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Abstract 

Tropical lignocellulosic residues offer regionally abundant feedstocks for lignin-containing 

nanocellulose composites, but their value cannot be inferred from biomass origin or bulk lignin 

content alone. This review reframes the field as an interphase engineering problem, distinguishing 

between residual-lignin nanofibrils, redeposited-lignin systems, lignin-nanoparticle assemblies, 

compatibilized thermoplastic hybrids, and all-lignocellulosic sheets. The evidence is weighted 

according to feedstock geography, lignin state, nanocellulose morphology, moisture history, shaping 

route, and application-relevant testing. The synthesis indicates that tropicality ma�ers through ash, 

extractives, contamination, water retention, storage stability, and processing logistics. Mill-

concentrated residues, especially oil palm streams and sugarcane bagasse, offer the most credible 

near-term platforms because wet preprocessing and fractionation can be integrated locally. 

Decentralized residues, including pineapple leaf fiber and banana pseudostem, remain promising 

only when stabilization and contamination control are solved near the source. Finely distributed 

lignin often enhances UV shielding, antioxidant response, oil resistance, and selective we�ing, 

whereas coarse or redeposited lignin often compromises fibrillation, transparency, and interphase 

continuity. Packaging layers, paper-like structures, coatings, and selected porous media emerge as 

high-confidence product windows; thermoplastics are medium-confidence, and biomedical, 

additive-manufacturing, and nano-reactor claims remain conditional. 

Keywords: lignin-containing nanocellulose composites; interphase engineering; tropical biomass; 

biocomposites; evidence weighting; product windows; biorefinery; design rules 

 

1. Introduction 

The move away from fossil-derived polymers has made cellulose- and lignin-based materials 

central to sustainable polymer research. The relevant question is no longer whether biomass can, in 

principle, replace petroleum, but whether biomass-derived building blocks can be engineered into 

interphases that remain functional after fractionation, dewatering, drying, shaping, and service 

exposure. Nanocellulose is particularly important because its low density, high aspect ratio, large 

surface area, and network-forming capacity can provide barrier, mechanical, rheological, and surface 

functions in packaging, coatings, adsorption systems, and selected biomedical uses [1–26]. 

In parallel, lignin has moved from a pulping residue to a multifunctional aromatic 

macromolecule capable of UV screening, radical scavenging, surface energy modulation, char 

formation, and colloidal co-assembly. That reassessment is justified, but it also creates a new risk: 
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lignin is too often discussed as a generic benefit rather than as a state-dependent interphase variable 

whose value depends on where it resides, how it is distributed, and whether it survives processing 

in an interpretable form [27–45]. 

Recent reviews have already clarified broad preparation routes, generic property spaces, and 

application lists for lignin-containing nanocellulose and related cellulose-lignin hybrids [46–50]. 

What remains unresolved is not the existence of the field, but the lack of a sharper comparative 

framework that distinguishes non-equivalent architecture classes, links them to realistic product 

windows, and treats tropical residues as process-specific materials systems rather than as botanical 

labels. 

That unresolved point ma�ers because the strongest experimental studies do not support simple 

'more lignin is be�er' or 'less lignin is be�er' narratives. Instead, they show that performance is 

governed more reliably by lignin state, fibril morphology, moisture history, and shaping route than 

by bulk lignin fraction alone. Residual lignin can improve UV shielding, antioxidant behavior, 

rheology, we�ing, and compatibility with less-polar phases, but coarse or redeposited lignin domains 

can just as easily suppress fibrillation, weaken network continuity, and destabilize films or 

composites [51–59]. 

The present review, therefore, repositions the field around interphase engineering, explicit 

evidence weighting, and application-backward design. It does not treat tropical biomass as a generic 

substitute for wood, nor lignin-containing nanocellulose as an incompletely purified intermediate. 

Instead, it separates hybrid architecture classes, compares tropical residues as distinct process 

geographies, and asks which product windows remain scientifically and industrially credible once 

moisture management, drying burden, and biorefinery constraints are made explicit. The central 

thesis is deliberately conditional: in tropical lignin-nanocellulose systems, the state of lignin is usually 

more informative than its amount, but only when the architecture class and shaping route are 

specified. 

Figure 1 summarizes the logic of the review. The sequence is not 'biomass -> purification -> 

application' in the conventional sense. It is 'process geography -> pretreatment severity -> lignin state 

-> shaping route -> product window -> deployment credibility'. Read in this way, tropical residues 

become interphase design and process integration problems rather than generic alternative cellulose 

sources. 

 

Figure 1. Evidence-weighted review logic from tropical residue family to interphase-enabled product window. 

Schematic illustration prepared for this review. 
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2. Review Boundaries, Evidence Weighting, and Tropical Feedstocks 

2.1. Review Boundaries, Architecture Classes, and Evidence Weighting 

This is a structured comparative review, not a formal meta-analysis. The cited literature was 

organized into five recurring architecture classes: (i) residual-lignin CNF/CNC produced directly 

from partially delignified biomass, (ii) redeposited or phase-separated lignin systems created during 

fractionation or drying, (iii) lignin nanoparticle or technical-lignin assemblies with nanocellulose, (iv) 

compatibilized or carrier-assisted thermoplastic hybrids, and (v) all-lignocellulosic sheets or molded 

structures in which lignin functions as an internal matrix or water-resistance phase [46–50]. 

Within each class, the evidence was compared using the same decision variables: feedstock and 

process geography, pretreatment severity, lignin state, nanocellulose morphology, shaping route, 

and application-relevant testing. Greater interpretive weight was assigned to studies that 

simultaneously report feedstock identity, lignin content and distribution, fibril or crystal 

morphology, surface chemistry or charge, moisture conditioning, and process history. Lower weight 

was assigned to studies that infer mechanism from lignin percentage alone, rely on severe drying or 

solvent exchange incompatible with plausible deployment, or claim interphase effects without 

reporting humidity and solids history. 

This weighting logic ma�ers because the field is rich in directional trends yet still lacks directly 

comparable datasets. The present manuscript, therefore, extracts robust tendencies and credible 

windows rather than universal thresholds. When the evidence is insufficiently normalized across 

humidity, drying, and the colloidal state, that limitation is stated explicitly rather than converted into 

a global design rule. 

Under this framework, tropical biomass is treated as a mechanistic and logistical variable. The 

key question is not which crop is intrinsically best, but which residue family can reach a useful 

interphase with the lowest combined burden of contamination control, wet handling, fractionation, 

dewatering, and shaping. 

2.2. Tropical Feedstocks as Materials Systems and Process Geographies 

Tropical lignocellulosic residues differ from temperate wood not only in composition but in ash 

and silica burden, extractives, anatomical heterogeneity, moisture retention, storage stability, soil 

contamination, and the structure of local supply chains [60–66]. These variables affect fibrillation 

energy, washing intensity, lignin accessibility, and the likelihood that lignin remains finely 

distributed rather than redepositing into coarse domains. 

Table 1 compares the main tropical residue families through a process-geography lens. The goal 

is not to rank crops by cellulose content, but to identify where residue concentration, contamination, 

moisture history, and pretreatment compatibility make a lignin-containing nanocellulose route 

scientifically and industrially plausible. Representative studies span oil palm, pineapple, banana, 

date palm, and crop waste streams [67–90]. 

Table 1. Tropical feedstock families are interpreted as materials systems and process geographies. 

Feedstock 
Tropical-specific 

constraint/opportunity 

Most credible process 

logic 

Near-term product 

window/refs 

Oil palm residues 

Centralized, lignin-rich 

streams; heterogeneous 

fractions, but strong mill 

integration 

Wet chemo-mechanical or 

mild selective 

pretreatment integrated at 

the mills 

Packaging layers, paper-

like sheets, renewable 

coatings [67–73,79] 

Sugarcane bagasse 

Centralized mill residue is 

favorable for wet handling 

and fractionation 

integration 

Steam explosion, 

hydrotropes, or mild 

oxidative routes that 

preserve an interpretable 

lignin state 

Lignonanocellulose 

films, coatings, and 

hybrid fibrils [85,87] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 April 2026 doi:10.20944/preprints202604.2222.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.2222.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 31 

 

Feedstock 
Tropical-specific 

constraint/opportunity 

Most credible process 

logic 

Near-term product 

window/refs 

Pineapple leaf fiber 

High cellulose and long 

fibers, but diffuse 

collection and 

contamination risk 

Near-source 

preprocessing plus steam 

explosion or oxidative 

fibrillation 

Lightweight sheets, 

functional papers, 

selected high-value 

composites [80,82] 

Banana 

pseudostem/stem 

Abundant and low-value, 

but high-water content, 

and decentralized logistics 

Near-source stabilization 

and conversion into fibers 

or biopolymer 

intermediates 

Packaging-oriented 

biocomposites and 

functional fibers 

[81,83,84] 

Date palm waste 

Regionally strategic 

residue with strong 

reinforcement potential 

TEMPO-assisted or mild 

lignin-retaining 

fibrillation 

Reinforcing LCNF and 

region-specific 

composite uses [57] 

Oil-palm streams and sugarcane bagasse occupy the strongest near-term position because 

aggregation at mills favors wet preprocessing and integration with existing fractionation 

infrastructure [67–90]. Pineapple leaf fiber and banana pseudostem remain scientifically a�ractive, 

but their credibility depends more strongly on local stabilization, preprocessing, and contamination 

control [80–84]. Coconut husk and similarly diffuse residues should be treated as prospective cases 

unless an equally explicit process logic is demonstrated. 

2.3. Evidence Logic: From Residue Management to Biorefinery Constraints 

The strategic value of a tropical lignin-nanocellulose platform is clearest when framed as a 

biorefinery allocation problem rather than a nanofibril-isolation problem [85–90]. The relevant 

question is not how to maximize purity per se, but how much multifunctionality can be preserved 

while minimizing bleaching, washing, drying, solvent recovery, and carbon loss across the process 

chain. 

This framing makes process severity visible as a first-order design variable. Mild oxidation, 

hydrotropes, deep eutectic solvents, enzyme-assisted routes, steam explosion, and chemo-

mechanical processing can all be useful, but only when the resulting interphase survives dewatering, 

storage, and shaping without depending on laboratory-intensive dilution, freeze-drying, or solvent 

exchange [91–108]. The decisive comparison is therefore not between 'novel' pretreatments in 

isolation, but between routes that preserve interpretable interphases under realistic solids 

management and routes that do not. 

Figure 2 translates this argument into a decision pathway. Hybrid performance is programmed 

long before compounding or film formation: feedstock conditioning shapes fractionation behavior, 

fractionation determines lignin state and fibrillation burden, and these two variables jointly constrain 

the type of interphase that can form later during coating, sheet formation, gelation, or melt 

processing. 
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Figure 2. Decision pathway connecting process geography, pretreatment severity, lignin state, and application-

specific shaping. 

2.4. Evidence Weighting and Comparative Synthesis Methodology 

To avoid a purely narrative comparison, the review applies an evidence-weighting scheme that 

separates robust, transferable observations from system-specific or process-dependent claims. The 

literature was categorized by (i) hybrid architecture class (residual lignin, redeposited lignin, lignin 

nanoparticles, reactive hybrids, and all-lignocellulosic structures), (ii) feedstock origin and process 

geography (mill-concentrated versus decentralized residues), and (iii) shaping route (coating, paper 

formation, porous structuring, and melt compounding). Each study was assigned to one of three 

evidence tiers: 

 Tier I (high confidence): Studies reporting controlled lignin state (distribution or morphology), 

defined processing history (pretreatment + drying), and application-relevant testing (including 

humidity or realistic processing conditions). 

 Tier II (moderate confidence): Studies reporting composition and basic morphology, but lacking 

full interphase or process characterization. 

 Tier III (low confidence): Studies relying primarily on nominal lignin content or limited 

structural descriptors without process traceability. 

Comparative conclusions and design rules in Sections 5 and 6 are derived preferentially from 

Tier I evidence. Tier II and Tier III studies are used to identify trends, asymmetries, and unresolved 

contradictions, but not to define universal composition-property thresholds. This framework is not a 

statistical meta-analysis; it is a conservative route to improve interpretability across heterogeneous 

lignocellulosic systems. 

3. Distinct Hybrid Architectures and Interphase Logic 

3.1. Chemical Complementarity is Necessary, but not Sufficient 

The appeal of lignin-nanocellulose hybrids begins with chemical complementarity. Cellulose 

provides a semicrystalline, high-aspect-ratio scaffold rich in hydroxyl functionality and network-

forming potential [1–6]. Lignin contributes aromaticity, ultraviolet absorption, antioxidant capacity, 

surface energy modulation, and, in some cases, a lower apparent polarity than fully purified cellulose 
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[27–30,46–50]. This complementarity explains why lignin retention can sometimes improve we�ing 

in less-polar matrices while still preserving a fibrillar reinforcement network. 

However, chemical complementarity alone does not solve the interphase problem. Lignin is 

structurally heterogeneous and can behave as a surface modifier, a colloidal phase, a brittle inclusion, 

a radical scavenger, or a processing contaminant depending on how it survives or reappears during 

pretreatment and drying. The correct question is therefore not whether lignin is generically beneficial, 

but whether a given lignin state strengthens or destabilizes the interface relevant to a specific shaping 

route and service environment. 

3.2. Architecture Classes Should not be Merged Analytically 

Lignin-containing nanocellulose should therefore be treated as a family of architecture classes 

rather than as an incompletely purified version of conventional nanocellulose [46–50]. At least five 

non-equivalent classes recur in the literature: residual-lignin CNF/CNC produced directly from 

partially delignified biomass; systems in which lignin redeposits or phase-separates during 

pretreatment, washing, drying, or compounding; deliberate assemblies of nanocellulose with 

technical lignin or lignin nanoparticles; compatibilized or carrier-assisted hybrids designed for 

thermoplastic transfer; and all-lignocellulosic sheets or molded structures in which lignin acts as an 

internal matrix or water-resistance phase. 

These classes are not interchangeable because they do not fail for the same reasons and do not 

serve the same applications [109–122]. Residual-lignin fibrils may retain network continuity and 

moderate hydrophobic shielding. Redeposited lignin can introduce stress concentration, drainage 

penalties, or colloidal instability. Lignin nanoparticles can add multifunctional aromatic domains 

without entirely sacrificing the cellulose nano-network. Compatibilized thermoplastic hybrids 

remain highly sensitive to drying and melt-transfer history. All lignocellulosic sheets follow another 

logic: their performance depends on how lignin redistributes during consolidation, drying, and 

rewe�ing. 

Figure 3 should therefore be read as a decision map rather than a purity hierarchy. The main 

analytical function of the scheme is to separate the amount of lignin from its state and to show that 

different interfaces must be evaluated against different failure modes. 

 

Figure 3. Distinct hybrid architectures considered in this review: residual-lignin nanofibrils or nanocrystals, 

redeposited-lignin systems, lignin nanoparticle assemblies, compatibilized thermoplastic hybrids, and all-

lignocellulosic sheets. 

The distinction is especially important for tropical residues because non-wood lignocellulose 

often carries extractives, ash, and anatomical heterogeneity that influence fractionation behavior and 

lignin relocation. A paper that reports only lignin percentage and a microscopy image does not yet 
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demonstrate which interphase was created, nor whether that interphase could survive drying, 

storage, and shaping. 

From the present evidence base, residual-lignin fibrils and all-lignocellulosic sheets are the most 

credible architectures for paper-like structures, coatings, and selected porous media. Lignin 

nanoparticle assemblies are credible when multifunctionality must be concentrated at a surface. 

Compatibilized thermoplastic hybrids remain case-dependent because interphase gains are easily 

lost during drying and melt processing [109–122]. 

The key editorial consequence is straightforward: results should not be transferred 

automatically across architecture classes. A positive outcome in a lignin nanoparticle coating, for 

example, does not validate a residual-lignin thermoplastic composite, and a strong all-lignocellulosic 

sheet does not by itself justify a biomedical claim. 

This architecture split is the conceptual foundation of the present review because it converts 

'lignin-containing nanocellulose' from a loose compositional label into an engineering family with 

distinct interphase logics. Taken together, these classes support the core claim of the review: bulk 

lignin fraction is a weak predictor of performance unless architecture class, spatial distribution, and 

shaping route are specified. 

4. Interphase Engineering and Pretreatment Routes 

4.1. Non-Equivalent Routes to Interphase Control 

The interface is the decisive feature in almost every lignin-nanocellulose hybrid system. In 

hydrophilic matrices and dense paper-like networks, hydrogen bonding and capillary consolidation 

dominate. In less-polar matrices, a moderate lignin-rich surface or a compatibilized intermediate can 

improve we�ing and stress transfer. In active surface systems, interphase design must also preserve 

access to lignin's aromatic or phenolic functions. These are not variations of the same mechanism but 

rather different interphase strategies with distinct failure modes [117,119–122]. 

Four routes recur most often, but they should be compared not only by the liability they 

introduce but also by the function they enable. Controlled retention of residual lignin is a�ractive 

when process simplification and wet processing are priorities. Colloidal co-assembly with technical 

lignin or lignin nanoparticles is a�ractive when UV shielding, antioxidant behavior, or Pickering 

stabilization must be concentrated at a surface. Reactive compatibilization is justified when 

permanent coupling is indispensable. Carrier-assisted transfer is mainly relevant when nanofibrils 

must survive drying and melt compounding [31,36,59,80,121,122]. 

Table 2 organizes these routes by interphase mechanism and dominant liability rather than by 

chemistry alone. That distinction ma�ers because two formulations can use different chemistries yet 

still aim for the same interphase outcome, whereas apparently similar chemistries can fail differently 

when the lignin state differs. 

Table 2. Hybrid architecture classes, interphase mechanisms, and dominant liabilities in lignin-containing 

nanocellulose systems. 

Strategy Main mechanism 
Expected advantage / dominant 

liability 
Refs. 

Residual lignin 

retention 

Partial hydrophobic 

shielding with 

preserved fibrillar 

connectivity 

Process simplification and 

UV/antioxidant function/risk of 

suppressed fibrillation or color 

variability if lignin is coarse 

[46,47,51,55,57,119,120] 

Lignin nanoparticles 

with CNF/CNC 

Colloidal co-assembly 

and surface-localized 

aromatic domains 

Active surfaces, UV barrier, 

Pickering stabilization/risk of 

colloidal instability or 

aggregation 

[42,58,109,110,112] 
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Strategy Main mechanism 
Expected advantage / dominant 

liability 
Refs. 

Mild oxidation or 

charge tuning 

Adjusts fibrillation and 

colloidal stability 

while preserving part 

of the lignin 

Better dispersion and tunable 

rheology/risk of charge-induced 

drainage or assembly penalties 

[56,57,85,89,98–100] 

Reactive 

compatibilization 

Ester, epoxide, silane, 

or other covalent 

coupling 

Stronger coupling and reduced 

leaching/risk of synthetic 

complexity and altered colloidal 

behavior 

[31,36,80,122] 

Carrier-assisted melt 

processing 

Temporary 

plasticization or 

dispersion aid during 

compounding 

Better filler transfer into 

thermoplastics/risk of lost 

fibrillar continuity during 

drying and melt history 

[59,119,121,122] 

Layer-by-layer or 

coating assembly 

Sequential deposition 

and dense nano-

network formation 

Thin high-functionality layers 

with high barrier potential/risk 

of humidity-sensitive 

consolidation and coat-weight 

dependence 

[123–129] 

Table 2 makes clear that the relevant comparison is not which chemistry appears most 

sophisticated, but which route achieves the required interphase with the lowest combined penalty in 

drying burden, humidity sensitivity, processing complexity, and loss of fibrillar continuity. 

4.2. Pretreatment Severity, Fibrillation, and Failure Modes 

Pretreatment determines not only fibrillation energy but also the chemical and spatial identity 

of the final interface. Mild oxidative routes, organosolv-type fractionation, hydrotropes, deep eutectic 

solvents, steam explosion, and chemo-mechanical strategies can all enable lignin-containing 

nanocellulose, yet they do so by changing lignin accessibility, cellulose disintegration behavior, and 

colloidal stability in different ways [85–103,123,124]. At the shaping stage, binding, coating, 

membrane, additive-manufacturing, and dispersion studies extend this process-history argument to 

final material forms [125–132]. Pretreatment should therefore be understood as interphase 

programming rather than as upstream purification alone. 

A scale-up caveat follows immediately. Many laboratory-successful routes still rely on dilute 

suspensions, repeated washing, freeze-drying, or solvent exchange before compounding or coating. 

Those operations can erase the sustainability gains often claimed for lignin-containing systems and 

can also create the very lignin aggregation later blamed on 'material composition'. A robust hybrid 

route is not merely one that gives an a�ractive micrograph; it is one that preserves the intended 

interphase through dewatering, drying, storage, and shaping. 

Figure 4 condenses the main engineering routes and their associated failure modes. The point of 

the scheme is not to suggest that every hybrid needs all of these mechanisms at once. It is to show 

that interphase design is a multi-parameter problem in which hydrogen bonding, charge, covalent 

coupling, carrier effects, and process history interact. 

Hydrogen bonding remains the most fundamental interparticle mechanism because cellulose 

offers abundant hydroxyl functionality, and lignin still contains phenolic and aliphatic hydroxyls. 

These interactions help form dense networks and tortuous pathways, but they are insufficient when 

the matrix is highly hydrophobic or when humidity weakens cohesion [131,132]. 

Charge and colloidal stabilization represent a second layer of design. Mild oxidation or charge 

tuning can improve fibrillation and suspension stability while preserving some lignin, but excessive 

charge or uncontrolled ionic conditions can also destabilize assembly or alter drainage and coating 

behavior. 
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Covalent strategies occupy a narrower but important window. Esterification, epoxide chemistry, 

silanes, isocyanates, and related reactions can reduce interfacial slippage and improve moisture 

resistance, yet they also add synthetic complexity and can alter the native colloidal behavior of 

nanocellulose. Their use is therefore best justified when the target matrix or service environment truly 

requires stronger or more permanent coupling. 

Compatibilizers and carriers provide a more industrially pragmatic alternative for many 

thermoplastic systems. Poly(ethylene glycol), plasticizers, or selected dispersing routes can improve 

the transfer of lignin-containing fibrils into PLA- or PHB-like matrices, but these aids must ultimately 

be judged by their effects on moisture response, thermal history, and final interphase stability. 

Viewed together, Figure 4 and Table 2 reinforce the main design lesson of this section: interphase 

engineering is not about maximizing the number of interactions; it is about choosing the minimum 

set of interactions that remains compatible with the shaping route, humidity exposure, and the target 

application. 

 

Figure 4. Interphase engineering routes, dominant liabilities, and representative failure modes in lignin-

containing nanocellulose materials. 

5. Comparative Structure-Property Synthesis 

5.1. Mechanical Response and Stress Transfer 

Mechanical performance in lignin-nanocellulose hybrids depends on a coupled cascade of 

variables: fibril aspect ratio, dispersion state, porosity, interphase continuity, and moisture content. 

Available studies indicate that residual lignin can improve mechanical response by enhancing 

we�ing or preserving a connected fibrillar network, particularly in selected thermoplastic systems 

and dense sheet structures [123–138]. The benefit is real, but conditional and architecture-dependent. 

The same literature also explains many failures. When lignin persists as coarse domains, 

overplasticizes the interface, suppresses fibrillation, or breaks network continuity, tensile 
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performance plateaus or declines. Any mechanical claim that omits humidity conditioning, solids 

history, or drying route should therefore be treated cautiously, because those variables can dominate 

the measured outcome as strongly as composition. 

5.2. Barrier, Thermal, and Surface Performance 

Lignin-rich interfaces often yield greater gains in thermal, barrier, and surface properties than 

in dry tensile strength. Aromatic domains can promote char formation, ultraviolet absorption, 

antioxidant activity, and modified we�ing, while dense fibrillar networks provide the tortuous 

pathways needed for gas, oil, and grease barrier performance [123–151]. For packaging and coating 

systems, this combination is one of the strongest arguments for controlled lignin retention. 

The trade-off is equally consistent. Color deepens, transparency decreases, and performance 

becomes more sensitive to lignin distribution and moisture history. These penalties are acceptable 

when the target product is a grease barrier, a UV-protective surface, a natural-looking, paper-like 

sheet, or an active coating. They are far less acceptable when optical clarity, extractables control, or 

strict color uniformity dominate the specification. 

5.3. Rheology, Shaping, and Processability 

Rheology is often the hidden determinant of whether laboratory properties can be translated 

into manufacturing. Nanocellulose suspensions are already strongly shear-thinning and can form 

gels at low solids; lignin retention can either improve or complicate this behavior depending on 

colloidal state, ionic environment, and solids history [140–155]. Coatings, papermaking, direct-ink 

writing, and thermoplastic compounding should therefore not be treated as equivalent outlets. Each 

imposes its own acceptable viscosity window, recovery behavior, and tolerance for drying-induced 

migration. 

The evidence summarized in this section does not support universal pro- or anti-lignin claims. 

The credible design window is application-dependent. Moderate, well-distributed lignin often 

enhances UV shielding, antioxidant activity, oil resistance, and compatibility with less-polar phases, 

whereas high or poorly distributed lignin usually compromises transparency, fibril 

individualization, and reproducibility. 

Figure 5 is best read as a comparative design map and confidence screen. Its function is to make 

trade-offs explicit and to show why the same structural feature can be beneficial in one product 

window and damaging in another. The message is not that lignin should always be retained, but that 

retention is useful only when the resulting interphase aligns with the target property, shaping route, 

and deployment scenario. 
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Figure 5. Confidence-ranked design map linking lignin state, nanocellulose morphology, process severity, and 

target properties. 

A strong review should therefore evaluate not only property improvements but also the cost of 

obtaining them in terms of pretreatment severity, drying burden, and moisture sensitivity. That is 

where interphase engineering becomes more than a materials description and becomes a design 

framework. 

Apparent contradictions in the literature often arise because nominal lignin content is used as a 

proxy for architecture. Under the evidence-weighting framework introduced in Section 2.4, only 

studies that link lignin distribution, morphology, and process history can support transferable 

structure-property conclusions; the remaining literature is useful for trend detection but not for broad 

quantitative rules. 

5.4. What the Current Evidence Can and Cannot Support 

The present evidence base supports directionally robust design rules, but not universal 

quantitative thresholds. Too few studies simultaneously normalize lignin state, solids history, 

humidity conditioning, surface chemistry, and shaping route to justify claims such as an optimal 

lignin percentage across feedstocks or applications. Where quantitative comparisons appear in the 

literature, they usually remain architecture-specific and process-specific. 

For that reason, this review intentionally ranks windows by confidence rather than by peak 

reported performance. A moderate, reproducible improvement under realistic processing deserves 

more weight than a large laboratory gain achieved after severe dilution, solvent exchange, or poorly 

reported drying history. 

6. Confidence-Ranked Product Windows and Application-Backward Design 

Rules 

6.1. Selected Thermoplastics: A Medium-Confidence Window 

A wide range of polymer matrices has been combined with lignin and nanocellulose, or directly 

with lignin-containing nanocellulose, including PLA, PHB/PHA-like systems, starch-rich matrices, 

and selected model matrices used to isolate interfacial effects [156–170]. This literature is useful, but 

it also shows why thermoplastic translation should be treated as a medium-confidence rather than a 

default window. Drying, redispersion, carrier choice, residence time, and shear history often 

determine outcome as strongly as chemistry. 

PLA remains the clearest benchmark. When moderate-lignin fibrils are transferred without 

coarse aggregation, stiffness, barrier behavior, and sometimes toughness can improve. When drying 

or compounding damages fibrillar connectivity, the same nominal formulation loses much of its 

value [59,119–122,171–190]. The defensible claim is therefore conditional: thermoplastics are viable 

when the interphase survives processing, not simply because lignin is present. 

6.2. High-Confidence Windows: Packaging Layers, Papers, Coatings, and Porous Media 

Surface-based platforms are the most credible near-term application space for tropical lignin-

nanocellulose hybrids. Compared with bulk thermoplastics, papers, coatings, membranes, and 

selected porous media tolerate color more easily, operate at lower solids throughput, and directly 

exploit functions enhanced by lignin retention, especially oil resistance, UV shielding, antioxidant 

activity, and selective we�ability. Thin active layers are often more persuasive than thick self-

standing structures because they concentrate functionality where mass transfer actually occurs. 
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6.3. Confidence-Ranked Design Rules and Application Matching 

Application matching should set the required degree of purification. High-confidence windows 

are those in which lignin adds a function already aligned with the shaping route: grease/oil barrier 

papers, active or UV-shielding coatings, paper-like multilayers, and selected porous media. Medium-

confidence windows include selected thermoplastics. Low-confidence or strongly conditional 

windows include biomedical interfaces, additive manufacturing, and nano-reactor or energy-

material concepts. 

From that application-backward perspective, several rules become governing design criteria. 

Feedstocks should first be screened by process geography and contamination, not only by cellulose 

content. Lignin content is never a sufficient descriptor without lignin state. The shaping route must 

be chosen early because coating, papermaking, gel casting, and melt compounding reward different 

interfaces. Pretreatment must be interpreted as interphase programming because it fixes lignin 

accessibility, fibrillation behavior, and colloidal state [85–107]. 

Finally, application-relevant humidity, we�ing, rheology, and process history must be 

incorporated into testing if performance claims are to be credible. The economically optimal route is 

therefore rarely the maximum-delignification route; it is the minimum-severity route that meets a 

defined specification under realistic service conditions. 

The confidence hierarchy in Table 3 is a practical prioritization filter. It directs research and 

investment toward applications in which lignin state can be controlled without excessive processing 

penalties, especially coatings, packaging layers, and porous media. It also keeps exploratory fields, 

such as biomedical interfaces and additive manufacturing, from being overinterpreted before 

extractables, rheology, sterilization, and long-term stability are demonstrated. 

Table 3 converts these rules into confidence-ranked product windows. Table 4 reorders the 

evidence from the opposite direction and shows that the most transferable rule in the field is a 

distribution rule rather than a composition rule: finely distributed lignin is frequently useful; coarse 

or redeposited lignin is frequently destabilizing. 

Table 3. Application-backward design rules with confidence-ranked product windows for packaging, coatings, 

porous media, and thermoplastic matrices. 

Application 
Recommended hybrid 

architecture 

Primary design 

objective 

Key processing 

caution/refs 

Grease/oil barrier 

paper, board, 

and multilayer 

papers (HIGH 

confidence) 

Residual-lignin CNF 

coatings; dense LCNF 

multilayers 

Lower surface energy 

while preserving dense 

fibrillar tortuosity and 

coatability 

Control coat weight, 

drying, humidity 

response, and rewetting 

[123,126–129,145–147] 

PLA/PHA films 

and molded 

bioplastics 

(MEDIUM 

confidence) 

Moderate-lignin LCNF; 

carrier-assisted transfer 

into thermoplastics 

Improve wetting and 

stress transfer without 

losing fibril 

reinforcement 

Prevent lignin 

agglomeration and 

color heterogeneity 

during melt processing 

[59,119–122,134,135] 

Selected porous 

sorbents and 

oil/water 

separation media 

(HIGH 

confidence) 

LCNF aerogels; selectively 

hydrophobized lignin-rich 

porous networks 

Tune wettability, 

capillarity, and 

selective sorption 

Avoid pore collapse 

and poor wet resilience 

during 

drying/rewetting 

[123,142–144,149–151] 
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Application 
Recommended hybrid 

architecture 

Primary design 

objective 

Key processing 

caution/refs 

Active or UV-

shielding 

packaging and 

surface coatings 

(HIGH 

confidence) 

Surface-lignin-rich CNF or 

CNF combined with lignin 

nanoparticles 

Exploit UV absorption 

and antioxidant 

functionality at the 

surface 

Balance opacity/color 

with migration, 

appearance, and 

humidity requirements 

[34,36,41,42,110,126,136] 

Carbon 

precursors, 

printed 

structures, and 

energy materials 

(LOW-MEDIUM 

confidence) 

Wet-spun lignin/CNF 

hydrogels; ice-templated 

lignin-cellulose aerogels 

Maximize carbon yield 

while preserving 

hierarchical precursor 

structure 

Manage shrinkage, 

solids loading, and 

porosity evolution 

during thermal 

conversion [113–115] 

Biomedical or 

biointerface 

materials (LOW 

confidence) 

Purified or tightly 

characterized low-

extractable LCNF 

formulations 

Use surface area and 

antioxidant behavior 

without uncontrolled 

extractables 

Require 

cytocompatibility, 

extractables, 

sterilization, and long-

term validation [10–

12,31,109,137,191] 

The practical value of Table 3 is that it prevents overextension of application claims: not every 

promising function justifies the same process burden. Surface-based windows tolerate color and 

exploit lignin more directly; thermoplastics demand far stricter control of drying, aggregation, and 

melt-transfer history. 

Table 4 complements that application lens by showing that the strongest comparative tendency 

in the field is not a universal composition optimum but a spatial-distribution rule. Once lignin 

coalesces or migrates during drying, the interphase usually becomes less reliable, regardless of the 

nominal lignin percentage. 

Table 4. Comparative evidence matrix linking lignin state to likely property outcomes and dominant failure 

modes. 

Lignin 

state/distribution

Typical 

processing 

context 

Likely interfacial 

effect 

Frequent property 

outcome 
Refs. 

Finely 

distributed 

residual lignin on 

fibril surfaces 

Mild chemo-

mechanical, 

organosolv, or 

hydrotropic 

fractionation 

followed by 

fibrillation 

Lower apparent 

surface polarity 

with preserved 

nanofibrillar 

connectivity 

Usually beneficial 

for UV screening, 

antioxidant 

function, selective 

wetting, and some 

less-polar 

compatibility; 

strongest evidence 

in coatings, papers, 

and selected 

thermoplastics 

[46–50,55–57] 
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Lignin 

state/distribution

Typical 

processing 

context 

Likely interfacial 

effect 

Frequent property 

outcome 
Refs. 

Coarse 

redeposited or 

phase-separated 

lignin domains 

Insufficient 

fractionation 

control, lignin 

migration 

during drying, 

or poorly 

redispersed 

powders 

Interphase 

discontinuity, 

stress 

concentration, 

and non-uniform 

wetting 

Often detrimental: 

lower tensile 

reliability, 

heterogeneous 

color, unstable 

rheology, and poor 

film quality 

[46–50,59,119–122] 

Lignin 

nanoparticles 

combined with 

CNF/CNC 

Colloidal co-

assembly, 

coating routes, 

and Pickering-

type 

formulations 

Surface-localized 

aromatic 

multifunctionality 

without losing 

the cellulose 

nano-network 

Credible route to 

active surfaces, UV 

barrier, 

emulsification, and 

carbon precursors 

when colloidal 

compatibility is 

maintained 

[42,58,109–115] 

Covalently 

compatibilized or 

carrier-assisted 

thermoplastic 

hybrids 

Reactive 

compounding, 

surface 

coupling, or 

PEG-assisted 

transfer into 

thermoplastics 

Stronger filler 

transfer and more 

stable interphase 

during melt 

processing 

Potentially better 

stress transfer and 

moisture 

resistance, but 

benefits are route-

sensitive and can 

disappear during 

processing 

[31,36,59,80,121,122,134,135]

Strongly 

delignified 

nanocellulose 

networks 

Severe 

bleaching and 

oxidation routes 

aimed at high 

purity 

Maximized 

hydrogen-bonded 

cellulose network 

and optical clarity 

Best transparency 

and dense barrier 

networks, but loss 

of lignin-enabled 

UV/antioxidant 

functions and 

some process-

simplification 

advantages 

[1–5,10,15,126–129] 

Taken together, Tables 3-5 define the central design logic of this review: Table 3 ranks product 

windows, Table 4 links lignin state to dominant outcomes, and Table 5 converts those tendencies into 

an architecture-level confidence screen. 

Table 5. Evidence-weighted comparison of lignin-containing nanocellulose architectures across applications. 

Architecture 
Typical lignin 

state 

Best-fit 

applications 
Main advantage Main limitation 

Evidence 

strength 

Residual lignin 

CNF 

Finely 

distributed 

Coatings, paper, 

packaging 

Process 

simplicity, UV 

function, oil 

resistance 

Moisture 

sensitivity and 

color 

High (multiple 

consistent 

studies) 

Redeposited 

lignin systems 

Heterogeneous, 

coarse domains 
Limited 

No robust 

advantage 

consistently 

demonstrated 

Poor interphase 

continuity and 

instability 

Low 

(contradictory 

evidence) 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 April 2026 doi:10.20944/preprints202604.2222.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.2222.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 31 

 

Architecture 
Typical lignin 

state 

Best-fit 

applications 
Main advantage Main limitation 

Evidence 

strength 

Lignin 

nanoparticles + 

CNF 

Controlled 

colloidal phase 

Active surfaces, 

coatings, 

Pickering 

systems 

Functional 

interface design 

Colloidal-

stability 

constraints 

Moderate-

High 

Reactive 

hybrids 

Covalently 

modified 

interfaces 

Thermoplastics 

Stronger 

adhesion and 

reduced slippage 

Process 

complexity 
Moderate 

All-

lignocellulosic 

sheets 

Distributed 

matrix-like 

lignin 

Molded 

materials, water-

stable sheets 

Wet stability and 

plastic-

replacement 

potential 

Structural 

variability 
Moderate 

6.4. Emerging Uses Should be Judged by Interphase Realism, not Novelty Alone 

Emerging uses are scientifically valuable, but they should be treated as conditional until 

interphase realism, process continuity, and benchmarking are demonstrated alongside novelty. 

One of the most instructive developments is the creation of water-stable lignocellulosic sheets 

and molded structures in which lignin functions as an internal matrix or wet-support phase rather 

than as a passive impurity [111]. This direction ma�ers because it aligns a lignin-enabled mechanism 

with a plausible product logic for plastic-replacement sheets and molded products. 

Biomedical and antimicrobial interfaces remain low-confidence opportunities rather than 

primary deployment routes. Residual lignin introduces variability in color, extractables, sterilization 

response, and cytocompatibility, which sharply narrows the acceptable design window [191]. The 

scientifically honest position is not blanket enthusiasm or blanket dismissal, but strong qualification: 

these systems may be useful only when composition is tightly controlled, and extractables, 

sterilization, and long-term response are explicitly tested. 

For that reason, biomedical translation should not be used as the default justification for lignin-

containing systems. Packaging, coatings, paper-like structures, and selected porous media are 

currently the more convincing near-term outlets because they align be�er with the functions lignin 

actually adds, and with the process simplifications lignin retention can realistically provide. 

Lignin-containing nanocellulose is also a�ractive as a multifunctional nano-reactor or carbon 

precursor because aromatic motifs can participate in the in-situ formation of nanoparticles and 

improve carbon yield during thermal conversion. These directions are valuable when they exploit 

lignin's chemistry deliberately rather than simply inheriting it from insufficient purification. 

Such work is especially interesting when lignin participates actively in redox chemistry, surface 

stabilization, or carbon-architecture control, as shown in studies on nanoparticle generation, wet-

spun hydrogels, and carbon aerogels [112–115]. In confidence terms, however, these remain low- to 

medium-confidence windows until process continuity, yield, and application benchmarking are 

demonstrated more systematically. 

Additive manufacturing belongs to the same category of conditional promise. Printable pastes 

or inks must remain shear-thinning and self-supporting while drying without catastrophic cracking, 

binder migration, or collapse [113,130]. Here again, interphase realism ma�ers more than novelty: 

rheology, solids content, drying history, and post-processing stability will decide whether the 

concept scales. 

7. Process Realism, Deployment Scenarios, Circularity, and Research Agenda 

The circular-bioeconomy promise of tropical lignin-nanocellulose is strongest when residues are 

abundant, under-valorized, and already connected to industrial infrastructure. Yet the decisive 

comparison is not 'bio-based versus fossil' in the abstract, but one tropical deployment scenario 

versus another [192–198]. 
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Three scenarios recur. First, centralized wet routes connected to mills or processing hubs offer 

the strongest near-term case because residues can be stabilized and fractionated before uncontrolled 

drying. Second, decentralized residues can remain viable when they are preprocessed locally into 

we�er, cleaner, higher-value intermediates. Third, dry, diffuse collection routes are the least credible 

unless the target product has very high value density and can absorb the extra handling burden. 

7.1. Deployment Scenarios, Sustainability Metrics, and Tropical Scale-Up 

Available life-cycle and techno-economic literature repeatedly identifies pretreatment 

chemistry, washing intensity, fibrillation energy, drying burden, and solvent recovery as dominant 

hotspots in nanocellulose production [192–195]. For tropical systems, this means that moisture-

preserving logistics, simplification of wet handling, and avoidance of unnecessary drying may ma�er 

more than marginal gains in purity. 

Figure 6 should therefore be interpreted as a conditional roadmap rather than as a guaranteed 

circular loop. Lignin-containing routes outperform highly purified routes only when lignin retention 

actually reduces bleaching demand, dewatering burden, or additive complexity across the chain. 

At the process-chain level, the strongest candidate remains the integrated mill-centered route, 

especially for oil-palm streams and sugarcane bagasse. A second, conditional route is decentralized 

preprocessing that upgrades pineapple or banana residues into wet, contamination-controlled 

intermediates before long transport. The weakest route is decentralized dry handling with 

subsequent rewe�ing, because it tends to combine a high logistics burden with poor interphase 

reproducibility. 

 

Figure 6. Conditional tropical biorefinery roadmap and deployment screen for lignin-containing nanocellulose 

platforms. 

This distinction ma�ers because the same laboratory material can appear a�ractive or 

unconvincing depending on the deployment scenario. A coating-grade lignin-containing nanofibril 

prepared from a wet mill stream is a very different proposition from a similar nominal nanofibril 

obtained after extensive drying, storage, and redispersion of diffuse residues. 

Tropical strategy should therefore be wri�en in terms of process geography and product 

windows, not crop names alone. Near-term deployment is most persuasive when wet intermediates 

can move directly into coatings, paper-like layers, molded structures, or selected porous media; it is 

less persuasive when the route depends on dry powders, multi-solvent transfer, or incompatible end-

of-life claims. 
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Figure 6 is therefore most useful when read alongside the previous sections. Its purpose is to 

connect interphase design to process-chain realism and to remind the reader that circularity claims 

must withstand scrutiny of water, energy, solvent recovery, logistics, and end-of-life coherence. 

7.2. Critical Challenges and Standardization Priorities 

Two further priorities deserve emphasis. First, future studies should report negative results and 

failure modes with the same rigor as successful demonstrations, especially when lignin migration, 

color heterogeneity, drainage problems, or humidity sensitivity limit performance. Second, 

interphase claims should increasingly be benchmarked against simplified, application-specific 

controls—e.g., purified CNF coatings, lignin-free paper barriers, or standard thermoplastic filler 

routes—so that the real value of lignin retention can be isolated rather than assumed. 

Several bo�lenecks still limit translation. Lignin heterogeneity remains under-characterized; 

studies often report lignin percentage without sufficient information on molecular features, 

accessibility, condensation state, or spatial distribution. Structural reporting for nanocellulose is also 

inconsistent: fibril width, aspect ratio, colloidal stability, rheology, solids history, and moisture 

conditioning are not always quantified in a way that enables comparison across studies. Finally, too 

much of the literature still demonstrates performance only after laboratory-intensive processing that 

is difficult to defend at scale. 

The most productive future direction is application-specific interphase design. Rather than 

asking whether lignin is generally good or bad, the field should ask which lignin state, at which 

location, and in which morphology, enables a target function for a defined process route 

[46,47,50,58,94–96]. The recent acceleration of feedstock-specific reviews on pineapple-derived 

nanocellulose, date-palm nanocellulose, oil-palm nanocellulose for paper and packaging, and 

industrial-symbiosis routes for oil-palm residues confirms that generic 'tropical biomass' narratives 

are no longer sufficient [199–202]. 

Likewise, recent reviews on lignin for active food packaging and lignin nanoparticles, together 

with new sugarcane-based studies on milder or one-step routes to lignin-containing nanofibrils, 

reinforce the same conclusion: value is created when aromatic functionality is placed at controlled 

interfaces while pretreatment, washing, and drying are simplified rather than intensified. Future 

studies will be more comparable when they report a minimum set of parameters linking feedstock 

chemistry, lignin state, fibril morphology, surface chemistry, moisture conditioning, and process 

history [203–207]. 

Table 6 condenses the minimum package and should also be read as an evidence-weighting tool. 

The goal is intentionally conservative. None of the requested descriptors is excessive; together they 

form the minimum evidence needed to distinguish a true interphase effect from artifacts introduced 

by uncontrolled fractionation, drying, or testing. 

Table 6. Minimum reporting and evidence-weighting set required for interpretable interphase claims and 

scalable processing arguments. 

Parameter to 

report or 

define 

Why it matters 

Minimum 

recommended 

evidence 

If omitted, the 

main interpretive 

risk 

Refs. 

Feedstock 

identity, 

residue 

fraction, and 

pretreatment 

severity 

Defines ash 

content, residual 

lignin chemistry, 

accessibility, and 

lot-to-lot 

variability 

Residue fraction, 

origin, season or 

lot, solids, time-

temperature 

history, and 

reagent loading 

Results cannot be 

transferred 

reliably across 

species or process 

routes 

[67–73,79–84,91–103] 
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Parameter to 

report or 

define 

Why it matters 

Minimum 

recommended 

evidence 

If omitted, the 

main interpretive 

risk 

Refs. 

Lignin content 

and lignin 

state 

Content alone does 

not explain 

performance 

unless distribution 

and chemistry are 

known 

Acid-

insoluble/soluble 

lignin plus 

spectroscopic or 

microscopic 

evidence of spatial 

distribution 

False attribution of 

effects to lignin 

percentage alone 

[46–50,55–57] 

Fibril or 

crystal 

morphology 

Controls 

percolation, 

network formation, 

and stress transfer 

Width, length, or 

aspect ratio, and 

representative 

microscopy with 

distribution 

descriptors 

Reinforcement 

claims cannot be 

compared across 

studies 

[1–5,46–50] 

Surface 

chemistry, 

charge, and 

wetting 

Governs 

dispersion, coating 

behavior, and 

colloidal stability 

Zeta potential or 

charge density, 

FTIR/XPS or 

equivalent, and 

wetting descriptor 

when relevant 

The origin of 

compatibility or 

instability remains 

speculative 

[4,5,56,57,131,132] 

Moisture state 

and 

conditioning 

Strongly affects 

tensile, barrier, and 

dimensional data 

Relative humidity 

conditioning 

before testing, 

water content if 

possible, and 

testing 

environment 

Property gains are 

easily overstated 

or become 

irreproducible 

[60–66,126–129,191] 

Composite or 

coating 

processing 

window 

Shear and thermal 

history can 

damage the 

interphase during 

scale-up 

Solids content, 

drying route, 

temperature 

profile, residence 

time, and 

consolidation 

conditions 

Property losses 

may be 

misassigned to 

chemistry rather 

than processing 

[59,80,121,122,134,135,192–

195] 

Application 

window, 

deployment 

scenario, and 

sustainability 

metrics 

Circularity 

requires more than 

renewable content 

and depends on 

where the material 

enters the value 

chain 

Intended product 

window, 

centralized or 

decentralized 

route, water use, 

drying burden, 

solvent recovery, 

mass yield, and at 

least a TEA/LCA 

note when scale-up 

is claimed 

Claims of 

scalability remain 

rhetorical instead 

of evidence-based 

[116,192–198] 

Used consistently, the reporting framework in Table 6 would move the field from descriptive 

comparisons toward more predictive engineering. That shift is essential if tropical lignin-containing 

nanocellulose is to become a serious materials platform rather than an endlessly variable family of 

promising case studies. 
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7.3. Comparative Process Scenarios 

Scenario A is the mill-concentrated route: oil-palm residues and sugarcane bagasse can be 

fractionated while still wet, preserving lignin distribution and reducing drying/redispersion artifacts. 

This is the strongest scale-up pathway for coatings, paper-like layers, molded structures, and selected 

porous media. 

Scenario B is decentralized preprocessing: pineapple leaf fiber and banana pseudostem can be 

viable when sorting, washing, stabilization, and partial conversion occur near the source. Without 

those controls, storage decay, ash/soil contamination, and lignin redistribution can erase interphase 

advantages. 

Scenario C is the laboratory-intensive route: repeated washing, solvent exchange, freeze-drying, 

or powder redispersion can generate a�ractive specimens but weak process claims. Results from this 

route should be presented as mechanistic evidence unless yield, energy, solvent recovery, and 

humidity history are quantified. 

8. Conclusions 

This review supports a clear design principle: lignin-containing nanocellulose is best understood 

as an interphase engineering platform rather than as incompletely purified cellulose. In tropical 

biomass systems, performance is controlled by lignin state, spatial distribution, fibril morphology, 

moisture history, and shaping route more reliably than by bulk lignin content. 

The most defensible near-term applications are packaging layers, paper-like structures, coatings, 

and selected porous materials, in which controlled lignin distribution can provide UV shielding, 

antioxidant response, oil resistance, and we�ability control without imposing prohibitive processing 

complexity. Thermoplastic composites remain viable but process-sensitive; biomedical, additive-

manufacturing, and nano-reactor claims require stricter validation. 

The field should now move from generic biomass substitution claims to evidence-weighted, 

application-backward design. Future studies should report feedstock identity, pretreatment severity, 

lignin state, nanocellulose morphology, surface chemistry, moisture conditioning, shaping history, 

and scale-up metrics. Under that discipline, tropical lignin-containing nanocellulose can become a 

credible industrial platform rather than a collection of promising but difficult-to-compare case 

studies. 
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