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ABSTRACT 

Modern digital computing techniques now allow a more compre

hensive analysis of chemical reaction kinetic data through the use 

of kinetic models wherein fewer a priori assumptions are made con

cerning the relative importance of individual rate factors. Herein 

is described an approach to the development of kinetic models and a 

digitally implemented search technique for assessing the adequacies 

of postulated models. 

The search technique applies to nonlinear, implicit kinetic 

rate equations and consists of a two part procedure wherein the 

initial search is accomplished by steepest ascent followed by a 

modified Gauss-Newton nonlinear estimation procedure. By regulating 

parameter excursions on the basis of a record of their previous beha

vior , the steepest ascent technique is capable of making adequate 

initial progress even with the high coupling between parameters gene

rally encountered in kinetic models of any complexity. The special 

capability of the nonlinear estimation procedure is attributed to a 

large extent to the serial limiting technique employed to assure that 

the magnitude of the elements in the final solution vector are in 

accordance with specified maxima for each individual parameter. 

Several kinetic systems in the chemical engineering litera

ture which exhibited mechanism changes were analyzed employing the 
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aforementioned search technique. Rate data for the dehydrogenation 

of sec-butyl alcohol over a brass catalyst, taken at five tempera

tures, have been correlated within 1.5-percent. Factors such as 

mass transfer effects, multiple types of active sites, and phase 

change characteristics of catalyst alloys have been related to ob

served rate phenomena. Rate data for the oxidation of sulfur 

dioxide over a vanadium pentoxide catalyst and the dehydrogenation 

of iso-propyl alcohol over a zinc oxide catalyst were also studied. 

A microreactor was constructed and the dehydrogenation of 

sec-butyl alcohol over an alkali promoted copper catalyst was 

studied. The system exhibits a mechanism change at pressures near 

atmospheric. Adsorption of alcohol appeared to be the dominant 

factor at low pressures, whereas the dual-site surface reaction 

between an adsorbed alcohol molecule and a vacant active site ex

plained the observed rate behavior at higher pressure. 



I. INTRODUCTION 

The phenomena of heterogeneous catalysts has evolved from 

an empirical trial and error approach in the nineteenth century to 

an exacting science in the mid-twentieth century. In the early 

years of research, the primary goals were merely those of finding 

a catalyst to carry out a particular reaction, and to then isolate 

the system parameters such as temperature and pressure which would 

give desired product yields. The progress of the early years is 

attributed primarily to the chemist. 

In the early part of the twentieth century the science of 

chemical engineering began to enter the field of catalysis. The 

utilization of the chemists' data for design of commercial plants 

was in its initial stages. 

It was not long before the chemical engineer had gone full 

circle and arrived at a point where a basic understanding of the 

events at the catalyst surface were considered to be of prime 

interest. It was clear that intelligent reactor design could not 

be carried out without a clearer understanding of the functioning of 

catalysts in heterogeneous reaction systems. 

Led by the Langmuir-Hinselwood school, the chemical profes

sion developed basic surface reaction models based upon monolayer 

adsorption equilibrium concepts. Following this line of reasoning, 
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Hougen and Watson developed their numerous models which considered 

many steps to be plausible as rate controlling: adsorption, surface 

reaction, and desorption. There is no doubt that the pioneer work 

of Hougen and Watson is responsible for the tremendous success of 

many aspects of the chemical industry. 

For many years following the work of Hougen and Watson the 

field of heterogeneous catalysis was semi-content with a rather 

surprisingly adequate description of most catalytic systems. It 

was not until the last decade that several kinetic systems appeared 

which were not adequately explained by the methods available at the 

time. 

It became apparent that many conditions utilized in the 

formulation of basic kinetic equations must be relaxed. Some of 

the prime conditions to be relaxed were: 

1 The concept that a single step was overall rate 
controlling. 

2 The existence of a singular type of active site 
on the catalyst surface. 

3 The utilization of a single type of mechanism 
over large temperature ranges. 

The removal of any of the three restrictions inherently 

generates kinetic rate equations that are nonlinear and/or implicit 

in nature. Thus, until the science of digital computing techniques 

had evolved to its current level, the difficulty of analyzing im

plicit rate equations was generally sufficient reason to retain the 



mathematically more tractable Hougen-Watson approach. Even after 

the advent of advanced-design digital computers, many schools of 

researchers were reluctant to face the challenge of employing the 

new techniques required to bring the power of modern computational 

techniques to bear on this important problem. There is always a 

desire on the part of many to adhere to the status quo in any field 

of scientific research. 

The overall objective of this research was to remove some 

of the conditions previously imposed upon the analysis of hetero

geneous catalytic systems. 

Objectives 

The specific objectives of this research were: 

1 The development of a digital computer program which 

is unique in its complexity and capability for the analysis of 

nonlinear and/or implicit rate equations. 

2 Analysis of certain kinetic systems in the literature 

which cannot be explained by restricted modeling techniques. 

3 Construction of a microreactor for the obtaining of 

kinetic data on a system of complex nature, and the analysis of 

the resultant data. 



II. COMPUTER PROGRAM THEORY AND FORMULATION 

In chemical process modeling it is often desirable to fit . 

a mathematical function to experimental data by adjustment of cer

tain parameters in the model. For most systems of significant 

interest, theoretical considerations predict highly nonlinear and/or 

implicit equations. The adjustment of parameters in such equations 

to obtain a "good fit" to the data is, in general, quite complex, 

and special methods of nonlinear analysis must be used. 

"linearization" of nonlinear models by mathematical rearrangement. 

For highly complex relations, however, this method has obvious weak

nesses and several authors have shown that the method may often 

lead to unsatisfactory results (12,33). Nonlinear programming 

techniques on the digital computer have vastly improved the state of 

the art, and many methods and modifications proposed during the last 

decade seem to be quite powerful and successful (9,24,32). 

model to experimental data is the minimization of the "squared-error" 

function" 

A method which has been widely used in the past is the 

The usual criterion for goodness of fit of a mathematical 

N 

Q (1) 

i-1 
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where Y. is an experimental value of the dependent variable, y, is 
1 X 

the corresponding value determined from the proposed model, and N 

is the number of available data points. This criterion is satisfied 

at the point where each of the first partial derivatives of Q with 

respect to one of k parameters is zero. For linear models this 

generates k linear algebraic "normal equations" which may be solved 

simultaneously for the optimum values of the k parameters. For non

linear equations, however, the normal equations are not linear 

and/or may not be expressed explicitly. Consequently, variations 

upon two primary nonlinear methods have generally been used to 

solve these equations. 

The first of these methods is the so-called Gauss or Causs-

Newton iterative solution, consisting basically of a first order 

Taylor expansion of the given function about some base parameter 

value (30). Since the resulting equation is linear, regular 

linear least-squares techniques can be used to determine a cor

rection vector for the parameter estimates. The new base point is 

then used and the process repeated until corrections become small, 

i.e., the process converges (14,35). As would be expected, this 

method converges only if the initial parameter estimates are suf

ficiently close to the correct values. The more complex the 

response surface, the greater the need for good estimates. Like

wise, even the more sophisticated methods converge only for good 

initial parameter estimates (20). 



A second and more reliable method is to consider the squared 

error function, Q, as a surface in hyperspace for which the para

meters are the independent variables. The method of steepest ascent 

may then be applied to the surface to find the values of the para

meters for which the function is minimized (40), In theory the 

steepest ascent method should converge for nearly any set of reason

able initial parameter estimates. The convergence may, however, 
} 

require a large number of iterations. 

Marquardt (27) has suggested combining the two methods to 

obtain the best characteristics of each. In his method, the re

gression is begun with essentially the steepest ascent algorithm, 

and as the search progresses a factor is varied which transforms 

the method to the Gauss-Newton iterative scheme near the optimum. 

The result is that one starts with a method essentially insensi

tive to initial parameter estimates, but near the optimum the 

more efficient method of Gauss is employed. Success has been 

reported with this method (5), as well as with many other modifica

tions and techniques to improve initial parameter estimates, con

vergence, and computing efficiency (18). 

In the present study, the steepest ascent method is used 

to get the search under way and approach the optimum. As the 

progress slows near the optimum, a pseudo-second order model is 

used to represent the response surface. The algorithm is iterated 

in the manner of the Gauss method until convergence is reached 
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as indicated by no further reduction in the squared error function 

Q. 

Steepest Ascent Method 

The salient features of the particular steepest ascent 

program to be discussed are: 

1 A halving or doubling routine on the search para
meter, X, to locate a minimum value for Q vs. X; 
the parabolic fitting of the apparent minimum value 
point and the two adjacent points to find the 
actual minimum. 

2 Controlled step size to maintain a reasonable 
number of steps along the search vector. 

3 First or second order estimates of derivatives 
depending on search progress. 

A A method for improving the rate of convergence based 
on sign change history of each parameter. 

The operation of the program can best be described by re

ferring to the flow chart for the steepest ascent method, Figure 1. 

However, it should be noted that at the start of the main calcula

tion loop a check is made to see if sufficient progress is being 

made by the steepest ascent method. If sufficient progress, as 

predetermined by the programmer, is not being made, the program is 

transferred to the nonlinear method. 

The starting values for the parameters, the data and certain 

program control parameters are read in at the beginning of the 

steepest ascent method. This information is read out and some 



READ 
DATA, 
PARA 

METERS 
CALL 

RSTAR 

13= 0, Q(*/2) a 
Q(3^/2) CALC 

CALL 
RSTAR 

11 = 0 

1 2  = 0  

SHIFT 
KMOV, 

BRKS, 
DX 

0(2 A) 

'Q(A) CALL 

SLOPE CALL 
RSTAR 

a= 2 A 
CALL 
QCAL 

12 = 

12+I 

Q(V2),Q(̂ ), 
0(2 A) 

I I  '  0 A  =  X / 2  
I I  =  1 1 + I  

ERROR 

MESSAGE 

CALL 

QC AL 

r+i 
Q(A)t 

> QB 

V 

Figure 1. FORTRAN program for steepest ascent malnllne( 



program initialization steps are performed. Index II counts the 

number of times the program halved the search interval, X, in seek

ing the minimum response for Q along the search vector. If a mini

mum is not found in K1 halvings the program proceeds to a point 

where Index II is interrogated to determine if the halving routine 

had been employed. If it had been employed the program fills in 

additional values in the vicinity of the minimum response found by 

the halving routine and then calls subroutine RSTAR. Subroutines 

RSTAR and SLOPE will be described in detail later; however, it 

should be mentioned that SLOPE and RSTAR are each called only once 

per pass through the mainline program. SLOPE, as the name implies, 

calculates the steepest ascent vector. RSTAR is a parabolic 

interpolation routine used to locate the minimum along the search 

vector. 

If the halving routine has not been employed, the program 

branches and proceeds to search along the steepest ascent vector 

using steps that double in size each time. As long as the 

response continues to decrease, the program continues to loop, 

retaining a history of the response in QV and RV for subsequent 

use by subroutine RSTAR. QV are values of Q along the search vec

tor. RV is the value of a search parameter corresponding to the QV 

data. 

When Q begins to increase, the program proceeds to a point 

where it interrogates Index 12 to determine if the required QV 



history is available* If it is, it branches and calls RSTAR; if 

not, it proceeds to a point where additional values of Q are 

calculated, A flow chart for subroutine RSTAR is shown in Figure 

2. As stated earlier the primary purpose of this subroutine is to 

locate the point of minimum response through the use of parabolic 

interpolation. In addition, this program checks to see if an 

order h or order h2 estimate of derivatives should be made by check

ing on the rate of reduction of Q. The termination criterion or 

convergence criterion is also located in RSTAR. The program may 

transfer, because of inadequate per pass improvement in the object

ive function, or transfer to the nonlinear section, because the 

total number of passes through the main loop exceeds the control 

parameter K3. 

The remainder of the subroutine is used to control the step 

size of the search parameter X. Lambda may be either decreased or 

increased depending upon whether or not the halving routine was 

employed and also upon the number of steps required to find a 

minimum when doubling X as indicated by Index 12. 

The SLOPE subroutine increments the parameters by means of 

vector DX and calls QCAL subroutine to obtain a numerical estimate 

of the change of Q with respect to each of the parameters being 

optimized. Subroutine SLOPE yields a derivative based upon the 

percentage change of the parameter. This type of scaling is 



N  

11 

x = 
4* 

>\ = 

25 X 

> = 

*/2 

> = 

>/4 

R̂ETURN̂  

/\ 
12 = 
6 

12-
10 

12-
3 

I I  -
0 

TRANSFER c 
TO 

NONLINEAR 
13 = K3 

TRANSFER 
Q-DATA TO 
Y. CALC. 
LOCAL MIN. 

Q 

CALCULATE 
181 a2nd 

Dl FF. 
RSTAR 

± 
AQ -

\/ 

AQ = 

e2 

\/ 

ADJUST 
X 

TO NEW 
BASE PT. 

CALC. QB 

0H2 
= I 

TRANSFER 
TO 

NONLINEAR 

Figure 2, FORTRAN program for subroutine RSTAR. 
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necessary whenever there is a large difference in the magnitude of 

the different parameters being adjusted. 

By use of the program control parameter 0H2 it is possible 

to select an order h or h2 estimate of the slope. This selection 

is made on the basis of the rate of progress toward the minimum. 

The derivative vector is then normalized to a unit vector. 

As mentioned earlier, when the steepest ascent progress 

slows to a certain minimum improvement in Q, the nonlinear estima

tion program is called. 

Nonlinear Method 

Consider a nonlinear function, y - f (y.ẑ ,̂...,zp,x̂ , 

x2,...,xk) where the z's are adjustable variables in the system 

being studied (temperature, pressure, etc.), and the x's are para

meters for the model (coefficients, exponents, etc.). Suppose 

also the existence of N data points giving experimental values y 

for various values of the z's. These experimental values of the 

dependent variable are termed Ŷ , i » 1,2,3,.»*,N. It is desired 

to find values of the parameters x̂  which will cause the model to 

fit the data, i.e.j minimize the squared-error function: 

N 

Q -  ̂(Y* - yA>2 (2) 

i-1 

At the optimum (y*,x**) then, the first partials of Q with respect to 



each of the parameters must equal zero« 

0} $ - k 

Therefore, 

N 

^ 2(Ya - y±*) 3ZL* - o 

i-1 J 

or 

N 

E 
i-1 

Of, - y(*> lit! - o (3> 

*3 

Expanding ŷ * in a second order Taylor series about the point xQf 

y i *  " " / E S *  c ^ 4 ) + 1 / 21 S 
£-1 * £-1 m-1 

32 
i2_ (Ax4*)(Axffl*) + 0(h3) (4) 

3*. 3*-. 
i ® 

where Ax̂ * • x̂ * - x̂ . Differentiating Eq. 4 with respect-'to each 

parameter, 



- £i» + Z «v> 
3xj 3*j 4-1 3xj3x£ 

Substituting Eqns* 4 and 5 into Eq. 3 gives 

N k 

Ixj • 0 - ̂  {[Y± - (ŷ  + ̂  3yiP (AXa*) 

i-1 A-l 4 

k k 
32y< 
3 

3x£**0 

+ 1/2 -1̂ 2- (Ax̂ MAV))] 

£•1 m"l 

(5) 

k 

Ett̂ - 
+ y 32yi" <« 

L3xj Z_i Txj3xA 4 

Sr" 1 

Retaining only those terms which are linear functions of the incre

mental changes, and combining terms 

N k 

i-l £-1 

a2yj, 

i*. 3* 
a- - 2% ilia.) <Axa*)] (7) 

""'A 3*J 
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or 

- <*i - n > 

*2y± 
2- + 

° l3xj3XAj 

ay< 

3x„ 

»y< 

3*4 
\  J 

N 

(Axa*)> 
E 
i-1 

(Yi - y± ) 3yio ; 

3x. 

J m 1|2|3|«««k (8) 

In matrix notation Eq, 8 may be written 

[A] [X] - [B] (9) 

where [A] is the (k x k) matrix, 

N 

[A] - £ [ - (Yi - y^i ) 1o + 
a2yi 

i-1 
3xj3xA 

*y±c 

Oh. "1 

3xj -I 
.(10) 
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[B] is the (k x 1) vector 

N 

(ID 

and [X] is the (k x i) vector of parameter corrections 

[X] • Ax^* { 3, • l,2,3,«.«.,k 

The procedure £or using this pseudo-second order model near 

the optimum is as follows: 

1 Numerically evaluate the derivatives in Eqns. 10 and 
11 at the base point and sum through the data to 
form the matrices [A] and [B], 

2 Form the augmented matrix [A • B] and solve for the 
[X] vector, using subroutine GAUSS described below. 

3 Increment each parameter, x., to its new value 
Xj - xj° + Axj. 

4 Calculate the squared-error function for these new 
values of the parameters. 

5 If the squared-error function improves significantly, 
make the new x-values the base point and repeat the 
process. If the squared-error does not improve, call 
a comparison routine and stop. 

In the actual implementation of this procedure a few modifications 

were added. A detailed description of the FORTRAN additions 

follows, together with a discussion of the modifications. 
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The second order algorithm portion of the search program 

is composed of an addition onto the steepest ascent mainline which 

calls a total of five subroutines. Two of these, namely, QCAL and 

FCT2, are also called from the steepest ascent mainline. Their 

functions are to calculate the squared-error function Q, and to 

evaluate the dependent variable, y, respectively. Subroutine QCAL 

merely loops through the N data points calling FCT2 at each point. 

Two new subroutines, GAUSS and DRV, are also called from 

the nonlinear section. Subroutine GAUSS solves Eq. 9 for the 

[X] vector by the classical Gauss reduction procedure on the 

augmented matrix [Ai B] (called AUG(I,J))« The matrix is operated 

on a row at a time in this procedure. After this procedure is 

repeated through (k-1) rows, the matrix is triangularized, and the 

AXj values are then found by back substitution. This vector of 

corrections to the parameters is called DXA(I) in the program. 

Subroutine DRV is the subroutine which numerically calcu

lates all the first and second partial derivatives in Eqns. 10 and 

11 at a particular base point and for a particular data point. 

The subroutine sequentially loads a (k+1 x k) matrix with values 

of the dependent variable, y, which have been calculated 

a) with one parameter incremented at a time, for all 
parameters 

b) with two parameters incremented at a time, for all 
combinations of two parameters, 



18 

c) with one parameter decremented at a time, for all 
parameters• 

The notation of the matrix in which these values are stored is 

YVAL(I#J). For I"J, the values are that of (a); with I < J is case 

(b); and for I • k + 1 is case (c)• The YVAL matrix calculates all 

of the first partial derivatives (named DIV(I)), and all of the 

second derivatives (named DER(I,J))« These are calculated from the 

finite difference equations: 

3yi ^(Xj + AXj) - ^(Xj - Axj) 
- DIV(J) -

2 Ax 
(12) 

'j 

- DER(J,J) -
3xj2 

y(x̂  + AXj) - 2yXj + y(xj - Axj) 
(13) 

(AXj)2 

— - DER(I.J) -
32y± 

y(xj + AXj, x2 '+ Ax^) ~ y(*j» *A + " y^xj + Axj» x£> 

(Ax..) (Ax^) 

t y<11]»V 

(Axj)(AXA) 

(14) 
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The operation of the nonlinear mainline is as given in 

Figure 3, with the mainline calling the four subroutines FCT2, 

QCAL, DRV, and GAUSS as they are needed. 

The logic of the nonlinear method will be discussed prior 

to reference to specific program variables. 

Very often the nonlinear method may be making adequate 

progress as an optimum in parameter space is approached, when a 

drastic degradation in the progress is observed. In fact, the true 

minimum with respect to the objective function may be bypassed un

intentionally. More often than not, the cause of this behavior is 

the inability of the method to sufficiently limit some of the 

critical parameters. Gross correction vectors result in an "over

shoot" of the true minimum value of the objective function thereby 

causing the program to terminate at an incorrect position in para

meter space. Therefore, it is necessary to have a built-in 

limiting process which allows the least sensitive parameters to be 

continually incremented until the true minimum value of Q is 

attained, while restraining the more influential parameters to 

small excursions. The procedure employed to effect the limiting 

is described below. 

As the nonlinear portion of the program is entered, a per

centage change limitation is placed on the individual parameter. 

The necessary partial derivatives are calculated and the augmented 

matrix [A j B] is formed. Values of the solution vector are obtained 



USED DURING LIMITING CYCLES 

LIMITING 
COMPLETED 

QNL 

FERR 14 = 
K4 

39 

ENTRY 
POSITION 

CALL 

QCAL (QNL) 

GO TO ENTRY 

STATEMENT39 

AUG ( I ,  J) = 0 

GO TO 
KMOVTO 
RESET 
BRKS(I) 
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and immediately compared to the maximum allowable values* If 

one or more of the parameters exceed maximum limits, the most 

severe violator is identified and set equal to the limit pre

viously defined* Assuming the i-th parameter has been selected 

for limiting, the incremental change to be assigned to the i-th 

parameter for this particular step becomes equal to the defined 

limit for the i-th parameter* This value is then back-substituted 

into the original augmented matrix to obtain a reduced matrix to 

represent a system which now contains only (k-1) parameters. 

Since the i-th element of the x-vector has been selected for 

limiting, the i-th column and row are the column and row which 

are removed from the original matrix to form the reduced matrix. 

The reduced matrix is once again solved by calling sub

routine GAUSS which returns a second solution vector where the 

first (k-1) positions contain the increments for the (k-1) vari

ables which have not been limited. Once again the magnitude of the 

increments is checked against their respective limits to determine 

if further limiting is necessary. If any are found to exceed the 

allowable limits, the process is repeated to yield an augmented 

matrix which is solved for the (k-2) incremental movements cor

responding to the (k-2) unlimited variables. 

The process terminates when either a solution vector is 

obtained which is within allowable limits or when the limiting 

process has been executed (k-1) times. Upon completion of the 



limiting process, a final correction vector is formed and added to 

the base values of the parameters. A comparison routine checks 

the progress in the reduction of the objective function to deter

mine whether further calculations in the nonlinear section are 

needed• 

The process of limiting a parameter (if necessary) greatly 

accelerates the rate of convergence to a minimum of the objective 

function. This procedure appears to be unique in the current field 

of nonlinear estimation procedures. 

The FORTRAN program which implements the aforementioned 

limiting procedure is outlined in Figure 3, and is described 

below. 

Upon entry from the steepest ascent portion of the program, 

a limit is placed upon the correction vectors for the individual 

X(I)'s. These limiting values are termed DXMX(I), or allowed 

magnitudes of the delta displacements of each X(l). The DXMX(I)'s 

are formed based upon the sign history routine originally utilized 

in the steepest ascent section. In the actual utilization of the 

program an upper limit of 10-percent was allowed for any given 

DXMX(l). The augmented matrix AUG(I,J) is then formed and solved 

for DXA(I) in subroutine GAUSS. A check is then made to see if 

any of the increments has exceeded the maximum value. If none of 

the DXA(I)'s has exceeded the maximum value, the program proceeds 

to a point where a comparison is made of the current value of the 
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objective function to the value of the objective function at the 

base point. However, if any of the DXA(I)'s has exceeded its maxi

mum value, a limiting process is applied to hold these corrective 

vector elements at their maximum allowed values. 

The program now proceeds to eliminate these values from the 

augmented matrix, since they are no longer to be treated as vari

ables. This results in a reduction in the size of the augmented 

matrix which is solved in subroutine GAUSS. Vector M(J) is used 

as a reference to tell the program which parameter corrections 

are limited. This vector is initially filled with zeroes. As a 

given parameter is limited, a positive value is substituted into 

the appropriate column of the row vector. Whenever the program 

interrogates M(J) and finds a positive integer present it knows 

that the element occupying this position of the vector has been 

limited. Limited parameters are designated a single secondary 

pass through nonlinear as DXL(I). Since several secondary passes 

may occur, that is, several parameters may require limiting in 

successive passes, it becomes necessary to redefine the DXL(l) vec

tor each secondary pass. The storage is accomplished by utilizing 

the DXP(I) vector. Once the secondary passes through nonlinear 

have been accomplished, the DXA(I) vectors are extracted from the 

stored DXP(I) matrix. These values are then added to the base 

parameter values, subroutine QCAL called and a comparison of the 
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new value of the objective function is made with the previous value. 

This completes a primary pass through the nonlinear section. 

Whenever the objective function Q fails to improve by a 

preset percentage EPSI, the current values of- the parameters are 

accepted and the search is terminated. 

Since some of the rate equations considered are implicit in 

rate, it may be necessary to employ a root location technique in con

junction with subroutine FCT2. A new subroutine called R00T1 is 

employed for this operation, which makes subroutine FCT2 subordinate 

to R00T1, The well-known Newton-Raphson method of root location 

is employed for this task. Stability is enhanced by limiting changes 

to 25 percent per pass. 

The program is concluded with a section which takes the 

final values of the parameters Xj and calculates a rate based upon 

these values. Comparison of the calculated and observed rates is 

then made, and the percent error for each individual point is 

printed out. 

The program was written in FORTRAN II. A few minor modi

fications were necessary to transfer from the IBM 7072 computer 

to the CDC 6400 computer on which the majority of the work was 

performed. When the CDC 6400 was used an average execution time of 

15 seconds was necessary. 



III. REVIEW AND ANALYSIS OF SELECTED REACTION SYSTEMS 

Three catalytic systems which claim to represent a kinetic 

mechanism change have been reported in the chemical engineering 

literature. The three systems are: dehydrogenation of sec-butyl 

alcohol to methyl-ethyl-ketone and hydrogen over a brass catalyst; 

oxidation of sulfur dioxide to sulfur trioxide over a vanadium 

pentoxide catalyst; dehyrogenation of iso-propyl alcohol to acetone 

and hydrogen over a zinc oxide catalyst. 

Due to the complexity of the experimental rate data, kinetic 

models which utilize several steps or more than one type of active 

site are needed to correlate the data. However, agreement between 

the postulated models and the experimental data is still not 

satisfactory. 

The object of this phase of the research was to critically 

re-examine the aforementioned systems in an attempt to obtain 

models which satisfactorily explain the behavior of the particu

lar systems. 

Sec-Butyl Alcohol Dehydrogenation 

In 1960, Thaller and Thodos (38) presented the results of 

their study of the dehydrogenation of sec-butyl alcohol over a 

brass catalyst (65% Cu, 35% Zn) in the temperature range 550-700°F. 

25 



The system pressures employed were 0.22 to 14.6 atmospheres. As a 

result of the study, it was concluded that a mechanism shift occurred 

at 600°F. It was postulated that a dual-site surface reaction 

mechanism was rate controlling until the temperature reached 600°F, 

at which point the desorption of one of the products became rate 

controllings However, for the model utilized, at 550 and 575°F, 

thermodynamic inconsistencies arose in that the adsorption constant 

for the alcohol increased with temperature. In addition to the 

thermodynamic problem encountered, it was not possible to fit the 

horizontal portions of the rate curves shown in Figure 4 with 

either model and at the same time fit the curved portions of the 

rate curves. Thaller and Thodos left the problem unresolved in 

their paper and made a brief statement to the effect that the change 

in the number of active sites with temperature could possibly ex

plain the data. 

Bischoff and Froment (6) derived a set of initial rate 

equations which considered both surface reaction and desorption 

of the hydrogen to be rate controlling. Their equations were based 

upon the well known Hougen-Watson approach (19) in which the res

triction of a single step being rate controlling was removed. Due 

to the nonlinearity of their equations, Bischoff and Froment were 

unable to obtain exact numerical values for the parameters in their 

equations* However, by incremental variation of their parameters, 
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Figure 4. Initial rate of reaction versus pressure for dehydro-
genation of sec-butyl alcohol over brass catalyst, 
(Thaller and Thodos, reference 38) 
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a series of curves were obtained which showed the relationship 

between the specific reaction rate constants for the surface reaction 

and desorption steps. Still, the horizontal portions of rate versus 

system pressure curves were not attainable with the equations in 

their final form. 

Shah and Davidson (37) employed the equations of Bischoff 

and Froment in a nonlinear analysis of the reaction system using 

an IBM 1620 computer, and obtained values for the specific reaction 

rate constants for the surface reaction and desorption steps along 

with values for the adsorption coefficient of sec-butyl alcohol. 
i 

The data at 575 and 600°F were fitted in such a manner as to have 

a mean deviation of 6.21 percent, but the resultant parameters gave 

rise to a negative activation energy for the desorption step and 

a negative adsorption enthalpy. 

In 1967, Kolboe (21) analyzed the system by removing the 

restriction that a single type of active site existed on the 

catalyst particles. He assumed that two types of active centers 

existed. This assumption was based on the flash desorption work 

of Amenomiya and Cvetanovic (1,2,3). Kolboe postulated surface 

reaction models and a rate equation based upon the summation of two 

terms as 

klalPA . k2a2>>A 
r - + (15) 

(1 + a1PA)n (1 + a2pA)n 



where the temperature dependence of a^ and k^ are given by 

29 

k± - exp (tc.. - E^./RT) (16) 

ai - exp (v^ + AH^/RT) (17) 

The exponent, n, is the number of type-i active sites involved in 

the kinetic mechanism. The values of n examined were 2, 3, and 

4. For n equal to 2 or 3, plausible mechanisms can be written. 

However, for the case of n equal 4, no plausible mechanism can be 

postulated. Kolboe presented parametric values for k̂ , E^, and 

AH^ as a function of n. Utilization of Kolboe's constants revealed 

that gross deviations resulted between calculated rates and the 

experimental rate values. Therefore, Kolboe's constants were re

calculated and the "new" values are presented along with the 

original values in Table I. 

Much of the difficulty encountered by Kolboe in obtaining 

values for the constants can probably be attributed to character

istics of the method of cyclic parameter variation. A discussion 

of this method and its shortcomings has been presented by Kittrell, 

Mezaki, and Watson (20) and by Lapidus and Peterson (24). 

By statistical and physical analysis, Kolboe eliminated 

n - 2 or 4, and chose n • 3 as the most satisfactory case. The 



table i 

Constants For Use In Kolboe*s Equations 

Kolboe's Constants 

n K1 E1 a k 2 e2 ah2 

2 38.995 43,209 0.883 1,645 24,201 25,193 -9.450 9,570 
3 28.809 30,627 -8.504 10,541 24.743 25,214 -10.606 9,870 
4 27.869 29,047 -10.257 11,981 25.014 25,304 -11.201 10,042 

Recalculated Constants 

2 22.170 28,660 -7.596 10,210 20.000 25,660 -9.756 9,671 
3 22.170 27,950 -8.640 10,540 20.301 25,270 -10.690 9,880 
4 22.170 27,560 -10.370 11,950 20.610 25,210 -11.240 10,000 

(Units for E and AH are cal./tnole; k and y are pure numbers) 



31 

reason for the elimination of n » 2 was that it was connected with 

the strongest adsorption. This is true if the original values of 

the constants are utilized, but not the case when the recalculated 

values are employed» 

Kolboe presented further evidence for his case by comparing 

the work of Ford and Perlmutter (15) on sec-butyl alcohol dehydro-

genation to his model of the work of Thaller and Thodos. Ford and 

Perlmutter employed a stirred tank reactor whose brass walls served 

as the catalyst. They found that at 542°F and 842°F a single site 

surface reaction model correlated their data, while at 662°F and 

752°F a model based upon adsorption of alcohol as rate controlling 

correlated their data. Kolboe presented a plot of rate versus 

temperature at constant pressure and showed that the contribution 

from the two terms in Equation 15 would oscillate in their relative 

importance. If the recalculated values of the parameters are 

utilized, the rate of contribution from a single site becomes a 

monotonic function of temperature as shown in Figure 5. A valid 

comparison of the two works could not be made, since the physical 

form of the catalyst is undoubtedly different. 

On the favorable side, it must be said that Kolboe's work 

is fundamentally a step forward. Nonetheless, it cannot explain 

the horizontal portions of the rate versus total pressure curves. 

As will be seen in the section on iso-propyl alcohol dehydrogenation, 

it is obvious that Kolboe's treatment of the sec-butyl alcohol system 

was influenced by his work on a different system and catalyst (22). 
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At this point, it was felt that a fresh approach to the 

analysis of the sec-butyl alcohol dehydrogenation system was 

necessary* The first approach employed was to utilize the con

secutive rate approach of Freeh, Crane, and Syverson (16). In 

this method, transport processes are considered to be written in 

the form: 

r - AC / R^ (18) 

where C represents concentrations or partial pressures and is 

the resistance of the i-th step. Furthermore, surface phenomena 

are considered to follow the following equation: 

"AV CC° 
'i " — — 

where a, b, and c are arbitrary exponents, A, B, and C refer to 

chemical components, and where the reverse reactions are consi

dered to be important. 

For a given reaction, equations are written for all 

possible steps, and a final implicit rate equation is obtained 

in which exponents and parameters must be estimated by nonlinear 

techniques. The form of the rate equation employed for the sec-

butyl alcohol system was: 



34 

r - X, 
X4 - X3r 

L 1 + Va J 

X 5PA 

'1 + r (X2 - X3)' 

I I + X5PA 
- V (20) 

where X^ is a combination of resistances and p^ is the alcohol par

tial pressure. This equation considers adsorption, surface reaction, 

and desorption, all to be of appreciable importance. The values 

of the X^'s at 600°F are presented below: 

X, - 0.695 
1 

X0 - 0.0202 

X^ " 0,653 

X/ 6.86 

X5 - 0.059 

X6 - 5.15 

The average error per point at 600°F is 6.41 percent, which com

pares favorably with Kolboe's error of 4.02 percent for n - 3. 

However, neither Kolboe's model nor the implicit rate form can 

predict the horizontal portion of the rate versus total pressure 

curves obtained from experimental data. 

In order to obtain a rate model which will exhibit a 

horizontal behavior over a given pressure range, it is necessary 

to postulate a model which changes mathematical form at a critical 

parameter value, in this case, at a critical pressure. The 

following discussion illustrates the derivation of such a model 

along with physical arguments which explain the system behavior. 
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The first step is postulation of a kinetic mechanism which 

describes the system* In the following model, two types of active 

sites are postulated which follow the scheme: 

A + S1 X ASX (21) 

AŜ  + S2 % KS1 + H2S2 (22) 

H2S2 Z H2 + S2 (23> 

KS % K + S. (24) 
1 

where: 

A represents the sec-butyl alcohol 

represents the concentration of type-1 sites 

S2 represents the concentration of type-II sites 

In the region it < irc (where IT represents total system pres

sure) , the following equations are applied: 
( 

rA " ̂ 1̂ " AS1̂  

rs - ks (AS1)(S2) (26) 

Equation. 25 represents the rate at which the adsorption of alcohol 

occurs on type-1 sites, and Eq. 26 represents the rate of surface 

reaction. It is further assumed that the rate of surface reaction 

is pseudo-first order until TTc is reached since an abundance of 

type-11 sites exist. Once it is reached, the sterochemical block-

ing of type-11 sites results in a drop in the number of available 
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type-II sites. Thus, for ir < irc, S2 is a constant value equal to 

S2*i After algebraic rearrangement and the steady-state approxima

tion that r^ - rg - r, the rate equation for the region (ir < irc) 

takes the form 

kALl* 

1 + TT 

(27) 

or rearranging 

r - V 
[1 + x2ir] 

(28) 

where 

X1 " kALl 

X2 " kÂ kSS2* 

For the region ir >_ rrc, the concentration of available 

type-ll sites will drop with increasing pressure according to the 

relationship 

L2 " 
air 

(1 + Sir) 
(29) 

In effect, this is saying that the number of available type-ll sites 
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is equal to the total number of type-II sites, minus a Langmuir 

type adsorption term. This approach is very similar to the approach 

employed by Macarus and Syverson (26) in the kinetic studies of the 

decomposition of n-hexyl acetate. 

The functional relationship of on pressure is now sub

stituted into Eq. 26 and after considerable algebraic manipulation 

the following rate equation is obtained based upon an assumption 

which is to be discussed shortly 

kALl* 
r -

1 + ir 
"41 (t1 u + 

(30) 

or rearranging 

r • XJ* 
[1 + (1 + X3tt) <X4ir)] 

(31) 

where 

x3 * S 

x4 - ykst2 

A critical assumption has been made in the course of this 

development, that is that +• (a/3). This can be defended only by 
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examining Eq. 29 as ir approaches large values* It would be ex

pected that eventually the total number of type-II sites diminishes 

to zero at some pressure, and this can occur only If Lj •* (a/3). 

At what pressure this actually occurs Is left open to conjecture. 

However, without this assumption, the equation for the region 

IT > IT Introduces an additional parameter, namely I^. The fact that 

excellent agreement with the data was obtained without Introducing 

this additional degree of freedom seems justification enough for 

using the assumption. 

If the above assumption Is accepted, Equations 28 and 31 

now define the system. It should be noted that no one given step 

Is postulated to be In equilibrium at any point. 

The data of Thaller and Thodos were analyzed using the 

model just formulated and the correlation of the data Is found In 

Tables II and III, Figure 6 shows the agreement between experi

mental and calculated rates at 600°F. It should also be noted that 

a "fictitous" temperature of 678°F was used by Kolboe for the data 

at 700°F, This is not necessary when the new model is used. 

The agreement between experimental and calculated rated Is 

excellent, in fact far superior to that obtained in any previous 

correlation. It can be seen that the parameters follow a trend 

of increasing with temperature, but it should be noted that the 

typical Arrhenlus temperature dependence cannot be applied as shown 
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Parameter Values for Type I & II Site 
Sec-butyl Alcohol Dehydrogenatlon Over 

Brass Catalyst 

T(°F) X. X0 X, 

550 0.0268 0.442 0.00012 0.0777 

575 0.0430 0.900 0.212 0.730 

600 0.447 10.46 0.416 2,64 

650 4.446 38.70 0.549 5.55 

700 23.80 123.56 0.937 10.23 
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table iii 

Comparison of Models for Sec-butyl Alcohol 
Dehydrogenation System Over Brass Catalyst 

Pressure, Observed Kolboe's Model, Type I & II 
T(°F) Atm. Rate n «= 3 Site Model 

550 1.00 0.0115 0.0133 0.0115 
550 2.00 0.0146 0.0146 0.0146 
550 3.00 0.0161 0.0147 0.0161 
575 1.00 0.0227 0.0229 0.0227 
575 3.00 0.0277 0.0257 0.0280 
575 5.00 0.0255 0.0244 0.0251 
575 7.00 0.0217 0.0218 0.0218 
575 9.60 0.0183 0.0182 0.0184 
600 0.22 0.0295 0.0309 0.0298 
600 1.00 0.0392 0.0392 0.0390 
600 3.00 0.0420 0.0432 0.0414 
600 4.00 0.0416 0.0435 0.0417 
600 5.50 0.0415 0.0423 0.0420 
600 7.00 0.0416 0.0398 0.0426 
600 8.50 0.0376 0.0369 0.0369 
600 10.00 0.0326 0.0340 0.0325 
600 14.60 0.0247 0.0260 0.0238 
650 1.00 0.1120 0.1096 0.1120 
650 7.50 0.1145 0.1140 0.1145 
650 13.00 0.0983 0.0959 0.0983 
700 1.00 0.1948 0.1962 0.1910 
700 2,00 0.1883 0.1921 0.1918 
700 4.00 0.1877 0.1954 0.1922 
700 9.00 0.1967 0.1935 0.1924 
700 12.00 0.1900 0.1807 0.1900 

Standard Deviation(s) • 6.73%* 1.59% 

*A fictitious temperature of 678°F in used in Kolboe's model for 
data at 700°F. If 700°F is used, the standard deviation becomes 
18.5 percent. 
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in Figure 7. However, this is not surprising in light of the com

plex nature of the X^'s; that is, there is coupling between specific 

reaction rate constants and the number of active sites. Volkenstein 

(39) has attempted to correlate the number of active sites with 

system temperature; but the utilization of his theory, coupled with 

the Arrhenius dependence of k^, did not result in any meaningful 

results. 

Throughout the previous discussion a critical pressure, TTc, 

was postulated. An exact physical interpretation of the temperature 

dependence of ir„ is difficult if not impossible. However, it was 

found that ir. could be predicted in such a manner as to agree with c 

the ir necessary to make the experimental data correlate properly c 

with the model postulated. This was accomplished by defining a 

dimensionless temperature, 0, as follows: 

where 

Tg - reference base temperature where irc 0 

Tt » transition temperature for brass. 

The transition temperature for brass of the composition 

utilized by Thaller and Thodos was found in Rhines (34) to be 673°K, 
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which is only slightly higher than the upper temperature limit 

employed in the original work. 

The dimensionless temperature, 0, is bounded in the region 

0 <_ Q <1, and the functional dependence of irc upon 0 is presented 

in Equation 32 

a 02 
*c - 1 (32) 

1 + 3L2® ' + 836 + a^02 

where 

a •» 301.2 a? = 0,439 
1 3 

&2 0 0,336 a^ « 22,6 

This equation was developed from two considerations. First, 

the obvious shape of the temperature-critical pressure curve dictates 

a function which must have a low reduced temperature inflection 

point and also one which becomes asymptotic as the reduced tempera

ture approaches unity. 

The second consideration is based upon electron bonding 

theories of metal alloy catalysts. The formation of surface com

plexes between a catalyst and a chemical molecule has been postu

lated by Bond (7) to be a bonding between the outer electrons of 

the alloy with the molecule. The electron level densities are 

certainly a function of temperature. Thus, ir is postulated to be a c 
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function of temperature. Figure 8 is a plot of w as a function of 

system temperature. Values of ir were obtained by examination of 

the original experimental data. The constants a^ were obtained by 

using the computer program described in Chapter II. 

In conclusion, it can be said that the sec-butyl alcohol 

system has been adequately correlated with a new model and that a 

functional relationship has been developed which defines the transi

tion point for the model. It should be emphasized that the model 

presented herein is only an explanation of the system, not a 

definitive statement to the effect that the system truly behaves as 

proposed by the model. 

Iso-propyl Alcohol Dehydrogenation 

The dehydrogenation of iso-propyl alcohol over a zinc oxide 

catalyst was studied in 1963 by Kolboe (22). The data are not 

published in the literature although reference has been made by 

Kolboe (21) to the system. Kolboe stated that the catalyst was 

prepared by heating zinc carbonate to 350°C in air for 24 hours. 

The reaction was carried out in the range 158-195°C at extremely 

low pressures, usually in the range 0.03-120 torr. Table IV is a 

summary of the available data. 

At the three temperatures utilized, all curves of initial 

rate versus system pressure exhibit the characteristic behavior of 
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table iv 

Kolboe's Data for Iso-propyl Alcohol 
Dehydrogentatlon 

T(°C) Pressure (torr) Rate (nanomoles/sec-m^) 

158 0.229 0.9780 

0.706 0.8660 

1.165 0.9143 

2.235 0.7424 

2.259 0.6890 

4.824 0.6300 

105.900 0.1562 

105.900 0.1381 

178 0.036 4.822 

0.065 4.822 

0.134 6.864 

. 0.346 6.328 

0.371 6.860 

0.624 7.292 

0.771 6.892 

1.076 6.466 

2.153 5.412 

2.153 5.709 
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TABLE IV—Continued 

T(°C) Pressure (torr) Rate (nanomoles/sec-m^) 

3.035 4.996 

3.229 4.555 

3.765 4.047 

6.118 3.685 

7.102 3.331 

10.180 2.952 

• . 
11.880- 2.934 

15.530 2.704 

20.710 2.355 

31.770 1.907 

62.940 1.249 

195 0.271 24.74 

0.371 25.44 

0.682 26.26 

1.118 25.68 

2.118 22.01 

3.035 18.79 

8.824 13.12 

9.882 13.00 



49 

TABLE IV—Continued 

T(°C) Pressure (torr) Rate (nanomo1es/sec-m^) 

11.820 12.92 

14.650 11.56 

20.820 10.87 

117.600 4.92 
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a surface reaction controlled mechanism, either dual- or tri-site 

in nature. Linearized plots of the data exhibit some very peculiar 

points* If a dual-site mechanism is chosen, a plot of system 

pressure versus the square root of the quantity, system pressure 

divided by rate, should exhibit a straight line if this is the 

true mechanism* Figure 9 is a typical plot at 195°C. A break in the 

straight line plot occurs at a pressure of 5.5 torr. However, 

the data in the pressure region above or below this point closely 

follow straight lines. At 158°C, the breakpoint occurs at 1.8 torr, 

and at 178°C two breakpoints occur, those being at 0.35 torr and 

11.0 torr. In addition, an oscillatory condition occurs at very 

low pressure at 178°C. Figure 10 illustrates the behavior at 

178°C and shows the transition to a smooth curve to occur near the 

first breakpoint. 

The sudden breakpoints definitely suggest a combination 

surface reaction model over different types of active sites. However, 

it was not possible to obtain an accurate correlation of the data 

with any combination of sites. An extensive investigation of 

Kolboe's data was not carried out because the data were not avail

able from Professor Kolboe until near the end of the present 

research program. The data have not been published at the time of 

this writing. 

It is interesting to note that these data were obtained by 

Kolboe in 1963, prior to his analysis of the previously mentioned 
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sec-butyl alcohol system. The iso-propyl alcohol system does not 

exhibit the horizontal behavior of the rate versus total pressure 

curve as does the sec-butyl alcohol system* Still, Kolboe appears 

to have been influenced to a great extent by this original work. 

Zt is also of interest to note that in the iso-propyl system the 

catalyst was a ceramic rather than a metal alloy, thus eliminating 

the critical pressure theory discussed in the sec-butyl alcohol 

system. 

In searching the literature it was found that Krylov (23) 

had studied the dehydrogenation of iso-propyl alcohol over a simi

lar zinc oxide catalyst. He found that the influence of product 

was very marked, and that the following rate equation applied 

Wa 

YIPA + Y2PK + Y3 

where 

• rate constant for alcohol decomposition 

Y2 • rate constant for adsorption of ketone 

Yg ™ rate constant for ketone desorption 

PA» PK " Partial pressure of alcohol and ketone. 

The influence of product upon the surface characteristics of the 

catalyst is quite pronounced in many kinetic systems as pointed 

(33) 
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out by Sashihara and Syverson (36), and Macarus and Syverson (26). 

The complexity of analyzing a system in which product desorption 

is coupled into the overall rate equations presents enormous 

problems* As will be seen in the experimental results, the task 

is almost hopeless without the aid of independent adsorption and 

desorption studies* 

In summary, it is obvious that the use of extremely low 

pressures places the iso-propyl alcohol system in a special cate

gory of kinetic studies and that an extensive analysis of the 

system is needed to resolve the unusual behavior of the system. 

Oxidation of Sulfur Dioxide 

The oxidation of sulfur dioxide over a variety of catalysts 

has been the subject of a multitude of kinetic studies over the 

past three decades. In 1966, Mathur and Thodos (28) presented the 

results of their study of sulfur dioxide oxidation over a vanadium 

pentoxide catalyst. They correlated their data at 649 and 701°F 

with a model which was based upon a dual-site mechanism in which 

sulfur dioxide was chemisorbed, followed by reaction with gaseous 

molecular oxygen. At 752°F, the rate controlling step was stated 

to be the desorption of sulfur trioxide. So-called deviations of 

1.72, 13.80, and -0.41% were reported at 649, 701, and 752°F 

respectively. By examining the data it was found that these 
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deviations were obtained by summing individual deviations including 

algebraic sign and then dividing by the total number of data points* 

The inappropriateness of this criterion is obvious. 

Mezaki and Kittrell (29) re-examined the original data and 

attempted to correlate the data at all temperatures with a single 

model based on surface reaction controlling. They found that the 

single model produced an overall deviation of 19%t which is well 

within the limits of the experimental data. A deviation of this 

magnitude is not considered adequate for design purposes. 

Although Mezaki and Kittrell appear to have correlated all 

the data over the entire temperature ranget an obvious error brought 

out in their analysis was overlooked. The model proposed for all 

temperature ranges was 

ait3/2 

r - (34) 
(1 + bfl)2 

This model corresponds to a dual-site mechanism in which the surface 

reaction between chemisorbed sulfur dioxide and molecular oxygen is 

controlling. By taking the second derivative of rate with respect 

to total pressures the inflection points are found to be at ir » 0.172/b, 

and 5.828/b. The trivial case of it equal to infinity is not con

sidered. If the proposed model is to fit, the inflection points must 

lie at pressures which differ in magnitude by a factor of thirty-four. 
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The actual data exhibited inflection points at a spacing of 

approximately 2 and 7 atmospheres. Discussion of the reason for 

the poor correlations obtained regardless of the model employed 

now follows. 

Zn any kinetic study, the elimination of mass transfer 

effects is of utmost importance. Mathur and Thodos stated that 

j-factors based upon Gamson, Thodos and Hougen's work (17) indi

cated that mass transfer effects were negligible. Examination of 

some of the data points indicate that the Reynolds number which is 

to be used in the j-factor correlation could be as small as 25. A 

sample calculation is presented in Appendix A. The correlations 

of Gamson and co-workers is not valid for Re < 60 as was recently 

pointed out by Chambers and Boudart (11). The work of DeAcetis 

and Thodos (13) should be used to calculate the mass transfer co

efficients for very small Reynolds numbers. If the low Reynolds 

number correlations are utilized, mass transfer effects cannot be 

neglected for all data points. Application of the well-known 

reactor design mass transfer tests presented by Levenspiel (25) 

cannot give a definite answer in regard to mass transfer effects 

and were not applied to the'data. 

Mathur and Thodos state that their data are consistent with 

the data of Calderbank (10) in which a similar vanadium pentoxide 

catalyst was employed. The temperature range employed in Calderbank*s 



work was 350-460°C which is the same as Mathur and Thodos. At 

this point the consistency stops. Examination of Calderbank's data 

indicates that a surface reaction mechanism probably is rate con

trolling throughout the entire region* No mechanism change is 

apparent from an examination of the data. Calderbank's study was 

in great depth and he found that the adsorption coefficients for 

sulfur dioxide and oxygen were of the same magnitude throughout the 

temperature range studied although the enthalpy of adsorption was 

four times greater for sulfur dioxide. On this basis alone, it can 

be seen that any model used to correlate the data must include an 

adsorption term for the oxygen. Calderbanl. also found that at 

410°C the Langmuir adsorption isotherms changed slope which is an 

indication that more than one type of active site plays an important 

role in the overall rate equation. 

In summary it can be stated that it is doubtful that a 

mechanism change actually occurred in the work of Mathur and Thodos 

and that the apparent anamolies can be attributed to mass transfer 

effects. Lastly, but possibly most important, Boudart (8) has re

cently pointed out that initial rate studies are of little conse

quence in the oxidation of sulfur dioxide because of the great 

influence of sulfur trioxide on the overall rate of reaction. No 

consideration was given to the influence of product. 
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Summary Remarks 

"Three systems which supposedly exhibit mechanism changes 

have been analyzed. Of the three» only the sec-butyl alcohol system 

appears to exhibit a change in mechanism which may be primarily a 

function of the metallic catalyst behavior. 

In all three systems, the existence of more than one type . 

of active site is probably true. The extent to which these active 

sites influence the overall reaction is still a matter to be re

solved by further experimentation. 

Nonetheless, future development of kinetic rate equations 

must certainly be carried out with care in light of the problems 

encountered in the analysis of present systems. 



IV. EXPERIMENTAL EQUIPMENT AND PROCEDURES 

A microreactor for Che experimental determination of chemical 

reaction rates was designed and constructed which utilized approxi

mately one-gram or less of catalyst. Primary considerations were 

isothermal operation and moderate temperature and pressure capabili

ties. 

Reactor System 

Detailed schematics of the overall reaction apparatus and 

an enlarged view of the reactor are given in Figures 11 and 12. The 

reaction apparatus was designed to accomodate both hydrogenation and 

dehydrogenation reactions. 

Hydrogen was fed from a standard gas cylinder through a 

Deoxo unit in a standard one-quarter inch Type 316 stainless steel 

line. Flow rates were measured by a Model R-2-15-AA Brooks flow

meter which was electronically calibrated at the Rocketdyne Flow 

Test Laboratory, Canoga Park, California. The flowmeter was equipped 

with dual floats of stainless steel and tantalum. Hydrogen flow rates 

of 180 to 1450 cc/min could be attained with this arrangement. 

Immediately after passing through the flowmeter the hydrogen passed 

through a Model 52S4-SS Whitey check valve for safety considera

tions. The; hydrogen was then passed through a 44-inch long preheat 
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section which was immersed in the fluidized sand bath. After pass

ing through the preheat section the hydrogen was mixed with the 

liquid component (vaporized at this point) before passing into the 

main reactor section* If a dehydrogenation reaction was being 

carried out the hydrogen line was capped. 

The second component, either butyraldehyde or sec-butyl 

alcohol, was stored under nitrogen pressure in a three quart capa

city , Type 316 stainless steel tank. Nitrogen pressure was used 

to provide the driving force for the liquid component. 

The liquid component passed through a Model R-2-15-AA 

Brooks flowmeter equipped with dual floats of sapphire and tanta

lum, providing a flow range of 0.4 to 8.0 cc/min. Again, for safety 

purposes, the liquid passed through a Model 52S4-SS Whitey check 

valve immediately after passing out of the flowmeter. The liquid 

then passed through a 44-inch long preheat and vaporization section 

as was the case with hydrogen. Upon leaving the preheat section 

the vapor was mixed with the hydrogen before passing into the main 

reactor section. 

The main reactor section usually consisted of a five-inch 

length in which the catalyst pellets were spaced with specially 

machined Type 316 stainless steel spacers three-quarters inch in 

length with apex tips. These spacers served as intercoolers between 

the catalyst particles so as to maintain isothermal operation of 

the bed. After passing through the catalyst bed the gases passed 



through a Model 66162-BP Stratos back pressure regulator which 

had a pressure sensitivity of one-inch of water. The gas stream 

then left the enclosed reactor area and passed through a condenser 

and a separator* Liquid samples were withdrawn for analysis, and 

the hydrogen gas was vented. 

All flows were carried out in the aforementioned equipment 

in one-quarter inch Type 316 stainless tubing. Swagelok Type 316 

stainless steel fittings were used where necessary. Cold flows 

were regulated using Type 316 stainless steel Whitey needle valves. 

The reactor enclosure consisted of a 23-inch long section 

of 4-1/2-inch O.D. stainless steel pipe. Sixty-mesh sand particles 

were packed into the pipe and fluidized with high pressure air. In 

order to minimize heat losses from the fluidizing air, a 16-foot 

coil of 3/8-inch copper tubing was coiled around the 4-l/2-inch 

pipe. The air was preheated in this coil prior to entry into the 

sand bath. The sand was supported by a stainless steel, 200-mesh 

screen and channeling was reduced to a minimum by passing the air 

through a six-inch packed expansion section of steel wool prior to 

contacting the sand. 

Three heating coils were wrapped around the sand bath as 

heat sources. One "booster" coil was attached to a Variac, the 

other two coils were driven by a Model 50-Radio Frequency Labora

tories proportional temperature controller. The temperature con

troller was coupled to a Model HA-18750-8-RFL thermistor sensor 
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which was placed 5-inches above the air inlet level. At a position 

5-inches above the sensor an iron-constantan thermocouple was butted 

against the catalyst section o£ the reactor tube. Temperature 

control was accomplished by the thermistor since primary air inlet 

temperature oscillations would have the greatest influence on the 

overall sand bath response. During the course of any run a varia

tion of no greater than 0.3°F was observed in the temperature range 

250-500°F. 

The entire sand bath and related equipment was encased in a 

rectangular case of 1/4-inch asbestos insulation lined with aluminum 

foil. The dimensions of the enclosure were 27" x 19" x 14". 

Nitrogen gas lines were connected to both feed systems for 

purging, and for cooling the reactor upon shutdown. 

Analytical Equipment 

The liquid samples withdrawn from the separator were 

analyzed by gas chromatographic methods. A Model-820 Perkin-Elmer 

chromatograph equipped with W2 filaments was employed. The separa

tion was carried out in a 1/4-inch O.D. stainless steel column 

nine feet in length. Dow Corning high vacuum grease (methyl) on 

20%-Chromosorb P-AW-60/80 mesh served as column packing. Helium was 

the carrier gas at 20 psig and a flow rate of 30 cc/min. The 

column was operated at 85°C and the detector cell at 125°C and 225 

milliamps current. Two twelve volt auto batteries were used as the 

D.C. source. 
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If only two components were found to be present additional 

analysis was carried out in a Model 103 Bausch-Lomb refractometer. 

A few samples were subjected to infrared analysis in the chemistry 

department. 

Catalyst 

In the course of both hydrogenation and dehydrogenation 

studies six catalysts were employed. Table V is a summary of cata

lyst properties. 

The nickel hydrogenation catalysts are easily air poisoned 

and were kept under vacuum when not in use. Additional discussion 

concerning the catalysts is presented in the experimental results 

section. 

Chemicals 

The butyraldehyde and sec-butyl alcohol used in this study 

were reagent grade chemicals purchased from Eastman Organic Chemical 

Company. All chemicals were subjected to chromatographic analysis 

prior to use. 

Hydrogen was purchased from the Dyeox Company of Tucson 

as reagent grade. In order to remove trace oxygen and moisture, the 

gas was passed through a Deoxo unit prior to usage. 
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TABLE V 

Catalyst Physical Properties 

Reference No, Physical Description Vendor 

N1-0104T-1/8 

Ni-1404T-l/8 

MO-1201T-1/8 

Stabilized and reduced nickel cata- Harshaw 
lyst. Contains 58% nickel on Chemical 
kieselguhr with a ratio of reduced Company 
nickel to total nickel of 0.60-
0,65, ABD«90i,//cu.ft.; SA=«160 
sq.m/gm. 

Stabilized 70% nickel on a pro- Harshaw 
prietry support. ABD=»75#/cu.ft.; Chemical 
SA=132 sq.m/gm; PV=0.40 cc/gm. Company 

A light gray catalyst containing Harshaw 
10% M0O3 on high activity alumina. Chemical 
ABD=53#/cu.ft.; SA=»160 sq.m/gm.; Company 
PV=0,36 cc/gm. 

Cu-2501G-4-10 

Cu-0203T-l/8 

Platinum 

An alkali promoted 6% copper cata- Harshaw 
lyst present as copper carbonate Chemical 
on silica. ABD=30#/cu,ft.; SA« Company 
4 sq.m/gm.; PV'=0,61 cc/gm, 

A copper chromite catalyst; 80% Harshaw 
CuO, 17% Cr203> ABD»135///cu,ft, Chemical 

Company 

A 0.50% surface coated Pt catalyst Englehard 
on an alumina type support. Industries, 
Spherical in shape. Inc. 



V. EXPERIMENTAL RESULTS 

The goal of the experimental program was to obtain kinetic 

data on a reaction system in which a mechanism change occurred. It 

was not possible to determine a priori what system would satisfy 

the stated requirements. A review of the literature suggested that 

a system in'which butyraldehyde is hydrogenated to n-butyl alcohol 

would be a good candidate. The reason for this choice was a critical 

review of the work of Oldenburg and Rase (31). They had found that 

the hydrogenation of the Cg-, C^-, and C^-aldehydes over a nickel 

catalyst followed a simple rate equation 

kPAld 

<V °-5 
(35) 

Re-examination of their data indicated that large deviations 

existed between the rates calculated using their constants and the 

experimental rates. In fact, a linear plot of rate versus the 

appropriate pressure ratio did not yield a straight line. Several 

Hougen-Watson mechanisms were used to analyze the data, but each 

model failed to properly correlate the data for a variety of rea

sons: large deviations, thermodynamic violations, and violations 

of the temperature dependence of specific reaction rate constants. 
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Since no single-step mechanism could properly explain the data, 

dual-step and mechanistic changing models were thought to be neces

sary. 

Hvdrogenation of Butyraldehyde 

Proper catalyst choice appeared to be the principle problem 

in this reaction. Oldenburg and Rase had used a Harshaw nickel 

catalyst Ni-0101T-l/8-in» This catalyst must be reduced in situ 

at 350°C and 50 lb/sq.in. of hydrogen prior to usage. It was felt 

that substitution of a prereduced nickel catalyst would eliminate 

the construction of a special apparatus for the reduction process. 

Harshaw catalyst Ni-0104T-l/8-in. was selected for 

the initial studies. As a precaution against poisoning during 

heatup of the reactor, a 300 cc/min. hydrogen flow at 20 psig was 

maintained across the catalyst. 

In the initial checkout runs for the new reactor, this 

catalyst gave the desired product, n-butanol, in about a three 

percent yield under the conditions being used for checkout purposes. 

Exact data were not obtained, since the first five runs were merely 

made to check on operational procedures. 

Once the operational procedures had been formulated, the 

gathering of accurate rate data was to have begun. However, the 

catalyst suddenly began catalyzing side reactions. Regardless of 

the procedure employed, the side reactions could not be eliminated. 
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It appeared that the catalyst had air poisoned, and no practical 

way of reducing It was available* Therefore, a new nickel 

catalyst was obtained. 

Harshaw catalyst Ni-1404T-l/8-in. was employed, and this 

catalyst immediately produced side reactions no matter what proce

dure was used to carry out the reaction. 

In an effort to obtain a very effective catalyst, a 0.5-

percent platinum on silica catalyst manufactured by Engelhard 

Industries was utilized. This catalyst also produced side reactions. 

Figure 13 shows the nickel and platinum catalyst particles. 

At this point it was felt that the reactant might have been 

contaminated and that the trace amounts of degradation products in 

the reactant were catalyzing the side reactions. In all cases, the 

side products were compounds having a molecular weight higher than 

n-butanol, although their exact structure was not identified. The 

butyraldehyde was subjected to chromatographic, infrared, and re

fractive index analyses and no change could be detected between 

the original butyraldehyde employed and the recently analyzed 

reactant. 

Since the accomplishment of the original goal was not 

feasible, the work on butyraldehyde was terminated at this point. 



Figure 13. Photograph of nickel and platinum catalysts. 
(A): N1-0101T-1/8 catalyst; (B): Spherical 
0.5% platinum catalyst. (Scale AB » 1 inch) 

Figure 14. Photograph of molybdena (Mo-120lT-l/8) catalyst, 
(A): After a series of runs; (B): Prior to 
usage. (Scale AB » 1 inch) 
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Dehvdrogenation of Sec-butyl Alcohol 

It was believed that the examination of sec-butyl alcohol 

dehydrogenatlon over a catalyst other than brass would yield the 

desired kinetic data. In addition, the temperature range In which 

brass Is an effective catalyst could not be attained In the avail

able equipment. 

Harshaw molybdena catalyst Mo-1201T-l/8-ln. was selected 

as the Initial catalyst for this phase of the work. It was found 

that the desired product, methyl-ethyl-ketone was obtained, but a 

lower molecular weight side product was also formed. The side 

product could not be Identified with the analytical means available 

in this work* The catalyst appeared to undergo degradation of an 

undetermined nature. Figure 14 shows the catalyst before and 

after use. The light gray M0O3 has darkened considerably and very 

faint traces of a ruddy-brown compound have appeared. Further work 

with the molybdena catalyst appeared to have no merit and this 

catalyst was not used in any further tests. 

A special Harshaw copper catalyst, Cu-2501G-4-10, which is 

primarily designed for the dehydrogenation of alcohols was chosen 

for the next series of tests. This catalyst contains a thin surface 

layer of six percent copper carbonate mounted on a silica support. 

The catalyst is shown in Figure 15 before and after a run. The 

catalyst is reduced during the course of a reaction to the black 



Figure 15. Photograph of alkali promoted copper catalyst, 
(A): Prior to usage; (B); After a series of 
runs. (Scale AB - 1 inch) 
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cupric oxide, and minute specks of white silica are visible in the 

areas where the catalyst was initially very thinly coated. The 

appearance of reddish cuprous oxide is an indication of catalyst 

deactivation. No such color was observed in any run. 

This catalyst yielded the desired reaction product with no 

side reactions. Table VI is a summary of the experimental data 

obtained. Since conversion was always 3.1 percent or less, the 

standard initial rate equation, rQ - Ax/A(W/F), was used to calcu

late initial rates. 

Although the catalyst is of a thinly surface coated nature, 

a check was made to determine the effectiveness factor r) as outlined 

by Aris (4). In using the common £ versus n charts, the character

istic length in the modulus has been shown to be the ratio of 

particle volume to exterior surface area, thus irregular particles 

present no particular problem (if surface area can be estimated). 

Aris suggests the use of the following equation 

s bl/2 
n - — (36) 

kVpa 

1 

where 

Sx - external surface area of the particle 

D - diffusion coefficient 

k - reaction rate constant 



a • active catalyst surface/unit volume 

Vp • particle volume 

Using the data supplied by the Harshaw Company, and by estimating 

the other properties an effectiveness factor of 0.93 was obtained. 

This verified the assumption of negligible pore diffusion. 

Since a mixture of 4- to 10-mesh granules were used, a 

Reynolds number based upon the smallest granule was used to check 

mass transfer effects. The lowest Reynolds number attainable was 

450, thus allowing the use of the j-factor correlations of Gamson, 

Thodos and Hougen (17). Allowing for an error of + 20-percent in 

the estimation of physical properties still resulted in a negligible 

mass transfer effect. 

Catalyst activity was checked by returning at the end of a 

series of runs to the original run and computing the difference in 

rate obtained at the later period. It was found that catalyst 

activity did not decline during the course of any series of runs. 

The experimental data taken at 462 and 482°F is shown in 

Figure 16. The initial rate versus total pressure data appear to 

exhibit a behavior typical of surface reaction controlled models, 

either dual- or tri-site in nature. A general equation of the 

form 

r - A * (37) 
(1 + Bir)n 
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TABLE VI 

Experimental Data for Sec-butyl Alcohol 
Dehydrogenatlon Over an Alkali Promoted 

Copper Catalyst 

Run No. T(°F) 
Pressure, 
lbs./in2 

Feed rate, 
Lb-moles/hr. 

Rate, 
Lb-mole/hr-
lb. catalyst 

1 462 24.7 0.00345 0.0981 
2 462 35.7 0.00352 0.0612 
3 462 50.2 0.00345 0.0518 
4 462 60.2 0.00345 0.0463 
5 462 16.7. 0.00345 0.0654 
6 462 25.7 0.00361 0.0941 
7 482 25.7 0.00345 0.1681 
8 482 45.7 0.00352 0.1281 
9 482 34.2 0.00352 0.1557 
10 482 20.7 0.00352 0.1613 
11 482 14.7 0.00345 0.1081 
12 482 24.7 0.00352 0.1016 

Feed: 100% sec-butyl alcohol 

Catalystt' 0.30-grams Cu-2501G-4-10 granules 
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was initially utilized in attempting to correlate the data. The 

exponent, n, would be two for dual-site and three for tri-site. It 

was not possible to adequately correlate the data at either tem

perature with the basic Hougen-Watson mechanism regardless of the 

value of n employed. Table Vll is a summary of the data for various 

values of n including the case where the computer was allowed to 

arbitrarily choose n. The case where n was left variable centers 

the maximum of the curve more adequately than the other two cases. 

However, each case has an average error in the 20-30 percent range, 

so that a selection of the "best" model is arbitrary. 

Re-examination of Figure 16 illustrates an important point 

with regard to the inflection points. The two inflection points 

must occur in such a way as to be approximately a factor of six to 

eight apart on the pressure scale. For n *» 2, the inflection points 

are apart by an infinite factor since only inflections at pressures 

of 2/B and infinity are possible. In addition, the maximum in the 

curve must occur at 1/B, thereby eliminating the possibility of a 

low pressure inflection point prior to a maximum in the curve. For 

n - 3, the inflection points should occur near 0.13/S, 2.5B, and 

infinity. The maximum occurs at 0.5B, thus admitting the possi

bility of a low pressure inflection point prior to a maximum. How

ever, the two inflection points are apart by a factor of twenty. 

Table VIII is a brief summary of the properties of Equation 37. 



78 

TABLE VII 

Correlation of Experimental Data With 
Basic Hougen-Watson Mechanisms 

(X - 462°F) 

Pressure (lb/in2) Rate Observed Rate Calculated 

n - 2 

A - 0.0266; B - 0.0736 

16.7 0.0654 0.0893 
24.7 0,0981 0.0826 
24.7 0.1016 0.0826 
25.7 0.0941 0.0816 
35.7 0.0612 0.0720 
50.2 0.0518 0.0605 
60.2 0.0463 0.0542 

n =» 3 

A - 0.0172; B •=• 0.0288 

16.7 0.0654 0.0883 
24.7 0.0981 0.0844 
24.7 0.1016 0.0844 
25.7 0.0941 0.0835 
35.7 0.0612 0.0732 
50.2 0.0518 0.0536 
60.2 0.0463 0.0502 

n - 3.89 

A - 0.00948 ; B - 0.0132 

16.7 0.0654 0.0729 
24.7 0.0981 0.0778 
24.7 0.1016 0.0778 
25.7 0.0941 0.0779 
35.7 0.0612 0.0749 
50.2 0.0518 0.0655 
60.2 0.0463 0.0584 



TABLE VIII 

79 

Critical Points for Rival 
Hougen-Watson Mechanisms 

r - As— 
(1 + Bff) 

Pressure At Which 

~ dr/dir ° 0 d2r/dir2 » 0 

1 00 00 

2 1/B, « 2/B, » 

3 1/2B, ~ 0.13l/B,2.535/B, » 

Since none of the basic Hougen-Watson mechanisms fit, the 

initial objective of the experimental program was satisfied. That 

is, implicit, multi-step, or consecutive rate models must be utilized 

to correlate the data. 

Upon further examination of the rate curves, it can be seen 

that the rate is very close to being a linear function of pressure 

until a pressure of approximately 25 lbs/sq.in. is reached. If the 

possibility of a very low pressure inflection point is eliminated 

the rate equation for low pressures is 

r • Dtt (38) 
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As intermediate and high pressures are attained the rate 

curve begins to gradually drop and appears to approach a non-zero 

asymptotic value of rate* In order to understand this complex 

behavior pattern, Krylov1s (23) model for alcohol dehydrogenation 

is again presented: 

Y1Y2PA 
A (39) 

YiPA + Y2Pk + Y3 

where the symbols correspond to those previously mentioned in Eq. 

33. 

It appears that a method of accurately determining the 

partial pressure of the ketone over individual catalyst particles 

is a necessity if Krylov's equation is to be utilized over the 

entire range of variables studied. This was not possible in the 

present study. The true effect of the product in relationship to 

its "poisoning" of the active sites is impossible to ascertain. 

The work of Sashihara and Syverson (36) on n-hexyl acetate decomposi

tion certainly indicates that Krylov's approach is very plausible. 

The initial rate approach appears to be unable to explain the data 

at hand. 

In order to circumvent the problem, a transition pressure, 

irt, is postulated. The definition of irt is that pressure at which 

point the bulk phase pressure of the reactant becomes sufficiently 
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high as to overcome the resistance to adsorption of the reactant. 

In the region ir < irt, the rate equation is: 

r - Dw (AO) 

This equation is the familiar Hougen-Watson equation for 

adsorption of reactant as rate controlling* For * > ir£, the rate 

equation becomes: 

r - Ba (41) 
(1 + Cir)2 

which is the Hougen-Watson equation for a dual-site surface reaction 

as rate controlling. The justification of dual-site over either 

single or tri-site is made based upon Krylov's extensive study of 

the dehydrogenation of alcohols over alkali promoted oxide cata

lysts (23)* The actual adsorption is pictured to occur as 

CH, 
I 

c2h5—^ °irH 
: : 

Cu — 0 Cu 

This corresponds to a homolytic rupture of the C - H bond at the 

o-carbon atom, the formation of the C - 0 bond, and the adsorption 

of the hydrogen atom on one of the neighboring metal atoms* The 

path which is followed' from this point is still in doubt* 
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The location of irt is not well defined. Examination of 

Figure 16 illustrates that irt is in the vicinity of 20-25 lbs/sq.in. 

A physical argument for irt cannot be presented at this time. Table 

IX is a summary of the experimental data and a comparison of the 

rates calculated using the constants obtained from Equations 40 and 

41. 

No attempt was made to use an Arrhenius correlation for the 

three parameters B, C, and D for two reasons. First, the relation

ship between specific reaction rate constants and adsorption 

phenomena is not clearly defined. Second, the Arrhenius correla

tion is not strictly valid unless at least three temperatures are 

investigated. It is clear from the data at two temperatures that 

the system is extremely complex. The obtaining of data at addi

tional temperatures is necessary to define clearly the relative 

importance and temperature behavior of the two reaction steps postu

lated. 

Exploratory tests using Harshaw copper-chromite catalyst 

Cu-0203.T-l/8-in. were fruitless. Regardless of system temperature 

or pressure employed, no dehydrogenation was observed. 
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TABLE IX 

Rate Parameters and Correlation 
o£ Experimental Data 

Pressure, Rate Observed 
C(°F) Lbs/in^ (lb-moles/hr-lb catalyst) 

462 16.7 0.0654 
24.7 0.0981 
24.7 0.1016 
25.7 0.0941 
35.7 0.0612-
50.2 0.0518 
60.2 0.0463 

482 14.7 0.1081 
20.7 0.1613 
25.7 0.1681 
34.2 0.1557 
45.7 0.1281 

Rate Calculated 
(lb-moles/hr-lb catalyst) 

, 0.0654 
0.0979 
0.0979 
0.0943 
0.0692 
0.0499 
0.0419 
0.1124 
0.1583 
0.1698 
0.1516 
0.1306 

Standard Deviation *• 6.3% 

T(°F) B_ 

462 3.024 1.077 
482 0.0602 0.0785 

0.00392 
0.00764 



VI. CONCLUSIONS AND RECOMMENDATIONS 

A digital computer program which is composed of both the 

steepest ascent and nonlinear estimation procedures has been 

developed. The program is unique in its methods for providing 

rapid convergence of the parameters to values which minimize the 

squared-error objective function. 

The steepest ascent method contains a method of limiting 

parameter displacements by means of a sign history routine. The 

nonlinear method, which carries the process to completion once the 

steepest ascent method has slowed down* is unique in its method of 

limiting search parameters such that "overshooting" of the true 

minimum objective function is virtually eliminated. 

The development of the aforementioned computer program 

has made the development and analysis of nonlinear implicit rate 

equations a relatively simple and economic procedure. 

Several chemical kinetic systems in the recent chemical 

engineering literature have been re-analyzed. New mechanisms were 

postulated where theoretical considerations dictated a new approach. 

Agreement between observed rate data and rate data obtained by 

utilizing the new models was excellent. 

In certain cases, mass transfer effects were postulated to 

be interfering with the true catalytic kinetics. Examination of the 

84 
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rate curves for these cases was carried out from a mathematical 

approach. Fundamental arguments of calculus were applied in an 

effort to show why the postulated rate mechanisms were mathematically 

impossible. 

A microreactor was designed and constructed for the obtain

ing of differential rate data. The hydrogenation of butyraldehyde 

was selected as the original system for study, since it appeared to 

exhibit peculiar behavior. Experimental problems with respect to 

catalysts rendered this system undesirable. The dehydrogenation 

of sec-butyl alcohol over an alkali promoted copper catalyst 

yielded rate data which indicated a mechanism change and that the 

transition point was a function of system pressure and temperature. 

The data were correlated by postulating a mechanism change with 

pressure. At low pressures, the adsorption of reactant was assumed 

rate controlling; at high pressure, a dual-site surface reaction 

appeared to be rate controlling. 

It was not possible to place a definitive physical signifi

cance upon the transition temperature. The best explanation that 

can be suggested is that high bulk-phase reactant pressures overcome 

adsorption resistances, thus placing the system in a surface reaction 

controlled region. 

Of the four systems studied, only two are to be recommended 

for further work: the dehydrogenation of sec-butyl alcohol over a 

brass or over alkali promoted catalyst. 
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The oxidation of sulfur dioxide poses many problems which 

render this system undesirable. Sulfur trioxide so greatly in

fluences the true surface kinetics that a detailed study would re

quire the meshing of many individual studies. In addition, proper 

elimination of mass transfer effects may hinder the correlation of 

the data by a single-mechanism model. 

Iso-propyl alcohol dehydrogenation over zinc oxide seems 

to be exceedingly complex, and a low pressure study in the torr 

range presents many experimental difficulties. 

The dehydrogenation of sec-butyl alcohol over brass presents 

the greatest opportunity for an extensive study. Several steps are 

now outlined which could lead to the explanation of complex kinetic 

systems. 

1 Obtaining of data at temperatures above 700°F 
and below 550°F with the same composition brass 
as used in the work of Thaller and Thodos (38). 

2 Utilization of brass catalysts in the same tem
perature range as the original work, but of higher 
zinc composition. 

3 Flash desorption studies on the individual cata
lysts to determine the distribution of behavior 
of the active sites present. 

Step 1 should be used to fill in the data below the tempera

ture at which ir was postulated to approach zero. Admittedly, the 

conversion of reactant will be very small, but with the current 

analytic tools, no trouble should bet encountered in obtaining accurate 

rate data. By passing through the transition temperature for the 
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(65-35) brass, the experimenter should find a drastic change In 

rate behavior. In what form this change would occur is open to 

speculation. 

As the level of zinc present is raised the phase diagram 

at constant temperature passes through several regions in which 

solid alloy is still present, but of different crystal structure. 

Thus, step 2 would result in an interpretation of the effect of 

crystal structure upon the kinetic behavior of the system. 

Step 3 is somewhat self-explanatory and should yield data 

which will help the researcher in the postulation of a mechanism. 

The sec-butyl alcohol dehydrogenatlon on a copper alkali 

catalyst certainly offers the researcher the opportunity to ob

serve a system in which unique kinetic behavior occurs. However, 

the system appears to exhibit rate curves which cannot be described 

by a "smooth" rate function. Before an extension study of the cur

rent work is formulated, a comprehensive study should be made of 

the available data. The investigation of the low pressure range, 

tr < irt, should be undertaken in order to define more clearly the 

position of the maximum rate and the low pressure behavior. 



APPENDIX A 

IMPORTANCE OF SO-j DIFFUSION STEP IN S02 OXIDATION KINETICS 
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A typical j-factor calculation is presented for the data of 

Mathur and Thodos (28) for the oxidation of sulfur dioxide* 

The equation for calculating the j-factor is that of Gamson, 

Thodos, and Uougen (17): 

jd - 8 mPf (Sc)2/3 - 1.82 (Re)"0,51 (Al) 

The Reynolds number is defined using a diameter, dp, which 

is the characteristic diameter of an average catalyst particle. 

d G 
Re - p (A2) 

The data point selected for investigation was at 752°F, 

System parameters were: 

ir • 1.68 atmospheres 

mso2 
1.29 lb-moles/hr-ft^ 

mft » 1,31 lb-moles/hr-ft2 
°2 

x • 5.16% conversion to SO^ 

rQ » 0,0459 lb-moles S02/hr-lb-catalyst 

By considering the mixture to be very near equimolar in 

sulfur dioxide and oxygen, a system viscosity of 0,032 centipoise 

was obtained. The vanadium pentoxide. catalyst particles were 
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3/16-in. diameter. The mass velocity, G, was 125.3 lbs./hr-ft^, 

based upon the previously stated system parameters. The resultant 

Reynolds number is 25.1. 

Since sulfur trioxide, SO^, is diffusing from the catalyst 

surface into the gas stream a multicomponent diffusion coefficient 

is estimated from the equation 

D A - ^3 (A3) 
SO3-O2-SO2 /y /D ) + (y /D ) 

ty02/US03-02; ^S02 SO3-SO2 

The binary diffusion coefficients are calculated from the equation 

D4_ - 0.0043 J 11 1 \ 0,5 (A4) 
48 Pt(VA0-" + Vb0-33)2 t ^ 

where D • diffusivity of A in B, cm^/sec 
AB 

T • temperature, °K 

M ,M • molecular weight of A and B 
A B 

Pt - total pressure, atmospheres 

V^,Vg • molecular volume of A and B 

The mole fraction of sulfur trioxide, ygo-j* *s based upon the 5.16% 

conversion stated in the article by Mathur and Thodos. The resultant 

terinary diffusion coefficient is 0.74 ft^/hr. 
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The rate of reaction per unit mass of catalyst can be written 

r • k a(p4 - p ) (A5) o g i g 

The quantity, a, is the external area of the catalyst per unit mass. 

Substitution of Eq. A5 into Eq. A1 results in the expression 

p - p - ^mPfro (Sc)^*667 
s 1.82a G (Re)"0*51 

where 

M • mean molecular weight m 

» film pressure 

G - superficial mass velocity 

The film pressure can be set equal to the total pressure since 

small conversion is attained. After substitution of all quantities 

in Eq, A6, the pressure difference, p^ - Pg, is 0.0398 atmospheres. 

The bulk phase pressure of SOg, p , can be computed from the con-
g 

version data. A value of 0.0510 atmospheres is obtained for p . 
O 

The interfacial pressure, p^, would then be 0.0908 atmospheres, 

which is appreciably different than the value obtained from the bulk 

phase pressure composition measurement. 

As pointed out in Chapter III, the correlation utilized here 

is not strictly applicable for Re < 60. The point to be made is that 

utilization of the incorrect correlation still demonstrates the 

appreciable effect of mass transfer. 
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