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Abstract Cotton fabrics have been treated with two
different finishing compositions based on urea (U) and
ammonium dihydrogen phosphate (AP) in order to
enhance their flame retardancy properties, particularly
referring to the resistance to a flame application
(namely, Limiting Oxygen Index tests) and to an
irradiative heat flux of 35 kW/m? (by cone calorime-
try). The collected results have proven a remarkable
increase of cotton flame resistance: indeed, the fabrics
treated with the high concentrated bath showed a LOI
increase of 121 % (from 19 for neat cotton, to 42 %)
and did not ignite under 35 kW/m? heat flux. Ther-
mogravimetry coupled with pyrolysis-combustion
flow calorimetry has demonstrated efficient features
of the proposed flame retardant system as char-
promoter for cotton. In order to reduce the amounts
of U and AP employed in the selected formulations,
the use of water glasses (WG) has been explored. A
very low WG amount has proven to be effective in
halving U and AP contents, maintaining the same fire
performances already provided by the high concen-
trated finishing bath. Furthermore, WG have turned
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out to act as synergistic species as demonstrated by
evaluating the synergistic effectiveness parameter.
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Introduction

Cotton is one of the most important natural fibres
employed in the textile field. The economic impact of
cotton in the global market refers to its majority share
(over 50 %) among the fibres commonly used for
apparel, protective garments and textile fabrics. Both
the market value and quality of cotton products depend
on the fibre quality (Gordon and Hsie 2007). The
growing request of market has always encouraged and
motivated both academics and industrial researchers
toward the seeking for new durable flame retardant
(FR) systems for cotton. Different approaches have
been proposed to fulfil this issue and approach the
performances of the major industrial targets, i.e.
Proban® and Pyrovatex® (Horrocks 2011, 2014).
Very recently, two comprehensive reviews about the
historical attempts carried out in this topic and the new
nanotechnological advances developed in the last
5 years have been published (Alongi and Malucelli
2015; Malucelli et al. 2014). Among the novel
solutions proposed in the last years, nanoparticle
adsorption (Gashti and Almasian 2013; Gashti et al.
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2013; Simoncic et al. 2014), Layer by Layer assembly
(Chang et al. 2014) and sol-gel processes (Alongi
et al. 2014a; Bai et al. 2014; Brancatelli et al. 2011;
Mohamed et al. 2014) have clearly shown the most
promising results for conferring flame retardancy to
fabrics.

As it is well known, in order to design a new FR
system for cotton, it is necessary to consider the effect of
heat on its thermal degradation (in air) and combustion
(Alongi et al. 2013a), that may strongly affect both
physico-chemical features of the fabric. As thoroughly
described by Horrocks (1983), the heating up of
cellulose gives rise to two decomposition reactions,
namely depolymerisation and dehydration. This latter
promotes the formation of char that is stable up to
450 °C (Kandola et al. 1996; Price et al. 1997).
Conversely, cellulose depolymerisation generates
levoglucosan, furan and furan derivatives that subse-
quently decompose to highly flammable species having
low molecular masses. As a result, the yields of these
two processes can be strictly correlated with their
associated activation energies, hence with the used
experimental heating rates (Alongi et al. 2013b).
Therefore, any designed FR system for cellulosic
substrates has to (1) absorb heat, (2) reduce the release
of combustible gases and (3) promote the char devel-
opment. To this aim, ideal FRs for cotton are usually
acid species (like phosphoric acid and its salts) capable
of catalysing cellulose dehydration as char-promoters in
the condensed phase. In addition, organophosphorus
FRs containing nitrogen have proven to be among the
most performing. Indeed, the acquired experience
(Hendrix et al. 1970, 1972a, 1972b) hypothesized that
nitrogen in P-N links exploits a nucleophilic reaction on
phosphate groups, giving rise to polymeric species
bearing P-N bonds, with an enhanced P electrophilicity
that promotes cellulose phosphorylation in C(6) (Hor-
rocks 1983). As a consequence, the intramolecular
C(6)-C(1) rearrangement with formation of com-
bustible gaseous species is prevented, hence favouring
cellulose auto-crosslinking toward char.

Although several studies referring to the P-N
synergism for cotton have been published so far, they
usually provide just a qualitative observation of this
phenomenon, particularly regarding the use of urea in
combination with phosphorus-based systems (Bakos
et al. 1982; Gaan et al. 2008, 2009; Nam et al. 2011,
Zhu et al. 2004). In a previous work (Alongi et al.
2013c), we have already demonstrated that it is possible
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to quantify the synergism between two species when
applied together as a finishing FR treatment for cotton,
following the method proposed by Lewin (2001) and
Horrocks et al. (2010) and based on the calculation of
synergism effectiveness (SE) parameter.

In this scenario, cotton fabrics, previously treated
with urea and ammonium dihydrogen phosphate only,
have been further doped with water glasses (WG),
aiming to decrease the content of both the former
species. The use of a very low WG amount has proven
to fulfil this goal, keeping the FR performances
already achieved by using the pristine finishing bath.
Thus, SE parameter defined according to the following
equation has been calculated in order to establish the
real action of water glasses:

(Fp)frJﬁs - (Fp)p

((Fp)y, = (Fp),) + ((Fp), = (Fp),)

where (Fp) is a given flammability parameter, (Fp),, is
the flame-retardant property of the neat polymer
(cotton), (Fp)y is that of the polymer treated with the
flame retardant (cotton treated with U/AP), (Fp); is that
of the polymer treated with the synergist (cotton treated
with WG), and (Fp)s.1 is that of the polymer treated
with both flame retardant and synergist (i.e. cotton
treated with U/AP and WG). In particular, SE > 1
means synergy; 0 < SE <1 points out a simply
additive effect; finally, SE < 0 implies antagonism.

In this context, the flame retardant system consists of
both U and AP; WG represent the synergist species. This
approach has been exploited for better understanding the
results collected by Limiting Oxygen Index (LOI) and
pyrolysis-combustion flow calorimetry (PCFC) tests.
Finally, the morphology of the so-treated cotton fabrics
has been investigated by scanning electron microscopy
(SEM) and elemental analyses; furthermore, their
thermal and thermo-oxidative stability and resistance
to an irradiative heat flux have been assessed by
thermogravimetry (in nitrogen and air) and cone
calorimetry tests, respectively.

SE = (1)

Experimental part
Materials

Scoured and bleached 100 % plain-weave cotton
fabrics (COT, 208 g/m?) were supplied by VIS-Duga
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Resa (Croatia). U and AP (reagent grade) were
purchased from Kemika (Croatia) and Alfa Aesar
(USA), respectively, and used without any further
purification. WG were supplied by Kemoplastika
(Croatia) and employed as a 32 wt% stable solution
of sodium metasilicate (solubility at room tem-
perature: 22.0 g/L).

Fabric treatment

Cotton fabrics were treated using a pad-dry-cure
procedure, employing a Benz pad-dry system; first,
they were impregnated with a finishing bath contain-
ing 240 g/L of U and 115 g/L of AP (or 120 g/L of U
and 57.5 g/L of AP) up to 100 % wet pick-up. Then,
they were squeezed and dried at 110 °C for 2 min and
finally cured at 150 °C for 4 min. Samples treated with
only WG or U/AP/WG combinations were also
prepared following the same procedure described
above and employing a 10 g/L finishing bath. The
formulations under investigation and sample codes
adopted in the present manuscript are listed in Table 1.
In addition, the total dry solids add-on on cotton
samples (A, wt%) was determined by weighing each
sample before (W;) and after the impregnation and
subsequent thermal treatment (Wp), using a Sartorius
balance (accuracy: +107* g), according to the fol-
lowing equation:

W= W,
S/

A 100

The treatment with only WG gave a low dry solids
add-on (1.4 wt%); conversely, a high add-on was
achieved with the high concentrated bath of U and AP
(17.0 wt%, COT_U240_AP115 sample); the dilution
of this latter lowered the resulting add-on (8.7 wt%,
COT_U120_AP57.5 sample). The highest add-on
(18.4 wt%, COT_U240_AP115_WG) was reached
by combining all the three components.

Characterization techniques

The surface morphology of the untreated and treated
samples was studied by using a LEO-1450VP SEM
(beam voltage: 5 kV), equipped with a X-ray probe
(INCA Energy Oxford, Cu-K, X-ray source, k =
1.540562 10%), to perform elemental analysis (EDS).
Fabric pieces (5 x 5 mm?®) were cut and attached to
conductive adhesive tapes and gold-metallized.

The thermal stability of the untreated and treated
fabrics was assessed by thermogravimetric (TG)
analyses from 50 to 800 °C with a heating rate of
10 °C/min, both in nitrogen and in air (60 mL/min for
both the atmospheres). For this purpose, a TAQ500
balance was used, locating the samples in open
alumina pans (ca. 10 mg). 0.5 % on weight and 1 °C
on temperature were the experimental errors. Tqpsec 5%
(temperature at 5 wt% weight loss), Ty,.x (temperature
at maximum rate of weight loss) and the residue at
600 °C were assessed. These tests were duplicated in
order to ensure reproducible data.

LOI tests were performed with a Fire Oxygen Index
apparatus according to ASTM D2863 standard. The
experimental error was 0.5 %.

PCFC (Govmark) was used to assess the flamma-
bility of the formulations, according to ASTM D7309.
More in details, the prepared sample (5.0 £ 0.1 mg)
was heated (60 °C/min) under a nitrogen flux (80 mL/
min). Then, the resulting thermal degradation products
were mixed with a 20 mL/min stream of oxygen prior
to entering the combustion furnace (900 °C). The
combustion of fuel gases occurred in the mixture of
20 % O, and 80 % N, at 750 °C for 10 s. Peak heat
release rate (PHRR) and corresponding temperature
(Tpurr), total heat release (THR) and yield were
evaluated. These tests were repeated three times and
the experimental error was £2 %.

The resistance to a heat flux of square fabric
samples (100 x 100 mm?®) was investigated using
cone calorimetry (Fire Testing Technology). The

Table 1 Formulations

1 Formu Sample [U] (/L) [AP] (/L) [WG] (g/L) A (%)
under investigation and
corresponding add-ons COT_WG _ _ 10 1.4
COT_U240_AP115 240 115 - 17.0
COT_U240_AP115_WG 240 115 10 18.4
COT_U120_AP57.5 120 57.5 - 8.7
COT_U120_AP57.5_WG 120 57.5 10 10.5
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Fig. 1 SEM magnifications of untreated COT (a), COT_WG (b), COT_240U_115AP (c¢) and COT_240U_115AP_WG (d) samples

measurements were carried out under a 35 kW/m?
irradiative heat flow in horizontal configuration,
following the procedure described elsewhere (Tata
et al. 2011). Time To Ignition (TTIL, s), flame out time
(FO, s), total heat release (THR, kW/mz) and peak of
heat release rate (PHRR, kW/mz) were measured.
These measurements were repeated three times and
the experimental error was assessed as standard
deviation (o). Prior to combustion tests, all the
specimens were conditioned at 23 + 1 °C, for 48 h
at 50 % relative humidity in a climatic chamber.

Results and discussion

Morphology

The morphology of untreated and treated fabrics has
been assessed by SEM microscopy. Generally, cotton
fibres appear extremely irregular and rough, as well

evidenced in Fig. la; after treatment with only WG,
this peculiarity, typical of natural fibres, is lost
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(Fig. 1b): indeed, the fibres appear smoother and more
regular because of the very thin WG layer deposited on.
The presence of this layer has been further confirmed by
the Si maps shown in Fig. 2: Si is uniformly distributed
along all fibres. When cotton is treated with U and AP,
irrespective of the presence of WG, the fibres appear
entirely covered by a thin coating that sometimes shows
the presence of big aggregates distributed on (Fig. 1c).
As expected, these aggregates are smaller when the low
concentrated finishing bath is employed for the fabrics
treatment (Fig. 1d). However, apart from these struc-
tures, the fibres appear homogeneously covered by U
and AP (and WG, if present as shown in Fig. 2a), as
demonstrated by the P and Si maps reported in Fig. 2b,
where the corresponding distributions are shown for
COT_U240_AP115_WG as a typical example.

Thermal analysis

The thermal and thermo-oxidative stability of U/AP-
treated fabrics have been assessed by using
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Fig. 2 Elemental analyses of COT_WG (a) and COT_240U_115AP_WG (b) samples

thermogravimetry in nitrogen and air, respectively.
Tables 2 and 3 collect the obtained data; Figs. 3 and 4
plot TG (a) and dTG (b) curves in nitrogen and air,
respectively.

As mentioned in the “Introduction” section, cotton
degrades through depolymerization and dehydration
that occur with a maximum weight loss at the same
temperature (376 °C, see Table 2), as well visible in
Fig. 3a. When cotton is treated with WG, only a
remarkable reduction of T,ee 59 1S observed (118 vs.
319 °C for COT_WG and COT, respectively): this
finding can be ascribed to the sensitisation effect due
to the water content and silanol groups present in WG,
as already reported the literature (Davies et al. 2005).

Analogously, the presence of U and AP (regardless
of their amounts) strongly sensitises cotton thermal
degradation. Furthermore, the presence of WG in the
U/AP bath promotes a further reduction of cotton
Tonset 5% (compare Topeer 59, of COT_U240_API115
with that of COT_U240_AP115_WG or Topset 59 Of
COT_U120_AP57.5 with that of COT_UI120_
AP57.5_WG).

Comparing the two bath concentrations under
investigation, it is possible to observe that the higher
is the content of U and AP, the stronger is the decrease
of cotton T s 59- As a consequence, the temperature
of maximum weight loss is shifted toward lower
temperatures, as evidenced by comparing the Ty«
values reported in Table 2 and Fig. 3b. The observed
sensitisation phenomenon can be ascribed to the P-N
action that favours the char formation at low tem-
peratures, as already well documented in the scientific
literature (Bakos et al. 1982; Davies et al. 2005; Gaan
et al. 2008; Horrocks 1983; Nam et al. 2011). The
amount of char has proven to be a function of fabric
add-on, hence of U/AP and/or WG content (see
residues at Tp,x in Table 2), and to be thermally
stable up to 600 °C. Once again, the higher is U and
AP content, the higher is the char formation.

Taking into consideration the experimental error of
the adopted instrument, the WG effect on the final
residue can be considered negligible.

In air, cotton always degrades through the com-
petitive aforementioned routes, but the char formed
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Table 2 TGA data of untreated and treated cotton fabrics in nitrogen

Sample Tonset 5% (°C) Taax (°C) Residue at T, (%) Residue at 600 °C (%)
COT 319 376 47.0 11.7
COT_WG 118 374 42.6 15.0
COT_U240_AP115 184 284 64.0 38.5
COT_U240_AP115_WG 158 288 66.0 39.0
COT_U120_AP57.5 227 296 63.7 35.0
COT_U120_AP57.5_WG 201 297 65.0 33.0

# From derivative curves

Table 3 TGA data of untreated and treated cotton fabrics in air

Sample Tonset 5% (°C) b ax1 (CO) Residue at T, (%) a2 CC) Residue at 600 °C (%)
COT 312 356 45.8 481 <1.0
COT_WG 273 349 53.8 496 2.4
COT_U240_AP115 185 279 67.7 528 15.0
COT_U240_AP115_WG 185 282 69.9 529 15.8
COT_UI120_AP57.5 220 292 67.4 531 10.5
COT_U120_AP57.5_WG 222 291 68.0 523 11.3

% From derivative curves

Fig. 3 TG (a) and dTG A 100
(b) curves of untreated and
treated cotton fabrics in
nitrogen

—coT
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Fig. 4 TG (a) and dTG (b) curves of untreated and treated cotton fabrics in air

after the first weight loss is further oxidised to carbon
monoxide and dioxides (Gaan and Sun 2007; Horrocks
1983; Kandola et al. 1996; Price et al. 1997) (Fig. 4a).
Accordingly, the cotton under investigation degrades
through two decomposition steps with a maximum
temperature of 356 and 481 °C, leaving a negligible
residue (Table 3; Fig. 4b). The presence of WG does
not significantly affect the fabric thermo-oxidation,
apart from the sensitisation already observed in
nitrogen. On the contrary, U/AP formulation strongly
influences cotton decomposition in air, in agreement
with the trend observed in nitrogen. Once again,
Tonset 5% and Tp.x; are significantly lowered for the
presence of the finishing treatment (Fig. 4); in addi-
tion, the formed char is higher than that left by
untreated cotton (see residues at T,,,,; in Table 3) and
even substantially more thermally stable, as evidenced
comparing T ,.x> values and the final residues at
600 °C.

Combustion tests

Three different types of combustion tests have been
employed in the present study, namely: PCFC, LOI

and cone calorimetry tests. PCFC is commonly
considered a combustion test (Lyon and Walters
2004), particularly suitable for fibres and fabrics
(Yang et al. 2010; Yang and Hu 2011). Nowadays,
its use is under debate as in PCFC tests a sample,
initially pyrolysed in nitrogen, releases gaseous
species that are further oxidised in a furnace at
900 °C. Thus, the combustion carried out in PCFC
refers to the volatile species released during pyrolysis
only, unlike a real fire scenario that involves the
presence of oxygen due to the air atmosphere.
However, in our opinion, this instrumentation can be
a useful tool for obtaining complementary informa-
tion, in particular when coupled with other types of
measurements (Alongi et al. 2014b). In the present
manuscript, the results collected by PCFC have been
integrated with those from LOI and cone calorimetry
tests. Also the use of LOI is currently under discussion
by the scientific Community, although it is a very
common method useful for investigating the materials
ignitability (Weil et al. 1992). Finally, the resistance to
a specific heat flux has been assessed by cone
calorimetry, following an optimised procedure (Tata
et al. 2011).
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Table 4 PCFC data of untreated and treated cotton fabrics

Sample PHRR ., (W/g, reduction%) Tpurr (°C) THR . (kJ/g, reduction%) Yield 1 (g/g)
COT 2004 378 124,95 0.1105
COT_WG 21544 382 13.0493 0.1195
COT_U240_AP115 7845 (—61) 288 4.040,1 (—68) 03405
COT_U120_AP57.5 108, (—46) 290 6.310.1 (—49) 03405
COT_U240_AP115_WG 614, (—70) 285 35401 (—72) 03405
COT_U120_AP57.5_WG 100, (—50) 295 6.640.1 (—67) 03405

SE®* U240_AP115_WG 1.30 - 1.14 1.14

SE* U120_AP57.5_WG 1.26 - 1.05 1.00

* Synergistic effectiveness parameter from PCFC data

250 -
—coT
| = -cot_we
COT_U240_AP115 /
200 | COT_U240_AP115_WG \

——COT_U120_AP57.5
{ = =COT_U120_AP115_WG

150 4

HRR [Wig]

100 +

50

100 200 300 400 500
Temperature [°C]

Fig. 5 HRR curves of untreated and treated cotton fabrics
assessed by PCFC tests

As far as PCFC measurements are concerned, the
collected data are reported in Table 4 and HRR curves
are plotted in Fig. 5. The presence of WG only does not
affect cotton pyrolysis, in agreement with TGA data in
nitrogen: this finding has been already reported in the
literature (Lyon and Walters 2004; Yang et al. 2010;
Yang and Hu 2011). On the other hand, the two
formulations containing U and AP are responsible of a
remarkable PHRR (—61 and —46 % for COT_U240_
AP115 and for COT_U120_AP57.5, respectively) and
THR reduction (—70 and —50 %). This means that the
amount of pyrolysis products released in the presence of
U and AP is lower than that left by untreated cotton.
These results confirm what has been already observed in
TGA: the presence of U/AP system (regardless of the
concentration of the two species) inhibits the release of
combustible species and favours the char formation.
Thus, analogously to cotton sensitization already seen in
TGA (i.e. the Ty, 5% reduction), the Tpyrr values of

@ Springer

COT_U240_AP115 and COT_U120_AP57.5 found in
PCFC are significantly lower as compared to cotton. The
presence of WG determines a further decrease of both
PHRR and THR values: this finding suggests that a
certain synergism between WG and U/AP system takes
place: its occurrence has been confirmed through the
calculation of SE (last two rows of Table 4). This
parameter has proven to be >1 for PHRR, THR and final
yield, thus indicating the real existence of synergism
between WG and U/AP pair.

The same synergistic phenomenon has been ob-
served and quantitatively assessed by performing LOI
tests (Table 5). WG alone are not responsible of any
significant LOI increase for cotton. Conversely, U/AP
pair increases cotton LOI from 19 to 26 and 42 %
(referring to the lowest and highest bath concentration,
respectively); on the other hand, in the presence of
WG, these values further increase up to 28 and 47 %
(for COT_U120_AP57.5_-WG and COT_U240_
AP115_WG samples, respectively). SE calculation
confirms the occurrence of synergism between WG
and U/AP pair.

Cotton shows a very low resistance to a heat flux of
35 kW/mz; indeed, when exposed, it ignites after few
seconds (TTI = 35 s, Table 6) and vigorously burns
for 30 s (FO = 65 s), releasing a total heat of 2.4 MJ/
m? with a maximum rate of 127 kW/m?. Water
glasses alone are not able to protect cotton from the
selected heat flux; indeed, all combustion parameters
of COT_WG are almost identical to those of untreated
cotton, also taking into account the experimental
error. Conversely, the U/AP system is very effective
in blocking cotton ignition, irrespective of the
employed concentrations. Indeed, no ignition has
been recorded for COT_U240_AP115 and for
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Table 5 LOI data of untreated and treated cotton fabrics

Sample LOI (%)
COT 19
COT_WG 20
COT_U240_AP115 42
COT_U120_AP57.5 26
COT_U240_AP115_WG 47
COT_U120_AP57.5_WG 28

SE?* U240_AP115_WG 1.17
SE* U120_AP57.5_WG 1.13

# Synergistic effectiveness parameter from LOI data

COT_U120_AP57.5 that undergo pyrolysis for all test
time (Table 6), leaving a consistent and coherent final
residue.

Furthermore, the production of CO, and CO and
their ratio can be considered as an indicator of
combustion efficiency: indeed, high ratios point out
an efficient combustion while low ratios refer to
inefficient and hindered combustion. If the CO,/CO
ratio is considerably lowered for the treated fabrics, this
means that the proposed treatments are efficient in
hindering combustion, favouring the formation of
thermally stable char, instead of generating combustible
volatile species. As clearly evidenced in Table 6,
COT_U240_AP115 and COT_U120_AP57.5 samples
follow this behaviour: this finding is in agreement with
the data collected by TGA and PCFC.

When WG are added to the high concentrated
finishing bath (COT_U240_AP115_WG sample), no
significant differences are observed, apart from a
negligible increase of the final residue. Conversely,
when WG are added to the less concentrated finishing
bath (COT_U120_AP57.5_WG sample), cotton ig-
nites for just few seconds (combustion duration: 15 s)
and immediately stops burning, with very low PHRR
(—87 % with respect to the untreated fabric) and THR
(—46 %) values. Once again, the carbon monoxide
and dioxide yields (as well as their ratio) are
significantly lower than those of untreated cotton. In
conclusion, although WG cannot further improve the
U/AP performances, their presence in the finishing
bath recipe allows halving the required concentration
of U and AP (COT_U120_AP57.5_WG): indeed, the
so-treated sample still ignites, but the combustion
duration is very limited and cotton PHRR and THR are
dramatically reduced.

Table 6 Cone calorimeter data of untreated and treated cotton fabrics

Residue + ©

(%)

[COL)/
[CO]

[CO,] yield + ©

(kg/kg)

[CO] yield + ©

(kg/kg)

FO+ o

(s)

THR + ¢ (MJ/m?,
reduction%)

PHRR =+ ¢ (kW/m?,

reduction%)

TTI £ &

(s)

Sample

36.3

1.88 £ 0.09
1.84 £ 0.09
0.60 £ 0.03
0.58 £ 0.03
0.44 £ 0.02
0.82 £ 0.02

0.0517 £ 0.0026
0.1294 £ 0.0065
0.1987 £ 0.0100
0.2076 £+ 0.0104
0.2364 £+ 0.0118
0.3390 £ 0.0169

65 +3
53+3

24 £2
31+£2

127 £ 6

35+£2
28 +£1

COT

1£05
145 £ 0.5
155+ 1.0
10.0 £ 0.5
11.0 £ 0.5

14.2

119+ 6

COT_WG

COT_U240_AP115

3.0
2.8

1.7+ 03
14 +£05
1.3 +0.1

16 £1
20+ 1
15+1

COT_U240_AP115_WG

COT_U120_AP57.5

1.9
2.4

COT_UI120_AP57.5_WG 25 £ 1

40 £ 2 (—87) 1.3 £ 0.1 (—46) 40 £ 2
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Conclusions

In this work, specific flame retardant finishing treat-
ments based on urea and ammonium dihydrogen
phosphate have been applied to cotton fabrics, using a
pad-dry-cure procedure. The flame retardant recipe
has been also modified by the addition of water glasses
in order to assess possible synergistic effects among
the components.

All the treated fabrics, irrespective of the concen-
tration of the finishing baths, showed a significant
resistance to a flame application (through LOI tests) as
well as to a 35 kW/m? irradiative heat flux; further-
more, the designed flame retardant compositions acted
as char-promoters for cotton, as assessed by thermo-
gravimetry coupled with pyrolysis-combustion flow
calorimetry.

The presence of water glasses in the flame
retardant formulation turned out to be very effective
in lowering the concentration of urea and ammonium
dihydrogen phosphate required for providing the
fabrics with high fire performances; furthermore, a
synergistic effect between water glasses and the urea/
ammonium dihydrogen phosphate pair was demon-
strated by calculating the synergistic effectiveness
parameter.
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