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Cotton was sol-gel treated employing several metal alkoxide precursors (namely, tetraethylortho-
silicate, -titanate, -zirconate and aluminium isopropylate) in order to get inorganic phases able to improve
the thermal stability and flame retardancy of the fabric, without changing its mechanical features. Indeed,
after the sol-gel treatment the fibre/fabric surface was morphologically modified: a homogeneous and

compact film located in the fibre interstices (warp and weft) and partially covering their walls was
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observed for all the systems investigated. These coatings turned out to be responsible of an overall
enhancement of the thermal and fire stability of the fabrics preserving, at the same time, the original
mechanical properties of the neat cotton in terms of tensile strength and deformation. In addition, such
inorganic coatings increased the abrasion resistance of the cotton in a remarkable way.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

In the last two decades, the growing global competition has led
both the academic and industrial research activities toward novel
applications and innovatory solutions in the textile field in order to
confer a high-added value to such traditional materials as cotton,
polyester and polyamide. The possibility of imparting multifunc-
tional features to a fabric represents one of the main goals that the
researchers aim to achieve.

Several recent papers have demonstrated that it is possible
to improve cotton features like water repellency (Kathiervelu,
2003; Russell, 2002), antimicrobial (Burniston, Bygott, & Stratton,
2004; Daoud & Xin, 2004) and UV protection (Xin, Daoud, & Kong,
2004; Yang, Zhu, & Pan, 2003), antistaticity (Dong & Huang, 2002;
Nie, Yu, Yu, Chen, & Gu, 2002; Wang & Chen, 2005), mechani-
cal properties (Rosace, Canton, & Colleoni, 2010), thermal stability
(Price, Horrocks, Akalin, & Faroq, 1997) and flame retardancy (Cireli
et al., 2007; Lecoeur, Vroman, Bourbigot, Lam, & Delobel, 2001), by
using different approaches, although with some limitations, par-
ticularly when referring to the washing resistance of the treated
fibres/fabrics.

The above limitation can be substantially overcome using
the sol-gel approach that represents a versatile synthetic route
based on a two-step (hydrolysis and condensation) reaction, start-
ing from (semi)metal alkoxides: thus, the formation of either
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inorganic micro/nano phases or hybrid organic-inorganic struc-
tures is achieved (Alongi, Ciobanu, & Malucelli, 2011a; Sakka,
2003).Such phases, which can be organized in form of (micro or
nano) particles or coatings, have already shown to be able to protect
the polymer surface from combustion by forming a physical bar-
rier toward heat and oxygen diffusion, acting as insulators (Alongi,
Ciobanu, Carosio, Tata, & Malucelli, 2011).

Asis well described in the literature, it is possible to form sol-gel
derived phases with tailored properties. Indeed, recently cotton
fabrics have been treated with sol-gel titania hydrosols in order
to improve their UV radiation protection (Abidi, Hequet, Tarimala,
& Dai, 2007), self-cleaning and flame retardancy (Moafi, Shojaie,
& Zanjanchi, 2011a). Analogously, coatings based on zirconia and
alumina have been employed for enhancing the self-cleaning of
cotton and wool fibres (Moafi, Shojaie, & Zanjanchi, 2010; Moafi,
Shojaie, & Zanjanchi, 2011b) and wettability of polyester fab-
rics (Xiao, Chen, Wei, & Wu, 2009). Furthermore, our previous
studies clearly demonstrated that alkoxysilane precursors can be
used as efficient flame retardants for polyester (Alongi, Ciobanu,
Carosio, et al., 2011), cotton (Alongi, Ciobanu, Carosio, et al.,
2011; Alongi et al., 2011a; Alongi, Ciobanu, & Malucelli, 2011b;
Alongi, Ciobanu, & Malucelli, 2011c; Alongi, Ciobanu, & Malucelli,
in press) and blends of these fabrics (Alongi, Ciobanu, Carosio, et al.,
2011).

In spite of these achievements, when the sol-gel method is
applied to the synthesis of chemical finishes for textiles, the modifi-
cation of fibre surface properties may lead to some drawbacks, such
as yellowing or decrease of the fabric tensile strength, thus limit-
ing the possible application of these materials (Mahltig & Fischer,
2010; Rosace et al., 2010; Wong & Aziz, 2007).
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Although many efforts have been carried out, to our best knowl-
edge a detailed study on the effectiveness of inorganic coatings
derived from different metal alkoxides has not yet been assessed
with the aim of enhancing the thermal and fire stability, as well
as preserving (or better ameliorating) the mechanical properties of
cotton.

To this aim, in the present work cotton fabrics were sol-gel
treated using different precursors based on silicon, titanium, zir-
conium and aluminium, in order to investigate the thermal and fire
stability, as well as the mechanical behaviour and abrasion resis-
tance of the obtained materials. The morphology of the synthesized
inorganic phases on cotton were evaluated by electron microscopy
coupled to elemental analysis and results were directly correlated
with the final resulting properties of cotton in terms of thermo-
oxidative stability (thermogravimetric analysis in air), flammability
(limiting oxygen index and vertical flame tests) and combustion
behaviour (cone calorimetry). The mechanical properties (tensile
strength and abrasion resistance) were investigated, as well.

2. Experimental
2.1. Materials

Cotton fabrics (CO, purchased from FratelliBallesio, Torino, Italy)
with a density of 200g/m? were used as received. Tetraethy-
lorthosilicate, tetraethylorthotitanate, tetraethylorthozirconate
and aluminium isopropylate, water, ethanol, propanol, acetic acid
and dibutyltindiacetate (all reagent grades) were purchased from
Sigma-Aldrich and used without any further purification.

2.2. Sol-gel treatments performed on cotton

Different inorganic coatings were synthesized on the cotton fab-
rics through sol-gel processes.

First of all, pure silica phases were obtained from a mixture
containing tetraethylorthosilicate, distilled water (precursor:water
molar ratio=1:1), ethanol and dibutyltindiacetate (0.9 wt.%), that
was stirred at room temperature for 10 min; the cotton fabrics
were impregnated in the sol solution for 10 min and subsequently
thermally treated at 80 °C for 15 h using a gravity convection oven.
Finally, the fabrics were washed in distilled water at 60°C for 1h
in order to eliminate the unreacted precursor.

Alumina sols were prepared according to Yoldas’ method (Wong
& Aziz, 2007). The appropriate amount of aluminium isopropylate
was added to the deionized water and stirred 1h at 80°C. Then
1 M acetic acid solution was added to the mixture as a catalyst, set-
ting the molar ratio of aluminium isopropylate:water:acetic acid
at 1:100:0.7. The prepared solution was subsequently heated up to
90°C and kept under reflux condition for 24 h until a fully trans-
parent sol was obtained.

Titania sols were prepared starting from a mixture contain-
ing tetraethylorthotitanate, acetic acid and water (molar ratio
1:10:100). Thus, 60ml of water were dropwise added to the
mixture containing tetraethylorthotitanate and acetic acid with
vigorous stirring for 2 h to get a clear transparent sol.

Finally, zirconia sols were obtained from tetraethylorthozir-
conate, which was added to a propanol and acetic acid solution
and then mixed to another solution containing water and propanol
under stirring for 2 h. The tetraethylorthozirconate:propanol:acetic
acid:water molar ratio was 1:40:0.2:2.

The structures of the different metal alkoxides are schematized
in Table 1.

In order to allow the formation of the inorganic coating, cotton
fabrics were then immersed for 10 min in each solution, initially
heated for 30 min at 100 °C and subsequently for 15 min at 120°C.

Table 1
Structure of the used metal alkoxides.
Metal alkoxide Structure
OCH,CH,
Tetraethylorthosilicate H3CH,CO—Si—OCH,CH;
OCH,CH,
Cl)CH2CH3
Tetraethylorthotitanate H3CH2CO_F_OCH2CH3
OCH,CH3
OCH,CH34
Tetraethylorthozirconate H3CH2CO—Z|r—OCH2CH3
OCH,CH3
H3C
>—CH3
(0]

Aluminium isopropylate

\
HaC A—O

Yo o
HyC HyC

Hereafter, each sample will be identified as XCO, where X is the
metal of the employed alkoxide precursor; as an example, SiCO
means cotton fabric treated with the silica sol.

2.3. Characterization techniques

The amounts of metal alkoxide phases charged on the cotton
samples (A, wt.%) was determined by weighting each sample before
(W;) and after the impregnation in the sol solution and the subse-
quent thermal treatment (Wy), using a Sartorius balance (£104g).
The upload, collected in Table 2, was calculated according to the
following formula:

W W,

i

A x 100

SEM images of the treated samples were obtained by a
LEO-1450VP Scanning Electron Microscope (20kV), equipped
with a X-ray probe (INCA Energy Oxford, Cu-Ka X-ray source,
k=1.540562 A), which was used to perform elemental analysis.
Cotton fabrics were cut into small pieces (0.5 mm x 0.5 mm) and
fixed on a standard SEM sample holder by double-coated carbon
conductive tab and then gold-metallized.

The thermal stability of the fabrics was evaluated by thermo-
gravimetric (TG) analyses using a Pyris1TGAQ500 analyzer. The
measurements were performed placing the samples in open alu-
mina pans (ca. 10 mg) in air atmosphere (60 ml/min) from 50 to
800°C with a heating rate of 10°C/min. Further tests were per-
formed by treating the fabrics in a muffle at 1100°C for 1 h.

In order to determine the water content of neat and treated
cotton fabrics, that can significantly influence the combustion
behaviour of the materials, a Karl-Fisher titrator (Mettler Toledo,
model V20) was used: small pieces (ca. 1g) were heated up to
100°C and the water content was measured by using a mixture
of methanol, potassium metabisulphite and I, as titration system.

The flame retardancy properties of the investigated samples
were measured through flammability and combustion tests. These
tests are complementary in order to entirely describe a realistic fire
scenario, as previously reported (Alongi et al., 2011b).
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Table 2
TGA data in air.

Sample A? [%] Tonsets% [°C] Timax1® [°C] Tmax2? [°C] Residue at 360°C [%] Residue at 500°C [%] Residue at 750°C [%] Residue at 1100 °C¢ [%]
co - 316 347 485 20 2 0 0
SiCO 21 315 346 507 26 10 10 5
TiCO 22 293 326 445 32 11 9 4
ZrCco 22 284 340 498 31 11 7 4
AlCO 22 296 339 511 23 11 9 4

3 Weight difference of cotton fabrics before and after impregnation/thermal treatment.

b From derivative curves.
¢ Residue after thermal treatment at 1100 °C in muffle.

The flammability test in a vertical configuration was carried out
by applying once a propane flame for 5s at the bottom of a fabric
specimen (100 mm x 20mm). The test was repeated 5 times for
each formulation, measuring burning time and rate and the final
residue as well. This test aims to mimic the procedure described
in the ISO 15025 standard, commonly employed for the protective
garments, with the exception that the specimen size adopted in
the standard is larger (200 mm x 16 mm vs. 100 mm x 20 mm). In
addition, the limiting oxygen index (LOI) tests were performed by
a FIRE oxygen index apparatus according to the ISO 4589 standard.

The combustion behaviour of square fabric samples
(100mm x 100mm x 0.5mm) was investigated using cone
calorimetry (Fire Testing Technology, FTT). The measurements
were conducted under an irradiative heat flow of 35kW/m? in
a horizontal configuration, following the procedure described
elsewhere (Tata et al., 2011). Such parameters as Time To Ignition
(TTI, s), Total Heat Release (THR, kW/m?2), Heat Release Rate
(HRR, kW/m?), peak (PHRR, kW/m?) were measured and the Fire
Performance Index (FPI, s m%/kW) calculated as TTI to PHRR ratio.
The higher the FPI, the better is the flame retardancy performance
(Schartel, Bartholmai, & Knoll, 2006). Total Smoke Release (TSR,
m2/m2) and Specific Extinction Area (SEA, m?/Kg), were evaluated,
as well. The experiments were repeated four times for each
material investigated to ensure reproducible and significant data;
the experimental error was within 2%.

Prior to flammability and combustion tests, all the specimens
were conditioned at 23+ 1°C, for 24h at 50% RH in a climatic
chamber.

The mechanical properties of pure and treated cotton fabrics
were carried out on aZwick Z100 apparatus in tensile configuration.
The samples (350 mm x 50 mm) were prepared following the ISO
13934 standard: the distance between grips was 200 mm and the
nominal strain rate was set at 10 mm/min. Five specimens of each
formulation were tested; the experimental error was within 5%.

Finally, in order to assess the abrasion resistance of pure and
treated fabrics, the samples were tested according to ISO 12947
standard (Martindale method).

3. Results and discussion
3.1. Thermal stability in air

Thermogravimetric curves of the samples in air are plotted in
Fig. 1. For the untreated cellulosic fibres, three steps are visible as
previously reported (Price et al., 1997): the first (at 347 °C, Table 2)
involves two competitive pathways, which yield aliphatic char and
volatile products; the second step, at 485 °C, corresponds to the
conversion of aliphatic char into aromatic, producing carbon mono
and dioxide due to the simultaneous carbonization. During the
third and last decomposition step at ca. 800 °C, the char is oxidized.

We have already demonstrated that silica phases significantly
change the thermal stability of cotton in air (Alongi, Ciobanu,
Carosio, et al., 2011; Alongi et al., 2011a, 2011b, 2011c, in press).
Indeed, silica acts as a physical barrier (thermal insulator), being

able to protect cotton from heat and oxygen transfer and favouring
the formation of a carbonaceous residue (10 vs. 0% for SiCO and CO
at 750°C, respectively, Table 2).

This finding was further confirmed by testing the same formula-
tions at 1100 °C for 1 hin a muffle (last column of Table 2 and Fig. 2):
indeed, unlike the sol-gel treated samples, after such thermal treat-
ment, cotton was almost completely degraded and consumed.

Unlike silica, the other oxides (TiO,, ZrO,, Al,03) change the
degradation mechanism and kinetics of cellulose in terms of a
significant reduction of the onset temperature (Topsetsy: 293, 284
and 296, respectively, vs. 316°C for pure cotton) and of the first
decomposition step (Tmaxi), as observed in Fig. 1 and Table 2.
Indeed, it is well described in the literature that metal ions can
influence the thermal oxidative degradation of cotton cellulose
since these species are able to catalyse the reaction of cellulose
degradation/dehydration, favouring the formation of high amount
of char. Generally, this effect is observed either when the metal
ions are singularly used or in combination with phosphorus-based
flame retardants (Tian, Xie, Guo, & Xu, 2003). As an example,
Camino et al. (Soares, Camino, & Levchik, 1998) found that such
organometallic additives as Zn-ethylhexanoate, K-ethylhexanoate
and Co-ethylhexanoate, strongly modified the decomposition pro-
cess of cellulose, enhancing the char and reducing tar formation.
Furthermore, it was observed that Zn2* and Co2* are able to increase
the formation of aromatic char, whereas K* ions provide aliphatic
char. The action mechanism of metal ions changes when they are
combined with phosphorus-based species, since they are able to
increase their thermal stability. Indeed, the volatility of the phos-
phorus oxides formed during the pyrolysis is reduced and thus
these species are still available to phosphorylate the cellulose and
induce the char formation.

In particular, Horrocks and coworkers (Davies, Horrocks, &
Alderson, 2005) have demonstrated that Mn2* and Zn?* shift the

Weight [%]

" T X T p T 3 T .
250 300 350 400 450 500 550
Temperature [°C]

Fig. 1. TG curves of pure and sol-gel treated cotton fabrics in air.
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SiCO

TiCO

ZrCo

Fig. 2. Residues of pure and sol-gel treated cotton fabrics (samples having the same initial weight) after thermal treatment in muffle.

thermal degradation of ammonium polyphosphate toward lower
temperatures, so that flame retardancy is induced at lower tem-
peratures. Similar results were observed also employing other
transition metal ions, such as Cu(Il), Zn(II), Fe(II), Co(II), Cr(III),
Ce(1V), La(IlI), Y(III) and Ho(III) or Mn(II), Pb(II), Bi(Ill) in combina-
tion with cellulose ammonium phosphate (Dahiya & Kumar, 2009;
Tian, Guo, Zhang, Xu, & Shi, 1995; Tian et al.,2003). Indeed, Tian et al.
(1995, 2003) observed that the temperature of cellulose decompo-
sition was lowered in the presence of metal complexes of cellulose
ammonium phosphate with respect to samples untreated by metal
ions; furthermore, the values of char yield were greater for samples
treated with Mn2*, Pb2*, Bi3* (Tian et al., 2003) and Ho3* and Ce3*
(Tian et al., 1995) than those untreated.

In the present work, all the formed oxides turn out to favour
the formation of a higher char amount with respect to pure cot-
ton, as indicated by the residues at 360 and 500 °C (Table 2). More
specifically, Ti and Zr induce the formation of higher char amounts
in comparison with Si and Al. On the basis of the previous studies
published in the literature, it is possible to hypothesize that Ti and
Zr ions catalyse the cellulose degradation more rapidly than Si and
Al, anticipating the dehydration (as observable in the Tynsers5%)but,
at the same time, favouring the char formation.

The high thermal stability in air of such treated fabrics is very
useful to enhance their fire stability, as discussed in the next section.

3.2. Flammability

In order to identify the burning characteristics of the specimens,
flammability tests were performed; the obtained results are col-
lected in Table 3. In a previous work, we demonstrated that the
silica coatings obtained by sol-gel processes are able to modify the
cotton flammability in vertical configuration by i) decreasing its
ignitability when cotton is exposed to a flame spread, ii) decreas-
ing its burning kinetics and iii) increasing the total burning time
(Alongi et al., 2011b). Thus, all the inorganic coatings are able to
protect the cotton fabric against a direct propane flame. Indeed,
the registered total burning time is increased, the burning rate is
remarkably lowered and the final residue at the end of the test is
higher than that of pure cotton (10% vs. 30, 31, 21 and 32% for SiCO,
TiCO, ZrCO and AICO, respectively).

Furthermore, comparing the performances of all the treated
samples, it is possible to conclude that all the inorganic coatings
are efficient flame retardants for cotton and that zirconia is less

120
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2
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T 404
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0~ < ) . : - *f!’.a-:".!‘*!-tt.,.,,
0 20 40 60 80 100 120

Time [s]

Fig. 3. HRR curves of pure and sol-gel treated cotton fabrics.

efficient than titania, silica and alumina as far as the final residue is
concerned. These data are confirmed by the slight increase of LOI
values for the treated fabrics, collected in Table 3.

On the basis of these results, it is possible to establish a protec-
tive ranking exerted by the alkoxide coatings on cotton, starting
from the most to the less efficient:

T102 > 5102 > A1203 > 21‘02

Correlating the flammability of these fabrics with their thermal
properties, it is possible to observe that Ti ions, showing a higher
efficiency in the dehydration of the cotton cellulose than Si, Al and
Zr, turn out to be the best flame retardant among those under study.
Although Zr ions behave like Ti during the thermal degradation of
cotton in air, they have the worst performances in terms of flame
retardancy probably because of the distribution level on the fibres,
as will be discussed in the next section.

3.3. Combustion behaviour

The combustion data of pure and sol-gel treated cotton fabrics
investigated by cone calorimeter are collected in Table 4; Fig. 3 plots

Table 3

Flammability data.
Sample Total burning time [s] Total burning rate [mm/s] Residue [%] LOI [%]
Cco 20 20 10 19
Sico 25 11 30 22
TiCO 29 9 31 22
ZrCo 24 12 21 21
AICO 23 12 32 22
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Table 4
Combustion data by cone calorimetry.

2097

Sample TTI [s] THR [M]/m?] PHRR [kW/m?] FPI [s-m?/kW] TSR [m?/m?] SEA [m?/kg] Water content [ppm]?
(€0) 18 2.8 88 0.20 47.6 40.5 46,000
Sico 28 2.0 70 0.40 113 15.2 71,000
TiCO 22 23 84 0.26 10.9 18.8 68,000
ZrCo 22 2.7 82 0.27 233 6.3 59,000
AICO 20 1.9 106 0.19 220 13.0 57,000

a By Karl-Fisher titration.

the combustion kinetics of each sample in terms of HRR curves vs.
time.

As already described in previous works (Alongi, Ciobanu,
Carosio, et al., 2011; Alongi et al., 2011a, 2011b, 2011, in press),
silica is an efficient finishing flame retardant for cotton. Indeed,
comparing the cotton to SiCO, TiCO, ZrCO, AlCO, it is clear that the
presence of the inorganic coating onto the textile surface signif-
icantly modifies the combustion behaviour of cotton (Fig. 4). In
general, a strong reduction of THR and PHRR is registered for all the
systems (70, 84, 82 and 106 vs. 88 kW/m? for SiCO, TiCO, ZrCO, AICO
and CO, respectively, Table 4). Furthermore, such oxides are able to
delay the sample ignition, increasing the TTI and consequently the
FPI values (Table 4, Figs. 3 and 4). This effect is probably due to
the water content entrapped within the coating, as determined by
Karl-Fisher titration (Table 4). Unlike pure cotton, all the sol-gel
treated fabrics show high water contents. During the initial degra-
dation of cotton immediately before the combustion, water plays
an important role because it is capable to postpone the ignition of
the cellulose diluting the volatile products derived from its degra-
dation: therefore, it is reasonable to hypothesize that the higher the
water content, the higher is TTI (28, 22, 22 and 20 vs. 18 s for SiCO,
TiCO, ZrCO, AICO and CO, respectively). The relationship between
TTI and water content is well depicted in Fig. 5a.

Furthermore, the observed TSR decrease (Fig. 4), can be also
correlated with the water content. Indeed, SiCO and TiCO sam-
ples, having the highest water content (71,000 and 68,000 vs.
46,000 ppm) show the smallest TSR values (11.3 and 10.9 vs.
47.6m?%/m?) and consequently a reduced production of smokes.
Analogously, the optical density of the smokes (SEA values)
decreases by increasing the water content, as observed in Fig. 5b
and Table 4. It is worth to note that such smoke reduction is very
beneficial for exploiting the sol-gel treatment as an industrial fin-
ishing.

Finally, it is interesting to observe that the structure of final
residue at the end of the combustion depends on the type of sol-gel
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Fig. 4. TTI, PHRR and TSR values of neat and sol-gel treated cotton fabrics.

treatment, as shown in Fig. 6. Silica and alumina are able to induce
the formation of a thick, compact and dense residue, while titania
and zirconia give a thin transparent film. In any case, the alkox-
ide phases allow to keep the original fabric structure thanks to the
enhanced residue formation.

3.4. Morphology of the treated fabrics

Some typical SEM micrographs of the sol-gel treated cotton fab-
rics are reported in Fig. 7. In general, a homogeneous and compact
film located at the fibre interstices (warp and weft) and partially
covering their walls was observed for all the systems investigated;
furthermore, few cracks are visible in SiCO and TiCO samples. The
homogeneity of distribution of the inorganic coatings depends on
the metal alkoxide precursor employed in the sol-gel process, as

A %4 Sico
251 ZrCO
TiCO
AICO ] 777
20 + CcoO 7
2 15
E
10 -
54
0 T T T 1
45000 50000 55000 60000 65000 70000
Water content [ppm]
B
g
“c TiCO
g AICO
T T T
50000 55000 60000 65000 70000
Water content [ppm]

Fig. 5. TTI(a) and SEA(b) as functions of water amount for the different alkoxide
coatings.
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Fig. 7. SEM micrographs of sol-gel treated cotton fabrics and corresponding element maps.

pointed out by the elemental maps (Fig. 7). In particular, the best
performances of titania with respect to the other inorganic coatings
could be also ascribed to the very high level of homogeneity of Ti
distribution. On the contrary, the Zr distribution appears to be less
homogeneous and dense if compared with the other metals.

3.5. Mechanical properties and abrasion resistance

Usually, most of the chemical finishes applied to fabrics can pro-
mote undesirable changes in their mechanical properties in terms
of resistance, smoothness and texture, due to the thickness and
rigidity of the applied coating. In the presence of an applied force,
ifthe coatingisrigid, the fabric threads break one after the other and
a low tear strength is registered. For this reason, in order to inves-
tigate the effect of sol-gel treatments on the mechanical strength
of the fabrics, tensile and abrasion tests were conducted.

Table 5 summarises the collected data: after the sol-gel treat-
ment, the maximum force slightly increases (1175, 1150 and 1100
vs.1025 N for SiCO, TiCO, AlICO and CO, respectively) with the excep-
tion of ZrCO, which shows a slight decrease (975 N) with respect to

Table 5

Tensile data.
Sample Max strain [%] Max force [N]
Cco 22+1.2 1025 + 48
Sico 21+0.8 1175 £ 63
TiCO 21+ 0.8 1150 + 55
ZrCo 21+1.0 975 + 40
AICO 20 + 0.7 1100 + 52

pure cotton. In addition, the maximum deformation achieved by
the sol-gel treated specimens is substantially unchanged. There-
fore, these mechanical data indicate that the effect of the sol-gel
treatment on cotton mechanical behaviour is almost negligible.
Fig. 8 plots the influence of the different alkoxide coatings on
cotton abrasion resistance, measured by Martindale method. Pure
cotton resists up to 2100 abrasion cycles, that correspond to the

Neat cotton
2100 cycles

Cycles
[n°]

Fig. 8. Abrasion resistance of pure and sol-gel treated cotton fabrics.
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end-point of the line since when a damage (e.g. a hole) appears
on the sample surface. When cotton is sol-gel treated, the number
of abrasion cycles necessary for the damage appearance is signifi-
cantly increased and extended up to three times for TiCO and AICO
samples. These results clearly show that the inorganic coatings can
strongly improve the abrasion resistance of the fabric. Furthermore,
these tests indicate that the performance of zirconia is very low in
comparison with the other metal oxides, probably because zirco-
nia is not so well distributed as pointed out by electron microscopy
(Fig. 7).

In conclusion, while the proposed sol-gel derived systems as
flame retardant finishes do not cause mechanical undesirable
changes with respect to untreated cotton, at the same time, the
alkoxide coatings are able to strongly improve the abrasion resis-
tance of the fabric.

4. Conclusions

Cotton fabrics were sol-gel treated exploiting the availability
of different alkoxide precursors (tetraethylortho-silicate, -titanate,
-zirconate and aluminium isopropylate). The fire performances
of the treated fabrics, as well as the mechanical behaviour and
abrasion resistance were evaluated. The coatings turned out to be
responsible of an overall enhancement of the thermal and fire sta-
bility of the treated fabrics, which was ascribed to the morphology
of the inorganic coatings on the fabric surface and to the water con-
tentin the treated textiles. At the same time, the effect of the sol-gel
treatments on the mechanical behaviour of cotton was almost neg-
ligible, while a significant increase of the abrasion resistance was
achieved.

These features may suggest that the sol-gel deposition of an
essentially inorganic species could further add flame resistance at
least to a cotton fabric possessing an already underlying level of
flame retardant character.
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