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Resumen: (e employed in polypropylene (PP) composites to enhance the flame-retardant (FR)
properties. The combined effect of each additive and the use of functionalized PP with ammonium
polyphosphate (PP-gAPP) as a compatibilizer, compared with PP-gMA, on composite FR properties
was analyzed. This compatibilizer was prepared by melt reaction of maleic anhydride grafted PP (PP-
gMA) with ammonium polyphosphate (APP). The grafting of APP was characterized by FTIR, XRD,
and NMR. PP/KF/Ch composites using PP-gAPP as compatibilizer were characterized by TGA,
mechanical properties, and fire-retardant tests such as UL-94 (HB), limiting oxygen index (LOI), and
cone calorimeter evaluations. These tests demonstrated the enhancement in fire-retardant
characteristics obtained by using PP-gAPP as a compatibilizer agent compared with PP-gMA. The
combination of the additives (KF and Ch) with PP-gAPP as compatibilizer in PP, increases the
modulus and tensile strength and significantly improves the LOI and reduces the peak heat release
rate during cone calorimetry tests with better thermal stability and a noticeable reduction in horizontal
burning rate. Most important, the results indicated that the combination of these additives produce
similar flame retardancy than a reference sample with high magnesium hydroxide loading. These
composites are a promising way to meet the growing demand for high-performance materials with
FR characteristics using bio-fire retardant additives such as KF and Ch, in sustainable and
environmentally friendly composites.

Introduccion

Polypropylene (PP) is one of the highest
consumption material  worldwide. Its
mechanical properties, even at elevated
temperatures, are similar to those of an
engineering polymer. PP is widely used in
injection molded products for the automotive,
electrical electronics, aerospace industries,
building materials, and transportation, among
others.1, 2 However, PP is considered a
flammable material which strongly limits its
uses.3 Therefore, developing a new
environmentally friendly and effective flame-
retardant (FR) agent is one of the most
important methods to improve the flame
retardancy of PP and its safety during its
lifetime. Halogen-based additives have
favorable FR properties, but they release
highly corrosive halogenated compounds,
Experimental

1 Materials used

PP homopolymer from Indelpro Inc. (Valtec-
HP423M) with a melt index of 3.8 g/10 min

measured at 210°C and 2.16 kg. The maleic
anhydride-modified polypropylene (PP-gMA)
used as compatibilizer was from Uniroyal
Chemicals (Polybond 3200), with 1.0 wt% MA,;
and 115 g/10 min. Chitosan powder with more
than 90% of deacetylation was supplied by
Marine Hydrocolloids. KF obtained from goose
feathers with a bulk density of 0.8 g/cm3 and
approximately 3 to 10mm in length were
milled and sieved to reduce their average size.
APP treated with melamine-formaldehyde
(APP104MF) with approximately 18 um in
particle size was purchased from Hangzhou
JLS Flame Retardants Chemical. Finally,
micrometric magnesium hydroxide (MH) from
Albemarle, with an average particle size of 1.0
pum, was also used.

2.2 Fillers preparation

KF were obtained from cutting and milling
poultry feathers. The feathers were washed
with hot distilled water and dried at 80°C for 4
h. Subsequently, they were cut in a Brabender
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blade mill at 3500 rpm.7 The KF and chitosan
particles were grinded in a planetary mill for 10
min. Then, they were sieved for 10 min using
a mesh with a pore diameter of 300, 212, 106,
and 75pum. The obtained final size of each
filler is shown in Figure 1.

FIGURE 1 Images of: (A) pristine feathers, (B)
milled feathers, (C) sieved keratin fibers (KF),
(D) sieved chitosan particles and particle size
Distribution for, (E) chitosan, and (F) KF Full
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Figura 2. Espectros de FTIR (transmitancia)
correspondientes a PPgMA y PPgAPP a
diferentes relaciones en peso.
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FIGURE 3 XRD of: (A) APP, (B) PP-gMA, (C)
PP-gAPP 85/15 and(D) PP-gAPP 50/50.

2.4 Composites preparation

The composites were prepared by melt mixing
incorporating  the  polypropylene, the
compatibilizer, and the fillers using an Xplore
extruder for 10 min, at 100 rpm and 190°C.
The compatibilizer and the KF were used at 10
wt% concentration, whereas Ch was used at
20 wt%.8, 30 The PP-MH reference samples
were prepared at 30 and 50 wt% of MH, which
is commonly used in the wire and cable
industry.5 Table 1 shows the prepared
formulations.
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FIGURE 4 Scheme of the proposed structure
of PP-g-APP.

RESULTS AND DISCUSSION

Figure 1 shows the grinded KF and the
grinded chitosan particles usedto prepare the
compostes. Also, this figure shows the
average particle size of both types of fillers,
chitosan with 210 ym and keratin with230 pm.
Based on the analysis of the fiber images, the
aspect ratio of these was calculated as 1.6.
These results are similar to those reported by
Krystyna Wrzesniewska-Tosk et al.8The PP-
gAPP compatibilizer was obtained by melt
mixing of PPgMA with APP in a 50/50 wt%
ratio. To prepare the composites,10 wt% of
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this compatibilizer was used, which would
represent 5 wt%of APP in the total mass. After
mixing, the free unreacted APP will also
contribute to flame retardancy. In the literature,
it is reported tha thigher APP contents in
polypropylene (10 to 30 wt%) would achieve
good FR properties; however, these higher
contents also would reduce the mechanical
properties of the composite, by acting as a
failure stress concentration. Figure 2 shows
the FTIR spectra of PP, PP-gMA, APP, and
PPgAPPsamples. In Figure 2A.B comparing
PP and PP-gMA, both samples show common
signals between 2850 and 2970 cm- TABLE 1
Formulation  composition of  prepared
composite samples PP (wt%) PP-gMA (wt%)
PP-gAPP (wt%) Chitosan (wt%) Keratin fiber
(Wt%)

TABLE 1 Formulation composition of prepared
composite samples

sample PP PP- PP- Chitosan | Kfiber

(wt%) gMA gAPP  (Wt%) (wt%)
(wt%) | (wt%)

PP 100 = = = =

PP/Ch 80 — — 20 —

/PP- 70 10 — 20 -

gMA/Ch

PP/PP- 80 10 — — 10

gMA/KF

PP/PP- 60 10 = 20 10

gMA/Ch/KF

PP/PP- 70 — 10 20 -

gAPP/Ch

/PP- 80 — 10 — 10

gAPP/KF

PP/PP- 60 — 10 20 10

gAPP/Ch/KF

FIGURE 2 FTIR spectra of: (A) APP, (B) PP-
gMA, PP-gAPP weight kW/m2, using at least
three specimens of each sample to
determine:time of ignition, peak heat release
rate, and total heat evolved Water solubility of
the samples was estimated as follows. A
weighedsample (100 mg) was suspended in
100 ml distilled water and maintained under
magnetic stirring at room temperature for 24 h.
Then, the resulting solution was filtered in a
positive pressure filter,and the precipitates
were dried and weighted. The solubility of the
sample in water was determined by the
percentage of dissolved sample, which are

attributed to the symmetric and asymmetric
stretching of the CHbo nd of the methyl and
methylene, as well as, bending vibrations
ofCH3 at 1380 cm and CH2 at 1460 cm1.31
On the other hand, inthe PP-g-MA spectrum,
two characteristic bands at 1780 and1714 cm1
of C O groups of the anhydride grafted onto
the PP chain are observed. The melt mixing of
PP-g-MA and APP to obtain PP-gAPP was
carried out at different APP concentrations:
0.2, 2.0, 15, 25, 33, and50 wt%. Figure 2D-G
show the FTIR spectra of selected samples of
PP-g-APP composites compared to PP-g-MA.
It was observed that in samples with 0.2 wt%
of APP (Figure 2D,E) show no significant
changes in the FTIR bands. In contrast, in
samples with 2.0 wt% of APP (Figure 2F) the
carbonyl signal at 1714 cm1 was intensified,
probably due to the amidation reactions that
occurred with the amines of the APP. In
samples with 15 wt.% of APP (85/15
wt%),Figure 2E, the broadening of the
carbonyl signal is observed and abroad band
at 3600—3100 cm1 has appeared, attributed to
the OH bending vibration that suggests a
possible condensation. The sample with 25
wt% of APP (75/25 wt%), Figure 2F,shows an
increase in the band corresponding to
condensation and anew vibration band
appears at 1690 cml, probably attributed to
thecarbonyl of the amide. In the sample with
33 wt% of APP (67/33 wt%), Figure 2G, shows
a growth of the absorption band corresponding
to water and also that of the C O of the amide
is observed. In the sample with 50 wt% of APP
(Figure 2H at 50/50 wt%), the C O signal at
1714 cml associated with the PP-gMA
disappears and only the 1690 cm1 signal of
the carbonyl in the amide is observed.31,34.
To emphasize the results obtained by FTIR,
the samples were analyzed by XRD. The
diffraction patterns of PP-gMA, APP, and the
different formulations were compared and are
shown in Figure 3. Figure 3A,B show the
characteristic diffraction patterns of the APP
and PP-g-MA, respectively. It can be observed
that at higher APP contents, a new diffraction
signal appears at 31.4, which intensifies as the
APP content goes from 25 to 50 wt%. The
diffraction patterns of PP-g-MA/APP at 25 and
50 wt% of APP are shown in Figure 3C,D,
where a new signal can be observed. The
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appearance of this new diffraction signal
suggests the presence of a new crystal
configuration that does not belong to PP-g-MA
or APP. These results support those.
Obtained by FTIR confirming the interactions
between PP-gMA and APP and the formation
of a new amine bond. According to the results
obtained by FTIR, Figure 4 presents the
proposed structure of PP-gAPP that would
result from the interaction between PP-g-MA
and APP by a tertiary amination reaction. In
addition to the inherent FR characteristics, the
new coupling agent PP-gAPP has a greater
number of polar and reactive sites for
interaction with the additives that are to be
added, such as keratin and chitosan. The PP-
gAPP with 50 wt% of APP was chosen
becauseit showed higher interaction between
PP-gMA and APP, which would allow a good
balance between the improvement of the
flame retardancy properties and the
compatibility effect between the incorporated
additives and the polymeric matrix.

To verify the proposed chemical structure of
the obtained PPgAPP, NMR was performed in
a solution of Xylene and PP-gAPP at40 mg/ml
using a deuterated toluene capillary for the
measurement of 1H and 13C. Figure 5 shows
the NMR spectrum of 1H and 13C forth
obtained PP-gAPP. The signal at 11 ppm in 1H
corroborates the structure of the carboxylic
acid COOH and in 13C, the signal at165 ppm
corresponds to the amide.35 While the rest of
the structure signals cannot be determined as
they overlap with deuterated toluene and
Xylene, the appearance of two of the
fundamental parts of the PP-gAPP structure,
the carboxylic acid and the amide, confirms
thatPP-gAPP was obtained.

Composites characterization

Previous analysis to determine the possible
degradation of PP during the preparation of
the composites was carried out by measuring
the change in PP molecular weight before and
after the extrusion process at working
conditions. Table 2 shows that no significant
change in the PP molecular weight was
observed suggesting that minor PP
degradation occurred at the extrusion
conditions used to prepare the composites.
TGA results

Table 2 Peso molecular promedio en peso de
PP y PP extruido

Mw (g/mol)
PP 374188
PP procesado 358152

The obtained PP-gAPP was characterized by
TGA to analyze its thermal stability. Figure 5A
shows the thermal behavior of PP and the two
modified PPs, where it can be observed that
PP-gAPP showed a significant thermal
stability compared with PP-gMA. It can be
seen that PP and PP-gMA show a very similar
decomposition behavior. PP sample begins its
decomposition at 300C and PP-gMA at 305C,
where as PP-gAPP begins its decomposition
at 410C, confirming the better thermal stability
provided by the APP. The thermal stability for
the various composites can be seen in Figure
5B. Composite samples with no compatibilizer
and reference samples with 30 and 50 wt%
MH can be observed in this figure. The thermal
behavior of PP/Ch composite without
compatibilizer, occurred in two stages; the first
one takes place below 110C, and is attributed
to the evaporation of the residual water. The
second degradation step occurs between 200
and 340C, which is attributed to the
decomposition of the polymer chains. The
overall weight loss after the second step is
mainly associated with the decomposition and
polymerization of chitosan. Meanwhile, the
PP/KF sample without compatibilizer first
produces volatile gases, loosely bonded and
strong-bonded water at temperatures below
300C, followed thereafter by Kkeratin
degradation of disulfide bridges and other S-
containing compounds in the proteins.
Comparing these PP composites with the
reference samples with 30 and 50 wt% of MH,
it can be seen that increase the smoke and CO
production during combustion. Some specific
halogen additives have been forbidden in
several countries for specific applications.

Halogen-free flame retardancy has been
obtained by the incorporation of metal
hydroxides, typically aluminum trihydrate
[AlI(OH)3] or magnesium hydroxide [Mg(OH)2]
into the polymer matrix.
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FIGURE 5 TGA thermograms for: (A) PP and

compatibilizers, (B) uncompatibilized
composites, and © compatibilized
composites.

These metal hydroxides, commonly require
high loading levels leading to a negative effect
on polymer performance.The use of flame
retardants of biological origin is an interesting
alternative that reduces the flammability of
polymers and contributes with nontoxic and
sustainable materials to reduce the
environmental contamination problem. In this
context, chitosan and keratin fibers (KF) have
been shown to have FR properties. An
additional advantage of these materials is that
they are environmentally friendly with lower
costs than conventional intumescent agents
because they are commonly obtained from
waste or by-products of the food industry.
Chitosan is the second most abundant natural
biomaterial after cellulose. It is extracted from
the shell of crustaceans and in solid form it is
a crystalline, nontoxic, biodegradable, and
biocompatible polymer. It is obtained from the
extraction of chitin through a deacetylation
process, forming an amino-polysaccharide
with hydroxyl groups in its structure. Chitosan
is a material with excellent FR properties
which are mostly attributed to the formation of
a protective char layer, related to its inherent
polysaccharide structure. This FR properties
need to be reinforced with other additives to
ensure its FR for long periods of flame
exposure. This char layer acts as a barrier to
the oxygen diffusion into the material and to
the emission of toxic gases generated during
combustion. Chitosan has also been used as
a reinforcement in many polymer composites,
although certain difficulties have been
encountered due to the lack of compatibility
between the polymer and chitosan phases. On
the other hand, KF has also demonstrated FR

properties and has been used in applications
as reinforcement of polymeric matrices. It can
be obtained from the hair, bird feathers, horns,
hooves, etc., which are a by-product of the
food industry. Keratin has very interesting
properties such as low cost and its proven
effect as FR in polyurethanes and elastomers.
In addition, it has a low-density fibrilar
structure that has been proven to be an
efficient polymer reinforcement with additional
characteristics of biodegradability. Being a
protein, it has a complex amino acid structure
that contributes to the formation of phenol and
aromatic compounds with greater thermal
stability. KF is also rich in nitrogen, which is
necessary for an efficient intumescent effect.
The FR mechanism of keratin is based on the
formation of an intumescent carbonaceous
char layer, liberating nitrogen gas that foams
during combustion. This foam layer isolates
the material, delaying the oxygen diffusion and
the release of toxic gases formed during
combustion. various techniques have been
used to avoid filler or additive particles
agglomeration in polymeric matrices, such as
the use of coupling or compatibilizing agents.
The use of maleic anhydride functionalized
polyolefin has been widely reported as an
efficient coupling agent that improves the
particle dispersion and the final composite
performance. A remarkable improvement in
the FR of polyethylene reinforced with KF and
deoxyribonucleic acid has been reported when

using maleic anhydride functionalized
polyolefins as a coupling agent. During
combustion, an intumescent material is

produced, forming a significant volume of
insulating carbonaceous foam that protect the
polymer matrix and inhibits the propagation of
heat, oxygen, and mass loss. To obtain an
intumescent FR system, the combination of an
acid source, a charring agent and a foaming
agent are required. The acid source helps to
carbonize the carbonaceous source and
together with the gases released by the
foaming source a foamed char protective layer
is produced. Ammonium polyphosphate (APP)
can act as a flame retardant in the condensed
or polymer phase through intumescence.
During this intumescence action, a material
swells when it is exposed to heat during
burning to form a porous carbonaceous foam
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which acts as an isolating barrier to prevent
heat, air and pyrolysis products from entering
the surface of the material. In this work, APP
grafted polypropylene (PP-gAPP) was
obtained by the melt reaction of maleated PP
(PP-gMA) with APP. This PP-g APP was used
as a coupling agent between KF and chitosan
with a PP matrix to analyze the effect on the
flame retardancy and mechanical properties.
Also, the possible interactions between the
polar groups of the coupling agent and the
groups present in the chitosan and keratin
fillers, are described, through amidation and
esterification ~ reactions  among  other
interactions. This approach provides a
promising way to replace the conventional
halogen fire-retardant hazardous compounds,
with bio-fire-retardant additives in
environmentally sustainable composites with
good mechanical and fire-retardant properties.
The so-obtained composites could have a
good potential for the design of effective FR
systems.

The UL-94HB test involves placing the
specimen at a horizontal angle of
approximately 45° and measuring the burning
rate once ignited. When burning, the specimen
consumes the flame homogeneously and
perpendicularly along its length. In contrast, if
a specimen exhibits flame-resistant
properties, meaning it resists being
consumed, its burning rate is slow, it does not
consume homogeneously, and it forces the fire
to spread to the upper part of the specimen
until it is extinguished. The PP/PPgAPP/Q/FK
system performed best, with the lowest
burning rate (7.04 mm/min), exceeding the
industry standard. This performance was due
to the additives (chitosan and keratin fiber)
which, together with the PPgAPP, promoted
the formation of a carbonaceous layer that
protected the material (Figure 12).

Table 4 shows that compounds containing
PPgAPP with chitosan or keratin fiber, and the
combination of both, exhibited lower burn
rates, exceeding the reference values. In
contrast, systems with PPgMA with the
additives (Q or FK), and the combination of
both, burned faster than those containing
PPgAPP and yielded burn rates close to the
reference values.

FIGURE 6 Image of the char coating formed
after the burning rate determination for PP/PP-
gAPP/Ch/KF composite sample
(588.5/1580.1-1x=62.7%.

Sample PHRR (kW/m?) Change ”(%) TTI(s) | THR(M)fm?)

PP (100) 1580.1 £ 11 0 38 109.9£09

PP/MH (50/50) Reference 588.5+03 -62.7 43 88.9 £05
PP/PP-gMA (90/10) 1857909 17.5 36 113.9203
PP/PP-gAPP (90/10) 11829 :07 -25.1 46 92.7 +08
PP/Ch (80/20) 1336805 =155 35 99.7 =06
PP/KF (80/20) 14906 08 -6.7 34 103.3x10
PP/PP-gMA/Ch (70/10/20) 13425:06 -15.0 34 99.2 +03
PP/PP-gMA/KF (80/10/10) 1780.7 =10 126 33 105.5+08
PP/PP-gMA/Ch/KF (70/10/20/10) 12743 £07 -19.3 34 93.2£05
PP/PP-gAPP/Ch (70/10/20) 8457203 -46.4 39 91.8+03

PP/PP-gAPP/KF (80/10/10) 1379.2 =06 -132 37 105.1+03

PP/PP-gAPP/Ch/KF (70/10/20/10) 605.3+04 -61.6 44 89.7 £+02

Conclusiones.

Composites of PP with combinations of KF
and Ch compatibilized with PP-gAPP were
obtained with excellent FR properties. PP-
gAPP obtained from the reaction of PP-gMA
with APP enhanced the FR properties of PP
composites. The incorporation of PP-gAPP to
PP composites with KF or Ch reduces the
burning rate of PP, due to the intumescence
and FR characteristics of APP. Composites
with PP-gAPP reduced the BR and increased
the LOI and rendered better cone calorimeter
results that confirm the excellent FR properties
induced by APP. A noticeable effect in the FR
properties of each of the composite
components was observed. PP-gAPP showed
a better compatibilizing effect increasing the
mechanical properties and the flame
retardancy than PP-gMA. The composite of
PP with Ch and KF compatibilized with PP-
gAPP showed similar FR performance than a
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reference PP-MH sample with 50 wt% MH
loadings. This composite formed a similar char
coating protective layer to the reference
sample.
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