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Abstract: Organic—inorganic hybrid (ceramer) coatings were synthesized and deposited on the
polyester nonwoven fabrics through the sol-gel process. This promoted the formation of an
insulating barrier that was able to enhance the thermal stability and the hydrophobicity of fabrics.
The hybrid phase is made of an organic network arising from different alkoxysilane precursors
(trimethoxymethylalkoxysilane (TMEQOS), 3-aminopropyl-trimethoxyalkoxysilane (APTMS), and
tetraethylorthosilicate (TEOS)) and inorganic phase made of titanium dioxide TiO, nanoparticles
(NPs) and, in some cases, coated by P-based compound. The characterization of hybrid phase
at liquid (size distribution and zeta potential of dispersed nanoparticles), dried state (crystalline
phase, thermogravimetric (TGA), and Fourier transform infrared spectroscopic (FTIR) analyses),
and on deposited coatings (contact angle, burn-out tests) aimed to find a correlation between the
physicochemical properties of ceramer and functional performances of coated fabrics (thermal
stability and hydrophobicity). The results showed that all ceramer formulations were able to improve
the char formation after burn-out, in particular the highest thermal stability was obtained in the
presence of TMEOS precursor and TiO, NPs coated by P-based compound, which also provided
the highest hydrophobicity. In conclusion, we presented an environmentally friendly and easily
scalable process for the preparation of ceramer formulations capable of being formed into transparent,
thermal-resistant, and hydrophobic fabric coatings, whose functions are extremely challenging for
the textile market.
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1. Introduction

It is well documented that hybrid organic-inorganic materials represent an interesting and
up-to-date class of materials with an intrinsic nanostructured morphology, where an organic phase
is strictly interconnected with an inorganic one [1,2]. Components making up the hybrids could be
molecules, oligomers or polymers, aggregates, and even particles. Therefore, they can be considered
composites at the molecular scale. The unique features of hybrids materials do not come from
the sum of the individual contributions of both organic and inorganic phases, but from the role
exerted by their inner interfaces that become important and predominant [1,3,4]. The hydrolysis
and polycondensation of organosilicon compounds with the formation of solid siloxane skeleton
(-O-5i-O-), has proliferated with silicone chemistry and extended to sol-gel and inorganic chemistry
that preferably use as precursors, organically modified alkoxysilanes or metal alkoxides, or even
inorganic building units such as clusters or nanoparticles. The resulting hybrid materials form very
stable chemical bonds on surfaces [5]. The strong chemical bonding inherent within their siloxane
or metal-oxane networks as well as their thermal stability promote inertness against chemical and
thermal attack, hence, their potential as protective coatings [6]. Unlike classical nanocomposites,
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hybrid organic-inorganic materials have been classified based on cohesion between the two phases
(organic and inorganic) provided by strong covalent or iono-covalent bonds (Class I) as well as van
der Waals, hydrogen, or ionic bonds (Class II) [7]. The efficiency of these systems could be increased
by the addition of nanoparticles (NPs) [8-11]. As a result, organic—inorganic networks that produce
dispersed nanostructured phases strictly interconnected are obtained.

The increasing use of synthetic nonwoven fabrics in areas such as agriculture, construction, civil
engineering, health care, and in particular the automotive industry [12-15] emphasizes their low
thermal stability due to the low melting temperature of their polyester components. The significant
recent interest in “green” flame retardant and thermal property enhancer compounds as alternatives to
the more common halogen derivatives [16,17] is justified by the negative impact on human health and
environment that the latter has showed, with consequent limitations imposed by the current regulatory
system [18,19]. Classical “green” alternatives to halogen flame retardant are phosphorous and
nitrogen-based compounds [20-23]. Within inorganic green alternatives to halogen-based compounds,
metal hydroxides such as aluminum hydroxide and magnesium hydroxide present several positive
flame retardant effects if applied as fillers of plastics but only at high loadings (30/60%); however,
their application in textile fibres is limited by the need for high filler levels and their large particle
size, which is generally of the same order as the diameter of the polymer fibre, with a negative effect
on their spinnability [24]. Hybrid organic-inorganic compounds have the possibility to overcome
these limitations joining thermal appealing properties of ceramics (inorganic phase) and of organic
functional groups, providing a platform for a tailored functionalization of thermally active textile
coatings [25-28]. It has been observed, in fact, that the continuous ceramic network of hybrid coatings,
based on Si—O-Si linkages in the matrix, acts as a thermal insulator and mass transfer barrier for
volatile compounds generated during thermal degradation [29-38], adding another reason for the
interest in existing applications in optical, mechanical, biomedical, and electronic fields [2,39-42].

In this work, we exploited sol-gel nanotechnology for preparing organic-inorganic hybrid
compositions known as ceramers, and we used them to produce safe and stable fabric coatings with
high water fastness, high char-forming efficiency, as well as improved hydrophobic properties. In the
specific, ceramer formulations, which differed according to the type of alkoxysilane precursor, the
number of NPs and the presence of phosphorus-based compounds were prepared and applied on
polyester nonwoven fabrics. The physicochemical properties of different formulations were correlated
to wettability and thermal resistance properties of coatings, encouraging the possibility to predict the
functional properties of fabrics, thus optimizing the ceramer formulation.

2. Experimental

2.1. Materials

The alkoxysilane precursors (trimethoxymethylalkoxysilane (TMEQOS), (3-aminopropyl)
trimethoxyalkoxysilane (APTMS), and tetraethylorthosilicate (TEOS), whose chemical formula and
codes are reported in Table 1, and propan-2-ol (iPrOH), sodium hydroxide (pellets), and hydrochloric
acid (all reagent grade) were purchased from Sigma-Aldrich (Italy) and used without any further
purification. Sodium polyphosphate (NaPOs),, used as P-based compound, was purchased from
Riedel-de-Haén™ (Seelze, Germany). Titanium dioxide (TiO;) nanosuspension (NAMA41, 6 wt %,
40 nm), from Colorobbia Italia SpA (Sovigliana Vinci, Italy), was used at different TiO, concentrations
by dilution with distilled water.
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Table 1. Chemical formulae, name, and code of the (semi) metal alkoxides used as silica precursor in
ceramer formulations.

Chemical Formulae Name Code
QC Hj
H SC - Sti -0C Hs Trimethoxymethylsilane (TMEQS)
OCH3

OCH3;

NH
H3;CO- $i e (3-Aminopropyl)trimethoxysilane (APTMS)
OCHjs

H3C CH

“—o._.0—
O,SI 0 Tetraethylorthosilicate (TEOS)
/T N\

H3C CHs

3

2.2. Ceramer Coating Formation

Ceramer coatings were synthesized and deposited on the polyester nonwoven fabrics through
sol-gel process. More specifically, a mixture containing the alkoxysilane precursor (37.2 wt %), distilled
water, aqueous nanosuspension containing TiO, NPs (adding on the bases of different TiO, content in
the final ceramer formulation, see Table 2), and iPrOH (5.1 wt %) were stirred at room temperature
for 20 min. The pH was adjusted adding NaOH (10 wt %) or HCI (10 M) solution to reach a value of
4.5. The ceramer suspension precursor was stirred at room temperature for 15 h. Then, the polyester
nonwoven fabrics (previously pretreated by water washing for 15 min in ultrasonic bath and then
dried in air) were impregnated at room temperature in the mixture solution, for 5 min, passed through
a two-roll laboratory padder, and subsequently dried at 100 °C and thermally treated at 130 °C for
30 min in an oven. The step-by-step process is schematized in Figure 1. Finally, all the fabrics were
post-washed in distilled water, for 15 min, with ultrasonic bath in order to eliminate the unreacted
precursor and not adherent NPs.

Hereafter, the treated polyester nonwoven fabrics will be identified with the code of ceramer
formulation, as reported in Table 2.

Nano-TiO, suspension

l(— Solvent (H,O +iPrOH)

Precursor adding drop by drop

NaOH or HCl solution addition drop
by drop until a pH of 4.5

e—

l¢<——— Stirring (15 h)

Ceramer suspension

l

Dipping of fabric (5 min)

Squeezing

Drying (100°C) and Curing (130°C, 30 min)

Ceramer coated fabric

Figure 1. Flow chart of sol-gel process used for producing ceramer coated fabrics.
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Table 2. Main composition characteristics of different ceramer formulations.

Sample Code Precursor TiO; NPs Content wt %  P-Based Compound Content wt % **
CERTi4 TMEOS 2.3 0
CERTi5 TMEOS 0.8 0
CERTi7 APTMS * 2.3 0
CERTi8 TMEOS 1.2 20
CERTi10 TEOS 12 20

* APTMS bears an aminopropyl group. ** P-based compound content respect to titanium (TiO,) nanoparticles
(NPs) amount.

2.3. Characterization of Ceramer Suspensions

The particle size distribution of liquid ceramer formulations was determined by dynamic light
scattering (DLS) measurements, performed with a Zetasizer nano ZSP (mod. ZEN5600, Malvern
Instruments, Malvern, UK). Hydrodynamic diameter (dp; ) includes the coordination sphere; eventual
aggregated and agglomerates particles; and the species adsorbed on the particle surface such as
stabilizers, surfactants, and so forth. DLS analysis also provides a polydispersion index parameter
(PdI), ranging from 0 to 1, quantifying the colloidal dispersion degree; for PdI below 0.2, a sol
can be considered monodispersed. Zeta potential (-potgrs) measurements were performed by
electrophoretic light scattering (ELS) technique. Smoluchowski equation was applied to convert
the electrophoretic mobility to zeta potential. DLS and ELS analyses were carried out on ceramer
suspensions diluted (1:10 v/v) in distilled water. Both particle size distribution and zeta potential
analyses were three times repeated, and the data were provided by averaging these measurements
with relative standard deviations.

2.4. Characterization of Ceramer Powders

The ceramer colloidal formulations were dried at T° = 130 °C for 30 min in oven, obtaining
ceramer powders. These powders were characterized by X-ray diffraction (XRD), thermogravimetric
(TGA), and Fourier transform infrared spectroscopic (FTIR) analyses. In order to evaluate the thermal
behaviour, thermogravimetric analyses (TGA) were carried out on ceramer powders at a heating rate of
10 °C/min up to T° = 600 °C in air flux by thermo-microbalance (STA 449C, Netzsch-Geratebau GmbH,
Selb/Bavaria, Germany). The XRD patterns were obtained on CERTi4, 7 and 10 ceramer powders, as
representative samples of each precursor (see Table 1) using a Bragg-Brentano diffractometer (Bruker
D8 Advance, Karlsruhe, Germany) operating in a 6/20 configuration, with an X’Celeretor detector
LynkEye (15-75°, 20 range, 0.02 step size, and 0.5 s per step). The infrared spectra were recorded
on CERTi4, 7 and 10 ceramer powders in the wavelength range from 4000 to 300 cm™~! using Nicolet
380 FT-IR spectrometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). A powdered sample
(approximately 2 mg) was mixed with about 200 mg of anhydrous KBr. The mixture was pressed at
10 Torr pressure into 7 mm diameter disks. A pure KBr disk was used as a blank.

2.5. Characterization of Ceramer Coated Fabrics

The amount of material charged on the fabric was quantitatively evaluated by dry add on (AO%),
calculated by Equation (1),
(w0 - wi)
AO% = ——=x 100 1)

1
where w; = weight before impregnation and wy = weight after impregnation. The weight measurements
were collected using an analytical Sartorius balance (+107 g).
The presence and the morphology of ceramer coating on polyester nonwoven fabric was
investigated by scanning electronic microscopy analysis using field emission scanning electron
microscope (FESEM) (Carl Zeiss Sigma NTS-Gmbh, Oberkochen, Germany). The uncoated and coated
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polyester nonwoven fabric pieces (about 3 X 3 mm?) were cut and fixed to conductive adhesive tapes
and gold metallized. The distribution of elements present in the ceramer coating was measured by
image analysis using FESEM coupled to an energy dispersive X-ray micro-analyzer (EDS, mod. INCA
Energy 300, Oxford instruments, Oxford, UK).

The wettability was evaluated by the sessile drop method, measuring the static contact angle of
a water drop (WCA (°)) on the uncoated or coated fabric surface with an optical tensiometer OCA
plus (DataPhysics Instruments, Filderstadt, Germany). For each sample, five measurements were
performed and the average value and relative standard deviation were determined.

Burn-out tests were employed to investigate thermal stability at 800 °C with an heating rate of
100 °C/h. The residue (%) was determined weighting each sample before (wy) and after (w,) the
heating treatment, according to the following Equation (2):

(Wa - Wp)
Wp

Residue % = x 100 2)

3. Results and Discussion

In the present work, a silica based coating reinforced by TiO, NPs (ceramer) was applied on fabric,
following a design strategy schematized in Figure 2. The main chemical reactions involved in the
process were the hydrolysis and the simultaneous condensation in solution (sol) of alkoxysilanes in the
presence of ceramic nanoparticles (NPs) until the formation of a three-dimensional network (gel). The
amount of material charged on the nonwoven polyester fabrics was about 18 wt.% according to dry
add on formula.
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O-R1 2 gab & ° ;s%" **t’j
- S o% 2 3 b ¢
i '&0:5 38"% ;)‘*393’ ° -
Hydrolysis i35 03 S0 0 20l &
IR-0-8i-R2 —————> Si-0-Si network entrapping TiO, NPs 28 358 o s900’ o o,
| Polycondensation ° 9 ?o-;leyg e 13/;3 uj
O-R1 e g Qo dg 5y
Silicon & g.\“ > );’ 0%y . o (o) O;_ ]
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R1=CHj; in TMEOS and APTMS; CH,CH; in TEOS : ngzlnc % Q;»‘“O 3 0:\5, X
R2 = CH, in TMEOS; (CH,);NH, in APTMS and OCH,CH; in TEOS Ti0, NP Fad Tt

Figure 2. Sol-gel design strategy and expected ceramer coating structure.

3.1. Ceramer Suspensions

The ceramer formulations, before applying on fabric, were characterized to identify properties
and corresponding functional performances of ceramer coatings. Colloidal characterization of ceramer
suspensions showed the formation of aggregates, as the high values of dp;g (Table 3) reveals, if
compared with the hydrodynamic diameter of TiO; NPs (~50 nm [43]). The mean hydrodynamic
diameters measured were in the micrometric scale, with the only exception of CERTi7, showing
nanometric diameter of about 70 nm, probably because the amino groups of APTMS structure act as
dispersing agents that stabilize TiO, NPs. This is supported by the resulting high and positive (-potgy g
value (about +35 mV), which provides an electrostatic repulsion, increasing the natural positive
C-potgprs of TiOp NPs (about +28.5 mV at pH 5.6). Otherwise, the other samples showed relatively low
negative (-pot data, due to the prevailing contribution of negative Si precursors surrounding TiO,
NPs, justifying the aggregation phenomena and the weak colloidal stability. Data inherent to colloidal
characterization of ceramer suspensions are summarized in Table 3.
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Table 3. Hydrodynamic diameter (dprg), relative polydispersion index parameter (PdI), and zeta
potential ((-potgrs) of ceramer suspensions.

dprs (nm) PdI C-potgrs (mV)
CERTi4 1222 + 138 0.2 -19.8 £ 0.5
CERTi5 6932 + 790 0.9 -14.7 £ 0.2
CERTi7 73+ 0.5 0.4 +34.6 +2.2
CERTi8 1140 + 59 0.6 -19.9 £ 0.53
CERTi10 1496 + 187 0.8 -6.0 = 0.09

3.2. Ceramer Powders

The ceramer powders were analyzed using thermogravimetric balance. The relative TGA curves
are reported in Figure 3. In general, the ceramer powders showed low weight loss. In particular, samples
showed a significant thermal stability with values less than 10/15% weight loss. They showed a constant
but slight weight loss with increasing temperature, apparently due to surface dehydration and/or
dihydroxylation [44], demonstrating the high degree of completeness of hydrolysis/polycondensation
process that gives rise to the final ceramer structure. Otherwise, CERTi7, formulation with aminopropyl
groups, showed a small weight loss of up to 300 °C due to surface dehydration and a sharp weight loss
from 300 °C till 600 °C, with a peak around 400 °C, attributed to decomposition and total loss of the
aminopropyl groups from the materials [45]. The higher thermal reactivity of CERTi7 ceramer powder
is most likely associated with an incomplete process of formation of the ceramer structure that would
justify the decrease of thermal performances of the corresponding coating.

100

TN ———
< \- ........ ﬁq\
= . -,
90 - I VR
=, 80 A e CERTi4
= = = CERTi5
2
é 70 4 eeeees CERTI7
CERTi8
60 - CERTi10
50

25 125 225 325 425 525

Figure 3. Thermogravimetric analysis graphs, showing weight losses of ceramer powders (heating rate
of 10 °C/min up to T° = 600 °C in air flux).

Figure 4a shows the XRD patterns of CERTi4, 7, and 10 powders. Anatase is the predominant
TiO, phase, with a small amount of brookite, in agreement with provider technical data sheet [46],
having relative peaks more evident in CERTi4 and 10 samples. Moreover, a broad band centered
at 20 = 22°, indicating the characteristic peak of amorphous SiO; [47] is well visible in CERTi4 and
10 samples. Otherwise, CERTi7 sample showed attenuated peaks in correspondence of crystalline
TiO; phases and amorphous SiO,, probably due to the high organic load still present in the dried
powder, as demonstrated by TG analysis. This could justify the broad peak centered at about 20 = 23°
distinguished as “organic hump” [48].
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Figure 4. X-ray diffractograms (a) and Fourier transform infrared spectroscopic (FTIR) spectra (b) of
CERTi4 (black), CERTi7 (medium gray), and CERTi10 (light gray); (A = anatase; B = brookite).

A deeper analysis of the ceramer functional groups was made by FTIR spectroscopy [49,50], with
the resulting spectra being reported in Figure 4b. All samples show peaks, albeit of weak intensity,
corresponding to bending vibrations of the -CH, and —CHj aliphatic groups around at 1380 and
1450 cm~!. The CERTi10 shows peaks in the region 900-1100 cm™' due to PO; asymmetric and
symmetric stretching vibrations, demonstrating the presence of P-based compound. A strong peak near
1090 cm™! is commonly present in IR spectrum of compounds with a -5i-O-C-, whereas an 1190 cm™!
band is typical for -5i-O-R— compounds (where R = aliphatic groups), which are clearly visible in
CERTi10 spectrum (light gray curve). The CERTi7 shows ~C-N- stretching at 1515 cm ™!, which is not
visible in the other samples, and -N-H- vibration region around at 3300 cm™! due to the presence of
alkoxysilane hosting aminopropyl groups. Peaks at 1028 and 795 cm™! relating to stretching vibration
and symmetrical stretching of -Si-O-Si—, respectively, seen only in CERTi4 spectrum (black curve), are
due to the presence of ~Si-O-Si- bond from silicate. The broad bands in the region 3000-3600 cm~! are
due to the Si-OH groups and moisture. The FTIR analysis seems to confirm that the formation of silica
network was more advanced in the CERTi4 ceramer powder, confirming the better performances of
TMEOS alkoxysilane precursor.

3.3. Ceramer Coating

The presence of ceramer coating on polyester nonwoven fabrics was confirmed both by add-on
value (around 18 wt %) and FESEM images (Figure 5). In fact, FESEM analysis shows the change of
surface morphology due to ceramer coatings. In contrast with the smooth texture of the uncoated
fiber (Figure 5a), the ceramer coated fibers (Figure 5b—f) show a surface roughness due to the ceramer
network entrapping TiO, NPs. The presence of homogeneously distributed coating was demonstrated
also by EDS analyses (Figure 6), mapping the elements distribution. In addition to Si and Ti elements
present in all samples, N was detected in CERTi7 sample and P in CERTi8 and CERTi10 samples, in
agreement with the precursor components composition. Si maps, perfectly mimicking the texture of
fabric, confirmed the uniform distribution of Si surrounding fibers, despite the presence of some cracks.
Additionally, Ti, N, and P elements were homogeneously distributed, even with weaker intensity, due
to their lower concentration.

The presence of ceramer coatings changed the wettability of polyester nonwoven fabrics, overall
improving the hydrophobicity of untreated fabric, with the exception of CERTi7 sample. The improved
hydrophobicity could be given by the surface roughening effect, due to the presence of NPs dispersed
within ceramer network, as shown by FESEM images in Figure 4. Moreover, as reported in literature,
the presence of an extended and uniform siloxane (-5i-O-Si-) network, formed by hydrolysis and
condensation of different silica precursors, increases the surface hydrophobicity [51,52]. As reported in
Table 4, the contact angle results confirmed that TMEOS (CERTi4 and CERTi8 samples) is the more
suitable alkoxysilane precursor for the proposed design strategy, improving the formation of more
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compact siloxane network and, as consequence, the associated hydrophobic behavior. The coupling of
thermal resistance and water repellency properties are highly desired for many practical applications for
multifunctional fabrics. Many products were developed to gain either flame retardancy/thermal stability
or hydrophobicity on textile substrates, but few examples [53-55] can boast of both functional properties.

Figure 5. Field emission scanning electron microscope (FESEM) images of uncoated fabric fibers (a),
fabric fibers coated with CERTi4 (b), CERTi5 (c), CERTi7 (d), CERTiS (e), and CERTi10 (f).

Table 4. Static contact angle with water (WCA) and burn-out test results, expressed as residue% and
weight loss% data on different ceramer coated nonwoven polyester fabrics.

WCA (°) Residue% * Weight Loss% *
Uncoated 124.06 + 2.63 <1 >99
CERTi4 129.01 £ 8.11 18.33 81.67
CERTi5 130.30 + 14.01 1.50 98.79
CERTi7 85.17 + 5.45 1.35 98.50
CERTi8 150.95 + 24.31 31.87 68.13
CERTi10 137.17 £ 10.81 15.63 84.37

* after burn-out test at T° = 800 °C.
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Figure 6. FESEM- energy dispersive X-ray micro-analyzer (EDS) maps showing the distribution of Si e
Ti elements in the coatings.

The thermal stability in air of ceramer coatings was evaluated by burn-out test, and better
performances were attributed to samples with higher burn-out residue. All investigated ceramer
coatings substantially increased the thermal stability and promoted char formation, as residues in air at
800 °C confirm (Table 4 and Figure 7 for comparison with un-treated sample). As reported in literature,
due to the higher number of hydrolysable groups and the shorter chain lengths of the alkoxysilane
precursor, a more uniform silica network is expected with a consequent higher protection against
thermal degradation [56]. Comparing the investigated alkoxysilanes, TMEOS, APTMS, and TEOS, it
is possible to notice that APTMS sample, despite the presence of amino groups that should reduce
the flammability [57], produces the lowest residue. The lowest efficiency of APTMS could be justified
by the lower degree of hydrolyzation of the silane chains, most probably due to the decomposition
of amino groups that slow down the formation of siloxane network. Comparing TMEOS and TEOS,
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differing, respectively, for tetramethoxy or tetraethoxy chain length, we observed that the precursor
(TMEOQOS) with the shortest chain length gives the highest residue, even if has a lower number of
hydrolysable groups (three in comparison to four of TEOS). The burn-out results of CERTi8 and 10
samples, which contain P-based compounds, show that, as expected, phosphorus actively contributes
to thermal degradation, improving thermal stability [20]; in fact, these samples show the highest
residue at 800 °C. Moreover, the contribution of TiO, NPs should be considered, for their high affinity
for Si-based matrix [58] and their capacity to act as physical barrier, promoting the formation of a
carbonaceous residue [41] but also for their potential detrimental catalyzing effect, which accelerates
the combustions process [59]. Sample CERTi5, which has the lowest amount of TiO; NPs, showed a
very low residue after burn-out, despite the presence of TMEOS precursor. Otherwise, the highest
residue of CERTi8 sample (about 32%) is ascribed to the best compromise found between type of
silane precursor, amount of TiO, and presence of P based compound. In any case, it is interesting to
know that the thermal stability results of treated fabrics follow the same trend of thermogravimetric
analysis performed on ceramer powders, the ceramer samples with lowest weight loss % (CERTiS,
4, and 10) found by TG analysis, showing greatest thermal stability, in terms of residue %, with the
following trend: CERTi8> CERTi4> CERTi10> CERTi5> CERTi7. Overall, the good correlation between
physicochemical properties (XRD and FTIR) as well as TGA results of ceramer powders and the thermal
behavior of ceramer coatings allows one to predict the functional performance of the final material
before applying the ceramer suspension on substrate, providing useful information for the design of
new creamer coatings.

a) b)
Untreated CERTi8

Burn-out at 800°C

RT

Figure 7. Photographs showing the results of burn-out tests: untreated and ceramised fabrics at room
temperature (a) and after burn-out test at 800 °C (b).

4. Conclusions

e Anenvironmentally friendly and easily scalable, room temperature, sol-gel process was optimized
to apply a ceramer coating on polyester nonwoven fabrics;

e  Different ceramer coatings showing an improved thermal stability and enhanced water repellency
properties were obtained;

e  The results of burn-out tests of ceramised fabrics pointed out that TMEOS precursor characterized
by short alkoxy chain length and three hydrolysable groups promotes the formation of the more
compact silica-based network, with a homogeneous distribution of elements involved;

e  An optimal amount of TiO, NPs improved the fabrics thermal physical barrier without catalyzing
and accelerating the combustion process;

e  The addition of P-based compounds in the ceramer formulation improves the thermal stability,
whilst the presence of amino groups and their degradation during thermal treatment seems to
hinder the formation of a stable and protective —5i-O-Si— network;
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The performances achieved in terms of thermal stability (burn-out residue at 800 °C) were
correlated with physicochemical properties of ceramer formulations (composition, FT-IR, and
TGA profiles), and a common trend was found between TGA weight losses and burn-out residues;
The best compromise (highest burn-out residue) was obtained using TMEOS precursor, with an
intermediate amount of TiO, NPs and in the presence of P-based compound;

The information collected will support the design of new “green” flame retardant and water
repellency solutions, which are easily applicable to nonwoven polyester fabrics and usually show
a poor affinity for water-based finishing treatments.
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