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Abstract 

Dynamic thermogravimetry is a technique widely used to study the kinetics of reactions 
involving solids. In this work, the fundamental  properties which determine the shape and 
position of the TG and DTG curves are defined, namely the kinetic function and two 
dimensionless parameters  3, = EIRTo and /3 = A Tolb. The methodology used is extended 
to the case of complex reactions (competitive, consecutive and independent) ,  referring to 
situations which may occur in practice and showing illustrative simulations. The pyrolysis of 
lignocellulosic materials is taken as an example, using data previously published. 
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d imensionless  pa rame te r  ATo/b 
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normal ized t empera tu re  
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normal ized t empera tu re  at max imu m rate 
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I N T R O D U C T I O N  

Thermograv ime t ry  (TG)  is a convenient  technique for studying the 
kinetics of many  reactions involving solids, by following the change in mass, 
or the rate of mass loss ( D T G ) ,  of the samples  with t ime (or tempera ture) .  

Exampies  of simple reactions of this type are the decomposi t ion of solids 
such as 
(A)  Solid 1 ----> Solid 2 + Gases  (e.g, CaCOa(s)  > CaO(s )  + CO2(g)) 
(B) Solid , Gases (e.g. NH4NOa(s)---~ NzO(g) + 2H20(g ) )  
and gas ' so l i d  reactions such as 
( C )  Solid + Gas 1 • Gas  2 (e.g. C(s) + O2(g) > CO2(g)) 
(D) Solid I + Gas I • Solid 2 + Gas  2 (e.g. FeO(s)  + H2(g) 

Fe(s) + H20(g ) )  
There  are two al ternat ive exper imenta l  methods ,  as follows. 

Isothermal TG 

The solid reactant  is kept  under  isothermal  conditions.  Several experi- 
ments  must  be carried out  at different t empera tu res  in order  to de termine  
the t empera ture  dependency  of the reaction rate. In actual practice, a finite 
t ime is needed to heat  the mater ial  up to the desired t empera tu re ,  so that 
the initial stages of the reaction occur  under  non- iso thermal  condit ions.  If 
very high heat ing rates are used in this period, a non-uni form tempera tu re  
d i s t r i b u t i o n  may result within the solid, and t h e  process b e c o m e s  
uncontrol lable  [1]. 

Dynamic TG 

The  solid s a m p l e  
(usually linear with 

is submi t t ed  to a gradual  increase in t empera tu re  
time). In this ease it is poss ib le ,  in principle, to 
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de te rmine  the kinetic pa rame te r s  with a single exper iment , •a i though  the 
m a t h e m a t i c a l  t r e a t m e n t  of exper imenta l  da ta  is more  complex.  

One  of the p rob lems  associated with this last me thod  is tha t  the kinet ic  
pa r ame te r s  o b t a i n e d  the reof  are  f requent ly  d e p e n d e n t  upon the ex- 
pe r imenta l  condi t ions,  such as hea t ing  rate,  initial a m o u n t  of solid material ,  
gas phase  composi t ion,  geomet ry  of the reac tor  and  particle size of the solid 
[2-8].  The re fo re ,  it is not  surpris ing that  qui te  different va lues  are repor ted  
in the l i tera ture  for the same react ion,  as is exemplif ied by the decomposi-  
tion of CaCO3 [4]. 

However ,  this s i tuat ion is not  a character is t ic  of dynamic  TG.  Thus ,  in 
recent  s tudies on the decomposi t ion  of calcium oxalate  monohydra t e ,  t h e  
same d e p e n d e n c y  be tween  the act ivat ion energy  and the initial a m o u n t  of 
solid was de t e rmined  by e i ther  of the two me thods  [5, 9, 10]. 

O n e  of the reasons  for such exper imenta l  observat ions  is certainly 
re la ted  to the complexi ty  of the react ion mechanisms  in the  solid state and 
the lack of mechanis t ic  equa t ions  account ing in full for the process 
involved. Moreover ,  the influence of the  gas phase  and the problems  
associated with mass and hea t  t ransfer  l imitat ions are f requent ly  over- 
looked [1, 3 ,4 ,  6 -8 ,  11]. 

Never the less ,  non- i so thermal  T G  cont inues  to be extensively used,  given 
its grea t  exper imenta l  simplicity. 

In addi t ion,  when  s tudying the thermal  decomposi t ion  of complex 
mater ia ls  such as wood or  coal, the  occur rence  of several• i ndependen t  
a n d / o r  compet i t ive  react ions  restr icts  the applicabili ty of t h e  i so thermal  
method ,  because  it is not  possible to control  the react ions  which are 
init iated before  the  desired t empera tu re  is r eached  in each exper iment .  

In the  following sections, the dimensionless  pa rame te r s  which govern the 
shape and posi t ion of the non- i so thermal  T G  and D T G  curves for single 
react ions  are defined, and their  influence upon  various observable  
quant i t ies  is s tudied.  T h e  s imulat ions a r e  then  ex tended  to complex 
react ions (compet i t ive ,  consecut ive and independen t ) .  

SINGLE REACTIONS 

In the decomposi t ion  of solids, the ra te  of react ion depends  upon the  
t e m p e r a t u r e  and  a m o u n t  of substance.  Usual ly  it is a ssumed that  these  
funct ions are separable ,  and the equa t ion  general ly  used to describe t h e  
progress  of react ion is 

dot 
dt  = k ( T ) f ( o t )  (1) 

where  t is the t ime, T the absolute  t e m p e r a t u r e  and ot the degree  of 
i 
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t ransformat ion  or fract ional  decomposi t ion  defined as 

w 0 -  w 
= (2)  

W o -  W= 
where  Wis  the mass of solid and the subscripts 0 and oo refer  to the s tar t ing 
and end of the react ion.  

The  t empera tu re  dependency  is normally  expressed by the A r r h e n i u s  
equat ion  

where  E is the activation energy,  A the  pre-exponent ia l  factor  and R the 
ideal gas constant .  The re fo re  

-~--md°~ exp(RE-----T)f(ot) (4) 

where  f(~x) is a funct ion depend ing  upon  the react ion mechanism.  Some of 
the most  used functions are listed e lsewhere  [12]. However ,  some authors  
prefer  to use an empirical  kinet ic  law of the type f(ce) -- (1 - ,v),,, where  n is 
a react ion order .  

Equa t ion  (4) implies addit ionally tha t  the solid is h o m o g e n e o u s  and tha t  
internal  and external  hea t  t ransfer  resis tances are  absent.  U n d e r  cer ta in  
circumstances,  it may be ex tended  to gas-so l id  reactions.  In effect, if these  
show a react ion order  with respect  to the gaseous reac tan t  

If the gas partial  pressure  Pga, does not  change  significantly in the  course  
of the exper iments  (which is valid for low gas conversions) ,  then  it may be 
considered cons tant  and included in the pre-exponent ia l  factor. 

W h e n  the react ion is carr ied out  under  a l inear  t empe ra tu r e  p r o g r a m m e  
(T  = To + bt, where  b is the  heat ing ra te  and Tc, the s tar t ing t empe ra tu r e ) ,  
eqn. (4) may be wri t ten as 

dee A 
d T = ~ ' e x p (  RE---'T)f ( or ) (6) 

by no rma l i z ing  the  
defining a new va r i ab le  

Equa t ion  (6) may 
t empera tu re s  by the  
0 = TITo, so 

be r ende red  dimensionless  
s tar t ing t e m p e r a t u r e  and 

(7) 

where  fl = A T o / b  a n d 3 ,  = EIRTo, 
Consider ing the simplifications in t roduced,  the non- i so thermal  T G  and 

. . . . . . . . .  . . . .  : . . . . . . . . . .  . . : 
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D T G  c u r v e s  d e p e n d  on ly  on these  two  d i m e n s i o n l e s s  p a r a m e t e r s  and  on 
the  k ine t i c  func t ion .  

T h e  first p a r a m e t e r  is the  ra t io  b e t w e e n  a t ime  c o n s t a n t  for  hea t i ng  
(T,/b) a n d  a t ime  c o n s t a n t  for  r e ac t i on  ( I / A ) .  T h e  s econd  p a r a m e t e r  
inc ludes  the  ac t iva t ion  e n e r g y  for  the  r eac t ion ,  and  is r e f e r r e d  to as the  
A r r h e n i u s  p a r a m e t e r .  It shou ld  be  n o t e d  tha t  the  p r o c e d u r a l  va r i ab le s  
h e a t i n g  ra te  and  init ial  t e m p e r a t u r e  affect  /3 and  3'. W h e n  b inc reases  /3 
dec r ea se s  and  w h e n  T, i n c r e a s e s / 3  also inc reases ,  bu t  3' dec reases .  

Results 

E q u a t i o n  (7) was  i n t e g r a t e d  by  the  4 th  o r d e r  R u n g e - K u t t a  m e t h o d  wi th  
a va r i ab l e  i n t e g r a t i o n  s tep ,  for  va lues  of  7 b e t w e e n  10 and  90 and  /3 
b e t w e e n  10 and  10 m. A large n u m b e r  of  rea l  cases  is i nc luded  wi th in  such 
ranges .  T h e  k ine t ic  func t i ons  c o n s i d e r e d  were  those  of  the  t y p e  
f ( t r )  = (1 - a ) " ,  with  n = 0, 1/2,  2 /3 ,  1, 3 /2  and  2 and  also s o m e  m e c h a n i s t i c  
express ions ,  n a m e l y  

f ( a )  (1 - ~)2,3 = ( M e c h a n i s m  D3)  
1 - ( 1  - ( ~ ) , , 3  

f ( o t )  = [ - - ln(1 -- a ) ] " (1  -- ,v), 
wi th  a = 1/2 and  2 /3  ( M e c h a n i s m s  A 2  and  A3)  

T h e  s y m b o l o g y  used  for  these  m e c h a n i s m s  is the  usual  one  [12]. 
T h e  init ial  cond i t i on  is: for  0 = 1 (or  T = T0), t~ = 0. W h e n  a p p l y i n g  the  

m e t h o d  to the  m e c h a n i s t i c  func t ions  c o n s i d e r e d ,  t he r e  is a n u m e r i c a l  
p r o b l e m ,  b e c a u s e  for  a = 0, f ( t~ )  > ~ in the  first case,  and  f (o t )  = 0 in the  
second .  A c h a n g e  in va r i ab l e  m a y  be  used  to c i r c u m v e n t  this  p r o b l e m ,  
t r a n s f o r m i n g  eqn .  (7) in to  a n o t h e r  of  the  f o r m  

dO--  ,8 exp  -- (8) 

T h e r e f o r e ,  the  r e l a t i o n s h i p  b e t w e e n  z and  t~ m u s t  be  o b t a i n e d  by  so lv ing  
the  e q u a t i o n  

1 
dz = - -  dt~ 

T h e  resul t s  are:  

M e c h a n i s m  D3  

(9) 

3 ).m 
z = - 3 ( 1  - a ) l °  + 2  (1 a 

z = E l - I n ( 1  - a ) ]  Irz 

z - 3 J - I n ( 1  - 

M e c h a n i s m  A 2  

M e c h a n i s m  A 3  

w h e r e  the  va r i ab l e  t akes  an init ial  va lue  of  - 3 / 2  for  the  first m e c h a n i s m  and  
of  z e r o  for  the  o the r s .  

(10) 
(11) 
(12) 
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Fig.  1. T G  a n d  D T G  c u r v e s  f o r  n = 1, /3 = 10 '~ a n d  v a r i o u s  v a l u e s  o f  7 .  

Figure 1 shows the influence of the Arrhenius  pa ramete r  for a first order  
reaction with /3 = I0 ~. When 3, increases, the peaks broaden and are 
displaced towards higher tempera tures ,  while the max imum rate decreases. 
Because 3' = E/RTc~, this last observation is a direct result of the well-known 
fact that  reactivities decrease when the activation energy increases. Similar 
D T G  curves (in terms of changes in volume of gaseous products  released 
Versus t ime) were repor ted by Jiintgen and van Heek  [13]. 

Figure 2 shows the effect of/3 on the shape and position of TG and D T G  
curves for the kinetic function f ( t ~ ) - - ( 1 -  t~) and for "r =20 .  It may be 
observed that  a decrease in/3 has a similar effect to an increase in 3,, namely 
a decrease in reactivity. Because/3  is inversely •proportional to the  heating 
rate, the normalized curves show the great influence of this procedural  
variable, even w h e n  t h e  heat transfer resistances b e t w e e n  the heating 

• e lement  and the interior of the solid sample  is disregarded [3]. 
Figure 3 shows the normalized TG and D T G  curves simulated with 

3 '  20, 13 = 10 "~ and various values of the reaction order  n.  
When the reaction order  increases, the maximum rates decrease, as do 

t h e  tempera tures  at which these m a x i m a  occur 0~, a l though this last effect 
is not very significant (as shown in  Table 1). However ,  it is interesting to 

. .  . . .  

. . . . . . . . . . .  . . . .  . • 
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Fig. 2. TG and DTG curves for n -- 1. ~, -- 20 and various values of/3. 

no te  tha t  the  r eac t i on  begins  at  p rac t i ca l ly  the  s a m e  t e m p e r a t u r e ,  
i n d e p e n d e n t l y  o f  n .  

If a s h a p e  index  s is d e f i n e d  in the  usual  m a n n e r  as the  ra t io  of  the  
de r iva t i ve s  of  the  D T G  curve  at  the  inf lexion po in t s  to the  left  and  r ight  o f  
the  m a x i m u m  [14], it m a y  be  o b s e r v e d  tha t  it i nc reases  g r a d u a l l y  with 
r eac t ion  o rde r ,  the  h ighe r  s y m m e t r y  be ing  o b t a i n e d  for  n = 3 /2  (see  T a b l e  
1). 

Final ly ,  Fig. 4 shows  the  s i m u l a t e d  resul t s  for m e c h a n i s m s  D3,  A 2  and  
A3,  for  3' = 2 0  a n d  /3 = 10 -~. In the  first case ,  c o m p a r i n g  with the  
p s e u d o - h o m o g e n e o u s  k ine t ic  laws, it m a y  be o b s e r v e d  tha t  the  m a x i m u m  
ra te  is s imi la r  to tha t  of  r eac t ion  o r d e r  3 /2 ,  bu t  the  reac t iv i ty  is m u c h  h igher ,  
b e c a u s e  the  r eac t i on  occurs  at  m u c h  lower  t e m p e r a t u r e s .  T h e  mechan i s t i c  
func t ions  A2  and  A3  lead  to sha rp  p e a k s  and  the  m a x i m a  are  h igher ,  
a l t h o u g h  the r e a c t i o n  s ta r t s  at  h ighe r  t e m p e r a t u r e s .  T h e  s h a p e  index  lies 
b e t w e e n  0.5 and  0.6 for  these  t h r e e  r a t e  laws. 

Relationship between peak  posi t ion and  the parameters  "y and f3 

T h e  n o r m a l i z e d  t e m p e r a t u r e s  0m at  which the  m a x i m a  occur ,  m a y  be 
p l o t t e d  ve rsus  3" a n d / 3 ,  as sh o w n  i n  Fig. 5. Th i s  shows  a l inea r  d e p e n d e n c y  

• . .  : : . • . . . . . .  

.. . . , . 
• . . . , : • . . . • . . . . . . .  , . 
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n=O 112 213 I 

I ,50  ! ,75  2 . 0 0  2 , 2 5  2 , 5 0  

6 

0 i i ~ i 

I ,25  I ,50  ! ,75  2 , 0 0  2 , 2 5  2 , 5 0  
0 

Fig.  3. In f luence  o f  the  r e a c t i o n  o r d e r  for k inet ic  laws  o f  the  t y p e / ( c e )  -- (1 - a )"  o n  the  T G  
a n d  D T G  c u r v e s  wi th  y = 20  a n d / 3  = 10 s. 

e x c e p t  w h e n  3' is l o w  a n d / 3  is high s i m u l t a n e o u s l y .  In this case ,  there  are no 
p e a k s  in the  D T G  curves ,  but  rather  a gradual  d e c r e a s e  in rate ,  so  that  0m is 
very  c lose  to 1. A l t h o u g h  Fig. 5 refers  to the  k ine t i c  law f ( a )  -- (1 - ce), the 
s a m e  b e h a v i o u r  is found  for all o ther  k inet ic  funct ions  cons idered ,  
inc luding  the  m e c h a n i s t i c  ones .  

S imi lar  b e h a v i o u r  is found  for o ther  n o r m a l i z e d  t e m p e r a t u r e s  at f ixed 

T A B L E  1 

F e a t u r e s  o f  the  D T G  c u r v e s  for y -- 20,  /3 = l 0  s and  v a r i o u s  r e a c t i o n  o r d e r s  

F e a t u r e  n 

0 1 / 2  2 / 3  1 3 / 2  2 

(dc~/dO)m 5 .68  2 . 8 6  2 .55  2 .12  1 .72 1.46 
O r .  2 .046  2 . 0 3 0  2 . 0 2 6  2 . 0 1 6  2 .003  1 .992 
s 0 0 . 1 9  0 .39  0 .73  1 .06 1 . 2 9  
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Fig. 4. T G  and  D T G  curves  for  the  mechan i s t i c  k ine t ic  func t ions  D3,  A 2  and  A3,  with 
y --- 20 a n d / 3  = 1 0  "~. 
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Fig.  5. Pos i t i on  of  the  p e a k  m a x i m a  as a func t ion  o f  3, a n d / 3  for  first o r d e r  react ions .  
. . . . : . 
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Fig. 6. D e p e n d e n c y  of  01 (normal i zed  t e m p e r a t u r e  for  ~ ~ 0.001) on 'y and /3  for first o r d e r  
react ions.  

degree  of  t r ans fo rmat ion ,  such as is ~,hown in Fig. 6 for 0i = T~/To, where  T~ is 
the onzet  t e m p e r a t u r e  of the  reac t ion  ( the  th resho ld  be ing  def ined for  
a = 0.001). Obvious ly ,  the range  of  values (3",/3) for which 0i ~ 1 is la rger  
than  the co r r e spond ing  range  re fe r red  to 0m. 

Influence o f  the starting temperature and heating rate on the position 
o f  the peaks 

The  di lnensionless  p a r a m e t e r s  3' and /3 d e p e n d  on the hea t ing  ra te  (/3) 
and the t e m p e r a t u r e  at which the  p r o g r a m  starts  (both) .  T h e  la t ter  may  be 
different  f rom r o o m  t empe ra tu r e .  For  instance,  when  the solid is p r o d u c e d  
in situ at a t e m p e r a t u r e  lower  than the range  at which it reacts,  it may  be 
m o r e  conven ien t  to s tar t  the  t h e r m o g r a m  at the t e m p e r a t u r e  of p roduc t ion  
of the solid [15-17].  

Tab le  2 shows some  examples  of the  ix~fluence of b and To on the  posi t ion 
of  the peaks  ( r ep re sen t ed  by T~ and Tin, t h e  t e m p e r a t u r e s  co r r e spond ing  to 
c~ = 0.001 and  the m a x i m u m  rate ,  respect ively) .  

By increas ing the s tar t ing  t e m p e r a t u r e  of the t h e r m o g r a m ,  the  peaks  are  
s h i f t e d t o  h igher  t empera tu re s ,  this effect being mos t  s ignif icant  for low 
values o f  3", i.e. for react ions  with a low act ivat ion energy  
(E  < 20 kcal too l - ' ) .  

A s imi lar  shift in the  D T G  curves is caused by an increase in the hea t ing  
rate,  as i s w e l l - k n o w n  [18]. o H o w e v e r ,  i n  t h i s  case the effect is m o r e  
i m p o r t a n t  when  the act ivat ion e n e r g i e s  are high and the p re -exponen t i a l  
factors A in the Ar rhen iu s  equa t ion  are small  (see Tab le  2),  i.e. the effect of  
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T A B L E  2 

Influence of the procedural variables b and T, on the position of the peaks for first order 
reactions 

To, (K)  b (K s " ' )  y /3 0~ Om Tt (K) Tm (K) 

300 1.0 20 10 "~ 1.70 3.20 510 960 
300 0.1 20 104 1.46 2.49 438 747 
600 1.0 10 2 >', 10 '~ 1.02 1.67 612 I002 

300 1.0 20 t 0 s 1.27 2.02 381 606 
300 0.1 20 10" 1.13 i .69 339 507 
600 1.0 10 2 × l0  s 1.00 1.06 600 636 

300 1.0 20 ! 07 1.03 1.44 309 432 
300 0.1 20 10 x 1.00 1.26 300 378 
600 1.0 10 2 x 107 1.00 1.00 600 600 

300 1.0 50 10" 2.68 3.95 804 i 185 
300 0.I 50 107 2.41 3.4I 723 1023 
600 1.0 25 2 × 10" 1.36 2.02 816 1212 

300 1.0 70 I0 'j 2.76 3.67 828 1101 
300 0.1 70 10 "~ 2.55 3.31 765 993 
600 1.0 "~;5 2 × 10" 1.39 1.86 834 I 116 

the heating rate is particularly noticeable when the reactivity of  the solid is 
low. If the heat transfer resistances were included in this analysis, larger 
shifts would be observed when changing the heating rate [3]. 

In summary,  the starting temperature and the heating rate, among other 
procedural variables, have been shown to affect the TG and D T G  curves, 
making comparisons be tween  diffet'ent studies difficult, unless they are 
performed under exactly the same experimental  cenditions.  

C O M P E T I T I V E  R E A C T I O N S  

Let us suppose that a solid reactant is converted by two competi t ive  
reactions. Because  the global rate  is the  s u m  o f  the rates of the two 
reactions, the appropriate equation is 

dO = /3 ,  exp - ~ ( a )  + / 3 z e x p  ---~-)y,.~o~) (13) 

Equation (13) may be simplified when both reactions have the same 
kinetics and the.  s a m e  Arrhenius parameter ( ~ ( a ) - ~ ( a )  = f ( ~ )  : and 
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d e  = (/3, + /32)  e x p  - f (ce)  (14) 

i.e. we h a v e  the  s a m e  s i tua t ion  as for  a s ingle  r eac t i on  wi th  13 = / 3 t  +/32.  In 
p rac t ica l  t e rms ,  this  m e a n s  tha t  w h e n  the  ac t i va t i on  ene rg i e s  a re  close,  it is 
n o t  poss ib le  to o b t a i n  ind iv idua l  p e a k s  in the  D T G  curve ,  e v e n  by  c h a n g i n g  
t he  o p e r a t i n g  c o n d i t i o n s  used ,  such as the  h e a t i n g  ra te  [19]. 

E q u a t i o n  ( 1 3 ) w a s  i n t e g r a t e d  wi th  the  ini t ial  cond i t i on  O = 1 a n d  a = 0 
for  a la rge  r a n g e  of  va lues  of  the  p a r a m e t e r s ,  a n d  c o n s i d e r i n g  k ine t i c  laws 
of  z e r o t h  and  first o r d e r s  for  b o t h  r eac t ions .  T a b l e  3 s u m m a r i z e s  the  m o s t  
i m p o r t a n t  cha rac te r i s t i c s  of  t h e s e  r eac t ions ;  0,, is the  n o r m a l i z e d  t e m p e r a -  
tu re  for  wh ich  ce = 1. Fo r  z e r o t h  o r d e r  r eac t ions ,  0~ = 0,~. 

W h e n  the  two r eac t i o n s  in pa ra l l e l  occu r  in n o n - i n t e r s e c t i n g  r a n g e s  o f  
t e m p e r a t u r e ,  the  g lobal  p rocess  fo l lows the  k ine t ics  of  the  l ower  t e m p e r a -  
t u r e  r eac t ion .  T h e r e f o r e ,  w h e n e v e r  0,..t < 01,2 the  t r a n s f o r m a t i o n  is gov-  
e r n e d  by  the  first r eac t ion .  T h e  s a m e  s i t ua t ion  m a y  be  o b s e r v e d  e v e n  w h e n  
this  c o n d i t i o n  is no t  en t i r e ly  fulf i l led,  for  i n s t ance  if 3'~ = 2 0 ,  13, = 107, 
72 = I0  a n d / 3 2  = I02. 

A c o n s i d e r a b l e  mod i f i ca t ion  of  t he  k ine t i c  cha rac te r i s t i c s  o f  the  p roces s  
by  i n t r o d u c i n g  a s lower  c o m p e t i t i v e  r e a c t i o n  is i l lus t ra ted  in Fig. 7, wh ich  
shows  the  D T G  cu rves  for  a s y s t e m  wi th  7; = 10, /3t = 10 z, 72 = 2 0  and  
/32 = 10 ~, c o n s i d e r i n g  the  four  poss ib le  c o m b i n a t i o n s  o f  r e a c t i o n  o r d e r  (0 o r  
1), and  the  c o r r e s p o n d i n g  cu rves  for  each  of  t he  single reac t ions .  T h e  m o s t  
r e l e v a n t  f e a t u r e s  of  the  s y s t e m  a re  s u m m a r i z e d  in T a b l e  4, wh ich  m a y  be  
c o m p a r e d  wi th  the  resu l t s  p r e s e n t e d  for  s ingle  r e ac t i ons  in T a b l e  3. 

T A B L E  3 

Fea tu re s  of  the single react ions  cons ide red  in the s imulat ion of  complex  react ions  

y /3 O+ n 

0 I 

O.. = e. (da/de)m e,. (do~/dO)m O~ 

I0 
2 0 :  
2 0  
3 0  
30 
40 
40 
7 0  
80 

10 2 
10 .~ 
10' 
10 7 
lO ~ 
lO s 
i0" 
10..;~ 
10'" 

1.12 
1.70 
1.03 
1.48 
1.22 
2.44 
2.16 
2.55 
2.90 

2.60 
3.31 
1.46 
2.13 
1.65 
3.86 
3.24 
3.32 
3.77 

2.14 2.44 
2.37 3.20 

10.75 1.44 
7.54 2.11 

12.22 1.64 
3.16 3.81 
4.38 3.21 
6.93 3.31 
6.13 3.76 

0.$13 
0.90 
3.98 
2.78 
4.52 
1.18 
1.63 
2.56 
2.26 

3.96 
4.24 
1.67 
2.43 
1.82 
4.47 
3.78 
3.64 
4.17 
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Fig. 7. DTG curves for two reactions in parallel with 3"t = 10, 13, = 102, 3"2 ~- 20, /32 -- 10~: 
Upper,  single reactions (1, n~ = 0; 2 nt = 1; 3, n2 = 0; 4, n2 -- 1); Lower, reactions in parallel 
(5, 1 + 3 ; 6 ,  1 + 4 ; 7 , 2 + 3 ; 8 , 2 + 4 ) .  

T h e  i n i t i a l  s t a g e s  a r e  g o v e r n e d  b y  t h e  f i r s t  r e a c t i o n .  I t  f o l l o w s  t h a t  
0r = 1 .12  (of.  T a b l e  3)  a n d  t h e  c u r v e s  f o r  n l  = 0 o r  n l  = 1 b e c o m e  p r a c t i c a l l y  
t h e  s a m e ,  i n d e p e n d e n t l y  o f  n2, u n t i l  a v a l u e  o f  0 j u s t  a b o v e  2. A t  h i g h e r  
v a l u e s  o f  0 ,  t h e  s e c o n d  r e a c t i o n  b e g i n s  t o  i n f l u e n c e  t h e  b e h a v i o u r  o f  t h e  
s y s t e m ,  a n d  t h e  g l o b a l  p r o c e s s  s h o w s  a h i g h e r  r e a c t i v i t y  t h a n  t h a t  o f  t h e  f i r s t  
r e a c t i o n .  S u c h  a n  i n c r e a s e  in  t h e  r a t e  b r i n g s  a b o u t  a d e c r e a s e  i n  t h e  
t e m p e r a t u r e  a t  w h i c h  t h e  s o l i d  r e a c t a n t  is s p e n t .  I n  t h e  e x a m p l e  u n d e r  

T A B L E  4 

Features of the system of two competitive reactions (7~ = 10,/3~ = 10', 3'_- = 20 and ft., = I0-~) 

~I: I n ~ e I e m (dt~/dO)m O , .  

0 
0 

1 

0 1.12 2.55 
1 1.12 2.58 
0 1.12 2.60 
1 1.12 2.44 

2.38 
2.07 
1.05 
0.90 

2.55 
2.58 
2.88 
3.66 

H. 
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cons ide ra t ion ,  this is pa r t i cu la r ly  no t i ceab le  for  n, = 1 and  n 2 -  0, w h e r e  
0 , -  2.88 (27% lower  than  the  first r eac t ion  a lone) .  

C O N S E C U T I V E  R E A C T I O N S  

Let  us now assume  that  the solid r eac t an t  p roduces  a gas and a solid 
i n t e rmed ia t e ,  w.hieh also d e c o m p o s e s  into gaseous  p roduc ts .  T h e r e f o r e ,  
the re  are  two consecut ive  reac t ions  f rom which there  is no solid res idue  
( w .  = 0) 

S ( s o l i d ) - ~  I(sol id)  + Gases  

25 
Gases  

Kinet ic  s chemes  i n c l u d i n g  reac t ions  in series have  been  p r o p o s e d ,  for  
ins tance ,  for  the  t h e r m a l  d e g r a d a t i o n  of  cel lulose  [20, 21] and lignin [22]. 

T h e  f rac t ional  d e c o m p o s i t i o n  is t he r e fo re  

W 
a = 1 W(, (15) 

w h e r e  W - Ws + W~ is the  total  mass  of  the  sample .  T h e  var iab le  def ining 
the  ex ten t  of  the  first r eac t ion  m a y  be 

w~ w~ 
x = 1 - - - - =  1 . - - - -  (16) 

W~, W. 

T h e r e f o r e  

W = W,(1 - ct) (17) 

ws = w,,(1 - x )  (18) 

W~ = W~,(x - rr) (19) 

L e t / z  E ]0, 1 [ be  the  m - s s  of  I p r o d u c e d  per  uni t  of  S t r a n s f o r m e d  (i.e. p~ can 
t ake  all va lues  b e t w e e n  0 and  1, excep t  0 and  1), The  mate r i a l  ba lance  for  S 
m a y  be wr i t ten  as 

ow~ 
- -  '¢'rW,'~ (20) dt = k t J t ~  sj 

or  

d x  ¸ ¸  " -  

= ktf~(x) (21) 
dt  

H o w e v e r ,  f r om the  ma te r i a l  ba l ance  for  I 

dW, 
= ' ' -- k2f2(W~) (22) dt  t z k t f  t (Ws)  ' ' 
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The rate of mass loss is 

dW dWs dW~ 
- d--~ = - d t  d---7 = (1 - p.)k~f ' , (Ws) + k~f~(W,)  (23) 

yielding 

d o /  
dt = (1 - l~)k l f~(x)  + k2f2(x - o/) (24)• 

Consider ing that the rate constants  obey the Arrhenius  law and that  the 
t empera tu re  is linearly changing with time, eqns. (21) a n d  (24) lead to, 
respectively 

d 0 - / 3 ,  exp - x) (25) 

and 

do/d0 = ( 1 -  ~)/3, e x p ( - O ) f ~ ( x  ) +/32 e x p ( -  o ) f 2 ( x  - o/) (26) 

By solving this system of differential equat ions with initial conditions 
0 = 1 and x = a = 0, the behaviour  of the system may be simulated under  
dynamic thermogravimetr ic  conditions.  The  shape of the curves obta ined 
depends ,  in addit ion to the kinetic functions considered,  on four kinetic 
pa ramete rs  (/3,, y, , /32,  3'2) and one stoichiometric pa rame te r  (~) .  

Obviously,  when the reactivity of the second react ion is much higher  
than the first, the in termedia te  I is instantaneously decomposed  a s  it is 
being formed,  so that  W~ ~ 0 or ot ~ x. Therefore ,  the TG and D T G  curves 
become practically the same as those of the first reaction,  independent ly  
of/~. 

If the first reaction begins at a lower t empera tu re  than the second, three 
different situations may be observed,  depending  on the relative reactivities, 
as shown in Figs. 8, 9 and 10. 

3.0  

2 .5"  

2 ,0"  

1,5 

1.0 

0.5 

0,0  

I 

k 
! 

2 
0 

dCX 

dO 

2 

| 

3 4 

Fig .  8. D T G  c u r v e s :  t w o  s i n g l e  r e a c t i o n s  (1,  n ,  --- 1, 3,, = 30,  /3, = i0T; 2.  n2 ~ 1, ",/: = 70,  
/32 ---- 10 ' " ) ;  s a m e  r e a c t i o n s  in s e r i e s  (3 ,  g ---- 0 .25 ;  4,  /.~ ---- 0 .50 ;  5, /~ = 0 .75) .  
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dot  

dO 
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2 , 0  

! , 5  

1,0 
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0 , 0  
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Fig.  9. D T G  curves: two  s ingle  react ions  (1,  n :  -- 1, 3'1 -- 10, /3~ = 102; 2,  n2 
/3, = 10"~); same react ions  in series  (3,  ~ -- 0 .25;  4, ~ -- 0 .50 ;  5, tz -~ 0 .75) .  

-- 1, y 2 = T U ,  " 

In the first instance (Fig. 8) the temperature domains of the two reactions 
are complete ly  separated (eL Table 3). Therefore ,  there are two well  
resolved peaks,  the first corresponding to the formation of I and the second 
to its decomposit ion.  

In Fig. 9 there are also two peaks (not complete ly  resolved now),  
although the first may not be well  defined for high values of/a,. The curves 
describe the transformation S----> I until 0 = 2.55 (of. Table 3) and from 
there on the joint effect of the two consecut ive  reactions. 

When the two reactions overlap extensively  in the temperature domain 
and the rates are of  the same order of  magnitude,  only one peak may 
appear in the D T G  curve, as illustrated in Fig. 10. In this case, the position 
of  the maximum rate Or, depends  strongly on the parameter ~ ,  and 
becomes  quite distinct from the position of  the peaks of  any of  the two 
separate reactions for values of  ~ in the range 0 .25-0.50.  This illustrates the 
danger of  interpreting thermograms of  complex reactions of  this type as if 
they were simple reactions. 

0.8" l 3 ' ~  2 

0.6 
4 dCX 

~? 0.4 

0,2 

0.0 
2 3 4 

e 

Fig .  10. D T G  curves: two  s ingle  react ions  (1, n t - - 1 ,  "Yt ~ 10, ¢tt ~ 102; 2, n a - - 1 ,  ~ , 2 - 2 0 ,  
/32 -- 10"~); same  react ions  in series  (3,  ~ -~ 0 .25;  4, ~ -- 0 .50 ;  5, ~ -~ 0 .75) .  
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INDEPENDENT REACTIONS 

Let u~ a s s u m e  that the solid material  is  made  u p  of m 
capable of independent  decomposi t ion 

S~ --> Gas 

S i > Gas 

components  

S,. - ~  G a s  

For  each of the reactions, a differential equat ion may be writ ten as 

d 0 =/3j exp ( -  (27) 

with initial condit ion 0 -  1, aj 

W,,,- 
,,,j= = x j  

i.e. the fractional decomposi t ion  

= 0 and 

(28)  

of each componen t  is equal to the 
respective conversion Sj  because the residue (if present)  is assumed to 
result from non-reactive components  present  in the solid, with total mass 
W~. 

Therefore  

Wj = W~.,,- Wj,,aj (29) 

and 
t ? !  n l  I~ |  n !  

W j -  ~ Wj,,- ~'. Wj,,aj = W 0 -  W = -  ~'~ Wj,,oq (30) 
j=l j=l 1..1 i=~ 

However, the global fractional decomposition of the solid is defined by 
eqn. (2), and 

w = Wo-  ( w , , -  w . ) a  (31) 

Because 
I t !  

w=Ew,.+w. 
.P,t 

and taking into account eqns. (30) and (31) 
n !  

171 

O~ = = yl.01] 

where yj,, represents  
residue-free basis. 

the initial mass fraction of component j, 

(32) 

(33) 

in a 
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Di f f e r en t i a t i n g  eqn.  (33) gives 

dc j 
dO j..~ dO 

(34)  

T h e  T G  a n d  D T G  cu rves  d e p e n d  u p o n  the  va r ious  7j , /3j ,  k ine t i c  
func t ions  and  the  c o m p o s i t i o n  o.r the  sol id  mix tu re .  

S i m u l a t i o n s  w e r e  ca r r i ed  ou t  ~or an  ex tens ive  r ange  of  va lues  o f  the  
p a r a m e t e r s ,  c o n s i d e r i n g  two r eac t i ve  c o m p o n e n t s ,  s h o w i n g  e s sen t i a l ly  
th ree  types  o f  b e h a v i o u r ,  as in the  p r e v i o u s  sec t ion .  

T h u s ,  w h e n  the  reac t iv i t ies  a re  m u c h  d i f fe ren t ,  t h e r e  a re  two  well  
s e p a r a t e d  r a t e  peaks ,  each  o n e  c o r r e s p o n d i n g  to one  r eac t ion .  T h e  va lues  
of  0m do  n o t  c h a n g e  with c o m p o s i t i o n  and ,  m o r e o v e r ,  a re  p rac t i ca l ly  the  
s a m e  as those  o b t a i n e d  for  t he  p u r e  c o m p o n e n t s .  F o r  in s t ance ,  this  is the  
case w h e n  nl = 1, 3', = 30, /31 = 107, n :  --- 1, 3"2 = 7 0  and  /32 = 10 TM- In this  
case,  the  D T G  curves  a re  exac t ly  the  s a m e  as those  s h o w n  in Fig. 8 for  t he se  
s a m e  r eac t i on s  in ser ies ,  if o n e  t akes  YI,, = 1 - ~ .  Th i s  is so b e c a u s e  t he  two  
reac t ions ,  w h e n  in ser ies ,  occur  in d is t inc t  t e m p e r a t u r e  d o m a i n s ,  i.e. fo r  
prac t ica l  p u r p o s e s ,  one  occurs  i n d e p e n d e n t l y  of  the  o the r .  

W h e n  the  reac t iv i t i e s  o f  the  two  c o m p o n e n t s  b e c o m e  c lose r  (e.g.  n l = 1, 
31, = 10, /31 -- 102, nz = 1, 3"2 = 70 and  /32 -- 10m), the  p e a k s  b e c o m e  p a r t l y  
s u p e r i m p o s e d ,  bu t  in gene ra l  t he  pos i t ions  of  the  m a x i m a  do  no t  c h a n g e  
a p p r e c i a b l y  wi th  the  c o m p o s i t i o n  of  the  m i x t u r e .  T h e  cu rves  a re  still v e r y  
s imi lar  to t hose  o b t a i n e d  wi th  the  s a m e  r eac t i ons  in ser ies  (cf. Fig. 9),  w h e n  
a c c o u n t i n g  for  t he  a b o v e  m e n t i o n e d  r e l a t i o n s h i p  b e t w e e n  p a r a m e t e r s .  

F ina l ly .  w h e n  the  two  c o m p o n e n t s  r eac t  in c lose d o m a i n s  o f  t e m p e r a t u r e  
(which  is t he  case  w h e n e v e r  the  ac t iva t ion  ene rg i e s  and  p r e - e x p o n e n t i a l  
fac tors  a re  s imi lar ) ,  t h e r e  m a y  be  on ly  one  peak ,  the  l oca t i on  o f  its 
m a x i m u m  d e p e n d i n g  on  the  mass  f r ac t ion  o f  the  c o m p o n e n t s .  T h e  s i t ua t i on  

°, t 0,6 
d(~ 

- ; ° -  o.4- 

o12 

0 ,0  

\, 

2 3 4 

0 

Fig.  11. D T G  curves :  t w o  s ing le  r e a c t i o n s  (1, n ,  ~ 1, y ,  --- 10, / 3 , =  102~ 2, n2 = 1, 72 - - 2 0 ,  
/32 = 10"~); s a m e  r e a c t i o n s  s i m u l t a n e o u s l y  (3. y,,, -~ 0.2.5; 4, y~,,-'- 0.50; 5, y~,--- 0 . 7 5 ) ,  
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T A B L E  5 

Comparison between independent and consecutive reactions (n. = 1, Y,--10,  
n ,  --  1,  5,2 = 20 and 13a --- 1 0  "~) 

169 

/3t = 102, 

Feature Yl. ( independent reactions) /~ (consecutive reactions.) 

0.25 0.50 0.75 0.25 0.50 0.75 

Om 3.13 2.86 2.53 2.53 3.11 3.24 
(de/dO), ,  0.74 0.63 0.70 0.66 0.61 0.80 

T A B L E  6 

Kinetic parameters (single reaction model) corresponding to the simulated thermograms 
with first order independent reactions (7, = 10, 13, = 10 a, 5'2 = 20 and/3 :  -~ 10 "~) 

Yl,, n " 3' /3 

0.25 0.75 10.6 41 
0.50 0.85 9.7 39 
0.75 0.95 9.5 49 

is i l l u s t r a t e d  in  F i g .  11. I n  t h i s  c a s e ,  t h e r e  a r e  s u b s t a n t i a l  d i f f e r e n c e s  w i t h  
r e s p e c t  t o  t h e  D T G  c u r v e s  f o r  t h e  s a m e  r e a c t i o n s  in  s e r i e s  s h o w n  in  F i g .  10. 
S o m e  f e a t u r e s  o f  t h e s e  c u r v e s  a r e  s h o w n  in  T a b l e  5. 

In  o r d e r  t o  i l l u s t r a t e  t h e  e r r o r s  w h i c h  m a y  b e  i n v o l v e d  w h e n  d e t e r m i n i n g  
t h e  k i n e t i c  p a r a m e t e r s  f r o m  c u r v e s  o f  t h e  t y p e  s h o w n  in  F ig .  11 ( a s s u m i n g  
t h e y  r e s u l t  f r o m  a s i n g l e  r e a c t i o n )  t h e  d i f f e r e n t i a l  m e t h o d  o f  a n a l y s i s  w a s  
a p p l i e d  t o  t h e  s i m u l a t e d  r e s u l t s ,  c o n s i d e r i n g  a k i n e t i c  l a w  o f  t h e  t y p e  
f ( o t )  = (1 -- ce)". 

2" 1 21 2 , 0  

d ~  ! ,5  

0 

Fig. 12. DTG curves~ two single reactions (1, n, -- 1, 71 -- 10,/31 -- 102; 2, n., --- 0, Yz - 20, 
/3z -- 10"~); same reactions simultaneously (3, Y1,, -- 0.25; 4, Yt,, = 0.50; 5, y,,, -- 0.75). 

• . . . . . . .  . .  . .  
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From eqn. (7) 

dee 

d O  3, 
I n f ( a )  = In/3 -~ (35) 

The calculated parameters  are shown in Table  6. It is observed that  3' is 
quite close to the value corresponding to the faster reaction, but  both/3  and 
the est imated reaction order  are different f rom the values corresponding to 
any of the react ions.  

D T G  curves with only one relative max imum may also be obtained,  even 
when the reaction orders are different, as exemplified in Fig. 12. Then,  the 
necessary condition for this situation to occur is only that  the two values of 
y and the two Values of/3 do not differ much one f rom the other.  Figure 12 
s h o w s  an interesting case (curve 5) where the r a t e  remains  practically 

c o n s t a n t  over an extensive range of temperatures .  

Application to the pyrolysis o f  lignocelhdosic materials 

Several authors have interpreted the pyrolysis of chemically complex 
materials  such as coal [23-25] and wood [20] on the basis of a set of 
mutual ly independent  reactions. 

T A B L E  7 

K ine t i c  p a r a m e t e r s  fo r  the  first o r d e r  r eac t i ons  o f  t he  p s e u d o - c o m p o n e n t s  o f  c h e s t n u t  w o o d  
a n d  p ine  w o o d  a n d  re spec t ive  mass  f r ac t ions  

C o m p o n e n t  M a s s  E A Yo "y 
f r ac t ion  (kJ  m o l - ' )  ( m i n - ' )  

Pine wood 
1 0.20 
2 0.53 
3 0.02 
4 0.03 
5 0.02 
6 0.01 

Chesmut wood 
1 

2 H 

3 
4 
5 
6. 
7 

0.20 
0.37 
0.05 
0.04 
0.03 
0.03 
0.02 

83 4.2 X 10 ~' 0.25 34 
146 1.2 X 10 't 0.65 60 

77 2.6 X l0  s 0.025 32 
60 1.7 X 10 "a 0.04 25 

139 3.0 X 10 H 0.025 57 
130 1.9 X 107 0.01 53 

117 1.9 X l0  t" 0.27 48 
188 3.0 X l0  ts 0.50 77 
150 2.2 x 10 't 0.07 62 
85 3.7 x 10 s 0.05 35 

158 9.6 X 10 '~ 0.04 65 
146 1.2 X I0"  0.04 60 
117 5 .1  X 105 0.03 48 

2.5 X 10" 
7.0 X 10 '2 
1.5 X 107 
1.0 X lOS 
1.8 X I 0  m 
1.1 X 109 

I . I  X 1012 

1.8 X I0  '~' 
1.3 X I0 ~ 
2.2 X 10 7 

5.6 X I0  ~ 
7.0 X I0 '~ 
3.0 x 10 ~ 
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1,0 

0,8 
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0,4 
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0,0 
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2 , 0  ' 

I ° 0  
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I 

- -  i 

2 

9 

(X 

i 
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Fig. 13. T G  and  D T G  exper imen ta l  (Q)  and  s imula ted  ( 
pine w o o d  (b = 5 K min  -~ and  T, = 293 K). 

) curves for the  pyrolysis of  

Alves  and F igue i redo  [26] recent ly  s tudied the kinetics of  the pyrolysis o f  
var ious l ignocellulosic mater ia ls  by mul t is tage  i so thermal  t he rmo-  
gravimetry ,  a t echn ique  which consists of  recording the mass  loss of the  
sample  a long successive i so thermal  steps of  increasing t empera tu re .  A 
series of  p s e u d o - c o m p o n e n t s  were  identified in this way, each one  reac t ing  
independen t ly  of the o thers  with first o rder  kinetics,  and their  mass  
fr~.ctions were  es t imated.  Tab le  7 summar izes  the  results  ob ta ined  for  pine 
wood and ches tnu t  wood,  t oge the r  with the  dimensionless  pa r ame te r s  Used 
in the p resen t  context ,  t ak ing  b - 5 K min- i  and .To - -93  K .  

D y n a m i c  the rmograv ime t r i c  curves (TG,  D T G )  were  s i m u l a t e d  using 
these p a r a m e t e r s  and  c o m p a r e d  with the exper imenta l  curves ob ta ined  with 
a Met t l e r  T A  4000 ( M 3 T G / T G 5 0 ) e q u i p m e n t  (Figs. 13 and l " .  T h e  
a m o u n t  of sample  used was ~ 1 0  m g  and the  carr ier  gas was n i t rogen  ~purity 
N46) with a flow rate  of  2 0 0 c m  3 rain "I. A very reasonab le  fit is found  in 
both cases, a l though there  is a slight shift towards  lower t empera tu res ,  then  
the predic t ions .  This  may  result  f rom some systematic  e r ro r  in t e m p e r a t u r e  
m e a s u r e m e n t  in the ear l ier  exper imen ta l  set-up. 

• . . .  . . 
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Fig. 14. TG and DTG experimental  ( 0 )  and simulated ( 
chestnut wood (b = 5 K min-I and Tt)= 293 K). 

) curves for the pyrolysis of 
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