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ABSTRACT 

This work investigates halogen-free flame-retardant biocomposites based on poly(butylene succinate) (PBS) containing 
magnesium dihydroxide (MDH) and aluminum trihydroxide (ATH). Hybrid MDH/ATH systems (1:1, 1:2, 1:3) show synergistic 
flame-retardant and smoke-suppressive effects due to their different thermal activation ranges, outperforming single fillers while 
maintaining acceptable processability. PBS composites with ∼ 60 wt.% metal hydroxides were prepared by melt mixing. ATH 

dispersed better than MDH, which showed irregular morphology and impurities. All fillers reduced peak heat release rate, 
improved ignition resistance, and suppressed smoke. MDH/ATH hybrids exhibited strong synergies via stable char formation, 
achieving significant heat reduction and near-complete smoke suppression. Despite reduced ductility at high filler loading, all 
composites showed shear-thinning behavior and acceptable processing performance. Overall, this study shows that MDH and ATH 

act as effective halogen-free flame-retardant additives, transforming highly flammable PBS into flame-retardant bio composites 
suitable for several industrial applications supporting the development of environmentally friendly materials. 
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 Introduction 

n recent years, polymer-based materials have been extensively
sed in a wide range of applications such as transportation,
uildings, textiles and packaging due to their excellent versa-
ility and processability properties. Recently, to overcome the
ssues caused by pollution, researchers have investigated new
athways for plastics, such as the production and processing
f bio-derived and bio-degradable matrices, switching the tra-
ectory toward environmentally compliant pathways that align
ith the principles of sustainability [ 1 ]. Yet, plastic materials
re intrinsically extremely flammable, causing serious safety
oncerns, especially in indoor usage of the product where flame
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Macromolecular Materials and Engineering published by Wiley-VC

acromolecular Materials and Engineering , 2026; 311:e70283 
ttps://doi.org/10.1002/mame.70283
ignition and spread must be strictly minimized [ 2 ]. According
to the state of the art, composites based on flame retardant
(FRs) additives are industrially mostly mixed on polyolefins such
as polyethylene (PE), Polypropylene (PP), Ethyl-vinyl-acetate
(EVA), and polycarbonate (PC) at very high concentrations for
coatings, for electric cables, or for sheathing applications [ 3 ]. The
growing challenges associated with the disposal of petroleum-
based plastic waste, together with heightened environmental
concerns, have spurred significant interest in the development
and utilization of biodegradable polymers [ 4 ]. 

Among these, poly(butylene succinate) (PBS) has emerged over
the past decades as a promising candidate due to its derivation
se, which permits use, distribution and reproduction in any medium, provided the 
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rom renewable feedstocks, relatively low production cost, and
uitability for large-scale manufacturing [ 5–8 ]. PBS exhibits favor-
ble mechanical and thermal properties, enabling its use in pack-
ging materials, bags, films, fibers, and biomedical devices [ 9 ].
owever, like other aliphatic biopolyesters, PBS is intrinsically
ighly flammable, which limits its applications in sectors such
s automotive, electronics, and electrical engineering. Therefore,
nhancing the fire resistance of PBS is essential to broaden its
pplicability [ 10, 11 ]. 

ccording to Market Reports World, in 2023, the global PBS
arket was valued at approximately USD 1.23 billion, with
rojections indicating a rise to USD 2.9 billion by 2032 [ 12 ]. In
greement with the statistical data, biodegradable packaging is
he largest and most mature segment of PBS, but agriculture,
onsumer goods, textiles, medical, and specialty applications are
xpanding. Although PBS is an eco-friendly material with market
rowth, its market penetration is challenging because of: (i) high
esin cost, compared to commodity plastics like PE or PP, (ii)
omposting infrastructure gaps that slow end-of-life utility, (iii)
eedstock volatility, considering that the costs of succinic acid or
io-based inputs can influence price competitiveness. 

 typical intumescent flame-retardant system for PBS consists of
n acid source (e.g., ammonium polyphosphate), a blowing agent
e.g., melamine), and/or a carbonization agent (e.g., natural fibres
r pentaerythritol) [ 10, 13–15 ]. Research efforts focus on balanc-
ng fire resistance with bio-derived or bio-degradable materials
haracteristics, while maintaining mechanical performance and
conomic feasibility [ 14, 16–19 ]. 

lame-retardant (FR) additives are generally classified according
o their chemical composition: organic FRs, halogenated or
hosphorus-based, primarily act in the gas phase by disrupting
adical chain reactions and promoting char formation; whereas
norganic FRs, such as metal hydroxides, borates, and silicon-
ased compounds, operate mainly in the condensed phase
hrough endothermic decomposition and residue formation [ 20 ].

t is worth noting that recently, the European Chemical Agency
ECHA) has added 1,1’-(ethane-1,2-diyl)bis[pentabromobenzene]
DBDPE) to the list of substances of very high concern (SVHC)
or both human health and the environment. Furthermore, com-
anies are responsible for managing the risks of these chemicals
nd giving customers and consumers information on their safe
se [ 21 ]. 

etal hydroxides, such as magnesium di-hydroxide (MDH,
hemical formula: Mg(OH)2 ) and aluminum tri-hydroxide (ATH,
hemical formula: Al(OH)3 ), have been progressively penetrating
he fire-safety sector, as they represent an effective replacement
or halogen-based compounds [ 22–25 ]. Therefore, both MDH
nd ATH exhibit excellent compatibility with many commodity
hermoplastics, such as PE, PP, EVA, PVC, as well as with
lastomers and thermosets used in wires, cables, sheathings and
uilding materials [ 26–30 ]. The fire-safety properties of metal
ydroxides (e.g., MDH and ATH) can be summarized by several
ey mechanisms. First, the MDH and ATH act as heat sinks,
ooling the burning surface due to endothermic decomposition
eactions and the release of water molecules. Second, the released
ater vapor from decomposition dilutes the combustion gases
of 18
and helps reduce the intensity of the fire. Additionally, protective
layers of magnesium oxide (MgO) or aluminum oxide (Al2 O3 ) can
form, creating an insulating barrier between the flame and the
underlying material. Furthermore, using MDH and ATH reduces
smoke emissions during polymer combustion, thereby enhancing
the material’s overall safety [ 31 ]. 

According to the literature, MDH is widely used as an envi-
ronmentally friendly flame retardant, offering enhanced flame
resistance and smoke suppression thanks to its low cost, high
thermal stability, low toxicity, and effective thermal insulation
[ 32, 33 ]. Zaghloul et al. [ 34 ] examined the role of magnesium
hydroxide in high-density polyethylene, showing that the addi-
tion of MDH, ranging from 5 to 50 wt.%, significantly affected
the mechanical behavior of the resulting HDPE composites.
Similarly, Fan Ren et al. [ 35 ] demonstrated that increasing both
the MDH content and the fineness (mesh number) of the filler led
to a progressive improvement in the flame-retardant performance
of MDH-modified asphalt. 

Interestingly, Yew et al. [ 36 ] explored the synergistic effect of an
acrylic binder combined with flame-retardant additives, namely
aluminum hydroxide (Al(OH)3 ) and titanium dioxide (TiO2 ),
in solvent-based coatings formulated for steel substrates. The
study demonstrated that this combination markedly enhanced
both fire protection and thermal stability, achieving a limiting
oxygen index (LOI) of 34, indicative of strong flame-retardant
performance. 

The global aluminum hydroxide market size was estimated at
USD 12,051.5 million in 2024 and is projected to reach USD
15,309.5 million by 2030, growing at a CAGR of 4.1% from 2025
to 2030. The increasing demand for products is mainly driven
by their uses in pharmaceuticals, water treatment, and flame
retardants [ 37 ]. Interestingly, the global magnesium hydroxide
market size was estimated at USD 1,356.1 million in 2024 and
is projected to reach USD 2,063.6 million by 2030, growing
at a CAGR of 7.3% from 2025 to 2030. The market is driven
by its applications in wastewater treatment and low-cost flame
retardants [ 38 ]. 

A very interesting study by Chen et al., investigated the effect of
different Mg(OH)2 particle morphologies, ranging from 500 nm
to 20 µm, on the fire resistance properties of PBS-based com-
posites, the authors demonstrated that PBS/Mg(OH)2 composites
filled with different Mg(OH)2 amounts, medium-sized, petal-
like Mg(OH)2 ( ≈ 5 µm) exhibited slightly better flame retardancy
compared to both larger ( ≈ 20 µm) and nano-sized ( ≈ 500 nm)
particles, due to the ability of the morphology to build an effective
and less cracked char layer under cone calorimeter conditions.
Furthermore, the authors conducted the investigation in PBS-
based composites containing the filler ranging from 10 to 60
wt.% and demonstrated that the highest filler loading guarantees
acceptable LOI values and V-0 (according to UL-94), regardless
of the morphology of the Mg(OH)2 particles. The authors con-
cluded that the highest filler loading (i.e. at 60 wt.%) ensures
appropriate fire-retardant properties that the neat PBS does not
possess [ 39 ]. 

The combination of high-cost, biodegradable yet highly
flammable bioplastics with low-cost, halogen-free flame
Macromolecular Materials and Engineering, 2026
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 articles are governed by the applicable C
reati
etardants, such as metal hydroxides, may enable the
evelopment of cost-effective formulations. However, these
aterials must comply with several market requirements
eyond just fire-resistance properties, as it has been mainly
nvestigated in the literature so far. In this context, this study
ims to thoroughly characterize the mechanical, thermal,
heological, and fire-resistance performance of natural milled
agnesium di-hydroxide (MDH) and precipitated aluminum
ri-hydroxide (ATH) as halogen-free flame-retardant additives
HFFRs) in PBS-biocomposite formulations. MDH and ATH,
ither separately or in hybrid compositions, e.g., MDH/ATH
t different weight ratios of 1:1, 1:2, 1:3, were introduced at
igh concentrations, at approximately 60 wt.%, into the bio-
erived matrix, such as poly(butylene succinate) (PBS), via melt
ixing. The biocomposites were then characterised in their
heological, morphological, thermal and mechanical behavior.
articular attention was given to fire resistance and photo-
xidation weathering of the PBS-based formulations containing
etal hydroxides. Interestingly, good results were obtained
y introducing a single MDH or ATH, and even better results
ere obtained using hybrid compositions of MDH/ATH; the
ynergistic effect of the inorganic fillers in the PBS matrix was
lso investigated. These resultant biocomposites exhibit superior
ire-resistant characteristics and smoke suppression capabilities
f pristine samples, while maintaining adequate processability
nd solid-state performance. 

 Materials and Methods 

.1 Materials 

olybutilene-succinate (PBS), BioPBS FZ91PM with a melt flow
ndex of 5g/10min (MFR (190◦C, 2.16 kg), a density of 1.26g/cm3 ,
nd a melting temperature of 115◦C, was supplied by Mitsubishi
hemical Co. (Tokyo, Japan). 

agnesium Di-Hydroxide (MDH) with chemical formula:
g(OH)2 , HYDROFY G 2.5, has been produced by milling
atural mineral brucite and kindly supplied by Nuova Sima
Genga, AN, Italy). It features a specific surface area (BET) of
.5 m2 /g, a median particle size (D50 ) of 3.5 µm, a bulk density
tamped) of 0.64 g/ cm3 , and a 2.36 g/ cm3 specific gravity/density.

luminium Tri-Hydroxide (ATH) with chemical formula:
l(OH)3 , MARTINAL OL-104 LEO, is a finely precipitated
luminium hydroxide produced by Huber Corporation, Germany,
ourced from high-purity alumina. It features a specific surface
rea (BET) of 3–5 m2 /g, a median particle size (D50 ) of 1.7–
.1 µm, purity ca. 99.4%, and a 2.4 g/cm3 specific gravity/
ensity. 

n antioxidant (AO), SABOSTAB AO 1010 produced by Sabo, was
sed in this research. It is a sterically hindered phenolic antiox-
dant, specifically pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-
ydroxyphenyl)propionate), widely used to stabilize polymers
gainst thermal and oxidative degradation. 

able 1 reports the main features of ATH and MDH, such as
article size, surface area, specific gravity/density, bulk density,
nd water content, sourced from available commercial sheets. 
acromolecular Materials and Engineering, 2026
2.2 Formulations of Composites 

Before compounding, PBS, ATH, and MDH have been dried
overnight at 75◦C under vacuum to avoid hydrolysis phenomena,
then, the biocomposite formulation was carried out using a
batch mixer (Brabender model PLE330, Duisburg, Germany)
at 135◦C with a mixing speed of 50 rpm for 10 min with
simultaneous addition of particles and polymer matrix previously
mixed in solid phase. Sample codes with relative polymer and
filler concentrations are described in Table 2 . To characterize the
biocomposites, pellets of all materials were dried in a vacuum
oven under the same conditions as above and then compression
molded using a Carver Laboratory Press (Carver, Wabash; IN;
USA) at a temperature of 135◦C at about 20 atm for about 3 min. 

2.3 Characterizations of Composites 

2.3.1 Rheological Analysis 

Rheological tests were performed using a strain-controlled
rheometer (ARES G2, TA Instruments, New Castle, DE, USA)
in parallel plate geometry (plate diameter 25 mm). Frequency
scans from 10− 2 to 102 rad/s were performed to measure complex
viscosity ( η*) and storage (G’) and loss (G ″ ) moduli at the same
processing temperatures. The strain amplitude was set at 5%,
which was found to be low enough to be in the linear viscoelastic
regime in preliminary experiments with strain sweeps. 

2.3.2 Morphological Analysis 

Particle morphology was analyzed by scanning electron
microscopy (SEM) (Quanta 200 F ESEM, FEI, Hillsboro,
USA). All samples were sputter-coated with a thin layer of
gold to make them conductive. The crystal size distribution
(CSD) was determined using ImageJ software from several
SEM micrographs of the hydroxide particles, and the resulting
data were processed with Origin 8.5 to obtain the particle size
distribution curve. 

A scanning electron microscope (SEM, Quanta 200 ESEM, FEI,
Hillsboro, OR, USA) was used to examine the microstructure
of the PBS-based biocomposites. Prior to the SEM analysis, the
samples were fractured in liquid nitrogen. To avoid electrostatic
charging under the electron beam, the fractured surface of each
sample was sputtered (Scancoat Six Edwards, Crawley, UK) with
a thin layer of gold for 90 s in an argon atmosphere. 

2.3.3 Differential Scanning Calorimetry 

The melting enthalpies of all samples were measured by DSC
using a Shimadzu (Japan) DSC-60 instrument at a heating rate
of 10 ◦C/min from T ambient to 190◦C. All samples of similar
weight ( ∼ 7 mg) were subjected to heating/cooling/ heating, and
the thermal parameters were evaluated on the second heating
scan, erasing the previous thermal history. The PBS crystallinity,
χc , was calculated using the equation: 

𝜒𝑐 =
Δ𝐻𝑚 

Δ𝐻100 ×𝑊𝑝 

× 100 (1)
3 of 18
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TABLE 1 Particle size, surface area, specific density, bulk density and water content; according to [ 25 ]. 

Particle size 

Dry laser diffraction Surface area Specific density Bulk density Water content 

D10 
[ µm] 

D50 
[ µm] 

D90 
[ µm] 

BET method 
[m2 /g] 

Gravity method 
[g/cm3 ] 

Tamped 
[g/cm3 ] 

Halogen lamp @ 120 ◦C 

[%] 

MDH 1.14 4.03 12.3 7.7 2.36 0.64 0.33 
ATH 1.07 2.18 4.11 3-5 2.40 0.4-0.5 0.18 

TABLE 2 Sample code name with relative weight concentrations. 

PBS MDH ATH AO 

Sample code [%] [%] [%] [%] 

PBS 100 0 0 0 
PBS MDH 39.82 60 0 0.18 
PBS ATH 39.82 0 60 0.18 
PBS MDH/ATH 1:1 39.82 30 30 0.18 
PBS MDH/ATH 1:2 39.82 20 40 0.18 
PBS MDH/ATH 1:3 39.82 15 45 0.18 
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here ΔHm is the enthalpy of fusion, ΔH100 is the enthalpy of
usion of 100% crystalline polymer, and Wp is the weight fraction
f polymer. For PBS, ΔH100 = 110.5 J gr− 1 [ 40 ]. 

.3.4 Monoaxial Tensile Test 

onoaxial tensile tests were conducted with Instron 3360 on
ectangular samples (10 mm width, 0.3–0.4 mm thickness, and
ith a gauge length of 30 mm) produced by compression molding.
he crosshead speed was 1 mm/min. Tests were performed at
3◦C and 50% humidity, according to the ASTM D882 method. Ten
amples were tested for each material, and the deviations were
alculated on rectangular samples. 

.3.5 Dynamic Mechanical Thermal Analysis 

ynamic mechanical thermal tests (DMTA) were carried out in
ensile configuration through a dynamic mechanical analyzer
odel DMA + 50 (Metravib, Limonest, France). The test was
erformed on three specimens (10 mm × 30 mm) of each
omposite from room temperature to 140◦C at a heating rate
f 5◦C/min. The frequency was set at 1 Hz, and the dynamic
isplacement was set at 5 × 10− 5 m. 

.3.6 Thermo-Gravimetric Analysis 

hermal Analysis was conducted in a Netzsch Jupiter F1 STA 449
NETZSCH B.V & Co. Holding KG, Selb, Germany) in the range
5–1200◦C with a heating rate of 10◦C min− 1 by fluxing 20 mL
in− 1 of nitrogen and 20 mL min− 1 of air during the analysis. 
of 18
2.3.7 Cone Calorimeter Test Setup 

The cone calorimeter test was the key method used to dynam-
ically assess the flame-retardant properties and smoke suppres-
sion capabilities of the materials by measuring the heat release
rate. In this setup, the polymer was exposed to a radiant heat
flux of 50 kW/m2 at a distance of 25 mm from the heat source,
corresponding to a surface temperature of approximately 780◦C.
The exposure lasted 1200 s in ambient air with a constant airflow
of 24 L/min. 

Each sample was prepared and mounted in the following con-
figuration (from bottom to top): metal support – glass wool –
aluminum foil – sample – metal grid – upper metal support. An
electric arc was used as the ignition source. 

Prior to testing, the airflow was calibrated to 24 L/min at 0 atm rel-
ative pressure (i.e., without vacuum or overpressure). The airflow
was measured using a Venturi tube equipped with a diaphragm at
the constriction and two pressure sensors positioned before and
after the restriction. A small portion of the airflow was diverted
through a capillary tube and directed to the oxygen analyzer, after
passing through a paper filter and a fiberglass filter. 

Before reaching the oxygen analyzer, the airflow passed through a
cold trap to condense moisture, followed by a series of adsorbent
filters: silica gel to capture water vapor and soda lime (a mixture
of calcium hydroxide and sodium hydroxide) to remove carbon
dioxide. The saturation of the adsorbent beds was monitored
visually by color changes: silica gel turned from beige to green,
and soda lime from white to violet. When saturation exceeded half
the filter height, the materials were replaced. 

A SERVOMEX paramagnetic oxygen analyzer was used. To
ensure accurate analysis, the air was filtered to prevent the entry
of polar compounds. The analyzer was first calibrated with clean
air at a flow rate of 3.25 L/min, corresponding to an upper oxygen
concentration limit of 20.95%. Then, nitrogen was introduced at
the same flow rate to lower the oxygen concentration to 0%, estab-
lishing the lower calibration limit. The oxygen concentration in
the extracted air was monitored over time to determine oxygen
consumption, which was then converted into heat release data. 

The heat flux calibration was performed using a blackbody with a
reflective surface facing the cone. The distance from the cone was
first precisely set to 25 mm. The temperature was then adjusted
until the irradiance reached 50 kW/m2 . In this case, the cone
temperature was set to approximately 783◦C. 
Macromolecular Materials and Engineering, 2026
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 methane calibration was conducted to determine the c-factor,
 coefficient related to the measured heat release. A controlled
ethane flow was introduced horizontally under the cone and
gnited using an electric arc. The ConeCal 5 software measured
he c-factor, which had to fall within the range of 0.042–0.046 If
alues were outside this range, the exhaust hood was cleaned, and
he filters were replaced. 

moke suppression properties were evaluated using a laser-based
etection system. The laser was first obscured to set the zero-
ransmittance baseline. A 60-s pre-test interval was recorded to
stablish the baseline signal. During the test, light transmittance
as measured and correlated with smoke production. 

.3.8 Photo-Oxidation Behavior 

ll samples were subjected to photo-oxidation again using a Q-
V/se accelerated weathering tester (Q-Labs Corp., Westlake,
H, USA) with eight UVB-313 lamps. The samples were exposed
t 70◦C to an irradiance of 0.89 W/m2 (at a wavelength of λ = 313
m) and monitored. 

he progress of the photo-oxidation as a function of time of
ure PBS and all the PBS-composites was monitored by ATR-
TIR spectroscopy analysis. Therefore, the spectroscopy analysis
as carried out using ATR-FTIR equipment (Perkin-Elmer FT-
R/NIR Spectrum 400, Waltham, MA, USA), and 16 acquisitions
ere made for each measurement. 

 Results and Discussion 

.1 Processability and Morphology 

scillatory test analyses have been carried out to investigate
he processability of PBS-based biocomposites and the effect of
dding magnesium dihydroxide (MDH) and aluminum trihydrox-
de (ATH) powders on the rheological behavior. Figure 1 shows
a-b) the complex viscosity and (c-d) the storage (G’) and loss
G’’) moduli of the PBS-based biocomposite containing MDH,
TH, and MDH/ATH, as a function of angular frequency, in com-
arison to pure PBS. As expected, the complex viscosity of pure
BS remains unchanged at low frequencies and varies slightly
ithin the high-frequency range. In contrast, the PBS-based
iocomposites demonstrate non-Newtonian behavior across the
ntire investigated frequency range. Among the samples, PBS
DH shows the highest viscosity, in comparison to pure PBS
nd PBS ATH, across the entire frequency range, indicating that
he addition of MDH increases the resistance to flow, likely due
o stronger filler–matrix interactions or a more interconnected
icrostructure. PBS ATH also exhibits higher viscosity than pure
BS, but lower than PBS MDH, indicating a less pronounced
einforcement effect of ATH, especially at high frequencies, as
hown in Figure 1a . Regarding the PBS-based biocomposites
ontaining MDH/ATH at different weight ratios of 1:1, 1:2, 1:3, see
igure 1b , all samples exhibit higher viscosity values than that
f the pure PBS in the whole investigated frequency range, and
owever, this is more pronounced at low frequencies, confirming
he structuring effect of the well-dispersed inorganic fillers and
he well-pronounced interaction filler-matrix. Furthermore, all
acromolecular Materials and Engineering, 2026
PBS MDH/ATH systems exhibit a shear-thinning behavior, char-
acteristic of pseudoplastic fluids due to progressive disruption and
alignment of the polymer–filler network under flow. The PBS
MDH/ATH at different concentrations 1:1, 1:2, 1:3 exhibit similar
rheological behavior among them, suggesting that their process-
ability is mainly governed by the presence of both MDH and ATH,
and in turn, the complex viscosity trends appear comparable to
the trend of PBS ATH, albeit with a less pronounced slope of shear
thinning. 

Therefore, the storage (G’) and loss (G’’) moduli trends of all the
samples investigated, see Figure 1c,d , highlight some interesting
results. More specifically, the PBS and PBS ATH samples exhibit
liquid-like behavior across the entire investigated frequency
range, i.e. there is no crossover between G’ and G’’ moduli, see
Figure 1c . In contrast, the PBS MDH sample exhibits a crossover
between G’ and G’’ at approximately 70 rad/s, indicating a
transition to solid-like behavior, see Figure 1c . It is worth noting
that all the PBS MDH ATH at different weight ratios 1:1, 1:2, 1:3,
exhibit intermediate behavior among PBS MDH (solid-like) and
PBS ATH (liquid-like), and G’ and G’’ at 100 rad/s show almost the
same values, see Figure 1d . This highlights that the rheological
behavior of PBS MDH/ATH samples is governed by both MDH
and ATH, and their interactions with biopolymer chains. 

In addition, Table 3 reports the viscosity values at ω = 0.1
rad/s (low frequency) and ω = 100 rad/s (high frequency) and
MFI values. Although the viscosity values are higher due to
the presence of metal hydroxides, this does not affect the use
of these materials in melt processing, such as extrusion and/or
injection moulding, highlighting the industrial feasibility of these
fire-resistant PBS-based composites. 

Prior to the morphology investigation of the PBS-composites,
an accurate SEM analysis was performed on both MDH and
ATH, and crystal size distribution (CSD) was estimated. Figure 2
reports the SEM micrographs (a,c) of the two metal hydroxides
along with their corresponding crystal size distributions (b,d).
The distributions were obtained by processing several SEM
micrographs with ImageJ software, and the resulting data were
analyzed using Origin 8.5 to generate the crystal size distribu-
tion curves. The MDH particles exhibit a rough surface and a
markedly irregular morphology, consistent with their preparation
by milling of a natural mineral. The milling process causes
crystal fracture, leading to the formation of crystal particles
with irregular size and shape distributions. This green and
simple process, which does not require the use of chemicals,
is responsible for the observed irregular fragmentation of the
crystals and the broad size distribution. This observation is
consistent with the size distribution curve shown in Figure 2b ,
where the most populated class falls within the 1–1.5 µm range,
although pieces up to 7.5–8 µm in size are also present. In
contrast, the ATH pieces display a more regular morphology, see
Figure 2c . The precipitation-based synthesis process promotes
the formation of crystals with controlled dimensions and uni-
form shapes. This observation is supported by the distribution
reported in Figure 2d , which shows a significantly narrower curve
compared to MDH, with the most populated class in the 0.5–
1 µm range. Moreover, these findings are consistent with the
BET measurements reported in the technical data sheets from
manufacturers. 
5 of 18
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FIGURE 1 (a,b) Complex viscosity and (c,d) G’ storage ( □) and G’’ loss ( ×) moduli of pure PBS and PBS-based biocomposites. 

TABLE 3 Viscosity values at ω = 0.1 and 100 rad/s and Melt Flow Index (MFI) of PBS and PBS-based composites. 

ηω = 0.1 rad/s ηω = 100 rad/s MFI@190 ◦C, 2.16 lg 

Sample [Pa*s] [Pa*s] [g/10 min] 

PBS 0.7 ⋅104 0.5 ⋅103 5.00 
PBS MDH 3.6 ⋅104 3.4 ⋅103 1.22 
PBS ATH 1.3 ⋅104 1.1 ⋅103 1.76 
PBS MDH/ATH 1:1 1.2 ⋅104 3.7 ⋅103 1.54 
PBS MDH/ATH 1:2 1.9 ⋅104 4.7 ⋅103 1.61 
PBS MDH/ATH 1:3 1.7 ⋅104 4.0 ⋅103 1.56 
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n Figure 3 , morphologies of PBS-based biocomposites obtained
y SEM observation are shown. Pure PBS shows a homogeneous
orphology characterised by smooth regions alternated with
avy structure. The morphology observed for the PBS MDH
omposite appears to be jagged and contains MDH grains in order
f diameter that were expected from the crystal morphology,
hown in Figure 2a , some of which are integrated within the
atrix, while others appear to be detached. The fracture surface
f the PBS ATH composite exhibits a relatively smooth morphol-
gy compared to pure PBS, with the presence of numerous small
oids and cavities distributed across the surface. These voids
ikely correspond to detached ATH crystals or poor interfacial
dhesion zones between the filler and the polymer matrix. The
orphology of the polymer matrix in the hybrid composite with
 higher MDH content (i.e., PBS MDH/ATH 1:1) results in a
imilar and consistent appearance to that of the polymer matrix in
of 18
the composite filled only with magnesium hydroxide, PBS MDH.
Similarly, the PBS matrix in the PBS MDH/ATH 1:3 biocomposite,
which contains a higher percentage of ATH, exhibits a compara-
ble smooth morphology to the composite that is solely filled by
ATH. In addition, with respect to SEM morphologies, the PBS
MDH/ATH 1:2 displays a distinctive behavior, characterised by a
jagged matrix and visible ATH particles. 

However, according to rheological and morphological analyses,
ATH can be easily dispersed in biopolymer and polyolefin
matrices [ 25 ], and for this reason, in this work, attention has been
focused on systems with increasing ATH content. 

Regarding the MDH and ATH structures, our previously docu-
mented XRD analysis [ 25 ] and the literature indicate that the
MDH has a brucite structure containing traces of dolomite,
Macromolecular Materials and Engineering, 2026
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FIGURE 2 (a,c) SEM micrographs (at 10 000 × of the magnitude) and (b,d) the crystal size distribution (CSD) of MDH and ATH. 

c  

I  

b  

c  

t
 

a  

s  

µ  

m  

c

3

I  

m  

o  

P  

a  

b  

t  

d  

c  

Y  

t  

p  

e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M

 14392054, 2026, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.70283 by C

ochraneItalia, W
iley O

nline L
ibrary on [13/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
onsisting essentially of magnesium and calcium carbonates.
nstead, ATH emphasizes its gibbsite structure, as revealed
y XRD analysis [ 25 ]. This structure–property relationship is
onsistent with the findings of Chen et al., who demonstrated
hat PBS/Mg(OH)2 composites filled with different Mg(OH)2
mounts, medium-sized, petal-like Mg(OH)2 ( ≈ 5 µm), exhibited
lightly better flame retardancy compared to both larger ( ≈ 20
m) and nano-sized ( ≈ 500 nm) particles, due to the ability of the
orphology to build an effective and less cracked char layer under
one calorimeter conditions [ 39 ]. 

.2 Mechanical Behavior 

n Figure 4 , the main mechanical properties (e.g., Young’s
odulus (E), tensile strength (TS), and elongation at break (EB))
f all samples investigated are shown and compared to pure
BS; on the left axis, the Young’s modulus values are reported,
nd on the right axis, the tensile strength and elongation at
reak. As expected, by adding ca. 60 wt.% of metal hydroxides,
he mechanical behavior is completely different, turning from a
uctile behavior to a rigid one. The addition of such a high filler
ontent results in a remarkable increase in stiffness, with the
oung’s modulus showing more than a three-fold rise compared
o pure PBS. This highlights the reinforcing effect of the inorganic
hase and the strong polymer–filler interaction. However, this
nhancement comes at the expense of tensile strength and
acromolecular Materials and Engineering, 2026
elongation at break, which drastically decrease for all filled
formulations. In particular, the elongation at break is reduced
to values close to those typical of brittle materials, indicating
limited chain mobility and poor polymer matrix continuity due to
the high filler loading. Overall, the mechanical results underline
the typical trade-off observed in highly filled biopolymer com-
posites: increased rigidity and dimensional stability alongside
a significant loss of toughness and ductility. Therefore, the
increased rigidity and reduced ductility of all PBS-based biocom-
posites can be considered favorable for processing by compres-
sion molding to produce items that can withstand mechanical
stress. 

Figure 5a,b shows the storage modulus (E ′ ) curves for all the
samples investigated, as determined by dynamic mechanical
thermal analysis. Measurements were taken from room tem-
perature until the materials lost their thermal stability, which
occurred shortly after their melting temperature was exceeded.
Over the entire temperature range, the storage modulus (E ′ ) of
all biocomposites was higher than that of pure PBS. As expected,
and in agreement with the rheological and mechanical data,
the storage modulus at room temperature is higher for all bio-
composites compared with pure PBS. Furthermore, the presence
of the inorganic fillers improved the stability of the materials
across the entire temperature range, shifting the onset of thermal
degradation to higher temperatures. This results in an increase of
approximately 15◦C–20◦C in the temperature at which complete
7 of 18
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FIGURE 3 SEM micrograph (at 10 000 × of the magnitude) of pure PBS and PBS-based biocomposites. 

FIGURE 4 Main mechanical properties of neat PBS and PBS-based biocomposites. Left axis: Young’s Modulus (MPa). Right axis: Tensile Strength 
(MPa) and Elongation at Break (%). 
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hermal stability is lost. The reinforcing trend for the single-
iller biocomposites is consistent with the rheological results;
n fact, MDH particles provide the strongest reinforcing effect.
or the hybrid compositions, the modulus curves are shifted to
igher values compared with the composites containing only one
etal hydroxide, and the differences between the three hybrid
ormulations appear negligible. 
of 18
3.3 Thermal Behavior and Stability 

Figure 6a–d and Table 4 report the DSC curves and data of
pure PBS and its biocomposites containing MDH, ATH, and
MDH/ATH at different weight ratios 1:1, 1:2, 1:3, during the
first heating and first cooling steps. Pure PBS shows a single
melting peak at 114.6◦C and a crystallisation temperature Tc of
Macromolecular Materials and Engineering, 2026
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FIGURE 5 Storage modulus (E ′ ) curves as a function of temperature: (a) pure PBS, PBS MDH and PBS ATH; (b) pure PBS and PBS MDH/ATH at 
different weight ratios 1:1, 1:2, 1:3. 

FIGURE 6 DSC analysis of (a-b) first heating scans and (c-d) first cooling scans of pure PBS and PBS-based biocomposites. 
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9.9◦C, with the highest enthalpy of fusion ( ΔHm 

= 84.6 J/g)
nd a crystallinity χ of 74.6% (corrected for cold crystallisation).
t is worth noting that PBS exhibits a small exothermic peak
t approximately 97.7◦C due to the occurrence of the cold crys-
allisation phenomenon, and this small peak is not noticeable in
BS-based biocomposites. The addition of MDH or ATH slightly
ecreases the melting temperature Tm 

, while the crystallisation
emperature increases by about 10 ◦C. This behavior can be
xplained by the dual role of the filler: first, the metal hydroxide
rystals act as nucleating agents, promoting an earlier onset of
rystallisation phenomena, and second, they also interfere with
he regular growth of the biopolymer crystals, resulting in a slight
acromolecular Materials and Engineering, 2026
reduction of the melting temperature. Biocomposites containing
MDH, in addition to the main melting peak, display a small peak
or shoulder around 105◦C. This feature is observed in samples
containing only MDH and MDH/ATH hybrid compositions.
Table 4 also shows how it appears as a small peak (* ) or shoulder
( ̂ ) , depending on the MDH concentration in biocomposite formu-
lations. Overall, it seems that MDH acts as a nucleating agent,
increasing the crystallinity of PBS. Furthermore, an overall slight
decrease in the degree of crystallinity for PBS ATH is observed,
considering that ATH decreases the overall crystallinity of PBS
by disrupting its crystalline structures due to its smaller crystals
being able to migrate easily between the biopolymer chains. 
9 of 18
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TABLE 4 DSC data related to the first heating scan and the first 
cooling scan. The crystallinity degree ( χ) was calculated using Equation 1 ; 
for pure PBS was considered the cold crystallisation enthalpy ( χ = ( ΔHm 

- ΔHcc ) / ΔH100% ). 

Tm 

Tc ΔHm 

χ
Sample [◦C] [◦C] [J/gr] [%] 

PBS 114.6 79.9 84.6 74.6§

PBS MDH 105.2* – 112.7 89.1 34.1 77.1 
PBS ATH 113.1 88.7 29.9 67.6 
PBS MDH/ATH 1:1 102.7* – 113.1 88.1 35.2 79.6 
PBS MDH/ATH 1:2 106.0ˆ – 112.3 89.2 34.8 78.7 
PBS MDH/ATH 1:3 105.1ˆ – 112.3 88.3 35.4 79.9 

Note: (* ) small peak; ( ̂ ) shoulder; (§) PBS crystallinity degree was calculated by 
subtracting ΔHcc (cold crystallisation enthalpy) 

FIGURE 7 TGA curves (left axis: weight loss) and DTG curves (right 
axis) of MDH and ATH. 
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ll the PBS MDH/ATH systems exhibit slightly higher values
f crystallinity in comparison to pure PBS, similar to the value
f PBS MDH, indicating that the simultaneous presence of
DH and ATH promotes a more efficient reorganization of PBS
rystals. The synergistic effect of MDH and ATH likely enhances
ucleation density while allowing sufficient chain mobility for
rystal growth, resulting in a more ordered crystalline structure. 

rior to the thermal stability of PBS-based biocomposites, the
GA/DTG analysis of the two metal hydroxides has been carried
ut in an inert atmosphere, and Figure 7 shows the trends. A
rominent main peak in the decomposition of both aluminum
nd magnesium hydroxides to metal oxides and water molecules
s evident, with magnesium hydroxide exhibiting significantly
igher results compared to aluminum hydroxide. The main
ecomposition peak is located at approximately and Tmax =
26.8◦C for MDH and Tmax = 327.3◦C for ATH, corresponding
o the decomposition of metal hydroxides into metal oxides,
mphasising their good thermal stability. 

eyond the main peak, the MDH displays two notable peaks and
ne minor peak between approximately 500 and 800◦C. These
mall peaks can be attributed to the decomposition of dolomite,
 process that involves the transformation of magnesium car-
onate (MgCO3 ) into magnesium oxide (MgO), followed by the
ecomposition of calcium carbonate (CaCO3 ) into calcium oxide
CaO). 
0 of 18
In relation to ATH, a minor shoulder is observed at approximately
242.0◦C, which can be ascribed to a partial dehydration of alu-
minum hydroxide to aluminum hydroxide oxide (also designated
as aluminum oxyhydroxide), i.e., AlO(OH). It is evident that the
degradation of aluminum hydroxide oxide AlO(OH) to aluminum
oxide (Al2 O3 ) is the underlying cause of the peak at 513.2◦C. 

The residual masses of the two hydroxides at 900◦C are esti-
mated at approximately 67.8% for MDH and 65.3% for ATH.
The composition of these minerals is primarily metal oxides,
with a loss of approximately 30%–35% attributed to the water
molecules and CO2 that were produced during the decomposition
of the carbonates. The attribution of these thermal events to
carbonate decomposition is consistent with the kinetic study of
Smadi et al., who investigated the calcination of magnesium
carbonate over a broad range of heating rates and demonstrated
that MgCO3 and CaCO3 decarbonation proceeds through a
well-defined endothermic step that forms the related oxides,
MgO and CaO, and the release of CO2 . The stoichiometric
ratios between the reaction products were studied to demon-
strate the mass loss in the TGA/DTG curves already discussed
before [ 41 ]. 

The thermal stability behavior of PBS biocomposites was evalu-
ated, and the (a-b) TGA and (c-d) DTG curves obtained under
air conditions are presented in Figure 8 with the related data
listed in Table 5 . Pure PBS exhibits an initial decomposition
temperature (T5% ) of 351◦C. The maximum rate of decomposition
occurs at 406◦C in a single main weight loss stage, with a small
step that starts at 439◦C that reduces the weight loss from 3.6%
to zero, resulting in a minor shoulder in the DTG curve at 523◦C.
After the addition of metal hydroxides, the initial decomposition
temperatures decrease, and the degradation behavior becomes
more complex. The samples containing MDH or ATH show an
anticipated degradation phenomenon that occurs in the range of
300 – 325◦C, probably due to the occurrence of anticipated degra-
dation phenomena of PBS in the presence of metal hydroxides,
with respect to pure PBS. In accordance, the hybrid composites
containing both MDH and ATH exhibit anticipated and complex
degradation phenomena. This complex behavior can be attributed
to the presence of the metal hydroxide crystals themselves (see
Figure 7 ), as their thermal degradation contributes additional
steps to the overall anticipated degradation process. The lower
thermal stability of PBS-based biocomposites in air conditions,
i.e. in the presence of oxygen, is mainly due to the premature
decomposition of PBS in the presence of metal hydroxides, which
can catalyze its degradation. Interestingly, the onset degradation
temperature in TGA of neat PBS is said to be slightly higher than
that of the PBS/MDH/ATH composite. This apparent decrease
in thermal stability upon incorporation of MDH and ATH has
already been reported for PBS-based systems containing Mg/Al
derivatives, where the presence of metal hydroxides/oxides was
shown to catalyze chain scission reactions and hydrolysis of the
ester [ 42 ]. In our case, the progressive dehydroxylation of MDH
and ATH during heating generates MgO and Al2 O3 rich surfaces
that provide basic sites, which can promote the thermo-oxidative
degradation of PBS at the polymer–filler interface. Consequently,
the composite exhibits an earlier onset of degradation in TGA
compared to neat PBS, even though the overall fire performance
is improved due to the endothermic decomposition of the
Macromolecular Materials and Engineering, 2026
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FIGURE 8 Thermo-gravimetric analysis: (a-b) TGA and (DTG) curves of pure PBS and PBS-based biocomposites. 

TABLE 5 Data of TGA/DTA analysis, residue [%] at 900 ◦C and static heat resistance index (Ts ). 

T Main Peak T Secondary Peak 

Residue at 900 
◦C T5% T30% Ts 

Sample [◦C] [◦C] [%] [◦C] [◦C] [◦C] 

PBS 406 523ˆ 0.1 351.2 387.1 182.6 
PBS MDH 303 403–499–583* 35.4 295.4 399.5 175.4 
PBS ATH 324 384–457ˆ 37.7 307.3 368.8 168.7 
PBS MDH/ATH 1:1 309 409* –469* –493ˆ –568ˆ 37.5 286.2 330.8 153.4 
PBS MDH/ATH 1:2 309 345ˆ –463* –493* –595ˆ 37.0 283.7 330.5 152.8 
PBS MDH/ATH 1:3 315 357ˆ –463* –496* –550ˆ 37.5 285.4 332.1 153.6 

Note: ( ̂ ) small shoulder; (* ) small peak; T5% and T30% are the temperatures corresponding to 5% and 30% mass loss 
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ydroxides and the formation of a thermally stable inorganic
esidue. 

n addition, the static heat resistance index (Ts) of PBS and PBS-
ased biocomposite has been calculated by using Equation 2 : 

Ts = 0 . 49 [ T5% + 0 . 6 ( T30% − T5% ) ] (2)

here T5% and T30% are the temperatures corresponding to 5% and
0% mass loss, all data are listed in Table 5 . The Ts decreases upon
he addition of both MDH and ATH, indicating a reduction in
he thermal stability of the biocomposites compared to pure PBS.
BS exhibits the highest Ts (182.6◦C), while the incorporation of
DH and ATH lowers Ts to 175.4◦C and 168.7◦C, respectively.
acromolecular Materials and Engineering, 2026
The hybrid composites containing both MDH and ATH show the
lowest Ts values (around 153◦C), reflecting the combined effect
of the two additives on accelerating the initial decomposition.
This decrease in static heat resistance is consistent with the
premature decomposition of the metal hydroxides, forming water
molecules that can catalyze the biopolymer degradation while
simultaneously promoting char formation and flame-retardant
action. 

3.4 Resistance to Heat and Photo-Oxidation 

Figure 9 shows the (a,b) Heat Release Rate (HRR), (c,d) Smoke
Production Rate (SPR), and (e,f) Total Heat Release (THR) curves
11 of 18
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FIGURE 9 (a,b) Heat Release Rate, (c,d) Total Heat Release and (e,f) Smoke Production Rate of pure PBS and PBS-based biocomposites at a heat 
flux. 
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f PBS and its biocomposites under cone calorimeter testing,
ith the corresponding data listed in Table 5 . Cone calorimeter
nalysis allows evaluation of various parameters related to the
lammability of materials. Furthermore, Figure 10 shows images
f the final residue after 1200 s of combustion for all the samples
nvestigated, while the inserts show what the samples looked like
efore they were burned. 

s shown in Figure 9 , pure PBS burns rapidly and exhibits a well-
ef ined peak in the HRR curve, with a peak value (pHRR) of
49 kW/m2 , while the THR reaches a maximum of 68.84 MJ/m2 ,
imilarly of what has been found by Wang et al. [ 14 ]. For the
amples containing only MDH or ATH, the HRR curves display
ultiple peaks. For PBS MDH, the pHRR decreases to 198 kW/m2 ,
hile for PBS ATH it reaches 175 kW/m2 . In the composites
ontaining MDH and ATH, the first peak could be associated
ith the initial rearrangement of the metal hydroxide, which
eads to the release of water and the formation of a protective
2 of 18
char layer, similar trend has been observed by PBS filled with
lignin chelate composites for flame retardant applications [ 18 ].
The subsequent peaks, appearing at longer times, correspond
to the partial or complete degradation of the char layer and
the final combustion of the underlying polymer that had been
previously shielded. The HRR curves of the hybrid composites
exhibit a similar trend, characterized by a single peak attributed
to the formation of an intumescent char layer. This peak gradually
decreases over time, indicating the development of a more stable
and efficient protective structure, also according to the literature
[ 15 ]. Moreover, for the hybrid compositions, a further reduction
in pHRR is observed, reaching values of 130, 121, and 130 kW/m2 

for PBS MDH ATH 11, 1 2, and 1 3, respectively. 

Figure 9c,d shows the total heat release (THR) as a function of
time for neat PBS and its composites. A clear decrease in THR
is observed for the PBS-based composites compared to neat PBS.
The rapid combustion of pure PBS is evident from the comparison
Macromolecular Materials and Engineering, 2026
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FIGURE 10 Images of the final residue at 1200 s after combustion (inserts show the sample before combustion) of pure PBS and PBS-based 
biocomposites. 

o  

i  

w  

a  

A  

p  

t  

T  

c  

r  

t  

c  

d  

e  

p

T  

a  

e  

h  

s  

t  

t  

t  

e  

7  

i  

f  

o  

g  

e  

t  

p  

p  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M

 14392054, 2026, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.70283 by C

ochraneItalia, W
iley O

nline L
ibrary on [13/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
f the THR values at 600 and 1200 s, which appear nearly
dentical, indicating that the combustion is essentially completed
ithin the first few minutes. In contrast, the composites exhibit
 slower and more gradual heat release, particularly the PBS
TH sample, which shows the slowest combustion kinetics. The
resence of ATH in the hybrid composites further contributes
o reducing the overall burning rate of the material. A higher
HR value indicates a greater amount of heat released during
ombustion, which increases the risk of secondary fires. The
esults show that the addition of hydroxides significantly reduces
he THR, with the lowest value observed for PBS MDH ATH 1 2,
ompared to 68.84 MJ/m2 for neat PBS (see Table 6 for complete
ata). This reduction suggests that the composites possess an
nhanced ability to suppress heat release and thereby lower the
otential for secondary ignition. 

he smoke produced during combustion is particularly critical,
s it can dramatically reduce visibility at the fire site and hinder
vacuation, while the inhalation of toxic gases poses a severe
ealth risk. Pure PBS starts to release smoke at around 54 s,
hortly after ignition, which occurs at 45 s, and the smoke genera-
ion continues until approximately 285 s. Compared to pure PBS,
he presence of hydroxide maintained approximately constant
he starting time of releasing smoke, and the time to ignition,
xcept for the PBS ATH sample, for which the TTI is equal to
2 s. A marked reduction, by at least one order of magnitude,
n the peak of the smoke production rate (SPR) is observed
or the composites compared with neat PBS. The incorporation
f natural magnesium hydroxide significantly suppresses smoke
eneration, while ATH shows a similar but less pronounced
ffect, particularly in the hybrid sample PBS MDH ATH 1 3, where
he total smoke production at 1200 s is comparable to that of
ure PBS. Overall, compared to polyolefin-based systems (see our
revious work), the use of PBS as the polymer matrix leads to an
acromolecular Materials and Engineering, 2026
inherent reduction of roughly one order of magnitude in the total
smoke produced during combustion. 

Furthermore, the flame-retardant index (FRI) of PBS-based
composites has been calculated considering Equation 3 [ 43 ], as
follows: 

FRI =
⌊THR X 

pHRR 

TTI 
⌋ polymer matrix [

THR X 

pHRR 

TTI 

]
composite 

(3)

FRI was calculated for all PBS-based composites to evaluate their
overall fire retardancy performance, with neat PBS serving as the
reference, and all data are shown in Table 6 . The FRI is a dimen-
sionless index that allows the comparison of flame-retardant
effectiveness across different systems by simultaneously consid-
ering multiple cone calorimeter parameters, including peak heat
release rate (pHRR), time to ignition (TTI), and total heat release
(THR). It provides a comprehensive measure of the improvement
in fire resistance relative to the neat polymer. As expected, the
addition of hydroxides significantly improves the fire resistance of
the polymer matrix. PBS MDH exhibits a moderate improvement,
with an FRI of 5.94, indicating good flame retardancy. PBS ATH
shows a more pronounced effect, achieving an FRI of 10.05, which
classifies it as excellent in terms of fire-retardant performance.
The hybrid composites containing both MDH and ATH display
FRI values ranging from 8.25 to 11.04, reflecting a combined
effect of the two additives. Among these, PBS MDH ATH 1 2
reaches the highest FRI (11.04), demonstrating the most effective
flame retardant behavior. The other hybrid samples, PBS MDH
ATH 1 1 (FRI = 9.27) and PBS MDH ATH 1 3 (FRI = 8.25), also
show substantial improvements compared to neat PBS, although
slightly lower than the best-performing hybrid. These results
indicate that the synergistic combination of MDH and ATH in
13 of 18
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TABLE 6 Data of Heat Release Rate (HRR) and Smoke Production Rate (SPR), and final weight residue at 1200 s; radiant power = 50 kW/m2 . 

Samples 

PBS PBS MDH PBS ATH 

PBS MDH 

ATH 1 1 
PBS MDH 

ATH 1 2 
PBS MDH 

ATH 1 3 

Heat Transfer 
Height of HRR peak [kW/m2 ] 749 198 175 130 121 128 
time of heat release peak [s] 135 95 100 95 125 95 
total heat release (THR) at 600 s 
[MJ/m2 ] 

68.70 37.44 38.50 36.06 33.53 38.50 

total heat release (THR) at 1200 s 
[MJ/m2 ] 

68.84 43.91 50.02 45.80 41.30 50.02 

time to ignition (TTI) [s] 49 45 72 48 48 46 
Flame Retardant Index (FRI) — 5.94 10.05 9.27 11.04 8.25 
Smoke Emission 

Height of SPR peak [m2 /s] 0.033 0.004 0.008 0.002 0.002 0.004 
total smoke production at 600 s [m2 ] 2.85 0.47 0.77 0.39 0.43 1.33 
total smoke production at 1200 s [m2 ] 2.92 0.5 1.16 0.57 0.98 2.73 
Final Weight Residue at 1200 s [%] 1.68 33.86 40.37 49.36 46.14 46.41 
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he hybrid composites can enhance the overall flame-retardant
erformance, balancing reductions in peak heat release rate, total
eat release, and smoke production. Overall, the FRI analysis
onfirms that the incorporation of hydroxides, particularly in
ptimized hybrid formulations, significantly increases the fire
afety potential of PBS-based materials. Compared with other
iodegradable-matrix FR systems like PLA- and resin-based sys-
ems, the PBS/MDH/ATH biocomposites developed in this study
perate through analogous halogen-free mechanisms but achieve
t least comparable, and in several respects superior, performance
n terms of pHRR reduction and smoke suppression at similar
r slightly higher mineral loadings. In PLA, several studies using
luminum or layered double hydroxides as sole flame retardants
eport a substantial but moderate reduction of the peak heat
elease rate (pHRR) at high filler loadings accompanied by
 modest increase in char formation and only limited smoke
uppression. These PLA systems also show a pronounced increase
n stiffness and a strong decrease in elongation at break, similar to
he mechanical behavior observed in the present PBS composite
 44 ]. In particular, the combined use of MDH and ATH promotes
he formation of a more continuous, ceramic-like protective layer,
hich translates into a pronounced decrease in heat release and
n almost complete suppression of smoke, whereas most PLA and
BAT systems filled only with single hydroxides attain smaller
HRR reductions and retain significant smoke generation under
one calorimeter conditions. This enhanced fire performance,
owever, comes at the cost of a high elastic modulus and very
ow elongation at break, so the potential application window
f the present PBS composites is mainly restricted to rigid or
emi-rigid components where stiffness, dimensional stability and
ow smoke production are prioritized over impact resistance and
uctility. 

urthermore, according to Chen et al. [ 39 ], the highest filler load-
ng (i.e., at 60 wt.%) ensures appropriate fire-retardant properties
4 of 18
of PBS-based composites that the neat PBS does not possess.
Chen et al. [ 39 ], as discussed before, conducted an investigation
into the filler range from 10 to 60 wt.% and demonstrated that
the highest filler loading guarantees acceptable LOI values and
V-0 (according to UL-94), regardless of the morphology of the
Mg(OH)2 particles. In our study, MDH and ATH particles with
diameters ranging from 2 to 5 µm are utilized, and given that our
PBS-based composites contain MDH, ATH, or MDH/ATH at 60
wt.%, it is supposed that the fire-retardant properties could be
considered comparable to those reported in the literature. 

A spectroscopic analysis of neat PBS, MDH, ATH, and PBS-based
composites was carried out before accelerated weathering to
evaluate potential chemical interactions, and the obtained spectra
are shown in Figure 11 . 

The ATR-FTIR spectra of the ATH (gibbsite) and MDH (brucite)
structures (see Figure 11a ), as reported in the literature [ 45–47 ],
show good purity, although the MDH spectra reveal traces of
carbonate. Concerning MDH, a strong peak can be observed at
3692 cm− 1 related to the stretching of the OH group, which is char-
acteristic of the O–H stretching vibration of brucite (Mg(OH)2 ).
There is also a peak at 1444 cm− 1 and one at 882 cm− 1 related
to the asymmetric stretching and out-of-plane bending of the
CO3 

2 − group, which is strong evidence of carbonate impurities
(e.g., magnesite, dolomite, or calcite). A peak can be observed
at 1077 cm− 1 related to the stretching of the Si–O group, which
may be due to silicate minerals or secondary carbonate phases, in
accordance with the peak at 964 cm− 1 related to the bending of the
OH group or the stretching of the Si–O group [ 46, 47 ]. It should
be noted that the presence of carbonates does not necessarily
have a negative effect, particularly when considering the role
of MDH as a filler for flame-retardant applications. This is due
to the fact that carbonates also undergo strongly endothermic
decomposition, with the resultant release of CO2 . This contributes
Macromolecular Materials and Engineering, 2026
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FIGURE 11 ATR-FTIR spectra of: (a) MDH and ATH; (b) pure PBS, 
PBS MDH and PBS ATH; (c) pure PBS and PBS-based biocomposite with 
MDH/ATH hybrid compositions. 
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o the absorption of the heat emitted by the polymer at a different
emperature with respect to MDH. 

owever, regarding the spectrum of ATH, the peaks at 3620
nd 3524 cm− 1 can be attributed to the ν(OH) stretching of
l ─OH bonds, which are typical of gibbsite. The 3435 cm− 1 peak
orresponds to the H–O–H stretching of adsorbed water, while the
and at 3388 cm− 1 is related to a broad ν(OH) band due to hydro-
en bonding. The 3371 cm− 1 feature can be assigned to ν(OH)
tretching in an overlapping mode, still within the Al–OH or
ater region. Furthermore, Al–OH bending vibrations (possi-
ly δ(Al–OH)) can be observed at 1016 cm− 1 , corresponding to a
haracteristic in-plane OH deformation, and at 961 cm− 1 , typically
ssociated with δ(Al–OH) bending in gibbsite. The 732 cm− 1 band
s assigned to δ(H–O–H) bending of adsorbed water. Finally, Al–
 bond vibrations can be detected from the peaks at 555 and 512
m− 1 . 

s expected, all PBS-based biocomposites exhibited the typical
haracteristic peaks of PBS (see Figure 11b,c ). The main absorp-
ion bands include the symmetric and asymmetric C–H stretching
f methylene groups in the range of 2950–2850 cm− 1 , carbonyl
roups in the range 1750–1700 cm− 1 and the vinyl group in the
acromolecular Materials and Engineering, 2026
range of 1000–900 cm− 1 [ 48 ]. In particular, for samples containing
MDH, a strong peak at 3692 cm− 1 is clearly visible. For the sample
containing ATH, the sequential peaks between 3620 and 3371
cm− 1 dominate this spectral region, as they are all related to water
content or to the –OH functional groups of the hydroxides (see
Figure 11b ). Since no significant peak shifting was observed, it can
be assumed that no chemical interactions occurred and that the
fillers behave as inert particles within the PBS matrix. 

A photo-degradation study was carried out using an accelerated
weathering testing machine, exposing pure PBS and PBS-based
biocomposites to UVB irradiation up to 120 h. The corresponding
spectra at different exposure times are reported as supplemen-
tary files (see Figures S1–S6 ). Figure 12a,b shows the carbonyl
accumulation (approximately 1750–1700 cm− 1 ) as a function of the
photo-oxidation time for all the investigated samples. 

According to the literature [ 49–52 ], depending on the envi-
ronmental condition, PBS undergoes hydrolytic, oxidative, and
thermal decomposition. Hydrolysis may occur through either
depolymerization or random chain scission, both involving the
cleavage of ester bonds along the polymer backbone upon
exposure to moisture [ 53 ]. In the presence of oxygen, thermal
and photo-induced degradation pathways of PBS are associated
with the formation of radical species generated through hydrogen
abstraction, predominantly involving hydrogen at the β-position,
accompanied by cleavage of the relatively weak O ─CH2 bond.
This reaction leads to the formation of succinic acid and polymer
chains terminated with alkenyl segments and carboxylic acid
groups [ 52 ]. Furthermore, the formation of carboxyl-containing
cyclic structures has also been reported as part of the PBS degrada-
tion pathway [ 54 ]. Overall, the oxidative degradation mechanisms
of PBS lead to the accumulation of large carbonyl and hydroxyl
groups (e.g., formation of carboxylic acids) and alkenyl segments
(e.g., vinyl insaturations). Therefore, the PBS oxidative degrada-
tion could be profitably followed by monitoring the accumulation
of carbonyl, hydroxyl, and vinyl groups in time, according to
our previous work [ 53 ]. It is worth noting that the monitoring
of the accumulation of the hydroxyl groups (approximately in
the range 3600–3200 cm− 1 ) and vinyl groups (approximately in
the range 1000–900 cm− 1 ) for PBS-based biocomposites is a hard
matter because of the overlapping with typical peaks of MDH
and ATH structures, and for this reason, the PBS photo-oxidative
degradation has been monitored considering only the overall
carbonyl accumulations, see Figure 12a,b . It seems that carbonyl
accumulation occurs more rapidly in pure PBS than in the
presence of MDH and/or ATH, which causes reduced carbonyl
formation over time, even in MDH/ATH hybrid compositions.
This can be explained by considering the alkaline nature of both
MDH and ATH, which contrasts with the formation of succinic
acid molecules. 

4 Conclusions 

The production market for flame-retardant and fireproof mate-
rials is expanding rapidly, with a significant shift toward envi-
ronmentally friendly compounds. In this study, PBS-MDH/ATH
flame-retardant composites were studied, combining a potential
bio-based, biodegradable polyester matrix with halogen-free min-
15 of 18
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FIGURE 12 Carbonyl area of (a) pure PBS, PBS MDH and PBS ATH, and (b) pure PBS and PBS-based biocomposite with MDH/ATH hybrid 
compositions. 
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ral flame retardants, thereby avoiding the use of halogenated
dditives and heavy metals. 

he ATH demonstrated high purity and lamellar structures,
xhibiting excellent dispersion within the PBS matrix. The MDH
ispersion proved more challenging due to its rough surface.
onsequently, the ATH exhibited a gibbsite structure, while MDH
redominantly showed a brucite structure containing beneficial
races of dolomite (calcium and magnesium carbonates). The
nhanced fire resistance of these carbonates is attributable to two
rincipal factors. First, their high decomposition temperatures
nd, second, the formation of inert carbon dioxide during the
rocess of combustion. 

he investigation of all PBS-based biocomposites has demon-
trated that they exhibit adequate processability and acceptable
echanical properties. Further perspectives and optimizations
ould rely on surface-modified hydroxides, for example Mg(OH)2
reated with stearic acid or stearates to improve dispersion,
educe melt viscosity, and allow lower total mineral loading
hile preserving flame retardancy. Stearic-acid coatings and
agnesium stearate are already used at industrial scale as
urface treatments and processing aids in polymer compounding,
acilitating extrusion and injection molding by reducing die pres-
ure and improving mold release, which makes these strategies
irectly transferable to PBS-MDH/ATH formulations. In parallel,
ybrid systems combining mineral hydroxides with bio-based
r phosphorus-containing flame retardants have recently shown
romising fire performance in bioplastics, and could be explored
o balance the inherently high modulus and very low elongation
t break of the present PBS composites. Furthermore, enhanced
hoto-oxidative stability was observed in the presence of MDH
nd ATH, in comparison to the pure matrix. This phenomenon
an be attributed to the contrasting alkaline properties of MDH
nd ATH, which are distinct from the process of succinic acid
olecule formation resulting from PBS degradation. Future work
hould therefore include a more comprehensive durability and
nvironmental assessment, covering not only accelerated photo-
xidative ageing but also hydrolytic degradation in fresh and
alt water, as well as biodegradation tests in soil and marine
6 of 18
environments, in line with current standards for biodegradable
plastics. Such studies will be essential to verify that the targeted
fire performance can be maintained over service life and that the
envisaged end-of-life scenarios are compatible with the presence
of MDH and ATH, ultimately determining the feasibility of real-
world applications for these flame-retardant PBS biocomposites. 

It was established that both MDH and ATH were capable of
reducing the peak heat release rate with effectiveness. This
reduction in heat release rate resulted in enhanced ignition resis-
tance and a significant reduction in smoke release. Furthermore,
the combined MDH/ATH hybrid compositions exhibited clear
synergistic effects, balancing two degradation steps to produce
stable, ceramic-like char layers. This mechanism resulted in
a drastic heat reduction and almost complete suppression of
smoke, thereby demonstrating the high efficacy of this sustain-
able approach to producing flame-retardant materials. Finally,
the presence of both MDH and ATH simultaneously offers the
advantage of providing acceptable processability and a wide
range of fire protection effects that are not offered by individual
components. 

Author Contributions 

F.F. Formal analysis, Investigation; G.I. Conceptualization, Data curation,
Formal analysis, Investigation, Validation, Writing – original draft, Writ-
ing – review & editing; G.B. Investigation, Software, Supervision, Writing
– review & editing; D.T. Project administration, Resources, Supervision,
Validation; L.C. Project administration, Resources, Software, Supervision,
Writing – original draft; G.D.M.M. Conceptualization, Funding acquisi-
tion, Project administration, Resources, Writing – review & editing; N.T.D.
Conceptualization, Data curation, Investigation, Methodology, Writing –
original draft; Writing –review & editing. 

Acknowledgements 

This work was financially supported by EU LIFE23-ENV-IT-MareMag
LIFE (Project number: 101147407) Project name: Innovative Marine
Magnesium Minerals for a Circular, Safe and Sustainable (Acronym:
MareMag). 
Macromolecular Materials and Engineering, 2026

e C
om

m
ons L

icense



O  

a

C

T

D

T  

s

R

 

a  

h

2  

B  

3

3  

A
N  

1

4  

B  

O  

1

5  

B  

a  

p

6  

C  

P  

F  

j

7  

t  

N  

1

8  

i  

I  

R  

b

9  

d  

(

1  

P  

R  

h

1  

“  

t  

S  

2

1  

h
s

1  

E  

E  

1

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M

 14392054, 2026, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.70283 by C

ochraneItalia, W
iley O

nline L
ibrary on [13/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reativ
pen access publishing facilitated by Universita degli Studi di Palermo,
s part of the Wiley - CRUI-CARE agreement. 

onflicts of Interest 

he authors declare no conflicts of interest. 

ata Availability Statement 

he data that support the findings of this study are available in the
upplementary material of this article. 

eferences 

1 . A. Di Bartolo, G. Infurna, and N. T. Dintcheva, “A Review of Bioplastics
nd Their Adoption in the Circular Economy,” Polymers 13 (2021): 1229,
ttps://doi.org/10.3390/polym13081229 . 

 . M. Maqsood and G. Seide, “Biodegradable Flame Retardants for
iodegradable Polymer,” Biomolecules 10 (2020): 1038, https://doi.org/10.
390/biom10071038 . 

 . I. I. Zaripov, I. N. Vikhareva, E. A. Buylova, T. V. Berestova, and
. K. Mazitova, “Additives to Reduce the Flammability of Polymers,”
anotechnologies in Construction A Scientific Internet-Journal 14 (2022):
56–161, https://doi.org/10.15828/2075-8545-2022-14-2-156-161 . 

 . E. Gallo, B. Schartel, D. Acierno, and P. Russo, “Flame Retardant
iocomposites: Synergism Between Phosphinate and Nanometric Metal
xides,” European Polymer Journal 47 (2011): 1390–1401, https://doi.org/
0.1016/j.eurpolymj.2011.04.001 . 

 . G. Z. Papageorgiou and D. N. Bikiaris, “Crystallization and Melting
ehavior of Three Biodegradable Poly(Alkylene Succinates). A compar-
tive Study,” Polymer 46 (2005): 12081–12092, https://doi.org/10.1016/j.
olymer.2005.10.073 . 

 . T. Bin, J. Qu, L. Liu, Y. Feng, S. Hu, and X. Yin, “Non-Isothermal
rystallization Kinetics And Dynamic Mechanical Thermal Properties Of
oly(Butylene Succinate) Composites Reinforced With Cotton Stalk Bast
ibers,” Thermochimica Acta 525 (2011): 141–149, https://doi.org/10.1016/
.tca.2011.08.003 . 

 . S. S. Ray, K. Okamoto, and M. Okamoto, “Structure − Property Rela-
ionship in Biodegradable Poly(butylene succinate)/Layered Silicate
anocomposites,” Macromolecules 36 (2003): 2355–2367, https://doi.org/
0.1021/ma021728y. 

 . Y. Tachibana, T. Masuda, M. Funabashi, and M. Kunioka, “Chem-
cal Synthesis of Fully Biomass-Based Poly(Butylene Succinate) From
nedible-Biomass-Based Furfural and Evaluation of Its Biomass Carbon
atio,” Biomacromolecules 11 (2010): 2760–2765, https://doi.org/10.1021/
m100820y. 

 . A. A. Shah, F. Hasan, A. Hameed, and S. Ahmed, “Biological Degra-
ation of Plastics: A Comprehensive Review,” Biotechnology Advances 26
2008): 246–265, https://doi.org/10.1016/j.biotechadv.2007.12.005 . 

0 . X. Yue, J. Li, P. Liu, W. Pu, and Y. Lin, “Investigation of Flame-Retarded
oly(Butylene Succinate) Composites Using MHSH as Synergistic and
einforced Agent,” Journal of Materials Science 53 (2018): 5004–5015,
ttps://doi.org/10.1007/s10853- 017- 1915- 7 . 

1 . L. Ferry, G. Dorez, A. Taguet, B. Otazaghine, and J. M. Lopez-Cuesta,
Chemical Modification of Lignin By Phosphorus Molecules to Improve
he Fire Behavior Of Polybutylene Succinate,” Polymer Degradation and
tability 113 (2015): 135–143, https://doi.org/10.1016/j.polymdegradstab.
014.12.015 . 

2 . P. B. Succinate (PBS) Market Trends | Report [2033], (n.d.).
ttps://www.marketreportsworld.com/market- reports/poly- butylene- 
uccinate- pbs- market-14720616 (accessed February 24, 2026). 

3 . L. Valentini, S. Bittolo Bon, M. A. Lopez-Manchado, et al., “Synergistic
ffect of Graphene Nanoplatelets and Carbon Black in Multifunctional
PDM Nanocomposites,” Composites Science and Technology 128 (2016):
23–130, https://doi.org/10.1016/j.compscitech.2016.03.024 . 
acromolecular Materials and Engineering, 2026
14 . Y. Wang, S. Zhang, X. Wu, et al., “Effect of Montmorillonite on
the Flame-Resistant and Mechanical Properties of Intumescent Flame-
Retardant Poly(Butylene Succinate) Composites,” Journal of Thermal
Analysis and Calorimetry 128 (2017): 1417–1427, https://doi.org/10.1007/
s10973- 017- 6092- z . 

15 . Y. Wang, C. Liu, X. Shi, J. Liang, Z. Jia, and G. Shi, “Synergistic
Effect of Halloysite Nanotubes on Flame Resistance of Intumescent Flame
Retardant Poly(Butylene Succinate) Composites,” Polymer Composites 40
(2019): 202–209, https://doi.org/10.1002/pc.24629 . 

16 . L. Dumazert, D. Rasselet, B. Pang, B. Gallard, S. Kennouche, and
J. Lopez-Cuesta, “Thermal Stability and Fire Reaction of Poly(Butylene
Succinate) Nanocomposites Using Natural Clays and FR Additives,”
Polymers for Advanced Technologies 29 (2018): 69–83, https://doi.org/10.
1002/pat.4090 . 

17 . Y. Liu, L. Mao, and S. Fan, “Preparation and Study of Intumes-
cent Flame Retardant Poly(Butylene Succinate) Using MgAlZnFe-CO3 
Layered Double Hydroxide as a Synergistic Agent,” Journal of Applied
Polymer Science 131 (2014): 40736, https://doi.org/10.1002/app.40736 . 

18 . X. Yue, Y. Li, J. Li, and Y. Xu, “Improving Fire Behavior and Smoke
Suppression of Flame-Retardant Pbs Composites Using Lignin Chelate as
Carbonization Agent and Catalyst,” Journal of Applied Polymer Science
138 (2021): 51199, https://doi.org/10.1002/app.51199 . 

19 . S. Matkó, A. Toldy, S. Keszei, P. Anna, G. Bertalan, and G. Marosi,
“Flame Retardancy of Biodegradable Polymers and Biocomposites,”
Polymer Degradation and Stability 88 (2005): 138–145, https://doi.org/10.
1016/j.polymdegradstab.2004.02.023 . 

20 . C. Sruthi, D. Jai Niketan, P. Madhuri, et al., “Advances in Composite
and Polymer Flame Retardants –A Review on Mechanism, Properties and
Applications,”Chemical Product and Process Modeling (2025), https://doi.
org/10.1515/cppm- 2025- 0044 . 

21 . All news – ECHA, https://echa.europa.eu/it/- /echa- adds- one- 
hazardous- chemical- to- the- candidate- list- 2 (accessed December 16,
2025). 

22 . W.-D. Xiao and K. A. Kibble, “Comparison of Aluminium Hydroxide
and Magnesium Hydroxide as Flame Retardants in Sebs-Based Compos-
ites,” Polymers and Polymer Composites 16 (2008): 415–422, https://doi.
org/10.1177/096739110801600702 . 

23 . G. Scionti, E. Piperopoulos, M. Atria, L. Calabrese, and E. Proverbio,
“Effect of Magnesium Hydroxide and Aluminum Hydroxide as Thermal
Barriers on the Flame-Retardant Behavior of Acrylic-Based Coating,”
Coatings 13 (2023): 1517, https://doi.org/10.3390/coatings13091517 . 

24 . S. C. Brown, Plastics Additives: An AZ Reference (Springer, 1998): 287–
296, https://doi.org/10.1007/978- 94- 011- 5862- 6_32 . 

25 . G. Infurna, C. Albeggiani, G. Battaglia, et al., “Sustainable and Effi-
cient Metal Hydroxides as Halogen-Free Flame-Retardant Additives in
Polyolefin-Based Composites For Cable Sheathing Applications,” Journal
of Physics and Chemistry of Solids 211 (2026): 113458, https://doi.org/10.
1016/j.jpcs.2025.113458 . 

26 . F. A. Mustafayeva and N. T. Kakhramanov, “Flame Retardant Effect
of Aluminum Hydroxide in Polymeric Materials: A Review,” Chem-
ChemTech 68 (2025): 72–100, https://doi.org/10.6060/ivkkt.20256805.7147 .

27 . Q. Chen, S. Xu, R. Li, B. Sun, H. Fang, and Q. Zhang, “Synthesis
of Highly Dispersed Magnesium Hydroxide and Its Application in
Flame-Retardant EVA Composites,”RSC Advances 15 (2025): 12854–12865,
https://doi.org/10.1039/D5RA01067E . 

28 . A. Yücesoy, Y. Balçik Tamer, and H. Berber, “Improvement of
Flame Retardancy and Thermal Stability of Highly Loaded Low Density
Polyethylene/Magnesium Hydroxide Composites,” Journal of Applied
Polymer Science 140 (2023): 54107, https://doi.org/10.1002/app.54107 . 

29 . M. J. Wang, L. M. Bai, M. Zhang, Y. X. Ma, L. C. Zhao, and
S. Y. Li, “Preparation of Magnesium Hydroxide By Modifier-Directed
Hydration and its Effect on Flame Retardancy and Mechanical Properties
of Polypropylene,” Physicochemical Problems of Mineral Processing 59, no.
6 (2023): 175706, https://doi.org/10.37190/ppmp/175706 . 
17 of 18

e C
om

m
ons L

icense

https://doi.org/10.3390/polym13081229
https://doi.org/10.3390/biom10071038
https://doi.org/10.15828/2075-8545-2022-14-2-156-161
https://doi.org/10.1016/j.eurpolymj.2011.04.001
https://doi.org/10.1016/j.polymer.2005.10.073
https://doi.org/10.1016/j.tca.2011.08.003
https://doi.org/10.1021/ma021728y
https://doi.org/10.1021/bm100820y
https://doi.org/10.1016/j.biotechadv.2007.12.005
https://doi.org/10.1007/s10853-017-1915-7
https://doi.org/10.1016/j.polymdegradstab.2014.12.015
https://www.marketreportsworld.com/market-reports/poly-butylene-succinate-pbs-market-14720616
https://doi.org/10.1016/j.compscitech.2016.03.024
https://doi.org/10.1007/s10973-017-6092-z
https://doi.org/10.1002/pc.24629
https://doi.org/10.1002/pat.4090
https://doi.org/10.1002/app.40736
https://doi.org/10.1002/app.51199
https://doi.org/10.1016/j.polymdegradstab.2004.02.023
https://doi.org/10.1515/cppm-2025-0044
https://echa.europa.eu/it/-/echa-adds-one-hazardous-chemical-to-the-candidate-list-2
https://doi.org/10.1177/096739110801600702
https://doi.org/10.3390/coatings13091517
https://doi.org/10.1007/978-94-011-5862-6_32
https://doi.org/10.1016/j.jpcs.2025.113458
https://doi.org/10.6060/ivkkt.20256805.7147
https://doi.org/10.1039/D5RA01067E
https://doi.org/10.1002/app.54107
https://doi.org/10.37190/ppmp/175706


3  

o  

F
 

a  

d

3  

B  

o

3  

P  

T  

1

3  

M  

w
P

3  

R  

D  

C  

3  

o
J  

1

3  

M  

a  

C

3  

h
h

3  

h
h

3  

R  

M

4  

I  

M  

C  

D  

p

4  

o  

H  

h

4  

F  

1

4  

T  

3

4  

P  

A
3

4  

“  

W  

h

4  

M  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1

 14392054, 2026, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

am
e.70283 by C

ochraneItalia, W
iley O

nline L
ibrary on [13/09/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
re
0 . L. Zhang, T. Chen, H. Xu, X. Liu, J. Zhang, and R. Chai, “Simultane-
usly Enhanced Flame Retardancy and Smoke Suppression Properties of
lexible Polyvinyl Chloride With the Incorporation of Modified Mg(OH)2
nd Sb2 O3 ,”Materials Today Communications 34 (2023): 105448, https://
oi.org/10.1016/j.mtcomm.2023.105448 . 

1 . S. Elbasuney, “Novel Multi-Component Flame Retardant System
ased on Nanoscopic Aluminium-Trihydroxide (ATH),” Powder Technol-
gy 305 (2017): 538–545, https://doi.org/10.1016/j.powtec.2016.10.038 . 

2 . M. Ren, M. Yang, S. Li, G. Chen, and Q. Yuan, “High Throughput
reparation of Magnesium Hydroxide Flame Retardant Via Microreaction
echnology,” RSC Advances 6 (2016): 92670–92681, https://doi.org/10.
039/C6RA20020F . 

3 . D. Yao, G. Yin, Q. Bi, X. Yin, N. Wang, and D.-Y. Wang, “Basalt Fiber
odified Ethylene Vinyl Acetate/Magnesium Hydroxide Composites
ith Balanced Flame Retardancy and Improved Mechanical Properties,”
olymers 12 (2020): 2107, https://doi.org/10.3390/polym12092107 . 

4 . M. M. Y. Zaghloul and M. M. Y. Zaghloul, “Influence of Flame
etardant Magnesium Hydroxide on the Mechanical Properties of High
ensity Polyethylene Composites,” Journal of Reinforced Plastics and
omposites 36 (2017): 1802–1816, https://doi.org/10.1177/0731684417727143 .

5 . F. Ren, X. Zhang, Z. Wei, et al., “Effect of Particle Size and Content
f Magnesium Hydroxide on Flame Retardant Properties of Asphalt,”
ournal of Applied Polymer Science 129 (2013): 2261–2272, https://doi.org/
0.1002/app.38960 . 

6 . M. C. Yew, N. H. Ramli Sulong, M. K. Yew, M. A. Amalina, and
. R. Johan, “Influences of Flame-Retardant Fillers on Fire Protection
nd Mechanical Properties of Intumescent Coatings,” Progress in Organic
oatings 78 (2015): 59–66, https://doi.org/10.1016/j.porgcoat.2014.10.006 . 

7 . Aluminum Hydroxide Market Size | Industry Report, 2030,
ttps://www.grandviewresearch.com/industry-analysis/aluminum- 
ydroxide-market-report (accessed February 24, 2026). 

8 . Magnesium Hydroxide Market Size | Industry Report, 2030,
ttps://www.grandviewresearch.com/industry-analysis/magnesium- 
ydroxide-market-report (accessed February 24, 2026). 

9 . H. Chen, X. Wen, Y. Guan, et al., “Effect of Particle Size on the Flame
etardancy of Poly(Butylene Succinate)/Mg(OH)2 Composites,” Fire and
aterials 40 (2016): 1090–1096, https://doi.org/10.1002/fam.2355 . 

0 . Y. J. Phua, N. S. Lau, K. Sudesh, W. S. Chow, and Z. A. Mohd
shak, “Biodegradability Studies of Poly(Butylene Succinate)/Organo-
ontmorillonite Nanocomposites Under Controlled Compost Soil
onditions: Effects of Clay Loading and Compatibiliser,” Polymer
egradation and Stability 97 (2012): 1345–1354, https://doi.org/10.1016/j.
olymdegradstab.2012.05.024 . 

1 . E. Smadi, A. Chinnici, B. Dally, and G. J. Nathan, “Experimental Study
n the Kinetics of Magnesium Carbonate Calcination Under Elevated
eating Rates,”Chemical Engineering Journal Advances 16 (2023): 100570,
ttps://doi.org/10.1016/j.ceja.2023.100570 . 

2 . R. A. Ilyas, S. M. Sapuan, M. R. M. Asyraf, et al., “Polymer Composites
illed with Metal Derivatives: A Review of Flame Retardants,” Polymers
3 (2021): 1701, https://doi.org/10.3390/polym13111701 . 

3 . H. Vahabi, B. Kandola, and M. Saeb, “Flame Retardancy Index for
hermoplastic Composites,” Polymers 11 (2019): 407, https://doi.org/10.
390/polym11030407 . 

4 . Y. Kiuchi, M. Iji, T. Yanagisawa, and T. Shukichi, “Flame-Retarding
olylactic-Acid Composite Formed By Dual Use Of Aluminum Hydroxide
nd Phenol Resin,” Polymer Degradation and Stability 109 (2014): 336–
42, https://doi.org/10.1016/j.polymdegradstab.2013.05.013 . 

5 . W.-Z. Gai, S.-H. Zhang, Y. Yang, K. Sun, H. Jia, and Z.-Y. Deng,
Defluoridation Performance Comparison of Aluminum Hydroxides
ith Different Crystalline Phases,” Water Supply 22 (2022): 3673–3684,
ttps://doi.org/10.2166/ws.2022.012 . 

6 . C. Wang, J. Wang, S. Wang, R. Yang, and H. Wang, “Preparation of
g(OH)2 /Calcined Fly Ash Nanocomposite for Removal of Heavy Metals
8 of 18
from Aqueous Acidic Solutions,” Materials 13 (2020): 4621, https://doi.
org/10.3390/ma13204621 . 

47 . J. Madejová, “FTIR Techniques in Clay Mineral Studies,” Vibra-
tional Spectroscopy 31 (2003): 1–10, https://doi.org/10.1016/S0924-2031(02)
00065-6 . 

48 . J. Kim, H. Yun, S. Won, et al., “Comparative Degradation
Behavior of Polybutylene Succinate (PBS), Used PBS, and
PBS/Polyhydroxyalkanoates (PHA) Blend Fibers In Compost And
Marine–Sediment Interfaces,” Sustainable Materials and Technologies 41
(2024): e01065, https://doi.org/10.1016/j.susmat.2024.e01065 . 

49 . J. Hallstein, A. Gomoll, A. Lieske, et al., “Unraveling the Cause For
The Unusual Processing Behavior of Commercial Partially Bio-Based
Poly(Butylene Succinates) and Their Stabilization,” Journal of Applied
Polymer Science 138 (2021): 50669, https://doi.org/10.1002/app.50669 . 

50 . P. Rizzarelli and S. Carroccio, “Thermo-Oxidative Processes In
Biodegradable Poly(Butylene Succinate),” Polymer Degradation and Sta-
bility 94 (2009): 1825–1838, https://doi.org/10.1016/j.polymdegradstab.
2009.06.007 . 

51 . N. T. Dintcheva, G. Infurna, C. Scolaro, E. A. D. Liberto, M. Ltayef, and
A. Visco, “Recycling of PBS and PBS Bio-Composites Containing Organic
By-Product Waste,” Polymers 17 (2025): 2577. 

52 . M. Barletta, A. Genovesi, M. P. Desole, and A. Gisario, “Melt Process-
ing of Biodegradable Poly(Butylene Succinate) (PBS)—a Critical Review,”
Clean Technologies and Environmental Policy 27 (2025): 683–725, https://
doi.org/10.1007/s10098-024-03005-8 . 

53 . E. A. Di Liberto, G. Infurna, and N. T. Dintcheva, “Understanding
the Effects of Processing Conditions on the Properties and Durability
of Poly(Butylene Succinate),” Journal of Vinyl and Additive Technology
(2025), https://doi.org/10.1002/vnl.70038 . 

54 . M. Barletta, C. Aversa, M. Ayyoob, et al., “Poly(Butylene Succinate)
(PBS): Materials, Processing, and Industrial Applications,” Progress in
Polymer Science 132 (2022): 101579, https://doi.org/10.1016/j.progpolymsci.
2022.101579 . 

Supporting Information 

Additional supporting information can be found online in the Supporting
Information section. 
Supporting File: mame70283-sup-0001-SuppMat.docx. 
Macromolecular Materials and Engineering, 2026

ative C
om

m
ons L

icense

https://doi.org/10.1016/j.mtcomm.2023.105448
https://doi.org/10.1016/j.powtec.2016.10.038
https://doi.org/10.1039/C6RA20020F
https://doi.org/10.3390/polym12092107
https://doi.org/10.1177/0731684417727143
https://doi.org/10.1002/app.38960
https://doi.org/10.1016/j.porgcoat.2014.10.006
https://www.grandviewresearch.com/industry-analysis/aluminum-hydroxide-market-report
https://www.grandviewresearch.com/industry-analysis/magnesium-hydroxide-market-report
https://doi.org/10.1002/fam.2355
https://doi.org/10.1016/j.polymdegradstab.2012.05.024
https://doi.org/10.1016/j.ceja.2023.100570
https://doi.org/10.3390/polym13111701
https://doi.org/10.3390/polym11030407
https://doi.org/10.1016/j.polymdegradstab.2013.05.013
https://doi.org/10.2166/ws.2022.012
https://doi.org/10.3390/ma13204621
https://doi.org/10.1016/S0924-2031(02)00065-6
https://doi.org/10.1016/j.susmat.2024.e01065
https://doi.org/10.1002/app.50669
https://doi.org/10.1016/j.polymdegradstab.2009.06.007
https://doi.org/10.1007/s10098-024-03005-8
https://doi.org/10.1002/vnl.70038
https://doi.org/10.1016/j.progpolymsci.2022.101579

	Toward Advanced Biocomposites Based on Thermoplastic Biopolyester and Halogen-Free Flame-Retardant Additives for Industrial Solutions
	1 | Introduction
	2 | Materials and Methods
	2.1 | Materials
	2.2 | Formulations of Composites
	2.3 | Characterizations of Composites
	2.3.1 | Rheological Analysis
	2.3.2 | Morphological Analysis
	2.3.3 | Differential Scanning Calorimetry
	2.3.4 | Monoaxial Tensile Test
	2.3.5 | Dynamic Mechanical Thermal Analysis
	2.3.6 | Thermo-Gravimetric Analysis
	2.3.7 | Cone Calorimeter Test Setup
	2.3.8 | Photo-Oxidation Behavior


	3 | Results and Discussion
	3.1 | Processability and Morphology
	3.2 | Mechanical Behavior
	3.3 | Thermal Behavior and Stability
	3.4 | Resistance to Heat and Photo-Oxidation

	4 | Conclusions
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


