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ABSTRACT The pulp and paper industry, producing over 400 million tons annually, faces challenges including

limited mechanical strength, poor barrier properties, petroleum-based coatings, and high chemical use
in pulping/bleaching. Nanotechnology offers transformative solutions via nanocellulose (CNCs, CNFs, BNC) for reinforcement,
enhancing tensile strength, flexibility, and barrier resistance, alongside nanostructured coatings (TiO,, SiO,, ZnO, AgNPs,
nanoclays) for hydrophobicity, antimicrobial activity, and gas/moisture barriers. Nano-catalysts and enzyme hybrids enable
efficient, chlorine-reduced pulping/bleaching, while smart papers emerge for sensors, electronics, and filtration. This review
evaluates these advances, industrial prospects (e.g., pilot-scale CNF/CNC), environmental/economic impacts (LCA, AOX
reduction), and barriers (cost, toxicity, regulations). It charts a path to carbon-neutral, multifunctional papers, replacing plastics

via mill-integrated nanotechnology.
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1.INTRODUCTION

The pulp and paper industry plays a vital role in global
economies, supporting communication, education, and
packaging sectors. However, the industry is energy-intensive,
water-demanding, and heavily dependent on chemicals such
as chlorine dioxide, sodium hydroxide, and hydrogen
peroxide in pulping and bleaching [1]. However, conventional
paper has inherent limitations—low tensile and tear strength,
susceptibility to water absorption, and poor barrier resistance
to gases and oils—that restrict its competitiveness against
plastics and polymers [2].

The increasing demand for sustainable packaging solutions
driven by regulations on single-use plastics has accelerated
the search for advanced paper-based materials [3].
Nanotechnology offers potential solutions by introducing
materials with tailored functionalities at the molecular or
nanoscale level. Nanomaterials can enhance the intrinsic
properties of paper fibers, modify surface characteristics, and
provide new functional attributes such as antimicrobial
activity, hydrophobicity, and electrical conductivity [4].

Nanocellulose—derived directly from lignocellulosic
fibers—represents a biodegradable and renewable
nanomaterial that aligns with circular economy and
bioeconomy goals [5]. In parallel, inorganic nanoparticles
such as TiO,, ZnO, and AgNPs offer multifunctional coatings
that improve printability, brightness, or antimicrobial
performance [6]. These advances transform paper from a
traditional commodity into a multifunctional material platform
suitable for packaging, electronics, filtration, and biomedical
applications.

This review presents a comprehensive analysis of
nanotechnology applications in the pulp and paper industry,
focusing on (i) nanocellulose applications, (ii) nanostructured
coatings and fillers, (iii) nanotechnology in pulping and
bleaching, (iv) smart and functional papers, (v) environmental
and economic impacts, (vi) challenges, and (vii) future
prospects. By integrating advances in materials science with
industrial papermaking, nanotechnology provides a pathway
towards sustainable and high-performance paper products.
These challenges and their potential nanotechnology-based
solutions are summarized in Figure 1.

2.Nanocellulose in Paper and Pulp

Nanocellulose is the most extensively studied nanomaterial in
the pulp and paper sector because it originates from
cellulose—the primary constituent of pulp fibers. It can be
classified into three main forms: cellulose nanocrystals
(CNCs), cellulose nanofibrils (CNFs), and bacterial
nanocellulose (BNC) [12].

2.1 Cellulose Nanocrystals (CNCs)

CNCs are rod-like nanoparticles (length: 100-300 nm;
diameter: 5-20 nm) typically obtained by acid hydrolysis of
cellulose fibers [13]. Their high crystallinity (60-90%) and
aspect ratio make them excellent reinforcing agents in paper
sheets. When incorporated into paper, CNCs improve tensile
index, stiffness, and surface smoothness, while also
enhancing barrier resistance to oxygen and grease [14]. CNC-
based coatings are transparent and can replace petroleum-
derived polymers in food packaging films [15].

2.2 Cellulose Nanofibrils (CNFs)

CNFs are long, flexible fibrils (length: several micrometers;
diameter: 20-50 nm) obtained through mechanical fibrillation
combined with enzymatic or TEMPO-mediated oxidation
pretreatments [16]. They possess high aspect ratios and
hydrogen-bonding capacity, enabling network formation with
paper fibers. CNFs act as natural binders in paper sheets,
improving folding endurance, tear index, and burst strength
[17]. Their gel-like rheology also allows them to serve as
barrier coatings, reducing water vapor transmission rates
significantly [18].

2.3 Bacterial Nanocellulose (BNC)

BNC is produced extracellularly by bacteria such as
Komagataeibacter xylinus under aerobic fermentation [19].
Unlike CNCs and CNFs, BNC is highly pure, free from lignin or
hemicellulose, and exhibits a unique three-dimensional
nanofiber network. It is used in high-value applications such
as medical wound dressings, membranes, and filtration
papers [20]. In the paper industry, BNC has potential as a
reinforcement additive for specialty grades where exceptional
barrier or mechanical properties are required [21].

The structural features and unique properties of CNC, CNE,
and BNC are compared in Figure 1.

CNC

Figure 1: Comparison of Structural Features and Unique
Properties of Cellulose Nanocrystals (CNC), Cellulose
Nanofibrils (CNF), and Bacterial Nanocellulose (BNC)
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2.4Industrial Prospects of Nanocellulose

Pilot-scale and industrial initiatives are underway in North
America, Europe, and Asia for large-scale CNF and CNC
production [22]. Companies like CelluForce (Canada) and
Stora Enso (Finland) have invested in CNC/CNF plants to
commercialize nanocellulose for packaging and composites.
However, energy-intensive production and high costs
(>$5000/ton) remain major barriers to mainstream adoption
[23]. Research is focusing on integrating nanocellulose
production into pulp mills using agro-residues (wheat straw,
sugarcane bagasse) to lower costs and valorize waste
streams [24]. Table 1 presents a comparative overview of
cellulose nanocrystals (CNC), cellulose nanofibrils (CNF),
and bacterial nanocellulose (BNC), highlighting their typical
dimensions, crystallinity, key properties, and major
applications in the pulp and paper industry.

Table 1. Comparative Properties of Different Nanocellulose

Types

Nano- |Typical Crystal- |Key Major

cellulose |Dimensions |linity (%) |Properties  |Applications

Type

CNC 100-300 nm |60-90 High Packaging
length, 5-20 stiffness, films,

nm diameter transparency|reinforceme

, gas barrier |nt, coatings

CNF Microns in  |40-70 Flexibility, Paper
length, network reinforceme
20-50 nm formation, nt, barrier
diameter gel rheology |coatings,

composites

BNC 3D >90 Purity, Medical
nanofiber biocompatibi|paper,
network, lity, high filtration,
20-100 nm water- specialty
fibrils holding coatings

3. Nanostructured Coatings and Fillers

3.1 Hydrophobic and Oleophobic Coatings

Traditional paper is inherently hydrophilic due to the
abundance of hydroxyl groups in cellulose, resulting in poor
water and oil resistance. This limitation necessitates plastic or
wax coatings for packaging, which compromise recyclability.
Nanostructured coatings offer an eco-friendly alternative by
imparting hydrophobicity and oleophobicity through surface
modification at the nanoscale.

Silica (SiO,) nanoparticles are widely studied for creating
superhydrophobic paper surfaces via the lotus-leaf effect [7].
When combined with low-surface-energy compounds (e.g.,
fluorosilanes, fatty acids), SiO,-coated paper achieves water
contact angles exceeding 150°, significantly reducing liquid
absorption. Similar strategies using zinc oxide (ZnO) and
titanium dioxide (TiO,) nanoparticles have demonstrated
enhanced wet strength and moisture resistance [8]. Recent
studies report that incorporating graphene oxide nanosheets
into coating formulations further improves water repellency
while maintaining gas permeability [9].

Oleophobic properties are particularly relevant for food
packaging. Nanoclay platelets and fluorinated nanoparticles
form barrier layers against oils and greases, reducing Cobb
values by 40-60% compared to uncoated papers [10]. Such
coatings provide a sustainable alternative to polyethylene-
laminated paperboard.

3.2 Antimicrobial Coatings

The COVID-19 pandemic renewed interest in antimicrobial
packaging and hygienic papers. Metallic nanoparticles such
as silver (AgNPs), zinc oxide (Zn0O), and copper oxide (CuO)
exhibit strong antimicrobial activity by generating reactive
oxygen species and disrupting microbial membranes [11].

AgNP-coated papers are effective against E. coli and S.
aureus, making them suitable for food wrapping and medical
packaging [12].

TiO, nanoparticles also provide photocatalytic sterilization
when exposed to UV light, continuously degrading microbial
contaminants [13]. Recent hybrid systems combine
nanocellulose films with AgNPs or ZnO to provide controlled
ion release, offering prolonged antimicrobial functionality
[14]. Regulatory challenges remain concerning nanoparticle
migration into food, but encapsulation techniques are being
developed to minimize risks [15].

3.3 Gas and Moisture Barrier Coatings

The packaging industry demands materials with low oxygen
transmission rates (OTR) and water vapor transmission rates
(WVTR). Nanocoatings significantly enhance barrier
performance by increasing the tortuosity of diffusion
pathways. Nanoclays (e.g., montmorillonite) and layered
double hydroxides (LDH) are incorporated into paper
coatings to form impermeable structures that slow gas
permeation [16].

Studies demonstrate that CNF-nanoclay composites reduce
OTR by up to 90% compared to base paper, enabling
applications in modified atmosphere packaging [17].
Similarly, TiO, and SiO, coatings improve moisture resistance,
critical for protecting hygroscopic products. These
nanostructured barriers could gradually replace multilayer
laminates of polyethylene and aluminum foil, promoting
recyclability [18].

3.4 Optical and Printability Enhancements

In addition to barrier functions, nanofillers improve the optical
and printing quality of paper. TiO, nanoparticles are widely
used to increase brightness and opacity due to their high
refractive index [19]. Nano-CaCO, fillers improve
smoothness, ink absorption, and reduce scattering,
enhancing print clarity [20].

Graphene oxide and CNT-based coatings impart conductive
pathways for printed electronics, expanding paper's
application as a low-cost substrate for RFID tags, flexible
circuits, and sensors [21].

Nanostructured coatings and fillers impart multiple functional
properties to paper substrates, enhancing their hydro-
phobicity, antimicrobial activity, gas barrier capabilities,
printability, and electrical conductivity. These multifunctional
applications enable paper to compete with plastics in
packaging, extend uses into printed electronics, and improve
packaging performance with eco-friendly, high-performance
coatings as summarized in Figure 2.
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Figure 2: Multifunctional Applications of Nanostructured
Coatings and Fillers in Paper:

The multifunctional roles of various nanostructured coatings
and fillers in paper enhancement are summarized in Table 2,
detailing their functions, performance improvements, and
applicable paper-based products.

Table 2. Applications of Nanostructured Coatings and
Fillers in Paper
Nanomaterial

Performance
improvement

Function Applications
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Sio, Hydrophobic |Water contact |Water-
nanoparticles  |coating angle >150° |resistant
packaging
Nanoclay Gas barrier |90% reduction |Food
(montmorillonite) in OTR packaging
films
AgNPs Antimicrobial|Inhibits E. coli,| Food/medica
S. aureus 1 packaging
TiO, Brightness/U | +15% ISO Printing &
nanoparticles |V protection |brightness archival
paper
Graphene oxide |Conductive |Electrical Printed
coating conductivity |electronics,
~10° S/cm RFID

4. Nanotechnology in Pulping and Bleaching

The pulping and bleaching stages are critical in papermaking
but are also the most resource- and chemical-intensive.
Conventional kraft pulping generates large volumes of black
liquor, while chemical bleaching with chlorine dioxide or
hydrogen peroxide consumes high amounts of energy and
chemicals, raising concerns about environmental emissions
and cost [22]. Nanotechnology offers promising interventions
through nanocatalysts, enzyme-nanoparticle hybrids, and
advanced separation techniques that can reduce chemical
use, improve pulp quality, and enhance process efficiency.

4.1 Nanocatalysts in Pulping

Nanocatalysts such as TiO,, ZnO, and Fe,O, nanoparticles

have been employed to accelerate delignification and

improve fiber liberation. Their high surface area-to-volume
ratio and photocatalytic activity enable selective oxidation of

lignin without excessive cellulose degradation [23].

» TiO, photocatalysts activated under UV light facilitate
lignin breakdown and improve brightness by up to 20%
ISO compared to conventional bleaching [24].

* Magnetic Fe,0, nanoparticles act as reusable catalysts;
after reaction, they can be separated from pulping liquor
using magnetic fields, reducing secondary waste [25].

*  ZnO nanoparticles exhibit catalytic synergy with
hydrogen peroxide, enhancing oxidative bleaching and
lowering chemical dosage by ~30% [26].

Nanocatalysts such as TiO,, ZnO, and Fe,O, nanoparticles
accelerate delignification through selective lignin oxidation
while enabling catalyst recovery. Figure 3 illustrates the
complete process flow of nanocatalyst-assisted pulping and
bleaching, showing pulp input, nanocatalyst addition, lignin
oxidation under UV/magnetic activation, catalyst
separation/recovery loop, and output of brightened pulp with
minimal chemical waste.
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Figure 3: Flowchart of Nanocatalyst-assisted Pulping and
Bleaching, Showing Lignin Oxidation and Catalyst
Recovery.

4.2 Enzyme-Nanoparticle Hybrids

Enzymatic biobleaching is attractive due to its eco-
friendliness, but enzymes are often unstable under industrial
conditions. Immobilizing enzymes such as xylanases,
laccases, or peroxidases on nanocarriers (e.g., silica
nanoparticles, magnetic nanoparticles, or carbon nanotubes)

increases their thermal stability, reusability, and activity [27].

¢ Laccase—nanoparticle conjugates have been shown to
reduce kappa number by 15-20%, improving bleach-
ability of kraft pulp [28].

¢ Xylanase immobilized on magnetic nanoparticles
enhances delignification, with >80% recovery of
enzymatic activity after five reuse cycles [29].

e Nanocellulose-based supports are emerging as
biocompatible carriers for enzyme immobilization,
aligning with circular bioeconomy goals [30].

4.3 Nanofiltration and Membrane Applications

The recovery of chemicals and water from pulping effluents is

another area where nanotechnology plays a role.

Nanofiltration (NF) and ultrafiltration (UF) membranes

enhanced with TiO,, graphene oxide, or SiO, nanoparticles

show improved permeability, fouling resistance, and

selectivity [31].

e NF membranes with TiO, coatings demonstrated 40%
higher black liquor recovery efficiency compared to
unmodified membranes [32].

» Graphene oxide membranes exhibit high selectivity for
lignin removal while allowing alkali recovery [33].

* Nanofiltration of bleach plant effluents reduces AOX
(adsorbable organic halides) levels by 60-70%,
contributing to lower environmental impact [34].

Nanofiltration (NF) membranes enhanced with nanoparticles
such as TiO,, graphene oxide, and SiO, demonstrate superior
performance in pulp mill effluent treatment. These advanced
membranes achieve 40% higher black liquor recovery
efficiency, selective lignin removal while preserving alkali
recovery, and 60-70% reduction in AOX levels from bleach
plant effluents. Figure 4 illustrates the schematic process
showing pulp mill wastewater input, nanoparticle-enhanced
NF membrane separation, black liquor concentrates recovery
stream, and clean water permeate for recycling back into mill
operations.

Figure 4: Schematic of Nanofiltration Membranes Used in
Pulp Mill Effluent Recycling and Black Liquor Recovery.

4.4 Advantages and Industrial Implications
Integrating nanotechnology in pulping and bleaching offers

multiple advantages:
*  Reduced chemical load (20-30% reduction in C1O, or H,0O,
consumption).

» Improved pulp brightness and strength properties.

» Lower environmental emissions, especially AOX and COD
in effluents.

» Catalyst/enzyme recyclability, minimizing costs and
waste.

However, industrial application is still limited to pilot-scale
demonstrations due to the high cost of nanocatalysts and
concerns about nanoparticle release into process streams
[35].

Key nanomaterials employed in pulping and bleaching
processes, along with their functions, performance
improvements, and stages of industrial application, are
outlined in Table 3.
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Table 3. Nanotechnology Applications in Pulping and
Bleaching

Nanomaterial/ Function Performance |Industrial

Approach Improvement |Status

TiO, nanopatrticles |Photocatalyst| +20% ISO Pilot-
for lignin brightness scale
oxidation

Fe.O. nanoparticles| Magnetic Easy recovery |Lab-
nanocatalyst |& reuse scale

ZnO nanoparticles |Oxidative 30% less Pilot-

+ H,O, bleaching peroxide use |scale
catalyst

Laccase-NP Biobleaching |15-20% kappa|Lab-

conjugates number scale

reduction
Graphene oxide NF|Black liquor |40% higher Pilot-
membranes recovery efficiency scale

With nanocatalysts, enzyme-nanoparticle hybrids, and
nanofiltration systems, pulp mills can achieve cleaner
production while reducing costs. But scalability, safety, and
recovery strategies remain the primary hurdles before
commercial adoption.

5. Smart and Functional Papers

5.1 Conductive and Electronic Papers

Nanocarbon materials (graphene, graphene oxide, CNTs)
and metal nanostructures (Ag, Cu nanowires) can render
paper electrically conductive while retaining flexibility and
low mass. Conductive networks formed by percolating
nanofillers enable printed circuits, antennas, and RFID tags
directly on paper substrates [36-38]. CNF/CNC binders
improve ink adhesion and reduce sheet resistance by
increasing interparticle contact [39]. Hybrid coatings
combining graphene with AgNPs balance conductivity, cost,
and oxidation stability [40]. Emerging uses include
disposable sensors for food freshness, humidity/strain
gauges, and low-cost paper-based diagnostics [41,42].

5.2 Sensing, Diagnostics, and IoT Integration

"Smart paper products” platforms leverage capillary flow,
porosity, and surface chemistry. Nanomaterial-based
transduction (AuNP colorimetry, CNT/graphene
chemiresistors, quantum dots fluorescence) enhances limit-
of-detection for biosensors and environmental assays [43-45].
Microfluidic paper analytical devices (uPADs) integrate CNF
barriers and nanoparticle reporters for point-of-need testing
(e.g., heavy metals, pathogens). Conductive traces printed
with CNT/AgNP inks connect to NFC modules for batteryless
datalogging [46]. Paper's biodegradability and low cost suit
single-use diagnostics in healthcare and agriculture [47].

5.3 Filtration and Separation Papers

Nanocellulose forms tight nanoporous networks (pore sizes
~10-100 nm) ideal for high-flux filtration. CNF/CNC
membranes remove bacteria, viruses, microplastics, and dyes
through size exclusion and surface adsorption [48,49]. Adding
metal-oxide nanoparticles (TiO,, ZnO, Fe,O,) imparts
photocatalytic self-cleaning, antimicrobial action, and
magnetic recovery [50]. Layered nanoclay/CNF papers
increase tortuosity, lowering permeation of VOCs for air
filtration (e.g., HVAC, masks) [51].

5.4 Flame-Retardant and Thermal-Management Papers
Intumescent systems with nanoclays, APP (ammonium
polyphosphate), and graphene oxide improve limiting oxygen
index and reduce heat release rates in electrical insulation
and packaging papers [52,53]. Embedded BN (hexagonal
boron nitride) or AN platelets create thermally conductive yet
electrically insulating sheets for heat spreaders in electronics
[54]. These nanostructures maintain recyclability better than
polymer laminates.

5.5 Antimicrobial and Medical Papers

AgNP/ZnO/TiO, coatings, often immobilized in CNF matrices,
provide long-lasting antimicrobial performance with
controlled ion release [55]. For medical packaging and
hospital papers, bacterial nanocellulose offers bio-
compatibility and moisture management suitable for wound-
contact layers and sterile wraps [56]. Regulatory aspects (food
contact migration, cytotoxicity) require standardized
migration and safety testing before market deployment [57].
filtration).

Research activity in the field of nanocellulose and nanopaper
has shown significant growth over the last decade, reflecting
increasing academic and industrial interest. The cumulative
number of publications, as illustrated in Figure 5, highlights
rising innovation trends and expanding applications of
nanocellulose materials from 2010 through 2025. This upward
trajectory supports the evolving importance of nanocellulose
in developing sustainable materials for packaging,
electronics, and filtration.
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Figure 5: "Research Trends (2010-2025)" - Cumulative
Publications on Nanocellulose and Nanopaper

Table 4 categorizes smart and functional papers by their
nanomaterial composition, underlying mechanisms, and
example use-cases, showcasing the breadth of emerging
paper technologies for sensing, filtration, and medical
applications.

Table 4. Smart/Functional Paper Classes, Mechanisms, and
Use-cases

Class Nanomaterial | Mechanism Example
Use-cases
Conductive |Graphene, Percolation RFID,
paper CNTs, AgNPs |networks circuits,
ESD-safe
packaging
Sensing AuNPs, CNTs, |Colorimetry/ Food
paper QDs chemiresistance/ |freshness,
fluorescence environment
al assays
Filtration CNF/CNC, Size exclusion, |Water/air
paper TiO,, GO adsorption, purification
photocatalysis
Flame- Nanoclay, Charring, barrier |Electrical
retardant GO, APP formation insulation
paper
Medical/ AgNPs, ZnO, |Ion release, ROS,| Sterile
antimicrobial BNC biocompatibility |wraps,
wound-
contact
papers

6. Environmental and Economic Impacts

6.1 Sustainability and Circularity

Nanotechnology supports plastic replacement by enabling
barrier, strength, and functionality in cellulose-based
substrates, improving recyclability and compostability
relative to multilayer plastic laminates [58]. CNF/CNC derived
from agro-residues (bagasse, wheat straw, rice husk) valorize
waste streams, lowering Scope 3 impacts when co-located
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with mills [59]. Life Cycle Assessment (LCA) studies indicate
that CNF coatings can reduce packaging-related fossil
resource use and GHG emissions when replacing PE layers,
provided energy for fibrillation is decarbonized and additives
are benign [60].

6.2 Resource and Process Efficiency

Nanocatalyst-enabled bleaching and NF/UF membranes can
reduce chemical consumption (ClO,/H,0,) and AOX/COD in
effluents, cutting treatment loads and charges [61]. CNF as a
wet-end strength agent can reduce basis weight at constant
performance, lowering fiber demand and drying energy [62].
Optimized nano-filler retention systems reduce filler loss,
improving raw-material efficiency [63].

6.3 Health, Safety, and End-of-Life

Potential risks include nanoparticle release during
manufacturing, use, recycling, or composting [64]. Best
practices: immobilize nanoparticles in polymeric/bio-based
binders, apply encapsulation, and perform standardized
migration/toxicity tests for food contact and human exposure
[65]. At end-of-life, nanocellulose is biodegradable; inorganic
nanoparticles require careful fate assessment in recycling
loops and sludge [66].

6.4 Techno-Economic Considerations

Current barriers: capex/opex for CNF/CNC plants, energy for
fibrillation, and cost of nano-metals and graphene derivatives
[67]. Progress levers: mill integration (using waste heat, green
power), on-site CNF production, and high-solids processes to
minimize drying energy [68]. Market adoption follows
performance—cost equations; hybrid solutions (e.g., CNF +
nanoclay) often provide the best cost/benetfit [69].

Table 5§ highlights the environmental and economic
dimensions of nanotechnology adoption in the pulp and
paper industry, detailing opportunities alongside associated
trade-offs and potential mitigation strategies.

Table 5. Environmental & Economic Impacts (Opportunities
vs. Trade-offs)

Dimension | Opportunity Trade-off / Mitigation

GHG & Replace plastic Energy for fibrillation —

fossiluse |layers; lighter basis |decarbonize, recover heat

weight

Water & NF/UF reuse, lower |Membrane fouling —

effluents |AOX/COD surface-modified
membranes, backwash

Health & |Encapsulation, Migration risk —

safety bound nanofillers  |compliance testing,
GRAS/FCM pathways

Cost & Mill-integrated CNE, | Capex — phased scale-

scale hybrid nanofillers  |up, tolling partnerships

7.Challenges and Limitations

a) Scalability & Cost: CNF/CNC production remains energy-
intensive; shear/refining and drying are cost drivers [70].
Continuous high-solids processing and enzymatic
pretreatments reduce power demand but require capex
and process control [71].

b) Standardization: Variability in nanocellulose dimensions,
charge, DP crystallinity affects performance and
reproducibility; ISO/TAPPI methods are evolving but
incomplete for all use-cases [72].

c) Regulatory Approval: For food contact and medical
applications, migration, cytotoxicity, and environmental
fate must be demonstrated (EU FCM, FDA). Data gaps
slow approvals [73].

d) Compatibility with Papermaking: High CNF dosages
increase wet-end viscosity, impacting drainage/retention;
solutions include dual-polymer systems, microparticles,
and spray/size-press application instead of wet-end
addition [74].

e) Recycling & End-of-Life: Embedded inorganics (Ag, TiO,,
ZnO) may accumulate in sludge; mills need capture/
recovery protocols and risk assessments [75].

f) Performance Trade-offs: Hydrophobic nanocoatings can
impair printability or repulpability if over-applied;
formulation balance is crucial [76].

8. Future Prospects

e Green Nanomanufacturing: Enzymatic/TEMPO-lean CNF
routes, electrospun nano-fibers, and deep eutectic solvent
(DES) pretreatments to lower energy and chemical loads
[77,78].

e Agro-Residue to Nano: Integrated mills producing
CNF/CNC from bagasse, wheat straw, rice straw—
coupled with bioenergy/CCUS for carbon-negative
operations [79].

e Multifunctional Hybrids: CNF + nanoclay + graphene
oxide systems for barrier + strength + conductivity in a
single layer, replacing multilayer laminates [80].

e Smart Packaging & IoT: Printed sensors/antennas for
freshness and traceability, moving toward batteryless,
recyclable packages [81].

e Standardization & Safety: Harmonized ISO/TAPPI test
methods, validated migration protocols, and green-by-
design nanoparticles (e.g., bio-based Ag alternatives)
[82].

« Digital Papermaking: Inline nanosensors for real-time
wet-end control, improving retention/drainage and
reducing variability [83].

The future roadmap for nanotechnology adoption in pulp and
paper industries is presented in Figure 6.

manatechnology
wulp paped

Figure 6: "Roadmap 2025-2035" — from Lab Concepts to
Mill-integrated Products, Highlighting Key Milestones
(cost/kWh, FCM Approvals, Standardized Methods).

9. CONCLUSION

Nanotechnology is reshaping pulp and paper by enhancing
strength, barrier, antimicrobial, conductive, and filtration
functionalities while enabling cleaner pulping and bleaching.
Nanocellulose (CNC, CNE, BNC) and nanostructured coatings
(SiO,, TiO,, ZnO, AgNPs, nanoclays, graphene family) allow
paper to compete with plastics in packaging and expand into
electronics, diagnostics, and filtration. Realizing large-scale
impact requires cost-down, standardization, safety
validation, and mill integration. With these advances, paper
can evolve from a commodity substrate to a multifunctional,
sustainable platform aligned with circular-economy goals.
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