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Abstract  

The Pt/-Al2O3 catalyst life time was limited by the formation of coke on the external and internal sur-

faces of catalyst in dehydrogenation reactors. The kinetics of decoking of dehydrogenation catalyst was 

studied in a pilot scale fixed bed reactor experimentally. The effects of temperature, oxygen concentra-

tion and other operating conditions on decoking process were investigated. A kinetic model was deve-

loped to describe the decoking of mentioned catalyst. An objective function was defined as the sum of 

squares of the deviations among the calculated and plant data. Accordingly the appropriate values 

were found in order to minimize this function. It was concluded that there was a good agreement be-

tween simulation results and experimental data. © 2015 BCREC UNDIP. All rights reserved. 
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1. Introduction  

Industrial processes which include hydro-

carbon reactants are likely to lead side reac-

tions producing carbonaceous residues in cata-

lyst pores and surface referred to as coke. The 

amount of coke formed in catalyst is estimated 

to be 10% or even 20% (w/w) [1]. The formation 

and deposition of coke will lock the pores of 

catalysts and cover the active metal sites re-

sulting in catalyst deactivation [2, 3]. It is 

proven that there is a direct relation between 

the amount of coke and the aromatic content of 

the feed [4, 5]. 

Spent catalyst is regenerated to remove coke 

which collects on the catalyst during the proc-

ess. For this purpose, the coke is reacted with 

diluted oxygen stream in a fixed, moving or flu-

idized bed reactor. In this process the catalyst 

is exposed to a very hot stream of a gas mixture 

containing a certain percentage of oxygen. Re-

generation of coked catalysts influenced by sev-

eral parameters such as the nature of coke 



 

(light or graphitic) and catalyst’s metallic 

phase; therefore decoking process of a given 

catalyst must be treated as a particular case 

[6]. Accordingly the age of the catalyst, compo-

sition and purity of feedstock, products formed 

and the operating conditions such as tempera-

ture and pressure should be considered. 

Coke burning is one of the important non-

catalytic gas-solid reactions. So far, many stud-

ies have been and are conducted on the kinetics 

of this reaction. Both the carbon and hydrogen 

are present in the coke structure; consequently, 

in some kinetic studies two separate parallel 

reactions are considered where the kinetics pa-

rameters are calculated separately [7-10]. The 

amount of hydrogen in the coke is very low, so 

in most cases the hydrogen reactions can be ne-

glected [11-15]. 

Dehydrogenation reaction of C11-C14 normal 

paraffins into mono-olefins (UOP Pacol™ proc-

ess) is the main stage in Linear Alkyl Benzene 

(LAB) production process in which the alumina 

supported platinum catalyst is used. The high 

temperatures and low pressures necessary to 

achieve high equilibrium conversions are con-

ducive to a rapid formation of coke. Field and 

process studies through previous years indicate 

that the rate of coke formation and catalyst de-

activation in this process is noticeable and the 

catalyst loses its initial activity through 60-75 

days. Accordingly, for an economic production 

capacity of LAB a large amount of deactivated 

catalyst is produced annually. Undoubtedly, 

this is a drawback economically and environ-

mentally. 

It is crucial to know the behavior of coke 

burning process in order to obtain the optimum 

operating conditions to minimize the cost of re-

generation and to avoid the destruction of the 

catalyst [13, 14]. 

The kinetics of decoking of catalysts used in 

well-known processes including cracking of 

heavy oil, hydro desulphurization and reform-

ing of naphtha into high octane gasoline is well 

known [9, 11, 12]. In general, few studies are 

reported in the relevant literature regarding 

the kinetics of decoking of paraffin dehydroge-

nation catalyst. 

In this study the kinetics of decoking of de-

hydrogenation catalyst is studied experimen-

tally in a pilot scale fixed bed reactor. Through 

these experiments the effect of temperature, 

oxygen concentration and other operating con-

ditions on decoking process are investigated. 

Based on the obtained experimental data acti-

vation energy and reaction order with respect 

to oxygen and residual coke are evaluated for 

the coke burning of Pt/-Al2O3 catalyst used in 

commercial paraffin dehydrogenation unit. Dif-

ferent kinetics model are examined and based 

on the accuracy of the model results, the best 

model is fitted and presented. 

 

2. Materials and Methods 

2.1. Catalyst characterization 

The catalyst is characterized structurally. 

The combustion method is adopted in order to 

determine the initial and final amount of coke 

on a commercial coked catalyst (Table 3). Sur-
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Figure 1. Diagram of experimental set-up 



 

face morphology is examined using Scanning 

Electron Microscopy (SEM) method. The cata-

lyst characterizations are summarized in Table 

1. 

 

2.2. Lab-scale reactor and experiments 

conditions 

In order to obtain the required data of coke 

burning, a pilot scale fixed bed reactor is used. 

All of the fluid flow paths are designed similar 

to the major commercial decoking reactor. In 

order to heat the reactor inlet stream to reach 

the required reaction temperature, a spiral 

tube pre-heater is used (Figure 1).  

In regeneration process first, initial heating 

and volatile material purging take place 

through nitrogen; which increases the catalyst 

bed temperature to the required reaction level. 

Then certain percentage of air together with ni-

trogen enters the reactor and decoking process 

begins. The reaction zone was heated by a set 

of electrical heaters equipped with a tempera-

ture controller to control the temperature of the 

reactor wall. The temperature measurements 

were carried out with a digital thermocouple 

with a measuring precision of about ±0.5 °C 

(model TPT979H, Terminator Company, USA). 

In order to achieve the specified percent of oxy-

gen in inlet gas mixture, two mass flow control-

lers (MFC) were used to adjust the flow rate of 

nitrogen and air streams.  

Major parameters affecting the rate of de-

coking includes: initial coke load, temperature, 

and O2 percent in decoking gas. In order to 

evaluate the effect of each parameter a set of 

experiments are designed by considering the 

range of operating parameters in Table 2. The 

results of each experiment in terms of reaction 

time and residual coke are presented in Table 

3. 

 

3. Results and Discussion 

3.1. Catalyst morphology and coke content 

Based on the analysis carried out for deter-

mining the initial amount of coke, the initial 

coke content of the spent catalyst is estimated 

at about 7%( w/w). The surface morphology of 

catalyst is identified through SEM test. The 

SEM images of the catalyst in both the regen-

erated as well as the deactivated conditions for 

center and surface of the catalyst are illus-

trated in Figure 2. As shown in this figure, the 

coke burning at the catalyst surface is more 

uniform and complete than the center. 

Ahmed et al. have introduced two main 

types of coke deposition formation on Pt/Al2O3 

catalyst: hard and soft coke [6]. The observa-

tions in this study include these two types. The 

obtained coke loads of one of the experiments in 

due course are applied to introduce the X-time 

diagram presented in Figure 3. As shown here 

two zones appear crossed by a fitted curve. 

In zone 1 the rate of decoking is high at ini-

tial times and then it decreases, this is due to 

the fact that the soft coke content of the cata-

lyst is burnt first. Slowdown of the burning 

rate at the end of the first zone is because of 

the soft coke content reduction. 

By entering the second zone, the rate is in-

creased gradually. The fact is that the hard 

coke burns slower. Since the accumulation of 

heat on the catalyst through soft coke burning, 

the reactor temperature states high; hence, a 

gradual increase in the rate at zone 2 is ob-

served. Such a trend of coke load during the 

time is observed only in mild decoking proc-

esses (e.g. Figure 2). By using higher composi-

tions of oxygen, this trend is not observed. In 

fact for the quick decoking the clear boundary 
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Table 1. Characteristic data of the dehydroge-

nation catalyst 

Designation (company) 
NDC-8 

(Sinopec, China) 

Composition in wt.%: 

Pt/Cl (rest Al203) 

0.43 / 0.03 

Specific internal BET-

surface area aBET (fresh 

catalyst) 

140 m2/g 

Geometry: diameter of 

granules 

1.25-2.2 mm  

Catalyst bulk density ρB 0.31-0.35 T/m3 

Total Pore Volume 1.0 ml/g 

Comprehensives 

strength 

0.8-1.2 kg/ granule 

Table 2. Range of operating conditions for dif-

ferent set of experiments  

Parameter Range 

Temperature(°C) 400-500 

Pressure (bar) 1-3 

GHSV (hr-1) 1000-2000 

Oxygen composition (-) 0.03-0.21 

Time of decoking process 

(min) 

0-90 
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Table 3. Obtained experimental data 

Temperature (°C) yO2 (-) Time (min) X (kgcoke/kgcat.) 

500 0.03 0 0.0686 

15 0.0540 

30 0.0528 

45 0.0525 

75 0.0397 

90 0.0379 

0.09 5 0.0610 

10 0.0501 

20 0.0423 

40 0.0397 

50 0.0364 

60 0.0305 

0.15 5 0.0373 

10 0.0290 

20 0.0149 

30 0.0122 

40 0.0102 

50 0.0099 

0.21 5 0.0310 

10 0.0236 

15 0.0180 

20 0.0137 

25 0.0113 

30 0.0110 

450 0.03 20 0.0301 

40 0.0268 

80 0.0241 

0.09 20 0.0104 

40 0.0100 

80 0.0083 

400 0.03 20 0.0340 

40 0.0293 

80 0.0244 

0.09 20 0.0341 

40 0.0294 

80 0.0210 

425 0.03 40 0.0314 

475 0.03 40 0.0201 



 

between the two zones cannot be seen and a 

monotonically decreasing trend can be consid-

ered. 

3.2. Kinetics equation evaluation 

Understanding the mechanism of a reaction 

is of essence, while not necessary in the reactor 

design procedures. In fact, what is needed to 

design a reactor is a rate equation that should 

be true and accurate at the range of reaction 

conditions [16]. The reaction of coke-burning 

can be written as: 

        (1) 

 

Determining the consumed oxygen and pro-

duced carbon dioxide by temperature pro-

grammed reduction (TPR) indicates that the 

value of n for the reaction of coke formation on 

Pt/-Al2O3 varies from 0.5-1. 

The power law form is used to adapt the 

rate equation expression with the experimental 

data. Scientific interest in power-law form of 

the relations stems partly from the ease with 

which certain general classes of mechanisms 

generate them. [17] However, the rate of coke 

combustion reaction on Pt/-Al2O3 is given by: 

 

222
2

)
4

( nCOOH
m

O
m

nHC mn 

           (2)  

 

If the temperature variation range is not so 

high, the Arrhenius equation is applied with 

enough accuracy to determine the activation 

energy and frequency factor of reaction: 
 

        (3) 

 

where, k0 is the frequency factor of reaction 

rate constant. The experimental data of varia-

tion of catalyst coke content at different times 

of reaction for different operating conditions 

are illustrated in Figure 4. The best exponen-

tial X(t) fitting to each set of experimental data 

obtained through 2D Table curve software, are 

presented in this figure. 

ba

OO XKyr
22

)'( 

)exp(0 RT

EAkK 
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Figure 2.   SEM images of the catalyst for the 

deactivated and regenerated states; for the cen-

ter of the catalyst (a and b) and surface of the 

catalyst (c and d). Scale bar is 5 μm in all the 

figures 

Figure 3. Variation of coke content of catalyst 

through the decoking process at 500 °C, 4.3 bar 

and oxygen concentration of 3 %vol. 

Figure 4. Variation of coke content of catalyst 

through the decoking process at 500 °C and 4.3 

bar pressure for different oxygen concentrations 

in decoking gas 



 

By differentiation of X(t) expression, a new 

expression for calculating the rate of reaction is 

obtained. Then the values of reaction rates for 

corresponding reaction times is obtained now. 

By using the values of reaction rates, X (coke 

loads) and O2 compositions through Table curve 

3D software Figure 5 is plotted. As seen in this 

figure, the reaction order with respect to the 

oxygen and coke load is 1.27 and 1.66, respec-

tively. 

The value of EA can be determined from the 

investigation of temperature effect on the rate. 

The rate constant equation can be written as a 

linear relation in the following equation: 

 

          (4) 

 

The experimental data and their results of 

the linear regression are presented in Figure 6. 

As shown in this figure, the EA/R value is about 

8527.8 K. 

High values of R-squared and the sufficient 

compatibility between the experimental data 

and the results of the model indicate that the 

obtained power law scheme for kinetics model 

is acceptable and temperamentally all existing 

phenomena that affect the reaction rate, in-

cluding the intra-particle mass transfer, have 

TR

EAkK 1
0lnln 
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been implemented in the constant parameters 

of the kinetics model. It seems that the main 

reason for this goodness of fitting is that the di-

ameter of catalyst pellets used in Pacol reactor 

is small enough. Thus the intra-particle mass 

transfer resistance could be ignored and one 

can assume that the oxygen concentration in-

side the catalyst pellets is uniform. 

Figure 5. Three-dimensional reaction rate curve fitted by experimental data using the Table Curve 

3D software 

Figure 6. Diagram of Arrhenius equation for 

coke burning process  
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4. Conclusions 

In this article, the kinetics of decoking proc-

ess for Pt/-Al2O3 catalyst is investigated. A ki-

netic model is developed based on data taken 

from a pilot-scale coke burn off reactor. It is ob-

served that in low compositions of oxygen and 

low reaction rates, the X-time chart is divided 

into two zones, because of the type of the coke. 

Whereas, for high reaction rates, such zones 

cannot be observed; therefore, coke load varia-

tions versus time has a monotonic trend. A 

Three-dimensional reaction rate curve is fitted 

by experimental data using the Table Curve 3D 

software. The reaction order with respect to the 

oxygen and coke content are 1.27 and 1.66 re-

spectively. The activation energy and coeffi-

cient of Arrhenius are determined by a linear 

regression based on the obtained experimental 

data in different temperatures. The result indi-

cates that the value of EA/R is about 8527.8 K. 
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