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HIGHLIGHTS GRAPHICAL ABSTRACT

« Wastes from leather production are
upcycled as sustainable fillers for
polymer composites.

« Leather waste is an adjuvant and
synergist to phosphorus flame
retardants that decrease the fire load
of poly(ethylene-vinyl acetate).

« The main modes of action, which
include enhanced residue formation
and stabilization, are explored and
characterized multi-methodically.

» The combination of flame retardant
and filler exhibit better fire
performance than equal loadings of leather waste
only flame retardant.

o The chemical mechanisms of flame
retardancy are elucidated to explain
the fire phenomena.
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In this study, leather wastes (LW) are used as fillers in flame retarded polymer composites. LW is inves-
tigated as a multifunctional bio-filler that enhances the fire performance of flame retarded poly(ethy-
lene-vinyl acetate) (EVA) containing phosphorus flame retardants (P-FRs) ammonium polyphosphate
(APP) or a melamine-encapsulated APP (eAPP). Using LW from tanneries as adjuvants to enhance P-FRs
in EVA reduces industrial wastes that otherwise require costly waste management solutions. Materials
are characterized multi-methodically via mechanical tests, electron microscopy, rheology, thermogravi-
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EVA metric analysis, evolved gas analysis, and condensed phase FTIR, also reaction-to-small-flames and cone
Fire protection calorimeter tests. EVA containing 10 wt-% LW and 20 wt-% P-FRs achieve 20% reductions in fire loads ver-
Flame retardancy sus EVA, and up to 10% reduction in effective heats of combustion versus EVA with equal (30 wt-%) P-FR
Charring loadings. Enhanced char stabilization of EVA composites with LW and P-FRs lowered peaks of heat release

rates up to 53% compared to EVA, and up to 40% compared to equal P-FRs loadings. Synergisms between

LW and P-FRs in EVA are quantified. A chemical decomposition mechanism is proposed.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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stock or the animal farming industry. The production of leather
goods requires the raw material to be put through different stages
and includes several steps: Tanning is the first stage, and once
leather is tanned (wet leather), it is thinned such that the thickness
is adjusted according to the end use of leather (e.g. footwear,
upholstery, clothing, etc.). This step is carried out using a leather
shaving machine which cuts off leather fibers from the flesh side.
Afterwards, the leather is re-tanned, fat-liquored, and dyed, and
finally, it is finishing by oiling, brushing, impregnation, polishing,
tumbling among others, depending on the required quality [1].
During the wet-leather shaving step, leather fibers are derived as
solid wastes, which are mainly treated as industrial landfill [2].
Mexico is among the top 10 largest leather producing countries,
and according to the International Council of Tanners, the annual
production of the Mexican leather industry is estimated at 642 mil-
lion square feet [3]. Therefore, in local areas where this industry is
the main economic activity, effluents and solid wastes are disposal
problems that require special attention, especially because of the
environmental concerns from landfill disposal.

The idea of valorizing, repurposing, or “up-cycling” wastes from
any manufacturing process is a key concept in the promotion of
circular economies, and several studies have investigated the use
of natural fibers in biocomposites [4,5], as well as their flame-
retardant properties in combination with phosphorus flame retar-
dants [6,7]. Aimed at proposing approaches that improve the sus-
tainability of polymer materials while contributing to the
reduction of local industrial solid disposals, leather wastes (LW)
from shaving and buffing steps have been purposed as fillers in
the manufacturing of polymer composites in several studies. Vul-
canized natural rubber mixed with buffed, stripped, and shaved
LW along with carbon black were processed by thermal compres-
sion to obtain an antistatic flooring; composites with added LW
presented increased electrical conductivity and were able to with-
stand exposure to sanitizing agents. This improvement was
ascribed to the good load distribution in the composite due to reac-
tivity of carbon black and LW [8]. In another study, varying LW
contents were incorporated into polylactic acid (PLA) to obtain
eco-biocomposites: The materials presented improved tensile
properties and reduced crystallinity with increasing LW content,
which was explained by the good dispersion and efficient stress-
transfer of LW at relatively low content (<10 wt-%). When LW
was added at 20 or 30 wt-% loadings, the morphology of tensile
fracture surfaces of the composites revealed fiber bundle pull-
out, a weak PLA-fiber interface, and fracture failures due to poorly
dispersed LW; this resulted in overall low tensile properties for the
biocomposites [9]. LW as a reinforcement to other biodegradable
polymers such as polycaprolactone (PCL) was previously studied
[10]: the addition of up to 20 wt-% LW to PCL presented similar
stress—strain behavior of the composites with respect to the poly-
mer matrix. The use of 30-40 wt-% LW content produced brittle
materials, the Young’s modulus increased, and elongation at break
was highly affected; the mechanical behavior of high LW-content
PCL composites was attributed to the presence of LW aggregates
in the polymer matrix, which produced stress points and caused
an inefficient wetting of LW. The effect of LW on mechanical prop-
erties and thermal stability in thermoplastic polymer acrylonitrile—
butadienestyrene (ABS) composites was investigated as well. Sev-
eral physical and mechanical properties were evaluated, e.g., ten-
sile and flexural properties, Izod and Charpy impact resistance,
abrasion weight loss, Rockwell hardness, and density. It was found
that mechanical strength was reduced as LW load increased; the
results were attributed to poor interfacial bonding due to opposite
polarities between the ABS resin and LW. In thermal stability
investigations, ABS-LW composites presented better thermal sta-
bility than the pure polymer matrix with respect to residue pro-
duction at 500-600 °C [11].
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Thus, research has shown that LW is a multifunctional bio-
based filler for many polymer matrices, however, its flame-
retardancy potential has not been analyzed in-depth. This work
examines whether LW can enhance the material and flame-
retardant properties of thermoplastic poly(ethylene-vinyl acetate)
(EVA) containing phosphorus flame retardants (P-FRs). EVA is a
copolymer of ethylene and vinyl acetate that is a type of thermo-
plastic elastomer material; its properties are determined by the
amount of vinyl acetate. Its main commercial uses are hot melt
adhesives, or as a thermoplastic foam rubber, and EVA is also used
in cables as a coating material. Due to its inherent flammability,
flame retardants are necessary, and some studies have shown that
ammonium polyphosphate (APP) as well as melamine microencap-
sulated APP (eAPP) are effective inorganic phosphorus flame retar-
dants in EVA composites, showing improved electrical insulation,
material properties, and fire performance [12]. Inorganic P-FR
additives are an efficient and environmentally friendly alternative
to halogen-based additives for many polymer matrices. The effect
of P-FR additives has been also investigated in combination with
natural fibers, e.g., APP with wood flakes and corn shell in different
polymer matrices [13,14]. The combination of APP and natural
fibers showed a significant improvement on flame retardancy of
polymer composites via charring effects. These results demon-
strated a viable route to obtain flame retarded natural fiber rein-
forced composites [15]. The synergistic effect of APP between
keratin fibers, derived from tannery waste, and coconut fibers on
the flame-retardant behavior of thermoplastic starch biocompos-
ites was exposed and explained in detail [16]. Moreover, the idea
of utilizing waste products from industries as flame-retardant
enhancing fillers was further explored in a study where agave
and henequen fibers were compounded with aluminum diethyl
phosphinate (AlPi) and a special silicone synergist in thermoplastic
starch composites; the results highlighted the ability of these fibers
to enhance the flame retardancy potential of AlPi and provide gas
and condensed phase modes of action [17].

This study aims at investigating the flame retardancy potential
of LW as an adjuvant to P-FRs in EVA composites. Research on the
flammability and burning behavior of LW, attained from the shav-
ing step in the production of leather, as a filler in polymer compos-
ites is still limited. In this work, the potential of wet-white leather
wastes as adjuvants in flame retarded EVA polymer composites are
assessed and the resulting physical-mechanical properties of the
obtained materials are investigated. The composites’ fire behavior
is assessed with the aim of understanding the chemical flame
retardancy mechanisms at work in fire scenarios. The investigation
aims at evaluating how leather waste from industries harbor the
potential to enhance the fire properties of APP or melamine-
encapsulated APP in EVA polymers.

2. Materials and methods

The main structural protein in leather waste (LW) is collagen;
its unique chemical structure has been extensively analysed
[18,19]. Fig. 1 displays the chemical structure of the amino acids
found in collagen, the respective three-letter codes [20]; the amino
acids are listed in order of their relative abundance [21]. The preva-
lence of sequences Gly-Pro-Xaa or Gyl-Hyp-Xaa result in the for-
mation of the helical tropocollagen structure. Proline and
hydroxyproline contain cyclic pyrrolidine-like structures. Resul-
tantly, the oligomer chain forms a left-handed o-helix. Three of
these helixes form the quaternary structure of collagen, known
as tropocollagen [22], which has a molar mass around 300 kDa.
This structural protein is a main component of connective tissues
in bones, tendons, cartilage, and muscles [23].
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Fig. 1. Leather waste material composition. Three-letter symbols [20] of amino acids in collagen, sorted by relative abundancy [21], and their chemical structures. Primary

and quaternary peptide structure (tropocollagen).

Several scientific works are currently underway, focusing on
environmental matters caused by the tannery industry wastes,
mainly because the most common employed tanning agents are
chromium salts [24]. Notedly, tanned leather is also obtained using
aluminum or vegetable tanning agents, which is then called white
leather.

Wet-white leather waste was collected during the leather shav-
ing step from a local tannery industry in Mexico. LW was ground
using a grinder Pagani 20,030 FA model, with 7.5 HP and a 5 mm
mesh. Afterwards, LW was dried at 80 °C for 12 h in an oven before
the extrusion process. The copolymer of ethylene vinyl acetate
(EVA), with an 18% vinyl acetate content and a 2.5 g/10 min melt
flow rate, was purchased from Dupont as Elvax® 460. Ammonium
polyphosphate (APP) (Exolit® AP422) with 31-32 wt-% phosphorus
content and an average particle size D50 of 17 pm, as well as
ammonium polyphosphate encapsulated with melamine resin
(eAPP) (Exolit® AP462), with 29-31 wt-% phosphorus content
and an average particle size D50 of 20 um, were supplied from
Clariant GmbH. The reduced phosphorus-content of eAPP corre-
sponds to the melamine encapsulation. Maleic anhydride (MAH)
with 99.0 % purity and benzoyl peroxide (BPO) were purchase from
Sigma Aldrich.

In total, eight EVA materials were compared: one was pure EVA,
and another a composite of EVA with 10 wt-% leather waste (EVA/
LW10). Four samples compared varying loadings (20 - 30 wt-%) of

flame retardant (FR) types. Here, conventional APP was compared
to melamine-encapsulated APP (eAPP). Finally, two samples that
contained both LW and FR were prepared and investigated. An
overview is presented in Table 1.

The investigated materials were prepared by extrusion process
in a twin-screw extruder (Leistritz Micro 27), L/D = 32, 27-mm
diameter with 8 heating zones (Z;-Zg), using counter-rotating
intermeshing mode, 120 RPM rotational speed and temperature
profile, as follows: Z, = 137, Z, = 157, Z3 = 165, Z4 = 170,
Zs=175,Z¢ = 180, Z; = 185, Zg = 185 °C (from feeding zone to die).

Previous studies have pointed out that to produce polymer
composites using leather industrial-waste as reinforcement, it is
fundamental to improve the compatibility filler-polymer matrix
[9-11]. Thus, benzoyl peroxide (BPO) was used as initiator to carry
out a grafting reaction of maleic anhydride (MAH) in ethylene seg-
ment of EVA during the extrusion process. This was done with the
aim of increasing the compatibility of EVA with LW by means of
the reaction of grafted MAH with hydroxyl and/or amine groups
of the amino acids found in collagen [25]. MAH was been investi-
gated as a grafting agent for PBT/EVA [26] and PETG/EVA blends
[27], and a reaction mechanism was been proposed. These investi-
gations highlight the ability of MAH with BPO to act as grafting
agent between EVA and other polymers. Moreover, other investiga-
tions of MAH as a grafting agent in wood powder composites con-
taining EVA reported a chemical interaction of functional groups in

Table 1

Sample IDs and composition in wt.-%.
Sample ID EVA Leather waste APP eAPP

|wt.-% Jwt.-% |wt.-% |wt.-%

EVA 100 - - -
EVA/LW10 90 10 - -
EVA/APP20 80 - 20 -
EVA/eAPP20 80 - - 20
EVA/APP30 70 - 30 -
EVA/eAPP30 70 - - 30
EVA/LW10/APP20 70 10 20 -
EVA/LW10/eAPP20 70 10 - 20
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wood power and MAH [28]; hence, a similar reaction occurs for
EVA and LW. A reaction scheme of the grafting reaction of EVA
and LW with MAH is proposed in Scheme S1.

Non-grafted LW and LW grafted with MAH in EVA were com-
pared at 10 wt-% loadings to elucidate the efficacy of grafting via
MAH as a compatibilizer. For grafted EVA/LW10 containing MAH,
1.5 phr (parts per hundred resin) of MAH and 0.1 phr of BPO were
added under the described extrusion process conditions. Results
from mechanical properties measurements showed an improve-
ment on tensile strength using MAH as a grafting agent, from
7.3 £ 0.2 for non-grafted EVA/LW to 8.5 * 0.2 MPa. Moreover,
MAH as a grafting agent in EVA did not modify the thermal stabil-
ity and flame-retardant behavior of EVA/LW10 sample. These
results provided evidence for the successful grafting of LW to
EVA via MAH. Therefore, for LW-containing samples, BPO and
MAH were added during the compounding of materials. BPO and
MAH were dissolved in 50 mL acetone (reagent grade), and this
solution was added to EVA pellets. Then, LW was incorporated
and mixed. For samples containing FR additives, these were added
after LW. All components were mixed manually before being fed to
an extruder.

Specimens for mechanical properties, flammability and burning
behavior evaluation were obtained by injection molding in a Mila-
cron TM55 injection-molding machine with four heating zones (Z;-
Z4), under the following conditions: temperature profile of
Z,=160,Z, = 165,Z3 =170, Z4 = 175 °C (from feeding zone to noz-
zle), 120 bar injection fill pressure, 75 mmy/s injection speed and
35 s cooling time.

Tensile properties, tensile strength, Youngs modulus, elongation
at break and tenacity, were evaluated following ASTM D638 stan-
dard, using a universal testing machine (Instron, Norwood, MA,
USA) 5565 model at a crosshead speed of 50 mm min-1 and type
I specimen dimensions.

The morphology of LW, APP and EVA-composites were studied
using scanning electron microscope (SEM). Micrograph images of
gold-coated, freeze-fractured samples were taken on a Zeiss EVO
MA 10 scanning electron microscope (Carl Zeiss AG, Oberkochen,
Germany). The acceleration voltage was 10 kV. The specimens
were sputter coated with a 15 nm layer of gold using a Quorum
Q150R ES rotary pumped coater from Quorum Technologies
(Laughton, England).EVA and EVA composite samples were pre-
pared by freeze-fracturing in liquid nitrogen to investigate the
cross-section fracture. Leather waste, APP and eAPP were used as
provided.

Rheological behavior was investigated in a strain-controlled
Ares G2 TA-Instrument rheometer (TA-Instrument, Inc., New Cas-
tle, DE, USA), using parallel plates of 25 mm diameter and
0.75 mm gap. The rheological tests were carried out at 195 °C
under small amplitude oscillatory shear flow (SAOS) in the linear
viscoelastic regimen with 1% strain.

Powdered samples of all materials were obtained using a Cryo-
Mill (RETSCH GmbH, Haan, Germany).

Thermogravimetric analysis (TGA) measurements were per-
formed on a TG 209 F1 Iris (Erich NETZSCH GmbH & Co. Holding
KG, Selb, Germany) using 10 mg of powdered samples. For pure
APP and eAPP, 5 mg sample mass was used instead. The specimens
were heated from 30 to 900 °C at a rate of 10 K min~! under a
nitrogen purge of 30 mL min~'. All measurements were performed
in duplicate, unless the standard deviation was greater than 10%,
whereupon a third measurement was made.

Evolved gas analysis measurements were conducted on a Ten-
sor 27 FTIR spectrometer (Bruker Corporation, Billerica, MA, USA)
connected to the TGA device via a 1.0 m transfer line heated to
270 °C.

Condensed phase decomposition analysis measurements were
performed using an FTIR600 hot-stage cell (Linkam Scientific
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Instruments Ltd., Chilworth, UK) coupled to a Vertex 70 FTIR spec-
trometer (Bruker Corporation, Billerica, MA, USA). The specimens
were prepared using 150 mg potassium bromide and approx.
2 mg of powdered samples. The components were homogenized
with mortar and pestle and pressed into platelets of 10 mm diam-
eter using 7 t of pressure. The specimens were heated from 30 to
600 °C at a rate of 10 K min~! under a nitrogen purge of
300 mL min~".

Reaction-to-small-flame tests included limiting oxygen index
(LOI) and Underwriter’s UL-94 tests. LOI measurements were con-
ducted on an Oxygen Index device (Fire Testing Technology, East
Grinstead, UK) according to ISO 4589-2 using specimens sized
100 mm x 6.5 mm x 3.1 mm. UL-94 measurements were con-
ducted according to IEC 60659-11-10 on specimen sized
125 mm x 13 mm x 3 mm.

Forced flaming measurements were performed according to ISO
5660 using a cone calorimeter (Fire Testing Technology, East Grin-
stead, UK) on specimens sized 100 mm x 100 mm x 3 mm. The
heat flux was 50 kW m~2 and the distance to the cone heater
was 35 mm. This distance was chosen to prevent the char layer
from touching the heat coils. Previous investigations have shown
no significant impact on the heat flux distribution between
35 mm and 25 mm [29].

3. Results and discussion
3.1. Material and mechanical properties

3.1.1. Mechanical properties

The mechanical properties of halogen-free flame retarded poly-
mer materials present a significant difference with respect to the
polymer matrix due to flame retardant (FR) additive load that is
needed to obtain the desired flame retardancy. The mechanical
behaviors of flame retarded materials depend mainly on the FR
additive loading, the distribution, and dispersion of particles [30-
32]. On the other hand, the mechanical properties of natural fibers
in polymer composites are influenced by several variables, such as
fiber type and content, length and surface treatment of the fibers,
processing conditions, among others [33]. Therefore, the improve-
ment of sufficient mechanical properties of flame retarded polymer
composites based on halogen-free additives and natural fibers rep-
resents an important challenge in materials science. The mechani-
cal properties of leather waste as fire retardant adjuvant in EVA
polymer composites is a clear example of this problem.

Table 2 discloses the Young’s modulus, tensile strength, elonga-
tion at break and tenacity results of the investigated EVA compos-
ites. According to Table 2, EVA polymer matrix presented a
traditional elastomer behavior: relative low Young’s modulus and
tensile strength (33 and 8.1 MPa, respectively), high elongation
at break (312 %) and tenacity (20 MPa). Certainly, the addition of
LW and FR additives modified the mechanical behavior of the
materials. When EVA contained 10 wt-% LW (EVA/LW10), the
resultant material showed a Young modulus which was about
1.5 times higher than pure EVA. The tensile strength was also
slightly increased from 8.1 to 8.5 MPa. The increment of elastic
modulus with the addition of 10% LW has been observed in poly-
mer composites using PLA at different LW contents; the authors
attributed this behavior to the poor dispersion of the leather fibers
[9].

The lack of interaction of polymer to APP particles is evidenced
by the increment of Young’s modulus and the reduction on elonga-
tion at break and tenacity, with respect to the total added load. The
composites’ stiffness increased not only by the total load added,
also for the type of components: EVA/LW10/APP20 and EVA/
LW10/eAPP20 composites presented Young’s moduli about 2.5-
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Table 2

Tensile properties of EVA and leather waste polymer composites.
Sample Tensile strength Young’s modulus Elongation at break Tenacity

/MPa /MPa 1% [/MPa

EVA 8.1+0.1 331 312+24 20+2
EVA/LW10 85+0.2 48 +2 230+ 10 17 £1
EVA/APP20 7.7+0.2 55+1 257 + 10 17 £1
EVA/eAPP20 74 +0.1 52+1 2509 161
EVA/APP30 7.1+0.2 73+2 224 + 12 14 +1
EVA/eAPP30 6.9 +£0.1 63+2 219+ 19 131
EVA/LW10/APP20 7.6 +0.2 88+7 176 £ 16 121
EVA/LW10/eAPP20 7.8 +0.1 835 167 + 12 11+£1

2.7 times that of EVA, as well as decreased elongation at break (43
and 46% reduction, respectively) and tenacity values (40 and 45%
reduction), even though the EVA/APP30 and EVA/eAPP30 compos-
ites were compounded at the same total load (30 wt-%). At 30 wt-%
FR loadings, the FR types behaved disparate: APP exhibited a pro-
portionally higher Young’s modulus (2.2 times greater) than eAPP
(1.9 times greater) at equal loadings. Overall, the addition of flame
retardants to EVA led to decreased elongations at break and
reduced tenacity, caused by increased brittleness of the material.
These investigations pointed out that the mechanical properties
of EVA/LW10/APP20 and EVA/LW10/eAPP20 were comparable, or
in some cases superior, to EVA containing equal loadings of P-
FRs, signifying the ability of LW to act as a reinforcing filler.

3.1.2. Morphology

Fig. 2 displays the raw material EVA, the phosphorus flame
retardant APP, and LW at two different magnifications. Fig. 2a
shows the cross section of EVA; the fracture planes were not well
defined and showed no orientation, which exhibits a ductile frac-
ture surface. Fig. 2b highlights that APP particles had an irregular
shape: the inorganic crystals had a diameter of approximately
12-25 pm. Fig. 2c and Fig. 2d illustrate that LW fibers exhibited
heterogenous lengths and widths; some had a diameter up to

160 pm and a length up to 3 mm. Fig. 2d displays a smooth surface
along the fiber and a rough surface at the end of the fiber, which is
consistent with the fibril structure of collagen: it consists of many
collagen microfibers that are bound in a longitudinal arrangement.
At the end of one fiber, the bundle of microfibers split, resulting in
a rough surface structure.

Fig. 3 shows pure EVA (Fig. 3a) in comparison to EVA compos-
ites EVA/LW10 (Fig. 3b), EVA/APP30 (Fig. 3c), and EVA/LW10/
APP20 or EVA/LW10/eAPP20 (Fig. 3d and Fig. 3e). The fracture sur-
face of EVA/LW10 is shown in Fig. 3b: the fracture planes were
more clearly defined compared to EVA, but they were much larger
in comparison to EVA/APP30 (Fig. 3¢). The fibers contributed to a
higher Young’s modulus, meaning a stiffer material; this behavior
is shared by many other fibrous fillers or additives. The fiber in
the micrograph (green area of Fig. 3b) was ripped during the frac-
ture. No interstices were observed around the fibers, indicating
that the fiber was well embedded in the polymer matrix. The
cross-section surface of EVA/APP30 had many small and well-
defined fracture planes. The APP particles were well dispersed
throughout the polymer matrix, no agglomeration of the particles
was observed. The high APP loading led to a brittle material, which
was characterized by well-defined fracture planes; this phe-
nomenon aligns with the results of mechanical measurements

Fig. 2. SEM Micrographs of EVA and additives to EVA composites. a) EVA; b) APP; c) LW fibers; d) Close-up of the green section in c) showing the smooth fiber surface (blue)
and the rough end of a fiber (red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. SEM micrographs of EVA and EVA composites. a) EVA; b) EVA/LW10 (LW fiber in green box); c) EVA/APP30; d) EVA/LW10/APP20; e) EVA/LW10/eAPP20. Green box:
LW fiber; blue box: APP or eAPP particles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Table 2), which showed a higher Young’s modulus for EVA/APP30
(73 MPa) compared to EVA (33 MPA). Fig. 3d and Fig. 3e depict the
SEM micrographs for EVA/LW10/APP20 and EVA/eAPP20/LW10.
Like EVA/APP30, the EVA/LW10/APP20 composite (Fig. 3d) showed
many small fractural planes. The APP particles were well dispersed,
an agglomeration of particles was not detected. No significant
changes were observed when eAPP was used in EVA/eAPP20/
LW10 (Fig. 3e) compared to EVA/LW10/APP20. Although improv-
ing the interfacial interaction between APP particles and EVA/LW
was not the aim of this study, studies have illustrated the signifi-
cance of such interaction between APP and matrix, showing
improved flame retardancy due to the formation of phosphorus-
moieties along the interfaces [34].

3.1.3. Rheology

The flow behaviors of EVA and EVA composites were investi-
gated under small amplitude oscillatory shear flow (SAOS).
Fig. 4a depicts the complex viscosity and Fig. 4b depicts the storage
modulus as a function of angular frequency. According to the plot-
ted data in Fig. 4a, EVA and EVA composites showed a pronounced
shear thinning behavior, the complex viscosity decreased with
respect to angular frequency increases. On the other hand, complex
viscosity magnitude increased with LW and FR-additives loadings.
The increment depends mainly on the load amount; EVA compos-
ites with 30 wt-% total loading (namely, EVA/APP30, EVA/eAPP30,
EVA/LW10/APP20 and EVA/LW10/eAPP20) exhibited increased
complex viscosity over the whole frequency range. Interestingly,
the complex viscosity of EVA using 10 wt-% LW (EVA/LW10) was
nearly identical to that EVA loaded with 20 wt-% FR-additives
(EVA/APP20 or EVA/eAPP20). This behavior was associated to the
presence of LW bundles which were not well separated; these
macromolecules have a more long-distance effect than particles
and therefore restrict the mobility of polymer chains, making their
orientation toward flow direction more difficult. The small APP and

eAPP particles at 20 wt-% were better oriented to the flow direc-
tion, and this effect has been observed in other polymer systems
using natural fibers at different size [17].
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Fig. 4b plots the storage modulus with respect to angular fre-
quency for EVA and EVA composites. The reported data indicated
that the elastic behavior of the composites was enhanced with
the addition of LW and FR-additives. The storage modulus values
increased compared to the EVA values in the whole frequency
range, following the same pattern of EVA, i.e., the storage modulus
curves showed a similar slope. The elastic behavior of the compos-
ites was highly dependent on the materials composition: 10 wt-%
LW produced comparable elastic behavior than 20 wt-% APP or
eAPP; this occurred in particular at the high frequency range
(10-100 rad s~') where the EVA/LW10, EVA/APP20 and EVA/
eAPP20 curves overlapped. At low frequencies (0.1-1 rad s 1),
EVA/LW10 showed higher storage modulus values than EVA/
APP20 and EVA/eAPP20 composites: indeed, the increment is sim-
ilar to that presented by EVA/APP30 and EVA/eAPP30. This effect
was observed over the entire frequency range for samples contain-
ing LW and FR-additives: EVA/LW10/APP20 and EVA/LW10/
eAPP20 curves exhibited increased storage modulus compared to
all other samples. The long distance effect of the LW fibers was evi-
denced in the increment on storage modulus, in particularly at the
low frequency range (0.1-1 rad s~!), suggesting somewhat good
interactions between collagen fibers and EVA, as it has been pro-
posed for EVA polymer nanocomposites, where good distribution
and dispersion of the nanoparticles were achieved [35]. The rheo-
logical measurements pointed out that LW and FR- additives were
well distributed and dispersed during processing, therefore the
standard processing conditions applied to EVA could be used for
the flame retarded EVA composites.

3.2. Pyrolysis investigation

The pyrolytic decomposition of the individual additives LW,
APP, and eAPP, as well as all EVA composites were investigated
by thermogravimetric analysis (TGA). The evolved gas was ana-
lyzed using an FTIR coupled to the TGA (TG-FTIR), and the con-
densed phase FTIR was investigated via hot-stage FTIR. These
tests were chosen to characterize the fire behavior, as fire tests like
UL-94, LOI, and cone calorimeter measurements rely on a diffusion
flame and an anaerobe decomposition in the pyrolysis zone [36-
38]. Hence, pyrolytic thermogravimetric decomposition in the
gas and condensed phase were chosen to complement fire tests.

3.3. Thermogravimetric analysis (TGA)

The results of TGA measurements are summarized in Table 3
and are shown in Fig. 5, where the mass loss and mass loss rate
are displayed as a function of temperature. The mass loss curves
in Fig. 5 highlight the decomposition of pure leather waste, which

Table 3
Results from thermogravimetric analysis measurements.
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exhibited a water content of about 9 wt%, illustrated by the initial
mass loss seen below 100 °C. The main decomposition step of
leather waste occurred at 327 °C. Fig. 5a and Fig. 5b illuminate that
EVA and EVA composites showed similar decomposition behavior:
all mass loss curves of EVA composites exhibited a two-step
decomposition beginning at about 350 °C (T;) and peaking at
473 °C (Tpax)- Notably, T; was higher and the corresponding mass
loss (ML) was greater for EVA samples that contained LW. The
mass loss of the main decomposition step (MLy.x) was low for
EVA-FR (APP or eAPP) composites, however the residue amount
decreased steadily with increasing temperature and dropped
above 700 °C, implying that the formed residue was only moder-
ately thermally stable. In contrast, EVA/LW10/APP20 and EVA/
LW10/eAPP20 exhibited more thermally stable residues, and their
residue yields were significantly higher than other EVA
composites.

The measured residue for EVA/LW10 was lower than the calcu-
lated theoretical value. This phenomenon is explained by the lack
of interaction between LW and EVA during decomposition: LW
decomposes at a lower temperature than EVA; more specifically,
the Tpax of LW is below Tsy of EVA. EVA with P-FRs APP or eAPP
exhibited higher residue yields than their calculated values, indi-
cating a meaningful interaction in the condensed phase between
matrix and flame retardant. APP-containing composites retained
higher residues than those containing eAPP, they also exceeded
their calculated residues by a higher margin. The samples EVA/
LW10/APP20 and EVA/LW10/eAPP20 displayed not only a higher
measured residue yield than their calculated values, but the overall
residue yields were greater (28% and 22%, respectively) than equal
loadings of P-FRs, highlighting that LW acted as an adjuvant to APP
or eAPP in EVA.

3.4. Evolved gas analysis (TG-FTIR)

The evolved gas of the pyrolytic decomposition of EVA was ana-
lyzed by TG-FTIR, and Fig. S1 displays the spectra recorded at T,
and at Tyax The spectra in Fig. S1a and Fig. S1b highlight that
the decomposition products of EVA were the most prevalent prod-
ucts in the evolved gas spectra of EVA composites. The two decom-
position steps seen in the TGA spectra of EVA (Fig. 5a) correspond
to the two-step decomposition of the ethylene-vinyl acetate back-
bone, where the deacetylation of the vinyl acetate groups occurs at
T, followed by the decomposition of the polymer backbone at ele-
vated temperatures Tp.x [39]. The spectrum of EVA in Fig. Sla
exhibited a strong band at 1791 cm~! from the C=0 stretching
vibration of the carboxyl groups, more closely of acetates or anhy-
drides formed during the deacetylation reaction. The main pyroly-
sis products at T; were carbon dioxide (approx. 2200 cm™!), water

Sample Tsy T; ML, Timax MLax Residue (800 °C) Calculated residue
/°C /°C Jwt.-% [°C |wt.-% Jwt.-% Jwt.-%

Leather waste 83+5 80+2 9+1 327 +2 611 25.7 £0.7 -

APP 3132 317 £1 15+2 592 +1 615 163 +2.7 -
eAPP 316 £ 2 330 £ 10 20+ 0 607 + 38 52+ 10 17.8 £3.3 -
EVA 344 £ 0 349 + 4 130 473+ 0 87+0 0.1+0.1 -
EVA/LW10 322+3 353 +4 17 £1 473 £ 1 791 2.1+04 2.8
EVA/APP20 346 1 356+ 0 130 475 £ 1 74+ 0 46+0.8 29
EVA/eAPP20 343 £ 0 355+ 0 130 475 + 1 76+ 0 7.6 +0.7 4.4
EVA/APP30 347 £2 358 +0 12+0 475+ 1 66 + 1 7.6 +0.7 5.0
EVA/eAPP30 345+ 0 356 +4 130 475 £ 1 68 1 7.1+03 5.5
EVA/LW10/APP20 319+ 1 351+6 170 474 + 2 66+ 1 9.7+0.3 6.0
EVA/LW10/eAPP20 3182 351 +1 180 474+ 0 66 + 0 93 +0.6 6.3

Tsy: temperature at 5% mass loss; T;: temperature of 1st decomposition step (local maximum mass loss); ML;: mass loss of T1; Tpax: temperature of main decomposition step

(maximum mass 10ss); MLpax: mass loss of Tpax.
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Fig. 5. a) Mass loss and b) mass loss rate as functions of temperature from thermogravimetric analysis measurements.

(between 4000 and 3500 cm™!), and ammonia, confirmed by the
two bands at 965 and 930 cm™'. The second decomposition step,
displayed in Fig. S1b, illustrates the presence of aliphatic hydrocar-
bons via the two bands at 2930 and 2854 cm™! corresponding to v
(C-H) vibrations. The band at 1461 cm™! is linked to 8(C-H). Nota-
bly, at Trax the EVA/LW10/APP20 and EVA/LW10/eAPP20 exhibited
some bands corresponding to decomposition products from leather
waste, particularly ammonia, carbon dioxide, and water. These
bands were not detected at T, in EVA samples with FR.

3.5. Condensed phase analysis via hot-stage FTIR

The condensed phase FTIR spectra from hot stage measure-
ments at varying decomposition stages are presented in Fig. S2.
The three spectra correspond to the materials at three distinct tem-
peratures, namely before T; (at 240 °C), after T, and before T;,.x (at
395 °C), and at 600 °C. Fig. S2a displays that EVA/LW10 exhibited a
distinct band at 1147 cm~! which was not present in pure EVA.
This band corresponds to anhydride signals (R-(C=0)-O-(C=0)-R),
or various R-O-(C=0)-R signals [40]. These signals are resultant
from the grafting reaction of LW with maleic anhydride. Moreover,
the band at 1666 cm~! was visible in EVA/LW10 as well as EVA/
LW10/APP20 and EVA/LW10/eAPP20; it can correspond to aldehy-
des, B-ketoaldehydes as enols, or primary amide (R-(C=0)-NHR)
signals, indicating the presence of amino acids. The thermal degra-
dation of EVA is marked by the deacetylation of the pendant group.
In Fig. S2b, the presence of the band at 1099 cm~! in EVA and EVA/
LW10 corresponds to v¢(C-O) from saturated secondary alcohols
[41]. The changes in this band after T are the result of deacetyla-
tion, which is the primary mechanism in the first decomposition
step. The bands in all APP or eAPP containing samples exhibited
the presence of phosphates from APP. Fig. S2¢ exhibits the finger-
print region of all composites at 600 °C. The highlighted bands cor-
respond to various P, P—0, P—N, and P—C bonds, which provides
evidence of the formation of a phosphorus, nitrogen, and carbon
rich residue. The signals have been examined in detail in previous
studies of phosphorus and nitrogen containing flame retardants
[42]. Notable bands are 1400 cm~! (P-CH,-R, or P-Phenyl, or P=N,
or P-N-Ph), 1292 and 1274 cm™! (P=0, or P-CHs), as well as
1155 cm ™! (P-0-Cyrom) and 1099 cm ™! (P-Carom) [43]. Notably, in
Fig. S2c the shapes of the signals at 1099 cm~! and 518 cm™! (C-
C skeletal) are different between samples EVA/APP20 or EVA/
eAPP20 and EVA/LW10/APP20 or EVA/LW10/eAPP20, which
implies a varying chemical surrounding for these signals for mate-

rials that contain LW and flame retardants. Moreover, the bands at
1010 and 742 cm™ ! were visible for EVA/LW10/eAPP20, which may
correspond to ureas or aromatic hydrocarbons, which illustrates
the enhanced condensed phase interaction of eAPP in the compos-
ites. These results provide evidence for the residue enhancing
effect that LW had on the pyrolytic decomposition of flame
retarded EVA. Moreover, the residues from EVA/LW10/APP20 and
EVA/LW10/eAPP20 were very similar to EVA/APP20 and EVA/
eAPP20 because the signals from APP were very predominant. All
samples contain various P-signals, showing that EVA interacted
with APP via phosphorylation and the formation of P-N-
containing residues.

4. Fire testing
4.1. Reaction-to-small-flame tests

To gain insight into the flammability behavior of EVA and its
composites, two reaction-to-small-flame tests were performed,
namely limiting oxygen index (LOI) and UL-94 test in vertical ori-
entation. The results of both measurements are summarized in
Table 4. EVA and EVA/LW10 did not achieve UL-94 rating; the spec-
imens burned longer than a total of 60 s, they showed burning
drips, and burned to the clamp. Compared to EVA, EVA/LW10
decreased the LOI slightly from 22.3% to 21.2%. All samples that
contained either APP or eAPP as a flame retardant achieved a V-2
rating. EVA/APP20 showed a slight increase in LOI-value compared
to EVA (LOI = 24.8%, increase of 2.5 vol-%), which was similar to
EVA/APP30 (LOI = 24.5%). Thus, elevated APP loadings did not
improve the LOI of EVA samples, because the flame-retardancy
potential of FRs like APP is not linear to its loading; the perfor-
mance levels off after at a certain concentration [44]. For eAPP,

Table 4
Results from reaction-to-small-flames tests (UL-94, LOI).

Sample UL-94 rating LOI/vol.-% [0;]
EVA NR 223+0.2
EVA/LW10 NR 21202
EVA/APP20 V-2 248 +0.2
EVA/eAPP20 V-2 23.8+0.2
EVA/APP30 V-2 245+03
EVA/eAPP30 V-2 239+0.2
EVA/LW10/APP20 V-2 24.1+0.1
EVA/LW10/eAPP20 V-2 249+0.2
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nearly no difference was observed between 20% and 30% eAPP con-
tent in EVA. The results show that for reaction-to-small-flame
tests, the increase of FR content had no added effect on UL-94 or
LOI rating.

Although the LOIs of samples containing only FR-additives were
almost equal to those containing both LW and FRs, a difference in
burning behavior was observed. In UL-94, instead of continuous
dripping, the sample burned until the lower part of the polymer
dropped off and was removed from the specimen; a char layer
was formed and the bottom end of the specimen. This layer acted
as a thermal barrier and prevented upward flame spread, and it
promoted extinguishment by dripping. To compare the sample
residues after LOI tests, EVA/LW10/eAPP20, EVA/LW10/APP20,
and EVA/APP20 are shown in Fig. 6. EVA/LW10/eAPP20 formed a
stable protective char layer around the top. EVA/LW10/APP20
showed some formation of intumescent char and the specimen
remained in an upward position, while the EVA/APP20 specimen
bent and melted.

As several investigations on multicomponent polymer compos-
ites with organic fillers and flame retardants have identified, the
interaction of polymer, filler, and flame retardant during flaming
combustion can lead to enhanced fire performance of the blend
[16,17,45]. The chemical interaction of the FRs APP and eAPP with
the EVA matrix was apparent from the reaction-to-small-flame
measurements. The results of EVA/LW10 were consistent with
TGA measurements, where this sample exhibited low residue
yields. LW as a single additive in EVA showed little flame retar-
dancy value, yet its presence enhanced the flame retardancy of
FR-containing EVA composites via char formation. LW enhanced
both the pyrolytic decomposition and the burning behavior of
flame retarded EVA composites: EVA composites containing
10 wt-% LW + 20 wt-% FR-additives exhibited more effective flame
retardancy in terms of flame inhibition and increased residue for-
mation than EVA samples containing 30 wt-% FR loadings. The
combination of LW and FR-additives in EVA enhanced the con-
densed phase mode of action, leading to a slightly increased LOI
and enhanced residue morphology.

4.2. Forced flaming combustion tests

The forced flaming behavior of EVA and EVA composites with
LW and FRs was investigated using a cone calorimeter, and Table 5
summarizes the results of these measurements, while Fig. 7 exhi-
bits the heat release rates (HRR) and total heat releases (THR) as
a function of time. Fig. 7a plots the HRRs of EVA and EVA compos-
ites as a function of time. EVA/LW10 exhibited higher peaks of heat
release rates (PHRR) than pure EVA. This is explained by the

I ‘ L

Fig. 6. LOI specimens after testing; a) EVA/LW10/eAPP20 b) EVA/LW10/APP20 and
c) EVA/APP20.
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decomposition of LW, which occurred at a lower temperature
(about 100 °C) than the matrix, as seen in TGA results. While vola-
tile decomposition products of LW contributed to the HRR to some
degree, the increase in HRR is explained by the decomposition of
LW accelerating the combustion of EVA. This point is strengthened
when comparing the total heat evolved (THE) of both EVA and
EVA/LW10: the overall fire load both materials are almost
identical.

All APP or eAPP-containing EVA samples exhibited a lower
PHRR and THE than pure EVA. The decrease of PHRR is explained
by the formation of a protective layer which retained fuel in the
condensed phase; this also resulted in a lower fire load. Moreover,
the effective heat of combustion (EHC) of some APP or eAPP com-
posites were lower compared to EVA, implying a minor gas phase
effect caused by fuel dilution from the release of ammonia, as well
as radical scavenging, as lower EHC values are an indicator of this
mode of action of phosphorus [46]. The incorporation of higher FR-
loadings was only effective for eAPP when comparing results from
EVA samples with 20 and 30 wt-% loadings; this phenomenon is
linked to the increased ammonia production of 30 wt-% eAPP.
Higher APP loadings did not greatly alter the fire behavior: residue
amounts increased and the PHRR was lowered.

EVA/LW10/APP20 and EVA/LW10/eAPP20 exhibited an
improved fire performance compared to EVA and EVA with only
P-FRs, as evidenced by decreased values for PHRR, THE, EHC, and
MARHE. The PHRRs of EVA/LW10/APP20 and EVA/LW10/eAPP20
were lower than any other EVA composite: they were reduced by
more than 50% compared to pure EVA. Moreover, the change in
curve shape signifies the formation of a charring residue [47,48];
this residue acted as a protective layer and thermal barrier, which
retained fuel in the condensed phase and depressed HRRs. These
results mirror previous investigations of P-FRs and organic fillers
in EVA, where cyclodextrins interacted with APP in EVA to reduce
PHRR via the improvement of the protective layer [49]. This phe-
nomenon was visually assessed during fire tests via the formation
of char at the top of the burning sample; moreover, the residues
after cone calorimeter measurements also reveal the difference in
char formation of EVA/LW10/APP20 and EVA/LW10/eAPP20 com-
pared to other EVA composites. Although 30 wt-% FR-loadings in
EVA composites led to higher residue yields for EVA/APP30 and
EVA/eAPP30 compared to EVA/LW10/APP20 and EVA/LW10/
eAPP20, it is not char yield alone, but residue morphology, proper-
ties, and formation which are most relevant to improving the flame
retardancy of polymeric materials [46]. This point is strengthened
when comparing THE values, where EVA/LW10/APP20 and EVA/
LW10/eAPP20 exhibited reduced THE values compared to other
EVA composites; compared to pure EVA, the fire load was
decreased by about 20%, and by 5% and 1% compared to equal P-
FR loadings in EVA, respectively. THE is related to the combustion
efficiency (), the heat of combustion of the volatiles (h?), the mass
loss (my) and the char yield (p) via the following equation [44,47]:

THE o< 7 h(1 — ) mo (1)

Thus, the reduction in THE of EVA/LW10/APP20 and EVA/LW10/
eAPP20 compared to EVA/APP30 and EVA/eAPP30 is explained by a
reduction in the effective heat of combustion y h? especially
because fuel reduction (1-pu) was more pronounced for EVA/
APP30 and EVA/eAPP30, which attained higher residue yields.
Table 5 shows that the EHC values of EVA/LW10/APP20 and EVA/
LW10/eAPP20 were most reduced among EVA composites (20%
and 19% compared to EVA, respectively); the reduction in EHC
for EVA/LW10/APP20 and EVA/LW10/eAPP20 compared to EVA/
APP30 and EVA/eAPP30 (11% and 7%, respectively) is explained
by a reduction in x, as well as fuel dilution effects affecting hZ.
Moreover, a reduction in combustion efficiency leads to more
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Table 5

Results from forced flaming combustion tests via cone calorimeter.
Sample EVA EVA/LW10 EVA/APP20 EVA/eAPP20 EVA/APP30 EVA/eAPP30 EVA/LW10/APP20 EVA/LW10/eAPP20
tig/s 361 231 32+1 302 351 285 29+1 29+1
PHRR/kW m 2 962 + 94 1505 £ 25 758 + 11 688 £ 2 780 + 25 565+8 466 * 2 448 + 39
THE/M] m 2 1123 +5.8 108.1 £ 0.2 96.5+0.5 96.7 £ 0.7 95.6 + 0.8 93.3+0.1 909 +2.2 924 +4.7
Residue/wt.-% 0.8+04 1.2+£0.7 155+03 11.7£1.5 21504 21505 16.6 £ 0.1 16.4 + 0.1
EHC/M] kg ! 38.8+2.0 35903 347 0.2 33204 35.0+0.1 33904 312038 31.6+1.6
MARHE/kW m2 562 + 27 605 + 13 446 + 7 439 £ 2 436 £ 1 383 +12 349 +5 330+ 25
TSP/m? 125 +£0.8 109 +04 16.2 £ 0.2 17.4 £ 0.7 15.0 £ 0.9 159 £ 0.6 209 £ 0.6 20.5+£0.1
av-COY/10? kg kg ! 39+0.2 35+0.1 5.6 0.0 5800 5201 53+0.1 6.8 £ 0.1 7605
FRI/- - 0.43 1.34 137 1.44 1.59 2.12 217

tig: time to ignition; PHRR: peak of heat release rate; THE: total heat evolved (fire load); EHC: effective heat of combustion; MARHE: maximum average rate of heat emission;
TSP: total smoke production; av-COY: average carbon monoxide yield; FRI: flame retardancy index.
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Fig. 7. Forced flaming combustion tests via cone calorimeter; a) heat release rate, and b) total heat release as functions of time.

incomplete combustion, the result of which is increased smoke
production: for EVA/LW10/APP20 and EVA/LW10/eAPP20, the total
smoke production (TSP) was increased by a factor of 1.7 and 1.6,
respectively, compared to EVA, and by a factor of 1.4 and 1.3,
respectively, compared to 30 wt-% loadings of FR. This phe-
nomenon is also coupled to an increase in the average carbon
monoxide yield during burning (av-COY) as a product of incom-
plete combustion: notably, this trend is visible for APP or eAPP con-
taining and especially for LW and FR-containing composites, where
av-COY of EVA/LW10/eAPP20 is 1.96 times greater than EVA, and
1.43 times greater than EVA/eAPP30. Furthermore, the heat release
rate as a function of time (HRR(t)) is defined by:

HRR(t) o 0(t)yh®(1 — ) (2)

An empirical factor for the protective layer is given by (0(t)). As
THE oc HRR(t), the reduced fire load of EVA/LW10/APP20 and EVA/
LW10/eAPP20 compared to other EVA composites is related to the
protective layer effect 6(t), which was pronounced for these mate-
rials. The decrease in fire load and PHRR implies that LW and FR-
additives had a synergistic effect on these values, as the combina-
tion of these two compounds attained a better fire performance
than either single compound in EVA composites. This point is fur-
ther strengthened by comparing the values of the maximum aver-
age rate of heat emission (MARHE) of all materials. MARHE is used
in fire protection of railway vehicles (CEN TS 45545) and is used as
an index for fire performances. Notably, EVA/LW10/APP20 and
EVA/LW10/eAPP20 exhibited a 20% and 14% reduction in MARHE
values compared to equal loadings of P-FRs in EVA, respectively,
and the MARHE was reduced by about 40% compared to pure EVA.

10

One way of visualizing the flame retardancy effect is via Petrella
plot, where the fire load (THE) is plotted as a function of the fire
growth index (PHRR/tjg) [50]. Fig. 8 displays the Petrella plot for
EVA and EVA composites; an improvement in fire behavior is char-
acterized by a shift to the lower left corner of the plot, i.e., a reduc-
tion in both THE and PHRR/tj;. Starting from pure EVA (black
square in Fig. 8), the incorporation of LW (EVA/LW10) slightly
reduced THE, but greatly increased the fire growth index, while
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Fig. 8. Petrella plot of EVA and EVA composites.
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the addition of 20 or 30 wt-% FR-additives lowered both THE and
PHRR/tjg. Fig. 8 illustrates that EVA/LW10/APP20 and EVA/LW10/
eAPP20 exhibited a reduction of both fire load and fire growth
index compared to EVA/APP30 and EVA/eAPP30 and especially
compared to pure EVA. These result points to a high synergy with
respect to lowering fire load.

A method of quantifying flame retardancy is by calculating the
flame retardancy index (FRI), which is a dimensionless value that
evaluates the ratio of the products of fire load and fire growth
index of the polymer and its composites [51]. EVA/LW10 exhibited
a low FRI value (<1), which suggests that the additive did not
enhance the flame retardancy of EVA. The composites containing
20 or 30 wt-% FR showed FRI values between 1.3 and 1.6, yet the
combinations containing both LW and APP or eAPP exhibited the
highest values at 2.1 and 2.2, respectively, further indicating that
LW acted as an adjuvant to APP and eAPP in EVA.

The synergy between LW and the FR-additives in EVA can be
quantified using a synergistic effect index (SE); this quantification
has been described previously [52,53], also for fibers in flame
retarded polymers [45]. The quantification of synergy in flame
retardant polymers was proposed by Weil [54] and Lewin [55],
and commented recently [38]: Two components are synergistic
when the combination leads to a superior effect (SE greater than 1)
compared to the superposition of the individual components; if
SE < 1, the two components are antagonist. The synergy of LW
and FR-additives was quantified according to the method
described by Wu et al. [56], using the following equation using
THE as an example:

1 _ THE(EVA{XLW1yFR)

a _ THE(EVA)
SEre = 1 _ THE(EVAXLW) _ THE(YFR) 3)
~ T THE(EVA) THE(EVA)

Here, the SE was calculated as the relative change of THE, where
x was the loading of LW and y the loading of FR-additives in wt.-%.
Another method proposed by Wu et al. calculates SE with respect
to equal filler contents according to the following equation:

1 _ THE(EVA-XLW+yFR)
THE(EVA)

THE(EVA+XLW)
~ T THEEVA) X (] - <l -

SErel(Z) = (4)

THE(x+yFR)> y )

THE(EVA) x+y)

Table 6 presents the results from SE calculations for THE and
MARHE, according to equation (3) and equation (4). Equation (3)
assumes the superposition of EVA/LW10 and EVA/APP20 or EVA/
eAPP20 compared to the combination of both LW and FR-
additive in EVA. Equation (4) utilizes the result of P-FR-loadings
equal to the total loading (30 wt-%) and adjusts for relative quan-
tities (y/(x +y) = 2/3).

The results presented in Table 6 showcase the synergistic capa-
bilities of LW and FR-additives in EVA composites. All SE values
with respect of THE are greater than 1, indicating synergy of LW
with the P-FRs in EVA; notably, APP exhibited a higher synergy
with LW than with eAPP, likely due to the overall good fire perfor-
mance of eAPP in EVA. For MARHE, the SE values were significantly
higher with SE values greater than 2 and even greater than 4; this
phenomenon is explained by the early ti; of EVA/LW10 compared
to other EVA composites, as well as the overall reduction of HRR
over time of EVA samples with LW and FR-additives. These results
illustrate the capabilities of LW to act as a synergist with P-FRs in
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EVA to reduce fire loads; the high SE indices quantify that LW
improved the fire performance of flame retarded EVA composites.

The improvement of fire performance of flame retarded EVA
samples by LW was exemplified by the residues after fire testing;
Fig. 9 depicts the sample residues after cone calorimeter measure-
ments: Fig. 9a shows that the pure EVA material burned with little
residue, while EVA/LW10 in Fig. 9b retained only small amounts of
carbonaceous flakes. The residues of FR-containing composites are
displayed in Fig. 9c to Fig. 9f, where the samples on the left contain
APP and those on the right eAPP. Fig. 9c and Fig. 9d contain 20 wt-%
FR, and samples with 30 wt-% FR loadings are shown in Fig. 9e and
Fig. 9f. Notably, EVA/eAPP20 and EVA/eAPP30 formed a more car-
bonaceous residue than EVA/APP20 and EVA/APP30. The EVA-FR
composites exhibited a subdued residue formation, which
appeared as a mixture of carbonaceous char and inorganic phos-
phorus residues. These char residues were visibly hygroscopic,
they showed increased water uptake several minutes after testing.
The EVA samples with LW and APP or eAPP are exhibited in Fig. 9g
and Fig. 9h, respectively. These samples are also shown from the
side to illustrate the increase in volume in Fig. 9i and Fig. 9j. These
images highlight the ability of LW to form carbonaceous residues
in combination with phosphorus FRs like APP. The residues of
EVA/LW10/APP20 and EVA/LW10/eAPP20 were more voluminous
and structurally stable carbonaceous residues than any other EVA
composite residue, which had a positive effect on the fire perfor-
mance of EVA via lower PHRR, THE, and EHC. Increased residue for-
mation was a key mode of action of EVA composites containing
both LW and FR. The combination of FR with LW in EVA led to
higher residue yields compared to EVA composites containing only
FRs at equal loadings. Therefore, LW improved the residue forma-
tion of EVA-FR composites; LW acted as a charring agent which
interacted with EVA and phosphorus FRs during decomposition,
thereby improving the structure and morphology of the char
residues.

4.3. Chemical mechanism of flame retardancy in EVA-FR samples with
leather waste

Understanding the chemical interactions of EVA, LW, and the P-
FRs APP or eAPP in a fire scenario is the key to understanding the
macroscopic phenomena observed in fire behavior tests. Scheme 1
displays the decomposition mechanism of EVA as well as flame
retarded EVA with APP.

The thermal decomposition of EVA is complex and involves
hydrolysis and deacetylation [39]. The first decomposition step
occurs at T;, the main products are acetic acid and acetaldehyde;
ethylene-vinyl alcohol is retained. In the second decomposition
step at Tpax, dehydration and depolymerization reactions occur,
leading to vaporization of the short chain hydrocarbons. The mate-
rial decomposes, gasifies, and retains little residue; this behavior
was observed in TGA, evolved gas analysis, and cone calorimeter
measurements.

In EVA-APP composites, the first decomposition step of EVA
overlaps with the decomposition temperature of APP: the materi-
als interact in the condensed phase, leading to phosphorylation
and hydrolysis reactions during the deacetylation step of EVA, pro-
ducing various phosphorylated hydrocarbons. Moreover, the sec-
ondary hydroxyls of deacetylated EVA, i.e., ethyl vinyl alcohol,

Table 6

Calculated relative synergistic effect (SE.e), according to equation (3) (SE{Y)) and equation (4) (SE{2)).
Sample SE{1) (THE) SE{) (THE) SE{}{ (MARHE) SE{2) (MARHE)
EVA/LW10/APP20 1.10 £ 0.10 144 £ 0.13 2.58 £ 0.22 4.44 + 0.38
EVA/LW10/eAPP20 1.04 £ 0.09 1.22 £0.11 2.60 £ 0.22 2.71£0.23
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Fig. 9. Residues from cone calorimeter measurements; a) EVA; b) EVA/LW10; c)
EVA/APP20; d) EVA/eAPP20; e) EVA/APP30; f) EVA/eAPP30; g) EVA/LW10/APP20; h)
EVA/LW10/eAPP20; i) side view of EVA/LW10/APP20; j) side view of EVA/LW10/
eAPP20.

may be phosphorylated by APP, which ultimately leads to the for-
mation of some short-chained, phosphorylated hydrocarbons that
vaporize. Some polyaromatic P, P-N, P-O, and N-containing resi-
dues, as well as hygroscopic polyphosphates and inorganic resi-
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dues, are retained. The macroscopic phenomenon of charring is
the main condensed phase mechanism of APP: the formation of
phosphorus-rich aggregates of carbonaceous char increases fuel
retention and inhibits burning combustion. The decrease in fire
load, the increase in residue, and the decreased effective heat of
combustion are evidence of this decomposition pathway.

Scheme 2 exhibits the proposed decomposition mechanism of
the EVA-LW composite. The two components EVA and LW decom-
pose at different temperatures, approx. 100 °C apart; thus, only lit-
tle interaction occurs between them, ultimately leading to
decomposition and gasification of the components with only low
residue yields. The overlap of decomposition temperature ranges
is crucial to the chemical interaction of flame-retardant compo-
nents [57].

The structure of collagen in LW helps explain the flame-
retardant efficacy in FR-containing EVA composites. Generally,
the collagen macromolecule contains many polar groups relevant
for flame retardant phosphorus chemistry, such as carboxylic acids,
amines, hydroxyls, etc. Moreover, tropocollagen molecules contain
high concentrations of hydroxyl groups from hydroxyproline, as
discussed in Fig. 2. Therefore, the flame retardancy potential of
LW is rooted in the chemical structure of collagen and its possible
interaction with other decomposition products in flame retarded
polymer composites during fires.

The combination of LW and FR in EVA samples had a profound
effect on the fire performance. For EVA composites containing both
LW and APP or eAPP, the interaction of APP with the EVA grafted
with LW via MAH is apparent from the possible phosphorylation
targets. Decomposition products of the polymer matrix often con-

EVA decomposition 5
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J_k hydrolysis OH i . O A 4 decomp.
o g t
N = AR, OH H o -HO —
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(EVA) 3
A . 2nd
= o N = + short chain
\{\/Mm depolymeitzation il hydrocarbons r :;c;amp.
vaporization
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? 2 12 1§ A o o o
Ok + HO”?\O P~otFo )J\ ’“\OH + HO-P-OH +NHs
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Scheme 1. Proposed decomposition mechanism of EVA, and of EVA when APP is present.
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Scheme 2. Proposed decomposition mechanism of EVA composites with APP and LW.

tain polar groups, which are particularly susceptible to phosphory-
lation during the dynamic, high energy system prevalent in a burn-
ing material. These phosphorylated compounds, depending on
mass or dimension, are either volatized into the gas phase, or
retained in the condensed phase during pyrolysis. Previous studies
have shown the various interaction routes between FR and matrix
in the condensed phase during decomposition [46]. APP can inter-
act with the many polar groups present in LW, such as hydroxyl
groups from hydroxyproline or carboxylic acids. It can interact
with carboxylic groups from MAH, or with the deacetylated EVA
main chain with secondary hydroxyl groups of ethylene-vinyl
alcohol. This abundance of reactive sites increases the presence
of phosphorus in all EVA/LW moieties, leading to the vaporization
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of some P-containing species as well as the retention of P-rich pol-
yaromatic char. P-species act as net-points between the decompos-
ing collagen from LW and the decomposing EVA matrix. This
reaction results in increased residue retention, i.e., char formation,
where phosphorylation via transesterification occur, while the
polymer undergoes dehydration and cyclisation reactions [58,59].
Moreover, the presence of phosphorus and nitrogen compounds
in the flame retardant formulation has been shown to produce a
more pronounced condensed phase mode of action [60]; the for-
mation of P-N compounds like phosphorus oxynitrides and phosp-
hazenes increases residue formation and stability [42,61].
Additional ammonia released by melamine in eAPP-containing
composites acts as a blowing agent, improving intumescence of
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the multicellular char [62]; ammonia also acts as a flame dilution
agent. The gas phase mode of action of this flame retardant was
quantified from reductions in EHC values. The condensed phase
mode of action was quantified by increases in residues in pyrolysis
and fire testing, as well as the clear intumescent and protective
layer effect in cone calorimeter testing. The interaction of LW, FR,
and matrix was proven qualitatively by condensed phase FTIR,
where the formation of ureas or polyaromatic hydrocarbons were
detected. The presented decomposition model serves as a general
mechanism to outline the interaction between LW, FR, and EVA
based on known flame retardancy mechanisms [63-65]. Further
studies into the specific interaction of complex organic compounds
like LW with polymers and flame retardants in the condensed
phase are on the rise [66-69], and more studies will prove useful
to further elucidate the chemical mechanisms at play during
decomposition.

5. Conclusions

The investigation of leather waste (LW) from tanneries as a
functional filler to flame retarded poly(ethylene-vinyl acetate)
(EVA) composites with phosphorus flame retardants (P-FRs)
ammonium polyphosphate (APP) or melamine-encapsulated APP
(eAPP) yielded interesting results and illuminated the practical
use of waste materials from the leather tanning industry as effec-
tive fillers to flame retarded polymers.

When 20 wt-% flame retardants (FRs) were added to EVA
grafted with 10 wt-% LW via maleic anhydride (samples EVA/
LW10/APP20 and EVA/LW10/eAPP20), these composites exhibited
reinforced mechanical properties compared to pure EVA, e.g.,
increased Young’s modulus and only slightly lowered tensile
strength. They displayed improved flame retardancy behavior
compared to 30 wt-% FRs loadings, e.g., lower fire loads, lower peak
of heat release rates, and reduced effective heats of combustion. In
thermogravimetric pyrolysis experiments and especially in
reaction-to-small flames and forced flaming conditions, EVA com-
posites with LW and FRs produced higher residue yields than pure
EVA, and yielded more effective intumescent char yields that acted
as protective layers than equal (30 wt-%) loadings of only FR.

When LW was grafted to EVA via maleic anhydride (MAH), the
polymer-filler mixture reacted more intensely with a P-FR like APP,
because additional polar reactive groups (e.g., hydroxyl, carbonyl,
etc.) were phosphorylated and cross-linked via various P/P-N/P-O
bonds. On the other hand, EVA/LW10 did not exhibit any meaning-
ful flame-retardant behavior, because the matrix and filler decom-
posed at different temperatures (AT = approx. 100 °C). When the
FRs APP or eAPP were compounded into EVA grafted with LW,
the decomposition temperatures of FR and LW exhibited an over-
lap in pyrolysis investigations, implying that these materials more
easily interacted in the condensed phase during decomposition.
This reaction enabled cross-linking reactions between APP, LW,
and EVA via the phosphorylation of ethylene-vinyl alcohols
formed during the decomposition of the matrix; at elevated tem-
peratures, the composites formed a polyaromatic intumescent char
that was able to act via fuel retention and protective layer effects.
The melamine present in eAPP acted as a blowing agent, as evi-
denced by the voluminous char. Thus, the investigation of LW in
flame retarded EVA composites illustrated the capabilities of LW
to synergize well with P-FRs to lower fire loads.

Utilizing leather wastes from tanneries as effective flame retar-
dant adjuvants in polymer matrices achieves two aims at one: one
the one hand, it valorizes the industrial wastes that otherwise
require complex waste management solutions, while improving
the fire performance of flame retarded polymer matrices on the
other hand. Therefore, the results from this investigation further
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highlight the ability for the fields of polymer science and materials
industry to overlap, to achieve the often desired, yet seldom
attained goal of creating circular economies with a zero-waste pol-
icy. The well-designed valorization, repurposing, or up-cycling of
waste products or resources from industries is a pathway towards
ultimately reducing the need for costly alternatives in future -
waste not, want not.
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