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Abstract Platinum and tin supported on ZnO-modified

MgAl2O4 constitutes a new and efficient catalyst for the

dehydrogenation of propane. The structure of the catalyst

has been studied by XRD, TEM, BET, TG, H2-TPR and H2

chemisorption and catalytic properties for propane dehy-

drogenation have been tested on a microreactor. It has been

shown that the catalyst is superior to conventional alumina-

supported PtSn systems and PtSn/MgAl2O4 in terms of

lifetime stability, activity and propene selectivity. The

characterization results of catalysts revealed that ZnO-

modified catalysts can increase the Pt dispersion and

enhance the interaction between metal and support,

resulting in the increase of catalytic activity for propane

dehydrogenation.

Keywords Pt � Sn � Al2O3 � MgAl2O4 � ZnO/MgAl2O4 �
Propane dehydrogenation

1 Introduction

Dehydrogenation of propane into propylene not only is an

important way in the use of low-carbon alkane, but also

makes up the increasing contradiction between supply and

demand situation of propylene. Pt/A12O3 and PtSn/A12O3

catalyst have been widely used in hydrocarbon dehydroge-

nation [1–6], however, regarding the stability of the cata-

lysts, the dehydrogenation performance of PtSn catalysts is

still not satisfactory, several researches have been reported in

improving the catalytic stability of supported PtSn catalysts

for low paraffin dehydrogenation by adding various pro-

moters to PtSn/c-Al2O3 catalyst [7–11] and by using other

supports instead of c-Al2O3 [12–17]. MgAl2O4 and ZnAl2O4

have characteristic of thermal stability, high mechanical

strength, low surface acidity, which can be better adapted to

low-carbon alkane dehydrogenation process of severe reac-

tion conditions [18, 19]. There are many researches on the

application of spinel as the supports of PtSn catalysts for

butane dehydrogenation [20, 21], however, less attention has

been paid to the catalysts supported on spinel for propane

dehydrogenation. Aguilar-Rı́os et al. [22] studied the pro-

pane dehydrogenation activity of Pt and Pt–Sn catalysts

supported on magnesium aluminate, and found that the

activity and propylene selectivity of the catalysts were low.

Akporiaye et al. [16] reported a good dehydrogenation per-

formance over PtSn/MgAl2O4 catalyst which was obtained

under the condition of 600 �C. Higher temperature is not

conducive to industrialization application of catalysts.

This paper reports on a novel and efficient catalyst for

propane dehydrogenation, which contains platinum pro-

moted with tin supported on the mesoporous MgAl2O4

modified by ZnO. The catalysts have good performance at

low temperature. The catalysts were characterized with

different analytical techniques (XRD, TEM, BET, TG

analysis, chemical analysis). Their catalytic properties were

evaluated in a microreactor.

2 Experimental Section

2.1 Preparation of MgAl2O4

MgAl2O4 was prepared by the sol-gel method, magne-

sium nitrate [Mg(NO3)2�6H2O] and aluminum nitrate
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[Al(NO3)3�9H2O] were dissolved in deionized water under

magnetic stirring, the molar ratio of the two nitrates was

determined according to the stoichiometric amount of

MgAl2O4. Citric acid solution was prepared by adding citric

acid (the amounts were 2 times of the metal ions in mole)

into the deionized water. Citric acid solution was slowly

added dropwise into the nitrate salt solution. The mixed

solution was heated to 70–90 �C and stirred for 60 min with

magnetic bar. The pH value of the solution was adjusted in

the range of 2.0–3.0 by the addition of ammonia solution.

The temperature was maintained at 70–90 �C until the gel

was formed. The products were dried at l60 �C for 4 h in an

oven and became hon-eycomb porous gels. The exerogels

were heat-treated at 800 �C for 4 h and finally MgAl2O4

powders were obtained. All the chemicals used in the

experiments are of analytical grade purity.

2.2 Preparation of Catalysts

Znic oxide-modified MgAl2O4 sample (ZnO 1.25 wt%)

was prepared by impregnating the MgAl2O4 powder sam-

ple into an Zinc nitrate aqueous solution, dried in air at

120 �C for 8 h and calcined at 550 �C in air for 4 h.

Catalyst was prepared by the sequence impregnating with

equal aqueous solution of the Pt precursor (H2PtCl6) and

SnCl2 ethanol solution, Sn was first deposited. For

comparison, Pt/MgAl2O4, PtZn/MgAl2O4, PtSn/c-Al2O3

(c-Al2O3: BET 173 m2/g, Tianjin chemical industry insti-

tute) and PtSn/MgAl2O4 were prepared at the same time.

All samples (Pt 0.3%, Sn 1.2%) were dried at 120 �C for

8 h, and calcined in air at 550 �C for 4 h.

2.3 Propane Dehydrogenation

Catalysts were tested for the propane dehydrogenation

reaction in a microreactor under reaction conditions of

0.1 MPa, 530 �C, C3H8/H2 = 1/1 (molar ratio) and the total

WHSV = 3.6 h-1. A sample (0.3 g), placed in a quartz

fixed-bed reactor(L = 425 mm, U = 10 mm), was previ-

ously heated to 530 �C under a flowing N2 stream in a

temperature programmed furnace. PtSn/ZnO/MgAl2O4

catalyst was tested for the propane dehydrogenation at 490,

530 and 580 �C, respectively. The reaction products (C3H8,

C3H6, CH4, C2H6 and C2H4) were analyzed by an online gas

chromatography (GC-7800) with FID detector and Porapak-

Q packed column.

2.4 Regeneration by Coke Burning-off

Regeneration treatments were performed in the same

quartz reactor as propane dehydrogenation loaded with

0.3 g of deactivated catalyst. The catalyst was heated in

nitrogen from room temperature to 500 �C. Coke burning

was started by feeding the O2:N2 mixture (5% O2) at

20 ml/min.

2.5 Characterizations

2.6 Powder X-ray Diffraction

The powder X-ray diffraction patterns of the MgAl2O4 and

ZnO/MgAl2O4 samples were obtained on a rigaku D/max-

2500 diffractometer with Cu-Ka radiation at 40 kV and

100 mA in a scanning range of 3–80� (2h). The diffraction

peaks of the materials were compared with those of stan-

dard compounds reported in the JCPDS Date File.

2.6.1 Surface Area Measurements

N2 adsorption–desorption isotherms were mensurated at

-196 �C using a Quantachrome NOVA 2000e sorption

analyzer. The samples were degassed at 200 �C for more

than 6 h before analysis.

2.6.2 Transmission Electron Microscopy (TEM)

The measurements of morphology and metallic particle sizes

of the catalysts were carried out in a Philips Tecnai G20 trans-

mission electron microscope(TEM), operating at 200 kV.

2.6.3 Temperature-Programmed Reduction (TPR)

Temperature-programmed reduction (TPR) experiments

were performed under the mixture of 5% H2/N2 flowing

(30 ml/min) over 20 mg of catalyst at a heating rate of

10 �C/min.

2.6.4 Thermo-Gravimetric (TG) Analysis

The amount of carbon deposited on the catalysts during

propane dehydrogenation reaction was measured by using

thermo-gravimetric (TG) analysis (ZRY-2P thermal ana-

lyzer). The catalyst samples (ca. 0.01 g) after reaction for

6 h were heated from room temperature to 800 �C in air

with heating rate of 10 �C/min, and the amount of coke

was calculated from TG curves.

2.6.5 Pulse Chemisorption of Hydrogen

Platinum dispersions were obtained by pulse H2-chemi-

sorption. The experiments were carried out in the same

setup as H2-TPR. Samples (0.2 g) were previously reduced

under flowing pure H2 (10 ml/min) at 500 �C for 2 h, then

purged in N2 at 540 �C for 2 h and cooled to 25 �C. The

pulse size was 0.69 ml 5% (v/v) H2 in N2 mixture and the

time between pulses was 3 min.
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3 Results and Discussion

3.1 Catalytic Properties

Table 1 shows the propane dehydrogenation of the PtSn/

ZnO/MgAl2O4 catalyst at 480, 530 and 550 �C, a deacti-

vation parameter is defined as D (D = (X0 - Xf)/X0 9

100; X0 and Xf are the initial and final conversion) is used

to characterize the activity decline. S0 and Sf represent the

initial and final selectivity to propylene, respectively. The

catalyst shows the highest initial conversion(43.3%) at

580 �C, but the value of deactivation parameter is 63.7%.

when the reaction temperature is 530 �C, the catalyst

exhibits the best performance than that of 480 and 580 �C.

Table 2 shows the catalytic performance of catalysts in

the propane dehydrogenation reaction at 530 �C. Figures 1

and 2 shows propane conversion and propylene selectivity

of the catalysts supported on different materials versus time

on stream. The initial conversions of propane catalyzed

by Pt/MgAl2O4, PtZn/MgAl2O4, PtSn/c-Al2O3, PtSn/Mg

Al2O4 and PtSn/ZnO/MgAl2O4 are 23.4, 27.5, 31.6, 28.3

and 39.9%. The values of D for Pt/MgAl2O4, PtZn/

MgAl2O4, PtSn/c-Al2O3, PtSn/MgAl2O4 and PtSn/ZnO/

MgAl2O4 are 74.7, 63.6, 45.4, 57.1 and 40.9%. Addition of

ZnO to Pt/MgAl2O4 induces the increase in conversion of

propane and selectivity towards propylene. PtSn/ZnO/

MgAl2O4 exhibits the highest initial activity (39.9%) and

the lowest deactivation value (40.9%). PtSn/MgAl2O4 and

PtSn/ZnO/MgAl2O4 show the same propylene selectivity

for propane dehydrogenation while Pt/MgAl2O4 shows

lower propylene selectivity than the above catalysts. The

results indicated that modification of MgAl2O4 by ZnO can

enhance the catalytic activity and stability of PtSn/

MgAl2O4 catalysts. Zn is an electropositive element which

was used as a promoter in Pt based catalysts for dehydro-

genation of propane, the addition of the electropositive

metal to platinum catalysts leads to increased activity,

improved product selectivity and catalyst lifetime [15].

The initial conversion of Pt/MgAl2O4 is 23.4% and the

deactivation value is 74.7%. Addition of Sn to Pt/MgAl2O4

results in an increase in conversion of propane (28.3%),

selectivity towards propylene (99.6%) and the stability of

catalysts. Compared the performance of PtZn/MgAl2O4

with PtSn/ZnO/MgAl2O4, the same fact that Sn plays an

important role on the performance of Pt catalysts can be

found. Many studies have extensively been investigated on

the role of Sn in PtSn catalysts [1, 13, 23]. The role of Sn in

PtSn catalysts is geometric effect and electronic effect [24],

since tin can decrease the size of platinum ensembles

and modify the electronic density of Pt. Addition of Sn to

Pt/MgAl2O4 and Pt/ZnO/MgAl2O4 promotes desired

dehydrogenation reactions, inhibits coking reactions and

leads to high dehydrogenation performance of PtSn/ZnO/

MgAl2O4.

Table 3 shows the particle size of the catalysts determined

by H2-chemisorption, the particle size of the catalysts

Pt/MgAl2O4, PtZn/MgAl2O4, PtSn/MgAl2O4, PtSn/c-Al2O3

and PtSn/ZnO/MgAl2O4 are 6.3 nm, 3.9 nm, 3.2 nm,

2.7 nm and 2.4 nm. PtSn/ZnO/MgAl2O4 has the smallest

particle size but the highest catalytic performance. It was

shown that the catalysts with small particle size show high

performance on dehydrogenation of propane. Santhosh

Kumar et al. [25] studied the dehydrogenation of propane

(DHP) over monometallic Pt-SBA-15 catalysts and revealed

that the catalysts with smaller particles show more active and

less selective than that with larger particles. Addition of Sn

and Zn can increase the dispersion and decrease the size of

platinum ensembles, hydrogenolysis and coking reactions

that require large platinum ensembles are reduced.

3.2 Characterizations of Catalyst

Figure 3 shows the XRD patterns of the MgAl2O4, ZnO/

MgAl2O4, PtSn/MgAl2O4, PtSn/ZnO/MgAl2O4, c-Al2O3

Table 1 Effect the temperature on the activity, selectivity and deactivation of dehydrogenation

PtSn/ZnO/MgAl2O4 X0 (%) Xf (%) (X0 - Xf)/X0 9 100 (%) S0 (%) Sf (%)

480 �C 24.5 11 55.1 95.1 99.7

530 �C 39.3 23.6 39.9 98.4 99.6

580 �C 43.3 15.7 63.7 97.3 97.8

Deactivation parameter defined as [(X0 - Xf)/X0 9 100]; X0 is initial conversion the Xf is the final conversion, initial selectivity (S0) and final

selectivity (Sf) to propylene

Table 2 The activity, selectivity and deactivation of dehydrogena-

tion on different catalysts

Catalyst X0(%) Xf(%) (X0 - Xf)/

X0 9 100(%)

S0 Sf

Pt/MgAl2O4 23.4 5.9 74.7 92.4 98.3

PtZn/MgAl2O4 27.5 10 63.6 93.8 99

PtSn/MgAl2O4 28.3 12.1 57.1 99.4 99.5

PtSn/c-Al2O3 31.6 17.3 45.4 90.4 99.2

PtSn/ZnO/MgAl2O4 39.9 23.6 40.9 98.4 99.6

Reaction temperature: 530 �C
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and PtSn/c-Al2O3 samples. By comparing the diffracto-

grams of Fig. 3a [shows the presence of the MgAl2O4 spinel

(JCPDS 73-2210)] and Fig 3b (shows the patterns of the

ZnO/MgAl2O4), it is found that the peaks are the same as

MgAl2O4 spinel and there is no evidence of crystalline ZnO,

which shows that ZnO-modifying doesn’t change the

structure of MgAl2O4. Fig 3c, d show the similar peaks as

MgAl2O4, the diffraction peaks of Pt and Sn are not found.

Figure 3e shows the patterns of the c-Al2O3 (JCPDS10-

425), Fig 3f shows the same peaks as c-Al2O3. No catalysts

show evidence of Pt and Sn, due to low concentration of Pt

and Sn or their small crystallite size [8]. Figure 4 shows the

nitrogen adsorption–desorption isotherms of PtSn/c-Al2O3,

PtSn/MgAl2O4 and PtSn/ZnO/MgAl2O4 samples, the three

catalysts exhibited type IV adsorption–desorption iso-

therms, which is characteristic of mesoporous materials.

Figure 5 shows the pore size distribution curves of PtSn/

Al2O3, PtSn/MgAl2O4 and PtSn/ZnO/MgAl2O4 samples. It

can be seen that the most possible pore diameter of PtSn/

MgAl2O4 is 2.5 nm and 11.5 nm (curve a), while the PtSn/

ZnO/MgAl2O4 sample has two kinds of pore with the most

possible diameter of 2 and 8 nm (curve b),which indicates

the pore size distribution of PtSn/MgAl2O4 was shifted to

more pores of smaller diameters after loading of ZnO, and it

seems reasonable to consider that ZnO may reside inside the

pores. The PtSn/Al2O3 sample used in this work has pores

with diameter of 7.05 nm (curve b). Textural properties of

the samples were measured by nitrogen adsorption–

desorption isotherms and shown in Table 4. PtSn/Al2O3 has

area of 174.59 m2/g and PtSn/MgAl2O4 has surface area of

138.4 m2/g, while PtSn/ZnO/MgAl2O4 shows surface area

of 174.7 m2/g, The modification of PtSn/MgAl2O4 by ZnO

leads to an increase in the surface area. The TEM results

shown in Figure 6 indicate that the metal particle sizes of

PtSn/MgAl2O4 and PtSn/ZnO/MgAl2O4 catalysts are

almost the same (ca. 6–8 nm), the particle size of PtSn/

c-Al2O3 is about 5–7 nm. The partical size of spent PtSn/

c-Al2O3 increases obviously and the coke is deposited on

the surface of the catalyst.

3.3 Surface Properties of Catalysts

3.3.1 Pt Dispersion

Table 5 shows the platinum dispersion of catalysts. Plati-

num dispersion was calculated from hydrogen pulse

chemisorption on the basis of H:Pt = 1 [26]. ZnO doped

Pt/MgAl2O4 and PtSn/MgAl2O4 catalysts lead to an obvi-

ous increase in platinum dispersion which is also influ-

enced by the addition of Sn. The existence of ZnO in Pt and

PtSn catalysts can promote the activity and stability of

dehydrogenation, it can be partly attributed to the increase

in platinum dispersion. Studies have shown that the active

site for propane dehydrogenation is the single platinum
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Fig. 1 The propane conversion of catalysts supported on different

materials: a PtSn/ZnO/MgAl2O4, b PtSn/c-Al2O3, and c PtSn/

MgAl2O4, d Pt/ZnO/MgAl2O4, e Pt/MgAl2O4
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Fig. 2 The propylene selectivity over catalysts supported on different

materials: a PtSn/MgAl2O4, b PtSn/c-Al2O3, c PtSn/ZnO/MgAl2O4,

d Pt/MgAl2O4, e Pt/ZnO/MgAl2O4

Table 3 Particle size of catalysts

Catalyst Particle size (nm)

TEM XRDa H2-Chemisorptionb

Pt/MgAl2O4 6.3

PtZn/MgAl2O4 3.9

PtSn/MgAl2O4 6–8 3.2

PtSn/c-Al2O3 5–7 2.7

PtSn/ZnO/MgAl2O4 6–8 2.4

a No diffraction peaks of Pt and Sn
b Determined by d (nm) = 1.13/D (D dispersion)
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atom, while hydrogenolysis and coke reactions require the

large platinum particles [27]. Furthermore, zinc can reduce

the size of the platinum particles as the role of tin in PtSn

catalyst and suppress the side reactions which need large

platinum ensembles.

3.3.2 TPR Analysis

Figure 7 shows the TPR profiles of Pt/MgAl2O4, PtZn/

MgAl2O4, PtSn/c-Al2O3, PtSn/MgAl2O4 and PtSn/ZnO/

MgAl2O4 catalysts respectivly. The TPR profile of PtSn/

c-Al2O3 sample is composed of three H2 consumption

peaks (curve e). There are two low temperature peaks: the

first one around 250 �C and the second one around 450 �C

can be assigned to the co-reduction of Pt and Sn [1]. The

third one around 680 �C can be assigned to reduction of

Al3? ions in alumina surface layers [8, 28]. All the cata-

lysts supported on the MgAl2O4 show two reduction peaks

at about 600 and 750 �C. The origin of the two peaks is not

clearly known, but it is speculated that it is linked with the

reduction of OH groups or aluminum ions on the surface of

MgAl2O4. Over the Pt/MgAl2O4 (curve a), two reduction

peaks appear, one near 230 �C and another around 470 �C.

Two types of Pt oxides are considered in literatures

[29–31]. The former is reduced at low temperatures due to

weak interaction with the support, the latter requires higher

temperatures on account of strong interaction. Therefore,

we can associate the hydrogen consumption peaks at 230

and 470 �C with the reduction of two kinds of platinum. In

the case of the PtSn/MgAl2O4 (curve b), two reduction

peaks are present, one at 260 �C, and the other at 430 �C.

These two reduction peaks can be related to the

co-reduction of platinum and tin particles. Pt assists the

reduction of SnO2, as reported by other groups [32, 33].

For the PtZn/MgAl2O4 catalyst (curve c), the reduction

peaks show similarities to those over Pt/MgAl2O4. Over

Pt/ZnO sample, ZnO can be reduced to metallic Zn and

lead to the formation of PtZn alloy even at low reduction

temperatures (200 �C) [34]. It implies that there is a pos-

sibility of existence of PtZn alloy in PtZn/MgAl2O4 cata-

lyst. For PtSn/ZnO/MgAl2O4 catalyst(curve d), only one

large reduction peak appears around 400 �C, which can not

be assigned to reduction of certain species. It is reasonable

to assign this peak to the conjunct reduction of platinum,

tin and zinc species. The presence of zinc changed the

reduction property of the PtSn catalyst. The TPR profile

suggests that strong interactions between zinc, tin and

platinum three compents may take place.

3.3.3 Analysis of Coke

The amount of coke deposited on the catalysts after

dehydrogenation reaction for 6 h was measured by using
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thermo-gravimetric (TG) analysis. As shown in Table 6,

the amount of coke on PtSn/c-Al2O3, PtSn/MgAl2O4, PtSn/

ZnO/MgAl2O4, Pt/MgAl2O4 and PtZn/MgAl2O4 is 13.2%,

7.73, 7.51, 8.79 and 7.63%, respectively. The lowest

amount of coke is observed over the PtSn/ZnO/MgAl2O4

catalyst and the highest amount of coke appears over the

PtSn/c-Al2O3 catalyst. Santhosh Kumar et al. [25] reported

that smaller particles are more active for propane conver-

sion and coke formation. If we correlate the coke deposited

to the particle size, we can find that there exists a mismatch

or disproportion between them. Factors including support,

surface acidy of catalysts, addition of promoter and inter-

action between metal and support that affect the formation

of coke are complex, therefore, it is necessary to further

study the effect on coke formation. Addition of Sn to

Pt/MgAl2O4 catalyst is to promote desired dehydrogena-

tion reactions and inhibit coking reactions [27]. The effect

of tin can be explained in geometric effect and electronic

Table 4 Textural properties of

different samples
Sample BJH average

pore diameter(nm)

BET surface

area (m2/g)

Total pore

volume (cm3/g)

PtSn/MgAl2O4 4.3 138.4 0.822

PtSn/ZnO/MgAl2O4 9.1 174.7 0.404

PtSn/c-Al2O3 7 174.6 0.384

Fig. 6 TEM images of the

different catalysts: a PtSn/

MgAl2O4, b PtSn/ZnO/

MgAl2O4 c PtSn/c-Al2O3 d
spent PtSn/c-Al2O3

Table 5 Dispersion of catalysts

Catalyst Dispersion

Pt/MgAl2O4 0.18

PtZn/MgAl2O4 0.29

PtSn/MgAl2O4 0.35

PtSn/c-Al2O3 0.42

PtSn/ZnO/MgAl2O4 0.48
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effect [24]. Hydrogenolysis and coking reactionst require

large platinum ensembles, addition of Sn decreases the size

of platinum ensembles. The presence of Sn brings about an

increase in the electronic density of the platinum metal

phase, which will weaken the strength of the Pt–(C=C)

bond and repulse coke precursors. The presence of zinc can

cause similar effects to Sn for the modification of Pt cat-

alysts in dehydrogenation processes (Table 7).

Davis et al. [35] gave a surface figure of metal catalyst

in the reaction, deposition carbon is formed on the surface

of the catalyst, there are reactant and product molecules

adsorbed on the catalyst surface. If the desorption is not

successful, then eventually carbon deposition will be

formed. Catalyst deactivation caused by carbon deposition

has two possibilities: carbon deposites on the surface of

active metal and carbon deposition blocks the pore of

catalyst. This will reduce catalyst active site and cause the

loss of some activity. Some researches have been done on

deposition carbon of the catalyst surface about supported Pt

catalysts [36, 37]. From TEM (Fig. 7d) of the spent cata-

lyst, it can be seen that Pt particles increases markedly.

Sintering of the active component and carbon deposition

are two important factors of catalyst deactivation.

3.3.4 Regeneration Test

Figure 5 shows propane conversion of the fresh PtSn/ZnO/

MgAl2O4, the first cycle regeneration of deactivated PtSn/

ZnO/MgAl2O4, the second cycle regeneration and the third

cycle regeneration.

The initial and final conversions of PtSn/ZnO/MgAl2O4

decrease with the increase of regeneration cycle (initial

conversion:from 39.9 to 27.3%, the final conversion: from

23.6 to 10.1%). The value of D increases from 40.9 to 63,

which shows that the activity and stability of PtSn/ZnO/

MgAl2O4 decline with the regeneration cycle. The catalysts

show the same propylene selectivity for propane dehy-

drogenation after regeneration(not shown). Recycle

regeneration will give rise to two major permanent poi-

soning process [28]: the damage of the surface structure

and the sintering of active component, which lead to

deactivation of the catalysts.

4 Conclusions

The PtSn catalyst supported on ZnO-modified MgAl2O4

(ZnO/MgAl2O4) exhibits higher activity and higher sta-

bility than the PtSn/MgAl2O4 catalyst and conventional

PtSn/c-Al2O3 catalyst for propane dehydrogenation. The

higher catalytic activity and stability of PtSn/ZnO/

MgAl2O4 catalyst can be due to the presence of ZnO,

which increases the Pt dispersion, reduces the metal par-

ticle size and enhances the interaction between the metal

and the support.
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Table 6 The amount of coke deposits on different PtSn catalysts

(after reaction for 6 h)

Catalyst PtSn/

c-Al2O3

PtSn/

MgAl2O4

PtSn/ZnO/

MgAl2O4

Pt/MgAl2
O4

PtZn/

MgAl2O4

Coke

amount

(wt%)

13.2 7.73 7.51 8.79 7.63
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