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Martin Möller
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Preface to ”Advanced Flame Retardant Materials”

Fireproofing of combustible polymeric materials is required for several applications to limit the

risk of fire development. This task is particularly complex due to the multiple kinds of polymers that

have different properties and can be used in many different applications (fabrics, coatings, foams,

cables, etc.), having specific functional properties (mechanical, electrical, UV-resistance, etc.) and

different fire-retardant requirements. Currently, the most studied fireproofing strategy is aimed at

developing solutions to promote the formation of barrier layers during the combustion. The interest

in this approach lies in the thought that the formed layer will limit the amount of combustible

volatiles and toxic products released during combustion. Phosphorus is currently the most widely

used element for developing this type of structure.

In addition to the technical requirements, the assessment of the environmental effects of these

flame-retardant materials is becoming increasingly important. The development of flame retardants

is therefore two-pronged: technical performance (including toxicity) and environmental impact. This

trend has paved the way for the development of a new class of bio-based flame retardants that aim to

find new alternatives for the recovery of products from biomass or waste. These additives are mainly

used in combination with phosphorous through additive or reactive pathways to increase their char

forming ability as well as to enhance the thermal stability of the formed char. Phosphorus can be

used as an additive or directly incorporated into the polymeric backbone. Inherent flame-retardant

polymers could have many advantages such as limiting the flame retardant agent migration and

better transparency.

This document is a collection of 11 articles that were published in the framework of the Special

Issue (Advanced Flame Retardant Materials) and will allow the reader to gain a wide view on recent

developments in the field of improving the fire behavior of polymeric materials. These articles

describe work that covers the aspects mentioned above, ranging from the development of bio-based

flame retardants, flame retardancy of biopolymers by additive and reactive routes, development of

synergistic effects, understanding the contribution to flammability of different phosphorus groups,

and flame retardancy of thermoset materials and fabrics.

Fouad Laoutid

Special Issue Editor
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Abstract: Degradable, flame retardant, and flexible nanocomposite films with low dielectric constant
were prepared with poly (lactic acid) (PLA), nano ZIF-8@GO, and degradable flame-retardant
resorcinol di(phenyl phosphate) (RDP). The SEM results of the fractured surfaces indicated that
ZIF-8@GO and RDP were dispersed uniformly in the PLA matrix. The prepared films had good
mechanical properties and the tensile strength of the film with 1.5 wt% of ZIF-8@GO was increased to
48.2 MPa, compared with 38.5 MPa of pure PLA. Meanwhile, the nanocomposite films were flexible
due to the toughing effect of RDP. Moreover, above 27.0% of limited oxygen index (LOI) and a VTM-0
rating were achieved for the nanocomposite films. The effects of nano ZIF-8@GO hybrids and RDP
on the dielectric properties were investigated, and the results showed that ZIF-8@GO and RDP were
beneficial in reducing the dielectric constant and dielectric loss of the nanocomposites.

Keywords: ZIF-8@GO hybrids; PLA; dielectric constant; flame-retardant; flexible

1. Introduction

In recent years, electronic products such as mobile phones have been updated faster, which results
in a large volume of e-waste and poses a risk to the sustainable environment [1]. It is estimated that
globally, about 20–50 million tons of waste electronic equipment is discarded annually [2]. Green
electronic products made of environmentally friendly and disposable materials, such as degradable
polymers, are ideal candidates to resolve the pollution from electronic waste [3,4].

Owing to the miniaturization, portability, and flexibility requirements of electronic products,
polymeric materials with low dielectric constant and flexibility are getting more attention in integrated
circuit devices as interlayer dielectrics [5–7]. By reducing the dielectric constant of the dielectric
material used in the integrated circuit, the leakage current of the integrated circuit, the capacitance
effect between the wires, as well as the heating of the integrated circuit can be reduced efficiently [8].
Another important problem when thinking of the application of polymer-based low dielectric materials,
is that most polymeric materials are easy to burn [9]. To use electronic equipment safely, it is essential
that the polymer-based dielectric layer should have flame retardant properties.

Nanocomposites exhibit improved physical properties, compared to those of the unfilled polymer
matrix, i.e., Mechanical strength [10,11], dielectric properties [12,13], thermal properties [14], and fire
resistance [15,16], etc. Oliviero et al. [17] studied the dielectric properties of sustainable nanocomposites,
based on zein protein and lignin for biodegradable insulators. Santanu Singha et al. [18] investigated
the effects of nano ZnO on the dielectric properties of epoxy nanocomposites and found that the
volume fraction and nature of the interfaces in most of the composites, influence the dielectric

Materials 2018, 11, 1756; doi:10.3390/ma11091756 www.mdpi.com/journal/materials1
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properties of the nanocomposites. Rao [19] investigated the structural and electrical properties
of novel polyvinyl alcohol (PVA)-CuO nanocomposite films, and the results showed that the
dielectric constant was reduced with an increase in both frequency and CuO concentration; and the
dielectric loss was increased with increase in frequency and decreased with increase in CuO
concentration. Regarding the flame retarded properties of nanocomposites, Hapuarachchi [20]
developed the poly(lactic acid) (PLA) nanocomposites with improved flame retardancy, utilizing
the unique properties of sepiolite nanoclay and multi-7walled nanotubes. Li groups [21] developed
the core-shell nanostructured MWCNT-DOPO-OH through a three-step process and added them to
aluminum hypophosphite/poly(lactic acid) (AHP/PLA) flame retardant systems, to improve both
flame retardancy and mechanical properties. The results indicated that the PLA nanocomposites with
1 wt% MWCNT-DOPO-OH and 14 wt% AHP, achieved a UL 94 V-0 rating and limiting oxygen index
(LOI) value of 28.6%. Ye et al. [22] reported that the addition of organically modified montmorillonite
(OMMT) and aluminium diethylphosphinate (AlPi) into the PLA matrix could promote char-forming
and suppress the melt dripping. However, few papers have reported on the preparation of degradable
nanocomposites with good flame retardancy and low dielectric constant, simultaneously.

In this paper, PLA, nano-ZIF-8@GO hybrids of nano zeolite imidazole frameworks (nano-ZIF-8)
and graphene oxide (GO), and resorcinol di(phenyl phosphate) (RDP) were used to prepare the
nanocomposites. PLA, a kind of biodegradable polyester produced from renewable resources,
is now increasingly viewed as a valuable biosourced polymer alternative in applications, such as
electronics [23,24]. The hybrids combine the unique advantage of metal–organic frameworks (MOFs)
and GO, such as crystalline and highly ordered structures, ultrahigh porosity and large surface area,
two-dimensional structure with rich carboxyl, hydroxyl, and epoxy groups [25]. The flame-retardant
RDP is a biodegradable polymeric compound with good thermal stability, as shown in Scheme 1.
The effects of nano ZIF-8@GO hybrids and RDP on dielectric behavior, mechanical properties,
and flame retardancy of the PLA nanocomposite films have been systematically studied.

Scheme 1. The chemical formula of resorcinol di(phenyl phosphate) (RDP).

2. Experimental

2.1. Materials

Poly (lactic acid) (PLA 290, MW = 50,000−60,000, D = 1.4–1.5, content of D-lactide = 0.5%) was
obtained from Haizheng Biological Materials Co., Ltd., Taizhou, China. Resorcinol bi(diphenyl phosphate)
(RDP) was provided by Wansheng New Material Co., Ltd., Linhai, China. 2-Methyl imidazole
(98%) was purchased from Aladdin Industrial Corporation, Shanghai (China). Zn(NO3)2·6H2O
was supplied by Xilong Chemical Co., Ltd., Shantou, China. Deionized water was produced in our
lab. Methanol (CH3OH), graphite powders, phosphorus pentoxide (P2O5), potassium persulfate
(K2S2O5), and hydrogen peroxide (H2O2) were provided by Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China. Concentrated sulfuric acid (H2SO4, 95~98%), Chloroform (CHCl3, 99%), potassium
permanganate (KMnO4), and hydrochloric acid (HCl) were obtained from Lingfeng Chemical Reagent
Co., Ltd., Shanghai, China.
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2.2. Preparation of ZIF-8@GO

Graphene oxide (GO) was prepared with an improved Hummers method [26]; 1.602 g of 2-methyl
imidazole and 1.487 g of Zn(NO3)2·6H2O were dissolved in 100 mL of methanol (CH3OH), respectively,
and 0.163 g of GO was dispersed in 100 mL of CH3OH. Then, the GO suspension was added to the
above solution with stirring. Finally, the reaction mixture was stirred for 1h at room temperature and
ZIF-8@GO particles were centrifuged, washed with CH3OH, and then dried at 80 ◦C for 48 h.

2.3. Preparation of the Nanocomposite Films

First, the dried PLA was dissolved in 40 mL of chloroform (CHCl3) with magnetic stirring for
2 h. An appropriate amount of ZIF-8@GO and RDP was dispersed in 20 mL of CHCl3 by sonication to
form a uniform dispersion solution, and then poured into the PLA solution. The mixture was stirred
for 4 h and kept for 1 h. The mixed solution was then casted into a film using an automatic coater
(MRXTMH250, Mingruixiang Automation Equipment Co., Ltd., Shenzhen, China). After the solvent
was evaporated at room temperature, the film was dried in an oven at 50 ◦C for 72 h, to further remove
the residual solvent. The concrete formulations of nanocomposite films are listed in Table 1.

Table 1. Formulations and combustion tests of nanocomposite films.

Samples PLA (wt%) RDP (wt%) ZIF-8@GO (wt%) LOI (%) Rating

PLA 100 0 0 21.0 ± 0.2 NR b

PLA/RDP 91.0 9.0 0 30.0 ± 0.3 VTM-0
PLA-1 90.4 9.0 0.6 29.3 ± 0.5 VTM-0
PLA-2 90.1 9.0 0.9 28.5 ± 0.2 VTM-0
PLA-3 89.8 9.0 1.2 27.8 ± 0.6 VTM-0
PLA-4 89.5 9.0 1.5 27.0 ± 0.4 VTM-2

NR b: no rating.

2.4. Measurement and Characterization

Transmission electron microscope (TEM, JEM-2100, Tokyo, Japan) was operated to observe the
morphologies of ZIF-8@GO.

X-ray diffraction (XRD, Bruker D8 Advance diffractometer, Karlsruhe, Germany) measurements
were performed at 40 kV and 40 mA, with Cu Kα radiation (0.15418 nm).

Fourier transform infrared spectroscopy (FTIR) spectra were recorded on a FTIR-8400S
spectrometer (Shimadzu, Japan), at a range of 400–4000 cm−1, with a resolution of 4 cm−1, to observe
the structure of PLA nanocomposites.

Scanning electron microscope (SEM, Hitachi S-4800, Tokyo, Japan) with an Energy Dispersive
Spectrometer (EDS, GENESIS 2000, EDAX, Mahwah, NJ, USA) was employed to observe the fracture
morphologies of PLA nanocomposite film. All samples were coated with gold before the test.

Tensile testing measurements were performed on a CMT tensile tester (Sans, Shenzhen, China),
at a rate of 10 mm/min at room temperature, referred to ISO 1184-1983 (GB 13022-1991, China).
The sample values were averaged by five measurements and sample size was (150 mm ± 2 mm) ×
(20 mm ± 2 mm). The thickness of the sample was 0.15 mm.

Limiting oxygen index (LOI) tests were measured according to ASTM Standard D2863-97, with a
JF-3 oxygen index meter from Jiangning Analysis Instrument Co., Ltd. (Nanjing, China). The tests
were performed five times, and sample size was (200 mm ± 5 mm) × (50 mm ± 2 mm).

Vertical burning tests were performed according to ISO 9773 using a vertical burning tester (CZF-3,
Jiangning Analytical Instrument Co., Ltd., Nanjing, China), with a standard of UL-94. The sample
values were measured five times, and sample size was (200 mm ± 5 mm) × (50 mm ± 2 mm).
The thickness of the sample was 0.15 mm.
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Thermogravimetric analysis (TGA) was carried out from 35 ◦C to 600 ◦C using a DTG-60
thermoanalyzer instrument (Shimadzu, Tokyo, Japan), at 20 ◦C/min under nitrogen. The mass
of the samples was kept within 3–5 mg in an alumina crucible.

The dielectrical characterization of the nanocomposites was performed using a high-frequency
LCR meter (TH2816, L = 100 μH, K = 6, DZ5001, Nanjing, China), with a frequency range from 1 kHz
to 150 kHz, as described in Reference [27]. In the experimental process, air was used as a reference.
The permittivity (εr) was calculated from the formula as follows:

εr = 14.4 · (C1 − C2) · d/Φ2 (1)

where C1, C2 is the capacitor of air and sample (pF), and d is the thickness of the film (cm). Φ is the
diameter of the film (cm) and the general value of Φ was 3 cm. The dielectric loss tangent (tanδ) was
calculated from the formula as follows:

tanδ = C1 · (Q1 − Q2)/(C1 − C2) · Q1 · Q2 (2)

where Q1, Q2 is the quality factor of air and sample, respectively.

3. Results and Discussion

3.1. Characterization of ZIF-8@GO

The morphologies of ZIF-8@GO are shown in Figure 1a. It is apparent that many ZIF-8
nanoparticles were anchored on the surface of GO sheets by chelation between oxygen-containing
functional groups on GO and Zn ions in ZIF-8 [28]. Figure 1b shows the XRD patterns of ZIF-8,
GO, and ZIF-8@GO. The peak centered at 10.9◦ for GO, corresponds to the reflections of the (002)
plane [29]. The XRD pattern of the synthesized ZIF-8 was similar to that reported in previous
literature [30]. The XRD pattern of ZIF-8@GO showed the diffraction peaks of ZIF-8. However,
the (002) reflection of GO was absent because the incorporation of ZIF-8 had destroyed the regular
stack of GO. This phenomenon was inconsistent to those reported by others in References [31,32].
The XRD analysis further demonstrated that ZIF-8 nanoparticles had been effectively loaded onto the
GO sheets.

Figure 1. (a) Transmission electron microscope (TEM); (b) X-ray diffraction (XRD) of ZIF-8@GO.

3.2. SEM and Transparency of the Nanocomposite Films

Figure 2a shows the SEM image of pure PLA. As can be seen, pure PLA exhibited a fractured
morphology with some cracks, which is the characteristic of rigid and fragile materials. The fractured
morphology of PLA-2 with 0.9 wt% ZIF-8@GO and 9.0 wt% RDP is shown in Figure 2b,c, and the
surface with no large agglomerations is observed, indicating that ZIF-8@GO and RDP are dispersed
uniformly in the PLA matrix. RDP is a kind of organic polyphosphate and is miscible with PLA [33].
Regarding the good dispersion of ZIF-8@GO in PLA, the strong interactions between the organic
linkers in ZIF-8 and PLA chains provide good affinity for ZIF-8@GO with PLA. Moreover, ZIF-8
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nanoparticles anchored on GO sheets prevented GO from stacking together and made them disperse
well in the PLA matrix. Moreover, the surface of ZIF-8@GO may be modified by the organic RDP, since
many P=O and P–O–C groups in RDP can form hydrogen bonds with the –OH groups existing on
the surface of GO sheets, or coordination bonds with Zn ions in ZIF-8. Thus, RDP molecules tend to
be absorbed on the surface of ZIF-8@GO nanoparticles, which enhances the compatibility between
ZIF-8@GO nanoparticles and the PLA matrix. The EDS of PLA-2 nanocomposite shown in Figure 2d,
further proves the presence of ZIF-8@GO and RDP in the nanocomposites. In Figure 2e, all the films
are found to be transparent enough to see “ABC” letters on paper beneath the films clearly, even
though the content of ZIF-8@GO reaches 1.5 wt%.

Figure 2. (a) Scanning electron microscope (SEM) of pure poly (lactic acid) (PLA); (b,c) SEM of PLA-2;
(d) EDS of PLA-2; (e) Optical images of the prepared films.

3.3. Mechanical Properties of the Nanocomposite Films

The typical stress-strain curves for the nanocomposite films are shown in Figure 3a. The linear
stress-strain behavior of films in the initial region was observed as the ‘Hookean’ region, which was
due to the changes in bond angles and spacing of PLA [34]. The rest of the region was considered
as the plastic region, which is attributed to the movement of the PLA chain under the external force.
The related data of tensile strength from the stress-strain curve, is illustrated in Figure 3b. It is well
known that PLA is a rigid thermoplastic polymer with 38.5 MPa of tensile strength; however, the tensile
strength of PLA/RDP film is only 34.7 MPa, which may be ascribed to the fact that the RDP molecules
inserts PLA chains and increases the spacing of PLA chains, weakening the inter-chain stress during
the blending process, resulting in reduced tensile strength [35]. The nanocomposite films show a trend
of increase in tensile strength, for example, when the content of ZIF-8@GO was 1.2 wt%, the tensile
strength of PLA-3 was 47.4 MPa, which was an increase of 22.8% compared with the pure PLA. This
may be owing to the fact that the added ZIF-8@GO particles played a reinforcing effect for PLA, where
the Zn-containing groups of ZIF-8@GO could interact with the ester groups of PLA to form a partial
crosslinking through coordination interaction, as exhibited in Figure 4a. In Figure 4a, the Zn-containing
groups of ZIF-8@GO have open sites, as described in Reference [36], which have a strong coordination
effect with C=O and C–O–C of ester groups in PLA. To support this conclusion, the FTIR curves of
PLA and PLA-4 as a representative are exhibited in Figure 4b. The peak at 1761 cm−1 was attributed
to the stretching vibration of C=O in PLA [8]. While adding ZIF-8@GO, the peak shifted to 1756 cm−1

for PLA-4. Similarly, the peak at 1091 cm−1, corresponding to the C–O–C vibration in PLA shifts
the lower wavenumber. The shifts of these peaks could be due to the strong interaction between
PLA and ZIF-8@GO. Moreover, RDP, as a compatibility agent, promotes the uniform distribution of
ZIF-8@GO in PLA, which is beneficial to the improvement of mechanical properties [37,38]. The digital
photo for the PLA films in Figure 3b, shows that the prepared nanocomposite films are so flexible,
which could be due to plasticity of RDP for PLA, as well as the toughing effects of ZIF-8@GO in
PLA [39]. The elongations at break of PLA-1, PLA-2, and PLA-3 are about 11.48%, 15.17%, and 16.33%,
respectively, compared with 9.92% for PLA.
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Figure 3. The stress-strain curves (a) and tensile strength (b) of the nanocomposite films.

Figure 4. The enhancement mechanism (a) and Fourier transform infrared spectroscopy (FTIR) curves
(b) the nanocomposite films.

3.4. Flame Retardant Properties of the Nanocomposite Films

Table 1 shows the results of the combustion performance for the nanocomposite films, including
the limit oxygen index (LOI) and vertical burning rating. The LOI is defined as the minimum oxygen
concentration required for combustion under the oxygen-nitrogen atmosphere. It is generally believed
that pure PLA has a poor flame-retardance property, as its LOI is only 21.0%. In addition, PLA
burns vigorously with serious droplet and no residues, which will lead to the spread of flames and
secondary combustion hazards, as reported previously in Reference [40]. The incorporation of RDP can
remarkably improve the flame retardancy of PLA, with a LOI of 31.0% and VTM-0 rating. With respect
to the flame-retardant mechanism, the organophosphorus flame retardants often play an effective
role on flame retardancy, both in condensed and gas phase. In condensed phase, they decompose
into phosphoric acid and pyrophosphate, which can catalyze charring process to form the char layer
on polymer. In gas phase, they can react with the degrading polymer to quench radicals or produce
PO· radicals, which can react with the H· or OH·, and thus act as a fire retardant. As shown in
Figure 5a, the amounts of char residues of the nanocomposites are poor, suggesting RDP cannot
promote the carbonization of PLA. Therefore, we speculate that the gas phase mechanism is mainly
responsible for the improvement of flame retardancy, for the prepared nanocomposites. Fang has
proved the statement that some organophosphorus flame retardants are mainly active in the gas
phase and not in the condensed phase using TG-FTIR [41]. The addition of ZIF-8@GO into the PLA
films results in a slightly lower LOI, but remains in high values. For instance, when the ZIF-8@GO
content is 1.5 wt%, the LOI of PLA-4 is 27.0%. The reduction in flame retardance may be attributed
to ZIF-8@GO nanoparticles, which catalyzes the decomposition of RDP at low temperature regions,
as shown in Figure 5. In Figure 5a, the initial decomposition temperatures of PLA and PLA/RDP
are about 345.5 ◦C and 340.9 ◦C. While adding the RDP and ZIF-8@GO, the initial decomposition
temperatures of PLA-2 and PLA-4 nanocomposites were about 295.1 ◦C and 264.4 ◦C, which were
lower than 340.9 ◦C for PLA/RDP. Moreover, the TG curves of RDP and the RDP/ZIF-8@GO blend
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are obtained in Figure 5b. The initial decomposition temperatures of RDP and RDP/ZIF-8@GO blend
were 300.4 ◦C and 265.0 ◦C, respectively. The RDP/ZIF-8@GO blend decomposed earlier than that of
RDP, which proved the catalytic effect of ZIF-8@GO further [42,43]. The decomposition of RDP at low
temperature impairs the effect of flame retardancy of RDP. The SEM of char residue after combustion
of the nanocomposites (PLA-2 film), is shown in Figure 6. Although this char layer is continuous and
beneficial to improvement of flame retardance of the PLA nanocomposites, the amount of char residue
after combustion of the nanocomposites is so poor that it cannot improve flame retardancy effectively
in condensed phase.

Figure 5. TG curves of PLA nanocomposite films (a); RDP and RDP/ZIF-8@GO blend (b).

Figure 6. SEM images of PLA-2 nanocomposite films after combustion under different resolutions.
(a) 5 μm; (b) 2 μm.

3.5. Dielectric Properties of the Nanocomposite Films

The dielectric constant and dielectric loss tangent are the most important parameters for dielectric
materials. The dielectric constant and dielectric loss tangent of the nanocomposite films from 1 kHz to
150 kHz have been tested, and the results are shown in Figure 7. As shown in Figure 7a, the dielectric
constant show low-frequency dependence within the measuring frequency. When the frequency is
less than 30 kHz, the dielectric constant decreases rapidly with the frequency. This is because the
dielectric constant of the PLA films, depends on their abilities to polarize at a given frequency. There
are four possible polarizations that could contribute to the dielectric behavior: Electronic, ionic, dipolar,
and interfacial polarization [44]. At low frequencies, all four types of polarization have enough time to
occur, which is helpful to reduce the dielectric constant. As the frequency increases, the contributions
of interfacial, dipolar, and ionic polarizations do not have enough time to adjust to the change of
frequency and become ineffective, only the electronic polarization still plays a role in the dielectric
constant [8,45]. The decrease of dielectric permittivity with increasing frequency is due to the relaxation
behaviors [46]. Figure 7b shows the dielectric loss tangent for the films from 1 kHz to 150 kHz. In the
range of the discussed frequency, the change of dielectric loss is not obvious. It is seen that the values
of all the films are in a range from 0.045 to 0.070.

7
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Figure 7. Dielectric permittivity (a) and dielectric loss tangent (b) of the films.

The effects of ZIF-8@GO and RDP on the dielectric properties of the nanocomposites are shown
in Figure 8. While only adding RDP, the dielectric constant decreases slightly compared with the pure
PLA, which may be ascribed to the presence of several benzene rings in RDP, because it is well-known
that the benzene ring has a very low dipole moment; for example, the dielectric constant of polystyrene
is about 2.4 at 103 kHz [47,48]. With addition of ZIF-8@GO, the dielectric constant had a rapid decline
and achieved the lowest value at 1.5 wt% of ZIF-8@GO. For example, the dielectric constant of PLA-4
reached 2.61, compared with 3.1 for pure PLA at 10 kHz. The decrease of the dielectric constant
is attributed to the good dispersion of fillers [49], nanoparticle effect of ZIF-8@GO, as well as the
interface effect [46], as shown in Figure 9. ZIF-8 with a nano porous structure increased the porosity
density in the PLA matrix, thereby reducing the polarization molecular density [50]. GO, with the
special two-dimensional planar structure, lessened the efficiency of molecular piling and increased the
free volume of the PLA, thereby diluting the density of polarized molecules in the PLA matrix [51].
The presence of GO also created a significant enhancement in porosity, owing to the formation of new
pores at the interface of GO and ZIF-8 particles, as exhibited in Figure 9 [52]. Furthermore, as shown in
Figure 9, the PLA molecules and the ZIF-8@GO nanoparticles in both the first layer and the second
layer of the interface multi-core region have a strong interaction, which restricts end-chain or side-chain
movement. The interaction has a profound effect on the dielectric behavior at low frequency [53,54].
However, the collaborative effect between ZIF-8@GO and RDP on the dielectric constant needs to
be further investigated. Figure 8b shows the change of the dielectric loss tangent, as a function of
the addition of ZIF-8@GO. It was observed that the dielectric loss decreases with an increase in the
ZIF-8@GO content. The phenomenon could be explained as the Coulomb blockade effect of ZIF-8@GO.
The ZIF-8@GO nanoparticles could cause a high charging energy for the tunneling electrons and inhibit
the charge transfer through the whole system from migrating directionally, reducing the conduction
loss which represents the flow of charge through the dielectric materials [55,56].

Figure 8. Dielectric permittivity (a) and dielectric loss tangent (b) with the content of ZIF-8@GO.
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Figure 9. Mechanism of the dielectric permittivity reduction for the films. (a) Nanoparticle effect; (b)
Interface effect [57].

4. Conclusions

In conclusion, ZIF-8@GO hybrids were synthesized and characterized by TEM and XRD.
The ZIF-8@GO particles were homogenously dispersed in the PLA matrix due to the action of RDP,
as well as the interfacial interaction between PLA and ZIF-8@GO. The tensile strength was improved,
compared with pure PLA, due to the reinforcing effect of ZIF-8@GO. The nanocomposite films showed
good flame retardance. The LOI of the PLA-2 film was 28.5% and a VTM-0 rating was obtained.
The dielectric constant of PLA films was decreased, owing to the nanoparticle and interface effects.
While adding 9.0 wt% RDP and 1.5 wt% ZIF-8@GO, the dielectric constant of PLA-4 reached 2.61,
compared to about 3.30 and 4.40 for PI and EP at 1 kHz frequency, respectively. Moreover, the dielectric
loss tangent had a general trend of slightly decreasing with the addition of ZIF-8@GO, which could be
explained as the Coulomb blockade effect of ZIF-8@GO.
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Abstract: In this study, a highly efficient flame-retardant bioplastic poly(lactide) was
developed by covalently incorporating flame-retardant DOPO, that is, 9,10-dihydro-oxa-10-
phosphaphenanthrene-10-oxide. To that end, a three-step strategy that combines the catalyzed
ring-opening polymerization (ROP) of L,L-lactide (L,L-LA) in bulk from a pre-synthesized
DOPO-diamine initiator, followed by bulk chain-coupling reaction by reactive extrusion of
the so-obtained phosphorylated polylactide (PLA) oligomers (DOPO-PLA) with hexamethylene
diisocyanate (HDI), is described. The flame retardancy of the phosphorylated PLA (DOPO-PLA-PU)
was investigated by mass loss cone calorimetry and UL-94 tests. As compared with a commercially
available PLA matrix, phosphorylated PLA shows superior flame-retardant properties, that is,
(i) significant reduction of both the peak of heat release rate (pHRR) and total heat release (THR)
by 35% and 36%, respectively, and (ii) V0 classification at UL-94 test. Comparisons between
simple physical DOPO-diamine/PLA blends and a DOPO-PLA-PU material were also performed.
The results evidenced the superior flame-retardant behavior of phosphorylated PLA obtained by a
reactive pathway.

Keywords: reactive flame retardancy; PLA ROP; chain extension; DOPO

1. Introduction

Bio-based polymers have recently attracted a growing interest to improve the sustainability of
plastics. These green materials gained an increasing demand for durable applications because they
present a reduced carbon footprint compared with those produced from fossil carbon. However,
their use in high-performance applications is limited because of their high flammability. In fact, fire
retardancy of polymeric materials has become an important requirement prior to being used in several
technical applications.

Polylactide (PLA) is one of the most promising biopolymers that is increasingly being used for
technical applications [1,2], owing to its various advantages. It is produced from annually renewable
resources and it presents a high stiffness, high degree of transparency in addition to its relatively low
cost, and large production volume. However, PLA suffers from some shortcomings because some of its
properties such as impact resistance, ductility, tensile strength, service temperature, long-term stability,
and flame-retardant behavior need to be improved.

Materials 2020, 13, 13; doi:10.3390/ma13010013 www.mdpi.com/journal/materials13
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Currently, the additive way is the most common approach for enhancing PLA flame-retardant
properties. It consists of the physical blending of PLA with flame-retardant (FR) additives such as
organic phosphorus [3–5], intumescent systems [6,7], and mineral fillers [8].

Among these, the organic phosphorus flame retardants are the most adapted for PLA. The presence
of phosphorous promotes the formation of crosslinked or carbonized structures that act as an insulator
layer during the combustion, thus protecting the polymer underneath from the heat and limiting
the volatilization of fuel [9]. The association of phosphorus-based flame-retardant additives with
bio-based char forming agents such as lignin [10–13], cellulose [14,15], or tannic acid [16,17] presents
an efficient way for enhancing flame retardant performances and reducing the environmental impact
of the FR system. An incorporation rate of at least 20 wt.% is required prior to obtaining enhanced
flame-retardant performances. However, PLA is very sensitive to thermal degradation during melt
processing and the incorporation of these additives generally induces an important reduction of
polymer molecular weight, significantly affecting its mechanical properties.

The integration of phosphorous directly along the PLA chain presents an interesting alternative to
the additive way. Using a reactive phosphorous-based molecule as a PLA chain extension is an easy
way allowing the incorporation of phosphorous in the backbone of the PLA macromolecule. With this
view, Wang et al. [18] used ethyl phosphorodichloridate for chain-extending dihydroxyl terminated
pre-PLA. The resulting materials (PPLA) showed relevant flame-retardant properties and the use of
only 5 wt.% PPLA into PLA enables obtaining a blend with good flame-retardant properties. Up to
10 wt.%, the so-obtained material presented Limited Oxygen Index of 35, a lower peak heat release rate
(pHRR), a longer time to ignition, and V0 classification at the UL-94 test.

In this work, a three-step strategy aiming to prepare novel inherently flame-retardant
polylactide-based materials is described. First, a bifunctional phosphorous-based diamine was
prepared through the reaction between 9,10-dihydro-oxa-10-phosphaphenanthrene-10-oxide (DOPO)
and 4,4′-diaminobenzophenone (DABP). This bifunctional diamine was thus used as an initiator
for bulk ring-opening polymerization (ROP) of L,L-lactide (L,L-LA). The last step consisted of the
bulk chain-coupling reaction of the so-obtained phosphorylated PLA oligomers with hexamethylene
diisocyanate (HDI). DOPO was selected for this application because of its flame-retardant action, which
is effective at a low P content (1 to 2 wt.%). In fact, DOPO presents an interesting flame-retardant effect
because it acts in both condensed and gas phases [19]. During pyrolysis, DOPO-based flame retardants
release reactive species in the gas phase (most probably PO◦) that are very effective to achieve efficient
flame inhibition, while the phosphorous remaining in the condensed phase promotes the formation of
char residue.

The structure of the obtained phosphorylated PLA oligomers (DOPO-PLA) as well as the
corresponding chain extended material (DOPO-PLA-PU) were characterized using Proton and
Phosphorus nuclear magnetic resonance (1H & 31P NMR respectively) as well as by size exclusion
chromatography (SEC), while their thermal properties and flame-retardant properties were evaluated
by differential scanning calorimetry (DSC), thermal gravimetrical analysis (TGA), UL-94, and cone
calorimeter tests, respectively. The obtained results evidenced superior flame-retardant properties of
the novel phosphorylated PLA when tested alone and in blend with commercial PLA.

2. Materials and Methods

2.1. Materials

The L,L-LA (Purasorb®L, optical purity > 99.5%, MW = 144 g·mol−1, free acid < 1 meq·kg−1,
water content < 0.02%, Purac Biochem BV, The Netherlands) and hexamethylene diisocyanate (HDI,
purris. ≥99.0%, MW = 168 g·mol−1, Sigma-Aldrich, (Diegem, Belgium) were stored in a glove box prior
to use. Tin(II) 2-ethylhexanoate (Sn(Oct)2, 95%, MW = 405 g·mol−1) and 4,4′-diaminobenzophenone
(DABP, 97%, MW = 212 g·mol−1) from Sigma-Aldrich (now Merck) were used as received.
9,10-Dihydro-oxa-10-phosphaphenanthrene-10-oxide (DOPO, >97 %, MW = 216 g·mol−1, ADD APT
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Chemicals AG, The Netherlands) was recrystallized from tetrahydrofurane (THF) prior to use. All
solvents (that is, methanol, chloroform, and THF; VWR, Belgium) were of analytical grade and used
as received. Polylactide (Ingeo™ Biopolymer 3052D) from NatureWorks (Minnetonka, MN, USA)
was used in this study as a commercial PLA resin. PLA 3052D is a semi-crystalline polymer with an
average molecular weight Mn of 90,000 g/mol.

2.2. Syntheses

DOPO-diamine

The DOPO-diamine was obtained according to the literature [20]. Briefly, 32 g (0.15 mol, 1 eq)
of DOPO and 5.35 g (0.25 mol, 1.7 eq) of DABP were placed into a 250 ml round-bottom glass-flask
and heated at 180 ◦C for 3 h. The obtained homogeneous mixture was then allowed to cool-down
to 100 ◦C, followed by the addition of 150 mL of toluene in order to precipitate the DOPO-diamine.
The product was filtered and recrystallized repeatedly (×3) from THF (150 mL). Yield: 55%. 1H NMR
(500 MHz, DMSO-d6, δ ppm): 8.5–6.5 (m, 20H, CHphenyl), 5.9 (br.dt, 4H, CHphenyl-NH2), 4.9 (br.s,
4H, NH2). 31P NMR (500 MHz, DMSO-d6, δ ppm): 31.78, 30.12. DSC (H/C/H, 10 ◦C·min−1, 0–200 ◦C):
mp. 325 ◦C.

DOPO-PLA

DOPO-PLA was prepared via DOPO-diamine initiated ROP of L,L-LA in bulk following the
procedure described hereafter: ROP of L, L-LA as initiated by DOPO diamine was performed in
specially designed 250 mL Inox™ reactors (Maximator France, Rantigny, France) at 180 ◦C and a
stirring rate of 50 rpm for 90 min. Slight nitrogen pressure (0.4 bar) was introduced in order to ensure
an inert atmosphere and a premixing time of 10 min was used. Then, 50 g of L,L-LA (347 mmol)
was mixed with 22 g of DOPO-diamine (35 mmol) and 1.4 g (3 mmol) of Sn(Oct)2. The molar ratio
[L,L-LA]0/[DOPO-diamine]0 was fixed to 10. Stannous (II) octoate was used as catalyst at molar ratio
[L,L-LA]0/[Sn(Oct)2]0 = 100.

The as-obtained DOPO-PLA was recovered by solubilization in THF and precipitation in
cold methanol.

DOPO-PLA PUs

DOPO-PLA PU was prepared via reactive extrusion using a 15 cm3 vertical corotational
twin-screw DSM microcompounder (DSM, Sittard, The Netherlands), equipped with nitrogen inlet
and water-cooling systems at 160 ◦C. Typically, 14 g of DOPO-PLA (5 mmol) was introduced into the
extruder at 30 rpm and allowed to melt for 3 min, after which 0.98 mL HDI (5.8 mmol) was added and
the reaction was allowed to continue at 30 rpm for 90 min.

Blending

Blending of DOPO-PLA-PU with commercial PLA was carried out in a Brabender internal mixer
at 180 ◦C for 10 min (2 min mixing at 30 rpm followed by 8 min at 60 rpm). For the mass loss calorimeter
test, plates (100 × 100 × 3 mm3) were compression molded at 180 ◦C using an Agila PE20 hydraulic
press. More precisely, the material was first pressed at a low pressure for 200 s (three degassing cycles),
followed by a high-pressure cycle at 150 bars for 180 s. The samples were then cooled down under
pressure (80 bars).

2.3. Methods

1H and 31P NMR spectra were collected with a Bruker AMX-500 at a frequency of 500 MHz
instruments, respectively, in Hexadeuterodimethyl sulfoxide (DMSO-d6).

Size exclusion chromatography (SEC) was used to determine the molar mass of the
prepared materials. Analyses were performed at 30 ◦C in chloroform (CHCl3) using an Agilent
liquid chromatograph equipped with an Agilent degasser, an isocratic High-performance liquid
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chromatography (HPLC) pump (flow rate= 1 mL·min−1), an Agilent autosampler (loop volume= 200μL,
solution conc. = 2.5 mg·mL−1), an Agilent-DRI refractive index detector, and three columns: a PL gel
10 μm guard column and two PL gel Mixed-D 10 μm columns (linear columns for separation of MWPS
ranging from 500 to 106 g·mol−1). Polystyrene standards were used for calibration.

Thermal gravimetrical analyses (TGAs) were performed with a TA Q500 thermogravimetric
analyzer (Zellik, Belgium). The weight loss was recorded upon heating the samples (having initial
masses of ca. 10 mg) at 20 ◦C·min−1 from 30 to 700 ◦C, under N2 flow of 60 mL·min−1. The referred
temperatures of maximum degradation rate (Tmax) were taken as the inflection point of the sigmoidal
steps (i.e., the maxima of the first-derivative curve).

Differential scanning calorimetry (DSC) measurements were performed with a TA Q200 calorimeter
(Zellik, Belgium) calibrated with high purity indium and operating under N2 flow. The sample weight
was about 5 mg and a scanning rate of 10 ◦C·min−1 was employed in all the runs. Each run followed a
heat/cool/heat (H/C/H) procedure from 0 to 200 ◦C. The reported thermal transition values, Tg (glass
transition temperature) and Tm (melting temperature), were defined as the midpoints of the sigmoidal
curve, minima of the exotherms, and maxima of the endotherms, respectively.

The fire behavior of the DOPO-PLA-PU was evaluated using the mass loss cone calorimeter
test at 35 kW·m−2. Cone calorimeter is one of the most used devices to assess the flammability of
materials at bench scale. The peak of heat release rate (pHRR), time to ignition (TTI), as well as total
heat release (THR), which are considered as the most important parameters in this fire test, were
considered. A high pHRR and a low TTI may cause both fast ignition and rapid-fire propagation.
Mass loss cone calorimeter tests were performed according to ISO 13927 standard procedures with
a Fire Testing Technology Limited (FTT) mass loss cone calorimeter. Samples (100 × 100 × 3 mm3)
were exposed to an external heat flux of 35 kW·m−2, corresponding to common heat flux in a mild fire
scenario. UL-94 test was performed on films of 0.8 mm thickness.

3. Results

3.1. DOPO-Diamine Initiator Preparation and Characterizations

DOPO-diamine was synthesized through a well-established procedure (Scheme 1A) starting
from 9,10-dihydro-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and 4,4’-diaminobenzophenone
(DABP). [20] Global yield reached 55% after recovery of the product obtained after three hours at
180 ◦C. In accordance to the state-of-the-art, 1H and 31P NMR characterizations concluded on the
formation of the expected DOPO-diamine.

Prior to its use as a polymerization initiator, the thermal stability of the DOPO-diamine was
studied by thermogravimetric analysis (TGA) and compared to both DOPO and DABP reactants
(Figure 1). Clearly, the DOPO-diamine is characterized by a well-higher thermal stability as compared
with its precursors. With a thermal degradation starting above 300 ◦C, the DOPO-diamine TGA
analysis also reveals the formation of a char residue of 27 wt.% at circa 450 ◦C. Those results are of
prime importance and indicate that DOPO-diamine could be processed at PLA melt processing (180 ◦C)
without undergoing any thermal degradation.
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Scheme 1. Three-step synthetic pathway to 9,10-dihydro-oxa-10-phosphaphenanthrene-10-oxide
(DOPO)-polylactide (PLA) PUs: (A) Synthesis of DOPO-diamine; (B) DOPO-initiated bulk ring-opening
polymerization (ROP) of L,L-lactide (L,L-LA); (C) chain coupling reaction.

Figure 1. Thermogravimetric analyses (TGAs) performed on 9,10-dihydro-oxa-10-
phosphaphenanthrene-10-oxide (DOPO), DABP, and DOPO-diamine at 20 ◦C/min under nitrogen.

3.2. Synthesis and Properties of DOPO-PLA Oligomers

The DOPO-diamine was then employed as a telechelic initiator for the ring-opening polymerization
(ROP) of L,L-LA in the presence of tin(II) octanoate (Sn(Oct)2). Duda et al. showed that the mechanism
of LA ROP from primary amine and catalyzed by Sn(Oct)2 does not differ from an ROP process initiated
from an alcohol exogenous initiator [21]. In the specific case of the DOPO-diamine, a controlled
“coordination-insertion” ROP of L,L-LA would proceed from both primary amines, leading to a
DOPO core functionalized by two PLA segments end-capped by hydroxyl groups (Scheme 1B).
To get rid of the inherent insolubility of the DOP-diamine in most of the studied organic solvents,
the L,L-LA ROP process was performed in bulk at 180 ◦C for an initial monomer-to-initiator ratio
([L,L-LA]0/[DOPO-diamine]0) of 10. Note here that such a ratio was selected to produce an oligo-PLA
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composed by a sufficiently high atomic percentage in phosphorus atoms (4 wt.%) to impact the fire
properties. To ensure a controlled process, a [DOPO-diamine]0/[Sn(Oct)2]0 molar ratio of 12/1 was
used [22]. After 90 min of reaction, a 1H NMR analysis of the crude medium revealed a conversion in
L,L-LA of 96%. By comparing the relative intensities of free DOPO-diamine to the one incorporated
into the DOPO-PLA, an efficacy of initiation as high as 70 mol% was calculated. After precipitation
of the sample, and considering that the DOPO-diamine initiated the L,L-LA ROP symmetrically, an
experimental molar mass (Mn, NMR) of 2100 g/mol was calculated by 1H NMR spectroscopy, which is
in good agreement with the theoretical value (Mn, th = 2000 g/mol).

In comparison with the two phosphorus signals observed by analysis of the pristine DOPO-diamine
before polymerization (at 29 and 31 ppm), the 31P NMR analysis of the as-obtained DOPO-PLA
confirmed the incorporation of the DOPO initiator into the PLA chain by the presence of one single
phosphorus peak at 30.5 ppm (Figure 2) [20].

Figure 2. 31P NMR analyses (zoomed between 40 and 20 ppm) of DOPO-diamine and DOPO-polylactide
(PLA)-PU.

Size exclusion chromatography (SEC) traces of the polylactide generated from the DOPO-diamine
initiator (Mn = 2700 g·mol−1, Ð = 1.5) and using both refractive index and UV detectors (254 nm,
respectively) clearly show that DOPO is distributed throughout the sample (Figure 3). Indeed, SEC
in dual RI and UV detection is a well-known method providing information on the composition
at any point in the molar mass distribution when at least one component absorbs at a suitable
UV-wavelength [23]. With this respect and knowing that DOPO is the only element in DOPO-PLA that
absorbs at a UV-wavelength, it was possible to confirm its presence at any point of the molar mass
distribution by the UV elution curve precisely following the RI one, as shown in Figure 3.

Figure 3. Size exclusion chromatography (SEC) elution curves of DOPO-PLA using both RI and
UV detectors.
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Finally, a TGA analysis was performed on the DOPO-PLA oligomer (Figure 4) and the results
summarized in Table 1. In comparison with high commercial molecular weight PLA (see experimental
section), DOPO-PLA oligomers show lower thermal stability because their decomposition starts
at 241 ◦C (T5%), while the weight loss of commercial PLA occurs at 300 ◦C. The different thermal
stability observed between these two materials is the result of their high difference in molecular weight.
PLA thermal stability is highly dependent on Mn and low molecular weight chain starts to decompose
at a lower temperature [24–26]. Interestingly, TGA curves also evidence another behavior. In fact,
during their thermal decomposition, DOPO-PLA oligomers generate some char, while commercial
PLA totally degrades during the analysis. This result highlights the ability of DOPO to act in the
condensed phase by promoting the formation of char structures.

Figure 4. TGA curves of phosphorylated PLA oligomers (DOPO-PLA) and chain extended
phosphorylated oligomers (DOPO-PLA-PU) in comparison with commercial PLA, 20 ◦C/min
under nitrogen.

Table 1. Characteristic degradation temperatures and residues amounts from thermogravimetric
analysis (TGA) experiments (under N2 and at 20 ◦C/min) for commercial polylactide (PLA),
phosphorylated PLA oligomers (9,10-dihydro-oxa-10-phosphaphenanthrene-10-oxide (DOPO)-PLA),
chain extended phosphorylated PLA oligomers (DOPO-PLA-PU), as well as PLA/DOPO-PLA-PU blend.

Sample T5% (◦C) Tmax (◦C) Residue at 700 ◦C (%)

PLA 337 374 0.4
DOPO-PLA 241 267; 338 8.5

DOPO-PLA-PU 228 265 10.4
50% DOPO-PLA-PU/50% PLA 218 255 5

3.3. Synthesis and Properties of DOPO-PLA-PU by Chain Extension

DOPO-PLA oligomers were thus further subjected to chain-extension reaction using HDI via
reactive extrusion in order to increase their overall molecular weight. As evidenced by 1H NMR
spectroscopy (Figure 5, inset), DOPO-PLA reacted well with the diisocyanate moiety. Indeed, the signal
corresponding to the hydroxymethine-PLA end groups (–CH(CH3)OH), initially present at 4.25 ppm
(Figure 5), almost completely disappeared, as well as the hydroxy proton end groups (-CH(CH3)OH)
at 5.48 ppm, to the benefit of new urethane bonds. While integrations of amide protons (Hc, 10 ppm)
and methine repeating units (Ha, 5.18 ppm) are logically identical before and after the chain extension
experiment, the diminushion of the methine PLA end groups (4.25 ppm) from an integration of 1.54 to
0.39 allows an efficiency of reaction of 78% to be calculated. Note here that, owing to the limited PUs
solubility in common solvents [27] and the possible interactions of the as-obtained DOPO-PLA-PU
with the SEC columns, resulting in truncated Mn value, no SEC analysis was realized. It is worth
mentioning that the incorporation of urethane functions in the backbone of PLA macromolecule does
not affect its compostability [28].
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Figure 5. 1H NMR spectrum of DOPO-PLA recorded in DMSO-d6. The figure inset shows the 1H
NMR analysis of DOPO-PLA-PU (only the zoom between δ = 4.2 and 10.2 ppm is shown for clarity).

The resulting DOPO-PLA-PU produced is in the form of a transparent yellow material (Figure 6).
The DSC results specify that it is an amorphous polymer characterized by a Tg of 60 ◦C, similar
to that of unmodified PLA (Figure 7 and Table 2). The presence of DOPO-diamine and urethane
functions hinders the crystallization of DOPO-PLA-PU polymer. However, the thermal stability of
chain extended DOPO-PLA is slightly reduced in comparison with the corresponding oligomers.
Further, the presence of urethane moieties also enables a slight increase in the amount of residue (+2%)
(Figure 4 and Table 1).

Figure 6. Films (thickness of ca. 0.8 mm) of transparent DOPO-PLA-PU (a) and the opaque blend of
commercial PLA containing 20 wt.% of DOPO-diamine as additive (b).
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Figure 7. Differential scanning calorimetry (DSC) heating curves (second run) of commercially available
PLA, DOPO-PLA-PU, and their blend 50/50 (wt/wt.%).

Table 2. Glass transition (Tg), melting temperature (Tm), and melting enthalpies (ΔHm) obtained by
differential scanning calorimetry (DSC) second heating run.

Sample Tg (◦C) Tm (◦C) ΔHm (J/g)

PLA 60 154 2

DOPO-PLA-PU 60.5 – –

50% DOPO-PLA-PU/50% PLA 50.5 150 3

The flame-retardant behavior of DOPO-PLA-PU was assessed using mass loss cone calorimeter.
For comparison, Figure 8 and Table 3 summarize the results obtained during the combustion of
DOPO-PLA-PU and the commercially available PLA. Pristine PLA exhibits a strong combustion,
starting after 40 s, consuming all the material and releasing a total heat of about 54 MJ/m2 with a pHRR
of 580 kW/m2. In the case of DOPO-PLA-PU, a lower pHRR (−35%) and THR (−36%), as well as a
reduction of the time to ignition from 40 to 16 s, were observed. It is worth mentioning that, during
the combustion of DOPO-PLA-PU, a char residue was formed at the surface of the burning material,
evidencing the condensed phase action of the DOPO contained in the material. However, this char
was not thermally stable and only a few pieces remain at the end of the test. The formation of the
char during the combustion is responsible for the reduction of HRR, but it is not excluded that a gas
phase may also occur. Indeed, DOPO and its derivatives act in both gas and condensed phases by the
release of low molecular weight phosphorus based species that can scavenge the H◦ and OH◦ radicals
in the flame and the generation of char layer. [29] The flame-retardant effect in the gas phase cannot be
excluded as UL-94 tests performed on films of 0.8 mm thickness highlighted that the material was very
difficult to ignite. A flame inhibition owing to the generation of active P-based species seems to be
responsible for this resistance to ignition in addition to the char formation. In fact, during the UL-94
test, the material is very difficult to ignite, and melts, but drops do not induce any cotton ignition and
only a black residue is formed at the surface of cotton (Figure 9). The low time to ignition observed
in the case of DOPO-PLA-PU is the result of the low thermal stability of this polymer that starts to
decompose around 100 ◦C, thus earlier than the comparative commercial PLA (Figure 4). The reduced
thermal stability of DOPO-PLA-PU is likely the result of the lower molecular weight of DOPO-PLA-PU
with respect to the commercial PLA. In fact, Figure 4 showed that the TGA curve of DOPO-PLA-PU is
close to that of the starting phosphorylated PLA oligomers, meaning the urethane functions do not
affect the material thermal stability.

The high weight phosphorus content in DOPO-PLA-PU (4%) is thus beneficial and allows
obtaining a material presenting good flame-retardant performances. However, an in-depth study
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is needed for better establishing the real contribution of DOPO when combined with DABP and
integrated in the backbone of PLA macromolecules.

Interestingly enough, when DOPO-diamine is physically added to PLA at 10 wt.% and 20 wt.%
content, the so-obtained material does not present any flame-retardant behavior during the cone
calorimeter test (Figure 8 and Table 3). Moreover, using the additive route also affects the transparency
of the material, which becomes opaque (Figure 6b).

Figure 8. Heat release rate (HRR) curves obtained during the mass loss cone calorimeter test at
35 kW/m2.

Table 3. Cone calorimeter (35 kW/m2) and UL-94 results. pHRR, peak heat release rate; TTI, time to
ignition; THR, total heat release.

Sample TTI (s)
pHRR

(kW/m2)

pHRR
Reduction

(%)

THR
(MJ/m2)

THR
Reduction

(%)

UL-94
Classification

PLA 40 580 – 54 – No rating

PLA/10 wt.%
DOPO-diamine 42 620 No

reduction 61.7 No
reduction No rating

PLA/20 wt.%
DOPO-diamine 34 520 No

reduction 51 No
reduction No rating

DOPO-PLA-PU 16 380 35 34.5 –36 V0

Figure 9. Photograph showing the formation of black residue at the surface of cotton after the UL-94 test.
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Melt blending DOPO-PLA-PU with commercial PLA presents another interesting way for taking
advantage of the good flame-retardant properties of DOPO-PLA-PU. With this view, a new blend
was prepared by melt blending the two polymers in an internal mixer. TGA analysis (Figure 10)
shows that the incorporation of 50 wt.% DOPO-PLA-PU induces an important reduction of PLA
thermal stability, which becomes similar to that of the phosphorylated PLA-PU, but unfortunately
does not promote the formation of further residue, as all PLAs continue to decompose and only a final
residue corresponding to that generated by the thermal degradation of DOPO-PLA-PU is obtained.
Interestingly, DSC analyses show that the presence of DOPO-PLA-PU also induces a reduction of Tg of
the blend that decreases from 60 ◦C for both polymers separately to 50 ◦C when combined. This result
evidences the good miscibility between both polymers where DOPO-PLA-PU acts as plasticizer for the
PLA phase. Moreover, the so-obtained material enables obtaining transparent films.

Blending DOPO-PLA-PU (50 wt.%) with commercial PLA presents a good strategy because the
UL-94 test, performed on 0.8 mm thick films, allows for reaching a remarkable V0 classification, while
commercial PLA simply burns after the first flame application, forming burning drops that induce
cotton inflammation. This strategy could be also applied for PMMA, as PLA and PMMA demonstrate
good miscibility [30] and blending DOPO-PLA-PU with pristine PMMA could enable enhancing
PMMA flame-retardant properties, while maintaining the material transparency.

Figure 10. TGA curves under nitrogen (20 ◦C/min).

4. Conclusions

Organophosphorus flame-retardant, a bifunctional DOPO-diamine, was successfully prepared and
chemically incorporated into the PLA backbone by combining ring-opening polymerization and reactive
extrusion. The bifunctional amine was first prepared by reacting DOPO with 4,4’-diaminobenzophenone
and used as an initiator for bulk ring-opening polymerization of L,L-lactide (L,L-LA). The last step
consisted of the bulk chain-coupling reaction of the so-obtained phosphorylated PLA oligomers with
hexamethylene diisocyanate (HDI) by reactive extrusion.

Chemical structures of the phosphorylated PLA oligomers and its chain extended homologue were
confirmed by 1H, 31P NMR, and SEC analyses. The thermal analysis revealed that DOPO-PLA oligomers
presented lower thermal stability than commercially available PLA, but superior flame-retardant
properties. Cone calorimeter tests evidenced a pHRR and THR reduction of about 35 and 36%,
respectively, for DOPO-PLA-PU with respect to commercially available PLA. Moreover, DOPO-PLA-PU
reached V0 classification at the UL-94 test. Combining DOPO-PLA-PU with PLA was shown to present
an interesting way for developing transparent PLA films (0.8 mm thickness) with V0 classification.

All these results demonstrated that this novel synthesis route enables the development of inherent
flame-retardant PLA. Ongoing works are underway in our laboratory to understand the mode of action
of DOPO-diamine when incorporated into PLA backbone.
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Abstract: From a set of around 100 phosphorus-containing polymers tested in pyrolysis–combustion
flow calorimetry, the contributions to flammability of two phosphorus-containing pendant groups
(called 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and PO3) were calculated
using an advanced method previously proposed and validated. The flammability properties include
total heat release (THR) and heat release capacity (HRC) measured in standard conditions, i.e.,
anaerobic pyrolysis and complete combustion. The calculated contributions are in good agreement
with the main modes of action of both phosphorus groups, i.e., flame inhibition for DOPO and char
promotion for PO3. Moreover, the results provide first conclusions about the cooperative interaction
between phosphorus and nitrogen, as well as the influence of the architecture of tested co-polymers.

Keywords: polymer flammability; van Krevelen approach; group contributions;
pyrolysis–combustion flow calorimetry; phosphorus-containing flame retardant

1. Introduction

Phosphorus is currently considered as a key element to develop flame-retardant (FR) materials.
Indeed, it can act as a char promoter in the condensed phase and/or as a flame inhibitor in the gaseous
phase [1]. Numerous phosphorus compounds are currently available, mainly as additives for polymers.
Nevertheless, phosphorus groups can also be chemically incorporated into thermoplastic chains or
thermoset networks [2,3]. This so-called reactive approach is expected to enhance the durability of
materials by preventing the migration of FR outside the polymer matrix [4]. Moreover, the transparency,
as well as the mechanical properties, may be more easily maintained through the reactive approach,
since phosphorus additives generally behave as plasticizers and lower the glass transition temperature
of final materials compared to that of bulk polymers. Even if the phosphorus-containing groups
chemically bonded to polymers can also affect the glass transition temperature, this effect may be
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significantly reduced in comparison with phosphorus additives. Finally, several studies suggested that
the reactive approach was more efficient than the additive one [5–9]. A review paper about the flame
retardancy of phosphorus-containing polymers was recently published [10].

The efficiency of phosphorus, as well as its mode of action in the condensed or gaseous phase,
depends on a couple of parameters, including its oxidation state [11–14] and the host polymer [15].
When phosphorus is covalently bonded to the polymer, its exact position on the main chain also
has an effect. It can be located in the backbone as in polyphosphazenes, which exhibit high flame
retardancy [16]. Nevertheless, most often, phosphorus groups are positioned as pendant groups. Thus,
selecting the exact chemical structure of a phosphorus-containing monomer may be an efficient way
to increase the FR efficiency. Additionally “synergism” with other chemical groups (aromatic rings,
as well as “flame-retardant elements” such as nitrogen, sulfur, etc.) is also postulated, and many
attempts were made to prepare flame-retardant polymers combining phosphorus and nitrogen [17,18],
sulfur [19,20], silicon [21,22], and bromine [23], as well as calcium or zinc [24–26]. Nevertheless,
“synergism” is most often difficult to confirm.

Among the phosphorus-containing groups incorporated into polymers,
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), as well as its derivatives [8,27–31],
and phosphonate groups [9,17,32–37] are probably the most widely studied. DOPO mainly acts as a
flame inhibitor, while phosphonate groups promote charring with no or little effect in the gaseous
phase. In most cases, these groups were added as pendant groups even if some attempts were carried
out to incorporate phosphonate groups within the polymer backbone [32,33].

Predicting the flammability of polymers was recently successful on the basis of molecular structure
of repeat units using experimental data obtained by pyrolysis–combustion flow calorimetry (PCFC)
and considering a simplistic model based on the additivity of molar groups contributions [38,39].
This approach was originally proposed by van Krevelen [40] and was firstly applied to PCFC data
by Lyon et al. [41,42]. A database gathering the contributions for about 45 chemical groups was
proposed and validated for about 140 thermoplastics and thermosets [38,39]. Such a model should
help chemists to consider polymeric structures to be synthetized in order to obtain low flammability
without proceeding through a long and expensive trial-and-error process. Moreover, it should help to
identify interesting structures. Indeed, interactions between chemical groups may lead to a discrepancy
between the experimental and calculated flammability properties of specific polymers, while the model
is additive and does not consider contributions from interactions.

Nevertheless, no satisfactory contribution was proposed for phosphorus-containing groups, mainly
because too few phosphorus-containing polymers were tested [38,43]. Moreover, the phosphorus
content in such polymers is usually low and, therefore, it is difficult to accurately calculate the
contributions of phosphorus-containing groups to flammability.

In this work, the contributions of two phosphorus-containing pendant groups (namely, DOPO
and PO3 groups) were calculated from a large set of around 100 polymers. These groups were
chosen because they are widely used to impart flame retardancy to new polymers. Furthermore, they
act according to different modes of action. Moreover, the content of both phosphorus-containing
groups reaches high values in many polymers. The calculated contributions of both groups allow for
reasonable fitting of the flammability properties of the polymers considered at the molecular scale. This
approach also allows the formulation of preliminary conclusions about the interaction of two or more
flame-retarding elements simultaneously present and about the architecture of co-polymers. To the
best of the authors’ knowledge, this is the first time that the contributions of phosphorus-containing
groups are satisfactorily calculated from such a large set of polymers.

2. Materials and Methods

Around 100 phosphorus-containing polymers grouped into eight series (from A to H) were studied
(Table 2). For each series, the differences between the polymers were as follows: the nature of one or
several co-monomers and/or the ratio between the co-monomers. Details about most of these polymers
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can be found elsewhere (references are given in the last column of Table 2). Their flammability was
already reported in various articles except for polymers from series A and C.

The detailed synthesis procedure of polymers from series A is described in detail elsewhere [44].
The two-step synthesis strategy used the Atherton–Todd reaction [45,46]. The first step consisted of,
firstly, a radical reaction which activated an alkenol (of variable length between 3 and 11 carbon atoms)
in the presence of a radical initiator (azobisisobutyronitrile, AIBN) at 70 ◦C. The second step was the
introduction of the methacrylic function and was realized by the nucleophilic substitution between
the previous DOPO-alcohol and methacryloyl chloride. The DOPO-alkan-methacrylates were named
DOPO-MnP, where n is the number of methylene groups contained in the aliphatic spacer.

Table 1. List of groups studied in the present work and their estimated contributions to flammability.
HRC—heat release capacity.

Group
Number of
Polymers

Molar Mass
(g/mol)

Contribution to

THR (kJ/g) HRC (J/g·K) Δh (kJ/g) Char (g/g)

35 215 27 270 27.8 0.02

57 79 -8 −400 -0.7 0.20

29 123 0 −350 23 0.62

12 46 5 −300 22.8 0.48

Table 2. List of polymers tested in the present study. DOPO—9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide; MAPC1—dimethyl(methacryloxy)methyl phosphonate; MANP2C3—
2-(bis((dimethoxyphosphoyl)methyl)amino)ethyl methacrylate.

Series Description
Number of Tested

Polymers

Structure and
Content (wt.%) of
the Phosphorus

Group

Reference

A
DOPO-containing acrylate and
methacrylate co-polymers 35 DOPO

Up to 63 wt.% This work

B
MAPC1 and MANP2C3-containing
methacrylate random co-polymers 6 PO3

Up to 41 wt.% [35]

C
MAPC1-containing methacrylate block
co-polymers 7 PO3

Up to 38 wt.% [47]

D
Phosphonate-containing epoxy thermosets
(including trioxybenzene group **) 17 PO3

Up to 14 wt.% [36]

E
Phosphonate and sulfur-containing epoxy
thermosets (including trioxybenzene and
methylene sulfide groups **)

12 PO3
Up to 8 wt.% [9]

F Phosphonate-containing co-polymers 9 PO3
Up to 60 wt.% [38]

G
Polymers from phosphorus-modified
styrene monomers 7 PO3

Up to 35 wt.% [17,37]

H * Polymers from phosphorus-modified
styrene monomers 4 NHPO and NHPO3

Up to 39 wt.% [17]

* Only total heat release (THR) values were considered in the present article; ** See Table 1.
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Co-polymerization of the DOPO-containing monomer and methyl methacrylate was carried out in
a test tube equipped with a three-way and a magnetic stirrer. The co-monomers and the initiator (AIBN,
1 wt.% compared to monomer) were solubilized in dimethyl sulfoxide (DMSO). Reaction time was
fixed at 15 h and the temperature was 80 ◦C. Co-polymers were recovered by precipitation into diethyl
ether. Finally, samples were dried 24 h in an oven at reduced pressure at 40 ◦C until constant weight.

The structures of various phosphorus-functionalized monomers listed in Table 2 (series A, B, and
C) are provided in Figure 1. Polymers from series A were statistical co-polymers of DOPO-containing
monomers and methyl methacrylate (MMA) prepared using radical polymerization. DOPO-containing
monomers were of acrylic (in one case) and mainly methacrylic type with DOPO as a pendant group.
The final content of the phosphorus-containing monomer was up to 50% in moles. Homopolymers
of DOPO-containing monomers were also prepared following the same procedure. Note also that
the oxidation state of the phosphorus is not the same for all the co-polymers from series A (compare
DOPO–2-(6-oxidodibenzo[c,e][1,2]oxaphosphinin-6-yl)oxy)ethyl methacrylate (HEMA) and others).
Nevertheless, as shown below, the contributions calculated for this group allow predicting the
flammability properties of all the co-polymers from series A, regardless of the true oxidation state
of phosphorus.

  
 

Dimethyl(methacryloxy)methyl 
phosphonate (MAPC1) 

2-(bis((dimethoxyphosphoyl)meth
yl)amino)ethyl methacrylate  

(MANP2C3) 

5-(6-oxidodibenzo[c,e][1,2]oxapho
sphinin-6-yl)pentyl methacrylate 

(DOPO-MAP) 

  
 

2-(6-oxidodibenzo[c,e][1,2]oxaphos
phinin-6-yl)oxy)ethyl methacrylate  

(DOPO-HEMA) 

5-(6-oxidodibenzo[c,e][1,2]oxapho
sphinin-6-yl)pentyl acrylate  

(DOPO-AP) 

3-(6-oxidodibenzo[c,e][1,2]oxapho
sphinin-6-yl)propyl methacrylate 

(DOPO-M3P) 

   
4-(6-oxidodibenzo[c,e][1,2]oxaphos

phinin-6-yl)butyl methacrylate 
(DOPO-M4P) 

6-(6-oxidodibenzo[c,e][1,2]oxapho
sphinin-6-yl)hexyl methacrylate 

(DOPO-M6P) 

11-(6-oxidodibenzo[c,e][1,2]oxaph
osphinin-6-yl)undecyl 

methacrylate (DOPO-M11P) 

Figure 1. Structure of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)-functionalized
monomers, MAPC1 and MANP2C3.

Flammability of the polymers listed in Table 2 was analyzed using PCFC (from FTT, United
Kingdom) under standard conditions, i.e., anaerobic pyrolysis from 25 to 750 ◦C at 1 ◦C/s in nitrogen
and complete combustion in an excess of oxygen at 900 ◦C [48]. O2 and N2 volume fractions in the
combustor were fixed at 0.2 and 0.8, respectively. The sample weight was typically 2–3 mg so that
oxygen was never fully consumed. Moreover, the sample was considered as thermally thin.

The total heat release (THR) corresponds to the area under the heat release rate curve. The heat
release capacity (HRC) generally corresponds to the peak of heat release rate (pHRR) divided by the
heating rate. However, in some cases, several peaks can be observed. In such a case, the sum of the
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HRR peaks after deconvolution carried out using the FTT software is considered (sumHRC). When the
different peaks do not overlap, the deconvolution is easy and unambiguous. For the cases where several
peaks overlap, sumHRC was determined as previously described by summing the minimum number
of Gaussian, Lorentzian, asymmetric Gaussian or Lorentzian, or asymmetric Gaussian–Lorentzian
hybrid peaks needed to fit the HRR curve with an accuracy of at least 95% [41]. Obviously, the choice
of the number of peaks influences the sumHRC.

Equations (1) and (2) explain how the total heat release (THR) and heat release capacity (HRC) of
a given polymer can be calculated on the basis of the structure of its repeat unit.

THR =
∑

i

wi × THRi, (1)

HRC =
∑

i

wi ×HRCi, (2)

where THRi and HRCi reflect the contributions of group i to THR and HRC, respectively, and wi is the
weight fraction of group i in the polymer.

Most of the polymers studied in this article have a low or negligible char yield (series A, for example).
In some cases, these data were not recorded when PCFC analyses were carried out (series B, C, and
F). Therefore, the char yield was not calculated and compared to experimental data. Nevertheless,
the contribution to char (μ) of the new groups considered here can be calculated using Equation (3),
from the comparison between the contribution to THR and the heat of complete combustion (Δh),
as described in previous articles [38,39]. Walters et al. showed that the char composition is close
to C5H2 in most cases [49]. The energy released by the complete pyrolysis and combustion of such
char Δhchar is then 37.2 kJ/g. When the contribution to THR is significantly different from the heat of
complete combustion, it means that contribution to char is significant. Δh is calculated using Huggett’s
relation [50] considering the complete pyrolysis and combustion of the whole polymer structure.

Δh is calculated without considering the oxidation of nitrogen atoms since oxidation of nitrogen
is believed to occur at much higher temperature [51].

μ =
Δh− THR

Δhchar
. (3)

This method is simplistic because it considers that all the chars have the same composition.
Nevertheless, the method allows for correct prediction of the THR and the char content of the polymers
from only one parameter: the contribution to THR. This was the case in a previous work for a series of
around 30 thermosets including high-charring polymers [39].

The calculation of the heat of complete combustion for phosphorus-containing groups requires
information about the oxidation state of phosphorus after oxidation. Phosphorus was considered to be
fully oxidized into P2O5, i.e., 2.5 atoms of oxygen for one atom of phosphorus. Lyon et al. proposed
that phosphorus species were converted into H3PO4, i.e., 0.5P2O5 + 1.5H2O, which was similar to the
calculation used in this work [52]. This leads to a slightly negative heat of complete combustion in the
case of the PO3 group since this group is made up of three atoms of oxygen for one atom of phosphorus.

More details about the method to build the database of calculated group contributions step-by-step
can be found in previous articles [38,39].

3. Results and Discussion

Some preliminary precisions about the model and its limitations are needed. Firstly, the model
allows calculating negative contributions. From a physical point of view, negative contributions
are meaningless. Indeed, one polymer containing only one group exhibiting negative contributions
would present itself negative flammability properties. Nevertheless, if the content of the group having
negative contributions is not too high, the flammability properties of the polymer remain positive.
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In that case, such a group may be considered as acting to its neighboring groups. It modifies their
degradation pathway and reduces their contribution to flammability. When such an interaction is more
or less systematic whichever the neighbors, it can be included into the own contributions of the group.

Of course, deviations between experimental and calculated values are unavoidable. A first reason
is that the calculation of contributions evolves and depends on the set of studied polymers. However,
the main reason is that the model is very simplistic. The decomposition pathway is never exactly as a
sum of independent steps corresponding each one to a chemical group (which is the meaning of a
model based on additive contributions). When the deviations are limited, it means that such a model
remains a reasonable assumption. When the deviations are high, it can be assumed that interactions
occur between some groups present in the polymer. In order to help to identify them, such interactions
may be presented as another interest of the model.

The contributions of new groups calculated in this study are listed in Table 1. It should be noted
that the contributions of trioxybenzene group (group 3 in Table 1) were already calculated in a previous
work [39]. The contribution to THR found in the present work is the same but the contribution to
HRC differs significantly (previous value was 100 J/g·K and, in the present work, the calculations
led to −350 J/g·K). This discrepancy can easily be justified when considering that, in the previous
article, the contribution was calculated using a series of only three polymers as compared to 29 in the
present work. Thus, the previously proposed value of that contribution must be considered carefully.
The new contribution appears more reliable because it allows for satisfactory prediction of the HRC of
29 polymers (series D and E), including the three phosphorus-free polymers used in the previous work.

Tentative contributions of the PO3 pendant group were also calculated in a previous work [38] but
these values were reported as unsatisfactory. The new contributions shown in Table 1 allow for a more
accurate prediction of the flammability properties of 57 polymers (including most of the polymers
already studied).

Similarly, the contributions of methylene sulfide group (group 4 in Table 1, from series E) must
be considered as tentative. Indeed, even if this group is present in 12 polymers, its weight fraction is
reduced in all cases and, thus, its contribution has low influence on the predicted values. Therefore,
we did not discuss these values in detail.

This illustrates that the database is still under construction, and some contributions can be
modified in the future depending on the availability of new experimental data.

The contributions of DOPO were calculated from a large range of 35 homo- and co-polymers
(series A). Its weight fraction ranged from 0.27 to 0.63. Therefore, its influence on the heat release may
be very significant, which should be in favor of the accuracy of the estimated contributions.

Nevertheless, the THR and HRC of all these 35 polymers were in the same range (Figures 2
and 3). HRC ranged from 300 to 500 J/g·K and THR ranged from 20 to 30 kJ/g. This means that the
contributions of DOPO are similar to the contributions of the other groups present in the polymers.
Indeed, the contributions to HRC and THR are respectively 270 J/g·K and 27 kJ/g, which are relatively
high values. Therefore, DOPO cannot be considered as an efficient flame-retardant group considering
the fact that values were measured in PCFC in standard conditions.

DOPO is well known to usually be a poor char promoter but efficient as a flame inhibitor. However,
in standard conditions, combustion is complete. Indeed, the temperature of the combustor is 900 ◦C,
while the combustion needs a temperature lower than 700 ◦C to be incomplete for most polymers.
To the best of the authors’ knowledge, only one polymer, poly(4-bromostyrene), exhibited incomplete
combustion at 900 ◦C [53,54]. Therefore, the efficiency of flame inhibitors as DOPO is underestimated
when using these conditions, as already proven in a previous work [53]. As an example, 1 wt.%
phosphorus provided by the incorporation of a DOPO-containing group significantly improved the
flame retardancy of polyamide 11 according to limiting oxygen index (LOI) and UL94 tests even if
flammability at microscale was not modified [31].
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Figure 2. Experimental versus calculated heat release capacity (HRC) for 35 DOPO-functionalized
polymers.

 
Figure 3. Experimental versus calculated total heat release (THR) for 35 DOPO-functionalized polymers.

The calculated THR and HRC values for phosphonated polymers (series B, C, D, E, and F) are
shown in Figures 4 and 5. The weight fraction of the PO3 group changes greatly from one polymer to
another, but it reaches up to 0.4 for homopolymer poly(MANP2C3). The agreement between calculated
and experimental values can be considered as quite satisfactory. Some deviations from the dotted line
are discussed below and may be attributed to the influence of the co-polymer architecture. In previous
work, we also added three polymers for which the experimental HRC values were graphically obtained
from the literature. These polymers were not considered in the present work.

It can be noted that the PO3 pendant group is much better than DOPO at improving flame
retardancy. The PO3 pendant group has a significant effect on HRC, i.e., it reduces heat release rate to a
great extent. Indeed, phosphonate is well known as a char promoter, modifying the decomposition
mechanisms in the condensed phase (i.e., during the pyrolysis step). However, the contribution to THR
is negative mainly because the PO3 group does not contain carbon atoms and its heat of combustion is
low. Its contribution to char remains relatively limited (0.2 g/g). It is expected that this contribution
would be much higher if this group was incorporated into the polymer backbone.
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Figure 4. Experimental versus calculated HRC for polymers bearing PO3 pendant groups.

 
Figure 5. Experimental versus calculated THR for polymers bearing phosphonate pendant groups.

Figure 6 shows the contributions to HRC versus the contributions to THR for all groups already
studied, i.e., 47 groups. The complete list of these groups and their corresponding contributions
are available in previous papers [38,39]. Both DOPO and PO3 pendant groups follow the same
rough tendency between these contributions. The higher the contribution to THR is, the higher the
contribution to HRC is. This is not unexpected, but this rough tendency allows for identification of
some exceptions, such as >C< and –CH< (high contribution to THR and low contribution to HRC) or
>CH–O– (low contribution to THR and high contribution to HRC).

Figure 7 shows the contribution to THR versus the heat of combustion calculated using Huggett’s
relation. When both values are close, it means that the group does not significantly contribute to char.
This is the case of DOPO. The PO3 pendant group contributes only moderately to char as already
discussed, especially when comparing it with heteroaromatic groups (see some examples in Figure 7).
Therefore, this data point is not far away from the dotted line.
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Figure 6. Contribution to HRC versus contribution to THR for 47 groups.

Figure 7. Contribution to THR versus Δh calculated from the Huggett relation for 47 groups.

3.1. Cooperative Interactions

As already mentioned, “synergism” between “flame-retardant” elements such as phosphorus,
nitrogen, or sulfur is often claimed, but the evidence for cooperative interactions is rather scarce [55].
Moreover, it is unclear whether such interactions should occur only when both elements are directly
linked through a covalent bond or even when both elements are not directly linked. In this work,
several polymers containing N and P or S and P elements were studied but without direct bonding
between these atoms. At least one carbon atom was present between N and P or S and P atoms in
all corresponding polymers. In the case of sulfur-containing polymers, the contribution of CH2–S
was not calculated independently (i.e., in phosphorus-free polymers); therefore, it is not possible to
conclude anything.

The contributions of both –CH2–N< and PO3 pendant groups were calculated independently.
It appears that these contributions also allow correctly predicting the flammability properties of the N-
and P-containing polymers (containing MANP2C3 monomers, from series B) (Figure 8). Note that the
weight fractions of the N- and P-containing groups are significant, especially for the homopolymer
poly(MANP2C3). Therefore, it is assumed that no cooperative interaction occurs in these polymers
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when N and P atoms are not directly linked. Vahabi et al. also calculated the contributions of the PO3

group in MAPC1- and MANC2P3-containing co-polymers using another approach [35]. They also
concluded that the contributions to effective heat of combustion (EHC) and char yield were similar
in both co-polymers (i.e., the contribution to THR was also similar). Nevertheless, the contributions
to HRC were −258 J/g·K and −549 J/g·K for PO3 groups in MAPC1-containing co-polymers and
in MANC2P3-containing co-polymers, respectively. However, the fitting of calculated values with
experimental ones was less satisfying, especially for MAPC1-containing co-polymers. It is noteworthy
that these values are quite close to the contribution calculated in the present work (−400 J/g·K).

Figure 8. Experimental versus calculated HRC for polymers containing PO3 pendant groups from
series B and C (i.e., methacrylate co-polymers including MAPC1 or MANC2P3 monomers).

This first example illustrates one main advantage of the present database based on the Van
Krevelen method. Indeed, a cooperative effect can be highlighted or rejected on the basis of a
quantitative assessment.

Previously, Dumitrascu and Howell synthetized and analyzed other polymers containing
phosphorus groups including covalent bonds between N and P [17]. Nevertheless, the number of
polymers was too limited. Moreover, the article provides only THR but not sumHRC values. Therefore,
these polymers were not plotted in the previous figures (series H). Nevertheless, we calculated the
contribution of these groups to THR to properly fit the experimental THR. The correlations between
experimental and calculated THR, as well as the corresponding contributions to THR, are shown in
Figure 9. Data for other polymers containing N and P or S and P atoms (without direct bonding—from
series B and E) were also added.

To correctly fit the experimental THR, the contributions of NHPO3 and NHPO would be close
to −17 and −10 kJ/g, respectively. These values are very low and correspond to contributions to char
close to 0.45. Indeed, the residue contents for these polymers are significantly higher than for their
counterparts containing only phosphorus groups. Based on these preliminary results, it seems that a
high flame-retardant effect may be expected from groups containing an N–P bond.
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Figure 9. Experimental versus calculated THR for various polymers (from series B, E, and H).

3.2. Influence of the Detailed Structure of Co-Polymers

Co-polymers of MMA and MAPC1 were synthetized by Vahabi et al. and Canniccioni et al. [35,47].
The former prepared random co-polymers while the latter synthesized block co-polymers. Moreover,
we also studied physical blends of poly(MMA) (PMMA) and poly(MAPC1) (PMAPC1). The THR of
all these materials can be predicted accurately using the contributions to THR previously calculated.
In other words, there is no difference in THR values between random and block co-polymers or physical
blends if the weight fractions of MMA and MAPC1 are the same.

Prediction of HRC is also rather reasonable but not perfect for block and random co-polymers
(Figure 4). Figure 10 plots the experimental HRC versus MAPC1 content in the co-polymers as in
physical blends in order to highlight possible differences between these materials. A slightly negative
deviation is highlighted for co-polymers, especially the random co-polymer. For a similar composition,
HRC is the highest for physical blend, and the lowest for co-polymers. Nevertheless, this deviation
appears quite limited and cannot be considered as significant on the basis of experimental uncertainties.
Further investigations are needed to draw clear conclusions on that point.

Figure 10. Experimental HRC versus MAPC1 content for various polymers (from series B and C).

Interestingly, the lowest value for series B and C (i.e., random and block co-polymers) was
not obtained for the homopolymer PMAPC1 but for an MAPC1 weight fraction close to 0.6–0.7.
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This fraction corresponds to a ratio between the acrylate COO group and PO3 group close to 2. This
ratio is exactly the same as the one obtained in a previous work on phosphorus-containing oligomers
and polymers [43]. Indeed, in this previous work, a method was presented to assess the interactions
between groups based on PCFC results from another set of molecules and macromolecules. Cooperative
interaction was the highest for this ratio between ester and PO3 groups.

3.3. Comparison of the Contributions Calculated from Other Works

It is interesting to compare the calculated contributions in the present work to those already
proposed (Table 3). The comparison must be considered carefully because different approaches were
followed according to the references. Moreover, some contributions were calculated with a very
limited number of polymers (for example, in this work, NHPO and NHPO3). It is noteworthy that the
contributions to THR and HRC of phosphorus groups without carbon atoms can be slightly positive or
negative, confirming the flame-retardant effect of phosphorus (Figures 11 and 12). The only exception
is the contribution to HRC of the PO3 group calculated from a preliminary work [43]. This may be due
to the small size of some molecules. The decomposition pathway of such molecules may be different
from that of polymers.

Table 3. List of phosphorus-containing groups and the corresponding contributions to flammability.

Contribution to THR
(kJ/g)

Contribution to HRC
(J/g·K)

Reference

 

−8 −400 This work
−5 −100 [38]
−0.2 * −258 [35]
1.4 * −549 [35]
0.5 500 [43]

27 270 This work

20 400 [43]

/ -807 [42]

/ −179 [42]

/ 279 [42]

−17 / This work

−10 / This work

* Calculated from contributions to effective heat of combustion (EHC) and char.
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Figure 11. Contributions to HRC for various phosphorus-containing groups according to
different works.

 
Figure 12. Contributions to THR for various phosphorus-containing groups according to different works.

When the phosphorus group contains a significant carbon content, its contributions are notably
higher (Figures 11 and 12). The effect of phosphorus is then “diluted” and is hardly worthy of being
highlighted. Nevertheless, it is noteworthy that a non-aromatic heterocycle can be decomposed into the
smallest groups in the present model. Therefore, the contributions of the dioxaphosphorinane group
studied in a previous work [43] can also be calculated from the contributions of small groups including
the PO3 group (see Figure 13 for the structure fragmentation of a dioxaphosphorinane group). When
using these contributions calculated from the present work (given in Table 1 for the PO3 group) and
previous works (shown in Reference [38] for other groups), the contributions to THR and HRC of
dioxaphosphorinane are 18.9 kJ/g and 433 J/g·K, respectively. This is in very good agreement with
the contributions calculated previously: 20 kJ/g and 400 J/g·K considering the dioxaphosphorinane as
a whole.
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Figure 13. Structure fragmentation of dioxaphosphorinane group into smaller groups.

4. Conclusions

This attempt to calculate the contributions to flammability of phosphorus groups is the first
considering nearly 100 polymers. Taking into account the increasing interest of phosphorus-containing
FR compounds, such correlations become highly suitable. The calculated contributions are in good
agreement with the main mode of action of DOPO and PO3 groups. DOPO is mainly a flame inhibitor
and its contributions are high when combustion is complete as in standard PCFC conditions. On the
contrary, the PO3 pendant group is a char promoter, modifying the decomposition rate. Its contribution
to HRC is very low, evidencing its flame-retardant effect. Its contribution to char remains limited.

The model allows calculating the flammability properties according to the additivity of molar
contributions without considering any interactions between groups. Therefore, the deviation
between predicted and experimental values highlights a possible cooperative or antagonistic effect.
First!conclusions can be drawn on the basis of the present results. The combination of N and P atoms
does not act cooperatively when these atoms are not directly bonded. The architecture of co-polymers
(random versus block co-polymers) has no or limited effect on flammability. Interactions between
ester and PO3 groups may be beneficial to reduce flammability. Even if these conclusions must be
considered with caution and require further investigations, these examples illustrate the usefulness of
the model and the related database.
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Abstract: Natural keratin fibres derived from Mexican tannery waste and coconut fibres from
coconut processing waste were used as fillers in commercially available, biodegradable thermoplastic
starch-polyester blend to obtain sustainable biocomposites. The morphology, rheological and
mechanical properties as well as pyrolysis, flammability and forced flaming combustion behaviour of
those biocomposites were investigated. In order to open up new application areas for these kinds
of biocomposites, ammonium polyphosphate (APP) was added as a flame retardant. Extensive
flammability and cone calorimeter studies revealed a good flame retardance effect with natural fibres
alone and improved effectiveness with the addition of APP. In fact, it was shown that replacing 20 of
30 wt. % of APP with keratin fibres achieved the same effectiveness. In the case of coconut fibres,
a synergistic effect led to an even lower heat release rate and total heat evolved due to reinforced
char residue. This was confirmed via scanning electron microscopy of the char structure. All in all,
these results constitute a good approach towards sustainable and biodegradable fibre reinforced
biocomposites with improved flame retardant properties.

Keywords: biomaterials; biodegradable; calorimetry; composites; flame retardance

1. Introduction

The recycling of industrial wastes is an economically interesting and environmentally friendly
approach towards sustainable material resources. For an efficient manufacturing and usage lifecycle,
it is necessary for the processing plant to be in the vicinity of the material source. The natural fibre
wastes investigated in this paper are derived directly from Mexican industrial sectors and processed in
Mexico, to reduce transport and storage effort to a minimum.

In order to create a completely biodegradable biocomposite obtained from renewable resources,
synthetic fillers such as carbon or glass fibres need to be replaced and a biopolymer must be used
as matrix [1–3]. An inexpensive and ecological and thus sustainable, alternative is found in natural
fibres derived from industrial process wastes. These may come from plant-based sources like bast
fibres as well as animal sources [4]. Vegetal fibres are composed of cellulose, hemicellulose and
lignin, while animal-based fibres consist mainly of proteins, posing a valuable nitrogen source.
In polymer composites, the main application of natural fibres has been as mechanical reinforcement [5].
The properties of the natural fibre reinforced polymer composites depend on different variables
including fibre type, aspect ratio (length/width), content, modification method, interaction with the
polymer matrix and processing conditions [6]. For example, sisal fibre lengths greater than 10 mm (20
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and 30 mm) improve the mechanical properties of sisal/polypropylene composites. The samples were
obtained by hot pressing and the composites with 30% mass fraction of fibre exhibited tensile, flexural
and impact strength greater than polypropylene. The authors mentioned that, when the fibre mass
fraction is added at low content, the fibres may act as filler leading to a reduction in the strength of
the composite. In addition, they compered their results with sisal-polystyrene composites, in which
the low tensile strength was attributed to the random orientation of the short fibres [7]. Similarly,
the mechanical performance of abaca, jute and flax fibres on polylactic acid (PLA) biocomposites was
evaluated using 30 wt. % fibre content. Jute fibres showed better tensile strength than abaca and flax
fibres, while abaca fibres increased the Charpy notched impact strength (total amount of energy that a
material is able to absorb) more than jute and flax fibres did. The later results point out that, the natural
fibre type has a strong influence on the mechanical properties of the composites. There are several
types of natural fibres, which differ regarding their chemical structure [8]. Otherwise, reinforced
PLA/abaca fibre biocomposites, obtained by extrusion and injection moulding with 30 wt. % abaca
fibre content, demonstrated a tensile modulus improved by a factor of 2.4, flexural modulus improved
by a factor of 1.20 and impact strength 2.4 times greater than unreinforced PLA. According to the
morphology of the composites, abaca fibres seem to be well coated with PLA matrix ascribed to the
surface roughness of abaca fibre. The author suggested that reinforcing PLA with natural fibres leads
to good chemical bonding on the interphase [9].

Regarding animal-based fibres, they are characterized by different properties than vegetal fibres.
For instance, wool keratin fibres possess surface toughness, flexibility and a high aspect ratio and are
less hydrophilic than vegetal fibres. Feather keratin fibres have a hollow structure and thus present
extremely low fibre density and a low dielectric constant (k). The potential of chicken feather keratin
fibres has been used to produce a low-k dielectric composite for electronic applications. The composites
were obtained using acrylated epoxidized soybean oil and keratin feather fibres. The hollow keratin
fibres were not filled by resin infusion and the composite retained a significant volume of air in the
hollow structure of the fibres. The resulting dielectric constant (k) of the composites depend on the
keratin feather fibre volume fraction due to the retained air. The values obtained in this work were
significantly lower than the conventional silicon dioxide or epoxy or polymer dielectric insulators [10].
In addition, feather keratin fibres have been used as a reinforcement agent in polymer composites.
As an example, 20 wt. % of feather keratin fibres were added to high density polyethylene (HDPE).
Temperature, time and speed during compounding step were studied. The authors reported the
optimal conditions of the processing to maximize fibre-polymer interactions and minimize degradation
of feather keratin fibres. The composite showed improved stiffness and lower density than virgin
HDPE [11].

Thermoplastic starch is derived from potatoes, corn or other cereals and consists mainly of
amylose and amylopectin. Due to its high sensitivity towards hydrolysis as well as its poor dimensional
stability and mechanical properties, the starch phase is blended with a biodegradable polyester [12].
This upgrades thermoplastic starch into a biodegradable material interesting for various applications.
Commercially available starch blends are typically used as food packaging material or in disposable
and compostable items and films [13]. The increased demand for biodegradable materials makes it
necessary to research further potential application areas, for example in the transport, construction,
electric and electronic industries. For the utilization of natural fibre composites in these sectors it
is essential to assess their fire retardancy [14]. Thermoplastic starch has demonstrated good flame
retardancy effects through the combination of coconut fibres and aluminium trihydroxide; the heat
release rate, fire growth rate and total fuel release were reduced significantly. These results were
explained by the increase in carbonaceous char accompanied by the reduction of carbon content in
the pyrolysis products. Moreover, using coconut fibres on thermoplastic starch allowed the reduction
of the aluminium trihydroxide content. The results offer a foundation for reducing the content of a
traditional flame retardant additive by adding natural fibres to thermoplastic starch biocomposites [15].
The thermoplastic starch- blends, one of which was used as a polymer matrix in this publication, were
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shown to decompose to a satisfying degree in a composting environment and generally achieve major
degradation rating in environmental exposure [16] Degradation in anaerobic conditions showed a
decomposition similar to cellulose filter paper, measured by decrease of volatile solids [17]. In general,
these thermoplastic starch-blend products are made with regards to compostability in order to reduce
organic waste landfill disposal and thus biogas production, the main hazard of organic waste.

Flame retardants based on phosphorus are widely used to replace halogen-based additives, which
exhibit toxicity and pose environmental risks [18–20]. Several flame retardants based on phosphorus are
available on the market [21–24]. Phosphate compounds have been used extensively in order to reduce
the flammability of cellulosic materials. For example, the effect of ammonium polyphosphate (APP)
as a flame retardant additive, in combination with natural fibres, has been investigated for various
polymer matrices. Polypropylene, polyurethane and thermoplastic starch using wood flake and corn
shell in combination with APP exhibited flame retardancy improved up to the self-extinguishing V0
rating. From this research, it was observed a charring behaviour of polysaccharides and polyurethane
in presence of APP. These results demonstrated the efficiency of APP as a flame retardant additive for
biopolymer systems [25].

The present work focuses on the processability and properties of natural fibre biocomposites with
an emphasis on flame retardant behaviour with and without APP as a flame retardant. The synergism
between natural fibres and APP in flammability and burning behaviour under forced flaming
conditions is exposed and explained. One of the main objectives of this work is to reduce the
high content of APP added to conventional flame retardant composites by taking advantage of
waste materials but maintaining or even improving the mechanical and flame retardant properties
of the conventional composites. Moreover, to the best of our knowledge, the use of natural keratin
and coconut fibres derived from industrial wastes in combination with halogen free ammonium
polyphosphate to produce fire retardant polymer composites based on biodegradable thermoplastic
starch has not been reported previously.

2. Materials and Methods

Thermoplastic starch (TPS), Mater-Bi® EF05B, 100% compostable biopolymer, was purchased from
NOVAMONT SpA (Novara, Italy). Keratin fibres (KF) were recovered as waste from the beamhouse
stage of a Mexican tannery. Coconut fibres (CF) were acquired from COPEMASA Co. (Tecomán,
Mexico) as waste from the husks of coconut fruits. Ammonium polyphosphate (APP), trade name
Exolit AP-422, was supplied by Clariant GmbH (Wiesbaden, Germany), with 31–32 wt. % phosphorus
content and a particle size of D50 < 17 μm.

The KF were obtained as a by-product of waste hair from the beamhouse stage after liming
during processing at a tannery. KF treatment was carried out using a tannery test drum. The process
consists of two main steps, deliming and degreasing. For deliming, ammonium sulphate and sodium
bisulphite were added at a concentration of 0.5% with respect to the weight of the waste hair. The drum
was rolled for 2 h after rinsing. The process was repeated until a neutral pH was achieved (7.5–8.5).
The degreasing step was similar but used a tensoactive product at 1% concentration with respect to
waste hair weight. Then the KF were drained and dried in an oven at 75 ◦C for 12 h. Finally, KF were
sieved through a 2 mm mesh.

The CF were pulverized twice in a 7.5 HP ASF P200 machine from Alimentos y Servicios
Funcionales, S.A. de C.V. (Mexico City, Mexico), first through a 5 mm mesh and then through a
1 mm mesh. Afterward the pulverized coconut fibres were sieved through a #60 mesh (250 μm). Before
the compounding step, the CF were dried at 80 ◦C for 12 h.

TPS composites were obtained by extrusion in a twin-screw Leistritz Micro 27 extruder from
Leistritz Advanced Technologies Corp. (Nuremberg, Germany), L/D = 32, with a diameter of 27.0 mm
and 8 heating zones, using counterrotating intermeshing mode. The compounding was carried out
under the following temperature profile: 130/135/135/140/145/150/145/140 ◦C (from feed to die). In
order to improve the dispersion of fibres and flame retardant additives, the composites were extruded
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twice at a rotational speed of 120 rpm. The TPS and composites were dried before extrusion at 105
◦C in a model 30 low pressure dryer from Maguire Products Inc. (Des Moines, IA, USA), with 80 psi
(0.5516 MPa) maintained during heating. After each extrusion step the composites were granulated in
a 7.5 HP Paganí granulator (Pagani, Mexico City, Mexico) using a screen with a 5 mm mesh. Table 1
describes the composition of the investigated materials.

Table 1. Composition of investigated TPS-based biocomposites.

Composition Acronym

Mater-Bi EF05B TPS
TPS + 15% keratin fibres TPS/15KF

TPS + 20% KF TPS/20KF
TPS + 30% KF TPS/30KF

TPS + 10% coconut fibres TPS/10CF
TPS + 20% CF TPS/20CF
TPS + 30% CF TPS/30CF

TPS + 10% ammonium polyphosphate TPS/10APP
TPS + 15% APP TPS/15APP
TPS + 20% APP TPS/20APP
TPS + 30% APP TPS/30APP

TPS + 15% KF + 15% APP TPS/15KF/15APP
TPS + 20% KF + 10% APP TPS/20KF/10APP
TPS + 10% CF + 15% APP TPS/10CF/15APP
TPS + 20% CF + 10% APP TPS/20CF/10APP

Specimens for UL 94 testing, oxygen index (OI) determination, cone calorimeter and mechanical
tests were obtained by injection moulding in a Milacron TM55 model machine from Milacron LLC,
Karnataka, India, with 4 heating zones. The injection moulding conditions were used as follows:
145/150/155/155 ◦C temperature profile (from feed to die), 95 mm/s injection speed, 110 bar injection
fill pressure and 45 s cooling time. Before injection moulding all TPS composites were dried under the
same conditions as those used for extrusion.

Morphology analysis was performed in a JEOL JSM-7600F field emission scanning electron
microscope (SEM, JEOL, Ltd., Akishima, Japan), using fractured samples of the composites. Elemental
analysis was carried out by the incorporated energy dispersive spectroscopy (EDS) over the
scanned area.

Mechanical tests were carried out using a tensile Instron 5565, from Instron (Norwood, MA, USA),
machine at 50 mm/min crosshead speed following the ASTM D638 standard, with sample dimensions
according to type I and a thickness of 3.1 ± 0.1 mm. Izod impact resistance was evaluated according to
the Izod notched ASTM D256 standard, using samples 64 mm × 12.7 mm × 12.7 mm in size.

Rheological analysis was performed in a strain-controlled Ares-G2 rheometer, from
TA-Instruments (New Castle, DE, USA), using parallel plates (25 mm diameter) at 165 ◦C and a
gap of 1.0 mm under Small Amplitude Oscillatory Shear flow (SAOS); the tests were performed in a
linear viscoelastic regime.

Thermal analysis of the samples was conducted on a Netzsch TG 209 F1 Iris (Selb, Germany).
Portions of 5 mg of a specimen were pyrolyzed under nitrogen at a heating rate of 10 K/min.

Burning behaviour under forced flaming conditions was analysed in a Fire Testing Technologies
cone calorimeter (East Grinstead, UK). The specimens (100 mm × 100 mm × 3.1 mm) were conditioned
at 23 ◦C and 50% RH for at least 48 h prior to measurement, wrapped in an aluminium tray and
measured at an external heat flux of 50 kW/m2 and a distance of 35 mm from the cone heater, to avoid
contact between the sample and the spark igniter or cone heater in case of strong intumescence.
Heat flux impact uniformity on the specimens was shown to remain very similar up to a distance of
25 mm [26]. Samples were measured in duplicate unless the results deviated by more than 10%.
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The flammability of the specimens was characterized by the limiting oxygen index (OI) and
classification in the UL 94 test. Oxygen index measurements were conducted according to ISO 4589
with a sample size of 100 mm × 6.5 mm × 3.1 mm and UL 94 classifications were achieved according
to IEC 60695-11-10 with a sample size of 127 mm × 12.7 mm × 3.1 mm. Specimens for flammability
tests were conditioned similar to cone calorimeter specimens.

3. Results and Discussion

3.1. Morphology

The morphology of keratin and coconut fibres, APP additive and the composites was studied by
Scanning Electron Microscopy (SEM). Figure 1 displays the morphology of keratin (Figure 1A) and
coconut (Figure 1B) fibres, as well as APP (Figure 1C) and TPS (Figure 1D). According to Figure 1A,
keratin fibre shows a cylindrical shape, with a diameter of approximately 80 μm; overlapped layers on
the keratin fibre surface are clearly observed. Coconut fibre morphology (Figure 1B) presents a width
of approximately 80 μm and consists of microfibres of different widths (approximately 10–15 μm) [27].
Figure 1C reveals APP morphology. According to the APP micrograph, agglomerates, irregularly
shaped particles and different particle sizes (approximately 5–18 μm) are observed. Figure 1D displays
the morphology of the fractured surface of the TPS matrix. The TPS micrograph shows well-defined
fractured planes, characterized by thin layers oriented toward the direction of fracture. According to
Figure 1D, TPS morphology exhibits a ductile fracture surface.

 

Figure 1. SEM micrographs of (A) KF, (B) CF, (C) APP and (D) TPS.

Figure 2 shows the morphology of fractured surfaces for TPP/20KF (Figure 2A,C) and TPS/20CF
(Figure 2B,D) at two different magnifications. According to the SEM micrograph in Figure 2A,B,
TPS loaded with 20 wt. % KF shows interstices around KF and empty holes caused by fibre extraction.
Different fibre sizes were observed, with lengths of around 40–100 μm and diameters of approximately
30–50 μm. A similar morphology was observed for TPS/20CF composite in Figure 2C,D, where spaces
around CF and footprints of fibre extraction are apparent. Coconut fibres showed a width of around
40–85 μm. According to Figure 2, the morphology of TPS/20KF and TPS/20CF suggests that fibres act
as fillers in TPS without any relevant chemical or physical interactions.
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Figure 2. SEM micrographs of the fractured surface of TPS/20KF (A,B) and TPS/20CF (C,D) at two
different magnifications.

Figure 3 shows SEM micrographs of the fractured surface of TPS using 20 wt. % APP. According
to Figure 3A,B, APP additive exhibits poor adhesion with TPS, characterized by empty holes and
interstices between the particles and the polymer. However, APP particles showed good dispersion
in the polymer matrix; even though large particle sizes (around 20 μm) were observed, no APP
agglomerates were visible. This morphology was achieved by the double extrusion process to obtain
the well-dispersed TPS composites. In order to confirm the presence and dispersion of APP particles
on the fractured surface of TPS, phosphorus elemental analysis was carried out by energy dispersive
spectroscopy (EDS) of TPS/20APP composite (Figure 3C,D). Good dispersion of the phosphorus is
shown by EDS analysis of the TPS/20APP fractured surface.

 

Figure 3. SEM micrographs of fractured surface of TPS/20APP at two different magnifications (A,B).
Elemental analysis of TPS/20APP: (C) scanned area and (D) phosphorus mapping.

Figure 4 reveals the morphology of the fractured surface at different points and phosphorus
elemental analysis of the TPS/20KF/10APP composite. According to Figure 4A,B, keratin fibres appear
well embedded in the polymer matrix (indicated by black arrows); no interstices around the fibres
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were observed. With respect to APP particles, rather poor adhesion on the fractured surface was still
apparent. Figure 4C,D shows the SEM image and the mapping of phosphorus in TPS/20KF/10APP; the
micrographs reveal the presence and dispersion of APP particles. Figure 5 presents SEM micrographs
and phosphorus elemental analysis of the fractured surfaces of the TPS/20CF/10APP composite.
Figure 5A,B reveals dispersed coconut fibre and shows improved mechanical coupling around the
fibre. Figure 5C,D illustrates the presence of APP particles with rather poor adhesion with the polymer
matrix. According to morphological analyses of TPS/20KF/10APP and TPS/20CF/10APP composites
(Figures 4 and 5 respectively), fibres added in combination with APP appeared better embedded on
the polymer matrix than the composites without APP additive, probably because the higher load
(30 wt. %) produces less polymer contraction in the composites.

 

Figure 4. SEM micrographs of the fractured surface of TPS/20KF/10APP at two different magnifications
(A,B). Elemental analysis of TPS/20KF/10APP: (C) scanned area and (D) phosphorus mapping.

 

Figure 5. SEM micrographs of TPS/20CF/10APP at two different magnifications (A,B). Elemental
analysis of TPS/20CF/10APP: (C) scanned area and (D) phosphorus mapping.
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3.2. Mechanical Properties

Table 2 presents the mechanical properties of the investigated composites. According to Table 2,
TPS shows ductile behaviour: a low Young’s modulus (128 MPa), along with high strain at break (463%),
tenacity (89 MPa) and Izod impact resistance (no break), as expected since this kind of biopolymer has
traditionally been used for packaging applications [28]. Regarding the effect of keratin fibre contents on
the mechanical properties of TPS composites, Table 2 reports that increasing KF content in TPS causes
a reduction in strain at break, tenacity and Izod impact resistance. As an example, when KF was added
at 15 and 30 wt. % (TPS/15KF and TPS/30KF), the strain at break was reduced from 463% to 190% and
26%, tenacity from 89 MPa to 19 and 2 MPa, Izod impact resistance from no break to 397 and 81 J/m,
respectively. The Young’s modulus increased from 128 MPa to 177 and 229 MPa, respectively. Tensile
strength exhibited similar results for TPS/15KF and TPS/30KF composites, 11 and 10 MPa, respectively.
Comparable mechanical behaviour was observed when CF was added to TPS: high CF content resulted
in a high Young’s modulus along with low strain at break, tenacity and Izod impact resistance. Taking
a comparison of TPS, TPS/10CF and TPS/30CF as an example, strain at break was reduced from 463%
to 207 and 13%, tenacity from 89 MPa to 31 and 2 MPa, Izod impact resistance from no break to 389
and 81 J/m, each in that order. Tensile strength presented the same value, 18 MPa, for both composites
(TPS/10CF and TPS/30CF). The Young’s modulus exhibited a remarkable increase, from 128 MPa to
168 and to 474 MPa, respectively, due to the high rigidity of coconut fibre [29]. According to the results
on mechanical properties (Table 2), the increasing fibre content (KF and CF) in the TPS produced rigid
and fragile materials, as already observed in natural fibre polymer composites [30]. A compatibilizer
may be used in the future to obtain better mechanical coupling.

Table 2. Mechanical properties of composites.

Acronym
Young’s

Modulus ± σ

(MPa)

Tensile
Strength ± σ

(MPa)

Strain at Break
± σ (%)

Tenacity ± σ

(MPa)
Izod Impact

Resistance ± σ (J/m)

TPS 128 ± 6 23 ± 1 463 ± 16 89 ± 8 non-break
TPS/15KF 177 ± 10 11 ± 0.3 190 ± 16 19 ± 2 397 ± 32
TPS/20KF 165 ± 13 11 ± 0.4 137 ± 23 13 ± 3 137 ± 0
TPS/30KF 229 ± 17 10 ± 0.1 26 ± 10 2 ± 1 81 ± 14
TPS/10CF 168 ± 6 18 ± 1 207 ± 4 31 ± 2 389 ± 26
TPS/20CF 322 ± 8 16 ± 1 40 ± 4 5 ± 1 230 ± 22
TPS/30CF 474 ± 25 18 ± 1 13 ± 2 2 ± 0.3 81 ± 20

TPS/10APP 124 ± 7 18 ± 0.5 368 ± 9 57 ± 2 non-break
TPS/15APP 138 ± 6 18 ± 0.3 336 ± 12 50 ± 2 non-break
TPS/20APP 163 ± 8 17 ± 0.3 233 ± 11 34 ± 4 213 ± 30
TPS/30APP 288 ± 11 15 ± 0.3 176 ± 7 24 ± 1 142 ± 21

TPS/15KF/15APP 247 ± 5 12 ± 1 54 ± 7 6 ± 1 118 ± 8
TPS/20KF/10APP 243 ± 3 13 ± 0.1 45 ± 3 5 ± 0.4 128 ± 8
TPS/10CF/15APP 225 ± 2 13 ± 0.1 61 ± 3 8 ± 0.1 147 ± 8
TPS/20CF/10APP 387 ± 5 14 ± 0.3 19 ± 5 2 ± 1 95 ± 14

As is well known, the addition of high content of flame retardants to polymer matrix may have a
significant effect on mechanical properties [31]. The addition of 20 and 30 wt. % APP to TPS increased
brittleness, as seen in TPS/10APP and TPS/15APP. Similarly, the TPS/20APP composite showed lower
tensile strength, strain at break, tenacity and Izod impact resistance than TPS. The Young’s modulus
exhibited an increase from 128 to 163 MPa for TPS and TPS/20APP, respectively. The reinforcement
achieved by APP is similar to that for CF.

Regarding KF in combination with the APP effect, Table 2 reports on TPS/15KF/15APP and
TPS/20KF/10APP composites with different KF and APP contents but the same total load (30 wt. %),
compounded in order to replace part of the APP flame retardant additive (5 or 10 wt. %) using
KF. The resulting properties exhibited a similar Young’s modulus, tensile strength and tenacity.
Nevertheless, strain at break and Izod impact resistance were somewhat dependent on the composition
of TPS/KF/APP: TPS/15KF/15APP exhibited 54% strain at break and 118 J/m Izod impact resistance,
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while TPS/20KF/10APP showed 45% strain at break and 128 J/m Izod impact resistance. Regarding
CF in combination with APP (TPS/10CF/15APP and TPS/20CF/10APP composites), the mechanical
properties were influenced by the CF content, as was observed in TPS/CF composites; high CF content
reduced strain at break, tenacity and Izod impact resistance, while the Young’s modulus was increased.

Nevertheless, although high KF and CF content, namely 30 wt. %, produces deteriorated
mechanical properties, when KF and CF fibres were added at 20 wt. % in combination with 10 wt. %
APP (30 wt. % total load), the corresponding mechanical properties were slightly improved over
those achieved by adding only KF or CF at 30 wt. % (TPS/30KF and TPS/30CF). The combination
of 20 wt. % KF and 10 wt. % APP (TPS/20KF/10APP) produced a less fragile and more ductile
material than TPS/30KF. The Young’s modulus, tensile strength, strain at break, tenacity and Izod
impact resistance increased from 229 to 243 MPa, 10 to 13 MPa, 26 to 45%, 2 to 5 MPa and 81 to
128 J/m, respectively. This finding was similar to the combination of 20 wt. % CF with 10 wt. %
APP (TPS/20CF/10APP) as compared to the TPS/30CF composite; strain at break and Izod impact
resistance were slightly improved. In this context, the mechanical improvement in TPS/20KF/10APP
and TPS/20CF/10APP composites over TPS/30KF and TPS/30CF indicates better stress transfer due
to some physical fibre-polymer interactions [32], as was observed in morphological analyses (the fibres
appeared well embedded in the polymer matrix, Figures 4 and 5).

3.3. Rheology

The rheological properties of TPS composites were assessed by oscillatory tests under continuous
simple and small amplitude oscillatory shear flow (SAOS). Figure 6 displays complex viscosity
(Figure 6A) and storage modulus (Figure 6B) as a function of angular frequency for TPS with different
contents of 10, 15, 20 and 30 wt. % APP (TPS, TPS/10APP, TPS/15APP, TPS/20APP and TPS/30APP).
According to the data plotted in Figure 6A, the complex viscosity of TPS and TPS/APP composites
exhibited remarkable dependency on angular frequency, with complex viscosity decreasing as angular
frequency increased. This behaviour is similar to the shear thinning effect observed in shear flow
tests (not shown in this work). On the other hand, high APP content (20 and 30 wt. %) exerted an
influence on complex viscosity throughout the entire frequency range (0.1–100 rad/s) greater than
that for TPS. Regarding elastic properties, Figure 6B shows the storage modulus as a function of the
angular frequency of TPS and TPS/APP composites (at 10, 15, 20 and 30 wt. %): the storage modulus
exhibited higher values for samples using 20 and 30 wt. % APP than for TPS over the entire frequency
range. The highest content of APP (TPS/30APP) produced the most elastic material, observed in the
low frequency range (0.1–1.0 rad/s).

Figure 7 presents the effect of KF content and KF/APP combination on flow behaviour; complex
viscosity (Figure 7A) and storage modulus (Figure 7B) are plotted as a function of angular frequency.
Regarding the effect of KF content, Figure 7A shows that TPS/KF composites exhibited a rheological
pattern similar to TPS; in the low frequency range (0.01–0.1 rad/s) the TPS/15KF composite presented
curves overlapping with TPS, whereas in the high frequency range (1.0–100 rad/s), complex viscosity
was slightly lower than for TPS. Meanwhile, TPS/20KF and TPS/30KF viscosity was slightly higher
than TPS over the entire frequency range. In general, for all TPS/KF composites as well as TPS,
complex viscosity showed a dependency on angular frequency similar to shear thinning behaviour in
simple shear flow. The shear thinning effect was observed for all TPS/KF composites regardless of KF
content. In this regard, it is reasonable to think that keratin fibres are well oriented under flow, which
is consistent with similar natural fibre composites [33,34]. Figure 7B reveals that TPS/15KF and TPS
have a similar storage modulus, with the TPS/15KF and TPS curves overlapping in the 0.1–1.0 rad/s
range, while the storage modulus values for TPS/20KF and TPS/30KF were slightly higher than
TPS over the entire frequency range. It is interesting to observe that the rheological behaviour of
composites using keratin fibres depended mainly on the composition of the materials. Figure 7 shows
that the KF and APP combination has a remarkably stronger effect on the complex viscosity and
storage modulus than KF alone. When KF and APP were added to TPS (TPS/15KF/15APP and
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TPS/20KF/10APP), complex viscosity and storage modulus increased over those of TPS and TPS/KF
composites throughout the entire frequency range. However, rheological analyses point out that when
KF are added in combination with APP, processing becomes more difficult than for KF without APP.

Figure 6. Complex viscosity (A) and storage modulus (B) as a function of the oscillatory frequency of
TPS and TPS/APP composites with varied contents.

Figure 7. Complex viscosity (A) and storage modulus (B) as a function of the oscillatory frequency of
TPS, TPS/KF and TPS/KF/APP composites with varied content.
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Figure 8 displays the rheological behaviour of TPS using different contents of CF and the CF/APP
combination. As it was observed for TPS, TPS/APP and TPS/KF composites, all composites using
coconut fibre (Figure 8A) showed shear thinning behaviour (complex viscosity was reduced as
frequency increased). On the other hand, CF content exhibited an important effect on complex
viscosity; high CF content (20 and 30 wt. %) produced much higher complex viscosity than TPS,
TPS/10CF, TPS/10CF/15APP and TPS/20CF/10APP, suggesting that CF behaved as a filler without
physical or chemical interaction with the polymer matrix. Regarding storage modulus, Figure 8B shows
an increase for TPS/10CF, TPS/10CF/15APP and TPS/20CF/10APP composites with reference to TPS
but a storage modulus pattern similar to TPS (similar slopes). TPS/20CF and TPS/30CF composites
exhibited much higher elastic properties than TPS/10CF, TPS/10CF/15APP and TPS/20CF/10APP
composites. In this regard, it is possible to point out that the combination of coconut fibres with APP
appears to favour the processing of these materials.

Figure 8. Complex viscosity (A) and storage modulus (B) as a function of the oscillatory frequency of
TPS, TPS/CF and TPS/CF/APP composites with varied content.

3.4. Thermal Decomposition

Thermal decomposition under nitrogen was investigated using thermogravimetric analysis.
TPS as well as the formulations with CF, KF, APP and their combinations were analysed to make a
statement about altered decomposition pathways. Results of the thermogravimetry are displayed
in Table 3. The temperature at 5 wt. % mass loss (Tat 5% Mass Loss) characterizes the beginning of
the decomposition, the temperature at the maximum mass loss rates (Tmax) and the mass loss step
(Δmass) the decomposition steps.
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Table 3. Thermogravimetry results for all formulations.

Materials
Tat 5% Mass

Loss (◦C)
Tmax1 (◦C) Tmax2 (◦C)

Δmass1
(%)

Δmass2
(%)

Residue at
800 ◦C (wt. %)

TPS 288 304 402 22 74 4
TPS/15KF 238 322 397 25 67 7
TPS/20KF 250 326 395 27 62 9
TPS/30KF 244 325 390 31 54 13
TPS/10CF 258 312 399 31 61 6
TPS/20CF 250 313 398 33 58 7
TPS/30CF 260 313 397 36 50 13

TPS/10APP 229 230 370 11 70 18
TPS/15APP 228 227 358 10 66 22
TPS/20APP 217 225 359 9 68 23
TPS/30APP 225 225 363 9 70 20

TPS/15KF/15APP 211 223 361 9 63 27
TPS/20KF/10APP 214 229 383 11 66 22
TPS/10CF/15APP 213 220 360 10 64 25
TPS/20CF/10APP 206 215 384 10 64 24

TPS shows two main decomposition steps, which are clearly visible in the mass loss rate (DTG)
curve (Figure 9A). The first peak is attributed to the starch phase, with occurred at a temperature of
304 ◦C. The second decomposition step, at 402 ◦C, is associated with the polyester phase of the TPS.
In the DTG, a shoulder is visible prior to the second peak, which derived from the additional additives
incorporated in the commercial blend [35].

Figure 9. Mass and mass loss rates (DTG) of TPS blended with single natural fibre components or APP
(A) and of combinations of TPS with natural fibres and APP (B).

Both fibres, KF and CF, increased the residue in thermogravimetry in a similar manner with
increasing fibre content. The decomposition temperature of the first decomposition step was shifted
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towards higher temperatures, by 18 ◦C for 15 wt. % KF and by 22 ◦C for 10 wt. % CF in TPS, while the
temperature for the second decomposition step remained more or less constant. The incorporation of
natural fibres led to slightly reduced mass loss in both decomposition steps.

When APP was present in TPS formulations, the pyrolysis and decomposition temperatures
changed significantly. With 20 wt. % of APP in TPS, the first decomposition step occurred at around
225 ◦C and was associated with the release of ammonia. A second decomposition step occurred
at 359 ◦C, a temperature between the first and second steps of the reference TPS. This indicates an
interaction between the TPS and the APP additive that led to an altered decomposition pathway
during pyrolysis. The amount of residue formed by TPS/20APP is greatly increased, to 19 wt. % more
than TPS.

Figure 9B presents mass and mass loss rates (DTG) curves for combinations of natural fibres and
APP. They show the same first decomposition step as TPS/20APP, which is attributed to the loss of
ammonia. This decomposition step occurred at similar temperatures when KF was incorporated into
the APP-TPS blend and was shifted to lower temperatures when CF was used as a natural fibre filler.
The second decomposition step was altered as compared to only APP in TPS, in a similar fashion
for both fibre fillers. The maximum temperature of the second decomposition step was shifted to
temperatures around 20 ◦C higher. Decomposition also happened at a slower pace and over a broader
temperature range compared to only APP in TPS, as seen in a lower but broader peak in the DTG
curves. This indicates an interaction between the fibre fillers and APP during thermal degradation.
The combination of natural fibres and APP also led to increased residue formation. When comparing
the additional residue of TPS/15KF/15APP, the measured residue of 27 wt. % was slightly more than
the expected residue of 25 wt. %, suggesting slightly synergistic behaviour, while the formulation
TPS/20KF/10APP achieved superposition in residue formation. The expected residue formation
of around 24 wt. % for the combination TPS/10CF/15APP was similar to the measured residue
amount of 25 wt. %. A good synergistic effect in residue formation is observed in TPS/20CF/10APP,
with 24 wt. % compared to an expected amount of only 21 wt. %.

3.5. Flammability

The flammability of TPS biocomposites with the natural fibre fillers KF and CF, APP and the
combination of both, were characterized by determining their limiting oxygen index and their
classification in the UL 94 vertical test. UL 94 vertical test evaluates the reaction of the plastic materials
to a small flame. The classification of this method depends on the flammability characteristics.
For example, V0 classification means that the burning stops within 10 s for each individual specimen,
after the first or second flame application to the specimen. No flaming drips are allowed. Meanwhile,
V2 rating means that the burning stops within 30 s for each individual specimen, after the first or
second flame application to the specimen. Flaming drips are allowed. The results of both flammability
tests are summarized in Table 4.

Table 4. OI and UL 94 vertical test results of investigated biocomposites; no vertical rating (n. r.).

Formulation OI (vol. %) UL 94 Vertical

TPS 19.3 n. r.
TPS/15KF 20.3 n. r.
TPS/20KF 20.7 n. r.
TPS/30KF 21.1 n. r.
TPS/10CF 19.5 n. r.
TPS/20CF 20.3 n. r.
TPS/30CF 20.4 n. r.

TPS/10APP 24.4 n. r.
TPS/15APP 26.2 V-2
TPS/20APP 29.0 V-0
TPS/30APP 32.9 V-0

TPS/15KF/15APP 28.2 V-0
TPS/20KF/10APP 26.3 V-2
TPS/10CF/15APP 27.4 V-2
TPS/20CF/10APP 26.9 V-2
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TPS as well as TPS-natural fibre biocomposites did not achieve a rating in the UL 94 vertical test.
With increasing fibre content, the OI increased only slightly. However, a loading of 20 wt. % of APP in
TPS resulted in an OI of 29 vol. % and was also the lowest concentration measured to achieve a V-0
classification in the UL 94 vertical test. It is remarkable that the minimum APP content to achieve a
rating in the vertical test was lowered by the addition of keratin or coconut fibres. Even with 20 wt. %
fibre content and only 10 wt. % APP content, a V-2 rating was achieved. OI values for all combinations
of fibres and APP were in the range of 27 to 29 vol. %.

Figure 10 displays the change in OI behaviour with increasing additive contents, that is, fibre,
APP and combinations of natural fibres and APP. In the graphs, the thin solid lines represent the linear
dependency of the OI on the additive content of a respective single component in TPS, while the thick
solid line shows the oxygen index behaviour if a combination of both additives, fibres and APP, were
to result in a superposition. For the combinations of fibres and APP that amount to an overall additive
content of 30 wt. %, namely TPS/15KF/15APP, TPS/20KF/10APP (Figure 10A) and TPS/20CF/10APP
(Figure 10B), the measured oxygen indices are all located above the superposition line. This illustrates
synergistic behaviour in OI. For CF, this synergism between fibres and APP was even more pronounced
than for formulations with KF and APP, suggesting a better interaction between CF and APP during
burning in terms of flame retardancy. These synergistic effects also explain the improved UL 94 rating
for natural fibre-APP combinations.

  

Figure 10. Content dependency and synergy of oxygen index for KF (A) and CF (B) formulations. Thin
lines represent the linear behaviour of the OI for the single components derived from OI measurements
of TPS/APP (hollow triangles pointing left), TPS/KF (hollow triangles pointing right) and TPS/CF
(half-filled triangles pointing right) formulations, the thick line represents the calculated superposition
of the fibre/APP combinations. The OI measured for fibre/APP combinations in TPS are displayed as
solid triangles pointing down (TPS/KF/APP) and half-filled triangles pointing down (TPS/CF/APP).
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The synergistic effect index was determined by calculating the theoretical superposition for linear
behaviour using Equation (1) [36,37]. The OI for TPS/20CF and TPS/10APP increased compared
to TPS by 1 vol. % and 5.1 vol. %, respectively. The calculated superpositioned OI increase for the
formulation containing 20 wt. % of CF and 10 wt. % amounted to 6.1 vol. %. The oxygen index increase
for TPS/20CF/10APP was measured to be 7.6 vol. %. Comparing the calculated superposition and the
measured oxygen index increase yielded a synergistic effect index of 1.25.

SEabs(OI)x,y=const. =
ΔOI(TPS/20CF/10APP)

ΔOI(TPS/20CF) + ΔOI(TPS/10APP)
=

7.6 vol. %
1 vol. % + 5.1 vol. %

= 1.25. (1)

For TPS/20KF/10APP, the synergistic effect index, calculated in the same manner, amounted
to 1.08. Through thorough observation of the OI flammability measurements, the synergistic effect,
especially between CF and APP, is attributed to enhanced effectiveness in the condensed phase.
This synergistic behaviour would also be expected in forced flaming combustion tests conducted in
the cone calorimeter.

3.6. Burning Behaviour under Forced Flaming Combustion

The flame retarding effect of only keratin or coconut fibres in TPS is mainly limited to a PHRR
(peak heat release rate) reduction of up to 33% and a THE (total heat evolved) reduction of up to 11%.
Cone calorimeter results are shown in Table 5. The heat release rate (HRR) curves of natural fibres in
TPS are shown in Figure 11.

Figure 11. HRR curves for TPS reinforced with different amounts of keratin (A) and coconut fibres (B)
in comparison to neat TPS.
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Table 5. Cone calorimeter results of investigated TPS biocomposites.

Acronym tig (s) tfo (s)
PHRR

(kW/m2)
THE

(MJ/m2)
TML (g)

Residue
(%)

THE/TML
(MJ/gm2)

TPS 37 ± 2 177 ± 3 960 ± 62 90.8 ± 0.7 44.0 ± 0.1 4.0 ± 0.0 2.1 ± 0.0
TPS/15KF 24 ± 2 193 ± 3 762 ± 1 90.1 ± 0.6 43.3 ± 0.2 8.0 ± 0.1 2.1 ± 0.0
TPS/20KF 28 ± 2 202 ± 7 690 ± 15 86.5 ± 4.2 42.1 ± 1.9 9.5 ± 0.2 2.1 ± 0.0
TPS/30KF 25 ± 2 192 ± 4 720 ± 2 80.6 ± 2.1 39.1 ± 0.5 10.7 ± 0.1 2.1 ± 0.0
TPS/10CF 24 ± 1 168 ± 19 864 ± 34 82.0 ± 7.8 38.8 ± 3.4 6.9 ± 0.2 2.1 ± 0.0
TPS/20CF 23 ± 2 199 ± 8 727 ± 3 87.8 ± 0.1 43.8 ± 0.1 9.9 ± 0.1 2.0 ± 0.0
TPS/30CF 26 ± 1 221 ± 3 644 ± 21 80.8 ± 4.2 43.4 ± 0.8 12.4 ± 0.1 1.9 ± 0.1

TPS/10APP 33 ± 0 235 ± 17 483 ± 14 52.6 ± 1.8 33.6 ± 1.3 23.3 ± 0.3 1.6 ± 0.0
TPS/15APP 33 ± 1 237 ± 17 438 ± 7 48.3 ± 1.1 32.2 ± 0.6 26.3 ± 0.0 1.5 ± 0.0
TPS/20APP 35 ± 1 261 ± 11 395 ± 2 44.0 ± 1.0 31.4 ± 0.3 28.5 ± 0.8 1.4 ± 0.0
TPS/30APP 43 ± 1 267 ± 7 376 ± 4 43.4 ± 0.7 29.6 ± 0.1 34.5 ± 0.2 1.5 ± 0.0

TPS/15KF/15APP 31 ± 1 271 ± 8 379 ± 5 49.9 ± 0.4 33.2 ± 1.5 24.3 ± 3.3 1.5 ± 0.1
TPS/20KF/10APP 31 ± 2 276 ± 12 407 ± 12 54.3 ± 1.6 33.6 ± 1.5 24.1 ± 0.3 1.6 ± 0.0
TPS/10CF/15APP 32 ± 2 240 ± 8 407 ± 1 42.2 ± 0.1 29.3 ± 0.4 30.0 ± 0.2 1.4 ± 0.0
TPS/20CF/10APP 27 ± 2 264 ± 2 338 ± 7 43.1 ± 1.1 29.6 ± 0.3 28.8 ± 0.1 1.5 ± 0.0

The incorporation of the natural fibres KF and CF had various effects on the HRR of TPS. For both
sorts of fibres, the time to ignition (tig) was shifted to lower temperatures, from 37 s to around 25 s
for 30 wt. % of fibres, respectively. Increased viscosity due to the addition of fibres resulted in
later liquefaction of the sample surface in the cone calorimeter, reducing the heat exchange and thus
cooling via convection. As a consequence, the sample heated up more quickly and ignited earlier.
KF (Figure 11A) at 15 wt. % reduced the PHRR by around 200 kW/m2. With higher amounts of KF,
the reduction in PHRR levelled off. Apart from a slightly slower HRR decay after flameout, the overall
burning behaviour was similar to non-flame retarded TPS. The effective heat of combustion, displayed
here as total heat evolved (THE) divided by total mass loss (TML), was not influenced by the KF
incorporated in TPS. They had an influence neither on the combustion efficiency of released fuel nor
on the heat of combustion of the volatiles. When CF was incorporated into TPS, the levelling off of
the reduction in PHRR was less pronounced, resulting in a lower PHRR for TPS/30CF (Figure 11B).
The burning behaviour of TPS displayed a more characteristic change in the HRR curve with increasing
amounts of CF than with added KF. For TPS/30CF, the PHRR was shifted to later times, just before
flameout (tfo) and the fire growth behaviour in the beginning was reduced. This resulted in a decrease
in the slope of the HRR curve after the initial rise. This indicates a more pronounced protective
layer becoming visible in the HRR curve shape. THE/TML was only insignificantly decreased
through the addition of CF. CF also produced a higher amount of residue, with 12.4 wt. % at a
loading of 30 wt. % compared to 10.7 wt. % for TPS/30KF, hinting at higher thermal stability of the
coconut fibres. In general, residue formation in the cone calorimeter was similar to thermogravimetric
residue observation.

The incorporation of APP in TPS resulted in a clear change in HRR curve shape and thus in
burning behaviour, as compared to that of a charring material [38]. The HRR curves of 10, 15, 20 and
30 wt. % APP are displayed in Figure 12.

HRR changed significantly for formulations with APP as compared to TPS. The initial peak in
HRR after ignition, the ensuing local minimum and the slow decay of HRR, point to typical burning
behaviour of material forming a protective layer. PHRR was decreased by around 50% with an APP
load of just 10 wt. %. A loading of 20 wt. % APP lowered the PHRR by an additional 9%. Even higher
APP loadings no longer significantly reduced the PHRR, indicating that the effectiveness of APP levels
off. A similar trend is seen in the reduction of fire load (total heat evolved, THE). The THE was reduced
by 42% at an APP loading of 10 wt. %. The highest APP load in TPS, which was 30 wt. %, resulted
in a THE reduction of 52%. The addition of APP to TPS induced char formation, yielding 23 wt. %
of residue at an APP load of 10 wt. %. A levelling off trend was also observed in residue formation
with increasing APP load. Considering the initial residue amount of 4 wt. % for TPS, the addition of
10 wt. % APP yielded an additional residue formation of 19 wt. %. Incorporation of 30 wt. % APP in
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TPS resulted in an additional residue amount of 31 wt. %. APP also led to a reduction of up to 30% in
THE/TML. Otherwise released carbonaceous species which act as fuel for the flame were stored in the
formed residue, reducing the heat of combustion. Additionally, APP released NH3, which does not
contribute to the heat production, diluting the flame and therefore reducing combustion efficiency.

Figure 12. HRR curves of TPS formulations with APP.

Natural fibre reinforced TPS in combination with APP yielded similar HRR results as TPS
formulations with only APP as a flame retardant additive. However, it is possible to replace certain
amounts of the flame retardant APP with fibre content to achieve similarly good results as with 20 or
30 wt. % of APP alone. Combinations of natural fibre filler and APP are shown in Figure 13.

Figure 13. HRR curves for combinations of APP with keratin fibres (A) and coconut fibres (B).
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Figure 13A displays the HRR curves derived from cone calorimeter measurements for a
total additive amount of 30 wt. % in TPS. The KF-APP combinations TPS/15KF/15APP and
TPS/20KF/10APP showed similar HRR results as TPS/30APP. TPS/15KF/15APP exhibited a reduction
in PHRR to 379 kW/m2 and a reduction in THE to 49.9 MJ/m2, while TPS/20KF/10APP reduced the
PHRR to 407 kW/m2 and the THE to 54.3 MJ/m2. The HRR was dominated by the addition of APP.
The nonlinear levelling off of effectiveness with increasing APP content enabled strong synergy.

Combinations of CF and APP in TPS showed slightly different behaviour (Figure 13B). While
the PHRR of TPS/10CF/15APP was still a bit higher than the PHRR of TPS/30APP, at 407 kW/m2

compared to 376 kW/m2, the THE was reduced to 42.2 MJ/m2 as opposed to 43.4 MJ/m2.
A comparison of TPS/20CF/10APP and TPS/30APP shows that the overall flame retardancy
performance may be even better even though a total additive load of 30 wt. % is maintained.
The addition of 20 wt. % CF to the mixture of 10 wt. % APP in TPS resulted in a decrease in
PHRR, which was not possible by increasing APP content alone. In terms of fire load, the THE of
TPS/30APP and TPS/20CF/10APP were similarly low, at around 43.3 to 43.1 MJ/m2.

For CF, a synergistic effect was observed in both PHRR and THE. In order to obtain the synergistic
effect index as a statement for the significance of the synergism, Equation (2) is used [34], with M
being the result derived from cone calorimeter measurement. This approach was chosen over the
proportionate approach, in which the total additive load is kept constant, because there was no
significant reduction in cone calorimeter results for TPS with 10, 20 or 30 wt. % APP. Since cone
calorimeter results like PHRR or THE did not decrease in a linear fashion, the relative synergistic effect
index was calculated as a more correct concept.

SErel(M)x,y=const. =
1 − ΔM(TPS/20CF/10APP)

1 − ΔM(TPS/20CF)× ΔM(TPS/10APP)
. (2)

In TPS/20CF, the PHRR was reduced to 727 kW/m2. APP at a load of 10 wt. % reduced the PHRR
of TPS by around 50%. This resulted in an expected PHRR of TPS/20CF/10APP of around 366 kW/m2,
assuming no synergistic effect. However, the measured PHRR of TPS/20CF/10APP was 338 kW/m2,
yielding a synergistic effect index of 1.08. For THE, the synergism between CF and APP became even
clearer. The calculated superposition in THE for TPS/20CF/10APP amounted to 50.9 MJ/m2 and the
measured THE was 43.1 MJ/m2. Using Equation (2), this yielded a synergistic effect index of 1.2.

The effect of combining fibres and APP is visualized in Figure 14. The trapezoid schematics are
constructed to illustrate the superposition values for 20 wt. % natural fibre and 10 wt. % APP in TPS.
Hollow stars mark the superposition values of THE and PHRR for TPS/20KF/10APP (Figure 14A) and
TPS/20CF/10APP (Figure 14B). For TPS/20KF/10APP, the measured values for THE and PHRR are
located around the hollow star marking the calculated superposition. This illustrates the occurrence
of a superposition effect of this combination. On the other hand, TPS/20CF/10APP showed clear
synergistic behaviour in PHRR and especially in THE, since the measured values are located below the
hollow star superposition.

Since APP and the natural fibre fillers showed their activity as flame retarding additives mostly in
the condensed phase, the reason for the synergistic effect of CF in combination with APP is found by
analysing the cone calorimeter residues.

Figure 15 shows the character of the cone calorimeter residues of TPS/10APP (Figure 15A) and
the two fibre-APP combinations TPS/20KF/10APP (Figure 15B) and TPS/20CF/10APP (Figure 15C).
When 10 wt. % of APP were incorporated in the TPS matrix, the formed residue was very light and
brittle. The relatively smooth surface was disrupted by small cracks, resulting in a flaky and flocculent
residue. Adding 20 wt. % of KF resulted in a more continuous surface but the overall character and
nature of the residue was very similar to that of TPS/10APP. When 20 wt. % of CF were combined with
10 wt. % of APP, the char structure of the residue changed completely. Instead of a light and brittle
char, the residue was very stable and showed a resemblance to wood char, pervaded by relatively large
cracks. The change in char structure becomes clearer in the SEM micrographs of the respective residues.
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Figure 14. Visualization of superposition (hollow star) and measured PHRR and THE of
TPS/20KF/10APP (A) and TPS/20CF/10APP (B).

Figure 15. Cone calorimeter residue photographs of TPS/10APP (A), TPS/20KF/10APP (B) and
TPS/20CF/10APP (C).

Comparing the surfaces of TPS/20KF/10APP (Figure 16B) and TPS/10APP (Figure 16A) in SEM
makes the similarities much clearer. Almost no differences are observed. It must be noted that no
residual KF were found on the surface of the investigated TPS/20KF/10APP residue, so they do
not contribute to the residue structure. In contrast to this, the residual CF were clearly visible in the
TPS/20CF/10APP (Figure 16C) residue. CF reinforced the APP-induced char, resulting in a completely
different char structure. This becomes even clearer at 400x magnification, where interconnection and
coating of the CF with residue is apparent. The synergistic effect of CF in combination with APP in
TPS is therefore attributed to the physical enhancement of the residue in TPS/20CF/10APP.
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Figure 16. SEM micrographs of the cone calorimeter residue surfaces of TPS/10APP (A),
TPS/20KF/10APP (B) and TPS/20CF/10APP (C) at two different magnifications (top and bottom).

4. Conclusions

With respect to mechanical properties, the addition of KF and CF to TPS has been demonstrated
to produce rigid materials, as the Young’s modulus was increased. However, tensile strength, strain at
break, tenacity and Izod impact resistance were reduced. Comparing the effects of keratin and coconut
fibre, CF produces a more rigid material than KF, namely at high content, 30 wt. %. On the other
hand, the combination of KF or CF with APP (TPS/20KF/10APP or TPS/20CF/10APP) produces more
ductile materials than those using 30 wt. % of KF or CF.

Regarding rheological properties, the addition of KF to TPS did not significantly affect the
flow properties of TPS. However, when keratin fibres were added in combination with APP, complex
viscosity increased, making processing more difficult. By contrast, when CF were added in combination
with APP, the flow properties benefited and thus the processing of the composites also improves as
compared with materials containing KF or CF without the flame retardant APP.

The flammability behaviour of TPS was greatly improved through the addition of APP. This was
confirmed by both UL 94 and OI tests. In terms of the oxygen index, a synergistic effect was ascertained
between APP and both fibres, KF and CF. For 20 wt. % KF and 10 wt. % APP in TPS, a synergistic
effect index of 1.08 was calculated, while 20 wt. % CF in combination with 10 wt. % APP resulted in a
synergistic effect index of 1.25. This indicated that CF improved the flame retardancy effectiveness of
APP in TPS.

Investigating the fire behaviour under forced flaming conditions in the cone calorimeter revealed
a change toward charring burning behaviour when the flame retardant APP was added. While the
combination of KF and APP showed a good superposition, CF was able to further reduce PHRR and
THE to values lower than those with APP as a single flame retardant additive. The synergistic effect of
CF in combination with APP was quantified to an index of 1.08 in PHRR and 1.2 in THE reduction.
This synergistic effect was attributed to the residue structure, since CF was able to reinforce the formed
char, increasing residue stability. This was confirmed with SEM micrographs.

All in all, the investigation and characterization of the natural fibre fillers KF and CF for TPS
enabled conclusions about mechanical and processing properties as well as great insights into flame
retardancy behaviour. The combination of APP and industrial waste fibres is proposed as an interesting
route towards sustainable flame retarded materials.
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Abstract: Flame retardancy of polymers is a recurring obligation for many applications.
The development trend of biobased materials is no exception to this rule, and solutions of flame
retardants from agro-resources give an advantage. Lignin is produced as a waste by-product from
some industries, and can be used in the intumescent formation development as a source of carbon
combined with an acid source. In this study, the flame retardancy of polyamide 11 (PA) is carried out
by extrusion with a kraft lignin (KL) and ammonium polyphosphate (AP). The study of the optimal
ratio between the KL and the AP makes it possible to optimize the fire properties as well as to
reduce the cost and facilitates the implementation of the blend by a melting process. The properties
of thermal decomposition and the fire reaction have been studied by thermogravimetric analyzes,
pyrolysis combustion flow calorimetry (PCFC) and vertical flame spread tests (UL94). KL permits
a charring effect delaying thermal degradation and decreases by 66% the peak of heat release rate in
comparison with raw PA. The fire reaction of the ternary blends is improved even if KL-AP association
does not have a synergy effect. The 25/75 and 33/67 KL/AP ratios in PA give an intumescence
behavior under flame exposure.

Keywords: lignin; polyamide 11; ammonium polyphosphate; thermal decomposition; fire reaction

1. Introduction

Until now the plastic industry was governed by the use of petroleum resources.
However, an evolution of the sector is underway. In the last few years, a transition has taken
place between fully fossil-based polymers and fully-biobased polymers being replaced by partially
biobased ones. Biobased polymers can be considered as macromolecular materials coming from
biological resources and transformed by humans to be used in various activities in the form of massive
sheets, films, or fibers. Biobased polyethylene (PE), polylactic acid (PLA), or even polyamide 11 (PA)
derived from castor oil are some examples of novel thermoplastic polymers able to compete with
conventional polymers. Nevertheless, in order to ensure their development and their use on the market,
only emphasizing the environmental benefits for those polymers compared to those derived from
petroleum resources is not enough. Indeed, these polymers must satisfy the same prerequisites as their
predecessors. They have to reach the same criteria related to health, legislation, and the economy,
as well as various performance criteria. The reduction of fire risks is one of the properties required
and sometimes mandatory to access sectors such as transport and buildings. One of the challenges
is then to guarantee the security of the proposed solutions while preserving as much as possible

Materials 2019, 12, 1146; doi:10.3390/ma12071146 www.mdpi.com/journal/materials67



Materials 2019, 12, 1146

the bio-sourced aspect. Thus in recent years some of the research related to the flame retardancy of
polymers has focused on the use of “green” flame retardant additives [1].

Different strategies exist and/or co-exist in order to fireproof petroleum-based polymers and can
be transposed to the biobased ones. Two modes of actions, i.e., in the gas phase or condensed
phase, may operate independently or together. Their mechanisms require radical inhibition or
dilution of the combustion gas in the first mode, and endothermic degradation or dilution of
the polymer, or even creation of a physical and/or thermal protective barrier, in the second mode.
The latter approach refers mainly to the concept of intumescence and consequently to intumescent
systems. An acidic source, a blowing or swelling agent, and a carbonizing agent are traditionally
involved in the development of such systems that lead to the formation of an intumescent char
(expanded carbonaceous barrier) upon heating. One of the most studied formulations is based on
phosphorus-based additives able to release phosphoric acid, polyols as a carbon source and melamine
as a blowing agent. These formulations can sometimes be limited to the use of only two components.
Indeed, some components such as ammonium polyphosphate (AP) can act as an acid source
and a swelling agent. Many studies have therefore been interested in developing fully (or at least
partially) biobased intumescent formulations. In the case of biobased polymers, the use of natural
additive is, even more so, an obvious solution to develop fire retardant formulation. It allows
preservation of the original philosophy of sustainable development and the production of eco-friendly
new high value-added polymers. Thus, for the first time, scientists have especially tried to substitute
carbon sources traditionally used for biobased polymers. Formulations combining AP and alternative
natural-based carbon sources such as starch [2–4], β-cyclodextrin [5–7], and chitosan [8] have been
tested with one of the most investigated biobased polymers, i.e., PLA. Among the other natural-based
compounds such as DNA, proteins, other saccharide-based compounds (sorbitol, xylitol, etc.),
or derivatives from them (ex: isosorbide), biobased aromatic products, and in particular lignin, are
of great interest to develop intumescent formulations. It is mentioned that its chemical structure
(content of hydroxyl groups and aromatic structure) promotes the formation of a high char yield after
decomposition and that its fire-retardant effect can be improved by associating other flame-retardant
components [9]. Furthermore, lignin is an abundant co-product of the pulp and paper industry.
Therefore, it can be considered as a waste of them and consequently provide a low-cost, eco-friendly
alternative to petroleum-based carbon sources in intumescent systems for bioplastics. Its impact on
the modification of the fire behavior of the polybutylene succinate [10,11], polylactic acid [2,12–17], or
polyamide 11 [18–20] has been evaluated.

The flame retardancy of a biobased polymer such as PLA is relatively well documented in
the literature. Different scientists have worked on this issue by considering several strategies including
the use of intumescent systems that may be or not bio-sourced. In contrast, the fire-retardant
enhancement of other biobased thermoplastic by using the concept of intumescence, in particular in
polyamide 11, has up to now more rarely been investigated. Levchick et al. [21] studied the fire behavior
of polyamide 11 with AP. One of the main conclusions is that the yield of residue formed seems not
to be significantly influenced by AP. To the best of our knowledge, our research group is the first to
consider the development of an intumescent flame retardant system for polyamide 11 with a double
target, i.e., i) push the “green” concept as far as possible, and ii) keep the additives content compatible
with further textile fiber forming process. The purpose of this article is to study the combustion
behavior of polyamide 11 containing intumescent system composed of lignin and AP. Blends of
PA with different kraft lignin (KL)/AP ratio were prepared by melt extrusion. UL-94 and pyrolysis
combustion flow calorimetry (PCFC) experiments evaluated the flame-retardant effectiveness of such
a solution. Furthermore, the potential synergy between lignin and AP as well as their interactions
with polyamide 11 were investigated. Even if the thermal behavior of the KL/AP powder mixtures is
different with the KL/AP ratio, the PA blends with the same mixtures present a quite similar thermal
and fire behavior without synergy compared to PA blends with only AP or KL.
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2. Materials and Methods

2.1. Materials and Processing

A biobased Polyamide 11 (PA), Rilsan®BMNO-TLD; Mn = 17,000 g/mol, melt flow index (MFI)
=14–20 g/10 min at 235 ◦C, supplied from Arkema (Colombes, France), was chosen as the polymer
matrix. The lignin used as charring agent is a kraft lignin (KL) purchased from Sigma Aldrich
(Darmstadt, Germany). Ammonium polyphosphate (AP) with the reference Exolit AP 422 was supplied
by Clariant (Muttenz, Switzerland). The both additives consist of a thin powder with an averaged
particle size of 39 μm and 15 μm respectively. All the materials were dried at 80 ◦C for 24 h before
any use.

2.2. Blends Preparation

The compositions of all the samples are listed in Table 1. In order to understand the influence
of coupled additives on PA, the thermal decomposition of simple powder mixtures of both additives
was assessed. Blends with PA were prepared with a suitable quantity of polymer and additives
(lignin and/or ammonium polyphosphate). In order to obtain homogeneous pellets, each premix
was extruded in a co-rotating, intermeshing twin screw extruder Thermo Haake (diameter of screw
= 16 mm, L/D ratio = 25) from Thermo Fisher Scientific (Waltham, MA, USA). The rotating speed
was maintained at 100 rpm. The five heating zones of the extruder were set at temperatures 170,
190, 200, 220, and 220 ◦C respectively to keep the highest fluidity without damaging the components.
The different formulations extruded (with or without fillers) were then cooled under ambient air
and pelletized. The pellets obtained for each formulation were transformed in plates of 100 × 13 × 3
mm3 (for UL94 tests) using a heat press from Dolouets (Soustons, France) at 220 ◦C under 50 bars.

Table 1. Blend formulations: kraft lignin (KL)-ammonium polyphosphate (AP) powder mix
and polyamide 11 (PA) composites.

Sample PA (wt. %) KL (wt. %) AP (wt. %)

KL25-AP75 - 25 75
KL33-AP67 - 33 67
KL50-AP50 - 50 50

PA100 100 - -
PA80-KL20 80 20 -
PA80-AP20 80 - 20

PA80-KL05-AP15 80 5 15
PA80-KL07-AP13 80 7 13
PA80-KL10-AP10 80 10 10

2.3. Thermal Decomposition

Thermogravimetric analyses were performed using a TA instruments thermal analyzer model
number 2050 (New Castle, DE, USA) to study the thermal stability of blends. The sample of 6 ± 1 mg
was placed in an open platinum crucible, and an empty platinum crucible was used as the reference.
Dynamic runs were carried out from room temperature to 600 or 800 ◦C, at a heating rate of 10 ◦C/min
in a 50 mL/min flow of nitrogen. Thermogravimetric curves (TG) curves were recorded from
experiments, and Derivative thermogravimetric (DTG) curves were obtained from TA universal
data analysis software for all the samples. The decomposition parameters, such as the temperature
at 5% and 50% weight loss (T5% and T50%), and residue at 600 or 800 ◦C were obtained from the TG
curve. Furthermore, the maximum mass loss rate (Rmax) and the corresponding temperature (Tmax)
for each main degradation step were obtained from DTG curves.

The residual mass difference curves were plotted in order to determine the increase or decrease in
the thermal stability of the blends with the subsequent interaction between components. The residual
mass difference curves were computed for the powder additive mixtures and composites samples,
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and correspond to the residual mass difference between the experimental and theoretical TG curves
Equation (1).

Δ(M(T)) = Mexp(T)− Mtheo(T), (1)

where, Δ(M(T)) is a residual mass difference, Mexp(T) is the experimental residual mass of blends
(variation with temperature T), Mtheo(T) is the theoretical residual mass of the same composition
computed by a linear combination between the experimental masses of each components. The residual
mass difference of the blend at the temperature T permits to give an indication on thermal stability of
the blend regarding the whole thermal history until the temperature T.

2.4. Fire Reaction

The flammability was evaluated on sample bars (125 × 12.5 × 3 mm3) by vertical flame spread
tests according to IEC 60695-11-10 [22], also known as UL 94 burning flame test and used for plastic
materials. This test is aimed at assessing the material capability to extinguish a flame. Materials were
classified from their burning rate, time to flame out and dripping during burning.

We also employed pyrolysis combustion flow calorimetry (PCFC) (Fire Testing Technology,
East Grinstead, UK). This technique was described by Lyon [23]. Sample amount of some milligrams
is pyrolyzed with a heating ramp (1 K/s) up to 750 ◦C under nitrogen flow. The gases released during
the pyrolysis are removed in an oven at 900 ◦C in the presence of an 80/20 N2/O2 mixture. In these
conditions, the total combustion of these gases takes place. According to Huggett’s relation (1 kg of
consumed O2 corresponds to 13.1 MJ of released energy), the measurement of oxygen consumption
by PCFC permits to calculate the heat release rate. Three tests were carried out on each formulation,
and the results averaged. According to this analytical method, usual parameters were evaluated,
i.e., the peak of heat release rate (pHRR) and its temperature, total heat release (THR), char residue
and heat of complete combustion (Δh) which is calculated by the division of the THR on mass
loss fraction.

3. Results and Discussion

3.1. Thermal Degradation

Lignin is composed of many components having different decomposition pathways
leading its thermal degradation following a complex process with consecutive reactions [24].
Thus, lignin decomposes slower over a broad temperature range from 200 to 500 ◦C, and the DTG
curve shows a wide and flat peak with a gentle slope line (Figure 1), due to the presence of various
oxygen functional groups in its structure. Each group has different thermal stability, and therefore
their scission occurs at different temperatures. During the thermal decomposition, the cleavages of
the lignin functional groups lead to the formation of low molecular weight products until the chemical
rearrangement of the backbone at a higher temperature with the formation of a significant char
and the release of volatile products. Up to 200 ◦C, lignin has an initial weight loss equal to around 5%,
mainly due to moisture release and volatile impurities. Above this temperature, the compound
undergoes a two steps degradation process under an inert atmosphere. From 200 to 500 ◦C, heated
up by 10 ◦C·min−1, lignin decomposes very slowly, since the max rate of degradation at 355 ◦C is
only about 0.2433 %·◦C−1, losing only 48 wt. % of its initial mass below 500 ◦C (Table 2). During this
main degradation step, the cleavage of the aryl-ether linkages results in the formation of aromatic
hydrocarbons, phenolic, hydroxyphenolics, and guaiacyl/syringyl-type compounds according to
Rodrigues et al. [25]. Thereafter, at the end of the pyrolysis phenols groups are transformed into
pyrocatechols [26]. The degradation rate slightly decreases to 0.03 %·◦C−1 during the second step,
with the formation of a residue of about 43 wt. % at 800 ◦C due to the formation of polycyclic
aromatic hydrocarbons.
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Figure 1. TG and DTG curves of KL, AP, and their blends.

Table 2. TGA results of lignin, ammonium polyphosphate and their respective blends under
nitrogen atmosphere.

Samples T5% (◦C) T50% (◦C)
Tmax (◦C) & Rmax (%·◦C−1) Residue (%)1

Step I Step II Step III 800 ◦C

KL 185 551 355
0.2433 - - 43.0

AP 311 586 327
0.1345

583
0.7235 - 13.0

KL50-AP50 260 570 305
0.1571

386
0.1210

557
0.3696 33.0 (28.0)

KL33-AP67 280 578 328
0.1557

593
0.5613 - 23.7 (23.0)

KL25-AP75 314 590 333
0.1487

611
0.9401 - 16.5 (20.5)

1 in brackets calculated values based on additive behavior.

The thermal decomposition of ammonium polyphosphate occurs in two-steps mechanism in
nitrogen conditions [27]. The first degradation step from 200 to 450 ◦C, with 18% of weight loss,
involves the water and ammonia releases as the gaseous products. Maximum degradation peak
was observed at approximately 327 ◦C. The water elimination further induces the formation of
phosphoric acid coupled to a cross-linking mechanism to lead the formation of polyphosphoric acid.
The second degradation step from 450 to 700 ◦C is related to the dehydration and the fragmentation of
polyphosphoric acid to form phosphorus oxides. In this temperature range, this material undergoes
a sharp weight loss (69 wt. %) with the formation of a stable residue (13 wt. %) upon heating up to
800 ◦C.

The presence of ammonium polyphosphate changed the thermal behavior of lignin (Figure 1
and Table 2). Regardless of the ratio, T5% and T50% were found to be increased. Compared with
pure KL, the higher initial degradation temperature is due to the higher thermal stability of AP,
while the much higher T50% (improvement of thermal stability) is mainly attributed to a much higher
char residue. Furthermore, the thermal degradation occurs in two consecutive steps in the same
temperature ranges than the AP one for the samples KL25-AP75 and KL33-AP67. According to the DTG
curves, the maximal rate of weight loss for two-step degradation is at 328 and 593 ◦C, 333 and 611 ◦C
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for KL33-AP67 and KL25-AP75, respectively. The decomposition shift to a higher temperature may
be attributed to the increasing content of AP. It can also be noticed the presence of an intermediate
step for the sample labeled KL50-AP50 between 350 and 470◦C. The first step degradation of KL-AP
blends occurs at a lower temperature compared to KL, whereas the second step is shifted towards
higher temperature compared to AP, except for the sample labeled KL50-AP50. Above 200◦C, the mass
loss rates decrease in comparison to that for KL leading to stabilization until the second degradation
step. Thus, Rmax is indeed reduced from 0.24 to 0.13 or 0.15 wt. %·◦C−1 under pyrolytic conditions.
It appears that the adding of AP induces a slight thermal destabilization in the first step decomposition
because phosphoric acid molecules catalyzed dehydration of lignin. For the second or third (sample for
KL50-AP50) degradation step, Rmax values are found to be lower than for AP when AP content is less
than 75% in weight, and higher for this sample. At high temperature, the residue amount increases
from 16.5 to 33 wt. % as the AP content decreases.

Figure 2 allows to point out the interactions between the decomposition products of KL and AP
during thermal degradation of the KL-AP mixtures. The KL25-AP75 and KL33-AP67 blends present
until 600 ◦C a thermal stabilization phase where the residual mass of the blend is higher than
the addition of the residual mass of KL and AP. This positive interaction between the decomposition
products of KL and AP has two local maxima at 390 ◦C and 570 ◦C. After 600 ◦C, both
blends are thermally destabilized with minima at 630 ◦C. The positive and negative interactions
are more amplified for KL25-AP75 (maximum +7.5%/minimum −13.7%) than for KL33-AP67

(maximum +3.3%/minimum −2.2%). The KL50-AP50 blend also has a maximum positive interaction
+3.5% at 390◦C, but between 530 and 600 ◦C, the blend presents a thermal destabilization with −4%
minimum. Above 600 ◦C, the decomposition products interact again positively with +3.5% maximum
at 710 ◦C. Thus, smaller AP contents lead to a higher charring effect with better thermal stabilization.

Figure 2. Curves of residual mass loss difference for KL-AP powder blends.

TG and DTG curves of PA and PA/lignin and/or ammonium polyphosphate blends under N2

atmosphere are shown in Figure 3. It can be observed that the neat PA shows a two-step thermal
degradation in the range of 350–500◦C with no char residue left at 600 ◦C. The primary step is located
around 430 ◦C, whereas the second and minor step occurs over 450 ◦C due to the decomposition
of cross-linked structures obtained during heating, as a shoulder in the DTG curve suggests [21].
For PA with 20% of AP, the onset temperature and the temperature at the maximum rate of weight loss
(Table 3) are shifted toward low temperature by respectively 30 and 40 ◦C compared to raw PA, due to
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the early decomposition of AP. The polyphosphoric acid released from the ammonium polyphosphate
decomposition reacted with the amide bond to form intermediate phosphate ester bonds, leading to
a decrease at T50% of PA by 40 ◦C. A substantial thermal destabilization for the blend PA80-AP20 is
also observed on the differential mass curve (Figure 4) between 350 and 500 ◦C. The phosphate ester
bonds decomposed at a higher temperature to promote the formation of char, it can be observed that
the obtained residue at 600 ◦C is slightly higher than the theoretical values (Table 3).

Figure 3. TG and DTG curves of PA and PA blends with AP and KL under nitrogen atmosphere.

Table 3. TGA results of PA and blends with lignin and/or ammonium polyphosphate under
nitrogen atmosphere.

Samples T5% (◦C) T50% (◦C)
Tmax (◦C) & Rmax (%·◦C−1) Residue (%)1

Step I Step II Step III 600 ◦C

PA100 375 424 426
3.320

463
0.361 - 0.2

PA80-AP20 347 383 384
3.485 - - 10.7 (7.3)

PA80-KL20 325 445 445
1.443 - - 10.0 (9.5)

PA80-KL05-AP15 335 377 379
3.888 - - 12.3 (8.4)

PA80-KL07-AP13 336 381 384
3.381 - - 11.3 (8.1)

PA80-KL10-AP10 329 382 384
3.431 - - 13.3 (8.6)

1 in brackets calculated values based on additive behavior.

The presence of lignin at 20% in PA is responsible for the decrease of T5% by 50 ◦C, and an increase
of T50% and Tmax about 20 ◦C. Furthermore, the thermal degradation occurs in a single, broader stage.
The decrease of T5% may be attributed to a rapid mass loss rate of KL at a lower temperature region.
The difference between TG curves of raw and filled polymer (Figure 4) shows a noticeable thermal
stabilization between 400 and 500 ◦C. So KL permits a charring effect delaying thermal degradation
of the blend in comparison with raw PA. However, above 500 ◦C the residual mass difference of
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the blend is 0 and the residue amounts correspond to the KL content after its degradation. Thus, it can
be concluded that there is no interaction between decomposition products of PA and KL.

Figure 4. Curves of residual mass loss difference for PA blends with AP and KL.

The mass loss behavior of PA80-KL05-AP15, PA80-KL07-AP13, and PA80-KL10-AP10 samples
(Figure 3) are almost similar, and their DTG maxima are observed at 379 and 384 ◦C, respectively.
The influence of AP in the thermal degradation of the ternary blends is predominant since their
TG curve is closed to the TG curve of PA80-AP20. The onset temperature, T5%, of the ternary
blends are found to be decreased compared to raw PA and also PA-AP samples, by 40 to 50 ◦C
and 11 to 18 ◦C, respectively. Their decomposition temperatures (Tmax) are decreased compared to
that of raw PA, whereas the maximum rates of degradation are found to be slightly increased for
the samples PA80-KL07-AP13 and PA80-KL10-AP10, and more significantly for the PA80-KL05-AP15

one. Therefore, the presence of AP has a catalyzing effect on the degradation of PA, which is
stronger in presence of KL in the initial step of degradation. Furthermore, the TG curve of KL
shows that 7% of KL decomposes at 220 ◦C, i.e., at processing temperature to prepare PA-KL-AP
blends. Thus, the decrease of T5% of these blends by 30 to 40 ◦C is due to early decomposition of KL
and AP. As for mass loss difference of PA80-AP20 sample, the mass loss difference of the three ternary
blends (Figure 4) presents a critical thermal destabilization period from 350 and 500 ◦C. It can also be
noticed that the thermal degradation of the three ternary blends seems to be irrelevant of the AP to KL
weight ratio used in this study, since the change trends of TG curves between all samples are similar,
even if there are still some differences. The initial decomposition temperature of PA80-KL10-AP10 is
lower than the two other samples ones. Besides, for a sufficient AP content, when samples begin
to degrade, the charring aromatic radicals coming from KL reduce the polymer degradation rate
increasing the composite thermal degradation temperature by 5 ◦C. On the other hand, the residue
left at 600 ◦C for PA80-KL05-AP15, PA80-KL07-AP13, and PA80-KL10-AP10 are about 12.3, 11.3, and 13.3,
respectively, suggesting higher charring than PA-KL and PA-AP samples. Therefore, the increase
in the amount of residue may be owing to the formation of more stable carbonaceous char. Indeed,
the char yield for the three ternary blends at 600 ◦C (Table 3) is higher than the sum of the individual
contributions of each component. Thus, more effective carbonizing and cross-linking reactions take
place during the PA degradation on the addition of AP with KL in comparison to KL or AP solely.
From the above results, It seems that the blend with the 50:50 weight ratio of KL and AP is better than
the two other ones (25:75 and 33:67) in improving the charring of the PA composite.
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3.2. Flammability Behavior

The results of the UL94 tests for PA and the blends are summarized in Table 4, and the typical
pictures of the specimens left after the tests are shown in Figure 5.

Table 4. UL94 vertical flame spread test data for PA and its blends.

Samples
1st Flame

t1 (s)
2nd Flame

t2 (s)
Combustion
Time (t1+t2)

Cotton Ignition Rating
Mass Loss

(%)

PA100 1.6 ± 0.4 2.4 ± 0.6 4.0 ± 1.0 Yes V2 33.7 ± 10.9
PA80-AP20 8.9 ± 5.9 4.8 ± 1.6 13.7 ± 5.7 Yes V2 34.7 ± 4.9
PA80-KL20 1.1 ± 0.1 14.4 ± 11.3 15.5 ± 11.5 Yes V2 64.1 ± 3.3

PA80-KL05-AP15 1.9 ± 0.9 2.7 ± 1.4 4.6 ± 1.9 Yes V2 21.4 ± 3.3
PA80-KL07-AP13 3.0 ± 2.2 7.0 ± 1.9 10.0 ± 1.2 Yes V2 19.1 ± 4.5
PA80-KL10-AP10 6.6 ± 0.7 22.8 ± 5.9 29.4 ± 6.5 Yes V2 81.5 ± 16.6

Figure 5. Pictures of PA blends specimen left after UL 94 vertical flame test. (a) PA; (b) PA80-AP20;
(c) PA80-KL20; (d) PA80-KL05-AP15; (e) PA80-KL07-AP13; (f) PA80-KL10-AP10.

Dripping and cotton ignition were observed in all the blends. Just after the flame exposure,
PA presents a significant dripping of burning materials. As already described in literature for some
thermoplastic polymers like Polyamide 6 [28], the dripping is so consequent that the flame spread is
limited and so the remaining preserved material is noticeable. The presence of AP or/and KL does not
give significant improvement in the burning behavior of PA. With 20% of AP, we can observe during
flame exposition a low charring effect with some crackling due to gas action of AP (ammonia and water
release). Contrary to raw PA, the combustion is maintained during 10 s more in total after removing
of the flame. The flame behavior of thermoplastic polymers in the vertical direction is complex, not
only the mechanisms of thermal degradation have a determining role, but the viscoelastic properties
in the molten state are also crucial [29]. The viscosity of molten PA80-AP20 blend is higher than for PA
(Table S1). This difference of viscosity could be not favorable to PA80-AP20 blend from a flame spread
point of view. The combustion stopped finally by dripping of burning materials. The combustion time
for PA80-KL20 after the first flame exposure is short due to a rapid dripping of burning material, but after
the 2nd exposure, the dripping is slowed down, and a small flame spread during almost 15 s destroyed
two-thirds of the samples. The best results are obtained with PA80-KL05-AP15 and PA80-KL07-AP13

which show a significant flame behavior improvement. A charring effect with some intumescence
is observable during flame exposure, and the material is self-extinguishing after the first exposure.
During the second exposure, some burning material drips but the samples kept finally about 80%
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of the initial mass. In the case of PA80-KL10-AP10, the charring effect is lower than in the case of
the two other ternary blends, and no intumescence is observed, allowing the flame to spread on almost
the entire sample.

3.3. Combustion Behavior

The PCFC experiments provide access to the heat release rate from the complete combustion
of fuel released during the anaerobic pyrolysis of the material. Table 5 presents for each PA blend
the peak of heat release rate with its temperature, the total heat release, the char residue, and the heat
of complete combustion. The Figure 6 shows the curves of HRR. HRR curves are in good agreement
with DTG curves in Figure 3. Indeed, pyrolysis conditions are similar in PCFC and TGA in nitrogen.

Table 5. Pyrolysis combustion flow calorimetry (PCFC) data for PA and its blends. pHRR: peak of heat
release rate; THR: total heat release; Δh: heat of complete combustion.

Samples
pHRR
(W/g)

pHRR
Reduction

(%)

pHRR
Temperature

(◦C)

THR
(KJ/g)

THR
Reduction

(%)

Residue
(%)

Δh
(KJ/g)

PA100 1293 ± 39 - 413 ± 2 32.4 ± 0.1 - 3.2 ± 0.3 33.6 ± 0.4
PA80-AP20 1108 ± 92 14 382 ± 3 29.3 ± 0.4 10 11.4 ± 0.0 33.0 ± 0.4
PA80-KL20 442 ± 5 66 451 ± 2 28.3 ± 0.1 13 11.0 ± 0.2 31.7 ± 0.1

PA80-KL05-AP15 993 ± 30 23 380 ± 1 27.9 ± 0.2 14 14.4 ± 0.4 32.6 ± 0.4
PA80-KL07-AP13 908 ± 47 30 379 ± 0 26.8 ± 0.5 17 13.9 ± 0.1 31.1 ± 0.6
PA80-KL10-AP10 924 ± 19 29 383 ± 2 26.9 ± 0.9 17 12.1 ± 0.3 30.5 ± 0.4

Figure 6. Curves of heat release rate (HRR) from PCFC experiments for PA blends with AP and KL.

Among the PA blends with KL and/or AP, the PA80-KL20 blend presents the best behavior
combustion since the pHRR is decreased by 66% and shifted by around +40 ◦C in comparison of
raw PA. The PCFC results for PA80-KL20 blend are correlated to the fact that the thermal degradation
with 20% of KL is delayed, and slowed down compared to raw PA. However, the residue content for
the PA80-KL20 blend remains quite low, and so the total heat released of PA80-KL20 is only slightly
decreased (13%) compared to the THR of raw PA. The decrease of the Δh for PA80-KL20 blend (31.7 kJ/g)
is limited (33.6 kJ/g for raw PA) and can be assigned to the replacement of a fraction of PA by KL
having a low heat of combustion (around 10 kJ/g) [30]. Given PCFC results, the PA80-AP20 shows
the lowest improvement of flame retardant effect. The HRR peak, the THR and the Δh of PA80-AP20

are closed to the raw PA values. Moreover, since PA80-AP20 has lower thermal stability than PA,
the pHRR for PA80-AP20 is 30 ◦C below. The PCFC results for the three ternary blends are slightly
better than for PA80-AP20 blend. Once again, residue content is slightly enhanced compared to binary
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blends. Therefore THR is reduced. Nevertheless, the destabilization due to AP leads to a pHRR at low
temperature (around 30 ◦C below than that of PA, and the pHRR remains very high even if it is slightly
reduced compared to raw PA and PA80-AP20.

4. Conclusions

The thermogravimetric analyses of the kraft lignin/ammonium polyphosphate powder mixtures,
respectively charring agent and acidic source for potential flame retardant intumescent formulation
point out noticeable interactions between both components whatever the ratio of the mixture.
However, the KL-AP ratio influences these interactions. The curves of residual mass loss
difference for KL-AP powder blends reveal a positive interaction between around 300 and 500 ◦C.
However, unlike the KL25-AP75 and KL33-AP67 mixtures, only the KL50-AP50 mixture which has
the highest residue at 800 ◦C keeps a positive interaction above 600 ◦C. The influence of KL-AP ratio on
the thermal decomposition of the PA-KL-AP blends is low. The thermal degradations of the different
ternary blends are similar and close to the decomposition of the PA-AP blend. AP finally dominates
the degradation of the ternary blends. On the other hand, the presence of 20% of KL alone in PA has
a positive effect on the thermal degradation with a delay in the main PA degradation step. The analyze
of the fire behavior for the different PA blends by PCFC indicates that the fire retardant capacity of
the ternary blends is intermediate considering the peak of HRR between these of the PA-AP and PA-KL
blends. If the PA-KL blend shows the smallest peak of HRR, it is probably due mainly to the low
combustion heat of the lignin. The KL-PA blend also presents the worst result with UL94 flammability
test and, contrary to the PCFC test where the fire retardant effect by intumescence are not favored,
the ternary blends present the best results even if they still V2 ranking due to creep phenomenon.
For this test, the KL-AP ratio seems to have of influence since the formation of an efficiently expanded
char is observed only for the PA80-KL05-AP15 and PA80-KL07-AP13 blends. In the case of PA80-KL10-AP10

blend, the flame behavior becomes more similar to the PA80-KL20 blend. Even if interactions between AP
and KL exist, once both components are dispersed in PA, these interactions develop less. That is why
the ternary blends do not present synergy on fire retardant aspect. Nevertheless, the ratio KL-AP
affects the PA fire behavior, and given all the results, the PA80-KL07-AP13 blend seems to have the best
fire retardant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/7/1146/
s1, Table S1: Melting Flow Index for PA and its blends.
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Abstract: The present study investigates the effect of using lignin at nanoscale as new flame-retardant
additive for polylactide (PLA). Lignin nanoparticles (LNP) were prepared from Kraft lignin
microparticles (LMP) through a dissolution-precipitation process. Both micro and nano lignins
were functionalized using diethyl chlorophosphate (LMP-diEtP and LNP-diEtP, respectively) and
diethyl (2-(triethoxysilyl)ethyl) phosphonate (LMP-SiP and LNP-SiP, respectively) to enhance their
flame-retardant effect in PLA. From the use of inductively coupled plasma (ICP) spectrometry,
it can be considered that a large amount of phosphorus has been grafted onto the nanoparticles.
It has been previously shown that blending lignin with PLA induces degradation of the polymer
matrix. However, phosphorylated lignin nanoparticles seem to limit PLA degradation during melt
processing and the nanocomposites were shown to be relatively thermally stable. Cone calorimeter
tests revealed that the incorporation of untreated lignin, whatever its particle size, induced an increase
in pHRR. Using phosphorylated lignin nanoparticles, especially those treated with diethyl
(2-(triethoxysilyl)ethyl) phosphonate allows this negative effect to be overcome. Moreover, the pHRR
is significantly reduced, even when only 5 wt% LNP-SiP is used.

Keywords: lignin nanoparticles; flame retardancy; polylactide; phosphorylation; biobased materials

1. Introduction

Biobased polymers have expanded significantly during the last decade. Many scientific studies
have shown the ability to develop polymers from renewable resources (such as corn, wheat, sugar
cane, etc.) in order to propose alternatives to fossil-based polymers, notably polylactic acid (PLA) [1,2].
Following the same trend, the development of green additives and fillers rouses more and more
interest in order to reduce the environmental footprint of flame retarded polymers and particularly the
biobased ones.

Studies about the development of fire retardants from biobased materials have been reviewed and
widely discussed [3,4]. For example, the use of modified or unmodified polysaccharides (starch [5],
chitosan [6]), proteins [7], or phenolic biomass [8] has been studied to improve the fire behavior of
polymer materials. Among the phenolic biomass, lignin has been intensely studied [9–11] because of
its abundance and its char forming ability that make it a good candidate for reducing the flammability
of polymeric materials. Lignin can act as flame retardant for isotactic polypropylene at a relatively low
incorporation rate (15 wt%) compared to the amount of fire retardant usually used in polypropylene [12].
Lignin may also be combined with some phosphate compounds and aluminum hydroxide to provide
an increase in the thermal degradation temperature, the combustion time and the amount of residue
from combustion of polypropylene. The compatibilization of lignin in acrylonitrile butadiene styrene
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has been investigated [13]. It has been shown that the incorporation of lignin can reduce the peak
of heat release rate (pHRR), total heat release (THR), and mass loss rate during the combustion of
acrylonitrile-butadiene styrene. The use of organosolv and Kraft lignins in PLA has been compared
and the results demonstrated that blends properties depend on the nature of lignin employed [14].
Both lignins reduced the pHRR and the THR during cone calorimeter test owing to the formation of
an insulating char layer at the surface of the sample during combustion. However, a decrease of the
time to ignition (TTI) and the thermal stability of PLA was also observed.

At the same time, nano-technologies have allowed the improvement of the fire behavior of polymers
owing to several processes such as the modification of the degradation pathway of the polymeric
matrix as well as the modification of the rheological behavior. The thermal stability and flammability
of poly(methyl methacrylate) (PMMA) containing organo-modified montmorillonite (OMMT) and
metal oxide nanoparticles or both have been examined [15]. Thermal stability and flammability were
improved with increasing amounts of oxide nanoparticles. The combination of oxide nanoparticles
and organoclays induced a synergistic effect on the thermal stability and the fire performance: TTI was
enhanced and THR was reduced. The combustion behavior of poly(ethylene-co-vinyl acetate) (EVA)
composites containing modified organoclay has been studied and results showed that pHRR reduction
was strongly affected by the nanoclay dispersion state [16]. All these studies highlight the superior
flame-retardant effect of nanoparticles when properly dispersed in the polymeric matrix.

Only a few studies have associated both bio and nano-technologies for the development of
flame retardants additives. The utility of this approach has been demonstrated especially when
nanoparticles are associated with phosphorous compounds in the case of cellulose nanocrystals [17].
Lignin may be potentially appropriate for this approach since lignin nanoparticles can be easily
obtained in different ways: Sonication [18], chemical modification [19], and precipitation [20,21].
However, lignin nanoparticles have never been used as flame retardants for polymeric materials. On
the other hand, chemical functionalization of lignin with phosphorus-based molecules has been shown
as an effective method for enhancing flame-retardant behavior [14,22,23]. Thus, the association of
lignin nanoparticles with surface modification by grafting of phosphorous compounds is expected to
entail a flame-retardant effect that could be effective at low levels of loading.

In this study, lignin nanoparticles (LNP) were prepared from Kraft lignin microparticles (LMP)
by dissolution-precipitation. LMP and LNP were functionalized using diethyl chlorophosphate and
diethyl (2-(triethoxysilyl)ethyl) phosphonate. All these lignins were incorporated into polylactic
acid by melt blending. Thermal properties and fire behavior of the blends were determined using
thermogravimetric analysis (TGA) and cone calorimeter experiments.

2. Materials and Methods

2.1. Materials

PLA resin (3052D) was purchased from NatureWorks (NatureWorks, Minnetonka, MN, USA). Kraft
water soluble lignin with a low sulfonate content, diethyl chlorophosphate, and diethyl (2-(triethoxysilyl)ethyl)
phosphonate were purchased from Sigma-Aldrich (Sigma-Aldrich, St Quentin Fallavier, France). Diethyl
(2-(triethoxysilyl)ethyl) phosphonate was purchased from Specific Polymers (Specific Polymers,
Castries, France). Absolute ethanol, ethylene glycol, and acetone were purchased from PanReac AppliChem
(PanReac AppliChem, Darmstadt, Germany). Hydrochloric acid solution (35%) was purchased from Fisher
Scientific (Fisher Scientific, Illkirch, France).

2.2. Lignin Nanoparticle Preparation

Lignin nanoparticles (LNP) were prepared from Kraft water-soluble lignin microparticles (LMP),
by precipitation from ethylene glycol solution. A 4 wt% solution of lignin in ethylene glycol was
prepared at 30 ◦C under stirring for 2 h. A 0.25M aqueous HCl solution was added at the rate of
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2 drops per minute. After addition, the solution was stirred for another hour. Then, the solution was
dialyzed against ethanol over 4 days in order to provoke non-solvent precipitation of lignin.

2.3. Lignin Treatment

With diethyl chlorophosphate (diEtP) (Figure 1a): 30 g of lignin in 800 mL of acetone were
introduced in a two-necked round-bottom flask equipped with a refrigerant and heated at 60 ◦C.
At reflux, 15 g of diethyl chlorophosphate were slowly added and the mixture was stirred for 5 h. After
cooling, solution was washed 3 times with acetone by centrifugation. Functionalized LMP and LNP
were noted LMP-diEtP and LNP-diEtP.

Figure 1. Schematic representation of lignin modification route used for grafting di-EtP (a) and SiP (b).

With diethyl (2-(triethoxysilyl) ethyl) phosphonate (SiP) (Figure 1b): a mixture of 30 g of lignin and
100 mL of acetone were introduced in 500 mL one neck round-bottom flask under mechanical stirring.
15 g of silane agent was slowly introduced. The mixture was stirred over 2 h at room temperature and
first dried under a ventilated hood over 1 day and at 70 ◦C for 1 night. The obtained dry powders
have been washed 3 times with acetone by centrifugation. Functionalized LMP and LNP were noted
LMP-SiP and LNP-SiP, respectively.
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2.4. Composites Preparation

PLA 3052D containing 5 wt% and 10 wt% of the untreated and treated lignin micro and
nano-particles were prepared in a Rheomix 3000 internal mixer from Thermo Fisher Scientific. PLA was
first ground in 2 mm diameter powder and a suspension of lignin particles in acetone was added to
the powder. Acetone was evaporated under a ventilated hood, then the powder mixture was dried
overnight in a ventilated oven at 70 ◦C. Powders were blended in the internal mixer at 170 ◦C, first at
30 rpm during 3 min and then at 70 rpm during 7 min. The obtained composite was ground into 6 mm
diameter pellets. Composite plates of 100 × 100 × 3 mm3 were compression molded from pellets using
a Darragon thermopress at 170 ◦C. First pellets were brought into contact with the heated platens for
4 min, then a 50 bar pressure was applied for 2 min and finally a 100 bar pressure was applied for 2
more min. Plates were cooled in ambient atmosphere.

2.5. Lignin and Composites Characterization

a- Particle Size Analysis

Laser particle size analyzer LS 13 320 from Beckman-Coulter Company was used for determining
particle size distribution of untreated and treated lignin nanoparticles in acetone. Particle size
distribution was obtained by scattering of monochromatic light with a wavelength of 780 nm diffracted
and transmitted through the suspension. Each analysis was at least reproduced 3 times and the
maximum relative standard deviation for the median size was 10%. Quanta 200 FEG Scanning Electron
Microscope (SEM) from FEI Company (FEI, Northeast Dawson, Hillsboro, OR, USA) was also used
for investigating the lignin particles shape under high vacuum at a voltage of 12.5 kV and a working
distance between 8.2 mm and 10.6 mm.

b- Phosphorus Content

Phosphorus content in functionalized lignins was determined using an Activa M Inductively
Coupled Plasma (ICP) spectrometer from Horiba Jobin Yvon (HORIBA FRANCE SAS, Montpellier,
France). In a first step, the organic matrix was decomposed by a mineralization process using HNO3

and H2SO4 solutions, followed by microwaves irradiation using a Milestone 1200-Mega from Gemini
BV (Gemini BV, Apeldoorn, the Netherlands). A calibration curve was used to determine the exact
amount of phosphorus in the samples.

c- Thermal Degradation

Thermal degradation of lignins and composites was studied by thermogravimetric analysis (TGA).
Dried lignins samples and composites were submitted to a temperature ramp from 70 ◦C to 700 ◦C at
a heating rate of 10 ◦C/min. TGA were performed under both air and nitrogen flow of 100 mL/min using
a Setsys Evolution device from Setaram Instrumentation. 5%, 10%, and 50% weight loss temperatures
(respectively T5%, T10%, and T50%) and char yield at 650 ◦C were determined.

d- Fire Properties

The fire behavior of the different composites was studied using a cone calorimeter from Fire
Testing Technology. Samples of 100 × 100 × 3 mm3 were exposed to a 35 kW.m−2 radiant heat flux,
corresponding to common heat flux in a mild fire scenario. Heat Release Rate (HRR) was measured as
a function of time and Time To Ignition (TTI) and peak of Heat Release Rate (pHRR) were determined.
For each sample, at least 2 tests were performed.

e- Degradation of PLA During Melt Processing

PLA thermal degradation during melt processing was investigated using a Steric Exclusion
Chromatography (SEC) analysis. Samples were dissolved in chloroform (2 mg.mL−1) and filtered
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through a 0.2 μm filter. The molecular weight distributions were determined in CHCl3 at 23 ◦C using
an Agilent size exclusion chromatograph equipped with a Knauer 2320 refractometer index detector
and two PLGel columns (MIXED-D and 103 A). 20 μL of the sample solutions were injected into the
columns using a flow rate of 1 mL/min. Monodisperse polystyrene standards (Polymer Laboratories
Ltd., Church Stretton, UK) were used for the primary calibration. The number average molecular
weight (Mn) was determined.

3. Results

3.1. Lignin Particles Structural and Thermal Properties

3.1.1. Unmodified Lignin

First, the process of the lignin nanoparticles preparation was assessed. SEM observations
(Figure 2) and particle size analyses (Figure 3) were used to evaluate the evolution of both particles
size and their shape. It is important to notice that these analyses were performed on dry powders.
Both laser particles size analyses and SEM observations evidenced that the original Kraft lignin
contains microparticles with diameter ranging from 5 μm up to some hundred microns. Particles
obtained using the dissolution-precipitation process exhibit different aspects. In fact, SEM micrographs
highlight an important change of the powder morphology (Figure 2) that seems more like a porous and
spongy material composed of the aggregation of small nanoparticles. Determination of particle size
distribution supports this observation and shows an important change of the grain-size distribution
curve that highlights the formation of very small nanoparticles with a d50 and d90 of only 80 nm and
160 nm, respectively.

Thermogravimetric analyses (TGA) were performed under both air and nitrogen to evaluate the
effect of lignin particle size on its thermal stability (Figure 4). The thermal degradation of lignin is
widely described in the literature [24]. Its decomposition starts by a water release followed by the first
decomposition step (230–260 ◦C) that leads to the formation of low molecular weight products due to
propanoid side chain cleavage. The main decomposition step occurs at higher temperature (250–450 ◦C)
and leads to the production of a large quantity of methane due to the cleavage of lignin main chain
and followed (above 500 ◦C) by several rearrangements and condensation reactions of the aromatic
structure that leads to the formation of char structures, which decompose above 650 ◦C. This char is
thermally stable only under anaerobic condition and decomposes totally in the presence of oxygen.
TGA curves, under air and under nitrogen of LMP particles (Figure 4) follow the general decomposition
steps described above and only the decomposition step occurring above 800 ◦C, corresponding to the
thermo-oxidative decomposition of the char is affected by the nature of the atmosphere. In contrast,
it is interesting to notice that the reduction of particle size strongly affect lignin thermo-oxidative
degradation. Under air, the weight loss recorded above 350 ◦C is significantly more important in the
case of LNP, while under pyrolytic conditions, only a slight difference between the curves of LMP and
LNP was observed above 350 ◦C. This difference could not be attributed to lignin chemical structure
since both particles were obtained from the same original kraft lignin and only particle size changed.
The presence of oxygen played an important role for promoting this degradation. As LNP sample
was composed of a porous material (aggregates of nanoparticles), the oxygen diffusion through this
material during TGA is expected to be easier with respect to more compact micronic LMP particles.
LMP were thus less exposed to oxygen since they present a lower specific surface area.
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Figure 2. SEM micrographs of untreated and treated lignin microparticles (LMP) and lignin nanoparticles
(LNP).
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Figure 3. Number particle size distribution for LMP, LNP, and LNP-diEtP determined by laser particle
size analyses in acetone.

Figure 4. TGA curves, under air and nitrogen for LMP and LNP (10 ◦C/min).

3.1.2. Phosphorylated Lignin

The phosphorylation process is mainly used to increase the char stability during lignin aerobic
thermal degradation and thus enhances the flame-retardant effect of lignin. First of all, the amount
of grafted phosphorus with both diethyl chlorophosphate and diethyl (2-(triethoxysilyl) ethyl)
phosphonate has been determined. ICP analyses (Table 1) highlight that, whatever the nature of
grafting agent, phosphorus content is always higher when lignin nanoparticles are used, and the highest
phosphorus content was obtained when lignin nanoparticles are treated with diethyl (2-(triethoxysilyl)
ethyl) phosphonate (3.2%). Using multifunctional silyl-based phosphonate enables obtaining higher
P content. This result was expected since diethyl chlorophosphate is able to react with only one
lignin hydroxyl group. In contrast, SiP could establish 3 bonds with 3 hydroxyl groups provided
by lignin or by self-condensation. However, it is important to notice that P content obtained is very
low (only 0.1 wt%) when SiP is used with LMP. This result reflects the competition between grafting
reaction on lignin and self-condensation. In fact, if only a few hydroxyl groups are present on the
surface of lignin particles, the self-condensation between SiP molecules will consume the main part
of the reactive functions of the modifying agent at the expense of grafting reactions. This result also
highlights that the following cleaning procedure enables the elimination of ungrafted molecules.
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Table 1. Phosphorus content determined by ICP of the different treated lignin particles.

Sample Phosphorus Content (wt%)

LMP-diEtP 0.35 ± 0.02

LNP-diEtP 0.67 ± 0.02

LMP-SiP 0.1 ± 0.02

LNP-SiP 3.2 ± 0.02

However, grafting SiP induces some changes on the lignin particles structural and thermal
properties. Firstly, in contrast to diEtP that does not affect lignin particle size, using SiP induces
a significant increase in lignin particle size. Indeed, Figure 3 shows that lignin nanoparticles modified
with diethyl chlorophosphate exhibit similar size compared to unmodified nanoparticles, while the
size of lignin nanoparticles increases from 83 nm (d50) and 150 nm (d90) for LNP to 545 nm (d50) and
10 μm (d90) for LNP-SiP. The increase of lignin particle size observed in the case of LNP treated with
SiP results from self-condensation of SiP as well as from the coupling of different nanoparticles due to
the multifunctional reactivity of SiP. Such behavior has also been observed in the literature and resulted
in an increase of lignin molecular weight [17] and lignin particle size [19]. SEM observations performed
on dry LNP-SiP (Figure 2) support this result since the morphology of LNP-SiP particles changes and
aggregates formed from small particles are evidenced. Moreover, EDX analysis of these aggregates
reveals the presence of high concentrations of Si and P. It is important to notice that PLA / lignin
nanocomposites were prepared by mixing PLA powders with a suspension of lignin nanoparticles
into acetone in order to avoid the aggregation of lignin nanoparticles during the drying process.
Hence, particle size analyses carried out in acetone provide a more accurate information upon the
particle size and the particle size determined from SEM images is strongly dependent on the drying
process that induces particle aggregation.

All these observations enable us to propose the following schematic representation of LNP-SiP
(Figure 5) that explains the origin of the high P content as well as the significant increase of particles
size in the case of LNP modified with SiP.

Figure 5. Schematic representation of LNP-SiP particles.

The effect of lignin phosphorylation on its thermal stability has been also evaluated using TGA
analysis (Figure 6). The phosphorylation process of lignin is designed to increase the thermo-oxidative
resistance of the char but mainly this reaction induces its premature thermal decomposition [10]. In our
case, TGA analysis performed under nitrogen does not show any effect of the phosphorylation process
on either the thermal stability or the amount of the final residue.
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Figure 6. TGA curves of untreated and phosphorylated lignin particles (under air and nitrogen, 10 ◦C/min).

On the contrary, under air, the presence of phosphorus induces important changes in TGA curves
(Figure 6) and the thermal behavior of modified lignins is significantly affected by the nature of the
phosphorous agent used. In the case of lignin treated with diEtP, a significant reduction of the thermal
stability of both modified lignin particles was observed above 400 ◦C. Instead of the plateau observed
between 400 ◦C and 700 ◦C for both unmodified lignin particles, which corresponds to the formation
of thermally stable char residues, the weight loss still occurs gradually above 400 ◦C in the case of
LMP-diEtP and LNP-diEtP. It is worth to mention that the final residues at 700 ◦C are lower in the
case of treated lignins, whatever their particle size. The effect of phosphorus is surprising since it was
expected to act as a char promoter and not to induce char degradation. In the presence of SiP agent,
the thermal behavior of treated and untreated LMP particles is not significantly affected. This result is
due to the low content of grafted SiP. However, in the case of LNP, the effect of surface modification
is more significant, and an important enhancement of the char thermal stability is observed above
400 ◦C. In fact, the degradation of the char previously observed with diEtP is strongly limited and the
phosphorous agent acts mainly as a stabilizing agent. The amount of the final char at 700 ◦C is slightly
higher for SiP treated LNP, but not in the case of treated microparticles.

3.2. Composites Thermal Degradation and Fire Behavior

It has been proven that lignin could be advantageously used to improve the char formation
during the combustion of polymeric matrices [13,14,17]. However, all works reported in literature
studied the effect of lignin microparticles and none of them concerned the effect of lignin nanoparticles.
At least 20 wt% of lignin was considered, in order to significantly improve the composite fire behavior.
Using lignin at nanoscale is expected to enable reducing its incorporation rate, while maintaining
its flame-retardant effect owing to “the nano” effect [25]. In fact, generally speaking, nanoparticles,
when correctly dispersed, are well known to reduce pHRR during cone calorimeter test.

3.2.1. Effect of Untreated Lignin Content and Particle Size

First, we investigated the effect of lignin particle size on PLA degradation during melt processing,
thermal stability by TGA and fire properties using cone calorimeter test. Both lignin micro and

89



Materials 2019, 12, 2132

nano-particles were incorporated in PLA by melt mixing at different contents (5 and 10 wt%).
SEM observation in Figure 7 evidences a rather good LNP dispersion since different nanoparticles of
about 100 nm are observed as well as some aggregates of about 5 μm.

 
Figure 7. SEM image of PLA containing 5wt% LNP (White dots represent LNP).

It has been reported in a previous work [17] that the incorporation of lignin into PLA presents some
drawbacks: PLA degradation occurs during melt processing due to the presence of some degradant groups
such as phenolic and carboxylic functions, as well as sulfur groups present at the surface of lignin particles.

Thus, the effect of the incorporation of both lignins (nanoparticles and microparticles) on the
thermal degradation of PLA during melt processing was first studied to evaluate whether the
incorporation of very small lignin particles, which are supposed to exhibit higher specific surface area
(1 m2/g for LMP and around 70 m2/g for LNP theoretically), induces higher degradation with respect
to lignin microparticles. Figure 8 and Table 2 shows the evolution of the number average molecular
weight (Mn) of processed PLA containing different lignin contents. The results indicate that increasing
lignin content, whatever the particle size, induces significant reduction of Mn. The incorporation of
10 wt% lignin particles induces a reduction of about 50% of PLA molecular weight that decreases
from 80,000 g/mol to 40,000 g/mol. Using 20 wt% LMP or LNP induces further reduction of Mn up
to 20,000 g/mol. The PLA composite presenting such a low molecular weight will exhibit very low
mechanical properties. To overcome this limitation, it is important to reduce the lignin content.

Figure 8. Effect of lignin size and content on the evolution of the number average molecular weight of
processed PLA.

Increasing lignin content, whatever the particle size, also induces an important reduction of PLA
thermal stability during TGA analysis under nitrogen (Figure 9). Using lignin nanoparticles does not
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induce further degradation and the TGA curve of the composite containing 20 wt% lignin remains
slightly similar whatever the particle size. Similar reduction of PLA thermal stability in the presence
of lignin has been also evidenced for PLA containing 20 wt% lignin [14,26] and was attributed to
the action of degradant lignin phenolic hydroxyl and carboxylic groups. Using lignin nanoparticles,
that present higher surface area does not induce any further reduction of PLA thermal stability with
respect to microparticles, since PLA degradation is induced by degradant groups formed during lignin
thermal decomposition and not by those present at the surface. The latter are only effective at low
temperature and mainly induce PLA degradation during melt processing.

Figure 9. Effect of lignin size and content of PLA thermal stability during TGA under nitrogen.

The incorporation of untreated lignins entails some modifications of the fire behavior of PLA
assessed using cone calorimeter test at 35 kW/m2. Figure 10 shows pHRR curves of PLA containing
different lignin contents and Figure 11 summarizes these results. In fact, both LMP and LNP induce
important reduction of the resistance to ignition of PLA. Reduction of TTI in the presence of lignin has
already been reported in the literature about PLA [26], PBS [22], and ABS [23]. It was attributed to several
factors such as polymer thermal degradation, modification of composites emissivity, heat absorption
and thermal conductivity. However, the reduction of PLA composites resistance to ignition is higher
in the presence of nanoparticles and therefore lower TTI are observed (Figure 11). Using lignin
nanoparticle thus induces important changes in physical and physico-chemical properties of the
composite that significantly affects the composites resistance to ignition. The reason behind this effect is
not clearly established but may be induced by an increase of nanocomposite heat absorption that could
promote a quicker heating and the rapid formation of combustible volatile products. Further studies
are needed for a better understanding of this effect.

Moreover, the incorporation of lignin particles, whatever their size, does not induce any significant
reduction of pHRR except the composition containing 20 wt% LMP that only presents however a slight
reduction of about 10%. In addition, using reduced lignin content does not present any pHRR reduction.
Using such a low lignin content (5 wt%) is not enough to promote the formation of a continuous
protective layer and only an ‘islands-in-the-sea’ structure is generated.
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Figure 10. HRR curves of PLA containing different LMP and LNP content.

Figure 11. Evolution of time to ignition (TTI) and pHRR variation of PLA containing 5; 10; 15 and
20 wt% LMP and LNP.

The amount of the final char left after cone calorimeter test is mainly affected by lignin particle
size (Figure 12). Using lignin nanoparticles induces the formation of lower char residue at the end of
the test because of some incandescence phenomena that induce char degradation after the flame out.

Fire testing results clearly indicate that no superior effect was obtained using untreated lignin
nanoparticles. Performances remain similar to those obtained with microparticles.

Figure 12. Effect of lignin size and content on the amount of char residue formed during cone calorimeter test.
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3.2.2. Effect of Phosphorylated Lignin

The results obtained with untreated lignin nanoparticles did not highlight any superior effect of
LNP with respect to LMP. The other way for taking advantage of lignin nanoparticles is to modify
their surface by phosphorous based compound in order to limit their degradant effect, enhancing the
amount of the char as well as its thermal stability for developing nanocomposites presenting high
molecular weight and improved fire performance. With this view, untreated and phosphorylated lignin
micro and nano particles were incorporated into PLA at reduced content (5 and 10 wt%). Their effect
on PLA degradation, its thermal stability and fire behavior were studied.

Phosphorylation of lignin nanoparticles doesn’t enable significant increase of PLA thermal stability
during melt processing. In fact, PLA molecular weights remain similar to those obtained with untreated
LMP and LNP. Some changes are observed but do not demonstrate a significant effect and the Mn
remains lower to 55,000 g/mol, while PLA containing 10 wt% untreated lignin microparticles and
nanoparticles present Mn around 40,000 g/mol. The effect resulting from the presence of LNP-SiP is
a little bit disappointing regarding the presence of a significant amount of non-degradant SiP groups
at the surface of lignin. The number of average molecular weight of PLA composites containing
LNP-SiP and LMP-SiP are very similar to those obtained with untreated LNP and LMP, respectively.
The presence of SiP seems to not affect PLA thermal degradation during melt processing.

Table 2. Number average molecular weight of processed PLA and PLA composites.

Mn (g/mol)

PLA 80,000

10 wt% LMP 36,000

10 wt% LNP 39,000

10 wt% LMP-diEtP 33,000

10 wt% LNP-diEtP 55,000

10 wt% LMP-SiP 30,000

10 wt% LNP-SiP 40,000

SEC analysis enables determining the degradant effect of additives on PLA during melt processing
at 170 ◦C while TGA analysis gives information on composites thermal stability at higher temperatures.
TGA tests were run on dried samples, with a ramp of temperature from 100 ◦C to 700 ◦C. From these
analyses, temperatures corresponding to 5% weight loss (T5%), 10% weight loss (T10%), 50% weight
loss (T50%), as well as the value of the final char at 650 ◦C, were determined. TGA curves are presented
in Figure 13 and data summarized in Table 3.

The addition of untreated lignin, whatever its particle size, induced an important reduction of
PLA thermal stability for all compositions. T5% and T10% were reduced, respectively, from 333 ◦C and
340 ◦C for neat PLA to below 290 ◦C and 300 ◦C in the presence of lignin particles. Following the
same trend, T50% was decreased from 360 ◦C to below 326 ◦C. Figure 14 shows that some correlation
exists between T5% and PLA chain molecular weight. The more Mn was reduced and the lower was
T5%. This observation has already been reported in the literature [14]. As previously mentioned, this
could be attributed to the degradant effect of some moieties present at the lignin surface and seems to
indicate that the thermal degradation occurring during melt processing continued to occur at higher
temperature during TGA experiments. Another hypothesis could be that thermal stability of PLA
depends on the molecular weight of its macromolecules [27]. It means that shorter polymer chains
would be more easily thermally degraded than larger polymer chains. It is worth mentioning that the
use of nanoparticles did not induce any further degradation since T5% and T10% are similar to those
obtained with 10 wt% LMP. These results showed that lignin particle size did not induce any significant
modification of PLA thermal stability. Moreover, the incorporation of both lignins also induced the

93



Materials 2019, 12, 2132

formation of some char during thermal decomposition under both air and nitrogen. However, this char
was only thermally stable under anaerobic conditions. In fact, under air, almost no residue (maximum
1.3%) was left at the end of the test. At similar incorporation content, LMP enabled obtaining higher
char yield than LNP. This could be due to the volatilization of a part of lignin nanoparticles with the
degradation product. Moreover, under nitrogen, experimental char yields of the composites filled with
LMP were higher than theoretical ones. This result evidences the protective effect of lignin that, owing
to its char forming ability, avoids total PLA degradation, leading to a higher residue. With respect to
untreated lignins, the incorporation of chemically treated lignin particles into PLA entailed different
changes on composites thermal stability. While the presence of phosphorylated microparticles induced
the early degradation of PLA under nitrogen, the incorporation of LNP-SiP nanoparticles enabled
maintaining the thermal stability of PLA since the nanocomposite TGA curve was very close to that of
pristine PLA. These results clearly indicate the interest of using phosphorylated nanoparticles instead
of microparticles and especially those treated by SiP. The superior effect of LNP-SiP nanoparticles is
related to their higher phosphorus content.

Figure 13. TGA curves of PLA and PLA composites under nitrogen.
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Figure 14. T5% as function of Mn.

Table 3. TGA results of neat PLA and related composites under nitrogen (10 ◦C/min).

T5% (◦C) T10% (◦C) T50% (◦C) Residue at 650 ◦C (%)

PLA 333 340 360 0.9

10% LMP 278 285 308 10.8

10% LNP 277 285 313 8.5

10% LMP-diEtP 263 278 294 9.7

10% LNP-diEtP 297 300 325 8.3

10% LMP-SiP 273 282 300 8.8

10% LNP-SiP 315 330 350 5.7

The effect of the incorporation of phosphorylated lignin nanoparticles on the composites fire
behavior was investigated using cone calorimeter tests. As can be seen in Figure 15 and Table 4,
the phosphorylation of lignin nanoparticles using diEtP enables limiting the reduction of TTI observed
when untreated nanoparticles are used. Hence, time to ignition increases from 34 s obtained with
10 wt% LNP to 54 s when LNP-diEtP are used. This is likely due to the increase of the composite
thermal stability due to the grafting of non-degradant diethylphosphate groups on the degradant
hydroxyl groups, as was attested by both SEC and TGA analysis. However, using phosphorylated
lignin with diEtP, whatever its particle size, does not enable any reduction of pHRR that remains at
least similar to that of pristine PLA. The limited flame-retardant effect of these lignins seems to be
mainly governed by the low phosphorus content grafted when diEtP is used.

However, using SiP as grafting agent enables obtaining higher performances with treated lignin
nanoparticles (Figure 16). Hence, the incorporation of 10 wt% LNP-SiP entails an important increase
of time to ignition that reaches 86 s and exceeds thus the time to ignition of pristine PLA. This result
confirms the interest of using LNP-SiP that was shown to maintain the thermal stability of PLA as
noted from TGA analysis. In addition, using 10 wt% LNP-SiP enables a significant reduction of pHRR
of about 18%. This result is very important since this it is the first time that is reported that using so
reduced lignin content (only 10 wt%) enables such significant flame-retardant effects, i.e., TTI increase
and pHRR reduction. SEM observations and EDX analysis evidence a homogeneous dispersion of
LNP-SiP in the composite (Figure 17). In fact, different EDX analyses were performed at different zones
and most of them evidence the presence of both P and Si. It is important to notice that SEM analyses
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do not evidence the presence of numerous large particles aggregates in the composites, but only few of
them are visible. The major LNP-SiP particles are properly dispersed.

Interestingly enough, the flame retardant effect of LNP-SiP remains effective even at more reduced
content. Indeed, the incorporation of only 5 wt% LNP-SiP (Figure 16) still allows for obtaining high
time to ignition (84 s) and reduced pHRR (−11%). Despite those noticeable effects, the amount of the
final residue is low (1%). This result was assumed to be due to the incandescence phenomenon that
induces char degradation after the flame out.

Figure 15. HRR curves of PLA during cone calorimeter test.

Table 4. Data of cone calorimeter test.

TTI (s) pHRR Variation (%) Char (%)

PLA 68 / 0.1

10% LMP 65 ± 4 +12 ± 2 11.5 ± 0.4

10% LNP 34 ± 2 +5 ± 2 2 ± 0.1

10% LMP-diEtP 67 ± 2 +20 ± 8 8 ± 1.2

10% LNP-diEtP 54 ± 2 −6 ± 1 4.2 ± 1.3

10% LMP SiP 57 ± 4 +20 ± 5 7.3 ± 0.3

10% LNP SiP 86 ± 7 −18 ± 1 2 ± 4

5% LMP-SiP 57 ± 3 + 18 ± 2 4.5 ± 0.2

5% LNP-SiP 84 ± 4 −11 ± 2 1 ± 0.1
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Figure 16. HRR curves of PLA during cone calorimeter test.

Figure 17. SEM observations and EDX analysis of PLA containing 10 wt% LNP-SiP.

4. Conclusions

Lignin nanoparticles were synthesized from Kraft lignin. Both micro and nano lignins were
functionalized with diethyl chlorophosphate and diethyl (2-(triethoxysilyl) ethyl) phosphonate.
Using diethyl (2-(triethoxysilyl) ethyl) phosphonate enables grafting higher P content. Moreover,
highest P content was obtained with lignin nanoparticles (3.2 wt%). While both untreated lignin micro
and nano-particles induce dramatic reduction of PLA thermal stability during TGA analysis, grafting
SiP enables limiting this negative effect and enhancing the composites thermal stability that becomes
very close to that of unfilled PLA. While the other lignin particles do not show any flame-retardant
effect into PLA, the incorporation of LNP-SiP content at relatively low content (10 wt%) into PLA
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enables important increase of time to ignition as well as a reduction of pHRR. Remarkably enough,
this effect is obtained even with the lowest LNP-SiP content (5 wt%). This study reports, for the
first time, the interest of using lignin nanoparticles as flame-retardant agent in polymers. Results
showed that grafting significant P content at the surface of lignin nanoparticles enables their use as
flame-retardant additives, effective even at low incorporation content (5 wt%).
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Abstract: A novel halogen-free flame-retardant formulation was prepared and coated onto cotton
fabrics. The structure of phosphorus compounds in the system was characterized by attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR) and nuclear magnetic resonance
spectroscopy (1H-NMR). Results from the ATR-FTIR spectroscopy, scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDX) analyses presented that the flame retardant
was coated successfully onto a cotton surface. We investigated the thermal stability and fire-retardant
behaviors of cotton fabrics using thermal gravimetric analysis (TGA) and the vertical flame test.
We also discuss the mechanism of flame retardance of coated cotton fabrics.

Keywords: organophosphorus compounds; flame retardant; cotton fabrics; condensed phase

1. Introduction

Cotton fabrics are known as one of the most important natural fibers found in apparel production,
home furnishings, and industrial product applications. This is due to cotton’s excellent properties such
as biodegradability, softness, warmth, and recyclability [1]. However, the high flammability of cotton
fabrics is a consideration in cotton-based productions [1,2]. A proper flame retardant (FR) should be
applied to retard the ignition of the cotton fabrics and/or decrease flame spread [02]. Among the various
technological methods developed by academics to prepare the durable FR finishing of cotton fabrics,
FR coatings have become one of the most convenient, economical, and most efficient ways [3]. Cotton
fabrics are often treated with reactive FR or they are back coated to improve flame retardancy behavior.
For example, silicones [4,5], polyurethanes [6], and polyphosphonate (PEPBP) [7,8] coated onto cotton
surfaces are utilized to provide adequate flame retardancy under adverse environmental conditions.
In addition to polymer matrix-based FR, various active FRs were proposed to impart flame retardancy
to cotton fabrics [9]. Given environmental concerns related to halogen FRs, phosphorus-based FRs are
considered the most promising candidate because of their ecological properties and fire retardance in
both the gas phase and condensed phase [10–12]. The recent researches have found the condensed-phase
effectiveness in the preparation of phosphorus-based FR coatings or back coated for the cotton fabric
process [13–16]. The FR compounds above may also contain phosphorus elements or combinations of
P and N elements for synergistic interaction. The cross-linkable organophosphorus FR system was
introduced into cotton fabrics. From the cotton or cotton/nylon blends treated with commercial FRs,
oligomeric OH terminated methylphosphonate-phosphate has exhibited a highe char residue due to
the catalysis effect of phosphoric acid on the cotton/nylon fabrics for the dehydration of cellulose. The
char length of the treated cotton or treated cotton/nylon blends decreases compared to the length of the
untreated cotton or single-fiber nylon fabrics [17].
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Recently, multifunctional FR monomers containing triazine rings [18,19] were synthesized and
introduced onto the cotton fabrics. Triazine-based and UV-curable flame retardants were also integrated
as alternative durable FRs for cotton fabrics through polymerization under UV radiation [20]. C–O
bonding was formed through active chlorine atoms in the triazine-based FRs owing to the hydroxyl
bonding in the cellulose units. It was found that the durability of flame resistance of cotton fabric that
diminished with triazine-based FRs may be improved significantly after some soaping cycles.

Other phosphorus-based FRs reported in the literature include phosphorus-containing
acrylates, such as methacryloloxyethylorthophosphor tetraethyl diamidate (MPD), pyrovatex,
tri(acryloyloxyethyl) phosphate, and triglycidyl isocyanurate acrylates. Acrylate FRs are introduced
to the substrate through the UV curing or impregnation method. It was found that a chemical
cross-linking reaction occurred between the FRs and cotton matrix, revealing excellent thermal stability
under high-temperature conditions. Moreover, the FR behavior of the treated cotton indicated higher
initial degradation temperature and more char yield compared to that of the neat cotton.

To develop novel phosphorus-containing FRs for cotton fabrics, this study synthesized a new FR
formulation using anhydride methacrylic and bis(hydroxymethyl)phosphinic acid. The formulation’s
structure was characterized using FTIR and 1H NMR analysis. The surface and thermal behaviors of
the treated cotton were characterized using ATR-FTIR, SEM, EDX, and TGA analysis. Furthermore, we
proposed the FR mechanism of the organophosphorus formulation on cotton fabrics by investigating
the chemical structure and elemental compositions of the char residues.

2. Experimental

2.1. Materials

Cotton fabric: 100% scoured and bleached plain-weave cotton fabrics were purchased from
commercial entities in Vietnam with a density of 237 g/m2.

Methacrylic anhydride (MAAH) was purchased from Sigma-Aldrich Co. Munich, Germany.
Benzoyl peroxide (BPO) was purchased from Merck Co. Darmstadt, Germany. Triethylamine (TEA),
acetone, 37% HCl solution, and 25% NH3 solution were purchased from Xilong Chemical Co., shantou,
China. All reagents were used without any further purification.

2.2. Preparation of the Phosphorus Containing Formulation

Bis(hydroxymethyl)phosphinic- methacrylate (PMA) system was synthesized through the two-step
reaction presented in Scheme 1.

Starting bis(hydroxymethyl)phosphinic acid (BHMP) was not commercial, and the authors
prepared it according to the protocol described in Reference [21]. BHMP (10.08 g, 0.08 mol) and
triethylamine (8.08 g, 0.08 mol) were placed into a three neck-round-bottom flask equipped with a
temperature controller, a reflux condenser, and a mechanical stirrer. The temperature of the flask was
maintained at 0−5 ◦C. Methacrylic anhydride (24.64 g, 0.16 mol) was placed in an addition funnel,
and it was added slowly to the flask containing the BHMP solution over an hour. Then, the reaction
mixture was stirred at 40 ◦C for 24 h. A yellowish product was obtained with a yield of 90%.

102



Materials 2020, 13, 54

Scheme 1. Synthesis route of PMA system.

2.3. Fabric Treatment

For irradiation, we used a metal halide lamp (made in China) with a broad-band UV-source.
Blank cotton fabrics were immersed in the acetone solution containing the FR system (as shown in
Table 1) in the presence of 1% BPO at room temperature and then neutralized by ammonia solution
to pH 7–8. After 30 min, the impregnated fabric was removed from the solution, placed on a glass
plate, dried at 90 ◦C for 3 min, and then cured by UV radiation on both sides for 5 min each. After
radiation, the fabric was soaked with water and then sequence impregnated in 0.5% HCl solution and
1% NH3 solution for 3 min. Finally, after washing ten times, each sample was allowed to air dry at
room temperature (30 ◦C) until no weight loss was detected.

Table 1. Formulations, weight gain of samples.

Sample
Composition

FR(g)/Acetone (L)
Weight Gain

after Washing 10 Times (%)

COT-20 380 20.73
COT-25 440 25.70
COT-30 500 30.27

2.4. Measurements

2.4.1. FTIR and 1H-NMR

FTIR spectroscopy was carried out on a Jasco FT/IR 4700, Kyoto, Japan to characterize the structure
of the PMA using a thin KBr disk. The surface functional groups of the samples were investigated by
ATR-FTIR using a diamond crystal at 32 scans (Jasco FT/IR 4700). The measurement was carried out in
the range of 4000–500 cm−1 by 32 scans, where the resolution was 4 cm−1.

The 1H-NMR measurement was recorded on a Bruker AV 500 MHz spectrometer, Ho Chi Minh
City, Vietnam, in DMSO, with tetramethylsilane (TMS) as the reference.

2.4.2. Weight Gain

All cotton fabrics were dried in an oven at 90 ◦C for 30 min, and then weighed quickly. The weight
gain of the treated fabric was obtained using the following equation:

Weight gain (%) = 100 × (W2 −W1)/W1 (1)
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where W1 and W2 represent the weights of the untreated fabrics and treated ones, respectively.

2.4.3. Scanning Electron Microscopy (SEM)

The surface morphology and chemical compositions of the fabric samples were acquired using
SEM (Hitachi S-3000N, Kyoto, Japan) equipped with EDX spectrometers. The specimens has been
coated with a conductive layer.

2.4.4. Vertical Flame Test

The vertical flame test was carried out according to the DIN 53906 standard method [22].
The sample size was 150 mm × 75 mm. Butane gas was selected for the combustion. The flame height
and burning time were about 40 mm and 10 s, respectively. The average flaming time (for both the
after flame and afterglow) of the five test specimens was recorded.

2.4.5. Thermogravimetric Analysis (TGA)

To characterize the thermal properties of the cotton fabrics, we employed thermogravimetric
analysis (Discovery TA Instrument, Kyoto, Japan) under nitrogen and air atmospheres from 30 to
600 ◦C at a heating rate of 10 ◦C /min.

2.4.6. Durability Test

The flame durability test was evaluated using the ISO 105-C10:2006 standard [23]. The laundering
process used a non-ionic surfactant. The temperature of the laundering solution was kept at
approximately 40 ◦C. Each cotton sample was washed ten times continuously.

3. Results and Discussion

3.1. Synthesis of the PMA

A novel FR formulation was prepared using the two-step reaction presented in Scheme 1. Figure 1
shows the FTIR spectrum of the phosphorus-containing formulations. The absorption bands of the
saturation carbon (sp3) were observed at 2988–2900 and 1430 cm−1. The peak at 3363 cm−1 contributed
to the stretching vibration of the –OH group. The peaks at 1720 and 1626 cm−1 corresponded to the
vibration of the C=O and C=C groups, respectively. The peaks at 1168 and 1041 cm−1 could be assigned
to the stretching band of P=O and P–O–C bonding, respectively.

Figure 1. FTIR spectrum of PMA.
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Figure 2 shows the 1H-NMR spectrum of the phosphorus-containing formulation. The chemical
shifts of protons were observed at 1.80−1.86 (s, CH3–C), 3,59 (d, P–CH2–OH), 4.20–4.25 (d, P–CH2–
OC(O)), and 5.60–6.05 (d, CH2=CH–). The observed signals at 4.20 (d) and 4.25 (d), respectively,
corresponded to the chemical shifts of the protons in P–CH2 in the BMMP. Table 2 shows the peak
assignments of three UV curable monomers (BMMP, HMMP, and MA) indicated in the FR formulation.
The FTIR and 1H–NMR results indicated that the novel FR formulation was prepared successfully, and
it was able to be used as a UV curable FR formulation without further purification.

 
Figure 2. Nuclear magnetic resonance spectroscopy (1H-NMR) spectrum of PMA.

Table 2. Proton signals of components in the FR formulation.

Substance Signal Group

BMMP
+ 1.86 (s) ppm
+ 4.20 (d) ppm

+ 5.66 (s) and 6.02 (s) ppm

C–CH3
P–CH2–OC(O)

C=CH2

HMMP

+ 1.84 (s) ppm
+ 3.59 (d) ppm
+ 4.25 (d) ppm

+ 5.68 (s) and 6.05 (s) ppm

C–CH3
P–CH2–OH

P–CH2–OC(O)
C=CH2

MA + 1.80 (s) ppm
+ 5.94 (s) and 5.56 (s) ppm

C–CH3
C=CH2

3.2. Surface Characterization of the Treated Cotton Fabrics

We investigated the fabric surface properties using ATR-FTIR and SEM image analyses. Figure 3
shows the ATR-FTIR spectrum of untreated (COT) and FR coated cotton fabrics (COT-30). The
results showed that both COT and COT-30 fabrics displayed stretching vibration modes of –OH,
C–H (sp3), and C–O groups in cellulose at 3300, 2950, and 1050 cm−1, respectively. Compared to
the ART-FTIR spectrum of the uncoated COT, two new absorption appearances at 1710 cm−1 and
1546 cm−1 (Figure 3b) were attributed to –COO–CH2–P (ester) and –COO– (carboxylate anion of the
ammonium salt), respectively. These results concealed that the FRs were coated on the cotton surfaces.

The surface morphology structure of untreated and PMA-treated cotton fabrics was also
characterized using SEM analysis. The smooth fabric surface was observed in the SEM image
of the neat cotton fabrics (Figure 4A,A1). Meanwhile, the PMA-treated cotton fabrics displayed rougher
and more intact features with many layers of polymer infiltrating to the cotton fabrics (Figure 4B–D).
We observed that a lot of the PMA polymers covered the fibers in the COT-20, COT-25, and COT-30
fabrics. Denser layers were observed as the loadings of the FR increased.
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Figure 3. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) spectrum of
COT (a) and COT-30 (b).

Figure 4. Scanning electron microscopy (SEM) images of COT (A,A1); COT-20 (B,B1); COT-25 (C,C1);
and COT-30 (D,D1) at ×1000 and ×3000 magnification, respectively.
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To further support the above assertion, the elemental compositions of the untreated and treated
cotton fabrics were analyzed using EDX experiments. Figure 5 shows the EDX results of the COT,
COT-20, COT-25, and COT-30 samples. We found there was limited P content (0.04% only) and low
N content (3.67%) due to the non-cellulose impurities showing in fibers [01] in the COT sample. We
found that changes in the P and N contents were determined from 0.23% to 0.60% and 6.06% to
6.50% as the weight loadings of FRs added increased from 20% to 30%, respectively. The noticeable
increase in the P and N contents of the treated cotton fabrics was revealed compared to that of the
untreated cotton fabrics. Moreover, the P and N contents on the treated cotton fabrics increased with
an increasing PMA concentration in the finishing solution. From Figure 6, the data from the P and N
element mapping images of the treated cotton fabrics showed that the P and N elements were almost
uniformly distributed in all the treated cotton fabrics. The higher the weight loadings of the FR, the
denser the density of distribution. Despite all the PMA-treated cotton fabrics being washed ten times
with the soaping solution, the FRs were still retained on the cotton layers in all the PMA-treated cotton
fabrics. Therefore, we concluded from these findings that the FR formulation was coated onto the
surface of the cotton fabrics.

Figure 5. EDX results of COT (a), COT-20 (b), COT-25 (c), and COT-30 (d).

Figure 6. Mapping of the P and N elements in COT-20 (a), COT-25 (b), and COT-30 (c).
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3.3. Flame Retardant Performance

We investigated the flame retarding performances of the treated cotton fabrics using the vertical
flame test. Following DIN 53906, we recorded the average times for both the after flame and afterglow
of each of the five test samples. The flammability results of the cotton fabrics and images taken after
the vertical burning tests are shown in Table 3. The neat cotton fabrics were natural to burn and were
almost destroyed without any char residues remaining. The COT sample burned out violently with
after flame and afterglow times of 18 s and 14 s, respectively. On the contrary, the COT-A fabrics
without phosphorous-containing FRs behaved as highly flammable fabrics, and no char residues
were obtained after the combustion. However, a very thin and light char was formed during the
COT-A combustion. This showed that ammonium carboxylate decomposition generated ammonia
gas and carboxylic acid groups during the flaming. These carboxylic acid groups accelerated the
dehydration of the cotton fabrics. We observed that increasingly dehydrated cotton formed thermally
stable carbon-rich residues. The ammoniac release gas might dilute the vapor phase gas on the cotton
surface. On the other hand, this diluted vapor phase gas partially retarded the complete degradation
of the cotton into CO2 and H2O, though negligible [24].

Table 3. The test residue and vertical flame test results of the neat cotton and treated cotton fabrics.

Sample COT COT-20 COT-25 COT-30 COT-A

 
 

 
 

 

After flame time (s) 18 25 0 0 18
After glow time (s) 14 0 0 0 5
Char length (mm) 150 150 100 90 150

DIN 53906 Fail Fail Pass Pass Fail

Table 3 shows that the inflammability behaviors of the treated cotton fabrics were enhanced as
more FRs were added. We noted that both the after time and afterglow times of the coated COT-fabrics
were achieved at lower values compared to the values of the neat cotton or COT-A. Both COT-25
and COT-30 fabrics showed self-extinguishing with no after time and afterglow time observed after
applying the 10 s burning test. In particular, both COT-25 and COT-30 fabrics exhibited char length
lower than 150 mm, thereby passing the DIN 53906 standard for both COT-25 and COT-30 fabrics.
Meanwhile, the higher after flame time of COT-20 compared to that of neat cotton was 25 s, while the
afterglow time of the COT-20 fabrics was zero. This result indicated that the char formed from COT-20
burning was thermally stable. Since the char length reached over 150 mm, the COT-20 sample did not
pass the DIN 53906 standard. It is considered that the char forming ability of UV curable BMMP and
HMMP FRs were responsible for the improvement in flame retardancy on the cotton fabrics.

To understand the flame retardancy behaviors of the UV curable FRs, we investigated the thermal
stabilities of the neat cotton, coated cotton fabrics, and PMA homopolymer using TGA analysis. All
the TGA curves and thermal analysis data of the samples carried out under both nitrogen and oxygen
atmosphere are shown in Figure 7, Figure 8, and Table 4, respectively. All TGA curves exhibited at
least two main stages as the temperature increased from 50 ◦C to 600 ◦C with a heating rate of 10 ◦C
/min. The 5 wt% of weight loss around 100−120 ◦C for all samples in the first stage corresponded
to the evaporation of water due to moisture absorption. The primary decomposition stage with the
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highest-rated and highest weight loss (87%) at 330–400 ◦C was attributed to hydration and further
cellulose degradation in the cotton [25]. For the FR coated cotton fabrics, we observed the same
thermal degradation at a similar temperature range (260–350 ◦C) even though the weight loss was
not significant (45–50%) compared to that of the neat cotton fabrics. The degradation appearing at
lower temperatures (about 260 ◦C for FR coated COT samples and 300 ◦C for PMA homopolymer)
was related to the formation of phosphoric acid derivatives from the decomposition of the FR, the
cleavage of the aliphatic fraction, and the cellulose dehydration of the cotton fabrics [25]. The gradual
degradation of both the FR coated cotton samples and PMA homopolymer appearing at 340–430 ◦C
was related to network formation through the esterification of phosphinic acids. A large amount of
charred residue was observed for all the FR coated cottons (about 27.0, 27.8, 30.1, and 35.2% in PMA
homopolymer, COT-20, COT-25, and COT-30, respectively), while very little char (7.1%) was recorded
in the neat cotton (Figure 7). Another noticeable thing was that all TGA curves of the samples in an
oxygen atmosphere showed the same degradation behavior beyond 300 ◦C compared to the curves in
the nitrogen atmosphere (Figure 9). However, a lower amount of char residues in the oxygen gas was
obtained at 600 ◦C for both the neat cotton fabrics and FR coated cotton fabrics compared to the residues
in the nitrogen medium. That is, 0.2 % for the COT and COT-A, and about 27.0, 27.8, 30.1, and 35.2% in
PMA homopolymer, COT-20, COT-25, and COT-30, respectively. The lower amount resulted from these
char residues being partially volatilized because of the further oxidation. With little char residue during
the COT-A combustion, polymethacrylic coated cotton fabrics showed no contribution to enhancing
the thermal stability behavior of the cotton fabrics. On the contrary, the formation of significant
char residues through the further reaction of cotton with the phosphorus-containing FRs (COT-20,
COT-25, and COT-30) was responsible for the flame inhibition action. Therefore, we concluded that
the compound containing phosphinic moiety played a role in the efficient char-forming FR of cotton
fabrics in the condensed phase. However, its initial degradation occurred at quite lower temperatures.

Table 4. Thermogravimetric analysis data of the samples.

Sample Nitrogen Oxygen

Onset (◦C) wt% of Char at 600◦C Onset (◦C) wt% of Char at 600◦C
PMA 320 30.0 316 35.4
COT 343 7.1 331 0.2

COT-20 299 27.8 299 8.7
COT-25 294 30.1 293 12.4
COT-30 283 35.2 285 14.1
COT-A 326 8.0 310 0.1
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(a) 

(b) 

Figure 7. TGA (a) and DTG (b) curves of the neat cotton and treated cotton fabrics in a
nitrogen atmosphere.
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(a) 

(b) 

Figure 8. TGA (a) and DTG (b) curves of the neat cotton and treated cotton in an oxygen atmosphere.

 
Figure 9. TGA curves of COT-30 in a nitrogen (a) and oxygen (b) atmosphere.
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To fortify for the above assertion, the charred fabrics were characterized by ATR-FTIR, SEM,
and EDX analyses. Comparison of the ATR-FTIR spectra of COT-30 (a) and COT-30-char at 600 oC
(b) (Figure 10) revealed that the formation of unsaturated carbon–carbon bonds and the phosphorus
containing charred residues occurred at elevated temperatures. The disappearance of the vibration
at 2950 cm−1 during heating confirmed the loss of –CH2– groups. The formation of a new peak at
around 1689 and 1575 cm−1, corresponding to the vibration modes of C=C bonds in the aromatic group,
indicated the formation of graphite [26]. Moreover, the significant peak at 1193 cm−1 (medium) was
assigned to the vibration of P=O bonds in the phosphate moieties. Therefore, we concluded from these
findings that phosphorylated cellulose occurred under thermal degradation to promote thermally
stable residue formation. Similar findings were concluded by Gaan et al. [27] for the actions of various
phosphonate derivatives on cotton fabrics.

Figure 10. ATR-FTIR spectra of COT-30 (a) and COT-30-char (b).

We also consolidated other evidence from the EDX analysis and SEM images of char residues of
COT-20, COT-25, and COT-30. SEM images of the surface morphology of char residues (Figure 11)
displayed the morphology of the cotton coated with different FRs loadings. Extremely thin char fibers
were obtained for all samples. The pieces of cotton covered with lower FR loadings tended to produce
fiber clusters and became fiber chars (Figure 11A). The fiber clusters moved closer, and the fiber char
became bigger with higher FR loadings (Figure 11B). The addition of FR to cotton fabrics resulted in
increased fiber chars. The most abundant fibers arranged close together were found in the char fibers
of COT-30 (Figure 11C). Figure 11A2,B2,C2 show that the size of the char fibers increased when the
loadings of the FR coated on the cotton increased.
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Figure 11. SEM images of char residues of COT-20 (A,A1,A2); COT-25 (B,B1,B2); and COT-30 (C,C1,C2).

Moreover, all EDX results presented in Figure 12 show that the char residues had very high carbon
contents. We believed that the structure of the char fiber was mainly carbon backbone retained by the
FRs. Additionally, the P contents in the treated fabrics before and after burning were also considered
(Figure 13). We found that the P contents in the char residues were higher than the unburned fabric.
Furthermore, the distribution of P elements became denser, and the density of P elements in the char
residue increased dramatically with the increase in FR loadings (Figure 14) compared to the cotton
fabrics without heating treatment.

Figure 12. Energy-dispersive X-ray spectroscopy (EDX) results of the char residue of COT-20 (a),
COT-25 (b), and COT-30 (c).
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Figure 13. P content in the treated fabrics before and after burning.

Figure 14. Mapping of the P element in char residue of COT-20 (A1,A2); COT-25 (B1,B2); COT-30
(C1,C2) before (left) and after (right) burning.
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4. Conclusions

A novel FR formulation was synthesized successfully using a simple process. The precise structure
of FRs also was elucidated by FTIR and 1H-NMR spectroscopy analyses. The results of the ATR-FTIR,
SEM, and EDX study showed that the PMA system monomer was coated onto the surface of the cotton
fabrics. FRs promoted thermally stable char formation. The thick char fibers containing a uniform
distribution of P elements were obtained from the FR coated cotton samples. The thermal stability of
the PMA coated cotton fabrics was significantly enhanced. The PMA system used as a durable flame
retardant exhibited high effectiveness of the condensed phase for cotton fabrics. We observed that the
system passed the DIN 53906 standard with a 25% add-on.
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Abstract: A series of samples based on poly(3-hydroxybutyrate) (PHB) containing five different
additives were prepared and their thermal stability and flammability were discussed. The samples
first underwent flammability screening by using Pyrolysis Combustion Flow Calorimeter (PCFC)
analyses. Then, four samples were selected for further investigations. PHB composites containing
sepiolite (Sep.) inorganic nanofiller, and also organic ammonium polyphosphate (APP) were
examined for flammability and thermal behavior using PCFC, thermogravimetric analysis (TGA),
flame test, and Differential Scanning Calorimetry (DSC) analyses. Moreover, burning behavior of
samples were captured on a digital camera to give a deeper sense of their flammability character for
comparison. The results revealed a significant improvement of flammability and thermal stability of
composites, particularly in the presence of sepiolite with respect to the value obtained for unfilled
PHB. Regarding TGA results, the char residue yield was increased to ca. 20.0 wt.% in the presence of
sepiolite, while 0.0 wt.% was observed for PHB. PCFC measurements uncovered higher performance
of PHB-Sep. sample as signaled by 40% reduction in the peak of heat release rate with respect to PHB.
According to observations, PHB-Sep. sample showed non-dripping behavior with high capacity of
charring in the presence of Sep. in a vertical flame test.

Keywords: poly(3-hydroxybutyrate) (PHB); flame retardancy; microcalorimetry of combustion

1. Introduction

Biodegradable biopolymer is a general term used for polymers that are synthesized from natural
resources and can be degraded/decomposed by micro-organisms -what positioned them in front of
fossil-based polymers in the frame of attention from an environmental perspective [1,2]. A recent
survey revealed huge growth in the number of publications on bio-based polymers [3]. In polymer
science and technology, two generations of biodegradable polyesters have been identified: poly(lactic
acid) (PLA) and poly(hydroxyl alkanoate) (PHAs) [4]. Though PLA has already celebrated its maturity
age, detailed analyses foresee a flourishing future of PHA in the global plastics market [4]. PHAs have
exceptional characteristics such as optical activity, biocompatibility, a barrierity which is higher than
PLA, and full biodegradability [5]. Moreover, synthesis of PHAs from bacteria eliminates the need
for fermentation of food resources required in PLA production [6,7]. Furthermore, PHA is fully
biodegradable in soil and marine water as well as in home compost. Researchers and engineers
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alike identified benefits of PHAs to keep it in competition with PLA thanks to the microbial features
of PHAs [8]. On the other hand, high production cost, low thermal resistance, high flammability,
poor mechanical properties compared to conventional polymers and the limited functionality of PHAs
are the main reasons behind accelerative growth in research on PHAs [9–11]. Although the main
application of PHAs is in the biomedical sector, a future prospect for PHAs can be imagined due to two
of its exceptional characteristics: full biodegradability and a synthesis ability from bacteria [4]. In this
sense, improvement of flammability properties of PHAs seems to be a priority for some applications [12].
Poly(3-hydroxybutyrate) (PHB) as the first member of PHAs family has been the candidate of many
research programs [13]. Improvement of flame retardancy of some copolymers of PHB has been
already studied by the incorporation of renewable raw materials, [14], melamine phosphate modified
lignin [15], layered double hydroxides [16], kenaf fiber [17,18], halloysite nanotubes [19] aluminum
phosphinate in combination with nanometric iron oxide and antimony oxide [10]. However, to the
best of our knowledge, flame retardancy of PHB solely was not the subject of reports.

In this work, PHB and its various composites containing several additives were prepared and their
behavior in terms of thermal decomposition and flammability was investigated. Following a preliminary
work including twelve formulations, a series of composites containing sepiolite as well-known typical
of mineral nanofillers, organic ammonium polyphosphate (APP) as phosphorus additive, and several
natural additives including lignin and starch were developed individually and combinatorial.
The amount of additive was kept constant while varying ingredient compositions in a PHB matrix to
comparatively evaluate their flame scenario. It is well-known that sepiolite is a needle-like-shaped
nanoclay and is biocompatible [20]. It has been already used in PHB and its copolymers in order to
improve thermal and/or mechanical properties [21,22]. It was also proved that sepiolite as an inorganic
biocompatible mineral can reveal promising features in combination with APP conventional flame
retardant [23–25]. The combined use of the aforementioned additives from organic and inorganic
families with micron and nano-size scales together with lignin and starch enabled us to understand the
flammability behavior of PHB in different situations and provided a basis for understanding the degree
to which PHB can be armed with additives to resist against fire. The prepared composites were subjected
to a variety of characterizations. Pyrolysis combustion flow calorimeter (PCFC) was used as the first
estimation technique to screen samples in terms of flammability. Moreover, thermogravimetric analysis
(TGA), the direct flame test, scanning electron microscopy (SEM), size-exclusion chromatography (SEC),
differential scanning calorimetry (DSC), and X-ray diffraction (XRD) measurements were performed.

2. Materials and Methods

Poly(3-hydroxybutyrate) (PHB) powder was supplied by BIOMER (PHB T19, Krailling Germany).
Ammonium polyphosphate (APP) was purchased from Clariant (Muttenz, Switzerland, Exolit AP 423,
[NH4PO3]n, n> 1000, particle size≈ 8 μm, specific surface area 1.1 m2/g). Sepiolite (Mg4Si6O15(OH)2.6H2O),
namely Sep., was provided by Tolsa, Spain, (Pangel S9), and used without any modification. Starch (soluble,
ACROS Organics™) was provided by Fisher Scientific (Hampton, NH, USA). Moreover, lignin (alkali) was
purchased from Sigma-Aldrich (CAS Number: 8068-05-1).

PHB alone and together with additives was melt mixed in a Xplore conical twin screw
microcompounder (MC 15 HT, Netherlands) at 175 ◦C and a rotor speed of 80 rpm during 5 min.
First, PHB was fed into the mixing chamber and then after melting, additives were added. After the
melt mixing was completed, the samples were casted as a thin film by using casting machine (Xplore-
thickness: 50 μm, width: 3 cm). The sample names and compositions are given in Table 1. Loading
percentage of additives was fixed at 15 wt.%. As mentioned earlier, sepiolite as a natural classic fire
retardant in combination with APP and natural polymers was examined for flammability with PCFC
first estimations. Lignin and starch were chosen as bio-based sources of carbon for flame retardant
systems. These materials have already been used in PHB [26–29], however their combination with
APP has never been reported.
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Table 1. Names and compositions of the PHB-based composite samples prepared in this study.

Number Sample Code PHB Sepiolite APP Lignin Starch

1 PHB 100 0 0 0 0
2 PHB-Sep. 85 15 0 0 0
3 PHB-APP 85 0 15 0 0
4 PHB-Lig. 85 0 0 15 0
5 PHB-Starch 85 0 0 0 15
6 PHB-APP-Lig. 85 0 10 5 0
7 PHB-APP-Sep. 85 5 10 0 0
8 PHB-APP-Starch 85 0 10 0 5
9 PHB-APP-Lig.-Sep. 85 2.5 10 2.5 0
10 PHB-APP-Lig.-Starch 85 0 10 2.5 2.5
11 PHB-APP-Sep.-Starch 85 2.5 10 0 2.5

The cross-section of selected samples was analyzed in a scanning electron microscope (SEM)
manufactured by Carl Zeiss (Oberkochen, Germany) with a Field Emission Gun (FEG) at a magnification
between 1.00K× et 5.00K× and at a working distance of 9–10 mm. The signal of the secondary electron
was collected to scanning the sample. The voltage was 5 kV with a probe from 300 pA. The cross-sections
were prepared by manual fracture in the transversal direction. Subsequently, the cross sections were
metalized by a sputtering process with platinum (3.0 nm). The samples were also analyzed using
an EDX (Energy-dispersive X-ray spectroscopy) microanalysis system (X-ray photon dispersion
analysis). The EDX microanalysis system is an advanced Aztec EDS system, provided by Oxford
Instruments (Abingdon-on-Thames, UK). The X detector is a 50 mm2 X-max SDD detector. Structural
characterization was performed by X-ray diffraction (XRD) using a D8 advance Bruker diffractometer
(Cu Kα radiation). Data were recorded over a 2θ range from 10 to 30◦ by step of 0.0102◦ at an incident
wavelength λ of 1.54056 Å. From the patterns, the cell parameters a, b, and c of the orthorhombic unit
cell were calculated from the maxima of the (040), (110), and (121) peaks according to Equation (1):

1
d2 =

h
a2 +

k
b2 +

l
c2 (1)

where h, k, and l are the Miller crystallographic indexes and d is the interplanar spacing defined by
Bragg’s law d = λ/(2sinθ ) with θ the scattering angle and λ the wavelength of the incident wave
(=1.54056 Å). From these values, the lattice volume V was calculated according to the volume of
an orthorhombic unit cell: V = a × b × c.

Thermal characterization was performed using Perkin Elmer Diamond Differential scanning
calorimetry (DSC) with the following procedure: a first heating run from −60 to 200 ◦C with a heating
rate of 20 ◦C/min was performed to determine the melting temperature (Tm) and the melting enthalpy
(ΔHm), followed by a cooling run to −60 ◦C with a cooling ramp of 200 ◦C/min. Then a second heating
run from−60 to 200 ◦C at 20 ◦C/min was performed. The glass transition temperature (Tg) was obtained
in the second heating. The degree of crystallinity χc was calculated as a function of the real amount of
PHB according to Equation (2):

χc =
1

wPHB
× ΔHm

ΔH◦
m
× 100 (2)

where ΔHm is the specific enthalpy of melting of the sample studied, wPHB is the weight fraction of the
PHB in the blend, and ΔH◦m represents the specific enthalpy of melting for the 100% crystalline PHB,
taken as 146 J/g.

Polymer molar masses were determined by Size-exclusion chromatography (SEC) using a Kontron
420 pump with 2 styragel columns connected in series which type is PL gel (mixte C) from polymer
laboratories, and a Shodex RI-71 model refractive index detector (Japan). CHCl3 was used as eluent
at a flow rate of 1.0 mL/min. A calibration curve was generated with polystyrene standards of low
polydispersity purchased from Polysciences (Germany). Thermogravimetric analysis (TGA) was
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performed using a Setaram Labsys Evo thermogravimetric analyzer (France), under nitrogen with
a heating rate of 10 ◦C/min.

Flammability properties were investigated using Pyrolysis Combustion Flow Calorimeter (PCFC)
instrument (FTT Company, UK). The samples (1 to 4 mg) were heated at 1 ◦C/s from 20 ◦C to 750 ◦C
in a pyrolyzer and the degradation products were conducted to another chamber and mixed with
oxygen. Combustion took place at 900 ◦C. Each sample was tested 3 times and the related accuracy
was around 5%. Vertical burning test (unnormalized) was also carried out on prepared film samples.
Samples dimension was 120 mm × 25 mm × 50 μm. Samples were placed vertically inside a frame
and exposed to a Bunsen burner flame for 3 s. A descriptive scheme of test is presented in Section 3.8.
Moreover, digital video of tests was recorded and the selected images were also extracted. All videos
are available in the Supplementary Materials.

3. Results

3.1. Premilinary Test by PCFC: Screening for Flammability Estimation

A series of formulations containing APP, sepiolite, starch, lignin, and their combinations were
prepared, Table 1. The goal of this preliminary work was to screening various formulations in terms
of flammability and then selection of promising samples for the second-step investigation. Pyrolysis
Combustion Flow Calorimeter (PCFC) is well known as a useful apparatus for screening the flammability
of materials [30–33]. PHB and its composites defined in Table 1 were analyzed using PCFC. The obtained
curves, heat of release rate (HRR) as a function of temperature, are presented in Figure 1. The presence
of lignin and starch significantly decreased the temperature of peak of heat release (pHRR) rate and
the reduction in pHRR was not significant in the presence of these additives in respect to that of PHB.
The decrease in temperature of pHRR (TpHRR) can be attributed to degradation of PHB in presence
of these fillers [28]. In the case of sepiolite, there is less difference between TpHRR for PHB-Sep. and
PHB. Moreover, the reduction of pHRR is more important. APP acts essentially in the condensed
phase. The incorporation of APP was led to decrease in pHRR, close to the performance of sepiolite.
However, it had no serious effect on TpHRR compared to PHB. The combination of APP with sepiolite,
lignin and starch increased TpHRR, while the value of pHRR was approximately near to that of other
composites. Since the performance features of lignin and starch were less abundant than sepiolite,
it was decided to conduct further investigation solely on PHB, PHB-Sep., PHB-APP, and PHB-APP-Sep.
samples, Table 2.

 
Figure 1. Heat Release Rate (HRR) curves obtained in PCFC tests.
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Table 2. Names and compositions of selected samples after screening study.

Sample Code PHB Sepiolite APP

PHB 100 0 0
PHB-APP 85 0 15
PHB-Sep. 85 15 0

PHB-APP-Sep. 85 5 10

3.2. Morphology Investigations (SEM)

Figure 2 displays the SEM images of PHB and its composites. The micrograph of PHB shows
a homogenous structure with only few structural defects, Figure 2a. Sepiolite nanoparticles were
homogeneously dispersed in form of fibrous particle in PHB, Figure 2b. The size of APP particles
was approximatively between 1 and 10 μm, Figure 2c. The adhesion of APP particles to the matrix
seems not to be optimized. However, a better adhesion can be observed between APP and matrix
in the case of a PHB-APP-Sep. sample, Figure 2d. Sepiolite particles are also homogeneously dispersed
in nanometric size.

 

Figure 2. SEM images of PHB and its composites: (a) PHB; (b) PHB-Sep.; (c) PHB-APP; and (d) PHB-APP-Sep.

EDX analyses performed on the PHB-APP-Sep. blend determined the elements characterizing
sepiolite and APP (Figure 3). Based on SEM/EDX analysis in different areas, it is possible to better
define the dispersion of sepiolite and APP (Table 3). In zone 1, the presence of peaks C and O confirms
that the phase is mainly composed of PHB. Within this matrix, fine sepiolite needles are dispersed
in zone 2 where the Si and Mg elements detected by EDX analysis show the presence of sepiolite.
In zone 3, the presence of the elements P, Si and Mg attest the presence of both APP and sepiolite.
There would therefore be an aggregation of the two types of charge with PHB with a majority of APP.
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Figure 3. SEM images of PHB- APP-Sep. sample and analyzed zones by EDX.

Table 3. EDX analysis of PHB-APP-Sep. sample on different areas.

Area Number
Elements (%wt.) Normalized at 100

C O Si Mg P N

Area 1 90.7 9.0 0.3 - - -
Area 2 66.4 24.9 4.6 2.5 1.6 -
Area 3 14.4 54.8 2.7 1.1 15.0 12.0

3.3. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) analysis was carried out on all samples and the obtained
results recorded during the first and second heating cycles are presented in Figure 4 and Table 4.
The glass transition temperature (Tg), the crystallization temperature (Tcc) and the melting temperature
(Tm) of PHB were found to be 5.3, 48.3 and 172.6 ◦C, respectively. These characteristic temperatures
were not greatly modified by the incorporation of additives indicating that the presence of fillers does
not affect the global morphology of PHB. However, the addition of additives, especially for sepiolite,
led to a decrease in the crystallinity of PHB from 58 to 48 ◦C and probably led to a change in the size of
the crystalline zones. The PHB-Sep blend display double melting peaks at 171.9 and 175 ◦C compared
to pure PHB with one single melting peak at 172.2 ◦C. This is while Tm were affected more obviously
due to sensitivity of PHB melting to additive addition. The presence of double endothermic melting
peaks in the PHB composites was ascribed to the melt recrystallization mechanism [34].

All thermograms showed a crystallization peak between 45 ◦C and 48 ◦C during the second
heating. This peak occurring after glass transition (Tg) is due to a resumption of mobility of the
molecules allowing the end of unfinished crystallization of the polymer during rapid cooling. In the
presence of APP and sepiolite, the ΔHTcc of PHB decreased. When using both APP and sepiolite,
this peak lost its amplitude (signaled by a decrease in ΔHTcc), compared to the peak appearing for
PHB. Such a behavior was completely changed by addition of APP to the formulation due to the pace
formation of PHB crystals formed during the cooling process. All in all, the presence of additives did
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not affect Tg and Tm of PHB. Moreover, the decrease of crystallization enthalpy during the second
heating rate was also inferred on account of the presence of additives and formation of crystalline
domains during the cooling process after the first heating step.

 

 
Figure 4. DSC curves for PHB, PHB-Sep., PHB-APP, PHB-APP-Sep. samples, (a) 1st heating (b) 2nd heating.

Table 4. DSC curves data of PHB and all composites (The values of enthalpy of melting for blends are
normalized in compositions).

Sample
1st Heating 2nd Heating

Tm1 (◦C) ΔHTm1 (J/g) Xc (%) Tg (◦C) Tcc (◦C) ΔHTcc (J/g) Tm2 (◦C)

PHB 172.2 85.4 58.2 5.30 48.3 36.7 172.6

PHB-APP 174.9 84.6 57.7 6.50 44.6 5.0 173.9

PHB-Sep. 171.9 70.8 48.3 5.70 44.6 14.2 171.5

PHB-APP-Sep. 175.9 73.3 50.0 4.15 45.9 2.4 172.9

3.4. X-Ray Diffraction

The crystal structure of PHB and the blends were analyzed by the Wide-angle X-ray scattering
(WAXD) of α-form crystals, Figure 5. The two peaks, at about 15◦ and 16◦ for PHB-APP and PHB-APP-Sep.
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are diffraction patterns corresponding to APP rather than PHB crystals. It is obvious that the diffraction
patterns and diffraction angles of the four specimens are almost similar (Table 5). The lattice parameters
calculated by using interplanar spacing of planes (040), (110), and (121) in WAXD are shown in Table 6.
The lattice parameters for PHB-Sep. are slightly different from those of PHB but the lattice for PHB-APP
and PHB-APP-Sep. are similar to those of PHB. Particles of sepiolite slightly affected the basic crystal
lattice. These results were supported by the lower values of melting enthalpy in the presence of sepiolite,
which was determined by DSC.

Figure 5. XRD patterns obtained from PHB; PHB-APP; PHB-Sep.; PHB-APP-Sep.

Table 5. XRD peaks of PHB and blends.

Sample Code
2θ (◦)

(020) (110) (021) (111) (121) (040)

PHB 13.91 17.41 20.46 23.06 26.06 27.66

PHB-APP 14.02 17.41 20.41 22.94 25.98 27.63

PHB-Sep. 13.75 17.26 19.93 22.66 26.07 27.04

PHB-APP-Sep. 14.04 17.42 20.54 23.04 26.05 27.83

Table 6. Lattice constants and lattice volume of PHB and blends.

Sample Code

Lattice Constants (Å) &
Lattice Volume (Å)

a b c v

PHB 5.54 12.88 5.87 4.19

PHB-APP 5.54 12.90 5.92 4.23

PHB-Sep. 5.54 13.17 5.78 4.20

PHB-APP-Sep. 5.54 12.81 5.90 4.19

3.5. Size-Exclusion Chromatography (SEC)

The impact of the incorporation of additives into the PHB was further studied by SEC. The obtained
values in terms of number-average molecular weight (Mn), weight-average molecular weight (Mw),
and polydispersity index (PDI) are given in Table 7. The Mn and Mw values were decreased in the
presence of APP and sepiloite, either alone or combinatorial. However, the decrease in Mw was less
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important than Mn for all samples. Such a fall in Mn was more significant in the presence of sepiolite
than APP. It was also possible that the blending procedure in the presence of additives contained small
quantity of water that assisted in chain scission [6].

Table 7. Molecular weight of PHB and its corresponding blends.

Sample Code Mn (g/mol) Mw (g/mol) PDI

PHB 106,000 254,400 2.4

PHB-APP 72,000 216,000 3.0

PHB-Sep. 55,000 148,500 2.7

PHB-APP-Sep. 69,000 186,300 2.7

3.6. Thermogravimetric Analysis (TGA)

Figure 6 displays TGA (a) and derivative thermogravimetric (DTG) (b) thermograms of the PHB
and its composites under nitrogen atmosphere. The important parameters extracted from these curves
are presented in Table 8. First, it is apparent from the curves that PHB and its composite samples
reveal a one-stage decomposition behavior under nitrogen atmosphere. The onset temperature of
thermal decomposition (T10%, temperature at which 10% weight loss takes place) was 264 ◦C for the
PHB. Another phenomenon was recognized to take place around 300 ◦C, where PHB was completely
degraded and no residual mass was remained. The main mechanism of thermal decomposition of
PHB corresponds to β-elimination of PHB chains that facilitates the formation of crotonic acid, dimeric,
trimeric and tetrameric volatiles [35–38]. The presence of additives did not substantially decreased the
Tonset, in turn surprisingly led to a shift in decomposition temperature from 265 ◦C to 273 ◦C in the
presence of APP and APP/Sep. Monitoring the maximum rate decomposition temperature from DTG
curves (Tmax) unraveled that Tmax shifted to higher temperatures in the presence of APP and APP/Sep.
Starting from 310 ◦C, the thermal stability of PHB-Sep. sample was significantly higher than other
samples. This trend was observed until the end of TGA measurements. The char residue at 800 ◦C was
16 wt.% for PHB-Sep. sample, against 6 wt.% and 11 wt.% for PHB-APP and PHB-APP-Sep. samples,
respectively. It is well known that the presence of a flame retardant, especially a phosphorus one,
can affect onset the temperature of a polymer [39]. Surprisingly, sepiolite and APP did not decrease the
Tonset of PHB. Even by combination of APP and sepiloite, Tonset was shifted to a higher temperature.

Figure 6. TGA thermograms of PHB and blends under nitrogen atmosphere. (a) TGA (b) DTG curves.
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Table 8. TGA parameters PHB and blends in nitrogen (*maximum weight loss temperature, obtained
from DTG).

Sample Code T10% (◦C) Tmax* (◦C) Residue (wt.%)

PHB 265 280 0

PHB-Sep. 264 278 16

PHB-APP 274 292 6

PHB-APP-Sep. 273 290 11

3.7. Pyrolysis Combustion Flow Calorimeter (PCFC)

The flammability of PHB was studied and then compared with those of composites containing
APP, Sep. and APP-Sep. using PCFC test. Figure 7 shows HRR curves of the studied samples, and the
important data are extracted from these curves and summarized in Table 9. The temperature of pHRR
was slightly increased in the presence of APP as well as when combination of APP and Sep. was
used. Changes observed in PCFC curve of PHB upon introduction of APP, Sep., and APP/Sep. is
significant, implying the sensitivity of flame retardancy of PHB to additives used in this work. A closer
look at data reveals that the peak of HRR (pHRR) significantly dropped from 1064 to 656 W/g by
addition of Sep. to PHB, showing a reduction of 38%. In the presence of APP, however, the pHRR
reached the value 699 W/g (34% reduction compared to value for PHB). The combination of sepiolite
and APP promisingly led to a significant drop in pHRR by 43%. The value of THR (total heat release)
slightly decreased for composite samples compared to PHB. The lowest THR value was recognized for
PHB-Sep. sample, taking value of 17 kJ/g. The use of APP increased THR value due to the contribution
of APP function into gas phase. The temperature assigned to pHRR point for samples was almost
between 302 and 308 ◦C, expect for PHB-Sep for which the temperature was 291 ◦C, which makes
a similar sense to TGA measurements. It should be noticed that even with a peak of HRR at 600 kW/m2,
these samples can be considered as being flammable. However, the significant reduction in pHRR
shows improvement in flammability behavior of these composites with respect to PHB. Although PCFC
gives some indication about flammability of material, it is not a real fire test such as cone calorimeter.
Therefore, it was decided to observe the real behavior of samples in front of direct flame using a set-up,
which was adapted to the samples.

Figure 7. Heat Release Rate (HRR) curves obtained in Pyrolysis Combustion Flow Calorimeter
PCFC tests.
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Table 9. Summary results of Pyrolysis Combustion Flow Calorimeter (PCFC) tests.

Sample Code THR (kJ/g) TpHRR (◦C) pHRR (W/g) Reduction in pHRR (%)

PHB 22 302 1064 -

PHB-Sep. 17 291 656 38

PHB-APP 20 305 699 34

PHB-APP-Sep. 18 308 607 42

3.8. Vertical Burning Test

A vertical burning test was performed according to the method described earlier. Figure 8 shows
the set-up used, while Figure 9 displays the digital photos taken at different times of test (All videos
are available in Supplementary Materials). PHB was completely burned in 10 s and the time to
which flame got dormant was 11.5 s. Incorporation of APP increased the time of flame out to 18 s
and featured the autoextinguible behavior observed. The PHB-APP sample revealed high dripping
behavior. The combination of APP and Sep. led to increase in time of flameout to 35.5 s; however,
this sample completely burned with dripping behavior and without remaining residue. Surprisingly,
the time of flame out significantly increased for the PHB-Sep. sample, reaching 59.7 s. A high amount
of residue was remained at the end of the test and dripping behavior was again observed for this
sample during the test. Except PHB-Sep., all samples showed dripping behavior during the flame test
(see videos in Supplementary Materials, Video S1–S4). Although vertical test has not been recognized
yet as a normalized standard fire test, our observations revealed that the behavior of different samples
can be compared in terms of the time takes to inflammation and dripping. Moreover, by using this test
the quantity and the integrity of final char of the PHB/Sep. sample was properly understood.

 
Figure 8. Illustration of flame test Set-up.
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Figure 9. Evolution of flame propagation during vertical burning test for all samples.

4. Conclusions

The flammability and thermal stability behavior of PHB was investigated under the influence of
the addition of organic ammonium polyphosphate (APP) as a conventional flame retardant, sepiolite
as a inorganic biocompatible flame retardant, and lignin and starch. The preliminary assessment of
flammability by PCFC confirmed that lignin and starch were the reason for high flammability of PHB.
Then, investigations were continued by eliminating formulations in which lignin and starch were
included. In the second phase, DSC results revealed that the presence of APP and sepiolite had no
significant effect on glass transition and melting temperatures. TGA results showed that the presence
of additives does not reduce the onset temperature of decomposition. In the case of combination of
APP and sepiolite, the onset temperature was increased. The presence of sepiolite led to a significant
increase in char residue, around 16 wt.% against 0 wt.% for pure PHB. PCFC results revealed the
efficiency of sepiolite and its combination with APP to reduce peak of heat release rate, while vertical
burning test clearly showed a huge difference behavior between PHB-Sep. and other samples. The peak
of HRR of PHB was decreased from 1064 W/g to 656 W/g in presence of sepiolite (38% of reduction).
The combination of sepiolite and APP was significantly affected the pHRR of PHB (42% of reduction).

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/14/2239/s1,
Video S1: flame test-PHB; Video S2: flame test-PHB-APP; Video S3: flame test-PHB-APP-Sep.; Video S4:
flame test-PHB-Sep.
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Abstract: A series of novel flame retardants (aluminum diethylphosphinate and melamine) were used
to improve the fire performance of phenolic resin. Fourier transform infrared spectroscopy (FTIR)
was used to characterize the modification results. Thermo-gravimetric analysis (TGA) was used to
study the thermal decomposition of phenolic resin system, and the flame retardancy of phenolic
resin system was tested by vertical combustion test (UL-94) and limiting oxygen index (LOI). The
combustion properties of modified phenolic resin were further tested with a cone calorimeter(CCT).
Finally, the structure of carbon residue layer was measured by scanning electron microscopy (SEM).
The results show that with the introduction of 10 wt % aluminum diethylphosphinate in phenolic
resin, the LOI reaches 33.1%, residual carbon content increase to 55%. The heat release rate (HRR)
decreased to 245.6 kW/m2, and the total heat release (THR) decreased to 58.6 MJ/m2. By adding
10 wt % aluminum diethylphosphinate and 3 wt % melamine, the flame retardancy of the modified
resin can pass UL-94 V-0 flame retardant grade, LOI reaches 34.6%, residual carbon content increase
to 59.5%. The HRR decreases to 196.2 kW/m2 at 196 s, relatively pure phenolic resin decreased by
35.5%, and THR decreased to 51 MJ/m2. Compared with pure phenolic resin, the heat release rate and
total heat release of modified phenolic resin decreased significantly. This suggests that aluminum
diethylphosphinate and melamine play a nitrogen-phosphorus synergistic effect in the phenolic resin,
which improves the thermal stability and flame retardancy of the phenolic resin.

Keywords: phenolic resin; aluminum diethylphosphinate; melamine; flame retardancy

1. Introduction

With the development of world’s social economy, high-rise buildings and skyscrapers have
occupied a certain role. Regarding the country’s vigorous promotion of building energy conservation,
thermal insulation materials, especially organic building insulation materials, are widely used in
building insulation construction due to their excellent thermal insulation properties, low cost, pressure
and water resistance. The organic thermal insulation materials currently used for outside wall insulation
include polystyrene foam board (EPS), extruded polystyrene foam board (XPS), polyurethane foam
board (PU), and phenolic foam board [1,2].

One of the applications of phenolic resin as insulation material is to make phenolic foam insulation
board. The phenolic resin can activate the interface by the surfactant and reduce the surface tension.
The foaming agent can be decomposed into gas or physically vaporized to form a honeycomb structure,
and finally the phenolic foam is formed under the action of curing and curing of the curing agent.
Compared with other outside wall insulation materials, the phenolic foam has many advantages in
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thermal insulation and fire resistance, which is known as the “king of insulation” [3,4]. Since the 1990s,
phenolic composite materials, including phenolic foam, have been significantly developed. Firstly, the
military of the United Kingdom and the United States has paid attention to it. It has been used in the
aerospace, defense and military industries, and later used in ships, stations, oil wells and other places
with strict fire protection requirements and is gradually being promoted in construction, hospitals,
stadiums and other fields [5]. In recent years, phenolic foam as the sound insulation and insulation
materials have been widely used in the construction industry. Japan’s Ministry of Construction has
issued a decree on phenolic foams as standard building flame retardant materials, and France uses
phenolic foam material as a material to seal and control fires. Many large apartments in cities such
as Marseille and Lyon have phenolic foam panels installed on the walls. Ordinary phenolic resin is
relatively brittle, and the phenolic hydroxyl group and methylene group in the molecular structure
are easily oxidized, which limits the application of phenolic resin at high temperature. Therefore,
the phenolic resin is further modified to enhance its fireproof and flame retardant properties so
that a modified phenolic resin which is more suitable for the market can be obtained. Commonly
used are phosphorus-based, nitrogen-based flame retardants, silicones, boron. Sang used graphene
and cardanol to modify phenolic resin to get graphene and cardanol-modified phenolic resin (GCP).
Filling the resin with homemade carbon fiber base paper to prepare graphene and cardanol, modified
phenolic resin-based carbon fiber paper-based composite (GCPC) is created [6]. Tang and others
used polyammonium phosphate (APP) as flame retardant to modify the phenolic resin composites
reinforced by bamboo and polypropylene fiber composite felt. They studied the effects of adding flame
retardant on the mechanical, flame retardant and thermal conductivity of the composites [7]. Li and
others used borosilicate modified phenolic resin, boron and silicone to prepare a novel boron-and
silicone-containing phenolic resin (BSiPF) solution, and characterized the structure, molecular weight,
gel properties, curing properties and heat resistance of BSiPF. This makes introducing silicon and boron
significantly improve the heat resistance and oxidation resistance of phenolic resin [8]. Wang used
hydrobromic acid(HBr) and hydroiodic acid(HI) as reagents to demethylate an alkali lignin (AL) to
increase its hydroxyl content and measured different thermal properties and performance of phenolic
resins [9]. Yong and Yu used bio-oil as the raw material to synthesize bio-oil phenol formaldehyde
resin desirable resin for fabricating phenolic-based material, which the thermal curing behavior and
heat resistance of bio-oil phenol formaldehyde resins were investigated [10,11].

Melamine is a halogen-free nitrogen-based flame retardant, which has the characteristics of
improving the physical and mechanical properties of products, low hygroscopicity, replacing some
of the resin, reducing the amount of the adhesive. Compared to other types of flame retardants,
melamine has apparent advantages. Melamine has been widely used in the modification of phenolic
resins. Ge and others modified phenolic resin with melamine, and through experiments the mechanical
properties of the modified phenolic foam were improved, while the free formaldehyde content
decreased and the oxygen index increased. The research shows that the best melamine mass fraction
is 4.5% [12]. Aluminum diethylphosphinate is a new flame retardant organic hypophosphite. It
has excellent flame retardant properties, environmental and health-friendly properties, halogen-free,
high flame-retardant efficiency, hydrophobic smoke suppression, and thermal stability. Now mainly
used in glass fiber-reinforced polyamide 6 and 66 are composites and various polyesters (PBT and
PET). Chen Lu introduced aluminum diethylphosphinate into polyethylene terephthalate (PET),
and tested the flame retardancy of PET composites by vertical combustion and oxygen index. The
thermal decomposition activation energy was calculated by thermo-gravimetric (TG) analyzer and
the Flynn–Wall–Ozawa method, the thermal degradation behavior was further discussed [13]. Zhao
employed four types of metal-mediated catalysts in the synthesis of phenolic resin resin to accelerate
the curing rate and to lower the curing temperature of phenolic resin [14]. Chen and others
prepared a series of polylactic acid/aluminum diethylphosphinate and polylactic acid/aluminum
diethylphosphinate/organomontmorillonite composites, and analyzed them by thermo-gravimetric
analysis, limiting oxygen index, and vertical combustion. The effects of aluminum diethylphosphinate
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and organomontmorillonite on the thermal stability and flame retardancy of polylactic acid composites
were investigated by cone calorimeter. The mechanism of the synergistic flame-retardant character of
aluminum diethylphosphinate and organomontmorillonite was also discussed [15].

Melamine flame retardants have been used in phenolic resins, but aluminum diethylphosphinate
has not been used in phenolic resins. The two flame retardants are combined and added into phenolic
resin as a new composite flame retardant. In this work, aluminum diethylphosphinate and melamine
are added to the phenolic resin as excellent flame-retardant additives to improve the flame-retardant
properties of phenolic resin. The nitrogen-phosphorus additive acts to make the modified phenolic resin
more excellent. Through the test of its flame retardancy, thermal stability and combustion properties,
the effects of the two additives on the phenolic resin were clarified, and the optimal synergistic ratio
was sought, so phenolic resin could be more widely used in building insulation materials.

2. Materials and Methods

2.1. Experimental Materials

Phenolic resin, Shandong baiqian chemical Co., Ltd, Shandong, China. Aluminum
diethylphosphinate, melamine, chemical pure, Sinopharm Chemical Reagent Co., Ltd, Nanjing,
China. Anhydrous ethanol, Yonghua Chemical Technology (Jiangsu) Co., Ltd, Nanjing, China. All the
raw materials were industrial products.

2.2. Preparation of Modified Phenolic Resin

Anhydrous ethanol was added to the phenolic resin, stirred to dissolve, and different ratios of
aluminum diethylphosphinate and melamine were added and stirred with a constant temperature
magnetic stirrer to dissolve it evenly. Then, this was subject to 30 min with an ultrasonic disperser. After
standing for 20 min, the bubbles were removed, the mix was poured into a Teflon mold, and placed
in a vacuum drying oven to step up the temperature. The specific addition amounts of aluminum
diethylphosphinate and melamine are shown in Table 1.

Table 1. Samples of phenolic resin composite materials containing different additives.

Sample Codes Phenolic Resin (wt %)
Aluminum

Diethylphosphinate (wt %)
Melamine (wt %)

E-0 100 0 0
E-a1 95 5 0
E-a2 90 10 0
E-a3 85 15 0
E-a4 80 20 0
E-b1 98 0 2
E-b2 96 0 4
E-b3 94 0 6
E-b4 92 0 8
E-c1 87 10 3
E-c2 82 15 3
E-c3 86 10 4
E-c4 81 15 4
E-c5 85 10 5
E-c6 80 15 5

2.3. Testing and Characterization

Fourier transform infrared spectroscopy (FTIR): measurement was carried out with IS5 infrared
spectrometer (Thermo Scientific, Waltham, MA, USA); thermo-gravimetric analysis (TGA) experiment:
the spline was subjected to TG test using a SDTQ600 thermo-gravimetric analyzer (TA Instruments,
Lukens, DE, USA). The temperature range was 50 ◦C–800 ◦C and it was tested under a nitrogen
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atmosphere with a gas flow rate of 20 mL/min; limiting oxygen index (LOI) test: the standard is ISO
4589-2 [16], and we used the HC-2 type limit oxygen index instrument (Jiangning Instrument Analysis
Factory, Nanjing, China) was tested, the test sample size was 100 × 10 × 4 mm3; vertical combustion
test(UL-94): a CFZ-2 horizontal vertical burner (Jiangning Instrument Analysis Factory, Nanjing,
China) was used, and the test sample size was 125 × 13 × 3 mm3; cone calorimeter test (CCT): this
employed the ISO 5660 standard [17], and a Govmark CC-2-2128 cone calorimeter (Deatak, McHenry,
IL, USA)was used to test the combustion performance of phenolic resin and its composite materials in
the atmosphere of 50 kW/m2 heat flux. The size of the test sheet was 100 × 100 × 3 mm3. Scanning
electron microscopy (SEM): the morphological structures of the char layer after the calorimeter test
were observed by Zeiss EVO18 SEM, Oberkochen, Germany.

3. Results and Discussion

3.1. Fourier Transform Infrared Spectroscopy (FTIR) Test Results

Phenolic resin and modified phenolic resin were characterized by Fourier transform infrared
spectroscopy, as shown in Figure 1. The Fourier spectra of the melamine-modified phenolic resin
are shown in Figure 1, and the absorption peaks at 3469 cm−1 and 3419 cm−1 are the performance of
the anti-symmetrical vibration of NH2. The 1022 cm−1 is formed by NH twisting vibration, and the
characteristic absorption peak at 814 cm−1 is the characteristic absorption of deformation vibration of
a triazine ring [18]. The absorption peaks of these bands are also found in Figure 1 of the phenolic
resin system in which aluminum diethylphosphinate and melamine are simultaneously added. In
Figure 1 of the aluminum diethylphosphinate modified phenolic resin system, the stretching vibration
of P=C double bond is at 1153 cm−1, and the peak at 1095 cm−1 is formed by PO· symmetrical
stretching vibration [19]. The characteristic peak at 2955 cm−1 is consistent with the stretching
vibration frequency of –CH2– [20], and characteristic peak coincides with the characteristic peak of
aluminum diethylphosphinate. The phenolic resin system with aluminum diethylphosphinate and
melamine added at the same time has these absorption peak. In addition, the other characteristic
peaks are consistent with the pure phenolic resin. The results were confirmed that the aluminum
diethylphosphinate and melamine were synthesized successfully.

 
Figure 1. Fourier transform infrared (FTIR) spectra of phenolic resin and phenolic resin
composite system.
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3.2. Thermo-Gravimetric Analysis (TGA) Results

3.2.1. TGA of Modified Phenolic Resin

The thermal degradation performance of the modified phenolic resin was analyzed by the
thermo-gravimetric test, and the melamine phenolic resin composite and the thermal degradation
process under the nitrogen atmosphere. Figures 2 and 3 are TGA curves of aluminum
diethylphosphinate modified phenolic resin and melamine modified phenolic resin, respectively.
Figure 2 is the aluminum diethylphosphinate/phenolic resin composite in a temperature range of 50 ◦C
to 800 ◦C under a nitrogen atmosphere [21]. The results are shown in Table 2. T5%, T10% and Tdmax in
Table 2 stand for the temperature at 5 wt %, 10 wt % and maximum weight loss rate, respectively. The
thermal degradation of pure phenolic resin under the nitrogen atmosphere is a one-step degradation
process. When the temperature reaches 178 ◦C, it begins to decay. When the temperature reaches 550
◦C, the thermal decomposition rate is the fastest, and carbon residue at 800 ◦C is 51 wt %. Compared
with pure phenolic resin, the TGA curves of aluminum diethylphosphinate/phenolic resin composites
are different. When the addition amount reaches 15%, two degradation processes occur at 465 ◦C
and 560 ◦C, respectively. The Tdmax of E-0, E-a1, E-a2, E-a3 and E-a4 are 550, 562, 557, 561 and 467
◦C respectively. The maximum thermal weight loss rates for E-0, E-a1, E-a2, E-a3 and E-a4 are 0.174,
0.191, 0.167, 0.194 and 0.203%/◦C. The thermal stability of aluminum diethylphosphinate/phenolic resin
composites is significantly different compared with pure phenolic resin. The figure shows that when
the added amount of aluminum diethylphosphinate is about 10%, residual carbon of the composite
at 800 ◦C is the largest, which is 55 wt %. When the amount of aluminum diethylphosphinate is
increased to 20%, the residual carbon rate is reduced, the maximum mass loss rate becomes larger.
This is because aluminum diethylphosphinate acts as a flame retardant through the gas phase flame
retardant mechanism, and when the temperature rises, aluminum diethylphosphinate degrades the
phosphorus-containing compound. During combustion, it is decomposed into diethylphosphonic acid,
which volatilizes to the gas phase and inhibits combustion by capturing free radicals produced by
combustion [22]. However, when added in a large amount, aluminum diethylphosphinate will reduce
the thermal stability of phenolic resin. Excessive aluminum diethylphosphinate addition may affect
the molecular properties of the phenolic resin, thus reducing the flame retardancy and thermal stability
of the phenolic resin. Therefore, the aluminum diethylphosphinate should be in the range of 10%~15%,
which cannot only ensure thermal stability, but also perform its flame-retardant carbon properties.

  
Figure 2. Thermo-gravimetric (TG) and derivative thermo-gravimetric (DTG) images of aluminum
diethylphosphinate modified phenolic resin under nitrogen atmosphere.
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Figure 3. TG and DTG images of melamine modified phenolic resin under nitrogen atmosphere.

Table 2. TG data of phenolic resin and its composites.

Material T5% (◦C) T10% (◦C) Tdmax (◦C) Char Residues at 800 ◦C (wt%)

E-0 178 313 550 51
E-a1 151 300 562 52
E-a2 147 299 557 55
E-a3 177 329 561 52
E-a4 121 305 467 49

Figure 3 is the TGA curve of phenolic resin and melamine phenolic resin composite material in
the temperature range of 50–800 under the nitrogen atmosphere [23]. The results are shown in Table 3.
T5%, T 10% and Tdmax in Table 3 stand for the temperature at 5 wt %, 10 wt % and maximum weight loss
rate, respectively. The TGA curve trend of E-b1, E-b2, E-b3 and E-b4 samples is similar to that of pure
phenolic resin, which is mainly composed of two thermogravimetry stages. From Figure 3, we can
see that the thermal degradation of pure phenolic resin under the nitrogen atmosphere is a one-step
degradation process. When the temperature reaches 178 ◦C, it begins to decay. When the temperature
reaches 550 ◦C, the thermal weight loss rate of pure phenolic resin reached the maximum at 550 ◦C and
is 0.174 %/◦C. By adding melamine into phenolic resin, the curves are different. The maximum thermal
weight loss rates corresponding to E-b1, E-b2 and E-b3 are 0.126, 0.13 and 0.151%/◦C, which are all
lower than 0.174 %/◦C of the E-0 groups. When the addition of 8% melamine to phenolic resin, the
thermal weight loss rate of E-b4 is different to the other group, and its maximum thermal weight loss
rate is 0.197%/◦C at 340 ◦C. A peak appeared between 270 ◦C to 410 ◦C, and the peak value increased
with the increase of the amount of melamine added. The decomposition stage at this stage is due to
the decomposition of melamine. The second thermal weight loss phase occurs between 410 ◦C –650 ◦C,
mainly due to the fracture of the phenolic resin main chain caused. At this stage, more obvious peaks
can be seen from the DTG curve. This is because with the addition of melamine, the thermal weight
loss rate of the composite gradually decreases. The melamine phenolic resin composite has a T10% ratio
of 231 ◦C, 426 ◦C, 331 ◦C and 306 ◦C, and the residual carbon content at 800 ◦C is 57%, 64%, 53%, 42%.
Thus it can be seen that with the addition of 4% melamine to phenolic resin, the residual carbon content
reached the maximum, and the maximum mass loss rate was also small. This shows that the thermal
stability of the melamine phenolic resin composite was better at 4% addition, and there was residual
in the synthesis of phenolic resin. There is residual formaldehyde in the synthesis of phenolic resin,
and formaldehyde is flammable. With the addition of melamine, it reacts with formaldehyde to form
melamine formaldehyde, which consumes a part of residual formaldehyde. Moreover, the generated
melamine formaldehyde contains nitrogen rings, which have a good flame retardant effect [24], thus
increasing the thermal stability of phenolic resin.

136



Materials 2020, 13, 158

Table 3. TG data of phenolic resin and its composites.

Material T5% (◦C) T10% (◦C) Tdmax (◦C) Char Residues at 800 ◦C (wt %)

E-0 178 313 550 51
E-b1 133 231 559 57
E-b2 268 426 560 64
E-b3 206 331 566 53
E-b4 198 306 340 42

3.2.2. TGA of Phenolic Resin Modified by Synergistic Modification of Aluminum Diethylphosphinate
and Melamine

The thermo-gravimetric analysis curve was used to study the thermal stability of the aluminum
diethylphosphinate and melamine synergistic modified phenolic resin composites and the thermal
degradation process. Figure 4 is the TGA curve of a phenolic resin and its composite material in
a temperature range of 50 ◦C to 800 ◦C under a nitrogen atmosphere. Some results are shown in
Table 4. T5%, T10% and Tdmax in Table 4 stand for the temperature at 5 wt %, 10 wt % and maximum
weight loss rate, respectively. According to Figure 3, the TG curves of the six groups of E-c1, E-c2,
E-c3, E-c4, E-c5 and E-b6 have similar trends, mainly composed of two thermo-gravimetric stages.
The Tdmax values of the phenolic resin composite system were 570 ◦C, 560 ◦C, 559 ◦C, 559 ◦C, 559
◦C, and 561 ◦C, respectively. Under the same range of temperatures, the residual carbon content at
800 ◦C was 59.5%, 50.7%, 57.7%, and 52.2%, 54.3%, 49.5%. When adding 3 wt % melamine and 10
wt % aluminum diethylphosphinate, the residual carbon amount is up to 59.5%, adding 10 wt %
aluminum diethylphosphinate alone, the residual carbon amount is 55%. The carbon residue rose
when the melamine was added to phenolic resin, which means that melamine can greatly improve the
thermodynamic stability of phenolic resin. When the amount of aluminum diethylphosphinate and
melamine added are 15% and 5% by weight, the residual carbon is 49.5%. Compared with the pure
phenolic resin, the stability has not been improved because the flame retardant is excessive, which
causes the thermodynamic properties of the phenolic resin to be negatively affected.

  

Figure 4. TG and DTG images of aluminum diethylphosphinate and melamine modified phenolic resin
under nitrogen atmosphere.
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Table 4. TG data of phenolic resin composites.

Material T5% (◦C) T10% (◦C) Tdmax (◦C) Char Residues at 800 ◦C (wt %)

E-c1 121 265 570 59.5
E-c2 125 256 560 50.7
E-c3 155 299 559 57.7
E-c4 137 281 559 52.2
E-c5 138 271 559 54.3
E-c6 176 303 561 49.5

3.3. Modified Phenolic Resin Flame-Retardant Properties

The flame-retardant properties of different resin systems were tested by LOI and the UL-94 vertical
burning test [25]. Tables 5 and 6 presents the LOI values and UL-94 test results of the samples.

Table 5. Limiting oxygen index (LOI) and vertical burning test (UL-94) results of phenolic resin and
its composites.

Sample Codes Flame Retardants Mass Fraction(%) LOI UL-94

Aluminum Diethylphosphinate

E-0 0 30.0 V-2
E-a1 5 31.0 V-1
E-a2 10 33.1 V-0
E-a3 15 34.6 V-0
E-a4 20 32.3 V-0

Melamine

E-b1 2 30.8 V-1
E-b2 4 32.1 V-0
E-b3 6 31.6 V-0
E-b4 8 30.4 V-1

Table 6. LOI and UL-94 results of phenolic resin composites.

Sample Codes Aluminum Diethylphosphinate(wt %) Melamine (wt %) LOI UL-94

E-c1 10 3 34.6 V-0
E-c2 15 3 34.8 V-0
E-c3 10 4 35.8 V-0
E-c4 15 4 34.4 V-0
E-c5 10 5 34.1 V-0
E-c6 15 5 34.0 V-0

According to Table 5, we can seen that the LOI value of pure phenolic resin is 30.0%, which is
inherently flame-retardant, and almost no dripping is formed in the vertical burning test. Compared
with that of pure phenolic resin, the LOI was 33.1% when the amount addition reached 10% by weight,
and passed the UL-94 V-0 level in the vertical burning test. Continuing to increase the amount of
flame retardant, when the addition amount reaches 15 wt%, the LOI of phenolic resin composites is
34.6%, and in the vertical burning test, can pass the UL-94 V-0 level. However, when the aluminum
diethylphosphinate was 20 wt %, the flame-retardant capacity of phenolic resin decreased with the
increase of the aluminum diethylphosphinate. It can be seen that when the addition amount of
aluminum diethylphosphinate is 15%, the LOI and UL-94 test results of the phenolic resin composite
system are the best, which can improve the flame-retardant performance of the phenolic resin. This
highlights that most of the decomposition products of aluminum diethylphosphinate are volatilized
into the gas phase during combustion, and may produce free radicals such as PO· in the gas phase,
and capture free radicals produced by combustion to inhibit combustion [26,27]. When melamine was
added to the phenolic resin, the LOI increased first and then decreased with the addition amount.
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When the addition reached 4 wt %, the LOI reached a maximum of 32.1%. In the vertical burning
test, it can pass the UL-94 V-0 level. Then, with the increase of the amount of addition, the LOI began
to decrease, showing that adding a suitable amount of melamine can improve the flame-retardant
properties of the phenolic resin.

The flame-retardant properties of aluminum diethylphosphinate and melamine were
simultaneously added to the phenolic resin, as shown in Table 6. When the added amount of
aluminum diethylphosphinate is 10 wt % and melamine is 4 wt %, the LOI of the phenolic resin
composite system reaches a maximum value of 35.8%, and can pass the UL-94 V-0 grade. Compared
with adding melamine alone, there is a significant improvement. With the addition of aluminum
diethylphosphinate into phenolic resin, the phosphorus-containing group is thermally oxidized
and decomposed during combustion to form phosphoric acid-promoting charcoal, suggesting that
aluminum diethylphosphinate and melamine can play a synergistic role in the phenolic resin composite
system. The synergistic effect of the nitrogen-phosphorus ion improves the flame retardancy. When
the added amount of the two flame retardants is increased, the LOI value is decreased, indicating the
addition amount has exceeded the appropriate range. If too much flame retardant is added, the flame
retardancy of the phenolic resin system is lowered.

3.4. Cone Calorimeter Test (CCT) of Modified Phenolic Resin

The cone calorimeter test (CCT) can test the combustion properties of composites under real
fire conditions, and it is one of the most important tests to study the flame retardant properties of
composites [28]. The matching results of CCT were summarized in Table 7, including peak heat release
rate (pHRR), time corresponding to pHRR (TpHRR), time to sustained ignition (TTI), total heat release
(THR) and amount of carbon residue [29].

Table 7. Cone calorimeter test (CCT) data of phenolic resin and its composites.

Sample Codes TTI (s) pHRR (kW/m2) TPHRR (s) THR (MJ/m2) Residues (wt %)

E-0 26 304.4 86 78.6 32.2
E-b2 29 286.6 90 62.7 36.7
E-a2 34 245.6 104 58.6 36.3
E-c6 38 213.9 158 55.3 37.9
E-c1 42 196.2 196 51 38.5

The HRR, THR, and mass loss plots of phenolic resin and its composites during combustion are
shown in Figure 5. As can be seen from Figure 5 and Table 7, the HRR of pure phenolic resin increases
sharply after ignition and reaches a peak heat release rate of 304.4 kW/m2 at 86 s, and THR was as high
as 78.6 MJ/m2, TTI was 26 s, and the carbon residue was 32.8%. This shows that pure phenolic resin
has a high risk of burning. When 10 wt % aluminum diethylphosphinate was added to the phenolic
resin, the HRR of the E-a2 group decreased to 245.6 kW/m2, the time was extended to 104 s, and the
THR decreased to 58.6 MJ/m2. Compared with pure phenolic resin, HRR and THR decreased by 19.3%
and 25.4%, respectively. TTI increased to 34 s, and increased by 8 s compared with pure phenolic
resin. After adding 10 wt % aluminum diethylphosphinate and 3 wt % melamine to the phenolic
resin, the HRR of the E-c1 group decreased to 196.2 kW/m2 and the THR decreased to 51 MJ/m2.
Compared with the pure phenolic resin, the HRR decreased by 35.5% and 35.1%, respectively. The TTI
increased to 42, and the pure phenolic resin increased by 16 s. From the mass loss image of Figure 5c,
it can be seen clearly that the mass loss curve of E-c1 is much more backward than pure phenolic
resin. Compared with the pure phenolic resin residual carbon content of 32.2 wt %, the residual
carbon content of E-c1 group is increased by 19.6%, which is 38.5 wt %. The simultaneous addition of
aluminum diethylphosphinate and melamine is more effective than the phenolic resin system with
only aluminum diethylphosphinate added. The simultaneous action of the two flame retardants can
effectively improve the stability of the phenolic resin during combustion, reduce the heat release rate,
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heat released and the amount of residual carbon increase. Aluminum diethylphosphinate mainly
produces flame retardant effect through the gas phase, while melamine can increase the amount of
residual carbon and reduce the heat release rate.

 
(a) (b) 

 
(c) 

Figure 5. Heat release rate (a), total heat release (b) and weight loss curve (c) of phenolic resin and
its composites.

By adding 4 wt % melamine to the phenolic resin, the HRR of the E-b2 group decreased to 286.6
kW/m2, and the time was extended to 90 s. Compared with pure phenolic resin, HRR and THR
decreased by 5.8% and 20.2%, respectively. The TTI increased to 29 s. Compared with the phenolic
resin system with aluminum diethylphosphinate and melamine added at the same time, the thermal
stability was obviously reduced when burning. When 15 wt % aluminum diethylphosphinate and 5
wt % melamine were added to the phenolic resin, the HRR reached a maximum of 213.9 kW/m2 at
158 s, and THR values could reach 55.3 MJ/m2. Compared with pure phenolic resin, the pHRR and
THR of E-c6 decreased by 29.7% and 29.6%, respectively. It can be seen that compared with the E-c1
group phenolic composite material, the combustion performance of the E-c6 composite material was
not good, which means that the excessive flame-retardant combustion performance is not effective.

According to research on the causes of death of those killed in fires, about two-thirds of deaths
are caused by the direct poisoning of CO generated in the fire. Although CO2 is non-toxic, when it
reaches a certain concentration, it will also cause harm to the human body. Therefore, it is particularly
important to reduce the content of CO and CO2. Figure 6 shows CO and CO2 curves of all composites;
the results are summarized in Table 8, including peak concentration of CO (pCO) and CO2 (pCO2), pink
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time of CO(TpCO) and CO2 (TpCO2). The CO of pure phenolic resin increased sharply after ignition
and reached the peak of 0.215% at 206 s, and CO2 concentration was as high as 0.356% at 82 s. When 10
wt % aluminum diethylphosphinate was added to the phenolic resin, the maximum concentration
of CO and CO2 of the E-a2 group decreased to 0.201% at 152 s and 0.341%, respectively. Compared
with pure phenolic resin, they decreased by 6.5% and 9%, respectively. By adding 10 wt % aluminum
diethylphosphinate and 3 wt % melamine to the phenolic resin, the peak concentration of CO and CO2

of the E-c1 group decreased to 0.196% and 0.222%, respectively. Compared with the pure phenolic
resin, the content decreased by 8.8% and 37.6%, respectively. With the addition of 15 wt % aluminum
diethylphosphinate and 5 wt % melamine to the phenolic resin, the concentration of CO and CO2 of
the E-c1 group decreased to 0.199% and 0.264%, respectively. Compared with the pure phenolic resin,
they decreased by 7.4% and 0.134%, respectively. It is obvious that the CO and CO2 concentrations
were the minimum by adding 10 wt % aluminum diethylphosphinate to the phenolic resin, the hazard
of the phenolic resin can be reduced.

 
(a) (b) 

Figure 6. CO (a) and CO2 (b) curves of phenolic resin and its composites.

Table 8. Gas data of phenolic resin and its composites.

Sample Codes pCO (%) TpCO (s) pCO2 (%) TpCO2 (s)

E-0 0.215 206 0.356 82
E-b2 0.202 152 0.341 90
E-a2 0.201 175 0.324 150
E-c6 0.199 183 0.264 154
E-c1 0.196 160 0.222 138

3.5. Analysis of Char Residual

To further understand the flame-retardant effect of the modified phenolic resin, the residual char
after the cone calorimeter test was analyzed. Figures 7 and 8 are digital photographs of phenolic resin
and composite materials before and after combustion under the same thermal radiation conditions in a
cone calorimeter test.
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(a) (b) (c) (d) 

Figure 7. Digital photographs of pre-CCT samples of E-0 (a), E-a2 (b), E-b2 (c) and E-c1 (d).

    
(a) (b) (c) (d) 

Figure 8. Digital photographs of CCT samples after E-0 (a), E-a2 (b), E-b2 (c) and E-c1 (d).

As can be seen from the figures, pure phenolic resin is completely burned, and only a few carbon
residues were left, and the residual carbon is obviously loose, light and thin. However, the carbon
layer of E-a2 and E-b2 composites has a significant degree of expansion and an increase in the amount
of carbon residue, as shown in Table 9. The thicknesses of the residual carbon layers in the E-0, E-a2,
E-b2 and E-c1 groups were 2.5, 5.5, 5 and 5.8 mm, respectively. Compared with pure phenolic resin, the
thickness of the residual carbon layer increased significantly. When aluminum diethylphosphinate and
melamine are added together, the carbon residue of E-c1 is significantly increased compared to pure
phenolic resin. The results show that the nitrogen-phosphorus ion obviously increases the amount of
carbon residue and the strength of carbon layer after phenolic resin combustion.

Table 9. Thickness of residual carbon layer.

Sample Codes Thickness of Residual Carbon Layer (mm)

E-0 2.5
E-a2 5.5
E-b2 5
E-c1 5.8

In order to explore the microstructure of the carbon layer of the phenolic composite, the carbon
layer after the combustion of the pure phenolic resin and phenolic resin composites was analyzed by
SEM. It can be observed from Figure 9a that the pure phenolic resin had a relatively porous hole and
a large crack on the surface of the carbon layer after the CCT test, which is attributed to the rapid
volatilization of the flammable volatile gas produced by the combustion on the pure phenolic resin
surface. With the addition of aluminum diethylphosphinate, as shown in Figure 9b, the carbon layer
of the phenolic resin composite system still had large pores, and the carbon layer was rather loose,
which did not block oxygen and heat. This is because aluminum diethylphosphinate generates volatile
diethyl hypophosphorous acid during degradation, which acts as a trapping free radical in the gas
phase and blocks the combustion process. With the volatilization of diethyl hypophosphorous acid,
the phosphorus content inside the phenolic resin substrate decreases rapidly, resulting in a decrease in
the char forming ability of the system. Therefore, the effect of the condensed phase flame-retardant
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mechanism is not obvious [30], which can be explained through TGA. Therefore, the final residual
amount of phenolic composite system with aluminum diethylphosphinate at 800 ◦C in TGA analysis
has a small increase compared with that of pure phenolic resin material. When the phenolic system
was introduced into melamine, as shown in Figure 9c, the carbon layer of the phenolic composite
material did not have pores and cracks such as pure phenolic resin, and became smoother and finer.
This is because melamine reacts with formaldehyde after it is added. The formation of melamine
formaldehyde and melamine formaldehyde disturbs the intermolecular rigid structure of phenolic
resin, and forms an irregular cross-linked interpenetrating network structure with phenolic resin,
which hinders the decomposition of phenolic resin and needs higher energy in decomposition [31]. It
can be explained that in the TGA analysis the final carbon residue of the phenolic composite system
with melamine introduced at 800 ◦C was higher than that of the pure phenolic resin material. The
carbon layer of the phenolic system with aluminum diethylphosphinate and melamine added at the
same time, as shown in Figure 9d, was more compact, continuous and dense, and there were almost no
large cracks and holes. This shows that the combined action of the two can play a good role in heat
insulation and oxygen insulation, and can slow down the mass and heat transfer and the release of
combustible volatiles, so as to prevent the further combustion of phenolic resin composite materials.

  
(a) (b) 

  
(c) (d) 

Figure 9. Electron micrograph of carbon layer after CCT test of phenolic resin and phenolic resin
composites: E-0 (a), E-a2 (b), E-b2 (c) and E-c1 (d).

The FTIR spectra of the char residues after the cone calorimeter test are shown in Figure 10. By
comparing with the spectra of the Figure 1, it can be seen that the peaks at 3469 cm−1 and 3419 cm−1

(NH2 groups), 2955 cm−1 (–CH2 groups), 1153 cm−1 (P=C groups) disappear, and some new peaks are
formed during combustion, as shown in Figure 10, indicating that the cross-linking reaction occurred
between the phenolic resin and two flame retardants. The strong characteristic peaks in the range
of 3500–3100 cm−1 are attributed to the stretching vibration of –OH and –NH– groups. The peaks
at 1632, 1400 and 997 cm−1 are due to the C=C absorption in carbonization reaction, P-N groups
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and P–O–C groups, respectively. After the addition of aluminum diethylphosphinate, a new peak is
observed at 1247 cm−1 (P=O groups) and 781 cm−1 (Al–O groups) in Figure 10. Additionally, the char
rich in P–O–P groups, P-O-C groups, P-N groups and C=C groups exhibits a more intumescent and
compact structure, which gives an illustration of the lower heat release and gas emissions during the
combustion process.

Figure 10. FTIR spectra of phenolic resin and phenolic resin composite system after the cone
calorimeter test.

4. Conclusions

In this work, various concentrations of aluminum diethylphosphinate and melamine were
successfully added to the phenolic resin to synthesize the modified phenolic resin. Through
thermo-gravimetric analysis and the test of flame retardancy, the suitable addition amount of the two
flame retardants was obtained. The results show that when 15 wt % of aluminum diethylphosphinate
is added to the phenolic resin, the flame retardancy of the modified resin can pass the UL-94 V-0
flame-retardant grade, the LOI reaches 34.6%, and the residual carbon content is 52%. With the addition
of 4 wt % melamine, the flame retardancy of the modified resin can pass the UL-94 V-0 flame retardant
grade, the LOI reaches 32.1%, and the residual carbon amount is 64%. It can be seen that aluminum
diethylphosphinate has a significant effect in improving the flame retardancy of the phenolic resin, and
can increase LOI of the phenolic resin to 34.6%, while melamine can improve the thermal stability of
phenolic resin, improve the carbon residue and reduce the rate of thermal decomposition. The test
results of the cone calorimeter also show that when the aluminum diethylphosphinate and melamine
are added together in the phenolic resin, the combustion performance is better than the addition of one
of the flame retardants alone. With the addition of 10 wt% aluminum diethylphosphinate and 3 wt %
melamine into the phenolic resin, the flame retardancy of the modified resin can pass the UL-94 V-0
flame-retardant grade, and the LOI reaches 34.6%. The residual carbon content increases to 59.5%,
and the HRR decreases to 196.2 kW/m2 at 196 s, which is relatively pure phenolic resin decreased
by 35.5%, THR decreased to 51 MJ/m2 and TTI increased to 42 s. The peak content of CO and CO2

decreased to 0.196% and 0.222%, compared with the pure phenolic resin, and the content decreased
by 8.8% and 37.6%, respectively. In the SEM experiment, the electron micrograph of residual carbon
also verified that the carbon layer of the phenolic system with aluminum diethylphosphinate and
melamine added at the same time is more compact, continuous and dense, while there are almost
no large cracks and holes, indicating that the two flame retardants can work well together. It acts
as a heat insulator and oxygen barrier to slow the release of mass and heat transfer and flammable
volatiles, thereby preventing further combustion of the phenolic resin composite. All the above suggest
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that aluminum diethylphosphinate and melamine play a nitrogen-phosphorus synergistic effect in
the phenolic resin, which improves the thermal stability and flame retardancy of the phenolic resin.
The thermal stability and flame retardancy of phenolic resin obtained can be used in further tests on
pyrolysis and combustion in building materials.
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Abstract: In this study, the flame-retardant, thermal and mechanical properties
of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and nano-SiO2 modified epoxy
novolac resin is evaluated, and the combinational effects of both additives are verified. As a hardener,
an isophorone diamine (IPDA) and polyetheramine blend is stoichiometrically added to obtain a low
viscous epoxy resin system, suitable for resin injection and infusion techniques. The glass transition
temperature (Tg) and the silica dispersion quality is affected by the DOPO modification and the nano
silica particles. The flame-retardant (FR) and mechanical properties of the additives are investigated
separately. The fracture toughness could be increased with the incorporation of both FR additives;
however, the effect is deteriorated for higher DOPO amount which is referred to silica particle
agglomeration and consequently reduced shear yielding mechanism. Flame-retardant properties,
especially the peak heat release rate (pHRR) and the total heat release (THR) could be decreased from
1373.0 kW/m2 of neat novolac to 646.6 kW/m2 measured by resins with varying phosphorous and silica
content. Thermogravimetric analysis (TGA) measurements show the formation of a high temperature
stable char layer above 800 ◦C which is attributed to both additives. Scanning electron microscopy
(SEM) images are taken to get deeper information of the flame-retardant mechanism, showing a dense
and stable char layer for a certain DOPO silica mixture which restrains the combustible gases from
the burning zone in the cone calorimeter test and influences the fire behavior of the epoxy resin.

Keywords: epoxy novolac resin; DOPO; nano-SiO2; flame retardancy; fracture toughness

1. Introduction

Since the first patent regarding epoxy and amine systems was submitted in 1934 by Paul Schlack
in Germany the importance of resin has gathered increasing relevance. There are several reasons for
the wide application range of epoxys nowadays, for instance their good processability with low cure
shrinkage and therefore lower residual stresses in the cured part, good mechanical properties and
outstanding customization which is verified to the variation of properties with different hardener
and resin selection [1]. However, there are also several disadvantages, for example hot-wet and
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flame-retardant properties, compared to other thermosets, like bismaleimides or phenolic resins which
show good intrinsic flame-retardant properties [1].

To overcome the lower flame resistance, different additives like halogenated [2,3] or
phosphorous-based [4,5] FRs as well as inorganic fillers (like aluminum trihydroxide ATH) [6]
are incorporated into the epoxy matrix and the properties evaluated in the past decades.
However, halogenated flame retardants release toxic gases during decomposition and are therefore
prohibited by the REACH (Registration, Evaluation, Authorization and Restriction of Chemicals)
regulation [7]. Otherwise, inorganic fillers require a high content [6] for the improvement of fire
resistance which worsens the processing of the resin system and downgrades its mechanical properties.
For these reasons, research in the last decade focuses on phosphorous based epoxy resin systems,
especially the 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) molecule indicates
promising flame-retardant properties.

Wang et al. [4] studied the effect of DOPO modified phenolic amine hardeners on the
flame-retardant properties of diglycidyl ether of bisphenol A (DGEBA, glass transition temperature,
Tg = 171.8 ◦C) based epoxy resin, showing that 0.83 wt.% phosphorous in the overall system sufficient
to reach the UL94-V0 rating and to increase the limiting oxygen index (LOI) from 25.3% for DGEBA
up to 36.1% for a modified system. Another study by Wang et al. [5] investigated the influence
of DOPO modification in the resin backbone. Tetradiglycidyl diaminodiphenyl methane (TGDDM,
Tg = 249 ◦C) was modified with DOPO and as a hardener 4,4′-diaminodiphenyl sulfone (DDS) was
added. The UL94-V0 rating could be reached with only 0.8 wt.% phosphorous and the LOI is increased
from 29.1% up to 31.8% for the modified system.

DOPO modified epoxy resin as one component of a flame retarding synergistic system consisting of
silica as second component, was investigated by Zhang et al. in 2012 [8]. A DGEBA-m-Phenylendiamine
(m-PDA) composite containing oligomeric silsesquioxane (OPS) and DOPO was prepared, while the
overall FR-content was kept constant at 5 wt.%. The lowest LOI was found for the composite with
1.25 wt.% OPS and 3.75 wt.% DOPO (LOI = 30.3%), the UL94-V1 rating was verified for every combined
system, whereas the lowest peak heat release rate (p-HRR) was determined for 2.5 wt.% OPS and
DOPO (p-HRR = 603 kW/m2) content. The synergistic effect of the system was verified for a DOPO
and silica modified system and justified with the blowing out effect.

However, the synergistic effect of phosphorus-based FR and nano-SiO2 particles as a silicon
containing additive and the effectiveness in a low Tg-epoxy resins as well as the influence of the
flame retardants on the mechanical properties of the epoxy resin system has not been investigated
yet. In this study, the fracture toughness, decomposition behavior and flame-retardant properties
(Thermogravimetric analysis: TGA and cone calorimeter) are studied for a nano-SiO2 and DOPO
containing epoxy novolac resin system. In addition, the synergistic effect is discussed, and the
structure-property relationship established with scanning and transmission electron microscopy images.

2. Materials and Methods

2.1. Materials

Epoxy novolac resin D.E.N. 431 (epoxy equivalent weight 176 g/mol) is purchased from Olin.
To reduce overall viscosity of the novolac resin 5 wt.% (based on the D.E.N. 431 content) of the
reactive diluent Heloxy modifier BD (Hexion, Columbus, OH, USA, epoxy equivalent weight
124 g/mol) is added. As a curing agent isophorone diamine (IPDA, Aradur 42, Huntsman, TX,
USA, amino equivalent weight 42 g/mol) and the polyetheramine D230 (Jeffamine XB3403, Huntsman,
TX, USA, amino equivalent weight 60 g/mol) in the ratio 50:50 by weight were used. As a flame retardant
(FR), 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) modified epoxy novolac (Struktol
VP 3760, Schill&Seilacher, Hamburg, Germany, epoxy equivalent weight 340 g/mol) and spherically
shaped nano-SiO2-particles as an epoxy novolac master batch (NANOPOX F700, Evonic Industries,
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Essen, Germany, epoxy equivalent weight 310 g/mol) were added in varying amounts. The chemical
structure of the different materials is shown in Figure 1.

 

D.E.N. 431 novolac resin 

 

 

DOPO modified novolac resin 

 

 

IPDA 

 

D230 

Figure 1. Chemical structure of the epoxy novolac resin system (DOPO modification is highlighted
red) and the hardener (blend ratio 50:50 parts by weight).

2.2. Methods

The epoxy novolac resin are weighted and mixed at room temperature with 1700 rpm using
a DAC 150.1 FVZ speedmixer. The mixture is degassed in a vacuum chamber. Different amount of FR
is generated by replacing some of the D.E.N. 431 by the DOPO- and/or nano-SiO2-modified novolac
master batches. For the mixture with 1 wt.%, 2 wt.% and 3 wt.% phosphorous (Novolac + 1 wt.% P,
Novolac + 2 wt.% P and Novolac+ 3 wt.% P), 1/6, 1/3 and 1/2 of the resin is replaced by the DOPO-master
batch, respectively. After the stoichiometric amount of the hardener blend is added, the mixture
is homogenized with the speedmixer and degassed again, to achieve neat resin plates without air
inclusions. The liquid resins system is moulded in a steel plate, which is pre-treated with the release
agent Loctite Frekote 770NC to ensure demould, and fully cured at 80 ◦C for 60 min and 140 ◦C for
90 minutes (heating rate: 5 K/min) in an oven.

Dynamic mechanical thermo analysis (DMTA) is performed according to DIN EN ISO 6721-2
with a Rheometric Scientific RDA III, the frequency is set to 1 Hz and the deformation to 0.1%.
Glass transition temperature is determined by storage modulus (G′) onset, two samples are tested for
each material.

The fracture toughness of the material systems is evaluated by the critical stress intensity factor in
mode I (KIc-value) according to ISO 13586 with a universal testing machine Zwick Z050 (Zwick Roell,
Ulm, Germany). The initial crack is performed by tapping a razor blade into the notch. The initial load
is set to 2 N and the testing speed to 10 mm/min, five specimens are tested. The critical energy release
rate in mode I loading (GIc-value) is calculated using the Young’s modulus (E) and the following
Equation (1) [9]. The modulus was determined with tensile tests of the materials.

GIc = KIc
2/E, (1)

TGA measurements using a Netzsch 209 F1 libra (Netzsch, Selb, Germany) are performed under
air conditions to evaluate the degradation behavior and the silica content of the material systems.
Samples with the weight of 10 to 25 mg are used and heated up from room temperature to 1000 ◦C
with 10 K/min.
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Flame retardant properties are investigated with a cone calorimeter iCone (Fire Testing technology
FTT, East Grinstead, UK) with the heat flux of 50 kW/m2 and a distance between heater and sample
of 60 mm. Three samples are tested for each material. The discussed values were averaged, and the
standard deviation calculated, one curve is shown representatively in the graphs.

For Raman measurements, a WITec alpha 300 RA+ system equipment with a UHTS
300 spectrometer and a back-illuminated Andor Newton 970 EMCCD camera (Oxford Instruments,
Abingdon, UK) was used. The measurements were conducted employing an excitation wavelength
of λ = 532 nm and the spectra were recorded with an integration time of 1 s and 50 accumulations
(50 x LWD objective, NA = 0.55). All spectra were subjected to a cosmic ray removal routine and
baseline correction (software WITec Project FIVE, version 5.1, WITec, Ulm, Germany).

To study the toughening mechanism and the flame-retardant effect, scanning electron microscopy
(SEM) using a Zeiss Leo 1530 instrument (Carl Zeiss, Oberkochen, Deutschland) at an acceleration
voltage of 3 kV and transmission electron microscopy (TEM) using a Zeiss EM 922 Omega (Carl Zeiss,
Oberkochen, Deutschland) with 200 kV acceleration voltage are performed. For SEM studies the
sample is coated with a Cressington Sputter Coater to create a 1.3 nm thick conductive platinum layer;
images were taken with the in lens and the secondary electron detector. Sample preparation for TEM
analysis are performed with an ultra-microtome (Leica EM UC 7, Leica Camera, Wetzlar, Germany) at
room temperature. The resulting 50 nm thick samples are placed on a carbon coated copper grid.

3. Results and Discussion

3.1. Effect of DOPO on Epoxy Resin Properties

Glass transition temperature and fracture toughness of DOPO modified epoxy resin systems can
be seen in Table 1. The glass transition temperature shows decreasing values for the DOPO-modified
system as the Tg decreases from 109.8 ◦C for neat novolac to 66.5 ◦C for 3 wt.% phosphorous containing
resin. This change is given by the chemical structure of the DOPO-modified system; the DOPO
molecule is chemically bound to the epoxy group of the novolac (see Figure 1) which is consequently
not involved in crosslinking and network formation of the cured resin system for that reason [10,11].
The fracture toughness of the systems shows a contrary trend as it seems to be increasing for higher
amount of DOPO. Neat novolac reference shows a GIc-value of 109.2 J/m2, whereas the highest value
(131.8 J/m2) is measured with 3 wt.% of phosphorous, but considering standard deviation, they are in
the same range.

Table 1. Adjusted phosphorous content, glass transition temperature and fracture toughness of DOPO
modified epoxy resin.

Phosphorous Content/wt.% Tg/◦C GIc/J/m
2

Novolac (Reference) 0.0 109.8 ± 0.3 109.2 ± 24.4
Novolac + 1 wt % P 1.0 96.7 ± 0.5 123.8 ± 18.6
Novolac + 2 wt % P 2.0 81.9 ± 0.9 107.3 ± 12.0
Novolac + 3 wt % P 3.0 66.5 ± 0.6 131.8 ± 27.5

The flame-retardant properties of the DOPO modified epoxy resin systems were evaluated with
TGA under air conditions and cone calorimeter experiments to study the decomposition and burning
behavior. The mass loss rate from the TGA and the heat release rate from the cone calorimeter
measurement of the modified systems is shown in Figure 2, a summary of the relevant parameters
from TGA and cone is given in Table 2. It is represented in the TGA and cone calorimeter curves that
the DOPO additive improve the flame retardancy of the resin system. First, it enhances the char yield
at higher temperature, which can be seen in Figure 2 on the left side and in Table 2 since it increases
with higher phosphorous content (residual mass @700 ◦C and @900 ◦C, see Table 2). The energy
release (peak heat release, pHRR and total heat release, THR) is also improved with increasing DOPO
content, for highest phosphorous amount, the pHRR and the THR can be reduced from 1373.0 kW/m2
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and 87.7 MJ/m2 for neat novolac to 689.2 kW/m2 and 57.4 MJ/m2. The reduction in heat release is
referred to the gas phase since phosphorous containing flame retardants decompose and release
phosphorous-oxide radicals to reduce overall heat release. However, the systems start to decompose
earlier for higher phosphorous content, as the Td5%-value (the temperature when 5% of the systems is
degraded) as well as the time to ignition (tti) are reduced. It is estimated that the resin absorbs energy
and starts to decompose earlier, as the glass transition temperature and network density is reduced
with a higher amount of phosphorous.

  

Figure 2. TGA measurement under air atmosphere (left) and cone calorimeter test (right; 50 kW/m2

and distance sample to heater: 60 mm) of the DOPO modified epoxy resin.

Table 2. Td5%, residual mass @700 ◦C and @900 ◦C from TGA under air atmosphere and time to ignition
(tti), peak heat release rate (pHRR) and total heat release (THR) from cone calorimeter experiments for
DOPO modified epoxy resins.

TGA Cone Calorimeter

Td5%/
◦C

Residual Mass
tti/sec pHRR/kW/m2 THR/MJ/m2

@700
◦C/wt.%

@900
◦C/wt.%

Novolac (Reference) 354.6 0.1 0.1 53.7 ± 2.9 1373.0 ± 151.6 87.7 ± 1.3
Novolac + 1 wt.% P 320.5 2.5 0.4 45.7 ± 1.5 1131.3 ± 59.8 73.3 ± 4.2
Novolac + 2 wt.% P 311.7 8.9 0.4 42.7 ± 0.6 917.7 ± 43.4 64.6 ± 1.5
Novolac + 3 wt.% P 306.2 14.4 1.0 41.0 ± 2.0 689.2 ± 43.2 57.4 ± 1.1

3.2. Effect of Nano-SiO2 on Epoxy Resin Properties

The influence of silica particles on glass transition and fracture toughness is summarized in Table 3.
It is shown that the Tg is increased for the nano-SiO2 modified novolac resin which is referred to the
surface modification of the silica particles. It is expected that the surface modified particles show
high interaction with the epoxy resin which results in an ordered structure of the epoxy resin matrix
around the particles. The ordered particle-matrix interphase needs higher thermal energy to start the
polymer chain vibration. The compatibility of the commercial NANOPOX product with epoxy resin
systems is already discussed in the literature and demonstrated by increasing Tg [12]. In addition,
the fracture toughness is also improved for higher silica content from 109.2 J/m2 for neat novolac to
207.6 J/m2 for 3.9 vol.% SiO2 particles. The toughening mechanism for nano silica particles is discussed
in the literature already and basically referred to the shear yielding mechanism, a deeper evaluation of
toughening effect for the systems given here will be discussed in Section 3.3.
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Table 3. Adjusted silica content, glass transition temperature and fracture toughness of nano-SiO2

modified epoxy resin.

Nano-SiO2 Content/vol.% Tg/◦C GIc/J/m
2

Novolac 0.0 109.8 ± 0.3 109.2 ± 24.4
Novolac + 0.8 SiO2 0.8 111.3 ± 1.3 141.5 ± 34.6
Novolac + 1.5 SiO2 1.5 111.0 ± 0.5 155.5 ± 16.1
Novolac + 2.3 SiO2 2.3 110.1 ± 0.1 191.9 ± 33.2
Novolac + 3.9 SiO2 3.9 112.5 ± 0.4 207.6 ± 16.5

TEM images are taken to evaluate the dispersion quality of the silica nano-particles and to
ensure that cured epoxy resins only show slight amount of small agglomerates. The TEM images
are represented in Figure 3 for lowest and highest nano-SiO2 content and 2.3 vol.% SiO2. It can be
summarized that the particles are homogeneously distributed, and no agglomerates are formed even
at higher content.

   

Figure 3. TEM images of nano-SiO2 modifed epoxy resin: 0.8 vol.% (left), 2.3 vol.% (middle) and
3.9 vol.% (right).

Decomposition and burning behavior of nano-silica modified epoxy resin is shown in Figure 4
and summarized in Table 4. The decomposition behavior on the left side of Figure 4 is only influenced
by the silica particles, the residual mass at higher temperature is basically represented by the adjusted
silica amount, the Td5%-value is reduced for the silica nanocomposites to 338.5 ◦C and 343.2 ◦C as
highest and lowest value respectively, however the effect is only marginal. Silica amount shows only
slight impact on the heat release values and time to ignition from the cone calorimeter experiments.
Whereas the peak heat release rate is continuously decreasing from 1373.0 kW/m2 for the neat resin
to 910.9 kW/m2 for a resin containing 3.9 vol.% SiO2, the total heat release is decreased for highest
silica content. However, the THR increases for lower nano SiO2 amount which can be explained by
a supportive effect of the particles as they raise the effective surface for the flame. The reduction in
THR and especially pHRR can be explained by the amount of non-flammable silica particles. The time
to ignition is unaffected for the tested nanocomposites considering standard deviation. It can be
summarized that nano-SiO2 shows only a slight impact on the flame-retardant properties of the epoxy
resin, especially for lower particle loading, compared to the DOPO modified systems for instance.
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Figure 4. TGA measurement under air atmosphere (left) and cone calorimeter test (right; 50 kW/m2

and distance sample to heater: 60 mm) of the silica modified epoxy resin.

Table 4. Td5%, residual mass @700 ◦C and @900 ◦C from TGA under air atmosphere and time to ignition
(tti), peak heat release rate (pHRR) and total heat release (THR) from cone calorimeter experiments for
nano-SiO2 modified epoxy resins.

TGA Cone Calorimeter

Td5%/
◦C

Residual Mass
tti/sec pHRR/kW/m2 THR/MJ/m2

@700
◦C/wt.%

@900
◦C/wt.%

Novolac 354.6 0.1 0.1 53.7 ± 2.9 1373.0 ± 151.6 87.7 ± 1.3
Novolac + 0.8 SiO2 339.2 1.7 1.5 53.3 ± 1.2 1138.9 ± 53.3 103.9 ± 3.3
Novolac + 1.5 SiO2 338.6 3.3 3.3 52.7 ± 1.5 1141.9 ± 84.4 97.0 ± 2.0
Novolac + 2.3 SiO2 338.5 5.1 5.0 52.7 ± 1.2 1022.4 ± 34.7 90.2 ± 1.0
Novolac + 3.9 SiO2 343.2 8.6 8.6 54.7 ± 0.6 910.9 ± 58.3 84.4 ± 2.9

The residual cone calorimeter char layer was investigated with Raman spectroscopy to evaluate
the flame-retardant effect of the silicon-oxide particles. The optical microscopy images (10× and 50×
magnification) taken at the burning zone and the Raman spectra of the sample with 2.3 vol.% SiO2 are
presented in Figure 5. The orange cross indicates the position, where the Raman spectrum was recorded.
The microscopy images reveal that the nano-SiO2 particles generate a white appearing, dense and
closed glass layer, which results during the burning process of the matrix material. The layer is
composed of silicon oxide basically, since the Raman spectrum shows the typical SiO2 peaks discussed
in the literature [13]. In contrast to this, the black Raman spectrum, which was recorded at the inside
(the opposite side to the burning zone) of the cone calorimeter sample, indicates the peaks resulting
from carbon black, according to Pawlyta et al. [14]. The different Raman spectra from the inside and
the outside (burning zone side) of the nano-SiO2 modified sample show that silicon oxide accumulates
at the burning side of the sample and generates a dense and closed layer.
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Figure 5. Optical microscopy images of the residual cone calorimeter char of the sample with 2.3 vol.%
SiO2 with lower and higher magnification and the corresponding Raman spectrum taken at the dense,
white appearing layer on top of the burning zone (orange spectrum, measurement position indicated
by orange cross in higher magnified microscopy image). The black Raman spectrum was recorded
from the inside (opposite side of the burning zone) of the cone colorimeter sample.

3.3. Additive Combination: Effect on Glass Transition Temperature, Dispersion Quality and Fracture Toughness
Modelling of Modified Systems

So far, both additives are investigated and evaluated separately; next, the influence on the
properties of the combination of both additives will be discussed. The impact on glass transition
temperature and fracture toughness is represented in Table 5 and compared to the appropriate system
without silica particles. The combination shows a reduction in Tg for 2 wt.% and 3 wt.% phosphorous
with higher silica amount. For 2 wt.% and 3 wt.% phosphorous, the glass transition is reduced from
81.9 ◦C to 75.6 ◦C by adding 4.4 vol.% SiO2 for 2 wt.% P and from 66.5 ◦C to 62.2 ◦C for 3 wt.%
phosphorous and 4.7 vole% silica. It is represented in the TEM microscopy images in Figure 6 that the
dispersion quality of the nano-silica particles is deteriorated for material systems with higher DOPO
amount as there are some particle agglomerates visible in the micrographs. Due to agglomeration of
silica particles, the particle-matrix interphase is weakened, resulting in continuously decreasing Tg for
higher SiO2-content. The reason for lower dispersion quality is estimated to occur due to the shift of
the chemical potential of the liquid resin due to the DOPO modified novolac which is not optimized for
the commercial silica particle modification. The particle-particle interaction is estimated to be higher
leading to increased agglomerate number.
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Table 5. Adjusted silica content, glass transition temperature and fracture toughness of DOPO and
nano-SiO2 modified epoxy resin.

Phosphorous
Content/wt.%

Nano-SiO2

Content/vol.%
Tg/◦C GIc/J/m

2

Novolac + 2 P 2.0 0.0 81.9 ± 0.9 107.3 ± 12.0
Novolac + 2 P + 2.7 SiO2 2.0 2.7 78.2 ± 0.1 201.9 ± 31.4
Novolac + 2 P + 4.4 SiO2 2.0 4.4 75.6 ± 0.1 220.8 ± 15.9

Novolac + 3 P 3.0 0.0 66.5 ± 0.6 131.8 ± 27.5
Novolac + 3 P + 2.8 SiO2 3.0 2.8 63.8 ± 0.1 206.8 ± 37.3
Novolac + 3 P + 4.7 SiO2 3.0 4.7 62.2 ± 0.1 243.1 ± 17.4

 

2 wt.% P + 2.7 vol.% SiO2 

 

3 wt.% P + 2.8 vol.% SiO2 

2 wt.% P + 4.4 vol.% SiO2 3 wt.% P + 4.7 vol.% SiO2

Figure 6. Transmission electron microscopy images of composites with 2 wt.% (left) and 3 wt.% (right)
phosphorous and comparable silica content.

The GIc-value from Table 5 for the combined systems is plotted in Figure 6 for varying silica
content. It can be seen that the nano silica particles show high impact on fracture toughness of modified
epoxy resin, increasing from 107.3 J/m2 and 131.8 J/m2 for 2 wt.% and 3 wt.% P up to 220.8 J/m2 (2 wt.%
P) and 243.1 J/m2 (3 wt.% P) for 4.4 vol.% and 4.7 vol.% SiO2 respectively. In addition, the dotted lines
in Figure 7 represent a model of the toughening effect of the shear yielding mechanism for nano-sized
particles in epoxy resin systems proposed by Hsieh et al. and Johnsen et. al. [15,16]. A particle size
of 20 nm is assumed for the calculation according to the datasheet of the supplier of silica particles.
It is shown that the modelling fits to the measured values for 0 wt.% phosphorous and the 2 wt.%
phosphorous epoxy resin system. This confirms that the dominating toughening mechanisms is shear
yielding of 20 nm sized SiO2-particles. However, the toughening contribution from shear yielding
induced by nano-SiO2 particles is overestimated with the modelling for the epoxy resin with 3 wt.%
phosphorous. As it is shown in the TEM micrographs in Figure 6, the DOPO modification seems
to support particle agglomeration. The overall average particle size is increased for this reason and
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consequently the shear yielding mechanisms is deteriorated as higher particle sizes lead to lower
fracture toughness for this model.

 
Figure 7. Fracture toughness of the tested material systems.

To get deeper information of the fracture and toughening mechanism, the fracture surface
is studied with SEM (see Figure 7). For comparison, the fracture surface of neat novolac resin
and the fracture surface of only silica modified epoxy resin with comparable nano-SiO2 content is
represented. For the neat novolac reference a flat and smooth fracture surface is developing during
crack propagation which indicates the brittle character of the unmodified system and the low GIc-value
of only 109.2 J/m2. However, there are also some river lines visible on the fracture surface of the epoxy
resin, indicating plastic deformation and shear yielding mechanism.

For rigid nano silica epoxy resin, different toughening mechanism are already discussed in the
literature [17–19], these are, in general: shear yielding and particle pull-out and plastic void growth of
the matrix [17–19]. In Figure 8, for the only silica modified system, the different toughening effects are
demonstrated on the fracture surface. However, the particle pull-out toughening mechanism could
hardly be verified for the presented systems. Shear yielding seems to be the dominating toughening
mechanisms for the system presented here. The river like structure on the fracture surface of silica
modified systems in Figure 8 is reflected to the shear yielding mechanism and plastic deformation of
the matrix which is more dominant and effective for the SiO2 modified epoxy resin compared to neat
novolac resin. For the DOPO modified epoxy resins, the river like structure is still pronounced on the
surface, especially for the 2 wt.% phosphorous. However, the tendency of silica particles to agglomerate
for higher phosphorous content seems to reduce plastic deformation and shear yielding mechanism as
the river like structure is less dominant compared to lower phosphorous content. The deteriorating
effect has already been discussed previously for the modelling studies (see Figure 7).
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Neat epoxy novolac reference 

GIc = 109.2 J/m2 

0 wt.% P + 3.9 vol.% SiO2 

GIc = 207.6 J/m2 

2 wt.% P + 4.4 vol.% SiO2 

GIc = 220.8 J/m2

3 wt.% P + 4.7 vol.% SiO2 

GIc = 243.1 J/m2

Figure 8. SEM images of KIc-fracture surface of neat novolac (up left), novolac + 3.9 vol.% SiO2

(up right) novolac + 2 wt.% phosphorous + 4.4 vol.% SiO2 (down left) and novolac + 3 wt.%
phosphorous + 4.7 vol.% SiO2 (down right). Crack propagation direction: left to right.

3.4. Additive Combination: Flame Retardancy of DOPO and Silica Modified Novolac Resin

To evaluate the degradation behavior and flame retarding effects of the DOPO and silica modified
system, TGA (air atmosphere) and cone calorimeter measurements are performed. The resulting TGA
mass loss curves for the reference system without DOPO, with 2 wt.% and 3 wt.% phosphorous and
varying silica content are given in Figure 9, the summary (Td5%, residual mass @700 ◦C and @900 ◦C)
is given in Table 6.
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Figure 9. TGA mass loss curve for the modified epoxy novolac resin systems. Influence of silica content
on 2 wt.% (left) and 3 wt.% (right) phosphorous modified resin.

Table 6. Td5%, residual mass @700 ◦C and @900 ◦C from TGA curves and deviation according
to Equation (2).

Nano-SiO2

Content:
mSiO2/wt.%

Td5%/
◦C

Residual Mass
Deviation @900 ◦C:

Δm900◦C/%@700 ◦C:
m700◦C/wt.%

@900 ◦C:
m900◦C/wt.%

Novolac (Reference) 0.0 353.9 0.1 0.0 0.0
Novolac + 2 P 0.0 311.7 8.9 0.4 0.0

Novolac + 2 P + 2.7 SiO2 5.7 314.0 11.5 8.3 36.1
Novolac + 2 P + 4.4 SiO2 9.5 313.0 13.3 11.3 14.1

Novolac + 3 P 0.0 306.2 14.4 1.0 0.0
Novolac + 3 P + 2.8 SiO2 5.9 303.1 14.7 9.0 30.4
Novolac + 3 P + 4.7 SiO2 9.9 303.1 18.9 12.6 15.6

The silica content does not show any influence on the decomposition behavior of the novolac
epoxy resin at lower temperatures for the DOPO modified systems. The Td5% is nearly unaffected,
compared to the appropriate only DOPO modified system. Compared to this, the residual mass at
higher temperature (900 ◦C) is affected by the combination of DOPO and silica. To quantify this in
detail, the deviation in between the adjusted silica content and the measured residual mass of the
systems at 900 ◦C (Δm900◦C) is calculated with the following equation.

Δm900◦C = (mDOPO+SiO2900◦C −mDOPO900◦C −mSiO2)/(mDOPO900◦C +mSiO2), (2)

Equation (2) includes the char yield of the appropriate only DOPO modified epoxy resin at 900 ◦C
(mDOPO900◦C from Table 6), the adjusted silica content (mSiO2 from Table 6) and the measured residual
mass of the nano-silica and phosphorous modified novolac resin (mDOPO+SiO2900◦C: char yield at 900 ◦C
for DOPO and silica modified system from Table 6).

The deviation is graphically represented in Figure 9 as mismatch between the measured TGA-curve
and the adjusted SiO2 content (dotted lines) for the combined systems. If the flame retardants would
not interact with each other, the deviation should be 0.0% which means that the residual mass is
equal to the adjusted silica content. However, as there is a higher deviation observed, it is estimated
that a residual char product is generated being composed of both flame-retardant additive types
(phosphorous and silica) having high temperature stability as it is stable in the measured area up to
1000 ◦C. The high temperature stability of the residual product also shows that it is highly oxidized
as there is no further degradation and mass loss in air atmosphere. The deviation is in the range of
14–15% for higher and up to 30% and 36% for lower silica content, the biggest difference is given for
the 2 wt.% phosphorous and 2.7 vol.% SiO2 modified system.
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To get deeper information about the flammability and decomposition behavior of the material,
cone calorimeter tests are performed. The resulting HRR curves are shown in Figure 10 and summarized
in Table 7. It is shown that the combination of additives continuously increases the pHRR for the
epoxy novolac resin with 3 wt.% phosphorous from 689.2 kW/m2 to 814.2 kW/m2, further the total heat
release is not improved for these systems. However, the time to ignition is nearly unaffected by the
combination of DOPO and silica. For the novolac resin with 2 wt.% phosphorous and different silica
content, the p-HRR shows lowest value (646.6 kW/m2) for 2 wt.% phosphorous and 2.7 vol.% SiO2.
For higher silica content, the HRR increases again, this tendency is also reflected for the THR. The time
to ignition is in addition elevated for the systems with higher silica content and 2 wt.% P.

  

Figure 10. Cone calorimeter measurements for the modified epoxy novolac resin systems. Influence of
silica content on 2 wt.% (left) and 3 wt.% (right) phosphorous modified resin.

Table 7. Time to ignition (tti) and peak heat release rate (pHRR) from cone calorimeter experiments.

Nano-SiO2

Content/vol.%
tti/sec pHRR/kW/m2 THR/MJ/m2

Novolac 0.0 53.7 ± 2.9 1373.0 ± 151.6 87.7 ± 1.3
Novolac + 2 P 0.0 42.7 ± 0.6 917.7 ± 43.4 64.6 ± 1.5

Novolac + 2 P + 2.7 SiO2 2.7 46.0 ± 1.0 646.6 ± 54.9 58.3 ± 1.9
Novolac + 2 P + 4.4 SiO2 4.4 44.7 ± 0.6 781.0 ± 19.2 73.5 ± 2.7

Novolac + 3 P 0.0 41.0 ± 2.0 689.2 ± 43.2 57.4 ± 1.1
Novolac + 3 P + 2.8 SiO2 2.8 44.7 ± 0.6 711.3 ± 30.7 76.9 ± 2.3
Novolac + 3 P + 4.7 SiO2 4.7 43.3 ± 0.6 814.2 ± 28.0 63.6 ± 0.6

For deeper evaluation and understanding of the flame retarding effect of the silica and/or DOPO
modified epoxy novolac systems, SEM studies of the char morphology of cone calorimeter samples are
performed. The images for neat novolac, 2.3 vol.% SiO2, 2 wt.% phosphorous + 2.7 vol.% SiO2 and
3 wt.% phosphorous + 2.8 vol.% SiO2 modified epoxy resin are represented in Figure 11 with different
magnifications. The neat novolac char morphology shows rough and uneven surface (see Figure 11,
upper image), and a typical carbon black like char residue structure is represented in the image with
higher magnification. The morphology shows no flame retarding structure like stable char layer for
instance which is also indicated in the HRR-curve in Figure 10 as the curve rises up to the maximum
when the majority of the material is already decomposed and afterwards slowly declines again.
DOPO modified epoxy resin shows the same char morphology as neat novolac, the flame-retardant
effect is verified by the gas phase. However, the 2.3 vol.% silica modified epoxy resin shows smooth
char layer with a lower number of leaks. It is estimated that silica particles induce the formation of
a char layer which traps the evaporating material up to the point when the inner pressure is reaching
the strength of the layer and the combustible gases escape from the generated leaks in the layer.
The stable and dense SiO2-layer is already proven with the Raman measurement.
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Neat epoxy novolac reference: pHRR = 1373 kW/m2 

  

Novolac + 2.3 vol.% SiO2: pHRR = 1022 kW/m2 

  

Novolac + 2 wt.% P + 2.7 vol.% SiO2: pHRR = 647 kW/m2 

Novolac + 3 wt.% P + 2.8 vol.% SiO2: p-HRR = 711 kW/m2 

Figure 11. SEM images of the char morphology of cone calorimeter samples from neat novolac, 2.3 vol.%
SiO2, 2 wt.% phosphorous + 2.7 vol.% SiO2 and 3 wt.% phosphorous + 2.8 vol.% SiO2) modified resin,
with lower (left) and higher magnification (right).

The char morphology of cone calorimeter samples with both flame-retardant additives also show
the carbon black like structure at higher magnification (see Figure 11), indeed there is a dense layer visible
below this morphology which is shown in the image with lower magnification. However, the 3 wt.%
phosphorous and 2.8 vol.% SiO2 modified novolac resin also shows a high number of leaks in the
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char layer resulting in decreased flame-retardant properties. In contrast to this, 2 wt.% phosphorous
and 2.7 vol.% SiO2 modified novolac resin, the char layer seems to be more stable as there are less
leaks generated by the combusting gases shown in the SEM micrograph. The stable char layer is
also indicated by the pronounced shoulder formation in the HRR-curve (see Figure 10) as it delays
the release of combustible gases to the burning zone and therefore reduces the energy release of the
fire. Considering the results from the TGA measurements, the resin system with 2 wt.% P + 2.7 vol.%
SiO2 shows highest deviation from the adjusted silica content (36.1%, see Table 6) which consequently
demonstrates that the highest phosphorous amount is incorporated in the char layer and the thickest
layer is generated. The combinational effect of the DOPO- and silica modified systems is referred to
a stable and dense char layer which develops during the burning process of the material. The layer can
clearly be seen in the SEM micrographs in Figure 11. Due to its high temperature stability (stable up to
1000 ◦C, see Figure 9), it is estimated that the residual product is highly oxidized and composed of
silicone- and phosphorous-oxides, basically. Once the protective effect of the char layer reaches its
limits as the gas pressure increases up to a critical value, the gas is released by the formation of slight
leaks and the burning process is supported. However, it can be seen from the SEM images and the
HRR-curve that protective effect of the char layer of the 2.7 vol.% nano-SiO2 and 2 wt.% phosphorous
modified resin is the most effective one.

4. Conclusions

In this study, a novel flame-retardant system containing DOPO and nano-SiO2 modified epoxy
novolac resin is evaluated and combinational effects are verified using micrograph images. The thermal,
mechanical and flame-retardant properties as well as the dispersion quality, fracture and char
morphology are investigated. It is shown that DOPO modified novolac resin supports agglomeration
of silica particles and decreases glass transition temperature. However, the fracture toughness is
enhanced with the combination of phosphorous and silica which is attributed to plastic deformation
and shear yielding of the epoxy matrix which is induced by the silica particles. A higher amount
of DOPO leads to the formation of agglomerates which deteriorate the shear yielding mechanisms.
The decomposition behavior and flame-retardant properties are evaluated with the TGA and the cone
calorimeter. The peak-HRR could be reduced from 1373.0 kW/m2 for neat novolac up to 646.6 kW/m2

for 2 wt.% phosphorous and 2.7 vol.% SiO2 modified novolac resin, the time to ignition is decreased
from 54 s to 46 s. It is found that there is an optimal composition for DOPO and nano-silica content
regarding HRR curve which could be explained by a stable and highly oxidized char layer separating
combustible gases from the burning zone. The layer is attributed to both flame retarding additives
which is verified with the TGA curves as the residual mass exceeds the overall mass of the additives at
higher temperatures (800–1000 ◦C) and results in a silicone and phosphorous-oxide containing residual
product. The char structure could be verified further with SEM micrographs.
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Abstract: The high flame-retardant loading required for ethylene-vinyl acetate copolymer blends
with polyethylene (EVA-PE) employed for insulation and sheathing of electric cables represents
a significant limitation in processability and final mechanical properties. In this work, melamine
triazine (TRZ) and modified bentonite clay have been investigated in combination with aluminum
trihydroxide (ATH) for the production of EVA-PE composites with excellent fire safety and improved
mechanical properties. Optimized formulations with only 120 parts per hundred resin (phr) of
ATH can achieve self-extinguishing behavior according to the UL94 classification (V0 rating), as well
as reduced combustion kinetics and smoke production. Mechanical property evaluation shows
reduced stiffness and improved elongation at break with respect to commonly employed EVA-PE/ATH
composites. The reduction in filler content also provides improved processability and cost reductions.
The results presented here allow for a viable and halogen-free strategy for the preparation of high
performing EVA-PE composites.

Keywords: EVA/LLDPE blend; flame retardant; wire and cable; melamine triazine; clay

1. Introduction

The need for safe materials represents one of the main driving forces continuously pushing the
developments and advances in materials science and technology. The area of fire retardant materials
is of great concern. Indeed, recent catastrophic events and present legislations clearly highlight the
potential danger related to fire events, as well as the environmental and toxicological risks associated
with some of the most commonly used flame-retardant chemicals. Particular fire risk is associated
with electrical cables as they contain several polymeric parts (insulation, bedding, sheath) constituting
fuel sources (for fire start and spread) as a consequence of arcing, excessive ohmic heating (without
arcing) and external heating [1,2]. Ethylene-vinyl acetate copolymer (EVA) and EVA blends with
polyethylene (EVA-PE) are among the most widely used polymers for insulation and sheathing of
electric cables. Common practice is to load the polymer with high amounts (typically 60–70 wt.%) of
metal hydrates such as aluminum hydroxide or magnesium hydroxide [3]. Another possible strategy
to more efficiently reduce the fire and environmental risks of these materials comprises the use of
nanoparticles in combination with halogen-free flame-retardant additives (FRs) [4,5]. For instance,
the fire retardancy of ethylene-vinylacetate (EVA) and low-density polyethylene (LDPE) blends using
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organoclay in combination with either aluminum or magnesium hydroxide has been assessed by
thermogravimetric analysis and cone calorimetric measurements evaluating the effect of the surface
layer formed during pyrolysis of the polymer nanocomposites by numerical models [6]. The inclusion
of 68 wt.% of metal hydroxides considerably reduced the heat release rate (HRR); this effect was further
improved by coupling the hydroxide with 5 wt.% of organoclay. The reduction of HRR was attributed
to the formation of a ceramic-like layer on the surface of unpyrolysed material in the solid phase
during pyrolysis. This ceramic-like layer acts as a barrier reducing the heat and mass transfer thus
resulting in a flame retardant effect. Remarkable improvements on flame retardancy by combinations
of nanofiller and aluminum trihydroxide (ATH) were found in EVA [7]. These performances have been
correlated to the formation of a more efficient protective barrier during combustion, thus, highlighting
the beneficial role of the inclusion of relatively small amounts (≤5 wt.%) of nanofiller.

Similar improvements have been observed in EVA blends for industrial cable applications by
including modified bentonite clay and ATH; however, while significantly contributing to the flame
retardancy properties, the presence of the nanofiller did not result in improvements in the tensile
strength and elongation at break of prepared composites [8]. The detrimental effects on mechanical
properties linked to the high FR loading required for the cable application of EVA and EVA blends is a
well-known issue [9].

Indeed, due to the high loading required to obtain suitable FR properties for cable applications,
the resulting materials are more rigid and brittle than the unmodified polymer and thus
more prone to damage and cracking, eventually reducing the insulation and protection of the
polymer sheath [10,11]. In order to solve this problem, research aims at the development of
new and environmentally friendly flame-retardant systems capable of being efficient at loading
levels below traditional amounts. Nitrogen-based compounds, such as triazines, represent a
possible candidate to be incorporated in a FR system with improved efficiency [12,13]. As an
example, the combination of ammonium polyphosphate and a commercial triazine derivative
(poly-[2,4-(piperazine-1,4-yl)-6-(morpholine-4-yl)-1,3,5-triazine]/piperazine) has been adopted to
produce a novel phosphorous nitrogen intumescent flame-retardant system for polypropylene capable
of granting self-extinguishing properties at low FR content (i.e., 20 wt.%) [14]. The use of triazine
derivatives as part of an intumescent system has proven to provide good effects on the fire retardancy
performances of polymers [15]. However, such intumescent systems are relatively expensive and
their application for electrical requirements is rather limited. In the present paper, melamine triazine
has been used in combination with bentonite nanoparticles and aluminum hydroxide to produce a
novel FR system for EVA-PE blends, capable of achieving excellent flame-retardant performance while
preserving their mechanical properties. The developed FR systems allow for a reduction of the filler
loading down to 37% with improved mechanical properties while granting FR performance suitable for
electrical cables applications. This work provides a viable solution for the preparation of FR EVA-PE
blends with reduced costs and improved efficiency.

2. Materials and Methods

Elvax® 460, a copolymer of ethylene vinyl acetate with 18 wt.% vinyl acetate content
(2.5 g/10 min melt flow rate) from Dupont and BDL 92010 C, and linear low density polyethylene
(LLDPE) (1.0 g/10 min melt flow rate) from PEMEX-Petroquímica, Coatzacoalcos, Ver., Mexico
were purchased. Fusabond N493, an anhydride-modified ethylene copolymer (1.6 g/10 min
melt flow), supplied by Dupont, was employed as compatibilizer. ALOLT 60DLS, aluminum
trihydroxide (ATH), with average particle size d50 of 1.0–2.2 microns (99.5% purity and surface area
of 12 m2/g) was purchased from Mal Hungarian. MCA® PPM Triazine HF, melamine triazine (TRZ),
poly-[2,4-(piperazine-1,4-yl)-6-(morpholine-4-yl)-1,3,5-triazine]/piperazin (Figure 1), was supplied
by MCA Technologies GmbH. ATH and TRZ were used as halogen-free FRs. Actisil 220FF, sodium
bentonite clay (55 meq/100g cationic capacity), was purchased from Clariant. Sodium bentonite
clay was modified using L-lysine mono-chlorohydrated via ionic interchange reaction, as previously
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reported [16–18]. Briefly, 100 g of sodium bentonite clay was added to a water solution of 10 g L-lysine
in 1.5 L. After 30 min stirring, the suspension was decantated and the solid was retrieved by filtration
and drying of the modified bentonite clay (L-lysine loading = 3 wt.%).

Figure 1. Chemical formula of melamine triazine.

The adopted EVA-PE blend was composed of 67 parts of EVA, 17 parts of LLDPE and 16 parts of
Fusabond N493 [19–21]. This formulation constitutes the polymer matrix (EVA/LLDPE/compatibilizer)
coded as E-PE. The polymer composites containing ATH, TRZ and clay were obtained in a co-rotating
twin-screw extruder type SHJ 40D, with an optimized configuration for easier compounding and
dispersing process as demonstrated elsewhere [22]. The extruder had a 41-mm diameter and a
length/diameter ratio = 40, and 10 independent heating zones for optimal processing. A detailed
description of the twin-screw configuration is reported in the Supporting Information file. Table 1
summarizes the composition of investigated composites.

Table 1. Compositions of investigated composites.

Sample
ATH

[phr] *
TRZ
[phr]

Clay
[phr]

E-PE - - -
E-PE/185ATH 185 - -
E-PE/160ATH 160 - -
E-PE/120ATH 120 - -

E-PE/120ATH/20TRZ 120 20 -
E-PE/120ATH/15TRZ 120 15 -
E-PE/120ATH/10TRZ 120 10 -

E-PE/120ATH/15TRZ/1CLAY 120 15 1
E-PE/120ATH/15TRZ/3CLAY 120 15 3
E-PE/120ATH/15TRZ/5CLAY 120 15 5

E-PE/120ATH/10TRZ/1CLAY 120 10 1
E-PE/120ATH/10TRZ/3CLAY 120 10 3
E-PE/120ATH/10TRZ/5CLAY 120 10 5

* phr = parts per hundred resin.

The extrusion process was carried out at 300 rpm rotational speed with a temperature profile of
137/137/157/157/165/170/175/180/185/185 ◦C, from feeding zone to die (Figure S1).

Specimens for flammability, cone calorimetry and mechanical tests were produced by injection
molding in a Milacron M50 machine (Milacron LLC, Karnataka, India) at 170/175/180/180 ◦C temperature
profile, 70 mm/s injection/fill speed, 110 bar pack/hold pressure, 15 s pack/hold time and 20 s cooling time.

The morphology of E-PE blends and the corresponding composites was studied using a
field-emission scanning electron microscope (SEM) JEOL JSM-7600F (JEOL, Ltd., Akishima, Japan).
Specimens were prepared by using cryogenic fragile fracture and gold-coated prior to SEM analyses.
Element mapping was carried out in the scanned area by energy dispersive spectroscopy (EDS, Oxford
Instruments, Concord, MA, USA). Thermal stability was evaluated by thermogravimetric analysis by
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a TA-Instrument Q-550 equipment (TA-Instrument, Inc., New Castle, DE, USA) at a heating rate of
10 ◦C/min from 25 ◦C up to 800 ◦C, under argon and air atmospheres. The sample size was 10 ±1 mg,
the experimental error was ±1 ◦C and ±0.01 wt.%. Flammability was assessed following UL94 vertical
classification tests according to the ASTM D3801-19 standard [23], using specimens with dimensions
of 127 × 12.7 × 3.1 mm3. Combustion behavior under forced combustion was investigated by cone
calorimetry (Fire Testing Technology). Specimens (100 × 100 × 3 mm3) were exposed to a 35 kW/m2

radiative heat flux in horizontal configuration. Average values concerning time to ignition (TTI),
peak of heat release rate (pkHRR), total heat release (THR), maximum average rate of heat emission
(MARHE), total smoke release (TSR) and final residue were evaluated and are presented with their
experimental deviations. Measurements were performed four times for each formulation. Prior to
flammability and forced combustion tests, all specimens were conditioned in a climatic chamber
(23 ±1 ◦C 50% relative humidity) for 48 h. Tensile tests were carried out using an Instron Universal
testing machine 5565 model (Instron Corp., Norwood, MA, USA) at a crosshead speed of 50 mm/min
at 25 ±2 ◦C and type I specimen dimensions, following the ASTM D638 standard [24]. At least five
specimens were tested for each sample, and the average value for Young modulus, tensile strength,
elongation at break and tenacity is reported.

The rheological behavior of the composites was measured in a strain-controlled Ares G2
TA-Instrument (TA-Instrument, Inc., New Castle, DE, USA) rheometer using parallel plates of
25 mm diameter. All tests were performed at 195 ◦C under small amplitude oscillatory shear flow
(SAOS). The dynamic frequency sweep mode was carried out in linear viscoelastic regimen with a
strain of 1% from 0.1 to 100 rad/s.

3. Results and Discussion

3.1. Morphology

The morphology of the prepared composites was studied by scanning electron microscopy (SEM).
Figure 2 displays SEM micrographs of the neat polymer matrix (E-PE blend, Figure 2A) and selected
corresponding composites containing ATH, ATH/TRZ and ATH/TRZ/clay (Figure 2B,D).

 
Figure 2. Scanning electron microscopy (SEM) micrographs of fractured surface for: (A) E-PE,
(B) E-PE/185ATH, (C) E-PE/120ATH/15TRZ, and (D) E-PE/120ATH/15TRZ/3clay.
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E-PE polymer blend shows a ductile fracture characterized by a deformed surface and a continuous
pattern; no phase separation or droplets are observed for this blend (Figure 2A). This is ascribed to the
use of the compatibilizer (anhydride-modified ethylene copolymer) as it is well-known that blends
based on ethylene-vinyl acetate copolymer and polyethylene (i.e., LDPE or LLDPE) are immiscible [25].
The absence of a compatibilizer would result in phase separation and polymer droplet formation as
a function of the interfacial tension and viscosity ratio between the EVA and PE [26]. The inclusion
of ATH deeply modifies the resulting morphology in a fragile fracture attributed to the presence of
the filler (Figure 2B). ATH particles, with dimensions ranging from sub micronic up to 4 μm, show a
good distribution and dispersion within the polymer matrix even at such high filler loading (185 phr,
65 wt.%). This is ascribed to the screw configuration and high rotational speed employed during the
melt extrusion process. A similar morphology is observed for composites containing TRZ and TRZ/clay
with reduced ATH content (Figure 2C,D), thus highlighting no substantial changes in the distribution
of ATH in the presence of the other additives. The distribution of clay within the composites was
further evaluated by elemental mapping; Figure 3 reports the aluminum and silicon elemental analysis
of E-PE/120ATH/10TRZ/5clay.

 
Figure 3. (A) SEM micrograph of fractured surface of E-PE/120ATH/10TRZ/5clay composite, (B) scanned
area of E-PE/120ATH/10TRZ/5clay composite for elemental analysis, (C) aluminum and (D) Si mapping.

According to the silicon elemental analysis, clay particles exhibit a homogenous dispersion and
distribution. No agglomerates are observed, likely due to the low clay content within the composites
(i.e., 5 phr, 2 wt.%). Furthermore, Al distribution is similar to that of E-PE/120ATH (Figure S2)
highlighting that the presence of TRZ and clay does not alter ATH distribution and dispersion.

3.2. Rheological Properties

Rheological properties of the E-PE blend and composites included continuous simple and small
amplitude oscillatory shear flow. This test provides information on the dispersion of the filler within
the polymer matrix. Figure 4 depicts shear viscosity as a function of shear rate for E-PE blend and
investigated composites.
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Figure 4. Simple shear viscosity as a function of shear rate for: (A) E-PE blend, E-PE/ATH
and E-PE/120ATH/TRZ composites using ATH and TRZ at different content, and (B)
E-PE/120ATH/15TRZ/clay and E-PE/120ATH/10TRZ/clay composites varying clay content.

In Figure 4A, the shear viscosity of the polymer matrix (E-PE blend) presents a nearly
Newtonian-like behavior at low shear rates (0.1–1.0 1/s). Newtonian-like behavior corresponds to the
region in the flow curve where the viscosity becomes independent of the shear rate (i.e., a constant
viscosity). On the other hand, E-PE blend presents moderate shear thinning behavior at high shear rate
(1.0–10.0 1/s). By including ATH and TRZ in the formulation, the viscosity increases at low shear rates
(0.1–1.0 1/s), reaching the maximum value for E-PE/185ATH. Nevertheless, at high shear rates (1.0–10
1/s) the viscosity of E-PE/185ATH composite decreases similarly to the rest of other formulations. All
composites exhibit the typical feature of shear-thinning behavior with no plateau region observed
over the studied shear rate range. Such behavior has been ascribed to a good dispersion of both flame
retardants (ATH and TRZ) within the polymer matrix (Figure 4A) [27]. Composites containing clay
show a remarkable shear-thinning behavior in the whole shear rate range (Figure 4B). Such behavior
implies low shear viscosity at high shear rate, an important characteristic for the easy processing of
these composites. In addition, the storage modulus was also evaluated, and its plot as function of
angular frequency for E-PE blend and prepared composites is reported in Figure 5.
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Figure 5. Storage modulus as function of angular frequency in small amplitude oscillatory shear flow
(SAOS) flow test for: (A) E-PE blend, E-PE/ATH and E-PE/120ATH/TRZ composites using ATH and
TRZ at different content, and (B) E-PE/120ATH/15TRZ/clay and E-PE/120ATH/10TRZ/clay composites
varying clay content.

The neat E-PE blend displays a storage modulus with a constant slope over the entire frequency
range, indicating non-terminal flow behavior characteristic of pure polymers [28]. Composites
containing ATH and ATH/TRZ show a pronounced solid-like behavior at low frequency (0.1–1.0 rad/s).
In particular, the storage modulus of E-PE/185ATH exhibited the highest value likely due to the
high particle loading (Figure 5A). On the other hand, the presence of TRZ does not influence the
storage modulus, as all TRZ containing composites disclose a similar slope in the whole frequency
range with respect to E-PE/120ATH. This result indicates the absence of interactions between the filler
particles in the flow stage. A similar behavior is observed for clay containing formulations (Figure 5B).
The performed rheological measurements suggest a good dispersion of flame retardant additives
within the polymer matrix, further confirming previous SEM observations.

3.3. Thermal Stability

The thermal stability of neat components and prepared composites under inert and oxidative
atmosphere has been evaluated by thermogravimetric analyses in argon and air, respectively. As far
as neat components are concerned (Figure S3 and Table S1), neat ATH yields a weight loss ascribed
to its dehydration with consequent water release within a 200–300 ◦C range. Bentonite clay shows a
slow and constant weight loss associated to its dehydration from the interlayer space and cavities,
and cation hydration spheres, as well as dihydroxylation at high temperatures [29,30]. On the other
hand, TRZ shows a more complicated degradation path associated to melamine gradual condensation
releasing melam, melem and melon products due to ammonia elimination [31].
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Figure 6 displays TG and dTG curves, and Table 2 discloses the collected data of the most
representative samples. The complete curves and thermal data are reported in Figures S4–S6 and
Tables S2–S4, respectively.

Figure 6. TG and dTG curves of E-PE, E-PE/120ATH, E-PE/120ATH/10TRZ and E-PE/120ATH/
10TRZ/5clay composites. (A,B) curves in argon, and (C,D) curves in air atmospheres.

Table 2. Thermal data of polymer E-PE, E-PE/120ATH, E-PE/120ATH/10TRZ and E-PE/120ATH/
10TRZ/5clay composites by thermogravimetric analyses.

Sample

Argon Air

* Tmax

[◦C]

Deriv.
Mass

[%/◦C]

Residue
at 800 ◦C

[%]

* Tmax 1

[◦C]

Deriv.
Mass 1

[%/◦C]

* Tmax 2

[◦C]

Deriv.
Mass 2

[%/◦C]

Residue
at 800 ◦C

[%]

E-PE 467 2.27 0.0 346 0.67 410 1.69 1.5
E-PE/120ATH 472 1.02 37.2 320 0.35 385 0.48 40.2

E-PE/120ATH/10TRZ 476 1.13 35.2 318 0.31 470 0.42 32.4
E-PE/120ATH/10TRZ/5clay 476 1.06 34.8 315 0.33 467 0.49 34.9

* From derivative curves.

Under non-oxidative conditions, the E-PE blend decomposes in two steps (Figure 6A,B). The first
occurs at nearly to 350 ◦C and corresponds to the de-acylation of the vinyl acetate groups in EVA [31,32].
The second step, associated with the highest weight loss, takes place between 400 and 500 ◦C as a
result of EVA unsaturated backbone and PE hydrocarbon chains decomposition, leaving no residue
at 800 ◦C [33,34]. The presence of ATH is responsible for an anticipated degradation due to water
release, and the formation of an inorganic barrier that partially slows down the E-PE decomposition,
as observed in the dTG curves (Figure 6 and Figure S4). The final residue consists of aluminum oxide,
and increases as the ATH loading increases. TRZ and clay do not substantially modify this behavior
likely due to the lower content with respect to ATH, as confirmed in samples containing different
amounts of TRZ and clay (Figures S5 and S6).
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Under thermo-oxidative conditions, EVA de-acylation still occurs within the first decomposition
step. Subsequently, the presence oxygen results in two separate weight loss steps in the 350–470 ◦C
range related to the different thermo-oxidation of EVA and PE that produces a 10 wt.% residue,
eventually oxidized above 500 ◦C (Figure 6C,D) [35]. The barrier produced by ATH limits oxygen
diffusion and results in delayed and reduced degradation kinetics above 350 ◦C. This effect is clearly
visible in the TG and dTG curves of Figure 6C,D. The presence of TRZ and clay improve the efficiency of
the produced barrier as observable in the residues at 450 ◦C (i.e., 51%, 59% and 62%, for E-PE/120ATH,
E-PE/120ATH/10TRZ and E-PE/120ATH/10TRZ/5Clay, respectively). TRZ is effective only at 15 and
20 phr, whereas different clay content does not change this effect, as reported in Figures S5 and S6.

3.4. Flammability

The flammability of E-PE blend and the investigated composites using ATH, TRZ additives and
modified bentonite was assessed by UL94 vertical classification. This test evaluates the reaction of
prepared materials when subjected to a direct flame application, thus providing information on their
ability to start a fire. Table 3 reports UL94-V classification of the investigated materials and Figure 7
collects digital images of some specimens at the end of the test.

Table 3. Flammability results of E-PE blend and the investigated composites following the UL94
vertical configuration method.

Sample t 1 ± σ t 2 ± σ
UL94

Classification
Burning Characteristics

E-PE >60 - n.c. * Intense melt dripping
E-PE/185ATH - 3 ± 1 V0 No melt dripping
E-PE/160ATH - 85 ± 26 n.c. Moderated melt dripping
E-PE/120ATH - 57 ± 35 n.c. Flaming droplets

E-PE/120ATH/20TRZ - 3 ± 1 V0 No melt dripping
E-PE/120ATH/15TRZ 41 ± 78 105 ± 30 n.c. Intense melt dripping
E-PE/120ATH/10TRZ 7 ± 8 77 ± 40 n.c. Intense melt dripping

E-PE/120ATH/15TRZ/1CLAY - 7 ± 5 V1 No melt dripping
E-PE/120ATH/15TRZ/3CLAY - 4 ± 2 V0 No melt dripping
E-PE/120ATH/15TRZ/5CLAY - 4 ± 2 V0 No melt dripping

E-PE/120ATH/10TRZ/1CLAY - 83 ± 39 n.c. Intense melt dripping
E-PE/120ATH/10TRZ/3CLAY - 9 ± 3 V1 No melt dripping
E-PE/120ATH/10TRZ/5CLAY - 4 ± 3 V0 No melt dripping

* n.c.: not classifiable. Note: the occurrence of intense melt dripping in n.c. samples are responsible for a large
standard deviation as this might cause the specimen to self-extinguish at random times.

As is well-known, the E-PE blend is a highly flammable material. Indeed, upon flame application
the sample starts to burn vigorously with the formation of flaming droplets that may extinguish
the flame prior to the complete combustion of the sample, as reported in Figure 7A. This is highly
undesirable as this phenomenon can easily spread the fire to other ignitable materials in a real fire
scenario, thus resulting in a serious fire threat. The inclusion of ATH considerably changes the burning
behavior of the composite (Figure 7B,C). Indeed, at 185 phr no ignition is observed after the first
flame application while the second flame application results in short burning times (<5 s) granting
the maximum rating for this test: V0 classification (Figure 7A). This is due to the formation of a
protective inorganic barrier as ATH accumulates on the surface of the specimen exposed to the flame;
the release of water also provides beneficial effects lowering the temperature of the flame and diluting
volatiles. Reducing the content of ATH to 160 and 120 phr (Figure 7C) compromises the performances
of the composites with a downgrade to not classifiable rating due to the presence of melt dripping.
These results clearly confirm the mandatory need for very high ATH content in order to achieve good
flame retardant effects, as already reported in the literature. To overcome this problem, TRZ and
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clay have been added to the formulation containing 120 phr of ATH (Figure 7D,E). The inclusion of
20 phr of TRZ alone allows for the maximum rating pairing the results of the E-PE/185ATH composites
(see Figure 7D and Table 3). A reduction to 15 and 10 phr does not grant similar performances and
results in extensive melt dripping (Figure 7E,G) and prolonged burning times (>60 s). Such results
are improved by the addition of clay at either 3 or 5 phr, achieving the highest rating with TRZ at
both 15 and 10 phr (Figure 7F,H). It is worth highlighting the beneficial role of modified bentonite
that is capable of considerable improvements in the flame-retardant performances at relatively low
loadings (i.e., E-PE/120ATH/10TRZ/5clay). Such results can be related to the good distribution and
dispersion of the clay during processing. This is deemed to have a fundamental role in the achieved
flame retardancy properties, as it allows the clay to substantially improve the efficiency of the barrier
produced by ATH [7,36]. From the above results, the TRZ/clay combination allows for substantial
reductions in the total filler loadings while maintaining fire safety.

 

Figure 7. Digital pictures of specimens after UL94-V tests: (A) E-PE, (B) E-PE/185ATH, (C)
E-PE/120ATH, (D) E-PE/120ATH/20TRZ, (E) E-PE/120ATH/15TRZ, (F) E-PE/120ATH/15TRZ/3clay,
(G) E-PE/120ATH/10TRZ, and (H) E-PE/120ATH/10TRZ/5clay composites.

3.5. Burning Behavior under Forced Flaming Combustion

Cone calorimetry was employed to evaluate the reaction of prepared composites to the exposure
to a heat flux typical of developing fires (i.e., 35 kW/m2). For this test, samples have been selected on
the basis of flammability results and total filler loading in order to test the more efficient formulations
along with their reference material. During the test, as a consequence of the heat flux exposure, the
sample starts degrading and releasing flammable volatiles that are ignited by a spark positioned above
the samples. Once ignition occurs, the instrument evaluates all parameters linked to heat and smoke
release. The main parameter is the heat release rate, which as function of time, is reported in Figure 8.
Table 4 collects the complete set of parameters for each composite.
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Figure 8. Heat release rate curves as a function of time for: E-PE, E-PE/185ATH, E-PE/120ATH,
E-PE/120ATH/20TRZ, E-PE/120ATH/15TRZ, E-PE/120ATH/15TRZ/3clay, E-PE/120ATH/10TRZ,
and E-PE/120ATH/10TRZ/5clay composites.

Table 4. Combustion data results of E-PE and some corresponding composites by cone calorimetry.

Sample
TTI
[s]

pkHRR
[kW/m2]

THR
[MJ/m2]

MARHE
[kW/m2]

TSR
[m2/m2]

Residue
[%]

E-PE 62 ± 4 850 ± 59 110 ± 1 379 ± 15 1178 ± 33 0
E-PE/185ATH 111 ± 5 186 ± 2 77 ± 4 112 ± 2 570 ± 53 44 ± 1
E-PE/120ATH 107 ± 2 281 ± 14 80 ± 9 155 ± 5 907 ± 62 37 ± 1

E-PE/120ATH/20TRZ 98 ± 3 210 ± 5 88 ± 1 109 ± 4 725 ± 44 35 ± 1
E-PE/120ATH/15TRZ 99 ± 5 237 ± 13 86 ± 5 147 ± 9 951 ± 68 33 ± 1
E-PE/120ATH/10TRZ 103 ± 4 223 ± 15 83 ± 5 138 ± 10 945 ± 42 35 ± 1

E-PE/120ATH/15TRZ/3clay 101 ± 4 212 ± 12 86 ± 3 116 ± 3 843 ± 47 35 ± 1
E-PE/120ATH/10TRZ/5clay 101 ± 3 218 ± 9 82 ± 6 133 ± 2 806 ± 43 36 ± 1

An apparent flame-retardant effect can be achieved by including 185 phr of ATH with considerable
reduction in heat release values (pkHRR, THR and MARHE reduced by 78%, 30% and 70%, respectively)
as well as smoke production (TSR reduced by 52%). This result is related to both the reduced amount
of polymer matrix in the composite and to the barrier and water release effect produced by ATH [37].
The produced barrier, clearly visible from the digital pictures of the residues reported in Figure S7,
hinders volatile release and limits heat transmission and mass transfer from the flame to the polymer,
resulting in reductions of combustion kinetics as well as smoke production. The released water can
dilute smoke by reducing its optical density while simultaneously lowering the flame temperature.
Reducing the content of the hydroxide to 120 phr maintains good flame retardant properties with
the most apparent detrimental effect on TSR values likely due to the production of an inefficient
barrier during combustion and to the lesser release of water. On the other hand, it should be pointed
out that by reducing the ATH content, the amount of combustible polymer is inevitably increased,
thus providing an additional challenge for the developed formulations.

As observed from flammability results, the inclusion of TRZ helps in improving the properties
of the 120 phr ATH formulation from the assessment of pkHRR and TSR reductions. This can be
ascribed to the mode of action of TRZ that, as for other melamine derivatives, shows mostly diluting
and cooling effects in the gas phase [38]. The beneficial effect of TRZ is remarkable only at 20 phr while
lower loadings only partially improve the pkHRR reduction (see Table 4). Further improvements of
the formulations containing 15 and 10 phr of TRZ can be achieved by incorporating bentonite clay.
The ability of clay in promoting the formation of a more efficient barrier to volatiles and heat transfer
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allows for further reducing pkHRR and TSR values [39,40], as reported in Table 4 mostly matching the
results of E-PE/120ATH/20TRZ. The evaluation, by optical microscopy, of the top surface of the residues
collected at the end of the test (Figure S8) show no apparent differences between each formulation.
A compact and brittle inorganic layer mostly resulting from the cumulation of aluminum oxide at the
polymer/flame interface is observed. The internal structure of the residue has also been investigated.
To this aim, small pieces have been collected from the main structure and tilted in order to make the
internal structure visible (Figure S9). Differences in macroscopic morphology can be easily detected.
Indeed, while formulations containing 185 and 120 phr of ATH yielded a quite dense structure, the
presence of TRZ produced porous structures with pore number and distribution proportional to
TRZ content. This can be ascribed to the release of volatiles by TRZ and helps in improving the
heat shielding properties of the produced protective layer that benefits from the reinforcing effect
of clay [31,36]. From an overall point of view, the addition of TRZ and clay compensates for the
reduced ATH content, thus providing a valuable strategy to simultaneously reduce the FR loading
while guaranteeing considerable FR performances. Indeed, the observed reductions in combustion
parameters (pkHRR, THR and MARHE reduced by 74%, 25% and 65%, respectively) and smoke
production (TSR reduced by 32%), ensures the fire safety of the ATH/TRZ/clay formulations.

3.6. Mechanical Properties

The impact of the flame-retardant formulation on the mechanical properties of the E-PE blend
was assessed by tensile tests [24]. Table 5 collects Young’s modulus, tensile strength, elongation at
break and tenacity of prepared composites.

Table 5. Mechanical properties of E-PE blend and corresponding composites.

Sample
Young’s Modulus

[MPa]
Tensile Strength

[MPa]
Elongation at

Break [%]
Tenacity [MPa]

E-PE 27 ± 1 7.0 ± 0.3 478 ± 26 27 ± 2
E-PE/185ATH 92 ± 5 13.0 ± 0.4 101 ± 8 11 ± 1
E-PE/160ATH 68 ± 1 12.0 ± 0.2 147 ± 9 14 ± 1
E-PE/120ATH 58 ± 1 10.0 ± 0.2 165 ± 11 13 ± 1

E-PE/120ATH/20TRZ 58 ± 2 7.0 ± 0.4 115 ± 6 6 ± 1
E-PE/120ATH/15TRZ 61 ± 2 11.0 ± 0.1 180 ± 7 16 ± 1
E-PE/120ATH/10TRZ 68 ± 2 12.0 ± 0.4 167 ± 9 16 ± 1

E-PE/120ATH/15TRZ/1CLAY 69 ± 1 11.0 ± 0.2f 146 ± 11 13 ± 1
E-PE/120ATH/15TRZ/3CLAY 74 ± 3 11.0 ± 0.2 137 ± 4 12 ± 0
E-PE/120ATH/15TRZ/5CLAY 77 ± 2 11.0 ± 0.3 113 ± 5 10 ± 1

E-PE/120ATH/10TRZ/1CLAY 74 ± 2 12.0 ± 0.4 130 ± 9 13 ± 1
E-PE/120ATH/10TRZ/3CLAY 70 ± 2 12.0 ± 0.3 142 ± 6 13 ± 1
E-PE/120ATH/10TRZ/5CLAY 70 ± 1 10.0 ± 0.2 137 ± 8 11 ± 1

As is well-known, the high contents of FR additives needed to ensure safety inevitably result
in substantial changes of the mechanical properties of the polymer matrix, increasing modulus and
tensile strength while reducing elongation at break and tenacity [9,41]. Such behavior is observed
for formulation containing 185 phr of ATH that show increased stiffness (Young´s modulus and
tensile strength up to 92 and 13 MPa, respectively) and reduced deformability (elongation at break
reduced from 478% to 101%). The reduction of ATH content from 185 to 120 phr partially limits
this phenomenon (elongation at break is improved), but has the unwanted result of considerably
limiting the fire safety of the prepared materials as demonstrated by flammability and cone testing.
The inclusion of TRZ at 20 phr further increases the stiffness of the materials, while reducing its content
to 15 and 10 phr partially improves the elongation at break and tenacity of the formulations with respect
to E-PE/120ATH/20TRZ. Similarly, bentonite clay does not improve deformability with respect to the
formulations containing ATH and TRZ. However, it should be pointed out that the elongation at break
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displayed by formulations containing TRZ and clay is always superior to E-PE/185ATH (i.e., 137%
vs. 101%), which is the reference material as far as fire protection is concerned. Such improvements
can be mainly ascribed to the reduced additive content. This indicates that composites such as
E-PE/120ATH/15TRZ/3clay and E-PE/120ATH/10TRZ/5clay can improve on the overall deformability
of the materials while still maintaining the required flame retardant properties. In order to evaluate
the potential economic impact of the performed formulations, a simple cost-benefit analysis has
been performed evaluating the cost of raw materials employed in the most performing formulations
(Table 6).

Table 6. Cost of the total loading for composite classified as V0 following the UL94 vertical configuration.

Sample Formulation Composition
* Cost of

Formulation/kg of
E-PE [USD/kg]

* Cost of
Formulation/m3 of

E-PE [USD/m3]

E-PE/185ATH 185 phr ATH 7.3 6.8
E-PE/120ATH/20TRZ 120 phr ATH+20 phr TRZ 7.7 7.1

E-PE/120ATH/15TRZ/3clay 120 phr ATH+15 phr TRZ+3 clay 7.1 6.6
E-PE/120ATH/10TRZ/5clay 120 phr ATH+10 phr TRZ+5 clay 6.4 5.9

* Cost estimated for ATH: 3.95 USD/kg, TRZ: 15.00 USD/kg, clay: 5.00 USD/kg.

It is apparent that the optimized E-PE/120ATH/10TRZ/5clay helps in saving up to 13% of the costs,
with respect to the E-PE/185ATH reference sample (both to the same V0 classification according to
the UL94 vertical configuration), thus making this formulation the most appealing from an industrial
point of view.

4. Conclusions

In this work, melamine triazine and bentonite clay have been employed as novel flame-retardant
additives for ethylene-vinyl acetate copolymer blends with polyethylene loaded with reduced amounts
(i.e., 120 phr) of conventional aluminum trihydroxide particles. The aim was to maintain excellent
flame-retardant properties, comparable with those of conventionally employed E-PE composites at high
filler loading (i.e., 185 phr), while preserving mechanical properties. Different contents of TRZ and clay at
fixed ATH content were prepared and thoroughly investigated from the morphology, rheology, thermal
stability, flame retardancy and mechanical properties point of view. Optimized E-PE formulations
grant self-extinguishing behavior during flammability tests in the vertical configuration, reaching
the highest classification rating (V0) while E-PE/120ATH composites fail the test (not classifiable).
The presence of TRZ and clay improves the efficiency of the protective barrier produced by ATH
during combustion. This was also confirmed by cone calorimetry where samples containing TRZ and
clay were capable of further reducing combustion kinetics (−23% in pkHRR) and smoke production
(−11% in TSR) with respect to the E-PE/120ATH reference. Mechanical properties showed significant
improvements as compared with conventional formulations (i.e., E-PE/185ATH) with reduced stiffness
and improved elongation at break.

The ability of preserving mechanical properties while still achieving high flame-retardant
performances in combination with easier processing conditions and reduced costs make the composites
developed in this work highly promising and attractive solutions for further industrial exploitation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/15/2393/s1,
Figure S1: Digital pictures of the screw configuration. 1-5 kneading element blocks, Figure S2: (A) Area of
E-PE/120ATH composite analyzed by SEM for elemental analysis. (B) Aluminum mapping, Figure S3: TG and
dTG curves of ATH, TRZ, and clay. (A,B) curves in argon, and (C,D) curves in air atmospheres, Figure S4:
TG and dTG curves of E-PE/ATH composites varying ATH content. (A,B) curves in argon, and (C,D) curves in
air atmospheres, Figure S5: TG and dTG curves of E-PE/120ATH/TRZ composites varying TRZ amount. (A,B)
curves in argon, and (C,D) curves in air atmospheres, Figure S6: TG and dTG curves of E-PE/120ATH/15TRZ/clay
and E-PE/120ATH/10TRZ/clay composites varying the content of modified bentonite. (A,B) curves in argon,
and (C,D) curves in air atmospheres, Figure S7: Digital pictures of residues after cone calorimetry tests
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for: (A) E-PE, (B) E-PE/185ATH, (C) E-PE/120ATH, (D) E-PE/120ATH/20TRZ, (E) E-PE/120ATH/15TRZ, (F)
E-PE/120ATH/15TRZ/3clay, (G) E-PE/120ATH/10TRZ, and (H) E-PE/120ATH/10TRZ/5clay composites. Figure
S8: Optical microscopy pictures of the surface of the residues after cone calorimetry tests for: (A)
E-PE/185ATH, (B) E-PE/120ATH, (C) E-PE/120ATH/20TRZ, (D) E-PE/120ATH/15TRZ, (E) E-PE/120ATH/10TRZ,
(F) E-PE/120ATH/15TRZ/3clay, (G) E-PE/120ATH/10TRZ/5clay composites, Figure S9: Digital pictures of the
internal portion of the residues after cone calorimetry tests for: (A) E-PE/185ATH, (B) E-PE/120ATH, (C)
E-PE/120ATH/20TRZ, (D) E-PE/120ATH/15TRZ, (E) E-PE/120ATH/10TRZ, (F) E-PE/120ATH/15TRZ/3clay, (G)
E-PE/120ATH/10TRZ/5clay composites. Table S1: Thermal data of ATH, melamine triazine (TRZ) and modified
bentonite (clay) in argon and air atmospheres, Table S2: Thermal data of E-PE/ATH composites using different
content of ATH by thermogravimetric analysis, Table S3: Thermal data of E-PE/120ATH/TRZ composites
varying TRZ content by thermogravimetric analysis, Table S4: Thermal data of E-PE/120ATH/15TRZ/clay and
E-PE/120ATH/10TRZ/clay composites varying bentonite content by thermogravimetric analysis.
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