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Abstract
The effect of the addition of different promoters, such as, Ce, Zn and Co (0.3, 0.5

and 0.7 wt%) to the trimetallic Pt–Sn–K/Al2O3 catalyst in order to enhance per-

formance of propane dehydrogenation was investigated and characterized with

several analytic techniques, including, TPR, XRF, UV analysis, SEM and TGA–

DTA. The catalysts were prepared by sequential impregnation of c-Al2O3 tech-

nique. It was found that suitable addition of Zn (0.7 wt%), Ce (0.5 wt%) and Co (0.3

wt%) to the Pt–Sn–K/c-Al2O3 catalyst can improve the catalytic performance more

than the commercial Pt–Sn/c-Al2O3 catalyst. The best results on Sn reduction was

obtained by adding Zn (0.7 wt%) and Co (0.3 wt%) to the trimetallic Pt–Sn–K/

Al2O3 catalyst. Ce (0.5 wt%) due to its ability on Pt reduction peak temperature was

able to reveal better result. The performance of Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 and

Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 catalysts were improved by a suitable amount of Ce,

Zn and Co Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 showed better performance in terms of

conversion and propylene selectivity. The synergic effect of Co and Zn can enlarge

the Pt reduction peak areas than Pt–Sn–K–Co0.3/c-Al2O3 and Pt–Sn–K–Zn0.7/c-

Al2O3, so can suppress the coke formation and improve the catalyst performance.
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Introduction

The global demand for propylene as the feedstock for a variety of polymers and

intermediates in the chemical industry has been expanded [1, 2]. Currently, the main

source for propylene is from by-production of gasoline by both thermal and catalytic

cracking [3]. Propane dehydrogenation not only has a great potential in the use of

light paraffins for propylene boosters, but also it can decrease the gap between the

supply and demand for propylene [4].

Platinum-based mono- and bimetallic (Pt–Sn) catalysts supported on c-Al2O3

have been widely used in hydrocarbon dehydrogenation, but bimetallic platinum-tin

catalysts show relatively high reaction conversion and selectivity [4–6]. The

improvement of the stability and selectivity for paraffin dehydrogenation to olefins

is increased, while cracking process, isomerization reactions, and the coke

formation process are suppressed [1, 3, 7]. Significant progress in the PtSn catalyst

has been reported in a large number of papers [5, 8, 9]. Generally, the catalytic

properties of bimetallic Pt–Sn catalysts strongly depend on interaction between Pt

and Sn, as well as the state of Sn [5, 6, 10].

The roles of Sn is mainly an electronic and geometric effects modifying the Pt.

The geometric effect of tin is reducing the size of platinum ensembles,

hydrogenolysis and coking reactions requiring a large part of ensembles [11]. The

electronic modification of Sn on Pt consists of the positive charge transfer from

Snn? species and different electronic structures of PtSn alloys [9, 12, 13].

Tasbihi et al. [7] found that adding K and Li to PtSn/c-Al2O3 lead to better

catalytic performance. They also compared it with the PtSn/c-Al2O3 catalyst.

Nagaraja [14] found that the addition of a small amount of K on the bimetallic PtSn/

c-Al2O3 catalyst improved the n-C4
= yield. Potassium blocks the acid sites of Pt

catalyst, improving the selectivity. Siri [11] reported that the addition of K in the

dehydrogenation reaction improved the stability level of the catalyst. However, the

dehydrogenation performance of PtSn catalysts is still not satisfactory, especially

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

catalytic stability of supported PtSn catalysts during light paraffin conversion.

Lanthanum and cerium are rare earth elements showing unique effects which are

related to the strong metal-rare earth oxide interaction and the thermal stabilization

of the alumina support [3, 15]. Navarro [16] and others studied the effect of Ce and

La on the PtNi-catalyst that supported on Al2O3 for acetone steam reforming. The

main roles of CeO2 were promoting the thermal stability of c-Al2O3, which was

attributed to the CeAlO3 formation [1, 3–20].

Zn and Co, as transition metals, can increase the electron density of Pt,

suppressing the coke formation. The effect of Zn on Pt can be related to the strong

interactions between zinc and platinum due to the formation of PtZn alloy and the

change in the electronic properties of Pt atoms (e.g., the formation of Ptd-–Znd?

entities) [13]. Zhang et al. [10] investigated the effect of zinc addition on the

catalytic properties of the Pt–Sn–K/c-Al2O3 catalyst for isobutane dehydrogenation.

They reported that the suitable addition of Zn to Pt–Sn–K/c-Al2O3 could decrease
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the carbon depositions, resulting in the geometric effect and stabilizing the

oxidation state of Sn species.

Guczi et al. [21] investigated the structure of Pt–Co/Al2O3 and Pt–Co/NaY

bimetallic catalysts in Co hydrogenation. On the other hand, Dietrich et al. [22]

investigated the effect of Co and Mo as promoters on Pt-based aqueous phase

reforming catalysts. However, comparatively few papers have reported the effects

of cobalt on alumina supported platinum catalysts in propane dehydrogenation.

The mechanisms of dehydrogenation of alkane have been studied in several

investigations. Biloen et al. [23] studied the catalytic dehydrogenation of propane to

propylene over platinum and platinum–gold alloys. They proposed that dissociative

chemisorption of propane on a single platinum atom to which two adsorption sites

are associated, one of which carries a hydrogen atom. The subsequent conversion of

the propyl radical into p-bonded propylene via b-hydrogen elimination was the rate

determining step. The last step, desorption of r-bonded propylene had a compar-

atively low activation energy. Also Slatter [24] in the case of side reactions stated,

catalytic cracking requires a catalyst with Brønsted and/or Lewis acidity and

proceeds via the formation of a carbocation intermediate, and it leads the formation

of an alkenes and an alkane. Isomerization is the rearrangement of atoms within a

molecule. He acknowledged that the balance between dehydrogenation and these

side reactions is very complex. Although catalysts have effects on the reaction

mechanism, but in this study we have not investigated the reaction mechanism. We

have tried to eliminate side reaction by using proper promoters.

In the present study, Pt–Sn–K–M/c-Al2O3 (M: Zn, Ce and Co) catalysts with

different contents of zinc, cerium and cobalt were prepared for the dehydrogenation

of propane. The catalysts were analyzed by several techniques including TPR, XRF,

UV, SEM, and TG–DTA.

Experimental

Catalyst preparation

A series of Pt–Sn–K–M/c-Al2O3 catalysts with different M metals (M = Zn, Ce and

Co) as the promoter were prepared by a sequential impregnation method. A

commercial c-Al2O3 (SBET = 215 m2/g) previously calcined in air at 550 �C for 2 h

was used as a support. The M/c-Al2O3 catalyst was prepared by impregnating the

metal from an excess aqueous solution of the fourth metal (M = Zn, Ce and Co)

precursor (metal nitrate hexahydrate). After impregnation, it was dried at 120 �C
overnight and calcined at 550 �C, with a rate of 5 �C/min in air for 2 h. Then Sn

was impregnated from Sn precursor (Tin(II) chloride dihydrate) on the prepared

(M)/c-Al2O3. The Sn-M/c-Al2O3 catalyst was prepared using hydrochloric acid; this

was followed by drying at 120 �C overnight and calcination at 550 �C in air for 2 h.

For the preparation of the Pt–Sn–M/c-Al2O3 catalyst, the Pt precursor (hexachloro-

platinic acid hexahydrate) was impregnated in a fixed-bed quartz reactor (ID = 2.0

cm, L = 23 cm). The impregnating solution (40 ml) was passed and totally recycled

to the support-bed (10 g) by two peristaltic pumps. For the preparation of the Pt–
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Sn–K–M/c-Al2O3 catalyst, K precursor (potassium nitrate trihydrate) was dry

impregnated on the prepared Pt–Sn–M/c-Al2O3. The contents of Pt, Sn, K, and the

fourth metal in the Pt–Sn–K–M/c-Al2O3 catalysts were fixed at 0.5 wt%, 0.71 wt%,

0.65 wt%, and 0.3–0.5–0.7 wt%. For reference, the commercial Pt–Sn/c-Al2O3

catalyst named PD-IND, as supplied by a European company [25], was used as the

reference for the performance.

Characterization methods

XRF

X-ray fluorescence (XRF) measurements on a Philips PW2404 XRF analyzer could

determine the Platinum, tin, and chlorine content of the samples.

TPR

Temperature-programmed reduction experiments were carried out on an BELCAT-

Aanalyzer consisting of a programmable temperature furnace. Samples (0.2 g) were

filled in the quartz reactor. The furnace was heated to 850 �C at a rate of 10 �C/min

in 7.52% H2/Ar stream (50 ml/min). The effects of promoters on the reduction

properties of catalysts were studied by TPR.

SEM

In order to determine the uniformity of the layer deposited by impregnation on

catalyst, characterization was done by scanning electronic microscope (SEM), with

a VEGA\TESCAN analyzer. To ensure the sample conductivity, they were coated

with a thin layer of gold. SEM had an EDAX detector that could measure the

wavelength and Pt adsorption as a small X-ray fluorescence.

TG-DTG

The carbon content of the used catalysts was measured by a thermogravimetry/

differential thermal analysis (TG-DTG) instrument (Terkimelmer instrument

diamond). The sample was heated to 1100 �C at a heating rate of 10 �C/min and

in an air flow of 50 ml/min.

UV–vis spectroscopy

The platinum concentration within the solution container was measured by

Metrohm 744 UV–Vis spectrometer after Pt impregnation.

The performance test

The performance tests of both synthesized and commercial catalysts were conducted

in a fixed bed quartz reactor (ID = 15 mm) and under atmospheric pressure, using a
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mixture of propane and hydrogen (for dilution of propane in a gas mixture to

increase propane conversion) with operation condition: (H2/CH = 0.85;

WHSV = 2 h-1 and T = 620 �C). The product was analyzed for light-hydrocarbons

by an online gas chromatograph (Agilent 6890N) equipped with TCD and FID

detectors.

Results and discussion

Characterization of the catalysts

TPR results

The effects of different contents of Ce, Zn and Co as the promoters on the reduction

properties of catalysts were studied by TPR. The PD-IND catalyst showed three

reduction peaks at 293, 695, and 843 �C [26]; the first peak was related to the

reduction of Pt species. The second peak was related to the reduction of the Sn

species, which interacted strongly with Pt, forming the PtSn alloy [3, 26]. The third

peak was related to the reduction of tin oxides that interacted strongly with the

support [26]. The profiles of H2-TPR are shown in Figs. 1, 2, and 3. A comparison

of the adsorption strength distribution was obtained by the deconvolution of the

peaks using normal distribution functions. The TPR diagrams of the catalysts

obtained by Ce are shown in Fig. 1. Pt–Sn–K–Ce/c-Al2O3 catalysts showed two

temperature reduction peaks. The first peak was related to the reduction of Pt oxides.

As shown in Table 1, the ceria sample shifted the reduction peak of Pt oxides to the

lower temperature, as compared with PD-IND. This revealed that Pt could interact

preferably with CeO2, rather than Al2O3 [3, 17, 18, 27, 28]. The Pt–Ce interactions

Fig. 1 H2-TPR profiles of the samples with Ce as the promoter. a Pt–Sn–K–Ce0.3/c-Al2O3, b Pt–Sn–K–
Ce0.5/c-Al2O3, c Pt–Sn–K–Ce0.7/c-Al2O3
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could enhance the ability of Pt particles to resist agglomeration. Therefore, Pt–Sn–

K–Ce/c-Al2O3 could indicate high stability for propane dehydrogenation [3, 17, 27].

As can be seen in Table 1, the catalyst with 0.5 wt% of ceria showed the lowest Pt

reduction peak temperature (248 �C) and slightly higher hydrogen consumption

(0.15 mmol/g), as compared with Pt–Sn–K–Ce0.3/c-Al2O3 (0.1 mmol/g) and Pt–Sn–

K–Ce0.7/c-Al2O3 (0.01 mmol/g). In contrast, the Pt–Sn–K–Ce0.5/c-Al2O3 catalyst

showed the lowest Sn reduction temperature peak (359\ 520, 479 �C), and the

corresponding peak areas were the least (0.23 mmol/g) too. In this way, judgment

Fig. 2 H2-TPR profiles of the samples with Zn as the promoter. a Pt–Sn–K–Zn0.3/c-Al2O3, b Pt–Sn–K–
Zn0.5/c-Al2O3, c Pt–Sn–K–Zn0.7/c-Al2O3

Fig. 3 H2-TPR profiles of the samples with Co as the promoter. a Pt–Sn–K–Co0.3/c-Al2O3, b Pt–Sn–K–
Co0.5/c-Al2O3, c Pt–Sn–K–Co0.7/c-Al2O3

123

482 Reaction Kinetics, Mechanisms and Catalysis (2019) 126:477–495



on the effect of ceria on the reduction of Sn would be difficult. This may be due to

the metallic state of Sn. When Sn appears in a metallic state (Sn0), it may be a

poison, but when it appears in a nonmetallic state (Sn4? or Sn2?), it acts as a

promoter [5]. Thus, it is better for Sn reduction peaks to appear in the higher

temperatures with less hydrogen consumption. Due to the Ce effect on hydrogen

consumption, it can be concluded that the interactions between Sn species and the

support are strengthened, and the presence of Ce can inhibit the reduction of Sn

species according to other papers [3, 27].

Fig. 2 shows that Zn could not reduce the Pt temperature reduction peak, as

compared with PD-IND. As can be seen in Table 1, with increasing Zn loading, the

decrease in the Pt reduction peak area was observed (0.11 mmol/g for Pt–Sn–K–

Zn0.7/c-Al2O3 0.29, 0.37). So Pt–Sn–K–Zn0.3/c-Al2O3 showed the highest Pt

reduction peak area (0.37 mmol/g). Consonni [29] investigated that in the case of

the Pt/ZnO sample, even at low reduction temperatures (200 �C), ZnO could be

reduced to metallic Zn, resulting in the formation of PtZn alloy. It could be

concluded that some amounts of Zn species might be reduced to metallic Zn; thus

the formation of the PtZn alloy would be inevitable [10]. Because of the much more

amount of PtZn alloy in the Pt–Sn–K–Zn0.7/c-Al2O3 catalyst, Pt could not reduce

the hydrogen consumption, which was the lowest. Another reason for the decrease

in Pt ability for reduction could be that the extra amount of Zn might have blocked

the platinum particles, not allowing Pt to be reduced. As it is difficult to assign the

second peak to a certain species, this peak could appertain to the reduction of

platinum, tin and zinc species [10]. By increasing the zinc concentration, the Sn

species reduction peak areas were decreased. It indicates that the interactions

between Sn species and the support could be strengthened. This means Zn could

Table 1 The results of TPR analysis

Catalyst Low temperature peak High temperature peak Overall H2

consumption

mmol/gReduction

peak (�C)

H2

consumption

mmol/g

Reduction

peak (�C)

H2

consumption

mmol/g

Pt–Sn–K–Ce0.3/c-Al2O3 265 0.10 520 0.27 0.37

Pt–Sn–K–Ce0.5/c-Al2O3 248 0.15 359 0.23 0.38

Pt–Sn–K–Ce0.7/c-Al2O3 262 0.01 479 0.43 0.44

Pt–Sn–K–Co0.3/c-Al2O3 269 0.04 561 0.13 0.17

Pt–Sn–K–Co0.5/c-Al2O3 240 0.06 280 0.38 0.44

Pt–Sn–K–Co0.7/c-Al2O3 272 0.1 239 0.29 0.39

Pt–Sn–K–Zn0.3/c-Al2O3 301 0.37 401 0.23 0.6

Pt–Sn–K–Zn0.5/c-Al2O3 299 0.29 405 0.18 0.47

Pt–Sn–K–Zn0.7/c-Al2O3 299 0.11 401 0.06 0.17

Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 265 0.03 488 0.13 0.16

Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 259 0.2 468 0.17 0.37
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stabilize the oxidation states of Sn species, thereby contributing to the catalytic

performance.

It can be seen in Fig. 3 that Co could reduce the Pt temperature reduction peak, as

compared with PD-IND. According to Table 1, it is too difficult to judge the effect

of different concentrations of Co. But it could be seen that by increasing Co loading,

the hydrogen consumption was increased. The second peak might be related to the

reduction of Sn alloyed by Pt and Co. In the Pt–Sn–K–Co0.3/c-Al2O3 catalyst, the

second peak appeared in the higher temperature (561 �C), and the corresponding

reduction peak area was the least, in comparison to other Co concentrations

(0.13 mmol/g\ 0.29, 0.38). This implied that 0.3 wt% Co could stabilize the

oxidation state of Sn.

Table 1 and Fig. 4 show that Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 had much less

hydrogen consumption of the Pt reduction peak (0.03 mmol/g), as compared with

Pt–Sn–K–Ce0.5/c-Al2O3 (0.15 mmol/g) and Pt–Sn–K–Zn0.7/c-Al2O3 (0.11 mmol/g)

catalysts. Separate figures are given in the Supplementary Information that represent

H2-TPR profiles of Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 (Fig. S1) and Pt–Sn–K–Co0.3–

Zn0.7/c-Al2O3 (Fig. S2). It is possible that Pt, Zn and Ce could form potent

interaction in the Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 catalyst, causing Pt not to be able

to be reduced to the metallic phase. The second peak of Pt–Sn–K–Ce0.5–Zn0.7/c-

Al2O3 appeared at the higher temperature (488 �C), as compare with Pt–Sn–K–

Ce0.5/c-Al2O3 (359 �C) and Pt–Sn–K–Zn0.7/c-Al2O3 (401 �C), thereby showing the

interaction that between Pt, Sn, Ce and Zn shifted the location of the Sn reduction

peak to the higher temperature. Also the TPR profile of Pt–Sn–K–Co0.3–Zn0.7/c-

Al2O3 is shown in Fig. 4. Table 1 shows the first peak of Pt–Sn–K–Co0.3–Zn0.7/c-

Fig. 4 H2-TPR profile of a Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3, b Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3
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Al2O3, that was related to the reduction of Pt to metallic phase, was shifted to the

lower temperature (259 �C), as compared to Pt–Sn–K–Co0.3/c-Al2O3 (269 �C) and

Pt–Sn–K–Zn0.7/c-Al2O3 (299 �C). This revealed that the interaction between Pt, Zn

and Co caused the easier reduction of Pt, and the corresponding reduction peak

areas (0.2 mmol/g) were larger than Pt–Sn–K–Co0.3/c-Al2O3 (0.04 mmol/g) and Pt–

Sn–K–Zn0.7/c-Al2O3 (0.11 mmol/g). However, H2 consumption for the second peak

of Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 (0.17 mmol/g) was the highest, as compared with

Pt–Sn–K–Co0.3/c-Al2O3 (0.13 mmol/g) and Pt–Sn–K–Zn0.7/c-Al2O3 (0.06 mmol/

g). It means that the interaction between Sn, Zn and Co had no favorable effect on

Sn reduction.

The results showed that all the samples, when compared with PD-IND, could

eliminate the third peak which was related to the reduction of Sn?2 to Sn0, acting as

the poison and reducing the conversion and selectivity of the catalyst.

XRF results

Table 2 shows the results of the elemental analysis of the catalysts after calcination

and reduction. It shows that the maximum Pt uptake occurred in the catalyst with the

Zn promoter; especially, in Pt–Sn–K–Zn0.5/c-Al2O3 (0.47 wt%) and Pt–Sn–K–

Zn0.3/c-Al2O3 (0.47 wt%), it was very close to the nominal value (0.5 wt%). It

means that catalyst with Zn as the promoter could achieve a higher loading of active

metal than Ce and Co did; this could be advantageous both from an economic

viewpoint due to the high impregnation efficiency and the potentially higher catalyst

conversion [30]. Pt–Sn–K–Zn0.5/c-Al2O3 and Pt–Sn–K–Zn0.3/c-Al2O3could uptake

more Pt than Pt–Sn–K–Zn0.7/c-Al2O3 (0.43 wt%). By increasing the Zn concen-

tration to 0.7 wt%, the extra amount of Zn could block the platinum particles or

change the character of active metal by the formation of PtZn alloy that could

improve the selectivity toward propylene, but the catalyst could loosen the

conversion [10]. Due to this phenomenon, the adsorption of Pt was decreased. This

was confirmed by TPR test. In this case, in Pt–Sn–K–Zn0.5/c-Al2O3 and Pt–Sn–K–

Table 2 The results of XRF

analysis
Sample Pt (wt%) K2O (wt%) Cl (wt%)

Industrial catalyst (PD-IND) 0.36 0.98 1.20

Pt–Sn–K–Zn0.3/c-Al2O3 0.47 0.70 0.78

Pt–Sn–K–Zn0.5/c-Al2O3 0.47 0.68 0.70

Pt–Sn–K–Zn0.7/c-Al2O3 0.43 0.68 0.80

Pt–Sn–K–Co0.3/c-Al2O3 0.47 0.77 1.09

Pt–Sn–K–Co0.5/c-Al2O3 0.44 0.62 0.97

Pt–Sn–K–Co0.7/c-Al2O3 0.43 0.69 0.98

Pt–Sn–K–Ce0.3/c-Al2O3 0.33 0.62 0.93

Pt–Sn–K–Ce0.5/c-Al2O3 0.43 0.69 0.88

Pt–Sn–K–Ce0.7/c-Al2O3 0.38 0.68 0.74

Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 0.45 0.63 0.79

Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 0.37 0.70 0.74
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Zn0.3/c-Al2O3 catalysts, the amount of hydrogen consumption of the Pt reduction

peak was higher than that of Pt–Sn–K–Zn0.7/c-Al2O3, showing that more Pt, rather

than Pt–Sn–K–Zn0.7/c-Al2O3, could be reduced to metallic phases. It means that the

more Pt uptake occurred on Pt–Sn–K–Zn0.5/c-Al2O3 and Pt–Sn–K–Zn0.3/c-Al2O3

catalysts. Among other contents of Ce, the Pt–Sn–K–Ce0.5/c-Al2O3 catalyst

achieved higher Pt loading (0.43 wt%). Adequate amounts of Ce addition could

prevent Pt agglomeration, so the Pt adsorption on Pt–Sn–K–Ce0.5/c-Al2O3was

increased. By increasing the Ce amount loading, the extra Ce could block the Pt

species, causing the reduction of the Pt uptake. The results obtained by TPR also

showed that Pt–Sn–K–Ce0.5/c-Al2O3 catalyst had the lowest Pt reduction peak and

the largest corresponding reduction peak area among other catalysts with the Ce

promoter. It confirmed the results by XRF. On Pt–Sn–K–Co0.3/c-Al2O3 catalyst,

there was more Pt uptake (0.47 wt%), as compared with Pt–Sn–K–Co0.5/c-Al2O3

(0.44 wt%) and Pt–Sn–K–Co0.7/c-Al2O3 (0.43 wt%). As can be seen in Table 2, by

increasing the amount of Co loading, the Pt uptake was decreased. This means that

Co could prevent the Pt adsorption. The much less amount of the Pt uptake in Pt–

Sn–K–Ce0.5–Zn0.7/c-Al2O3 (0.37 wt%), as compared with Pt–Sn–K–Zn0.7/c-Al2O3

(0.43 wt%) and Pt–Sn–K–Ce0.5/c-Al2O3 (0.43 wt%), showed that the synergic

effect of the best concentration of Ce and Zn could not be suitable for Pt up taking.

The presence of cobalt with 0.7 wt% of Zn improved the Pt uptake in Pt–Sn–K–

Co0.3–Zn0.7/c-Al2O3 (0.45 wt%), rather than Pt–Sn–K–Zn0.7/c-Al2O3 (0.43 wt%).

SEM results

In order to determine the uniformity of the particles of the Pt–Sn–K–Co0.3–Zn0.7/c-

Al2O3 catalyst deposited by impregnating on the spheres of c-Al2O3, a character-

ization was done by scanning electronic microscope (SEM). Figure 5 shows two

photographs of a calcined sample. This figure shows that the catalyst had uniform

dispersion. It is believed that zinc serves as an efficient spacer to reduce the size of

platinum ensembles, just as tin acts as a spacer in the Pt–Sn catalyst [31, 32, 34]. So

this uniformity could be the result of the synergy effect of Sn and Zn in the Pt–Sn–

K–Co0.3–Zn0.7/c-Al2O3 catalyst. It was observed that the crystalline size was in the

4–10 lm range.

EDAX results of the Pt content on the edge and the center, and the middle of the

edge and the center of them are shown in Table 3. Table 3 shows that Pt dispersion

on three sides of this catalyst was nearly uniform, which could cause Sn and Zn to

act as promoters.

TGA analysis

The TG-DTG profiles of the deactivated Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 catalyst are

plotted in Fig. 6. Two distinct peaks were identified from the DTG curve. The first

region was around 100 �C, which was attributed to the removal of the adsorbed

steam. The second peak (400 B T B 550 �C) was due to the combustion of coke

deposited on the active metal and support sites; it is known as hard coke, which

consists, for example, of poly nuclear aromatic compounds [33, 34]. The total lost
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Fig. 5 SEM microphotographies of the Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 catalyst. a top view and
b sectional view
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weight was 4.994 (%w/w); 3.252 (%w/w) of this loss was related to water vapor and

hydrocarbons, and only 1.741 (%w/w) belonged to coke combustion.

UV analysis

Table 4 shows the initial Pt concentration on the impregnation solvent before

impregnation and the final Pt concentration after impregnation was obtained by the

UV–Vis spectrometer. Pt–Sn–K–Zn0.3/c-Al2O3 (91.4%) and Pt–Sn–K–Zn0.5/c-

Al2O3 (91.4%) adsorbed agreater percentage of platinum in the impregnation

solution than Pt–Sn–K–Zn0.7/c-Al2O3 (90%) did, thereby confirming the results of

XRF analysis. In the Co(NO3)2 and Ce(NO3)3 solutions, Pt adsorption was not

largely affected by different amounts of Ce and Co, but they had a better effect on Pt

adsorption than Zn in the impregnation solvent. In comparison with Pt–Sn–K–Zn0.7/

c-Al2O3 (90%), the presence of Co and Ce with Zn (Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3

and Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3) improved the percentage of Pt adsorption

during Pt impregnation.

Performance results

The effects of Ce, Zn and Co promoters on the performance of the Pt–Sn–K/c-

Al2O3 catalyst in propane dehydrogenation are shown in Figs. 7, 8 and 9. It could be

seen that all catalysts showed conversion decay during time-on-stream, thereby

indicating that the catalyst deactivation was probably due to coke deposits. Fig. 7

shows that all the catalysts with Ce could increase conversion, as compared with

PD-IND. These results indicated that Ce, by acting as the promoter, could promote

the catalytic performance for propane dehydrogenation. However, the addition of

Table 3 The results of SEM

analysis
Element Center (wt%) Edge (wt%) Middle (wt%)

Pt 0.49 0.45 0.59

Fig. 6 TG-DTG profiles of the deactivated Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 catalyst
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0.5 and 0.7 (wt%) of Ce resulted in a small increase in propylene selectivity, as

compared with PD-IND (Fig. 7). For more clarity of propane conversion and

propylene selectivity data for catalysts with Ce, these graphs are given in separate

figures in the Supplementary Information, Figs. S3 and S4. It could be due to the

lower Pt reduction peak temperature of the catalyst with Ce as a promoter, rather

than PD-IND catalyst in TPR analysis. Pt–Sn–K–Ce0.3/c-Al2O3 had the highest

conversion (initial: 48%, final: 40%); However, the propylene selectivity was

poorest in Pt–Sn–K–Ce0.3/c-Al2O3. It could be the result of the significant rates of

hydrogenolysis and coke reactions. As can be seen, when the cerium loading was

increased, the enhancement in conversion was observed. However, when the cerium

loading was 0.5 wt%, the propane selectivity was improved; while the higher cerium

concentration (0.7 wt%) caused a decrease in the selectivity. These changes in

propane selectivity by increasing the Ce loading could be because, when the loading

of Ce was partly low, the surface of the support was not changed properly and

covered with a low amount of Ce [18]. Suitable amounts of Ce addition could

prevent Pt agglomeration, thus increasing metal dispersion [27]. However, when the

excess loading of Ce resulted in a strong interaction between Ce and the support, it

altered the support nature and the excessive Ce could block the Pt particles and

further weaken the catalyst performance [3, 18, 27]. The best performance of the

catalyst based on the suitable amount of Ce (Pt–Sn–K–Ce0.5/c-Al2O3); it could be

defined as the catalyst achieving higher Pt loading, as compared to other amounts of

Ce, based on XRF analysis. Also, the TPR results proved that catalyst with an

appropriate amount of cerium, could reduce the Pt reduction peak temperature and

increase hydrogen consumption.

It has been reported that the main role of CeO2 is promoting the thermal stability

of c-Al2O3 against surface area loss in high temperature dehydrogenation conditions

by preventing the transformation of c-Al2O3 to a-Al2O3 [3, 17]. This effect of Ce is

Table 4 The results of UV-analysis

Run no. Solution specification Initial Pt

concentration

(mmol/l)

Final Pt

concentration

(mmol/l)

Percent of

adsorption (%)

1 Pt–Sn–K–Zn0.3/c-Al2O3 7.0 0.6 91.4

2 Pt–Sn–K–Zn0.5/c-Al2O3 7.0 0.6 91.4

3 Pt–Sn–K–Zn0.7/c-Al2O3 7.0 0.7 90

4 Pt–Sn–K–Co0.3/c-Al2O3 7.0 0.5 93

5 Pt–Sn–K–Co0.5/c-Al2O3 7.0 0.5 93

6 Pt–Sn–K–Co0.7/c-Al2O3 7.0 0.5 93

7 Pt–Sn–K–Ce0.3/c-Al2O3 7.0 0.5 93

8 Pt–Sn–K–Ce0.5/c-Al2O3 7.0 0.5 93

9 Pt–Sn–K–Ce0.7/c-Al2O3 7.0 0.5 93

10 Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 7.0 0.5 93

11 Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 7.0 0.6 91.4
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related to the formation of Ce3? as CeAlO3 under the reducing atmosphere; it

involves occupying vacant octahedral sites on the alumina surface, thereby blocking

the transition of Al3? cations from tetrahedral to octahedral sites during high-

temperature treatment; however this phenomenon results in the loss of the surface

area of alumina [1, 18–20]. This modification can not only improve the catalytic

conversion, but also decline the amount of coke formation. So the selectivity can be

Fig. 7 Propane conversion and propylene selectivity of Pt–Sn-K-Ce0.3 (filled square), Pt–Sn–K–Ce0.5

(open square), Pt–Sn–K–Ce0.7 (filled square), and PD-IND (filled circle) on c- alumina supports
(WHSV = 2 h-1; T = 620 �C; H2/CH = 0.85)

Fig. 8 Propane conversion and propylene selectivity of Pt–Sn–K–Zn0.3 (filled triangle), Pt–Sn–K–Zn0.5

(open triangle), Pt–Sn–K–Zn0.7 (filled triangle), and PD-IND (open circle) on c-alumina supports
(WHSV = 2 h-1; T = 620 �C; H2/CH = 0.85)
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significantly increased. The high oxygen storage capacity of ceria could result in

oxygen vacancies at the metal–oxide interface of reduced ceria [35]. This oxygen

storage capacity of ceria develops the cerium cations ability to cycle between ? 4

and ? 3 oxidation states under reducing conditions [19], which could decrease the

coke formation on the catalyst surface. Because of all these reasons, catalysts

developed by Ce as the promoter show good selectivity in propane dehydrogenation.

Propylene yield was calculated according to propylene selectivity and propane

conversion. In Fig. S5 in the Supplementary Information, the results showed that the

use of Ce as the promoter, as compared with PD-IND, could improve the propylene

yield. So, the progress in the overall dehydrogenation performance was obtained by

the addition of Ce to the Pt–Sn–K/c-Al2O3 catalyst.

Fig. 8 shows that all contents of Zn could increase conversion more than PD-IND

did. This suggested that zinc could promote the catalytic performance for propane

dehydrogenation. The reason for this improvement could be the geometric and

electronic modifications of the metallic phase that occurred when Zn was used as

the promoter in the Pt–Sn–K/c-Al2O3 catalyst. These modifications improved

catalytic performance [13]. The geometric modifications included enhancement of

Pt dispersion and the reduction of the platinum ensembles size [4, 10]. It is well

known that propylene is produced on the single platinum atom as an active site,

while hydrogenolysis and coke reactions need large platinum particles. So, the use

of Zn in Pt-based catalysts can reduce the size of the platinum particles due to the

role of tin in PtSn catalyst and decrease the hydrogenolysis and coke reactions

which need large platinum ensembles; furthermore, Zn leads to increased

conversion, and improved propylene selectivity and catalyst lifetime [4]. Zn, as

Fig. 9 Propane conversion and propylene selectivity of Pt–Sn–K–Co0.3 (filled diamond), Pt–Sn–K–Co0.5

(open diamond), Pt–Sn–K–Co0.7 (filled diamond), and PD-IND (filled circle) on c-alumina supports
(WHSV = 2 h-1; T = 620 �C; H2/CH = 0.85)
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an electropositive, can change the electronic properties of Pt atoms (the formation of

Ptd-–Znd? entities) [4, 10, 13]. The possibility of the formation of PtZn alloy has

been reported in many papers [4, 10, 13, 31, 36–38]. This results in increasing the

electronic density of the Pt surface by the addition of the electropositive metal (Zn)

to platinum; this could weaken the strength of the Pt–(C=C) bond and facilitate the

desorbtion of propylene as the coke precursor, as well suppressing the side

reactions. All these could lead to enhancing the selectivity towards propylene [13].

As shown in Fig. 8, after loading with 0.3 wt% Zn, the catalyst showed the best

conversion (initial: 49%, final: 40%). With increasing the zinc content to 0.5 and 0.7

wt%, the catalyst conversion was decreased, as compared with Pt–Sn–K–Zn0.3/c-

Al2O3; it could because the extra amount of Zn blocked the platinum particles or

reclaimed the character of the active metal. When the concentration of Zn is the

excessive, the formation of PtZn alloy is inevitable. Therefore, because of the

inactive nature of this alloy, metal dispersion was decreased, and the catalyst lost

conversion. The alloyed Zn atoms, as well as the PtZn alloy phase, could increase

the electronic density of the Pt metal. So, hydrogenolysis and coke reactions were

suppressed; furthermore the selectivity toward propylene could be increased with

the enhancement of Zn concentration [10]. The Pt–Sn–K–Zn0.7/c-Al2O3 catalyst,

due to the formation of PtZn alloy, had the highest propylene selectivity (initial:

86.9%, final: 85.7%), as compared with Pt–Sn–K–Zn0.5/c-Al2O3 (initial: 84.8%,

final: 85.1%) and Pt–Sn–K–Zn0.5/c-Al2O3 (initial: 83%, final: 84.7%). As TPR

showed less hydorgen consumption of the second peak of Pt–Sn–K–Zn0.7/c-Al2O3

catalyst (0.6 mmol/g), as compared with Pt–Sn–K–Zn0.5/c-Al2O3 (0.18 mmol/g)

and Pt–Sn–K–Zn0.3/c-Al2O3 (0.23 mmol/g), better Pt–Sn–K–Zn0.7/c-Al2O3 catalyst

performance could be expected. In addition, Pt–Sn–K–Zn0.7/c-Al2O3 could increase

the selectivity toward propylene, as compared with PD-IND. It should be noted that

separate conversion and selectivity graphs for these catalysts are showen in the

Supplementary Information (Fig. S6 and S7). The yield profiles (Fig. S8) in the

Supplementary Information show the overall improvement in the catalytic

performance of zinc-doped PtSn catalyst, as compared with PD-IND.

In Fig. 9, the highest dehydrogenation performance was obtained for a Pt–Sn–K–

Co0.3/c-Al2O3 catalyst. This better conversion and selectivity of Pt–Sn–K–Co0.3/c-

Al2O3could be due to the stabilization effect of 0.3 wt% of cobalt on the oxidation

state of Sn, as obtained by TPR analysis. Conversion of Pt–Sn–K–Co0.3/c-Al2O3

(initial: 49.5%, final: 36.5%) and Pt–Sn–K–Co0.7/c-Al2O3 (initial: 46.7%, final:

32.7%) catalysts was higher, as compared with PD-IND (initial: 37.9%, final:

32.1%), The figure for propane conversion (Fig. S9) is given in the Supplementary

Information; however, PD-IND obtained the highest selectivity among the catalysts.

Pt–Sn–K–Co0.3/c-Al2O3 showed better conversion and selectivity, as compared

with other catalysts, by Co. The more clear figures for propylene selectivity

(Fig. S10) and yield profile (Fig. S11) are shown in the Supplementary Information.

Also, the XRF test showed that on the Pt–Sn–K–Co0.3/c-Al2O3 catalyst, there was

more Pt uptake, as compared with other contents of Co. In addition, XRF showed

Co could prevent the Pt adsorption; this might be one possible reason for the poorest

performance, as compared with catalysts using Zn and Ce as the promoter. Pt–Sn–

K–Ce0.5/c-Al2O3, Pt–Sn–K–Co0.3/c-Al2O3 and Pt–Sn–K–Zn0.7/c-Al2O3 catalysts
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were chosen as the best catalysts among other concentrations of Ce, Co and Zn

because of their higher selectivity. Therefore, Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 and

Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 catalysts were prepared. Their performances are

shown in Fig. 10. (These results for conversion, selectivity and yield, in detail, are

given in Fig. S12, S13 and S14 in the Supplementary Information). The highest

dehydrogenation conversion, selectivity and yield among all the catalysts, were

obtained for Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 (conversion: initial: 50%, final: 44%,

selectivity: initial: 86% final: 90%). The synergic effect between Co and Zn could

enlarge the Pt reduction peak areas more than Pt–Sn–K–Co0.3/c-Al2O3 and Pt–Sn–

K–Zn0.7/c-Al2O3; so it could improve the catalyst performance. The presence of

cobalt and zinc as the electropositive element could improve the Pt electronic

density and suppress the coke formation; therefore, it could improve conversion and

selectivity. The addition of Ce (0.5%) to Pt–Sn–K/c-Al2O3 catalyst resulted in a

better performance, as compared with Co and Zn addition; also, Pt–Sn–K–Zn0.7/c-

Al2O3 showed better selectivity and less conversion in comparison to Pt–Sn–K–

Co0.3/c-Al2O3. As shown in Fig. 10, Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 catalyst had the

poorest selectivity. The less hydrogen consumption of the Pt reduction peak, rather

than Pt–Sn–K–Ce0.5/c-Al2O3 and Pt–Sn–K–Zn0.7/c-Al2O3, could be responsible for

the weak performance of Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3, as compared with other

catalysts (Fig. S14 in the Supplementary Information). Also, XRF results conceded

that Pt–Sn–K–Ce0.5–Zn0.7/c-Al2O3 could get a less amount of Pt than Pt–Sn–K–

Zn0.7/c-Al2O3 and Pt–Sn–K–Ce0.5/c-Al2O3 did, so performance was dropped.

Fig. 10 Propane conversion and propylene selectivity of Pt–Sn–K–Co0.3 (filled diamond), Pt–Sn–K–
Ce0.5 (open square), Pt–Sn–K–Zn0.7 (filled triangle), Pt–Sn–K–Ce0.5–Zn0.7 (dashed line), and Pt–Sn–K–
Co0.3–Zn0.7 (times) on c-alumina supports (WHSV = 2 h-1; T = 620 �C; H2/CH = 0.85)
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Stability test of the Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 catalyst

A stability test of the Pt–Sn–K–Co0.3–Zn0.7/c-Al2O3 catalyst was also carried out.

The propane conversion and the selectivity to propylene as the major products, and

selectivity of by-products including methane, ethane and ethylene are shown in

Fig. S15 in the Supplementary Information, as a function of the reaction time. It can

be seen that conversion was dropped continuously with time on stream; the main

reason of this deactivation was carbon deposition. For the first hours of reaction,

selectivity of propylene was increased, as these deposits acted as inactive species

which inhibited the undesired reactions [27]. The selectivity of propylene started to

drop out after around 33 h, since the amount of the carbon deposition was increased,

thereby blocking the active site of the reaction, which was accompanied by the

increase in by-product selectivity.

Conclusions

Ce exhibited superior promoting effects on the Pt–Sn–K/c-Al2O3 catalyst in the

dehydrogenation of propane as shown by the general comparison of Zn, Ce and Co

as the promoter. This effect could be attributed to promoting the thermal stability of

c-Al2O3. The Pt–Ce interactions could enhance the ability of Pt particles to resist

agglomeration, as specified by TPR analysis. These effects could increase

selectivity significantly. Among the catalyst samples synthesized by different

amounts of Ce, Zn and Co loading, Pt–Sn–K–Ce0.5/c-Al2O3, Pt–Sn–K–Zn0.7/c-

Al2O3 and Pt–Sn–K–Co0.3/c-Al2O3 exhibited the highest propane dehydrogenation

performance. Moreover, the Pt–Sn–K–Co0.3-Zn0.7/c-Al2O3 showed the highest

conversion and selectivity. The XRF measurements showed that Zn, probably due to

the formation of PtZn alloy, could increase the Pt uptake. SEM analysis also

revealed that that Zn could act as a spacer for the Pt particles. TGA analysis showed

that this effect of Zn with the synergy effect of Co could reduce the amount of coke

formation.
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