CNCs and glycerol have polar hydroxyl
groups that do not interact with nonpolar oil and grease. As
a result, all the coated papers have oil and grease-repellent
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properties. Fig. 5B represents the hot oil test, which was per-
formed to evaluate the oil barrier properties of both coated and
uncoated papers, and the results are shown in Fig. 5B. The
uncoated base paper (UP) failed the hot oil test. Still, all the
coated papers passed the hot oil barrier test. Red stains were
seen on the surface of UP and the tissue paper under it. No
stains were observed on the surface of the coated paper or under
its tissue papers because of the uniform coating and oil repel-
lency of the CNC-based coating.

In water vapor transmission and air resistance tests, the
coated paper exhibited higher barrier properties than the
uncoated paper due to its smooth coating surface, on which
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coated paper, (E) TGA, and (F) DTGA of uncoated and coated papers, showing their thermal behaviors.
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CNCs were dispersed homogeneously. Here, the CNC-based
coating acted as a reinforcement filler, decreasing the air
permeability of the paper and forming a dense, compact
structure through the penetration of cellulose crystals into the
cellulose matrix of the paper, which resulted in strong hydrogen
bonding. The decrease in water vapor permeability of the coated
paper was attributed to the blocking of fiber gaps by CNCs and
the hydrophobic properties of the collagen hydrolysate.
However, as the percentage of CNCs increased, the value of
water vapor resistance did not change much. Almost similar
values for CP-5%, CP-7%, and CP-10% are shown in Fig. 6A. The
air permeability values of coated paper samples incorporating
different concentrations of CNCs are illustrated in Fig. 6B. The
coated paper showed higher air barrier properties than
uncoated paper. The higher porosity and air permeability of
uncoated base paper were due to the presence of large pores, as
shown in Fig. 4B;. Coated paper formed a dense, compact
structure with CNCs, collagen hydrolysate, and glycerin on the
surface of the uncoated-based paper, which provided a more
tortuous pathway for the diffusion of air molecules and
enhanced the air barrier performance.

The mechanical properties of packaging materials were
evaluated to determine their stability and strength during
handling, transportation, and storage of products in packaging.
The tensile index and burst index of samples were measured, as
shown in Fig. 7A and B. The coated paper CP-3% exhibited the
highest tensile and burst index values due to the addition of
CNCs, which reinforced the uncoated paper by making the
polymers with a cellulose matrix more rigid and compact. The
enhanced mechanical properties are due to increased interac-
tion between the OH groups of CNCs and the available groups
(COOH, NH,, C(NH,),, and CONH,) of collagen hydrolysate
with the OH group of cellulose of uncoated paper. For the CP-

B (o] ferin
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3% coating sample, the ultimate tensile index was 74.43 +
2.895 N'm g~ ', which was 5.28 times higher than that of the UP
sample (14.10 + 0.315 N m g~ '). The burst index for the CP-3%
coating sample was 2.10 + 0.09 kPa m*> g™, which was 1.79
times higher than that of the UP sample (1.17 £ 0.15). The
tensile and burst indexes decreased slightly for coated paper
samples (CP-5%, CP-7%, and CP-10%) due to the agglomeration
of CNCs at increased concentrations, resulting from non-
uniform coating. Fig. 7C shows that the percentage of elonga-
tion decreased in CP-1% and then slightly increased due to the
presence of CNC content in the coating. The presence of CNCs
and collagen on the paper did not significantly impact the
elongation. Fig. 7D depicts the bending properties of the coated
paper, where no crease was observed due to folding or stretch-
ing, as the presence of coating added flexibility to the coated
paper.

TGA and DTGA were used to depict the thermal behavior of
uncoated and coated papers over a temperature range of 50—
620 °C. The incorporation of CNCs and collagen hydrolysate
into uncoated paper resulted in a delay in the mass loss of the
coated papers within the temperature range (Fig. 7E). The DTGA
curves for coated papers (Fig. 7F) showed less degradation of
the CP-3%, CP-5%, CP-7%, and CP-10% samples than the
uncoated papers. This could be related to the strong interac-
tions between the cellulosic matrix of the paper and the coating
solution, as identified by FTIR spectroscopy (Fig. 4A).

The hydrophilic properties of the uncoated base paper (UP)
and coated paper samples were measured using the water
contact angle (WCA), as shown in Fig. 8A. The WCA of UP was
found to be 60.13° due to the porosity of the paper and higher
interaction of the cellulosic matrices and water hydroxyls. In
Fig. 8B, the WCA of CP-1% and CP-3% gradually increased from
69.25° to 99.40° because of the hydrophobic properties of
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of uncoated base paper and CP-3% and CP-5%. (D) Change in the surface roughness of uncoated base paper and CP-3% and CP-5%.
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collagen hydrolysate, as it covers the porous structure of the
cellulosic matrix throughout the uniform coating of the paper,
which significantly increased water repellency. However, the
WCA of CP-5%, CP-7% and CP-10% gradually decreased to

A

Fig. 9 Cytotoxic effect assessment of (A) uncoated base paper and (B

UP

View Article Online

Paper

97.71°, 92.59° and 83.51°. As the concentration of CNCs
increased, the presence of more surface hydroxyl groups
reduced the contact angle. Fig. 8D illustrates how surface
roughness was reduced with a uniform coating of CNCs and

CP-3%

) coated paper sample (CP-3%) using water as the solvent.

UP

CP-3%

CP-5%

CP-7%

Plastics

| | | e
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Fig. 10 Biodegradation of uncoated base paper, coated paper, and plastic materials.
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collagen hydrolysate nanoparticles due to the uniform distri-
bution of coating layers, which filled the gaps in the cellulose
fiber matrix. As the WCA values gradually decreased in the case
of CP-5%, CP-7%, and CP-10%, only CP-3% and CP-5% were
considered for surface roughness tests. The non-uniform
coating of CP-5% due to the agglomeration of CNCs at
increased concentrations resulted in an uneven distribution of
cellulose nanoparticles, thereby enhancing the surface rough-
ness. Uniform coating resulted in a reduction of both average
surface roughness and average roughness depth. Among them,
CP-3% showed the best results, as shown in Fig. 8D.

A cytotoxicity assessment of the UP (control) and paper-
coated CP-3% samples was conducted. The tested papers were
found to be non-toxic when the test was conducted using a Vero
cell line for DMEM (Dulbecco’s modified Eagle's medium) in
Fig. 9B. Direct contact with the UP and CP-3% resulted in cell
viability of more than 95% after 48 h of incubation. No toxic
effect was found in the coated papers. Cells were found to be
alive, indicating no cytotoxic effect. Therefore, the paper could
be used as a packaging material for food.

The biodegradability of plastics (polyethylene and poly-
styrene), uncoated base paper (UP), and coated papers was
assessed using a soil burial test.>*” The results of the soil
degradation test are depicted in Fig. 10. The UP sample and
coated paper samples (CP-3%, CP-5%, and CP-7%) took almost
7 weeks to degrade fully. The coating did not delay the biode-
gradability of the paper samples by enhancing the barrier and
physical properties. However, plastic samples were not changed
after 11 weeks because microorganisms cannot quickly degrade
synthetic polymers.

4 Conclusions

The application of CNCs, extracted from MOW, collagen
hydrolysate, and glycerin on a paper substrate, introduced
a new pathway for the development of bio-based coating
applications. The crystallinity index of CNCs was around 87%,
and the average length and diameter were approximately 104.08
4 0.1 nm and 9.49 £ 0.3 nm, respectively. The modification was
confirmed by the presence of FTIR peaks at 1096 cm ' and
1020 cm ', which ensured the hydrogen bonding between the -
OH group of cellulose and the -NH, and -COOH groups of
collagen hydrolysate. FE-SEM images were acquired to investi-
gate the surface morphology of the uncoated and coated
samples, revealing a uniform coating on the surface of CP-3%.
The barrier tests were conducted, and all coated paper samples
passed; however, the uncoated paper failed in both the KIT and
hot oil barrier tests. The water vapor resistance and air resis-
tance of CP-3% increased by 14 times and 250 times, respec-
tively, compared to the uncoated base paper, due to the uniform
coating. The tensile index and burst index of CP-3% increased
by 5.28 times and 1.79 times, respectively, compared to the
uncoated paper. The water contact angle of the sample CP-3%
increased by 39%, and the surface roughness decreased by
64.02%. No cytotoxic effect was observed in the CP-3% sample,
with more than 95% of cells surviving. All the uncoated and
coated paper samples took almost 77 days to fully degrade,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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whereas plastics such as polyethylene and polystyrene did not
degrade. All the results proved that the CP-3% sample was
highly suitable for packaging applications.
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