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Volatile Products from Kinetic Stages 
in the Pyrolysis of Cotton Fabrics 
Finished with THPS-Urea-Phosphate 

WILLIAM E. FRANKLIN 

Southern Regional Research Center 
U. S. Department of Agriculture 
New Orleans, Louisiana 70179 

A B S T R A C T  

Volatile product fractions were measured for the three kinetic 
stages in the cellulose pyrolysis of cotton fabrics finished with 
ten add-ons of THPS-urea-phosphate flame retardant. Three 
classes  of volatile products were distinguished: anhydroglucoses, 
t tfurans,t t  and nonfuels. The classes of volatile products each 
showed different patterns of response to add-on in each of the 
kinetic stages. The main cellulose pyrolysis reaction was simi- 
lar to the entire cellulose pyrolysis, and the flame retardancy of 
the fabrics was determined by the molar fraction of water evolved 
in the main reaction. The two initial stages were distinct both 
from each other and from the main reaction in the response of 
their  fractions of volatile products to add-on of the flame retar-  
dant. The resul ts  are discussed in t e r m s  of proposed mechanisms 
for  the kinetic stages of the pyrolysis. 
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IN  T R O D  U C  T I O N  

FRANKLIN 

It is generally believed that most flame retardants for cotton cellu- 
lose act  in the solid phase by changing the pyrolysis reaction s o  that 
it cannot furnish volatile fuels to  the flame. There is extensive liter- 
ature on cellulose pyrolysis reactions, including a number of recent 
reviews [ 1- 51. The present series of studies combines two approaches 
to understanding mechanisms of cellulose pyrolysis and effects of 
flame retardants on the pyrolysis. One approach uses thermogravi- 
metry (TG) to measure kinetic parameters  of cellulose pyrolysis re- 
actions. The other approach uses  pyrolysis-mass spectrometry (PMS) 
to identify and measure the pr imary products of the pyrolyses. A wide 
range of add-ons of flame retardants o r  additives was used and identi- 
cal samples were measured by both techniques. 

Differential TG (DTG) plots for  cotton finished with THPOH-ammo- 
nia [6], THPS-urea-phosphate [7], and high add-ons of seven reactive, 
phosphorus-containing flame retardants [8] showed single maxima in 
the cellulose pyrolysis region (240-350°C) and one or  more wide peaks 
in the char  pyrolysis region (450-900°C). DTG data for  fabrics finished 
with THPOH-ammonia [9] was the basis for the proposal that a process 
involving disruption of cellulose crystall i tes was the rate-determining 
step of the cellulose pyrolysis. Kinetic analyses of the DTG data [6, 71 
confirmed this proposal and showed that the volatile pyrolysis products 
are formed in rapid reactions following the rate-determining step. A 
detailed examination of the kinetic data showed that the cellulose pyrol- 
yses occurred in a series of two initial stages followed by the main 
cellulose pyrolysis reaction [ 101. This sequence was also characteris-  
t ic of cotton cellulose finished with other reactive, phosphorus-contain- 
ing flame retardants [8]. It was proposed that the rate-determining 
step of the first initial stage is a random cellulose chain scission and 
that of the second initial stage is an unzipping (orderly depolymeriza- 
tion) of the cellulose chains. Both stages were associated only with 
the l e s s  ordered ("amorphous") cellulose regions. In no case did the 
two combined initial stages cause a weight loss  greater  than 11%. 

PMS data on fabrics finished with high levels of seven reactive, 
phosphorus-containing flame retardants [ 113 , with THPOH-ammonia 
[9],  and with THPS-urea-phosphate [ 121 showed that the primary vola- 
tile products were evolved simultaneously or  almost so and that all 
the volatile products originated from cellulose. The only exceptions 
were small  amounts of ammonia and phosphorus-containing products 
evolved during the second initial cellulose pyrolysis stage of fabrics 
containing very high levels of some flame retardants and some 
phosphorus - containing compounds evolved at very high temperatures 
during char  pyrolyses [ 13, 14). The primary volatile pyrolysis prod- 
ucts from cotton finished with THPOH-ammonia were classified as 
anhydroglucoses, "furans," and nonfuels on the basis  of how the indi- 
vidual pyrolysis product fractions responded to the add-on of the flame 
retardant [91. Similar results were obtained on pyrolysis of fabr ics  
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PYROLYSIS OF COTTON FABRICS 379 

finished with another flame retardant, THPS-urea-phosphate [ 121 , ex- 
cept that one of the primary volatile products, 1,4:3,6-dianhydro-cr-D- 
glucopyranose, behaved like a "furan?' in this series, while it behaved 
like an anhydroglucose in the THPOH-ammonia ser ies .  The flame re- 
tardancy was best  correlated with the total nonfuel fraction in the 
THPOH-ammonia se r i e s  and with the water fraction in the THPS-urea- 
phosphate series. 

In contrast, DTG plots for  cotton fabrics containing moderate o r  
high amounts of additive, inorganic flame retardants showed series of 
two o r  more distinct reactions separated by minima [ 151. In all  cases ,  
the DTG data showed a peak in the range of 250 to 320°C. PMS data 
showed that volatile products derived from cellulose were evolved in 
this temperature range in fractions not greatly affected by the add-on 
above 5- 10% of the inorganic additive. The ear l ier ,  lower temperature 
DTG peaks were shown to mark the evolution of nonfuels: water in the 
case of magnesium chloride, carbon dioxide in the case of potassium 
carbonate [ 151, and both water and carbon dioxide in the case of diam- 
monium phosphate [8] , again in fractions not greatly affected by the 
add-on of the inorganic flame retardant. The amount of inorganic ad- 
ditive in the fabric determined the relative amounts of weight loss  or  
volatile product evolution in the various peaks. It was possible to  ob- 
tain a good correlation between flame retardancy and nonfuel fractions 
only by calculating volatile product fractions over the ent i re  tempera- 
ture  range from the beginning of the first peak to 320°C. 

This study reports  the volatile product fractions evolved in the 
kinetic stages of the cellulose pyrolysis of cotton fabrics finished with 
a reactive, phosphorus-containing flame retardant, THPS-urea-phos- 
phate. The effects of add-on of the flame retardant on volatile product 
compositions from the three kinetic stages of the cellulose pyrolysis 
are reported, and implications of the data on possible mechanisms of 
the three stages are discussed. 

E X P E R I M E N T A L  

Cotton printcloth was treated with tetrakis (hydroxymethy1)phospho- 
nium sulfate (THPS), urea,  and disodium phosphate by a variation of 
the method of Donaldson et al. [16] as described previously [7]. Analy- 
sis of volatile pyrolysis product compositions was done by pyrolysis- 
mass  spectrometry (PMS) as previously described [ 141. PMS scan 
numbers were correlated with temperatures by matching scan numbers 
in total ion pyrograms with temperatures in DTG curves for  the same 
samples. A calibration equation for  PMS scan numbers and tempera- 
tures  was derived by matching departures f rom the baselines, peaks, 
and returns to the baselines in DTG and PMS curves for  each sample. 
This calibration equation was slightly different from that previously 
reported [ 141 because continued use of the solid probe had changed its 
thermal emissivity characterist ics.  
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FRANKLIN 

The PMS data consist of mass  spectra  acquired every 7.5 s as the 
sample is being heated in the solid inlet probe at approximately 5"C/ 
min, which corresponds to the 5.O0C/min used in the TG experiments. 
The data can be manipulated to obtain composite mass  spectra  from 
any selected range in the pyrolysis, and thus to  obtain information on 
the composition of the volatile products being evolved in that range. 
The data can also be manipulated to obtain plots of the total mass  spec- 
t r a l  intensity o r  of intensities of selected ions throughout the pyrolyses. 
A total intensity plot has the same shape as the DTG plot for  the same 
sample because the former measures  the rate of product evolution and 
the latter measures the rate of weight loss. The selected ion intensity 
plots for  a single run in the present series are s imilar  in shape to each 
other and to the total ion plot. Apart from irregularit ies caused by ion 
statist ics in plots f rom very weak ions, the small  differences in shape 
among the ion intensity plots occur at the beginning of the cellulose 
pyrolysis. This is in the region of the initial stages reported previous- 
ly from the DTG data [lo].  The small ,  but apparently real ,  differences 
in the ion intensity plots from the fabrics finished with THPS-urea- 
phosphate made it appear likely that the initial cellulose pyrolysis 
stages would show distinct responses to the add-on of the flame re- 
tardant, as was the case with the kinetic parameters  measured from 
DTG data [ 101. 

In o rde r  to investigate the volatile product compositions from each 
kinetic stage, i t  was necessary to have an accurate temperature cali- 
bration of the solid probe used in the PMS experiments. A calibration 
valid for  each specific s e t  of experiments performed consecutively is 
necessary because the relationship between the indicated temperature 
and the actual temperature of the probe changes as the probe is being 
used. In the present work, a temperature calibration of the PMS data 
was done with DTG curves for  the same sample. A linear regression 
of corresponding DTG and MS probe indicated temperatures gave a 
correlation equation. This equation was used with the indicated start- 
ing temperature (usually 150°C) and the number of isothermal MS 
scans before the s t a r t  of the temperature program to calculate the 
MS scan numbers for  each kinetic stage in the pyrolyses. The tem- 
perature ranges of the kinetic s tages  were determined from Arrhenius 
plots of the DTG data [ 101. Only the linear regions of the Arrhenius 
plots were used to generate mass  spectra  of a given kinetic stage, 
leaving gaps of two to fifteen scans between stages where the Arrhen- 
ius plots indicated a change from one stage to the next. 

The spectra  for a given stage were averaged and the MS background, 
from isothermal periods before and after the pyrolysis, was subtracted 
to obtain a composite mass  spectrum for  the products evolved in that 
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PYROLYSIS O F  COTTON FABRICS 381 

stage. The ion intensities in the composite m a s s  spectra  were used 
to calculate the volatile product compositions [ 141. The calculations 
were done by selecting ions characterist ic of only one or  two of the 
volatile products. Starting with the larger  molecules, it was possible 
to subtract contributions of these larger  molecules to ions characteris-  
tic of the smaller  molecules. For example, contributions f rom al l  the an 
hydroglucoses and "furans" to the intensity of the ion at m/e 28 were 
subtracted from the measured intensities of this ion and the remainder 
used to calculate the fraction of carbon monoxide from a standard mass  
spectrum of carbon monoxide. The calculations of volatile product 
fractions were facilitated by the ability of the MS data system to list 
ion intensities as fractions of the total ion intensity in the spectrum 
and by scanning the mass  range from m/e = 1 to m/e = 550 to include 
all ions formed in the MS ion source. 

The composite m a s s  spectra  were used to calculate the fractions 
of nine specific compounds in the mixtures of volatile pyrolysis prod- 
ucts. These compounds were divided into three classes  of products 
on the basis of the response of their  fractions to the add-on of THPS- 
urea-phosphate [ 121. The anhydroglucoses consisted of levoglucosan 
( 1,6- anhydro- B-D- glucopyranose) and 1,6-anhydro- 8-D- glucofuranose 
(AGF).  The "furans" are so named because the first identified mem- 
be r s  [91 of this class had a furan ring as a s t ructural  feature. They 
a r e  classified together on the basis  of the response of their  fractions 
to add-on of THPS-urea-phosphate. However, they do have a common 
structural  feature in having a s i x  carbon atom chain and oxygen atoms 
in positions which can be formally derived from a glucose s t ructure  
with the loss  of two o r  three water molecules. The "furans" include 
5-hydroxymethyl-2-furfural (HMF), 2-fury1 hydroxymethyl ketone 
( FHK), levoglucosenone ( 1,6-anhydro-3,4-dideoxy-~-D-glycero-hex- -- 
3-enopyranos-2-ulose), and 1,4:3,6-dianhydro-a-D-glucopyranose 
(DAG). DAG had behaved as an anhydroglucose in the pyrolyses of 
fabrics containing THPOH-ammonia flame retardant [9]. In earlier 
work on this s e r i e s  of fabrics,  DAG fractions were shown to respond 
to add-on of the flame retardant more like t 'furanstt than anhydroglu- 
coses [ 121. The third class  of pyrolysis products was the nonfuels, 
consisting of carbon dioxide and water. The carbon monoxide fractions 
were usually small  and did not respond to add-on like any of the three 
major  classes of pr imary pyrolysis products. In addition, a greater  
uncertainty is to be expected in the carbon monoxide fractions because 
the calculation of this product depends on the accuracy of the subtrac- 
tion of the mass  spectral  background, which is dominated by a peak at  
m/e = 28 from atmospheric nitrogen. 

M a i n  R e a c t i o n  

The volatile product compositions from the main cellulose pyrolysis 
reaction a r e  reported as functions of the add-on of THPS-urea-phos- 
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FIG. 1. Plot of anhydroglucose fractions evolved in main cellulose 
pyrolysis reaction against add-on of THPS-urea-phosphate. 
Levoglucosan, ( e) anhydroglucofuranose. 

( *) 

phate. The fractions of anhydroglucoses (Fig. 1) show a continuous 
decrease with increasing add-on of the flame retardant, This response 
is s imilar  to that of the anhydroglucose fractions from cotton finished 
with THPOH-ammonia [?I except that in the THPOH-ammonia series 
the DAG fractions also showed the typical anhydroglucose response to 
add-on of flame retardant. 

The Ttfuran" fractions (Fig. 2)  show a different response to add-on. 
Small add-ons of THPS-urea-phosphate increase these fractions by 
either a small  amount (HMF and DAG) o r  by a relatively large amount 
(levoglucosenone and FHK). The "furant' fractions do not begin to de- 
crease until the add-on of flame retardant is 10% o r  higher, and, even 
at the largest  add-on used in this work, the levoglucosenone and FHK 
fractions are larger  than they are from unmodified cotton. This ''furan" 
response to add-on is also s imilar  to that reported previously for  
fabrics finished with THPOH-ammonia [7]. 

ly with increasing add-on of the flame retardant up to an add-on of 
The fractions of nonfuels (Fig. 3) increase more o r  less continuous- 
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FIG. 2. Plot of tlfuranlf fractions evolved during main cellulose 
pyrolysis reaction against add-on of THPS-urea-phosphate. 
Levoglucosenone, ( 0 )  dianhydroglucose, ( A) hydroxymethyl furfural, 
( 0 )  fury1 hydroxymethyl ketone. 

( m )  

29.3%, but the responses of the water and carbon dioxide fractions to 
add-on are not completely parallel. A 1.0% add-on of THPS-urea- 
phosphate causes a large increase in the water fraction, which con- 
tinues to increase with add-on up to 29.3% add-on. On the other hand, 
a 1.0% add-on causes a slight decrease in the carbon dioxide fraction, 
which does not increase rapidly until an add-on of 10.2% is reached. 
The pattern of the response of the carbon dioxide fractions to  add-on 
in Fig. 3 appears to be nearly the inverse of a typical "furan" fraction 
to  add-on in Fig. 2. Similarly, the pattern of the response of the water 
fractions in Fig. 3 is nearly the inverse of the response of the an- 
hydroglucose fractions in Fig. 1. These patterns may be an indication 
of two parallel  and competing processes in the generation of the vola- 
tile products. One process would lead to the formation of anhydroglu- 
coses or water in relative amounts determined by the add-on of the 
flame retardant. The other process would lead to the formation of 
"furanst' o r  carbon dioxide, again in relative amounts determined by 
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FIG. 3, Plot of nonfuel and carbon monoxide fractions evolved in 
main cellulose pyrolysis reaction against add-on of THPS-urea-phos- 
phate. (A) Water, ( m )  carbon dioxide, ( m )  carbon monoxide. 

LIIE duu-uII. 1 L  ID, Ul  CUUl*C, U U V l U U ~  llUlll L11e arurLllNLilcLLy U I  L I I C  p iu-  
cess that water must be evolved in the formation of the "furanst' f rom 
cellulose anhydroglucose units. The slight decrease in both water and 
carbon dioxide fractions on increasing add-on from 29.3 to 32.6% is 
reflected by slightly increasing fractions of levoglucosan and FHK in 
the same add-on region. This behavior at very high add-ons had been 
noted also in the THPOH-ammonia se r i e s  171, and may be a result of 
the very high level (>450/0) of solids in the finishing bath. The high vis- 
cosity of the pad bath may have hindered penetration of the reagent into 
the yarns and fibers o r  caused migration of the reagent out of the fibers. 
In either case,  a larger  part  of the THPS-urea-phosphate polymer may 
have been deposited on the fiber and yarn surfaces,  resulting in the very 
high stiffness observed for  the fabric with 32.6% add-on. Ea r l i e r  work 
[111 has shown that the distribution of THPOH-ammonia polymer in o r  
around cotton fibers can affect both the volatile pyrolysis product com- 
positions and the pyrolysis kinetics. The carbon monoxide fractions 
(Fig. 3) were affected to only a small  extent by the add-on of THPS- 
urea-phosphate. 
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The data in Figs. 1-3 are s imilar  to, but not identical with, the 
data for  the entire cellulose pyrolysis [ 121. This result  is to  be ex- 
pected because the main reaction accounts for  84-91% of the weight 
loss in the entire cellulose pyrolysis [3]. Therefore, the correlations 
and conclusions discussed previously apply to the data on the volatile 
product fractions from the main reaction. In particular,  the strong 
positive correlation between the oxygen indices and the water fractions 
and the strong negative correlations between the oxygen indices and 
the anhydroglucose fractions indicate that the THPS-urea-phosphate 
finish exerts  its flame-retardant action during the main cellulose 
pyrolysis reaction. It appears from these correlations that the flame 
retardant is effective principally in suppressing anhydroglucose forma- 
tion and promoting water formation. The effects of the THPS-urea- 
phosphate finish on 11furan71 and carbon dioxide formation contribute 
less to the flame-retardant action. In fact, the promotion of "furan" 
formation by the finish would be detrimental to flame retardancy at 
low and intermediate add-ons i f  anhydroglucose formation were not 
simultaneously suppressed. 

The data on the weight fractions and yields of volatile products are 
also s imilar  to both the data on the molar fractions from the main re- 
action and to the data on the weight fractions and yields f rom the  entire 
cellulose pyrolyses. In the main reaction, as well as in the entire cel- 
lulose pyrolysis, the oxygen index has a slightly stronger correlation 
with the molar fractions of water than with either the carbon dioxide 
fractions o r  the weight fractions o r  yields of either carbon dioxide or  
water. 

S e c o n d  I n i t i a l  S t a g e  

The patterns of response to add-on of all the volatile product frac- 
tions are quite different from those in the main reaction. The anhydro- 
glucose fractions in the second stage (Fig. 4) are significantly increased 
by an add-on of only 1.0% of THPS-urea-phosphate, and further increases  
in add-on tend to lower the anhydroglucose fractions. This response to  
add-on is s imilar  to that of the l tfuranstl  in the main reaction except for  
the large increases caused by 1.0% add-on and the continuous decreases  
above 1.0% add-on (levoglucosan) or  3.5% add-on (AGF). 

fraction ve r sus  add-on curve for  the second initial stage and the activa- 
tion energy versus  add-on curve for  the same stage [3]. This is the 
first such parallel response found for  volatile pyrolysis product frac- 
tions and pyrolysis kinetic parameters  for  fabrics finished with reactive, 
phosphorus-containing flame retardants. This parallel response to add- 
on may be a further indication of the drast ic  change in the mechanism of 
the second initial pyrolysis stage caused by 1.0% of the flame retardant. 

It was proposed previously [3] that the second initial stage in unmodi- 
fied cotton is a cellulose chain unzipping process and that even small  
amounts of flame retardants restrict the mobility of the cellulose chains 

There is an interesting parallel between the shape of the levoglucosan 
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FIG. 4. Plot of anhydroglucose fractions evolved in second initial 
stage against add-on of THPS-urea-phosphate. See Fig. 1 for  key to 
symbols. 

in the less-ordered regions. The rate-determining step in the flame- 
retardant fabrics was proposed to be a process  in which bonds are 
broken in the flame-retardant polymer so that the cellulose chains 
are mobile enough to  undergo depolymerization in rapid s teps  after 
the rate-determining step. Small amounts of ammonia were evolved 
only during the second initial stage from the fabrics finished with 
THPS-urea-phosphate, and volatile products containing phosphorus 
were evolved only in the second initial stages of fabrics finished with 
other reactive, phosphorus-containing flame retardants. It is also 
possible that small  amounts of the flame retardant can promote the 
depolymerization steps. The decrease in anhydroglucose fractions 
with increasing add-on may be a result  of the l e s se r  res t ra int  in the 
less-ordered regions as proposed for the kinetic parameters  of this 
stage [31. It is more likely due to the same causes that decrease 
anhydroglucose fractions with increasing add-on in the main reaction. 

The molar fractions of the "furans" in the second initial pyrolysis 
stage (Fig. 5) show a response to add-on of THPS-urea-phosphate 
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FIG. 5. Plot of "furan" fractions evolved in second initial stage 
against add-on of THPS-urea-phosphate. See Fig. 2 f o r  key to 
symbols. 

superficially s imilar  to that in the main reaction. However, the in- 
creases in all the "furan" fractions (except the HMF fraction) caused 
by the f i rs t  1.0% of add-on are from very low values up to  values 
typical of these fractions in the main reaction. Increasing the add-on 
from 1.0% up to 10.2% does not greatly affect the "furan" fractions in 
the second initial stage, as is the case in the main reaction. A further 
increase in the add-on to 15.3% drastically decreases  the "furan" frac- 
tions by 69-100%. Further increases  in add-on cause l e s s  drast ic  de- 
creases in the levoglucosenone, HMF, and FHK fractions. It appears 
that very small  add-ons make the second initial stage s imilar  to the 
main reaction in t e r m s  of volatile product compositions. Very high 
add-ons are more effective in reducing "furantt fractions in the second 
initial stage than in the main reaction. In applying statist ical  multiple 
correlation tests to the data on the "furan" and anhydroglucose frac- 
tions, there was no clear grouping of the fractions of any single vola- 
t i le product o r  group of products from the second initial stage, despite 
the difference in appearance between the curves in Figs. 4 and 5. 
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FIG. 6. Plot of nonfuel and carbon monoxide fractions evolved in 
second initial stage against add-on of THPS-urea-phosphate. See 
Fig. 3 for key to symbols. 

The fractions of the nonfuels (Fig. 6) show a different and charac- 
terist ic response to add-on of THPS-urea-phosphate in the second 
initial pyrolysis stage. The water fractions do not show the continu- 
ous increase with add-on seen in the main reaction. There seems to 
be no consistent pattern in the response of the water fractions except 
for a maximum somewhere around 15% add-on. Both the first three 
points and the last five points show decreases in the water fractions 
with increasing add-on. The carbon dioxide fractions show a charac- 
terist ic response which is the inverse of the response of the "furan" 
fractions to add-on. The double maxima at  3 . 5  and 10.2% add-on in 
the "furan" fractions a r e  seen in the carbon dioxide fractions as 
double minima at the same two add-ons. The water fractions could 
be interpreted as having a s imilar  pattern up to 17.9%, where some 
other process decreases the water fractions with increasing add-on. 
At 22.8% and higher add-ons, carbon dioxide is the major volatile 
pyrolysis product. Again in this stage, the carbon monoxide fractions 
show no characteristic response to add-on, and carbon monoxide re -  
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PYROLYSIS OF COTTON FABRICS 389 

mains a minor pr imary pyrolysis product. There is no strong corre-  
lation of the oxygen indices to the fractions of any individual product 
o r  c lass  of products. No such strong correlation would be required 
to explain the flammability data because of the small  amount of weight 
loss in the second initial pyrolysis stage. 

F i r s t  I n i t i a l  S t a g e  

Since the weight losses in the first stage are quite small  ( 1.2-3.1%, 
o r  1-4 pg in the samples used in this work), the variation in the molar 
fractions of the individual volatile products is expected to  be quite 
high. Nevertheless, some definite patterns can be seen in the responses 
of the volatile product fractions to  add-on of THPS-urea-phosphate. 

a pattern which seems  to be somewhat s imilar  to that for  these frac- 
tions in the second initial stage. The levoglucosan fractions show a 

The anhydroglucose fractions in the first initial stage (Fig.  7) show 

0.24 
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FIG. 7. Plot of anhydroglucose fractions evolved in first initial 
stage against add-on of THPS-urea-phosphate. See Fig. 1 for  key 
to symbols. 
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large increase with add-on up to 3.2%, followed by a more o r  less  
continuous decrease with increasing add-on, and the same small  in- 
crease from 29.3 to 32.6% add-on. The A G F  fractions remain very 
small  and do not show an obvious pattern except for  a possible in- , 

crease in the AGF/levoglucosan ratios,  which may also occur in the 
second initial stage. The minimum at 6.2% add-on appears to be simi- 
lar to the minimum for the "furan" fractions and the slight maximum 
for the carbon dioxide fractions in the second initial stage, and also 
may occur in the nonfuel fractions for the first initial stage. This re-  
sponse by the fabric with 6.2% add-on does not occur in the main re-  
action and no ready explanation is obvious. 

The l'furanT' fractions (Fig. 8) a r e  very small  in the first initial 
stage. All  except two are  below 0.017, and more than half the points 
a r e  below the detectable level (0.0001). The only pattern to be seen 
in the data on the "furan" fractions evolved in the first stage is a max- 
imum at 3.5% add-on, although an isolated point at 10.2% add-on shows 
a higher fraction of DAG. 

0.05 r 

0 12 24 36 
ADD-ON 

FIG. 8. Plot of "furan" fractions evolved in first initial stage 
against add-on of THPS-urea-phosphate. See Fig. 2 for key to 
symbols. 
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12 24 36 
ADD-ON 

FIG. 9. Plot of nonfuel and carbon monoxide fractions evolved in 
first initial stage against add-on of THPS-urea-phosphate. See Fig. 3 
for  key to symbols. 

The nonfuel fractions in the first initial stage (Fig. 9) show a unique 
response to add-on of THPS-urea-phosphate. In contrast to the data 
from the main reaction and the second initial stage, the water and car-  
bon dioxide fractions show an almost inverse relationship with each 
other in the first initial stage. The broad maximum in the water frac- 
tions between 1.0 and 15.3% add-ons is matched by an apparent broad 
minimum in the carbon dioxide fractions in the same add-on range. The 
minimum in the water fractions at 22.8% add-on is matched by a maxi- 
mum in the carbon dioxide fractions at the same add-on. Both the 
water fractions and the carbon dioxide fractions increase as the add- 
on increases from 29.3 to 32.6%, which is opposite to the response 
seen in the other two stages. The carbon monoxide fractions a r e  
either missing o r  small  at  all add-ons in the first initial stage. 

The response of none of the volatile pyrolysis product fractions in 
the first initial stage to add-on of THPS-urea-phosphate follows the 
pattern of response to add-on of the kinetic parameters [3]. The ac- 
tivation energies for  the first initial stages of unmodified cotton and 
cotton with 1.0% add-on were very close, and the activation energies 
for that stage in all the fabrics were low but very similar. The 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
4
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



3 92 FRANKLIN 

rate-determining step of the first stage was proposed to be a chain 
scission process, followed by rapid decarboxylation and dehydration 
steps. It was proposed that the flame retardant causes the kinetic 
effects by polymerizing before the cotton fibers collapse completely 
while drying and keeping the f ibers  partially swollen. The volatile 
product fractions from unmodified cotton are consistent with the above 
mechanism, but the effect of add-on on the kinetic parameters  does 
not explain i ts  effects on the volatile product fractions. It appears 
that in the first initial stage, as in the main reaction, the flame re- 
tardant affects rapid reactions that occur after the rate-determining 
step. In the f i rs t  initial stage, small  add-ons of THPS-urea-phos- 
phate can promote the formation of some levoglucosan and small  
amounts of other volatile fuels. Large add-ons suppress the fuel for- 
mation, possibly in rapid steps simultaneous with o r  following pro- 
cesses  that would lead to fuel formation. 

S U M M A R Y  AND C O N C L U S I O N S  

Volatile product fractions from each of the kinetic stages of the 
cellulose pyrolysis were measured from the pyrolysis-mass spectro- 
metric d a t a  The kinetic stages had been measured from thermo- 
gravimetric data. The volatile product fractions from the main pyrol- 
ysis  reaction were s imilar  to, but not identical with, the fractions 
from the entire cellulose pyrolysis. The anhydroglucose fractions 
showed a continuous decrease with increasing add-on of THPS-urea- 
phosphate up to an add-on of 1'7.9%) and were almost constant at hfgh- 
e r  add-ons. Small add-ons increased the ltfuranll fractions, and add- 
ons above 10.2% caused continuous decreases  in the  "furan" fractions. 
Water fractions continuously increased with increasing add-on up to 
29.3%. Small add-ons decreased the carbon dioxide fractions, but add- 
ons from 10.2 to 29.3% caused a continuous increase in the carbon 
dioxide fractions. There appear to be inverse relationships between 
anhydroglucose and water fractions and between "furan" fractions and 
carbon dioxide fractions. These inverse relationships may indicate 
competing pathways to volatile products. One leads to anhydroglucoses 
o r  water. The other leads to "furans" o r  carbon dioxide. The relative 
amounts of all products are determined by the add-on of the flame re- 
tardant. These inverse relationships were not apparent in the data 
from fabrics finished with THPOH-ammonia. The molar fractions of 
water showed the best parallel with the oxygen indices (measurements 
of flame retardancy). This also contrasts with the data from fabrics 
finished with THPOH-ammonia, where the total nonfuel molar  fractions 
showed the best parallel  with the oxygen indices. 

The volatile product fractions in the second initial pyrolysis stage 
showed patterns of response to add-on that were quite different from 
those in the main reaction. The lowest add-on caused a substantial in- 
c r ease  in the anhydroglucose fractions. Further increases  of the add- 
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on to 29.3% decreased the anhydroglucose fractions. The "furan" 
fractions showed flat maxima between 1.0 and 15.3% add-on, and 
small  o r  decreasing values at higher add-ons. The water fractions 
showed an inconsistent response to add-on. The response of the car -  
bon dioxide fractions to add-on was nearly the inverse of that of the 
"furantt fractions. At high add-ons, carbon dioxide was the major 
volatile product evolved in the second initial stage. It is proposed 
that the rate-determining step in the second initial stage of cotton 
finished with THPS-urea-phosphate is the breakdown of the flame re-  
tardant, as indicated by the evolution of ammonia only in this stage. 
The presence of small  amounts of flame retardant in the cotton seems 
to  promote the evolution of both anhydroglucoses and "furans" in this 
stage. 

losses,  and therefore by small  amounts of volatile products. Small 
add-ons of the flame retardant increase the anhydroglucose fractions 
and large add-ons decrease them almost to the values from unmodi- 
fied cotton. The "furanl' fractions a r e  all very small ,  but seem to 
respond to add-on similarly to the anhydroglucose fractions in the 
first stage. Carbon dioxide is the major volatile product evolved in 
the first stage. The water fractions respond to add-on in a pattern 
almost the inverse of that of the carbon dioxide fractions. The rate- 
determining step of the first initial stage is proposed to be a chain 
scission process in the less-ordered cellulose regions. Small amounts 
of the flame retardant promote the evolution of some anhydroglucoses 
and small  amounts of TtfuransTt in this stage. 

The first initial pyrolysis stage is characterized by small  weight 
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