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ABSTRACT 

By providing continuous weight measurement, t hermogravimetry, 
even for i sothermal e xperiments, offers a major advantage over 
the classical methods o f determining weight-change curves in com­
plex pyrolysis reacti ons. Thus, even minor weight changes , read­
ily detectable on a c ontinuo us record , furnish clues concerning 
the reactio n sequences and indicate conditions under wh ich con­
firmatory experiments may be undertaken. Unfortunately, such 
perturbations are frequently ignored, being considered part of 
the "experimental error" which they often represent in the tradi­
tional experiments . This paper illustrates the utility o f look­
ing at the minor weight deviations, too large to be random experi­
mental error, i n a 1,000-hour isothermal pyrolysis experiment on 
high purity cellulose paper a t 226°C. Resolution of the curve 
i nto the minimum number of consecutive and compe ting reactions 
r equired to fit within instrumental accuracy yields previously 
unrecognized characteristics of the pyrolysis behavior, appli­
cable at other t emperatur es as well. 

INTRODUCTION 

Current attempts to determine an acceptable nomencl atur e in 
thermal analysis have not ye t resulted i n agreement on a defini­
tion for that most basic term--thermogravimetry (1). The mos t 
restricted definition of the t erm limits its .use to techniques 
in which a thermobal ance i s "necessary"--e:x:cluding the use o f a 
thermobalan ce in isothermal experiments which have been performed 
classically by a sequential process of heating for a fixed inter­
val, then cooling and weighing. This classical procedure i s per­
f ormed in one of two ways: eiti1er (a) by repeated heati ng of 
the same sample or (b) by using a series of samples heated over 
different time intervals, 

If only gross information is desired, or if the substance 
being analyzed undergoes a simple , well-defined r e acti on sequence, 
the only real advantage in tying up an expensive thermobal ance 
for any length comes from the fact that the therrnobalance , by 
e l iminating the coolin g and r eheating steps in the first classi­
cal procedure, can supply an answer much sooner than can that 
procedure, By provi ding th.e inform~tion o n a s ing l e sample, the 
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therrnobalance can furnish the needed data with much less sample 
than is required for the second c lassical procedure. 

However, by providiQg continuous weight measurement on a 
single sample, the thermobalance eliminates the small errors in­
troduced in the first classical procedure as the result of addi­
tional sample handling, and in the second classical procedure 
as the result of sample inhomogeneity. Thus, when the material 
undergoes an unknown, c omplex sequence of reactions in which 
even small weight losses c an be highly informative, the advanta g e 
of using the thermobalance instead of the classical isothermal 
procedures may be suf ficiently great to qualify this use as one 
fo r which a therroobalance is "necessary", 

This paper provides an illus tration of the advantage of the 
use of the ihermobalance in attempting to identi fy the compl e x 
reaction sequence occurring when high purity cellulose paper is 
pyrolyzed isothermally . 

BACKGROUND 

Because of its obvi o us pertinen ce to the well recognized 
problems of fire and air pollution, the thermal decomposition o f 
cellulose has received c onsiderable attention in recent years 
(2-4). Even when pure cel lulos e is pyrolyzed in an inert a tmo s­
phere, at least two competing sequences of reactions occur--in 
proportions dependent on such factors as purity of the sample (5) 
and its crystallini ty (·6) . In d ifferent temperature r a nges, 
various pyro lysis reactions predominate , and thus for a cert ain 
r estricted set of conditi ons, simpli f ied degradation schemes can 
adequately describe the pyrolysis behavior. However, the con­
ditions amenable to relative ly s imple laboratory experimentation 
only remotely resemble those of real interest (e.g. conditions 
i n a forest fire), and t he simple models do not lend themse l ves 
to extrapolation beyond very narrow limits. Wha~ is needed , 
then, is a mo del sufficiently detailed t o permit meaningful e x­
trapolation to a wide va riety of conditions. 

The determination o f kinetic parameters from weight change 
curves .obtained on sampl es continuously heated through a pro­
grammed temperatu r e r e gime takes advantage of the speed a nd con­
ven i ence of such a procedure at the expense of the greater ac­
curacy normally obtained in a n isothermal experiment, However, 
f o r a reaction in which the r eac tants are "pre-mixed" (including 
all pyrolysis reactions), isothe rmal experiments cann6t be car­
ried out (except at a negligible rate at low [i,e,, room] tem­
perature) without going through a nonisotherrnal heating per iod 
during which the reaction behavior of the sample is ill-defined. 
To minimize those conflicting aspects of the pyrolysis behavior 
of cellulose which could be a t tributed to the rather long non­
isothermal heating periods o f e arlier pyrolysis studies, Lipska 
and Parker (7) developed an apparatus for rapidly h e ating (heat­
ing time < 1 mi nute) a sample to an accurately controlled tem­
p e r a ture and then rapidly r e turning the sample to room tempera­
ture for subsequent weighi ng (a n d flrrther analysis) , At each 
reaction temperature, t hen, a seri es of s amples could be exposed 
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for prog r essively l onger times to obtai n a curve that re l ates 
we ight decrease t o time of exposure. 

Lipska and Parker (7) used t heir apparatu s t o study the iso­
thermal pyrolysis of cellu lose in the range 250-300 °C . For the 
present discussion , we chose their results at 250 °C (Figure 1) 
for two reasons: First, their lowest temperature min imizes un­
certainties due to r eaction in the noniso thermal heating period . 
Second , f or several meas urements a t a h igher tempe r ature , they 
firs t preheated their samples for 1. 5 hours at 250°C , and those 
experiments provide a measure of the reproducibility of their 
techniques. 

Since Lipska and ~arker found an ultimate weight loss of 77% 
at 250°C , the ordinate in Figure l was computed as 100 (W- 23)/74 
The variation in the four points at 1. 5 hours is about 1% , a nd 
all the other experimental points fal l comfortably within 1% of 
a single straight line , corresponding to a s ingle first order 
pyrolysi s r eaction. The only i n consistency in these data seems 
to be that the line does not extrapol ate to 1 00% at zero t ime . 
In comparing their meas u rements at other temperatures, we note 
two additional anomalies which indicate that a single first­
order reacti on represe n ts a questionabl e simplification: (a) 
an abrupt initial weight loss ranging from 2% at 250°C to 6 . 5% 
at 298 °C and (b) a change i n ul timate char ranging from about 
23% at 250°C to only 16% at 298°C . 

The initia l check- out experiment s of our thermogravimetry 
apparatus (8) provided us with a con veni e n t opportunity to con­
duct a long isothermal experiment on pure cellulose paper. 
The r efore , we decided to conduct this experiment at a tempera­
t ure of 225°C , for which weight l oss would be negl igible even 
during o ur much longer heat- up ti.me ( 1 5- 30 minutes) . The ini­
t i a l results were so provocative that we decided to l et the ex­
periment continue while we turned o ur efforts to other problems 
no t r e quiring the use of this apparatus . Be f ore terminating 
this experiment, then, we managed to obtai n a pyrolysis curve 
of 1 , 000 hour (nearly 6 week) duration . As wil l be seen later , 
there is reas on to wish the experiment had been continued even 
longer . However, in this paper we wish t o focus particular a t ­
tention on the early portion of the curve . 

APPARATUS 

Experimental weight l oss data 

The thermogravimetry apparatus i s illustrated schematica lly 
in Figure 2. The output of the Cahn "RG" electrobalan ce was re­
corded by a Varian Mode l Gl 4 millivol t recorder. 1 The cellulose 
sample, about 3x5 cm in cross section and weighing about 90 mg, 
was cut from Whatman i541 "ashless" f i lter paper (ash content = 
0.008%) and suspended from the balance beam b y booking a nichrome 

1Brand names and commercial products or enterprises are mentioned 
solely for information . No endorsement by the U. S . Department 
of Agriculture is implied . 
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hang-down wire through a small h ole near the t o p of the s ample. 
The sys tem wa s evacuate d to 10-3 - 10- ~ mm Hg overnight , then 
heat ed to 226°C as measured by a 20- gauge ch romel- a l wnel t hermo­
couple moun t ed adjacen t to the s ample. Prior measure men t s in­
dicated that the sample was safely within a r e gion of the fur­
nace in whi ch the tempe r a ture was uniform to ± l°C, and frequent 
measurements d uring the r un (at th e fixed thermoco uple loca tion) 
i ndicated a t emperature constan t to well within ± 1°C. 

Even a f t er overnigh t pumping at room t emperat u r e , cellulose 
s amples l ose a dditional extraneous vol a tiles (e. g . water) on 
gentle heating ( 8) . In addition, programmed h eating with ine r t 
samples attached to the bal a nce i ndi cate a s ignificant zero 
drift during the heating period . On t he other hand , once i so­
thermal conditions are attained, t he weight of iner t samples re­
mai ns constant t o ± .0 1 mg. Since repeated p r ogrammed heating 
a t 5°C/min from room temperature indicates a negli g ible weight 
c h a nge in pure cellulose up to temperatures o f 250° C, the "true" 
original weight of the sample could safely be considered the 
weight recorded when the temperature first reached 226° C. 

Empirical fitting o f wei ght loss c ur ve: 

From prior information, t h e simplest reaction scheme (minimum 
number of r eactions) was postulated a nd the mathematica l expres­
sions for this scheme programmed on an Electronic Associates, Inc. 
Pace TR 20 analog computer . With the experimental curve p l o tted 
on the oscilloscope face of the Repetitive Oper ati o n Display Unit, 
the coefficient attenuators representing the rate constants and 
normal ized molecular weigh t s f o r each reacti on step could be 
r api d ly and continuously varied to modify the analog output un­
til it matched the experimental curve . Agreement b etween the 
computed and e xp eriment al curves could be further refined by the 
s lower process o f displ aying the analog output on a Mose l e y 
70 30A X-Y recorde r. Whe n the uncertainty in the analog output 
( 'Vl%) was too large for the proble m, a digita l computer was used 
to obtain an exact numerica l sol ution. The '' good fi t " parameters 
from the analog were fed into the digital c o mput er to c ompare 
ca l c ulated and experimental resul ts. Whenever any step in the 
curve fitting procedure could not provide a sufficiently close 
f it to the experimental curve, the reaction scheme was modified 
by including an additional reac tion step and the procedure re­
p eated. Th e procedur e, then , p r ovided the minimum number of re­
action s t eps required f or any pre determined degree of fi t and 
the sets o f values of r a t e constants and norma lized molecular 
weights requi red for the particular scheme. 

RES ULTS AND DISCUSSION 

To ill u s tra t e the resul ts which would have be en obt ained had 
this experiment been c o nducted by the class i cal procedure, the 
c ontinuous we i gh t curve was r ead a t a number o f discr e te times 
and the result~ plotted in Figure 3. Even at 1,000 hou rs, the 
sample was s till losing weight, and it was necessary to extra­
polate to an ultimate weight l oss estima te of about 72 %. Thus, 
t h e ordinate in Figure 3 was c omput ed as 100 (W-28)/72. As i n 
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the results reported by Lipska and Parker (7) , the points seem 
to fall well on a single straight line . 

One "improvemen t" in Figure 3 over Figure l is readily ap ­
pare~t. Since the we ight loss due to extraneous volatiles (oc­
curring principally near 100°C) is eliminated when the weight 
at temperature is taken as 100% , the curve in Figure 3 does 
pass through the origin . Elsewhere, as was true in Figure 1, 
the data seem to fit within about 1%. 

However, these data were obtained from a continuous - curve 
obtained on a single sample kept continuously at the reaction 
temperature . With a 1 0 mg ran ge as full scale on the recorder, 
the data trace can b e r ead to 0.01 mg (for a 90 mg sample, then, 
to about 0 . 01%) . As the pen moves down the chart, non-linearity 
of the recorder and chart paper introduce complications. As the 
sample l oses sufficient weight that it becomes necessary to 
change the Cahn "Mass Dia l " setting, addi tional and larger errors 
are introduced, Still, we estimate that over the entire we ight 
range of the experiment, the relative error is l ess than 0 . 3% , 
and for small weight l osses perhaps an order of magnitude better . 
Thus , agreement to 1% can easily mask some highly significant 
features of the curve , 

The entire .experimental curve is illustrated in Figure 4 and 
the first 100 hours of the curve are redrawn on an expanded 
scale in Figure 5. It i s readily apparent that for the first 24 
hours or so the curve is convex, i.e., the weight loss was ac­
celerating. Subsequently the curve becomes concave, · SO that 
whil~ overall, it roughly fits the linear approximation of 
Figure 3, the deviations a re clearly outside the experimental 
uncertainty. 

Kilzer and Broido (9) had previously proposed a minimum 
pyrolysis scheme as 

dehydration 
~--------~> "dehydrocel lulose"~Char+H 20+Co+C0 2 etc . 

KA KC 

Cellulose 

depolymerization 

volatile "tars " 


KB 

such a scheme is shown as curve S in Figures 4 and 5 with a ll re­
actions first order and with parameter values as follows: 

KB 1.54 x io - 3/hour 

KA 3.10 x 10 -3/hour 

Kc 1. 88 x io-3/ h our 

normali zed molecular weight of cellulose 1 
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normalized mo l ecular weight of dehydrocellul ose = . 89 
(repr esenting l oss of o ne H 20 per a nhydroglucose mon omer) 

normali zed mo l ecular weight of char~ . 355 

(i.e., W . 355 KA/(KA +KB))


00 

Again curve S fits the experime ntal data with 1 %. Further, 
the value for KB is consis ten t with the va lue 3 ± 1 x lo- 5/min 
which may be computed for I<., at 226°C from the activati on energy 
(5 4 .9 kca l /mole) a nd pre-exj)onential facto r (3 .15 x 1 0 19/mi n) 
obtained b y Broi da and Weinstein (8) at higher temperatures 
using ammoni a-swelled cellu l o s e . Nevertheless, this computed 
c urve also lacks some of the characteristic fea t ures of the ex­
perimental curve . 

In particular , the initial "incubation" period , if real, r e ­
qui res one or more precursor r eactions with essentially no 
weight loss preceding the weight loss reactions . I f such a r e ­
action does in fact occur, it should be detectabl e by some mea­
surement other than weight l oss. For exampl e, one possible re­
action is that leading to the sharp d rop i n l e n g th of t he cellu­
lose molec ule (degree o f polymerization or DP) reported to occur 
early in the pyrolysis of cellulose. Measurements of the DP of 
cell ulose were undertaken (10) and c o nfirmed the fact that the 
sharp drop in DP preceded a ny detectab le weight loss. Results 
of additio nal experiments, still in the prelimina ry stage , sug­
gest that a carbonyl peak in the infrared spectrum o f cellulose 
appears early in the pyrolysis sequence ; however, it is possible 
that s uch results are simply another measure of the end gro ups 
p r oduced in the shortening o f the cellulose mol ecule and are not 
evidence of a subsequent reac ti on a f fec ting the internal monomer 
uni ts . 

If , then, the original reaction scheme is di a gramed as 

B' 
t 
B--'>C~D, 

t h e i ntroduction of the "p recursor" reaction ch anges t he scheme 
to 

B' 
t 

A--'>B--'>C~D. 

In fact, to fit the experimental data within the estima ted ex­
p e rimental erro r, o ne additional step is needed, t hus: 

B' 

K 1 Kz K3 K4r·· 
A B c D E 

wt=l wt=l wt=c wt=d wt:=:e 
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Unfortunately , with S parame ters available (5 rate constants 
and 3 effective molecular weights) 1 it would be somewhat sur­
prising if only a single solution were found , and other data 
then must be invoked to confirm o r exclude any particular solu­
tion , To date, two solutions, each deviating by les s than 
± 0,25 mg from the experimental curve (a deviation too small to 
show up in Figure 4) 1 have been found. 

The first solution (Curve 1 in Figure 5) has the following 
values: 

KB 1. 20 x 10-3 /hour 

K1 5 , 50 x 10- 2/hour 

K2 3.25 x 10-2/ hour 

K3 9 .20 x lo-3/hour 

Kif 2,95 x 1 0-3/hour 

c • 89 3 

d • 830 

e .296 

Here, the value of c corresponds to the loss of 1 molecule 
of water per cellulose monomer , d corresponds to the loss of an 
additional water molecule for every 2 monomer units and e cor­
responds almost exactly to a 4-carbon residue per monomer, 

This solution i s appealing for a number of reasons. The 
consistencies with o ther data in the early portion of the curve 
have already been discussed , Tang and Bacon (11) have previous ­
ly obtained data which led tl1em to postulate tha t, in the car­
bonization of cell ulose fibers, each monomer unit yields a 
4- carbon residue which serves as a "building-block" for repoly­
merization into a "ca rbon polymer". Houminer and Patai (12), i n 
studying the thermal decomposition of specifically-labelled 
D-glucose , found t hat " t he vol ati l e fragments are formed pref­
erentially with the involvement of C- 1 and C-2". Pending con­
firmation of these results wi th spe c ifically-labelled cellulose, 
their findings, too, imply a 4-carbon C-3 to C-6 residue . 
Finally / the proposed structure of "dehydrocellulose" doe s leave 
the c-3 position o f one anhydroglucose ring conveniently c l ose 
to the C- 6 position of an adjoi ning mo l ecule . Consequently, a 
direct sequence of reactions can produce a graphite structure 
without requiring a breakdown to .smal 1 4-carbon uni ts which 
subsequently recombine. 

On the other hand, one disturbing aspect to this solution is 
the implication that even at 226°C a somewhat longer pyrolysis 
will yield a pure carbon residue . Normally, carbonization must 
be carried out at much higher temperatures to remove the last 
fractions of hydrogen and o xyge n. Coals which presumably have 
been formed at relatively low temperature over many thousands 
of years still hold a ppreciable amounts of the other elements, 
Thus , it would be mos t surprising if. pyrolysis at 226°C for a 
year o r less would , i n fact, yield a relatively pure graph ite 
res i due , 
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The second solution found to date (Curve 2 in Figure 5) has 

the following values : 


1.58 x l o - 3/hourKB 

K1 o.156/hour 

K2 1. 04 x 10-2;ho ur 

K3 4,4 4 x lo - 3/hour 

K4 5,90 x l o - 3 /nour. 

c • 890 

d • 840 

e .355 

Here c and d are essentially the same as in the first solution. 
The v alue of e corresponds reasonably well t o a C4 H2 0 residue,.5 
with a carbon content of 83%--in good a greement with that usual ly 
found in l ow temperature c h ars. 

However, as with the firs t soluti on , this second sol ution 
requires that only rel a tively little additional weight loss 
would occur o n additi on al heating of the residue . In fact, o n 
termination of the run , t he residue was heated to 370°C for an 
additional 2 hours and l ost another 35% of its weight in the 
process. For values of e approaching those in the above t wo 
solutions, this l oss implies a large fraction of the sample 
(as much as 40%) reacting by the depolymerization process . 
Such a large KB /K 2 ratio would be rather surprising when the 
combustion behavior at these low temperatures is considered . 
In any case, the search for additional solutions is continuing, 
and addi t ional expe r iments to c l arify the situation are bei ng 
planned, 

SUMMlmY 

Classical isothermal pyrolysis experiments provide data 
which, whi le adequatel y describing cellulose pyrolysis behavior 
under the restricted set o f conditions of the experiment, do not 
permit extrapolation to other, quite different , conditions. For 
continuous t hermobalance measurements on a cellulose sample kept 
at 226°C f or 1, 000 hours , a relativel y simple pyrolysis model 
agrees with the e xperimental data within 1% over t he entire 
range , but this a greement is significantly outside the experi­
mental error in the measurements. The more complex mo del which 
f its the d ata within an experiment a l error of 0,2 - 0 . 3% does 
not yield a unique soluti o n, but does provide clues t o other 
experiments. The "incubation " period at the start of the ex­
periment implied precursor reactions involving li ttle or no 
weight loss, and such r eacti ons have now been confirmed. The 
ultimate development o f a completely consistent model sho uld 
resolve the many app arently conflicting results observed thro ugh 
the years and permi t meaningful extrapolations to · more severe 
conditions . 
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Figure 2 . Schematic o f the:rroogravimetric analysis 
apparatus . 
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