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S"a.:nnma:ry : :Pyrolyses of wood and cellulose> and effects of diarnn1ordurn phosphate> arn~ 

monlurn bromide and sodiurn tetraborate decahydrate as effective f1an1e~retm:dants, and 

sodium chloride as an inefff~ctive ~alt on the pyrolyses of these materials -,vere studied 

by rnc:ans of th{•rrr1ogravLmet.ry and d1ffer-entlai therrnal analysis tecbniques in vacuo as 

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

and cellulose is describe(l i.n this paper. 

Pyrolysi.s. of cellulose seetns to be eontrollerl by two n~actions, whose kinetic parameters 

were determined through the mechanism presented by CuATTERJEE and CoNRAD, and their 

calculating method modified in order to he applied to the results of the dynamic thermo

gravimetry, The kinetic parameters of the pyrolyses of lignin and hemicellulose in a 

limited range of ternperatures '\Vere derived from the thernwgravimetry of wood~ based 

on the assumed threshold temperature of pyrolyses and contents of eel l11lose, lignin and 

hemkellulose "in >.:vood, 

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. M.any 

attempts to obtain fire-retardative wood have been carried out changing the course of this 

thermal decomposition preceding the cornbnsi:ion of wood. 

'T'here is a .::onsiderable nurnber of papers which reported on the researches on the thermal 

decompo:;itions of wood and its compllnents by 1neans of thcnnal analysis techni.ques: such 

as, thermogravimetry ('fG) to measure the weight change and diffcncntial thermal analysi:o: 

(!.JIA.) to measu.re the heat content change as change of the physical quantity of them Jn 

heating. ,.rta.-~se do not seen1~ hovlevcr) to be satisfactory :rn.eans for th_e quantitative detern1i

nation of effects of fire-retardants on the thcrma.l decomposition of W<)Od and its components. 

Perhaps, this is due to r1ot only the com.pEcated course of decomposition of the materials, but 

also to the contention that the therm.al. analysis, a physical technique in association with 

another chemical one should become a more valid nwan 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 be increased, and the volatile products would be decreased 

in comparison with those of the untreated materials. The thermal decomposition of wood is 

considered to be expressed as a composite of the behavior of each component114l, but the 

active decomposition of wood which is ccmsidered 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 c!arii.ication of the 

mechanism of cellulose pyrolysis and of effects of flame-retardants on cellulose pyrolysis, and 

of the thermal decomposition of wood treated with flame-retardants based on the simpler 

decomposition of cellulose than of wood. 

Diammonlum phosphate, ammonium bromide, sodium tetraborate, and sod:iurn 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 o:f wood, 

it was chosen for comparison with other effective flame-retardants. Three .levels of the 

content of the~1e 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 vvood and ce11ullme 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 CHATTERJEE and CoNRAD5l and their equations so modified 

that they are able to be applied to the dynamic TG. The kinetic param.eters of the pyrolyses 

of lignin and hemicellulose in .limited ranges of temperatures are derived from the results 

Qf 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 first-order kinetics 

Pyrolysis reaction of cellulose has been assumed to follow first-order kinetics1l 2l4) Thus, 

- .!!:.UL = kw 
d! 
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where, k is the rate constant to follow the ARRHENIUS equation; 

k= 0 ., •• ,. 0 .,. "" .,. 0 "" 0 •• "0 ..... '" 0 ,. ...................... 0 0" ... 0 .......... ·( 2) 

w is the decomposable weight of sample present at the time t, E the activation energy of the 

pyrolysis reaction, R the gas constant, T the absolute temper?,ture of sample, and Z the pre

exponential factor. 'Chen, when T"" 1'0+ •i>t, where T 0 is the initial temperature and 1> the 

constant rate of temperature rise, 

1M(._ dIn~£_)= 
"'' . dT 

E 
R]' 
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Fig. 1 Plots bas~:-:~d on. fi rst··order 
kinetics for deten11ination 
A.:rrhen.lus activation en.ergy 
of py.rolysL; of cellulcse. 

,, 
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Therefore, the plots of the values of the left-haEd :;ide of eq. ( 4) obtained fron1 a 'IG curve 

vs. the reciproc::JJ:::-; of CLb~Y11nh·. ten1perat.ure shall b<:.a:r a straight Iine whose slope and inter~ 

cc.·pt give the act1va.tinn. energy and the pre-exponential factorJ respectively. T'he prelirn.inary 

plots o:f thern shown ir• Fig. I, however, actually produce a curve which has a strnight 

segn1cnt h1 the high texnperature range. IJence: .the pyrols·'sis in the high tcn1perature range 

see1n~; to foHo"\v first~order kinetics. -~_rhen, tLe rnechan.isu.1 an.d the ratE.~ c·qu.ation to explajn 

the plots in Fig. l n<:ed to be developed. 

;!., 2 Mechanism of cdlulose pyrolysis 

.By Cn.ti.TTEN.JJ.m and CoNRADrn, the vve1g.ht loss in py-rolysis of ceLlulose \Vas <:1.s~;urncd to be 

e<·.tnsed by the splitting Ievog.lvcosan <:..ts a xnonorner fron1 cellulose rnolecuJes e.s follo\VS: 

0 ·····R 

0 

+· 

(C) 

fest. 

() 
+ 

(D) CE) 



+ 

CG) 

very fast 

R'-CJ 
+ 

(1-i) 

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 break of the glucosidic 

bond, the fragment (D) produces levoglucosan which causes weight loss by the volatilization 

m vacuo and high temperature. 

GoLOvA and KRYJLOVA8J showed in the measurements of the degree of polymerization and 

of the amount of levoglucosan yielded during the pyrolysis of cellulose in the isothermal 

beatings that since the average degree of the polymerization -vvhich was lowered with the 

progress of the pyrolysis had reached a certain value, other cellulose molecules with lower 

degree of the polymerization were not observed, 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 bond, are consumed by the faster depolymerization reaction alone to 

form levoglucosan, 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 CnATTEHJEE 

and CoNRAo5J as follows. 

2. 3 Derivation of theoretical equations 

2, 3. 1 Equations for propagation reaction 

An original cellulose molecule A is cut into fragments with an end anhydroglucose unit 

B, and with an end hydroxyl group "1 1, by the break of glucosidic bond. 'J'hus, 

kt 
A ------------------ ·· B +A 1 

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

fragment B depends upon the initial number A 0 of cellulose molecules as follows : 

!.1;{Jl~"kiAo-- .. ·--·-··- .. -··--- ... , .................................... , ... ,. ....... ( 5) 

Then, 

Ao -·· -· · -··- ··· · ··- · ·- · ·-· ·- · · -·· --· ·- · · -· ···- ·-- · ·- --- ·-· ···- ··· (G) 

where the subscript i denotes the .initiation reaction. .Further, the fragment A 1 with the 

break of glucosidic bond, 

k, 
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and if it is supposed that the molecule in the form B is rapidly lost to prodm:e levoglucosan 

by depolymerization, although it has the chances to be decomposed wi.th the initiation reaction, 

then, 

kp 
B2 ·································· Ds+Lj 

where, i<p is the rai:e constant of the propagation reacl:ion, and L denotes levoglucosan. 

Therefore, for the propagation reaction to produce levoglucosaa, 

'I'he subscript j! designates the propagation reaction. According to the rcmlli: by GowvA and 

l(RYJLOvA8', if il: is assumed. that in the Jater stage of the pyrolysis, there are only the cellulose 

molecuks of a constant degree of polymerization. attained. with tht~ in.itiation reaction and the 

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

be shown m; the function of the nmnber of the molecule, 

;,;,:··, 

where, is the molecular weight of the Bj (also may be coastan !:) . Hence, 

(10) 

·r.hu.l, the plot of the values of the left·hand side of cq. (10) in the later stage of the 

pyrolysis, which the high temperature range of the TG is assumed to correspond to, vs. the 

reciprocals of temperature shall bear a straight line who:se slope and intercept give the 

activation energy and the pre~exponent:1a1 fa.ct:or, re.spectlvcly, 

2, 3. 2 Equation.s for initiation .reaction 

In the first: stage involving the initiation reaction, the nLtmber of the molecule produced 

obeying the rate equation ( 5) or ( 6) has to be taken into consideration. rrom eq. ( 6 ), 

AodT · ... (1.1) 

lf tll:c number of the m.olecule A, which bears the molecule B. is constant during the first 

stage and equal to its initial number A 0 , then 

By making a p;utiai integration and assuming initial con.ditions that 2.: 

right-hand side may be cle;crihed as the follmving asymptotic series: 

(12) 

' ....................... ·(l:~) 

at T 0, the 

AlthougJ1 the series does not converge sharply except for RT!.Er<l, the error resulting from 

the leaving out of account the series afi:er the second term is negligihle for the accuracy 
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needed in this study, since, for instance, the sum of the values of the terms omitted from the 

series amounts to about ·--0. 06(),:[ at the conditions that T=600" K and E;"~ 36 kcal/mole, by the 

calculation with aid of the given numerical tablesmnn cited by K~NBE9 J. Therefore, it is 

readily shown that the parenthesized series of eq. (13) may be regarded as constant for the 

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

e ........... (14) 

Furthermore, on the basis o:f the observation by GowvA and }(RYitovA8\ if it is assumed that 

nearly all the molecule B formed with the initiation reaction have the constant molecular 

weight Jii i.n the temperature range where the relatively great weight loss occurs, eq. (14) 

may he substituted for 'i:.Bj in eq. ( 9) in which ;H1=1W=consl:ant, thus, 

·(15) 

ln( -~~-)-2ln ···············ClG) 

Hence, a straight line of a slope to give E'i shall be obtained oy the plotting UnC- dw/dT)-

2 In T) vs. (1/T). 

3. 1 Apparatus for thermogravimetry and differential thermal analysis 

The apparatus, Differential Thermal Balance TGD-1500 M (made by Sinlm RUm Co., 

Yokohama, Japan), by means of which the TG and the DT A could be carried out siinultane·· 

1. Circuit for temperature program, 2. PID··.SCR 
temperature controller, 3. Differentiation circuit, 
1. Recorder, 5. Circuit for range shift of re·· 
corder, G. DC amplifier for DT A, 7. Thermo
gravimetry circuit. 

Fig. 2 Block diagram of apparatus for 
thermogravimetry and differential. 
thermal analysis. 

ously, was used for this study. Its block 

diagram is shown in Fig. 2. The weight of 

reactant in the platinic cell which was 

motmted on a balance in null method system 

was automatically recorded on the ordinate 

wlth one of the two pens of an X. Y recorder 

through a differential transformer and an 

amplifier. 

'fhe sample temperatures an.d 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 thc;rmocouple which 

had the conectiomJ dose to and under the 

cells, respectively. Two recording pens of 

the recorder are placed at the distance of 

2 mrn in the abscissa direction. By the \vay, 

a very fine w.lre which composes the ther

mocouple permits measurement of these tern·· 

peratures without weight change, 

being helically wound before the connection 
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\v!th the a.rnpllfie_·r, ~.the arn bient ,:·Jtrnosphere C(;_n be nEtde v£-tcUUJJL 

About 40 rng of either 'Nood or cellulose sa1np!c, and the constant volume Df the standard 

sarnple of ~x-alurniniurn oxide as ntuch a~~ the :reacL:u1.t san1ple in the cyhndri.cal ceU Y./ere set 

in the sarnple holder) ancl after being se.a..lcd 1 tht:~ sa:rnple cabin \Vas very gently ev·acuated 

through a very small opening in a glass t;i:opcock ;vith a rotar:;r pump 1-10 that <.rbrupt: dis

charge o:f ai.r accompanied vvii:h ilying about of the fine gra.nular sarnple was prevented . 

.t\fter the sarnple vveight \Vas free fron1 the influence of curre.nt and buoyancy· cha.nge of the 

atn1osphere, and reached a constant vaJue, the sa1nples \verc heated at. the ra.te of 5''C,irni.n 

from room temperature to SOO'C. Vacuum conditions between 1 o··.\ and 10 2 mmHg were used 

in the c.xperhueJ.:d:s, 

Studied material,;; 

'fhe v>/ood SD,n1pL;:s u:::-;cd in this study- V·lere Ja·pancsc cedar sap·-;;.vood \Vh.ich \vas p(nvdered 

in a VV·'i1c:y rniil, ·vv<lS passed throu.gh a GO .r:ne:s.h. an(l trapped i.n a lSO rnesh S( ree:n, and then 

was suflicient.ly extracted with acetone. 

'T'bo cellulose samples were 'vVhatm<~rn cellulose powder (grade standard, thtch No. 10:-HiGO). 

'fhe TG and the DrA curves of the cellulose and Lhe wood are shown in Fig. 3. The 

n1.a.xi.murn rate of LhL' W<Cight lose'> for boLh cellulose <J.nd wood correspond with each lYrA peak 

in agreement with the n·sult obtained theoretically by Anu. ;·wd KAsE2', 

The LYT'A curveco show nearly linear s1opes from the endothermic toward the exothermic 

:>ide with the rise of: Lomperaturc except the temperature ranges involving weight loss. This 

shift of base lines might be due to the discrepancy c.f the thermal dlffusivity between the 

reac!:ant and the ~:;t.andaxcl san1ple. \i\Thcn the 8arnple cells can be rega-rded as a.n .in·flnite 

cylinder, and the effecti; of i:emperal:ure :1.ncl materia] coni;wnption upon the therrrml diffusivity 

are negligible, the ten1.pe_rature cha.nges Jn these cc11~"3 are expressed cts foHow-1 respec

ti ve.ly 2).is;. 

Fine and thick lines correspond to TG and DTA, respectively. -··-··wood, and ------cellulose. 

Fig. 3 Thermogravimetric and differential thermsJ analysis curves for both 
untreated celluloc'c and 1vood (Japanese ceder), 
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where, the subscript 1 and 2 designate the standard and the sample cells, respectively, and r 

is the radial coordinate, " the thermal diffusivity of material, q the ht•at of reaction, c the 

speci.fic heat, and (dw!dt) the pyrolysis rate. Hence, it is seen that a DTA curve depends on 

the thermal diffusivitie;o 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 D'I'A base lines. 

4. 2 Kinetics of pyrolysis of cellulose 

In order to determine the kinetic parameters tor bvo reactions of the propagation and of 

the ini.ti.ati.on, 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 whlch were derived from the slope and the intercept of the 

.. -8 

-- -9 f.-._ 

~ 
('>...) 

' -~ 
:J' 
~b 

~-1() r::: 

Cellulose 

';:3 5 

:t 
-6 

-7 O'-... 

!6.0 !7_0 200 

~ for cellulose pyrolysis, W- ® for first-stage of cellulose pyrolysis, 
o-----o for wood, o"~·-·0 for lignin, ~~--··X for hemicel!uiose. 

Fig. 4 Plots of ln(-dlnw!dT) or (ln(-dw/dT)-2lnTJ vs. l;T for· 
determination of activation energy of pyrolysis. 

·rable 1. Kinetic parameter for pyrolysis of cell.ulose and wood 

based on first-order kinetics 

.1\·Ia terials 

Initiation reaction 
Propagation reaction 

Lignin 
26.8 
34. W"' (in 230 to 300 'C) 
28, sa) (in 220 to :2i30 "C) 

4. 34 X i012 la) 

Hemicellulose 

a) Calculated from the result of the wood pyrolysis. 



segrnenl of the stxaight line are g1ven :in 'I'able L 

'.!'he p1ots for the initiation reaction based on eq. (16) make a straight line as shown in 

Fig. 4. As stated above, the v<due of the slope of the obtained straight line is (Ei+ 

The activation energy for the initiation, E't is also given in Table 1. 

4. 3 Einetks of pyrolysis of wood 

'J'he plotro of ln( ···dIn zo/dT) v~J. 1/T based on eq. ( 4) assuming the reaction order to be 

unity, in the same manner as for the above cellulose, bring about the solid line in Fig. 4 

con1posed of two seg:ments which cross each other at about 315 "C. Since the point of this 

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

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

it is reascmably considered that the component, cellulose of this wood somewhat differed from 

the above cellulose. 

It may be asserted that weight loss of wood during pyrolysis h expressed as a sum. of 

correspond1ng \Neigls_t loss of each cornponent uf:' it_l~. It is novv tl1ought that in t.he ternpcraA 

ture higher than :il5'C, both decompositions of celluloc;e and lignin existed together in one of 

the wood and nuder 315"C both the lignin and he:nicellnlose dom.inated the pyrolysis of the 

wood. In 'fG, hcmic;:1iu1ose is thermally less stable than lignin and the greater part of lignin 

b considered to remain in solid phase after the cornpletlon of active pyrolysis of bemicel~ 

lu1os(_,3noJw. Then, assuming that in the' lower temperature range over 220''C the pyrolysis 

of hernicdlulose predominated and in the range 280 to 300"C the weight loss of 'vood, which 

was little affected by hernice11ulose, mostly OWlcd to the degradation of lignin*\ the similar 

plottings for each component were tried as ~Jhov;rn in Fig, 4. Incidentally the amounts of 

celluloc;e, lignin, and hemicellulose and others in the wood of this specie:;. and of the char 

residue after the completion of active pyrolysis of each component, which were used i.n the 

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

and are listed in Table 2. 

The kinetic parameters thus detennined by the plots of ln(d In w/dT) vs. 1/T are given 

together with those of cellulose in Table J. 1'hese plots evidently make straight lines as 

shown in Fig. 4, though their significance b restricted by the above assumptions. 

'fable 2. Amounts of components in wood and of their· char residues 

Content Char'·' 
(96) 

Cellulose l/. QdJ 

Lignin 
Hemicellulose and others 
\Vood 

a) Percentage of the initial weight. 
b) A mean of values derived from the reference (J.2). 
c) Calctllat(d as the differetKe of the content between wood and cellulose plus lignin. 
d) Derived from the present experiment. 
e) Derived from the reference (lG). 
fi Calculated as the differente between the char of wood and the contribution of cellulose plus of 

hemice 1l ul.ose. 

*1 The temperatures, 280'' and 300°C were adopted as the temperature at the completion of active 
pyrolysis of hemicellulose3l JOJ 14' l>l! and as that before the nutset. of active pyrolysis of cellulose" 
Jol 14' 2n• 2Ji in TG, respectively, although they are variable depending on the heating rate, 
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4. 4 Discussions on obtained aciivation energies 

Since CHATTERJEE and CoNRAo5l 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 RAMIAHw. 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 Rt .. MJAHw, the activation energies for pyrolysis of Avice! cellulose based on first·· 

order kinetics were 60±2kcal/mole in the .first stage of low temperature, and 39±1 kcal/mole 

in the second stage of high temperature. By CHATTERJEE and CoNRAD0l, the activation energies 

for the initiation reaction and for the propagation reaction of pyrolysis were 54. 3 kcal/molc 

and 33. 0 kcal/mo]e for cotton, and ?5. 0 kcal/mok and 3?. 1 kcal/molc for amorphous cellulose, 

respectively. These values, including ours, seern 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 CHATTERJEE and CoNRAD in which the process of the propa

gation reaction is Jaster than the initiation. 

The result from a dynamic TG by TANG21 ', however, showed the lower activation energy, 

2:1 kcallmole in the low tempc~rature range than 54 kcallmole in the high temperature range 

and was inconsistent with CHATTERJEE and CoNRAD's. 

In addition to these, pyrolysis of cellulose was shown to be control.led by more than one 

mechanismll1o!1WS!2ol. In the isothermal conditionL>, 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 CHATTERJEE and CoNRAn's 

theory. Furthermore, zero-order as well as first-order kinetics was reported on cellulose 

pyrolysesl1'18 ' 20 '. The kinetic parameters for cellulose pyrolysis seemed to be differently 

determii1ed 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 pyrolysis vvas reported to be unity 19', but AKnAll 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 : 

..... flu;= }::; 
dt j 

....... ( 19) 

where the subscript f denotes a wood component j. On the other hand, since in dynamic TG 

wood components would begin to be pyrolyzed in the order, hemicellulose ~.c,. lignin~ celiu-

Iose1>»1olW21l, though the range of the active pyrolysis of lignin partially overlapped that of 

hemicellulose and extended beyond that of ce.Uulose, the kinetic parameters for the pyrolyses 

of lignin and hemicellulose in the lim.ited range with the as;mmption of threshold temperature 

of each pyrolysis were derived :from the TG curve of wood as stated above. 1'he activation 

energy, 28. 5 kcal;mole for hemicellulose and :H .. 8 kcalfmole for lignin are somewhat higher 

than the value for hemicellulose derived from .the data of v,cood pyrolysis by AKITAn and the 

values for the isolated hemicellulosessnoJWlol, and for the isolated ligninsll3'1GJW1.>l21l, But, 

they do not agree with one another in each group. 
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'fhe p.resent kinetic paran1et.ers for the. pyroly~:;es of he . .rni.ce.Uulose and 1ignin \viH be of 

much interest, when they come to be related to the type of pyrolysis, such as elimination of 

side groups f:rorn structural units, randotTl scission, or depolyn1c:rized:ion of cb.ai:ns i.n therrnal 

degradc.tion of polymers. 

5. Conclushms 

\) The k.inetics of pyrolysis of ceilulose .in the dynamic TG is expressed by means of 

CnATTEEJEE and CoNRAD's method5' so modified as to app1.y to a dynamic TG, based on the 

rnechanism proposed by them and the result by GouwA and KR,·twn8\ It supports their 

theory that the obtained activation energy is higher for the in \tiation reaction to break the 

glucosidic bo:J.d of cellulose than for i:he oropagation reaction to form ievoglucosau. and both 

vn.lues are in su-ltable :region (see ~rablc l), 

?! l'he kinetic parameten; fur pyrolyses of lignin and hemicellulose .in the limited ranges 

of krnperature of the dynamic ·rc were obtained based on iirst:-onler reaction from. the TG 

curve of wood, and with the assumption of the amounts of celluloo;e, lignin, and hemicellulose 

in wood and of the threshold temperature of their pyrolysis in the TG which were derived 

from the present experiment or the rderences3>4;1om;Hn,,,2od1J (Tv.ble 1 and 2), The obtained 

activation ene.rgies arc ~:omcwhat higher than the valm~s previously repm:t:ed by othersJ>:lHOi, 

These values shall be explained •.vith m.echanisms of pyrolyc;es in the limited 

ranges. 

A-.~lntowledgement 

The authors wish to expn~ss their appn~ciation and thanks to Ivtr. K .. i"-l'Ano, Government 

Forest Experiment Statkm, Tokyo, Japan, for the preparation of the samples. 

References 

l) AKITA, K. : Studies on th(o mc~chanism of ignition of wood. Rept. }'ire Res. Inst. Japan, 

H~ 1~· 2, (1959) 

2) AKlTA, K. and M. KASlc: DnenninatioJ'\ of kinetic panun("ters for pyrolysis of ce.!lulose 

<.tnd celJ.ul.osc i:re2.ted \vith ~unrn.or!iuxn phosphate by djffercnbal thc.rn1al a.nalysis a.nd 

the~rrna1 g:rav-in1~'.tr.lc ;.:rnaly-sis. J. Pcl-yrner Sci. 1 ;\. .. ·L 5~ 4~ 83:3---··8.48, C)96?) 

:3) f3t~:\L, F'. C. : T'hcnTlogravirnetric analysis of \\tood, Lignin.~ <:tnd hen1icellulo~:)es, '0/ood and 

.l?iber1 1~ 3, 2L)-·-- 226, (1969) 

4; BtwwNr:, I~'. L and W. 1(. TANG 1'herrnogravirnetric and dil'fercntlal thermal analysis of 

cvoDd and of wood treated \Vi.th inorganic salt". during pyrolysis. Fire Reo;, Abst'-'· and 

Revs., 4, 1 <!, 7G 91, (19G1) 

:·;) CHATTERJhE. P. K .. and C. M. CoNRi\P l(iuetics of' the pyrolysis of cotton cellulose. Text. 

Res. J, 36, (), 4B7- 493, (1%6) 

fi) Don .. Ji, C, D. ; Kinetic aJJalysis of thenuoguvinJetric data, J, AppL l'olymer ScL, 5, 15, 

:!85--292. (1961) 

7) FLY;<?', J, and L /\. \V,cL : A quick, direct m<ethod for the determinatiun of activation 

energy frorn t.hcnn_ogr~·:tvirnetric data. Polyrner Letters, 4, 5, 32:-i-· ,~328, (1966) 



--- 12 --

8) GoLovA, 0. P. and R. G. KRnr.ovA : Thermal degradation of cellulose and its mechanism. 

Dokl. Akad. Nauk SSSR, 116, 3, 419-421, (1957) 

9) KANBE, H. : Evaluation of thermal stability of polymers by thermogravimetry. Plastics 

(in Japanese), 18, 11, 8--16, (1967) 

10) KosiK, Von M., L. GERATOVA, F. REtmos, und R. DoMANSKY :Pyrolyse des Buchenholzes bei 

niedrigen Tempcraturen IL Thermographic des Buchenholzes und seiner Komponenten. 

Holzforschung und Holzverwertung, 20, 1, 15-----19, (1968) 

ll) LH·sKA, A .. E. and IN. ]. PARKER : Kinetics of the pyrolysis of cellulose in the temperature 

range 250·-~300°C. J. Appl. Polymer Sci., 10, 10, 1439 -1453, (1966) 

12) MIGrTA, N. :·wood Chemistry' (in Japanese). VoL 1, Ed. by Migita, N., Y. Yonezawa, and 

T. Kondo, Kyoritsu Shuppan, 'Tokyo, 72 p., (1968) 

13) NuNOMURA, A., H. ho, /L KASAl, and K. KoMAZAWA :Researches on !ire-retardant treatment 

of wood-based materials. Bull. Hokkaido Forest Prods. Inst., 57, (1972) 

14) .RAMIAJI, M. V. : Thermogravimetric and differential thermal analysis of cellulose, hemicel

lulose and lignin. J, Appl. Polymer Sci., 14, 5, 1323---1337, (1970) 

15) SHIMizu, K., F. TERATANI, and K. MIYAZAKI :Effect of the thermal treatment on wood hemi-

cellulose. II The change of xylan by heating. Mokuzai Gakkaishi, 14, 7, 376---381, (1968) 

16) SntMizu, K., F. TERATANI, and K. MIYAZAKI : Effect of the thermal treatment on wood hemi-

cellulose. III Kinetic examination of the pyrolysis of xylan, Mokuzai Gakkaishi, 15, 3, ll!l 

-119, (1969) 

17) s~mH, A. w. and S. A.RANOFF; Thermodesorption of gases from solids. J. Phys. Chern., 62, 

6, 684-686, (19S8) 

18) SMOTHERS, vV. ]. and Y. CHIANG : Handbook of Diiferential Thermal Analysis. Chemical 

Publishing, New York, p. 102, (1966) 

19) STAMM, A. J. : Thermal degradation of wood and cellulose. Incl. Eng. Chem., 48, 3, 413----

417, (1956) 

20) 'fANG, \V. K. and W. K. NEIL : Effect of flame retardants on pyrolysis and combustion of 

a·cellulose. ]. Polymer Sci., C, 6, 65-81, (1964) 

21) TANG, W .. K .. : Effect of inorganic salts on pyrolyses of vvoocl, alpha-cellulose, and llgnin. 

U. S. Forest Serv. Res. Paper, FPL 71, (1967) 



、
34
C
 

同
t

ゐ

tゴ JCLてJ

ー10: /1/ 1コ{明ユミ

'夕、

究者処JH!木村およぴセルロ…スの熱分解の速度論

要)
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(概

意義

その災がうト対決「して燃~h~ がひ花伝;とさわ乙ことは 自立料の燃焼:と先ヴ J:"_)) 太材(/))ィψ} Jt):li!が，_/ ~ 

て設:ぇ，のj旬，)よそf

i主しようというと ζ ろみが，いろいろと刈L て長だハ

メ、付江)約分解において，お)ふうトの本効をみると〉 ますコヘ ζ セノレ亡7 ~-;止が 200'C 以ドで艇を HfitfJ

ワグニニンがとれど統〈。ヘミ中 Jレロース U: 300"C 以下で裂な然分仰をふ与えn る 1)グニンはゆっく

iこ}ぷめられているごの燃焼!こ先行言乙然イ刻Jのぺ~1 材コ11J、戸主[i.~;8_~\，とよ

t: ルロース;土 300"(じ〈ちたりてし、るじこれ;ζJ、，1 !..., iっと分活字し、 50ひつじ以 !:.T もかはわの援が[]付[j(こ後

燃;1-/[ ガスを)1::.[ぶしてノ川イロ〕狩火の Isl悶となると芯ヰえからノこうトWi~ し，大{去のずーんと 511たそ-~:/::i:~ r求し，

スのタrfulれどよ勺て 1存!i止さオしているvてセ jレ L!られる。木材の;{$，'刊にそひきお1ζrノ奇心 Ri'，;;i ftY!'\立:1二二三

ず!ァん ρ ， スは i:ff 援なず之さ;J ::!:出ず!飢l

!iX;分であるの

この研ずしでは，試料としてノに村おにびセノl，..口 P スネとりあ ;J，子料の分併におけるセル， "!"J ースの役~ti!J

より持i純子i ~l! ，!t.，口 F スの分j~y0) ゚[l¥{ fリj(こよ '--c ~泌総な kH の熱分解~(~ ~r ク1ふよri!]11すにするとともにp

化γ ンモニウム p 同ほう駿ナトリウ j 10 J]<JilK Uまうし

ッケしょっとする七のである。

y11士1jけと用いた薬芥1](ふりん絞:アンモユウム，

ゃ)じよ乙トト'iウム〈子主総)で， りん倣アンそエウム:土幻 λ 系統の ~Ç，h，{t:アンモニウム i土/、ロゲン

はほう;弐三千木村山火先月芥 (1)県ており， -Jtt~i~ Lt安定で交1]決のない薬剤 tJ) 代表で系統の，ほうし

う士よされノ刊のそ (i) 交iJ5k /;:; Jt ，!~Zするため i こ iÊ1, ~f 凬ll::. 0 式よおよび/'F

ザザザサ」

一、"、〆〆 t ゲ》1f長をには:1 Jl<;:l/'~おり 1 !~f， f:甘I]Ú;ギTii:to.コ:変化によってその fi') iJ

スの X!\分5Fl{の jfUJ 土!っ':;:2， ，f!)JI'n主主 rEfk ，j}主ir のが'i)とから

っ's 2 11lでは， ßlJnJ された木材およびセルロースの分慢を、似合l すとである。

との研究のfG11設で fj，店長~J'i\いH および t .I{/f.} 

コ]Z d)て校してい之

1.97BIy 8 Jj 31 、 l 受翌日

(11 木材 iiil
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セルロースの熱分解のま望論2. 

セルロースの熱分解反応の 1 ìうと佼応述IQ'~と対ずる j色合性2. 1 

セルロ スの熱分解ば 1 次反応速度iζlH うとみなされてきた1)2，引。 1 次反応を仮定して待られる次式

時(- 1i::1~) _C lN ~ ...... ~ ー・ぃ (4)
dT !φ RT 

カ ブになり，全体が 1 次氏[ß\ V:j追うことがないと推定さlこ従って， Fig. t (こプロットして Iみだととろ，

れずこ。と t_ ~C) 却はH{îfBJ t において'{了:(E している分解 ~Q'i出な試料の支量， T は絶対混度で，アー=九十 φt

lと従って変化する試料担j交である 7~) (ま加熱の初j羽詰，l!丸 φLt一定の界12速度である ο Z1土 àfJr守係数，

五: (士活性化エネルギー ， R (士気分、定数である。そこで， Fig. 1 iこ 7J三されたカーブを解釈するための}lli~1命

を渓闘する必要がある。

セルロースの熱分存機構と速度式2. 2 

セルロ F ス jな子のグCUATTERJEE および CONRAD引によれば，セ)'1/口供司ス江〕潟分解におけるJi\:益減少\，'1 9

Jレコシド結合の切断;こよ円て形成された，実存立くグノレコース単位を末端;と有するセ JV n.......... スフラッ夕、メン卜

が鮮Z主イ?され，そ/'7ーとしでレ;1'グJlノコザンが放出さ才L，それが気化することによって起こされる。

レボグノレコサGOLOVA および KRYIT.ûVA8 ) は等協力日熱によるセルロースの熱分併における:配合度変(じと，

ンのél~成;量を測定 L ， ~~1~分解の江主刊につれて低下した!下合度があるÍl立に速すると，それより小ご~ ~./、混合EZ

のセル n ース分子、があらわれず，その問点からレボグ )1，二1 什ンのよ!日以f.ltiß.急泌 lと精力11 したととそを報告し

十管。

セルロースの?処分解の後Jt;すには，解 l予ぞ?の連鎖反応によってレボグノレコサζ れ ιの報告をもとにして3

ンを生成ヲる ~EJミ反応のみ存在;J ~>として1:重量111$4少について次の途変えを導いた。

。 (9 ) 

ととに脚付戸 i立正iリミJ5ZJSを示す。これから

1 (- d ~';f~) 
dT 

U) ρ
じ

中
内φ

dUJ 

、 '(10)

を勾汽;とl/ Tlこ女Hノてプロットすれば，そこで， TG カーブの 'ì{，f ;ìlß領域からく10)

、

ν っする!主ぶが{1よらÜ，その縦執の切J3，ーから

グJレコシドれtイ7 切断[ノ) !J(]I(!:ト又応ちが (j、してm:Ji~~~i式少に関係しているの叩そ実~\~ )子炉(0 の jJfJ J羽でば，

れそ/ご，[~:{して;欠斗"\:xr"tぞ?かれた。

"'(15) す2

とこに納付れま開始反応を怠はこ j る、んははじめのセルロ酔スジ'}:Jの長 iまセ jレロース分 f のアラッ

は -j主とみなした。これから 3グメン}の分子it~:ーで，

砂町( [6) Jn/ 伽 \~2ln T=ln(. LÇ，1>~~~~!'!J!L\ ( ~.. ':.:. 1 ~ 2ln T= ln� ...:::I'::o~:':'~;':::~~'" )-
¥ dT I -.., - '''¥ E"f>2 } 

したがって， C!nC... !lw!dl、)-2In T) 対 (1/ T) を x-- y グラフにプロットずることにより ， l:J': i を >}とめ

ることができる。
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噌
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・1三?弓仁び{z ::-J ース (j)汚(立，; J 

i全つ行
￠ 

〈臼、、 a

よび存3 ‘ i 

ι DfA.;ム i{íJiFj(.こ行なうiiJご誌土~(J; ?r~ 上:'\LI'，(三u担!の仁内りにお '.fCD 15001v1 で TG

之、子プロリクタイい点、ラムを Fig , 2 江 )-f:[てし、 '(ì 0 武官トυ〉主ペセ 40τn定，~~'~試料;土邸内主化 T

, 10 1. .¥0 2mrnHg の υ 下ご ~~S れ。5 、 G!n円u1ノ/ミ"， (';ム仁、lろイJ の

M 

YI "白、
司、).

/、 c セノレロース i 土 1λ'h乱tman (;)ノロ戸山スゴ、
、.，オ H，汰 f土スタュつ粉λ、でアセ↑ン i-]-\

紛であるの

結果主主よぴ検討!¥ 
" 

-{z)与口ース 0)熱ク4, ] 

の TG カ…フから (10) 斗むの方式JIO)~k )~..: L1 -互の TC 1; 丈び UfA }]戸一 l ;lí. Fj五;~ 3 にのせている。

絞奈良分てと1' i す“/'] .'_ 
?、、プ

、.. ' "-_,) ヘと， .Fig. 4.三偵を ;R(ò.~ 1; T !(~対してプロ J t してみ

え )Ilヘグl?，f;tt íi~ エ~.~) ~ピレパミグノνコサンミすのじl)分の勾間i~. (: プがられた n

。マし、ネノt. ヰ了日" !I\し芳'I'ahJe

Fij じ T心力 M ブの mlJ!弘(抜方針に;、ふ，[\没減少をノ1-~--4‘川:町立 r!'j If\'; つカミ 0)~ (16) ュえの/!日)].0){U'I 

/ï\ ド E ，_，(.ι' 守、ヤ"、，U
つ Uふ守山/)λ 川ツ

一' 一角--( l-� しとツロット 1 ノ f、とこ l') ， F�. 4 (こを:誌め宅 l! 1、

ンド料、ザ μ に f ネルド , E-， 号プ ;:t主Jク目、九し [.!r) ~) 1 勾正:f立 Ei+

L> く 'fal口le 1 にのせ vごい• 
，~，' ~ 

本イ 0)熱うJ'jF04. 2 

守、C:ド iこびりγA ブ} .. . '~_./もま l，:: Fig. 3 (ζ 、才してい(二ょう、、:対して 1 次JX ，.ífZ-?::. fJy ，~;~じ

Jなふと~ Fig , -4 {C;.T:さ n

え二 /J三しやとい/いこ品佼

一、一》、
ア L乙ジロソ i 、C , (4) こもとづし γじ In( ~d ln 目!jdT) j~L 1/ 1' ク、

なっ土由。 そのγ勺 τJ '/ト;立 :llS'Cで:うど I\î~ ~:: :n.~.(t. ,[.-; 2 

ぷ~， '~~ノザごし 1 忍ので， との ;'\:1'J r lì(!) 寸， !レロ Fー

とはいえ??F うfp こえ、、 1 1 1 ， (Ï)セルロースの内う〉先手も 315 0 C;

一品! の 、 、F

l 、ィむらに「

は， 自りのザh~ )ν 口スぷ料ジコ鮮によみ仮設ま少の主主;亡

ス~:: ，され/モセ i!.--' 口日 スょことは}it- な

ら才L る。υ允もの】

ケベ ) !ム -P... ア ()、
一ごμι )、、 ι争)…!らその九以 :，j のキ}応 r るぷ;立減少の。) .1'-)、イの

ら;乙 220 点、にど ι.L J も
! . ス))ハう勺

ι r 守口;ふイ\トJ う}[!/YjJ-\ 1) グ々ン'T{_~ 315 、、C

しとへミむ jνrJ ，.._スが (j);勺之江、"ノ~l )10)1.015) l 28りから ~3()OO C;ら 280'C (J)iUcl支持羽では

1~: iK¥ l.~;':) では 1) グニンの lf~~YJh宇治ずるも[之、，1. .{反乱'.L 引 UL，JA_、別加、予 T8b1日 2 ぷ~~ -cいるコFn 1，、ど

2 ~':)(j_:γプワッ}一一N …

"三;~~、 υ と心コヵ)Fj主主 :1 (4) ュミ;乙ぷづ〈日トそ íTIよいs グラブピア、口山トし

ノ( そのよしっ勾yじくしからへナニ;日'1 1 ['，ユネノレオ二 いた敬は Tablc 1 ここもJふ
、~、一

とめりて1;".シ '_ò

干支リ
，Jυ
 

1
 

l/ 、j 、グ Jレコ寸-}'j を J全i J;ßH'/J iこムする

以前に， RA.Ml川

C'IAγ 

くノス応 iJ、忌 t.}; ~'S} +:)レ u ースのごぐり機椛そ起して以本， われわ~ Lよ
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からなるセJレローノレの然分解を示す動力学ノぞラメタ ι を t'i t:U しだっ RAMIAH 1ζ よればか動的 TG において9

低j泌L品l jí和併儲川う干引巴~J域i或品wでê;i\♂守も~iJ し、{沼沼官悦没i十吟↑化ヒエネ Jルレ ギド、一をを.干潟1 する ;j熱1桜熱話も与分先焔終沖洋二j災丈応カがq存?字子イρI

iにと 支致えする U 玄 7たご〉 秋 f凶f日j1) (は立等dIi尚協力加|日I!i熱F仇弘;\0の):，糸:徒ミf判1:(にこよる寸セy ノL 口一スの然う分了解 lはま丸， r尚!守守?主ヤ乳i と低混とで災なることを

え立した。かれによれば，低温官HJiÆにおける熱分~.t O川k2'HI~エホノレギ. ~丸潟iお悩j"j去のそれよりコにきい ü

エネルギーの ::12誌な rttlji飢餓i式では，熱分解による m~主減少が主としてレボグルコサン生成の立長反応に支

配されていると解釈すれば， CHATTERJEE および心〉日AD 0)斑治 lご-.-.Jicずる。

しかしながら， IH じ 2 段階に分かれた然分解を示した TANG の被告 21) では，低段討をの活性，化エネノレギ、

ーがノbさく雪上述されたことと矛55 している。 3 らにまた， 。次反応をirむ熱分断f段民誌の存況を示し土Y械

告もあり 11〉1Moh これらの刊のくいちがいをilJt -れに説明するととは，ほとんど不可能といってよい。

/十、材の ÞU~ノi}鮮のデータから》ふ O)WiJj)匂〉のす}ftFfの lfï)J)Tγノぞラメタ--~二8í(出したY設iE1J はすでにてして

いる。この研究で1tl られた，ヘミセルロースおよび 1) グニン熱分解の活'I!j: itエネルド-\;t ， ずで ;ζ Mi 1\ さ

れよこ{位より 1)3) 10)14)15) 21>多少高し、。この引タfにおける I~民られf二 ì!hl!5t純聞における誇け了解lこ関するも

のであり p 多くの仮定を経て得られた。モÎ))]è、戸パラメターは，その対応する反応機構と結びつけられる必

要がある。




