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ABSTRACT: In the present study, the applicability of a bimetallic Pt-Sn/Al2O3 in propane 

dehydrogenation with different promoters, namely, Ca, Mg, and incorporation of Mg-K and Ca-K 

was studied. The catalysts were prepared by the sequential impregnation of γ-alumina support  

and characterized by TPD, SEM, XRD, and UV analysis. The propane conversion and propylene selectivity 

were evaluated under representative industrial conditions. The results showed that the Pt-Sn-Mg-K/γ-Al2O3 

catalyst had a better performance in terms of propane conversion and propylene selectivity and yield, 

due to the partially neutralized and synergistic effect of Mg and K (probably by increasing the platinum 

dispersion and preventing side reaction and coke formation). TPD results also showed the effects  

of all these promoters (Ca, Mg, Ca-K and Mg-K) on the reduction of acidic sites of the catalyst, which 

are favorable sites for cracking reaction and coke formation. In the meantime, Ca is more effective  

in reducing strong acidic sites, but also Mg is more effective in reducing weak and medium-strength  

acid sites. Therefore, alkaline-earth metals and also using them with potassium could reduce side 

reaction products and lead to a more selective reaction to propylene, and improve catalyst 

performance compared to industrial catalysts. 
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INTRODUCTION 

Fossil fuels, especially alkanes are still the most 

important source of energy in the world [1]. Nevertheless 

the world's demand for products derived from alkanes  

 

 

 

such as propylene by the chemical industry for a variety  

of polymers and intermediates in the chemical industry  

has been growing as a feedstock [2,3]. Currently, the main  
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source for propylene is from the by-production of gasoline 

from thermal/catalytic cracking [4]. The propane dehydrogenation 

process to propene not only has great potential as a propylene 

booster but also reduced the gap between the supply and 

demand for propylene [5,6]. 

3 8 3 6 2
C H C H H               H 124  k J / m o l       (1) 

It has been shown that propane dehydrogenation  

is assumed as the following reaction rate:   

p ro p an e p ro p ylen e
r k C – k C       (2) 
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where r is the rate of conversion of propane to 

propylene per catalyst weight, k and k are the rate 

constants of forwarding and backward reactions, 

respectively, C is the concentration and Keq is the 

equilibrium constant [7]. Farjo et al. described the kinetic 

of the propane dehydrogenation in terms of a Langmuir–

Hinshelwood mechanism and reported the adsorption of 

propane was the rate-controlling step [8].  

Despite the simple chemistry, propane dehydrogenation 

under industrial reaction conditions is very complex with 

side reactions such as deep dehydrogenation, polymerization, 

coke formation, hydrogenolysis, and cracking; which lead 

to more reaction complexity and operating costs and less 

product purity [9]. Dehydrogenation of propane is an 

endothermic reaction in which relatively high reaction 

temperatures (773–873 K) and low pressures (0.3–1 atm) 

are industrially used to obtain commercially acceptable 

conversions and good propylene yield [10,11]. Also,  

it should be noted that an equal chance of reacting for all  

of the equivalent C–H bonds in propane lead to  

a nonselective dehydrogenation reaction [10]. 

Furthermore, the high operating temperatures promote 

thermal cracking reactions to form coke and light alkanes, 

which leads to decreased propylene yield and increased 

catalyst deactivation [11,12]. Therefore, in order to 

achieve higher propane conversion, higher yield, and 

selectivity to propylene, the reaction should be controlled 

by catalyst formulation.  

Since the acidity of catalysts is a very important factor 

in catalyst stability and performance. Also, the addition of 

alkali and alkaline-earth metals promoters to Pt-Sn/Al2O3 

dehydrogenation catalyst can suppress acid-catalyzed side 

reactions such as cracking, isomerization, and polymerization 

via neutralizing the acidic sites of the support, finally 

improving the stability and performance of catalysts [13,14]. 

Thus, it is of great significance to develop catalysts for 

propane dehydrogenation with low acidic sites and low 

side reaction products which lead to high stability and 

performance of catalysts.  

Platinum-based mono- and bimetallic (Pt-Sn) catalysts 

supported on γ-Al2O3 have been widely used in hydrocarbon 

dehydrogenation, but bimetallic platinum-tin catalysts 

showed higher reaction conversion and selectivity [5,15,16]. 

The stability and selectivity of the paraffin dehydrogenation 

process for the production of olefins increase by 

suppressing the cracking process, isomerization reactions, 

and the coke formation process [2,4,17]. Over the past 

several years, attention has been focused on Pt-Sn 

catalysts, and significant progress has been made in their 

development [15,18,19]. The properties of bimetallic  

Pt-Sn catalysts strongly depend on the interaction between 

Pt and Sn, as well as the state of Sn [16,17,20]. 

Sn can modify the electronic and geometric properties 

of Pt. For example; Sn decreases the size of Pt ensembles 

and reduces hydrogenolysis and coking reactions that 

require large Pt ensembles [21]. The electronic 

modification of Sn on Pt consists of the positive charge 

transfer from Snn+ species and different electronic 

structures of PtSn alloys [19,22,23].  

Tasbihi et al. [18] found that the additions of K and Li  

to Pt-Sn/γ-Al2O3 catalyst resulted in significantly higher 

catalytic performance compared to the Pt-Sn/γ-Al2O3 

catalyst. Nagaraja and coworkers [24] reported that the 

addition of a small amount of K to the bimetallic PtSn/γ-

Al2O3 catalyst improved the n-C4
= yield. The addition 

of potassium blocked the acid sites of Pt catalyst and 

improved the selectivity of Pt-Sn/γ-Al2O3 catalyst. Siri et al. [21] 

reported that K addition to the catalyst improved the stability 

level of the catalyst in the dehydrogenation reaction. 

However, the dehydrogenation performance of Pt-Sn catalysts  

is still not satisfactory, especially concerning the stability  

of the catalysts. Therefore, it is necessary to improve the stability 

of Pt-Sn catalysts in light paraffin conversion. 

Alipour et al. [25] found that a certain amount of 

alkaline-earth metal oxide (MgO and CaO) could 

increase the catalytic performance of Ni/Al2O3 and 

Ni/SiO2 because of the strong interaction between Ni and 

the support. The effect of alkaline earth metals over 
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Ru-based catalysts were investigated by Li et al. [26]. They 

showed that the addition of K, Mg, and Ca significantly 

enhanced the catalysis activities. The effects of alkaline-

earth metals on Fe/SiO2 catalysts were described by  

Li et al. [27]. They found that the alkaline-earth metals 

strengthened Fe-O bonds of Fe2O3 in prepared catalysts. 

Yu and coworkers [28] investigated the performance of  

a Ca-doped Pt/ɣ -Al2O3 catalyst for cyclohexane dehydrogenation 

with different amounts of Ca and different impregnation 

orders. They reported, that the addition of Ca significantly 

improved the performance of Pt/Al catalyst. As well,  

the influence of Mg addition on PtSnK/ɣ -Al2O3 catalyst 

for isobutene dehydrogenation was studied by Zhang et al.. 

They found that the Pt dispersion increased and the carbon 

depositions decreased with suitable amounts of Mg [16]. 

Regarding the effects of Mg, Ca, and K on the performance 

of dehydrogenation catalyst, we expect using Mg with K 

and Ca with K to show better performance to use each of 

these promoters alone on Pt-Sn/ɣ -Al2O3 catalyst for 

propane dehydrogenation. Thus, in the present study, we 

investigated the effects of alkaline-earth metals (Mg and 

Ca) and the mixed effect of alkali and alkaline-earth metals 

(Mg-K and Ca-K) as promoters on Pt-Sn/γ-Al2O3 catalyst 

for reducing acidic sites of catalysts and improving 

catalytic performance in the dehydrogenation of propane. 

The catalysts were studied by XRD, TPD, SEM, and UV 

analysis techniques.  

 

EXPERIMENTAL SECTION 

Catalysts Preparation 

Materials 

The spherical γ-Al2O3 support (SBET=215m2/g with total 

pore volume (0.531 m3/g)) was purchased from Axen Co.  

The precursors of impregnation were H2PtCl6.6H2O (40%) 

was purchased from Merck, SnCl2.H2O (97%) was purchased 

from Janssen and pure Ca(NO3)2.6H2O, Mg(NO3)2.6H2O 

and KNO3.6H2O were purchased from Merck. HCl (37%) 

and HNO3 (65%) were purchased from Merck. All 

solutions were prepared with distilled water. 

 

Methods 

The catalyst samples were prepared by a sequential 

impregnation of the precursors. A commercial γ-Al2O3 

was used as a support, which was previously calcined in 

air at 550 °C for 2 h. The support was wetness impregnated 

first with using the hydrochloric acid solution of SnCl2, 

then with using a hydrochloric acid solution of H2PtCl6, 

and finally dried impregnated with using a nitric acid solution 

of Ca(NO3)2, Mg(NO3)2 and KNO3. After impregnation,  

the samples were dried at 120°C overnight and calcinated 

in the air at 550°C for 2 h at a rate of 5 °C/min.  

Mg (0.65 wt.%), Ca (0.65 wt.%), Mg-K (0.65 wt.%), and 

Ca-K (0.65 wt.%) loaded in each of the four catalysts, and 

the contents of Pt and Sn were fixed at 0.5 and 0.71 wt.% 

for all catalysts. The industrial Pt–Sn/γ-Al2O3 catalyst 

(PD-IND) [29], was selected as a performance reference. 

 

Characterization methods 

XRD  

The X-Ray Diffraction (XRD) patterns of support  

were performed by using a Philips Expert PW 2404 with  

a copper anode (λ=1.54439 and 1.54056 Å). Phases  

were recognized through a comparison with JCPDS files. 

 

TPD 

The acidity of samples was measured by temperature-

programmed desorption of ammonia (TPD-NH3) using  

a BELCAT-A analyzer. Prior to the adsorption of 

ammonia, each sample was heated under a helium stream 

(50 ml/min) from room temperature up to 500 °C. 

Subsequently, the sample was cooled down and saturated 

in a flow of ammonia (2.5 mL/min) at 100 ºC for 1 h.  

The ammonia desorbed during the temperature rise from  

100 ºC to 600 ºC with a heating rate of 10 ºC/min was analyzed 

by a thermal conductivity detector. 

 

SEM  

The uniformity of the layer deposited by impregnation 

on the catalyst was carried out using Scanning Electronic 

Microscope (VEGA\TESCAN analyzer). Prior to the 

examination, samples were placed on aluminum stubs and 

coated with gold under an argon atmosphere. An EDAX 

CDU LEAP X-ray detector was used for the measurement 

of the wavelength and Pt adsorption. 

 

UV–Vis spectroscopy 

The platinum concentration within the solution 

container was recorded by using Metrohm 744 UV–Vis 

spectrometer before and after Pt impregnation. 

 

The performance test 

The performance test of both synthesized and  
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commercial catalysts were conducted in a fixed bed quartz 

reactor (ID=15 mm) using a mixture of hydrogen and 

propane (for dilution of propane in a gas mixture to 

increase propane conversion). Catalyst particles (2 g) 

diluted with 4 cc quartz sand were packed in the reactor. 

The catalyst was reduced in hydrogen flow at 530 ºC for 1 h 

in the reactor. Attempts have been made to close the test 

conditions to industrial operating conditions (H2/CH:0.85; 

WHSV=2(1/h) and T=620°C) under atmospheric pressure. 

The product was analyzed for light hydrocarbons using 

Agilent 6890N Gas Chromatograph (GC) equipped with  

a Thermal Conductivity Detector (TCD) and two Flame 

Ionization Detectors (FID). Propane conversion and 

selectivity and yield to products were calculated as [30]: 

Propane conversion (mol %) =  

(moles of propane reacted/moles of propane fed) × 100 

Selectivity to species i (mol%) = (moles of product i 

formed/moles of propane reacted) × (Ni/Npropane) × 100 

Yield to species i (mol%) =  

(moles of product i formed/ moles of propane fed) × 100 

Where i refers to reaction products including 

propylene, ethylene, ethane, and methane; and Ni and 

Npropane refer to the number of carbon atoms per molecule 

in the product and propane, respectively. 

 

RESULTS AND DISCUSSION 

Characterization of the catalysts 

XRD analysis 

X-Ray diffraction pattern of support as detected  

by the X-ray diffraction test is presented in Fig. 1.  

As can be seen, typical peaks of support at 37°, 46°, and 

67° were recorded, which confirms the amorphous structure 

and also ɣ  phase of support. Due to the low weight 

percentage of promoters used in these catalysts, changing 

ɣ  phase of support seems unlikely and these promoters just 

absorbed support with no significant change in support.    

 

TPD analysis 

The effects of alkaline earth metals as promoters 

on the acidity of Pt-Sn/γ-Al2O3 catalysts were determined 

by NH3-TPD experiments. A comparison of the desorption 

peaks was obtained with the deconvolution of peaks 

by computing the normal distribution function. As can  

be seen in Fig. 2, there are three desorption peaks.  

The low-temperature peak which occurs at about 170-190°C,  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1: XRD patterns of support of catalyst. 

 

was to weak acid sites and the peak that occurs at about  

230-290 °C was attributed to medium-strength acid sites. 

As well as, the peak of higher temperatures than 290 °C 

was related to the strong acid sites. The desorption peak, 

total acidity, and acidity strength amount for catalysts  

with alkaline earth metals and PD-IND catalysts are shown 

in Table 1. 

Fig. 2 shows that the lowest total acidity amount (1.088 

mmol NH3/gcat) is related to Pt-Sn-Ca-K/γ-Al2O3, 

furthermore, it has been shown that the lowest acidity amount 

of strong acid sites is also related to Pt-Sn-Ca-K/γ-Al2O3, 

that means this catalyst could reduce more strong acid sites 

compared to other catalysts and the effect of this catalyst 

on neutralization of strong acid sites is more than on 

neutralization of medium and weak acid sites. Similar 

results were obtained by Yu et al. [28] for the effect of Ca 

on the reduction of strong acid sites. It was also reported 

that Ca can reduce the acidity of ɣ -Al2O3 by anchoring 

onto the Al3+ acid sites. In addition, the competing 

adsorption of Ca with [PtCl6]2- in the impregnation 

procedure is another proposed possible reason for  

the inhibition effects of Ca on the formation of acid sites [28]. 

The effect of Mg on the catalyst performance was 

specified by comparing the acidity of Pt-Sn-Ca-K/γ-Al2O3 

(1.088 mmol NH3/gcat) with Pt-Sn-Mg-K/γ-Al2O3 (1.235 

mmol NH3/gcat) and also Pt-Sn-Ca/γ-Al2O3 (1.325 mmol 

NH3/gcat) with Pt-Sn-Mg/γ-Al2O3 (1.289 mmol NH3/gcat) 

catalysts. Interestingly, the NH3-TPD profile of Pt-Sn-Mg-

K/γ-Al2O3 and Pt-Sn-Mg/γ-Al2O3 shows that weak 

acid sites are reduced. As shown in Table 1, weak acid 

sites totally vanished for Pt-Sn-Mg-K/γ-Al2O3, but for  

Pt-Sn-Mg/γ-Al2O3 is the part of the weakly acidic sites  
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Table 1: TPD results: Desorption peak, total acidity and acidity strength amount of catalysts. 

Total acidity 

amount mmol 

NH3/gcat 

strong acid sites medium strength acid sites weak acid sites 

catalyst 
acidity amount 
mmol NH3/gcat 

desorption 
peak°C 

acidity amount 
mmol NH3/gcat 

desorption 
peak°C 

acidity amount 
mmol NH3/gcat 

desorption 
peak°C 

1.325 0.77 672 0.364 256 0.188 169 
Pt-Sn-Ca/ 

γ-Al2O3 

1.289 0.874 617 0.415 195 - - 
Pt-Sn-Mg/ 

γ-Al2O3 

1.088 0.466 703 0.466 287 0.161 185 
Pt-Sn-Ca-k/ 

γ-Al2O3 

1.235 0.721 710 0.514 239 - - 
Pt-Sn-Mg-k/ 

γ-Al2O3 

11.66 - 839 - 659 - 408 PD-IND 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: NH3-TPD profiles of the samples. (a): Pt-Sn-Mg /γ-

Al2O3, (b): Pt-Sn-Ca-K/γ-Al2O3, and (c): Pt-Sn-Mg-K/γ-Al2O3 

(d): Pt-Sn-Ca/γ-Al2O3. 

 

and part of the medium-strength acidic sites was poisoned  

by adsorbed Mg, accordingly, the second adsorption peak 

appeared at a lower temperature (195°C). These results also 

showed the effect of Mg on the suppression of acidic sites  

to avoid side reactions on acid sites. The results of Table 1 

showed that the presence of K with Ca and Mg increased  

the desorption peak, which might be due to less potassium effect 

on decreasing the number of acidic sites compared to Mg and Ca.  

All catalysts compared to industrial catalysts (PD-IND) 

showed better results both in terms of reducing total acidity 

(PD-IND : 11.66 mmol NH3/gcat) and desorption peak  

(PD-IND : 408, 659, and 839 °C). Therefore synthesized 

catalysts could reduce the acidity of the Pt-Sn/Al systems, 

which led to reducing the adsorption of propylene and 

undesired products of side reactions, thus improving 

catalytic stability.  

 

SEM analysis 

The catalyst particle size and uniformity of Pt-Sn-Mg-

K/γ-Al2O3 deposited on γ-Al2O3 spheres were investigated 

by Scanning Electronic Microscope (SEM). Fig. 3 shows 

two photographs of a calcined sample, which shows that 

the catalyst was generally uniformly dispersed. The SEM 

results are also shown in Table 2, which determined  

the contents of Pt deposited on the aged, center, and center-

middle-edge catalyst. Table 2 indicated the non-uniform 

distribution of Pt on the Pt-Sn-Mg-K/γ-Al2O3 catalyst. 

Approximately, There was no detected Pt on the edge and 

middle of the catalyst, while a large amount of Pt  

was accumulated in the center of the catalyst, which was 

similar to the ovoid core arrangement. Therefore, access  

to the active phase by the reactant would be difficult, and 

consequently, the possibility of forming side reactions increased.  

 

UV analysis 

The initial Pt concentration on the impregnation 

solvent before impregnation and the final Pt concentration 

after impregnation was recorded by using UV–Vis 

spectrometer as shown in Table 3. As it can be seen Pt-Sn-

Mg/γ-Al2O3 adsorbed the lowest percentage of platinum 

(89.45%) in the impregnation solution, compared to other 

catalysts. UV results also showed that the percentage of Pt 

adsorption for all catalysts is acceptable value, which 

means all promoters could be effective for Pt adsorption 

on catalysts. 

 

Performance results 

The catalyst performances, in terms of propane conversion, 

propylene selectivity, and propylene yield are shown in 

Figs. 4, 5, and 6, respectively. Fig. 3 shows that all 

catalysts indicated conversion decay during reaction time, 

which was the result of the catalysts' deactivation. Generally, 

the deactivation rates regarding side reactions are reported 

as first-order and independent of reaction [13]:  
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Table 2: The results of SEM analysis. 

Middle (Wt.%) Edge (Wt.%) Center (Wt.%)  

0.01 0.01 0.4 Pt 

 

Table 3: The results of UV-analysis. 

Percent of adsorption (%) Final Pt concentration   (mmol/lit( Initial Pt concentration   (mmol/lit( Solution specification Run no. 

93.60 0.449 7.02 Pt-Sn-Ca/γ-Al2O3 1 

93.60 0.449 7.02 Pt-Sn-Ca-K/γ-Al2O3 2 

89.45 0.74 7.02 Pt-Sn-Mg/γ-Al2O3 3 

93.60 0.449 7.02 Pt-Sn-Mg-K/γ-Al2O3 4 

 

 

                       
                                                         (a)                                                                                               (b) 

 

Fig. 3 SEM image of the Pt-Sn-Mg-K/γ-Al2O3 catalyst. (a): Top view and (b): sectional view. 

 

d

d a
k a

d t
        (3) 

Where a is catalyst activity and kd is the respective 

rate constant of deactivation. Equation )2( shows that 

Catalyst deactivation increases with reaction time due to 

coke formation, that’s the reason for the reduction of 

catalyst conversion with the reaction time in performance 

results of catalysts [7,13].   

 As can be seen in Figs. 4-6, The Pt-Sn-Mg-K/γ-Al2O3 

catalyst showed the highest propane conversion, propylene 

selectivity, and propylene yield than other catalysts.  

While Pt-Sn-Mg/γ-Al2O3 catalyst showed less propane 

conversion and propylene selectivity and yield that  

Pt-Sn-Mg-K/γ-Al2O3 catalyst. It means the synergistic 

effect between Mg and K led to better performance of  

Pt-Sn-Mg-K/γ-Al2O3 catalyst.  

The role of magnesium in dehydrogenation catalysts 

has been reported that Mg could promote the reduction  

of Pt and increase the metal dispersion [16]. Mg was also 

neutralizing the acidity of support [16]. On the other hand, 

there are two types of active Pt species (Pt1 sites and Pt2 

sites) on the surface of the supported platinum catalyst.  

Pt1 is the site in which Pt directly anchors on the carrier 

surface, while Pt2 corresponds to the site in which Pt 

anchors on tin oxide's surface with a “sandwich structure”. 

The Pt1 sites are mainly responsible for the hydrogenolysis 

reaction and carbon deposits and the Pt2 sites are the main 

reaction active sites for the dehydrogenation of propane [31]. 

Zhang et al. reported that the appropriate amount of Mg 

could increase the platinum dispersion and stabilize the 

oxidation states of Sn species, which was favorable to the 

formation of the Pt2 sites and responsible for the improvement 

of the catalytic activity [16]. Also, the synergistic effect 

between potassium and tin was described by Zhang [15]. 

This synergistic effect might lead to an easier movement 

of the deposited carbon from the metal to the support  
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and could also, prevent coke formation that covered the 

active metal [24]. Therefore; the synergistic effect between  

Mg, K and Sn can be responsible for the high performance 

of Pt-Sn-Mg-K/γ-Al2O3. 

Figs. 4 and 5 show that Pt-Sn-Ca-K/γ-Al2O3 has 

second place after Pt-Sn-Mg-K/γ-Al2O3 in terms of 

conversion and selectivity. Ca could reduce the 

interaction between metal and support by competing with 

active metal to support interaction [28, 32] by forming a 

sandwich construction that largely reduces the Pt-Al 

interface [29]. Ca also modify the adsorption 

performance of active metal on the supports [33]. These 

effects might be responsible for improving the effects  

of Ca on Pt-Sn-Ca-K/γ-Al2O3 performance.  

Less conversion decline can be seen on Pt-Sn-Ca-K/γ-

Al2O3 and Pt-Sn-Mg-K/γ-Al2O3 catalysts compared  

to Pt-Sn-Ca/γ-Al2O3 and Pt-Sn-Mg/γ-Al2O3 catalysts. This 

might be due to the effects of using K with Mg and Ca. 

The incorporation of Mg-K and Ca-K might strengthen  

the interaction between the metal phase and support due to 

the higher stability of the metal phase and preventing  

the formation of coke precursors is the main reason 

for the dramatic decrease of catalytic activity. Thus,  

the activity decline for Pt-Sn-Mg-K/γ-Al2O3 and  

Pt-Sn-Ca-K/γ-Al2O3 are lower than Pt-Sn-Mg/γ-Al2O3 and 

Pt-Sn-Ca/γ-Al2O3, respectively. Also, as can be seen in Figs. 5-6, 

better propylene selectivity and yield were observed for Pt-

Sn-Mg-K/γ-Al2O3 and Pt-Sn-Ca-K/γ-Al2O3 catalysts and  

the difference in selectivity and yield of Pt-Sn-Mg/γ-Al2O3 and 

Pt-Sn-Ca/γ-Al2O3 catalysts is not noticeable. In general, Mg 

represented better performance than Ca in terms of 

propane conversion and propylene selectivity, and yield. 

This might be due to the Mg effect on neutralizing weak acid 

sites that were identified by the TPD test.  

Fig. 6 shows that all synthesized catalysts have shown 

better performance than PD-IND catalysts, due to  

the reduction of acidic sites of catalyst that was proven  

by TPD analysis. These results indicate our study could introduce 

synthesized catalysts with better catalytic performance 

than a current industrial catalyst for dehydrogenation  

of propane, which reduces the cost of propylene production. 

 

Side reaction products 

Furthermore, the main reaction of propane 

dehydrogenation following side reactions occur: 

3 8 4 2 4 2 9 8
C H C H C H            H 7 9 .4  k J / m o l


       (4) 

3 8 2 4 2 6
C H H C H C H         (5) 

2 9 8
H 6 3 .4  k J / m o l


    

Reaction (3) is the cracking of propane to methane and 

ethylene on Pt-Sn catalyst, which takes place both  

in the gas phase (thermal conversion) and also on the 

surface of the catalyst (catalytic conversion). Hydrogenolysis (4) 

as a catalytic side reaction also occurs on the surface  

of Pt-Sn catalysts. Therefore, the main side reaction 

products involve methane, ethylene, and ethane [8]. 

The cracking and hydrogenolysis rate can be assumed 

to be first order as following rate equations [8]:   

1 C 3 H 8
T herm al  crack ing               r   k P      (6) 

2 C 3 H 8
C atalytic  crack ing              r   k P      (7) 

3 C 3 H 8 H 2
hydrogeno lysis                   r   k P P      (8) 

Where PC3H8 and PH2 are the partial pressures of propane and 

hydrogen and k is the rate constant which is proposed as follows [8]: 

1

1 5 9 8 .2 3
k 1 .5 3E 0 9  ex p  

T

 
   

 

    (9) 

2

6 4 8 8
k 1 .1 4 ex p  

T

 
  

 

                 (10) 

7

3

2 7 3 9 3
k 1 .3 4 1 0 ex p  

T

 
   

 

                (11) 

Where T is the reaction temperature.  

On the other hand, coke formation results in catalyst 

deactivation during propane dehydrogenation is a well-known 

phenomenon [34]. Coke formation on the catalyst occurs 

from several routes, such as deep cracking of propane, 

deep dehydrogenation, propene polymerization, and 

condensation of large molecules [35]. Therefore, the reduction of 

side reaction products leads to a reduction of coke 

formation and catalyst deactivation during propane 

dehydrogenation. A coking reaction occurs both on the 

surface of the metal and the support of the catalyst. The 

coking rate on the fresh catalyst is assumed as follows [34]: 

 
3 8 3 8

4
2

c c C H 4 C H
r k P 1 k P                  (12) 

Where rc is the rate of coking reaction, kc is the coking 

reaction rate constant and k4 is the adsorption equilibrium 

constant were estimated to be 4.15  10-5 mgcoke/mgcatalyst 

and 7.18  10-1, respectively, by Li et al. [36].  
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Fig. 4: Comparison of propane conversion for Pt-Sn-Ca (▲), 

 Pt-Sn-Ca-K (×), Pt-Sn-Mg (), Pt-Sn-Mg-K (■), and PD-IND (♦) 

on γ- alumina supports (WHSV=2 h−1; T=620 ºC; H2/CH: 0.85). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Comparison of propylene selectivity for Pt-Sn-Ca (▲),  

Pt-Sn-Ca-K (×), Pt-Sn-Mg (), Pt-Sn-Mg-K (■), and PD-IND (♦) 

on γ- alumina supports (WHSV=2 (1/h); T=620 ºC; H2/CH: 0.85). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: Comparison of propylene yield for Pt-Sn-Ca (▲), Pt-Sn-

Ca-K (×), Pt-Sn-Mg (), Pt-Sn-Mg-K (■), and PD-IND (♦) on 

γ- alumina supports (WHSV=2 (1/h); T=620 ºC; H2/CH: 0.85). 

It can be seen in Fig. 4 that all catalysts showed 

conversion decay during time-on-stream, thereby 

indicating that the catalyst deactivation was probably due 

to coke deposits. Acidic sites in the support of 

dehydrogenation catalysts can promote cracking and coke 

formation reactions [7]. Therefore neutralization of these 

sites by alkaline-earth metals as promoters can reduce 

cracking and coke production. To study the effects of 

alkaline-earth metals on side reactions productions,  

the selectivity of methane, ethylene and ethane for 

synthesized and industrial catalysts was calculated and 

shown in Figs. 7-9, respectively. As can be seen in Figs. 7 

and 8 the selectivity of CH4 and C2H4 as main cracking 

products for Pt-Sn-Mg-K/γ-Al2O3 catalyst is lowest than 

other catalysts. This means the synergistic effect between 

Mg and K led to a reducing cracking reaction and 

consequently coke formation. Fig. 9 also shows that the 

selectivity of ethane as a hydrogenolysis reaction product 

on Pt-Sn-Ca/γ-Al2O3 and Pt-Sn-Ca-K/γ-Al2O3 is higher 

than other catalysts, which means Ca less than Mg could 

be able to reduce hydrogenolysis reaction, that might be 

one of the reasons for better performance of catalysts  

with Mg promoter compared to Ca promoter.   

 

CONCLUSIONS 

A comparison of Mg, Ca, Mg-K and Ca-K as 

promoters showed that Mg exhibited better superior 

promoting effects than Ca on the Pt-Sn/γ-Al2O3 catalyst in 

the dehydrogenation of propane. Among synthesized 

catalysts, Pt-Sn-Mg-K/γ-Al2O3 showed the highest propane 

dehydrogenation performance due to the synergistic effect 

between Mg and K, which led to producing fewer side 

reaction products and consequently coke formation. This 

synergistic effect also could overcome the effect of Pt 

accumulation in the catalyst center with the possible effect 

of Mg on the formation of Pt2 sites and promotion of Pt 

reduction on dehydrogenation catalyst. All synthesized 

catalysts showed better catalytic performance compared  

to PD-IND catalysts, due to the reduction of catalyst 

acidity proven by TPD results, and consequently reduction 

of side reaction products.  
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Fig. 7: Comparison of methane selectivity for Pt-Sn-Ca (▲), 

Pt-Sn-Ca-K (×), Pt-Sn-Mg (), Pt-Sn-Mg-K (■), and PD-IND (♦) 

on γ- alumina supports (WHSV=2 (1/h); T=620 ºC; H2/CH: 0.85). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8: Comparison of ethylene selectivity for Pt-Sn-Ca (▲),  

Pt-Sn-Ca-K (×), Pt-Sn-Mg (), Pt-Sn-Mg-K (■), and PD-IND (♦) 

on γ- alumina supports (WHSV=2 (1/h); T=620 ºC; H2/CH: 0.85). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9: Comparison of ethane selectivity for Pt-Sn-Ca (▲), Pt-Sn-

Ca-K (×), Pt-Sn-Mg (), Pt-Sn-Mg-K (■), and PD-IND (♦) on  

γ- alumina supports (WHSV=2 (1/h); T=620 ºC; H2/CH: 0.85). 
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