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Phosphorous compounds as flame retardants for polybutylene
succinate/flax biocomposite: Additive versus reactive route

Gaélle Dorez, Aurélie Taguet, Laurent Ferry”, José-Marie Lopez Cuesta

C2MA, Ecole des Mines d’Alés, 30100 Alés, France

ABSTRACT

This paper investigates the effect of three phosphorous compounds on the thermal and fire behavior of
PBS/flax biocomposites: ammonium polyphosphate (APP), dihydrogen ammonium phosphate (DAP) and
phosphoric acid (PA). A comparison of the additive and reactive routes for the fireproofing of bio-
composites is investigated by TGA, PCFC and cone calorimetry.

The incorporation by additive route of APP, DAP and PA in biocomposites leads to the charring effect of
flax fibers due to the phosphorylation and the dehydration of the cellulose, (the main component of flax
fibers). PA leads to a lower condensed phase action compared to APP and DAP. PBS hot hydrolysis is also
highlighted due to the presence of phosphorous compounds in the matrix. In the reactive route, DAP and
PA are grafted onto flax fibers. The first temperature of degradation, assigned to flax degradation, is
progressively shifted to lower temperature with increasing grafting rate while the amount of residue is
also enhanced. Using this route, no PBS hydrolysis occurs. The proximity of the phosphorous compound
with the flax fibers allows the formation of a strong char at lower phosphorus content. This char residue
acts as a protective layer that limits gas and heat transfer, allowing the decrease of pHRR and MARHE.
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1. Introduction

During the last years, the use of biocomposites (biopolymers
reinforced by natural fibers) in sectors such as building, trans-
portation or electrical equipment has generated a great interest
[1]. This kind of materials offers many advantages like low cost,
low density, low abrasiveness during processing or renewable
origin, that make them a credible alternative to traditional glass
fiber composites. However, the poor compatibility between fibers
and matrix [2], the thermal and fire sensitivity [3—5] still
limit their use in the above-mentioned applications. Thus, the
improvement of the reaction to fire of biocomposites represents a
stimulating challenge.

Until now, a limited number of papers has been published on
flame retardancy of biocomposites. Most of them are dedicated to
materials using polylactic acid (PLA) as matrix. Some researchers
have brought out the interest of nanoparticles like expandable
graphite [6], multi-walled carbon nanotubes or sepiolite nano-
clays [7] as fire retardant agent (FR). But the most commonly

* Corresponding author. Tel.: +33 466785358.
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employed FRs in biocomposites remain the phosphorous com-
pounds [8—11]. These FRs could be used either by direct incor-
poration into polymer matrix during the process or by
impregnation or grafting onto natural fibers. Schartel et al. [6]
studied the incorporation of APP in PP/flax biocomposites. They
delivered a comprehensive characterization of the fire response
for forced flaming combustion. Matké et al. [9] also observed the
effect of APP in PP/wood flake. In this study, the influence of the
interface between the matrix and wood flakes was evidenced.
The surface modification of the wood flakes by alcoxysilane im-
proves the compatibility, but also the thermal stability of the
biocomposite.

Several authors have demonstrated the interest to modify nat-
ural fiber surface using phosphorous compounds [8,10,11]. Shumao
et al. [8] used APP as FR in PLA/ramie composite. APP was either
directly added in the PLA matrix or deposited onto the ramie sur-
face. The authors showed that the targeted action of APP on the
fibers may inhibit mass transfer in the combustion zone and thus
improves the fire behavior of the composite. However UL94 rating
could not be changed due to a too low APP loading, contrary to
direct incorporation in the matrix. The best results were obtained
by combining both strategies. Chen et al. [11] have compared APP
and microencapsulated APP (MAPP) as flame retardant in PLA/
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ramie biocomposites. The objective of their work was to study the
fire behavior of these biocomposites after UV irradiation and hy-
drothermal aging. The combined use of MAPP in the matrix and
deposited onto the fibers leads to the best aging resistance since
UL94 rating decreases only from VO to V1 after 21 days exposure.
This result was attributed to the good dispersion of MAPP in the
matrix and to the good interaction between ramie and MAPP. Since
APP is almost insoluble, other forms of ammonium phosphate have
been used to achieve grafting onto natural fibers. Suardana et al.
studied the grafting of diammonium phosphate onto coir and jute
fibers in a PLA matrix. They observed that the burning rate of
biocomposite was decreased with increasing phosphate grafting
rate [10].

In a previous work [4], we studied the fire behavior of poly-
butylene succinate (PBS) reinforced by various natural fibers. PBS
was chosen as emerging biopolymer for which monomers from
renewable resources are now available [12]. Moreover PBS exhibits
interesting mechanical properties close to those of polyolefins and
can be processed at low temperature (120 °C) [13], avoiding fiber
thermal degradation [14,15]. In this paper, it was highlighted that,
during combustion and above a certain amount of lignocellulosic
fibers, a residue constituted by the skeleton of fibers is formed. This
residue induces a controlled release of decomposition products
and thus a relatively low heat release rate. Furthermore, it was
evidenced that the barrier action of this residue could be greatly
enhanced by addition of APP in the PBS matrix. The presence of
APP leads to the formation of a strong char resulting from the
dehydration of the natural fibers under the action of phosphoric
acid. However, APP induces also a hot hydrolysis of PBS. Based on
these observations, it was decided to investigate fiber surface
modification as an alternative to the incorporation of FR in the
matrix.

The present study focuses on the fire behavior of flame retarded
PBS/flax fibers biocomposites. The objective of the paper is to
investigate the flame retardant action of three phosphorous com-
pounds that have been commonly used for cellulose fibers or tex-
tiles [16,17]: ammonium polyphosphate (APP), dihydrogen
ammonium phosphate (DAP), and phosphoric acid (PA). A com-
parison between the additive route (incorporation of FR in the
matrix) and the reactive route (grafting onto fiber surface) was
attempted. Thermal and fire properties have been characterized by
TGA, PCFC and cone calorimeter.

2. Experimental
2.1. Materials

Flax fibers (Fibras-S6D) were purchased from Fibres Recherche
et Développement (FRD®). Dihydrogen ammonium phosphate
(DAP-Prolabo), phosphoric acid (PA-Panreac) and ammonium pol-
yphosphate (APP-Exolit AP 423-Clariant) were used as flame
retardant agents. DAP and PA were also used as fiber surface
treatment agents. The poly(1,4-butanediol succinate) (PBS film
grade 1903F-Xinfu Pharm) was used as matrix.

2.2. Fibers treatments

2.2.1. Pretreatment of the flax fibers

Before chemical modification with the phosphorous com-
pound, the flax fibers (Tfl) were pretreated with ethanol to
remove waxes and pectin which ensure the cohesion of the flax
beam [18].

In a reactor equipped with a condenser, 50 g of flax fibersand 1 L
of ethanol were introduced. The mixture was heated under reflux

Table 1
Designation of the biocomposites.
Designation ~ Sample PBS APP DAP PA Tfl ¢
(wt%)  (wt%) (wt%) (wtk) (wt%)
FTfl Tfl-xDAP* X 100—x
Tfl-yPA? y 100—-y
PBS-Tfl PBS + Tfl 70 30
PBS-FTfl PBS + Tfl-xDAP* 70 30x 30(1—x)
(reactive)  PBS + Tfl-yPA* 70 30y 30(1-y)
FPBS-Tfl PBS + Tfl + 3DAP  68.5 3 28.5
(additive) PBS + Tfl + 3PA 68.5 3 285
PBS + Tfl + 3APP 68.5 3 28.5
PBS + Tfl + 5APP 65 5 30
PBS + Tfl + 10APP 60 10 30
PBS + Tfl + 15APP 55 15 30

2 xand y are = 2.5; 5; 7.5; 10 wt%.

for 5 h with mechanical stirring. The liquid phase was eliminated
and the flax fibers were dried at room temperature.

2.2.2. Chemical modification of the flax fibers

In a reactor equipped with a condenser, 45, 46.2, 47.5 and 48.7 g
of pretreated flax fibers with 5.0, 3.8, 2.5 and 1.3 g of the treatment
agent (for treatment at 10%, 7.5%, 5% and 2.5%) were introduced,
respectively. 1 L of ethanol was added. The mixture was heated
under reflux for 5 h with mechanical stirring. The liquid phase was
eliminated and the flax fibers were washed three times with
ethanol and dried at room temperature. The natural fibers without
fire retardant treatment were designated as Tfl and those func-
tionalized with DAP or PA were designated as FTfl.

2.3. Composite preparation

2.3.1. Processing of the flame retardant biocomposites

The biocomposites were obtained by mixing PBS pellets and
(functionalized or unfunctionalized) natural fibers in a Haake
Rheomix internal mixer (100 rpm at 110 °C). PBS was firstly
introduced in the chamber of an internal mixer and mixed for
2.5 min until a constant torque was obtained. For the FPBS-Tfl
systems (biocomposites fire retarded by additive route), the flame
retardant agent was firstly added and mixed with the matrix for
2min. Then for all formulations, the fibers (Tfl or FTfl) were added
progressively during 9min. After the final fiber addition, the mixing
was extended for 2 min. The total time of blending was around
15min. Biocomposites compositions and designations are given
Table 1.

All materials were compression molded at 110 bars into
100 x 100 x 4 mm? square sheets weighing around 50 g.

The process retained to prepare biocomposites comprising PBS
and flax fibers brings out two different routes; an additive route for
which the flame retardant agent (DAP, PA or APP) is added in the
melted PBS and flax fibers (Tfl) are further added. The biocomposite

Table 2
TGA values of PBS + Tfl and FPBS-Tfl.
Samples Tgeg (15t) Teg (2nd) Resgoo Phosphorus
(°C) (°C) (%) content (%)*
PBS + Tfl 376.4 401.2 7.0 0
PBS + Tfl + 3DAP 309.5 393.7 8.7 2.7
PBS + Tfl + 3PA 259.1 376.3 11.7 3.2
PBS + Tfl + 3APP 276.8 379.3 11.7 3.2
PBS + Tfl + 5APP 288.6 378.9 15.5 53
PBS + Tfl + 10APP 288.6 357.6 20.0 10.6
PBS -+ Tfl + 15APP 276.4 3331 133 16.0

2 The phosphorus content was calculated from the content of phosphorus on the
treatment agents. This is the theoretical value. This value is relative to the fiber
content.



is designated by FPBS-Tfl. And a reactive route for which the flax
fibers are first functionalized (and designated by FTfl) and further
added to melted PBS. The biocomposite is designated by PBS-FTfl.

2.4. Characterization

2.4.1. Thermogravimetric analysis (TGA)

TGA was performed with a Perkin Elmer Pyris-1 Thermogravi-
metric analyzer instrument. Samples of weights around 10 mg
were heated from 50 to 900 °C at a heating rate of 10 °C/min under
nitrogen atmosphere. Residual weight at 600 °C (Resggp) and the
temperature of the maximum of degradation (Tgeg) were
determined.

2.4.2. Pyrolysis combustion flow calorimeter (PCFC)

PCFC is a technique developed by Lyon and Walters [19] to
investigate fire behavior of sample at microscopic scale. Sample
weights of around 2 mg are pyrolyzed at 1 °C/s and the degradation
products are transported by inert gas flux. Then, they are mixed
with oxygen before entering in combustor at 900 °C where the
products are completely oxidized. The heat release rate was
measured as a function of temperature. The values of peak of heat
release rate (pHRR), temperature of pHRR (Tqeg), total heat released
(HR) which is the integral of the heat release rate over the duration
of the experiment, and effective heat combustion (EHC), which
corresponds to the heat released per gram of mass loss were
determined.

2.4.3. Cone calorimeter test

A Fire Testing Technology (FTT) cone calorimeter was used to
evaluate fire reaction properties. The 100 x 100 x 4 mm?> samples
were exposed to a radiant heat flux of 35 kW/m?. This flux corre-
sponds to a common heat flux in a mild scenario. Heat release rate
(HRR) was measured as a function of time and time to ignition (TTI),
total heat release (THR), peak of heat release rate (pHRR), effective
heat combustion (EHC), the quantity of char residue (Xchar) and the
maximum average of heat emission (MARHE) were determined.
The ARHE (average of heat emission) was calculated according to
Eq (1) [20].

n th — bt An+qn-1
ARHE(t,) — 22 (( . _1t)0X 2 ) ()

2.4.4. Elemental analyses

For phosphorus elemental analysis, the samples were dissolved
in an acid solution and analyzed by inductively coupled plasma
atoms emission spectroscopy (ICP AES). Elemental analysis permits
to measure the initial phosphorus content on treated flax fibers.

2.4.5. EDX analyses

Analysis of the phosphorus percentage in char residue was
performed by Energy Dispersive X-ray spectroscopy (EDX) analysis
using Oxford INCA Energy 300 system and a detector of 133 eV
resolution. EDX analysis permits to measure the phosphorus con-
tent in biocomposites residues after cone calorimeter test (Xpcond)-

2.4.6. Scanning electron microscopy (SEM)

The micrographs of the char after cone calorimeter test were
obtained using an environmental scanning electron microscope
(FEI Quanta SEM) equipped with a scanning transmission electron
microscopy detector (STEM). Micrographs were obtained under
high vacuum at a voltage of 15 kV, with a spot size of 4.0 nm and a
working distance of 10.1 mm.
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Fig. 1. TGA (a) and DTG (b) curves of PBS + Tfl and FPBS-Tfl.
3. Results

3.1. Additive route

The thermal degradation of biocomposites shown in Fig.1 occurs
in two steps. For PBS + Tfl, a shoulder is observed around 370 °C
corresponding to the degradation of the flax fibers [4,14], while the
main peak of degradation attributed the decomposition of PBS

i

0 100 200 300 400 500 600 700 800

Time (s)

400+

—=— PBS+Tfl

—o— PBS+Tfl+3APP
—a— PBS+Tfl+3DAP
—— PBS+Tfl+3AP

350 ]
300 i
250 1
200 i

150

HRR (W/g)

100

50

0

Fig. 2. Cone calorimeter curves of PBS + Tfl and FPBS-Tfl.



Table 3
Cone calorimeter parameters of PBS + Tfl and FPBS-NF.

Samples TTI  pHRR THR  EHC  Xcar MARHE
(s) (kW/m?) (kl/g) (KI/g) (%) (kW/Xm?)
PBS + Tfl 68 3795 177 184 42 2417
PBS + Tfl + 3DAP 64 2882 164 178 78 1976
PBS + Tfl + 3PA 51 2862 17.1 17.8 38 1843
PBS + Tfl + 3APP 64  239.7 155 173 107 1475
PBS + Tfl + 5APP 55  207.6 140 168 168 1274
PBS + Tfl + 10APP 62  192.8 116 151 232 1095
PBS + Tfl + 15APP 72 150.0 88 126 302 1039

arises at 400 °C [4,13,21]. The addition of APP, DAP and PA (3%wt) in
the biocomposite leads to two significant changes. Firstly the bio-
composite starts to decompose earlier. The DTG curves show a first
peak of degradation at 277 °C, 309 °C and 259 °C for APP, DAP and
PA containing PBS/flax composites, respectively. These peaks
correspond to the premature degradation of flax. This decrease of
the thermal stability of fibers could be assigned to the phosphor-
ylation of cellulose by phosphorus acids which come from the
decomposition of the FR. This reaction changes the degradation
pathway of cellulose favoring dehydration of flax and then the
formation of a carbonaceous residue [22,23]. Indeed, higher
amounts of residues are obtained for APP and PA containing for-
mulations (Res600 = 11.7%wt) compared to PBS + Tfl
(Res600 = 7.0%wt). Secondly, a shift of the main temperature of
degradation, related to PBS decomposition, is observed (375—
380 °C for FPBS-Tfl with 3%wt of additive against 400 °C for
PBS + Tfl). The decrease of Tyeg is even more pronounced at high
phosphorus as it is observed with PBS + Tfl + 15APP. This shift may
be attributed to the hot hydrolysis of PBS also due to the degra-
dation of the phosphorous compounds. It should be noted that the
addition of phosphorous compounds in the pure PBS induces a
similar effect without producing any char residue at high temper-
ature (non-presented results).

This early degradation of the phosphonated biocomposite
observed in TGA leads to a slight decrease of TTI in cone calorimeter
tests (Fig. 2 and Table 3). According to the classification of Schartel
and Hull [24], after ignition the shape of the HRR curve changes
from an intermediate thick non-charring sample in the case of
PBS + Tfl to a thick charring sample for the flame retarded bio-
composites. This changing in behavior is confirmed by the obser-
vation of combustion residues (Fig. 3) which reveals the formation
of a char layer, that limits heat and mass transfer. The barrier effect
results in a strong decrease of the pHRR (decrease of 24%—37%) as
well as a significant reduction of MARHE (18%—39%) for all FPBS-Tfl
formulations. It can be noticed that the char amount varies with the
phosphorous compound, PA, DAP and APP giving 3.8%, 7.8% and 10%
of residue, respectively. From Table 4, it is noteworthy that initial
phosphorus content is not the only parameter governing the res-
idue amount since the presence of PA leads to a lower residue than

Table 4

Fraction of phosphorus content in the vapor and condensed phase (fpcond €t fpgas).
Sample XPini(%) XPcond(%) Xchar(%) chond vaap
PBS + Tfl + 3APP 0.96 8.58 10.7 0.95 0.05
PBS + Tfl + 3DAP 0.81 9.48 7.8 0.91 0.09
PBS + Tfl + 3PA 0.95 13.88 3.8 0.55 0.45

APP. The partition of phosphorus between condensed and vapor
phase has been estimated using the method proposed by Vahabi
et al. [25]. The fractions of phosphorus in condensed and gaseous
phase (fpcond and fpgas, respectively) were calculated from the initial
phosphorus content (Xpjy;), the char residue (Xchar) and the phos-
phorus content in residue determined by EDX (Xpcond) according to
Eq. (1) and Eq. (2). All contents are expressed in weight fractions.

X, x X
chond _ charXPimPcond ( 2)
vaap =1 *chond (3)

From Table 4, it can be seen that phosphorus from APP and DAP
contributes almost exclusively to the char formation (fpcond are
close to 1) whereas with PA almost half of the phosphorus content
(45%) is evolved in the gaseous phase. Indeed, the low ebullition
point of PA (158 °C) decreases the degradation temperature of
PBS + Tfl + 3 PA (as shown in Fig. 1) and increases the part of the
phosphorus release in the gaseous phase. However, no particular
action of this phosphorous compound in the vapor phase is
observed since the effective heat of combustion (EHC) of bio-
composites remains unchanged around 18 kj/g (Table 3).

From this first part, it can be concluded that the presence of
phosphorous compound in the matrix is likely to induce the char-
ring of lignocellulosic fibers and thus to produce a significant flame
retardant effect in the biocomposite. The magnitude of this effect
depends on the phosphorus content and on the volatility of the
product. Besides, the presence of the phosphorous compound tends
to decrease the thermal stability of the PBS matrix.

3.2. Reactive route

Among the three previous phosphorous molecules, two of them
(DAP and PA) can be easily solubilized in ethanol. Therefore they
have been selected to be used as grafting agents for flax fibers.
Grafted fibers have been prepared using the protocol described in
the experimental section. The incorporation rate was varied be-
tween 2.5 and 10% of the flax mass. However, the experimental
grafting yield (measured by elemental analyses) was lower than
expected (<40% of the theoretical grafting). Hence, the phosphorus
quantity grafted onto flax varied only up to 1.13%wt for DAP and up

Fig. 3. Residues of FPBS + Tfl after cone calorimeter tests: (a) PBS + Tfl + APP, (b) PBS + Tfl + DAP, (c) PBS + Tfl + PA.
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Fig. 4. TGA (a)and DTG (b) curves of PBS + Tfl and PBS + Tfl-xDAP (x = 2.5; 5; 7.5 and 10).

to 0.52%wt for PA and the final phosphorus content in the bio-
composites was at most 0.34%wt for DAP and 0.16%wt for PA.
Thermal analysis reveals that when DAP or PA is grafted onto
flax, biocomposites still degrade in two steps (Fig. 4 and Table 5).
The high temperature peak, assigned to the PBS decomposition,
remains constant around 400 °C. Thus it can be concluded that
grafting of phosphorus onto flax prevents from PBS hot hydrolysis
and makes the biocomposite more stable at high temperature. It
can be also observed that the first peak of degradation, corre-
sponding to fiber decomposition, is progressively shifted to lower
temperature with increasing grafting rate. The early decomposition
of grafted flax is also confirmed by PCFC measurements (Table 6). At
the same time, the high temperature residue increases with
increasing phosphorus grafting rate, up to 10.8% in the case of DAP.

Table 5
TGA parameters of PBS + Tfl and PBS-FTfl.
Samples Taeg Taeg Resggp  Phosphorus
(1st)°C  (2nd) (°C) (%) content (%)*
PBS + Tfl 376.4 401.2 7.0 0
PBS + FTfl PBS + Tfl-2.5DAP 365 400.0 5.6 0.30
PBS -+ Tfl-5DAP 3195 404.5 6.4 0.53
PBS + Tfl-7.5DAP  288.1 400.9 9.3 0.90
PBS + Tfl-10DAP  284.5 399.3 10.8 113
PBS + Tfl-2.5PA 372.8 402.8 6.6 0.33
PBS -+ Tfl-5PA 3713 409 6.7 043
PBS + Tfl-7.5PA 353 406 6.5 0.53
PBS + Tfl-10PA 341.6 403.8 7.2 0.47

¢ Calculated by elemental analysis. Values are relative to the fiber content.

Table 6
PCFC values of PBS + Tfl and PBS + FTfl.

Samples Teg (1st) Tyeg (2nd) HR pHRR EHC
(0 (0 (Kl/lg)  (W/g) (kl/g)
PBS + Tfl 3933 421.8 16.3 264.7 17.5
PBS + Tfl-2.5DAP ~ 355.2 419.0 17.2 56.6/296.8 18.2
PBS + Tfl-5DAP 314.2 422.0 16.4 59.1/280.9 175
PBS + Tfl-7.5DAP  294.1 418.8 143 47.0/271.0 15.8
PBS + Tfl-10DAP 286.8 4134 15.1 49.5/300.3 16.9
PBS + Tfl-2.5PA 382.2 417.5 16.1 83.7/279.6 17.2
PBS + Tfl-5PA 3711 417.5 15.8 58.6/272.2 16.9
PBS + Tfl-7.5PA 349.9 419.1 15.7 49.8/280.3 16.8
PBS + Tfl-10PA 351.3 4224 16.4 46.6/319.6 17.7

In the case of PA, the phosphorus grafting is quasi equal for all
treated fibers, which induced no variation of the amount of residue.

As soon as phosphorus is added, the degradation mechanism of
flax starts to change from depolymerization to dehydration leading
to a decrease of the thermal stability [22,23]. However, at low
phosphorus content (Tfl-2.5DAP), it can be noticed that the impact
of dehydration on char formation is not efficient. Indeed, it may be
assumed that if dehydration remains limited, the number of
created unsaturations is not sufficient to induce an enhanced
charring.

Fig. 5 shows the results from cone calorimeter experiments for
the PBS + Tfl/xDAP (x varying between 2.5 and 10%). It can be
observed that, as DAP grafting rate increases, pHRR and MAHRE
decrease whereas the char residue increases (Table 7). It should be
remarked that the char residue from cone calorimeter is consistent
with high temperature residue obtained by TGA measurements.
Furthermore, the HRR curve shape progressively changes from a
non-charring behavior to a thick charring behavior. Thus, it can be
concluded that phosphorus grafting with DAP favors the formation
of a protective char layer acting as barrier for mass and heat
transfer. However, it should be underlined that at low phosphorus
content an adverse effect is observed since the behavior is close to
that of the ungrafted flax composite and the pHRR is even higher.
This result is in agreement with TGA measurements for which
a decrease of thermal stability was evidenced without any
increase of the char yield. The same effect is noted for PA grafted
biocomposites.

The observation of the combustion residues highlights the for-
mation of a charred layer which is all the more important and
cohesive that the amount of phosphorus increases (Fig. 6). These
pictures confirm that a minimal quantity of phosphorus is required
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Fig. 5. Cone calorimeter curves of PBS + Tfl-xDAP (with x = 2.5; 5; 7.5; 10).



Table 7
Cone calorimeter parameters of PBS + Tfl and PBS + FTfl.

Samples T  pHRR THR  EHC Xchar  MARHE
(s) (kw/m?)  (K]) (kl/g) (%) (kw/m?)
PBS + Tfl 68 3795 17.7 184 3.1 241.7
PBS + Tfl-2.5DAP 63 433 180 189 45 2775
PBS -+ Tfl-5DAP 56 3218 173 184 6.1 216.1
PBS + Tfl-7.5DAP 50 2782 161 175 8.2 181.8
PBS + Tfl-10DAP 64 3145 161 177 9.2 1786
PBS + Tfl-2.5PA 71 360 181 189 32 242.8
PBS -+ Tfl-5PA 66  379.3 182 189 35 2449
PBS + Tfl-7.5PA 62 3795 183 192 45 2432
PBS + Tfl-10PA 60 3655 181 189 4 243.6

to obtain a layer covering and protecting the whole sample. EDX
analysis performed on combustion residue evidences the presence
of a significant amount of phosphorus. Using the same method as in
the previous section, it is possible to claim that almost all of
phosphorus stays in the condensed phase.

3.3. Comparison between additive and reactive route

In order to compare the additive and the reactive routes, the
variation of the temperature of the first and second decomposition
peaks as well as the amount of residue on cone calorimeter tests are
plotted as a function of the phosphorus content, relative to the fiber
content in Fig. 7. In the case of PA used as additive, the phosphorus
content was supposed to be 55% of its initial value since an
important part of PA was released in the vapor phase as shown in
Section 3.1.

It is noted that the first decomposition temperature decreases
down to 280 °C as phosphorus content increases. When phos-
phorus represents more than 1% of the flax weight, the degradation
temperature seems to reach a constant value. As previously
explained, the decrease of Tyeg should correspond to the progres-
sive change of degradation pathway of cellulose from depolymer-
ization to dehydration. Above a certain amount of phosphorus
(approximately 1%), degradation has completely switched to
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Fig. 7. (a) Temperature of the 1st and 2nd decomposition peaks and (b) amount of char
residue of cone calorimeter test versus phosphorus content (relative to fibers content).

Fig. 6. Residues of FR-biocomposites with flax grafted with various percent of DAP: (a) PBS -+ Tfl, (b) PBS + Tfl-2.5DAP, (c) PBS + Tfl-5DAP, (d) PBS + Tfl-7.5DAP, (e) PBS -+ Tfl-10DAP.



Fig. 8. Comparison of the morphology of the residue of DAP (a) and (c) incorporated in biocomposites or (b) and (d) grafted onto fibers.

dehydration. Thus, in the case of the additive route, the degradation
of flax occurs at lower temperature because the phosphorus con-
tent is over this threshold.

It can be remarked that the temperature of the second degra-
dation step is almost constant whatever the grafting rate. This
result suggests that PBS decomposition is not affected by the
presence of phosphorus when the flame retardant compound is
located on the fiber surface. On the contrary, when the phospho-
rous compound is added in the matrix, it induces a significant
decrease of PBS decomposition temperature due to hot hydrolysis
(Table 2). At very high phosphorus content (16%), the degradation
temperature of PBS can be as low as 340 °C.

Fig. 7b shows that the combustion residue progressively in-
creases from 3%wt to approximately 10%wt for the reactive route
and 30% for the additive route, when increasing the phosphorus
content. However, it is noteworthy that the residue increase de-
pends on whether phosphorus is incorporated by additive or
reactive route. When the additive route is used, the residue
enhancement occurs between 1.5 and 3%wt of phosphorus, which
is in agreement with Horrocks and Zhang [26]. On the opposite,
using the reactive route enables to shift the residue increase to
lower phosphorus content (between 0.5 and 1%wt). From cone
calorimeter data and residue observation (Fig. 8), it is obvious that
the improvement of the fire behavior in terms of pHRR or MAHRE is
closely related to the amount of phosphorus and to the cohesion of
the char residue acting as a protective layer. Hence, it can be
concluded that the reactive route enables a targeted action of
phosphorus during flax decomposition leading to the promotion of
efficient barrier layer at a lower amount of phosphorus compared
to the additive route (Fig. 9 and Fig. 8). The main restriction of the
reactive route lies in the limited amount of phosphorus that can be
incorporated by grafting.

4. Conclusion

In this study, the effect of phosphorous flame retardants local-
ization (grafted onto fibers or added in the matrix) on the flame
retardancy of PBS/flax biocomposites was investigated. In the two
cases, an earlier temperature of degradation of flax fibers was
observed when phosphorus is added. This loss of thermal stability
is linked to the phosphorylation of cellulose and the changing of
degradation pathway from depolymerization to dehydration. The
phosphorylation leads to the charring of flax fibers and the
improvement of the fire behavior of PBS/flax biocomposites
(Xchar = 3.1 wt% against 9.2 wt%, pHRR = 379.5 kW/m2 against
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Fig. 9. pHRR and MARHE as a function of phosphorus content (relative to the fibers
content).



314.5 kW/m? and MARHE = 241.7 kW/m? against 178.6 kW/m? for
PBS + Tfl and PBS + Tfl-10DAP, respectively). The charring was
highlighted to be effective at lower phosphorus content using the
reactive route due to the proximity between flax and phosphorous
compound. The reactive route was also proved to weakly impinge
PBS decomposition while the polymer matrix starts to degrade
earlier in the additive route. To go further on the understanding of
interactions between phosphorus treatment agent, flax and PBS, it
could be interesting to graft a phosphorous polymer onto natural
fibers.
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