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Fffects of Tnorganic Salts on Pyrolyses of Wood and
‘ellulose, Measared with Thermogravimetric and

Differential Thermal Analysis Technigues. 11

Pyrolyses of treated woods and celluloses in vacuo

By

Toshimi HraTa™ and Hiroshi Are®

s of wood and cellulose, and effects of ammonium phosphate, am-
monium bromide, sodium borate, and sodiwm chloride on the pyrolyses of these maferials
were studied by means of thermogravimetry and differential thermal analy wigues
in wvacuo as the basis for flame retardation of woml, The pyrolyses of the samples
treated with the above salis are reported in this paper.

Some peaks were observed on the DTA curves of the ireated samples. The reactions
to which the peaks correspond are proposed based on the changes of the peaks with the
aalt content. The peak temperature changes with It content permitted the effects
of the salts to be deduced. It was available for the supposition of the mechanisms of
the increase in the char restdoe with the action of the salts that the peak areas for the
original cellulose fractions directly relate te the char yield. The increase in the char residue
of the wood with the ireatments seems to be rmuch contributed from cellulose, but the
contribution from other componenis to the incresse somewhat increased with the higher
salt content.

Spmmary © Pyrolys

1. Introduction

In the previous paper®, the pyrolyses of the untreated wood and cellulose was reported.

Th

& pyrolyses of wood and cellulose treated with diammonium phosphate, ammonium bromide,

sodinm tetraborate and sodium chloride are described in this paper.

In the pyrolyses of chemically treated wood and its components, the outset temperature

energy of the pyrolysis would be lowered, the residual char

and the apparent activation
would be increased, and the volatile products would be decressed in comparison with those

B

Ta and witaneously performed the thermogravimetry

of untreated materials.

b ammonium di-

(TG and the differential thermal analysis (DTA) of cellulose treated w

the decomposition of three

hiydrogen phosphate, and determined the kinetic parameters for

of four ingredients observed in the course of the pyrolysis with changing the heating rate

and by means of the agreement hetween a DTA peak and a maximum rate of weight loss

ified the ingredients by the ¢l

v derived. Furthermore, they ides
it

which was theore

of the DXTA peak area with the ¢ content. In this paper, the data are analyzed utilizing

suggestions from their methods.
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2. Experimental

The TG and DTA apparatus, and wood and cellulose which were already described in the
previous paper®, were used in the experiment.

Bach CP grade of diammonium hydrogen phosphate, ammonium bromide, sodium tetra-
borate decahydrate, and sodium chloride was used for the treatment of the materials.

The cellulose and the wood samples were immersed in each aqueous solution of the salts
which had concentration appropriate to a réquired content in a sample, and these samples
were then dried on a water bath at 90°C, Subsequently, these were dried at 60°C and then
were kept on silica gel in desiccators, just before the experiment. There were three levels
of 1, 5, and 109@’ in the content of each salt.

3. Results and discussions

3.1 Samples treated with diammonium phosphate

The TG and the DTA curves of cellulose treated with diammonium phosphate are shown
in Fig. 1. The more sallt the sample contained, the more the threshold temperature of active
weight loss lowered and the char residue increased, as seen in the figure. Three endothermic
peaks are found on the DTA curve. By Axita and Kasg?, four peaks on the DTA curve of
cellulose containing dihydrogen ammonium phosphate corresponded to the decomposition of
the salt itself, to the pyrolyses of modified cellulose with the salt and of residual cellulose,
and to the secondary reaction of products generated from the pyrolysis of modified cellulose,
in the order of the occurence, respectively. Similar results were obtained in the present
experiment. In Fig. 2, where the depth of each peak is given as a function of the content
of the salt in the cellulose, it is found that the depths of two peaks (A and B in Fig. 1) in
the region of low temperature increased, and the peak C at the high temperature shallowed
with the increase in the salt content in agreement with Axita and Kasel'. Therefore, it is
assumed that these endotherms indicate the pyrolyses of the salt, of modified cellulose and of

residual one, respectively. The fourth peak which was observed at the highest temperature
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Fig. 1 TG and DTA curves of cellulose treated with diammonium phosphate.



The eurves, A, B, and € correspond to the

peaks shown in Fig. L

v, 2 Changes of height of DTA peaks
for cellulose sample with amount of
diammonium phosphate,

SN
cF(NHs

by Axira and Kase, however, was not confirmed in the present experiment, but as seen in

Fig. 1, the levelling off at 290 to 330°C on the DTA curve of the sample with the highest

. 1

content, may correspond to it. This endotherm could not be wtilized in the determination of

jurt

kinetic parameters from lack of the sharpness in their study.

7

decreased with the incy . in one for the modified cellulose as seen in Fig. 2, it seems that

the volatized fraction was decreased and the char residue was increased with the modification
in celluloge on heating. 1t is found in Fig. & that the DTA peak area for the residual cellu-

lose, which is assumed to indicate the amount of this fraction, decreased with the increase

in the amount of the char residue. Then it is thought that the resideal cellulose gave more
volatized fraction and less char residus, and the modified cellulose produced less volatized
fraction and mmore char residue. This supposition does not conflict with the mechanism of

flame retarding of phosphoric acid cited by Browwg®,

Oy Wood treated with (NH)HPO, @ B Cellulose treated with (NH4)oHFOy,

Lo o Wood treated with NHBr, x=-— - Cellulose treated with NHBr,

2 and ¥ Untreated wood and cellulose, respectively.

Fig. 3 Correlations betwesn amount of residue and DTA peak area®
corrvesponding to pyrolysis of original cellulose,

#] The amounts of the char residue were corrected for the contained salis, assuming ammonium
phosphate to be changed inte metaphosphoric acid® and ammonium bromide to be removed from
the residue up to 400°C. The peak areas in this figure and others were always corrected for the
initial content of the salt.
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The DTA peak area for the residual cellulose
decreased with the increase in the salt content in
the tendency of an exponential function. It seems
that there is a linear relation between the logarithms
= of the peak area and the salt content as seen in
-':% Fig. 4, though the number of the plots is not plenty.
oy If the linear relation between these two quantities
: is true, the following explanation may be possible.
:”’ When the total amount of cellulose ¢ at time ¢
(925 is expressed with the modified cellulose fraction ¢,
:Dé and the residual cellulose fraction c¢,, and if the
&
- residual cellulose was consumed by the modification
. alone during it,
C= Ot Gy e ( 1 )
and then, with the condition of d7/di=¢ which is
constant,
_ gey  dom
di 4T
Initial contert: of (NHORHPOs (%)
@~ Area of peak C for cellulose where, [P] is the concentration of the salt or a
sample, ~ O=—O Area of peak C’ for product of the salt and is assumed to be in propor-

wood sample, Xww-x Residue incre-
ment of cellulose sample, Dy Re-
sidue increment of wood sample. ature, £ the pre-exponential factor, £ the activation

tion to the initial content of the salt, 7" the temper-

Fig. 4 Plots of logarithms of residue  energy, R the gas constant. Assuming that (P was
B g % and an > L. = .
mcremgm (between 0% and another constant during the term when the modified cellulose
level of salt content) or of area of
DTA peak vs, amount of diammo-
nium phosphate. and initial conditions are ¢,=c¢ and ¢, =0 at T=7TY,

was borne by the salt and the residual cellulose,

the integration of eq. (2) for T gives
¥

s e T, BT e '

iwzﬂ/@]u:gn%m 5,,{})3& 3 g BT T e (3)

L ¢ P Ty

where, 75 is the termination temperature of the formaiion reaction of the medified cellulose.

After the manner of the derivation of eq. (14) in the previous paper?,

is derived, where 47'=Ty— 73, and K is regarded as constant. Eq. (4) shows that the loga-
rithms of the modified cellulose fraction is in proportion to the amount of the salt. From
eq. (4),
e g < BT RN O (5)

is readily derived and it corresponds to the above result in Fig. 4, assuming that the peak
area for the residual cellulose is directly proportional te its amount. Development of a
mechanism to form the modified cellulose in which [P) is independent of the time of the
reaction is needed. The modification of cellulose molecules with a product of the salt and
the liberation of the product from the modified cellulose by pyrolysis might occur in the way

of a chain reaction.
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Thick and fine lines correspond to TG and DTA, respectively,
196, = =58, and - —— 104 of salt content,

Fig. 5 TG and DTA curves of wood treated with diamimonium
phosphate.

The TG and the DTA curves of the treated

~3350
wood resemble those of the cellulose as shown

in Fig. 5. The endotherm A’ in the lowest

temperature is thought to represent the pyro-

. . Q
ysis of the salt, as compared with the case
300 o

of the cellulose. The peak ', for example,

ates

at 305°C for the 1% sample, probably ind

the pyrolysis of the residual celluiose in the | 5
wood, for its peak area decreased with the > N j:)
increase in the salt content as shown in Fig. 6 M 1G04 \ ””\\\ -4 250 n$
and the tendency of this decrease is analogus - "X Teg
as seen in Fig. 4. It sol \'\x\

is considered that effect of the salt on the h o
pyrolysis of cellulose alone is identical with L L X
that in wood in principle. o o 5 ‘ N

. o~ o ) e ) ) M GO

In Fig. 6 the temperatures of the DTA o o Temperature of peak C' for wood
peaks for the residual cellulose are compared sample, ©-~--0 Temperature of peak C for
between the dose and the wood. Both cellulose sample, »-——x  Area of peak Cf

for wood sample.
peaks shifted toward the low temperature side

Fig. 6 Changes in DTA peaks (C in Fig.
1 and € in Fig. 5) with amount of
found in the figure that the residual cellulose diammonium phosphat

with the increase in the salt content. It is

in the wood sample was thermally more Jle than in the cellulose sample. The dependence
of the pyrolysis temperature of the residual cellulose on the salt content suggests that its
pyrolysis was accelerated by the salt.

The yield of the char residue increased with the Increase in the salt in a similar manner

I -

between the wood and the cellulose as seen in Fig. 7. e increase in the char residue
vielded from the wood appears to be much dependent on cellulose. Then, as given in Fig. §,
the increase in the char vield from the treated wood was divided into two parts contributed

from cellulose and from other components. Fig. 8 shows that in the lesser content of the
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NH,Br. Fig. 8 Increase in residue of wood with
. treatment of diammonium phosphate
Fig. 7 Effects of salt contenls on amount and contributions® from cellulose and
of residue at 400°C. other components to its increment.

salt, cellulose played a more important role in the increase in the char residue of the wood.
By the way, since the weight content of cellulose in wood is approximately equal to the sum
of the amounts of other components, each contribution is proportional to the value per unit
weight of them. It is reasonable to assume that the amounts of the components in the wood
derived from the reference®, which were used in the determination of the contributions in
Fig. 8, somewhat differ from the actual values. This, however, will not change the tendency
of each component in Fig. 8 in principle.

The plots of the initial contents of the salt vs. the logarithms of the residue increments
in the cellulose and in the wood samples are given in Fig. 4, in which it is seen that the
residue increments in the cellulose samples with the increase in the salt content may be
expressed as,

In A‘Rcza[p’] S e e s ( 5)
where, a is the slope of the corresponding straight line, & the intercept of the ordinate which
is free from the change of the initial salt content (P), and 4R, the residue increment. Since
the char residue of the cellulose increased with the decrease in the DTA peak area for the
residual cellulose as already seen in Fig. 3 and is an exponential function of the salt content
as shown in Fig. 4, the char residue is likely te be increased through the modification of

cellulose with the salt as stated above. The mechanism seems to involve a process in which

*¥1 The contribution from cellulose was determined as the product of the char vield from the cellulose
in Fig. 7 and the mean content of cellulose in the wood of this species®, and that from others was
determined as the difference between the one from cellulose and the char yield from the wood. The
contributions in Fig. 13 and so on were determined in the same way.
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the cellulose was spent and the salt content [P) was retained constant, though the plotied
number was but few. Such mechanism, however, does not account for the char increment b
in eq. (6) independent of the salt content {P).

The relation hetween the salt content and the char yield from the wood is rmore compli-
cated than for the cellulose, as seen in Fig. 4. 1t will be unable to explain the relation

except the account of effects of the salt on others than cellulose.

3.2 Samples freated with ammenium bromide
As seen in Fig. 9 and 10, hoth threshold temperatures of the wood and the cellulose
pyrolysis were lowered, the yields of the char residues increased and the over-all rate of the

decreased with treatment of ammonium bromide. Three or four endotherms are

ohserved on the DTA curves.
The depths of the DTA peaks for the cellulose sample are given as a function of the
content of the salt in Fig. 11. The firstly occurred endotherm D probably represents the

decomposition or the sublimation of ammonium bromide, for its depth was incr d with

400

0 b : - : :

ick and fine lines correspond to TG and DTA, respectively.
R 594, and ~— - - 10% of salt content.

Fig. 9 TG and DTA curves of cellulose treated with ammonium bromide.

00

Thick and fine lines correspond to TG and DTA, respectively.
1%, =mm o 565, and ~— -~ 10% of salt content.

Fig. 10 TG and DTA curves of wood treated with ammonium bromide,
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Fig. 11 Changes in heights of DTA peaks G} Temperature of peak F/,
(in Fig. 9) with amount of ammonium B~~~-® Temperature of peak F,
bromide, X =X Aren of peak B,

St Arey of peak F

Fig. 12 Changes in DTA peaks (F in Fig. 8
and F/ Fig. 10) with amount of
amrmonium bromide.

the increase in the salt content. The second peak E in the temperature range 260 to 290°C
is independent of the change of the salt content. The third peak F at the highest temperature
which was shallowed with the increase in the szlt content, probably corresponds to the pyro-

be essentially identical with the pyrolysis of

iysis of original cellulose which is assumed to
untreated cellulose.

The temperature and the area of the DTA peak F, which are assumed to indicate the
thermal stability and the amount of the original cellulose respectively, behaved under the
content change of the salt as shown in Fig. 12, The thermal stability of this fraction was
little changed with the salt as seen in the figure. This might be due to the salt thoroughly
consumed up to 300°C, and permits the conjecture that the amount of the fraction was de-
creased with the increase in the salt content, because the peak area was decreased with the
increase in the salt content.

In Fig. 7, the increase in the char residue yielded from the treated cellulose stands out
more than from the wood. The char vield from the wood was not increased so much as was
expected from the increase in the cellulose sample. In Fig. 13 where two contributions from
cellulose and from other components to the increase in the char vield from ‘the wood are
shown, this salt appears to promote the pyrolysis and to hinder the char formation of com-
ponents other than cellulose in the wood. Since ammonium bromide decomposes in relatively
low temperature and is considered to form very active products, thermally decomposable
components and groups other than cellulose in the temperature range in which active products
of the salt were present in the wood, might be the source of the decrease in the char yield
from the components other than cellulose. It is thought that cellulose was thermally stable
in such temperature range and the mechanism of eflect of the salt on celiulose pyrolysis was

L

different”from those on other components.
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Nothing of certainty can be proposed as to
the mechanism of the char increase. It is seen

in Fig. 8 that the char residue was increased

with the decrease in the DTA peak area for the

original cellulose. This tendency is more pro-

nounced in the wood than in the cellulose sample.
Since the treated wood owad the residue increase
to cellulose as seen in Fig. 13, it is reasonable
to assume that the last peak F’ at the highest
temperature in the wood sample corresponds io

the pyrolysis of the original cellulose.

3.3 Samples freated with sodium

tetraborate decshydrate BT

The cellulose and the wood treated with g

it

sodinm borate in the TG are characteristic in
oo’y Contribution from cellulose,

that the temperature of the maximurm rate and . s

: : prie “ @~ Contribution from other compo-
of the threshold temperature of the weight loss nents,  K----x Increment in vesidue of
were little changed with the salt content, as wood between (f and another level of

o o content of NH,Br.
shown in Fig. 14 and 15, Similar results were - 37 , d . 4 with
Fig. 13 Increase in residue of wood with

treatment of ammonium bromide,
boric acid®. and contributions from wood com-

In Fig. 14, it seems that there are an ex- ponents to the increment.

previously reported for cellulose treated with

othermic (1) and three endothermic pea

ks &, H, and § on the DTA curves of the treated
celtulose. Probably, two endotherms G and H in the low temperature range were -aused by
changes of the salt itself. The peak H of them at the higer temperature which accompanied
weight loss as seen in the TG curve may correspond to the dehvdration from the salt. If

-

exothermic peak I at 320°C represents a true exothermic reaction, it may be

the apparent

assumied that the exotherm I corresponds to the heat of a reaction to form a more stable

o
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Fig. 14 TG and DTA curves of cellulose treated with sodinm tetraborate
decahydrate.

ond to TG and DTA, respectively.
L and’ o — 10% of salt content.
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Fig. 16 TG and DTA curves of wood treated with sodiﬁm
tetraborate decahydrate.

product. Moreover, it is possible to give the interpretation that the more the salt content
increased, though the extent of risen temperature was small, the more the threshold temper-
ature of active pyrolysis rose, because of the more stable modified cellulose formed in the
exothermic reaction, and the weight loss rate was greater in the sample with 10% than with
5% of the salt content, by reason of the encouraged pyrolysis of the cellulose with the prece-
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Fig. 16 Changes in DTA peaks (J in Fig. esidue of cellulose treated with NaCl
14 and Fig. 15) with amount of sodium Fig. 17 Effect of salt contents on amount
tetraborate decahydrate. of residue® at 400°C,

*1 The amounts of the residues were corrected for the contained salts, assuming sodium tetraborate
decahydrate to lose its water of crystalization and the original amount of sodium chioride to be kept
up to 400°C.
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dently generated reaction heat.

The last endotherm ] in the highest temperature is thought to correspond to the pyrolysis
of the above original cellulose, for the peak area was decreased with the increase in the salt

content as shown in Fig. 16. The temperature of the peak ] in the cellulose sample was

little changed with the salt content as seen in the same figure, This apparently shows that
the salt did not have any chemical effect on the pyrolysis of the original cellulose. On other
hand, this endothermic peak in the wood sample moved somewhat toward the low temperature
side with the increase in the salt content.

The tendency of the char yield to be in-

i creased with the increase in the salt content is

shown in Fig. 17, though the char yield from
the cellulose sample with 5% of the salt content
is almost equal to that with 10% of the content.
A similar situation is observed for the peak area
in Fig. 16. Then, the expected close relation
- between the char yield and the area of the peak
(J) for the original cellulose is shown in Fig.

ed

18. It seems that the char vield was incres

with the decrease in the amount of the original

L i

o 10
toof NzoBl0r - 10H:0)
Ol Contribution from cellulose,
B~ Contribution from other compo-
nents, wK----% Inerement in residue of
wood between 0% and another level of con-

tent of NazR;0;.10H Q.

Fig. 19 Incy in residue of wood
with treat 1t of sedium tetraborate
decahvdrate and contributions from
wood components to its increment,

Tevbial cor

cellulose, But the salt is obviously limited in
its effect to decrease the original cellulose in the
cellulose sample and therefore to increase the
char yield. ‘

As for the wood sample in the studied range
of the salt content, however, the char yield does
not seem to attain such a limiting value as seen
in Fig. 17. The contributions from cellulose and

other componeats to the increase in the char

*{ The values of the peak area were corrected for the initial contents of the salis. The same values

were used in Fig, 16 and so on,
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vield from the wood sample which are given in Fig. 19, show that the increase in the char
residue of the wood sample depended much on not only celiulose but also other components
in the salt contents of more than 5%. It may be regarded that after reactivity of cellulose
to the salt or its products was first saturated, then other components reacted to the salt or

its products to increase the char residue.

3. 4 Bamples treated with sodinm chloride

The TG and the DTA curves of both cellulose and wood treated with sodium chloride
were little changed with the salt content, as can be seen in Fig. 20 and 21. There are two
endotherms on the DTA curves of both cellulose and wood samples. In the cellulose, the
peak area of the endotherm L in the high temperatare which probably corresponds to the
pyrolysis of the above-mentioned original cellulose was steeply decreased with the increase in
the salt content 0 to 1% and little decreased with the further increase in it, as shown in
Fig. 22.

A situation similar to this is observed in Fig. 17 showing the char yield changed with

/DTA
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Fig. 20 TG and DTA curves of cellulose treated with sodium chioride.
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Fig. 21 TG and DTA curves of wood tréated with sodium chloride.
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the salt conte The char yield from the cellulose sample which was increased with the
incresse from O to 19 in the salt content was constant in spite of the further increase in if.

This constant increment in the char yield seems to be achieved in the presence of an amount

of salt less than 19 and to be free from the change in the salt content.

Tt would seem that the broad DTA peak K at the low temperature accompanied with
some weight loss prior to another one in Fig. 20, occurred in compensation for the decrease
in the peak area of the latter. Then it is suggested that a certain part of cellulose reacted
to sodium chloride in its pyrolvsis, and the reaction was independent of the change in the
salt content, resembling catalysis and made the constant increment in the char residue.

Since the DTA peak (L) temperature for the original cellulose in the cellulose sample
was almast constant in spite of the change in the salt content as seen in Fig. 22, this stable
fraction of the cellulose might be decomposed without the influence of the salt, In Fig. 18,
the plots of the char yield vs. the peak area for the original cellulose in the cellulose samples
show the tendency to be concentrated inmto a point, for the char vield as well as the peak
area was almost constant despite the change in the salt content.

It 3 to be noted that the behaviors of the DTA peak (L) area for the original cellulose
and of the char vield in the wood samples with the change in the salt content somewhat
differed from those in the cellulose sample. The observations in Fig. 22 that the peak area
for the original cellulose reached the minimum at 5% and then increased with the increase
in the salt content from 5 to 10% seem to correspond to the decrease in the char yield with
the increase in the salt content from 5 to 10% in Fig. 17.

The gradual decrease in the char yield in the wood sample with the increase in the salt
content from 1 to 109 as shown in Fig. 17 might be due to thermally less stable ingredients

in the wood which accepted the action of the salt. The contributions from cellulose and
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from other components to the char yield in Fig. 23, illustrate this.

4. Conclusions

1) Three or four endotherms were observed on the DTA curves of the samples treated
with diammonium phosphate. In the treated cellulose, it is considered that the first peak at
the lowest temperature, the second peak, and the third peak at the highest temperature
correspond to the pyrolyses of the salt, of the maodified cellulose, and of the residual cellulose,
respectively. In the wood, the first peak at the lowest and the last one at the highest temper-
ature are considered to represent the pyrolyses of the salt and of the residual cellulose, re-
spectively.

The effect of the salt to decrease inflammable volatile products seems to be caused through
the modification of cellulose with the salt. The DTA peak area for the residual cellulose and
the increment in the char yield with the treatment may be expressed as exponential functions
of the salt content. The increase in the char vyield from the treated wood was most con-
tributed from cellulose.

It seems that pyrolysis of the residual cellulose in the wood as well as in the cellulose
sample was affected by the salt.

2) In the samples treated with ammonium bromide, three endotherms weré observed on
the DTA curves. It is thought that the first peak at the lowest temperature and the last
one at the highest temperature were caused by the change of the salt alone and the pyrolysis
of original cellulose. It seems that the pyrolysis of the original cellulose was little affected
by the salt.

It is considered that the treated wood was indebted to cellulose for the increase in the
char yield, and the char yield from other components in the wood was conversely decreased
with the treatment.

3) The threshold temperatures of the weight loss of the samples treated with sodium
tetraborate decahydrate were almost independent of the content change in the salt in the TG.
An exotherm and two or three endotherms were observed on the DTA curves. The endotherms
in the region of low temperature and the endotherm at the highest temperature seem to
represent the change of the salt and the pyrolysis of the original cellulose, respectively.

The more the salt content in the wood increased, the more the contribution from com-
ponents other than cellulose to the increase in the char vield from the wood sample increased,
but the contribution from cellulose to it was always larger than from others. It is considered
that the decrease of the original cellulose fraction with the treatment permitted an increase
in the char yield and a decrease in the inflammable volatile fraction in the pyrolysis, on the
basis of the relation between the char yield and the peak area.

4) The TG and the DTA curves of the samples treated with sodium chloride showed
little difference among the salt contents. Two endotherms were observed on the DTA curve.
One in the high temperature region is thought to correspond to the pyrolysis of the original
cellulose,

In the cellulose sample, the DTA peak area for the original cellulose and the char yield
are about constant. The action of the salt on the cellulose pyrolysis seems to be similar to

catalysis. It could be said that the decrease in the char vyield from the wood sample after
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the maximum with the increase in the salt content was due to the effect of the salt on the

pyralysis of unstable groups and components other than cellulose.
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