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Changes in Degree of Polymerization and Weight
of Cellulose Untreated and Treated with

Inorganic Salts during Pyrolysis

By
Toshimi HiraTa®

Summary : Studies on pyrolysis of cellulose which is a main component of wood
were carried out with the purpose of yielding information basic for the development of
fire-retardant wood and wood-based materials.

The used cellulose is fibrous linter. The treated samples were prepared by immers-
ing the cellulose in aqueous solution of diammonium monohydrogen phosphate, sodium
tetraborate decahydrate, ammonium bromide, or sodium chloride. These samples were
heated in vacuo, and their degree of the polymerization (DP) and weight losses were ob-
tained by the viscosimetry and by means of a thermal balance, respectively. The thermal
analyses of differential thermal analysis (DTA), thermogravimetry (TG), and differential
scanning calorimetry (DSC) were carried out for these samples. Furthermore, the elemen-
tary analysis was made for the charred residues which were yielded with the isothermal
heatings.

A chain reaction mechanism is proposed, which is composed of random-scission in-
itiation, propagation, and grafting termination. The changes in the DP and the weight
by the pyrolysis are generally explained by this model. According to the model, the
leveling off of the DP with the pyrolysis is regarded as indicating a stationary state
between the initiation and the termination. On the other hand, the weight loss with
the pyrolysis is regarded as being caused by volatile levoglucosan produced with the
propagation, and is expressed in an apparent first-order reaction at the late stage, agree-
ing with the chain mechanism. 7The behaviors of the TG, the DTA, and the DSC of the
untreated and treated celluloses are explained with the model, and the results of the
elementary analysis support the model.

The obtained activation energies of the initiation of the untreated, phosphate-treated,
borate-treated, bromide-treated, and chloride-ireated celluloses are 38.0, 35.4, 29.6, 26.8,
and 32.6 kcal/mole, respectively. The corresponding pre-exponential factors are 1.4 <1010,
6.9xX1012, 1.6X107, 7.4x108, and 9.3x107 sec™!, respectively. For the phosphate-treated
cellulose, however, different values of 25.8 kcal/mole and 1.2X107 sec™! as the Arrhenius
parameters of this reaction are derived from the DP at the early stage. The correspond-
ing Arrhenius parameters of the termination of the above samples are determined to be
31.4, 25.0, 23.0, and 19.3 kcal/mole, and 2.9 X109, 1.5x101°, 2.5x105, 1.7x10°, and 9.9x10%
sec™1, respectively.

On the other hand, the determined activation energies of the first-order weight
losses of the untreated, phosphate-treated, borate-treated, and chloride-treated celluloses
are 44.7, 40.7, 49.9, and 44.3 kcal/mole, respectively. And the corresponding pre-exponential
factors are 3.9 X 1013, 6.9x1018, 2.0 X106, and 3.5x 1014 sec™!, respectively. The Arrhenius
parameters of the weight loss in an apparent first-order reaction of the bromide-treated
cellulose could not be obtained, probably because of the complexity caused by the effect
of the fine structures.

1. Introduction

77~124

Wood flames with the heating. The process to the flaming may be qualitatively described

as follows : At the beginning heated wood is decomdosed to produce gas, tar, and char. Fur-

thermore, the tar is pyrolyzed to yield inflammable gaseous products which diffuse into the

ambient atmosphere. When the pyrolysis rate of the wood increases, in spite of the diffussion
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the ambient inflammable gas mixed with air is concentrated over the critical point for the
ignition, and then flashes over with inductive energy given from spark discharge, a pilot
flame, or others. The wood is stronger heated with the additional heat from the flame, and
then the combustion is accelerated.

The rate of the pyrolysis of wood prior to the combustion has been shown to be the sum
of the pyrolysis rate of each wood component?, In the thermogravimetries (TG) of wood
components?~9, it has been found that hemicellulose and lignin begin to lose weight at lower
temperature than for cellulose, but cellulose which has the highest threshold temperature of
the weight loss shows the highest rate of the weight loss of three components. Since the
cellulose content of wood is generally above 50%, the above increase in the concentration of
the inflammable mixed gas aréund the heated wood which continuously diffuses into the sur-
roundings is reasonably supposed to be supported by the pyrolysis of the cellulose. Therefore,
investigations on the pyrolysis of the cellulose which passes through a simpler course than
for the wood is expected to give excellent results for the development of flame-retardant wood.

Many kinetic results have been reported on pyrolyses of celluloses. They, for the most
part, were obtained by various weight loss methods. Otherwise, some results by differential
thermal analysis (DTA) or differential scanning calorimetry (DSC) have been presented with
or without thermogravimetry (TG). Since in these analyses changes in mass or energy which
are accompanied by the volatilization of pyrolysis products with low molecular weight are
directly or indirectly measured, it is difficult to obtain any information about molecular changes
of cellulose itself.

In the early stage of the pyrolysis of cellulose, the rapid shortening of the chain, which
is expressed in the change in the degree of polymerization (DP), is observed, The reductions
in the DP of celluloses with heating have been mostly measured by viscosimetry19~18  The
kinetic analysis for the decreases in the DP has been made on the basis of the well-known

rate equation

11
P P kit (1

where p and p, are the number average DP at the time f and 0, and k; the rate constant.

The above equation, which was used at first in the field of cellulose hydrolysisi”®, was derived

from the expression for linear polymers which were subjected to random scission!®
L=1Lyexp(—ki) 2)

where L and L, were the numbers of chain linkages at the time ¢ and 0, respectively. How-

ever, the change in the DP of cellulose during pyrolysis could not sufficiently be explained by

means of the above equation alone, because of the observed leveling off of the DPWiv1®»

seems necessary to re-examine the assumption of the random scission or to take any simul-

taneous reactions into consideration for a more satisfactory kinetic study of the pyrolysis.
II. Theory

In addition to the random scission reaction, chain propagation and chain termination may
be taken as the possible reactions which affect the DP of cellulose during pyrolysis. The pro-
pagation reaction reduces the DP, while the termination reaction increases or does not affect
it.

It may be assumed that the propagation which depolymerizes a cellulose molecule and
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Fig. 1 Chain mechanism of pyrolysis
of cellulose.

produces volatile levoglucosan begins at the end glucosidic bond of one of two fragment chains
produced by the random-scission initiation, as disscussed by many authors?~2 and the ter-
mination is chiefly caused by the combination of the active end unit with a hydroxyl group
of another chain, as illustrated in Fig. 1. Then, ignoring the loss in the number of the cel-
lulose chains at the last step of the propagation, the rate equation for the change in the num-
ber of the chains is expressed as

e — by L~k (OH) m, (3)

where &; is the rate constant of the termination, #, the increment in the number of the mo-
lecules, and [OH) the number of the hydroxyl groups. If both fragment chains which are
produced with a random scission process are assumed to undergo the termination as well as

the propagation®, %, should be replaced by 2k



— 80 — REBBIEHINME 3045

When the DP of the heated cellulose levels off and then is not low, the linkage number

may be expressed as

L= np (4)
where # is the number of the molecular chains. Moreover, if the weight loss with the heat-
ing is small in comparison to the original weight, so #p may be assumed to be nearly con-
stant. The value of (OH) also must be nearly constant in the same sense. Then the expres-
sion

oy —Tirg = (% _%70) (1 —exp(—kD)] (5)
is given by integrating the eq. (3) assuming #n, =#, at £ =0, because of the decomposition
before the sample attains the desired reaction temperature, and by making the substitution

ks’ =k, (OH).

On the other hand, the separated expression of »n, and #ny

m=L(%~;};) and nm_:L(%;_;lu) .

are directly obtained from eq. (4). In the above equations p, is the DP befor the heating.
Egs. (6) and (6) make the following expression

.];w_l_z "kL__ l_i - — B,/
b L[ (L~ H)]a exp (Rt <P
At t=o00, the above equation is reduced to

1k 1

Pm ktl pu (8)
where p. is the leveling off DP. Eliminating 1/p, from egs. (7) and (8), the expressions

1 1 1 1

e = T — — k't

= (=5 exp (—hD) (9
and

atfiy_,,(1 1

7(1)) ke ('2): p) (10)

are obtained. Eq. (9) takes the same form as an expression for scission of weak glucocidic
bonds with hydrolysis by ELema?®, though it expresses a different reaction from the termina-
tion. His equation inevitably means leveling off DP that must be caused by lattice defects.

Since according to eq. (10) the extrapolation of the straight-line plot of d(1/p)/d¢ vs. 1/p
should give 1/p. at d(1/p)/di=0, a mean by which the leveling off DP may be estimated is
provided for the cases of the experimentally undetermined leveling off DP. The value of &’
is obtained from a slope of a straight part which is formed by the semi-logarithmic plots of
In (1/pe—1/p) vs. ¢t according to eq. (9). Then, the value of %; is given by applying the ob-
tained value of %’ and the measured or estimated value of p. to eq. (8) as well as to eq. (9).
By the way, the value of %, should be obtained also from the plots according to eq. (10) which
was used to estimate the leveling off DP, but this way is not adopted, because of introducing
large errors.

Although the weight loss of cellulose with the heating would be contributed by various
factors, such as dehydration, splitting of side groups, and so on, if it depends upon the above-

mentioned propagation reaction alone, then the rate of weight loss can be expressed by
— 2 kpnr (11>

where w is the number of the structral unit and k, the rate constant of the propagation. At
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the leveling off of the DP, the number of the molecules is seen to be comstant in eq. (6).
Then, the stationary valuse #,s of the increment in the molecular number is derived as
kL
Ays = T;tT a2
from eq. (3). Substituting #,s into the right-hand side of eq. (11), the expression of the rate
of the weight loss at the late stage

_dw _ kiky

dt kY

is obtained. In the above equation, which is the same expression as has been derived by

a3

Boyp?” and modified by Oxamoro?®, the weight loss is seen to be a first-order reaction, because
the linkage number may be assumed to be lost with the propagation alone and to be nearly

equal to the number of the structural unit at this stage®.,
III. Experimental

The cellulose sample used for this study was purified fibrous cotton linter which was
supplied by Hercules Inco. (Wilmington, Delaware, U. S. A.) via Daicel Lts. (Osaka, Japan).
Its weight average DP was found to be 2971. The sample was held in a vacuum desiccator
at room temperature before the treatment with chemicals and heating it.

Inorganic salts used for the treatment of the cellulose are diammonium monohydrogen
phosphate (NH,) HPQO,, sodium tetraborate decahydrate NasB40;-10 HyO, ammonium bromide
NHBr, and sodium chloride NaCl in CP grade. The cellulose sample was dipped in each aque-
ous solution of the 0.5% salts except sodium borate and of 1% sodium borate for about 90 min
at room temperature, and then the solutions were filtered through a fused glass funnel (No. 3)
with an aspirator. The cellulose residues on the fused glass were freeze-dried and then held
in the vacuum desiccator before the heating. The take-ups of ammonium phosphate, sodium
borate, ammonium bromide, and sodium chloride are about 4.4, 7.5, 4.5, and 5.5% of the origi-
nal weight of each cellulose sample, respectively.

For the viscosimetry the untreated cellulose in the weight range of 100~110 or 200~210 mg
which was contained in a platinic crucible was heated iz vacuo (1072~10"3 mm Hg) with the
heating rate of 5°C/min from room temperature to desired constant temperature, and then at
the constant temperature by means of the apparatus schematically shown in Fig. 2. The
heating duration was measured from the origin at which temperature just attained to a con-
stant value. On the other hand, the salt-treated samples of 50~55mg were heated at constant
temperature over the whole heating periods using the same apparatus. After the heating, the
system was first restored to atmospheric pressure with nitrogen gas, then the sample was
weighed, and dissolved in cadoxen. The runs for the untreated sample were carried out at
the four constant temperatures of 235.9°4:2.8°, 257.0°+1.5°, 277.8°+£1.7°, and 298.4°+1.4°C. The
isothermal heatings for the treated samples were conducted within £1°C of the desired con-
stant temperatures.

The used cadoxen of the cellulose solvent was prepared according to the method modi-

fied by Kavama and Hiceins?® on the basis of Swmirs and co-workers’3®, Namely, cadmium oxide

*1  Prof. Oxamoto, Faculty of Agriculture, Kyoto University, has shown the same result of the first-
order weight loss. His rate equation was rigorously derived from a linear differential equation
which was made of eqs. (3) and (11)2®,
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Fig. 2 Heating apparatus.

was dissolved in strong stirred, cold aqueous solution of ethylenediamine at about —5°C, and
then the obtained raw solution was purified with a centrifuge. The cadoxen was held in a
refrigerator. The concentration of cadmium oxide and ethylenediamine are about 26.3 and
6.2%, respectively.

The intrinsic viscosity (#) of the cadoxen solutions of the cellulose samples, which were
dissolved enough to measure the correct viscosity, was determined by the ordinary plots of
the reduced viscosity vs. the concentration. The DP was calculated according to the equa-
tion8D),

(7) =1.84X10"2X py0-76 (14)
ignoring effects of the used salts on the relation and the DP distribution. In eq. (14) pw is
the weight average DP.

In order to measure the weight loss with the isothermal heating, the cellulose samples of
about 50 mg were heated iz vacuo (2—3X1071mm Hg) with the rate of 5°C/min from room
temperature up to desired constant temperature, and then at the constant temperature. The
weight in the isothermal heating was measured after attaining to the constant temperature.
These heating were carried out within 43°C of the constant temperature by means of a
Sinku Riko (Yokohama, Japan) TGD-1500 Differential Thermal Balance, which was formerly
reported by Hirata and A2,

After the isothermal heatings, elementary analyses of residual samples obtained at two
different temperatures for each treatment were carried out in Wako Pure Chemical Industry
Ltd. (Osaka, Japan). In the elementary analyses the amounts of carbon, hydrogen, nitogen,
and ash were measured three times for each sample. The ash contents were obtained with
the heating for 5 min at 800°C.

Thermal analyses of thermogravimetry (TG), differential thermal analysis (DTA), and
differential scanning calorimetry (DSC) were carried out for the untreated and treated sam-
ples. The TG and the DTA were simultaneously conducted in vacuo (2—3x10"1 mm Hg) with
the heating rate of 5°C/min, applying the samples of the original weight of about 50 mg to
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the above Differential Thermal Balance. The DSC was carried out with the heating rate of

8°C/min, by means of Perkin-Elmer DSC-1B. The amounts of the used samples are in the
range of 4.5~9.0 mg.

IV. Results

IV. 1 Viscosimetry

The lenght of the polymer chains of the cellulose untreated and treated with the inorganic

salts was found to be rapidly reduced with the heating at first, as shown by the changes in
the DP in Figs. 3~7. However, the rate of the reductions in the DP decreased with time, and
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Fig. 3 Decreases in DP of untreated cellulose during pyrolysis.
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Fig. 9 Reciprocals of DP of phosphate-treated cellulose.
The heating durations at 133.4° and 117.3°C are expressed by
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the DP levelled off at last. The leveling off DP of each sample is seen to depend upon the
temperature from the above figures.

For the untreated cellulose the different values of the DP at the time 0 were obtained
depending upon the temperatures, because the heating time to elevate the temperature up to
the constant value with the rate of 5°C/min was different. The leveling off DP of about 195
observed at 298.4°C surprisingly approaches to the value of 200 for cotton cellulose at 300°C
in vacuo by Gorova and Kryicoval®, but is somewhat higher than for slash pine pulp by MiLerr
and Goepkeni®,

The salt-treated samples, especially, the phosphate- and bromide-treated samples had to
be heated at far lower temperature than for the untreated sample, because of the insolubility
of both the samples heated at high temperature. The leveling off DP of the phosphate-treated
sample could not be determined at the highest temperature due to the insolubility. Further-
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Fig. 11 Reciprocals of DP of bromide-treated cellulose.
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more, that of the chloride-treated sample could not be given at the lowest and highest tem-
peratures, because of the insufficient quantity of the sample.
For the determination of the kinetic parameters for the random scission of the chains
from the viscosity measurements, eq. (1) is transformed into
1 1 ks -
[ 15
pw Pwo 2 ( )

on the basis of the relation between number and weight average DP of a polymer with the
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Fig. 12 Reciprocals of DP of chloride-treated cellulose.
Table 1. Kinetic parameters for random scission
a) ) E AD
alts ’ o ¢ v %
Salts for treatment 1 €9 (sec™) (kcal/mole) (sec™) bw
e e - . -
! 298.4 1.23x1078 186
) 277.8 7.25%X 1076 120
Untreated i 32.2 4, 3x107
| 257,0 2.38x 1078 228
‘ 235.9 6. 53X 1077 252
} 167. 4 1L76X107 | !
: 147.3 5.43% 1077 | 790
(NHy) HPO, 25.8 12X 107 B
133.4 1.43X1077 | 905
117.3 4.50% 1078 | 1,340
265. 1 1,43 %1078 ‘ 152
246.3 5.53X1076 | 179
NagB,0,+ 10 HyO o 27.4 1.8 108
229.0 1,69 1078 267
209. 5 7.42X 1077 | 364
155.5 7.93X 1076 339
5.44X1076 |
139.9 2.13X107¢ 30. 2 2.2X 1010 356
1,63X1078
NH4BI’ N oo -
126, 1 5. 73X 1077 | 27.0 3.3X 108 374
5. 141077 3
| 112.8 2.87 X107 524
| ‘ 2,02X1077 |

Note :a) T is the temperature, b) %; the rate constant (for the bromide-treated sample, the values in
the upper and lower lines are respectively obtained from the straight part and the average slope
between the reciprocals of the DP at the time 0 and at the end of the straight part in Fig.11), ¢) E
the activation energy of, d) A the pre-exponential factor of Arrhenius, and e) pw. the leveling off
DP in the weight average (the values of the untreated sample were obtained by the estimation ac-

cording to eq. (10)).
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Table 1. (Continued)
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274.9 7.77X1078
263. 3 3.95X 1076 143
Nacl 252.8 2.12X1078 33.0 1.1X 108 163
235.8 2,27 X107 263
220, 4 2.70X 1077
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Fig. 13 Estimationt of leveling off DP of untreated cellulose.
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Fig. 16 Determination of rate constants of termination for borate-
treated cellulose.
Both the heating durations at 229.0° and 209.5°C are shown
by the parenthesized values.

most probable molecular weight distribution3®. In eq. (15) pwo denotes py at t =0. The plots
of 1/pw vs. ¢ according to the above equation, which were given in Figs. 8~12, should form
straight lines, if the random scission of the chains alone took place as a principal pyrolytic
reaction. These plots for all the samples, however, form curves, which have straight parts
at the early stages of the pyrolyses, as shown in the figures. Especially, the plots for the
phosphate- and chloride-treated samples give the straight parts for the considerably wide

ranges of the time. The reciprocals of the DP of all the samples in the above figures seem
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Fig. 17 Determination of rate constants of termination bromide-
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Table 2. Kinetic parameters for termination through chain mechanism

T Ry’ E A®
Salts for treatment ¢0) (sec1) (keal/mole) (secD)
298. 4 2.65X1078
277.8 1.11 X103
Untreated 31.4 2.9X108
257.0 3.62X107%
235.9 8.55X 1078
147.3 1.39X1073
(NHy) HPO, 133, 4 5,50 1074 25.0 1.5x 1010
117.3 1.35X 1074 ;
|
265, 1 1,25X1078
246. 3 5.03% 1074 |
NagB407'lo Hzo 20.5 | 2,5X 108
229.0 3.03X107% |
209, 5 1.33X 1074
155. 56 3.02X1073
139.9 1.,07X1073
NH,Br 23.0 1.7X109
126, 1 2,93X107%
112, 8 1.50X 10
263, 3 1.43x1078
NaCl 252, 8 9.60X 1074 19.3 9.9X10%
235. 8 5.55X 107

Note : a) The values are expressed as

of the hydroxyl group.

to level off at last.

For the bromide-treated sample, the changes in the reciprocals are dis-
tinguished into three stages, as seen in Fig. 11. The reciprocals relatively slowly increase
at the first stage, and then linearly and rapidly increase at the second stage, but finally level

off at the third stage.
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Fig. 18 Determination of rate constants of termination for chloride-

treated cellulose.

Table 3. Kinetic parameters for random-scission initiation through chain mechanism

: ont | T ks ‘ E A
Salts for treatment | ¢C) ‘ (secD) } (kcal/mole) | (sec-1)
; S — S — S
\ 298, 4 2691075 | i
277.8 1,09X1078
Untreated 38.0 1,4X 1010
257.0 2.95%1076
235.9 6.18X 1077
147. 3 2.48X1076
(NH,) ;HPO, 133.4 8.02X 1077 35,4 6.9x 1012
117.3 1.00X 1077
265, 1 1,56 1075
246.3 5,26% 1076 ;
NayB,0,-10 HO ) 29.6 1.6X107
229.0 2.05X1076
209. 5 6.32X 1077
i 115.5 j 1.58X107%
139, 9 5,29 1076
NH,Br 26.8 7.4 %108
126. 1 1.87X 1076
112.8 ‘ 4,72X1077 |
263. 3 4,75 1076
NaCl 252, 8 2.78X 1076 32,6 9.3% 107
| 235. 8 9.62X1077 |

The rate constants of the random scission were determined from the slopes of the above
initial straight parts, assuming the constant amounts of the salts during the pyrolyses. For
the bromide-treated sample, a pair of the rate constant was obtained at each temperature.
One was derived from the straight part at the above second stage, and another was obtained
from an average slope between the reciprocals at the time 0 and at the end of the straight

part. These four pairs of the rate constants are given together with the rate constants for
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other samples and the leveling off DP in Table 1.

Since for all the samples the plots according to eq. (15) did not make satisfactory straight
lines over the whole ranges, the attempts to apply the chain mechanism to the changes in
the DP were made. In advance of the determinations of the rate constants of the termination
reaction, the leveling off DP of the untreated cellulose was estimated with the plots of
d(1/pw)/dt vs. 1/pw according to eq. (10) shown in Fig. 13, because of the uncertain measure-
ments. The estimated values of it are listed in Table 1. In order to determine the rate con-
stants of the termination, the plots of In (1/pwe~—1/pw) vs. ¢ according to eq. (9) are carried
out in Figs. 14~18. The slopes of the straight lines made of the plots should give the rate
constants of the termination. These plots for the untreated and borate-treated samples make
straight lines over the studied range, but the plots for the phosphate-, bromide-, and chloride-
treated samples form lines with gentle slopes at the early stage and with steep slopes at the
late stage of the pyrolyses, as shown in the above figures. For the latter samples, the plots
for the random scission according to eq. (15) make the considerably long straight lines at the
early stage, while those plots for the former samples are little considered to form the cor-
responding straight parts, as shown in Figs. 8~12. Therefore, it is supposed for the phosphate-,
bromide-, and chloride-treated samples that only the random scission substantially occurred
at the initial stage of the pyrolyses, and that two reactions of the random-scission initiation
and the termination generated at the late stage. Although the plotted dots for the bromide-
treated sample are somewhat scattered, the rate constants of the termination for the above
three samples including the bromide-treated cellulose are determined from the slopes of the
straight plots at the late stage. The obtained values are given with those for the untreated
and borate-treated samples in Table 2,

The rate constants of the random-scission initiation were computed by means of eq. (8),
for which the values of the DP before the heating and of the leveling off, and the rate con-
stants of the termination were substituted. The obtained rate constants are listed in Table 3.

Temperature dependence of rate of a reaction has been expressed by Arrhenius’ equation

k=A exp <—AI§‘T) (16)

where % is the rate constant, A the pre-exponential factor, R the gas constant, E the activa-
tion energy, and T the absolute temperature. In order to obtain the pre-exponential factors
and the activation energies of the random scission, the initiation, and the termination, the
plots of In 2 vs. 1/T acdording to eq. (16), which were called Arrhenius plots, were made for
all the samples. These Arrhenius plots are shown in Figs. 19~26. The obtained activation
energies and pre-exponential factors of the random scission, the termination, and the random-
scission initiation are listed in Tables 1, 2 and 3, respectively.

IV. 2 Weight measurements

The weight losses of the untreated and salt-treated samples with the isothermal heatings
are observed at the higher temperature than the random scission, as seen in Figs. 27~31, It
is seen from these figures that the weight loss is less for the treated samples than for the
untreated sample, as reported by many workers. The treated samples except the chloride-
treated sample left the stable residues over 40% of the original weight, but the untreated
sample produced the stable residue below 20%.

The bromide-treated cellulose of the salt-treated samples shows remarkable weight losses,

as seen in Fig. 30, The weight was readily reduced at the lower temperature than 200°C, and
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considerable quantities of the weight were lost before elevating the temperature up to the
desired constant values higher than 200°C with the heating rate of 5°C/min. These amounts
are found as the weight losses at the time 0 in Fig. 30. In spite of the observed unstable
part of the weight, the solid residues were produced in large guantities.

While weight loss with pyrolysis of cellulose has not perfectly been expressed as a first-

oder reaction, the greater part of the re- o
10 7

ported kinetic parameters has been deter-
mined by means of rate equations in first-
oder law. For the determination of the rate
constant of the first-order weight loss in eq.
(13), the plots of the weight loss rate vs. the
weight are carried out for the untreated and
salt-treated samples except the bromide-
treated one in Figs. 32~35. These plots, %
made after the manner by Maporsky and co- ;
workers?, form straight lines at the late E
stage of the heating in agreement with the

results by them. For the bromide-treated

sample, however, the attempts to make kine-

tic analysis on the weight losses did not give

significant results, probably because the ob-

0 1
served amounts of the weight loss at the 100 40
Weight (Percentage of original weight)

constant temperature were too small to make i R
Fig. 33 Plots of weight loss rate vs. re-

kinetic calculations and further its process sidual weight for phosphate-treated cel-
was complex, as later suggested. lulose.
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The slopes of the straight lines in the above figures give the rate constants of the weight

loss, as seen from the relation

@) - (i@) - _
(22) — (9) = uyCws—100) an
where (dw/dt); and (dw/dt)s are the weight loss rates at the residual weights or structural
unit numbers w; and ws, and k&, the rate constant of the weight loss, and the subscript w de-

notes the weight loss. The obtained rate constants are given in Table 4. The Arrhenius

Table 4. Kinetic parameters for first-order weight loss

T [

T ky ? E A
Salts for treatment ¢C) (sec-1) (keal/mole) (secD)
{ 318 i 1,17X1078 |
! 312 7,54 X104
Untreated 44,7 3.9% 1018
292 2.24X107%
273 4,76 X 1078 <‘
235 1.92X 1074
230.5 1.52X107¢
(NHy) sHPO, 40,7 6.9% 1018
219 5.87 X108
210 2.29X107%
311 3.80X 1073
296 1.55X 1078
NagBsO,- 10 H,O 49,9 2.0X 1016
279 2.96 X 107%
265 1,08X 1074
294 3.04X1073
275.5 7.67X 107
NaCl 44,3 3.5X 101
260 2,32X107¢
245 7. 08X1078
x g | Jntreated Sample
s O Phosphate Treated -6
ey Borate Treated .
%
...7_ “7
g T8 » -8
X
=
-3
-9+ . 1-9
-0 10
-11 L | ] I I ] l I -11
17 18 19 20 21

104/T (K™
Fig. 36 Arrhenius plots of rate constants for weight losses of celluloses
with heating,
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Table 5. Arrhenius parameters for propagation

1 Epa) Ad)

b o

Salts for t ‘ » k Ep—Be” AplAy

alts for treatment (kcal/mole) (sec™) 5 (kcal/mole) | ol A

L i b R .

Untreated 38.1 | 8.1 X102 ‘ 6,7 2.8X103
(NH,) ;HPO, 30.3 ‘ I, 5x 101 1 5.3 10
NagB,O;+ 10 HyO 40. 8 | 5. 0% 1014 | 20.3 2.0%X10°
NaCl 31.0 ‘ 3.8% 1010 1 11.7 3.8%10°

Note : a) The subscript p and b) ¢ designate the propagation and the termination, respectively.

plots of those rate constants are performed in
Figs. 36 and 37. Also the Arrhenius parameters
obtained from the plots are listed in the same ~60- --6.0
table.

If the weight losses are assumed to be caused H 1
by the volatilization of levoglucosan produced
with the chain propagation reaction, from egs. -0 --70
(13) and (17) the rate constant of the first-order

weight loss may be given as

fw = éﬁf’p (18) < o 4-80

where the subscript p denotes the propagation. 5
Applying the Arrhenius equation, eq. (18) gives

Ink,=1In —k}:—f—,p =1n Af??_ E’j’]éi%_,E' ool Leo

19)

where the subscripts ¢ and / denote the initia-
tion and the termination, and A4;" denotes A4, . . . | J
[OH]). Since the pre-exponential factors and the 181077 (K1) 19
activation energies of the weight losses in Table Fig. 37 Arrhenius plots of rate con-
4 may be regarded as the values of A;A,/A, stant of weight loss of chloride-
and E;+E,—E,, as shown by eq. (19), the Ar- treated cellulose.

rhenius parameters of the propagation can be derived from those of the initiation, the termi-
nation, and the weight loss. The obtained parameters are listed in Table 5.

1V. 3 Elementary analyses

The carbon, hydrogen, oxygen, and ash contents of the isothermally heated samples were
obtained from the results of the elementary analyses, and are given together with the heating
durations, the temperatures, and the yields of the residues in Table 6. In addition, the ratios
of the carbon and hydrogen atoms to oxygen atoms contained in the residues are listed in the
last column of the same table. Nitrogen was not found in any of the samples. It is found
in Table 6 that the content of the carbon reasonably increased with the progress of the
pyrolysis, while those of the hydrogen and the oxygen decreased with the pyrolysis.

On the other hand, the reductions in the percentages of the original amounts of these
elements by the pyrolysis are shown with the yields of the residues in Fig. 38. The decrease
of the carbon was slow at first but accelerated with the progress of the pyrolysis, while those

of the hydrogen and the oxygen were rapid at first but graduated into retardation, as seen
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Table 6. Contents of elements in residue

| Residual Contents, weight (%) .
Treatment (%> (mtin) weight : 1}; ;;gﬁla;
(%) co H» o» | Ash®

318 | 115 16.9 | 78.01| 4,22 17.06| 0.71 | CegHaOto
Untreated

292 263 19.1 75. 10 4,26 | 20.59 0.05 | CagHs3010

235 503 47,2 62. 20 3.99 27.11 5.7 Cai1HpsO
(NH4) 2HPO4 ’ 31112410

210 1,180 55.5 54,67 4,71 | 35.72 4,9 Co1Hg104
NagBO, - 311 110 45,1 | 62,12 3.89| 2509 | 8.9 CssH25010
10 Hy,O 265 1,000 46. 3 62. 86 4,18 | 24,36 8.6 Cs5H25010

1 —

221 799 71,6 55, 28 5.06 | 39,54 0.12 |  CigHgOt0
NH,Br B 3 )

178 1, 060 79.0 49, 06 5.52 45,17 0. 25 Cy5H¢010
NaCl 294 180 35.6 62,91 4,09 17,60 15,4 CyrHgy044

a
245 610 45,9 61,69 4. 40 21,91 12,0 CagHgo010

Not : a) The contents of carbon and hydrogen were given by averaging three values measured for each
sample. All the differences between maxima and minima of these three values for each content are
within 1%. b) The oxygen contents were given as 1009 minus the contents of carbon, hydrogen, and
ash. ¢) The ash contents of the untreated and bromide-treated samples were measured actually.
Those of the phosphate- and borate-treated samples were given on the basis of assumptions that di-
ammonium hydrogen phosphate was modified to yield metaphosphoric acid®4’ and sodium tetraborate
decahydrate lost the water of crystalization with the heatings, respectively. Those of the chloride-
treated samples were calculated samples were calculated with an assumption that the complete amounts
of the salt were left in the residues. ‘

100
2 \'
P
c | 8.
@
£ | AN
<@ &
¢ 50
- Fig. 38 Decreases in amounsts
o - o .
. of elements in residue.
c —&—=a— Carbon The values used for the
g ~0-=0= Hydrogen X\S‘\ N plots were corrected With'the
< o % \-\OO. amounts of residue minus
> xygen \xx: those of the salts and the
1 1

0 10 20 30 40 50 80 70 86 5o 2sh-
Weight loss (%)

in Fig. 38, though the figure was made on the basis of the residues from the differently treated
samples. These suggest that the weight losses were caused not only by the propagation re-
action but also by the dehydration and other reactions, Furthermore, it is noted that the
charred residue from the untreated sample heated even at 318°C of the temperature still re-
tains the hydrogen and the oxygen of about 11.6 and 6.0% of the original amounts, respectively.

IV. 4 Thermal analyses

The thermogravimetry (TG), the differential thermal analysis (DTA), and the differential
scanning calorimetry (DSC) were performed for all the samples. The TG and DTA curves

of the untreated, phosphate-, and borate-treated samples are shown in Fig. 39, and those of
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the untreated, bromide-, and chloride-treated samples are shown in Fig. 40. The DSC curves
of the untreated, phosphate-, and borate-treated samples are given in Fig. 41, and those of the
untreated, bromide-, and chloride-treated samples are given in Fig. 42, The thermal analysis
curves of the untreated cellulose are described in all these figures, because of the comparison
between the untreated and salt-treated samples.

The weight loss was prompted with the salt treatment, in agreement with many TG re-
sults. The threshold temperatures for the active weight loss were lowered by about 49° and
147°C with the phosphate and bromide treatments, respectively, while those for the borate-
and chloride-treated sample are only about 12° and 25°C, as seen from the data given in Table
7. On the other hand, the amounts of the stable residues increased with the treatments, as
shown in the same table.

The bromide-treated cellulose shows complicated TG behaviors, as found in Fig. 40. The
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Fig. 39 Thermogravimetric and differential thermal analysis curves
of celluloses untreated, treated with ammonium phosphate, and
with sodium borate.
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Fig. 40 Thermogravimetric and differential thermal analysis curves
of celluloses untreated, treated with ammonium bromide, and
with sodium chloride.
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Fig. 42 Differential scanning calorimetric curves of untreated,

bromide-, and chloride-treated celluloses.

Table 7. Summary of TG behaviors

Salts for treatment

Threshold and termination
temperatures for active

weight loss (°C)

Residue at
termination
temperature (%)

Untreated
(NHy)sHPO,
NagBO;-10 HyO
NH,Br

NaCl

317 1 380
258 | 318
305 | 350
190 i 360
292 i

350

14
45
43
35

31
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TG and DTA curves in the figure indicate at least three stages of the weight loss, which are
represented by the DTA endothermic peaks at about 190°, 270°, and 330°C. Similar complica-
tions to these have been reprorted on cellulose powder treated with ammonium bromides®.
The reason why the attempts to obtain kinetic data on the weight loss in the former section
resulted in failure may partly be given by the above complications.

The DTA curves of the untreated and treated samples are similar to those of the DSC.
The observed endothermic and exothermic peaks are summarized in Table 8, Since the heat-
ing rate for the DSC (8°C/min) is higher than for the DTA (5°C/min), the peaks on the DSC
curves shifted towards the higher temperature side.

The broad endothermic peak at the lower temperature for the untreated sample has not
been observed in DTA of cellulose powder by Hirata and Ase2¥. The second sharp peak,
which has been found for the cellulose powder, may be due to the heat of the volatilization
of the pyrolysis products (the tar). The first endothermic peak for the phosphate-treated
sample may agree with DTA endothermic range composed of some peaks for ash-free filter
paper treated with ammonium phosphate by Axita and Kase3®, and for the cellulose powder
treated with ammonium phosphate by Hirata and Ase3®, The second peak may be caused by
the volatilization of the pyrolysis products.

Three endothermic peaks of the DTA for the bromide-treated sample observed in the
present study have been found in the DTA of the cellulose powder treated with ammonium
bromide®®. But the last endothermic peak of the present DTA is not found on the present
DSC curve. The broad endothermic peaks of the DTA and the DSC at the lower temperatures
for the borate- and chloride-treated samples have bzen observed in the DTA for the chloride-
treated cellulose powder, but have not been found for the borate-treated cellulose powders?”,
The apparent exothermic peaks of the DTA and the DSC for the borate-ireated sample have

been found also on the DTA curve of the borate-treated cellulose powder3?,

Table 8, Summary of DTA and DSC behaviors

b Temperature of Temperature of

Salts for treatment | endothermic peaks (°C) exothermic peaks (°C)

Untreated ‘
DTA | 235, 350
DSC i 200—300, 360

(NHy) JHPO,
DTA 215, 280
DSC 220260, 290

Na2B4O7~ 10 HyO
DTA (230), 340 (305)
DSC (260, 360 (330)

NH4B'['
DTA 190, 270, 330 (360)
DSC 200, 280

NaCl

DTA 230, 320 ‘ (310), (330)
DSC (180—250), 350 |
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V. Discussion

This chapter of the discussion is composed of five sections denoted by each treatment,
for the evaluations of effects of the salts on the pyrolytic reactions.

V. 1 Untreated cellulose

Although the estimated values of the leveling off DP are used to determine the rate con-
stants, the changes in the DP whith the pyrolysis are satisfactorily expressed by eq. (9) de-
rived from the chain mechanism, as shown in Fig. 14. Therefore, the leveling off of the DP
observed in the present pyrolysis is reasonably interpreted to show the stationary state bet-
ween the random-scission initiation and the grafting termination. On the leveling off of DP
of heated cellulose, another interpretation has been presented. Namecly, the leveling off DP
by pyrolysis as well as hydrolysis may correspond to the crystallite length in cellulose!1®,
This interpretation based on the physical structure is supported with the reports!®1D1538) jp
which cellulose was considered to be pyrolyzed in the amorphous region at first. However,
it is difficult to explain the temperature dependence of the leveling off DP not with the chemi-
cal reactions but with the physical structure.

The more the heating temperature is elevated, the more the difference between %; derived
from egs. (8) and (1) increases. In other words, the present chain mechanism makes the
temperature effect of the random scission more pronounced than the apparent results by eq.
(1), as shown by the somewhat higher activation energy and pre-exponential factor from eq.
(8) than from eq. (1). The former activation energy is considerably lower than by CuaTTERIEE
and Conrap®®, and by Caarterjed® from the data by Lirska and Parker4®, but higher than the
value by Muierr and co-workers!®, It approximates to the values reported by Fune'®,
OxamoTo?®, and Hirata and Asnr2d.

The value of E, is somewhat higher than the previous values from apparent zeroth-order
weight loss of the same material and for the above cellulose powder?, but approximately
agrees with those for absorbent cotton and ball-milled cellulose by Cuartersee and Conrap®?,
for @-cellulose by Cuarteriee®®, and estimated by Oxamoro?®, The value of E; is higher than
that estimated by Oxkamoro?®, The obtained activation energy of the first-oder weight loss is
placed in the range of 35~50kcal/mole which has been reported on isothermal heatings of
celluloses!)20022)88)89)40)

The propagation reaction has the value of A, in agreement with the normal value of
about 108 sec™! for unimolecular decomposition. On the other hand, since that for the initia-
tion is considerably lower than the above normal value, the reactant is expected to lose a
considerable degreee of freedom in the transition state. The pre-exponential factor for the
termination can not be compared with the above normal value, because of the value of A4,
determined as A, [OH).

An average number of a structural unit produced for each initiation process is called
kinetic chain length. The present kinetic chain length », which is given by the ratio of the
rate of the propagation to that of the initiation, is expressed as

e Ry ﬂexp (.. EIIO?—’;"II:L) (20)

at the stationary state. The value of » is readily calculated using the ratio Ap/A;’ and the

difference E;—E, given in Table 5. The average numbers of levoglucosan produced for each
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scission of the chain at 250°, 275°, and 300°C are estimated to be about 4 or 5, 6, and 8 with
the calculations according to eq. (20). The result is different from a constant » (about 3)
which was calculated on the basis of roughly measured weight3®. The present values coincide
with that at 170°C estimated by Oxamoro?® from the data by Major!?, but are lower than
those at temperature above 260°C calculated by Oxamoro?® from the data by Nunomura and co-
workers!®,

If the chain fragments produced by the random scission are more unstable than the ori-
ginal polymers and the polymers grafted or cross-linked by the termination are more stable
than those given by the random scission, the random scission and the termination are con-
sidered to be endothermic and exothermic, respectively. Hence, the broad endothermic peaks
on the DTA and DSC curves at the low temperature may be explained to be caused by the
endothermic reaction of the random scission. The endothermic effect of the random scission
may be reduced by the exothermic termination with the increase of the heating time. The
effects of these reactions on the DTA and DSC curves are considered to be overcome by the
heat of the volatilization of the levoglucosan and other pyrolysis products at the stage of the
active weight loss, as suggested by the sharp peak at the high temperature in Figs. 3942,
The broad peak at the low temperature has not been found in previous DTA of cellulose
powder?, The reason may be given by the low rate of the random scission, as shown in
Fig. 43 in which the changes in the DP of the cellulose powder with the heating are shown.

The amount of the stable residue is determined to be about 149 from the TG, as shown
in Table 6. The value approximately agrees with about 13% for the cellulose powder?®, It,
however, is suggested to be about 16% at any temperature by the weight loss rates in Fig.
32, The lower amount from the TG may refer to the determination at the higher temperature
(3880°C) than for the weight loss rates, as explained in the following section.

Since in cellulose pyrolysis the very slow diffusion of activated centers would make the
termination between an adjacent pair of them negligible, it is reasonable to assume the pre-
sent pseudo-first order termination. Furthermore, the above-mentioned grafting or cross-
linking with the termination coincides with the reduction in the solubility in cuoxam!®, the
initial losses in the weight and the accessibility®’, and the change in the mechanical proper-
tiest? reported on heated celluloses. The present termination mechanism is supported also
with the results of the elementary analyses that the residue charred even at 318°C contained

oxygen of about 6% of the original amount. Grafted or cross-linked molecules, however, may
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affect the relation between the DP and (). This possibility has not been taken into the pre-
sent consideration.

V. 2 Phosphate-treated cellulose

The plots of the reciprocals of the DP according to eq. (15) make straight lines for a
fair range of the time, as shown in Fig. 9. These plots suggest that the random scission
alone occurred and then the termination may substantially be neglected at the early stage.
The chain reaction with the random-scission initiation and the grafting termination is con-
sidered to be brought about at the late stage, at which the plots of the reciprocals form lines
with curvatures. Therefore, it is reasonable to determine the rate constants of the termina-
tion from the steep slopes at the late stage in Fig. 15,

The phosphate-treated cellulose which was heated for long durations could not dissolve in
the cadoxen. Since cellulose treated with ammonium phosphate has been reported to produce
more water than for the cellulose untreated and treated with boric acid at the early stage of
the pyrolysis®, the low solubility of the here heated sample is thought to be caused not by
the grafted or cross-linked molecules but by the dehydrated molecules. Moreover, the modifi-
cation of the hydroxyl group with the dehydration may be the cause for the result that the
termination could not be appreciated at the early stage of the pyrolysis.

The Arrhenius parameters of the random scission, namely, £; and A; from the reciprocals
of the DP according to eq. (15) approximately agree with previously reported valuest®, but
are considerably lower than those determined by using egs. (8) and (9) according to the chain
mechanism. The similar relation to this was discussed on the untreated cellulose in the
former section. Since the heating procedure to elevate the temperature up to the constant
values with the rate of 5°C/min was used fo the untreated sample, but was not used in the
present case, the degradation by the pre-heatings with the different durations before the time
0 did not take place. The difference between two pairs of the Arrhenius parameters are not
considered to be explained with the same reason as for the untreated cellulose (in the former
section, although the reason was not certainly described, the wrong values of k; were assumed
to be derived from using eq. (15)).

If two pairs of E; and A; obtained by using egs. (15) and (8) are proper to the reac-
tions at the early and late stages, respectively, the transition state may be different between
the reactions at two stages. Since the value of E; at the early stage is considerably lower
than that at the late stage, the salt is understoocd to strongly accelerate the reaction at the
former stage but not to retain the effect of the acceleration at the latter. In other words,
the effect of the salt at the early stage, which accelerated the dehydration of the hydroxyl
groups!® and the scission of the glucosidic bonds, is supposed to be lost probably with the
thermal modification of the salt. Therefore, there is the possibility that the same group of
the salt was involved in both the reactions of the dehydration and the scission. The above-
mentioned differences between two pairs of E; and A;, however, may refer to experimental
errors, such as, the wrong leveling off DP, as suggested by the somewhat scattered plots in
Fig. 4.

Since the present E; at the early stage is about 12 kcal/mole lower than that of the un-
treated sample, and on the other hand the corresponding A; is 1073 times as small as that of
the untreated one, the temperature dependence decreased and the degsee of the freedom at the
transition state seems to be somewhat lost with the treatment. Namely, the scission of the

glucosidic bond seems to be accelerated with an activated complex formed with the salt and
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the glucosidic bond. It is noted that the value of E; at the late stage approximately agrees
with that for the untreated cellulose, though the corresponding value of A; is somewhat higher
than for the untreated sample.

The value of E, for this sample is about 6.5 kcal/mole lower than for the untreated sam-
ple and A, for this sample is approximately equal to that for the untreated sample, as shown
in Table 2. Then the termination reaction is seen to be furthered with the treatment.

The amounts of the stable residues seem to depend upon the temperature and to range
from 49 to 51%, as shown in Fig. 33, while that at the completion of the active weight loss
in the TG (at about 318°C) is about 45%, as shown in Fig. 39. These amounts increased over
three times those for the untreated sample with the treatment. Similar results have been
reported on celluloses treated with ammonium phosphate®103942~46)  Since the weight in the
TG slowly decreased after the active weight loss, as shown in Fig. 39, then the above residues
are supposed to contain relatively unstable moieties, The increases in the residues may be
given not only by the carbonization with the dehydration but also by the cross-linking with
the accelerated termination. The slow weight loss after the active weight loss in the TG is
considered to be referred to the pyrolysis of the cross-linked structures. This supposition is
supported with the results of the elementary analysis in Table 6, for the stable residues ob-
tained with the isothermal heatings at 235° and 210°C still retained considerable amounts of
oxygen and hydrogen. Furthermore, it agrees with the suggestion from Fig. 38 that the
more the residue was yielded the more contents of oxygen and hydrogen were high.

Carbon content of cellulose is about 449 in the weight. Therefore, the complete dehyd-
ration can theoretically yield the maximum amount of the charred residue of about 44%.
Since the carbon would be lost by the volatilization of the levoglucosan produced with the
propagation, the yield of the stable residue should be lower than the above value. However,
the plots of the weight loss rate in Fig. 33 suggest the higher yields than 44%, as above
stated. The question of the present yields may be solved by the relatively stable structures
of the molecules cross-linked or grafted with the termination.

The greater part of the weight loss was caused by the volatilization of the produced tar
and water. From kinetic analyses, weight of celluloses treated with ammonium phosphate
has been found to be lost through two or more different stages of the pyrolyses in vacuo®1®
3649446)  The present activation energy of the weight loss is considerably lower than so far
reported values on weight loss at the second or final stage except for sulphite pulp treated
with ammonium phosphate by Inacak: and Katsuura®®4®,

Since cellulose untreated® and treated with ammonium phosphatel® have been reported
to produce most water at the early stage of the pyrolysis, the weight loss at the late stage
may be assumed to be chiefly caused by the propagation. Therefore, the Arrhenius parameters
of the propagation were calculated according to eq. (19). The value of E, was lowered by
about 8 kcal/mole with the treatment. Although the obtained Arrhenius parameters are not
fully believed, the values of » obtained from the calculation by means of eq. (20) and the
data in Table 5 lead us to suppose that the average numbers of the levoglucosan produced
per one hundred scissions of the chains are about 6 at 250° about 8 at 275°, and about 10 at
300°C. The kinetic chain length largely decreased with the treatment.

The broad endothermic peak observed at the low temperature in the present DTA and
DSC may be referred to the random scission. The same region has been found to contain

two or three peaks of the DTA33045  These peaks were interpreted to be caused by other
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reactions than the random scission. In elevating temperature of thermal analysis, the random
scission and the termination which have not been taken into consideration may be interpreted
to occur over the wide range at the relatively low temperature, and then to form an incon-
spicuous broad peak. Other reported peaks which have been found within the region of the
present broad peak can not be appreciated in the present DTA and DSC, probably because of
the small effects of the heat.

V. 3 Borate-treated cellulose

For this sample the plots of the reciprocals of the DP vs. the heating time according to
eq. (15) do not show substantially linear parts, as seen in Fig. 10. Therefore, the pyrolysis
may be explained to be controlled by the chain mechanism over the range studied by the
viscosimetry. This explanation is supported by the linear plots according to eq. (9) in Fig.
16. The values of E; and A; derived from the maximum slopes of the curved plots of the
reciprocals of the DP vs. the the time in Fig. 10 almost agree with those through the chain
mechanism. However, the latter values should be adopted, because of the linear relationship
shown by the plots in Fig. 16.

Both the degree of freedom of the activated complex and the temperature dependence of
the random scission decreased with the treatment, as seen by the reductions of about 108 times
in the pre-exponential factor and of about 8 kcal/mole in the activation energy. Therefore,
the random scission was accelerated in the studied temperature range.

On the other hand, also the values of E;, and A, decreased with the treatment. These
decrements are larger than those for the random scission. Hence, it is supposed that at the
low temperature the termination was more accelerated than the random scission with the
treatment, but that at the high temperature the random scission was more accelerated than
the termination.

The obtained leveling off DP is higher than that of the untreated sample at the low tem-
perature due to the more accelerated termination, but is lower than of the untreated one at
the high temperature because of the more accelerated random scission. This temperature de-
pendence larger than of the untreated sample is explained also by comparing both the dif-
ferences between E; and E; for two samples according to eq. (8). Similar dependency of level-
ing off DP on temperature is suggested from changes in DP of bhorax-treated filter paper,
schematically drawn by Fune, Tsuvcaiva, and Sumit”. However, the leveling off DP supposed
from the DP change at 200°C shown by them4” is considerably lower than the present value
at 209.5°C. This inconsistency may be derived from the different celluloses and salt contents,

The weight loss by the isothermal pyrolysis decreased with the treatment, as seen in Figs.
27 and 29. Furthermore, in the TG the charred residue at the termination of the active
weight loss increased from 14 to 43% of the original weight with the treatment, as shown in
Fig. 39 and Table 7. The yields of the stable residues in the isothermal heatings are predicted
to be in the range of 46~52% and to depend upon the temperature, as seen in Fig. 34. The
temperature dependence of the yield of the residue is shown also in the TG curve. Namely,
in Fig. 39 the yield is seen to decrease from 43 to 36% with elevating the temperature from
350° to 450°C. From these temperature dependences, the charred residue is suggested to con-
tain decomposable structures. The unstable moiety is considered to be formed by the cross-
linking with the termination. This presumption is backed up by the results of the elementary
analysis given in Table 6, where the residues are shown to include the considerable quantities
of hydrogen and oxygen other than carbon.
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The values of E, and A, increased by about 5 kcal/mole and 108 times with the treatment,
as shown in Table 4. Also the values of E, and A, somewhat increased, as seen in Table 5.
The values of » are calculated to be about 6 at 250°, 15 at 275°, and 36 at 300°C, respectively.
The calculated value at 250°C approximates that of the untreated rample, but the values at
275° and 300°C are over 4 and 5 times as large as those of the untreated sample, respectively.:
The temperature dependence of the kinetic chain length greatly increased with the treatment,
as predicted in Table 5.

Although the activation energies of the weight loss and of the propagation were higher
than those of the untreated sample, the active weight loss in the TG began at the somewhat
lower temperature than for the untreated one. In addition, it seems that the weight loss rate
increased more than for the untreated sample with the elevation of the temperature, as shown
in Fig. 39. The lower threshold temperature of the active weight loss may be interpreted to
be ascribed to the random scission accelerated with the treatment which initiates the weight
loss. If the weight loss rate was exactly determined by eq. (11) derived from the chain mecha-
nism, the effect of the apparent high barrier of the energy on the weight loss decreased with the
elevation of the temperature and therefore in the high temperature range the larger pre-ex-
ponential factor should make the weight loss rate higher than that of the untreated sample.

The threshold temperature of the weight loss is the highest of the salt-treated samples,
as shown in Table 7, probably because of the stable structure cross-linked by the termination
most accelerated with the borate. The interpretation is supported with the reported retarda-
tion of beginning of weight loss of cellulose powder in TG with the increase of borate con-
tent®” and the activation energy increased of strength loss of fiber boards with borax treat-
ment!®,

In the DTA two endothermic and an apparent exothermic peaks were observed, as shown
in Fig. 39. Similar peaks seem to be presented on the DSC curves in Fig. 40, as summarized
in Table 8. Furthermore, similar exothermic peak was previously reported on cellulose powder
treated with sodium borate’”. It may be explained for these peaks that the first broad endo-
thermic peak formed by the random scission was lowered by the termination accelerated with
the borate, and then the exothermic one was formed, but the exothermic effect was overcome
by the evaporation heat of the levoglucosan shown as the third peak.

V. 4 Bromide-treated cellulose

The linkages in the amorphous regions have been assumed so far to have the same bond
strength as in the crystallites. For the present sample, however, the scission of the linkages
with the heating seems to be affected by the fine structures. The changes in the DP are
suggested to be distinguished into three stages from the plots of the reciprocals of the DP
vs. the time in Fig. 11. The reciprocals slowly increased at first and then rapidly increased,
but levelled off at last, as shown in the figure. If the chain scissions preferentially occurred
in the amorphous regions and then occurred in the crystallites, as formerly presentedl®101588)
the average DP should slowly decrease at first and subsequently rapidly decrease, because, in
addition to the chain scissions in the amorphous regions, those in the crystallite generated
at the late stage. Therefore, the present initial slow reductions in the DP may be interpreted
to reflect the preceding scission of the chains in the amorphous region. The second stage of
the rapid reductions in the DP may be caused by the chain scission later generated in the
crystalline and amorphous regions. The third stage of the leveling off in the DP may cor-

respond to the stationary state between the initiation and the termination.
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If the glucosidic bonds in the amorphous region were more weakened than those in the
crystallite by effects of the salt, their breakdowns in the former should be appreciably preceded
at the low temperature used in this study. The observed reduction in the DP with the bro-
mide treatment at room temperature (2,971 to 2,200) is thought to be favorable evidence for
the interpretation of effects of the salt. The intense actions of the bromide will be later dis-
cussed to support the interpretation.

The values of E; and A; derived from the straight parts of the reciprocals of the DP in
Fig. 11 are somewhat higher than those from the average slopes between the reciprocals at
the time 0 and at the end of the straight part. The latter values are almost identical with
those of the initiation derived from the chain mechanism, as shown in Tables 1 and 3. The
higher values obtained from the straight parts may refer to the later occurred scission of the
chains in the crystallites, as above-mentioned. Hence, the higher values should not be regarded
as the correct parameters.

The values of E; and E; decreased with the treatment, as compared with those for the
untreated sample in Tables 2 and 3. The reductions in E; and E; amounts to about 11 and
8.5 kcal/mole, respectively. On the other hand, the value of A; decreased with the treatment,
but A;” is close to the value for the untreated sample. The acceleration of the random scis-
sion by the bromide is seen to be greater than that of the termination. Therefore, the DP
rapidly decreased even at the low temperature and the leveling off DP is relatively low, as
shown in Fig. 6 and Table 1.

Since ammonium bromide has been reported to strongly promote carbonization of wood
at the early stage of the heating*®, the observed insolubility of the present samples which
were heated for long durations may be attributed to dehydrated molecules, as conjectured
for the phosphate-treated cellulose. Moreover, the effect of the present termination on the DP
was not found at the early stage, as proven by the linear increases in the reciprocals of the
DP in Fig. 11. Linear increases in these reciprocals are observed also on the phosphate-
treated cellulose in Fig. 9. Since the hydroxyl groups are assumed to be largely modified by
the dehydration accelerated b& the bromide at the early stage of the pyrolysis, the termina-
tion reaction between the hydroxyl group and the chain fragment is interpreted not to gener-
ate at the stage.

The rate constants of the first-order weight loss could not be obtained, because of its
complicated changes, as suggested in Fig. 30. It is supposed in the figure that the amounts
of the solid residue yielded with the isothermal heating largely varied with the temperature.
Furthermore, in the same figure this sample is seen to contained a considerable quantily of
unstable structure which were decomposed at the temperature below 200°C.

The proceeding of the pyrolysis complicated by the action of the bromide are again shown
with the thermal analyses of the TG, the DTA, and the DSC. The TG and DTA curves in
Fig. 40 indicate at least three stages of the weight loss, which are represented by DTA en-
dothermic peaks at about 190°, 270°, and 330°C, as summarized in Table 8, The first and
second stages are confirmed also by endothermic peaks at 200° and 280°C in the DSC curve,
as shown in Fig. 41. It is difficult to give an exact explanation of the complicated TG and
DTA behaviors. In the present case, however, a simplified explanation may be of significance,
that the first stage of the weight loss is mostly caused by the sublimation or the decomposi-
tion of the salt, and the second and third stages correspond to pyrolytic reactions in the

amorphous and crystalline regions, respectively. This interpretation agrees with the above
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presumption from the DP changes that the pyrolysis of the amorphous region is more strongly
promoted than of the crystallites by the salt. Furthermore, this is supported by similar be-
haviors and interpretations of TG and DTA reported on cellulose powder treated with am-
monium bromide®. By the way, the apparent exothermic peak at 360°C may be given by
the termination to decrease the evaporation heat of the pyrolysis products.

The yield of the residue at the termination temperature of the active weight loss is about
35% and increased by the treatment, as shown in Table 7. The yield, however, decreased
with the increase of the temperature, as shown in Fig. 40. Since the residue still contained
an unstable part at the termination temperature of the active weight loss, it may be composed
of not only dehydrated structures but also cross-linked ones by the termination reaction.

V. 5 Chloride-treated cellulose

The reciprocals of the DP linearly increased at first with the time for a considerably
wide range, as shown in Fig. 12. Hence, the termination mechanism is little considered to
be brought about for those durations. The Arrhenius parameters of the random scission ob-
tained from the above linear plots of the reciprocals vs. the time satisfactorily agree with
those of the initiation from the plots according to the chain mechanism in Fig. 18. Therefore,
although the task of an explanation of the reason why the termination did not generate at
the early stage is left, the model of the pyrolysis with the chain mechanism is supported
also by these results.

The obtained activation energies and pre-exponential factors of the random scission and
of the termination are lower than those of the corresponding reactions for the untreated
sample, as shown in Tables 2 and 3. Since the value of E; decreased by about 5 kcal/mole
with the treatment, while the corresponding reduction in E; is about 12 kcal/mole, the tem-
perature dependence of the leveling off DP is shown to decrease with the treatment by means
of eq. (3). However, the ratio of A; to A, increased by about 500 times with the treatment.
Therefore, the leveling off DP at low temperature should be higher than that for the un-
treated sample, but at high temperature should be lower than for the untreated one. This
expectation agrees with the comparison of the leveling off DP between these samples.

The value of E, agrees with the value for the untreated sample, but is about 9 kcal/mole
higher than for cotton impregnated with sodium chloride by Maporsky and co-workers?®. The
value of A, is somewhat greater than that for the untreated sample, as shown in Table 4.
As shown in Fig. 40, the active weight loss of this sample in the TG began at the somewhat
lower temperature than for the untreated one, in spite of the about equal activation energies
here obtained for both the samples. Since the active weight loss is assumed to be caused by
the chain mechanism which begins with the random-scission initiation, the present TG be-
havior may be reasonably explained with the reduction in E; by the treatment.

The DP changes at the early stage show no indication of the present termination reac-
tion. Since the threshold temperature of the active weight loss of this sample in the TG is
far higher than of the bromide- and phosphate-treated ones, as shown in Table 7, and the
good solubility was cbserved even after the prolonged heatings, probably the cause is different
from that for both the latter ones. The reason why the termination did not occur is supposed
that the salt either stablized the activated centers of the chain fragments or made the hydro-
xyl groups inert at the early stage.

The plots of the weight loss rate vs. the residual weight in Fig. 35 suggest the approxi-

mately constant amount of the stable residue, namely, about 40% to be yielded at any tem-
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perature in the studied range. This temperature dependence is similar to that for untreated
cotton but different from that for the cotton impregnated with sodium chloride by Maborsky
and co-workers?®,

Although the constant amount of the residues were suggested in the isothermal heatings,
the corrseponding amount after the active weight loss in the TG is seen to slowly decrease
in Fig. 40. Therefore, the residue is considered to contain moiety of unstable structure which
was probably formed with the termination, as also suggested from the results of the elementary
analysis in Table 6. These amounts are larger than those from the untreated sample, agree-
ing with many reported results. These amounts seem to increase not only by the dehydration
but also by the cross-linking with the termination accelerated by the salt, as indicated by the
decrease in E; in Table 2.

The kinetic chain length calculated according to eq. (20) and by using the data in Table
5 is about 5 at 250°, 8 at 275°, and 13 at 300°C. The values for this sample of the treated
ones most approximate to the values for the untreated sample in the calculated range of the
temperature. However, the temperature dependence of the kinetic chain length increased
with the treatment.

A broad and deep endothermic peak before the active weight loss is formed on the DTA
curve, as shown in Fig. 40. On the other hand, the corresponding thermal change is found
as a shallow dent on the DSC curve in Fig. 41. These endothermic changes are supposed to
be given with the random scission reaction. An endothermic change with the weight loss is
certainly found on the DSC curve. Furthermore, an endothermic peak caused by the active
weight loss on the DTA curve is recognized as a col between two apparent exothermic peaks.
It may be interpreted that these two exothermic peaks were formed by an endothermic effect
of the weight loss which occurred within the exothermic region given by the termination. It
is noted that the exothermic peaks are observed for the borate- and chloride-treated samples
with the low activation energies of the termination. In spite of the above effects, however,
sodium chloride is an ineffective salt as a fire retardant, probably because the salt restrains
the termination at the early stage of the pyrolysis and has the less effect of the dehydration

than effective salts.
VI. Conclusions

1) The changes in the DP and the weight of untreated and salt-treated celluloses with
the heatings in vacuo are generally explained by a persented model of a chain mechanism
with random-scission initiation, with propagation in which levoglucosan is produced, and with
grafting termination. According to the model, the leveling off of the DP is given by the
stationary state between the initiation and the termination, and the weight loss at the late
stage of the pyrolysis is regarded as an apparent first-order reaction.

The behaviors shown in the thermal analyses of the TG, the DTA, and the DSC of the
untreated and treated celluloses can be interpreted by means of the chain mechanism. The
results of the elementary analysis for the residues support the present model.

2) Since inorganic salts added to the cellulose accelerated both the reactions of the ran-
dom scission and the termination, then the cross-linking as the result of the termination was
promoted and thermally stable structures are considered to increase. The charred residues

from the treated celluloses are supposed to increase not only with the accelerated dehydration
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but also with the increased effect of the termination.

The threshold temperatures of the weight loss of the treated celluloses in the TG are
interpreted to be lowered with the random scission accelerated by the salts which initiates
the propagation. These temperatures, however, may be lowered with the effects of the de-
hydration of the salts.

3) The pyrolyses of the untreated and treated celluloses are characterized as follows:
The pyrolyses of the untreated cellulose and the cellulose treated with sodium borate were
shown to be controlled by the chain reaction with the random scission and the termination
from the viscosimetries. On the other hand, the pyrolyses of the celluloses treated with am-
monium phosphate, ammonium bromide, and sodium chloride proceeded with the random scis-
sion at the early stage and with the above chain mechanism at the late stage. The reaction
mechanism of the random scission of the phosphate-treated cellulose at the early stage may
be different from that at the late stage. It is considered that the random scission of the
bromide-treated cellulose occurred at first in the amorphous region and then in the crystallite.
The rate of the random scission of the chloride-treated cellulose at the early stage is equal
to that derived from the chain mechanism.

The weight loss of the untreated and treated celluloses by the pyrolysis can be expressed
to obey an apparent first-order reaction except for the bromide-treated cellulose. For the
bromide-treated cellulose is supposed from the TG that the weight loss was brought about
preferentially in the amorphous region and subsequently in the crystallite. Therefore, the
kinetic parameters for the weight loss could not be determined.

4) The obtained activation energies of the initiation of the untreated, phosphate-treated,
borate-treated, bromide-treated, and chloride-treated celluloses are 38.0, 35.4, 29.6, 28.6, and
32.6 kcal/mole, respectively. The corresponding pre-exponential factors are 1.4x101°, 6.91012,
1.6 X107, 7.4x108, and 9.3X107 sec™?, respectively. For the phosphate-treated cellulose, however,
different values of 25.8 kcal/mole and 1.2X102sec™® are given to the Arrhenius parameters
of the random scission from the DP at the early stage. The corresponding Arrhenius para-
meters of the termination for the above samples are 31.4, 25.0, 20.5, 23.0, and 19.3 kcal/mole,
and 2.9x109, 1.5Xx1010 25x105 1.7x10° and 9.9X10% sec™?, respectively.

On the other hand, the determined activation energies of the first-order weight losses of
the untreated, phosphate-treated, borate-treated, and chloride-treated celluloses are 44.7, 40.7,
49.9, and 44.3 kcal/mole, respectively. And the corresponding pre-exponential factors are 3.9 X
1018 6.9 1018, 2.0x10%, and 3.5X10% sec™!, respectively.

5) Suppresion of flame by halogenous which are released from wood into gas phase with
the heating, and decrease in inflammable products from wood by changing the course of the
pyrolysis have generally been accepted as two sorts of important effects of flame-retardants
of wood#”, The latter effects have been considered to be given by the carbonization with the
dehydration promoted by the retardants. In the present study on the pyrolysis of the collu-
lose, however, the weight loss with the heating which means the generation of inflammable
products is suggested to be accompanied by changes of the polymer chains. It is particularly
noted that the grafting-termination reaction not only terminates the depolymerization of the
cellulose but also forms thermally stable structures. For the future, flame-retardants of wood
must be re-examined from the viewpoint of effects on the changes of the polymer chains,
which is believed to be useful for the development of flame-retardant wood and wood-based

materials,
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