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Effeclts of Inorgpanic Sallis on Pyrolysez of Wood and
Cetlulozse, Measured with Thermopravimelric and

Differential Thermal Analysis Technigues, 1

Kinetics of the pyrolyses of untreated wood

and cellulose in vacuo

By

Toshimi Hirata®™

Summary - Fyrolyses of wood and cellulose, and effecis of diammonium phosphate, am-
monium bromide and sodiwm tetraborate decahydrate as effective flame-retardants, and
sodium chioride as an ineffective salt own the pyrolyses of these materials were studied
by means of thermogravimetry and differential thermal analysis techniques in vacuo as

the basis for flame retardation of wood. Kinetics of the pyrolyses of untreated wood

and cellulose is described in this paper.
Pyrolysis of cellulose seems to be controlled by two reactions, whose kingtic parameters

were determined through the mechanism presented by € reriEE and Coxrap, and their

calculating method medified in order to be applied {o the results of the dynamic thermo-
gravimetry, The kinetic parameters of the pyrolyses of lignin and hemicellulose in a
limited range of temperatures were derived from the thermogravimetry of wood, based
on the assumed threshold temperature of pyrolyses and contents of cellulose, lignin and

hemiceliuloss in wood.

1. Introduction

It is usually accepted that the thermal decomposition of wood prior to its burning occurs
with heating, and then the decomposed products bring about the burning of wood. Many
attempts to obtain fire-retardative wood have been carvied out changing the course of this
thermal decomposition preceding the corbustion of wood,

There is a considerable number of papers which reported on the researches on the thermal

decompositions of wood and its components by means of thermal analvsis techniques: such

as, therr avimetry (T0G) to measure the weight change and differential thermal analysis
(DTA) to me

heating., These do not seem, however, io he &

sure the heab content change as change of the physical quantity of th

stactory means for the quantitative determi-
nation of effects of fire-vretardants on the thermal decomposition of wood and its components.
Perhaps, this is due Lo not only the complicated course of decomposition of the materials, but

s, a physical technique in association with

also to the contention that the thermal analysi

anocther chemical one should become a maore valld mean for the investigation of this subject.
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In dynamic thermogravimetry of wood and its components treated with chemicals, the
threshold temperature and the apparent activation energy of the thermal decomposition would
be lowered, the residual char would bhe increased, and the volatile products would be decreased
in comparison with those of the untreated materials. The thermal decompesition of wood is
considered to be expressed as a composite of the behavior of each component®®, but the
active decomposition of wood which is considered to cause its ignition seems to be mostly
borne by cellulose. Therefore, in the research on the effects of fire-retardants upon the
thermal decomposition of wood, cellulose which plays the most important role among its
components in the combustion of wood shall be the main material to be investigated.

In this study, wood and cellulose as materials were adopted for the clarification of the
mechanism of cellulose pyrolysis and of effects of flame-retardants on cellulose pyrolysis, and
of the thermal decomposition of wood treated with fame-retardants based on the simpler
decomposition of cellulose than of wood.

Diammonium phosphate, ammonium bromide, sodivm tetraborate, and sodium chloride
were used for the treatment of the materials, and they have been recognized as good flame-
retardants for wood except the last one. The mechanisms of their effects are thought to be
different from one another. Since sodium chloride is ineffective for flame retardation of wood,
it was chosen for comparison with other effective flame-retardants. Three levels of the
content of these salts in the treated samples for the TG and the DTA were applied for the
investigation on mechanisms of their effects.

in this paper, kinetics of the pyrolyses of untreated wood and cellulose derived from the
results of the TG is reported. The results of the dynamic TG of cellulose are well interpreted

through the mechanism proposed by Caarrerize and Cosrap® and their equations so modified

that they are able to be applied to the dynamic TG. The kinetic parameters of the pyrolyses
of lignin and hemicellulose in limited ranges of temperatures are derived from the results
of the TG of wood.

The pyrolyses of treated wood and cellulose will be reported in part IL

2. Theory of pyrolysis of cellulose

2. 1 Fitness of cellulose pyrolysis for fivst-order kineties

Pyrolysis reaction of cellulose has been assumed to follow first-order kineticsP®4, Thus,

where, k is the rate constant to follow the Axrupniss eguation;

1
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w is the decomposable weight of sample present at the time #, £ the activation energy of the
pyrolysis reaction, 2 the gas constant, 7" the absclute temperature of sample, and Z the pre-
exponential factor. Then, when 7= Ty+d¢f, where T, is the initial temperature and ¢ the
constant rate of temperature rise,

X

OB L TR g eee e RTTRTIOTIN (2)
)h ln-’:;..?é}%‘ ......................... eeeas eena e ( 4 )




cinetics  for

Arrheniu noens

Therefore, the plote of the values of the left-hand side of eq. (4) obtained from a TG curve

vi., the reciprocals solute tes'z'z.pe;rsmwe shall bear 3 stralght line whose slope and inter-

cept give the activation energy the pre-exponential factor, respectively, The preliminary

plots of them shown in ¥Fig. 1, however, actually produce a curve which has a sirs

segment in the high temperature range. Hence, the pyrolysis in the high temperaturs range
2¥ets]

aeems to follow first-order kinetics. Then, mechanism ¢ the rate sguation to explain

the plots in Fig. 1 need to be developed.

2. 2 MWechanism of cellulose pyrolysis

e was assumed to be

By Caarreepe and Coxeav®, the weight loss in pyrolvsis of cell

aused by the splitting levoglucosan a monomer from celiulose mol s as follows @
caused by the splitting levoglucc as onomer f flulose molecules as follows

L0H
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The fragment (C) which occurs with the break of the glucosidic bond in the cellulose mole-
cule becomes temporally stable in the fragment (E), obtaining a proton from the fragment
(B) which is turned into the fragment (D). Then, by the further hreak of the glucosidic
bond, the fragment (I3) produces levoglucosan which causes weight loss by the volatilization
i vacuo and high temperature.

Gorova and Kryieova® showed in the measurements of the degree of polymerization and
of the amount of levoglucosan yielded during the pyrolysis of cellulose in the isothermal
heatings that since the average degree of the polymerization which was lowered with the
progress of the pyrolysis had reached a certain value, other cellulose molecules with lower
degree of the polymerization were not ohserved, and the yield of levoglucosan increased sud-
denly.

On the basis of these reports, if it is assumed that the cellulose molecules with the degree
of polymerization under a certain value in the above fragment (D), which is attained with
the break of glucosidic hond, are consumed by the faster depolymerization reaction alone to
form levoglu.cosah, the rate equations for the initiation reaction to break glucosidic bond and
for the propagation reaction to give levoglucosan are derived after the manner of Cuarrrryes

and Cowran® as follows.

2. 3 Derivation of theoretical equations
2. 8. 1 Eqguations for propagation reaction
An original cellulose molecule 4 is cut into fragments with an end anhydroglucose unit

B, and with an end hydroxyl group A/, by the break of glucosidic bond. Thus,

where, k; is the rate constant of the initiation reaction. The rate of the formation of the

fragment 2 depends upon the initial number Ay of cellulose molecules as follows @

48] T 7Y P T T PP PPN (5)
Then,
dB) _ 7 i

where the subscript ¢ denotes the initiation reaction. Further, the fragment A’ with the
break of glucosidic bond,
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and if it is supposed that the molecule in the form B is rapidly lost o produce levoglucosan

by depolymerization, although it has the chances to be decomposed with the initiation reaction,

then,
&y
By et By+ L4
kyp
By s Bode 4

where, %, is the rate constant of the propagation reaction, and L denotes levoglucosan.
Therefore, for the propagation reaction to produce levoglucosan,

d(L]
i

o fo B (7)

The subscript p designates the propagation reaction. According to the result by Gorovs and
Kevicova®, if it is assumed that in the later stage of the pyrolysis, there are only the cellulose
molecules of a constant degree of polymerization attained with the initiation reaction and the

chain reaction of the propagation alone is invelved, then the weight loss in this stage may

bhe shown as the function of the number of the molecule,

A 2B M
d

~(9)

where, M; le the molecular weight of the B; (also M; may be constant). Hence,

i Er Ep ~(10)
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Thus, the plot of the values of the left-hand side of eq. (10) in the later stage of the
pyrolyais, which the high temperature range of the TG is assumed fo correspond to, vs, the

reciprocals of temperature shall bear straight line whose slope and intercept give the

activation energy and the pre-exponential facter, respectively.

2. 3. 2 Equations for initiation react
In the first stage involving the initiation reaction, the mumber of the molecule produced

obeving the rate equation (5) or (6) has to be taken into consideration. From eq. (8),

I8,
J
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If the number of the moleculs A4, which bears the molecule B, is constant during the first

stage and equal to its initial number Ag then

e
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Although the series does not converge sharply except for RT/E<1, the error resulting from

ible for the accuracy

the leaving out of account the series after the second term is negl



needed in this study, since, for instance, the sum of the values of the terms omitted from the

series amounts to about -0.0604 at the conditions that T==600°K and £

36 kecal/mole, by the
calculation with aid of the given numerical tables®”1" cited by Kanes®, Therefore, it is
readily shown that the parenthesized series of eg. (13) may be regarded as constant for the

narrow range of the temperatures involving the initiation reaction. Then,

Furthermore, on the basis of the ohservation by Govova and Krvinova®, if it is assumed that
nearly all the molecule B formed with the initiation reaction have the constant molecular
weight M in the temperature range where the relatively great weight loss cccurs, eq. (14)

may be substituted for 218, in eq. (9) in which M;=M=constant, thus,
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Hence, a straight line of s slope to give E; shall be obtained by the plotting (In(—dw/dT) —
2in Ty ve., (4/T).

3. Experimental

3.1 Apparatus for thermogravimetry and differential thermal analysis
The apparatus, Differential Thermal Balance TGD-1500M (made by Sinkua Rike Co,
Yokohama, Japan), by means of which the TG and the DTA could be carried out simultane-

ously, was used for this study. Its block

diagram is shown in Fig. 2. The weight of

reactant in the platinic cell which was

mounted on a balance in null method system

was automatically recorded on the ordinate

with one of the two pens of an XY recorder

through a differential transformer and an

amplifier.

The sample temperatures and the tem-

peratures differences between the sample

and the standard cell also were recorded on

the ordinate and the abscissa of the above

recorder in electromotive forces of a plati-

num-platinum phodium thermocouple which

had the conections close to and under the

1. Circuit for temperature program, 2. PID-SCR
temperature controller, 3. Differentiation circuit, . o, . . )
4. Recorder, 5. Circuit for range shift of re- 2mun in the abscissa direction. By the way,

cells, respectively. Two recording pens of

the recorder are placed at the distance of

corder, & DO amplifier for DTA, 7. Therme- a very fine wire which composes the ther-
gravimetry circuit. . «
. ) ) i mocouple permits measurement of these tem-
Fig. 2 Block diagram of apparatus for L ) o
5 N : Y att 3 "\ 1 ing it chang
thermogravimetry and differential peratures without affecting welght change,

22

thermal analysis, being helically wound before the connection



with the amplif The ambient atmosphere can be made vacuum.

About 40mg of either wood or cellulose sample, and the constant volume of the standard
sample of saluminium oxide as much as the reactant sample in the cylindrical cell were set
in the sample holder, and after heing sealed, the sample cabin was very gently evacuated

through a very small opening in a glass siopcock with a votary pump sc that abrupt dis-

charge of air accompanied with flying at

it of the fine g

¥ snular sample was prevented.

After the sample welght was free from the influence of current and buoyancy change of the
of 5°C

1 107t and 1072 mmile were used

atmosphere, and reached 3 constant value, the samples were heated at the rate Jmin

from room temperature to 500°C. acuum conditions hetwe

in the experiments.

3. 2 Sbtudied maierials

The wood samples used in this study were Japanese cedar sapwood which was powdernd
ina W

ey mill, was passed through a 60 mesh and trapped in a 120 mesh screen, and the

was sufficiently extracted with acetone.

The cellulose samples were Whatmam cellulose powder (grade standard, Batch We, 1036607,

4. KResults and discussions

4, 1 Observations sn the DTA curves
The TG and the DTA curves of the cellulose and the wood are shown in Fig. 3. The

maximurmn vate of the v 1 IYTA peak

wveight loss for both cellulose and wood correspond with ea

and Kasp?,

in agresment with the result

The DTA cury

ined theoretically by

the exothermic

es from the endothermic toward

i show nearly linear ¢

foo2

side with the rise of temg

ature except the temperature ranges lnvolving weight loss, Thig

shift of base lines might be due to the discrepancy of the mal diffusivity between the

ant and the st

re 2 an infinite

wle cells can he

sample. When the

sylinder, and the efl of tempera b consumption upon the thermal diffusivity

are negligible, the temperature changes in these cells are exprs as follow, respec-

tivelyPi®

,\ i : ;

0 200

Fine and thick lines wfrewonr‘i to TG and DTA, respectively,

wood, and - cellulose,
‘ic and differential thermal analysis curves for both

and wood {(Japanese ceder).
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where, the subscript 1 and 2 designate the standard and the sample cells, respectively, and »
is the radial coordinate, « the thermal diffusivity of material, ¢ the heat of reaction, ¢ the
specific heat, and (dw/d¢) the pyrolysis rate. Hence, it is seen that a DTA curve depends on
the thermal diffusivities and the temperature gradients in both the standard and reactant
sample as well as pyrolysis of sample. The presence of the differences of density, specific
heat, and thermal conductivity between two samples most likely brought about such shift of

the DTA base lines.

4. 2 Kinetics of pyrolysis of cellulose

In order to determine the kinetic parameters for two reactions of the propagation and of
the initiation, the calculations were plotted in Fig. 4. The plots of the values of the left-hand
side eq. (10) vs. the reciprocals of temperature form a curve with a segment of a straight
line in the high temperature region. The activation energy and the pre-exponential factor

for the propagation reaction which were derived from the siope and the intercept of the
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Bovenetp for cellulose pyrolysis, @ wwg for first-stage of cellulose pyralysis,
Do) f0r W00d,  (uemswes for lignin, we—~=% for hemicellulose,

Fig. 4 Plots of w(~dinw/d?) or (In(—dw/dT)—-21InT) vs. 1T for-
determination of activation energy of pyrolysis.

Table 1. Kinetic parameter for pyrolysis of cellulose and wood

based on first-order kinetics

Materials Activation energy - Pme\poncr‘rlal factor
(kealjmole) Gin™t)
Lell}zllé?;;on reaction 89.5 1,35 109
Propagation reaction 26,8
Lignin 34.89 (in 780 to 300°C) 4,343 101
Hemicellulose 28.5% (in 220 to 280°C) 7, 88X 10108

a) Caleolated from the result of the wood pyrolysis.



segment of the straight line ave given in Table L
The plots for the initiation reaction based on eq. (16) make a straight line as shown in
Fig. 4. As stated above, the value of the slope of the obtained straight line is (H;+E /R

The activation energy for the initiation, £; is also given in Table 1.

4.3 Kinetics of pyrolysis of woed

The plots of m{~dinw/d?y vs. 1T based on eq. (4) assuming the reaction order to be
unity, in the same manner as for the above cellulose, bring about the scolid line in Fig. 4
composed of two segments which cross each other ai about 315°C. Since the point of this

intersection is close to the threshold temperature of the weight loss of the above cellulose,

it is supposed that the cellulose in the wood began to lose its weight with pyrolysis, though

it is reasonably ¢ sred that the component, cellulose of this wood somewhat differed from

the above cellulose.
It may be asserted that weight loss of wood during pyrolysis is expressed as a sum of

corresponding weight loss of each component of it?, It is now thought that in the tempera-

ture higher than 315°C, both decompositions of cellidose and lignin existed together in one of

T

the wood and under 315°C both the lignin and hemicellulose dominated the pyrolysis of the

wood. In TG, hemicellulose is thermally less stable than lignin and the greater part of lignin
1

luloge® 10 Then, assuming that in the lower temperature range over 220°C the pyrolysis

is considered to remain in solid ph after the completion of active pyrolysis of hemic

of 1

=micelluloss predominated and in the range 280 to 300°C the weight loss of wood, which

was little affected by hemicelludose, mostly owed to the degradation of lignin™, the similar

plottings for each component were tried as shown in Fig. 4. Incidentally the amounts of

cellulose, lignin, and hemicellulose and others in the wood of this species, and of the char

residue after the completion of active pyrolysis of each component, which were used in the

calculations for these plots, were derived from literature or the results of this experiment

2

and are listed in Table 2,

The kinetic parameters thus determined by the plots of In(dmwidT)y vs. 1T are given

together with those of cellulose in Table 1. These plots evidently make straight lines as

shown in Fig. 4, though their significance iz restricted by the above assumptions.
2 o ¥

Table 2. Amounts of components in wood and of their char residues

|

Contribution from
¢ component to char of
| wood (%)

Component

Cellulose

Lignin

Hemicellulose and others |
Wond 1

a) Perceniage of the initial weight.

by A mean of values derived from the reference (12).

¢) Caleulated as the difference of the content between wood and cellulose plus lignin.
d) Derived from the present experiment.

e) Derived from the reference (16).

%1

*1  The temperatures, 280° and 2300°C were adopted as the termperature at the completion of active
pyrolysis of hemicelluloses> 100214215 and as that before the outset of active pyrelysis of cellulose®
10734200 81% 4 TG, respectively, although they are variable depending on the heating rate.
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4. 4 Discussions ou obtained aclivation energies

Since Cuarrerree and Conran® presented the mechanism of cellulose pyrolysis that consisted
of the initiation reaction to break a glucosidic bond and the further propagation reaction to
.

produce levoglucosan, and derived kinetic parameters for the reactions from their static TG
curves, the result which seems to support their theory has been given by Ramar'®, From
their theory, it results that these reactions shall be reflected on plots for the determination
of kinetic parameters by means of dynamic TG technique in which temperature is a function
of time. By Ramuanl®, the activation energies for pyrolysis of Avicel cellulose based on first-
order kinetics were 6042 kcal/mole in the first stage of low temperature, and 39+1 kcal/mole
in the second stage of high temperature. By Csarreriee and Conrav®, the activation energies

for the iniiiation reaction and for the propagation reaction of pyrolysis were 54.3kcal/mole

and 33.0kcal/mole for cotton, and 75. 0 keal/mole and 37.1kcalimole for amorphous cellulose,
reapectively. These values, including ours, seem proper when differences among the materials
as well as the methods of their determination are taken into consideration. In all of them,
the higher activation energies in the first stage than in the second stage agree with the
mechanism of cellulose pyrolysis by Cuarreryse and Cownrap in which the process of the propa-
gation reaction is faster than the initiation.

The result from a dynamic TG by Tane?®, however, showed the lower activation energy,
23 kcal/mole in the low temperature range than 54 kcal/mole in the high temperature range
and was inconsistent with Cuarreriee and Cownrap’s.

In addition to. these, pyrolysis of cellulose was shown to be controlled by more than one
mechanismPOD2e - In the isothermal condition?, the higher activation energy based on
first-order in the low temperature range than in the high temperature range may be inter-
preted as evidencing that in the high temperature range, the rate of weight loss was mostly
dependent on the propagation reaction, so as to be consistent with Caarrsryes and Conzan's
theory. Furthermore, zero-order as well as first-order kinetics was reported on cellulose
pyrolysestii®2 The kinetic parameters for cellulose pyvrolysis seemed to be differently
determined depending on calculating processes, pyrolysis procedures and origins or structures
of material. It is hard to explain systematically the discrepancies among those parameters.

The overall reaction order for wood pvrolysis was reported to be unity?®, but Axira? has
shown the rate of wood pyrolysis as the summation of the rate of the first-order for pyrolysis

of individual wood components as follows :

where the subscript 7 denotes a wood component 7, On the other hand, since in dynamic TG
wood components would begin to be pyrolyzed in the order, hemicellulose - lignin — cellu-
logel#IOMW2D  thoueh the range of the active pyrolysis of lignin partially overlapped that of
hemicellulose and extended beyond that of cellulose, the kinetic parameters for the pyrolyses
of lignin and hemicellulose in the limited range with the assumption of threshold temperature
of each pyrolysis were derived from the TG curve of wood as stated above. The activation
energy, 28.5kcal/mole for hemicellulose and 34.8kcal/mole for lignin are somewhat higher
than the value for hemicellulose derived from the data of wood pyrolysis by Axiral and the
values for the isolated hemicelluloses®0W1D  and for the isolated ligninsD8N®winan,  Fut,

they do not agree with one another in each group.



The presont kinetic parameters for the pyrolyses of hemicellulose and lignin will be of
much inferest, when they come to be related to the type of pyrolysis, such as elimination of

side groups from structural units, random scission, or depolymerization of chains in thermal

degradation of polymers.

5. Conclusions

)

-
javag
&

> kinetics of pyrolysis of cellulose in the dypamic TG is expressed by means of
Crarvesyee and Conran's method® so modified as to apply to a dynamic TG, based on the
mechanism proposed by them and the result by Govova and Keviwova®, It supports their
theory that the obtained activation energy is higher for the initiation reaction to break the

glucosidic bond of cellulose than for the propagation reaction to form levoglucosan, and both

values are in suitable region (sse Table

2y The kinetic parameters for pyrolyses of Hgnin and hemicellulose in the limited ranges

of temperature of the dynamic TG were obtained based on first-order reaction from the TG
curve of wood, and with the assumption of the amounts of cellulose, lignin, and he

in wood and of

threshold temperature of their pyrolysis in the TG which
1cesPPINIDININNILL (Table 1 and 2).

activation energies are somewhat higher than the values previcusly reported by othersti®10,

from the present experiment or the refere

WL These values shall be explained with mechanisms of pyrolyses in the limited
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