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Blending of cellulose nanofibers
with cotton linter pulp to enhance
the mechanical and barrier
properties of paper
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This study investigated the use of cotton linter pulp with the blending of cellulose nanofibers (CNFs)
to produce paper with improved functional attributes. The CNFs were added to cotton linter pulp

in varying proportions (0, 20, 40, 60, 80, and 100% on a dry weight basis). The paper handsheets of
60+ 1 g/m? were prepared and evaluated for surface morphology, crystallinity, mechanical, barrier,
and optical properties. Surface morphology revealed the high compactness of paper incorporated with
CNFs. No significant changes in the surface roughness of the paper were observed upon the addition
of CNFs. Mechanical properties substantially improved with CNF loading, leading to a notable increase
in tensile strength (3.6-9.4 fold), tearing resistance (1.6-2.1 fold), bursting strength (1.1-4.2 fold)

and folding endurance (6-184 fold) compared with control paper. The CNFs blending caused a marked
reduction in Cobb value (up to 63.3%) and increased air resistance (up to 34.3%), demonstrating the
high barrier properties of paper. The optical properties showed a decrease in brightness (up to 31.8%)
and variable opacity trends with the addition of CNFs. The findings suggested cotton linters are
suitable for producing high-quality specialty paper. The research ascertained the potential of CNFs as a
sustainable green material to enhance the mechanical and barrier performance of paper products.

Keywords Cellulose nanofibers, Refining, Scanning electron microscopy, Atomic force microscopy, Air
resistance, Eco-friendly packaging

The accelerated economic growth and concerns about the environment have caused increased demands for
eco-friendly paper and products made from paper, especially in the packaging industry. Paper, a material that
can degrade naturally, holds as great promise for replacing plastic in the making of packages and bags. However,
the paper manufacturing sector consistently faces challenges regarding mechanical, physical, and printing
improvements to cater to the increasing demand for high-quality paper products’. A significant option is to
incorporate additives or fillers into the manufacturing process with the goal of enhancing the quality of the
paper. Transitioning from conventional petroleum-derived supplements, researchers are looking for renewable,
environmentally friendly nanoadditives for performance enhancement and the functionalization of paper. Recent
developments involve using “green” nanoadditives to produce paper with specific improved characteristics such
as strength, luster, writing, and recyclability?.

Nanocellulose (NC) is emerging as a promising green reinforcement for improving paper and paper-based
products’ strength and preventative properties®,. NC has attracted increased interest from both researchers
and industries on account of its biodegradability, renewability, sustainability, high surface area, high aspect
ratio, exceptional optical characteristics, lightweight, stiffness, and high strength. The tunable surface properties
and compatibility of NC with pulp make it a smart and eco-friendly alternative to several issues faced by the
papermaking sector’. NC can be extracted from any cellulosic biomass such as wood, lint, cotton stalks, and
coconut fibers and other natural fibers, sugarcane bagasse, algae, etc. Cotton linters are the comparatively short
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fibers attached to the cottonseeds after removing longer fibers during the ginning process. Cotton linters, a
by-product of the textile industry, are mechanically extracted from seed surfaces and are primarily utilized
in cellulose production®. India produces about 0.4-0.5 million metric tons of cotton linters annually. Being
the purest form of cellulose, with over 90% cellulose content, cotton linters serve as an excellent source for
producing NC. Furthermore, the extraction of NC from cotton linters is simpler compared to woody biomass,
which requires an additional purification process to remove lignin and hemicelluloses’.

Many successful results have been reported for the applications of NC in paper manufacturing>®-!!. Among
the different uses, NC as a dry strength enhancer and coating material are major applications in papermaking!>13.
Extensive research has been conducted on the use of cellulose nanofibers (CNFs) to enhance the wet and dry
strength characteristics of bleached chemical pulps. CNFs as an additive offer several advantages over traditional
mechanical beating and refining used to enhance the strength of pulp. Adding NC to the pulping mixture can
significantly improve the tensile strength and rigidity of the final paper, make it less porous and denser, and
thus improve its air resistance®!%. Moreover, adding CNFs does not harm the overall structure of pulp fibers,
thus extending their lifetime, which is beneficial for the recycling of paper'®. Shi et al. (2024) corroborated
the enhancement (20% increase) in the strain at break of polylactic acid (PLA) with the incorporation of 1
wt% cellulose nanocrystals (CNC) resulted in increased ductility'®. Zhu et al. (2015) utilized the cellulose fibers
for paper making and reported that reduction in the mean diameter of the constituent fiber (from 27 pm to
11 nm) improved the mechanical properties viz. strength (from 6.7 to 275.2 MPa), toughness (from 0.13 to
11.68 MJ/m?®) and fracture toughness (from 143.3 to 1481.4 J/m?) of the developed paper!’. This incremental
rise in the toughness of paper was attributed to the enhanced interface area and formation of strong hydrogen
bonds among cellulose chains.

Most research has focused on reinforcing pulp with up to 10% NC. However, higher proportions of NC
are rarely reported in the literature, primarily due to the high manufacturing costs and energy consumption
involved in its production. The key challenge is reducing the manufacturing cost of NC production to align
with the cost-effective nature of high-volume paper products. Chemo-mechanical synthesis of CNFs is the latest
technological development that can be employed to reduce energy consumption and, thus, production costs.
Recently, the researchers at ICAR-Central Institute for Research on Cotton Technology, Mumbai optimized a
process protocol for energy efficient synthesis of NC at pilot scale using the combination of enzymatic treatment
and temperature-regulated refining'®. This has opened up avenues for the widespread use of NC in various
value-added applications.

Previously, the development of paper from a blend of cotton linter pulp and cellulose nanofibers (CNFs)
extracted from cotton linters had not been attempted. Adding an appropriate amount of CNFs is crucial for
achieving a reinforcing effect. Therefore, blending higher proportions of CNFs into the pulp may have positive
or negative impacts on the final paper quality. Further research is required to examine how incorporating the
higher amount of CNFs into cotton linter pulp affects the mechanical and barrier properties of the resulting
paper.

In this research work, CNFs were blended with cotton linter pulp with the objective of producing paper
with higher mechanical and barrier properties, reduced porosity, better air resistance, durability, non-tearability,
etc. The resulting paper, possessing these properties, may have the potential as a specialty paper for various
applications. The CNFs were extracted from cotton linters using enzymatic hydrolysis with subsequent controlled-
temperature refining. Paper handsheets containing varying proportions of cotton linter pulp and CNFs were
prepared to evaluate the effect of CNF integration on surface morphology, crystallinity, mechanical properties
(including tensile strength, bursting strength, tearing resistance, and fold endurance), barrier properties (air
resistance and water absorptivity), as well as optical properties (brightness and opacity).

Material and methods

Materials

Cotton linters (6 to 12 mm long), which are considered first cut, were obtained from the Ginning Training Centre
(GTC), ICAR-CIRCOT, Nagpur, India. These linters were utilized for the extraction of CNFs. Other reagents
viz. cellulase enzyme (Biopol), hydrogen peroxide, sodium silicate and sodium hydroxide were procured from
Thermo Fischer Scientific, India Pvt. Ltd., Mumbai.

Extraction of CNFs

CNFs were extracted from cotton linters using previously reported energy-efficient process involving the
pretreatment using specific enzymes followed by refining at a controlled temperature'®. The bleached cotton
linters, dispersed uniformly in water (material to liquor ratio (MLR) = 1:20) with the addition of 1% (v/w) cellulase
enzyme (Biopol) (filter paper activity: 12.42 FPU/mL), were kept for reaction at 45 °C for 1 h, maintaining a pH
of 4.5 using 0.2 M acetate buffer. Thereafter, cellulase was deactivated by heating at >70 °C and washed off from
the fibers with water. This was followed by the beating of enzyme-treated fibers for 1 h using a pilot scale beater
(Parasons Machinery, India) powered with an induction motor (10 HP/7.5 kW, 1455 rpm). The beaten pulp
was then conveyed to a tri-disc refiner (Parasons Machinery, India) having 32 cm disc diameter and 4 refining
surfaces. The refining was performed at 23 +5 °C for 30 min for 15 passes. Cold water was circulated through
the refining system to maintain the process temperature. The CNFs obtained from the refiner were collected for
further analysis.

Preparation of pulp

The pulp was prepared from cotton linters using a standard pulping process. About 500 g of cotton linters were
digested in a laboratory rotary digester (Premier International, India) using 4% NaOH at 160 °C for 90 min,
while keeping the MLR as 1:5. The digested material was then washed thoroughly and beaten in a laboratory
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Fig. 1. Preparation of CNFs-incorporated paper handsheets.

Fig. 2. Paper handsheets prepared by blending of CNFs and cotton linter pulp.

beater (Parasons Machinery, India) for 60 min. The beaten pulp was bleached using hydrogen peroxide (3 g/l),
sodium silicate (2 g/L) and sodium hydroxide (1 g/L) at 70 °C for 60 min using 1:20 MLR in a laboratory rotary
digester. The bleached pulp was then washed thoroughly.

Preparation of CNFs-incorporated paper handsheets

The bleached cotton linter (BCL) pulp was used for preparing paper handsheets. CNFs in different concentrations
(0, 20, 40, 60, 80 and 100% on a dry weight basis) were added to the pulp, and the paper handsheets produced
were coded as PNO, PN20, PN40, PN60, PN80, and PN100, respectively. The BCL pulp without CNFs (PN0) was
treated as a control sample. The uniform dispersion of pulp and CNFs was achieved by mixing (1350 rpm for
15 min) in a pulp disintegrator (Universal Engineering Corporation, India). Cationic starch 5% (w/w) was added
to the pulp to assist in retention. The paper handsheets of 60+ 1 g/m*were prepared as per TAPPI T-220 sp-16
(2016) standard!® using a lab handsheet former and dried in the natural environment (Fig. 1). Several sheets of
each composition were produced for evaluation and testing (Fig. 2).

Scanning electron microscopy (SEM) of CNFs

To determine the surface morphology and size, the CNF suspension was diluted using deionized water (HPLC
grade) with a 50 dilution factor. A droplet of the diluted sample was placed on the sample holder for air-drying
which was then coated with gold/ palladium using a vacuum sputter in order to improve their conductivity.
The sample was then observed under the microscope (Philips XL30 SEM, Netherlands) at 12 kV accelerating
voltage and 8000 x magnification. The fiber diameter was measured using ImageJ software (IJ1.46r). The SEM
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image was opened in ImageJ, and the scale was set using the Set Scale option. A binary image was created
via Adjust>Threshold. The straight-line tool was used to draw perpendicular lines across the fibers, and the
diameter was measured using Analyze > Measure. The recorded values were then exported to Excel for mean size
analysis (Table S1).

Characterization of CNFs- incorporated paper

Surface morphology

SEM of paper samples was done to study their surface morphology and compactness. A small section of paper
samples was mounted, coated, and scanned at 200 x magnification using the same procedure as described in
Sect. “Scanning electron microscopy (SEM) of CNFs”

X-ray diffractometry (XRD)

X-ray diffractometer (PANalytical X’Pert PRO, Netherlands) with nickel-filtered Cu Ka (a=1.54 A°) radiation
was used for the diffraction analysis. The scanning was done at 40 kV and 30 mA with 20 varying from 10° to 40°,
at a speed of 10°/min. The crystallinity index (CI) was determined using the following formula®:

ol = f200=tom
I200

where I, is the total intensity of the 200 peak at 20=22.8°and I, is the minimum observed intensity between

the 110 and the 200 peaks.

Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) analysis was carried out using a dilnnova AFM (Veeco, USA) with the objective
of quantifying the roughness of the CNFs-incorporated paper. A small uniform section of paper was cut and
placed on a freshly cleaved mica surface and dried under an infrared lamp. The images were taken using a silicon
nitride cantilever in tapping mode at room temperature. The scan rate of 1.0 Hz and 512 lines per 5 um were set
to get optimum contrast without filtration.

Mechanical properties

Tensile index (TI), tearing resistance (TR), bursting strength (BS) and fold endurance (FE) of handsheets were
measured according to standard methods- TAPPI T 494 OM-13 (2013), TAPPI T 403 OM-15 (2015), TAPPI T
414 OM-12 (2012) and TAPPI T 511 OM-02 (2002), respectively®! 2%, The readings are the average of ten tested
samples.

Water absorbency (Cobb test)
The water absorbency of paper handsheets was measured using the Cobb apparatus following the TAPPI method
T441 (2013)%. The results were expressed as Cobb value (g/m?).

Cobbvalue (%) = (W2 — Wi) x 100

where,
W, =Initial paper weight and W, =Final paper weight after test.

Air resistance

Air resistance refers to the amount of air passed through the paper samples and was measured by smoothness
and porosity tester (Universal Engineering Corporation, India). The results were presented as the time required
to pass 100 mL of air through the paper handsheet?.

Optical properties
The optical properties of paper handsheets were determined using Universal 710 Opacity and Brightness
Tester (UMS, India) according to TAPPI standards- T 452 (2018) and T 425 (2016), respectively®”?%.

Statistical analysis

Analysis of variance (ANOVA) was obtained by performing the univariate analysis in the general linear model
at 5% level of significance. The least significant differences among the observations were calculated by Duncan’s
Multiple Range Test (DMRT) at 95% confidence level using SPSS 16.0 package. The values of each response were
expressed as average + standard deviation.

Results and discussion

SEM of CNFs

The CNFs suspension prepared by enzymatic hydrolysis and subsequent controlled-temperature refining had
a 4% solid content. SEM analysis of the CNFs showed their size on a nanometer scale. Chemo-mechanical
processing of cotton linters drastically reduced the size from 20.5+2.3 pm (Fig. 3a) to 126+42 nm (Fig. 3b),
depicting about a 99% reduction in size. As reported in earlier work, the hydrolysis of cotton fibers by cellulase

enzyme eased the fibrillation process and produced nanofibers in comparatively less refining time®.
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Fig. 4. SEM images of CNFs-incorporated paper handsheets: (a) PNO (b) PN20 (c) PN40 (d) PN60 (e) PN8O.

Surface morphology

The effect of CNFs addition on the inter-fibril gap and the compactness of the paper was accessed by studying
the surface morphology of handsheets using SEM. It can be seen from SEM micrographs that the inter-fiber
gap is reduced upon increasing the CNFs concentration (Fig. 4). When the inter-fibril space is reduced, the
adhesion property of fiber increases. This is possibly due to better bonding of fibrils in the paper, which in
turn improved its mechanical properties?. The CNFs are believed to facilitate higher hydrogen bonding due
to their high specific area. In addition, the aspect ratio (L/D) is very high in CNFs, allowing them to form a
dense, uniform network with less porosity®. Similar inter-fibril bonding and reduced pore size were reported
in recycled paper reinforced with CNFs’!. Incorporation of cellulosic nanofibers into paper newspapers were
observed to enhanced the link ability, and filled voids between pulp fibers, consequently reducing the porosity®.
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Crystallinity

XRD analysis of CNFs and all paper samples was conducted to identify any changes in the crystallinity index
(CI) due to different CNFs loading. The XRD diffractogram of all samples (Fig. 5) displayed characteristic peaks
of cellulose at 1-10 (14.7° 26), 110 (16.5° 26), 200 (22.5° 20), and 004 (34.5° 20) crystallographic planes. The
CNFs showed a CI of 88.5%. The CI of paper samples PNO, PN20, PN40, PN60 and PN80 was found to be
92.7%, 86.3%, 88.8%, 88.4% and 85.2%, respectively. Results indicated that the blending of pulp with CNFs
led to a substantial decrease in CI values. A significant difference in the CI of kraft pulp and CNFs made from
Eucalyptussp. was reported earlier’. The low CI of CNFs can be attributed to the hornification of CNFs during
the high-speed grinding process, which disrupts the cellulose crystal structure and leads to degradation in this
area®’.

Atomic Force Microscopy (AFM)

The roughness of CNFs and CNFs-incorporated paper handsheets was determined using AFM analysis (Fig. 6).
The ‘Ra’ (average roughness) value of the CNFs was 0.1858 um. Whereas, the ‘Ra’ values were found to be 0.2473,
0.2223,0.0873,0.1059, and 0.0665 pm for the paper samples PN0O, PN20, PN40, PN60, and PN80, respectively. No
particular trend was observed in the roughness of paper upon reinforcing with CNFs. Hence, it was concluded
that the addition of CNFs does not significantly alter the surface roughness of the paper. The CNFs within the
paper are to be interlaced and arranged randomly, imparting random surface orientation to the paper*®. This
randomization may be the reason for the difficulty in obtaining a particular trend in the roughness value.

Mechanical properties
The mechanical properties of CNFs-incorporated paper handsheets are outlined in Table 1. The incorporation of
CNFs led to a notable enhancement in the mechanical strength of paper.

Tensile strength (TS)

TS of paper signifies the bonding that occurs during paper formation and is dependent on the inter-fibril
adhesion properties of the paper?. It is required to withstand a load. In applications such as paper bags, the
TS conveys the maximum weight of goods the bag can carry. The TS of the paper, expressed in terms of Tensile
Index (TI), increased from 5.50 to 51.96 Nm/g with an increase in the addition of CNFs with the addition of
CNFs (Table 1). The typical TI value for Grade I1I kraft paper is 29.5 Nm/g**. The inclusion of 40% CNFs brought
about 3.6 times rise in the TI (31.7 Nm/g), which meets the BIS standards.

Previous work reported 32.4% increase in TS of bamboo sheets with addition of 10% NC*. Similarly, about
98% improvement in TS was recorded earlier for recycled paper reinforced with 5 wt % CNFs derived from
empty fruit bunches®. The high strength of CNFs-incorporated papers is due to the enhancement in specific
surface area that boosts fiber-fiber hydrogen bonding and increases sheet density'>*. A similar trend was
observed in this study showing the 9.4-fold increase in the TS of paper incorporated with 80% CNFs. The results
are in line with the SEM analysis, which revealed a reduction in the inter-fibril gap and improvement in inter-
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Fig. 5. X-Ray diffractogram of CNFs and CNFs-incorporated paper handsheets.
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Fig. 6. AFM images of CNFs (a); CNFs-incorporated paper handsheets: (b) PNO, (c) PN20, (d) PN40, (e)
PN60, (f) PN8O.

PNO 0 5.504+1.4 1609+12.1 882¢+4.5 1°+1
PN20 80 20 19.81°£1.2 250°+15.3 9814£6.5 691
PN40 60 40 31.72%+1.7 | 260102 2172°412.5 17°+4
PN60 40 60 31.88°+2.1 260°+8.4 3099°+10.1 115°+13
PN80 20 80 51.96*+1.7 340°+11.6 3727°+13.6 184249

Table 1. Mechanical properties of CNFs-incorporated paper. Values are mean +S.D. Within a same column,
values with different superscript are significantly different (p>0.05).

fibrillar force with increasing incorporation of CNFs into the paper. The significantly high enhancement in TS
of CNFs-added paper in this study could be attributed to the source of CNFs, the preparation method, and the
level of reinforcement!®.

Tearing resistance (TR)

Tearing strength was measured as internal TR rather than the edge-tear strength of paper. TR refers to the paper’s
capacity to resist tearing forces. It is experiential that higher tear strength correlates with better quality and
extended shelf life of the paper. It can be employed to characterize paper behavior across various applications,
ensure newsprint quality, and assess the durability of packaging paper, particularly in applications requiring
shock absorption capabilities. The typical TR value for paper was 50 mN as per BIS standards®. TR values for
PNO, PN20, PN40, PN60, and PN80 were observed as 160, 250, 260, 260, and 340 mN, respectively (Table 1). The
addition of 20% to 80% CNFs resulted in a 1.56 to 2.13 fold increase in TR. A similar TR increase in NC-blended
paper was reported earlier”. TR depends on the length of fibers and the bonding between them. CNFs when
reinforced in pulp, achieve good interfiber bonding. Greater fiber-fiber links, increased hydrogen bonding, and
comparatively longer fibers with small diameters (high aspect ratio) distribute stress within the elastic region,
thereby improving the TR of paper®2,.

Bursting strength (BS)
High BS signifies more inter-fibrillar bonding and, thus, high compactness in the paper. High BS is of utmost
importance in paper packaging applications. The BS value of the control paper (PNO) was found to be 883
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Barrier properties Optical properties

Cobb value Brightness | Opacity
Paper formulation | (g/m?) Air resistance (s/100 mL) | (%) (%)
PNO 381.60°+11.20 | 20.924+0.43 82.43+2.50 | 93.60°+2.40
PN20 229.60°+13.50 |21.45%4+0.31 77.26°£1.90 | 95.80°+1.80
PN40 146.80°+12.10 | 22.19°+0.25 72.15£2.60 | 96.35*+2.70
PN60 149.80°+10.10 | 25.32°+0.17 63.52442.30 | 89.90°+1.45
PN80 140.20+10.50 | 28.09*+0.22 56.20°+1.80 | 80.409+1.60

Table 2. Barrier and optical properties of CNFs-incorporated paper. Values are mean +S.D. Within a same
column, values with different superscript are significantly different (p >0.05).

N, which was significantly lower than the typical BS value for kraft paper as per BIS standards (2160 N).
Results showed that blending the cotton linter pulp with CNFs showed a marked increase in the BS of paper
samples, values ranging from 981 to 3727 N. The addition of 40% CNFs led to a 2.5 times increase in the BS
of the developed paper, achieving the required standard. About 15% enhancement in BS when incorporating
up to 3% NC was observed earlier®®. Similarly, 14% increase in the burst index of 10% NC-reinforced blended
paper was obtained?. This suggests that fine NC fibers act as bridges between long fibers in kraft paper via
different mechanisms such as linking, wrapping, and interlacing, therefore improving the inter-fiber bonding
and mechanical strength properties?*.

Folding endurance (FE)

FE refers to the maximum number of times a paper can be folded with load without breaking the paper. It is
an essential property for printing grades (books, maps, or pamphlets), bond paper, currency grade paper, and
packaging paper that undergoes multiple folding. The FE for paper handsheets PNO, PN20, PN40, PN60, and
PN80 was found as 1, 6, 17, 115, and 184, respectively. It was observed that the maximum incorporation of CNFs
in the PN80 paper showed 184 times higher FE value compared to the control paper (PNO).

A similar trend was noticed in NC-blended paper?. The authors achieved a 271% enhancement in FE by
adding 10% NC. About 87% and 248% FE improvement in microfibrillated and nanofibrillated reinforced pulp
sheets respectively was reported earlier’. The high foldability of CNFs-incorporated paper could be attributed
to long and flexible fibers, mechanical entanglement, and strong hydrogen bonding. The increased folding
endurance with the addition of CNFs could be ascribed to enhanced fiber-fiber bonding due to higher specific

surface area and increased paper density>*.

Water absorptivity/Cobb value

Water absorptivity refers to the amount of water absorbed by a piece of paper (1m?) within a specified time.
Since paper consists of randomly interlocked layers of fibers, its structure exhibits varying levels of porosity.
Therefore, the permeability of fluid (liquid and gaseous) through the paper structure becomes a crucial property
for its practical applications. Cobb values measure the paper’s resistance to the penetration of aqueous solutions
or water, reflecting its degree of hydrophilicity. The typical Cobb value for kraft paper is 24-30 g/m? as per BIS
standards.

Table 2 shows that the Cobb value decreased as CNFs were increasingly incorporated. The highest Cobb
value (381.60 g/m?) was found in PNO paper without CNFs, while the lowest Cobb value (140.20 g/m?) was
found in PN80. The results indicated a 39.8% to 63.3% decrease in water absorptivity of CNFs-incorporated
paper handsheets. Kumar et al. (2020) noted a comparable trend in a paper reinforced with CNFs*. This could
be related to the binding ability of CNFs to pack more fibers together in a paper. Afra et al. (2016) observed
a similar decrease in water absorption in paper coated with CNF, attributed to the formation of a continuous
layer with fewer pores compared to the base paper (control sample), resulting in decreased water penetration®.
Likewise, the low water absorptivity observed in this study may be linked to the increased compactness and
reduced inter-fibril gaps in the CNF-incorporated paper, as corroborated by the SEM results.

Air resistance (AR)
The AR of the paper is an indirect measure that describes the pore structure of the paper. Paper with high AR is
less porous and less permeable to the air. AR is a significant factor in deciding the applications of the paper. The
results revealed a marked increase in the AR of paper samples upon CNFs incorporation. The AR for the control
paper was 20.92 s/100 mL, while the CNFs-based paper exhibited values ranging from 21.45 to 28.09 s/100 mL.
The PN80 paper sample, with the highest CNFs incorporation, demonstrated a notable 34.3% increase in AR.
CNFs are thought to have fine structure, filling the voids within a fiber network alongside larger fibers. The
outcome likely lowered the permeability of air through the paper structure, as the compressed CNFs created an
extended pathway for the diffusion of air molecules*’. About a 50% decrease in air permeance with the inclusion
of nano crystalline cellulose (NCC) at levels up to 10% was documented®. This characteristic makes CNFs a
promising material for application in the papermaking industry, particularly in the realm of food packaging on
account of their significant barrier performance.

The high AR of CNF-incorporated paper samples is linked to the closure of pores*!. The reduced porosity is
crucial for enhancing mechanical strength. Paper having low porosity exhibits heightened mechanical strength
which was attributed to high hydrogen bonding facilitated by the high specific area of CNFs?.

Scientific Reports |

(2025) 15:11788 | https://doi.org/10.1038/s41598-025-96213-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Optical properties

Brightness is the percentage of blue light (specifically at 457 nm wavelength) that a paper reflects. Opacity, on the
other hand, is the amount of light prevented from passing through a sheet2. Factors influencing paper opacity
include its thickness, the quantity and type of filler, the extent of bleaching, and the presence of coatings. As per
the ISO 11,475 standards, the typical brightness value for kraft paper is 78-80, while the diffuse opacity value
is 85.

The brightness of CNFs-incorporated paper handsheets significantly decreased with increasing proportion
of CNFs. The brightness of the control paper (PNO) was 82.43%. For the PN80 sample, the brightness was only
56.20%; depicting about a 31.8% reduction at the highest CNFs incorporation. This decrease in brightness might
be due to the compact network enabled by CNFs, as evidenced by SEM micrographs, reduces the inter-fiber gap
limiting the scattering of light as also reported*’. The reduction in coeflicient of light scattering by 2% was earlier
reported in CNFs-blended paper®‘.

Nevertheless, the opacity trend differed from that of brightness. The opacity of paper samples showed an
increasing trend up to 40% CNFs incorporation, followed by a gradual decrease as CNFs incorporation continued
to rise. The PN40 paper sample presented the highest opacity at 96.35%, while the PN80 paper sample showed
the lowest opacity at 80.40%. In contrast, it was found that incorporating 8% CNFs enhanced the brightness
and reduced the opacity of newspaper made from chemo-mechanical pulp by approximately 3.5% and 0.8%,
respectively®. The reverse trend was maybe because of the lower level of CNFs addition (less than 10%). A
slight decrease in brightness and the opacity of CNFs-blended paper samples was noted due to an increment in
transparency®. The CNFs addition produced a densely packed structure that avoids light scattering, producing
more transparent and less opaque paper.

The difference in the trend reported by various researchers can be explained by the fact that the brightness and
opacity are related to the nature of the pulp utilized for NC and paper production. A decrease in the brightness
of the paper reinforced with NC produced from sisal pulp was earlier observed?, which was mainly related to the
higher residual lignin compared to pine and eucalyptus pulps.

Overall, when comparing the CNFs/cotton linter pulp paper with papers produced from other biomass such
as eucalyptus, bamboo, or recycled fibers, the CNFs from cotton linters exhibited significant enhancements in
mechanical performance, with tensile strength reaching 77.90 N (a 9.4-fold increase) and bursting strength up
to 3727 N (a 4.2-fold increase). Although similar studies on papers derived from eucalyptus or bamboo pulps
have reported notable improvements, the magnitude of enhancement is higher here due to the greater CNF
incorporation, which can be partly attributed to the high purity and favorable surface characteristics of cotton
linter CNFs that promote extensive hydrogen bonding and efficient interfiber adhesion. Moreover, the extent of
porosity reduction and barrier improvement underscores the effectiveness of cotton linters as a reinforcement
source, even though variations in intrinsic fiber structure and processing methods across different biomass
may lead to differences in barrier performance. It is also noteworthy that the high CNF loadings in this study
resulted in reduced brightness and non-linear changes in opacity, likely because a denser fiber network limits
light scattering, whereas biomass sources with higher residual lignin may inherently exhibit lower brightness but
different opacity trends. This suggests that while cotton linter-based papers excel in mechanical reinforcement,
there might be trade-offs in optical performance depending on the intended application. Additionally, the
extraction of CNFs from cotton linters offers a simpler, more sustainable, and cost-effective route compared
to woody biomass, which typically requires additional purification steps to remove lignin and hemicelluloses,
thereby contributing to waste valorization in the textile industry.

Conclusions

This research explored the application of cotton linters, a by-product of the textile industry, in papermaking.
The paper was made from cotton linter pulp blended with CNFs with a focus on improving its mechanical and
functional properties. The study demonstrated that the addition of CNFs to cotton pulp substantially enhanced
the tensile strength, bursting strength, tearing resistance, and fold endurance of the produced paper. The surface
morphology of CNF-incorporated paper handsheets revealed a less porous, more compact paper structure due
to improved inter-fibrillar force. The XRD analysis showed that the CNFs retained their inherent crystalline
structure even after the refining process. CNFs primarily enhanced internal bonding, leading to improved
barrier performance, decreased water absorbency, and greater air resistance. Additionally, CNFs altered the
optical characteristics of the paper. Overall, blending higher proportions of CNFs with cotton linter pulp resulted
in paper with excellent mechanical properties, making it suitable for specialty paper applications like printing
paper, packaging paper, release liner, decor paper, label paper, etc. CNFs also altered the optical characteristics
of paper. CNFs primarily enhanced internal bonding, leading to improved barrier performance, including low
water absorbency and high air resistance. Additionally, CNFs altered the optical characteristics of the paper.
Opverall, blending higher proportions of CNFs with cotton linter pulp resulted in paper with excellent mechanical
properties, making it suitable for specialty paper applications. The findings underscore the benefits of using
cotton waste to produce pulp and CNFs, highlighting its potential as a sustainable and eco-friendly material for
the paper industry. However, the commercial viability and scalability of CNFs-incorporated cotton linter paper
need further exploration. Further research and development are required to substantiate the improvements or
advantages gained with fully cotton waste-based paper, which can compensate for the increased cost.

Data availability
All data generated or analysed during this study are included in this published article.
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