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Abstract---Cellulose cotton cloth has been treated with phosphorus, both by direct phosphorylation and 
by addition of various compounds containing up to 98.6% P. Studies have been made of the effects of 
these treatments on thermal decomposition and flammability of the cloth. It has been shown that, in terms 
of unit weight of phosphorus introduced, phosphorylation is a more efficient method of imparting flame 
retardance than incorporation of additives. When the various additives used were compared on this basis, 
tritolyl phosphate and triphenyl phosphine were the most effective, while red phosphorus was the least 
so. Flame retardance of cellulosic materials is generally related to the extent of increased charring. 
However no such generalization can be made with regard to the phosphorus-based additives studied in 
this work, since some function primarily in the gas phase and others in the condensed phase. There is 
thus no obvious correlation between degree of flame retardant effectiveness and mechanism of flame 
retardance. The predominant effect of nitrogen compounds, both on their own and when used in 
conjunction with phosphorus compounds, was to decrease flammability, but there appeared to be no 
simple connection between the magnitude of their effect and any particular mode of action. 

INTRODUCTION 

The incorporation of  phosphorus into organic poly- 
mers generally inhibits the combustion of  these 
materials. In this paper, some studies have been 
made of  the influence of  phosphorus and its com- 
pounds on the combustion behaviour of  cellulose 
cotton cloth. Included among the additives studied 
was red phosphorus (RP), which has been shown to 
be a potentially useful flame retardant for certain 
nitrogen-containing [1,2] and oxygen-containing 
[3-6] thermoplastic polymers. The effects produced 
by most additive flame retardants on textiles are, 
however, often only temporary, since the additives 
tend to be removed by leaching, laundering and 
dry-cleaning. Thus, in order to obtain a truly durable 
flame-retardant finish, it is desirable for the active 
species to be chemically bonded to the polymer. 
Parallel studies have therefore been made of  the 
effects on flammability of  directly phosphorylating 
cellulose beforehand. 

EXPERIMENTAL PROCEDURES 

Cellulose was in the form of Egyptian cotton cloth [7]; its 
phosphorylation was carried out where necessary by a 
modification of the method used by Gupta et aL [8]. 
Unmercerized cotton cloth was first treated with a 2.5 wt% 
aqueous solution of NaOH for 2 min, washed with water 
and dried. The cloth was then refluxed with pyridine in a dry 
N 2 atmosphere for 30 min, after which phosphorus oxychlo- 
ride was added dropwise over I hr; the resulting mixture was 
heated to a range of temperatures for different periods of 
time in order to vary the degree of phosphorylation of the 
cloth. It was found that the optimum conditions for obtain- 
ing a cloth containing 5 wt% of phosphorus involved reflux- 
ing the mixture at 55 ° for 72 hr. Details have been given 
elsewhere [9, 10] of the sources of most of the additives; 
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good-quality samples of the remainder were obtained from 
BDH or Aldrich. 

Methods of incorporating both soluble and insoluble 
additives into the cotton have already been described [7]; 
RP, sieved to a particle size of 90/am, was "ironed-on" to 
the cloth, which had previously been impregnated with 
neoprene to act as an adhesive. The iron was covered with 
a perforated teflon sleeve to prevent adhesion of the phos- 
phorus to it. The experimental techniques for measuring 
flammability and studying thermal behaviour have been 
fully described elsewhere [7]. An account has also been given 
[9] of methods for the computation of the limiting oxygen 
index (LOI) results; it is considered that LOI remains a 
useful criterion of the influence of additives on the 
flammability of a given polymer, even though it is not 
always a reliable measure of fire performance in real sys- 
tems. In addition, the gaseous combustion products of 
certain polymer and additive systems were analysed by i.r. 
spectrometry [10]. 

RESULTS 

Flammability results 

(a) Comparison of  effects of  different forms of  
phosphorus. The LOI of cotton cloth, measured at 
room temperature, is 18.2 but it is significantly 
increased by the presence of  phosphorus. In most of  
the systems studied, the LOI increases with phos- 
phorus loading but quite rapidly reaches a limiting 
value. Table 1 shows the effects of  these limiting 
concentrations of  phosphorus compounds in different 
oxidation states, as well as those of  direct phos- 
phorylation, on the flammability of  the cloth. It will 
be seen that, on an overall weight basis, all the 
additives used have effects on the LOI of  roughly the 
same magnitude. However, in terms of  the weight of  
phosphorus introduced, pre-phosphorylated cellulose 
exhibits by far the highest flame resistance; among the 
additives, tritolyl phosphate (TTP) and triphenyi 
phosphine (TPN) are, on this latter basis, the most 
effective flame-retardants and RP is the least. 
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Table 1. The effects of phosphorus compounds on the flammability of cotton cloth 

A LOI A LOI 
Phosphorus Oxidation Wt% of P Wt% of P 
compound state compound added added LO1 Wt% P compound added Wt% P added 

. . . .  18.2 - -  - -  
TTP + 5 17.4 1.5 22.7 0.26 3.0 
DMP + 3 11.9 3.0 24.1 0.50 2.0 
TPP + 3 16.0 1.6 22.3 0.26 2.6 
RP 0 16.4 16.2 23.1 0.31 0.3 
TPO - I 13.5 1.5 20.9 0.13 1.8 
TPN - 3  10.9 1.3 22.0 0.27 2.9 
Phosphorylation - -  5.1 31.8 - -  6.2 

TTP, tritolyl phosphate; DMP, dimethyl methyl phosphonate; TPP, triphenyl phosphite; RP, red phosphorus; TPO, triphenyl 
phosphine oxide; TPN, triphenyl phosphine. 

Table 2. The effects of phosphorus compounds, used in conjunction with MEL, on the flammability of cotton cloth 

A LOI A LOI 
Phosphorus Wt% of P Wt% of P Wt% of MEL 
compound compound added added added LOI Wt% P compound added Wt% P added 

. . . .  18.2 - -  - -  
- -  - -  - -  11.2 23.4 - -  - -  
TTP 6.1 0.5 12.6 24.8 1.1 13.2 
DMP 6.5 1.6 10.2 27.6 1.4 5.8 
TPP 9.3 0.9 10.6 26.1 0.8 8.8 
P 9.2 9.2 11.3 26.3 0.9 0.9 
TPO 5.8 0.6 9.2 23.7 0.9 9.2 
TPN 13.8 1.6 5.8 24.4 0.5 3.8 
Phosphorylation 5.2 5.0 35.0 6.7 

Abbreviations for phosphorus compounds as in Table 1. 

Co) Influence of added nitrogen compounds. Since the 
flame-retardant action of phosphorus is generally 
enhanced by the simultaneous presence of suitable 
nitrogen compounds [I 1], parallel studies were made 
of systems containing also melamine (MEL). The 
results in Table 2 show that this nitrogen compound 
decreases the flammability in all cases. Again, on an 
overall weight basis, the various phosphorus com- 
pounds have broadly similar effects but, judged in 
terms of the weight of phosphorus introduced, the 
differences between the individual compounds are 
even more pronounced, although RP still has by far 
the smallest influence. Since the flame-retardant ac- 
tion of P - - N  systems is often significantly enhanced 
by the presence of halogen [12], some measurements 
were made of the effects on the flammability of cotton 
cloth of the presence also of decabromobiphenyl 
(DBB), an additive previously used in conjunction 
with phosphorus and nitrogen compounds [10, 13]. 
These measurements showed however that the 
highest LOI values are obtained with binary additive 
systems containing only RP and MEL (Table 3), so 
that no further work was done involving the halogen 
compound. 

In order to throw further light on the compara- 
tively small flame-retardant action of RP-MEL 
systems on cotton cloth, a triangular diagram was 
constructed (Fig. 1). Qualitatively it shows a region 
of relatively high flame retardance at high MEL levels 

Table 3. The effects of MEL and DBB on the 
flammability of cotton cloth-RP systems 

RP (wt%) MEL (wt%) DBB (wt%) LOI 

- -  - -  - -  18.2 
9.8 - -  - -  22.7 
9.2 11.3 - -  27.3 
8.5 - -  13.0 24.6 
8.1 7.2 8.1 27.2 

along the cellulose baseline. At high RP loadings, the 
flame retardancy is seen to decrease, as is observed 
experimentally. It can be shown that there is reason- 
ably good synergism between RP and MEL with a 
coefficient of 235; this is significantly higher than the 
P-N synergism coefficients found with these same 
additives for thermoplastic polymers [10]. 

However, in order to gain a better understanding 
of possible modes of P-N interaction, several other 
nitrogen compounds were investigated (Table 4). In 
terms of the weight of nitrogen introduced, am- 
monium formate (AMF) is the most effective flame 
retardant on its own and N-methylimidazole (NMI) 
is the least effective and indeed slightly increases the 
flammability of cotton cloth. However, all the nitro- 
gen compounds, when used in conjunction with RP, 
cause some further reduction in flammability. 

A 
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Fig.  1. The  effects o f  R P  a n d  M E L  o n  the  L O I  va lues  o f  
c o t t o n  c lo th .  (A) 100% cellulose; (B) 8 0 %  cel lulose + 2 0 %  
RP;  (C) 8 0 %  cel lulose + 2 0 %  M E L .  L O I  values:  0, 18.2; 1, 
19.2; 2, 20.2; 3, 21.2; 4, 22.2; 5, 23.2; 6, 24.2; 7, 25.2; 8, 26.2; 

9, 27.2; 10, 28.2. 
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Table 4. The effects of nitrogen compounds, on their own and in conjunction with RP, on the flammability of cotton cloth 

A LOI A LOI 

Nitrogen Wt% of N Wt% of N Wt% of RP Wt% N Wt% N 
compound compound added added added LOI compound added added 

- -  - -  - -  1 8 . 2  - -  - -  
- -  - -  9.8 22.7 - -  - -  

9.0 2.0 - -  19.4 0.13 0.60 AMF 11.4 2.5 5.1 25.0 0.20 0.92 

14.7 3.5 - -  18.8 0.04 0.17 BTA 13.1 3.2 9.2 23.2 0.04 0.16 

15.5 5.1 - -  19.5 0.08 0.25 ETU 15.2 4.9 10.6 22.3 -0.03 0.12 

10.0 4.0 - -  18.8 0.06 0.15 HMT 9.2 3.7 7.8 22.8 0.01 0.03 

14.9 9.9 - -  21.7 0.23 0.35 MEL 11.3 7.5 9.2 26.3 0.31 0.48 

17.8 6.1 - -  17.3 -0.05 0.15 NMI 16.4 5.6 8.1 20.4 -0.14 -0.41 

AMF, ammonium formate; BTA, barbituric acid; ETU, ethylene urea; HMT, hexamethylenetetramine; MEL, melamine; NMI, 
N-methylimidazole. 

A t r i angula r  d i a g ram for  the c e l l u l o s e - T T P - M E L  
sys tem (Fig. 2) shows  a region o f  relatively high f lame 
r e t a rdance  a long  the  cellulose basel ine wi th  a maxi-  
m u m  shif ted slightly t o w a r d s  the  M E L  axis; the 
synerg ism coefficient is 208. A l t h o u g h ,  w h e n  used at  
the  same overal l  loading,  T T P  is slightly less effective 
t han  R P  as a f lame r e t a rdan t  for  co t t on  cloth,  it is 
m u c h  m o r e  effective on a per  uni t  weight  o f  phos -  
p h o r u s  basis  (Tables  1 and  2). 

Thermoanalytical results 

Cellulose breaks  d o w n  in two  stages,  a fast  
ma in  d e c o m p o s i t i o n  stage at ca 3 2 5  and  a m u c h  
s lower  s tage at  ca 460 c', identif iable as the  c a r b o n  
bu rn - o f f  (CBO)  stage and  accoun t ing  for  a b o u t  
18% o f  the  weight  loss [Fig. 3(a)]. W h e n  R P  is hea ted  
on  its own,  it unde rgoes  a significant  (16%)  increase  
in weigh t  at  a b o u t  420 °, p r e sumab ly  because  o f  
reac t ion  wi th  oxygen  to fo rm a modera t e ly  volati le 
oxid ized  species such as P205.  However ,  when  
R P  is a d d e d  to c o t t on  cloth,  the first weight  loss 
s tage is obse rved  at a slightly lower  t e m p e r a t u r e  than  
wi th  the c lo th  on its o w n  [Fig. 3(b)]; the C B O  stage 
occurs  at a cons ide rab ly  h igher  t e m p e r a t u r e  and  
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Fig. 2. The effects o f  TTP and M E L  on the LOI  values of  
cotton cloth. (A) 100% cellulose; (B) 80% cellulose + 20% 
TTP; (C) 80% cellulose + 20% MEL. LOI values: 0, 18.2; 
1, 19.2; 2, 20.2; 3, 21.2; 4, 22.2; 5, 23.2, 6, 24.2; 7, 25.2; 8, 

26.2; 9, 27.2. 

p roduces  over  30% by weight  o f  ca rbon .  The  ther-  
mograv ime t r i c  t race for  p h o s p h o r y l a t e d  cellulose 
[Fig. 3(c)] shows  tha t  the ma in  d e c o m p o s i t i o n  s tar ts  
at ca 280 ° bu t  then  occurs  m u c h  m o r e  slowly t h a n  
wi th  cellulose itself. In con t r a s t  to the behav iou r  
obse rved  wi th  un t r ea t ed  cellulose,  the  d e c o m p o s i t i o n  
involves two dis t inct  weight  losses p r io r  to the C B O  
stage. 

W h e n  T T P  is i n c o r p o r a t e d  into co t t on  cloth,  there  
is a significant weight  loss be tween  200 and  270 ° 
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Fig. 3. Differential thermogravimetric analysis curves for 
cotton cloth-phosphorus systems. (a) Pure cellulose; (b) 
cellulose+ 15wt% RP; (c) phosphorylated cellulose con- 

taining 5.2 wt% P; (d) cellulose + 10 wt% TTP. 
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Table 5. The effects of phosphorus compounds, 
in absence and presence of MEL, on the CBO 

weight loss of cotton cloth 
P compound CBO weight 

(wt%) Wt% MEL loss (%) 
- -  - -  18.0 
TTP (15.8) --  15.9 
TTP (6.1) 12,6 17.5 
DMP (11.8) - -  31.8 
DMP (6.5) 10.2 35.8 
TPP (16.0) - -  34.2 
TPP (9.3) 10.6 38.6 
RP (10.0) - -  24.1 
RP (15.0) - -  30.6 
RP (10.0) 10.0 26.1 
TPO (13.5) - -  16.9 
TPO (5.8) 9.2 17.8 
TPN (10.8) --  23.0 
TPN (6.5) 8.7 21.9 
Abbreviations for phosphorus compounds as in 

Table 1. 

Infrared spectrophotometric results 

Analysis was carried out of the gaseous products 
formed when cellulose, various additives and cellu- 
lose-additive systems are heated. In particular, 
whereas cellulose on its own gives carbon oxides and 
what is probably laevoglucosan, the addition of RP 
causes the formation of various low molecular weight 
compounds such as acetaldehyde. With RP alone and 
when it is incorporated into cellulose, there are 
absorption peaks in the region 930-1390 cm-~ which 
are almost certainly ascribable to P---O and 
stretching modes and are therefore indicative of the 
formation of oxides such as P205 and oxyacids such 
as H3PO4. RP also reduces the temperature at which 
water is formed and would therefore appear to 
encourage dehydration. 

MEL also seems to facilitate dehydration of cellu- 
lose. Both this and all the other nitrogen compounds 
studied, except barbituric acid (BTA) and NMI,  yield 
some ammonia  on decomposition. 

[Fig. 3(d)]; it represents ca 10% of the total weight 
and thus corresponds to complete loss of all TTP 
from the cloth. The second and third weight loss 
stages correspond to the two weight losses found with 
the cloth on its own but occur at temperatures some 
20 ° higher. The weight loss at the CBO stage is 
reduced. Somewhat similar behaviour is observed 
with samples of cotton cloth containing triphenyl 
phosphine oxide (TPO). Here again effectively all the 
additive is lost at quite low temperatures and the size 
of the CBO weight loss stage is decreased. 

The magnitude of the CBO stage is a useful 
measure of the amount  of char phase formed and 
thus also of the extent to which dehydration of the 
cellulose has occurred. Table 5 shows the effects of 
various phosphorus compounds (in the absence and 
presence of MEL) on the CBO stage and it is clear 
that, although most the additives increase the associ- 
ated weight loss, this is not the case for TTP or TPO. 
Table 6 shows data similar to those in Table 5 for 
various nitrogen compounds (in absence and pres- 
ence of RP) and it can be seen that all of these except 
ethylene urea (ETU) increase the magnitude of the 
CBO weight loss stage. 

Table 6. The effects of nitrogen compounds, in 
absence and presence of RP, on the CBO weight 

loss of cotton cloth 
N compound CBO weight 

(wt%) Wt% RP loss (%) 
- -  - -  18.0 
AMF (9.0) - -  24.8 
AMF (13.0) 7.0 27.4 
BTA (10.4) --  21.0 
BTA 03.4) 9.4 27.1 
ETU (10.0) - -  19.1 
ETU (16.0) 7.0 17.5 
HMT (14.0) - -  22.0 
HMT (11.0) 11.0 26.6 
MEL (10.0) - -  24.1 
MEL (I0.0) 10.0 26.1 
NMI (7.4) - -  24.9 
NMI (16.4) 8.1 38.6 
Abbreviations for nitrogen compounds as in 

Table 3. 

DISCUSSION 

With cellulosic polymers, many phosphorus-con- 
taining flame retardants act largely, if not exclusively, 
in the condensed phase. In such cases the phosphorus 
is probably converted, during the combustion pro- 
cess, into phosphorus oxyacids which can catalyse 
dehydration and crosslinking of the cellulose at the 
expense of its decomposition to yield laevoglucosan 
and other volatile flammable compounds [14, 15]. 
Clearly cellulose, with phosphorus firmly incorpor- 
ated into its structure beforehand, would be expected 
to undergo dehydration readily, on combustion, and 
this probably explains why phosphorylated cotton 
cloth has a relatively high LOI compared with that of  
untreated cotton (Table 1). It can be seen that all the 
phosphorus-based additives used in the present work 
also raise the LOI to some extent and, with many of 
them, the CBO weight loss is increased (Table 5), 
showing that dehydration and charring of the cotton 
cloth are enhanced. Nevertheless TTP and TPO do 
not behave in this way (Table 5) and, since the 
thermoanalytical results show that, with cotton 
samples containing these two additives, almost all the 
phosphorus is lost in the early stages of decompo- 
sition, these two compounds must act mainly in the 
gase phase. TPO is indeed known to be an efficient 
inhibitor of premixed flames as a result of its ability 
to form P and PO radicals which catalyse recombina- 
tion of free radicals responsible for flame propagation 
[16]; it is also believed to act in the gas phase during 
its inhibition of the combustion of certain polymers 
[17]. However TTP, which is very stable, also oper- 
ates in the gas phase but probably functions by 
an essentially physical mechanism, being released 
as such and in the form of a heavy vapour which 
"blankets" the flame and thus excludes oxygen [18]. 

One of the striking findings shown in Table 1 is that 
RP is so much less efficient as a flame retardant, on 
a per unit weight of phosphorus basis, than all the 
other phosphorus compounds. Although the thermo- 
analytical results show that RP increases the CBO 
weight loss of cotton cloth and the i.r. measurements 
suggest that some phosphorus oxides or oxyacids are 
formed from systems containing this additive, it must 
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be concluded that only an extremely small proportion 
of the element is converted to compounds with active 
flame-retardant properties. In this connection, Fig. 1 
shows that, although MEL is inherently less effective 
than RP as a flame retardant for the cotton cloth 
(compare Tables 1 and 4), the raising of the LOI is 
nevertheless determined largely by the nitrogen com- 
pound. This behaviour contrasts with that exhibited 
by systems containing both TTP and MEL (Fig. 2), 
where both additives contribute more or less equally 
to the overall flame-retardant effect. 

There has long been abundant evidence that, with 
cellulosic materials, nitrogen compounds not only 
improve the flame-retardant action of phosphoric 
acid and related compounds [19] but can also cause 
any phosphorus to be attached more firmly to the 
polymer [17]. Comparison of Tables 1 and 2 shows 
that MEL reinforces the action of all the phosphorus- 
containing additives used. One way in which nitrogen 
acts is by increasing the ability of phosphorus com- 
pounds to phosphorylate cellulose and this is no 
doubt an important mode of action with many of the 
additives studied in the present work. Some nitrogen- 
containing additives can apparently catalyse the 
thermal condensation of phosphoric acid to 
polyphosphoric acids which are better phosphorylat- 
ing agents for cellulose [20]. Alternatively P- -N 
compounds, such as phosphoramides, can be formed 
which esterify hydroxyl groups more readily than 
phosphoric acids themselves [15, 21]. However, it is 
not surprising that, when cellulose has already been 
phosphorylated, addition of MEL has little further 
effect (compare Tables 1 and 2). Nevertheless it is 
interesting that the largest increase in flame retar- 
dance is found with TTP and TPO, which appear to 
act in the gas phase and it is not easy to understand 
how MEL acts so effectively in conjunction with these 
two phosphorus-based additives (Table 2). 

Table 4 shows that the various nitrogen com- 
pounds, both on their own and in conjunction with 
RP, marginally decrease the flammability of cotton 
cloth. They are in general less effective flame retard- 
ants than the phosphorus compounds (compare 
Tables 1 and 4). All the nitrogen additives, except 
ETU which is relatively volatile and therefore prob- 
ably readily lost from the polymer, increase the CBO 
weight loss (Table 6); the apparently anomalous 
behaviour of ETU shows, however, that nitrogen 
compounds can act as flame retardants other than by 
catalysing dehydration of the cotton cloth. At the 
same time, it is clear that increased char formation 
is not necessarily associated with a reduction in 
flammability; this effect is shown in particular by the 
behaviour of NMI (compare Tables 4 and 6). It is of 
course well known that nitrogen compounds have 
gas-phase modes of action including, in many cases, 
the ability to release gases such as nitrogen or ammo- 
nia. Such gaseous compounds dilute the volatile 
decomposition products of the cotton cloth, making 
them less flammable. However, in the systems stud- 
ied, there seems to be little or no correlation between 
the flame-retardant effects of nitrogen-containing 
additives and their capacity to release ammonia. 

Perhaps the principal conclusion which can be 
safely drawn from the results is that, despite the often 
superficial similarity of behaviour of many of the 

phosphorus-based additives studied, several distinct 
modes of flame-retardant action are involved; the 
same conclusion seems to apply to the different 
nitrogen compounds. In particular, it appears that 
there is no obvious correlation between the flame-re- 
tardant effects of the various additive systems and 
their ability to bring about dehydration of the cotton 
cloth. This point emphasizes that the enhancement of 
charring is by no means the only, or even necessarily 
the most important, mode of flame-retardant action 
involved when phosphorus is incorporated into cellu- 
losic materials. 
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