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Synopsis 

Thermal analyses (TG, DTG, and DSC) of cellulose treated with diammonium phosphate or 
boric acid were conducted in atmospheres of differing oxygen concentration (N,, and 2.5, 10, 211 
0, in He). The weight loss process from both untreated and treated cellulose consists of a first, 
slow stage, a second, rapid stage, and a third, prolonged, char oxidation stage. The first two stages 
appear to  be first-order reactions; their Arrhenius parameters were obtained. Both of the 
additives accelerate the beginning of the weight loss, increase the char yield, and inhibit the char 
oxidation. Boric acid inhibits the first stage and ammonium phosphate promotes it. The effects of 
oxygen are smaller than those of the additives. Oxygen produces three effects: acceleration of the 
beginning of the weight loss, an increase in the char yield, and oxidative gasification of the char. 
However, the dominant of these three effects changes depending on the oxygen concentration. 
The main weight loss and the char yield for untreated and treated cellulose may be explained by a 
chain reaction consisting of random-scission initiation, depropagation producing levoglucosm, 
and grafting termination, all describable by Arrhenius kinetics. 

INTRODUCTION 

An enormous amount of research on the thermal degradation of cellulosic 
materials has been reported. This has largely been concerned with flame 
retardation and, recently, with biorhass energy production and chemical 
conversion. There is confusion as to the proper kinetic parameters of the 
pyrolysis; several kinetic m o d e l P  have been proposed in attempts to resolve 
this. These attempts seem, however, to have been largely unsuccessful. The 
pyrolysis mechanism, which is accepted to be a chain reaction polymer 
degradation in the solid state, is very complex and variable. Evidently the 
complexities arise because, among other things, the activated centers of the 
reaction are very sensitive to the h e  structure of the cellulose and its 
impurities; retardant chemicals also have a major impact, presumably for 
similar reasons. The yields of primary pyrolysis products differ depending on 
these details. The mode of action of fire retardants is thus intimately inter- 
twined with the pyrolysis process. In seeking better retardants we must 
examine this interaction. The presence of oxygen adds more complications; 
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therefore, most studies have been conducted in inert atmospheres. The ther- 
mal decomposition of cellulose is promoted by oxygen.6-10 The activation 
energy for chain scission is reportedly reduced in air relative to that in an 
inert atmosphere. For weight loss, however, the activation energy has been 
reported both to be and to be increased.'S8 It is desirable to clear 
up this confusion as to the effect of oxygen .on the activation energy for weight 
loss. Furthermore, the combustion of cellulosic materials in fires, particularly 
in smoldering fires, proceeds over a range of ambient oxygen concentrations. 
Thus, the effects of oxygen concentration on the pyrolysis and its kinetic 
description need to be determined as an aid in developing quantitative 
understanding of the combustion of cellulosic materials. 

This paper deals with two of the complicating factors in combination. It 
reports a study, using thermal analysis, of cellulose treated with representa- 
tive inorganic flame retardants in environments of differing oxygen concentra- 
tion and describes the effects of both oxygen concentration and the flame 
retardants on pyrolysis. 

EXPERIMENTAL 

Materials 

The cellulose used was a purified fibrous cotton linter. The flame retardants 
used to treat the cellulose were reagent-grade boric acid and diammonium 
hydrogen phosphate. The cellulose sample was first immersed in an aqueous 
solution of one of the flame retardants for about one hour. The cellulose 
sample was recovered by first filtering the suspension through a porous glass 
funnel and then freeze drying the solid. The flame-retardant solutions were 
prepared in levels from 0.5 to 3.0% by weight. The average mass percentages 
of boric acid in the cellulose samples were 0.3, 3.4, and 9.3% of the original 
cellulose weight; those of ammonium phosphate were 2.0, 4.8, and 10.0%. All 
cellulose samples were conditioned in a vacuum dessicator before thermal 
analysis. 

Thermal Analyses 

Each cellulose sample of 4 to 5 mg weight was placed in a covered, 
gold-coated aluminum oxide crucible for simultaneous thermogravimetric (TG) 
and differential scanning calorimetric (DSC) measurements at  5"C/min in a 
Mettler TA2OOOC thennoanalyzer.* Four different atmospheres, pure nitro- 
gen, 2.48, 10.1, and 20.95 0, in helium, were used; helium was used in the 
presence of oxygen to enhance oxygen diffusion into the porous solid phase. A 
flow of about 25 mL/min of the test gas passed continuously around the 
sample crucible in the furnace. Before the test, the thermoanalyzer system 
dead volume was subjected to repeated cycles of evacuation and filling to 
atmospheric pressure with the test gas to remove all traces of air. 

'Certain commercial equipment, instruments, or materials are identified in this paper in order 
to adequately specify the experimental procedure. Such identification does not imply recom- 
mendation or endorsement by the National Bureau of Standards, nor does it imply that the 
materials or equipment identified are necessarily the best available for the purpose. 
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The weight and the temperature of the sample, the DSC heat flow, and the 
time were simultaneously recorded by a computer. At  first, a baseline run with 
empty cells was conducted, and then a sample run was repeated for each 
condition. The actual weight and DSC heat flow were calculated from the 
difference between the sample and baseline runs. This procedure minimized 
the artificial effects of the temperature elevation on the heat capacity of the 
cells and buoyancy, which affect the apparent TG and DSC values; however, 
some DSC baseline problems remained. Derivative thermogravimetry (DTG) 
plots were obtained after the tests by numerical differentiation and smoothing 
of the TG data to remove the inevitable noise that differentiation produces. 

RESULTS 

Thermal Analyses of Cellulose Treated with 
Ammonium Phosphate 

In the pyrolysis of the cellulose samples in nitrogen, the beginning of the 
weight loss was accelerated and the char yield increased as a result of the 
treatment by ammonium phosphate, as shown in Figure 1. Also it is seen that 
the maximum weight loss rate, namely, the peak height in the DTG curves, 
and the peak temperature decreased with an increase in the salt content. The 
peaks have shoulders on the low temperature side which become clearer with 
increasing salt content. The overall weight loss is divided into at least three 
different stages, the first, slow weight loss represented by the shoulder, the 
second, rapid stage, and then the prolonged decomposition of the char. 

Although the maximum DSC heat flow w'as reduced by the salt, the heat 
effect of the first two weight loss stages can be discerned in the DSC curves of 
Figure 2. Two endotherms, designated a and b in the figure, appear to 
correspond to these two stages. The temperatures at a and b agree with those 
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Fig. 1. TG and mU: curves in N, of cellulose treated with ammoNum phosphate. 
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Fig. 2. DSC curves in N, of cellulase treated with ammonium phosphate. 

at the DTG shoulders and peaks. It appears that endotherm a becomes 
deeper and endotherm b becomes shallower with increasing salt content. 

Also, in pyrolyses in the presence of oxygen, the threshold temperature for 
weight loss was lowered and the char yield increased with an increase in the 
salt content, as shown in Figures 3 and 4. Similarly to that in nitrogen, the 
weight loss consists of three different stages, as seen in Figure 5. 

The DSC curves for the 2.5% 0, atmosphere show an endothermic and an 
exothermic peak for each sample, as seen in Figure 3. (Note the general 
downward shift of the DSC baseline here.) These peaks become broader as the 
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Fig. 3. TG and DSC curves in 2.58 0, of cellulose treated with ammonium phosphate. 
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Fig. 4. TG curves in 21% 0, of cellulose treated with ammonium phosphate. 

26 r 
24 - 
22 ~ 

20 - 
' m l 8 -  
v 

5 1 6 -  

I- 

x 

s 1 2 -  

2 10- 

s 8 -  
I- 
I 6 -  
r5 
G 4 -  
* 2 -  

0- 

mo 3 5 0 4 0 0  450 500 
TEMPERATURE ( 'c )  

Fig. 5. DTC curves in 21% O2 of cellulose treated with ammonium phosphate. 

salt content increases. The endothermic peaks corresponding to the active 
weight loss presumably are mainly attributable to evaporation of the pyroly- 
sis products and the exothermic peaks to oxidation of the charred solid 
residue, as suggested by comparison between the TG and DSC curves. The 
endotherm is gradually overwhelmed by the exotherm with increasing am- 
bient oxygen concentration. In 10% 0, endothermic evaporation is possibly 
responsible for the small dip on the leading edge of the exothermic peaks, as 
shown in Figure 6. This endothermic effect, however, is completely covered by 
the oxidation of the char in the 21% oxygen atmosphere, as shown in Figure 7. 
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Fig. 6. DSC curves in 10% 0, of cellulose treated with ammonium phosphate. 

This suggests that the degradation process produces primary volatiles such as 
levoglucosan and water, and forms an oxidizable residue at  the same time. 

The temperatures corresponding to the DTG peak for the second, rapid 
weight loss stage drop sharply with the first few percent of added ammonium 
phosphate, as shown in Figure 8. Also the DTG peak heights are reduced by 
this salt, as shown in Figure 9. Thus ammonium phosphate accelerates the 
onset of the rapid weight loss stage but lowers its peak rate. However, oxygen 
has a different effect. It is seen from Figures 8 and 9 that, for the untreated 
cellulose, higher oxygen concentration lowers the temperature of the DTG 
peak, but raises the corresponding DTG peak height. A similar relation is seen 
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Fig. 8. Changes in the DTG peak temperature in different atmospheres with ammonium 
phosphate content. 

for 2% salt content. It is difiicult to discern any definite trend of oxygen 
influence at higher salt contents, probably because of competing effects 
between ammonium phosphate and oxygen on the pyrolysis. This problem will 
be discussed later. 

The temperatures of the DSC peaks corresponding to the second, rapid 
weight loss stage are shown in Figure 10 as a function of salt content; 
depending on the oxygen level this peak may be endothermic or exothermic, as 
seen before. The downward trend with increasing salt content agrees with the 
accelerated onset of the active weight loss due to the salt. 

Thermal Analyses of Cellulose Treated with Boric Acid 
In TG of cellulose in nitrogen, the onset of weight loss is accelerated by 

boric acid, as shown in Figures 11 and 12. However, the onset temperatures for 
the rapid weight loss stage from the treated samples are almost independent 
of the amount of boric acid added. Another boron compound, sodium tetra- 
borate shows a similar effect." The char yield from the rapid weight loss stage 
increases with boric acid content. The rapid weight loss stage of the treated 
samples occurs abruptly, agreeing with previous results for cellulose treated 
with this acid;12 the DTG curves do not have shoulders on the low tempera- 
ture side, as shown above for the samples treated with ammonium phosphate. 
The DSC curves in nitrogen show sharp endothermic peaks coincident with 
the rapid weight loss, as seen in Figure 13. After this endotherm only the 
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Fig. 9. Changes in the DTG peak heights in different atmospheres with ammonium phosphate 
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Fig. 10. Dependency of the DSC peaks in different atmospheres on ammonium phosphate 
content. 

sample with the highest chemical content gave an apparent exothermic peak, 
but again the exact position of the DSC baseline is uncertain. A similar 
exothermic peak has been previously observed in differential thermal analysk 
(DTA) curves (under vacuum) of cellulose treated with sodium tetrab~rate.'~ 

In oxidizing atmospheres, the TG ad DTG behavior of the treated samples 
is basically similar to that in nitrogen, as shown in Figures 14-16. However, 
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Fig. 11. TG curves in N, of cellulose treated with boric acid. 
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the DSC curves yield strong exotherms after the initial endothermic peaks 
accompanying the rapid weight loss stage, as shown in Figure 14 for 2.5% 0,. 
These exotherms are evidently caused by the oxidation of the charred residue, 
as is inferred from comparison of the TG and DSC curves. These exotherms 
become stronger with increasing oxygen concentration and completely over- 
come the initial endotherm at the highest oxygen concentration, as shown in 
Figures 17 and 18. The observed competition between the endotherm and the 
exotherm again implies that the rapid weight loss stage simultaneously yields 
volatile products and a char; this interpretation is the basis of a pyrolysis 
model by Bradbury and others5 by Shafizadeh and others.14 
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Fig. 14. TG and DSC curves in 2.5% O2 of cellulose treated with boric acid. 

In 10% or more 0, the DSC curves show a second exothermic region at a 
temperature higher than 450°C, as seen in Figures 17 and 18. Similar indica- 
tions of a second exotherm can be found for the samples treated with 
ammonium phosphate, as shown in Figures 6 and 7. Sekiguchi and ShafizadeH5 
found two exothermic peaks in the DSC curves (in air) of a partially pyrolyzed 
cellulose. According to them, the present second exotherm can be ascribed to 
oxidation of aromatic components of the charred residue and the first sharp 
exotherm is due to unstable aliphatic groups in the degraded solid. The 
relatively accelerated weight loss of char corresponding to the second DSC 
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Fig. 15. TG curves in 21% O2 of cellulose treated with boric acid. 

26 r 

- 2 L ' ' .  ' I ' * * * I L n I I I t  I I I I n ,  I I I ,  I ,  I , J  
150 200 250 300 3 5 0 4 0 0  450 500 

TEMPERATURE ( ' c )  

Fig. 16. DTG curves in 21% O2 of cellulose treated with boric acid. 

exotherm can be found in the TG and DTG curves in the higher temperature 
range of Figures 4,5,15, and 16. 

The DTG peaks shift substantially toward a lower temperature with an 
increase from 0 to 0.3% in boric acid content but the shifts are very small with 
further increases in the acid as shown in Figure 19. This DTG behavior is 
much different from that for cellulose treated with ammonium phosphate: 
there, at any fixed salt content, the DTG peak temperature decreased with an 
increase in the ambient oxygen concentration, but the DTG peak heights were 
reduced with increased salt content. Also, with ammonium phosphate, the 
impact of oxygen on the DSC peak heights varied with the salt content. 
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Fig. 18. DSC curves in 21% 0, of cellulose treated with boric acid. 

Returning to the effect of boric acid, one finds that the temperature of the 
DSC endothermic peaks is lowered with an increase in the chemical content as 
well as with an increase in the oxygen concentration, as shown in Figure 20. 
This parallels the DTG peak behavior. The temperature of the first strong 
exothermic peak is reduced with an increase of 0 to 0.3% in the boric acid 
content, but higher levels reverse the trend, in contrast to the effect of 
ammonium phosphate. The peak temperature of the same exotherm decreases 
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with an increase in the oxygen concentration as the char oxidation rate 
accelerates. 

Kinetics 

The weight loss from cellulose due to its thermal decomposition has been 
empirically shown by many researchers to obey first-order kinetics with 
respect to the remaining weight of the fue1.l6 Therefore, the Arrhenius 
parameters of the weight loss were determined in this study on the basis of an 
apparent first-order reaction. The weight loss rate in a ht-order reaction is 
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where w is the weight, t the time, and k the rate constant. Since the 
temperature is a function of time, Eq. (1) reduces to 
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Fig. 22. Arrhenius plots for firsborder weight loss in 2.5% 0, of cellulose treated with 
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where A and E are the Arrhenius pre-exponential factor and activation 
energy, respectively, R is the gas constant, and T is the temperature. 
Therefore, plots of the left-hand side of Eq. (2) against (l/T) provide the 
apparent Arrhenius parameters. 

These plots, derived from the TG and DTG curves, are shown in Figures 
21-24. The plots yield two (or sometimes one) straight line sections, usually 
one with a steep slope in the high temperature region and one with a lesser 
slope in the low temperature region. (There are two exceptions in Figure 22: 
the samples treated with boric acid in an atmosphere of nitrogen or 2.5% 0, in 
He.) At the high temperature end these plots curve back toward a lesser slope. 



1548 HIRATA AND WERNER 
TABLE I 

Arrhenius Parmeters of Weight Loas in Different Atmospheres 

E+J/mole) A (s-l) 

Treatment Stage02 % 0 2.5 10 21 0 2.5 10 21 

Untreated First 206 164 143 149 3.6 X lOI4  6.6 X 10" 1.1 X lo9 3.8 X lo9 
Second 310 328 348 397 4.7 X loz3 3.1 X 10% 1.2 X lon 1.5 X lo3' 

Second 214 205 180 206 1.1 X lo" 1.8 X 10l6 1.2 X 10" 3.1 X 10l6 
4.8 % DAP First 60 66 60 59 3.0 X lo2 1.1 X lo3 3.4 X 10' 2.4 X 10' 

Second 150 159 135 167 3.5 X 10" 2.0 X 10" 1.5 X 10" 2.3 X 1013 
lO%DAP First 38 39 36 42 2.8 2.8 1.1 8.5 

Second 135 123 137 125 2.6 X 10" 1.1 X log 3.2 X 10" 2.8 >5 log 

Second 357 392 364 411 4.7 X lom 9.2 X lo3' 3.9 X lor' 7.3 X 10% 

Second 417 435 405 497 1.3 X 10% 6.4 X 10% 1.8 X 10% 5.5 X lo4' 

Second 417 435 418 497 1.3 X 10% 6.4 X 10% 3.6 X loM 5.5 X lo4' 

2 % D A P  First 93 B 81 86 2.1 x 105 2.7 x lo4 2.3 x 104 5.1 x lo4 

0.3 S BA First 213 249 3.7 x 1.1 x 1019 

3.4% BA First 273 1.1 x 1021 

9.3 % BA First 273 1.1 x 1021 

~ ~ ~~ 

Abbreviations: DAP, &ammonium phosphate; BA, boric acid; E, activation energy; A, pre- 
exponential factor. 

The curvature is due to a smaller decrease in w (with increasing temperature) 
relative to the change in dw/dt. This in turn originates from the fact that the 
values of w used for the plots included an unknown amount of stable char 
which should be, but could not be, deducted. This must be borne in mind 
when these numbers are used. 

The activation energies determined from the slopes of the linear portions of 
the plots and the pre-exponential factors determined from their intercepts are 
listed in Table I. As indicated above, these values are reported here without 
the corrections for the unknown weights of gasifiable material corresponding 
to the first and second reaction stages. The temperatures at which the weight 
loss switches from the first stage to the second stage in the Arrhenius plots 
were obtained from Figures 21-24 and are listed in Table 11. These first and 
second reaction stages definitely correspond to the first, slow and second, 
rapid weight loss stages, respectively, as seen by comparison between the 

TABLE I1 
Temperature at Transfer from First Stage to Second Stage of Weight Loss 

Temperature ( C) 
Treatment 4%' 0 2.5 10 21 

Untreated 
2 % D A P  
4.8 % DAP 
10% DAP 
0.3 % BA 
3.4 % BA 
9.3 % BA 

322 
268 
242 
233 

312 308 
268 259 
249 237 
240 233 

290 

302 
260 
241 
231 
297 
290 
290 
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DTG curves in Figures 1 and 5, and the temperature values in Table 11. 
Arrhenius parameters for the third stage (char oxidation) are not reported. 

DISCUSSION 

Effects of Ammonium Phosphate 

The first stage of weight loss from cellulose has been interpreted to be 
caused by pyrolysis in the amorphous region,17-19 and has been shown or 
inferred to give water in large amounts in addition to levoglucosan.17~18~m~21 
The dehydration is accelerated by diammonium phosphate.22 In other studies, 
DTA curves in an inert atmosphere of cellulose treated with mono- or 
diammonium phosphate have shown three or four e n d ~ t h e r m s . ~ ~ - ~ ~  Although 
only two endotherms can be detected in the present DSC results for nitrogen, 
it is inferred here that the first one is mainly caused by pyrolysis of the 
amorphous region, because the endotherm becomes deeper and shifts toward 
lower temperatures with an increase in the salt content, as shown in Figure 2. 
This first endotherm is masked in the oxidizing atmospheres, but the corre- 
sponding DTG shoulders are found and they behaved similarly even in the 
oxidizing atmospheres. Since the char yield increases with the salt content 
(except for the sample with a 10% salt content, in nitrogen), ammonium 
phosphate is seen here to simultaneously accelerate dehydration and char 
formation; these effects were previously shown by many authors. 

Even though the char yield increases with salt content, the sharpness of the 
DSC exothermic peak, ascribed to oxidation of aliphatic groups in the char,15 
decreases with an increase in the salt content, as shown in Figures 6 and 7. 
This suggests that ammonium phosphate either inhibits oxidation or makes 
the char structure more stable. 

In previous work, Arrhenius plots derived from TG results on the basis of 
an apparent first-order reaction have shown two stages of weight loss from 
cellulose both untreated and treated with flame retardants, in an inert 
a t m ~ s p h e r e ~ . ~ ~  and air.' The activation energies were lower for the first low 
temperature stage than for the second stage; the present results are consistent 
with this. In this study the activation energies of both stages were reduced by 
diammonium phosphate treatment, agreeing with results for cellulose treated 
with ammonium dihydrogen phosphate by Tang;26 here they decreased fur- 
ther with an increase in the salt content. A similar tendency for both of the 
activation energies has been shown by Kumagai and others7 for filter paper 
and Avicel celldoses treated with phosphoric acid. Two weight loss stages for 
cellulose treated with ammonium dihydrogen phosphate were also found by 
Inagaki and Katsuura,ni28 though the order for the reactions was not unity. 
Also, both activation energies did not decrease with an increase in the salt 
content. 

Reported values for the Arrhenius weight loss parameters are quite varied, 
depending on the kind and purity of the materials, atmosphere, heating 
procedure, and method of calculation. For example, Kumagai and others' 
have determined activation energies, respectively, ranging from 182 to 214 
kJ/mol and 270 to 487 kJ/mol for the first and second weight loss stages, 
depending on the kind of cellulose and the atmosphere. On the other hand, 
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Tang’s values26 in vacuum are 146 and 234 kJ/mol for the first and second 
stages, respectively. Thus, the activation energies obtained here for untreated 
cellulose are in the range of reported values. 

The main (second stage) weight loss from cellulose has been assumed to be 
driven by random chain-scission initiation and depropagation producing levo- 
glucosan, and to be retarded by termination of the chain r e a c t i ~ n ; ~ . ~  this 
sequence is generally established for the‘thermal decomposition of many vinyl 
polymers. If the initiation process produces a radical because of asymmetry of 
the cellulose molecule about the glucosidic bond and if the termination 
mechanism, as previously pr~posed,~ is grafting between an activated center 
on a chain fragment and a cellulose hydroxyl group, and, further, if the kinetic 
chain length is short, as estimated by Okamot~ ,~  then the following rate 
equation applies at steady state: 

d [ R ]  k i L  k,OH,R 
dt V V 2  

= o  -- (3) 

where R is the number of radicals, t is the time, ki  and k ,  the rate constants 
of the initiation and the termination reactions, L is the number of glucosidic 
linkages, OH, is the number of hydroxyl groups, and V is the volume. The 
production rate of monomer, levoglucosan, is expressed as 

dM 
- = k,R 
dt (4) 

where M is the number of monomer units and k, is the rate constant for the 
depropagation reaction. When the degree of polymerization (DP) is large 
compared to unity, L = n (jj - 1) GS @, where n is the number of polymer 
molecules, jj is the number average DP, and also n .  is the total number of 
polymer structural units. Since the termination reaction does not significantly 
affect OH,, which is equal to 3@, one obtains 

dM 
dt 

from Eqs. (3) and (4) plus the preceding expressions. 
We have no exact information on how V changes with the extent of 

pyrolysis in the solid state. If V is constant for a long time, the weight loss 
reaction order is zero. If, on the other hand the volume per structural unit, V, 
is constant, V = V,njj; then Eq. (5)  reduces to 

dM 
dt k,nP - =  

where k ,  = k,kiVJ3k,, which is a first-order reaction. The second (rapid) 
weight loss stage in this study may be controlled by Eq. (6). 

Ammonium phosphate accelerates the initiation, as shown by the lowering 
of the threshold temperature for weight loss, with increasing salt content and 
by previous results on DP meas~rements.~~ This salt, however also accelerates 
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the termination.29 Since the overall activation energy of the second weight 
loss stage decreases with increasing salt content, the decrease in the activation 
energy for the initiation and/or depropagation is inferred here to be larger 
than the decrease in the termination value. Furthermore, since this salt 
accelerates the dehydration reaction especially during the first stage, thereby 
decreasing the available hydroxyl groups, the termination reaction is in- 
hibited; therefore, the overall activation energy of the weight loss may 
decrease as well due to such modification of the hydroxyl groups. 

The termination reaction, as well as the dehydration reaction, contributes 
to the char increase by formation of crosslinks. If, with increasing salt content, 
the depropagation rate becomes larger than the termination rate, the char 
yield will decline. This could explain the fact that the char yield in nitrogen is 
smaller from the sample with a 10% salt content than from that with a 4.8% 
salt content as shown in Figure 1. 

Effects of Boric Acid 

The TG and DTG curves indicate that the beginning of weight loss and 
char formation are accelerated with an increase from 0 to 0.3% in boric acid; 
further acceleration is not apparent above this level of retardant. Since the 
sharpness of the first DSC exothermic peaks decreases with boric acid content 
and the peak temperature shifts upward with an increase above 0.3% as shown 
in Figure 20, boric acid evidently either inhibits oxidation or formation of the 
groups in the solid responsible for this exotherm (presumably aliphatic 

There is no definite indication of low temperature shoulders on the DTG 
curves like those found for the samples treated with ammonium phosphate. 
This lack is reflected in the Arrhenius plots for the weight loss. The weight 
loss processes are not divided into two stages except in the highest oxygen 
concentration and for the sample with a 0.3% additive content in the 10% 0, 
atmosphere. In these exceptions the first weight-loss stage is considerably 
shorter than that for the samples with ammonium phosphate. Therefore, boric 
acid is apparently acting here to suppress the first weight-loss stage. 

Boric acid has previously been shown to have a lesser accelerating effect on 
the dehydration than other flame retardants22.30 and it has also been found to 
cause the dehydration and rapid weight loss (depolymerization) reactions 
which occur simultaneously.22 Furthermore, this retardant has been shown 
from DP measurements not only to promote random scission initiation, 
agreeing with the present accelerated onset of weight loss, but also to 
accelerate termination.12 The observation that weight loss begins at a much 
higher temperature than that for the onset of random scission'2 may be 
explained by accelerated termination. The almost unchanging threshold tem- 
perature for weight loss seen in the TG curves of Figures 11,14, and 15 implies 
that the cross-linked structures formed by the termination reaction have 
about the same stability as the original cellulose. 

The overall activation energy of the weight loss increases somewhat with 
boric acid content, as seen in Table I. This agrees with previous kinetic 
analyses of TG2, and isothermal heating31 data for cellulose treated with boric 
acid. This increase in the activation energy may be due to both the accel- 

groups'5). 
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Fig. 25. TG curves of untreated cellulose in different O2 concentrations. 
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erated termination reaction and the cross-linked structures produced in the 
cellulose. 

Effect of Oxygen on the F'yrolysis 

As stated above there are no simple monotonic effects of oxygen on the 
DTG results for samples with ammonium phosphate (see Figures 8 and 9) or 
on the DTG peak heights for samples with boric acid (see Figure 19). 
However, some interesting observations can be obtained from the TG curves 
when they are compared for the various oxygen concentrations, as shown in 
Figures 25-27. The char yield is not necessarily highest in a nitrogen atmo- 
sphere. However, as is generally expected, the char yield in nitrogen is higher 
than that in a 21% oxygen atmosphere (except for the untreated sample 
between 350 to 410°C in Figure 25). The beginning of the weight loss from 
untreated cellulose is accelerated with an increase in the oxygen concentra- 
tion, but the onset of weight loss from samples with the 4.8% ammonium 
phosphate and 3.4% boric acid is retarded in a 2.5% 0, atmosphere compared 
to N,, as shown in Figures 26 and 27. 

In order to look into the oxygen effects on char formation, the char yields 
from each treated sample in the different atmospheres were obtained at  the 
TG temperature at which the second stage (rapid) weight loss was completed 
in nitrogen. Although the exact values may be somewhat arbitrary, this 
determination will be enough to derive qualitative but consistent explanations 
of the oxygen effects. For the samples with ammonium phosphate, 10% 0, 
concentration gave the highest char yield for each retardant content (except 
for the 2.0 and 4.8% salt contents in nitrogen), as shown in Figure 28. For the 
samples with boric acid, again the same oxygen concentration produced the 
highest char yield for each retardant content, as shown in Figure 29. Although 
the effect of oxygen on char yield is not monotonic for all retardant concentra- 
tions, it is clear that an 0, concentration near 10% gives the highest char 
yield. 
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Fig. 27. TG curves in different 0, concentrations of cellulose containing 3.4% boric acid. 

For untreated cellulose, the activation energy of the first stage decreases 
with increasing oxygen concentration, as shown in Table I. This agrees with 
the acceleration of the beginning of the weight loss due to oxygen, as shown in 
Figure 25. The activation energy of the second stage increases with oxygen 
concentration. These tendencies, however, cannot be found for the treated 
samples. For ammonium phosphate-treated cellulose it seems that the activa- 
tion energies of both of the stages did not change regardless of the oxygen 
concentration. For the sample with boric acid, on the other hand, the oxygen 
dependent change in the activation energy of the second stage looks incon- 
sistent, though the values are the highest in 21% oxygen. The first weight loss 
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Fig. 28. Changes with O2 concentration in char yield for ammonium phosphate-treated 
cellulose (char yield determined at the temperature of the completion of the rapid weight loss in 
nitrogen). 

Fig. 29. Changes with 0, concentration in char yield for boric acid-treated cellulose (char yield 
determined at the temperature of the completion of the rapid weight loss in nitrogen). 

stage in high oxygen concentrations for this sample may be caused by oxygen 
acceleration of the onset of weight loss. 

Oxygen definitely plays three different roles in the pyrolysis, as seen from 
behaviors of the untreated sample. It accelerates the onset of weight loss (see 
Figure 25) and of crosslinking; it also exothermically gasifies the char, as 
shown by the DSC exotherm. Oxygen first accelerates random chain scission, 
probably through the formation of peroxides, as is generally accepted in 
polymer oxidation, and then promotes the onset of weight loss by oxidizing 
the cellulose, as interpreted by Shafizadeh and Bradb~ry .~  Theae reactions 
probably occur preferentially in the amorphous region, as is suggested from 
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studies of the oxidation of polyethylene.32 An activated center on a chain 
fragment may undergo accelerated termination by reacting with a peroxy 
radical to form a Q.oselink. Peroxide formation, as well as crosslink formation, 
makes the cellulose structure less ordered, and therefore the termination 
reactions are further accelerated due to the increase in the amount of the less 
ordered region. The increase in the activation energy of the second weight loss 
stage for untreated cellulose with increased oxygen may be due to such 
acceleration of the termination reactions and to the formation of cross-linked 
structures. The char yield increases with the extent of cross-linking but it then 
decreases due to the char gasification accelerated with an increase from 10 to 
21% 0,, as shown in Figures 28 and 29. 

The oxygen effects are much reduced by the simqltaneous retardant effects 
and the principal mechanism of oxygen action on the pyrolysis reactions 
seems different depending on the oxygen and retardant amounts. At  a low 
concentration, such as 2.58, oxygen may mainly accelerate scission of the 
glucosidic bond and of crosslinks preferentially formed by termination and 
dehydration due to the effect of the retardants. This reduces the char yield, as 
stated above. Nevertheless, with an increase in the oxygen concentration, the 
char yield increases, because peroxy and other radicals increase, thereby 
accelerating the cross-linking terminations. This explanation agrees with the 
finding that the activation energy of the second stage is the highest in 21% 0, 
except for the sample with ammonium phosphate. Probably strong dehydra- 
tion reaction due to ammonium phosphate makes the remaining cellulose 
structure too stable for the oxygen effect to be reflected in the Arrhenius 
parameters. Even in the high concentrations the oxygen effect to accelerate 
the scission of linkages is revealed by the occurrence of the first stage weight 
loss from cellulose with boric acid, whose dehydrating effect and therefore the 
stability of corresponding cellulose structure are smaller than those for am- 
monium phosphate. 

It is concluded that, for samples treated with these flame retardants, 
oxygen accelerates random-scission initiation at low concentrations such as 
2.58, termination reactions at  medium concentrations, and oxidation of the 
char at the highest concentrations, such as in air. 

CONCLUSIONS 

As seen here and elsewhere, the weight-loss process from cellulose untreated 
and treated with flame retardants consists of three stages: a first, slow weight 
loss, a second, rapid weight loss, and a prolonged stage of char oxidation. The 
first two stages are accepted to follow an apparent first-order reaction. Here it 
is found that the main weight loss (second stage) may be explained by a model 
based on a chain reaction with random-scission initiation, depropagation 
producing levoglucosan, and grafting termination. 

Diammonium phosphate accelerates the first two weight-loss stages and 
raises the char yield. Boric acid suppresses the first weight-loss stage and 
increases the char yield. These effecta of the flame retardants are qualitatively 
explained here by a chain reaction mechanism in accord with the obtained 
Arrhenius parametera and char yields. Both of the retardants either accelerate 
the formation of stable char structures or inhibit the low temperature oxida- 
tion of the char. 



1556 HIRATA AND WERNER 

The effects of oxygen on the pyrolysis are smaller than those of the 
retardants. Oxygen has three effects: it accelerates the beginning of the weight 
loss, it raises the char yield, and it promoh char oxidation. Oxygen either 
reduces or increases the effects of the retardants depending on its level. This 
ambivalent impact of oxygen in the presence of the retardants is qualitatively 
rationalized in accord with the pro@.reaction mechanism. 

For the future, it is desirable to establish a more precise model of the weight 
loss including the dehydration, because many flame retardants accelerate the 
production of water from cellulose. 

The authors gratefully wish to acknowledge Dr. T. J. Ohlemiller of the National Bureau of 
Standards for his editorial help to their paper. 
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