
E L S E V I E R  Thermochimica Acta 273 (1996) 113 118 

therm0chimica 
acta 

Use of spreadsheets in the kinetic analysis of two 
consecutive first-order reactions 

L e o  R e i c h  

Department of Chemistry and Chemical Engineering. Stevens Institute of Technology, 
Hoboken, NJ 07030, USA 

Received 24 April 1995; accepted 7 July 1995 

Abstract 

The present author developed an expression in a previous report that could be applied to the 
determination of the two rate constants, k~ and k2, for two consecutive irreversible first-order 
reactions (2CIFR). This expression was solved utilizing various computer methods and rate data 
(which could be obtained from conversion (~) versus time (t) curves). Thus, BASICA (IBM), Lotus 
spreadsheets, and the Paradox data base were employed. 

The usual expressions developed for 2CIFR can be converted into dimensionless parameters 
and variables (DPV). One investigator (to be mentioned subsequently) developed a procedure 
whereby these DPV could be used to solve for k 1 and k z in 2CIFR. His method was rather 
tedious in that it involved plotting, superposing, and displacement measurements. 

In the present paper, a Lotus spreadsheet will be utilized to analyze 2CIFR for k-values. By 
means of this analysis, which utilizes dimensionless variables, these k-values will be obtainable in 
a matter of seconds once the experimental data is provided. 
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1. Introduction 

A ma thema t i ca l  expression was recently devised by the au tho r  for the concur ren t  
eva lua t ion  of  two ra te  constants ,  k 1 and  k 2, for two consecut ive i rreversible  f i rs t -order  
react ions  (2CIFR)  [1]. This express ion was solved by  the use of  var ious  c o m p u t e r  
p rocedures  and  rate  da t a  (which can be ob ta ined  from ~ - t  curves). Thus,  B A S I C A  
(IBM) was employed  [1] as well as the spreadsheet ,  Lotus  1-2-3, release 2.2 [2],  and  the 
da t a  base  Pa radox ,  versions 3 and  3.5 [3, 4]. 
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The usual expressions developed for 2CIFR can be converted into dimensionless 
parameters and variables (DPV) I-5]. Swain [6-] devised a procedure whereby these 
DPV could be utilized to solve for k~ and k 2 in 2CIFR. His rather tedious method 
involved the use of graphs, superposition, and the subsequent measurements of 
displacements. 

In the present paper, a spreadsheet, Lotus 1-2-3, release 2.2 (DOS) and 4 (Windows) 
will be employed to analyze 2CIFR for values of kl and k 2. By means of this analysis, 
the k-values will be obtainable in a matter of seconds once the experimental data is 
provided. 

2. Theoretical aspects 

The 2CIFR may be represented as in the following 

kl 

A ~ B + gas (lA) 

k2 

B , C + . . g a s .  (IB) 

In Eqs. (1A) and (1B), A, B, and C denote the starting material, the intermediate 
product, and the final product, respectively. The use of isothermal TG  should enable 
the estimation of the extent of the reaction depicted in Eqs. (1) on the basis of the 
amount of gas liberated. 

In order to calculate k 1 and k 2 in 2CIFR, reaction times were utilized at three 
conversions, i.e., 15, 35, and 70% (denoted as tls, t35 , and t7o , respectively). In this 

Table 1 
Theoretical vs. calculated k-values at various kappa values using one time ratio (cf. Table 3) 

Kappa Theoretical k-values and corresponding t-values Calculated k-values 

kl k 2 t15 t70 kl k 2 

0.100 0.0150 0.0015 23.270 413.000 0.0150 0.0015 
0.333 0.0360 0.0120 9.280 80.300 0.0360 0.0118 
0.400 0.1000 0.0400 3.300 26.500 0.1000 0.0380 
0. 500 0.0120 0.0060 27.100 200.700 0.0120 0.0056 
0.600 0.2500 0.1500 1.280 8.948 0.2530 0.1380 
0.700 0.0028 0.0020 112.700 753.000 0.0028 0.0019 
0.800 0.0500 0.0400 6.232 40.060 0.0510 0.0390 
0.900 0.0450 0.0405 6.840 42.860 0.0451 0.0404 
0.999 0.0500 0.0499 6.081 37.240 0.0499 0.0508 
2.000 0.1500 0.3000 1.844 10.230 0.1490 0.3077 
3.000 0.2500 0.7500 1.036 5.650 0.2590 0.6210 
4.000 0.0750 0.3000 3.280 18.080 0.0831 0.1813 
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respect, the following expression [1] was used for various fixed values of k 1 and  k 2. 

2(1 - ~) = K 1 e x p ( - k  t t) + K 2 e x p ( -  k 2 t  ) (2) 

where K 1 = (k  1 - 2 k z ) / ( k  a - k 2 )  and  K 2 = k l / ( k  1 - k z ) .  In  Tables 1 and 2, various 
theoretical values of t15, t35, and  tvo are given for various k 1 and  k 2 values (kappa 

(~:) = k 2 / k  O. 
A dimensionless expression was also used, i.e., 

6 = 2 - [(1 - 2x)/(1 - ~c)] e x p ( - z )  - [1/(1 - x)] e x p ( - z x )  (3) 

where the x represents kappa,  z = k 1 t, and  506 = P~o reaction (thus for P = 50, 6 = l; 
for P = 100, 6 = 2, etc.). F r o m  Eq. (3), various values of z could be ascertained for K at 

P-values of 15, 35, and  70%. Thus, for example, at P = 70, z-values (ZTo) could be 
calculated for various values of x at P = 70. Then  x can be obta ined  as a funct ion of 

z7 o~ z ~ 5 ( = t 7 o~ t 15). A plot of log (x) versus log (t 7 o~ t 15) is depicted in Fig. 1. A quart ic  
po lynomia l  was derived correlat ing log(x) and l og ( t7o / t  15) (cf. line B9 of Table  3). In 
this table, T7015T denotes t7o/ t  ~ 5 and  K7015K in line B 10 of Table 3 now denotes x for 
the ratio tTo/t  15. Lastly, from the preceding, z~ 5 could be correlated with K7015K by 
means  of a polynomial  of the 6th degree (cf. line B l l  of Table 3). Also, from the 
preceding, k 1 = ~ 5 / t 1 5  and  k 2 = k  1 x K7015K. Thus, in Tab le3 ,  k~ =0 .3427/  
0.367 = 0.934 and  k 2 = k I × 0.1921 = 0.1794, as indicated on line A27 of Table 3. In 
these calculations, values in cells B5, C5, A36, and B36 of Table 3 were utilized. Besides 

using two reaction times and  one ratio ( t~o/t  ~ 5) to estimate values of k~ and  k2, three 
reaction times and three time ratios were also employed, i.e., tTo/t  15, tTo/t35, and  t35/ t  15 
(cf. Tables 2 and 4). Similar k-value calculations, as noted in the preceding, were also 
carried out in Table 4. 

Table 2 
Theoretical vs. calculated k-values at various kappa values using three time ratio (cf. Table 4) 

Kappa Theoretical k-values and corresponding t-values Average calculated k-values 

kl k2 tls t35 t70 kl k2 

0.100 0.0150 0.0015 23.270 71.870 413.000 0.0150 0.0015 
0.333 0.0360 0.0120 9.280 25.710 80.300 0.0360 0.0120 
0.400 0.1000 0.0400 3.300 8.970 26.500 0.1010 0.0397 
0.500 0.0120 0.0060 27.100 71.800 200.700 0.0120 0.0059 
0.600 0.2500 0.1500 1.280 3.300 8.948 0.2520 0.1478 
0.700 0.0028 0.0020 112.700 287.000 753.000 0.0028 0.0019 
0.800 0.0500 0.0400 6.232 15.700 40.060 0.0500 0.0402 
0.900 0.0450 0.0405 6.840 17.020 42.860 0.0451 0.0408 
0.999 0.0500 0.0499 6.081 15.000 37.240 0.0500 0.0512 
2.000 0.1500 0.3000 1.844 4.292 10.230 0.1480 0.3007 
3.000 0.2500 0.7500 1.036 2.362 5.650 0.2560 0.6196 
4.000 0.0750 0.3000 3.280 7.438 18.080 0.0814 0.1884 
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3. Results and discussion 

The Lotus worksheet in Table 3 was employed to obtain the calculated values 
of k 1 and k 2 in Table 1. Similarly, the worksheet in Table 4 was used to obtain 
the calculated k-values in Table 2. As an illustration, experimental data [6] for 
t15 and tTo were entered into cells B5 and C5, respectively (cf. Table 3). Then the 
run command was given for the macro, lines A8-A12 (alt-W for DOS and ctrl-W 
for Windows). Within a few seconds, the results for k 1 and k 2 appeared in cells 
C27 and E27, respectively, i.e., 0.934 and 0.1794 h -1 (the reaction times were in 
hours. The average reported results [6] were kl = 0.937 h-1 and k 2 = 0.180h-1, in 
excellent agreement with the spreadsheet results. Similar average k-values were 
obtained in Table4  using three time ratios. In obtaining his results, Swain also 
utilized three time ratios, i.e., tTo/t35, tTo/tl~ and t35/t15, and reported the average 
of his results. In Table 3, only one ratio, i.e., tTo/t15, was used since it was observed 
that this time ratio alone could afford calculated k-values which were in excellent 
agreement with corresponding theoretical values. However, this good agreement (cf. 
Table 1) only held up to a K-value of 2.0, after which it became increasingly poor  
as K was increased to a value of four. This could be accounted for as follows. 
From Fig. 1, it can be observed that in the plot of log(K) versus log(tvo/t15), at a 
value of log(K) of ca. 0.4 (x = 2.5), the curve starts to turn back toward the previous 
portion of the curve causing double values of log(x) for corresponding singular 
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Table 3 

A A B C D E F G H I 
Th== i~m ¢alculales the 2 rale ¢onslarlts, kt a,td k2 for 2 c~ecul ive irreversible f i n ~ o ~  r ~  ~ i ~  1 ~ ~ 

T~ne (15%) Tzre~(70%) 
. . . . . . . . . . . . . . . . . . . . . . . .  0 3 6 7  . . . . . . . .  4=2= . . . . . . . . . . . . . . . . . .  

7 
8 

,~o 
11 
12 
13 
14 
15 
t 6  R a n g e  Values  
17 K7015K A38 ~36 
18 T15! BS..B5 
19 T70IST C3~ C36 
20 TZOT C5..C5 
21 TAU15T B36 B36 
22 ~W BS. B8 

2"5 

27 V/M.tJES OF KI AND K2/~RE, RESP.: 0.934 ~ 0.1794 
28 BASED ON VALUES OF K. ,N~A(70%I15%)~ OF Tau(15%) 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 

J K L M 

% N ~  TT015T ,(~J(t70M 15t))- 
~el K7015K,88 8161-342 94 I"T7015T~,498 0364"(T 7015T~2-322 259"(T7015T)~3+77 945 t 2~(TT015Tp4p - 
0el K7015k,10*CK?015~)}~ 
tqCH t aul 5t ,0 3551-0.068763=k7015k+ O22313' (k7015k)'2. 0049327"~7015k)~3+ O0(~4~ 1 "0¢70 t 5kp4- ~O4,1~B&8*(kT01 .~ky~* 0~O012ra27" ~70 t5/¢~8} - 

KT015K Tau15T T7015T 
0.1921 0 3427 t 0588 

Table 4 

A A B C O E F G H I J K L M 

4 "rime (15%) " f in  (35%) Tim~ 70%) 
0 367 1 067 ,4 2 

==================================================== 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
10 
21 
12 
23 
34 
36 
26 
27 THE VN_UESOF K1ANDKSA~E.R~E~ o 09d3 AND 01~  
28 BA.~ED ON VN.LE$ CF K~PPA(35%/15%) AND OF Ta~[35%) 
19 
30 THE VALUIES (~" K 1AN~ K1 AR~ RECAP 09~ AND 0173 
31 BASED ON VALUES OF KM:'PA(70%I35%) AND OF Tau(15%) 
32 
~,~ THE VALUES OF K 1 AND K2 A~'E. ~ 0 934 AND 01~ 

B:ASE D ON VAt.LIES OF KAPPA{70%/15%) AND OF TZa(15%) 
35 
36 A',9 vak~ 09~7 0 1602 
37 STD 00O4 0(]06 
38 
39 
aO 
41 
.1:2 
43 K3615K T703~" 
44 01~4 0 5S~51 
,~5 K7Q3~K T351 b-F 
~6 0 tS~O O 4635 
,47 KT015K TT015"r 
a8 0 t926 1 0586 
49 T~J~ST T~J15T 
50 1 0061 0 3,42? 

53 
53 

55 
56 
57 
56 
~9 
60 

~W{k~ T3 S 15T.(~og(t3St~l 5¢)p- 
{let K 3515~ 254 709-2307~T351 ST+ 7(Fa5 95~(T3515T~2-11~9 6P'~'351b"T~3~711~ 63~'~51 ~ p  
{Mit K 3515k 10'~'k351 ~<)} ,~ 
~et tau35t ! 114145- 6OQ2S'k3515k+ 3C~66"(k351 .%k)*2-rJ 085931"(k3515k)'3* 012794"(k3515kp4 - 0009562"(k35 lSk~+ 00DO 2833"(k3515k)"6J ~- 

TT03ST,@~j(tT0t't3~p 
~ld K703~ 463 16¢4966 ,~ YT703S% 22078 1"~'703~£)"2-52026 14"(T7(] 35Ty'3,~684a~ 21 °~7035T~76,42 6"(tTO3"3tp~_ + 137Q 1 66* (tTO36t p'6'F 
{14t K7035k lO'~k703~kJ)'- 

~ t  K7015),~ 88 6161-342 9,4"T7015T+,498 03E,4"~F701b-r~l.3 ~ 259"(T7015T)-3+77 9,451 ;"(T701 ST'f*4} - 
K 7015k 10~k70 l'~lp- 

{let t~ l  5t 0 3551~ 068763"k?015k+ (]22313"(k?015k~l- 0045327"{k7015k)'3* 00C~4561"(kTO 15kp¢ 0030,446 ~,~[k701 ~<p5 * OO00~ 12517" (k7015k)~ 
{9otop.2.~- 
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values of log (tTo/t 15). Thus, a polynomial correlation would not be expected to afford 
calculated k-values in good agreement with theoretical k-values when ~c exceeded 
a value of two, as indicated in Table 1. In order to present a more complete picture, 
average k-value results are also presented in Table 2 using the three ratios tTo/t35, 
t35/tl 5, and tvo/t 15 and expressions given in Table 4. These average k-value results, also 
agreed well with the theoretical, and similar limitations apply as previously indicated 
for the tTo/t15 ratio. Finally, it should be mentioned that the ultimate validity of the 
calculated k-values should be established by comparing conversion values (experimen- 
tal or theoretical) with corresponding conversion values calculated by using these 
k-values in Eq. (2). 
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