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The incorporation of polysilicic acid into the structure of a cellulosic fibre enhances the fire resistance
of the hybrid by two distinct mechanisms. One is the formation an the fibre surface of an inherently
incombustible char, and the other is a lowering of the temperature at which water is released from the

fibre. This paper examines the mechanisms in question.

INTRODUCTION

There have been many attempts to develop a flame-
retardant (FR) viscose fibre. Various methods of flame
retardancy, such as the application of water-soluble salts,
urea-phosphate salts, phosphorus-halogen combinations,
have been widely studied [1,2]. At the same time as surface
treatment, the incorporation of various solid and liquid
compounds into the viscose dope before spinning has
been investigated. These include alkyl or aryl derivatives
of phosphates, halogenated alkylphosphates, polyphos-
phonates and phosphazenes [3-6]. However, the
advantages in flame retardancy of these additives are
offset by other factors that have restricted their use on a
large scale. To date the principal flame retardant to have
been commercialised for viscose is Sandoflam 5060 (5) (2,2-
oxybi5(5,5-dimethy1-1,2,3,2—dioxyphosphorinane-Z,Z—
disulphide)) [7].

The present paper considers a new class of FR viscose,
based on polymers of silicic acids, the fibre’s inorganic
skeleton being combined with regenerated cellulose.
These hybrid fibres present two major advantages: the
high content of the inorganic portion (fibre weight 540%
silica) and the ease of production in large volumes using
essentially conventional viscose fibre manufacturing
processes.

In previous papers we have reported on the
manufacturing and certain properties of this new class of
flame retardants [8]. We now present certain preliminary
experiments concerned with the thermal properties and
the role of the inorganic skeleton in pyrolysis of the
cellalosic fibre component.

EXPERIMENTAL
The fibres used in this study were viscose/polysilicic acid
hybrid fibres with a 10-40% silica content. The Visil fibres
used for comparative purposes are blends of viscose with
cerfain other fibres, most commonly wool.

The mass residue (ash) of fibres was determined at
750°C with a heating rate of 10 degC/min. The flam-
mability of the nonwoven fabric manufactured by a

hydroentanglement method was determined by limiting
oxygen index (LOI) measurements according to SO 4589,
with a General Electric GR model 280 machine.
Thermogravimetric (TG) measurements and differential
thermal analysis (DTA) were carried out on samples of
mass 30 mg on a Setram TAG 24 analyser, coupled with a
microcomputer, at a heating rate of 6 degC/min.

RESULTS AND DISCUSSION

LOI index and flame retardancy

One of the dominant tests for flammability of textiles is the
LOI, which describes the effect of varying textile
compositions on the flammability of the textile [9].
Exposure of the hybrid fibre to a flame results in the
formation of an amorphous surface char and silica, which
radiate heat from the fibre and retard the evolution of
flammabte volatiles.

The LOI of this hybrid fibre is shown in Table 1,
compared with those of other fibres. In viscose/polysilicic
acid hybrid fibres the value of LOI varies, depending on
the silica content (Figure 1), fabric weight and
construction.

Table 1 LOI values of various fibres

Material Trade name LOI

Cotton 18-20
FR cotton Fyrol 76 27-28
FR cotton Pyrovatex CP 28-29
Viscose 18-20
FR viscose Sandoflam 5080 26-28
Hybrid fibre Visi 33 23-25
Polyester 20-22
Wool 25-26
Modacrylic C 26-27
Aramid Normex 2728
Novoloid Kynol 29-31
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Figure 1 Relationship between LOI value and silica content of hybrid
tibre (hydroentangled nonwoven, fabric weight 200 g/m?)

Pyrolysis and thermal analysis

On application of heat, the hybrid fibre progressively loses
both physically and chemically bound water, together
with other pyrolysis gases. Apart from the production of
volatile gases, this endothermic change also provides a
heat sink. One advantage of the silicic acid is to keep the
heat-resistant fibres from burning, effectively insulating
the fibre mass and stopping the fire spreading.

Role of potysilicic acid in cellulose dehydration

The thermal decomposition of cellulose in the presence of
acidic additives has been reported elsewhere [10-13]. The
extent of pyrolysis of cellulose in the hybrid fibres has
been correlated with acid strength, characterised by the
dissociation constant pK, [14], and interpreted in terms of
the formation of an intermediate carbonium ion [15] or
ester [11]. Silicic acid is a very weak acid (pK, 11-12), and
cellulose dehydration is thought to proceed via the ester
route. The dehydration process through this mechanism is
assumed to occur over several consecutive esterification
steps, which are dependent on the hybrid fibre’s chemical
composition and on the pyrolysis conditions. Any possible
re-esterification reactions are inhibited by steric hindrance
from the silicic acid molecules.

The intensitication of dehydration of the cellulose by
silicic acid also causes an increase in char yield, by
interfering with tar formation in competitive degradation
reactions. This has been demonstrated by comparing the
TG curves of viscose and hybrid fibres (Figure 2). It has
been shown that increasing the silicic acid content of the
hybrid fibre will lower the temperature range over which
dehydration takes place. DTA has shown that a silica
content of 30% in the fibre shifts the dehydration
temperature by 15 degC to 305°C (Figure 3). In previous
work the decomposition temperature was shifted to 275°C
in the presence of a phosphorus-sulphur retardant
(Sandoflam 5060, 14% add-on) [8].

Role of polysilicic acid in cellulose crystalline structure

[t is well established that the heterogeneous chemical
reactions of cellulose are controlled by the high order of
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molecular packing of its crystalline region. The reduced
accessibility imparted by such molecular order limits
attack on the bulk of cellulosic material to crystalline
surfaces. The introduction of polysilicic acid into the
cellulose malrix increases the proportion of amorphous
regions in the hybrid fibres, which are then the prime
targets for the dehydration process at relatively low
temperatures. This has been demonstrated by comparing
the pattern of bromine adsorption in several different
viscose fibres and hybrid fibres (Table 2).

Role of polysilicic acid in cellulose hydrogen bonding

Structural changes resulting from the association of
cellulose with polysilicic acid cause a redistribution of
hydrogen bonds; this influences both cross-linking and
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Figure 2 TG curves for viscose and hybrid fibre (Visil}
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Figure 3 Changes in DTA curves as a function of silica content



Table 2 Accessibility and crystallinity index of viscose and Visil
fibres by bromine adsorption

Titre Silica Crystallinity
Fibre (dtex) (%) Accessibility index
Visil 5.0 24.5 70 0.30
Visil 1.7 276 73 0.27
Visil 5.0 31.0 90 0.10
Viscose 1.7 0 55 0.45
Viscose 50 0 40 0.60

packing density. An increase in both of these interferes
with the evolution of volatiles during pyrolysis and also
affects the char vield as a result [12].

One further important feature of the incorporation of
polysilicic acid lies in its hydrogen bonding with
monomeric units of cellulose and water molecules.
Hydrogen bonds formed between cellulose and polysilicic
acid might be partly responsible for increasing LOI values
as the silicic acid concentration increases. This bonded
water would have some influence on the nature of
subsequent chemical transformations in the cellulose
during the pyrolysis [16]. One aspect of this is the effect on
the burning behaviour of cellulose. The evaporation of
bonded water during combustion reduces the
flammability of the fibre and has a self-extinguishing effect
when the source of fire has been removed. It also leads to
the generation of less smoke in the burning zone.

CONCLUSION

The incorporation of molecular chains of silicic acids into
the cellulose matrix lowers the temperature of the
cellulose exothermic reactions and thus enhances the char
yield during the competitive cellulose degradation
reactions. In addition, the evaporation of bonded water
during, firing reduces both the flammability of the fibre
and smoke generation.
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