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Starting from spent coffee grounds, the use of coffee-derived biochar (CB) as a flame retardant (FR) additive was
explored following a waste-to-wealth approach. CB was employed alone and in combination with ammonium
polyphosphate (APP) and a ternary (Si-Ti-Mg) mixed oxide to enhance the thermal, fire, and mechanical per-
formances of a bisphenol A diglycidyl ether (DGEBA)-based epoxy resin modified with (3-aminopropyl)-trie-
thoxysilane (APTES) and cured with a cycloaliphatic amine hardener. The presence of silicon-modified epoxy
chains guaranteed the uniform distribution of CB throughout the resin. The combined FR action of fillers (CB,
APP, and Si-Ti-Mg oxide) and the acidic characteristics of hybrid epoxy moieties enabled the achievement of a no
dripping UL 94-V-0 classification for epoxy resin containing 20 wt% CB and 1 wt% of phosphorus loading,
significantly increasing the flexural modulus (by ~15%). Although it is not self-extinguishing, compared to
pristine resin, the silicon-modified epoxy nanocomposite filled only with CB exhibited a remarkable decrease in
the peak of heat release rate (pHRR) (by ~65%) and a beneficial smoke suppressant effect with a notable
decrease (~11%) in the total smoke production. Cone calorimetry tests, pyrolysis combustion flow calorimetry
analysis, and microscopy measurements helped to outline the combined mode of action of CB, APP, and Si-Ti-Mg
oxide in the flame retardation of the hybrid epoxy resin, highlighting a strong FR action in the condensed phase,
with the formation of a stable aromatic ceramic char, as well as the smoke suppressant character due to the basic
nature of the ternary metal oxide and the ability of porous biochar to adsorb the generated gases.

especially due to additives [3]. To face these issues, governments and
the scientific community are promoting the transition to a circular
economy model, and the development of more valorization technologies

1. Introduction

The use of polymeric materials is undeniable in our daily life, where

high-performance applications demand a growing amount of low-
flammable polymer-based products with excellent mechanical proper-
ties [1,2]. On the other hand, the huge production of polymeric wastes is
one of the major concerns in modern society, as their improper man-
agement is causing problems to the environment and human health,
such as groundwater contamination and the release of toxic gases,
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and sustainable approaches [4]. Epoxy resins exhibit good mechanical
behavior, chemical resistance, and thermal stability and thus are largely
employed in the transportation industry, though their flame retardation
is often needed to fulfill specific standards [5]. Although halogen-based
flame retardants (HFRs) are highly effective in improving the fire
behavior of epoxy composites, recent regulations have definitively
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banned many of them in the European Union, due to the adverse con-
sequences linked to the recycling of wastes containing such compounds
[1]. Phosphorus (P)-based FRs (e.g., ammonium polyphosphate (APP),
phytic acid, bio-based phosphaphenanthrene-derived anhydride) can be
considered a greener alternative to HFRs, as they allow for the synthesis
of more sustainable epoxy systems (e.g., vitrimers) and their flame
retardant action does not involve the generation of harmful gases
[6-10]. However, unlike HFRs, large amounts of P-based FRs (i.e., with
2, 3 wt% P) are needed in the epoxy matrix to achieve satisfactory
performances; further, synergistic effects are often required to keep the
flame retardant loading as low as possible [11]. Silica and metal oxides
with acidic and basic sites on their surface can work as char promoters
and barriers toward heat and oxygen transfer during the combustion of
the epoxy matrix [12-14]. Natural metal silicates (e.g., clays) and syn-
thetic nanostructures containing metal ions, such as titanium or mag-
nesium, have been shown to provide increased charring or smoke
suppression, besides physical barrier effects [15-17]. The use of
naturally-occurring additives (e.g., lanosol, phytic acid, chitosan)
[18,19] and functional biowastes (e.g., humic acid, lignin, tannic acid)
[20], in combination with P-based FRs, allows for reducing the required
concentration of P-containing additives and consequently the depletion
of phosphorus, giving at the same time added value to waste materials.
For example, Venezia et al. prepared self-extinguishing epoxy compos-
ites based on Bisphenol A diglycidyl ether (DGEBA) cured with iso-
phorone diamine (IDA), a cycloaliphatic hardener, using 6 wt% of humic
acid in combination with urea and APP. Aliphatic curing agents are less
toxic than aromatic ones but more flammable, which makes the flame
retardancy of aliphatic epoxy systems full of hurdles [21]. The exploi-
tation of humic acid was crucial to achieve no dripping UL 94-V-0 rating
and a strong decrease in the peak of heat release rate (pHRR) up to 21%,
even with only 1 wt% of P loading and no detrimental effects on the
mechanical performances [22].

Among the biowastes available from the food industry, the by-
products of coffee processing, i.e. coffee pulp, husks, silverskin, and
spent coffee grounds (SCGs), represent a largely unexploited resource
[23]. 650 kg of SCGs are obtained from 1 ton of green coffee SCGs during
instant coffee making and beverage preparation, with an annual pro-
duction rate of around 6 million tons worldwide [24]. The surface
chemistry of SCGs, rich in hydroxyl groups, makes this biowaste suitable
for use as a functional FR in epoxy resins [25]. Vahabi et al. modified
SCGs with dimethyl phosphite (P-coffee) and employed them to provide
a DGEBA resin cured by a cycloaliphatic hardener with low flammability
in horizontal flame spread tests and 40% reduction in pHRR compared
to the virgin sample using 30 wt% of P-coffee [26]. Yang et al. investi-
gated the influence of SCGs’ size on the fire behavior and mechanical
properties of a resin mixture diluted with 1,2,3-propanetriol glycidyl
ether and cured with IDA, m-xylylenediamine, and 2,2,4-trimethylhex-
ane-1,6-diamine. Compared to the pristine system, the final product
containing 30 wt% of SCGs showed a decrease in pHRR and total heat
release of 52 and 34%, respectively [27].

The pyrolytic conversion of SCGs in a range of temperatures between
500 and 800 °C allows for the production of a coffee biochar (CB)
showing excellent dispersibility in epoxy resins, superior thermal sta-
bility, and high porosity, lessening the variability due to different SCGs
sources. Due to these peculiarities, Bartoli et al. used CB as a filler to
improve the electrical performances of epoxy composites and observed
that the change in the operative conditions in the production of CB led to
epoxy products with different electrical conductivities, reaching four
orders of magnitude higher values than that of samples filled with car-
bon black [28]. The uniform dispersion of CB throughout the polymer
matrix also improved the mechanical behavior, with respect to the un-
modified resin. Alhelal et al. prepared epoxy composites through 3D
printing technology at two different concentrations of CB. In comparison
with pristine resin, 1 wt% of CB led to an increase of storage modulus,
flexural modulus and strength up to 27.5, 56 and 43%, respectively,
whereas 3 wt% of CB caused the formation of agglomerates in the
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polymer network and negatively impacted on both viscoelastic and
flexural properties [29].

In general, biochar is gaining interest as a bio-derived and cheap
filler able to remove trace contaminants from wastewater [30] and
enhance the mechanical, thermal, and fire performances of thermoset
composites [31-33]; however, the study of biochar obtained from SCGs
as a flame retardant in epoxy systems is lacking in the recent scientific
literature. Nevertheless, the high graphitization degree of CB and its
physico-chemical features make it a very promising material for the
manufacture of flame retardant epoxy composites.

In this research work, self-extinguishing DGEBA-based epoxy com-
posites, containing unmodified CB as an effective flame retardant and
cured with IDA as a cycloaliphatic hardener, were obtained. To improve
the dispersion of CB into the epoxy matrix, DGEBA was modified by
reaction with a coupling agent, i.e., 3-aminopropyltriethoxysilane
(APTES). CB was incorporated into the hybrid silicon-modified epoxy
matrix in combination with a ternary (Si-Ti-Mg) mixed oxide, containing
titanium and magnesium species in a silicate matrix, prepared by a
convenient and sustainable sol-gel route, and APP as a source of phos-
phorus. The thermal and viscoelastic properties of epoxy composites
were studied by thermogravimetric analysis and dynamic mechanical
thermal analysis, respectively. The influence of CB and Si-Ti-Mg oxide
on the fire behavior of epoxy systems was thoroughly investigated by
pyrolysis flow combustion calorimetry and cone calorimetry tests.
Finally, scanning electron microscopy images with energy-dispersive X-
ray analysis of residual chars concurred to shed light on the flame
retardant mechanisms taking place during the burning process. This
research demonstrates a feasible and sustainable approach to effectively
use a biowaste as a functional flame retardant additive in epoxy com-
posites, hence fulfilling the circular economy approach.

2. Experimental
2.1. Preparation of coffee biochar

Coffee biochar (CB) was produced by pyrolysis of spent coffee
grounds (SCGs, Arabica mixture) collected from Katia Cafe (Turin, Italy)
and supplied by Casa del Caffe Vergnano S.p.A. (Turin, Italy). First, SCGs
were dried at 105 °C for 72 h in a ventilated oven. Dried SCGs were
pyrolyzed in a steel vessel using a tubular furnace (Carbolite TZF 12/65/
550, Neuhausen, Germany) with a nitrogen flux (4 mL/min) and a
heating rate of 10 °C/min, keeping the systems at the maximum tem-
perature of 800 °C for 30 min. CB was used without further purification.
The average particle size of the so-obtained CB was about 100 pm; after
2 h ball milling (carried out in a 700 cm? Turbula T-2C mixer (Willy A.
Bachofen AG, Muttenz, Switzerland)) equipped with eight zirconium
balls, the average size further decreased (see section 3.1).

2.2. Synthesis of Si-Ti-Mg mixed oxide

A silicon-titanium-magnesium mixed oxide was synthesized by sol-
gel method using tetraethyl orthosilicate (TEOS, 99%), titanium (IV)
isopropoxide (Ti(i-OPr)4, 97%) and magnesium ethoxide (Mg(OEt)s,
>98%) as precursors, diethanolamine (dea, 98%) as complexing agent,
acetic acid (AcOH, 99%) as catalyst, and ethanol as solvent. The sol-gel
technique was chosen because it allows the preparation of multinary
oxides with a homogeneous dispersion of the components, operating in
mild conditions. The adopted procedure is sketched in Fig. S1. More in
detail, 1.7 g of Mg(EtO), were dissolved in 35 mL of EtOH and 0.70 mL
of dea (dea/Mg molar ratio = 0.5) under stirring at 50 °C. Then, 10.0 mL
of TEOS was added, followed by a second solution containing 4.5 mL of
Ti(i-OPr)4, 5.0 mL of EtOH, and 0.70 mL of dea (dea/Ti molar ratio =
0.5). The resulting dark orange solution was left under stirring for 30
min. Acetic acid (3.5 mL) was then added to the mixture, lowering its pH
from 10.8 to about 5.9, to favor the hydrolysis of TEOS (the less reactive
of the three precursors) and the subsequent growth of an interconnected
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oxide network, aided by the slightly acidic pH and the complexing
ability of acetate. The system was cooled down to room temperature and
then bidistilled water was added (2.7 mL), split into four fractions slowly
incorporated within 2 h, to moderate the hydrolysis and condensation
rates. The molar ratios Si:Ti:Mg:dea:AcOH:H,0 were
0.6:0.2:0.2:0.2:0.8:2.0. The mixture was left stirring overnight until a
homogeneous light brown gel formed (Fig. S2). After 1 day of aging, the
gel was dried between 80 and 120 °C, and the xerogel was finally ground
by ball milling to obtain a fine powder. The nominal composition of the
Si-Ti-Mg oxide is reported in Table S1.

2.3. Preparation of hybrid epoxy composites

An epoxy system (SX10) composed of Bisphenol A diglycidyl ether
(DGEBA) and isophorone diamine (IDA, SX10), a cycloaliphatic diamine
hardener, were purchased from MATES S.r.l. (Milan, Italy) and used as
received. (3-aminopropyl)-triethoxysilane (APTES, N98%) and ammo-
nium polyphosphate (APP) were acquired from Sigma-Aldrich (St. Louis,
USA). In a typical procedure, APTES (7 wt%, i.e., the minimum con-
centration to obtain a uniform dispersion of CB in the polymer matrix,
see Fig. S3) was added to DGEBA under stirring at room temperature.
Then, proper amounts of CB, APP, and Si-Ti-Mg oxide (see Table 1) were
added, and the mixture was ultrasonicated by using a Q500 tip sonicator
(QSonica) with an output power of 150 W for 1 min at 40 Hz. The for-
mation of APTES-modified epoxy chains is usually performed by mixing
the resin and the coupling agent at 80 °C for about 2 h [22,34]; however,
in our case, it was accomplished in a much shorter time without the need
for prolonged heating, as indicated by the excellent CB dispersion
(Fig. S3), owing to the ultrasonication step, which provides energy by
cavitation to the system with limited heating. This approach is a prac-
tical way to obtain uniform nanocomposites through a less energy- and
time-consuming manufacturing process. Then, the system was cooled
down to room temperature and IDA (26 w/w% with respect to DGEBA)
was added. After pouring in the mold, the system was cured at 60 °C for
12 h and finally post-cured at 80 °C for 4 h. The whole procedure is
presented in Scheme 1.

The composition of all the prepared thermosets is reported in
Table 1. The samples’ codes include: “E” for epoxy resin, “Si” for APTES,
“C” for biochar, “T” for ternary (Si-Ti-Mg) oxide, “A” for APP, and “1P”
or “0.5P” to indicate the wt% of P.

2.4. Characterization techniques

Raman spectra were collected using a Renishaw inVia Apparatus
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Scheme 1. Synthesis procedure of hybrid epoxy composites: (1) reaction of
DGEBA with APTES to give silanized epoxy molecules; (2) hybrid resin and
additives; (3) mixing and ultrasonication; (4) addition of IDA hardener; (5)
pouring in the molds; (6) curing and post-curing.

(H43662, Gloucestershire, UK) equipped with a laser line (wavelength
of 532 nm) in the range from 500 to 3500 cm L. The deconvolution of
signals was performed with a Matlab® (version R2020a) homemade
compiled software according to Tagliaferro et al. [35].

The morphology and chemical composition of CB, the hybrid nano-
composites containing all the fillers (ternary oxide, CB, and APP), and
residual chars obtained from UL 94 vertical flame spread tests were
investigated by employing a Field Emission Scanning Electron Mi-
croscope (FESEM, Zeiss SupraTM40, Oberkochen, Germany), equipped
with an Energy Dispersive X-ray detector (EDX, Oxford Inca Energy
450, Oberkochen, Germany).

Fourier Transform InfraRed (FTIR) spectra were collected by
attenuated total reflectance (ATR) mode (Nicolet 5700, Thermo-
scientific, Waltham, MA, USA equipped with a Smartorbit, Thermo-
scientific, Waltham, MA, USA) in the range from 500 to 4000 cm~ . The
IR transmittance spectra of powders mixed in KBr pellets were collected

Table 1
Composition of the studied epoxy-based samples.
Sample DGEBA (wt%) * APTES (wt%) * CB (wt%) ? Si-Ti-Mg (wt%) ? APP (wt%) ? IDA TOT ” P
(wWt%) ° (Wt%) @ (Wt%) 2
E 79.4 - - - - 20.6 - -
EC 79.4 - 20 - - 20.6 20 -
ET 79.4 - - 14 - 20.6 14 -
EA1P 79.4 - - - 3 20.6 3 1.0
ECA1P 79.4 - 20 - 3 20.6 23 1.0
ETC 79.4 - 20 14 - 20.6 34 -
ETA1P 79.4 - - 14 3 20.6 17 1.0
ETAC1P 79.4 - 20 14 3 20.6 37 1.0
ESi 79.4 7 - - - 20.6 - -
ESiC 79.4 7 20 - - 20.6 20 -
ESIT 79.4 7 - 14 - 20.6 14 -
ESiA1P 79.4 7 - - 3 20.6 3 1.0
ESiCA1P 79.4 7 20 - 3 20.6 23 1.0
ESiTC 79.4 7 20 14 - 20.6 34 -
ESiTA1P 79.4 7 - 14 3 20.6 17 1.0
ESiTACO.5P 79.4 7 10 7 1.5 20.6 18.5 0.5
ESiTAC1P 79.4 7 20 14 3 20.6 37 1.0

a

mass percentage referred to (DGEBA+IDA) basis.
b total mass percentage of additives.
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as the sum of 32 scans with a resolution of 2cm ™1,

The structure of gel-derived Si-Ti-Mg oxide was characterized by X-
ray diffraction (XRD), using a Philips PW 3170 X’PERT Pro diffrac-
tometer (Philips Analytical, Almelo, The Netherlands) with mono-
chromatized CuKo radiation (40mA, 40kV) at a step width of 0.013°,
and by FTIR spectroscopy, using a Nicolet 5700 spectrometer (Thermo
Fisher, Waltham, MA, USA) with a DTGS KBr detector.

The epoxy-based composites were first analyzed by FTIR spectros-
copy, using the abovementioned spectrometer, recording the spectra
with 32 scans and a resolution of 4 cm™L. Their thermal behavior was
assessed by thermogravimetric analysis (TGA), performed with a SDT
Q600 thermoanalyser (TA Instruments, New Castle, DE, USA), heating
in nitrogen or air with a flow of 100 mL/min, in the range from 25 to
800 °C at 10°C/min rate, and differential scanning calorimetry
(DSC), by means of a DSC 214 Polyma instrument (NETZSCH-Geratebau
GmbH, Selb, Germany). The measurements were performed under ni-
trogen flow, heating up to 200 °C at 10 °C/min rate, cooling down, and
repeating a second heating step.

The viscoelastic behavior of the materials was assessed through
dynamic mechanical analysis by using a Q800 dynamic mechanical
analyzer by TA Instruments (New Castle, DE, USA), in single cantilever
mode, employing 10 x 3 mm? section specimens. Tests during a heating
ramp were carried out from RT to 150 °C at a heating rate of 3 °C/min,
strain of 0.05%, and frequency of 1 Hz.

The flexural properties of the samples were performed at room
temperature using an Instron® 5966 (Norwood, MA, USA) equipped
with a 2 kN load cell and a three-point bending clamp set at 32 mm of
span. The deflection speed was set at 1 mm/min. Three specimens (di-
mensions 10 x 50 x 3 mm?>) were used for each formulation, and the
average values and corresponding standard deviations of the flexural
modulus (Eg), maximum strength (6,,8) and elongation at break (eg,)
were calculated and reported.

The flammability of all epoxy nanocomposites was assessed by UL
94 vertical flame spread tests (IEC 60695-11-10; sample dimensions: 13
x 125 x 3 mm3).

Limiting oxygen index (LOI) tests were carried out by using a FIRE
oxygen index apparatus according to the ASTM D2863 standard.

Cone calorimetry (CC) tests were conducted on the hybrid epoxy
composites and neat epoxy samples for comparison. Before testing, the
samples were prepared by cutting into dimensions of 100 x 100 x 3
mm?. The experiments followed the guidelines in ISO 5660 standards
and were performed using a Netzsch TCC 918 cone calorimeter. Each
specimen was exposed to a heat flux of 50 kWm 2. To ensure reliability,
the tests were replicated three times for each formulation to estimate the
time to ignition (TTIL s), time to flame out (TTFO, s), total heat release
(THR, MJ/mZ), heat release rate (HRR, kW/mZ), peak of heat release
rate (pHRR, kW/mz), total smoke release (TSR, mz/mz), total smoke
production (TSP, m?), smoke production rate (SPR, m?/s), specific
extinction area (SEA, mz/kg), carbon monoxide and carbon dioxide
yields (kg/kg).

Flame retardant index (FRI) was calculated using Eq. (1) [36,37].
This index is calculated using the cone calorimeter data of pristine epoxy
resin (E) and some of the flame retardant composites developed in this
work (Table 1).

o )]
Neat Polymer
HHR
o ()
Composite

Pyrolysis combustion flow calorimetry (PCFC) tests were also
carried out on the hybrid epoxy composites and neat epoxy samples
using a microcalorimeter from Fire Testing Technology, Germany. The
samples, weighing between 5 and 8 mg, underwent thermal degradation
following the so-called Method A. This method involves the heating of
the samples in a pyrolyser, from 100 to 700 °C, in the presence of

FRI = (€]
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nitrogen (flow rate: 80 cc/min). The effluent resulting from degradation
is combusted in an oxygen environment at 900 °C and a flow rate of 20
cc/min. The samples were subjected to a heating rate of 1 °C/min
throughout the tests. The experimental procedures adhered to the
specifications in the ASTM D7309-19 standard.

3. Results and discussion

3.1. Chemical and structural characterization of coffee biochar, ternary
oxide, and epoxy-based nanocomposites

The FTIR spectrum of SCGs (Fig. 1a) shows the presence of several
bands including v(o. in the range of 3000-3500 cm ™, as well as vc.)
in the range from 2800 to 2975 cm ™!, in agreement with the presence of
polysaccharides. Furthermore, the vc—o) centered at 1713 ecm ™! sug-
gests the presence of carboxylic-rich species, rising from the torrefaction
and extraction processes of raw coffee powders. The CB spectrum
(Fig. 1a) displays a simpler pattern with a broad absorption band, due to
the carbonaceous matrix, and a weak one centered at around 1000 cm ™,
related to the skeletal vibration of CB itself (v(c.0) and v(c.c)). The Raman
spectrum of CB (Fig. 1b) shows intense D and G peaks and not well-
resolved 2D region, suggesting the presence of not highly graphitic
carbon, in agreement with the Ip/Ig ratio of 1.7. According to Tuinstra
and Koenig [38], the Ip/Ig ratio was used to calculate the average vol-
ume of graphitic clusters, which was up to 24 A. The FESEM analysis of
CB (Fig. 1c) reveals a sponge-like structure with a diffuse micrometer-
sized porous network throughout the overall structure.

The ternary Si-Ti-Mg oxide was designed as a multivalent additive to
assist CB in the improvement of thermal stability and fire resistance of
the epoxy resin. Silica is commonly employed in flame retardancy, since,
during combustion, it generates a ceramic protective layer that hinders
the heat exchange and oxygen diffusion [39]. Titanium oxide can pro-
mote char formation because of its acidity [16], while magnesium hy-
droxide is a widely used flame retardant because its dehydration,
occurring at rather low temperatures, absorbs heat and releases water
vapor (exploiting the so-called “sink effect™) [15,40]. Moreover, both
MgO and TiO, may contribute to the formation of a dense ceramic
barrier and reduce smoke production [12,41]. A uniform dispersion of
titanium and magnesium species in the porous silica gel matrix was
obtained through the sol-gel procedure adopted. The higher electro-
positivity of Mg and Ti with respect to Si promotes faster hydrolysis rates
of the two metal alkoxides than TEOS [42]. The addition of dea, an
effective complexing agent for both Mg and Ti, along with acetic acid,
makes easier the control of the hydrolysis rate of their precursors
[43,44], favoring the cross-condensation of the three components and
the formation of a chemical gel. The amorphous structure of the dried
gel powders, attested by XRD (Fig. S4a), indicates the absence of
unreacted precursors or segregated crystalline phases. The FTIR spec-
trum of the material (Fig. S4b) shows a wide asymmetric v(s;.0) band
centered at 1080 cm ™!, which confirms the formation of a SiO5 network.
The v(si_oy shoulder at 950 cm ! is associated with Si-O-Ti(Mg) bridges
in mixed oxides [45,46], while the bands below 700 cm™! are ascribed
to y(ti-0) and vovg-o0) [42]. However, although the presence of a Mg(OH)>
phase is not clearly detectable from XRD or FTIR data, the hydrolytic sol-
gel process at low temperature is likely to produce magnesium hy-
droxide clusters or strongly hydroxylated MgO [47,48]. The formation
of mixed oxo-hydroxo species probably occurs in the adopted synthesis
conditions, as supported by the intense and broad band in the
3700-2900 cm ! range (V(o-my), indicative of hydroxyl groups involved
in H-bonds of different strength [46]. The well-known acidic character
of TiOs, given by both the Lewis acidity of Ti** ions and the moderate
Brgnsted acidity of Ti-OH groups, was demonstrated to be enhanced by
the dispersion of Ti in a silica matrix [49]. The dried gel was not further
thermally treated, to preserve its high hydroxylation degree and porous
microstructure, also making the synthesis process less energy
consuming. As a consequence, residues of the organics added during the
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Fig. 1. Characterization of CB: FTIR spectra of SCGs and CB (a), Raman spectrum of CB (b), and FESEM capture of CB (c).

sol-gel procedure are retained in the powders, as indicated by the IR
bands at about 1620 and 1430 cm™!, which are compatible with
stretching vibrations in carboxylate groups of acetate involved in the
coordination of Ti*" or Mg2+ ions [50] and N-H bending of dea mole-
cules. On the other hand, some diethanolamine retained in the solid
might act as a nitrogen source during the combustion of composites
containing Si-Ti-Mg.

In the design of epoxy composites, a coupling agent, such as APTES,
is often added to enhance the mixing and dispersion of the fillers by
improving the chemical affinity between them and the polymer matrix
[17,51]. The modification of DGEBA with APTES through the reaction of
oxirane rings with amino groups of the silane originates hybrid epoxy
molecules with a rather polar moiety, with ethoxide groups that are
easily hydrolyzed, favoring the interaction with other polar species. The
advantage of APTES addition on the dispersion of CB particles is evident
at visual inspection (see the photographs in Fig. S3), as a sample pre-
pared without silane (EC) contains large heterogeneous aggregates of
CB, while ESiC has a uniform appearance and color, showing an even
distribution of the filler. The following discussion is therefore focused on
epoxy composites prepared with APTES, although the silane-free coun-
terparts were also tested in terms of flammability to verify the role of
compatibilization on flame retardant performances.

Fig. S5a shows a typical FESEM image of ESiTAC1P (cross-section
fractured in liquid nitrogen): CB particles are quite well homogenously
dispersed in the polymer matrix; their average size, as assessed by
FESEM, is around (7.8 & 1.1) pm. In addition, the maps of Si, Ti, Mg, and
P (Fig. S5b) clearly indicate a uniform distribution of the ternary oxide

and APP in the epoxy network.

The FTIR spectra of representative samples are shown in Fig. S6,
where the main vibrations of the epoxy resin are indicated. The
completeness of the curing reaction for all the investigated formulations
through oxirane ring opening by amino groups is confirmed by the
disappearance of the band at 916 cm ™, the most intense peak related to
the oxirane ring, and the rise of the O-H stretching band around 3450
cm ™}, due to the hydroxyl groups resulting from the reaction. The in-
tensity of the latter band increases with the addition of APTES (ESi
sample), suggesting that silanols are formed in the silicon-modified
epoxy molecules by the hydrolysis of ethoxide groups. Then, silanols
can partially condense generating silica nanostructures [51]. The
resulting inorganic-organic hybrid epoxy chains can establish H-
bonding interactions with both CB and Si-Ti-Mg oxide, favoring the
formation of a well-developed interface between the matrix and the
fillers (Scheme 2). In the spectra of the composites, no significant
changes in the profile of the epoxy matrix are observed, demonstrating
that the fillers do not cause its chemical alteration. On the other hand,
vibrational bands related to CB, APP and Si-Ti-Mg mixed oxide cannot
be distinguished clearly, as they overlap with some of the epoxy bands.

3.2. Flammability behavior of the hybrid epoxy nanocomposites

To screen the flammability of pristine resin and epoxy nano-
composites, UL 94 vertical flame spread tests were performed on all the
prepared formulations listed in Table S2. ESiTAC1P could be classified
as V-0, due to its no dripping self-extinguishing behavior, while
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Scheme 2. Scheme of the formation of the hybrid epoxy network: DGEBA and APTES react to form silanized epoxy chains (a); hydrolysis and condensation reactions
give rise to silica nanostructures (b); interactions between the hybrid polymer chains and the filler particles take place in the network (c).

ESiTACO.5P was found to be V-1 rated, as the sample captures the flame,
but it gives low values of after-flame times (Table S2). Concerning the
other formulations, the flame reaches the holding clamp, completely
burning the material, and thus none of these systems could be classified.
However, in the case of ETA1P and ESiTA1P, t; extinguishing times
could be collected (Table S2), revealing that the combined use of Si-Ti-
Mg and APP, especially in the presence of a hybrid silica-epoxy phase
(ESiTA1P), impacts on the charring process from the early combustion
stages, lowering the flammability of epoxy resin. The weak acidic
characteristics of Si-Ti-Mg and silanized epoxy chains, together with the
acid phosphorus compounds released by APP during its decomposition,
promote the dehydration of the polymer matrix, causing the formation
of a protective, abundant, and continuous char [52]. Apart from E, all
the other samples do not show any dripping during the test (Table S2),
which additionally confirms the char-forming character of APTES-
modified epoxy network, Si-Ti-Mg, CB, and APP. Taking into consider-
ation the after-flame times of ETA1P, ESiTA1P, and ESiTACI1P, it is
evident that the use of CB is crucial to achieving the V-0 rating. The
hybrid silica-epoxy sample (ESiTAC1P) containing the highest amount
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of coffee biochar shows a limited burning and gives rise to the formation
of a very coherent char, also due to a significant increase in the melt
viscosity of the burning system. The use of an APTES-modified polymer
network, a CB loading of ~20 wt%, and a concentration of phosphorus
equal to 1 wt% were fundamental to obtain an epoxy system showing no
dripping V-0 rating. Unlike ESiTACO0.5P and ESiTAC1P, ETAC1P and
ESiTA1P could not be classified; this suggests a combined condensed
phase action played by coffee biochar and the hybrid epoxy moieties
(ESiTACO0.5P and ESiTAC1P samples), especially reducing the t, extin-
guishing time, probably ascribed to the production of an effective
ceramic char acting as an oxygen barrier and thermal shield for the
underlying polymer (Table S2) [22].

Based on the flammability results, in the following sections, only the
outcomes resulting from the investigation of the thermal properties,
mechanical performances, and fire behavior of UL 94 classifiable sam-
ples (i.e., ESiTAC0.5P and ESiTAC1P) and their unfilled counterparts
(namely, E and ESi) will be discussed. In addition to these epoxy for-
mulations, the fire parameters (see section 3.4) of ESiC will be also
evaluated to study the influence of biochar on the flame retardant
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Fig. 2. TGA curves (a, b) and DTG curves (c, d) of pristine resin, silicon-modified epoxy resin, and epoxy nanocomposites under N, (a, ¢) and air (b, d).
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features of ESi. LOI measurements were carried out on the above-
selected samples to evaluate the minimum percentage of oxygen
needed in an Oy/N, mixture to support the candle-like combustion after
ignition. Table S3 shows that the concurrent presence of the hybrid
silica-epoxy phase and CB (ESiC sample) slows down the candle-like
combustion. However, the highest value of LOI is observed for ESi-
TAC1P, proving that the incorporation of Si-Ti-Mg, CB, and APP into the
APTES-modified DGEBA polymer matrix is effective in enhancing the
flame retardant behavior (Table S3). These results are in good agree-
ment with the outcomes of the UL 94 vertical flame spread tests.

3.3. Thermal behavior of hybrid epoxy nanocomposites

Fig. 2a and c show the thermal decomposition profile of pristine resin
and epoxy nanocomposites in nitrogen atmosphere. In agreement with
similar aliphatic epoxy systems reported in the literature [53], all the
samples display a main decomposition step at around 350 °C. The earlier
mass loss (see Tsy, in Table 2) in ESi can be ascribed to the acidic
characteristics of hybrid silica-epoxy moieties, which favor the
carbonization process via dehydration of epoxy resin [16]. This antici-
pation becomes even more evident in the case of ESiTACO0.5P and ESi-
TAC1P, where the presence of acidic phosphorus compounds, produced
together with non-flammable volatiles (i.e., Ny and phosphorous spe-
cies) from the decomposition of APP, and acidic functionalities (see
section 3.1) on the surface of coffee biochar and Si-Ti-Mg oxide boost the
formation of an abundant pyrolytic char, leading to higher residual
masses at 800 °C compared to E and ESi (Fig. 2a and Table 2). Fig. 2b
and d report the thermogravimetric data in air. Here, it is possible to
observe that the thermo-oxidative stability of ESi is strongly affected by
the addition of APP, coffee biochar, and Si-Ti-Mg oxide, which allows for
a notable increase in the residual mass at 800 °C (Table 2), especially
when the amount of fillers and phosphorus increases (ESiTAC1P
sample).

The better overall thermal stability of ESiTACO.5P and ESiTAC1P
may be due not only to the char-forming character of hybrid moieties
and fillers but also to different mechanisms taking place during their
degradation at high temperatures, namely: (i) the decomposition of APP
in air, which produces nitrogen able to disrupt the diffusion of oxygen,
(ii) the higher graphitization degree of the char formed in presence of CB
(see Section 3.4), which limits the heat exchange at the boundary phase
between the gas phase and the polymer bulk [37,54], and (iii) the
degradation of the hybrid silica-epoxy network and the refractive
chemical nature of Si-Ti-Mg oxide, which promote the formation of a
stable aromatic char acting as effective thermal shield and barrier, also
preventing the diffusion of decomposed gas and oxygen from the sur-
roundings into the material.

Fig. S7 shows the typical DSC curves of pristine resin and hybrid
epoxy composites. The absence of an exothermic peak in the first heating
ramp, along the measured temperature range, confirms the

Table 2
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completeness of the curing process for all the examined samples in the
adopted experimental conditions. These results well agree with FTIR
analyses.

The viscoelastic behavior of E and hybrid epoxy composites as a
function of temperature was investigated using dynamic mechanical
analysis. The maximum of tan & curves (Fig. 3a) was evaluated to
determine the glass transition temperatures of samples. Fig. 3a high-
lights the completely different behavior of E compared to hybrid ma-
terials, as its tan & curve appears symmetric and narrow with the highest
tan § peak (at 96 °C); conversely, the other samples exhibit asymmetric
and wider tan & curves. Unlike the epoxy composites, E can easily
dissipate the application of a load through energy dissipation mecha-
nisms (e.g., segmental motions), though a part of the load is stored in the
material and released only after the removal of the load. As observed in
previous works [16,22], the different shape of tan & curves related to
ESi, ESiTACO0.5P, and ESiTAC1P is ascribed to a broad distribution of
relaxation phenomena. In particular, the tan § curve of ESi reveals the
presence of two co-continuous phases with different chain mobilities in
its polymer network [51]. In ESi, the hydrolysis of APTES-modified
DGEBA polymer chains leads to the generation of a hybrid silica-
epoxy phase bearing silanol groups able to establish hydrogen bonds
with hydroxyl groups formed during the cross-linking process (Fig. 3c
and d) [55]. These interactions lead to a second glass transition tem-
perature, which is higher than that of E, and thus ESi shows a tan & curve
with two well-resolved maxima (Tg; = 73 °C, Tgz = 105 °C). The lower
glass transition temperature is probably due to the presence of dangling
segments causing a network loosening effect, as the APTES-modified
epoxy chains cannot react with the hardener to form cross-linking
points [56]. In the case of ESiTAC0.5P and ESiTAC1P, the presence of
biochar and other additives negatively affects the occurrence of
hydrogen bonds linked to the hybrid silica-epoxy phase, which is mainly
responsible for the better dispersion of the coffee waste, resulting in the
disappearance of the shoulder at higher temperature in their tan § curves
(Figs. 3a). ESiTACO.5P and ESiTAC1P exhibit lower glass transition
temperatures (82 °C and 79 °C, respectively) than E, probably due to the
presence of biochar and other fillers that affect the inter-chain in-
teractions during the cross-linking of the polymer matrix [57,58]. These
phenomena become more relevant for ESiTAC1P, owing to the higher
amount of fillers than ESiTACO0.5P. However, ESiTACO0.5P and ESi-
TAC1P show a maximum of tan § at higher temperatures than ESi, as the
additives, especially the biochar, can form a huge number of hydrogen
bonds with the hydroxyl groups of cured epoxy chains (Fig. 3e and f),
reducing the detrimental effect of dangling segments on the glass tran-
sition temperature and the mobility of the epoxy segments as well [27].
On the other side, the higher concentration of fillers in ESIiTAC1P causes
a hindering effect in the regular packing of the epoxy chains, leading to a
slight decrease in the Tg value compared to that of ESiTACO0.5P (Fig. 3a
and f). Given the above results, it appears clear that, compared to E, the
hybrid epoxy composites exhibit a higher elastic response and a lower

TGA analysis of all samples in air and Nj. Tse, is the temperature, at which 5 wt% loss occurs. Tpax1 and Thaxo are the temperatures, at which the weight loss rate

reaches a maximum; the residues at Tpax1, Tmax2, and 800 °C are also reported.

Sample Tso (°C) Tro0 (°C) Tmax1 (°C) Traxz °C) Residue (wt%) at
Tmax1 Tmax2 800 °C
Nitrogen
E 227 312 367 - 60 - 5
ESi 204 264 359 - 64 - 7
ESiTAC0.5P 199 279 360 - 58 - 18
ESiTAC1P 170 225 356 - 61 - 27
Air
E 241 294 358 544 69 12 3
ESi 170 220 355 548 67 23 2
ESiTACO.5P 198 264 372 530 59 24 8
ESiTAC1P 161 218 357 529 64 27 11
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Fig. 3. Mechanical damping factor (tan §) (a) and storage moduli (E') (b) of pristine resin, silicon-modified epoxy resin, and epoxy nanocomposites, collected as a
function of temperature. Scheme of cross-linked unmodified epoxy network (c) and possible hydrogen bonding interactions established between hydroxyls of cured
epoxy resin, coffee biochar particles, and silanol groups in the hybrid epoxy nanocomposites (d, e, and f).

ability to dissipate the energy received from a load application. This
elastic response is especially evident in ESi, where the presence of
dangling segments, responsible for a predominant network loosening
effect, leads to the lowest values of storage moduli (E’) in the glassy state
region (Fig. 3b), compared to the other composites [59]. On the con-
trary, the formation of several hydrogen bonds in ESiTACO0.5P and
ESiTAC1P causes a predominant stiffening effect, resulting in E’ values
that approach those of E, even though the simultaneous hindering
phenomena take place (Fig. 3b). Considering that the modification of the
DGEBA epoxy matrix by APTES is crucial to obtain a uniform dispersion
of coffee waste, the DMA characterization demonstrates that the incor-
poration of biochar, ternary metal oxide, and APP into the hybrid

polymer system leads to a beneficial effect on the dynamic-mechanic
behavior and mechanical properties of the final composites.

3.4. Fire behavior of hybrid epoxy nanocomposites

PCFC and cone calorimetry tests can shed light on the fire behavior of
pristine resin and epoxy nanocomposites, allowing for a critical assess-
ment of thermal and smoke parameters. CC tests are performed in air
atmosphere and flammable gases, released by the application of an
irradiative heat flux on the sample, undergo ignition using a spark.
Conversely, PCFC is a nonflaming test, in which the material is pyro-
lyzed in an inert gas stream and then the evolved gaseous products are
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separately oxidated [60,61]. PCFC and cone calorimetry are employed
to deeply investigate the flame retardant mechanisms occurring during
the combustion of flame retarded systems. PCFC results are collected in
Table S4, while the related heat release rate (HRR) curves as a function
of temperature are displayed in Fig. 4. Compared to E, ESi and epoxy
nanocomposites exhibit decreased heat release capacity (HRC), pHRR,
and total heat release (THR) values (Table S4), suggesting that hybrid
moieties and additives (APP, CB, and Si-Ti-Mg oxide) can slow down the
pyrolysis of the polymer network and the release of flammable gases.
PCFC outcomes also highlight that CB acts as a strong char-promoter, as
its incorporation into ESi causes a remarkable decrease (~23%) in pHRR
as well as a notable increase (4.3 wt%) in the residue at the end of the
test (Table S4). On the other side, the combined use of CB, Si-Ti-Mg, and
APP (ESiTAC1P) does not lead to an additional increase in the residual
mass. However, the presence of the P-based flame retardant in ESi-
TACIP significantly lowers the pHRR value (Fig. 4a, Table S4), likely
due to a slight depletion of oxygen by the action of phosphorus species in
the oxidation chamber.

The fire performances of virgin resin and epoxy nanocomposites
were further studied by cone calorimetry tests. Fig. 4b and Table 3 show
that the presence of the hybrid silica phase alone allows for a significant
reduction (32%) in pHRR compared to pristine resin. This finding sup-
ports the boosting effect of silica-epoxy moieties in the formation of a
silicon-containing ceramic char acting as a thermal barrier during the
combustion, as can be observed in the Raman spectra reported in Fig. 5.

As shown in Fig. 5, char recovered from E shows the signal of highly
carbonized material with a well-defined G peak and a small D peak. The
addition of APTES significantly changes the Raman pattern with very
intense peaks due to vo.g of silicon residues, while the presence of CB
witnesses the structuring of the D/G peak region. The complexity of both
ESiTACO.5P and ESiTACIP can be appreciated by the signal at low
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Raman shift linked to the M-O bonds.

As shown in Fig. S8a, the char formed after the combustion of E looks
like a carbon soot with quasi-spherical nanometric particles of average
diameter around 20-30 nm, while the one resulting from the decom-
position of ESi appears more continuous due to the increment (up to 50
nm) in average diameter and thus it is capable of acting as a more
effective barrier toward the diffusion of oxygen and flammable gases
[56]. Cone calorimetry results confirm the dehydrating effect and char-
forming behavior of APTES-modified epoxy network, Si-Ti-Mg oxide,
CB, and APP, as all the formulations promote lower values of Time To
Ignition (TTI) and higher residual masses, compared with the unfilled
resin (Table 3). This finding well agrees with the decrease in CO/COg
ratio observed for all the epoxy nanocomposites but E, highlighting a
predominant condensed phase action exerted by the hybrid epoxy
moieties and functional additives in the flame retardation of the epoxy
matrix, which well agrees with the results of PCFC measurements (Ta-
bles 3 and S4) [56]. ESiC exhibits a pHRR value that is 65% lower than
that of E (Table 3), showing that the addition of CB into the APTES-
modified epoxy network appears crucial to significantly improve the
fire behavior of the epoxy system [62]. Also, the broadening of the heat
release rate curve of ESiC reveals a slow heat release over a longer
timespan compared to that of blank epoxy (Fig. 4b). Fig. S8c displays
that the combustion of ESiC provides a char with a morphology close to
the one of the carbonaceous residue resulting from the decomposition of
ESi, but less abundant in carbon soot-like particles. However, CB par-
ticles can act as sites for the formation of silicon-based layered carbon
hybrid structures, whose chemical composition still shows a notable Si
retention (Table S5). Overall, the char resulting from ESiC exhibits a
significantly higher amount of carbon up to 82.6 wt% than the one
produced from the combustion of ESi (74.5 wt%), as reported in
Table S5. The presence of silicon-based layered carbon hybrid structures
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Fig. 4. Heat release rate curves of pristine resin, silicon-modified epoxy resin, and epoxy nanocomposites measured by pyrolysis flow combustion calorimetry (a) and
cone calorimetry (CC) tests (b). The total heat release curves (c) for the same samples determined by CC tests are also reported.
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Table 3

Results from cone calorimetry tests for the investigated epoxy samples.
Sample TTI TTFO THR HRR pHRR ApHRR FRI Residue

O] Q) (MJ/m?) (kW/m?) (kW/m?) (%) ) (Wt%)

E 26 +1 593 + 14 93+ 4 467 + 12 1424 + 68 - - 3+05
ESi 22+1 549 + 97 99 £+ 2 432 + 11 962 + 65 —-32 1.1 4+0.3
ESiC 15+ 2 570 + 37 99 +3 346 £ 9 491 £ 73 —65 1.5 17 £ 0.7
ESiTACO0.5P 11+0 479 4+ 53 102 + 4 378 £ 2 588 + 31 —58 0.9 9+0.5
ESiTAC1P 14+2 527 + 86 103 £ 2 355+ 2 557 + 14 —61 1.2 18 £0.3

TTI = Time To Ignition, TTFO = Time To Flame Out, THR = Total Heat Release, HRR = Heat Release Rate, pHRR = peak of Heat Release Rate, FRI = Flame

Retardancy Index.
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Fig. 5. Raman spectra of char recovered after UL 94 vertical flame spread tests.

boosts the flame retardant action of CB in the condensed phase, mainly
reducing the pHRR and the heat exchange at the boundary phase over
time (Table 3) [39,63].

The incorporation into ESi of CB alone (ESiC) or in combination with
APP and Si-Ti-Mg oxide (ESiTACO.5P and ESiTAC1P) slows down the
heat release rate (Fig. 4c) and extends the time to pHRR (Fig. 4b and
Table 3), probably due to the condensed phase action of biochar parti-
cles, ternary oxide species, and acidic phosphorus compounds. The
degradation of APP causes the production of nitrogen able to act as a
diluting agent in the gas phase during burning: this may explain the
slightly higher TTI of ESiTAC1P compared to ESiTACO0.5P (Table 3 and
Fig. 4b). The effect of APP on the values of TTI and residual char,
together with its capability to release phosphorous radicals, poisoning
oxygen radicals in the flame [64], may explain the self-extinguishing
and better fire behavior of ESiTAC1P with respect to ESiTACO0.5P, in
which the overall fillers’ loading is lower. However, the good fire
behavior of ESITAC1P may be mainly ascribed to the formation of a
complex protective char with a low amount of carbon soot-like particles
and numerous layered inorganic carbon hybrid structures (Figs. S8 d and
e). Furthermore, the char formed by the combustion of ESiTACIP ap-
pears significantly more graphitic compared to the one of ESiC, as shown
in Fig. 5, in which well resolved small D and G peaks can be observed.
Similarly to the one obtained from the decomposition of ESiC, this char
still has a silicon retention up to 0.9 wt%. The FRI is an extensively used
dimensionless parameter (see section 2.4), which allows for comparing
the fire behavior of flame retardant polymer-based composites with the
one of their unfilled counterparts and rank a specific material based on
its fire response [65]. The FRI value of ESiTAC1P was found to be
basically the same of other systems containing similar amounts of APP
(Table 3) [36,37]. ESiC and ESiTAC1P exhibit the highest FRI values,
settling at around a “good” classification, which additionally confirms
the crucial role of CB in enhancing the fire performances of the polymer

10

matrix. These results agree with what was observed for epoxy nano-
composites, where the in-situ generation of inorganic phases contrib-
uted to the condensed phase action in synergy with the main flame
retardant component [13,66].

Given the above results, a simplified flame retardant mechanism is
proposed (Fig. 6a), which illustrates the different phenomena taking
place during the combustion of all the prepared formulations.

More in detail, as already observed in previous epoxy systems with
similar chemical composition [67], the combustion of ESiTACIP may
lead to the generation of P-N-O-Si-O-P polymeric substructures on the
surface able to boost the thermal shielding action of the carbonaceous
material during the combustion. The generation of P-N-O-Si-O-P
polymeric substructures is due to the condensation between silanol
groups of the hybrid epoxy network and P-N-O substructures, which are
formed by the reaction between ammonia and acid phosphorous com-
pounds, both derived from the decomposition of APP at around 250 °C.
P-N-O-Si-O-P polymeric substructures are responsible for the stretch-
ing vibrations of P-C and P-O groups present in the FTIR spectrum of
residual char formed by ESiTAC1P (Fig. 6b) [22]. Further, this spectrum
shows a broad band related to Ti-O bonds arising from the presence of Si-
Ti-Mg in ESiTAC1P, which is also accountable for the appearance of
magnesium in the EDX analysis of the char as shown in Table S5. The use
of Si-Ti-Mg not only promotes the charring of the polymer matrix but
also contributes to the formation of a ceramic protective char during the
combustion of ESiTAC1P (Fig. 6a), which additionally lowers the heat
exchange at the boundary phase. The strong band at 1577 cm ™ related
to the C=C stretching vibration, clearly visible in the FTIR spectrum of
ESiTAC1P (Fig. 6b), highlights significant carbonization via dehydration
of the epoxy resin promoted by hybrid silanized chains, CB, Si-Ti-Mg
oxide, and acidic phosphorus compounds [68,69]. On the other side,
the peaks at 638 em ™Y, 802 cm ™!, and 871 cm ! are ascribed to aromatic
C-H out-of-plane vibrations in meta, para, and ortho, respectively
[61,70]. The presence of these peaks proves that this char contains more
aromatic structures compared to that of both pristine resin and ESi.

It is worth noting that the incorporation of CB into the hybrid
silanized epoxy guarantees the lowest value of TSP and causes a sig-
nificant flattening of the SPR curve compared to E (Table 4 and Fig. S9a).
The incorporation of CB alone or in combination with Si-Ti-Mg oxide
into ESi leads to a slow smoke production over a longer timespan
especially compared to that of pristine epoxy (Fig. S9b) [71]. Despite
their flame retardant action, CB and Si-Ti-Mg oxide do not increase the
total smoke production (Table 4 and Fig. S9a), probably due to the
ability of porous biochar (Fig. 1) to adsorb gases (e.g., phenol, cresol,
carbon dioxide, naphthalene, anthracene, among others) and the basic
characteristics of magnesium oxide in the ternary system (Figs. 6a and
Table S5), which limits the emission of acid compounds composing the
smoke flow [72].

3.5. Mechanical behavior of hybrid epoxy nanocomposites

To further support DMA results (section 3.3) and shed some light on
the mechanical performances of E, ESi, ESiTAC0.5P, and ESiTAC1P, the
flexural behavior of these samples was studied (Table 5). ESi shows the
lowest value of modulus (Ep) compared to the pristine resin and the
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Fig. 6. Proposed mechanisms of ammonium polyphosphate, coffee biochar particles, and metal ternary (Si-Ti-Mg) oxide in the flame retardation of the silicon-
modified epoxy resin (a). The yellow balls represent the silicon-modified epoxy chains, while the red ones indicate the Si-Ti-Mg oxide particles. On the right, (b)
FTIR spectra of residual chars after UL 94 vertical flame spread tests carried out on pristine resin, silicon-modified epoxy resin, and epoxy nanocomposites.

Table 4

Smoke parameters from cone calorimetry tests for the studied epoxy samples.
Sample TSP SEA CO/CO,

(m?) (m?/kg) =)

E 27 +£1.0 797 + 37 0.33
ESi 28 £1.0 813 + 26 0.25
ESiC 24 +0.8 728 + 11 0.22
ESiTACO0.5P 26 £ 0.6 788 + 13 0.22
ESiTAC1P 25+ 0.3 769 £+ 0.5 0.20

TSP = Total Smoke Production, SEA = Specific Extension Area.

Table 5
Flexural test results of pure epoxy resin, silicon-modified epoxy resin, and epoxy
nanocomposites for comparison.

Sample Eg (MPa) 6y,5 (MPa) eep (%)

E 3231 + 468 138 +3 6.5 + 0.9
ESi 2743 + 14 107 £ 15 5.5+0.1
ESiTACO0.5P 3622 + 311 45+5 1.4+0.3
ESiTAC1P 3713 + 88 49 + 2 1.5+ 0.1

other hybrid composites, probably due to its looser network character-
ized by segments of longer APTES-modified epoxy chains, which ac-
count for higher values of fracture strength (c,) and elongation at
break (egp) (Table 5). With respect to E and ESi, epoxy formulations
containing biochar and other fillers, ESiTACO0.5P and ESiTAC1P, exhibit
higher Eg but lower o, 3 and ¢ values (Table 5), attributable to the
hydrogen bonding interactions and the steric hindrance of the fillers.
The presence of Si-Ti-Mg, CB, and APP in the APTES-modified DGEBA
polymer matrix causes a decrease in the motion of the chain segments
leading to topological constraints and stiffer networks [51]. These re-
sults well agree with previous works reported in the literature, as inor-
ganic particles of flame retardants or other additives are generally
responsible for making polymer-based matrices less ductile and more
brittle [73-75].

4. Conclusions

Spent coffee grounds represent one of the most abundant wastes in

11

the world. The pyrolysis of this waste allows to produce biochar suitable
for providing epoxy resins with enhanced features. In this work, we
investigated the intriguing and unprecedented use of coffee biochar as a
flame retardant component in silicon-modified epoxy resin. The sol-gel
modification of the polymer matrix accounted for the excellent distri-
bution of CB within the resin. Cone calorimetry tests revealed that the
incorporation of CB into the silicon-modified DGEBA resin favors the
formation of an abundant ceramic char, resulting in a significant
decrease (~65%) in the peak heat release rate compared with the pris-
tine resin. The use of 20 wt% CB, together with APP and a ternary mixed
oxide (Si-Ti-Mg), was crucial to obtain no dripping self-extinguishing
(UL 94-V-0 rating) hybrid epoxy nanocomposites with only 1 wt% of
phosphorus loading. However, flammability tests prove that the pres-
ence of CB was required to tip the balance in favor of low extinguishing
times after flame application. Cone calorimetry, pyrolysis flow com-
bustion calorimetry, and mechanical tests revealed that the addition of
CB, APP, and Si-Ti-Mg oxide to the hybrid epoxy system leads to a strong
reduction (up to 42%) in pHRR values, a longer time to peak of heat
release rate, and a notable increase (up to 35%) in flexural modulus,
respectively. Besides, microscopy analysis and Raman spectroscopy of
residual chars confirm that CB plays a key role in the flame retardation
of the silicon-modified epoxy resin, as it contributes with APP and Si-Ti-
Mg oxide to the formation of a highly graphitized continuous char
containing N-P-O-Si substructures, acting as a thermal shield and ox-
ygen barrier in the condensed phase during the decomposition of the
epoxy matrix. CO/CO, ratios measured during CC tests additionally
supported a predominant flame retardant action in the condensed phase
exerted by CB and the other fillers.

In conclusion, we demonstrated that the generation of silicon-
modified hybrid epoxy moieties enables the uniform distribution of
CB, which can be effectively employed, in combination with other ad-
ditives, as a green flame retardant for the manufacturing of thermosets
with improved fire behavior and satisfactory mechanical properties. The
proposed strategy may be of inspiration to foster the development of
more self-extinguishing aliphatic epoxy products, using sustainable
fillers (e.g., various types of biochars), low concentrations of phos-
phorus, and bio-based polymer matrices.
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