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Abstract: The addition of toxic flame retardants to commercially available polymers is often required
for safety reasons due to the high flammability of these materials. In this work, the preparation and
incorporation of efficient biodegradable starch-based flame retardants into a low-density polyethylene
(LDPE) matrix was investigated. Thermoplastic starch was first obtained by plasticizing starch with
glycerol /water or glycerol/water/choline phytate to obtain TPS-G and TPS-G-CPA, respectively.
Various LDPE/TPS blends were prepared by means of melt blending using polyethylene graft maleic
anhydride as a compatibilizer and by varying the content of TPS and a halogenated commercial
flame retardant. By replacing 38% and 76% of the harmful commercial flame retardant with safe
TPS-G-CPA and TPS-G, respectively, blends with promising fire behavior were obtained, while the
limiting oxygen index (LOI ~ 28%) remained the same. The presence of choline phytate improved
both the charring ability and fire retardancy of starch and resulted in a 43% reduction in fire growth
index compared to the blend with commercial flame retardant only, as confirmed by means of cone
calorimetry. Standard UL 94 vertical tests showed that blends containing TPS exhibited dripping
behavior (rated V2), while those with commercial flame retardant were rated V0. Overall, this work
demonstrates the potential of starch as a natural flame retardant that could reduce the cost and
increase the safety of polymer-based materials.

Keywords: starch; flame retardant; biodegradable polymer; polyethylene; fire behavior

1. Introduction

Polyethylene (PE) is one of the most widely used polyolefins in the global plastics
market (around 34%) [1] and is available in three main grades: low-density polyethy-
lene (LDPE), linear low-density polyethylene (LLDPE) and high-density polyethylene
(HDPE) [2,3]. The popularity and wide range of applications of PE are related to its good
mechanical properties, ease of processing, low toxicity, and electrical insulation properties,
at an affordable price [4]. LDPE, for example, is one of the most widely used polymers for
electrical insulation because it combines suitable mechanical properties and good electrical
properties, namely low permittivity, and high electrical breakdown strength [1]. According
to the European Commission, the LDPE market was valued at USD 4 billion in 2020 [5].
The market is forecast to grow at a 3% CAGR (compound annual growth rate) from 2023 to
2028 [6]. However, due to its long aliphatic chains, LDPE is highly flammable and cannot
tolerate temperatures above 70 °C, which limits its application in many sectors, such as
transportation, electronics, among others [7,8]. Therefore, the addition of flame retardants
(FRs) to LDPE is a simple strategy to reduce the flammability of this polymer, increase
its survival time in the event of fire and ensure the safety levels required for each appli-
cation. There are several types of commercially available FR, such as compounds based
on phosphorus, borate, inorganic hydroxides, silicon, nitrogen, and halogen-containing
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molecules [9,10], that can be used in LDPE formulations, and these are usually incorporated
into the polymer during processing. Information on the mechanism of action and appli-
cation of these FRs in LDPE can be found in a recent review article [1]. The commercially
available FRs used in LDPE are usually halogenated FR in combination with antimony
trioxide (ATO, Sb,O3), magnesium hydroxide (MDH, Mg(OH),), or aluminum hydroxide
(ATH, AI(OH)3) compounds. Despite their good flame-retardant performance, halogen
containing FRs are not good candidates from an environmental point of view due to their
high toxicity, and some of them were banned a few decades ago [11]. In view of current
environmental concerns, it is therefore highly desirable to develop new halogen-free FRs
that are both safe and can be obtained from renewable and sustainable sources [12,13].
Several biobased materials, such as deoxyribonucleic acid (DNA) [14], 3-cyclodextrin [14],
organic phosphorus compounds [15], phytic acid [7], polydopamine or tannic acid [12],
have been proposed as environmentally friendly FRs. The use of various natural polymers,
such as starch, wood flour, chitosan, lignin, and others as FRs has also been demonstrated
with the aim of improving both the biodegradability and flame retardancy of polymer
materials [13].

Using starch as an FR is a wise and promising option because this natural polymer
is safe, abundant, and inexpensive. Starch from various sources has been successfully
blended with LDPE via extrusion, resulting in blends with inferior mechanical properties
in comparison with neat LDPE [16]. In fact, plasticizing starch with different molecules,
namely water, polyols, or choline phytate (CPA), to give the so-called thermoplastic starch
(TPS) is necessary to provide some workability and mechanical properties to starch-based
materials [7,17,18]. However, the incorporation of TPS into LDPE results in materials
with poor mechanical properties. This is due to the incompatibility between the highly
hydrophilic character and strong intra- and inter-molecular hydrogen bonding of the starch,
and the hydrophobic nature of the polyolefin [19]. A straightforward and simple strategy
to improve the miscibility of TPS/LDPE blends is to use commercially available compatibi-
lizers, such as PE grafted with glycidyl methacrylate (PE-g¢-GMA) or LDPE-grafted maleic
anhydride (LDPE-g-MA) [20]. Unfortunately, all reported work uses starch/TPS as a filler
for LDPE to improve the biodegradability of this polyolefin. To the best of our knowledge,
the use of starch as a flame retardant in LDPE formulations has never been reported.

The aim of this work was to develop a new starch-based flame retardant that can be
used in PE formulations. In this way, it will be possible to obtain a low-cost and partially
biodegradable product and reduce or eliminate the need for harmful flame retardants. For
this purpose, various LDPE/TPS blends with different proportions and compositions of
TPS were prepared by means of melt blending. The effect of combining the biobased FRs
developed in this work with a commercial halogenated flame retardant in LDPE blends
was also investigated. The materials were analyzed using scanning electron microscopy
(SEM), tensile tests, thermogravimetric analysis (TGA), the limiting oxygen index (LOI),
flammability (UL 94) and cone calorimetry.

2. Materials and Methods
2.1. Materials

Choline chloride (>99.0%, Acros Organics, Geel, Belgium, Germany), ethanol absolute
(>99.5%, PanReac AppliChem ITW Reagents, Darmstadt, Germany), deuterated chloroform
(CDCl3, Eurisotop, Saarbriicken, Germany), deuterated dimethyl sulfoxide (d¢-DMSO, Eu-
risotop, Saarbriicken Germany), deuterated water (D,O, Eurisotop, Saarbriicken Germany),
glycerol (>99%, Merck, Darmstadt, Germany), phytic acid (ca. 50% in water, ca. 1.1 mol/L,
TCI Europe, Zwijndrecht, Belgium, Germany) and sodium hydroxide (NaOH, José Manuel
Gomes dos Santos, LDA, Odivelas, Portugal) were used as received.

IsoAdditive FR L069 flame retardant (brominated-based additives in LDPE carrier)
was kindly supplied by Isolago (Aveiras de Baixo, Portugal) and used as received.
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Potato starch, low-density polyethylene (LDPE) with a melting temperature of 140 °C
(Maxxam™) and polyethylene-graft-maleic anhydride (PE-g-MA, Orevac OE825, SK-fp)
were kindly supplied by Componit (Vila Cha de Ourique, Portugal) and used as received.

2.2. Techniques

TPS and LDPE/TPS blends were prepared by means of melt blending using a labora-
tory mixer HAAKE™ PolylabTM QC (Thermo Scientific™, Waltham, MA, USA).

We recorded 400 MHz 'H nuclear magnetic resonance (\H NMR) spectra of the
compounds using a Bruker Avance II 400 MHz Spectrometer (Bruker Biospin, Wissemboug,
France) with a 5 mm TIX triple resonance detection probe.

Fourier transform infrared (FTIR) spectra were obtained in the range of 4000 to
750 cm~!, with 4 cm~! spectral resolution and 64 accumulations, at room temperature
using an Agilent Technologies Carey 630 spectrometer (Agilent, Santa Clara, CA, USA)
equipped with a golden gate single reflection diamond ATR.

The mechanical properties of the blends were accessed via tensile tests using a Chatil-
lon TCD100 machine (Transcat, Rochester, NY, USA) at 5 mm/min speed and a load cell of
5 kN, with at least 5 specimens (10 &+ 0.5 mm x 70 & 0.5 mm).

Samples for scanning electron microscopy (SEM) analysis were prepared using the
fraction surface of the tensile test’s specimens. The fracture surface was coated with gold
and analyzed in a Field Emission SEM ZEISS MERLIN Compact/VP Compact Gemini I
(Zeiss, Madrid, Spain).

Vertical flammability assays were conducted by AIMPLAS (Spain) following the UL
94:2013 standard [21].

LOI assays were conducted by AIMPLAS (Spain) using the Netzsch-Taurus Oxygen
(Netzsch, Bobingen, Germany) system following the standard UNE-EN ISO 4589-2:2017 [22].
Average sample thickness (mm): 1.5; average sample width (mm): 10.

Cone calorimeter tests were conducted by AIMPLAS (Spain) using the FTT ICONE
CLASSIC machine (Fire Testing Technology, East Grinstead, UK) and following the standard
EN ISO 5660-1:2015 [23]. Conditions: exhaust flow rate (L/s): 0.24; irradiance (kW /m?):
50; orientation: horizontal; separation (mm): 25; wire grid: No; N of specimens: 3; average
sample thickness (mm): 1.5; pre-conditioning 48 h at 23 4= 2 °C, 50 &= 10%RH; environmental
conditions: 23 + 2 °C; 50 &+ 10%RH

Thermogravimetric (TG) analyses were carried out using a NETZSCH STA 44F5
(Netzsch, Selb, Germany), from 20 °C to 500 °C, at a heating rate of 10 °C-min~!, under
nitrogen purge flow (sample weight in the range of 5 to 10 mg).

2.3. Procedures
2.3.1. Synthesis of Choline Phytate

CPA was prepared according to the procedures described in the literature [24]. First,
choline hydroxide ([Chol][OH]) was prepared using the ion exchange method. For this
purpose, NaOH (28.0 g, 0.7 mol) and choline chloride ([Chol][Cl]), 97.7 g, 0.7 mol) were
dissolved in 375 mL and 250 mL of absolute ethanol, respectively. The solutions were
mixed and stirred at room temperature for 1 h. The formed white precipitate (sodium
chloride) was removed via vacuum filtration, and the solution of [Chol][OH] in ethanol
was obtained. Phytic acid (77.2 g, 0.117 mol) was then dissolved in 100 mL of absolute
ethanol. The phytic acid solution was added to the [Chol][OH] solution and stirred for 1 h
at 30 °C. The ethanol was removed under reduced pressure. Finally, CPA was obtained
after drying under reduced pressure at 80 °C for 24 h. The chemical structure of CPA was
confirmed through 'H NMR spectroscopy (Figure S1).

2.3.2. Preparation of TPS

Potato starch was plasticized by two different methods, giving TPS-G (plasticized with
glycerol and water) and TPS-G-CPA (plasticized with glycerol, water and CPA). Table 1
shows the composition of each TPS type.
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Table 1. Composition of the two types of TPS prepared.

Sample Potato Starch (wt%) Glycerol (wt%) Distilled Water (wt%) CPA (wt%)
TPS-G 62.5 25.0 12.5 -
TPS-G-CPA 50.0 20.0 10.0 20.0

All compounds were placed in a plastic flask and mixed manually with a spatula. The
flask was sealed and the mixture was allowed to stand overnight. The mixture was then
processed via melt mixing at 120 °C (TPS-G) or 140 °C (TPS-G-CPA) for 5 min, at 100 rpm.

2.3.3. Preparation of LDPE/TPS Blends

To prepare LDPE/TPS blends, LDPE, TPS, PE-¢-MA compatibilizer, and a commercial
flame retardant (FR L069, if used) were added to a mixing chamber. The mixtures were
processed at 140 °C with a rotation speed of 100 rpm for 5 min. The obtained mixtures
were cut into small pieces by hand, placed between two silicone squares and pressed in a
Carver® hydraulic press under 0.5 bar at 140 °C for 5 min, followed by cooling at room
temperature. The compounds were produced in the form of sheets with a thickness of
approx. 5 mm.

3. Results and Discussion
3.1. Preparation and Characterization of the Blends

Starch is an inexpensive and naturally occurring polysaccharide that exhibits charring
properties, and has been considered as a potential biobased flame retardant for various
different applications [25,26]. In this work, we investigated the possibility of replacing a
commercial flame retardant (FR L069) used in LDPE formulations with a starch-based flame
retardant, thereby reducing production costs and increasing both the safety and biodegrad-
ability of the final material. Initially, potato starch was plasticized with water and glycerol
to form TPS-G, to obtain starch-based LDPE blends with adequate plasticity. To improve
the efficacy of the developed biobased flame retardants, starch was also plasticized in the
presence of CPA (TPS-G-CPA), as this compound has been described as both a flame retar-
dant and a starch plasticizer [24]. It is worth noting that CPA is also a biobased compound
derived from phytic acid, which is produced by plants to store phosphorus. To increase
the compatibility between hydrophobic LDPE and hydrophilic TPS g or TPS-G-CPA [24]
and ensure the mechanical properties of the blends, a reactive PE-g-MA compatibilizer
was also incorporated into the formulation during the melt blending process (Figure 1).
This copolymer is commonly used in the preparation of PE/TPS blends because the maleic
anhydride groups can react with the hydroxyl groups of starch, while the PE segment has
an affinity for the LDPE matrix [19].

Various LDPE/TPS blends compatibilized with 5 wt% PE-g-MA (optimized content)
were prepared by means of melt blending at 120 °C and 140 °C, respectively, when TPS-G
or TPS-G-CPA was used as the biobased flame retardant (Table S1). Considering that
the objective of this work was to replace a commercial harmful flame retardant in LDPE
formulations with a biodegradable starch-based one, preliminary tests were conducted in
the laboratory mimicking the conditions of the UL 94 standard to evaluate the potential of
the prepared blends as flame-retardant and self-extinguishing materials. For this purpose,
7 cm x 1 cm samples of LDPE/TPS-G(-CPA) blends were positioned vertically above
a Bunsen burner flame and exposed to the flame (approximately 1 cm) for 10 s or until
combustion started (if it occurred in less than 10 s). This time was recorded as the ignition
time. The flame source was then removed and the time until the flame was extinguished
was recorded as the first quenching time. The results (Figure 52) show that all samples
did not extinguish the flame on their own, as they burned completely. However, it is
worth noting that flame retardancy increased with increasing starch content in the blends,
suggesting that this biomolecule indeed has the potential to be used as a flame retardant for
LDPE. Interestingly, the combination of starch and CPA improved the flame retardancy of
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the materials, as shown by the 2.5 times higher quenching time of the blend 47.5 LDPE/47.5
TPS-G-CPA compared to 47.5 LDPE/47.5 TPS-G. Unfortunately, dripping was observed
in all samples, which can be considered detrimental in terms of flame resistance, as this
event may represent an additional ignition source or a process of flame propagation during
a fire [27].
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Figure 1. General scheme of the preparation of (A) biobased FR, TPS-G and TPS-G-CPA and
(B) LDPE/TPS blends.

\TPS-G or TPS-G-CPA

Although not complete, the replacement of any percentage of a harmful FR with those
based on TPS in the formulations of PE without adverse effects on the performance of the
material is highly desirable from the standpoint of waste management and environmental
protection. Therefore, the effect of incorporating a halogenated commercial flame retardant
(FR69) into the LDPE/TPS-G(-CPA) blends prepared in this work was investigated. Table 2
shows the composition of the LDPE/TPS-G(-CPA)/FR69 blends studied, where the total
flame retardant content was set at 50 wt% and the starch-based flame retardant content
ranged from 9.5 to 38 wt%.

Table 2. Composition of LDPE/TPS-G(-CPA)/FR69 blends compatibilized with PE-g-MA and pre-
pared via melt blending. LDPE/FR69 was used as reference material.

Sample LDPE TPS g or FR69 PE-g-MA
(wt%) TPS-G-CPA (wt%) (Wt%) (Wt%)
50 LDPE/50 FR69 50 0 50 0
47.5 LDPE/9.5 TPS-G (or TPS-G-CPA) /38 FR69 47.5 9.5 38 5
47.5 LDPE/19 TPS-G (or TPS-G-CPA)/28.5 FR69 47.5 19 28.5 5
47.5 LDPE/28.5 TPS-G (or TPS-G-CPA)/19 FR69 47.5 28.5 19 5
47.5 LDPE/38 TPS-G (or TPS-G-CPA)/9.5 FR69 47.5 38 9.5 5

FTIR analysis (Figure 2) confirmed the chemical structure of LDPE, namely the bands
at2918 cm~!,2851 cm 1, 1468 cm~! and 718 cm ™!, corresponding to CH, asymmetrical
stretching, CH, symmetrical stretching, bending deformation and rocking deformation,
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(a)

Transmitance (a.u.)

respectively [28]. The FTIR spectrum of TPS-G (Figure 2a) was also consistent with the
literature and showed the expected signals of C—O stretching at 920 cm !, 1022 cm~! and
1148 cm~!, bound water at 1648 cm ™!, hydroxyl groups at 3277 cm ™!, CH stretching at
2914 cm~! and glycerol at 1423 cm ! [29]. TPS-G-CPA showed a similar FTIR spectrum
(Figure 2b) to that of TPS-G. The reactive compatibilization between PE-g-MA and TPS-G
was confirmed by the disappearance of the symmetric and asymmetric maleic anhydride
groups of PE-¢g-MA at 1714 cm~! and 1791 cm ™!, respectively, in the FTIR spectrum of the
blend (Figure 2a). This indicates successful esterification between the anhydride rings of
the compatibilizer and the hydroxyl groups of TPS [30]. Compatibilization appeared to be
less effective for the blends containing TPS-G-CPA, as indicated by the remaining maleic
anhydride groups of PE-g-MA at 1714 cm ™! in the FTIR spectrum of the blend (Figure 2b).

(b)
—— LDPE —— LDPE
—— TPS-G —— TPS-CPA
—— 47.5 LDPE/38 TPS-G/9.5 FR69 —— 47.5 LDPE/19 TPS-G-CPA/ 28.5 FR69
PE-g-MA PE-g-MA
3
s
3
g V]
t
»n
=
i
- —\/‘—/
1900 1600
1900 1600
4000 3000 2000 1000 4000 3000 2000 1000
Wavenumber (cm™) Wavenumber (cm™)

Figure 2. FTIR spectra of LDPE (black line), TPS-G (pink line), 47.5 LDPE/38 TPS-G/9.5 FR69 (blue
line), PE-g-MA (orange line), TPS-G-CPA (purple line) and 47.5 LDPE/19 TPS-G-CPA /28.5 FR69
(green line). (a) LDPE/TPS-G-based blend and (b) LDPE/TPS-G-CPA-based blend.

To further evaluate the compatibility of LDPE/TPS/FR69 blends, representative sam-
ples were analyzed using SEM. Images of the surface of the blends (Figure 3) showed that
both the control sample (LDPE/FR69 blend) and the blend with TPS-CPA had a similar
appearance, while the blend with TPS-G had a rougher surface. However, all samples
exhibited a smoother surface than that of non-compatibilized LDPE/TPS reported in the
literature [31,32], confirming the role of PE-g-MA as an enhancer of the interaction between
LDPE and TPS. Images of the fractured surfaces (cross section in Figure 3) confirm the FTIR
results, indicating that the compatibilization of blends containing TPS-G-CPA was less
effective, as indicated by the small gaps between a minority of TPS-G-CPA particles and the
LDPE matrix. On the other hand, the sample containing TPS-G appeared to have a continu-
ous phase between the starch particles and the LDPE, indicating better compatibilization,
even at 40 wt% TPS-G compared to 19 wt% TPS-CPA.

3.2. Mechanical Analysis

The incorporation of starch into LDPE is expected to result in a loss of mechanical
properties of the polyolefin [18]. To investigate the extent of this event, LDPE/TPS-G(-
CPA)/FR69 blends with different starch contents were subjected to tensile testing. The
results shown in Figure 4 indicate that blends with a TPS-G(-CPA) content of up to 30 wt%
generally exhibit similar tensile strength to LDPE/FR69, which was used as the reference
material. However, as expected, elongation at break decreased dramatically with increasing
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TPS-G(-CPA) content in the blends. Interestingly, the results also confirmed the plasticizing
effect of CPA, as the blends containing this molecule (TPS-G-CPA) generally exhibited
higher elongation at break than the blends containing TPS plasticized only with glycerol
and water (TPS-G) (Figure 4).

Cross section Surface

LDPE/TPS-G/FR69

LDPE/TPS-G-CPA/FR69

LDPE/FR69

Figure 3. SEM images of the cross section and surface of LDPE/TPS/FR 69 blends, 1 kV and
x500: 47.5 LDPE/38 TPS-G/9.5 FR 69 (top); 47.5 LDPE/ 19 TPS-G-CPA/28.5 FR69 (middle) and
50LDPE/50FR 69 (bottom). Analysis conditions: EHT = 1.00 kV; Magnification = 500 x.
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Figure 4. Tensile strength and elongation at break of (a) LDPE/TPS-G/FR69 blends and
(b) LDPE/TPS-G-CPAFR69 blends. LDPE/FR69 was used as a reference material.
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3.3. Fire Behavior

Preliminary flammability tests were conducted to evaluate the potential of LDPE/TPS-
G(-CPA)/FR69 blends as flame retardant materials. The tests were conducted in the same
manner as previously described for LDPE/TSP-G(-CPA) blends, but this time the materials
were re-ignited with a flame after the initial quenching, and the time until the flame was
extinguished was recorded as the second quenching time. Compared to LDPE/TPS-G(-
CPA) blends (Figure S2), LDPE-based blends containing both commercial and starch-based
flame retardants exhibited higher flame resistance, as reflected by higher ignition times
and lower extinction times (Figure 5). In fact, LDPE/TPS-G(-CPA)-based samples with up
to about 30 wt% starch-based flame retardant showed very impressive results compared
to the reference (LDPE/FR 69) (Figure 5a). At higher levels of TPS-G, the samples burned
longer but still self-extinguished, which is very encouraging. Unexpectedly, the same
behavior was not observed with the mixtures containing TPS-G-CPA (Figure 5b), which
exhibited a longer first quenching time but were unable to support the second burn cycle.
Investigation of this behavior is beyond the scope of this paper, and the results will be
published elsewhere.

(a) (b)

60 60

= [gnition time s |gnition time
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Figure 5. Preliminary burning tests conducted in the laboratory and mimicking the UL94 test for
(a) LDPE/TPS-G blends and (b) LDEP/TPS-G-CPA blends. LDPE with a commercial flame retardant
(76 LDPE /24 FR 69) was used as a reference material.

Blends with higher TPS content and higher flame retardancy in preliminary burning
tests (47.5 LDPE/38 TPS-G/9.5 FR69 and 47.5 LDPE/19 TPS-G-CPA/28.5 FR69) were
selected for further characterization and evaluation of their flame retardancy. LDPE with
50 wt% commercial flame retardant (50 LDPE/50 FR 69) was used as a reference material.
The LOI can provide information about the relative flammability of polymers, as it indicates
the minimum percentage (vol%) of oxygen in the atmosphere that can sustain a flame on a
material. Therefore, the higher the flammability of the material, the lower the LOI value. It
is noteworthy that the samples in which a portion of the commercial flame retardant was
replaced with the starch-based products developed in this work have a similar LOI value
to the reference material that contained only the commercial flame retardant (Figure 6). All
tested blends are almost as good as “self-extinguishing” materials (LOI > 28%) [33], i.e.,
with good flame retardancy. Vertical UL 94 standard tests were conducted to evaluate the
flammability of the LDPE-based blends. While LDPE containing the commercial flame
retardant was rated VO (self-extinguishing within 10 s with no dripping), both LDPE blends
containing the bio-based and commercial flame retardant showed poorer results, as these
samples took longer to self-extinguish and exhibited dripping (V2 rate, Figure 6).
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Figure 6. LOI and UL 94 rate (VO, V2) of selected LDPE/flame retardant blends. V0: Burning stops
within 10 seconds on a vertical part allowing for drops of plastic that are not inflames; V2: Burning
stops within 30 seconds on a part allowing for drops of vertical flammable plastic.

The fire behavior of LDPE/flame retardant blends was evaluated using cone calorime-
try, which mimics realistic fire conditions and provides several valuable parameters, partic-
ularly the rate of heat release rate during combustion. To increase the flame resistance of
LDPE/flame retardant blends and reduce flame spread, it is desirable to have a low total
heat release (THR) or a low peak of heat release rate (pHRR) [34]. The results presented in
Table 3 show that both blends containing TPS have similar THR values, but they are about
30% higher than those of the reference material. Nevertheless, it is interesting to note that
the pHRR value was similar for all LDPE/flame retardant blends (around 650 kW / m?). The
values obtained for time to ignition (TTI) values in Table 3 show that the samples containing
TPS started to burn two times faster than the samples containing only the commercial flame
retardant. The results also show that the content of effective combustion components in
LDPE could be reduced by using the biobased TPS-G-CPA flame retardant, as evidenced by
the lower effective heat of combustion (EHC) of the corresponding LDPE blend compared
to the reference material and the blend containing TPS-G. The propensity for fire develop-
ment can be evaluated using the maximum average rate of heat emission (MARHE), which
is the cumulative heat emission during the cone calorimetry test divided by time [35]. Both
samples with the biobased FR had a higher MARHE (8% and 24%, respectively) than the
reference material. However, it is important to note that the fire resistance of materials is
affected by several parameters mentioned above. One way to evaluate overall fire safety
is to determine both the fire performance index (FPI = TTI/pHRR) and the fire growth
index (FGI = pHRR/tpHRR) [36]. For low fire risk and high safety levels, it is desirable to
maximize FPI and minimize FGI. The results presented in Table 3 show that the FPI was
reduced by 43% when 76% and 38% of the commercial flame retardant was replaced with
TPS-G and TPS-G-CPA, respectively. However, it is noteworthy that the blend in which
38% of the commercial flame retardant was replaced with TPS-G-CPA showed a significant
reduction (43%) in FGI, indicating that the blends may contribute to lower fire spread than
the reference material.
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Table 3. Cone calorimetry results of selected LDPE/flame retardant blends.

Sample 50 LDPE/50 FR69 47.5 LDPE/38 TPS-G/9.5 FR69 47.5 LDPE/19 TPS-G-CPA/28.5 FR69

pHRR (kW /m?) 651.56 621.48 663.01
toHRR (5) 453.3 325.0 808.0
THR (MJ/m?) 25.56 34.25 32.27
TTI (s) 46.3 22.3 27.7

EHC (MJ /kg) 14.97 14.12 10.00

MARHE (kW /m?) 184.83 229.08 200.19
FPI (m?/kW) 0.07 0.04 0.04
EGI (kW/m? - 5) 1.44 1.91 0.82

PHRR: peak of heat release rate; t,irr: time to peak of heat release rate; THR: total heat released; TTI: time
to ignition; EHC: effective heat of combustion; MARHE: maximum average rate of heat emission, FPI: fire
performance index; FGI: fire growth index.

3.4. Thermal Analysis

The thermal stability of the blends was investigated via TGA, and the TG and DTG
curves are shown in Figure 7. The weight loss profile (Figure 7a) shows that the decomposi-
tion of the blends followed a similar and expected four-step decomposition process, with
(i) moisture loss (T ~ 128 °C), (ii) degradation of glycerol (T ~ 270 °C), (iii) degradation
of starch, CPA, and FR69 (T =~ 350 °C), and (iv) degradation of LDPE (T ~ 475 °C) [24,37].
The blend containing starch plasticized in the presence of CPA exhibited higher thermal
stability than the blend containing TPS-G, as judged by both Tsyto, and T1owte, of the sam-
ples (Table 4). In addition, the char residue of the mixture containing 19 wt% TPS-G-CPA
was 10.5% at 600 °C, while the residue of the mixture containing about twice the amount
(40 wt%) of TPS-G was 6.5% (Table 4). These results indicate that CPA can indeed improve
the charring ability and flame retardancy of starch. Similar observations have been made in
the literature [24]. As expected, the reference material (50 LDPE/50 FR69) exhibited higher
thermal stability than the starch-containing blends.
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Figure 7. Thermogravimetric curves (a) TG and (b) DTG of the blends 47.5 LDPE/38 TPS-G/9.5 FR69
and 47.5 LDPE/19 TPS-G-CPA /28.5 FR69 under nitrogen atmosphere.

Table 4. Thermal properties of the blends obtained by means of TG analysis.

Sample Tswie (°O ? T1owts O P CRgpoec (%) €
50 LDPE/50 FR69 337.9 349.4 3.0
47.5 LDPE /38 TPS-G /9.5 FR69 191.7 264.3 6.5
47.5 LDPE /19 TPS-G-CPA /28.5 FR69 230.6 281.2 10.5

2 Tswio: temperature at 5% weight loss; b Towton: temperature at 10% weight loss; ¢ CR4pgoc: char residue at
600 °C.
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4. Conclusions

In this work, the possibility of using starch as a natural flame retardant for LDPE
was investigated. Different blends of LDPE/TPS g and LDPE/TPS-G-CPA were prepared
by means of melt blending in the presence of PE-g-MA as a compatibilizer. The results
of FTIR spectroscopy and SEM analysis showed that there was good compatibilization
between starch and LDPE. However, this was less effective when TPS-G-CPA was used.
Nevertheless, the mechanical properties of both blends were similar in terms of tensile
strength. The plasticizing effect of CPA was confirmed by an increase in elongation at
break of the LDPE/TPS-G-CPA blends compared to those with TPS-G. Acceptable fire
behavior was achieved by combining the starch-based FR with a commercial flame retar-
dant (FR69), with the most promising blends being 47.5 LDPE/38 TPS-G/9.5 FR69 and
47.5 LDPE /19 TPS-G-CPA /28.5 FR69. These blends had a similar LOI (about 28%) to that
of reference blend containing only the commercial flame retardant (50 LDPE/50 FR69).
CPA not only imparts higher plasticity to the starch, but also improves the charring ability,
flame retardancy, and effective combustion component content of the blends, as well as a
43% reduction in fire growth index compared to the reference blends, suggesting that it
may contribute to lower fire spread in the event of a fire. These results indicate that starch
plasticized in the presence of water, glycerol and CPA has a promising future as a safe and
cost-effective flame retardant for LDPE formulations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /polym15204078/s1, Figure S1: The 400 MHz 'H NMR spectrum
of CPA in D,O; Table S1: Composition of LDPE/TPS-G(-CPA) blends compatibilized with PE-g-MA
and prepared by melt blending. LDPE was used as reference material (100LDPE code); Figure S2:
Preliminary burning tests conducted in the laboratory and mimicking the UL94 test for (a) LDPE/TPS-
G blends and (b) LDEP/TPS-G-CPA blends. LDPE was used as reference material.

Author Contributions: Conceptualization, ].E].C.; methodology, B.O.C., LP.C.G.,PVM,, J.PP, A.CS.
and J.E].C,; validation, B.O.C. and L.P.C.G.; formal analysis, B.O.C. and L.P.C.G.; investigation,
B.O.C. and L.P.C.G.; writing—original draft preparation, P.V.M. and B.O.C.; writing—review and
editing, B.O.C., LP.C.G., PVM. and ].E].C.; supervision, A.C.S. and ].E].C.; project administration,
J.EJ.C.; funding acquisition, J.E]J.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is sponsored by FEDER funds through the program COMPETE—Programa
Operacional Factores de Competitividade—and by national funds through FCT—Fundagao para a
Ciéncia e Tecnologia, CEMMPRE funding (UID/EMS/00285/2020) and ARISE funding (LA/P/0112/
2020). The 'H NMR data were collected at the UC-NMR facility which is supported in part by
FEDER—European Regional Development Fund through the COMPETE Programme (Operational
Programme for Competitiveness) and by National Funds through FCT (Portuguese Foundation
for Science and Technology) through grants REEQ/481/QUI/2006, RECI/QEQ-QFI/0168/2012,
CENTRO-07-CT92-FEDER-002012, and Rede Nacional de Ressonancia Magnética Nuclear (RNRMN).
This research was supported by FEDER funds through the program COMPETE-Programa Opera-
cional Factores de Competitividade—POCI-01-0247-FEDER-069481—Project Starchfire. Patricia V.
Mendonga thanks the FCT—Fundagao para a Ciéncia e a Tecnologia (Portuguese Foundation for
Science and Technology) for the financial support through the Scientific Employment Stimulus 2017
(CEECIND/00117/2017).

Institutional Review Board Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/polym15204078/s1
https://www.mdpi.com/article/10.3390/polym15204078/s1

Polymers 2023, 15, 4078 12 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Ghomi, E.R.; Khosravi, F.; Mossayebi, Z.; Ardahaei, A.S.; Dehaghi, FM.; Khorasani, M.; Neisiany, R.E.; Das, O.; Marani, A.;
Mensah, R.A.; et al. The Flame Retardancy of Polyethylene Composites: From Fundamental Concepts to Nanocomposites.
Molecules 2020, 25, 5157. [CrossRef]

Yao, Z.; Seong, H.J.; Jang, Y.S. Environmental Toxicity and Decomposition of Polyethylene. Ecotoxicol. Environ. Saf. 2022, 242,
113933. [CrossRef]

Li, D.; Zhou, L.; Wang, X.; He, L.; Yang, X. Effect of Crystallinity of Polyethylene with Different Densities on Breakdown Strength
and Conductance Property. Materials 2019, 12, 1746. [CrossRef]

Shih, Y.F; Chen, Y.H.; Lai, S.Y,; Chen, Y.X.; Wang, S.C.; Zhang, S.P. The Effect of Thermal, Flammability, and Mechanical Properties
of Wood Plastic Composites Made from Recycled Food-Packaging LDPE and Eco-Friendly Phytic Acid. Int. ]. Appl. Sci. Eng.
2021, 18, 1-8. [CrossRef]

Crippa, M.; De Wilde, B.; Koopmans, R.; Leyssens, J.; Muncke, J.; Ritschkoff, A.C.; Van Doorsselaer, K.; Velis, C.; Wagner, M. A
Circular Economy for Plastics: Insights from Research and Innovation to Inform Policy and Funding Decisions; Publications Office of the
European Union: Luxembourg, 2019; ISBN 9789279984297

Low Density Polyethylene Market Size & Share Analysis—Growth Trends & Forecasts (2023-2028). Available online: https:
/ /www.Mordorintelligence.Com /Industry-Reports/Low-Density-Polyethylene-Market (accessed on 9 May 2023).

Feng, X.; Wang, Z.; Ma, H.; Dang, B.; Li, ]. A New Bio-Based Flame Retardant Simply Synthesized: Improving the Flame
Retardancy and Thermal Stability of Low-Density Polyethylene Together with Melamine Cyanurate. J. Appl. Polym. Sci. 2023, 140,
€53953. [CrossRef]

Zhou, Y.; Peng, S.; Hu, J.; He, ]J. Polymeric Insulation Materials for HVDC Cables: Development, Challenges and Future
Perspective. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 1308-1318. [CrossRef]

Laoutid, F.; Bonnaud, L.; Alexandre, M.; Lopez-Cuesta, ].M.; Dubois, P. New Prospects in Flame Retardant Polymer Materials:
From Fundamentals to Nanocomposites. Mater. Sci. Eng. R Rep. 2009, 63, 100-125. [CrossRef]

Altun, Y.; Dogan, M.; Bayramli, E. The Effect of Red Phosphorus on the Fire Properties of Intumescent Pine Wood Flour—LDPE
Composites. Fire Mater. 2016, 40, 697-703. [CrossRef]

Venier, M.; Salamova, A.; Hites, R.A. Halogenated Flame Retardants in the Great Lakes Environment. Acc. Chem. Res. 2015, 48,
1853-1861. [CrossRef]

Hobbs, C.E. Recent Advances in Bio-Based Flame Retardant Additives for Synthetic Polymeric Materials. Polymers 2019, 11, 224.
[CrossRef]

Wang, M.; Yin, G.Z.; Yang, Y.; Fu, W.; Diaz Palencia, J.L.; Zhao, J.; Wang, N; Jiang, Y.; Wang, D.Y. Bio-Based Flame Retardants to
Polymers: A Review. Adv. Ind. Eng. Polym. Res. 2022, 6, 132-155. [CrossRef]

Alongi, J.; Poskovic, M.; Visakh, PN.; Frache, A.; Malucelli, G. Cyclodextrin Nanosponges as Novel Green Flame Retardants for
PP, LLDPE and PA6. Carbohydr. Polym. 2012, 88, 1387-1394. [CrossRef]

Prasad, VS,; Pillai, C.K.S. Flame Retardation of Polyethylene: Effect of a Phosphorus Flame Retardant Having Both Hydrophobic
and Hydrophilic Groups in the Same Molecule. J. Appl. Polym. Sci. 2000, 77, 2631-2640. [CrossRef]

Kormin, S.; Kormin, F; Beg, M.D.H.; Piah, M.B.M. Physical and Mechanical Properties of LDPE Incorporated with Different
Starch Sources. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Melaka, Malaysia, 14 August
2017; Volume 226.

Nafchi, A.M.; Moradpour, M.; Saeidi, M.; Alias, A.K. Thermoplastic Starches: Properties, Challenges, and Prospects. Starch/Staerke
2013, 65, 61-72. [CrossRef]

Guaras, M.P,; Menossi, M.; Nicolini, A.T.; Alvarez, V.A.; Luduefia, L.N. Bio-Nanocomposites Films Based on Unmodified and
Modified Thermoplastic Starch Reinforced with Chemically Modified Nanoclays. J. Mater. Sci. 2023, 58, 5456-5476. [CrossRef]
Radfar, R.; Hosseini, H.; Farhoodia, M.; Srednicka-Toberd, D.; Ghasemie, 1.; Fathif, M.; Khaneghahg, A.M. Factors Affecting
Mechanical Properties of Low-Density Polyethylene (LDPE)/Starch Blends: A Review. Carpathian ]. Food Sci. Technol. 2020, 12,
6-26.

Kaboorani, A.; Gray, N.; Hamzeh, Y.; Abdulkhani, A.; Shirmohammadli, Y. Tailoring the Low-Density Polyethylene—
Thermoplastic Starch Composites Using Cellulose Nanocrystals and Compatibilizer. Polym. Test. 2021, 93, 107007. [CrossRef]
UL 94:2013; Tests for Flammability of Plastic Materials for Parts in Devices and Appliances. Underwriters Laboratories:
Northbrook, IL, USA, 2013.

UNE EN ISO 4589-2:2017; Plastics—Determination of Burning Behaviour by Oxygen Index—Part 2: Ambient-Temperature Test
(ISO 4589-2:2017). Asociacion Espafiola de Normalizacién: Madrid, Spain, 2017.

EN ISO 5660-1:2015; Reaction-to-Fire Tests—Heat Release, Smoke Production and Mass Loss Rate—Part 1: Heat Release Rate
(Cone Calorimeter Method) and Smoke Production Rate (Dynamic Measurement). International Organization for Standardization:
Geneva, Switzerland, 2015.

Wang, D.; Wang, Y.; Li, T.; Zhang, S.; Ma, P,; Shi, D.; Chen, M.; Dong, W. A Bio-Based Flame-Retardant Starch Based on Phytic
Acid. ACS Sustain. Chem. Eng. 2020, 8, 10265-10274. [CrossRef]

Pigtowska, M.; Kurc, B.; Rymaniak, L. Starch as the Flame Retardant for Electrolytes in Lithium-Ion Cells. Materials 2022, 15, 523.
[CrossRef]


https://doi.org/10.3390/molecules25215157
https://doi.org/10.1016/j.ecoenv.2022.113933
https://doi.org/10.3390/ma12111746
https://doi.org/10.6703/IJASE.202112_18(6).006
https://www.Mordorintelligence.Com/Industry-Reports/Low-Density-Polyethylene-Market
https://www.Mordorintelligence.Com/Industry-Reports/Low-Density-Polyethylene-Market
https://doi.org/10.1002/app.53953
https://doi.org/10.1109/TDEI.2017.006205
https://doi.org/10.1016/j.mser.2008.09.002
https://doi.org/10.1002/fam.2336
https://doi.org/10.1021/acs.accounts.5b00180
https://doi.org/10.3390/polym11020224
https://doi.org/10.1016/j.aiepr.2022.07.003
https://doi.org/10.1016/j.carbpol.2012.02.038
https://doi.org/10.1002/1097-4628(20000919)77:12%3C2631::AID-APP100%3E3.0.CO;2-2
https://doi.org/10.1002/star.201200201
https://doi.org/10.1007/s10853-023-08354-1
https://doi.org/10.1016/j.polymertesting.2020.107007
https://doi.org/10.1021/acssuschemeng.0c03277
https://doi.org/10.3390/ma15020523

Polymers 2023, 15, 4078 13 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Xia, Y.;; Chai, W,; Liu, Y.; Su, X;; Liao, C.; Gao, M,; Li, Y.; Zheng, Z. Facile Fabrication of Starch-Based, Synergistic Intumescent and
Halogen-Free Flame Retardant Strategy with Expandable Graphite in Enhancing the Fire Safety of Polypropylene. Ind. Crops Prod.
2022, 184, 115002. [CrossRef]

Matzen, M.; Kandola, B.; Huth, C.; Schartel, B. Bernhard Schartel Influence of Flame Retardants on the Melt Dripping Behaviour
of Thermoplastic Polymers. Materials 2015, 8, 5621-5646. [CrossRef] [PubMed]

Rajandas, H.; Parimannan, S.; Sathasivam, K.; Ravichandran, M.; Yin, L.S. A Novel FTIR-ATR Spectroscopy Based Technique for
the Estimation of Low-Density Polyethylene Biodegradation. Polym. Test. 2012, 31, 1094-1099. [CrossRef]

Mendes, J.E.; Paschoalin, R.T.; Carmona, V.B.; Sena Neto, A.R.; Marques, A.C.P.; Marconcini, ] M.; Mattoso, L.H.C.; Medeiros,
E.S.; Oliveira, J.E. Biodegradable Polymer Blends Based on Corn Starch and Thermoplastic Chitosan Processed by Extrusion.
Carbohydr. Polym. 2016, 137, 452-458. [CrossRef] [PubMed]

Oromiehie, A.R; Lari, T.T.; Rabiee, A. Physical and Thermal Mechanical Properties of Corn Starch/LDPE Composites. J. Appl.
Polym. Sci. 2013, 127, 1128-1134. [CrossRef]

Oner, B.; Gokkurt, T.; Aytac, A. Studies On Compatibilization Of Recycled Polyethylene/Thermoplastic Starch Blends By Using
Different Compatibilizer. Open Chem. 2019, 17, 557-563. [CrossRef]

Martins, A.B.; Cattelan, A.K,; Santana, R.M.C. How the Compatibility between Polyethylene and Thermoplastic Starch Can Be
Improved by Adding Organic Acids? Polym. Bull. 2018, 75, 2197-2212. [CrossRef]

Schinazi, G.; Price, E.J.; Schiraldi, D.A. Chapter 3—Fire Testing Methods of Bio-Based Flame-Retardant Polymeric Materials.
In Bio-Based Flame-Retardant Technology for Polymeric Materials; Hu, Y., Nabipour, H., Wang, X., Eds.; Elsevier: Amsterdam, The
Netherlands, 2022; pp. 61-95, ISBN 978-0-323-90771-2.

Haurie, L.; Fernandez, A.IL; Velasco, J.I.; Chimenos, ].M.; Lopez Cuesta, ].M.; Espiell, F. Thermal Stability and Flame Retar-
dancy of LDPE/EVA Blends Filled with Synthetic Hydromagnesite/ Aluminium Hydroxide/Montmorillonite and Magnesium
Hydroxide/Aluminium Hydroxide/Montmorillonite Mixtures. Polym. Degrad. Stab. 2007, 92, 1082-1087. [CrossRef]

Chen, D.; Zhang, Y.; He, ].; Li, X. Making Polycarbonate Flame Retardant: Flame Retardant Selection and Calorimetric Analyses.
Polym. Test. 2023, 117, 107876. [CrossRef]

Shang, S.; Yuan, B.; Sun, Y.; Chen, G.; Huang, C.; Yu, B.; He, S.; Dai, H.; Chen, X. Facile Preparation of Layered Melamine-Phytate
Flame Retardant via Supramolecular Self-Assembly Technology. J. Colloid. Interface Sci. 2019, 553, 364-371. [CrossRef]

Vargiin, E.; Sisli, Z.; Yilmaz, F.; Bas Sermenli, H. The Effects of Citric Acid and Stearic Acid Compatibilizers on the Degradation
Behavior of TPS/LDPE Blends for Mulch Films Sitrik Asit ve Stearik Asit Uyumlastiricilarinin TPN/AYPE Karisimi Malg
Filmlerinin Bozunma Davranisi Uzerine Etkileri. Hacet. |. Biol. Chem. 2016, 44, 463-476. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.indcrop.2022.115002
https://doi.org/10.3390/ma8095267
https://www.ncbi.nlm.nih.gov/pubmed/28793527
https://doi.org/10.1016/j.polymertesting.2012.07.015
https://doi.org/10.1016/j.carbpol.2015.10.093
https://www.ncbi.nlm.nih.gov/pubmed/26686150
https://doi.org/10.1002/app.37877
https://doi.org/10.1515/chem-2019-0064
https://doi.org/10.1007/s00289-017-2147-3
https://doi.org/10.1016/j.polymdegradstab.2007.02.014
https://doi.org/10.1016/j.polymertesting.2022.107876
https://doi.org/10.1016/j.jcis.2019.06.015
https://doi.org/10.15671/HJBC.2016.127

	Introduction 
	Materials and Methods 
	Materials 
	Techniques 
	Procedures 
	Synthesis of Choline Phytate 
	Preparation of TPS 
	Preparation of LDPE/TPS Blends 


	Results and Discussion 
	Preparation and Characterization of the Blends 
	Mechanical Analysis 
	Fire Behavior 
	Thermal Analysis 

	Conclusions 
	References

