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ABSTRACT

Research subject: Cellulosic nanomaterials, including cellulose nanocrystals, cellulose nanofibers, and bacterial cellulose, have attracted significant
attention as reinforcing agents in epoxy matrices due to their low density, high mechanical strength, suitable elastic modulus, and renewable nature.
However, the inherent hydrophilicity of cellulose nanoparticles and their poor interfacial adhesion with epoxy resins impose critical limitations on the
mechanical and thermal performance of epoxy nanocomposites. Consequently, surface modification of cellulosic nanomaterials has emerged as a key
strategy to enhance interfacial compatibility and improve the overall properties of epoxy-based nanocomposites.

Research approach: This study presents a comprehensive review and analysis of research published between 2023 and 2025, focusing on various
surface modification techniques for cellulosic nanomaterials. These techniques include silane treatments, hydrophobic coatings, esterification reactions,
and other chemical modifications. The primary objective of these approaches is to reduce the hydrophilicity of cellulose nanofibers, enhance interfacial
adhesion between the reinforcing phase and the epoxy matrix, and promote uniform dispersion of nanomaterials within the nanocomposite structure.

Main results: The results of this study demonstrate that surface modification of cellulose nanoparticles significantly enhances their interfacial
interactions and dispersion within the epoxy matrix, leading to a noticeable increase in the onset and peak thermal degradation temperatures, a reduction
in the thermal degradation rate, and a measurable increase in char residue at elevated temperatures. Improved dispersion and reduced agglomeration of
nanofibers result in substantial enhancements in mechanical properties, including tensile strength, elastic modulus, and stiffness, along with improved
fracture behavior and effective inhibition of crack propagation. Quantitative analysis indicates that the surface modification method, functional group
chemistry and density, nanofiber loading level, and dispersion uniformity play decisive roles in optimizing both thermal stability and mechanical
performance. Overall, this work provides a systematic, quantitatively driven engineering framework for the design of durable, high-performance epoxy
nanocomposites suitable for high-temperature and demanding industrial applications.
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Figure 1 From left to right: epoxy resin, epoxy nanocomposite,
and surface-modified epoxy nanocomposite [14]
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Table 1 Key considerations in the surface modification of cellulose nanoparticles

Surface Advantages and Effects on
Modification Method Description g Key Points References
Epoxy
Method
Use of active silane compounds Increased adhesion between
; . The type and amount of
such as amino, epoxy, or nanoparticles and the epoxy silane should be carefull
Silane modification | methacrylate silanes to bond with matrix; uniform dispersion; Uy [24]
. : selected to prevent particle
hydroxyl groups on the cellulose improved mechanical .
A agglomeration
surface properties
Oxidation of aldehyde/carboxyl Enhanced interaction with the Reaction conditions must
TEMPO oxidation groups on the cellulose surface resin; improved dispersion; be controlled to preserve [20]
using TEMPO and NaCIO moisture control the crystalline structure
Increased surface The type of esterifying
e IR IIE: O G2 [rBIES 'to hydrophobicity; reduced agent directly affects the
Esterification cellulose hydroxyl groups using : L 2 n [21]
. . moisture absorption; improved mechanical properties of
acids or anhydrides o .
thermal stability the nanocomposite
Grafting epoxy-soluble polymer Reduced agglomeration; The polymer chain length
Polvmer araftin chains, such as polyethylene enhanced dispersion; and molecular weight [22]
ymerg g glycol or polyvinyl alcohol, onto improved modulus and should be compatible with
the cellulose surface stiffness the resin
Modification time and
Acid/base surface Surface activation of cellulose Increased interaction with the concentration must be
o using HC1, HNOs, or NaOH to resin; improved adhesion and controlled to prevent [23]
modification ; - : ;
create active hydroxyl groups mechanical properties degradation of the cellulose
surface
. . . Improved dispersion in The coating thickness
ot T | eI | wattbome sy | shoudotprevert |y
g, su . enhanced thermal and hydrogen bonding with the
or silicone water absorption - L :
mechanical stability resin
Substitution or incorporation of Modified surface properties; -I:Zﬁndoa?ﬁ?lgnﬁ?:‘ Stngl:Lii?me
Metal doping metal ions such as Zn?* or AI* on | increased thermal stability and % hould [25]
the cellulose surface mechanical performance and snou not_ cause
agglomeration
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Figure 2 Shear modulus of epoxy nanocomposites [37]
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Figure 3 Thermogravimetric analysis of epoxy resin and epoxy
nanocomposites [47]
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Table 2 Key points regarding the thermal degradation analysis of epoxy nanocomposites

Modified Nanocomposite Year Thermal Results Key Points References
Silane-modified and silica- Increase in the initial anq maximum Surface modification leads to strong
coated cellulose nanocrystals 2023 degradatlor) temperatures; increase in | bonding with the matrix and provides a [29-32]
residual char content. protective effect.
Cellulose nanocrystals with Mild increase in the initial and Cellulose nanocrystals act as an
: Y maximum degradation temperatures; | . e cry
proper dispersion and 2023 delav in the onset of chain interfacial reinforcing agent and create a [33]
orientation Y . dual protective effect.
degradation.
Various cellulose nanoparticles Increase of 5-30 °C in degradation Uiz B °f. nanocellulose, crystallinity,
prepared by different extraction 2023 temperatures; increase in residual ex_tr_act!on method, and surface [35]
e ! modification strongly affect thermal
and modification methods char content. b .
ehavior.
Reduction in degradation Uniform dispersion is the most
Modified nanocellulose 2024 temperature and re3|_dual char |mport§nt factor for thermal [37]
content in the case of incomplete performance; test parameters should be
dispersion or agglomeration. accurately reported.
Cellulose nanocrvstals modified 2024 Increase in peak decomposition Hydrophobic groups prevent moisture
with hvdro hzbic rouDS and temperature; higher residual char and oxygen penetration and enhance the [40]
yarop group 2025 content at 600-650 °C. stability of the network.
Increase in the initial and maximum Cellulose nanofibers form an internal
Cellulose nanofibers + lignin 2024 decomposition temperatures and fibrous network, and lignin increases the [42]
residual char content. residual char content.
Cellulose nanofibers with Gradual increase in decomposition e dquallty ancrj] dlspeirsn_)nfof nanoflpers
appropriate length and diameter 2024 temperature and residual char . etern_u_net Al orc_ement, [47]
and uniform dispersion content TAUITHIES @7 [TifErere: IR i) e
P ) reduce thermal resistance.
Increase in thermal stability and The ordered and crystalline network of
Bacterial cellulose 2025 residual char content even without bacterial cellulose delays degradation [45]
surface modification. and reduces the mass-loss rate.
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Table 3 Key points in recent advances in epoxy nanocomposites containing modified zinc oxide nanoparticles

Sample Name Year Main Results References
Epoxy—nanocellulose-silane and methacrylate 2025 Improved mechanical properties; enhanced thermal [47]
groups conductivity
Epoxy-—nanocellulose—silane groups 2025 Anticorrosion performance [49]
Epoxy—nanocellulose—silane groups 2025 | Protective coatings; improved mechanical properties [48]
Epoxy—nanacellulose—basalt fibers 2025 Environmentally friendly system; improved adhesion [50]
properties
Epoxy—nanocellulose from rice husk—banana 2025 Improved thermal properties; increased thermal 152]
fibers resistance
Epoxy—cellulose nanofibers—lignin 2025 Improved mechanical properties [53]
Epoxy—cellulose nanofibers 2025 Improved adhesion properties; enhanced mechanical [55]
properties
Epoxy—cellulose nanofibers from coconut shell | 2025 Improved thermal properties; enhanced mechanical [56]
properties
Epoxy—cellulose nanofibers—flax fibers 2025 Improved mechanical properties [57]
Epoxy-spherical cellulose nanofibers 2025 Improved adhesion properties; enhanced mechanical [58]
properties
Epoxy—graphite—nanocellulose 2024 Improved mechanical properties [60]
Epoxy—coconut shell powder/nanocellulose 2024 Improved anticorrosion properties [61]
Epoxy-nickel-titanium alloy—nanocellulose 2024 Improved thermal properties [62]
Epoxy—cellulose nanofibers from palm oil 2024 Improved mechanlcall)grr](;?ifgtles; green chemistry [64]
Epoxy—cellulose_ nanopa_trtlcles or cellulose 2023 Improved mechanical properties [67]
microparticles
Vanillin-based epoxy-nanocellulose 2024 Improved mechamcgl properties; enhanced polymer- [65]
waste disposal/management
Epoxy—sulfated nanocellulose 2023 Improved corrosion resistance for marine 58]
applications
Epoxy—polyaniline—cellulose nanoparticles— 2023 Improved corrosion resistance 59]
TEMPO
Epoxy—nanocellulose 2023 Improved mechanical properties [64]
Epoxy—nanocellulose from watermelon rind or .
water hyacinth 2023 Improved thermal properties [60]
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