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ARTICLE INFO ABSTRACT

Keywords: Epoxy resins play a crucial role in several industrial applications. However, their irreversible crosslinked

Polyphenols structure and need for precursors from fossil-fuels provide sustainability issues. This study explores the synthesis

\C;’tﬂ?o“ nanotubes of bio-based epoxy vitrimers using glycidylated derivatives of gallic acid (GGA) and tannic acid (GTA) as eco-
itrimers

friendly alternatives. ATR-FTIR and NMR spectroscopies confirmed the successful glycidylation reaction. The
thermal curing of epoxy monomers with Vitrimax imine T130 was performed after thoughtful DSC and TGA
analyses, achieving reprocessable and thus recyclable materials. Indeed, thanks to the covalent adaptable net-
works (CANs) based on imine bonds the reprocessing of polyphenols-based composites was possible by hot-
pressing their powders after a grinding step. Carbon nanotubes (CNT) were introduced into natural
polyphenol-based materials at 1 and 2 wt% contents to improve electrical conductivity and piezoresistive
properties. Thermomechanical performance of the bio-based composites was assessed as a function of CNT
content, measuring a glass transition temperature of approximately 60 °C. Electrical conductivity measurements
revealed an outstanding capability of polyphenols-based composites to conduct electricity with a percolation
threshold at 1 wt% of CNT, reaching a maximum of 0.1 S/m and 0.4 S/m for GGA and GTA, respectively.
Moreover, unlike systems with 1 wt%, the composites with 2 wt% of CNT exhibited significant Joule heating
capabilities reaching 60 °C by just applying about 50 V. Finally, strain-sensing tests demonstrated the electro-
mechanical responsiveness of the composites, showing outstanding gauge factors of 89 and 17 with the
GGA_1CNT and GTA_1CNT, respectively, highlighting their potential in structural health monitoring (SHM)
applications. This work underscores the feasibility of electrically conductive natural polyphenol-based com-
posites as sustainable, recyclable, and multifunctional alternatives to conventional epoxy systems.

Electrical conductivity
Joule effect heating
Structural health monitoring

1. Introduction

Among the most widely exploited thermosetting polymers, the ap-
plications of epoxy resins span to various industrial fields, such as
coatings, adhesives, electronic encapsulation, and matrices for advanced
composites [1]. Epoxy resins account for approximately 70 % of the
global share of the thermoset market (excluding polyurethanes) [2].
However, the chemical industry is nowadays moving towards a greener
chemistry to adopt sustainable development principles due to the
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unsustainable exploitation of fossil-fuels resources. Therefore, attention
to renewable resources for the synthesis of bio-based compounds is
significantly growing, as they can represent alternatives to epoxies from
Bisphenol A (BPA) [2,3]. Many investigations have focused on the
exploitation of bio-based epoxy materials, like vegetable oil derivatives
[4-6]. Nevertheless, natural aromatic phenols, particularly tannins or
their constituents, are rarely considered in research [7-9]. Since aro-
matic compounds are widely used in industry to develop rigid and
thermally stable materials, due to their notable properties related to
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n-stacking interactions [10], natural polyphenols are potential green
substitutes for epoxy aromatic resins from fossil-fuels sources [11].
Indeed, polyphenols represent the largest family of secondary plant
metabolites, including phenolic acids and tannins, and one of the most
ubiquitous compounds in terrestrial biomass [12,13]. Major sources of
polyphenols are primarily plants, particularly their soft tissues such as
leaves, needles, or bark from various tree species [14,15]. Additionally,
natural phenolic compounds can be extracted from by-products of the
agri-food industry, including peels and seeds [15-17]. Finally, the high
reactivity of phenolic groups towards several chemical reactions is
exhaustively reported in literature [11,18-20]. In detail, the OH groups
in natural polyphenols have proven suitable for the glycidylation reac-
tion, as demonstrated by Tomita et al. patent, which represents the most
industrially used procedure to develop polyphenols-based epoxy
monomers [21].

Moreover, traditional epoxy resins cannot be reprocessed, recycled,
or repaired due to their permanently crosslinked molecular structures.
Various approaches, including covalent adaptable networks (CANs) [1,
22-24], dynamers [25] or vitrimers [26] have been employed to
develop innovative repairable, recyclable, and/or reprocessable
epoxy-based materials. These types of epoxy resins have shown signifi-
cant potential as matrices for micrometric and nanometric carbon-based
reinforcements, like carbon nanotubes, carbon black, carbon nanofibers
and graphene nanoplatelets [1,27,28]. The incorporation of these re-
inforcements substantially enhances mechanical, electrical, piezor-
esistive and thermal properties [29-31], as well as improves or
introduces additional functionalities, such as Joule heating, self-healing,
and shape memory [32-35].

In this framework, carbon nanotubes (CNT) have proved to effec-
tively increase the aforementioned properties, also allowing the devel-
opment of multifunctional nanocomposites [22,31,32]. CNT have been
demonstrated to be highly suitable as fillers for polymer nanocomposites
in advanced material applications [36], in particular by exploiting
bio-based monomers as a matrix [37,38]. Different works have been
addressed by our research group on the development of carbon
nanofillers-doped bio-based polymers, like polyglycerol-based acrylic
compounds [39], diglycidylether of vanillyl alcohol [31] and acrylated
epoxidized soybean oil with isobornyl methacrylate [40], highlighting
the possibility of fabricating highly electrically conductive materials.
Moreover, epoxidized castor oil has been demonstrated to be an optimal
matrix for reprocessable and reshapable CNT-reinforced composites.
Indeed, Bergoglio et al. combined the vitrimeric behaviour due to the
thermo-activated transesterification reaction and the incorporation of
CNT to achieve bio-based, recyclable, and electrically conductive com-
posites [41].

A key application of CNT-doped materials is in structural health
monitoring (SHM). SHM enables real-time assessment of structural
integrity, including the detection, localization, and quantification of
strain and damage, as well as the prediction of the structure’s remaining
useful life [42]. CNT-doped composites exhibit significant potential in
this field, primarily due to the intrinsic piezoresistive properties of CNT
[43,44], the contact-based conductive mechanisms between them, and
the tunnelling effect between adjacent nanotubes. These combined
factors provide higher strain sensitivity, noticeably exceeding that of
conventional metallic strain gauges [44,45].

Within this frame, in the present work, gallic and tannic acids, two
natural polyphenols, were functionalized to obtain bio-based epoxy
monomers to be used as composite matrices. The thermal curing of these
synthesized bio-based epoxy compounds was performed with the com-
mercial Vitrimax imine T130 hardener resin, obtaining circularly recy-
clable and reprocessable CANs. CNT were added to achieve
nanocomposites with high electrical conductivity and Joule effect per-
formance. Finally, the strain-sensing capabilities of these natural
polyphenol-based composites were assessed under tensile load condi-
tions. By means of this approach, the optimal combination of mechan-
ical and electrical properties can be identified and tailored to desired
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application requirements.
2. Materials and methods
2.1. Materials

The natural extract of tannic acid (TA) from Caesalpina spinosa was
supplied by Silvateam (San Michele Mondovi, Italy). Gallic acid (GA),
tetrabutylammonium bromide (TBAB, 98 %), epichlorohydrin (ECH),
and sodium hydroxide (NaOH) were purchased from Sigma-Aldrich.
Acetone (>99.5 %), Dimethylsulfoxide-d6 (DMSO-dg, purity of 99.8
%), chromium(III)-2,4-pentanedionate (Cr(acac)s, 97 %), 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP, 95 %) and pyri-
dine (anhydrous, 99.8 %) were purchased from Sigma Aldrich. N-Hy-
droxy-5-norbornene-2,3-dicarboxylic acid imide (NHND, >99.0 %) was
purchased from Tokyo Chemical Industry. NC7000 multiwalled carbon
nanotubes (CNT) with an average length of 1.5 pm and an outer diam-
eter of 9.5 nm were supplied by Nanocyl (Sambreville, Belgium). The
Vitrimax imine T130 hardener resin was purchased from Mallinda
(Denver, Colorado, USA), and chloroform-d (99.8 %) from Cambridge
Isotope Laboratories.

2.2. Glycidylation reaction of gallic acid and tannic acid

The glycidylation reaction of GA and TA with ECH was carried out
following a method described for commercially available resins [21,46].
The polyphenol (3.0 g) was mixed with ECH (15.0 g), TBAB (0.30 g) and
distilled water (10.0 g) for 30 min at room temperature. Then, the sus-
pension was stirred at 80 °C for 1 h. Afterwards, 20 mL of 20 % aqueous
solution of NaOH was slowly added to the reaction mixture through a
constant pressure dropping funnel. The resulting mixture was stirred for
3.5h at 80 °C, and subsequently diluted with an excess of acetone (about
100 mL), filtered and vacuum concentrated at 80 °C to remove the
unreacted ECH and residual solvent. Thus, the glycidylated gallic acid
(GGA) and tannic acid (GTA) were achieved.

2.3. Manufacturing of samples

GGA and GTA systems were manufactured according to an adapta-
tion of Mallinda protocol. Neat GGA and GTA systems were prepared as
follows. After degassing the Vitrimax T130 at 70 °C, the glycidylated
polyphenol was added to the imine hardener with a 2:1 imine to epoxy
mass ratio and mixed at 60 °C. The mixture was poured in a metallic
open mold, and thermally cured according to a two-step method: the
first curing step was set up at 100 °C for 2 h, whereas the second one at
130 °C for 3 h.

In the case of CNT-doped epoxy systems, a previous dispersion step
was included. After heating the monomer at70 °C, CNT were dispersed
into the glycidylated polyphenol via an ultrasonic probe, a Hielscher
UP400S equipment, for 5 min at 50 % amplitude and 0.5 s cycles. The
resulting mixture was degassed in vacuum conditions for 20 min before
adding the imine hardener. Two concentrations of CNT of 1 wt% and 2
wt% were evaluated.

2.4. Nuclear Magnetic Resonance (NMR) spectroscopy

GA and GGA were characterized by proton nuclear magnetic reso-
nance (*H NMR) spectroscopy at 400 MHz and 25 °C, utilizing a Bruker
Avance 400 spectrometer. Dimethylsulfoxide-d6 (DMSO-dg) was used as
the solvent and the internal standard for chemical shift calibration.

The quantitative analysis of OH groups in TA before and after the
functionalization was carried out by means of Phosphorus nuclear
magnetic resonance (3P NMR), according to a protocol for hydroxyl
groups determination [47]. Since tannins have complex chemical
structures and their solubility in organic solvents is low, 3P NMR
analysis is a strategic method to quantify and distinguish OH groups.
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Hence, a phosphorylation reaction of TA and the functionalized TA was
necessary, and the chemical shifts of the resulting phosphorylated OH
groups were assessed [48,49]. A solution of chloroform-d and anhydrous
pyridine with a volume ratio of 1:1.6 (vol/vol) was prepared and named
solvent A. About 30 mg of tannin sample was dissolved in 0.5 mL of
solvent A. For the internal standard solution, two solutions were pre-
pared in solvent A and then mixed together: 5.0 mg/mL solution of the
relaxing agent Cr(acac)s and 18.0 mg/mL solution of the internal stan-
dard NHND. Subsequently, 0.1 mL of the internal standard solution was
added to the tannin sample solution. The resulting mixture was stirred
overnight. Prior to 3'P NMR analysis, 0.1 mL of the phosphorylating
agent TMDP was added to the homogenous tannin solution and stirred
for 30 s. To perform 3'P NMR spectroscopy, the phosphitylated tannin
solution was poured into a 5 mm NMR tube, and a Bruker Avance IIII HD
400 MHz spectrometer was used. A relaxation delay of 2 s and 1024
scans were used as acquisition parameters. The resulting NMR data were
elaborated through MestReNova software (Mastrelab Research SL), and
phase corrections and automatic baseline were applied. The chemical
shift was calibrated to the reference signal of the product of TMDP and
water at 132.2 ppm. The determination of hydroxy group content on TA
and the functionalized TA was evaluated by integrating peak regions
attributed to OH groups. In detail, the used integration regions were
149.0-147.0 ppm (aliphatic OH), 144.0-138.8 ppm (phenolic OH) and
133.6-136.0 ppm (carboxylic acid OH) [47,48]. Derived integral values
were converted to mmol OH/g tannin in accordance with Equation (1):

R x NHND in NMR sample

1
Dry weight of tannin )

mmol OH / g tannin =

where R is the integral ratio of the 3'P NMR region of interest over the
region of the internal standard.
The degree of substitution (DS) was estimated according to Equation

(2):

C(OH), — C(OH)

PS5 =E(OH), + C(OH), x Aty

(2)

C(OH); and C(OH)¢ are the initial and final concentrations of OH
units (mmol/g) in tannin, respectively, and Amp,.y is the weight increase
per g of tannin at 100 % conversion.

2.5. Fourier Transform Infrared (FTIR) spectroscopy

A PerkinElmer Spectrum 100 spectrometer (PerkinElmer Waltham,
Massachusetts, US), equipped with a diamond crystal, was used to
investigate the structural changes before and after functionalization of
the natural polyphenols. The attenuated total reflection (ATR) mode was
exploited. The ATR-FTIR spectra were recorded with a resolution of 4
em ™! as the average of 16 scans.

2.6. Differential Scanning Calorimetry (DSC)

A Mettler-Toledo 882e (Columbus City, OH, USA) equipment was
used to perform differential scanning calorimetry (DSC) analyses.

To evaluate the thermal curing conditions of GGA and GTA with the
Vitrimax imine hardener, four DSC cycles were carried out with a
heating rate of 20 °C/min and under N; flow of 50 mL/min. Firstly, the
sample was heated from 0 to 100 °C; an isothermal step at 100 °C was
performed for 120 min; after that, the temperature increased to 130 °C;
lastly, the sample underwent an isothermal step at 130 °C for 60 min.
The epoxy conversions of GGA and GTA formulations via thermal curing
were estimated in accordance with Equation (3) [9]:

AH,y,
Conversion degree =—"% x 100 3)
AHgyn

where AHey, is the enthalpy measured in the isocuring condition and
AHgyy, is the enthalpy evaluated in the dynamic run performed from 25
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to 250 °C, which can theoretically ensure complete curing. Hence, AHgyn
can be taken as a reference to assess the conversion.

Glass transition temperature (Tg) for the cured GGA and GTA with
different CNT content ranging from O to 2 wt% was assessed through
DSC. The first heating step from 10 to 150 °C was followed by a cooling
step to room temperature, with a rate of 5 °C/min and a Ny flow of 50
mL/min.

2.7. Thermogravimetric analysis (TGA)

The thermal stability of GGA and GTA was studied by thermogravi-
metric analysis (TGA) by using a Mettler Toledo TGA/DSC1. About 5 mg
of the glycidylated sample was placed in 70 pL ceramic crucible and was
heated from 30 to 800 °C with a rate of 10 °C/min in an Ar atmosphere
(50 mL/min).

2.8. Recycling procedure

The recycling ability of cured GGA and GTA was performed by
grinding the samples into fine powder. The resulting powder was
pressed and heated between two Kapton films with a CARVER manual
press at 130 °C for 15 min with a pressure of 25 kPa.

2.9. Dynamic Mechanical Thermal Analysis (DMTA)

Thermo-mechanical characterization of GGA and GTA systems with
different CNT content (0-2 wt%) was performed by using a Q800 DMA
instrument (TA Instruments, New Castle, DE, USA). The tests were
carried out at 1 Hz in the single cantilever configuration for rectangular
specimens of 35 x 12.7 x 1.8 mm?®, from —30 to 100 °C with a rate of
2 °C/min.

2.10. Scanning Electron Microscopy (SEM)

In order to assess the dispersion of CNT in the composites, a micro-
structural analysis was performed on the fracture surfaces. The samples
were coated by sputtering a thin layer of gold and a field emission gun
scanning electron microscope (FEG-SEM, Nova NanoSEM 230 from
Philips) was used.

2.11. Electrical conductivity and Joule effect heating

The electrical conductivity of GGA and GTA samples with different
CNT content (0-2 wt%) was measured following the ASTM D257 stan-
dard [50]. A direct current was applied to 10 x 10 x 1 mm? specimens
by using a Keithley 2410 source-meter from Keithley Instruments
(Cleveland, OH, USA). The electrical resistance (R) was determined as
the slope of the I-V (intensity vs voltage) curve by sweeping the voltage
from O to 50 V. The electrical conductivity (¢) was calculated according
to Equation (4):

L
S=3R @
where L is the distance between the electrodes, and S is the cross-
sectional area of the sample. Silver conductive paste was used to mini-
mize the contact resistance between the electrodes and the specimen.
The measurements were performed in duplicate.

The above-mentioned source-meter and a FLIR T530 thermal camera
from FLIR Systems linked to FLIR Tools + software (v6.4) were used to
assess the Joule effect heating. The maximum temperature (Tpax) Was
measured as a function of the applied voltage.

2.12. Electromechanical test

Tensile tests were performed to evaluate the electromechanical
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behaviour of the manufactured GGA and GTA materials with 1 and 2 wt
% of CNT [51]. A Zwick Z100 (Ulm, Germany) universal tensile machine
was used. The test was performed on rectangular specimens of 35 x
12.7 x 1.8 mm?® at a rate of 5 mm,/min up to 0.25 %strain, and electrical
characterization was carried out simultaneously to the mechanical test
by using an Agilent 34410 A module (Santa Clara, CA, USA). The elec-
trical resistance change of the sample between two electrodes of copper
wire and silver ink was measured. The electrical sensitivity to the
applied strain, or gauge factor (GF), was evaluated as the ratio between
the normalized electrical resistance and the applied strain according to
Equation (5):

_AR/RO
e

GF %)
where AR is the instantaneous electrical resistance increment with
respect to the initial electrical resistance, Ry, and ¢ is the strain in the
sample.

3. Results and discussions
3.1. Synthesis of GGA and GTA

Gallic acid (GA) and tannic acid (TA) were reacted with epichloro-
hydrin in an alkaline medium to achieve the corresponding glycidylated
derivatives with high yields of products, as illustrated in Fig. 1a.

A yield of around 69 % was estimated for the glycidylated gallic acid
(GGA), while the glycidylated tannic acid (GTA) was achieved with a
yield of 68 %. The GGA and GTA chemical structures are shown in
Fig. 1b and c, respectively.

The introduction of the epoxy ring into the chemical structure of GA
was confirmed by ATR-FTIR spectroscopy (Fig. 2a). The new signals at
3000-2780 cm ! and 850 cm ™! in the GGA spectrum are attributed to
the stretches of alkyl C-H and epoxy C-O-C bonds, respectively. Addi-
tionally, the blue shift of the C=O0 signal, together with the presence of
the intense peak of the ester COOC stretches at 1204 cm™! in the GGA
spectrum, suggested the glycidylation of the carboxylic group.

In the ATR-FTIR spectrum of GTA (Fig. 2b), the decrease in intensity
of the O-H band was noteworthy due to the consumption of hydroxy
groups in functionalization. The peaks at 3000-2790 cm ' and the
shoulder at 850 cm ™! corroborated the effective glycidylation reaction
of the TA phenols.

Natural polyphenol Epichlorohydrin

0

b) <]

e
0
0 ‘ 0
/>\\//"~\,\|//\ ’("'\//<\
J
|
n/\u/\(

~o
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As support to ATR-FTIR results, the NMR spectroscopy was per-
formed on GA and TA before and after the glycidylation reaction. GA
and its glycidylated derivative were assessed via 'H NMR analysis. The
1y NMR spectrum of the pristine GA (Fig. 3a) was characterized by the
peaks of hydroxyl-hydrogens of both phenolic and carboxylic groups,
named c, d and b. These signals disappeared due to the glycidylation
reaction, as can be seen in the 'H NMR spectrum of GGA (Fig. 3b).
Moreover, at low chemical shifts in the 'H NMR spectrum of GGA
(Fig. 3b) several multiplets were recorded due to the introduction of the
epoxy moieties [20,52].

In order to further verify the successful glycidylation of TA together
with ATR-FTIR spectroscopy, the chemical structures of TA and GTA
were assessed via the 1P NMR (Fig. 3c), which allowed an identification
and a quantitative analysis of OH groups in complex polyphenols [47].
As shown in Fig. 3c, the 3'P NMR spectrum of TA was characterized by
the presence of three different regions related to the phenolic
(144.0-138.8 ppm), the aliphatic (149.0-147.0 ppm) and carboxylic OH
(133.6-136.0 ppm) groups. The presence of the last two regions was
attributable to impurities resulting from the extracting process of TA
from Caesalpina spinosa. However, after the glycidylation reaction of TA,
a notable decrease of the area of all alcohol regions was observed in the
31p NMR spectrum of GTA (Fig. 3¢). Hence, the TA’s hydroxy moieties,
especially the phenolic ones, reacted with epichlorohydrin achieving a
complete epoxy functionalization. By means of 3'P NMR spectroscopy,
the quantification of hydroxy groups in TA and GTA and thus the degree
of substitution (DS) was possible according to Equations (1) and (2),
respectively. The DS of approximately 99 % after the epoxy function-
alization of TA corroborated the high effectiveness of the reaction.

3.2. Manufacturing and reprocessability of GGA and GTA composites

The best curing conditions to ensure the complete crosslinking of
GGA and GTA by means of the Vitrimax imine T130 hardener addition
were identified by means of DSC analyses in dynamic and isothermal
curing. The dynamic curing allowed to reach full conversion. In order to
find the optimal parameters of time and temperature for manufacturing,
isothermal curing was performed to simulate the crosslinking condi-
tions, as Fig. 4a-b illustrate. The conversion degrees of the glycidylated
polyphenol formulations are reported in Table 1. For both GGA and GTA
monomers, the highest enthalpy (AH) value was achieved at 100 °C.
Thus, the thermal curing of samples with and without CNT was carried

N o
NaOH \
- NF \O
80°C 0 l 0
45h 0
Glycidylated natural polyphenol
c) 9
0 // 0
0 2 r g
> o 0
NSOy
Lo l
I 7o
e A A \ 0

Fig. 1. (a) Simplified schematization of the glycidylation reaction of natural polyphenols with epichlorohydrin; (b) Chemical structure of GGA; (c¢) simplified

chemical structure of GTA.
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Fig. 2. ATR-FTIR spectra of (a) GGA and (b) TA before and after glycidylation reaction.
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Fig. 3. 'H NMR spectrum of (a) GA and (b) GGA; (¢) 3'P NMR spectrum of TA before and after glycidylation reaction.

out in a two-step process. The first curing at 100 °C for 2 h was used to
initialize the curing process, while the second step at 130 °C for 3 h was
used to achieve full conversion.

This thermal curing method was made possible by the considerable
thermal stability of the uncured GGA and GTA monomers at the required
temperatures. Indeed, as shown by TGA curves in Fig. 4c, both epoxy
monomers exhibited a slightly unstable thermal profile. This can prob-
ably be ascribed to the water presence from the glycidylation reaction or
adsorbed from the atmosphere. At 100 °C, mass losses of 4 % and 5 %

were measured for GGA and GTA, respectively, while the mass losses for
GGA and GTA were estimated 7 % and 11 % at 130 °C, respectively.
Therefore, these values of mass loss were negligible for the curing pro-
cedure. The thermal degradation temperature of 20 % mass loss (Tgeg20
%) was measured at 246 °C for GGA and at 199 °C for GTA, presumably
due to the isomerization of epoxide into aldehydes or the epoxide
etherification with the unfunctionalized OH groups [53]. The char yield
(Wechar) of GGA and GTA was approximately 19 % and 18 %, respectively.
Given the high thermal stability of the epoxy monomer, the two-step
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Fig. 4. DSC curves in isothermal curing of (a) GGA and (b) GTA formulations; (¢) TGA curve of GGA and GTA monomers.

Table 1
Dynamic and isothermal DSC results of GGA and GTA formulations.
Formulation AH (J/g)* Tpeak (°C)* T (°C)’ AH (J/g)°
GGA 209.9 134 100 52.68
130 39.66
GTA 508.2 131 100 181.6
130 36.01

# From the dynamic curing curve.
b From the isothermal curing curve.

thermal curing method at 100 and 130 °C was also performed to prepare
the CNT-reinforced samples at different concentrations (0.5, 1, and 2 wt
%).

Since the curing was carried out with the Vitrimax hardener, which
enables reprocessing to change the specimen’s shape after curing due to
the dynamic bonds within the network, GGA and GTA-based materials
proved to be reprocessable, as shown in Fig. 8. This recycling possibility
can be explained by the reversible exchange of imine bonds, leading to
the rearrangement and reformation of epoxy networks [54,55]. After
grinding the original crosslinked composites, the resulting powders were
hot-pressed at 130 °C for 15 min with a pressure of 25 kPa, thus
obtaining the recycled crosslinked samples shown in Fig. 5.

Therefore, when a part made of the proposed material reaches the
end of its useful life or breaks during service, it can be reprocessed using
this simple method to produce a part with the same geometry or a
completely different one. This demonstrates the sustainability of the
proposed materials, which contribute to the circular economy given
their reprocessing capabilities.

GGA

GGA

.GGA
I
G

sTA

Grinding Hot press

GTA

Fig. 5. Schematization of the reprocessing of cured GGA and GTA resins.
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3.3. Thermal and thermo-mechanical properties of composites

In order to develop bio-based reprocessable composites with multi-
functional properties, like electrical conductivity and strain-sensing
capabilities, carbon nanotubes (CNT) were added into GGA and GTA
formulations, because they have proven to be efficient fillers for
advanced material applications [41]. After the manufacturing of the
polyphenols-based nanocomposites, as described in the paragraph 2.3,
the thermal properties of the samples were assessed by means of DSC
measurements. The DSC curves of cured GGA and GTA pristine samples
and composites are reported in Fig. 6a-b, respectively. Analysing the
results in detail, the T4 values slightly decreased for both GGA and GTA
systems as the CNT content increased (Fig. 6¢) due to the influence of
CNT on the crosslinking process. Steric hindrance potentially occurred
with the resulting reduction in the Ty [22].

The decreasing trend in the Ty when increasing the CNT content was
corroborated by DMTA experiments, confirming the effect of the steric
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Fig. 6. DSC curves of (a) GGA and (b) GTA composites with different CNT contents; (c) Ty values estimated via DSC analysis; (d) T, values estimated via DMTA for
GGA and GTA composites as a function of CNT content.When comparing the thermomechanical behaviour of the reprocessed specimens (5 times reprocessed) with
regard to the original ones, a slight decrease in storage modulus and glass transition temperature can be observed for the reprocessed ones (Fig. 7a and b-c-d).

hindrance. All the data are collected in Fig. 6d for both the polyphenol-
based systems. The decrease in Ty was more pronounced among GGA
samples, and its modest flexibilization impact could be accounted for the
decrease in epoxy group conversion in the presence of CNT [41].
Instead, the Tg values were almost similar between the GTA specimens
with the two different CNT contents. This behaviour indicated the en-
ergy dissipation characteristics of the GTA composites [32]. The DMTA
analyses were also performed on reshaped samples after hot-pressing the
ground powder.

More specifically, the storage modulus decreased around 20 % in
both GGA and GTA systems for the reprocessed specimens with regard to
the original specimens, which can be attributed to the presence of
entrapped air between the powder before reprocessing, a lack of
reprocessability between adjacent particles due to an ineffective dy-
namic bond exchange, or due to degradation of the material caused by
the high reprocessing temperatures. Moreover, very similar Tg values
were achieved after reprocessing the samples, showing the good
reprocessability of the polymer network attributed to the presence of
Vitrimax imine hardener, which shows dynamic covalent behaviour.

In addition to the DMTA analysis, which is the standard and most
widely applied technique to evaluate vitrimer reprocessability, we also
performed tensile tests on the composites containing 2 wt% CNTs, both
before and after mechanical reprocessing. Fig. S1 of supplementary
material shows the tensile tests for both systems reinforced with 2 %
CNT. The results show the same trends observed in the DMTA tests
performed on the pristine system before and after mechanical reproc-
essing. In particular, the GTA system shows higher Young’s modulus
values, i.e., greater stiffness, both before and after reprocessing, but at

the same time lower strain at break or lower maximum elongation
capacity.

The differences between GTA and GGA are due to their fundamen-
tally different molecular structures. Tannic acid (GTA) is a more com-
plex natural polymer with a branched structure containing multiple
gallic acid units esterified to a glucose core, providing more phenolic
groups. In contrast, gallic acid (GGA) is a much simpler molecule. This
structural difference results in a higher cross-linking density in the case
of GTA. The literature confirms that tannic acid generates more densely
cross-linked networks than gallic acid, due to its greater functionality
(more reactive sites available to form bonds with the Vitrimax imine
hardener, the conformational restriction it imposes on the polymer
chains, limiting their mobility and increasing rigidity, and the existence
of stronger intermolecular interactions, which reinforce the three-
dimensional network [56]. Therefore, tannic acid results in more rigid
and resistant but less flexible materials, since the presence of multiple
phenolic units leads to a more compact and restricted network that
significantly limits the segmental mobility of the polymer chains.

In both systems, it can be observed that after reprocessing there is a
loss in both stiffness and deformation capacity at break. This degrada-
tion of mechanical properties is a common phenomenon in glass-like
polymers and is due to several simultaneous factors. First, there is a
degradation of the polymer network. As observed in the DMTA results,
the decrease in the storage modulus can be attributed to an inefficient
dynamic exchange of imine bonds during reprocessing, since not all of
them are optimally rearranged, as well as to the possible breakage of
permanent covalent bonds under the grinding and re-pressing condi-
tions [57]. Secondly, reprocessing introduces microstructural defects
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that directly affect mechanical properties [57]. During re-pressing, air is
often trapped, which generates microporosity; in addition, adjacent
particles do not always fuse completely, resulting in incomplete bonds,
and the resulting network is less homogeneous than the original.

Thirdly, the specific effects of the presence of CNTs also contribute to the
loss of mechanical properties in nanocomposites with 2 % reinforce-
ment. Grinding and reprocessing can break connections between nano-
tubes, causing partial disruption of the conductive network.
Furthermore, CNTs can reorient themselves in a less favorable manner
for mechanical load transmission, and the CNT-polymer interface can
deteriorate during reprocessing, compromising stress transfer between
phases.

Finally, the loss of deformation at break is explained by an increase
in brittleness. The microstructural defects introduced act as stress con-
centrators, reducing the material’s resistance to tensile stresses. In
addition, the lower molecular mobility of the reprocessed network limits
the polymer’s ability to accommodate large deformations, while the
heterogeneities introduced during reprocessing cause premature failures
in poorly bonded areas under load.

3.4. Electrical conductivity analysis

Since the ability of carbon nanofillers to increase electrical perfor-
mance is well known [34,35], the electrical conductivity (c) values for
the GGA and GTA composites with different content of CNT was assessed
and the results are shown in Fig. 8. The ¢ increased with the CNT amount
due to the formation of a higher number of electrically conductive
pathways [22,31,32,58]. Both GGA and GTA systems showed
outstandingly high ¢ values, demonstrating the possibility to use natural
polyphenols-based matrices for nanocomposites development.

In detail, GTA samples reinforced with 2 wt% of CNT exhibited about
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ten times the electrical conductivity of GGA samples with the same CNT
content (Fig. 8). This behaviour could be explained by the better
dispersion of CNT in the GTA matrix due to more effective n-n in-
teractions between CNT and the large number of aromatic systems in
GTA [59]. As can be seen in Fig. 9, the FEG-SEM images suggested a
slightly better dispersion of the carbon nanofillers in GTA_2CNT than
GGA_2CNT. The formation of some CNT aggregates in GGA_2CNT,
highlighted in the SEM image, explained the poorer dispersion and thus
the lower ¢ values. However, the CNT dispersion was overall similar
among GGA and GTA specimens (Fig. 9), especially for CNT content of 1
wt%. Indeed, the ¢ values of GGA_1CNT and GTA_1CNT were measured
as comparable, although GTA_1CNT showed a higher standard deviation
since it was close to the electrical percolation threshold.

In addition to characterizing the electrical conductivity of the vitri-
mer after its original manufacture, it is also important to characterize it
after several reprocessing cycles. Fig. S2 of supplementary material
shows the electrical conductivity values of both systems for 1 % and 2 %
CNT by weight, comparing the conditions before and after reprocessing.
Fig. S2a shows that the GGA system loses electrical conductivity after
reprocessing, regardless of the CNT content. Furthermore, in the case of
2 % CNT, the loss of conductivity is more pronounced after mechanical
reprocessing. Fig. S2b shows the same analysis but for the GTA system.
In this case, it can be seen that for a CNT content of 1 %, the electrical
conductivity remains practically constant, while for 2 % CNT a clear
decrease is observed. It is important to note that, overall, the GTA system
exhibits better electrical performance after reprocessing.The greater loss
of electrical conductivity in the system with 2 % CNT after mechanical
reprocessing is mainly due to the breakdown of more complex and dense
percolation networks, together with the fact that the increased rigidity
of the material increases the probability of irreparable damage to the
network. In systems with concentrations close to the percolation
threshold (1 % CNT in this case), the conductive network is relatively
simple and sparse, and damage and the introduction of defects are less
likely, which increases the probability that a larger part of the network
will become established. Conversely, at higher concentrations (2 %
CNT), more complex secondary and tertiary percolation networks are
formed that depend on more numerous contacts, and damage and de-
fects generated during processing are more likely, reducing the proba-
bility of re-establishing these networks.

In other words, the grinding and re-pressing process alters dense
networks (2 %) more drastically than simpler ones (1 %), leading to

1.0 wt.%

2.0 wt.%
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CNT Aggregates ;
. _Aggregates

s - CNT
CNT L Aggregates
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Fig. 9. FEG-SEM images of GGA and GTA composites with different contents of
CNT. All images were acquired under identical conditions(HV 5Kv, HFW
14.9um, WD 5.4 mm) at a magnification of 20,000 x .
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more severe connectivity losses. Both DMTA and tensile tests show a
reduction in mechanical properties after reprocessing, which is consis-
tent with the presence of microvoids and poorer packing. In 2 % CNT,
due to the higher density of CNT-CNT and CNT-matrix contacts, the
voids interrupt more conductive pathways and the interfacial layer,
which is slightly weaker after reprocessing, thickens the tunnel barrier
in a greater number of contacts. The improved performance of the GTA
system after mechanical reprocessing can be attributed to the specific
characteristics of the tannic acid-based glass network. The results of the
DMTA and tensile tests show that both systems (GGA and GTA) expe-
rience a decrease in the storage modulus after reprocessing. However,
the more flexible and branched structure of tannic acid allows for more
effective redistribution of stresses during reprocessing, which helps
preserve CNT connectivity by minimizing damage [60]. This same factor
also promotes better wetting of CNTs, so that during reprocessing,
compaction expels air more easily. By reducing the number of voids,
fewer conductive pathways are interrupted.

Another key aspect is that the GTA system, based on tannic acid with
multiple phenolic groups, generates a denser and more efficient network
of imine bonds. These dynamic covalent bonds reorganize during
reprocessing, helping to maintain electrical connectivity [61]. With the
same imine curing agent (Vitrimax), the macromolecular architecture of
GTA facilitates dynamic exchange and “resealing” of CNT-CNT and
CNT-matrix contacts during hot pressing, allowing for better recovery of
the percolation network compared to GGA. The more complex chemical
structure of tannic acid compared to gallic acid also offers more
anchorage points for CNTs, resulting in a more efficient CNT-polymer
interface [60]. This reduces the likelihood of nanotube disconnection
during mechanical reprocessing. In this regard, the high aromatic den-
sity and abundance of phenolic groups in GTA favor both n-n in-
teractions and hydrogen bonding with the graphene surface of the
nanotubes, reinforcing anchoring during shearing and preventing loss of
contact.

The electrical conductivity performances of these natural
polyphenol-based CNT-doped systems were comparable to BPA-based
composites [62], and remarkably higher than other bio-based epoxy
systems with CNT [63,64]. The electrical percolation threshold was
identified as the critical CNT content at which the material transitioned
to an electrically conductive state, marked by a sudden increase in .
Therefore, the electrical percolation threshold was evaluated to be 1 wt
% for both systems, consistent with findings from other studies utilizing
similar CNT [44].

In addition, advanced quantitative segmentation analysis was per-
formed using the yen threshold algorithm. This method allowed us to
clearly highlight the spatial location and aggregation state of CNTs
within each micrograph, facilitating reliable visualization and partial
reconstruction of the conductive network architecture (see Fig. S3 of
supplementary material). Through particle analysis and mathematical
filtering of the segmented images (including minimum pixel size
thresholds to exclude background noise and sub-resolution features) we
quantified the apparent number of CNTs and aggregates in each system.
These experimentally derived values were then directly compared to
theoretical predictions based on the nominal CNT loading. This com-
parison enables qualitative and semi-quantitative assessment of disper-
sion quality and network uniformity across compositions. As shown in
Fig. S4 of supplementary material, for the 2 wt% CNT samples, the GGA-
2 system exhibits a much greater apparent area occupied by CNTs and
more pronounced aggregation compared to GTA-2, indicating the ten-
dency of GGA matrix to promote CNT clustering at higher loadings. In
contrast, at 1 wt% CNT, the differences are subtler, although GTA-1 still
appears to exhibit a slightly more heterogeneous dispersion than GGA-1.
The particle count analysis, scaled to area and supported by theoretical
benchmarks, confirms the trends observed in electrical conductivity
results, where more homogeneous CNT dispersion in the GTA matrix
(especially at higher loading) is associated with improved percolation
and conductive network formation.
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3.5. Joule effect heating

The addition of carbon nanofillers enables resistive heating through
the Joule effect due to the formation of an electrical network throughout
the composites. The Joule effect consists of heat dissipation upon the
application of an electric field [65,66], and it is directly related to the
electrical conductivity [32]. Hence, Joule’s heating potential was
assessed for both the glycidylated polyphenols systems (Fig. 10a).

As shown in Fig. 10a, the temperature achieved through Joule
heating showed trends consistent with the material’s ¢ values. Higher
electrical conductivity corresponded to lower electrical resistance (R)
for samples of identical length (L) and cross-sectional area (s), as
described by Equation (4). Thus, when the same voltage (V) is applied, a
higher electrical current (I) is generated according to Ohm’s law
(Equation (6)).

V=IxR (6)

An increase in the amount of heat released via Joule heating (Q)
occurred, in accordance with Joule’s law (Equation (7)), where t rep-
resents time of voltage application [22,32].

Q=IxVxt @

Furthermore, the highest resistive heating capabilities were
measured for GGA and GTA materials with 2 wt% of CNT due to their
higher o values. As can be seen in Fig. 10a, the voltage required to
achieve the glass transition temperature of approximately 60 °C for
GGA_2CNT and GTA_2CNT was about 50 V, while higher voltages were
needed for GGA_1CNT and GTA_1CNT (330 V and 350 V, respectively).
Thermographs of the composites with the highest Joule heating capa-
bility CNT content (2 wt% of CNT for both GGA and GTA formulations)
are shown in Fig. 10b. The recorded thermographs revealed a relatively
uniform heating across the samples due to the homogenous distribution
of CNT, and suggested the possibility of reprocessing the polyphenol-
based vitrimers via the Joule heating effect. Joule heating cyclic sta-
bility tests were performed prior to the measurements presented in
Fig. 10 in order to ensure reproducibility and reliability. Each sample
was subjected to two consecutive heating—cooling cycles, after which no
significant changes in the maximum temperature or heating rate were
detected. All subsequent data were recorded once the system had sta-
bilized. This confirms that the Joule heating response is highly stable for
maximum temperatures up to 130 °C, which is consistent with the curing
protocol (final step of 3 h at 130 °C) and indicates that no structural
rearrangements are expected within this thermal window.
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3.6. Structural health monitoring

The mechanical and strain-sensing performances of the GGA and
GTA vitrimers were influenced by the carbon nanofiller’s addition.
These properties were assessed in tensile conditions on the samples with
1 and 2 wt% CNT.

The normalized electrical resistance increased for all investigated
composites as the strain increased during axial tensile tests due to the
growing interparticle distance between adjacent CNT in the polymeric
network. CNT-doped materials are capable of effectively monitoring
strain progression and detecting damage onset within the matrix in real
time [67]. Fig. 11 shows the electrical (AR/Rg) and mechanical (o)
signal versus percentage strain. In the upper part (Fig. 11a-b), the SHM
performed on the GGA system is plotted. A strong nonlinearity in the
electrical signal is observed despite the mechanical signal showing a
linear trend. The lower part (Fig. 11c and dd) shows that the GTA system
presents a more linear electrical signal, which follows the trend of its
mechanical signal. The nonlinear behaviour of GGA specimens can be
attributed to the effect of the tensile clamps on the regions close to the
electrodes [68]. This effect is not present in the GTA specimens because
this system is stiffer than GGA. Another explanation could be that the
GTA percolation network shows a more homogeneous structure with
respect to the GGA one [69].

Table 2 shows the GF values for an interval between 0 and 0.25 %
strain and an interval from 0.1 to 0.2 % strain. This is intended to show
the dependence of the GF on the strain and on the existence of pre-strain
(assuming an initial 0.1 % strain). In the second row of results (Table 2),
linearity was assumed between 0.1 and 0.2 % strain, which is realistic if
a preload inducing a strain of 0.1 % is applied, which would linearize the
electrical response of all studied conditions.

Analysing the results in detail, a higher GF is observed for the
specimens reinforced with the lowest CNT content (1 wt%), regardless of
the matrix used, since the CNT content is closer to the electrical perco-
lation threshold (see Fig. 8), where the tunnelling effect is more prev-
alent [70]. Under these conditions, the percolating network consists of
weak connections (electronic tunnels) between dispersed CNT, which
are easily broken by small deformations [71]. This sudden disconnection
of critical paths causes a very sharp increase in relative resistance
(AR/Ry), resulting in an exceptionally high gauge factor (GF). At 2 wt%
CNT, the samples are well above the percolation threshold, implying a
dense and highly redundant network with multiple parallel driving
paths, being dominant the contact mechanism. In this context, strain
affects a lower proportion of critical electrically conductive paths, so the
relative electrical resistance variation (AR/Ry) is low and, consequently,

100°C

) 0] = GGA_ICNT b)
—e— GGA _2CNT,
120 4 GTA_1CNT
—w— GTA_2CNT
£ 100
(]
= GGA_2ONT
@ 804 4
g
Q
£ 60
'—
40
20 4
¥ T T T T T T T T GTA ECNT
0 50 100 150 200 250 300 350 400 450 500 -

Voltage (V)

30°C

Fig. 10. (a) Maximum temperature reached by Joule effect heating as a function of the applied voltage; (b) thermograms of GGA and GTA composites with 2 wt% of

CNT recorded at 100 V during the Joule effect heating.
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Table 2
Gauge Factor (GF) results for the different matrices, contents, and deformation
conditions.

Strain conditions Gauge Factor

the gauge factor (GF) also decreases [72].

Furthermore, GGA systems presented a higher GF than the GTA ones,
regardless of the CNT content, which can be attributed to their lower
electrical conductivity, closer to the percolation threshold, thus
inducing a greater predominance of the tunnelling effect over the con-

GGA_1CNT GGA _2CNT GTA_1CNT GTA_2CNT tact electrically conductive mechanism [58].
0.0 % - 0.25 % 88.73 6.99 16.97 3.84 As previously mentioned, significant differences in the GF values are
0.1%-0.2% 50.95 3.09 17.24 3.88 observed for the GGA specimens in the two studied strain ranges (0-25
and 0.1-0.2 % strain). This can be explained by its non-linearity, caused
by the tensile clamps, and lower electrical conductivity. The above-
mentioned results are demonstrated by observing the variation of the
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4 L e 0
= GOA_1%CNT =— GGA_1%CNT
300 o GGA 2%CNT ° o GGA_2%CNT
] S 40+ A— GTA_1%CNT
. —a— GTA_1%CNT Bl -Log ]
250 + v— GTA_2%CNT v <70
1 [ ] [ ]
2001 ™ =0
TR L
5] J u o o) °
150 a 20 @
] "u - | ° A
gy (] AAAAAAAA
100 + fea Rl B AAAAAAAAAA‘s‘A:AoAAAAAAA
4 10_ L EPY P, .
50 ° Rl S B
L] WYVYVYVVVVVYVYVVVVVYVVVVYVYVYVY MMM LA L L
0 1 AAAA:A‘A‘A.‘N“‘A‘“*AA%AQA‘AA.A 0
T T T T T T T T T T T T
000 005 010 015 020 025 0.30 000 0.05 010 015 020 025 0.30
e (%) e (%)

Fig. 12. Results of the instantaneous GF calculation for the different values of deformation tested. Results are shown (a) for all systems (matrix with CNT) tested and
(b) an enlargement at lower GF values (up to 50) to appreciate the dependence of GF on deformation.
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instantaneous GF, i.e., the quotient between the AR/Rq and the strain for
each strain value [73] (Fig. 12a-b). This plot shows a high variation in
GF with the applied strain for the GGA system, while it shows a more
stable GF for the GTA one. In the case of GTA, there is a slight growth of
the GF for 1 % due to the tunnel effect contributions, while for 2 wt%
CNT, it shows a stable behaviour linked to an over-percolated network,
located in the driving zone dominated by the contact resistance. It is also
shown that at higher deformations the GGA GF tends to stabilize,
eliminating the non-linear contribution, which would indicate that the
origin of this non-linearity would be the effect of the tensile clamps on
the electrode zone (not present in the GTA because it is stiffer than the
GGA), or because the GTA percolation matrix or network shows a more
homogeneous structure with respect to the GGA [69]. This suggests that
the CNT interact better with the GTA system, anchoring themselves
more strongly in the matrix.

In summary, the results obtained in the strain-sensing tests, con-
ducted in tensile mode, evince the suitability of the proposed systems for
structural health monitoring purposes. More specifically, the GF values
obtained with the proposed nanocomposites were significantly higher
than the ones obtained with conventional metallic gauges (around 2-3)
[74]. Furthermore, unlike conventional metallic gauges, which can only
detect strain or damage onset on the structure’s surface, the proposed
nanocomposites are able to detect strain or damage onset throughout the
whole structure since the electrical signal flows through the entire
cross-section of the structure.

4. Conclusions

The glycidylation reaction of gallic acid (GA) and tannic acid (TA)
was used to successfully generate an epoxy monomer based on natural
polyphenols. By adding the commercially available Vitrimax imine T130
hardener, the thermal curing of the glycidylated gallic acid (GGA) and
tannic acid (GTA) was examined. These bio-based materials showed
vitrimeric behaviour, as evidenced by their reprocessing, which was
made possible by the introduction of the imine-based hardener charac-
terized by dynamic covalent properties.

Carbon nanotubes (CNT) were added to GGA and GTA systems in two
different contents to produce bio-based composites with improved
electrical and piezoresistive capabilities. The introduction of CNT had a
minor impact on the thermomechanical and thermal characteristics.
Indeed, for both systems, a slight decrease in the glass transition tem-
perature (Tg) was assessed due to the steric hindrance. However, with a
percolation threshold of 1 wt% of CNT in both systems, outstanding
electrically conductive characteristics were measured. The increased
CNT content and thus electrical pathways explained the linear trend of
electrical conductivity (c) as a function of CNT content, reaching a
maximum 6 of 0.1 S/m and 0.4 S/m for GGA and GTA, respectively. The
Joule effect heating of GGA and GTA samples was evaluated, as the CNT
incorporation facilitates resistive heating via the Joule effect. The
composites with 2 wt% of CNT demonstrated the highest resistive
heating capability. In contrast to the samples with 1 wt% of CNT, the T,
values for GGA_2CNT and GTA_2CNT were achieved by applying a
voltage of 50 V, while the maximum temperature at around 120 °C was
reached just by applying a voltage of 100 V. Finally, with an electrical
sensitivity (also known as the gauge factor, or GF), which varied ac-
cording to the amount of CNT, the specimens containing 1 and 2 wt% of
CNT showed an exceptional electrical response with the applied strain
with gauge factors, which are significantly higher than the conventional
metallic strain gauges. The maximum gauge factors were measured
approximately 89 and 17 for the composites with the lower CNT content
(GGA_1CNT and GTA_1CNT, respectively) from 0 to 0.25 % strain. Thus,
it was demonstrated that natural polyphenol-based vitrimers might be
used as a matrix for sustainable composite materials with strong elec-
trical conductivity and piezoresistive properties.
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