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ARTICLE INFO ABSTRACT

Keywords: The thermal properties and pyrolysis decomposition paths of cotton fibers modified by different chemical
Cotton fibers treatments, a conventional functionalization with silane and a novel sulphation-phosphorylation approach, were
Silanization

studied. The effects on the fibers thermal behavior and decomposition products were investigated. The cotton
fibers were characterized before and after the surface treatments by thermogravimetric analysis (TGA), differ-
ential scanning calorimetry (DSC), and pyrolysis/gas chromatography-mass spectrometry (Py/GC-MS).
Morphological investigation was also performed by SEM/EDS analysis to assess the treatment effects on the
cotton fibers’ surface. The silanization increases the cotton hydrophobicity and thermal stability, changing the
pyrolysis mechanism, favoring depolymerization over dehydration and charring. On the contrary, sulphation-
phosphorylation methods cause a decrease in the onset temperature and an increase of fire resistance, and
charring yield. Thermal decomposition temperatures, weight losses, and pyrolysis mechanisms and products,
were fully analyzed. The results can open the way on the use of modified cotton fibers in industrial fields where
fireproofing is strongly desired.

Fibers modification
Pyrolysis
Thermal stability

1. Introduction

Cotton is considered the most common natural polymer, used in
many applications fields due to its availability, flexibility, strength,
chemical resistance, sustainability, and hydrophilicity [1-3]. It is the
most important and widely grown crops in the world, mainly used for
textile fibers purposes [1-3]. Moreover, the interest of using cotton fi-
bers as reinforcing agents in composite materials, generally based on
polymeric matrices, is constantly growing due to the several advantages
associated with this natural polymer [4]. It is generally recognized that
cotton fibers exhibit benefits such as availability, low price, together
with desirable properties including biodegradability, softness, strength,
and warmth [1-4]. However, their use in some industrial applications
remains limited by the high structural variability, water sensitivity, poor
compatibility with matrices, thermal stability, and high flammability
[1-5]. The thermal stability, easy ignition, and rapid combustion of
cotton fabrics represent a limitation in the production of fire-proof
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textiles based on cotton fibers [3,4]. Several approaches have been
traditionally investigated for the chemical modification of cotton fibers
together with the application of flame retardants to change their surface
composition and improve the final properties. In some industrial fields
such as building, automotive, and electronics, the behavior of cotton
fibers under specific environmental conditions can play a crucial role
[2]. The use of cotton in those sectors requires that their flame retard-
ancy is improved. The pyrolysis and the thermal decomposition of cot-
ton fibers should be accurately studied to understand their potential
impact in a fire scenario.

Many studies are reported in literature on the modification of cotton
fibers using silane coupling agents, e.g., tri-alkoxysilane structures
bearing different organic functions. Different investigations were done
to assess the impact of this chemical modification on the fibers surface
thermal properties. This treatment involves the condensation of silanol
groups with the hydroxy functions on the cotton fibers leading to the
grafting of these chemical groups onto their surface [5-9]. Other
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researchers focused their studies on completely different modification
methods involving the sulphation or phosphorylation of cotton fibers to
increase their thermal stability and fireproofing properties [10-16].
These procedures include the preparation of sulphonated and phos-
phorylated fibers for flame retardant materials, drug delivery matrices,
and metal ion adsorbents for wastewater purification [11,12,15].

Sulphonated cotton fibers have been widely used to prepare nega-
tively charged adsorbents for the removal of cationic dye pollutants for
water treatment due to their high adsorption capacity [10,11].

A simple sulfuric acid treatment can be used to introduce sulfate half
esters onto the surface of cotton or sulfation in aprotic solvents like N,N-
dimethylformamide [10,11].

Phosphorylation of cotton can be achieved through both chemical
modification and enzymatic phosphorylation [12-16]. Although both
these methods can efficiently substitute hydroxyl groups onto the cotton
surface, chemical methods are generally more cost-effective and faster.
The phosphorylation reaction can be realized with different reagents,
such as phosphoric acid, phosphorus pentoxide, ammonium phosphate,
polyphosphate, and phosphoryl chloride in the presence of urea
[12-16].

The present work aims to prepare different modified cotton fibers
and to understand the structural and thermal decomposition changes
induced by the chemical modifications. Cotton fibers were functional-
ized by means of conventional functionalization with 3-aminopropyl-
triethoxysilane (APTES) as coupling agent and by an innovative
patented sulphation-phosphorylation approach. TGA, DSC, and Py-GC/
MS were employed to investigate the unmodified and modified cotton
fibers to obtain consistent and complementary information on the
thermal decomposition. If several papers are available on the pyrolysis
of raw cotton fibers focusing on the analysis of their combustion
behavior, the literature on the combustion characteristics and relative
combustion products of modified cotton fibers is limited. This manu-
script analyses the changes in the pyrolysis and combustion processes of
the modified cotton fibers. Morphological investigations were also car-
ried out by SEM-EDS to study the effect of the functionalization methods
on the cotton fibers surface and chemical composition. Moreover, the
wettability of the modified fibers was estimated and compared with the
unmodified ones, analyzing the relationship between these character-
istics and the fiber chemical composition.

2. Materials and methods
2.1. Materials

Standard white cotton fibers, commercially available with a length of
about 1 centimeter, were purchased by Goonvan Fibres Ltd (Devon, UK).
3- Aminopropyltriethoxysilane (APTES) was used as silane coupling
agent and sodium dodecyl sulfate (SDS) was used as anionic surfactant
for the modification reaction. Sodium hydroxide (NaOH), sulfuric acid
(H2SO4), ammonium hydroxide (NH4OH), ethanol, hydrochloric acid
(HCI), nitric acid (HNOgs), hydrofluoric acid (HF), and boric acid
(H3BO3) were purchased by Merck All the reagents and solvents
employed were at least of analytical purity and used as received without
further purification.

2.2. Fibers treatments

Cotton fibers were modified according to three different modifica-
tion methods, involving silanization, and sulfation-phosphorylation.
The analyzed samples were named in the following as: Cotton, the as
received cotton fibers, Cotton+APTES the fibers functionalized with
APTES as silane coupling agent, Cotton COEX S and Cotton COEX P the
fibers modified according to the different percentage of sulphation and
phosphorylation employed during the modification process giving rise
to the so-called COEX® cotton fibers.
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2.2.1. Fibers modification by silane

Cotton fibers were soaked in NaOH solution at 50 °C for 4 h under
magnetic stirring. The fibers solution was then neutralized with HoSO4
until pH=7. The fibers were then dried at room temperature overnight
until a constant weight was reached. Subsequently, the cotton fibers
were dispersed in a water solution containing SDS, as surfactant, at room
temperature per 1 h under magnetic stirring. Then, 250 ml of ethanol, 3
ml of NH40H, and 5 ml of APTES were added to the solution. The so-
lution was kept at room temperature under magnetic stirring for 24 h
After the silane treatment, the fibers were washed several times with
ethanol to remove the unreacted silane molecules, and finally dried even
at room temperature until a constant weight was reached.

2.2.2. Fibers modification by sulphation-phosphorylation

The functionalization of cotton fibers by sulphation-phosphorylation
treatment was carried out according to the experimental conditions re-
ported in the European Patent Specification deposited [17], known as
COEX® method. In brief, the cotton fibers were firstly immersed in a
solution prepared by mixing at 50 °C water at 55% w/w, urea at 17%
w/w, hydroxyethyl-imino-bis (methylene-phosphonic) acid at 20%
w/w, and ammonium sulphamate at 8% w/w. Subsequently, they were
centrifuged. Then, the yarn obtained after centrifugation was dried for
30 min at 80 °C and maintained at 115 °C for 2 h to obtain sulphation
and phosphorylation of the cellulose. The resulting yarn was washed at
50 °C with detergent and water, dried again at 80 °C with forced air, and
mechanically cut to obtain the final COEX® fibers.

COEX® is an innovative and completely natural fireproofing tech-
nology for obtaining fibers that, among the huge variety of flame-
retardant chemicals available in the market, is totally biodegradable,
not irritant, and not toxic.

3. Characterization techniques
3.1. Morphological investigations (OM, SEM, EDS)

The morphology of the untreated and treated cotton fibers was
investigated using a Leica DMI 5000 M optical stereomicroscope and a
Phenom™ XL Scanning Electron Microscope (Massachusetts, USA) at a
voltage of 15 kV, after metallization with platinum using a Quorum
Sputter Coater, Q150T S (Laughton, East Sussex), equipped with SEM-
energy dispersive spectroscope (EDS).

3.2. Digestion procedure

To determine the presence of silicon and phosphorus on the different
types of fibers it was performed an acid digestion by microwave (MLS-
1200). Sample aliquots of 50 mg were digested with 5 ml of aqua regia
and 2 ml of HF. It was applied the following program: 4 heating steps of
5 min each (250, 400, 600, 250 W, respectively) and a step 25 min of
ventilation.

Then it was added 0.7 g H3BO3, and the samples were heated again
for 5 min at 250 W followed by 25 min of ventilation. The resulting
solutions were filtered with paper filters and diluted to 30 ml with HPW
(High Purity Water). The solutions were analyzed with ICP-AES (Perkin
Elmer Optima 2100 DV). The wavelengths of the analytes chosen were
251.611 for Si and 213.617 for P. Each sample was digested in three
replicates.

3.3. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was performed by using a Mettler-
Toledo TGA 851e instrument (Columbus, OH, USA) from 25 to 800 °C
with a heating rate of 10 °C/min, in air and argon. The TG curves were
normalized to the unit mass of the samples, and the DTG curves calcu-
lated on their thermograms.
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3.4. Differential scanning calorimetry (DSC)

The thermal properties of the cotton fibers were evaluated by dif-
ferential scanning calorimetry (DSC), using a DSC 214 Polyma Machine
(Selb, Germany) from —50 to 450 °C, in nitrogen atmosphere (40 ml/
min). The heating/cooling rate was maintained constant at 10 °C/min.

3.5. Pyrolysis-GC/MS

Pyrolysis experiments were performed using a micro-furnace pyro-
lyzer (EGA/PY-3030D, Frontier Laboratories Ltd., Japan) interfaced to a
gas chromatograph-mass spectrometer (8890 and 7000D, Agilent
Technologies, Inc., USA)

The gas chromatograph was equipped with a 30-meter, 0.25 mm ID
fused silica capillary column coated with 0.25 pm film thicknesses of 5 %
diphenyl 95 % dimethylpolysiloxane (Agilent HP5-MS). Helium was
used as the carrier gas, (1 ml/min flow rate). For each type of cotton, the
same sample quantity of 0.10F0.005 mg was pyrolyzed. The samples
were pyrolyzed at 600 °C for 0.20 min. Both the Py-GC interface and the
injector temperatures were set at 300 °C. Injection was performed in
split mode with a 1:100 ratio. The following oven temperature ramp was
used: 40 °C for 2 min, ramp to 320 °C at 15 °C/min, and isotherm at 320
°C for 10 min. The total runtime was 30 min.

Temperatures of GC/MS transfer line, ion source, and quadrupole
mass analyzer were set at 280 °C, 230 °C, and 150 °C, respectively. The
mass spectrometer was operated in full scan mode (m/z range 29-600, 5
scans/s). The pyrolysis products were identified through spectral library
search (NIST21) with a minimum match of 90 % for compound
assignment.

3.6. Water contact angle measurement

The water contact angle of the unmodified and modified cotton fibers
was measured using a contact angle analysis equipment OCA20 Data
Physics. A drop of 10 pL of distilled water was syringed onto the fiber’s
surfaces, using an electronic syringe Hamilton DS500/GT, with a dosing
rate of 5 ul/s. The image of the drop was immediately captured and

(a) Cotton

(c) Cotton COEX S
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analyzed to yield a contact angle value. The measurements were carried
out on five different areas for each sample and the average value
reported.

4. Results and discussion
4.1. Morphology of cotton fibers

Examination of the morphology of unmodified and modified cotton
fibers was carried out by using an optical stereomicroscope, providing
insights into the structural changes that occur due to modifications
(Fig. 1). The images evidence the typical cotton fiber’s morphology,
characterized by tiny threads organized in lamellae randomly dispersed,
extremely long in comparison with their widths. No relevant modifica-
tions in morphology for all the fibers samples are observed, indepen-
dently from the modification occurring on their surface.

SEM analysis provides a more detailed and high-resolution view of
their surface structures and modifications. Fig. 2 shows SEM micro-
graphs of pure cotton fibers (a), fibers modified by silanization (b), and
by sulphation-phosphorylation methods (c) and (d), collected at 500X of
magnification. SEM images of silane treated cotton fibers (b) evidence a
slightly smoother surface compared to that of untreated fibers (a). This
difference can be caused by the chemical modification treatment, which
can remove part of the hemicellulose fraction of the cotton structure. As
clear, the presence of APTES does not affect the surface morphology of
cotton fibers, but it influences the chemical composition of their surface
[8,9].

SEM micrographs of Fig. 2 relative to the fibers modified by the
different sulphation-phosphorylation conditions, (c) and (d), also evi-
dence that even the other modification methods do not affect the fibers
surface morphology. The fibers functionalized by sulphation-
phosphorylation methods have the morphology of typical cotton fi-
bers, where the width of the fibers slightly increases with respect to the
unmodified fibers, as shown in Fig. 2 (c and d). However, COEX® fibers
show a distinct coating on their surface stemming from the chemical
modification which creates an abrasion resistant chemically active layer
[17]. This can be put in evidence from the different intensity of the light

(b) Cotton+APTES

(d) Cotton COEX P

Fig. 1. Optical images of unmodified and modified cotton fibers.
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(a) Cotton
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(b) Cotton+APTES

Fig. 2. SEM images at 500X of unmodified and modified cotton fibers.

the modified fibers show with respect to the unmodified ones.

SEM investigation was also carried out to verify the functionalization
of cotton fibers through the EDS analysis onto their surface. The repre-
sentative EDS spectra of unmodified and modified fibers are presented in
Fig. 3. The EDS spectrum of cotton fibers shows the presence of strong
peaks of carbon and oxygen as they are the major elements of cotton
fibers, as visible in Fig. 3(a). An intense peak relative to silicon was
detected for fibers modified with APTES, revealing a percentage of sil-
icon atoms of about 19.44 %, on the surface of the fibers functionalized
with silane, as clearly shown in Fig. 3(b). Fig. 3 (c and d) show the EDS
analyses of the surfaces of the cotton fibers modified by sulphation-
phosphorylation method performed in different conditions.

The presence of silane and phosphorus atoms grafted onto the cotton
fibers surface was also confirmed by means of acid digestion tests [18],
which led to the determination of their concentration, expressed in g/kg,
as reported in Fig. 4.

The results obtained by acid digestion show a concentration of Si of
9.45 g/kg for the fibers silanized with APTES compared with the values
of the untreated fibers, of around 1.05 g/kg.

Moreover, the acid digestion carried out on cotton fibers modified by
sulphation-phosphorylation methods confirms the presence of phos-
phorous in different concentrations. P content in COEX S was 4.93 g/kg
whereas in COEX P was 12.86 g/kg, around 2.5 times more. The data
confirm the minimal increase in ash quantities measured with TGA for
treated cottons.

4.2. Thermal properties of cotton fibers

The thermal stability of unmodified and modified cotton fibers was
evaluated by thermogravimetric analysis. The thermal behaviors of the
different samples determined in oxidant (air) and in inert (argon) at-
mosphere are reported in Fig. 5. As well-known from the literature, the
thermal degradation of the unmodified cotton fibers involves four main
steps, i.e., moisture evaporation, hemicellulose decomposition, cellulose
decomposition, and lignin decomposition [19,22,23]. Looking at the
thermogram of the unmodified cotton fibers and its relative first deriv-
ative curve performed in air, it is possible to see the presence of a small

peak at lower temperature (48 °C) due to the desorption of the moisture
absorbed on the fibers surface. The main degradation peaks are visible at
311 °C and 394 °C for the hemicellulose and cellulose fractions, and 431
°C for the lignin fraction, the most difficult part to decompose. Cotton
fibers thermal behavior also shows 3 wt.% of residue content at 800 °C,
which can be attributed to the presence of inorganic compounds present
in the cotton fibers structure. The functionalized cotton fibers show
completely different thermal behaviors, with respect to the unmodified
fibers. Fig. 5 highlights the presence of a main degradation peak at 318
and 490 °C for the cotton fibers modified by silane, probably due to the
decomposition of the amino silane grafted onto the cotton fibers surface.
The complete disappearance of the degradation peak related to the
cellulose was evident. This significant change can be attributed to the
chemical modification process that influences the degradation of the
cellulose component, leading to a reduction of the decomposition tem-
perature [23,25].

A different trend can be also seen for the cotton fibers modified by
sulphation-phosphorylation reaction. The thermal behavior of samples
presents the typical peak at 48 °C due to the moisture evaporation, and a
major degradation peak with a maximum at 237 and 247 °C the Cotton
COEX S and Cotton COEX P, respectively, caused by the different cel-
lulose decomposition induced to the different modification reaction
conditions. The absence of the degradation peak related to the cellulose
fraction of the cotton fibers was also evident.

Moreover, the white residue content of the modified fibers curves
under oxidizing atmosphere is slightly higher than the value of the raw
cotton fibers. In fact, the residue values for the fibers modified with
silane and sulphation-phosphorylation reactions are 4 and 5 wt.%,
respectively. The degradation temperatures at which there is the 5, 10,
and 50 percent of weight loss (Ts, T19 and Tsgp), the maximum degra-
dation peaks temperatures (Tmax deg) and the ash content percentages
are summarized and listed in Table 1.

TGA of cotton fibers, performed in an inert atmosphere using argon,
and their first derivative curves, as reported in Fig. 5 (c, d). The fibers
decomposition occurs in two separate steps.

All the fibers samples present the typical peak related to the moisture
evaporation at around 60 °C, followed by a second decomposition peak
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starting at temperatures higher than 200 °C and finishing at around 400
°C with a maximum fixed at 338 °C for the unmodified fibers, due to the
depolymerization of the cellulose of the cotton fibers. The most signif-
icant weight loss for the modified fibers, estimated by DTG curves, was

(@)
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Fig. 3. SEM micrographs and EDS spectra of unmodified and functionalized cotton fibers.

found at 360, 237, and 247 °C for the treated fibers. The functionali-
zation with silane led to a slight increase of the thermal stability,
intended as the onset of the processes leading to gaseous product for-
mation. Depolymerization and dehydration processes of cellulose start
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Fig. 4. Acid digestion results of unmodified and modified cotton fibers. Black bars indicate the standard deviation.
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Fig. 5. TG and DTG curves comparison of unmodified and modified cotton fibers done in air (a,b) and argon (c,d).
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Table 1
Thermal stability determined by TGA of unmodified and modified cotton fibers.

Polymer Degradation and Stability 228 (2024) 110937

Sample TGA in Air TGA in Argon

Ts (°C) T10 (°C) Tso (°C) Trmax deg ( °C) Residue (%) Ts (°C) T10 (°C) Tso (°C) Tmax deg ( °C) Residue (%)
Cotton 245 278 318 311/397/434 3 270 297 338 338 13
Cotton+APTES 80 251 312 318/490 5 315 335 365 360 8
Cotton COEX S 212 227 317 238/307/509 4 230 235 354 237 27
Cotton COEX P 211 235 312 245/307/509 4 230 240 370 247 33

from hydroxyl groups [23-26]. Masking OH groups with silanization
shifts these processes to higher temperatures.

On the contrary, the other two modified cotton fibers show an onset
of the formation of gaseous products at lower temperature, but a rele-
vant increase of the mass of char residue. The sulfation-phosphorylation
processes change the mechanism of decomposition from depolymer-
ization to dehydration, as confirmed by Py-GC/MS analysis described
below. The resulting charring process lowers the production of flam-
mable pyrolysis products (tar), improving flame retardancy.

Compared with the unmodified cotton fibers, phosphorylated sam-
ples displayed lowertemperature for the onset of decomposition, end
degradation temperature, and temperature at the maximum degradation
rate, as well as much higher residual weights at 800 °C, as also shown in
Table 1. The phosphorylated fibers undergo a dehydration process at
lower temperatures, generating a char residue with better thermal sta-
bility. This can be explained considering that the phosphate grafted onto
the cotton fibers is thermally converted to phosphoric acid which can act
as catalyst for the dehydration reaction. For the sulfated and phos-
phorylated cottons, the temperature and weight loss for the first
decomposition process are the same under air and under argon, under-
lining that this is a dehydration process not affected by the presence of
oxidants. Moreover, higher values of char content percentage are ob-
tained for cotton fibers modified by sulfation and phosphorylation,
indicating better flame retardancy with respect the untreated cotton
fibers, and do not generate high quantities of volatile flammable (tar)
products under argon atmosphere [27-32].

In this way, TG analyses allow to infer that sulphonated and phos-
phorylated cotton fibers have higher charring ability at higher temper-
atures, as known from the literature [20].

Furthermore, DSC measurements were also carried out to evaluate
the thermal properties of the unmodified and modified cotton fibers.
Fig. 6 reports the DSC curves, performed in nitrogen, obtained from the
heating and cooling cycles.

The thermograms did not identify any exothermic peak in the tem-
perature range analyzed, indicating that no crystallization occurred
during the cooling. The DSC curves of the unmodified and modified
cotton fibers show a broad endothermic peak at lower temperatures,
between 62-74 °C, attributed to the desorption of the water molecules
adsorbed onto the fibers surface.

Moreover, at higher temperatures an endothermic peak was found
for the fibers modified by sulphation-phosphorylation methods,
centered at 248 and 250 °C respectively, assigned to the dehydration of
the cellulose content of the cotton fibers.

The unmodified cotton fibers and the fibers modified by APTES as
silane coupling agent present the same significant peak shifts towards
much higher temperatures, 345 and 361 °C, respectively, to underline
that their thermal degradation occurs at higher temperature due to their
higher thermal stability. The enthalpy of the endothermic peak for the
APTES-treated cotton is very high, relative to the other cotton samples.
This finding confirms the relevance of the depolymerization process
with levoglucosan generation for this cotton sample, as noticed by Py-
GC/MS analysis.

The results obtained by DSC analysis including relevant endothermic
peaks due to degradation phenomena are summarized in Table 2.

Table 2
DSC data performed in nitrogen of unmodified and modified cotton fibers.

Sample DSC in Nitrogen

Tonset ( °C) Taeg (°C)
Cotton 62 345
Cotton+APTES 70 361
Cotton COEX S 74 248
Cotton COEX P 71 250

10, Cooling

ExoUp

Heating

—_—

Heat Flow (W/g)

35 : @ Cotton

| [==== Cotton+APTES
-4,0 -{ | === Cotton COEX S
o | === Cotton CEOX P

361

T ) T u T e
200 250 300
Temperature (°C)

Y —T ° I .5l "
-50 0 50 100 150

T
350 400

Fig. 6. DSC curves of unmodified and modified cotton fibers performed nitrogen.
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4.3. Pyrolysis GC/MS study of cotton fibers

The decomposition of the untreated and modified cotton fibers was
investigated using Py-GC/MS. Fig. 7 displays the total ion current (TIC)
pyrograms of the decomposition products resulting from thermal
degradation of the fibers at 600 °C under helium atmosphere. The py-
rolysis products identified are presented in Table 3. Specifically, the
pyrolysis of untreated cotton at 600 °C involves the formation of levo-
glucosan, a cellulose depolymerization product that results via intra-
molecular transglycosylation [27].

Additionally, a range of volatile dehydration products is produced,
including 1,4:3,6-dianhydro-a-p-glucopyranose, furan derivatives,
monoaromatic hydrocarbons (benzene, toluene), and low-molecular-
weight oxygenates, such as hydroxyacetone, pyruvic aldehyde and
butanedione. However, for all samples the main product is CO5. The
observed products are in accordance with prior studies that have
investigated the pyrolysis behavior of cellulose and raw cotton at
different temperatures [28-30].

Cellulose decomposition involves two main competing pathways:
dehydration, which forms char, a carbonaceous material that is less
flammable, and depolymerization, which leads to the production of
levoglucosan, a specific compound resulting from the cleavage of the
1,4-glycosidic bonds in cellulose [27].

Levoglucosan undergoes fragmentation and dehydration during
cellulose pyrolysis, yielding volatile substances and flammable tar that
play a significant role in the speed of propagation of cotton combustion
[31]. Hence, substances capable of reducing levoglucosan formation and
consequently decreasing the production of volatile flammable com-
pounds, are expected to act as flame retardant for cellulose fibers.

Polymer Degradation and Stability 228 (2024) 110937

The pyrolysis of modified cotton fibers showed minor differences in
terms of the type of pyrolytic products, but relevant differences in their
relative amounts, underlining differences in the main pyrolysis pro-
cesses. Concerning the products formed, in the pyrogram of cotton fibers
modified with APTES, no silanes were found, only 5-(hydroxymethyl)-
2-furancarboxaldehyde was identified as an additional product. In the
pyrograms of COEX-modified cottons, sulfur dioxide (SO3) and two
nitrogen-containing compounds (2,5-dihydropyrrole and cinnoline)
were identified.

The presence of these pyrolysis products is due to the cellulose sul-
phation process which involves the use of urea and ammonium sul-
phamate. The significant differences between the pyrograms of modified
and unmodified cotton fibers are in the peak intensities, reflecting
different product yields and pyrolysis pathways. A quantitative assess-
ment of the pyrolysis products is reported in Table 4 and Fig. 8.

To assess the pyrolysis product yields, calibration curves were built
for the main pyrolysis products: CO5, benzene, phenol, pyruvic alde-
hyde, 2,3-butanedione, hydroxyacetone, butanedial, 2-furancarboxalde-
hyde, 1,4:3,6-dianhydro-a-p-glucopyranose, and levoglucosan.

The CO;, calibration curve was obtained by injecting a known volume
of pure CO; gas directly into the gas chromatograph. The char produc-
tion was estimated from TG data, subtracting the amount of the residue
at 800 °C in air from the residue at 800 °C under argon (data from
Table 1).

The sum of identified products ranges from 49 % (APTES treated
cotton) to 67 % (raw cotton). The balance can be due to other very
volatile products, mainly water, CO and H.

Based on the product yields, different pyrolysis pathways can be
distinguished for each type of cotton fibers.
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Fig. 7. Total Ion Chromatogram of the pyrolysis products at 600 °C of unmodified and modified cotton fibers.
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Table 3
Identification of the main pyrolysis products from unmodified and modified cotton fibers.
Main Pyrolytic Products Molecular formula Retention time (min) Nominal Mass Cotton Cotton+ Cotton Cotton
Peak Area% APTES COEX S COEX P
Peak Area% Peak Area% Peak Area%
carbon dioxide CO, 1,9 44 74,5 29,1 53,7 58,8
sulfur dioxide SO, 2,0 64 - - 13,7 6,8
2,5-dihydropyrrole C4H,N 2,2 68 - - 4,5 5,0
pyruvic aldehyde C3H40, 2,2 72 4,2 3,5 - -
2,3-butanedione C4HgO2 2,6 86 3,5 1,2 1,1 1,2
3-methyl furan CsHeO 2,7 82 1,3 1,2 1,2 1,2
hydroxyacetone C3HgOo 3,2 74 2,2 0,5 - -
benzene CeHe 3,2 78 0,6 0,3 0,8 0,7
2,5-dimethyl-furan CeHgO 3,7 96 - - 0,6 0,6
toluene C;Hg 4,4 92 1,7 0,5 0,5 0,7
butanedial C4HgOo 4,5 86 3,2 0,7 - -
(2H) 2-furanone C4H40, 4,8 84 0,4 0,5 0,7 1,1
2-furancarboxaldehyde CsH40, 5,3 96 4,0 2,3 8,7 8,5
5-methyl-2(3H)-furanone CsHgOo 6,4 98 0,9 1,0 - -
5-methyl-2-furancarboxaldehyde CeHgO2 7,0 110 1,2 0,8 2,0 2,5
cinnoline CgHeNo 9,5 158 - - 3,8 4,4
1,4:3,6-dianhydro-a-p-glucopyranose CgHgO4 9,6 144 0,7 0,3 6,1 7,7
5-(hydroxymethyl)—2-furancarboxaldehyde CgHeO3 9,8 126 - 1,1 - -
levoglucosan CeH100s5 12,2 162 1,8 57 0,7 0,8
2,4-di-tert-butylphenol C14H2,0 12,3 206 - - 1,9 -

Table 4
Yields of pyrolysis products determined by Py-GC/MS.
Pyrolysis products Cotton Cotton+APTES Cotton Cotton
Yields Yields% COEX P COEX S
% Yields% Yields%
carbon dioxide 55 37 25 32
benzene 0,03 0,02 0,03 0,04
pyruvic aldehyde 0,52 0,71 - -
2,3-butanedione 0,24 0,14 0,02 0,02
hydroxyacetone 0,31 0,11 - -
butanedial 0,18 0,05 - -
2-furancarboxaldehyde 0,18 0,31 0,54 0,74
1,4:3,6-dianhydro-o-p- 0,07 0,05 0,30 0,34
glucopyranose
levoglucosan 0,04 6,7 0,01 0,07
Char 10 4 28 24
Total identified 67 49 54 57

Fig. 9 schematically summarizes the changes in the thermal
decomposition mechanisms of the modified and unmodified cotton fi-
bers, and the main degradation products.

In the case of unmodified cotton fibers, a low quantity of levoglu-
cosan and volatile tar products was observed. The char residue amounts
to 10 % of the initial cotton mass and high amount of CO, was detected,
suggesting a high conversion of organic matter through decarboxylation
and moderate charring to the ultimate decomposition product.

In contrast, APTES-modified cotton fibers exhibited a predominant
production of levoglucosan, a significant decrease of CO; evolution and
char residue, with respect to the other samples.

The modification with silane favors cellulose depolymerization over
dehydration, leading to a nearly complete gasification of the cotton (see
also TGA data). The high depolymerization yield to levoglucosan is due
essentially to: i - masking of the cellulose hydroxyl groups with silane,
hindering dehydration at 250-300 °C and favoring depolymerization
[28,31]; ii - the silanization process involves a chemical treatment
including a series of washes of the raw cotton resulting in the removal of
inorganic salts, according to Nam et al. [28], the inorganic salts like
potassium, calcium, magnesium and iron oxides, present in small per-
centages (1 %) in raw cotton catalyze dehydration reactions during
pyrolysis, limiting levoglucosan yield and subsequently hinder the for-
mation of flammable tar; iii - APTES -modified cotton is subjected to a
treatment with strong bases: it is reported that acid-base catalysis in-
creases the cellulose pyrolytic depolymerization to levoglucosan [32].

Regarding COEX-modified cottons, a predominance of dehydration
products and less formation of CO, and low-molecular-weight volatiles
compared to the unmodified and APTES modified cotton can be
observed.

The sulphation-phosphorylation process is an effective flame retar-
dant because it reduces levoglucosan formation and promotes dehy-
dration to char at temperatures under 300 °C, thus favoring
carbonization over conversion to levoglucosan and tar.

Among the two COEX cottons, some differences were found. On one
hand, the peak area of SO, in COEX S was greater than that of COEX P,
indicating a higher level of sulphation, consistent with SEM-EDS anal-
ysis. On the other hand, COg, levoglucosan, and furancarboxaldehyde
emission factor were higher in COEX S in comparison to COEX P.

Therefore, a slight decrease of flame-retardant action for COEX S
modification can be supposed, due to a lower presence of phosphonic
groups compared to COEX P fiber. This underlines the importance of
phosphonic group concentration in influencing flame-retardant prop-
erties within these fiber modifications, as reported in literature.

4.4. Wettability of cotton fibers

Finally, contact angle measurements with water were done to
determine the wettability of the cotton fibers before and after the
chemical modifications. Fig. 10 reports the water droplets behavior of
cotton fibers before and after modifying. The raw cotton fibers show a
wettability close to 125.4 &+ 6.1 °, certainly higher than 90° which is
more hydrophobic, due to the intrinsic characteristics of the cotton
chemical structure, as well-known from the literature [21].

The fibers functionalized with APTES reveal contact angle values
lower than the unmodified ones (118.0 + 8.9) to underline that the
presence of silane grafted onto the cotton fibers surface can induce a
slight increase of their hydrophobicity. As visible, the water droplets
maintained almost perfect spheres, without wetting the fibers. This
hydrophobic property is mainly due to the amino groups of APTES
which are bonded together with the hydroxyl groups through hydrogen
bonding onto the fibers surface after the silanization reaction with
APTES [21]. A different behavior can be observed for cotton fibers
chemically modified by sulphation-phosphorylation methods.

Looking at the pictures reported in Fig. 10, it is noteworthy that it
was not possible to determine the water contact angles of the fibers
modified by sulphation-phosphorylation process, because of their very
high hydrophilicity. In fact, the water droplets were immediately
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absorbed by the cotton fibers. This can be probably caused by the pro-
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5. Conclusions

cess employed for the modification, which introduced onto the fiber’s

surfaces sulphonated groups, resulting in a relatively more hydrophilic

surface than the original cotton fibers surface [10,11].

The present paper highlights complementary information on the
thermal behavior and the decomposition products of cotton fibers
functionalized by using different modification processes, involving
conventional silanization with APTES and an innovative patented
sulphation-phosphorylation method to obtain cotton fibers with

10
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Fig. 10. Water droplets behavior of unmodified and modified cotton fibers.

improved final properties.

Combination of TGA, DSC, and Py-GC/MS studies on the properties
and thermal behavior of treated cotton fibers allowed to draw important
conclusions on the effect of the different surface modification treatments
on the thermal decomposition products of cotton fibers. TGA measure-
ments revealed that the silanization process influences the degradation
of the cellulose fraction of the cotton fibers.

The APTES silanization treatment hinders the dehydration of cotton
fibers in the 250-300 °C interval blocking the hydroxyl groups of the
cellulose chain. This leads to very high yields for the depolymerization
process around 360 °C, with a relevant production of levoglucosan and
very low yields in residual char. However, due to the high yield in
volatile flammable decomposition products, the fire resistance is nega-
tively affected. Moreover, if the depolymerization to levoglucosan is
pursued for conversion to liquid fuels, silanization process can improve
the process yield.

On the other hand, the sulfated-phosphorylated cotton fibers show a
completely different behavior.

TGA show a decrease of the onset temperature of the first mass loss
(cellulose dehydration), but an increase of the mass of char residue. This
new process radically changes the mechanism of decomposition from
depolymerization to dehydration, as confirmed by Py-GC/MS analysis.
In fact, surface phosphate and sulfate catalyze the dehydration pro-
cesses, leading to a relevant char formation yield and suppressing the
formation of volatile products and CO,. This behavior greatly improves
the flame retardancy of the cotton fibers.

SEM and EDS analyses were also performed to study the effect of the
different modification reactions onto the cotton fibers surface, detecting
the presence of silicon for the fibers silanized with APTES, sulfur and
phosphorous for the cotton fibers modified with the novel sulphation-
phosphorylation process. Water contact angle measurements were also
done to evaluate the effect of the fibers surface modification on their
hydrophilicity and hydrophobicity, evidencing that the modification
with APTES induces a slight increase of their hydrophobicity due to the
silane grafted onto the cotton fibers surface. On the contrary, the cotton
fibers modified by sulphation-phosphorylation process revealed very
high hydrophilicity due to the presence of S and P on their surfaces.
These findings together with the thermal decomposition temperatures,
weight losses, and potential reactions of pyrolysis as well as the resulted
fragments identified put in evidence the mechanisms of flame-retardant
of the novel cotton fibers. This can open the way to the use of cotton

11

fibers in many industrial fields where the flame retardancy is strictly
required, such as biomaterials design, oil recovery, textiles, and
transportation.
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