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Abstract 

A kinetic model which aims to describe the mass loss processes undergone by wool fibre 
subjected to controlled heating is proposed. The equations are tested on thermogravimetric 
recorded data and good agreement of the model with the experimental data is noted. 

Keywords: DTA; Kinetics; Model; Oxidation; Pyrolysis; TGA; Wool 

1. Introduction 

In a previous paper [1], thermogravimetry has been used to investgate the 
thermal behaviour of untreated and flame-retardant treated wool. For this purpose 
wool fibres of 23 /~m diameter, treated with 0%, 2%, 4'/0, 6%, 8% or 10% K2ZrF 6 
(Zirpro method) were decomposed thermally. After the loss of water, two general 
processes accompanied by major mass losses were evident. 

The first process is endothermic, occurring from 200 to 400°C and the second 
process is exothermic and occurs within the range 450-600°C. Both processes have 
been shown by many other researchers, who studied the thermal behaviour of wool 
[2,3]. As a result, a general scheme for the thermal degradation of wool may be 
proposed 
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Fig. 1. D T A  a n d  T G  curves  r eco rded  for  woo l  on  a D e r i v a t o g r a p h  Q 1500 D. 

During the endothermic step it is supposed that macromolecular chains of protein 
compounds are decomposed to lighter products and volatile compounds, such as 
CO, NH3 and H2S are evolved [3]. Pyrolysis products then react with oxygen 
through several gas phase reactions, leading to various oxidation products. 

The two processes probably overlap but as Fig. 1 shows, one may easily find an 
inflexion point on the TG curve which could be considered as the end of the 
pyrolysis and the beginning of the oxidation, in order to compute the appropriate 
degrees of conversion. 

The TG data from Ref. [1] led to second-order kinetics for the first process and 
to first-order kinetics for the second process, but it has to be mentioned that 
through Ref. [1] we have assumed the reaction order model only to be of value. In 
the following we wish to propose a physical model to explain the recorded data. 

2. Thermal decomposition model 

Taking into account the mass loss and the endothermic profile, the first process 
may be roughly considered as a "vaporization" of volatile substances from wool 
fibre. During the heating of wool its helical structure melts [2] and pyrolysis of 
peptide bridges and S -S  linkages together with the lateral chains begins. Conse- 
quently the wool fibre skeleton is damaged [2,3]. The various physical and chemical 
processes occurring from 200 to 400°C are recorded by TG as a unitary overlapping 
process of loss of volatiles. 

The rate at which the volatiles are lost is supposed to be limited by their diffusion 
through the fibre. The process is relatively similar to "vaporization" of volatile 
substances from within the wool fibre. This assumption is supported by the TG  
curves recorded both in air and in nitrogen atmosphere being identical, as shown by 
Ingham [3]. 

We shall also take into account that each element of volume is producing gases 
by the reactions occurring within it, i.e. the amount of input gases is lower than that 
of the output gases for each considered volume. Therefore the model will take into 
account diffusion through the fibre accompanied by local mass production from 
chemical reactions. 
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A model describing this type of process is proposed (see the demonstration in 
Appendix A) using the equation 

de 
- - A ( 1 - - e ) " + l e x p (  E/RT) (1) 

dt 

where ~ is the degree of conversion, n is the reaction order of  the chemical reaction 
which produces gases, and A and E have their usual meanings. 

Assuming that during the pyrolysis process wool fibres may be considered as 
cylinders of  radius ro and length l, according to Appendix A the pre-exponential 
factor A is given by the equation 

= ~ ko ~lr 2 (2) A 

where ko is the pre-exponential factor of the decomposition reaction rate constant. 
Assuming, further, first-order kinetics for any of the decomposition reactions 

which produce gases, i.e. n = 1, one may finally write for the pyrolysis process the 
rate equation 

d~ 1 2 ~=~ko~lro(1 ~)2 exp( E/RT) (3) 

Note that Eq. (3) exhibits apparently second-order kinetics for the pyrolysis of wool 
fibre as recorded by TG,  in good agreement with our previous results for paper [1]. 

The exothermic oxidation process is considered to be dependent upon oxygen 
access to the fibre surface. The rate limiting step should be the diffusion of oxygen 
through the gaseous layer which surrounds the fibre. Let this layer thickness be x. 
The kinetics of the process may be assumed to be similar to those of  metal 
oxidation (Tamman [4]), i.e. 

dx D 
(4) 

d t - x  

where D is the diffusion coefficient of  oxygen through the gas limiting layer. 
Assuming that during the oxidation process the fibre has a spherical symmetry 

defined by a radius Ro, and that at a moment  t the radius is R, one may write for 
X 

x = Ro - R (5) 

Let V0 and V be the volumes of the wool fibre at the beginning and at time t. 
Obviously 

V =  Vo(l - ~) (6) 

where ~ is the degree of conversion. Taking into account the spherical symmetry, 
from Eqs. (5) and (6) one obtains 

x = R0[l - (1 - ~z) I/3] (7) 
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Tak ing  into account  Eq. (7), Eq. (4) becomes 

dc~ 3D'  (1 - e )  2'3 

d t -  R2 o 1 - (1 - :~)1..3 (8) 

By using the no ta t ion  

3D'  
k . . . .  Do exp( - E / R  T )  (9) 

one may  finally write 

de  (1 - -  e )  2 '3 

~ -  = Do 1 -- (1 - ~)J.'3 exp( E / R T )  (10) 

Eq. (10) poin ts  out  that  the oxidat ive  process  fol lows three-d imens iona l  diffusion 
o f  the Jander  type [4]. Eq. (10) shows different kinetics to those  we p roposed  in 
Ref. [1]. In o rder  to compare  the kinetics, the exper imenta l  da t a  f rom Ref. [1] 
ob ta ined  for  un t rea ted  and f l ame- re ta rdan t  t rea ted  (Z i rp ro  [5]) wool  have been 
used to compute  the kinetic pa ramete r s  (the pre-exponent ia l  factor  A and the 
ac t iva t ion  energy E) for the two different kinetic functions,  i.e. the funct ion given 
by Eq. (10) ( Jander  type kinetics) and  that  given in Ref. [1] (f i rs t-order  kinetics). 
F o r  the ca lcula t ion  we have used the integral  method ,  as presented  previously  
[6]. The cor re la t ion  coefficients have been c o m p a r e d  and the results are listed in 
Table  1. 

As  one may  observe f rom Table  1, the recorded  da ta  fit the kinetics given by Eq. 
(10) bet ter  than  f i rs t -order  kinetics. We thus conclude that  for  the oxida t ive  process  
Eq. (10) offers a more  sui table descr ip t ion  than does the f i rs t -order  kinetics model .  
Summing  up, Eqs. (3) and  (10) could  descr ibe the pyroly t ic  and  oxidat ive  mass loss 
processes o f  un t rea ted  and Z i rp ro  t rea ted  wool,  in good  agreement  with the 
exper imenta l  recorded data ,  even though the assumpt ions  made  for the construc-  
t ion of  the model  were qui te  rough.  

Table 1 
Values of the kinetic parameters of the exothermal process computed for Jander type kinetics and for 
first-order kinetics (n = 1) 

Sample: 
wool treated 
with K2ZrF6/% 

Jander type kinetics First-order kinetics 

E/(kJ mol ~) A/s i r ~* E/(kJ tool i) A/s i r "  

0 284 2.5 × 1016 0.998 159 2.2 × 10 9 0.998 
2 304 1.3 x 10 ~s 0.998 I69 1.7 x 10 I¢~ 0.995 
4 333 6.0 × 1019 0.996 185 1.5 × 10 II 0.992 
6 306 1.5 × 10 t8 0.999 170 2.0 × 10 m 0.997 
8 327 7.1 × 10 Is 0.998 182 5.2 x 10 I° 0.999 

10 428 1.4 × 1025 0.992 237 1.3 × 1014 0.984 

~' Correlation coefficient. 
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Table  2 

Values of  the kinet ic  pa ramete r s  for the endo the rma l  and  exo thermal  steps of  the wool  the rmal  
decompos i t ion  process  

Sample:  Endo the rmic  step Exothermic  step 
wool  t rea ted 
with K ? Z r F 6 / %  E/(kJ  mol  i)~1 A/s 1 E/ (kJ  mol  1)~ A/s i 

0 102 3.5 x l0  w 284 2.5 x l0  ~ 
2 93 1.0 x l0  s 304 1.3 x l0  ts 
4 94 9.5 × 107 333 6.0 × 1019 

6 95 1.5 x 108 306 1.5 x I0 is 

8 118 5.3 x 109 327 7.1 x 10 I~ 
10 116 2.0 x 10 ~) 428 1.4 x 1025 

Eq. (3). b Eq. (10). 

The kinetic parameters computed for the two processes using Eqs. (3) and (10) 
and the epxerimental data from Ref. [1] are given in Table 2. 

3. Conclusions 

By assuming that pyrolysis and oxidation of wool are unitary processes from the 
point of view of wool losses, a kinetic model (i.e. Eqs. (3) and (10)) has been 
proposed to account for the thermal behaviour of the mass of wool fibre. In spite 
of several simplifying suppositions which have been made throughout the paper, the 
TG recorded data for untreated and flame-retardant treated wool show fairly good 
agreement with the proposed model. Work is in progress to find a correlation 
between the kinetic parameters computed above and the efficiency of the flame- 
retardant treatment. 

Appendix A: Kinetic models for a diffusional process accompanied 
by chemical reaction 

In the following we shall consider the analysis of diffusion accompanied by 
continuous production of gases from a chemical reaction and the derivation of the 
corresponding kinetic model. 

Let us consider an element of volume of substance, dV. The concentration of 
gases which diffuse into it is lower than the concentration of evolving gases, because 
of the gas production within the volume, due to the chemical reaction. 

If one assumes that the rate of gas production is related to the chemical reaction 
occurring within the volume dV, one may write 

dc 
d t =  k0 c" (A 1 a) 
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where n is the reaction order, c is the concentration of substance undergoing the 
decomposition reaction, and ko is the rate constant. Assuming that the whole 
volume of substance is constant compared with the mass m, and by introducing the 
volume V into the constant k, Eq. (Ala) may be rewritten as 

dc 
- -  = k i n "  (Alb)  
dt 

Taking into account Eq. (Alb)  one may write a general equation for diffusion 
under steady state conditions 

~c 
- -  = D V ~ c  + k i n "  = 0 (A2) 
c?t 

where D is the diffusion coefficient and V 2 is the Laplacian operator. 
The evolving gases are assumed to leave the whole volume of substance through 

the outer surface; consequently the rate of  diffusional mass loss recorded in the TG 
curve should be 

d m  
- S J  (A3) 

dt 

where S is the area of  the outer surface and J is the flux of diffusion. 
For the sake of simplicity, in the following we shall consider the cases of  

cylindrical and of spherical symmetry only. 

(a) Cylindrical symmetry 

In this case Eq. (A2) becomes 

~2c 1 ~c k 
~--~ + - - -  + - -  m" = 0 (A4) 
6r- r (~r D 

Because 

m = p g l r  2 (A5) 

where p is the density of  the investigated material, I is the length of  the cylinder and 
r is its radius, Eq. (A4) leads to 

~Zc 1 {c k 
07 + -r ~r + -~ (prcl)"r 2" = 0 (A6) 

The solution of Eq. (A6) is 

#c &-~ = e- I ~ dr[ c + f k (p~rl)"r2nef ~ d"l dr (AT) 

where C is the integration constant. 
After performing the integration one obtains 

~c 11c+k(pM) , ,  1 1 a~ = r ~ r2" + 2 (A8) 
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Because there is no further production of gases when the cylinder disappears, it 
turns out that for r ~ 0  the condition C c / C r ~ O  has also to be fulfilled. Taking into 
account this condition, Eq. (A8) leads to the ratio C/O, and in order to avoid the 
division by 0 one has to consider that also C = 0. One may thus write 

0c k r 
_ m n _ _  

Or D 2(n + 1) 

Taking into account that the flux J in the radial direction is 

0c 
J = D - -  

Cr 

from Eq. (A3) and Eqs. (A9) and (A10) it turns out that 

dm k r 
dt - S D  ~ m" - -  2(n + 1) 

Because the area of  the outer surface of a cylinder is 

S = 27rrl 

one finally obtains 

dm r 
- ~r lkm" - -  

d t  n +  1 

or, taking into account Eq. (A5) 

dm k 1 
- m " ' -  1 

dt  n + l p  

(A9) 

(A10) 

(A l l )  

(A12) 

(A13) 

(A14) 

(b) Spherical  s y m m e t r y  

In this case Eq. (A3) becomes 

C2c 2 Cc k 
4 - - - - + - - m "  = 0 

Cr 2 - r Cr - D 

Because 

4 
m = ~ 7rpr 3 

where r is the radius of  the sphere, Eq. (A15) leads to 

0r 2 + 7 ~ + ~  pJr r ~'' 0 

From Eq. (AI7), through integration, one obtains 

Cc 1 [ k ( 4  ~" r 2''+3 ] 

C r - r  2 C + - D ~ S P J r ]  3 ~ + i i J  

(AI5) 

(AI6) 

(AI7) 

(A18) 



426 C. Popescu et alv 'Tkermochimica Acta  256 (1995) 419 427 

Assumptions similar to those for the cylindrical case allow one to write that C = 0 
and, consequently 

~?c k r 
- m "  - -  (A19) 

8r D 3(n + 1) 

Taking into account that the flux J is given by Eq. (A10) and that the outer surface 
area of  the sphere is 

S = 47rr 2 (A20) 

one may write 

dm _ _4~rr2 D k mt'  r 

After performing all the calculations 

dm k 1 
- -  Dln + 1 

dt  n + l p  

One may notice that Eq. (A22) is identical with Eq. (A14), 
By defining the degree of conversion ~, as [4] 

(A21) 

(A22) 

V/7 
= 1 - - -  (A23) 

/ H  o 

where mo is the mass of  substance at the beginning of the reaction, Eq. (A14) or 
(A22) becomes 

d~ k 1 
- -  z - -  - -  n ~ ) n  + I 

dt n + 1 p m ° ( l  - (A24) 

Taking into account that k is a rate constant, its dependence on temperature is given 
by Arrhenius law 

k = Ae ( L..R~ 

where A is the pre-exponential factor, E is the activation energy, 
temperature and R is the gas constant. 

Introducing the notation 

(A25) 

T is the 

Eq. (A24) may finally be written as 

d ~  
d t =  Z(I  - c0" + %( L'..R~ (A27) 

Eq. (A27) may be considered as the kinetic model of  a diffusional process 
accompanied by chemical reaction. 

A nl(i 
Z (A26) 

n + l p  
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