
 

 

  
Abstract—In the present study, a procedure was developed to 

determine the optimum reaction rate constants in generalized 
Arrhenius form and optimized through the Nelder-Mead method. For 
this purpose, a comprehensive mathematical model of a fixed bed 
reactor for dehydrogenation of heavy paraffins over Pt–Sn/Al2O3 
catalyst was developed. Utilizing appropriate kinetic rate expressions 
for the main dehydrogenation reaction as well as side reactions and 
catalyst deactivation, a detailed model for the radial flow reactor was 
obtained. The reactor model composed of a set of partial differential 
equations (PDE), ordinary differential equations (ODE) as well as 
algebraic equations all of which were solved numerically to 
determine variations in components’ concentrations in term of mole 
percents as a function of time and reactor radius. It was demonstrated 
that most significant variations observed at the entrance of the bed 
and the initial olefin production obtained was rather high. The 
aforementioned method utilized a direct-search optimization 
algorithm along with the numerical solution of the governing 
differential equations. The usefulness and validity of the method was 
demonstrated by comparing the predicted values of the kinetic 
constants using the proposed method with a series of experimental 
values reported in the literature for different systems. 
 

Keywords—Dehydrogenation, Pt-Sn/Al2O3 Catalyst, Modeling, 
Nelder-Mead, Optimization 

I. INTRODUCTION 
HE dehydrogenation of paraffins is an important reaction 
in the synthesis of monomers for synthetic rubber and 
other products. During the World War II, catalytic 

dehydrogenation of butanes over a chromia-alumina catalyst 
was practiced for butanes production, which were then 
dimerized to octane and hydrogenated to yield high-octane 
aviation fuel. Platinum catalysts usually supported on 
aluminum oxide [1-3] exhibited a high efficiency in the 
dehydrogenation of paraffins to olefins. Promoters improved 
the activity, selectivity, and stability of platinum-alumina 
catalysts. The most frequent side reaction led to catalyst 
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deactivation was the formation of coke. The preliminary 
sulfiding of catalysts is used to reduce coke formation [4, 5]. 
Sulfiding somewhat decreased the catalyst activity but 
significantly increased their stability [6-8]. Selective 
dehydrogenation of higher paraffins (C10-C14) to the 
corresponding mono olefins on the promoted Pt/Alumina 
catalyst is an industrially important process and a key step in 
the manufacture of bio-degradable detergents. The reaction 
was carried out in a radial flow fixed bed reactor at high 
temperatures (723-773 K) and low pressures (200-300 kPa), 
with hydrogen as diluent. Small amounts of di-olefins and 
aromatics were formed by subsequent secondary 
dehydrogenation reactions. All these products led to the 
formation of light paraffins by cracking. Studies on kinetics 
usually help to develop the reaction mechanism, hence 
establish reaction network of a process.  Therefore, it is a 
necessary tool for simulation and design of commercial 
reactors. The kinetics studies also help to evaluate catalyst 
efficiency and attempted improvements thereof [9]. The main 
reaction in catalytic dehydrogenation is the formation of 
mono-olefins from the corresponding feed paraffin. Other 
reactions include consecutive and side reactions. The reaction 
pathways involved in heavy paraffin dehydrogenation (e.g.; 
detergent-range C10-C14 n-paraffins) were more complicated 
than those in light paraffin dehydrogenation (e.g., propane and 
isobutane). The main difference in reaction pathways was that 
a significant amount of cyclic compounds might have been 
formed via dehydrocyclization from heavy paraffins which 
was not the case for light paraffins. The consecutive reactions 
as well as; the dehydrogenation of mono-olefins to diolefins 
and triolefins, were catalyzed on the same active sites as the 
dehydrogenation of paraffins to mono-olefins. The 
consecutive reactions formed triolefins, aromatics, dimers, and 
polymers must have been suppressed kinetically or by catalyst 
modifications [10,11]. The heart of a Paraffin 
dehydrogenation plant is its reactor. Several routes have been 
utilized for the production of linear alkylbenzene [11]. 
Databases providing measurements of reaction rate parameters 
for various reactions are available in the literature. These gave 
data in terms of the logarithm of the reaction rate as a function 
of 1/T in which a large variation of the reaction rate at all 
temperatures were generally observed. Furthermore, the effect 
of temperature increases might translate into either an increase 
or decrease of the reaction rate, depending on which set of 
data was taken to be the more accurate. Since there is so much 
uncertainty in the rate data, problems occur when calculating 
species concentration for the products [12]. The determination 
of the optimal reaction rate parameters for a given reaction 
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mechanism is a complex task as it involves parameter 
estimation procedures for a dynamical model stated in a form 
of differential equations [13]. Various traditional gradient 
based algorithms might be applied to the optimization of 
chemical systems and various technique employed in order to 
adapt the standard algorithms to the chemical kinetics problem 
considered [14-16]. However, a major drawback of all 
gradient based methods is the fact that they only converge to 
the next local optimum of the objective functions. For 
objective functions with complex, highly structured landscape, 
such as those encountered in chemical kinetics modeling, this 
is clearly unsatisfactory. The results are affected by the 
accuracy of the initial guess and often, in practice, an initial 
guess which is close to the true solution of the problem might 
not be constructed. Moreover, for large chemical systems, 
with large numbers of variables, the gradient computations are 
difficult to be performed accurately, in particular since the 
matrices involved may be ill-conditioned. From this 
perspective, stochastic methods appear to be more promising 
due to their ability to cope with uncertainty, insufficient 
information and noisy data.In this research, a thorough 
modeling of a heavy paraffin dehydrogenation reactor was 
carried out utilizing actual data from a commercial plant, 
however, accurate data for the rate constants of different 
chemical steps in the reaction mechanism were still lacking. 
Authors attempted to optimize the reaction rate data utilizing 
Nelder-Mead (NM) method to predict the reaction rate 
parameters for possible reactions presented. 

II.  NELDER-MEAD SIMPLEX METHOD  
The name direct search referred to the fact that the search 

for the optimum is carried out directly without the help of a 
process model. This further implied that the direct approach 
needed less measurement data since data required to build and 
update process models become unnecessary. Thus, as a 
reminder, the direct search method is recommended when the 
process has one or more of the following properties [17]: 
1. Process model is difficult or expensive to obtain. 
2. Process exhibits discontinuities. 
3. Measurement of the process data is expensive or time-
consuming or 
4. The measurement data are contaminated by significant 
noise. 
The NM simplex method is a very efficient local search 
procedure but its convergence is extremely sensitive to the 
selected starting point which is a local search method designed 
for unconstrained optimization without using gradient 
information [18-22]. The NM modified to handle constrained 
optimization and the aforementioned steps are described in 
literature [23, 24]. 

III. MODELING 

A. Reaction rate parameters  
The net chemical production rate of each species resulted 

from a competition between all the chemical reactions 
involving that species. It was assumed that each reaction 

proceeds according to the law of mass action and the rate 
coefficients were of modified Arrhenius form, i.e.: 

 
(1) 

The rate constant equations (1) contain three parameters Ai, 
 and Ei for the ith reaction. It is possible to determine these 

parameters for each reaction based upon outlet experimental 
mole fractions alone; which is the subject focused upon in this 
paper. Accordingly, the  assigned zero and the Arrhenius 
form of  with two parameters of Ai and Ei optimized through 
the Nelder-Mead method. 

B. The kinetic model 
Padmavathi et al. studied the kinetics of n-dodecane 

dehydrogenation over a Pt–Sn/Al2O3 catalyst between 733 and 
763K and derived the reaction kinetics scheme based upon 
Langmuir-Hinshelwood-Hougen-Watson (LHHW) 
mechanistic model [9]. In their study they considered the 
product distribution and their observations showed that the 
system might have been described by the following reactions: 

 
rates of formation reactions for each component [9] might be 
expressed as: 

 
The values of the kinetic parameters along with standard error 
of kinetic coefficients presented in Ref. [9]. 

C. The mathematical model 
A mathematical model based upon the above reaction was 

assumed. This model consisted of mass balances on the 
species present in the reactor led to a series of algebraic and 
differential equations [25, 26]. The pseudo homogenous 
model consisted of material balances for different species 
resulting in a number of differential equations in radial 
coordinate where the diffusion term was assumed negligible 
compared with the bulk flow. Because of gas radial flow, 
velocity change and pressure drop occurred in radial 
coordinate [27]. In addition, the momentum balance was 
written as Bernoulli’s equation [26]: 
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Pressure in this equation was calculated through the Peng-
Robinson equation of state [28]. Furthermore, the continuity 
equation (15) simplified to the equation (16) for a constant 
density system. 

 
Based upon aforementioned assumptions, governing 
differential equations were determined to be [29]: 

 
This last relationship may be rewritten for each reaction 
component. 
Furthermore, molar balance for the olefin is as follows: 

 
And, the molar balance for diene species is as follows: 

 

 
Whereas, the molar balance for aromatics is given by: 

 
Ultimately, the molar balance for light paraffins was provided 
by: 

 
And, the molar balance for the hydrogen is presented by: 

 
The deactivation rate laws selected to be utilized in the current 
research was [3]: 

 
The feed flew inward in the radial direction from 0.75m at 

the inlet to a radius of 0.4m at the exit. 
CP, CO, CD, CA, CLP and CH are density of paraffin, olefin, 
diene, aromatic, light paraffin and hydrogen; respectively.  
The dload indicated the catalyst load density. 

IV. NUMERICAL SOLUTION 
The resulting partial differential equations (Equations (17)-

(22)) were solved simultaneously utilizing the finite 
differences technique [30] subject to the initial and boundary 

conditions. The discrete formulation of the equations was 
implicit and the three-point central formulae in the spatial 
domain and two-point forward difference formula for the time 
derivatives were employed. The PVT calculations were 
performed using the Peng-Robinson EOS. The kinetic 
coefficients in the reactions were optimized by Nelder-Mead 
optimization method and the results were compared with Ref. 
[9]. Optimized kinetic parameters resulted from the Nelder-
Mead method used as a kinetic rate coefficient. Utilizing the 
experimental data from commercial plant, the 11 reaction rate 
constant functions (i.e.; 22 parameters) along with 
deactivation functions (i.e.; 4 parameters) were optimized. 
After obtaining optimizations with error of less than 1%, the 
rate constants were determined.  The determined optimized 
parameters for kinetic rates and deactivation rate presented in 
Table 1. It should be noted that the CPU time consumption for 
programming was rather high which was also sensitive to the 
initial guesses; in addition, there was a possibility to get 
trapped in the relative minimum values. 

 

V.  RESULTS AND DISCUSSION  
The investigated reactor was isothermal at 738.15 K. Figure 

1 showed the variation of fluid superficial velocity across the 
reactor bed. The velocity and pressure profiles in the radial 
direction were obtained by solving equations (10) to (16) 
using the 4th order Runge-Kutta algorithm. 
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Fig. 1 The velocity profile for fixed bed reactor with radial feed flow 
 

Results of simulation have been presented in Figures 2 to 7. 
Figure 2 illustrated variation of dynamic paraffin molar 
percent along the reactor. According to this Figure, paraffin 
molar percent increased with time. This is due to the catalyst 
deactivation which decreased paraffin conversion. 

TABLE I 
OPTIMIZED KINETIC COEFFICIENT OF THE REACTIONS 
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Fig. 2 Paraffin mole fraction as a function of time and reactor radius 

 
Figure 3 illustrated the olefin mole fraction along the 

catalytic bed. It is seen that the Olefin percentage increased 
sharply along the catalytic bed at the reactor inlet reached a 
nearly constant value due to secondary side reactions 
involving the olefin. Furthermore, it is observed that the 
Olefin production lowered with time due to the catalyst 
deactivation. 

051015202530

0.4
0.5

0.6
0.7

0.8

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

Time (day)
Radius (m)

O
le

fin
 (m

ol
e 

fr
ac

tio
n)

 
Fig. 3 Olefin mole fraction as a function of time and reactor radius 

 
Figure 4 illustrated the dienes mole fraction as a function of 

bed radius. Similar trends as those for olefin production were 
observed for these materials as well. 
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Fig. 4 Diene mole fraction as a function of time and reactor radius 

 
Figure 5 indicated variations in the mole fraction of 

aromatics along the reactor bed which demonstrated a rational 
behavior of secondary products. In other words, aromatics 
formed from dienes which were primary reaction products. 
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Fig. 5:Aromatic mole fraction as a function of time and reactor radius 

 
Figure 6 depicted similar trends for light paraffins as were 

observed for aromatics generation. In other words, light 
paraffin production increased slowly. Figure 7 indicated a net 
increase in hydrogen along the reactor as it was produced via 
the reaction and only consumed through a side reaction. 
Furthermore, the species mole fraction presented in Table 2 
suggested a good agreement between model estimations and 
industrial data existed. 

051015202530

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

0.049

0.05

0.051

0.052

0.053

0.054

0.055

Time (day)Radius (m)

Li
gh

t P
ar

af
fin

 (m
ol

e 
fr

ac
tio

n)

 
Fig. 6 Light paraffin mole fraction as a function of time and reactor 

radius 
 

051015202530

0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

0.8135

0.814

0.8145

0.815

0.8155

0.816

Time (day)
Radius (m)

H
yd

ro
ge

n 
(m

ol
e 

fr
ac

tio
n)

 
Fig. 7 Hydrogen mole fraction as a function of time and reactor 

radius 
 

 
 

TABLE II 
THE NET SPECIES MOLE FRACTIONS PREDICTED BY MODEL THAT COMPARED 

BY INDUSTRIAL DATA 
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VI. CONCLUSIONS 
The Nelder-Mead optimization technique is a commonly 

used method in engineering using mathematical models or 
samples from experiments in real systems. In the present 
study, a dynamic reactor model was developed for 
dehydrogenation of heavy paraffins. The reaction kinetics and 
deactivation rate were optimized. The model was solved 
numerically to obtain variations of reaction products along the 
reactor bed. Variations of paraffin, olefin, diene, hydrogen 
and aromatics versus time and reactor radius investigated in 
this paper and their respective trends were determined. In spite 
of scares rate constant data for the process at hand, generated 
results of the present model all seemed logical and rational. 
The kinetic parameters of the reactions rate model have been 
optimized by Nelder-Mead method. The proposed kinetics 
coefficients were evaluated by the calculated result with the 
experimental data of commercial plant. 
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