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CHAPTER I 

STATEMENT OF THE PROBLEM 

The kinetic parameters k, n, E, and A of a given 

chemical reaction are normally evaluated under isothermal 

conditions. Numerous investigators in the field of ther

mal analysis, however, have attempted to obtain values 

for these parameters from nonisothermal measurements. 

The area of principal activity has been thermogravimetric 

analysis (TGA). In TGA experiments, a reaction of the type 

aA(s) ^ bB(s) + cC(g) (1) 

is followed by measuring the change in weight of solid 

A as the gas evolved is allowed to escape while the tem

perature of the system is increased at some predetermined 

rate. Most workers in this field employ a temperature 

programmer which allows the temperature to be increased 

at a constant rate. 

None of the methods proposed has allowed an exact 

evaluation of the kinetic parameters. In some cases, 

the values of the parameters obtained by these methods 

agree with the values previously reported in the litera

ture under isothermal conditions. In the present in

vestigation a theory of nonisothermal kinetics has been 

developed which points out some of the errors in previous 

derivations and allows the evaluation of all of the ki

netic parameters from a sin ;le experiment. 



CHAPTER II 

SURVEY OF THE LITERATURE 

Background 

With the temperature held constant, kinetics of re

actions of the type shown in equation (l) are evaluated 

by measuring the change in weight or concentration of A 

as a function of time. The results are fitted to an equa-

tion of the form 

da/dt = k(l-a)? (2) 

where a is the fraction of A reacted at some time, t, 

k is the specific rate constant, and n is the order of 

the reaction. The rate constant is related to the tem

perature by the Arrhenius equation (3), 

k = A exp(-E/RT), (3) 

where A is the frequency factor or preexponential factor, 

E is the energy of activation, R is the gas constant 

(1.986 cal. deg," mole" ), and T is the absolute tempera

ture. 

To evaluate all of the kinetic parameters for a par

ticular reaction from isothermal measurements, the fol

lowing procedure is used. The reaction under investiga

tion is followed at several different temperatures. The 

results of the several experiments are usually obtained 

as a vs. t. Integration of equation (2) for various 
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values of n yields different functions of a. The value 

of n for a particular reaction is determined by finding 

the appropriate function of a which gives a linear re

lationship when plotted against t. Chemical signifi

cance can be given to all values of n greater than zero. 

Thus, if n = 0, integration of equation (2) yields 

a = kt (4) 

so that a plot of a vs. t gives a straight line of slope 

k. If n = 1 integration of equation (2) gives 

-ln(l - a) = kt, (5) 

and if n = 2 integration of equation (2) gives 

g - kt. (6) 

1 - a 

After the value of n has been determined, several 

values of k are determined from the slopes of the appro-

piate function of a versus time at different temperatures. 

Then the values of E and A are determined graphically, 

using the logarithmic form of equation (3), 

In k = In A - E/RT. (7) 

A plot of In k vs. 1/T yields a straight line of slope 

-E/R and intercept In A, 

Most theories relating to nonisothermal kinetics 

have been developed from the isothermal rate expression 

shown in equation (2) coupled with equation (3), By as

suming a linear heating; rate such that 

T = b + 3t (8) 



and 

dT/dt = 3 (9) 

the previous investigators have made substitutions for 

the time derivative in equation (2) so that one obtains 

a rate expression of the form 

3da/dT = k(l-a)". (10) 

Most of the previous investigators have integrated 

equation (10) by various techniques to arrive at an ex

pression which supposedly permits the evaluation of the 

energy of activation, E, and sometimes the order of re

action, n (1,2,4,9,10,11,15,18.21,24,25,26,29,30,31). 

Each of these methods contains explicit or implied er

rors which invalidate the results they seek to obtain. 

There have been several instances reported in the 

literature where the experimental data did not fit the 

theoretical expressions derived by previous investi

gators except over a very narrow range of the total re

action (8,9,19). In some cases this failure of the data 

to fit the theoretical expression over a sufficiently 

wide range has resulted in incorrect values of the ki

netic parameters to be assigned. The failure of the 

previous methods to provide meaningful values of the ki

netic parameters can be explained in terms of the errors 

in the derivations themselves. 

The general approach used by previous investigators 

can best be illustrated by presenting several of the de-
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rivations in detail. . The methods will be presented in 

this section, however, without comment. In (Chapter III 

the basic errors will be elucidated in detail. 

The FreetTian-CarroIl Method 

For an irreversible reaction of the form 

aA(s) > bB(s) + cC(g) 

Freeman and Carroll (11) cook as the isothermal rate 

expression the equation 

-dX/dt = kx", (11) 

where X is the concentration, mole fraction or amoxont of 

Ay k is the specific rate constant, and n is the order of 

reaction with respect to A. The temperature dependence of 

the specific rate constant is given by 

k = Z exp(-E/RT) (12) 

which is the same as equation (3). 

Solving for k in (11) and substituting in (12) gives 

Z exp(-E/RT) = -(dX/dt) . (13) 

In terms of logarithms (13) can be written as 

In Z - E/RT = ln(-dX/dt) - nln X. (14) 

Differentiation of (14) gives 

-EdCl/T) = dln(-dX/dt) - ndln X, (15) 
R 

where Z, E, R, and n are temperature independent for 

the purposes of the derivation. Dividing (15) through 

by din X gives 



-Ed(l/T) = dln(-dX/dt) - n, (16) 
Rd In X d In X 

Freeman and Carroll rewrote (16) as 

'LA/^^D = l̂n(-dX/dr) - n. (17) 
i-̂ Afn X Aln X 

A plot of 
A(I/T) vs. Aln(-dX/dt) 
Aln X A In X 

should yield a straight line of slope -E/R and an inter

cept of -n. 

Later, Anderson and Freeman (1) proposed a modifi

cation of the original procediire. If values of (-dX/dt) 

are taken at constant intervals of l/T, so that Al/T be

comes a constant, equation (17) allows a plot of 

Aln(-dX/dt)vs. Aln X to yield a straight line of slope 

n and intercept E/R. 

The Coats and Redfern Method 

Coats and Redfern (9) observed that accurate values 

for the variables used in the Freeman-Carroll method were 

difficult to obtain. In addition it was observed that 

reliable values for the order of reaction, n, were usual

ly not obtained (8). In view of these difficulties Coats 

and Redfern (9) derived another set of expressions for de

termining the energy of activation and order of reaction 

from a thermogravimetric trace. 

The isOwhcrA-al rate expression uccd was 

da/clt = k(I-a)", (IB) 
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where the symbols are as previously defined. Under 

linear heating conditions, the heating rate is given as 

3 = dT/dt. (19) 

Combining equations (3), (18), and (19) 

^4^ ,̂. = A r e"^/^^dT. (20) 
(r:Hp 3 J 

The right side of (20) has no exact integral. 

Making the substitution 

u = E/RT, (21) 

where 

e-u„-b = ̂ 1-b^-u^ (-l)"(b)". (22) 

equation(20) becomes 

l-d-g)^"" = ART^ri-2RTle''^^^'^. (23) 
1-n 3E L E J 

Rearranging and taking logarithms, 

log r i - U - a ) ^ " " 7 = log AR f l - l R r l - E _ ( 2 4 ) 
[_ T^(l-n) J 3E [̂  E J 2,3RT 

except for the case where n = 1. Assximing that 

AR 
3E 

1-2RT 

is constant over the temperature range studied, when 

n ?̂  1 a plot of 

log fl-Cl-g)^'" 7vs. 1/T 
1̂  T̂ (l-n) J 

should yield a straight line of slope -E/2.3R for the 

correct value of n. Similarly for the case n= 1 a 

plot of 



8 

log r-log(l-a)"lvs. 1/T 

should yield a straight line of slope -E/2.3R. 

The In.̂ raham-M̂ .rier Method 

One of the most recent methods proposed for obtain

ing the energy of activation from nonisothermal measure

ments is that of Ingraham and Marier (18). The method as 

proposed is applicable only to reactions which follow 

linear (n = 0) kinetics. 

According to Laidler (22), the logarithm of the 

specific rate constant, k, is related to the heat of 

activation,AH and the absolute temperature by the re

lationship 

m k = Infk (e ^ S*/^7 + IJJX - A^ (25) 

[J\ 7] ^^ 
where AS* is the entropy of activation, Ingraham and 

Marier state that AS* is essentially constant so that 

equation (25) may be written as 

In k = m C + In T - AH^/RT. (26) 

In addition it was assumed that 

AH^ = E (27) 

where E is the energy of activation. 

For a reaction which follows linear kinetics, 

the rate constant may be expressed as 

Ic = dw/dt (28) 

where dw represents the loss in weight from unit area 



in a period of time dt. When the temperature is in

creased at a linear rate, the temperature at any time 

is 

T = b + 3t (29) 

and 

dT/dt = 3. (30) 

Substitution of (30) into (28) gives 

k = 3dw/dT. (31) 

Taking the logarithm of equation (31) and equating 

to (26) gives 

log(dw/dT) = log T « log 3 + log C - E/2.3RT. (32) 

The activation energy is calculable from the slope of a 

graph of log(dw/dT) - log T + log 3 vs. l/T. 

Each of these three methods uses essentially the 

same approach. The Coats-Redfern and Ingraham-Marier 

methods use a procedure which allows integration over 

temperature, while the Freeman-CarrolI method uses a 

graphical approach to obtain values for the variables. 

In the development of the equations by these three ap

proaches, a linear heating rate is an essential assump

tion except in the Freeman-Carroll derivation. Al

though none of these methods yields unequivocal values 

for the kinetic parameters, the Freeman-Carroll method 

is the most widely used. 



CHAPTER III 

A REINVESTIGATION OF THE PROBLEM 

The Variables 

The previous investigations into nonisothermal ki

netics have taken as a rate expression 

da/dt = k(l-a)^. (33) 

In isothermal kinetic studies equation (33) is ade

quate since the temperature is held constant and is 

thus not a variable of the system. However, in con

sidering the same kinetic process xinder nonisothermal 

conditions, where T is a variable, explicit recognition 

of the constant temperature aspect of equation (33) 

must be made. Thus, a more accurate form of equation 

(33) can be written as 

(S>a/c9ti)̂  = k(l-a)", (34) 

where tĵ  is the time involved in reaching a particular 

value of a at a constant temperature. Equation (34) 

has all the characteristics of equation (33) and can be 

integrated to give results as those already shown in 

equations (4), (5), and (6). 

Using as an illustrative example the case for n = 0, 

where the integral form of eqtiation (34) is 

a = kt^, (35) 

a three dimensional model can be constracted v:hose axes 

are a, t^, and T. ^i^uro '-. ^ho\7z zucc. a n-.odel. The olo'zs 

of a vs. tj at various tcniiv::matures cho:: the sLopCo in-

10 
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creasing with increasing temperature as required by equa

tion (3), 

k = A exp(-E/RT). (3) 

In a similar manner a model could be constructed for the 

case n = I where the axes would be -ln(l-a), t-^y and T. 

Several important features of the model in Figure 1 

need to be mentioned: 

(a) Along any one of the isotherms tj is a function 

of a only. However, in comparing tj along two different 

isotherms the temperature of each isotherm must be con

sidered since k is a function of temperature. In general 

tx is a function of both a and the temperature. In the 

future tj will be referred to as the "effective isothermal 

time," 

(b) There are an infinite number of isotherms \*iich 

can be drawn on this model, where the slope of each iso

therm is determined by equation (3) for a particular set 

of parameters E and A and temperature range. Thus, 

Figure 1 effectively represents a "reaction surface." 

Any reaction which follows the kinetic rate expression 

described by this surface and has the appropiate parame

ters E and A must proceed by some path which lies on the 

surface. If the reaction is carried out isothermally, 

the path is described by the appropiate isotheriTi. 

(c) If the tcraperature of a reaction is raised at a 

linear rare during an experiment, the temperature of the 
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system at any time is given by the equation 

T = b + 3t, (36) 

The rate of increase of the temperature is 

dT/dt = 3 . (37) 

Thus, the temperattire at any given time is only a func

tion of the heating rate and the initial temperature of 

the system. 

The "experimental time" of equations (36) and (37) 

is not directly associated with the "effective isothermal 

time," t^, one of the axes of the model just constructed. 

The experimental time, t, is fiinctionally related only to 

the temperature. The "effective isothermal time," on the 

other hand, is related to both the temperature and a 

through the relationships 

a = ktj (35) 

and 

k = A exp(-E/RT). (3) 

The investigations into the theory of nonisothermal 

kinetics by previous workers (7,9,15) have overlooked 

the difference in the two time scales. The substitution 

3 dt = dT (38) 

into equation (34), 

(<3a/6)tj) =k(l.a), (34) 

is a direct substitution of quantities which are not 

alike and not ecual. Such substitutions are not uiarhe-

matically correct and if thoy are rr.adc, will not yield 
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results of real chemical significance. Thus, the non

isothermal kinetic expressions developed in the previous 

derivations justify some of the previously noted criti

cism (6,7,16). 

Specifically, the following criticisms can be made 

of the three methods discussed in Chapter II. Both the 

Ingraham-Marier and Coats-Redfern methods explicitly make 

the improper substitutions of dT/3 for dt in the isothermal 

rate expression. Such a substitution requires that the 

rate constant, k, be determined directly from the slope 

of a TGA trace. The method proposed by Freeman and 

Carroll, while not making the above substitution ex

plicitly, implies such a substitution is possible. The 

quantity dX/dt in the Freeman-(Carroll method is obtain

able from isothermal measur-ements, but not from the 

slopes of T(3A traces. All of the other methods men

tioned (2,4,9,15,17,21,22,24,26,29,30,31) suffer this 

same improper identification of the variables. 

A Linear Reaction Siirface 

Equation (34) can be integrated to give a general 

equat ion 

fn(a) = ktj, (39) 

where fn(°̂ ) represents the function of a which linearizes 

the e;cpari--Acntal kinetic cata. Taking chc lor̂ iritlra of 

equation (39) gives 
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In f^(a) = In k + In t^. (40) 

Equation (40) allows the construction of a new repre

sentation of the reaction surface sho\7n in Figure 1,. 

This new representation of the reaction surface has as 

the axes In f^(a). In k, and In t-̂ . For a reaction in 

which n = 0 equation (40) is written 

In a = In k + In tj, (41) 

so that the axes of the reaction surface are In a. In k, 

and In t^. The partial derivatives of equation (41) are 

(5 In a/<3lntj-)ĵ  = 1, (42) 

(<51n a/<91nk)^^ = 1, (43) 

and 

(^Intj./cPlnk)^ = -1. (44) 

The relationships (42-44) allow the construction of the 

reaction surface shown in Figure 2. The surface shown 

in Figure 2 is planar and forms an equilateral triangle. 

The isotherms are all of equal slope, unity, by equation 

(42), 

Referring again to equation (7) 

In k = In A - E/RT, (7) 

it can be seen that equation (41) can be written in the 

form 

In a = In A - E/RT + In t^. (45) 

The partial derivatives of equation (̂ :̂5) are 

jP.lr5__cc ^ = 1 , (̂ '̂6) 

T 

^ Ir a 

.9i /v y t 
= -:-/:i, (47) 
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and 

-SiSLtT_)= E/R. (48) 

Another representation of the reaction surface drawn us

ing relationships (46-48) i3 sho\<ra in Figure 3. Again, 

because S is effectively a constant, the surface is plan

ar and the isotherms have slopes of unity. Now, however, 

the surface does not form an equilateral triangle but an 

isosceles triangle, due to the restraints of equations 

(47) and (48). 

The representations of the reaction siorface shown 

in Figures 2 and 3 have been constructed for the case 

n = 0. Exactly analogous s\irfaces can be constructed 

for any value of n, so long as the appropiate function of 

a is chosen. Thus, for n = 2, the equivalent of Figure 3 

wculd have axes ln(a/l-a). In tj, and l/T. 

The "Delta" Method 

A hypothetical reaction will now be studied under 

conditions of increasing temperature using the reaction 

surface shown in Figure 2. This surface has been chosen 

because it is planar and forms an equilateral triangle. 

The reaction will be followed using the "delta" method. 

The "delta" method is a procedure whereby the path 

of a reaction can bo ccr.-iputcd v.hile the temperature oi 

the sysze.T. is increased. The nethod ccr̂ sists of tahî .g 
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incremental steps of the variables such that equations 

(42-44) are satisfied for each variation and then aver

aging the results obtained on two adjacent isotherms as 

shown in Figure 2. The average is the average of two ex

tremes, the minimu::. and maximum amount of reaction that 

can occur in a specified length of time. The minimum 

amount of reaction occurs on the isotherm at the lower 

temperature, the maximum on the isotherm at the higher 

temperature. The length of time allov/ed for the reaction 

to proceed on one isotherm is the length of time required 

to raise the temperature of the system to the next iso

therm, the heating rate. 

In Figure 2 the isotherms have been placed at equal 

increments along the In k axis. As mentioned before, 

the In k axis corresponds to a function of temperature, 

and hence to experimental time. Placing the isotherms 

at equal increments of In k corresponds to raising the 

temperature in such a manner as to be linear in In k. 

For convenience, it will be assumed that the isotherms 

are one minute apart in experimental time. 

Suppose that some point is chosen as a starting 

point. In a^y In k , In tĵ .̂ In one experimental minute 

the system would move from In kĵ  to In k̂ ^̂ ĵ . That is, 

the system moves frcx one isothenr. to the next. Tra

versing the isothcnvis ILJ cc::.plozely independent of any

thing but the heating r:.tc. if rAOvir.̂  from In ICĵ  to 
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^^ ̂ n+1 ^°^^^ ^® accomplished without any change in 

In a, equation (44) indicates that there must be a de

crease in In tx equal to the increase in In k. That is, 

A In k = - Aln tj-. The system is now at a position 

In k̂ ,̂̂ , m a^, m tj^-1. 

If, after arriving at the new position In k^^j^, 

^n CL^y In t^^^^, the reaction is allowed to proceed along 

the isotherm k̂ ^̂ ^ for one experimental minute, the system 

will arrive at a position In k̂ ĵ̂  In OL̂ .̂̂ ,̂ In t̂ ^̂ . The 

last step represents one extreme step in the "delta" 

method, the most reaction that can occur in one experi

mental minute. 

The other extreme occurs if the reaction had been 

allov7ed to proceed along the isotherm In k for one ex

perimental minute, in which case the system would move to 

a position In k^. In â ĵ î . In t:jĵ,̂ ĵ. It should be re

called that in either isothermal step A In a = Aln tj 

by equation (42). The average of these two extreme steps 

represents the path followed by a reaction carried out 

so that In k increases linearly with experimental time. 

The average corresponds to the diagonal of the parallelo

gram formed on the reaction surface by the successive 

steps of the "delta" process. 

Because of the equilateral nature of the reaction 

surface, the decrease in In t̂  in moving from In k^ to 

In Ic.̂  . 1 at constant a mur,t be exactly equivalent to the 
A*Tl 
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gain in In tj moving along the isotherm In k̂ ^̂ , for one 

experimental minute. Thus in moving along the isotherm 

In kĵ +ĵ  for one experimental minute, the system arrives 

at a position In k^^j_. In â ^̂ ,̂ In tj-̂ . That is, the 

system moves back to its original value of In tv. Since 

the same gain in In t̂  is required to move along the iso-

therra In k̂ ^ for one experimental minute, the parallelo

gram described by these three steps is equilateral, the 

diagonal of which is a path along In t̂  from In a to 
in n 

In g^+l' Continuing the "delta" process to increasing 

values of In a produces a path down the reaction sxirface 'i**" 

at some constant value of In t̂ ^̂ . The path at constant 

In t̂ jj will be called an "isochrone." 

Again referring to equation (7), 

In k = In A - E/RT, (7) 

it can be seen that if the increase in In k is linear 

with experimental time, then the rate of increase of 

temperature must be linear with respect to l/T, That is 

the temperature of the system at any time must be de

scribed by an equation 
1/T = b - <)>t (49) 

where <̂  is the heating rate given by 

dCl/T) = - d>. (50) 
dt ^ 

The ' 'del ta" method can now bo applied to the r e 

act ion surface in Figure 3. If the isotherms in Figure 

n i i i 
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3 are again placed at one minute intervals in experi

mental time, and the "delta" method again employed the 

results will be the same as those using Figure 2, since 

In k and l/T are linearly related. A reaction carried 

out with the temperature increasing according to equation 

(50) follows a path such that In t̂^̂^ is a constant. The 

path is an isochrone. For the case n = 0, equation (45), 

In a = In A - E/RT + In tj., (45) 

requires that a plot of In a vs. l/T yield a straight 

line of slope -E/R and intercept In A + In tj. 

In the evaluation of isothermal kinetic parameters 

from specific nonisothermal data, equation (45) shows 

that it is necessary to have some information about In tj, 

It is not logical to assume that the particular value of 

In tj- is randomly chosen. Indeed, the kinetics of a 

given reaction are unique, so that one would expect 

In tj to be a function of the kinetic parameters and the 

experimental conditions. The value of In t, may be 

evaluated from the conditions controlling the path of 

the reaction at a given point. This can be evaluated as 

follows. 

Differentiation of equation (7) with respect to 

1/T gives 

_dliT̂ k = -E/R. (51) 

Substitutir.g equation (50) into (51) gives 
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din k = 6 E . (52) 

dt "̂ R 

In the "delta" method dt, the change in experimental 

tLc.e, was set equal to one minute. That is, dt was re

placed by At = 1. Equation (52) then becomes 
A Ink = OE , (53) 

R 

or 

In k2 - In k^ = ln(k2/kj^) = (t>E . (54) 

R 

Equation (54) defines the difference in the rate con

stants on two adjacent isotherms one experimental minute 

apart in terms of the heating rate. 

For the case n = 0 which was considered previously 

a necessary requirement at all values of a is given by 

equation (35), 

a = ktj. (35) 

In the "delta" method one of the steps taken was at 

constant a. Thus, on two adjacent isotherms 

a = ^i^ii (55) 

and 

a ~ ^2^12* (̂ ^̂  

Equating equations (55) and (56) 

l^^U = ^2^12 (̂ >̂ 

and 

From equation (58) if 1̂2 is greater than k^, then t^^ 
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must be greater than tj2. 

Equation (58) can be written in terms of logarithms 

ln(k2/k^) = ln(t^3^/t^2)- (̂ )̂ 

Looking at equation (56) it can be seen that 

ln(k2/k^) = (j)E/R = ln(t3.3̂ /t̂ 2)- (̂ 0) 

Equation (54) was obtained when the change in experi

mental time. At, was one minute. The change in "effec

tive isothermal time" must also be one minute for the 

"delta" step taken at constant a. Thus, 

tx2 = •'̂ ii-̂ - (̂ Ĵ 

Rewriting equation (60) using this requirement gives 

ln(t^/t^-l) = <f)E/R. (62) 

Equation (62) defines the isochronal path followed 

by a reaction when the temperature of the reaction is 

increased according to equation (50). The particular 

isochronal path followed is a function of both the energy 

of activation and the heating rate. Equation (62) also 

predicts a relationship between several experiments per

formed on the same reaction at different heating rates. 

As the heating rate,(j), increases, the value of 

(tr/tx-l) increases, so that the value of t^ decreases. 

Figure 3 shows that as t, decreases along a constant a 

trace, the temperature increases. Under the heating con

ditions previously descrS.bcd, a higher heating rate pro

duces a In a vs. l/T r̂ raph which is displaced to a hif̂ hcr 

tc^ri-jz-rczure at each value of a. The same reaction carried 

I 

t 

f 
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out at several heating rates should produce a family of 

curves rather than a single curve. As the heating rate is 

increased, a graph of In a vs. l/T should be shifted to 

higher tcuperatures at every value of In a. The validity 

of this argument will be demonstrated in the next chapter. 

Kinetic Parameters 

It has been demonstrated in the above analysis that 

the energy of activation for a given reaction may be de

termined under nonisothermal conditions, provided the 

increase in temperature of the system is linear with 

respect to l/T. If the increase in temperature follows 

equation (50), a graph of In fjj(a) vs. 1/T should yield 

a straight line of slope -E/R and intercept In A + In t^. 

In the case of n = 0, In f^(a) = In a. 
' n 

All of the kinetic parameters for a given reaction 

can be determined from a single experiment. The energy 

of activation is determined from the slope of a graph of 

In f (a) vs. 1/T. The order of reaction, n, is de

termined when the function of a vs. l/T yields a straight 

line relationship. The value of In t̂  is determined 

from equation (62), 

ln(tj/tj.-l) = 4)E/R. (62) 

Values of In k can be determined from equation (41), 

In a = In k + In t̂ -. (41) 

rinaliy, the value of in A can be determined from equation 
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(7) or (45), 

In k = In A - E/RT, (7) 

or 

In a = In A - E/RT + In tj.. (45) 

As mentioned previously, equation (62) predicts a 

family of parallel lines of In f̂^ (a) vs. l/T for dif

ferent heating rates. The intercepts of these parallel 

lines differ by the difference in the value of Int^ for 

each heating rate. This family of parallel lines can be 

normalized by adding In (p (the logarithm of the heat

ing rate) to the left side of equation (45) above. Add

ing In (J) to the left side of equation (45) has the ef

fect of normalizing all curves to a heating rate of unity, 

Thus plots of In (J) a vs. l/T for a series of heating 

rates should produce exactly the same curve. 

A Linear Heating Rate 

So far, the determination of the kinetic parameters 

under nonisothermal conditions has been dependent upon 

increasing the temperature in such a manner as to be 

linear with respect to l/T. Most of the commercially 

available instruments for thermal analysis, however, are 

designed to provide for increasing the temperature in a 

linear manner in T. That is, the heating rate follô .73 

equation (9), 

oT/dt = 3. (9) 
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The method of calculation with a linear heating rate will 

now be developed. 

If equation (45) is differentiated with respect to 

temperature, 

din a/dT = E/RT^ + din tj./dT. (63) 

The partial derivatives of equation (45) in terms of dT 

are 

«? In a 
c5In tj. . ^ 

= 1, (64) 

cPln a ] = E/RT,^ (65) 
; ^I 

<9T 
and ^ 

^ln_-Ci\ ^ ^Z/KT^. (66) 

^'£ Ja 
The reaction surface using In a, T, and In t^ as 

variables is no longer planar. The slopes of the indi

vidual isotherms are, however, still unity. Figure 4 

is a representation of this surface. 

Equation (7) differentiated with respect to tem

perature is 

din k/dT = E/RT^. (67) 

Since In k is not linearly related to T, the isotherms 

in Figxire 4 cannot be equally spaced both with respect 

to T and In k. Indeed, if the isotherms are equally 

spaced with respect to temperature, the stir face is con

cave. The surface can only be made planar if the iso

therms are spaced at successively larger intervals of 

T. Construction of tiie surface in any way but equal in

crements of T destroys the concept of a linear heating 
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rate. Thus, the isotherms must be placed at equal in

crements of T to study the effect of a linear heating 

rate. 

If a "delta" method is employed here, it can be 

shovTH that In t-j- is not constant under these heating 

conditions. Suppose that the system is at some In â .̂ 

In tv̂ ,̂ T^. If the system remains on this isotherm the 

equivalent of one experimental minute, the reaction will 

proceed to a new point In ct^^^y In tjĵ +ĵ , T̂ .̂ If, start

ing at In a^, In t̂-̂ ,̂ Tĵ , the system is heated without 

change in In 0̂ ,̂ the system moves to In a , In t̂ ^̂ , , 

"̂ n+l* "̂ '̂^ time required for this step is again one ex

perimental minute. Now, if the reaction is allowed to 

proceed down the isotherm T , for one minute, the sys

tem will finally arrive at a point In ^^^i^ In t, , Tĵ î . 

That is, the system will return to the same value of 

In tj. from i^ich it started initially. This is identical 

with the first step of the "delta" method ^en applied 

to the reaction surface of Figure 2 or 3. 

Because of the curvattire of the surface in Figure 4, 

however, continuing the "delta" process to higher values 

of In a will not produce the same result as obtained in 

Figures 2 or 3. As the reaction proceeds to higher tem

peratures, the value of (o) In tj/^T)^^ does not remain 

constant since 

9 T a 
L -2 > 

»-,1 Cm 

(66) 
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where E/RT must become smaller in absolute magnitude as 

the temperature is increased. This is in contrast to the 

original model where 9 In t̂ /cP (l/T) remained constant. 

Like the isochronal condition derived earlier for 

heating rates which are linear in l/T, 

In(t3./t3.-l) = (j)E/R, (62) 

a similar condition for linear heating rates can be evalu

ated. Under linear heating conditions 

dT/dt = 3 . (9) 

Dividing both sides of equation (9) by T^ gives 

dT/T^ dt = 3/T? (67) 

The left term can be revTritten as -d(l/T)/dt, so that 

dT/T^dt = 3/T^ = -d(l/T)/dt = (p. (68) 

Thus, (̂  in equation (62) can be replaced by 3/T and 

ln(t^/t^-l) = 3E/RT^. (69) 

Equation (69) predicts that under linear heating 

conditions the value of tj increases as the temperature 
2 

increases. The value of tj- must increase because 3E/RT 

decreases as the temperature increases, leading to a de

crease in the value of (tj^/t^-1). If (t̂ /tĵ -l) decreases, 

tr must increase. The earlier discussion concluded that 

plots of In (foa vs. l/T, for n = 0, should produce a 

straight line of slope -E/R. Under linear heating con

ditions, then, plots of 

in(3a/T^)vs. l/T 

should also yield straight lines of slope -E/R. Under 
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linear heating conditions, however. In tr does not re

main constant. For any value of In k that it is desired 

to calculate, the appropiate value of In t^ at the par

ticular tempc;rature must be evaluated by use of equation 

(69). Otherwise, tlie treatment of the data obtained 

under linear heating conditions is the same as when the 

heating rate is linear in l/T. 

Thus, all of the kinetic parameters may be de

termined from a single experiment carried out under lin

ear heating rates, as well as the 1/T heating rate which 

leads to the simplest expression. Since the reaction 

surface is characteristic in either case, values of the 

kinetic parameters will result from calculations made 

from either kind of heating rate. The 1/T data are easi

er to handle in calculations, but perhaps more difficult 

experimentally. As previously pointed out, most ob

servations have been made using linear heating rates. 

Using some of this already published data for thoroughly 

studied decomposition reactions, the equations developed 

here may be tested. This is reported in the following 

chapter. 



CHAPTER IV 

EXPERIMENTAL 

The equations developed in Chapter III for the eval

uation of kinetic paran-.eters under nonisothermal condi

tions have been applied to several decomposition reactions 

for which isothermal kinetic data were available. The re

sults of these analyses are presented in this section. 

All of the experimental data presented in this chapter in

volves the thermal decomposition of inorganic materials. 

In every case the heating rate used was linear in tempera

ture. 

The usual procedure in thermogravimetric analysis 

is to follow the loss in weight of a sample as it under

goes thermal decomposition. The temperature is raised 

at some predetermined linear rate, and a graph of weight-

loss versus temperature is obtained. Ideally, the ac

tual sample temperature should be monitored. In prac

tice, however, it is often the furnace temperature which 

is monitored by an open thermocouple placed in the center 

of the furnace near the sample. If the sample size is 

large or the heat capacity of the sample high, such a 

procedure can lead to erroneous high values of sample 

temperature. The furnace temperature is always higher 

than the actual sample temperature. As the heating rate 

increases the difference in actual sample temperature and 

the furnace temperature becomes larger. Thus, if an open 

36 



37 

thermocouple is used, very slow heating rates are to be 

desired. 

Even if the actual sample temperature is monitored, 

slow heating rates, less than three degrees per minute, 

are preferable. The preference for slow heating rates 

in this case stems from the response time of most balance 

systems used in thermogravimetric analysis. Fast heating 

rates cause the rate of weight-loss of the sample to ex

ceed the response of the balance, which in turn causes 

the recorded sample weight to be low in relation to the 

sample temperature. Slow heating rates are, thus, always 

preferred. 

The experimental data presented in this chapter in

volves the thermal decomposition of calcium carbonate, 

natural goethite, brucite, and potassium periodate. The 

first three of these reactions have been thoroughly 

studied under isothermal conditions. Comparison of the 

results obtained in this study is thus possible with 

previously reported isothermal data. 

Calcium Carbonate 

The thermal decomposition of CaC03 has been studied 

by several investigators (7,11,16,17,18). The temperature 

range for the decomposition reaction 

CaC03(s) > CaO(s) + C02(g) 

lies Dotwce^r, 600 and 900°C, and the measured energy of 
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activation lies between 35 and 53 kcals. mole""^. 

The data used in the following calculations was re

ported by Ingraham and Marier (18) and is given in Tables 

1-3 modified to reflect the variables needed for the 

present calculations. Figure 5 shows the weight-loss 

curves obtained by Ingraham and Marier at heating rates 

of 0.833, 1.67, and 2.50 degrees per minute. It will be 

observed that the curves are displaced to higher tempera

tures as the heating rate is increased. 

In a previous investigation, Ingraham and Marier (14) 

determined that the decomposition of CaCOo followed linear 

kinetics of the form 

dw/dt= k, (70) 

where dw is the weight-loss per unit area in a period 

of time dt. Since the nonisothermal data was collected 

using a linear rate of temperature increase, the data 

were plotted as 

log(3w/T^) vs. 1/T. 

The results of these plots are shown in Figures 6, 7, and 

8 for heating rates of 0.833, 1.67, and 2.50 degrees per 

minute. 

The graphs of the three heating rates do not exactly 

coincide as predicted by the equations developed in Chapter 

III. Treat in;- each heatinp; rate separately gave the results 

shewn in Table 4 for values of log A and E. Figure 9 

shows these results plotted as a function of heating rate. 
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TABLE 1 

J^GOr POSITION DATA FOR C:\LCIUM CAl̂ BONATE, 
0 . d j 3 D1-C.L^^3 PZR Mio^UTli: 

873.18 

883.13 

893.18 

903.18 

913.18 

923.18 

933.18 

943.18 

953.18 

963.18 

973.18 

983.18 

2 

1/T 
xlO-i 

1.1196 

1.1072 

1.0951 

1.0832 

1.0716 

1.0602 

1.0491 

1.0382 

1.0276 

1.0171 

3/.p2 
x luo 

1,1452 1.0925 

1.1323 1.0680 

1.0442 

1.0212 

0.9989 

0.9774 

0.9565 

0.9363 

0.9168 

0.8979 

0.8796 

0.8617 

log^/T^ log 
lOOOW 

•5.962 

.5 .971 

.5 .981 

.5 .991 

.6.000 

.6.010 

•6.019 

• 6.029 

•6.038 

.6.047 

• 6.056 

•6.065 

0.510 

0.645 

0.760 

0.905 

1.030 

1.165 

1.289 

1.414 

1.529 

1.693 

1.738 

1.792 

6 

4+5 

.5.452 

-5.326 

.5 .221 

.5.086 

-4.970 

-4.845 

-4.730 

-4.615 

-4.509 

-4.354 

.4.318 

.4 .273 

file://C:/LCIUM


TABLE 2 

DECOMPOSITION DATA FOR CALCIUM CARBONATE, 
1 . 6 7 ZLuGci^^ES PER Miî ^UTE 

40 

I 
T^K 

873.18 

883.18 

893.18 

903.18 

913.18 

923.18 

933.18 

943.18 

953.18 

963.18 

973.18 

983.18 

993.18 

1003.18 

i/T^ 
xlO*̂  

1.1452 

1.1323 

1.1196 

1.1072 

1.0951 

1.0832 

1.0716 

1.0602 

1.0491 

1.0382 

1.0276 

1.0171 

1.0069 

0.9968 

P/T2 
xlO-̂  

2.190 

2.141 

2.093 

2.047 

2.003 

1.959 

1.918 

1.877 

1.838 

1.800 

1.764 

1.728 

1.693 

1.659 

logP/T^ 

-5.660 

-5.669 

-5.679 

-5.689 

-5.698 

-5.708 

-5.717 

-5.727 

-5.736 

-5.745 

-5.754 

-5.762 

-5.771 

-5.780 

5 
log 
lOOOW 

0.108 

0.243 

0.398 

0.513 

0.648 

0.792 

0.927 

1.062 

1.186 

1.291 

1.405 

1.530 

1.644 

1.728 

6 
4+5 

-5.552 

-5.426 

-5.281 

-5.176 

-5.050 

-4.916 

-4.790 

-4.665 

-4.550 

-4.454 

-4.349 

-4.232 

-4.127 

-4.052 
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TABLE 3 

DECOMPOSITION DATA FOR CALCIUM CARBONATE 
2.50 DEGREES PER MINUTE 

1 

T^K 

873.18 

883.18 

893.18 

903.18 

913.18 

923.18 

933.18 

943.18 

953.18 

963.18 

973.18 

983.18 

993.18 

1003.18 

2 

1 /T. 
xlO-^ 

1.1452 

1.1323 

1.1196 

1.1072 

1.0951 

1.0832 

1.0716 

1.0602 

1.0491 

1.0382 

1.0276 

1.0171 

1.0069 

0.9968 

3 

V T . 
xlO^ 

3.279 

3.205 

3 .134 

3.065 

2 .998 

2 .933 

2 .871 

2 .810 

2.752 

2.695 

2 .640 

2,586 

2 .534 

2 .484 

4 

log^/T^ 

- 5 . 4 8 4 

- 5 . 4 9 4 

- 5 . 5 0 4 

- 5 . 5 1 4 

- 5 . 5 2 3 

- 5 . 5 3 3 

-5 .542 

- 5 . 5 5 1 

- 5 . 5 6 0 

- 5 . 5 6 9 

-5 .578 

-5 .587 

-5 .596 

-5 .605 

5 

log 
lOOOW 

0.063 

0.098 

0.273 

0.398 

0.543 

0.697 

0.832 

0.957 

1.091 

1.206 

1.320 

1.452 

1.539 

1.613 

6 

4+5 

- 5 . 4 2 1 

-5 .396 

- 5 . 2 3 1 

-5 .116 

- 4 . 9 8 0 

-4 .836 

-4 .710 

- 4 . 5 9 4 

-4 .469 

- 4 . 3 6 3 

-4 .258 

-4 .162 

-4 .057 

-3 .992 
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TABLE 4 

COMPARATIVE KINETIC DATA FOR CALCIUM CARBONATE 

3 log A E 

o/min. kal mole""'" 

0.833 7.245 45.01 

1.67 7.671 47.34 

2.50 8.062 48.71 
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It will be observed that higher heating rates produce 

higher values of both E and log A. These can be extra

polated to zero heating rate. The variations of E and 

log A with heating rate can be explained on the basis 

of the method of temperature measurement. The tempera

ture recorded by Ingraham and Marier was the furnace 

temperature and not the actual sample temperature. As 

the heating rate is increased, the difference between 

furnace and sample temperature increases causing the 

divergence in the observed values of log A and E. 

Using the data obtained from the 0.833 degree per 

minute experiment and equation (41), an equation for the 

logarithm of the rate constant was found to be 

log k = 7.245 - 9.85x10^. (71) 

T 

This equat ion i s t o be compared with t h a t determined i s o 

thermal ly by Ingraham and Marier (17) , 

log k = 5.851 - 8.876x10^. (72) 

T 

If the values of Figure 9 extrapolated to zero heating 

rate are used, the logarithm of the rate constant becomes 

log k = 6.82 - 9.26x10^ . (73) 

T 

While neither equation (71) or (73) coincides exactly with 

the isothermal equation (72), the results are in fairly 

good arrccnent. Table 5 ohows values of log k computed 

fror. the icochennal expr^rsion, (72), equation (7l) at 



54 

0.833 degrees per minute, and the extrapolated equa

tion, (73). While equation (71) is in reasonable agree

ment with the isothermal equation, the extrapolated equa

tion, (73), is in still better agreement. 

The theory of nonisothermal kinetics developed in 

Chapter III permits weight-loss curves to be constructed 

from the isothermal kinetic data. Figure 10 shows the 

weight-loss ci.irves constructed for calcium carbonate us

ing equation (72). The curves represent linear heating 

rates of 0.833, 1.67, and 2.50 degrees per minute. It 

will be observed that the higher heating rates displace 

the curves to higher temperatures as predicted in Chapter 

III. These curves are in reasonable agreement with those 

obtained experimentally. 

The Dehydration of Goethite 

Two natural samples of goethite, a-FeOOH, (10) were 

heated at a linear rate of 2.5 degrees per minute. Figure 

11 shows the weight-loss curves obtained. Sample A lost 

12.3% of its original weight, while sample B lost 10.0%. 

Sample A did not conform to the theoretical 10.12% 

weight-loss required for pure FeOOH. The temperature was 

rec.v..-dr.d ay i thonvocoupla v-Iaced in the sample itself. 

T.is L •ern;Gcou-Ie arrangement is G:n:I.ar to that des--̂ lr»d 
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TABLE 5 

COMPARATIVE VALUES FOR LOG K 
r«0 

•̂  K 0.833 Isothermal Ext rapola ted 
o/min. 

873.18 -4.035 -4.314 -3.785 

883.18 -3.908 -4.199 -3.665 

893.18 -3.783 -4.087 -3.547 

903.18 -3.661 -3.976 -3.433 

913.18 -3.542 -3.869 -3.321 

923.18 -3.425 -3.763 -3.210 

933.18 -3.310 -3.660 -3.103 

943.18 -3.198 -3.559 -2.997 

953.18 -3.089 -3.461 -2.895 

963.18 -2.981 -3.364 -2.794 

973.18 -2.877 -3.270 -2.696 

983.18 -2.773 -3.177 -2.598 

993.18 -2.673 -3.086 -2.504 

1003.18 -2.573 -2.997 -2.410 
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Several plots of In f̂ (cc) vs. l/T were made to de

termine the kinetic order of the reaction. Figure 12 

shows the results for zeroth order, log a + log g/T^ 

vs. I/T, and first orclcr, log [^-ln(l-a)^ + log 3/T vs. 

1/T, for sample A. The zeroth order plot provides a 

straight line fit to the data up to about 70% of the 

total wei-ht-Ioss. The slope of this line gives an 

energy of activation of 19.77 kcal. mole"^. This value 

is in excellent agreement with the value previously re

ported by Lima-de-Faria (23). The equation for the loga

rithm of the rate constant v/as found to be 

log k = 6.739 - 4.32xlO^/T. (74) 

The data used in this calculation are given in Table 6 

along with the calculated values of log k from equation 

(74). A plot of equation (74) is shown in Figure 13. 

The data for sample B were treated in the same way. 

Figure 14 shows a graph assuming a zeroth order reaction. 

The data fit this plot from 10% to 70% of the total 

weight-loss. The energy of activation obtained from the 

slope was 16.15 kcal. mole"^. The value of log A was 

found to be 4.834, so that 

log k = 4.834 - 3.53x10^. (75) 

T 

The experimental data used in this calculation along with 

the values of lo^ i: from equation (75) are ŝ ĉ:n in 
Table 7. 



61 



62 

^ l / ^ 901 + [()o-|)Nl3901 

1 
o 
in 
1 

1 
^ 00 
in in 

1 1 1 J 
OJ 
CD 
1 

i i 

o 
in in 

00 
id 
i 

CD 
I 

,1/^901 +>5 901 

o 
O 
CM 

CD 
CJ^ 

00 
00 

00 

O 
00 

ro 
o 
X 



63 



64 

I 

o 

ro 
O 
X 
h-

>i 9 0 1 



65 



66 

I 

0 

ro 
O 

X 
h-

•^US 0 0 1 + X7 9 0 1 



67 

VO 

W 
»-l 
« 
< : 
H 

rzj 
H 
M 
K 

a 
o 
CD 
fSj 
O W 

H •-< 
<3:s 
Q 

erf 
o w 
M Ot 
H 
W (/) 
2: w 
»-»w 
t^o i 

CD 
Q W 

00 

r>. 

^0 

m 

vO 

+ <f 

c 

60 1 
O r-i 

r-4 K^ 

d 
60 
O 

l - l 

d 

in voir> <f 00 f-< —I 
O vo f-< 00 lo in CO 
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The Dehydration of Brucite 

Gres& (13) reported that the dehydration reaction 

Mg(0H)2(s) > MgO(s) + H20(g) 

follows 2/3 order kinetics. The isothermal rate ex

pression is thus 

(^a/^tj.)^ = k(l-a)^/^. (76) 

The theory developed in Chapter III requires that a plot 

of 
1/31 

log ̂ 3 - 3(l-a) J+ log 3/T^ vs. l/T 

yield a straight line of slope -E/2.3R. 

A sample of brucite was crushed and sieved to a par

ticle size of about 200 mesh. The sample was then treated 

in the same way as the sample of goethite. The weight-

loss curve is shown in Figure 15. 

Figure 16 is a plot of the data for brucite using 

n = 2/3. There is an excellent fit to the data from ap

proximately 3% to 70% of the reaction. The slope of this 
3 

line was found to be 11.50x10 which gives an energy of 

activation of 52.62 kcal. mole"^. The equation for the 

logarithm of the rate constant was found to be 

log k = 16.028 - 11.50x10^. (77) 

T 

A plot of equation (77) is shown in Figure 17. 

Using equation (77) the value of log k at 355°C was 

found to be -2.280. At the same temperature for 100-200 

mesh material Gregg (II) reported a value of -2.180, 
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which is in reasonably good agreement. Gregg reports a 

value of E for 100-200 mesh material of 21 kcal. Owing 

to the similarity of the values of the rate constants 

calculated at 355°C, it is suspected that the value of 21 

kcal. reported by Gregg should be larger by a factor of 

R or 48.3 kcal. which is in good agreement with the value 

of E found in this investigation. 

The Decomposition of Potassium Periodate 

The kinetics of the thermal decomposition of po

tassium periodate have not previously been reported. 

Thus, the calculations made here can be used to test the 

theory of Chapter III for a system for which previous iso

thermal values of the kinetic parameters have not been 

reported. Figure 18 shows the weight-loss curve obtained 

for the reaction 

KIO^(s) ^ KI03(s) + %02(g). 

The theoretical weight-loss for this reaction is 6.95%. 

The observed weight-loss was 6.9%. 

Again several plots of the data were made to de

termine the kinetic order of reaction. Figure 19 shows 

the results for first and zeroth orders. The data pro

vides a fit to the zeroth order relationship up to about 

80% of the total weight-loss. The slope of this line is 

8.92x10 which gives an energy of activation of 40.76 

kcal. mole"-^. Analysis of the data yields an expression 
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for log k of 

log k - 14.239 - 8.92x10^. (78) 

T 

The data used in the above calculations is shown in Table 

9. A plot of equation (78) is shown in Figure 20, 

Thus, the theory developed in Chapter III has been 

demonstrated by application to four different decomposi

tion reactions. The reactions involving calcium carbonate, 

goethite, brucite have allowed comparison with previously 

reported isothermal investigations. The evaluation of 

the kinetics of the decomposition of KIOA has been pre

sented to test the application of the theory developed 

in Chapter III to study systems where previous isother

mal kinetics had not been reported. An isothermal study 

of the decomposition of potassium periodate can now be 

undertaken as a further verification of the theory de

veloped here. 
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C M O N I ^ x O m ^ C O c M C M r - I O O O O r - l c M C M C O ^ r 

r-ioooooooooooooooc>o'o* 
1 I I I I I I I I I I I 

O 

Pi 

vO 
+ 

r-H'Ct'CMininOvOr-ICOOr^vOCMCMCOvOCMOOin 
vDOOCMOr-l>ctI^CMr^COC3NincMONvOCOr-ICOvO 
C0OC3N00r^vOinin<l"'<l'C0C0C0CMCMCMCM r-4r^ 

vovoininininininininminininininininin 
I t I I I I I I I I I I I I I I I I I 

<JN 

< 
H 

»-i 

< 
H 
O 
cu 
<>1 
o 
fa 

<: 
H 
<*. 
Q 

O 
M 

Hnl 

O 

o 

vO 

m 

CO 

60 
O 

CM 
H 

CO. 
60 
O 

CM 

H 
ca 

i-io<tONCMcovooor>*r^ocMr>»Lnini^r-ivocM 
oocMCJNOcMincjN>d"OvocMcoincMONr«»<fcvi 
C O O O O v O v O i n < f C O C O c M C M C M r - 4 i - l r - I O O O O 

r̂  - I o o o* o o' o* o* o o* o o* o* o' o' o* o* o* 
I I I I I I I I I I I I I I I f I I I 

i n o i n o m o i n o i n o i n o m o i n o i n o i n cJ Or-ir-icMCMCoco>d'-sJ'ininvovor^r^oococ3NCjN 

ooooooooooooooooooo 

o<toovocMr**ocor^cjN.~i<l'inr^coor^cMco 
vO00C7NOr-<r-<CMCMCMCMC0C0C0C0C0C0<J->d'<J" 
O O O r - l r - l r ^ r - 4 r - l r - < r - l f - < r ^ r - l r - l r ^ r ^ r - l r - l t - l 
l o in in in in in in in in imnin in in in in in in in 
I I t I I I I I I I I I I I I I I I I 

ininincMoooooomcMOincMoocMinincMooo 
oooi^cOr-icor^cvit^cooNincMOr^incoooN 
r^cMONoor^voinin^^d"cococococMCMCMCMr-i 
ooooi^f^r^r^f^'^f^f^'^r*»r>»r«»r««r^r«*r>»r>. 

CM 

vDinvooi>«oor-iincjN<toincMCJ»vo<tr-4oovo 
vo t-loor*^ln>T<^cocMCMCMr-lr-looooc^c3N 
o o o o ' ^ r * * r ^ f ^ ^ ' * ^ ' ^ ' ^ ^ ' ^ ' ^ ' ^ ^ ' ^ ' ^ ^ ^ 

f - i o 
H 

vO'-JOinONcM'<tvOcoOr-ico<J'Lnvor*^oooNO 
COinvOvOvOr-^f^^f^OOOOCOOOOOOOOOOOOOON 
minininininininLninininininininininin 



84 



85 

I 

o 

ro-
o 
X 
I -

>l 9 0 1 



CHAPTER V 

DISCUSSION 

The values of the kinetic parameters for the re

actions studied in Chapter IV are siommarized in Table 

10 along with the previously reported isothermal data. 

It will be seen from the table that there is good agree

ment between the values for the kinetic parameters ob

tained under nonisothermal conditions and the isother

mal values. Thus, the theory developed in Chapter III 

allows the evaluation of all the kinetic parameters from 

a single experiment. 

All of the data used in these calculations was ob

tained under conditions of a linear rate of temperature 

increase. No data were available to test the equations 

applied to heating rates linear in l/T. While the com

putational requirements using heating rates linear in l/T 

are somewhat less than those required when a linear heat

ing rate is employed, the experimental difficulties in

volved in obtaining l/T rates may compensate for the ad

ditional computation. While no experimental evidence has 

been obtained as yet to support the use of heating rates 

linear in l/T, there is indirect support in the success

ful calculation of the kinetic parameters from the data 

obtained at linear heating rates. Thus, indirectly the 

usefulness of l/T heating rates is demonstrated, because 
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TABLE 10 

SUMMARY OF EXPERIMENTAL DATA 

Log A E, kcal. mole" 
ISG- Noniso- Iso- Noniso
thermal thermal thermal thermal 

CaCO^ 5.851 7.245 40.565 45.0 
^ 0.833°/min 

FeOOH (A) - 6.739 19.8 19.77 

FeOOH (B) - 4.834 I9,8 16.1 

M3(0H)2 - 16.028 48.3* 52.56 

KIO4 - 14.239 - 40.76 

*See experimental section 
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the theory relating to linear heating rates was evolved 

directly from the conclusions reached postulating a l/T 

heating rate. 

Having developed expressions for determining the 

kinetic parameters from a single experiment under non

isothermal conditions and illustrated their usefulness, 

several additional comments are in order concerning the 

expressions derived by other investigators. It will be 

observed that the expressions derived in this investiga

tion using heating rates linear in temperature are almost 

identical with those derived by Coats and Redfern (9) and 

by Ingraham and Marier (18) for the zeroth order case. 

Coats and Redfern suggest that a plot of 

logri-Clra)^''"]vs. 1/T 
[_ T^(l-nj/ 

should yield a straight line of a slope -E/2.3R for all 

values of n except n = I. This result is identical with 

the result presented here. The expression from which the 

above plot was extracted, however, equation (24), contains 

a term assumed constant by Coats and Redfern, namely 

AR 
PE 

1-2RT 
E 

This term is not constant as it includes T, a variable 

during the reaction. This term arises only because of 

the improper identification of the variables as discussed 

in adapter III. Thus, tho results obtained by Coats and 

Redfern, while yielding the correct value of the energy 
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of activation, does so only because of the neglect of one 

of the terms in their final expression. Further, the de

velopment of their expression for evaluating E does not 

allow the evaluation of the other kinetic parameters k 

and A. In fact, the results of equation (24) are actual

ly incorrect by an amount 

log fAR /l-2RT^ 

[_3E (̂  E 

Much the same fortutious circumstance leads to 

reasonably correct results in the Ingraham-Marier deriva

tion. Their results are compatible with a heating rate 

linear in l/T and will yield reasonable values of E be-
2 

cause the term log g/T derived in Chapter III is small 
over the temperature range of the decomposition of CaCO^. 

2 
Neglect of the term log p/T in most systems, however, 
will lead to high values of E being obtained. 

As mentioned earlier the quantity (-dX/dt) of the 

Freeman-Carroll derivation is obtainable only from indi

vidual isotherms. Further, for the case n - 0, the 

quantity d(l/T)/dlnX of equation (16) should be constant 

as demonstrated in Chapter III. Thus for zero order re

actions, the Freeman-Carroll derivation should effective

ly yield no meaningful value of E at all. For other 

values of n, however, d(l/T)/dlnX would not be constant 

and could lead to a graph of 

^( 1 A".) vs . dln(~dX/dt) 
r'lr- •'" dInX 
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total reaction. In such cases where only a small por

tion of the reaction fits the theoretical expression, the 

values of n determined by the intercept and E from the 

slope of the above graph are both unreliable values. It 

has, in fact, been reported in the literature that the 

Freeman-Carroll method fits only a small portion of the 

total reaction and that reliable values of n are not ob

tained (8,9). Thus, determination of reliable values 

for the kinetic parameters E and n using the Freeman-

Carroll derivation is impossible. 

Another consequence of the theory developed in 

Chapter III is that other thermal analysis techniques 

should be adaptable to the determination of kinetic 

parameters from nonisothermal measurements. With suit

able adjustment for the variables measured by such tech

niques as thermoluminescence analysis and differential 

thermal analysis should be useful for the evaluation of 

kinetic parameters under nonisothermal conditions. 

Several workers in both thermoluminescence analy

sis and differential thermal analysis have attempted to 

derive expressions for evaluating kinetic parameters from 

nonisothermal measurements. Randall and Wilkins (27) 

were the first to attempt to evaluate the trap depth 

(energy of activation) of luminescence reactions from 

•'glow curves." The initial work was applied only to 

first order reactions but has since been extended by 
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others (14) to include other reaction orders. 

Kissinger (20) used an approach almost identical with 

that of Randall and X̂ ilkins in an attempt to evaluate ki

netic parameters from differential thermal analysis 

traces. Borchardt and Daniels (5,6) have also published 

expressions for the evaluation of kinetic parameters us

ing differential thermal analysis. Each of these methods, 

however, has used an approach similar to those described 

in Chapter II and are thus subject to essentially the 

same criticisms. The theory developed in Chapter III 

should be equally applicable to these techniques after 

proper adjustment is made for the variables which can be 

measured. 

The application of nonisothermal techniques to the 

evaluation of kinetic parameters has been restricted in 

this study to thermogravimetric analysis. This restric

tion was due in part to the availability of data. It is 

believed, however, that the application of nonisothermal 

techniques to the study of reaction kinetics is bounded 

only by the development of suitable experimental tech

niques . 



CHAPTER VI 

SUMMARY AND CONCLUSIONS 

1. The previous attempts to develop a theory of 

nonisothermal kinetics have been erroneous. There has 

been an improper identification of the variables con

trolling the kinetics of a reaction under nonisothermal 

conditions. 

2. A proper identification of the variables has 

been made. The controlling variables were found to be 

the ''effective isothermal time," t̂ , the fraction of 

material reacted, a, and the temperature, T. 

3. Several representations of the "reaction sur

face" have been developed to show the behavior of the 

controlling variables under nonisothermal conditions. 

4. The theory of nonisothermal kinetics as developed 

here indicates that reactions carried out under condi

tions such that the increase in temperature is linear 

with respect to l/T follow an "isochronal" path down the 

reaction surface. 

5. Reactions carried out under conditions such 

that the increase in temperature is linear in T have al

so been investigated and found applicable to the determi

nation of kinetic parar.icterG. 

6. A theoretical model has been developed so that 

all of tho .cinetic parameto-a^, k, n, Z, and A, n̂.ay be 

92 
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evaluated simultaneously from one experiment under con

ditions of increasing temperature. 

7. Using the data of Ingraham and Marier (18), the 

kinetic parameters for the decomposition of CaCOo have 

been evaluated. These values agree well with the previ

ously reported isothermal values. The desirability of 

using slow heating rates and recording actual sample 

temperature have also been demonstrated. 

8. The values of the kinetic parameters for the 

dehydration of goethite have been evaluated and found in 

excellent agreement with the previously reported iso-

theirmal data. 

9. The theory developed in Chapter III has been ap

plied to the dehydration of Mg(0H)2 which follows 2/3 

order kinetics. The values of the kinetic parameters 

were found to be in good agreement with those previously 

reported. 

10. The values of the kinetic parameters for the 

decomposition of KIO, have been evaluated. No isothermal 

work has been previously reported on this reaction. On 

the basis of the theory developed in Chapter III, it is 

predicted that the decomposition follows linear kinetics 

(n = 0) and has an energy of activation of 40.76 kcal. 

mole" . 
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