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Cellulose has been pyrolysed in nitrogen at two heating rates, and the rates of for- 
mation of total gases, and the oxides of carbon, have been measured. The quantities 
of products formed, and their first order kinetic parameters, are strongly dependent 
on the heating rate. 

There has been a growing interest in the thermal degradation of  cellulose during 
the past twenty years [1, 2], mainly because of  its importance in the ignition of  
wood. Kinetic analyses of  the overall reaction have been carried out by many 
techniques, including dynamic thermogravimetry and differential thermal analysis 
[e.g. 1, 3 - 9 ] ,  measurement of evolved gases [10-12] ,  density-change measure- 
ments [13], isothermal weight loss [7, 14, 15] and viscosity measurements on the 
pyrolysis residue [16]. Many kinetics studies have been recently reviewed by 
Okamoto [17], who shows that there is a large variation in reported kinetics par- 
ameters. Furthermore, the dynamic heating rates employed in the determinations 
were often two or three orders of magnitude lower than those occurring in burning 
processes, and so the resultant parameters may not be relevant to combustion 
conditions [10]. 

There are at least fifty nine volatile products from the decomposition of cellulose 
[14, 18 - 20]. As far as is known, there is no kinetic data available on the formation 
of products of the decomposition at the heating rates obtained in burning. This 
data is provided in the present study for the products carbon monoxide and carbon 
dioxide, as well as for the overall reaction. 

Experimental 

1 g of c~-cellulose (Kipawa 97, I mm thick sheet cut into strips 2 mm • 10 mm) 
was heated under flow conditions in a silica tube 8 mm i.d. (Fig. 1). The inlet flow 
of nitrogen into the furnace was kept constant at 3.33 cm 3 s -1. The gases flowing 
out of the furnace were passed through a Cambridge filter to remove tarry material, 
and were analysed for CO2 and CO using an A. E. I. MS2 mass spectrometer and 
a Bosch infra-red analyser type Efaw 215 respectively, as described previously [21 ]. 
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The rates of formation of the products are quoted in moles -1, calculated assum- 
ing ideal gas behaviour of the flowing gases. In calculating the results, account 
has been taken of the transit time of the pyrolysis products from their formation 
region inside the furnace to their point of analysis (3.0 seconds). Further details 
of the technique, and calculations, are given in reference [22]. 
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Fig. 1. Pyrolysis apparatus 

With the thermocouple in a given position in the cellulose, each experiment was 
performed at least twice, and the results averaged. Experiments were always per- 
formed under three conditions: 

(a) with the thermocouple at the linear and axial centres of the cellulose (note: 
the axial temperatures along the furnace lay within -1- 4 ~ of the mean for the tem- 
perature range and gas flow conditions used), 

(b) with the thermocouple at the linear centre of  the cellulose and 1 mm from 
the furnace wall, 

(c) with the thermocouple at the linear and axial centres of the furnace, but 
with no cellulose present. 

The cellulose was pyrolysed at two heating rates, referred to as the "slow" and 
"fast" heating rates. 

Results 

The rate of  increase in temperature 

The rates of increase in temperature of 1 g of el-cellulose when heated in nitrogen 
at the slow and fast rates are shown in Fig. 2. At the fast heating rate ( 5 - 1 0  
deg s-l),  where thermal equilibria is further from being attained, time-depend- 
ent effects aie more apparent. The temperature in the centre of the cellulose ini- 
tially rises very slowly up to about 100 ~ when the heat input is used mainly in 
evaporating the absorbed water from the cellulose. At about 350 ~ -400  ~ there is 
a second endothermic plateau region, where the rate of temperature increase in 
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the centre of  the cellulose is reduced. This behaviour is also noticeable in the 
peripheral region of the cellulose at the fast heating rate, and in the centre of  
the cellulose at the slow heating rate (1.1 deg-1). The same endothermic region 
has also been observed in the centre of pyrolysing c~-cellulose in other studies 
[3, 6, 8, 10, 13]. The reason for the heat absorption at 350~ ~ is not clear, 
but suggested possibilities are given below. 

1. Relaxation of hydrogen-bonding in the supramolecular structure of the cellu- 
lose prior to the depolymerization of  the cellulose polymer chains [10]. 

2. Physical interactions, such as a coupling between thermal and mass diffusion, 
which can decelerate the local heating rate in the centre of  a solid [13, 23]. 
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Fig. 2. Temperature rise of l g of cellulose heated in nitrogen: a. Slow heating rate; b. fast 
heating rate; zX temperature at wall of furnace; O temperature in cellulose 1 mm from furnace 

wall; x temperature in centre of cellulose 
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At temperatures above 765 ~ (fast heating rate), the temperature at the centre 
o f  the cellulose rises abovethat  at the side of  the sample, due to a local exothermic 
reaction. This exothermicity could be caused by carbon polymerization reactions 
forming carbon chains in the carbonaceous residue [24]. 

Because of  the radial temperature distribution in the cellulose sample, quoted 
results refer to the mean cellulose temperature. 

Gases produced by pyrolysis in nitrogen 

The volumetric outlet flow from the furnace during the pyrolysis o f  1 g of  cel- 
lulose is shown in Fig. 3. The curves consist o f  one main peak, with the maxima 
occurring at 415 ~ and 425 ~ at the slow and fast heating rates respectively. The fast 
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Fig. 3. Furnace outlet flow from pyrolysis of 1 g of cellulose in nitrogen (inlet nitrogen flow 
3.33 cm3sec-l: a. slow heating rate; b. fast heating rate 
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heating rate curve also has a small peak with a maximum at 100 ~ equivalent to 
a total of  5.6 cm 3 of  evolved vapour. This is undoubtedly due to a small portion 
of  the desorbed water from the cellulose penetrating the Cambridge filter, which 
was positioned between the pyrolysis furnace and the rotameter.* Both curves also 

Table  1 

Tota l  quan t i t i e s  o f  C O  a n d  COz p r o d u c e d  per  g ra in  o f  cel lu lose  pyro lysed  in n i t rogen  

Heating 
Rate 

Slow 
Fas t  

CO 0tmol) 

Total 

1,388 
4,173 

Low-temp. 
region 

(100-600 ~ ) 

1,182 
4,153 

High-temp. 
region 

(600-900 ~ ) 

206* 
20* 

* Poor ly  reso lved  f o r m a t i o n  regions .  

Total 

738 
1,113 

C02 (pmol) 

Low-temp.] High-temp. 
region region 

(100-600 ~ ) (600-900 ~ ) 

714 / 24* 
1,109 4* 

[ 

Total 
(CO + COO 

(/~mol) 

2,126 
5,286 

Table  2 

Pe rcen t age  o f  C O a n d  CO 2 in the  gases  evolved f r o m  the  pyrolys is  o f  cel lulose in n i t rogen  

Heating 
Rate 

Slow 
F a s t  

Volume of CO + CO2 evolved 
Total gas volume evolved 

X 100% 

Over whole Low-temp. 
temperature region 

range (100-600 ~ 

65 I 62 
81 ] 83 

High-temp. 
region 

(6OO-9OO ~ ) 

100" 
33* 

* A p p r o x i m a t e  figure, based  on a poor ly  resolved  f o r m a t i o n  region.  

have shoulders on the main peak, occurring at temperatures of 6 0 0 -  900 ~ which 
are probably due to the final degradation of  the cellulose-pyrolysis residue, left 
after the main pyrolysis reactions have occurred [7, 10]. 

The rate of  formation curves for the production of carbon oxides are shown in 
Fig. 4. The area under the rate of formation/time curves gives the total amount 
of  product formed during the pyrolysis (Tables 1 and 2). The major gaseous decom- 
position product from cellulose not accounted for is probably hydrogen [25]. 

The final pyrolysis residue is an amorphous carbon containing some hydrogen 

* The cellulose sample contained 6.2~ w/w water, and so the total amount of desorbed 
water from the 1 g of cellulose used is equivalent to 85 cm 3 (measured at room temperature 
and pressure). Consequently, the Cambridge filter traps 93 ~ and 100 ~ of the evolved water 
at the fast and slow heating rates respectively. 
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and oxygen [26], and the results in Table 3 indicate that the exact composition, and 
surface area, of the residue depend on the heating rate. Tang and Bacon [24] 
have suggested that the pyrolysis mechanism includes a dehydration process and 
results in the formation of 4-carbon residues which undergo carbon polymerization 
reactions to form carbon chains that are replicas of the original cellulose chain. 
Dollimore and Holt  [7] point out that cellulose chains can orientate themselves 
into cylindrical fibrils about 10 nm in diameter, and that the dehydration and poly- 
merization reactions may establish inter-fibril bonds. Such cross-linking is exo- 
thermic [27, 28] and, together with the carbon polymerization, could be respon- 
sible for the slight exothermicity observed above 765 ~ in Fig. 2 (b). The results 
in Table 3 shows that such polymerization and cross-linking processes, and the 
resultant microporous structure of  the pyrolysis residue, are dependent on the 
heating rate. 

From Table 3 it is seen that 0.35 g of carbon is lost from the cellulose during 
pyrolysis. The total amounts of carbon oxides evolved during the slow and fast 
pyrolyses are equivalent to 0.0255 and 0.0634 g of carbon respectively (Table 1), 
indicating that the formation of carbon oxides only accounts for a minor propor- 
tion (7 and 18 % at the slow and fast heating rates respectively) of the carbon lost 
from cellulose. Since the carbon oxides account for 65 and 81% of the gases meas- 
ured from the slow and fast pyrolyses respectively (Table 2), the major proportion 
of carbon lost during cellulose pyrolysis must be in the form of relatively involatile 
material, which condenses on the cooler parts of the furnace walls and is trapped 
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Fig. 4. Production of the oxides of carbon by pyrolysis of lg of cellulose: a. slow heating 
rate; x COs; o CO; b. fast heating rate; • CO2• o CO 
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Table 3 

Analysis of  the cellulose and its pyrolysis residue 

169 

Substance 

Cellulose (sample) 
Cellulose (theoretical) 
Cellulose after  slow pyrolysis 
Cellulose after  fast pyrolysis 

w/w of component 

Water* 

6.2 

0.0 
0.0 

Non-com- 
bustible 
Residue 

0.0 
0.0 
0.0 
0.0 

C + 

43.53 
44.45 
92.93 
91.65 

H + 

6.53 
6.22 
1.13 
0.66 

Surface 
area + + 

(m S g - l )  

445.3 + 3.7 
226.0 + 1.6 

1 g of  cellulose initially; 0.065 g of  residue left after pyrolysis in ni trogen.  
* Spectroscopic analysis in the infra-red. 

** No t  measured.  
+ Quoted  as the  percentage of the element present  in the organic par t  of  the material.  

++ Nitrogen B.E.T. adsorpt ion.  

on the Cambridge pad. A principal component of this tarry material is levogluco- 
san [2, 18, 19], which is a primary product of cellulose degradation, formed by 
scission of the 1.4 glucosidic linkage in the cellulose molecule, followed by intra- 
molecular rearrangement of the monomer units [2, 15, 24, 29, 30]. Furthermore, 
the results in Table 1 indicate that the total amounts of carbon dioxide, and carbon 
monoxide in particular, depend very critically on the heating rate: three times as 
much carbon monoxide, and 50 ~ more carbon dioxide, are produced at the fast 
heating rate. The carbon oxides can either be formed by further degradation of 
levoglucosan [19, 29], or directly from cellulose itself by rupture of bonds in the 
D-glucose rings [2, 24]. Thus the relative proportions of these two general processes 
depends on the heating rate, although the fraction of carbon oxides in the total 
gases is relatively insensitive to the heating rate (Table 2). 

Heating 
Rate 

Slow 
Fast  

Number of molecules of product 
from one repet  unit 

I CO CO2 

0.23 0.12 
0.68 0.18 

Cellulose is a giant molecule built up of D-glucose units, and so the molecular 
formula of the repeat unit is C6H100 ~ (molecular weight = 162). Since 1 g of cellu- 
lose was pyrolysed in the present experiments, the number of product molecules 
formed from one repeat unit are as follows, using the data in Table 1. 
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The rate of formation of products 

From the profiles of overall rate of pyrolysis (Fig. 3) and rates of formation of 
the oxides of carbon (Fig. 4), first-order Arrhenius parameters for cellulose pyrol- 
ysis can be calculated, as described by McCarter [10]. For these calculations, it 
must be assumed that: 

either (a) the evolved gases being measured are primary products from the cellu- 
lose, 

or (b) if the gases are formed via intermediate products, these intermediate 
products are present under stationary state conditions. 
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Arrhenius plots for the overall pyrolysis reaction, and the formation of the 
oxides of carbon, are shown in Fig. 5, and the kinetic parameters obtained from 
these plots are summarised in Table 4. In view of the variation with heating rate 
of the quantities of  the carbon oxides produced, it is not surprising that the 
Arrhenius parameters also vary with heating rate. It is generally accepted that the 
decomposition products from cellulose depends on whether the pyrolysis is rapid 
or slow [I ], and the present results indicate that the kinetic parameters for pyrolysis 
to specific products also depends on the heating rate. 

Table 4 

First  order  Arrhenius  parameters  for  the pyrolysis of  e-cellulose in ni t rogen 

Reaction Heating 
Rate 

Arrhenius Parameters 

E A 
kcal mole -t s-I 

Temperature of 
transition of 
parameters 

(if any) 

Overall pyrolysis 
Overall pyrolysis 
CO F o r m a t i o n  
CO Forma t ion  

CO 2 Formation 
CO e Formation 

Slow 
Fast 
Slow 
Fast 

Slow 
Fast 

13.3 
11.5 
15.3 
13.7 

8.1 
17.8 

9.0 

186 
178 
473 
832 

14.3 
3,590 

27.5 

below 440 ~ 
above 440 ~ 

There are many quoted kinetic parameters in the literature for the pyrolysis of 
cellulose. Many studies have shown that the overall pyrolysis can be approximately 
represented by a single first order process [e.g. 1, 4, 6, 13, 16, 17]. On the other 
hand, Tang and Neill [3] have observed that the first 1 5 ~  of the weight loss at 
240-310  ~ in thermogravimetric experiments is zero order, the remaining 8 5 ~  
of the weight loss being first order. Similar findings have been reported in other 
studies [5, 14, 17, 31]. However, other studies have been interpreted in terms of 
two competitive first order processes [32], two consecutive first order processes 
[10, 33], a half order and first order process [34], and an order variable with tem- 
perature, even becoming as high as third order at 270-340  ~ [8]. In view of the 
obvious uncertainty and variation amongst other studies in the exact order of the 
overall reaction, and the linearity of  the first order plots of the present study 
(Fig. 5), only first order Arrhenius parameters are presented from the present 
results. 

The overall first order Arrhenius parameters reported in the literature are also 
extremely variable. The activation energies quoted in the cited references are 
usually in the range 20 to 60 kcal mole -1 (1 kcal = 4.184 kJ), although values of 
15 kcal mole -1 [4] and 155 kcal mole -1 [35] have been reported. Most of the report- 
ed parameters are based on dynamic thermogravimetric or differential thermal 
analysis measurements. The overall heating rates were usually much lower than 
those of the present study, typically 0.005 to 0.1 deg s -~. It is evident that the 
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kinetics for the overall reaction at these low heating rates are largely irrelevant to 
those of the present study. More recently, Murty Kanury [13] has obtained the first 
order Arrhenius parameters E = 19 kcal mole -1 and A --- 1.7 x 104 s -1, for the 
pyrolysis of  large samples ( ~  50 g) of e-cellulose at heating rates of 0 .25-0 .7  
deg. s -1, by simultaneously measuring density changes (by an X-ray technique) 
and temperature changes (by embedded thermocouples) in the pyrolysing solid. 
These parameters give rate constants similar to those of the present study. How- 
ever, by measuring the rate of total vapour evolution during pyrolysis of cellulose 
in nitrogen at a heating rate giving temperature rises of 1.0 deg- s -I ,  McCarter 
[10] has observed no reaction below 330 ~ and a sharp transition in kinetics at 
350 ~ during pyrolysis. At temperatures below 350 ~ the pyrolysis had an activation 
energy of  180 kcal mole -~, while above 350 ~ the activation energy suddenly de- 
creased to 25 kcal mole -1. Clearly, these latter results are in sharp disagreement 
with those of the present study. The exact kinetics of  cellulose pyrolysis must be 
extremely sensitive to the exact condit ions-heat ing rate, inert gas flow rate, phys- 
ical condition of  the sample etc. The results presented in Table 4 should thus be 
viewed in this light. 

References 

1. J. R. WELKER, J. Fire and Flammability, 1 (1970) 12. 
2. R. ALGER, Natn. Bur. Stand. Special Publication, "The Mechanisms of Pyrolysis, Oxida- 

tion, and Burning of Organic Materials", 357 (1972) 171. 
3. W. K. TANG and W. K. NEILL, J. Polym. Sci., C, 6 (1964) 65. 
4. A. J. STAMM, Ind. Eng. Chem., 48 (!956) 413. 
5. T. HIRATA and H. ABE, Mokuzai Gakkaishi, 19 (1973) 451. 
6. K. AKITA and M. KASE, J. Polym. Sci., A, 5 (1967) 833. 
7. D. DOLLIMORE and B. HOLT, J. Polym. Sci., A, 11 (1973) 1703. 
8. K. S. PATEL, K. C. PATEL and R. D. PATEL, Makromolek. Chem., 132 (1970) 7. 
9. A. BASCH and M. LEWIN, J. Polym. Sci., A, 11 (1973) 3071. 

10. R. J. MCCARTER, Textile Res. J., 42  (1972) 709. 
11. E. J. MURPHY, J. Polym. Sci., 58 (1962) 649. 
12. D. J. BRYCE and C. T. GREENWOOD, "Thermal Analysis of Fibres and Fibre-Forming 

Polymers", Edited by R. F. Schwenker Jr., Interscience, New York, 1966, p. 149. 
13. A. MURTY KANURY, Combust. Flame, 18 (1972) 75. 
14. A. E. LIPSKA and F. A. WODLEY, J. Appl. Polym. Sci., 13 (1969) 851. 
15. S. L. MADOVSKY, V. E. HART and S. STRAUS, J. Res. Natl. Bur. Stand., 56 (1956) 343. 
16. D. P. C. FUNG, Tappi, 52 (1969) 319. 
17. H. OKAMOTO, Mokuzai Gakkaishi, 19 (1973) 353. 
18. Y. TSUCHIYA and K. SUMI, J. Appl. Polym. Sci., 14 (1970) 2003. 
19. F. A. WODLEY, J. Appl. Polym. Sci., 15 (1971) 835. 
20. F. SHAFIZADEH, Adv. Carbohyd. Chem., 23 (1968) 419. 
21. R. R. BAKER and K. D. KILBURN, Beitr. Tabakforsch., 7 (1973) 79. 
22. R. R. BAKER, Beitr. Tabakforsch., 8 (1975) 16. 
23. P. H. S. HENRY, Proc. Roy. Soc., A, 171 (1939) 215. 
24. M. M. TANG and R. BACON, Carbon, 2 (1964) 211. 
25. E. W. STERN, A. S. LOGIUDICE and H. HEINEMANN, Ind, Eng. Chem., Process Des. and 

Dev., 4 (1965) 171. 

J. Thermal Anal. 8, 1975 



BAKER: THERMAL DECOMPOSITION OF CELLULOSE 173 

26. J. J. KIPLING, Q. Rev. Chem. Soc., 10 (1956) 1. 
27. E. L. BACK, M. T. HTUN, M. JACKSON and F. JOHANSON, Tappi, 50 (1967) 542. 
28. D. DOLLIMORE and G. R. HEAL, Carbon, 5 (1967) 65. 
29. R. F. SCHWENKER JR. and L. R. BECK JR., J. Polym. Sci., C, 2 (1963) 331. 
30. P. K. CHATTERJEE and C. M. CONRAD, Textile Res. J., 36 (1966) 487. 
31. A. E. LIPSKA and W. J. PARKER, J. Appl. Polym. Sci., 10 (1966) 1439. 
32. U. K. SHIVADEV and H. W. EMMONS, Combust. Flame, 22 (1974) 223. 
33. M. V. RAMIAH, J. Appl. Polym. Sci., 14 (1970) 1323. 
34. A. F. ROBERTS, J. Appl. Polym. Sci., 14 (1970) 244. 
35. M. V. RAMIAH and D. A. L. GORINg, Cell. Chem. Technol., 1 (1967) 277. 

RI~SUMt~ -- On a effectu6 la pyrolyse de la cellulose en atmosph6re d'azote avec deux vitesses 
de chauffage et l 'on a mesur6 la vitesse de formation des gaz, dans leur totalit6, ainsi que celle 
des oxydes de carbone. Les quantit6s de produits form6s et leurs param6tres cin6tiques du 
premier ordre d6pendent fortement de la vitesse de chauffage. 

ZUSAMMENFASSUNG - -  Cellulose wurde in Stickstoff-Atmosph~ire bei zwei Aufheizungsge- 
schwindigkeiten pyrolysiert und die Bildungsgescbwindigkeiten der Gesamtgase sowie der 
Kohlenoxide gemessen. Die Mengen der gebildeten Produkte und ihre kinetischen Parameter 
erster Ordnung h~ingen stark v o n d e r  Aufheizungsgeschwindigkeit ab. 

P e 3 ~ o M e - - E ~  npoBe~eH nHpo~H3 He~nro~03~ B aTMoc~epe a30Ta ~pa ~ByX CKOpOCTflX Ha- 
rpeBa. CKOpOCTb 06pa3OBaHn~ Bcex ra30B H OKHCHOB yrnepo~a 6~na H3MepeHa. I'(O~HqeCTBO 
06pa3y~omHxcn Hpo~yKTOB H HX KnHeTaqecx~e napaMerp~ nepBoro nopa~Ka 3HaqnTe~bHO 
3aBHcenH OT CKOpOCTH HarpeBa. 
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