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A series of pulps containing between 3.6 and 23% of I.&in was prepared by a 
careful dehgni8cation of a high-yield bisuhite pulp. The puIps were subjected to 
isothermal pyroXysis in a Perkin-Hmer TGS-1 thermobahmce. The measurements 

were carried out at 8 different temperatures from 325 to 360°C under nitrogen 
atmosphere. The results obtained indicate that the effect of lignin on degradation 

depends strongly on temperature. Below 330°C the rate of degradation varied only 
little with hgnin, This variation becomes more important at temperatures above 33OOC 

in that the rate of degradation increases with decreasing Iignin content. The apparent 
activation energy of degradation ranges from 41.4 kcal mol-r at 23% of lignin to 
67.0 kcal mol- ’ at 3.7% of hgnin. 

AIthough thermal degradation of wood and its individual components has been 
studied for many years, the exact mechanism and kinetics of the occurring reactions 
are not yet completely clear, The recent development of modem analytical technique 
such as thermogravimetry (TG), differential scanning caiorimetry @SC) and others 
hasspurred msearch in this field and resulted in a great number of publications dealing 
with the thermal properties of both naturaI and synthetic poIymers. More often than 
not, however, data reported by different authors show large discrepancies, due 

mostly to different a.naIytical methods used as well as to different ways of treatment 
of data This can be demonstrated by the example of celluhxe degradation and in 
particular, its apparent activation energy F. Using thermogravimetryW Tang and 
Neih’ found E, = 34.2 kcal mol- ’ for temperamms from 240 to 310°C and 
Em = 54.4 kcal mol-r for the interval 310-360°C Murphy2 obtained values of 34.0 

and 29.4 kcal mol- 1 in the range of 100 to 250°C from the rates of evolution of 
gaseous products. More recently, Fung’ has found a similar value of E, = 35.4 kcal 

mot- ‘. On the other hand, the activation energy value found by Bryce and 
Greenwood4 is lower (E, = 29 kcaI mol- ‘) whiIe those determined by Van KreveIen’ 



arid by Madorsty’ are higher (40 and SO kcal mol- ’ ,respedively)_Ahigheractivation 
energy vaI&i was aim recentIy found by T&x&h’: 60+2 kcaI mol-’ in the first stage 

(lower temperature) and 39 kcal mol- l in the second stage (higher temperature). 
CeIIuIose is a weII-defined chemical compound which cau be prepared in a 

relatively very pure state This is not the case with hemiceIIuIose and l&in, the other 

two principal wood components, which represent formidabIe stmcturaI compIexity_ 
It is therefore not surprising that data reported on the pyrolysis of these two com- 

ponents and of wood itself (or of its different products, such as wood pulp) would 
show an even greater variation This is we11 demonstrated by the data compiled in the 
review published by BcaII aud EickneP_ TXamiah and Goring’ have shown that the 
decomposition temperature Td, defiued as the temperature at which the rate of 

evolution of gas was 1 mm3 h-’ g-i, decmased in the order [ceIIuIose~Iiguin~ 

hemiceIIuIose]_ The very reaznt work by Hiratai” confirmed this order of degradation. 

There is less a_mment as far as the overall activation energy of degradation is 
concerned, While TZamiah and Goring’ reported & vaIues ranging between 46 kcal 
mol- ’ for xylane and I50 kcaI mol- ’ for certain samples of cellulose, TTirata’ o found 
the values of 39-5 and 268 kcal mol- r, respectively, for the initiation and the 

propagation of degradation of cellulose, and overall activation energies of 28-5 kcaI 

mol-* (220280°C) for hemicelluIose and 34.8 kcal mol-’ (BO-300°C) for Iignin, 
Although different experimental techniques account for much of the variation 

of degradation results found in the literature, another important source of variation 

is the different mathematical interpretation of data_ To be able to compare individurd 
rest& with each other, one must not only carry out aI experiments under the same 
conditions (i-e-, experimental method, sample pre-treatment, etc), but aIso interpret 
the data in the same fashion In this way* a study of thermaI degradation may become 
an important tool for material anaIysis and characterization_ 

Many currentIy used methods for the anaIysis of wood and wood pulp are 
cumbersome and time-consuming_ The work described in this paper was undertaken 

to investigate the possibility of using thermo_~vimet.ry to characterize pulps with 
dif&eut Iiguin content_ 

z?E?mlograrhi?tric amdysiv 
The degradation experiments were carried out in a Perkin-EImer TGS-1 

-thermobaIauce under nitrogen atmosphere, hrIp samples (4-5mg) were pre- 
conditioned by scanning the temperature to 135°C iu order to remove moisture The 
temperztnre was then decreased to M“C- In an experimentzd run, the temperature 
was rapidly iucreased to the desired value aud the weight of the sample was recorded 
as a function of time_ AI1 experiments were carried out in the static (isothermal) mode 

of operation- Mathematical model described by Cardwell and Lunerl’, a short 
outIine of which is given below, was used to anaIyse the thermogravimetric curves and 
to evaluate the over& energies of activation_ 
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Considering a general pyrolysis reaction 

A -+ B(s)+CW, 

where A = initial reactant (solid) 

B = reaction product (solid) 
C = reaction product (gas), 

(1) 

its extent can be folIowed by monitoring the weight of the sample (thermoGavimetry)_ 
The rate of degradation may be expressed as fo!Iows: 

+f(y) 
where y is the fraction of active material that has reacted, and f(y) is a function of y. 
The variabIe y may be defined as 

Y = WW%-4 

where W = weight loss at time r 
w, = initial weight 
r = weight of inactive residue, 

Combining eqn (2) with the Arrhenius equation (4): 

k = Axe- wRT, 

one obtains: 

(3) 

(4) 

dr -= 
di 

Af(y)eeGfRT 

For practical use, eqn (5) is transformed in its Io_tithmic form: 

In [dy/dr] = In A-t-In f(y)-EJRT (6) 

Equation (6) may be used dircctIy to evaluate the overall activation energy of 
degradation E,_ For this, one must stipulate that the term (in f(y)) is a constant at a 
given conversion y. All reaction rate data reported in this paper were taken at 
y = 0.5, 

Preparation of pulps 
The deliguification procedure employed was described in detail in a previous 

publication’ 2_ A high-yield sodium bisuhice softwood pulp (Eklgo; Consokiated- 
Bathurst) was used as the starting materiaI_ A total of nine pulps were prepared 
(including the original pulp)- The puIps were characterized by standard methods of the 
Canadian Pulp and Papei Association. The vahres of Iignin content were cakuIated 
from the corresponding Kappa values according to the correlation established by 
Lords and L8schbrandtz3- The results are s -zed in TabIe 1. 
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TABLE 1 -_ 

PROPER- OF PULPS PREPAREiD BY CIiZORlTE DELIGNIFICAl-fON 

BB-O 
BEI 
BB-2 
B3-3 
BB4 
BE5 
BRA 
BB-7 
BB-8 

134 23B 
114 193 
IO1 17.4 
90 15.5 
76 13.0 
65 11-l 
49 8A 
35 61 
21 3-7 

22 
29 
32 
32 
32 
30 

1: 
18 

. CPPA Standard G-18. b CPPA Standard GX!m = TAPPI StandardT237 sn-63. 

The data shown in Table I indicate that chemical characteristics of pulp (~I$er 
in&x_ carboxy index) change r&tiveIy little Bith the degree of delignification. 
Previous resuIt.s have shown that pulp delignifkation with sodimn chIorite used in the 

present work has little effect on the moIecuIar weight of ceIIuIosc. One can therefore 
assume that the Iignin content is the most predominant property in the series of pulps 
an&Ted in this work. 

The pulps were subjezted to isothermal pyroIysis at tern- from 325 to 
360°C at 5°C intervak A typical curve is shown in Fig- I_ One observes that afkr a 
dew start_ the degradation proazeds at a rapid rate before reaching a plateau where 
the weight decreases only very slowly with time. The rate of &gradaGon (ay!at) was 
evahxatcd as the tangent of the degradation czve at y = O-5- 

The sauzs obtained are plotted against the Iignin content in thepUlps in ITi& 2, 
One observes that the higher the tempemtme, the more pronounced is the dependence 
of &g-on on I&in_ The three lower temperaWes (325-335°C) show little or no 
i&xence of the Iignin content on the degradation rate- At 340°C one can akeady 
obsezveacIislinci&crease in the degradation rate with growing Iignin content This 
dependenaz becomes more pronounced as the temperatme inaeases, and assumes an 
almost s&aight4nc c- above 350°C The sIope of the straight fine in- 
with rising tempetature, 

Onthebasisofthedatashownin~~2,itwonIdappcatfhatisothermal 
thermogravime~ could be employed for the determination of the iignin content in 
pulp. One must not forget, however, that other factors which may have effect on 
degmdaGon were not considered in this work. Such faders in&de wood species, the 
degree of carbohydrate aegraaation after palping, and in particular, the hemicelIuIose 
content The infiuencaz of these factors woald also have to be evaI_ before. 
attempting to use the fhumogravimetric’technique for the analysis of Iignin in pulps 

-. 
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Fig- 2 Deptnacncc of dcgmhtion rate on pulp lignin content. 

Iii6 1.60 1.64 

( I/T)-103%-’ 

I I I 

2 10 ;% 26 

% LfGNlN 



of difF&t origin. Using a suitable dal~Sm~tion, however, the dependence shown in 
Fig 2 may be employed for the analysis of pulps which do not differ much from each 

other (e.g., pulp process controI). 
Figure 3 shows a plot of the logarithm of the rate of degradation (In (dy/&)) 

against l/T(Arrhenius plot). It is evident that the curves obtained are not rectilinear_ 
This indicates eqn (6) is not valid in the present case and one can not evaluate an 

energy of activation over the whoIe temperature interval studied_ & close look, 
however, most of the curvature takes pIace at higher temperatures (T>350”‘). By 

approximating the lower parts of the curves with straight Iines (T= 325-345°C) one 
can obtain average overall activation eneqies corresponding to this temperature 
interval according to the following equation: 

E,= -(dope) x R Q 

The activation enerq values found by using eqn (7) are plotted against the 
Iignin content in Fis 4_ The -mph demonstrates that the overall activation ener&gy of 
degradation depends quite strongIy on the Iignin content in the pulp and rises with 
decreasing Iignin content from 41-4 kcaI mol-’ at 23% to 67.0 kcaI moI_ ’ at 3_7% 
of lignin_ It is interesting to note that the 41-4 kcal moIvl activation ener7 observed 

in the case of the crude puIp (BB-O; 23% of I&in) is very cIose to the vaiue of 
E; =42kcaI mol-* found in the same Iaboratory by Law et aI. I4 for different 
sampIes of me&anicaI pulp (-26% of Iignin)_ 

The authors wish to acknowIedge with thanks the technical assistance of 

Mr_ A R_ Plourde in bleaching and anafysing the pulps- The subject matter treated in 

this paper forms part of the generaI research program of the Groupe de Recherche en 
P5tes et Papien at this University. 

REFERENCES 

1 W_ K. Tang and W_ K. Neam. in uThamal Analysis of High Polymers” (J_ Polymer su‘. C) (EL 
Ke.Ed&NcwYork, J.ntcrsci~I%4~pp-65-81- 

2 E J_ Murphy, .J.. P&m- Sci-. 58 (1962) 649. 
3 D- P. C Fang, Tpppi, 52 (I 969) 3 19. 
4 DeJ.BryccandCT~Graznwood, in’-f&umaI Analysis of Fibers and Fiber Forming PoIymm” 

(A&_ PoIymcr Ssimposia, No- 2) <R W_ Schwenkcr, Jr., Eb), New York, Intusciaxc, 1966, 
pp- I4p_15S_ 

5 D_ W_ Van Krcvcb. C Van Heerden znd F-J- Htrntjens. FwZ, 30 (1951) 253. 
6 S L_ MadorJky. V_ E ti and S_ Strws, J- Res- NarZ- Bnr- Stand-, 60 (1955) 343. 
7 M. V- Ram&, J- Appl, PoIj-me SC& i4 (1970) 1323. 
5 F. C BuIl and H_ W- Eickner. 7XermaI Degra&fOn of Wood componUr&: A Rirku of die 

tiranrroc. Fonst Prod_ Lab, ES- Dcpt Agric. Report no. 130. 
9 M- V- Ramiab and I)- k I- Goring, CeZZid C&ems TcdmoL. 1,2i7 (1%7)_ 

IO T. Hirara. BuK Got- For_ Eqx S-la (JPPM), 263 (1974) I- 
i 1 R C&nissdI snd P- Lzmcr, JZSPRI, Syracuse, N-Y. Dcpmncnt of Paper Science and En-g. 

Progress Report (1971/1972)- 
I2 V- Hornof. B. V_ Koktaaud J. L. Vahie, J. AppZ.. Polym, S&Z-, 19, 84(1975) 1573. 
13 V. LOI& and F- Lschbrandt, Norsk Skogindustri, 7/6f, 3o2-309. 
14 K- N, Law, Be V. Kokta and J- 1 Garaau, Annales de I’ACFAS, 43 (1976). 


