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Abstract
The main objective of this work concerns the development of new eco-friendly composites 
based on biobased polymers for flame retardancy. Biobased cotton were employed as support 
for the fixation of biopolymers like chitosan (CT), titanium dioxide (TiO2) as nanocharges, and 
polyvinylidene fluoride (PVDF) as binder. The resulting composites CO-TiO2-PVDF-CT were ther-
mally pressed to form compacted to ensure the surface compatibility. CO-TiO2-PVDF-CT were 
fully characterized by X-Ray diffractometer, scanning electron microscopy, optical microsco-
py, contact angle, Fourier transform IR spectroscopy and differential scanning calorimetry. The 
thermal degradation, chemical coatings, surface modification properties were investigated. It 
was found that CO-TiO2-PVDF-CT composite are highly hydrophobic materials with good diffu-
sion resistance. PVDF and CT polymers induced an important role on the improvement of both 
flame retardancy and the thermal degradation. The degradation and elimination of FR from the 
composite product were studied. Finally, the toxicity of the prepared composite was performed 
to analyze the environmental impacts before and after the eco-path disposal treatment.
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were not efficient and present serious danger for 
both environment and humans. The majority of FR 
have adverse health and environmental effects from 
their exposure. Recently, researcher has investigat-
ed the concentrations of some FR in humans and 
the environment, which increased, because of their 
rapid and developed presence in our surroundings 

Introduction
The flame retardancy (FR) of polymers or hybrid 

polymers and mineral matrix composites is conven-
tionally produced by the dispersion of mineral fillers 
or retardant additives, especially based on haloge-
nated compounds [1-3]. Most of these compounds 
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[4]. Their occurrences were highly increased in the 
manufacturing, use, and the disposal steps of the 
FR products. The exposure in humans occurs via 
ingestion of house dust and food, inhalation air, 
and thermal absorption [5]. Moreover, some works 
with regard to exposure of FR also induce exposure 
around disposal sites. In this promising prospect, a 
great attention has been given in developing novel 
FR products and alternates to toxic FR [6]. Unfortu-
nately, few focusing and improving the end-of-life 
phase of FR textiles was found for in-depth analy-
sis. In most of the studies, a comparative analysis is 
found on the environmental impact values for the 
manufacturing phase and use phase and frequent-
ly the manufacturing phase impact values are high-
er in synthetic fibers, while the use phase values 
are higher for the cotton fibers [7]. Consequently, 
a comparative analysis of end-of-life phase is ur-
gently needed. In this regard, non-halogenated sys-
tems have been developed like compounds based 
on phosphorus, nitrogen or inorganic compounds. 
However the type these additives and the incor-
poration rate lead to the decreases the mechani-
cal properties, but also degraded process ability 
[8]. In this context, intensive researches have been 
focused on developing advanced composites poly-
mers with improved surface properties by using 
these metallic oxides. Abed, et al. have found that 
adding ZnO and SiO2 accelerates the carbonization 
of chlorinated poly (vinyl chloride) microfibers [8]. 
Metallic oxide were activated and modified by the 
addition of some active agent such as amine deri-
vate for enhancing electrical and sensing properties 
or polyvinylidene fluoride (PVDF) to increase the 
surface area and the adsorption properties [8-13]. 
Due to their excellent flame retardancy, chemical 
and ecofriendly properties, polyvinylidene fluoride 
were widely used various applications such as the 
microfiltration and in advanced water separation 
and environmental remediation processes. Thus, 
composites based PVDF and MOx provided high 
thermal stability, flame retardancy properties, and 
impact resistance. This was explained by the pres-
ence of PVDF which incorporate metallic oxide, but 
also by the possible crosslink with the material [14-
16]. To ensure the surface compatibility and the 
solid crosslinking between the composite species, 
researchers have employed some natural polymers 
as chitosan which show many advantages over ar-
tificial materials [17]. Recently, the chitosan was 
established as a good candidate in total biodegrad-

ability, biocompatibility with plants, antimicrobial, 
non-toxicity and fiber formation properties. Thus, 
chitosan is one of the most prospective materials 
for many fields as wastewater treatment, pulp and 
paper, agriculture, and textile fields [18-21].

To the best of our knowledge, studies relating a 
combination of all these FR additives have not been 
reported.

In this work, an alternative strategy to the func-
tionalization and development of new composite 
based on polymers and biobased cotton fiber as 
ternary system for flame retardancy (Scheme 1). 
The methodology is based on the in-situ surface 
functionalization of biomaterials by using nov-
el strategies to produce an effect if composite as 
flame retardancy. The surface compatibility, the 
thermal degradation and the life cycle assessment 
of the obtained composite were investigated in de-
tails. At last, the toxicity of the composite, which 
intends to verify the environmental benefits of pro-
posed eco-path.

Materials and Methods
Chemicals

Natural chitosan (CT) as biopolymers, poly (vi-
nylidene fluoride) (PVDF) and titanium dioxide TiO2 
were purchased from Sigma-Aldrich. Acetone and 
N, N-dimethylformamide (DMF), ethanol, sodi-
um triphosphate (PPT), distilled water, ammonia 
hydroxide (NH4OH, NH3 basis), sodium hydroxide 
(NaOH) were purchased and used as obtained. 
Biobased cotton fiber were purchased from Sub-
renat (Ref. UB1-FROM/ CR1.2).

Preparation and functionalization of biobased 
cotton

Scheme 1 showed the functionalization and de-
sign strategies employed for composite prepara-
tion. The process mainly consisted of the following 
steps: (i) The cotton fiber were cleaned to remove oil 
impurity, according our previously published works 
[22], (ii) PVDF and TiO2 were mixed in acetone and 
DMF (45:5 v/v) as solvent, and then stirred stirred 
during 2 h at 50 °C. Upon the completely dissocia-
tion of TiO2, (iii) CT fibers were incubated in the ob-
tained solution for 2 hours. The coated cotton ma-
terials were taken out from the solution and dried 
in at 50 °C for 24 h to clean and remove residual 
solvent. The obtained resulting composite named 
CO-PVDF-TiO2, were, then, prone to the chemical 
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mo gravimetric analysis (TG-DTA, A6300R). The 
water contact angle measurements were carried 
out by using Digi drop device from GBX. This instru-
ment uses a goniometric method to calculate the 
contact angle between water and a solid surface.

Results and Discussions
Structural properties

The surface morphology of functionalized com-
posites were obtained by SEM analysis, and the 
results are shown in Figure 1. The original cotton 
fiber exhibits a non-uniform network of overlapped 
fibers and multiple connected pores with a fairly 
smooth surface. The size of the fiber was changed 
between 21 µm and 15 µm and a visible void were 
observed in all the surface. After the functionaliza-
tion steps, the fiber of the composites appeared 
linked the one with the other. This behavior can ex-
plained the successful coating steps by the addition 
of PVDF, CT and TiO2. The microstructure present-
ed a continuous film structure with a thickness lay-
er about few microns, forming a solid compacted 
surface. Herein, the key role of the functionaliza-
tion strategy is the coherence and the compatibility 

immobilization of chitosan (CT) by padding via an 
aqueous solution of 3 g/L chitosan biopolymer in 
presence of sodium triphosphate (PPT). The final 
prepared composites CO-PVDF-TiO2-CT were then 
dried at 110 °C during 3 min and cured at 170 °C for 
30 second using a hot air dryer (Werner Mathis AG, 
Switzerland). Before the use for application and 
characterization, the composites were was hot-
pressed (Scheme 2).

Characterizations
The prepared composite were fully character-

ized in this work. Fourier transform IR spectros-
copy was carried out using a Tensor 27 (Bruker) 
spectrometer with a ZnSe ATR crystal. The samples 
were analyzed by FTIR directly without any further 
preparation, and background spectra were record-
ed on air. For field emission scanning electron mi-
croscopy (SEM) using a JEOL JEM-ARM200F HR set-
ting with a field emission gun and probe aberration 
corrector, materials were previously metallized by 
a gold layer at 18 mA for 360 s with a Biorad E5200 
device, and EDX images to evaluate the chemical 
contrast. Thermal analysis was measured by ther-

Figure 1: Optical microscopy of CO and: a) CO-PVDF-TiO2-CT; b) Composite and SEM images of biobased cot-
ton.
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of the compounds that employed during the prepa-
ration steps. This was supported by the totally cov-
ered fiber by the PVDF/TiO2/CT particles. Regarding 
to the total covered biobased cotton, it was sup-
posed that a strong interfacial interaction between 
CO, PVDF, TiO2 and CT are involved. From optical 
and SEM images, it is clear that uniform distribu-
tion with high particles density were immobilized 
at the fiber surface. This was resulted in a much 
smoother surface structure and the formation of 
bulkier clusters of much smaller particles. Conse-
quently, these changes can be explained in terms 
of strong interaction between CO, PVDF, TiO2 and 
CT, which promotes structure morphology with tai-
lored surface.

Another confirmation was obtained from optical 

microscopy, indicating the good preponderance of 
uniform aggregates film at the fiber surface. There-
fore, it appeared that both PDFV-MOx and CT suc-
cessfully covered the PET fiber, in agreement with 
FTIR analysis, contact angle and TGA analysis.

Hydrophobic properties
Wettability and diffusion resistance are of 

great importance to evaluate the obtained CO-
PVDF-TiO2-CT composite for environmental ap-
plication. The contact angle and capillarity of the 
fiber surface were investigated and the results 
are reported in Figure 2. As seen, the water con-
tact angle of original CO and CO-PVDF-TiO2-CT are 
1.97 and 115, respectively. This result indicated 
that functionalized CO was highly hydrophobic. 

Figure 2: Photograph of colored water immersion-height during 60 min and changes in drop shape on: a) CO; 
and b) CO-PVDF-TiO2-CT composites.



• Page 5 of 13 •Bouazizi et al. Int J Nanoparticles Nanotech 2020, 6:037 ISSN: 2631-5084 |

Citation: Bouazizi N, Abed A, Giraud S, El Achari A, Campagne C, et al. (2020) Polymers and TiO2 Based Nanocharges for Bio-Based 
Composites with Improved Flame Retardancy and Thermal Degradation. Int J Nanoparticles Nanotech 6:037

Infrared analysis
Infrared studies were carried out to ascertain 

the purity and nature of the functional groups that 
exhibited on prepared composites. The FTIR spec-
tra of original and modified CO nonwovens are 
shown in Figure 3. The structure of original cotton 
displayed some bands in the region 1720-650 cm-1, 
attributed to the stretching vibration of CH2, C=O, 
and aromatic C=C. The peaks obtained between 
900 and 1285 cm-1 corresponded to asymmetric 
out-of-phase ring stretch: C1-O-C4 glucosidic bond, 
1030 to 1031 cm-1 C-O stretching and 1280 to 1285 
cm-1 due to C-H deformation stretch [23]. This was 
in agreement with the XRD Figure 4 which revealed 
the characteristic peaks of cellulose at 2 Θ =23° and 
30° [24].

The broad absorption peaks at around 3437 and 
1456 cm-1 are attributed to stretching vibrations 
of OH groups corresponding to the adsorbed wa-
ter molecules on the samples surface. After PVDF 
fixation, the bands obtained at 869 cm-1 were at-
tributed to the vibrations of υ CF2 for amorphous 
PVDF. The impregnation of TiO2 nanocharges was 
confirmed by the band at 700 cm-1 assigned to the 
stretching vibration of Ti-O. Chitosan grafting in-
duced a shift of the υ CF2 peaks from 869 cm-1 to 
875 cm-1 which might be due to the restriction on 
the vibration by the interaction occurred between 
TiO2, CT and CF2 groups. The peak obtained at 1625 
cm-1 was assigned to the NH2 group bend scissor-
ing, indicating that chitosan were successfully coat-

This result was of great importance, as compos-
ite with good hydrophobic characters would be 
beneficial for the enhancement not only the fire 
retardancy properties, but also the durability. 
Deeper insights in the changes of the apparent 
contact angles with time were investigated, and 
the results are summarized in Table 1. According 
to the obtained results, it was established that 
PVDF/TiO2/CT are responsible for the hydropho-
bic characters, as compared to the starting sam-
ples. Even, during 1 hour, the water cannot pene-
trate in CO-PVDF-TiO2-CT samples, due to the high 
hydrophobicity of PVDF and CT polymers. In our 
case, some unsaturated atoms like F from PVDF, 
Ti from TiO2, and N from CT can be increased this 
hyper hydrophobicity, as supported by the mea-
surements on the contact angle. Herein, the role 
of chitosan was to ensure the crosslink between 
unsaturated atoms and hydroxyl groups from chi-
tosan. Thus, the hydrophobicity was slightly in-
creased by the CT grafting. This was confirmed by 
the droplet volume and the contact angle values, 
which were unchanged in time.

Table 1: Evolution in time of the contact angle for CF 
and modified counterparts.

Samples Contact angle Θ (°)
0 s 30 s 60 s 90 s

CO > 120 0 0 0
CO-PVDF-TiO2-CT > 120 120 117 117
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Figure 3: FTIR spectra of CO and CO-PVDF-TiO2-CT composites.
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appeared in the range of 380 °C and 400 °C, indicat-
ing the decomposition of the composites. As seen 
the maximum decomposition peak are obtained at 
423 °C for CO-TiO2-PVDF-CT and towards 435 °C for 
CO-TiO2-PVDF composites. In addition, around 525 

ed the modified cotton fibers [25-29].

Thermogravimetric analysis
The TGA curves of all samples are shown in Fig-

ure 5. From this analysis, two different stages are 

Figure 4: XRD patterns of biobased cotton.

 
Figure 5: TGA patterns of original biobased cotton and: a) CO-PVDF-TiO2-CT composites.
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presence of some substances consisting mainly of 
cyclic monomer or hemicellulose from the cotton 
materials. There is a mass increment process for 
CO-PVDF-TiO2-CT at the range of 300-400 °C, indi-
cating the effect of TiO2 on the thermal properties 
Table 2. Here, the initial decomposition tempera-
ture of CO and CO-PVDF-TiO2-CT are 333 °C and 480 
°C, respectively. The high temperature at maximum 
weight loss rate can also be found for these hybrids 

°C for the two composites, a partial decomposition 
were displayed, which attributed to the formation 
of residues or oxidation of volatiles species [22,24]. 
By comparing the analysis in atmosphere and nitro-
gen, it is clear that decomposition of the composite 
is favored due to the absence of oxygen to oxidize. 
However, for the other intermediates composites 
the intensity peak is much lower. This result can be 
explained that TGA under nitrogen evidenced the 

Table 2: TGA data of PET and modified counterparts.

Samples Pyrolysis temperature (°C) Pyrolyse range (°C) Residue (%)
Initial Middle Final

CO 274,07 384,3 627,55 274,07-486,86 11,15
CO-PVDF-TiO2-CT 242,53 356,43 771,19 242,53-677,07 23,13

Table 3: Main features in flame retardancy test of CO and its modified counterparts.

Samples Rate (cm/s) Ignition temperature (°C) Destroyed area (cm2)
CO 0.79 38 153.46
CO-PVDF-TiO2-CT 0.39 76.06 94.10

Figure 6: Flame retardancy tests on original CO: a) Before ignition; b) After ignition, and on the CO-PVDF-
TiO2-CT composites; c) Before ignition; d) After ignition.
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flame retardants, which can interact with free radi-
cals and then limit the flammability of the compos-
ites [24]. These results were confirmed by the clear 
decreases of destroyed area Table 3. Therefore, 
the difference of char formation and the obtained 
residues among the addition of chemicals elements 
can visually demonstrate the key role of the post 
modification into the biobased cotton in their FR.

Effect of the functionalization steps on the FR
The surface modification and comparisons be-

tween the different functionalization steps were 
studied on the bases of FR results. It can be ob-
served that CO-PVDF-TiO2-CT composite have af-
finity towards the FR, and a variety of char resi-
due was obtained Figure 7. This was an additional 
evidence for the successful chemical treatments 
on PET. The amount of char residue was little for 
CO-PVDF-TiO2-CT composite, suggesting that nano 
charge produced more char residue, as supported 
by the visible agglomerated particles at the fiber 
surface. This result is of great importance, because 
it provides clear evidence of the efficiency of TiO2 
nanocharge on the formation of char residue and 
on FR. Additional, attempts for investigating the 
role of the above chemical elements were achieved 
with CO-PVDF-TiO2-CT composite. Here, the results 
show high improvement of the FR, that induced by 
the well route employed for the synthesis of the 

and the solid residues CO-PVDF-TiO2 at 600 °C are 
84.5%, respectively, demonstrating again their 
good thermal stability, particularly for CO-PVDF-
TiO2 which confirms again the good dispersion of 
TiO2 nanocharge.

Flame retardancy of composites
Flame-retardant performances of the as-pre-

pared CO-PVDF-TiO2-CT composites were stud-
ied and reported in Figure 6. The first overview 
demonstrates that original biobased material was a 
highly flammable, and the surface was completely 
burned. However, the functionalized CO displayed 
a visible improvement in the FR rate. The combus-
tion time was increased for the treated samples 
from 30 second for pristine CO to 1.3 minutes for 
CO-PVDF-TiO2-CT Table 3. This important signal ev-
idenced the key role of our functionalization steps. 
Hence, this result can be explained by the combina-
tion between polymers (CT and PVDF) with nano-
charges (TiO2) that decrease the weight loss and 
keep the organization of the fiber structure and the 
skeleton. Therefore, the PVDF/TiO2/CT combina-
tion act as an efficient organic-inorganic material, 
playing the role of barrier to limit and slowing the 
fire spread, and thus the resistances to fire growth 
were improved. Results on CO-PVDF-TiO2-CT pres-
ent good properties on FR because of the reduction 
of the fire spread and the time of burned are highly 
reduced. 

Smoke propagation
Regarding to the images obtained after FR test, 

the residues amount of CO-PVDF-TiO2-CT were 
higher, which indicate that corresponding compos-
ite was of great performance of char production. 
Here, a confirmation was obtained by the smoke 
release during the composite combustion. No visi-
ble smoke can be obtained during the combustion 
process, suggesting that prepared CO-PVDF-TiO2-
CT composites released little smoke gas. Howev-
er, it was found that fiber surface was completely 
coated by char, which may explain the adsorption 
of smoke at the composite surface without releas-
es. Here, the smoke formation on the surface fi-
ber was accompanied by an improvement on the 
flame-retardant by the creation of char layer. As 
expected, only CO-PVDF-TiO2-CT presents a visible 
smoke as compared to the other materials, indicat-
ing that chitosan was a good candidate to catalyze 
FR. This was reflected by the CT/PVDF contained Figure 7: Char residue of CO-PVDF-TiO2-CT.
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Effect of nanocharges on the flame retardancy
Nanocharges based on TiO2 are responsible for 

slowing highly the combustion of any materials, 
throughout inhibition of the radical flame propa-
gation reactions in the gas phase. Indeed, the ac-
tive radicals HO• can be adsorbed on the surface 
of the oxide particles. Therefore, collision energy is 
transferred to oxides and then less reactive HOO• 
radicals are formed in comparison to those of initial 
HO•. Aruchamy, et al. [35]   proposed that improv-
ing the thermal stability of composites could be 
explained by the hydrogen bonding interaction be-
tween the carbonyl groups and the hydroxyl groups 
present on the surface of the composite. Conse-
quently, hydrogen bonds induced a visible slowing 
on the depolymerization of the polymer chains. 
Herein, this improvement of the FR was explained 
by an effect of electrons capture by nanocharges 
particles, which act as a gas barrier, preventing the 
diffusion of degradation products outside the com-
posite (Scheme 4).

Toxicity of the composite
Polyvinylidene fluoride has achieved a superi-

or degree of employment upon good resistance 
to chemicals, and oxidants and fire retardancy. 
Herein, the toxicity of CO-PVDF-TiO2-CT has been 
studied using COD technique of the solution after 
washing process. Results demonstrated that COD 
removals increased from 0% to 81% for CO and CO-
PVDF-TiO2-CT, respectively. The main reason for 
this tendency may due to the decreases number 
of organic molecules, particularly with the adding 
of CO-PVDF-TiO2-CT composite. Consequently, the 
gas suppression is due to the generation of activat-
ed site whereas highly efficient to adsorb the gas in 
the fibers surface. This was confirmed by the highly 
decreases of oxygens, as supported by the FR tests.

Conclusions
Regarding to the high demand for research in 

the field of polymers composites with improved 
flame retardancy, this work explored an overview 
of the preparation, functionalization and applica-
tion of polymer composite based on the combina-
tion between biobased cotton (CO), polyvinylidene 
fluoride (PVDF), chitosan (CT) and nanocharge 
(TiO2). It was found that FR were highly improved 
after the addition of PVDF, TiO2 and CT compounds. 
The good thermal degradation of the prepared 
composite evidenced the key role of the function-

novel polymer functional composite. The improve-
ment on FR resulted from CO-PVDF-TiO2-CT com-
posite must be due to the high capacity of Ti atoms 
to diffuse or to promote Lewis acid-base interac-
tions with the surface polymers (i.e. CT and PVDF). 
A possible explanation resides in the formation of 
carbonates and/or carbonate-like associations with 
traces of nanocharge and the surrounding lattice 
oxygen atoms. This must involve multiple interac-
tions and agrees with the significant enhancement 
of the hydrophobic character, as confirmed by the 
contact angle measurements (Scheme 3).

Thermal degradation mechanism of polymers
As known, to identify the links between the 

polymers, three activated sites can be involved 
on the as-prepared composite CO-TiO2-PVDF-CT. 
These candidates are the amide bond, the car-
bon-carbon bond in the segment -CH2-CO of CT. As 
with CO-TiO2-PVDF-CT, a process intramolecular 
and hydrogen transfer leading to the cleavage of 
the C-N bond were identified [30]. Radicals which 
result there from are able for forming carbon mon-
oxide for the composite. According to Gijsman, et 
al. [31], the main degradation of composites can be 
illustrated by a mechanism of cyclic degradation. 
Firstly, the formation of polymeric chain with the 
cotton fiber as a group in end of composite. Sec-
ondly, an equilibrium reaction is involved between 
this polymeric chain and the cotton fiber. Finally, 
the primary decomposition process is that involv-
ing a hydrogen-C-H to nitrogen (N-H) transfer re-
action [32-34]. This reaction leading to scission of 
the chain and the evolution of the fragments ter-
minated by chitosan units. These facts is related 
to the correlation between the amount of formed 
polymeric chain and the hydrogen bond fraction in 
polyamides [31]. Indeed, the connections hydrogen 
cause crosslinking by keeping the polymeric chains 
close during the degradation. The hydrogen bond 
can lead to an abstraction of hydrogen alongside 
nitrogen, which leads to crosslinking and the for-
mation of a structure pyrrole-based conjugate. The 
nanocharges are regularly dispersed with, howev-
er, a slight tendency to aggregate. However, it has 
been observed that fibers of the CO fiber support 
have been well coated by the layer of the compos-
ite CO-PVDF- TiO2-CT. This can explain the creation 
of a very strong interphase bond between the sur-
face of the molecules of metal oxides and the poly-
mer chains (Scheme 3).
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Scheme 1: Postulated ternary system as composite for flame retardancy application.

Scheme 2: Synthesis and functionalization of biobased cotton.

Scheme 3: Proposed adsorption of polymer chains on the surface of the metal oxide.
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Scheme 4: Possible intervention of hydroxyl groups present on the surface of TiO2 particles with biobased cot-
ton.
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