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ABSTRACT: A sustainable, bioinspired approach to functionalize
basalt fibers with an innovative gallic acid (GA)-iron phenyl
phosphonate complex (BF-GA-FeP), for the purpose of improving
the flame retardancy in composite materials, is developed. BFs
were at first pretreated with O3, obtaining surface free hydroxyl
groups that allowed the subsequent covalent immobilization of
biosourced GA units on the fiber through ester linkages. Phenolic
−OH groups of the GA units were then exploited for the
complexation of iron phenyl phosphonate, resulting in the target-
complex-coated BF fiber (BF-GA-FeP). Microwave plasma atomic
emission spectroscopy and scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy analyses of BF-GA-FeP
highlighted an increase in iron content, modification of fiber
morphology, and occurrence of phosphorus, respectively. BFs, modified with a low amount of the developed complex, were used to
reinforce a poly(lactic acid) (PLA) matrix in the production of a biocomposite (PLA/BF-FeP). PLA/BF-FeP showed a higher
thermal stability than neat PLA and PLA reinforced with untreated BFs (PLA/BF), as confirmed by thermogravimetric analysis. The
cone calorimeter test highlighted several advantages for PLA/BF-FeP, including a prolonged time to ignition, a reduced time to
flame out, an 8% decrease in the peak heat release rate, and a 15% reduced fire propagating index compared to PLA/BF.

1. INTRODUCTION
In recent years, the growing awareness of environmental issues
has led to various local, national, and even global regulations
(such as the Kyoto Protocol), which aim to direct industries
toward reducing their environmental impact and encouraging
the use of renewable raw materials.1,2

In response to these regulations, industries and academic
research have focused on the development of high-perform-
ance materials derived from natural sources.
In this context, biocomposite materials are attracting

significant interest. Natural fiber-reinforced biopolymers3

have been proposed as a sustainable alternative to traditional
high-performance fiber-reinforced polymer (FRP) compo-
sites.4

One widely used biopolymer is poly(lactic acid) (PLA).5

PLA has unique characteristics, such as high transparency and
rigidity, making it the most investigated biodegradable
aliphatic thermoplastic polyester as an alternative to conven-
tional polymers.6

Many studies in the literature7 have explored the reinforce-
ment of PLA with plant fibers to obtain composites with good
physical and mechanical properties. Examples include PLA
reinforced with flax,8 hemp,9 bamboo,10 and ramie11 fibers.

Due to their advantageous properties, low production costs,
and environmentally sustainable profile, natural fiber-rein-
forced PLA composites find application in aerospace and
automotive industries.12 For instance, cotton fiber-reinforced
PLA is used for noise reduction, and hemp, flax, and sisal are
employed in the production of floor panels for automotive
applications.13 Despite their merits, these biocomposites are
primarily suited for less-demanding nonstructural applications.
For load-bearing parts requiring improved mechanical proper-
ties, synthetic-type fiber reinforcement is usually required.14

Basalt fibers (BFs), obtained from basalt rock, have emerged as
a promising reinforcement for FRPs amid growing environ-
mental concerns. In fact, not only are BFs naturally occurring,
but they also feature high specific stiffness, corrosion
resistance, electrical insulation, and resistance to high temper-
atures.15 These properties make BFs as an alternative to
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conventional synthetic fibers, showing, in particular, superior
physical and mechanical properties compared to glass fibers,
while being more sustainable and cost-effective than carbon
fibers.16 Basalt therefore emerges as a high-performance
alternative to plant fibers and proves to be a more sustainable
option than synthetic fibers.17

BF−PLA composites, given their good mechanical proper-
ties and biodegradability, find applications in the medical field,
particularly in the production of medical devices and materials
for bone repair.18 Tab́i et al. demonstrated that PLA reinforced
with short BFs, processed using conventional twin-screw
extrusion and injection molding techniques, could also be used

in structural applications.19 Current research is largely focused
on improving the fiber−matrix interfacial adhesion due to the
relatively chemically inert surface and low surface free energy
of BFs.20−22

FRPs, particularly PLA composites, because of their polymer
matrix, have an inherent tendency to burn quickly in case of
fire.23−25 Therefore, flame retardants (FRs) must be used to
improve their flammability resistance and meet the industrial
regulatory standards.26 The incorporation of FRs directly into
the polymer matrix is the most common method to improve
the flammability resistance of FRPs. Incorporation of
ammonium polyphosphate was found to be effective in flame

Figure 1. (a) Schematic representation of BF surface modification. (b) IR spectrum of the untreated BF (black line) and BF-GA, III (red line). (c)
SEM micrographs of untreated BF and BF-GA, III. (d) SEM-EDS analysis of BF-GA-FeP (IV).
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retardancy of PLA composites reinforced with kenaf27 and
ramie fibers.28

However, direct incorporation of FR into the matrix often
reduces composite mechanical performance as the two
components are often incompatible.29 Yargici Kovanci et al.
tested six different types of phosphorus-based FRs to increase
the fire resistance of a glass-fiber-reinforced PLA (GF-PLA)
composite. For the identification of the best FR, the six types
were first tested on neat PLA samples, and it was observed that
all of them had a negative effect on the final mechanical
performance. The study identified a diphosphoric acid−based
FR (P/N) coupled with a chain modifier as the optimal
solution for GF-PLA composites. This chain modifier, in
addition to optimizing the flame retardancy by reducing the
candlewick effect, was effective in improving the mechanical
performance of the composite.30

Another approach is to graft the FR directly onto the
reinforcing fiber. This strategy reduces the “candlewick effect”
and does not compromise the mechanical properties of the
composite.31 It is particularly used for composites reinforced
with natural fibers, where the functional groups of these latter
can be exploited to covalently link suitable FRs.32

BFs present a challenge due to their inert surface and limited
polar groups, making the flame-retardant-fiber interaction
difficult. Interestingly, Jiang et al.33 and Liu et al.34 reported
that grafting organic-type FRs onto the glass fiber surface
improves the fiber−matrix interfacial compatibility, resulting in
a composite with enhanced flame resistance and mechanical
properties.
The current legislative measures restricting the use of

halogenated FRs35 have stimulated the research area of
phosphorus-based FRs, valued for their low toxicity and ability
to act in both the condensed and gaseous phases when
properly designed.36

In this work, we present a novel, bioinspired protocol for
coating BFs with a halogen-free, phosphorus-based material
from a renewable source designed for FR applications in
biocomposite materials (Figure 1a). Specifically, a system
incorporating iron phenyl phosphonate was developed.
Literature reports indicate the efficacy of iron phosphonate
as a FR in both condensed and gas phases.37,38 It is expected
that the developed coated fibers, when used as a reinforcement
in composite materials, will generate phosphoric acid in the
event of a fire, thus promoting the formation of a char layer
and releasing low reactive radical species, inhibiting the
combustion process. The coating also includes gallic acid
(GA) units. GA is a biosourced phenolic acid that is present in
vegetal biomass, both “as is” or as part of tannins.39

Once the commercial sizing was removed from the BF (I),
for grafting the coating onto the surface, three steps were
undertaken: (1) pretreatment of the chemically inert fiber with
O3,

40 which led to the formation of free −OH groups and
resulted in BF−OH (II). The new functional groups were
exploited for (2) covalent immobilization of GA units via ester
bond formation,41 yielding the modified fiber BF-GA (III);
and (3) the in situ complexation of an iron phenyl
phosphonate layer, obtaining the coated fiber denoted as BF-
GA-FeP (IV) (Figure 1a).
This strategy was inspired by the bacterial bioprocess of

acquiring iron from the surrounding environment. Bacteria
secrete siderophores, small molecules that act as powerful
chelating agents for iron intracellular transport.42 Among their
chelating functionalities, siderophores have catecholate groups.

One of the most effective siderophores is enterobactin (Figure
1a), a triscatechol derivative of a cyclic triserine lactone. The
catecholate groups are capable of strong coordination with a
central ferric ion.43 Leveraging the structural similarity with
catechols, in this work, the GA units immobilized on the fiber
surface were exploited for FeIII coordination. Next, phenyl-
phosphonic acid (PPA) was added to the system, resulting in
the formation of the iron phenyl phosphonate complex.44

The modified BFs were characterized to confirm the
effectiveness of the developed coating process by Fourier
transform infrared spectroscopy (FT-IR), thermogravimetric
analysis (TGA), scanning electron microscopy coupled with
energy-dispersive X-ray spectroscopy (SEM-EDS), and micro-
wave plasma atomic emission spectroscopy (MP-AES).
Subsequently, these fibers were used as reinforcement in a
PLA biocomposite, and the fire resistance of the biocomposite
was evaluated.
To the best of the authors’ knowledge, this method of

coating BFs for improving fire resistance of polymer
composites is a novel and previously unexplored approach.

2. RESULTS AND DISCUSSION
Considering the inherently inert nature of the BF surface, the
sizing on the surface of the commercial BFs was removed by
immersing them in acetone solvent at room temperature,
avoiding the use of a commonly used Soxhlet extraction, which
requires an operating temperature of 70 °C.45 This procedure,
which makes free −OH groups available again, provided results
comparable to those obtained by refluxing the sample using
acetone.45 Furthermore, the use of acetone in this process
allowed for nearly quantitative recovery through distillation
from extracted sizing, enabling its reuse in subsequent
treatments.
As shown in Figure S1a, the infrared (IR) spectra of sizing-

free BF (I) and untreated BF show a broad absorption in the
800−1200 cm−1 range, ascribed to the antisymmetric
stretching vibration of Si−O−Si in the BF.45 In the IR
spectrum of untreated BF, the absorptions at 1510 cm−1 can be
assigned to the C−C stretching of aromatic rings, respectively,
typical of epoxy resin sizing.46 These signals disappear in the
spectrum of I, confirming the acetone treatment’s effectiveness.
To further validate the procedure, the sizing extracted was

analyzed by FT-IR. The IR spectrum (Figure S1b) revealed the
characteristic absorptions of epoxy resins: 1608 cm−1 (C�C
stretching of aromatic rings), 1509 cm−1 (C−C stretching of
the aromatic groups), 1039 cm−1 (ethers C−O−C stretching),
and 828 cm−1 (C−O−C stretching of the oxirane group).46

The SEM micrographs of the untreated BF (Figure S2a)
revealed the presence of sizing, whereas in the SEM
micrographs of I (Figure S2b), the sizing was markedly
reduced.
Following sizing removal, BFs were pretreated with ozone

(O3) to further increase their surface −OH groups (II).40 O3
was proposed as a safer alternative to other chemical agents
such as the piranha solution, which is highly corrosive and
difficult to handle.47 Figure S3a shows the FT-IR spectra of I
and II. The spectrum of II showed new absorptions at 1637
and 3365 cm−1 associated with adsorbed water and Si−OH
stretching, respectively,40 which confirm the formation of
oxygen-containing functional groups on the BF surface. SEM
analysis did not highlight any significant alteration in the fiber
surface morphology (Figure S3b).
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Untreated BF, I, and II were analyzed by TGA (Figure
S4a,b). The approximate 0.82% reduction of the untreated BF
in the temperature range 200−300 °C was attributed to the
decomposition of commercial sizing. Sample I showed a lower
weight reduction (0.41%) resulting from partial removal of
commercial sizing by acetone treatment.48 The thermogram of
II exhibited a weight loss between 70 and 170 °C caused by
the loss of physically adsorbed water molecules. The weight
loss in the temperature range of 200−300 °C (0.72%) was
higher than in the thermal decomposition of I, which is
presumably due to the loss of surface hydroxyl groups.49 The
analyses revealed no significant weight reduction associated
with the degradation of BFs up to 600 °C.
Subsequently, the pretreated fibers (II) underwent surface-

modification with the newly designed coating. The first step
involved the covalent immobilization of GA units on the fiber
(III) by exploiting the reaction of its acyl chloride derivative50

with the −OH groups at the fiber surface, leading to the
formation of ester bonds (Figure 1a).17

The green solvent tert-amyl methyl ether (TAME)51,52 was
employed to this purpose (30% w/w).41

FT-IR analysis was used for the characterization of III, and
Figure 1b presents a comparison of the spectrum of I and III.
The III sample showed signals that can be associated with the
GA units bound to the fiber: the broad absorption in the range
between 3000 and 3600 cm−1 is due to the O−H stretching of
the phenolic ring; the absorptions at 1611, 1525, and 1445
cm−1 are due to C−C stretching of the aromatic ring.53 The
signals at 1270 and 1017 cm−1, together with the general
absorption pattern observed in the 1000−1300 cm−1 range, are
due to the C−O stretching and O−H bending,54 respectively.
The surface morphology of III was characterized by SEM, as

shown in Figure 1c. The typical smooth surface of the BF is
replaced by a rough coating, and the gaps between the fibers
are no longer visible.
The phenolic groups of the GA units were then exploited for

the complexation of FeIII.43 The reaction took place in water at
room temperature, taking advantage of the dissociation of
FeCl3 into Fe(OH)3 and HCl in water. This process provided
the necessary Fe(III) ions for complexation with the oxygen
atoms of the phenolic groups, maintaining a pH < 5. Under
these pH conditions,55 mono(catecholate)iron(III) complexes
can be obtained. PPA was then introduced into the reaction
system. The oxygen atoms of the phosphonate moiety exhibit
strong binding affinity to FeIII, leading to the formation of iron
phosphonate.56 This compound was tightly bound to the fiber
surface due to its complexation with GA units, resulting in the
modified fiber denoted as IV.
Sample IV was further characterized by SEM-EDS analysis

(Figure 1d), revealing a globular-shaped coating on the surface
of the BF. The corresponding EDS spectrum confirmed the
presence of P and Fe, providing evidence that the material
bonded to the fiber was iron phosphonate resulting from the
FeIII�GA unit complexation.
The amount of Fe on IV was measured by MP-AES analysis

using the untreated fiber as a blank sample. The sample
showed an iron loading of 0.1 wt %, a low amount but
nevertheless confirming the FeIII�GA unit complexation on
the BF surface.
TGA of the untreated fiber and IV (Figure S5a,b) revealed

distinct weight loss patterns. Untreated BF showed an
approximate 0.82% weight loss in the temperature range
200−300 °C, attributed to the degradation of commercial

sizing. TGA performed on IV revealed two steps of weight loss
in the temperature range of 170−270 and 270−400 °C with an
approximate 1.83 wt % in the first range, attributed to the
decomposition of GA units.57−59 The approximate 5.41 wt %
in the temperature range 270−400 °C of IV could be assigned
to the breaking of C−C, C−H, and C−P bonds, which are all
present in the structure of phenyl phosphonic units.60,61

To gain further insights into the formation of the
phosphonate-iron-GA complex (GA-FeP), a reaction in
homogeneous phase was performed, employing methyl gallate
(MeGA) as a model substrate. MeGA underwent reaction in
water with FeCl3 to achieve complexation of FeIII with
phenolic groups, and, subsequently, PPA was added to enable
the coordination of iron with the phosphonate, resulting in the
formation of MeGa-FeP (see the Supporting Information).
MeGA and MeGa-FeP were characterized by UV−vis

analysis (Figure S6). Pure MeGA exhibited a maximum
absorbance at 280 nm.62 The absorption spectrum of MeGa-
FeP showed a shift in the position of λmax, likely attributed to
the presence of the phenyl phosphonic units absorbing in the
same region,63 while the complexation of FeIII with the galloyl
moiety resulted in absorption at higher wavelengths.64

The formation of the resulting homogeneous phosphonate-
iron-GA complex was confirmed by nuclear magnetic
resonance (NMR) (1H NMR and 31P NMR) analyses (Figures
S7 and S8).
The fibers coated with the target complex (IV) were then

used as a reinforcement for the manufacture of PLA-based
composites.
Figure S9a,b shows the TG and DTG curves of pure PLA

and PLA composites, while Table S1 shows the temperature
values at 5 and 10% decomposition (Td

5% and Td
10%),

temperature at the maximum decomposition rate (Td
Max),

and residue obtained. The thermogram of neat PLA shows a
one-stage complete degradation between about 300 and 400
°C. As for PLA, when reinforced with untreated BFs (PLA/
BF), the thermal degradation process initiates at lower
temperatures. Specifically, the temperature for 5% weight loss
is 333.3 °C for PLA and 328.5 °C for PLA/BF. PLA is known
to be extremely sensitive to the presence of moisture during
the melt-processing as temperature and traces of water induce
hydrolysis of ester bonds, leading to random-main chain
scission.65 During the microcompounding process, the polar
nature of the BF likely retained residual moisture that induced
hydrolysis and contributed to lower PLA degradation temper-
ature.66 The temperature values for 5% weight loss and other
relevant temperatures (Table S1) were shifted to higher
temperatures for treated fiber-reinforced PLA (PLA/BF-FeP),
demonstrating the effectiveness of the developed coating
complex in increasing the thermal stability of the composite.
As-synthesized iron-phenyl-phosphonate was added to neat
PLA with a concentration of 1 wt % (PLA-FeP) and
characterized by TGA. The temperature at 5 and 10%
decomposition and the temperature at the maximum
decomposition rate (Table S1) turn out to be higher compared
to that of pure PLA, as additional evidence of the effectiveness
of the developed complex in enhancing the thermal stability of
PLA. To evaluate the treated fiber char production efficiency,
the residue weight of composites was assessed at 800 °C.
However, due to the low complex loading on the fiber, as also
detected by MP-AES analysis, no significant change in the
residue amount was observed. Thus, even with a minimal
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amount of the developed coating on the fiber surface, the
composite showed increased thermal stability.
Pure PLA and composites were analyzed by differential

scanning calorimetry (DSC) analysis. Table S2 shows the glass
transition temperature (Tg), the peak temperature of the cold
crystallization (Tcc) and melting (Tm) processes, the enthalpies
involved in both transitions, and the calculated crystallinity
degree (χc). To compare the thermal properties of composites
and neat PLA, the data were determined on the second heating
curve in order to delete the thermal history of all samples.
Table S2 shows no significant variations among the parameters
of PLA, PLA/BF, and PLA/BF-FeP; thus neither the 20% BF
loading nor the developed coating affects the thermal
properties of PLA. On the other hand, the Tcc of FeP-added
PLA shifted to a lower temperature than that of the neat PLA
sample, proving that the developed complex promotes the
nucleation phase of the crystallization process. In fact, an
increase in the χc of the FeP-added PLA compared with that of
neat PLA is observed.67 Given the low loading on the fiber
surface, the developed complex does not affect the crystallinity
of PLA in the PLA/BF-FeP composite.
Cone calorimeter tests are commonly used to assess the

combustion behavior of materials under real fire condition.68,69

Table S3 shows an overview of the key parameters evaluated
for PLA/BF and PLA/BF-FeP, including time to ignition
(TTI), time to flame out, peak of heat release rate (pHRR),
total heat release, and total smoke production (TSP). Tests
were carried out with a heat flow of 35 kW/m2, which can be
roughly compared to a medium scale fire. The TTI of PLA/
BF-FeP composites exhibited a slight increase compared with
uncoated fiber-reinforced PLA, while time to flame out is
significantly reduced. Notably, the pHRR of PLA/BF-FeP
experienced an 8% decrease compared to that of PLA/BF even
at a very low loading of GA-FeP complex FR on BFs. These
latest experimental evidence means that the fire propagating
index (FPI = pHRR/TTI ratio) of PLA/BF-FeP (4.8 kW/m2

s) is much lower than that of PLA/BF (5.6 kW/m2 s). Thus,
the GA-FeP complex-functionalized composite tends to be less
prone to propagating the fire. TSP turns out to minimal for
PLA/BF due to the reduced smoke generation of PLA during
combustion,44,70 and the BF does not contribute to this
phenomenon. The PLA/BF-FeP composite showed no change
in TSP. Studies are reported in the literature detecting an
increase in TSP when phenyl phosphonate FRs are used due to
the production of phosphorus free radicals acting in the gas
phase.71−73 The efficacy of the developed FR coating is
noteworthy, given its low loading on the fiber surface, as it
successfully mitigated smoke production without compromis-
ing its FR capabilities. Consistent with the TGA and MP-AES
results, the low FR loading on the fibers does not lead to an
appreciable decrease in the mass loss attributable to char
production.

3. CONCLUSIONS
A sustainable and energy-saving bioinspired method for surface
functionalization of BFs with iron phenyl phosphonate has
been proposed and successfully implemented, offering a
promising solution to the growing demand for sustainable
products. The designed coating is not only bioderived but also
employs green solvents such as TAME, while circumventing
the need for high reaction temperatures.
Characterization of the modified fiber through SEM-EDS,

FT-IR, TGA, and MP-AES analyses demonstrates the

effectiveness of the treatment for the BF coating, which was
further investigated by assessing its effects on PLA-based
biocomposites.
Despite an extremely low FR loading on the fiber surface,

the modified composites showed enhanced thermal stability,
increased TTI, and reduced time to flame out, and
simultaneously an 8% reduction in pHRR and a 15% reduction
in FPI compared with the untreated BF reinforced composite.
Remarkably, this minimal FR loading is adequate to improve
the fire properties of the composites without contributing to
increased TSP.
The confirmed efficacy of the treatment for coating BFs,

characterized by an inert surface and reduced polar groups,
suggests its potential applicability to different types of fibers,
such as plant-based fibers, possessing surface functional groups
able to bind the developed complex.
In conclusion, this work proposes an ecofriendly approach to

address the poor fire resistance and low thermal stability of
natural fiber composites, opening avenues for further advance-
ments in sustainable materials.

4. MATERIALS AND METHODS
4.1. Materials. Chopped BFs, characterized by sizing

compatible with epoxy resins, were provided by Basaltex. The
nominal fiber length was 3.2 mm, with an average diameter of
13 μm. A PLA Luminy LX175 (96% (L-isomer)) provided by
TotalEnergies Corbion was used as the matrix material.
GA (C7H6O5) was obtained from Thermo Scientific.

Tetrahydrofuran (THF), thionyl chloride (SOCl2), TAME,
acetone (C3H6O), iron(III) chloride hexahydrate (FeCl3·
6H2O), phenylphosphonic acid (PPA, C6H5P(O)(OH)2),
and methanol (CH3OH) were purchased from Merck KGaA,
Darmstadt, Germany, and used without further purification
unless otherwise noted.

4.2. Characterization Techniques. NMR spectroscopy
was used to characterize the synthesis products. NMR spectra
were recorded on a Bruker DRX-ADVANCE 400 MHz system
(1H at 400 MHz and 13C at 100.6 MHz), using
tetramethylsilane (TMS) as an internal standard. Deuterated
chloroform (CDCl3) and Dimethyl sulfoxide (DMSO-d6) were
used as solvents.
FT-IR spectroscopy was used to assess the efficacy of the

sizing removal, O3 pretreatment, and coating on the BF. IR
spectra were recorded on a Bruker VERTEX 70 spectrometer,
equipped with a diamond attenuated total reflectance (ATR)
cell. FTIR-ATR spectra were acquired with a resolution of 4
cm−1, in the mid-IR region (400−4000 cm−1), collecting 128
scans.
The fiber surface morphology was studied by using a field

emission scanning electron microscope coupled with energy-
dispersive spectroscopy. Micrographs were acquired on a
Tescan Mira3 system using a 10 kV acceleration voltage. The
samples were earlier sputter coated with carbon.
A SDT-Q600 thermoanalyzer (TA Instruments) was used to

determine the thermal properties of treated and untreated
fibers and the manufactured composites. TGA was conducted
in air or nitrogen from room temperature to 800 °C under a
heating rate of 10 °C/min.
The glass transition, melting, and cold crystallization

temperatures of all the samples were determined by means
of (DSC 250 calorimeter, TA Instruments). The heating and
cooling rate were set at 10 °C/min, and a high purity nitrogen
with a flow rate of 40 mL/min was used. 10 mg of each sample
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was first melted by heating up to 200 °C from 10 °C (5 min
hold), and then they were crystallized by cooling to 10 °C (5
min hold). In order to remove the thermal history of the
samples, the thermal program was repeated twice. Melting and
cold crystallization enthalpies were determined, and the
crystallinity degree of the samples was calculated according
to eq 1

= ×
H H

H x
( )

100c
m cc

m
0 (1)

where ΔHm is the measured melting enthalpy of PLA
composites, ΔHcc is the measured cold crystallization enthalpy
of PLA composites, φ is the polymer weight fraction in
composites, and ΔHm

0 = 93 J/g is the enthalpy of fusion of
100% crystalline PLA.74

Detection of the iron content in BF-GA-FeP was performed
with an MP-AES 4210 instrument.
UV−vis absorption spectra of MeGa and MeGA-FeP

complex were recorded with a UV-2700 Shimadzu Co.
(Kyoto, Japan) spectrophotometer.
Fire behavior was assessed using an oxygen consumption

cone calorimeter (Fire Testing Technology Limited FFT Cone
Calorimeter model). The tests, following ISO 5660, were
performed at an incident Heat flux of 35 kW/m2 in horizontal
orientation using the cone shaped heater and specimens of 100
× 100 mm2 and thickness of 4 mm. Three samples were tested
per each formulation.

4.3. Methods. 4.3.1. Sizing Removal from Basalt Fibers.
150 g of BFs was placed in a reactor, and 1 L of acetone was
added. The reactor was sealed, and the fibers were allowed to
soak for 48 h at room temperature. The fibers were then
washed with deionized H2O, left to soak for 2 h, and dried in a
ventilated oven at 80 °C. The extracted sizing was
concentrated by solvent evaporation and analyzed by FT-IR
spectroscopy. Before analysis, residual acetone was evaporated
directly on the ATR crystal. The evaporated solvent was reused
for further 3 representative treatments of BFs.
4.3.2. BF Ozonization Process. The fibers were pretreated

with O3. A Salinovo ozone generator was used, fed by air, and
with a maximum diffusion rate of 0.5/h. 50 g of BF was placed
in the ozone chamber, having a volume of 500 cm3, and ozone
was fluxed inside through a porous diffusion plate. The
treatment was carried out for a maximum time of 7 h.
4.3.3. Synthesis of Galloyl Chloride. GA (63.75 g, 374

mmol) and anhydrous THF (45 mL, 701 mmol) were
introduced in a dried single-necked flask. Thionyl chloride
(90 mL, 461 mmol) and N,N-dimethylformamide (DMF)
(0.35 mL, 4.5 mmol) were subsequently added. The reaction
mixture was heated to 80 °C for 3 h. After the reaction time,
the solvent and excess SOCl2 has been removed under vacuum
from the reaction mixture. The crude galloyl chloride was used
for the subsequent reaction without further purification.
FT-IR (cm−1): 2800−3400 (O−H stretching); 1715, 1632

(C�O stretching); 736, 693, 646, 589 (C−Cl stretching).75
1H NMR (400 MHz, chloroform-d): δ 7.46 (s, 2H, Ar−H).
4.3.4. BF Coating. The crude galloyl chloride (92.34 g) was

dissolved in TAME (215.4 g, 2.1 mol) to obtain a 30% w/w
solution. 70 g of BF was immersed in the solution, and the
system was kept under stirring for 2 h. The resulting sample
was then washed with deionized H2O and dried in a ventilated
oven at 100 °C for 2 h.

The fibers functionalized by GA units (BF-GA) were
transferred into a vessel containing 400 mL of deionized
H2O to which 100 mL of FeCl3·6H2O (3.15 g, 0.01 mol)
aqueous solution was added. The system was kept under
stirring, and PPA (3.69 g, 0.02 mol) dissolved in 100 mL of
deionized H2O was added dropwise after 6 h. The reaction
proceeded at room temperature for 12 h. Iron phosphonate-
modified BFs (FeP-BF) were washed with deionized water and
dried overnight in a ventilated oven at 85 °C.
4.3.5. Composite Manufacturing. The manufacturing of

PLA/BF, PLA/BF-FeP, and PLA/FeP composites was
performed by traditional thermoplastic processes using a
Brabender-like apparatus (Rheocord EC, Haake Inc.) to
prepare compounds and transforming the same in plates of
suitable sizes with the aid of a lab hydraulic press (Collin
model P400E). Before compounding, the chopped BF, BF-GA-
FeP, and as-synthesized iron-phenyl-phosphonate as well as the
PLA pellets were dried in a vacuum oven at 70 °C for 4 h. The
micro compounder was used to mix BF, BF-GA-FeP, and iron-
phenyl-phosphonate with PLA setting the rotation speed of 60
rpm at 180 °C for 5 min. The PLA composites were then
compression-molded at 180 °C using a pressure profile
selected essentially on the basis of previous experiences (2
min at 0 bar −1 min at 5 bar −1 min at 10 bar and 1 min at 20
bar). Finally, the cooling step to room temperature was carried
out while maintaining the material at the maximum pressure
set (20 bar). The fiber content was kept at 20 wt %.
4.3.6. MP-AES Analysis. 15 mg of the sample (FeP-BF and

fibers as blank) was digested in a 20 mL graduated flask using 4
mL of aqua regia mixture (3:1 HCl/HNO3). After 3 h,
deionized water was used to reach the final volume, and the
residual solid fibers were filtered. The solutions were analyzed
by using a MP-AES 4210 instrument.
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