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The phosphorylation of microcrystalline cellulose (MCC) has been investigated as a strategy to develop bio-based
flame retardants, aiming to enhance their charring ability and thermal stability. The modification process was
performed using solid-state mechanochemistry, employing varying excesses of phosphorus pentoxide (P20s) to
optimize the phosphorus grafting rate. It was discovered that, with a significant P,Os excess, contact of the
recovered blend with a small amount of water induces a vigorous reaction. This reaction leads to cellulose

expansion and its conversion into a graphitic structure, while also allowing for the grafting of a high phosphorus
content. This phosphorylated graphitic cellulose demonstrated a superior flame retardant effect in polypropylene
(PP), achieving a 55 % reduction in peak heat release rate (pHRR) even at a relatively low incorporation content
(12.5 wt.%), while also conserving composite ductility.

1. Introduction

The development of bio-based flame retardants has attracted sig-
nificant interest in recent decades. This approach seeks to leverage
agroresources for high value technical applications while also for sup-
porting the development of low-carbon footprint materials. Various
natural products, derived from plants or animals, have been studied and
have shown effective flame-retardant properties in multiple materials
[1-4].

These bio-based flame retardants are typically developed through
the chemical modification of bioadditives with an inherent ability to
form charred structures during their thermal degradation. They can also
be valuable when combined with other flame retardants, such as
metallic hydroxides[5,6], phosphorus and nitrogen-based compounds
[7-9].

The phosphorylation of bioadditives, such as lignin[10,11], cellulose
[12-14], and tannins[15,16], is the most widely used method to
enhance their flame-retardant effect. =~ The presence of
phosphorus-containing groups improves both the char yield and its
thermal stability through condensation reactions involving the hydroxyl
groups of the phosphorus functions and those of the bioadditives.

The formation of this char is a key mechanism in the action of these
additives, which primarily act in the condensed phase. The formation of
a stable char layer on the surface of the burning material acts as a
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protective barrier, shielding the underlying layers from direct flame
exposure and reducing heat transfer. Additionally, it limits the produc-
tion of combustible volatiles and their migration to the combustion
zone, further enhancing fire protection.

Cellulose is the most abundant bio-based material and is available at
a very affordable cost. It exists in various forms, both nano and micro,
but microcrystalline cellulose (MCC) is the easiest to incorporate into
thermoplastic polymers, as it comes in a powder form that is easy to
handle for melt compounding.

The phosphorylation process must be sustainable to preserve the
environmental benefits of biobased flame retardants (FRs). This could be
achieved using eco-friendly phosphorus-based reagents such as phytic
acid [17] or by avoiding using methods that consume excessive energy,
rely on organic solvents, or involve corrosive or toxic chemicals. This is
crucial as these practices undermine sustainability. Thus, there is a
pressing need to innovate and adopt environmentally friendly alterna-
tives to traditional phosphorylation processes.

Recently, mechanochemistry has emerged as an eco-friendly process
that enables efficient chemical reactions without the use of solvents[18].
A mechanochemical reaction is a chemical reaction induced by the
direct absorption of mechanical energy, which can result from impact,
tension, or friction. The input of mechanical energy into chemical re-
actions is highly significant and can lead to new products distinct from
those obtained through conventional solvent-based chemical reactions.
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This mechanical energy enhances the probability of collisions between
reactants, promoting a homogeneous reaction environment, preventing
concentration gradients of products, and dissipating localized heat.
Mechanical impacts also break down large particles, thereby creating
more surface area and generating structural defects and new reactive
sites[19]. Ball milling is a highly effective mechanochemical technique
due to its affordability, ease of implementation, and ability to handle
large quantities. The high-speed rotation of the milling balls creates
shear forces and raises the temperature of the reaction mixture[20].
Temperature control in a simple ball mill is not feasible, but new
equipment and technologies are being developed to support the growth
of this sector. For example, the Mechanochemical Reactor WAB IMPACT
REACTOR from the WAB GROUP® can regulate temperature (both
heating and cooling) and is designed for continuous operation.

We recently reported two examples of the use of mechanochemistry,
particularly ball milling, to chemically modify two biobased additives, i.
e. tannic acid[21] and (micro)cellulose[22] with phosphorus pentoxide
(P20s). In both cases, the phosphorylation reaction was successful
within a short time frame (60 min) and led to the development of
effective flame retardants in polypropylene. In the case of tannic acid,
chemical modification by ball milling achieved a phosphorus grafting
rate similar to that obtained using conventional organic chemistry
method in solvent phase (around 2 wt.%). However, for MCC, the results
were not comparable, as a low grafting rate (4.15 wt.%) was obtained by
ball milling, in contrast to the 16.5 wt.% P content achieved through
modification in solvent phase. It is important to note that even the
starting reagents differ in each case, this comparison mainly underscores
that, in the case of cellulose, ball milling modifies only a small fraction of
its hydroxyl groups, yielding a degree of substitution (DS) of 0.25, which
is significantly lower than the DS of 1.3 achieved when cellulose is
phosphorylated using phosphonic acid and urea as catalysts at 150 °C for
2 h[23]. This difference appears to be related to the size and structure of
cellulose, that present compact macromolecular structure, with only the
particle surface being accessible for modification, whereas tannic acid,
being a smaller molecule, is more readily available to react with P0s.

In this study, we aim to gain deeper insight into the key parameters
governing the ball-milling phosphorylation of cellulose using P2Os. In
particular, we investigate how varying the P,Os content influences the
phosphorus grafting efficiency, structural modifications of cellulose, and
its thermal properties. Furthermore, we assess the impact of these
modifications on both the flame-retardant performance and the me-
chanical properties of polypropylene composites incorporating the
phosphorylated cellulose.

2. Materials and methods
2.1. Materials

The polypropylene (PP) utilized in this study is a high-impact-
modified copolymer (PP PHC26) designed for injection molding appli-
cations, from SABIC Europe B.V. (Sittard, The Netherlands) and supplied
by RESINEX (Arendonk, Belgium). Microcrystalline cellulose and
phosphorus pentoxide (P20s, 99 % purity) were purchased from Sigma
Aldrich (Burlington, MA, USA).

2.2. Preparation of phosphorylated cellulose

Cellulose was chemically modified with P»Os via ball milling using a
PM 400 planetary mill (Retsch, Haan, Germany), following the pro-
cedure described by Maadouz et al [24]. Microcrystalline cellulose
(MCC) and P,05 were physically mixed and placed in a 500 mL stainless
steel jar, together with 60 stainless steel balls. The mixture was pro-
cessed at room temperature at a rotation speed of 200 rpm. Three
different MCC/P205 weight ratios (90/10, 70/30, and 43/57) were
employed, corresponding to P,Os contents equivalent respectively to
0.25; 1 and 3 times the hydroxyl groups content of MCC. The resulting
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modified celluloses were designated as MCC-P1, MCC-P2, and MCC-P3,
respectively. Milling was carried out for 1 hour, with a 30 secondes
pause every 10 minutes.

2.3. Preparation of PP composites

PP and additives were previously dried at 60 °C for 24 hours, prior to
be melt processed in a Brabender Plastograph (W50EHT-3, Germany) for
10 minutes (3 minutes mixing at 30 rpm and 7 minutes at 90 rpm) at 180
°C. The blends were compression molded into plates measuring 10 x 10
x 0.3 cm®. Some of these plates were used for Mass Loss Cone (MLC)
tests, while others served as the source for specimens used in mechanical
testing, which were cut using hydraulic bench press HESS 5MP (Richard
Hess MBV Gmbh, Germany). This compression molding process was
carried out using an Agila PE20 hydraulic press, at 200 °C, according to
the following procedure: Initially, the sample is placed on the heated
section of the press for 3 minutes and subjected to a pressure of 10 bar
for 3 minutes and 20 secondes. This is followed by three degassing steps.
The sample is then pressed again at 150 bar for 2 minutes and 30 sec-
ondes, and finally transferred to the cold section of the press, where it is
maintained under pressure for 5 minutes. Table 1 presents the identifi-
cation codes and corresponding chemical compositions of the investi-
gated samples.

2.4. Methods of characterization

The thermal stability of pristine MCC and its derivatives as well as
PP, and their corresponding composites was evaluated through ther-
mogravimetric analysis (TGA) using a TGA II instrument (Mettler
Toledo, Greifensee, Switzerland). For each test, approximately 5 mg of
material was heated from 30 °C to 800 °C at a constant rate of 10
°C-min~'. Modified MCC samples were analyzed under both nitrogen and
air atmospheres, whereas composite samples were tested only in air.

FTIR spectra were obtained using a Bruker ALPHA II spectrometer
(Bruker Optics, Ettlingen, Germany), operating in the 4000-400 cm™
wavenumber range, with a resolution of 2 cm™ and averaging over 32
scans. Raman spectra were recorded using a micro-Raman system
(Senterra Bruker Optik GmbH, Massachusetts, USA) with a laser wave-
length of 532 nm and a power of 10 mW.

Phosphorus content in the modified cellulose was determined using
inductively coupled plasma (ICP) analysis, carried out with an Optima
7300dV ICP-OES instrument from Perkin Elmer (Waltham, MA, USA).
Prior to analysis, the sample was digested with nitric acid. Phosphorus
concentrations were quantified using calibration curves derived from
ICP measurements of standard solutions at concentrations of 5 and 10
ppm, alongside unmodified cellulose as a reference.

The phosphorus content determined by ICP allows the calculation of
the average number of grafted groups per monomer unit of cellulose,
known as the degree of substitution (DS), which can be estimated using
an empirical formula reported in the literature[25].

Mcellulose x P%

DS =
S 100 x M(P) — AM x P%

Mcellulose is the molar mass of the cellulose d-glucose unit (162 g/

Table 1
Content (Expressed in wt%) of PP and Additives used to prepare the different
compositions.

Sample label PP MCC MCC-P1 MCC-P2 MCC-P3
PP 100 — — — —
PP-30MCC 70 30 — — —
PP-12.5MCC 87.5 12.5 — — —
PP-30MCC-P1 70 — 30 — —
PP-30MCC-P2 70 — — 30 —
PP-12.5MCC-P3 87.5 — — — 12.5
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mol), P % is the phosphorus weight percentage in the modified cellulose
(e.g., 4.15 wt.%), M(P) is the molar mass of phosphorus (31 g/mol), and
AM is the mass difference between the grafted group and the leaving
group (97 g/mol, corresponding to M(H3PO4) — M(H)).

Scanning electron microscopy coupled with energy dispersive X-ray
analysis (SEM-EDX) was employed to assess the morphology of phos-
phorylated celluloses as well as their dispersion within PP matrix. The
analysis was conducted using a Hitachi SU-8020 instrument (Hitachi,
Tokyo, Japan). The presence of internal porosity into modified cellulose
particles was also investigated by SEM. The sample was embedded in an
epoxy resin, polished using Leica TIC3X ion polisher (from Leica
Microsystems, Wetzlar, Germany) at an accelerating voltage of 7 kV
prior analysis.

Tensile tests were performed according to ISO 527 standard on a
Llyod LR 10 K equipment. The tests were conducted on type V samples of
ASTM D638 standard, at a temperature of 23 °C, relative humidity of 50
% and with a cross-head speed of 10 mm/min and a 1000 N force cell.
Five specimens of each sample were tested to determine the mean value
of the results.

The fire behavior of PP and its composites was assessed using a mass
loss cone (MLC) apparatus from Fire Testing Technology (East Grin-
stead, West Sussex, UK), in accordance with the ISO 13927 standard.
Samples (100 x 100 x 3 mm?) were subjected to an external heat flux of
35 kW.m™ corresponding to common heat flux in a mild fire scenario.
Heat Release Rate (HRR) was measured as function of time, and Time To
Ignition (TTI), Total Heat Release (THR) and peak of Heat Release Rate
(pHRR) were determined.

3. Results and discussion
3.1. Solid state phosphorylation of cellulose
3.1.1. Structural characterization
Different grades of phosphorylated cellulose were obtained using the

same ball milling procedure, but with varying MCC / P2Os ratios. The
first observation is that the phosphorylated celluloses MCC-P1 and MCC-
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P2 retain their white color, whereas the batch with a large excess of PoOs5
(MCC-P3) undergoes a very radical transformation, becoming black and
expanded as evidenced on Fig. 1. It can be observed that the MCC-P3
mixture already appears darker after just 10 min of exposure to air,
whereas the MCC-P1 and MCC-P2 mixtures remain white, even after
washing with water. The radical colour change occurs rapidly upon
exposure of MCC-P3 to a small amount of water (some drops). In fact,
upon contact with water, the MCC-P3 sample undergoes an instanta-
neous blackening reaction, which is highly exothermic and accompa-
nied by significant expansion and the release of acidic vapors. For safety
reasons, this step was conducted under a properly ventilated fume hood.
FTIR spectra (Fig. 2) of both MCC-P1 and MCC-P2 show no signifi-
cant differences compared to that of untreated cellulose. Similar ob-
servations have previously been reported for cellulose modified via
mechanochemical treatment with P,0s, where the absence of spectral
changes was attributed to a low degree of phosphorus grafting [24].
Chemical modifications in the MCC-P3 sample, typical for thermal
cellulose degradation, can be observed by FTIR as well. Characteristic
cellulose C—O deformation band of primary alcohol at 1030 cm™ is not
predominant anymore. C—O and C—O-C peaks at 1260 and 1160 cm!
are not well observable, neither. Thermal degradation due to the
mechanochemical treatment with P,Os also induced a decrease in 1640
em™ peak corresponding to OH bending. Thus, the new predominant
peak at this region is that at 1584 cm™ corresponding most probably to
the formation of conjugated C = C bonds. High intensity peaks are also
visible in 870-750 cm™ region typical for the aromatic C = C [26-28].
To gain further insight into the structure of MCC-P3, Raman spec-
troscopy analyses were performed. In fact, the structural organization of
carbon-based materials could be assessed by this technique, particularly
through the identification of two main bands: one near 1389 cm™ (D
band - D standing for disorder), associated with disordered or amor-
phous carbon, and another near 1598 ¢cm™ (G band - G standing for
graphite), related to graphitized structures [29,30]. The D band is
attributed to the vibration of carbon atoms with dangling bonds at the
planar ends of disordered graphite or glassy carbon while the G band is
originated by the vibration of sp*-hybridized carbon atoms in the

4 P, v

After water washing

Contact with water

Fig. 1. Images showing the effect of the cellulose/P2Os ratio on the general appearance of the modified cellulose at the exit of the ball mill, after 10 min and after

washing or brief contact with water.
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Fig. 2. FTIR spectra of pristine MCC and its derivatives.

graphite layer and to the Ex; mode of hexagonal graphite [31,32]

Fig. 3 presents the Raman spectrum of MCC-P3 cellulose confirming
the presence of both the D and G bands. Moreover, the intensity ratio of
these bands (Ip/Ig) provides insights into the structural quality of the
carbon material. For MCC-P3, the Ip/Ig ratio is 0.74, indicating a
graphitic structure with a moderate level of defects. Raman

400 -
350 -
300 -
250 -
200 -

150 A

Raman Intensity

100 A

2888

spectroscopy analysis clearly indicates that the black coloration of MCC-
P3 cellulose results from the transformation of cellulose into graphitic
carbon structures.

At the macroscopic level, SEM observations provide insights into the
evolution of particle size subsequent to the treatment (Fig. 4). The im-
ages of cellulose particles confirm the effect of excess P2Os, which

1598

1388

0 T T T T
4400 3900 3400

2900

2400 1900 1400 900 400

Wavenumber (cm-1)

Fig. 3. Raman spectrum of MCC-P3.
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Fig. 4. Images showing the effect of the cellulose/P,Os ratio on the general appearance of the cellulose particles.

induces larger dimensions as compared to either native cellulose or
MCC-P1 and MCC-P2, due to the expansion observed in the contact of
MCCP-3 with water. This expansion and its impact on internal structure
were further investigated by SEM analysis of particles embedded in
epoxy resin. Polishing of the cellulose/epoxy composites allowed for
detailed examination of the particle internal morphology. These images
clearly demonstrate that the presence of excess P2Os induces the for-
mation of internal porosity within the MCC-P3 particles (Fig. 5). The
observed porosity underscores the cellulose expansion driven by the
vigorous cellulose dehydration reaction induced by P50s.

The use of a large excess of P;05 not only induces a color change,
substantial cellulose expansion, and its transformation into graphitic
structure, but also results in a significantly higher phosphorus grafting
rate. ICP analysis (Table 2) reveals that MCC-P3 contains 17.3 wt.%
phosphorus, corresponding to a degree of substitution (DS) of approxi-
mately 1.97 %. In comparison, significantly lower phosphorus contents
are observed for MCC-P1 and MCC-P2, at 1.1 % and 3.6 %, respectively,
corresponding to DS values of 0.06 % and 0.21 %. The grafting rate

MCC-P1

Cross-section

SU8020 10.0kV 12.0mm x3

Table 2
TGA Parameters, P content and DS for cellulose and derivatives.
Residue at 400 °C (%) Residue at 500 °C (%) P (wt. %) DS (%)
Air N, Air N
MCC 19 13 6 10 0 0
MCC-P1 34 41 15 35 1.1 0.06
MCC-P2 44 47 30 43 3.6 0.21
MCC-P3 75 71 67 66 17.3 1.97

achieved for MCC-P3 is particularly remarkable, ranking among the
highest reported values for cellulose phosphorylation in the literature,
with previously reported values including 0.63 wt.%[33], 1.92 wt.%
[34], 4.40 wt.%[24], 13.22 wt.%[35], 16.50 wt.%[23] and 20 wt.%
[36].

The conversion of cellulose into charring structures has previously
been reported under the action of acids such as phosphoric acid [37] or
sulfuric acid [38], but only above 200 °C. To the best of our knowledge,

MCC-P3

Cross-section

e

\

SU8020 10.0kV 11.8mm x1.50k SE(L)

Fig. 5. SEM images of polished cross-sections of MCC-P1 and MCC-P3 particles embedded in epoxy resin.
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no study has reported the formation of graphitic structures from cellu-
lose at room temperature. The reactions leading to cellulose carbon-
ization are well-known and involve cellulose dehydration processes,
resulting in the formation of dehydrated cyclic structures in the solid
phase during pyrolysis[39,40].

In our case, both carbonization and graphitization of cellulose start
at room temperature upon the addition of a small amount of water to a
specific cellulose/P20s mixture, namely, the one yielding MCC-P3. This
MCC-P3 grade thus demonstrates strong potential as a condensed-phase
flame retardant in thermoplastic polymers.

This reaction was only made possible through mechanochemistry,
which eliminates the need for solvents. Solvent-based approaches would
not allow for the rapid dehydration of cellulose by P5Os in the presence
of a small amount of water. Indeed, in solvent-based reactions, a
filtration step is typically required to remove excess reagent, which
would have prevented the charring reaction observed in our system.

The thermal stability of the char as well as its resistance to thermal
and thermo-oxidative degradation are key factors influencing the flame-
retardant efficiency of a condensed-phase mechanism. These parameters
were evaluated in the next section by TGA for MCC-P3 cellulose and
compared to those of the other cellulose grades.

3.1.2. Thermal stability

The effect of cellulose phosphorylation on its thermal stability was
assessed using thermogravimetric analyses under both air and nitrogen
atmospheres. Weight loss curves versus temperature are depicted in
Fig. 6, with corresponding data summarized in Table 3.

Unmodified cellulose degrades differently depending on the atmo-
sphere used. Under air, its decomposition occurs in two stages. The first
stage, around 320 °C, leads to char formation, which is susceptible to
thermo-oxidative degradation, hence the presence of a second degra-
dation step in air, but not under nitrogen. It is also worth noting the
occurrence of a weight loss around 50 °C, observed across all types of
cellulose, which may be attributed to the presence of physiosorbed
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Table 3
TGA data for the different cellulose grades as determined from thermograms
recorded under air and nitrogen atmospheres and using a heating rate of 10
°C-min.

Main decomposition Residue at 400 Residue at 500

temperatures (°C) °C °C

air N air Ny air Ny

MCC 320; 500 340 20 13 55 10

MCC-P1 256; 495 270 36 40 16 35

MCC-P2  235;585 240 44 47 29 42

MCC-P3  170;580  180; 580 73 71 66 66
water.

In the case of phosphorylated cellulose samples, the shape of the
weight loss curves differs not only from that of native cellulose, but also
between the phosphorylated samples themselves, under both air and
nitrogen atmospheres. This behavior is strongly influenced by the
phosphorus grafting level. For phosphorylated celluloses MCC-P1 and
MCC-P2, the first degradation step occurs earlier and at significantly
lower temperatures compared to native cellulose. Under air, the onset of
this first degradation step is observed at 256 °C for MCC-P1 and 235 °C
for MCC-P2, compared to 320 °C for unmodified cellulose. Under ni-
trogen, MCC-P1 and MCC-P2 decompose at 270 °C and 240 °C,
respectively, while native MCC decomposes at 340 °C.

The premature thermal degradation observed in phosphorylated
celluloses is attributed to the presence of phosphoric acid groups, which
trigger early decomposition of the cellulose, a phenomenon widely re-
ported in the literature [41]. Phosphoric acid promotes dehydration of
the cellulose, along with internal rearrangement reactions, leading to
the formation of dehydrated cyclic char structures.

The primary decomposition step of phosphorylated cellulose leads to
the formation of a more thermally stable char compared to that pro-
duced during the degradation of unmodified cellulose. This is reflected
in the TGA curves by a significantly higher amount of residual mass.

100 - 100 T
90 | — MCC [ o — MCC
- - MCC-P1 - - MCC-P1
80 o MCC-PZ 804 AN e MCC-P2
70 — Mccps | ) : — MCC-P3
Ex
£ 60+ L 60 Y
g so4 N L 50 4 R
S A *
g 40 - 40 o
~ 30 4 - 30 4
20 L 20 4
104 .. 5 L 10
(Under N2) (Under air)
0 r * T * T 0
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 300
L " L L 5.E-04 .
0.E-00 -
- -5.E-04
- -1.E-03
o L -2.E-03 4
[=]
L -2.E-03
L -3.E-03 4
L 3E-034 )
(Under N2) (Under air)
-4.E-03

Fig. 6. TGA and DTG curves of untreated and phosphorylated celluloses, under N, and air, at 10 °C.min’.
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Under air, the residue at 400 °C increases in the presence of phosphorus,
rising from approximately 20 % for native MCC to around 36 % and 44
% for MCC-P1 and MCC-P2, respectively. Under Na, the same trend is
observed, with similar residue yields, i.e., 40 % for MCC-P1 and 47 % for
MCC-P2. This enhanced thermal stability of the two phosphorylated
celluloses compared to native cellulose is also observed at higher
temperatures.

However, the most pronounced effect is observed with MCC-P3. The
shape of the mass loss curve for this cellulose is completely different
from that of the other three samples. A significantly earlier degradation
is observed, and MCC-P3 started to lose weight from 50 °C with around
10 % of weight loss at 100 °C. Given the significant mass loss observed,
this loss cannot be attributed solely to water adsorbed in the porous
structure of cellulose, especially since the sample was dried prior to
analysis. Instead, it suggests that a portion of degraded cellulose is being
carried away by the analysis gas flow (air or N2), likely due to its low
density. Moreover, thermal degradation of MCC-P3 leads to a much
higher residue yield, around 70 % at 400 °C and 66 % at 500 °C. The
amount of residue formed, whether under air or nitrogen, is much higher
with MCC-P3 than those obtained with the two phosphorylated cellu-
loses, MCC-P1 and MCC-P2. The MCC-P3 cellulose grade, which con-
tains a high level of grafted phosphorus, exhibits a strong ability to form
thermally stable char.

3.2. PP / cellulose composites properties

The different cellulose grades were incorporated into PP at a loading
rate of 30 wt.% via melt processing, with the exception of MCC-P3. Its
low bulk density, caused by expansion following the contact with traces
of water after ball milling, prevented successful incorporation at that
high concentration. For this grade, it was only possible to prepare a
blend with a maximum of 12.5 wt.% loading.

3.2.1. Particle dispersion

The functional performance of composites is highly dependent on the
distribution of the minor phase. For all PP-based compositions incor-
porating native and phosphorylated cellulose particles, processed using
a Brabender internal mixer, it was crucial to assess how well the particles

A

{PP+30MCC

e

SU8020 20.0kV 19.2mm x150 PDBSE(CP)
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were dispersed within the matrix. SEM was therefore employed to
evaluate the filler dispersion, as insufficient dispersion could diminish
the flame-retardant effectiveness of the additive and compromise the
overall properties of the composite. SEM micrographs obtained in
chemical contrast mode are presented in Fig. 7. These images indicate
that ball milling induces a reduction in cellulose particle size and ho-
mogeneous dispersion throughout the polymer matrix. It is important to
note that the PP + 12.5 wt.% MCC-P3 blend contains a lower cellulose
content, which accounts for the reduced presence of particles observed
in the corresponding SEM micrograph.

3.2.3. Composite thermal stability

The thermal stability of the composites was evaluated using TGA
under air (Fig. 8 and Table 4). The curves clearly indicate that the
thermal behavior of the composites depends on the type of cellulose
incorporated. In general, the presence of cellulose particles, regardless
of their type, promotes an earlier onset of composite degradation. This
effect is attributed to the thermal decomposition of cellulose, which
occurs at lower temperatures than that of the polymer matrix, and is
further enhanced when the cellulose is phosphorylated (Fig. 6). Notably,
the degradation of composites containing phosphorylated celluloses
(MCC-P1 and MCC-P2) starts at lower temperatures (290 °C and 370 °C,
respectively) than that of the composite with native cellulose (360 °C). It
is important to note that the premature degradation of MCC-P3 does not
lead to early degradation of the composite, likely due to its low incor-
poration rate and the absence of chemical interactions with the poly-
propylene matrix. However, among the various formulations, only the
composite containing MCC-P3 exhibits higher thermal stability than
neat polypropylene (PP) beyond 350 °C. This composite also retains a
significant char yield of approximately 20 % at 420 °C, which de-
composes gradually with increasing temperature. Above 420 °C, the two
composites containing 30 wt.% MCC-P2 and 12.5 wt.% MCC-P3 exhibit
very similar char degradation profiles.

3.2.4. Flame retardant properties

The flammability behavior of the materials was evaluated using Mass
Loss Cone calorimetry, a widely adopted bench-scale method for
assessing fire performance. Experiments were conducted under an

300 um

Fig. 7. SEM micrographs of cryo-fractured surface of the different PP / cellulose composites.
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Fig. 8. TGA and DTG curves of PP and PP-Cellulose composites under air at 10 °C.min".

Table 4
TGA date under air for PP and the different composites at a heating rate of 10
°C:min".

Composition Main decomposition Residue at 500  Residue at 700
temperatures (°C) °C (%) °C (%)

PP 380 ; 445 0 0

PP + 30-MCC 360 0 0

PP + 30-MCC- 290 ; 360 ; 515 6.6 0
P1

PP + 30-MCC- 370; 400 ; 518 14.4 3.8
P2

PP + 12.5- 390 ; 13.4 4.6
MCC-P3

external heat flux of 35 kW.m, representative of moderate fire exposure
conditions. Key fire parameters, namely the peak heat release rate
(pHRR), time to ignition (TTI) and total heat release (THR), were
analyzed due to their critical relevance in characterizing ignition
behavior and fire growth potential. High pHRR values combined with
short TTI are indicative of rapid ignition and accelerated flame spread.
The HRR profiles obtained from the Mass Loss Cone calorimeter tests are
depicted in Fig. 9, while the corresponding quantitative data are
compiled in Table 5.

Neat PP exhibited intense combustion, characterized by a sharp HRR
peak reaching a pHRR of 910 kW-m™ at 200 s, with complete degra-
dation with no residual char. The addition of 30 wt.% microcrystalline
cellulose (MCC) did not significantly alter the HRR curve, though a
slight decrease in pHRR was observed, accompanied by a shorter igni-
tion time (45 s), indicative of reduced ignition resistance due to the
flammability of cellulose. When phosphorylated cellulose was
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Fig. 9. HRR curves of neat PP and PP composites, obtained by mass loss cone calorimeter at 35 kW.m™.

Table 5
Mass Loss Cone calorimeter test results of neat PP and PP-cellulose-based
composites.

Composition TTI (s) PHRR (kW. PpHRR variation THR (MJ.m"
m?) (%) %)
PP 63+ 4 910 £ 70 — 108 + 20
PP + 30-MCC 45 + 760 £ 15 -16 110 + 40
10
PP + 30-MCC-P1 40 + 710 £ 5 —22 105 + 30
10
PP + 30-MCC-P2 31+4 680 + 10 —-25 95 + 25
PP + 12.5-MCC- 38 + 410 £70 -55 105 + 25
P3 10

introduced (MCC-P1 and MCC-P2, containing 1.1 % and 3.6 % phos-
phorus, respectively), only a minor reduction in pHRR was recorded.
However, the ignition time further decreased respectively to 40 and 31 s,
which can be attributed to the reduced thermal stability of phosphory-
lated cellulose, as supported by TGA results (Fig. 6).

The most pronounced flame-retardant effect was achieved with
MCC-P3, which, despite being incorporated at only 12.5 wt.%, induced a
drastic alteration of the HRR profile and a remarkable reduction in
PHRR of approximately 55 %. This exceptional performance is primarily
attributed to the high phosphorus content of MCC-P3, resulting in a total
phosphorus loading of 3.6 wt% in the composite, significantly higher
than the ~1 wt% achieved with 30 wt% of MCC-P2. The efficient flame-
retardant action of MCC-P3 is further reinforced by its graphitized
structure, which facilitates the rapid formation of a cohesive, thermally
stable char layer during combustion. This char acts as a protective
barrier, reducing heat and mass transfer and thereby mitigating fire
propagation.

The THR is influenced by the blend composition. The incorporation
of 30 wt.% unmodified cellulose into PP do not leads to any significant
change in THR, that remain around 110 MJ-m™2. This behavior was also
confirmed in the presence of the three phosphorus-modified cellulose
grades. Their incorporation does not lead to any significant reduction in

THR, mainly because the entire composites ultimately undergoes com-
plete degradation during combustion (Figs. 10 and 11), and also due to
the relatively low loading of MCC-P3, incorporated at only 12.5 wt.%.
The composite containing 12.5 % MCC-P3 exhibits a total heat release
comparable to that of neat PP, but spread over 500 s instead of only 200
s, along with a significantly reduced pHRR, actually decreased by 55 %.

The elevated phosphorus content is a key factor in promoting char
formation and enhancing the thermal stability of the composite. How-
ever, it is the synergistic combination of high phosphorus loading and
the graphitized structure of MCC-P3 that proves to be decisive. This
combination enables for the formation of insulating char, that reduces
the mass loss rate during combustion. This dual action, physical pro-
tection by graphitic carbon structures and chemical reinforcement by
phosphorus species, forms the basis of the outstanding flame-retardant
performance observed in MCC-P3-based composites.

3.2.5. Mechanical properties

One of the major challenges in the flame retardant treatment of
polymeric materials is to achieve an optimal balance between fire per-
formance and the preservation of other functional properties. Among
these, mechanical properties, particularly ultimate tensile strength and
elongation at break, are often significantly compromised upon the
incorporation of flame retardant (FR) additives. Consequently, extensive
research efforts are dedicated to the development of synergistic systems,
aiming to enhance flame retardancy while minimizing the total loading
of FR additives

The mechanical properties of neat PP and the various composites
were evaluated by tensile testing. The stress—strain curves are presented
in Fig. 12, and the corresponding data are summarized in Table 6. The
incorporation of 30 wt.% native cellulose into PP led to a significant loss
in ductility, with elongation at break dropping from 55 % for neat PP to
just 2.8 %. A similar trend was observed when phosphorylated celluloses
MCC-P1 and MCC-P2 were incorporated, as the elongation at break
remained low, around 4.7 % in both cases. The yield stress, an essential
parameter reflecting the mechanical strength of polymers, also
decreased markedly, from 17.1 MPa for neat PP to 10 MPa with native
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Fig. 10. Mass loss rate curves recorded during Mass Loss Calorimeter test.
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Fig. 11. Pictures of the tested samples at the end of the combustion during Mass Loss Cone calorimeter test.

cellulose, and to 11 MPa and 14.2 MPa for composites containing 30 wt.
% of MCC-P1 and MCC-P2, respectively. These changes in mechanical
properties clearly indicate a embrittlement of the PP matrix, caused by
the presence of cellulose particles which act as stress concentrators and
weaken the composite structure. In contrast, incorporating phosphory-
lated cellulose (MCC-P3) contributes to maintaining the ductility of the
composite.

Only a slight decrease in maximum stress was observed, down to

10

15.2 MPa, which remains relatively minor. To assess whether the limited
changes in mechanical properties were solely due to the lower incor-
poration rate of MCC-P3 (12.5 wt.%) compared to the 30 wt.% used for
the other celluloses, a control composite containing 12.5 wt.% of un-
modified cellulose was prepared and its mechanical properties evalu-
ated. The results clearly show that the good mechanical performance of
the 12.5 wt.% MCC-P3 composite cannot be attributed solely to its lower
filler content. While the composite with 12.5 wt.% native cellulose
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Fig. 12. Stress/strain curves of neat PP and PLA/Cellulose composites from tensile test.

Table 6
Young’s modulus (E), tensile strength (6ay), elongation at break (epreax) from
tensile test of PP and PP/cellulose composites.

Référence E (MPa) Omax (MPa) Epreak (%0)
PP 1115 + 50 17.5+1 55+17
PP + 30 MCC 1255 + 80 10+t1 2.8 +0.3
PP + 12.5 MCC 1217 + 64 16 +1 12+ 2.3
PP + 30 MCC-P1 1000 + 180 11+2 4.7 +£0.7
PP + 30 MCC-P2 1250 + 105 14.2 + 0.7 46 +1.2
PP + 12.5 MCC-P3 920 + 10 15.2+ 0.2 35.5+3.2

exhibited better elongation at break than the composites loaded at 30
wt.%, it remained significantly lower than that of the PP-12.5 wt.%
MCC-P3 system. These findings suggest that the enhanced mechanical
behavior of the MCC-P3-based composite is not only a result of reduced
filler loading, but also likely stems from intrinsic features of MCC-P3.
Indeed, MCC-P3 exhibits a lower bulk density, a porous morphology, a
graphitic-like structure, and a reduced hydroxyl group content, which
renders the particles more hydrophobic and thus more compatible with
polypropylene. These features may facilitate better mechanical inter-
locking between the phosphorylated cellulose particles and the poly-
propylene matrix. The inclusion of various grades of cellulose,
irrespective of their incorporation rates, does not result in substantial
variations in the Young’s modulus, which fluctuates around the modulus
value of PP, approximately 1100 MPa.

4. Conclusion

Through a mechanochemical approach, we achieved a remarkable
effect that cannot be obtained using conventional solution-based re-
actions. Specifically, in the presence of a large excess of P2Os, the con-
tact between cellulose-P,Os mixture treated for 1 h by ball milling and a
small amount of water triggered a vigorous reaction. This reaction led to
the graphitization of cellulose, the grafting of a high phosphorus content
(17.5 wt.%), and to the easy recovery of the modified cellulose, which
precipitated readily in water. The cellulose produced under these con-
ditions exhibited superior flame retardant performance compared to the
other two phosphorylated celluloses prepared with lower amounts of

11

P,0s. Notably, it also allowed the preservation of the mechanical
properties of polypropylene in tensile tests. This study highlights the
potential of mechanochemistry both as an effective tool for the chemical
modification of bio-additives and as a promising approach for devel-
oping novel high-performance bio-based flame retardants.
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