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A model process is considered in order to investigate the applicability of a par- 
ticular statistical approach to determination of an input mechanism of topochemical 
reactions and of the relevant mathematical model. 

It is shown that the analysis of the experimental data leads to different results due 
to the reproducibility errors The applied statistical approach allows one to determine 
the input mechanism unambiguously when c~ has the value of 0.01. 

The kinetics of reactions involving solid compounds have received a great deal 
of  attention during recent years. The methods used in handling heterogeneous 
processes differ considerably from those applied to homogeneous reactions. 

Application of simple approximate models to the kinetics of topochemical 
reactions yields satisfectory results in quite a number  of cases [1]. The use of  
specially-adjusted experimental techniques [2] often provides quelitative informa- 
tion about the reaction site and type of the reaction mechanism (that is, whether 
the reaction begins at nucleation centers or at all points of the surface simultane- 
ously), z,s well as about  some other important characteristics of the process. 
A variety of mathematical models, however, are consistent with each of the two 
mechanisms mentioned, and it is sometimes very difficult to choose between them 
[1 ]. The choice of the model which makes good physical sense poses even greater 
difficulties when the type of the reaction mechanism is unknown. The problem 
is of principal importance and represents a rather complicated statistical task. 

In this paper, a model process is considered in order to investigate the applica- 
bility of a particular statistical approach [3] to determination of an input mecha- 
nism and of the relevant mathematical model. The latter had to be chosen f rom 
among a total of eleven equations of which only five were applicable to the type 
of mechanism in question. The model process analyzed was that of  the reduction 
of zinc oxide with hydrogen: ZnO + Hz = Zn + H20, which has been shown 
to begin at ell points of  tl-Le surface of the solid reagent simultaneously [2]. The 
"contracting-sphere" equation applies in this case, on the condition of homogene- 
ous granulometric composition of the solid phase and of spherical (or nearly so) 
granules" 

1 - (1  - ~ )~ ,3  = / ~ t  ( 1 )  
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For comparison, the following equations were chosen: 

type I: 1 - (1 - c01-"= kt  where n = 0 ,  1/2, 2/3, 3/4 

type II: In 1 _ ~ - kt  + C 

type III: ~ = 1 - e -k ' tm  where rn = 1, 2, 3, 1/2, 3/4 

(2) 

(3) 

(4) 

Here e stands for the extent of conversion, t is time, k is the rate constant, and 
k' is the constant related to k by the equation 

k = n(k') 1In (k  = m(k')l/m). 

Lastly, n(m) is the kinetic equation factor defined as the apparent reaction order. 
The choice of these equations depended on a number of considerations. Type I 

equations can be fitted to any reaction proceeding via the mechanism in question, 
by adjusting the value of n; for systems with homogeneous granulometric com- 
position, the value of n is apparently related to the shape of the granules. Note 
that with n = 2/3 Eq. (2) gives (1). The Prout -Tompkins  equation (3) describes 
quite a different mechanism, involving a chain nucleation process. The Erofeev 
equation (type III) was chosen because of its general applicability: various rn 
values correspond to quite different types of processes. Consideration of a greater 
number of mathematical models was deemed unnecessary. 

The experiment was simulated by using the rate constants reported in the litera- 
ture and determined from rate vs. temperature profiles [2]. The values chosen 
corresponded to seven temperature points in the range 795 to 855 K. Conversions 
~i in the range 0.02 to 0.90 were calculated for each of the k i values, using Eq. (1). 
The corresponding t i values were taken at intervals of 1 min. Errors were intro- 
duced into the ~i values using the random numbers table and a values of 0.01, 
0.1 and 0.5. The thus-simulated experiment was analyzed using the 11 equations 
given above. Our task was to determine the best fitting one, evaluate the kinetic 
parameters with the help of the model chosen, and compare the results obtained 
with the literature data. 

The properly-chosen model, when applied to experimental points, should give 
a straight-line dependence. In the first stage of the analysis, we selected the models 
that yielded linear-adequate dependences in the transformed coordinates. The 
usual F-test was not applied because of its low sensitivity, and the specially- 
designed statistical method [3] was used to determine small deviations from 
linearity. 

It has been shown that the results depend strongly on reproducibility variance. 
Thus, all the models give linear dependences with a = 0.5. The noise proves 

too strong in this case even for discrimination between different types of mecha- 
nisms. 

In the case of a = 0.01, Eq. (1) was the only one of the investigated models 
that gave a straight-line dependence. Thus, with such a noise level, the determina- 
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Estimated 

Table 1 

values of rate constants, kl " 10 -3 (tr=0.01) 

Literature  
T ,  K Type 1, n =213 data  

854 
833 
820 
814 
805 
800 
795 

19.5__+0.5 
10.9-+0.2 
7.44-+ 0.06 
7.29-+0.06 
4.8O_+ 0.06 
4.16__+0.03 
3.67~ 0.03 

19.8 
11.0 
7.45 
7.25 
4.86 
4.15 
3.64 

tion of the correct model could be made at as early as the first stage of analysis, 
during linearity tests. The calculated rate constants (Table 1), activation energies 
and pre-exponential factors (Table 2) fitted the literature data well. It should be 
noted, however, that most experimental work involves much larger uncertainties 
though, in principle, current techniques allow the attainment of rather low repro- 
ducibility errors. 

The situation with a = 0.1 is the most typical one. In addition to the starting 
model (l), three type I models (n = 2/3, 1/2 and t/3) and one type III  model 
(m = 1) were selected in this case. All these models were applied to calculation 
of the rate constants k i corresponding to the chosen temperature points (Table 3). 
The values obtained varied widely from one model to another. The type 111 model 
gave constants markedly different from those cited in the literature, and only 
the type I model with n = 2/3 yielded values consistent with the experimental 
ones. The fact that different models lead to different rate constants has already 
been mentioned [4]. However, this suggestion has been made on the basis of 
intuitive considerations, without analysis of effects by experimental errors. 

We conclude that unambiguous choice of the mathematical model in the case 
of a = 0.1 is possible provided a single experimental k i value is known. 

Table 2 

Estimated values of kinetic parameters* 

~r=0.01 E 
In A 

a=0.1 E 
In A 

n=l[3 

35+7 
17~5 

Type I 

n=l/2 

33+5 
15-t-3 

n=2/3 

39+ 2 
19~1 

40+ 4 
207 2 

Type I l l  

m ~ l  

36+ 6 
18+3 

Literature  
data  

39+2 
19--+1 

39+2 
19-1-1 

* Values of In A and E/R give a correlation of about 0.99. 
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The ul t imate  a im o f  any  kinet ic  s tudy is the de te rmina t ion  o f  kinet ic  pa rame te r s  
descr ibing the process.  We  have evalua ted  ac t iva t ion  energies E and  pre-exponen-  
t im factors  A f rom the values o f  rate  constants  k i ob ta ined  for  the  three mode l s  
descr ibed above.  Table  3 compares  es t imates  based  on  var ious  models.  

Table 3 

Estimated values of rate constants, ki " 10 -a (or=0.1) 

rr K 

854 
833 
820 
815 
805 
800 
795 

n = l / 3  

m 

11.6-t-0.7 
11.4+_. 0.6 
8.2• 
7.3--+0.3 
6.4+--0.3 

Type I 

n=l l2  

14 +0.9 
9.8-1-0.6 
9.5+0.6 
6.6+0.5 
6.0__+0.5 
5.4+0.3 

n = 2 / 3  

20.1-t-2 
10.6+0.7 
7.3+0.5 
7.1-1-0.5 
4.7+0.3 
4.5-t-0.3 
3.9+0.3 

Type III  Li terature 
m = 1 data  

70___ 10 
40__ 5 
25___4 
24-1- 4 
1 5 + 2  
14-t- 1 

11.0--I-0.9 

19.8 
11.0 
7.4 
7.2 
4.9 
4.2 
3.6 

I t  should be no ted  tha t  the  Ar rhen ius  equat ion  

E 1 
l n k  = l n A  

R T 

which belongs to the y =- a + bx  type  o f  l ineer  equat ions ,  with a for  In A, b for  
E / R ,  y for  In ki, and  x for  1/T, always involves a s t rong corre la t ion  between the 
parameters .  The cor re la t ion  was of ten as high as abou t  0.9 in our  case. Hence 
two-d imens iona l  n o r m a l  d i s t r ibu t ion  should  be appl ied  in order  to de termine  the 
significance o f  the divergence in the pa rame te r s  ob ta ined  f rom different models .  
This was done  by  using the Hot te l ing  cr i ter ion T 2. The calcula ted T 2 values are 
presented  in Table  4. Only mode l  (1) was four_d to yield pa rame te r  values in 
agreement  with the l i tera ture  data .  

Table 4 

T2-criterion values obtained by comparison of kinetic parameters for models selected at 
T2 a=0.1 ( th~or = 4) 

Erofeev equation 

n= l /3  

n= 1/2 

n=2/3 

Erofeev Li tera ture  
equation n = 1/3 n = 1/2 n = 2 / 3  data  

0.6 5.2 

2~5 

5.2 

4.3 

23 

9.1 

5.2 

14 

3.6 
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The results o f  this invest igat ion show tha t  tke models  tha t  can n o t  be appl ied  
to the process  in quest ion give equivalent  sets o f  pa rame te r s  which are different 
f rom the l i tera ture  da ta  and f rom the pa rame te r s  p red ic ted  by  mode l  (1). I t  
fol lows tha t  the compar i son  o f  the  cor respond ing  pa rame te r s  m a y  prov ide  in- 
direct  evidence in favour  of  the r ight  model .  The stat is t ical  me thod  suggested 
in this  work  should  be appl ied  in order  tha t  the significance of  the differences 
between the pa rame te r s  pred ic ted  by different models  or  ob ta ined  for  different 
processes might  be established.  The ut i l i ty  o f  this a p p r o a c h  depends  on a s t rong 
corre la t ion  between the Arrhen ius  parameters .  A compar i son  o f  i sola ted  p a r a m -  
eter  values with the 2~ values leads  to e r roneous  conclusions.  

The  results  of  this  invest igat ion are as follows. Analys is  o f  the exper imental  
da t a  leads to different results  depending  on the reproduc ib i l i ty  errors.  The sta- 
t is t ical  a p p r o a c h  appl ied  al lows one to determine  the input  mechanism unambigu-  
ously  when a has the value of  0.01. Wi th  a = 0.1, which is a more  frequent  
s i tuat ion,  the choice of  the mode l  can only be made  on the basis o f  a detai led 
stat is t ical  analysis  and compar i son  o f  the results ob ta ined  with the l i terature  
data .  Wi th  the larger  reproduc ib i l i ty  errors,  it is imposs ib le  to make  a definite 
conclusion abou t  the react ion mechanism.  
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R[isuM~ -- On consid6re un processus module pour v~,rifier s'il est possible d'appliquer une 
approximation statistique particuli6re pour ddterminer le mdcanisme initial des rdactions 
topochimiques et le mod61e math6matique respectif. 

On montre que I'analyse des donn6es exp6rimentales conduit '5, des r6sultats diff6rents 
en raison des erreurs de reproductibilit6. L'application de cette approximation statistique 
permet de d6terminer le mdcanisme initial sans 6quivoque, pourvu que la valeur de rs soit 
6gale 5, 0.01. 

ZUSAMMENFASSUNG -- Ein Modellverfahren wird zur Untersuchung der Anwendbarkeit 
einer bestimmten statistischen Nfiherung zur Bestimmung eines lnputmechanismus topo- 
chemischer Reaktionen und des einschlfigigen mathematischen Modells herangezogen. 

Es wird gezeigt, dab infolge yon Reproduzierbarkeitsfehlern die Analyse der Versuchs- 
angaben zu verschiedenen Ergebnissen ffihit. Die angewandte statistische Ann/iherung 
gestattet die eindeutige Bestimmung des lnputmechanismus bei einem Sigma-Wert yon 
0.01. 

Pe3roMe - -  P a c c M o r p e H  MO~eYlbHblH Hpot~ecc Ann }~ccJ~ejloBaHI4a npHMeHrtMOCTH qaCTHOFO 

CTaT!4CTHqecKoI'O rIpH6JlI4)KeHHf[ K o n p e ) l e a e n n ] o  KaKoI'O-JIH60 BXO~HOFO MexaHH3Ma TOHO- 

X!IMHtleCKI4X peaKunf[  14 COOTBeTCTByfOIIIe~i MaTeMaT!dqeCKO~I Mo/IeJIH. FIoKa3aHO, qTO anaJtH3 

3KcnepHMeHTaJIbHbIX JlaHHBIX llpIdBOJII/IT K pa3YlllqHblM pe3yJlbTaTaM, qTO o6ycJ]OBJIeHO OIHH6- 
KaM/~I Bocnpo/~I3BO~II~IMOCTI, I. HpHMeHeHHOe CTaTrlCTI4qecKoe npI46 :m~eHHe nO3BOJl~IeT OjlllO- 

3HaqHo onpe~eJ~]4Tb BXO,/1HOI~I MexaH~I3M, KOFB,a 0" I, lMeeT 3HaReu~4e 0 ,0 l .  
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