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Abstract: Increased demand for ethylene has motivated direct ethane dehydrogenation over Pt-
based catalysts. PtSn/γ-Al2O3 and PtSnZnCa/γ-Al2O3 catalysts were investigated with the aim of
understanding the effect of the pretreatment environment on the state of dispersed Pt for ethane
dehydrogenation. The catalysts were prepared by the impregnation method and pretreated in
different environments like static air (SA), flowing air (FA), and nitrogen (N2) atmospheres. A
comprehensive characterization of the catalysts was performed using Brunauer–Emmett–Teller
(BET), X-ray diffraction (XRD), Temperature-Programmed Reduction (TPR), NH3 Temperature-
Programmed Desorption (NH3-TPD), X-ray photoelectron spectroscopy (XPS), and Transmission
Electron Microscopy (TEM) techniques. The results reveal that the PtSn on Al2O3 catalyst pretreated
in the static air environment (PtSn-SA) exhibits 21% ethylene yield with 95% selectivity at 625 ◦C.
XPS analysis found more platinum and tin on the catalyst surface after static air treatment. The
overall acidity of the catalysts decreased after thermal treatment in static air. Elemental mapping
demonstrated that Pt agglomeration was pronounced in catalysts calcined under flowing air and
nitrogen. These factors are responsible for the enhanced activity of the PtSn-SA catalyst compared to
the other catalysts. The addition of Zn and Ca to the PtSn catalysts increases the yield of the catalyst
calcined in static air (PtSnZnCa-SA). The PtSnZnCa-SA catalyst showed the highest ethylene yield of
27% with 99% selectivity and highly stable activity at 625 ◦C for 10 h.

Keywords: ethane dehydrogenation; Pt-based catalysts; ethylene

1. Introduction

Ethylene is a versatile chemical that is used as the starting material for many other
chemicals, such as polyethylene, ethylbenzene rubber, ethylene oxide, etc. Steam cracking
is the most widely used process for ethylene production, but it is an energy-intensive
reaction and requires high temperatures. This route follows undesired side reactions and
severe coke formation. Specifically, this route contributes CO2 and NOx emissions. Thus,
an alternative and eco-friendly process for ethylene production is needed. The surge in
ethane supply resulting from the shale gas revolution has made direct dehydrogenation of
ethane a promising route for ethylene production [1–3].

Many metals have been tested for ethane dehydrogenation; among them, Cr-, Pt-, Fe-,
and Co-containing systems are common catalysts [4–8]. Chromium catalysts are a cost-
effective option for the non-oxidative dehydrogenation of ethane, but they are susceptible
to early deactivation [9]. Pt-based catalysts are more promising for direct dehydrogenation
than all other catalysts [7,10]. They exhibit stability at elevated temperatures (>600 ◦C),
which is essential for overcoming the unfavorable Gibbs free energy associated with direct
dehydrogenation of ethane.

However, platinum has low selectivity for ethylene and tends to deep ethane dehy-
drogenation, which eventually leads to coke deposition and catalyst deactivation. Deep
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dehydrogenation, encompassing hydrogenolysis and coking, is a structure-sensitive process
demanding substantial Pt ensembles, whereas ethane dehydrogenation, being structure-
insensitive, can be catalyzed by small Pt ensembles. Disappointingly, the supported Pt
invariably undergoes sintering during ethane dehydrogenation (EDH), resulting in a mis-
conception regarding the impact of Pt particle structure on reaction performance.

Hence, the stability of the supported Pt active phase structure is crucial for discovering
the activity and stability of the ethane dehydrogenation (EDH) reaction at higher tempera-
tures. The addition of promoter metals, like Sn, In, Ga, Ir, Cu, or Au, to Pt-based catalysts
has been shown to increase selectivity by stabilizing Pt particles [11–18]. The addition of
promoter metals like tin to platinum weakens the bond between the ethene and the catalyst
surface. This makes it easier for the product to desorb from the catalyst surface more easily
than from pure platinum (Pt) [19,20]. On the other hand, the addition of Zn to a Pt-based
catalyst increased the lifetime of the catalyst [1].

According to the literature, it was demonstrated that acidic supports, such as Al2O3
and MFI zeolites, aided in the dispersion and stabilization of the active metal phase for
the ethane dehydrogenation (EDH) catalyst. However, the acid function of the supports
simultaneously catalyzed undesired reactions such as polymerization and coking [21,22].

Researchers also studied the addition of alkali or alkali earth metal to the Pt-based
catalyst to overcome the coke formation problem [23,24]. Among these promoters, the
calcium (Ca) addition improves the catalyst performance. Long et al. [25] studied the
addition of calcium (Ca) to PtSnIn on γ-Al2O3 for propane dehydrogenation. The author
reported that with the addition of Ca to γ-Al2O3, the catalyst stability increased, and the
acidity decreased.

The ethane dehydrogenation reaction is an endothermic reaction. Most ethane dehy-
drogenation studies have been conducted at low temperatures (550–600 ◦C) to achieve high
selectivity and avoid coke formation. However, the low temperatures result in low conver-
sions due to thermodynamic constraints. High temperatures allow for higher conversions
of ethane to ethylene but increase the risk of coke formation. There is a trade-off between
conversion and stability, so it is necessary to balance the conversion and stability of the
ethane dehydrogenation reaction. The goal of this research is to create a highly efficient cata-
lyst for ethane dehydrogenation at high temperatures (625 ◦C). We synthesized PtSn/Al2O3
and subsequently examined the influence of the catalyst pretreatment environment on its ac-
tivity and properties at a reaction temperature of 625 ◦C. We also investigated the promoter
effect of Zn and Ca addition to PtSn/Al2O3 catalysts and studied the catalyst pretreatment
effect. Improved yield and stability were obtained with PtSnZnCa/Al2O3 for ethane de-
hydrogenation. Numerous advanced analytical methods, such as X-ray diffraction (XRD),
Brunauer–Emmett–Teller (BET) analysis, temperature-programmed desorption of ammonia
(NH3-TPD), transmission electron microscopy (TEM), hydrogen temperature-programmed
reduction (H2-TPR), and X-ray photoelectron spectroscopy (XPS), were employed to inves-
tigate how the pretreatment of the catalyst influences its catalytic characteristics.

2. Results and Discussion
2.1. Surface Area Studies

Table 1 shows the BET surface areas of the calcined support and Pt catalysts measured
by nitrogen physisorption. The calcined γ-alumina support showed 186.7 m2/g specific
surface area. The physisorption isotherm and pore distribution of pure Al2O3 are presented
in Figure S1. Introducing Pt and Sn to the support and performing calcination under
different atmospheres induces a slight change in the textural properties of PtSn catalysts
compared to their pure support. The catalyst calcined in a non-oxidizing atmosphere,
i.e., in nitrogen, showed a higher surface area than the catalyst calcined in flowing air and
static air. The physisorption isotherms of all catalysts calcined in different atmospheric
conditions are similar (Figure 1). All catalysts exhibited a type IV isotherm with H3-type
hysteresis, reminiscent of the types of their support material, Al2O3.
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Table 1. Physico-chemical properties of catalysts.

Catalyst Surface Area (m2/g)
H2 Consumption

(µmol g−1) a
Total Acidity
(µmol g−1)

<125 ◦C >340 ◦C

Al2O3 186.7 - 300.1 228.8
PtSn-N2 179.8 18.7 159.8 78.4
PtSn-SA 134.7 29.9 137.7 67.1
PtSn-FA 159.5 25.4 160.5 99.6
PtSnZnCa-N2 178.4 17.8 195.1 47.0
PtSnZnCa-SA 151.9 29.2 176.8 28.1
PtSnZnCa-FA 165.0 24.1 200.6 35.2

a H2 consumption calculated from the 100 to 700 ◦C range.

Figure 1. Nitrogen adsorption–desorption isotherms of calcined catalysts: (a) PtSn-FA, (b) PtSn-N2,
(c) PtSn-SA, (d) PtSnCaZn-FA, (e) PtSnCaZn-N2, and (f) PtSnCaZn-SA.

The pore-size distribution is also observed similar for all catalysts. The pores are
distributed in 5–10 nm size range (Figure S2). The surface area outcomes of spent catalysts
are presented in Table S1. The spent PtSn-SA catalyst showed an increased surface area
compared to that of the calcined catalyst. On the other hand, the surface areas of PtSn-N2
and PtSn-FA catalysts area decreased. This might be due to slight coke formation in the
case of PtSn-SA, which creates more pores in spent catalysts and agglomeration of metal
particles in PtSn-N2 and PtSn-FA either during reduction or during reaction.

The PtSnZnCa catalysts showed slightly higher surface areas than the PtSn catalysts.
The adapted preparation method might be the reason for higher surface areas. It is note-
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worthy that there is minimal disparity in surface area values between the PtSnCaZn-N2
and PtSn-N2 catalysts.

The PtSnZnCa catalysts showed a similar type of isotherm and pore size distribution
as that of the PtSn catalysts (Figure 1 and Figure S2). The surface area values of the used
PtSnZnCa catalysts calcined in different atmospheric conditions are presented in Table S1. The
used PtSnZnCa-N2 and PtSnZnCa-FA catalysts showed higher surface area values compared
to that of its calcined catalysts. On the other hand, PtSnZnCa-SA showed a lower surface
area value than that of its calcined catalyst. The results indicate that coke might have formed
after the reaction in the PtSnZnCa-N2 and PtSnZnCa-FA catalysts. Whereas the surface area
decrease in PtSnZnCa-SA is due to slight agglomeration during the reaction.

2.2. XRD

Figure 2 displays the XRD patterns of all catalysts that have been freshly calcined under
various atmospheric conditions. The XRD pattern of the support showed the γ-Al2O3 phase
[PDF: 01-079-1557]. Regardless of the different calcination atmosphere treatments, the XRD
patterns of all catalysts are similar to that of Al2O3 support. The catalysts calcined in static
air and flowing air showed no phases related to Pt and different promoters, suggesting these
species are either in amorphous form or having low crystallinity less than the detection
limit. On the other hand, the catalysts subjected to N2 calcination exhibited a heightened
signal at 42.8 degrees, observed in both PtSn-N2 and PtSnZnCa-N2. This signal indicates
the alloy formation of Pt with Sn or Zn, and according to the database, it is identified as
the Pt3Zn10 phase [PDF: 03-065-4913] in the PtSnZnCa-N2 catalyst. The precise PtSn phase
was not identified in the PtSn-N2 catalyst. The results clearly indicate that the crystallinity
increased in the catalysts pretreated in the N2 atmosphere. The diffraction patterns of used
catalysts are presented in Figure S3. The results showed that there was no considerable
change observed before and after the reactions.

Figure 2. X-ray diffraction patterns of calcined catalysts: (a) PtSn-FA, (b) PtSn-N2, (c) PtSn-SA,
(d) PtSnZnCa-FA, (e) PtSnZnCa-N2, and (f) PtSnZnCa-SA.
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2.3. XPS

The XPS analysis of all calcined catalysts was conducted to examine the chemical state
and the surface elemental composition of catalysts. The XPS spectra of Pt4f peaks overlap
with the Al 2p peaks of the alumina, thus considered Pt 4d spectra [26]. The core level
spectra of Pt 4d for all catalysts are shown in Figure 3. The deconvoluted spectra of Pt 4d
indicate the presence of Pt0 and Pt2+ species at 315.3 and 317.3 eV, respectively [27]. There
are three interesting changes observed in XPS results by changing the catalyst calcination
atmosphere: (i) There is a slight shift towards a lower binding energy of Pt4d5/2 in the
case of the catalysts calcined in the nitrogen atmosphere compared to the B.E. of Pt4d5/2 in
the catalysts calcined in static air and flowing air. (ii) The ratio between Pt0/Pt2+ is higher
in the case of the catalysts calcined in static air compared to that of the catalysts calcined
in N2 and flowing air. (iii) The amount of surface Pt is higher in the case of the catalysts
calcined in static air compared to the other catalysts (Table 2). The XPS spectra of the Sn3d
level of catalysts are presented in Figure 4. All catalysts showed only one peak each at
486.4 and 494.7 for Sn 3d5/2 and Sn3d3/2, respectively, which corresponds unequivocally
to Sn4+/Sn2+ species [28]. These results confirm the presence of surface metallic Pt and
Sn4+/Sn2+ species in high concentrations, indicating the absence of alloy particles with Pt
on the surface. The possibility of alloy formation during reduction cannot be avoided. The
surface Pt and Sn are higher in the PtSnZnCa catalysts than in the PtSn catalysts, especially
in the case of the catalysts calcined in static air. On the other hand, PtSnZnCa-N2 has a high
surface concentration of Zn, while PtSnZnCa-FA has a high surface concentration of Ca
(Table 2). All catalysts have surface Cl due to the precursor salt, which is removed during
the reduction step. The survey spectra of all prepared catalysts are presented in Figure S4.
Due to the low concentrations of Pt, Sn, Zn, and Ca, the XPS signals cannot be seen in the
survey spectra.

Table 2. XPS surface atomic percentage of calcined catalysts.

Catalyst Al 2s Pt 4d5/2 Sn 3d5/2 O 1s Cl 2p Ca 2p Zn 2p3/2

PtSn-FA 29.31 0.051 0.285 69.597 0.757 - -
PtSn-N2 30.26 0.023 0.254 68.726 0.734 - -
PtSn-SA 29.96 0.057 0.297 68.872 0.812 - -
PtSnZnCa-FA 29.54 0.049 0.295 67.992 1.24 0.631 0.259
PtSnZnCa-N2 28.48 0.049 0.298 69.181 1.11 0.578 0.306
PtSnZnCa-SA 30.20 0.062 0.383 67.609 0.888 0.593 0.262



Catalysts 2024, 14, 312 6 of 20

Figure 3. XPS patterns in Pt 4d5/2 region of all calcined catalysts: (a) PtSn-FA, (b) PtSn-N2, (c) PtSn-SA,
(d) PtSnZnCa-FA, (e) PtSnZnCa-N2, and (f) PtSnZnCa-SA.
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Figure 4. XPS patterns in Sn3d region of all calcined catalysts: (a) PtSn-FA, (b) PtSn-N2, (c) PtSn-SA,
(d) PtSnZnCa-FA, (e) PtSnZnCa-N2, and (f) PtSnZnCa-SA.

2.4. TPR

TPR analysis was performed to obtain insights into the chemical nature of active
sites in catalysts. The TPR profiles of all prepared samples are displayed in Figure 5. All
catalysts showed a major peak with Tmax at 230 ◦C except the catalysts calcined in the
N2 atmosphere. The Tmax in PtSn-N2 and PtSnCaZn-N2 showed at 200 ◦C. According
to the literature [29–31], the Pt oxide species will reduce in a temperature range of 200–
250 ◦C. Thus, the above-mentioned peaks correspond to the reduction in Pt oxide species
in the catalysts.
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Figure 5. TPR analysis of catalysts calcined in different atmospheres: (a) PtSn-FA, (b) PtSn-N2,
(c) PtSn-SA, (d) PtSnZnCa-FA, (e) PtSnZnCa-N2, and (f) PtSnZnCa-SA.

On the other hand, the reduction in Sn4+ to Sn2+ species appears as a broad reduction
band in a temperature range of 300–400 ◦C. The TPR results in Figure 6 show that the
reduction band of Sn4+ to Sn2+ species overlaps with the reduction band of Pt oxides.
The results indicate that the interaction between Pt and Sn oxide species is high in those
catalysts calcined in static air and flowing air conditions in comparison to that of catalysts
calcined in N2. In addition, hydrogen consumption is low for the catalysts calcined in
N2 compared to other catalysts. It has been reported that the interaction of Sn modifies
the nature of Pt in electronic and geometric properties. The hydrogen consumption data
are reported in Table 1. From the data, it is clear that there is less variation in hydrogen
consumption before and after the addition of Ca and Zn in the catalysts. The catalysts
calcined in N2 showed low H2 consumption compared to other catalysts.
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Figure 6. NH3-TPD analysis of (A) PtSn, (B) PtSnZnCa catalysts calcined in different atmospheres.

2.5. NH3-TPD

According to the literature, acid sites will influence the catalytic activity for ethane
dehydrogenation because acid sites are responsible for side reactions like cracking, iso-
merization, and polymerization [32]. Coke deposition initiates from Lewis acidic sites
on alumina [33]. NH3-TPD experiment was performed to examine the acid properties of
catalysts. The NH3-TPD curves of the PtSn/Al2O3 and PtSnZnCa/Al2O3 catalysts calcined
in different atmospheres are illustrated in Figure 6. The quantitative analysis outcomes of
the catalyst acidity are exhibited in Table 1. As per previous reports, in PtSn catalysts, the
Sn neutralizes the acidic sites of Al2O3 [32,34].

The PtSn catalysts calcined in different atmospheres showed similar patterns of acidity
curves containing three types of curves corresponding to weak, moderate, and strong acidic
sites. From Table 1 and Figure 6, it can be noticed that when the PtSn catalyst was calcined
in static air, the total acidity decreased, especially at moderate acidic sites, compared to that
of the PtSn-N2 and PtSn-FA catalysts. The acidic site distribution changed in the PtSnZnCa
catalysts. The weak acidic sites increased, and medium acidic sites significantly decreased
in the PtSnZnCa catalysts compared to that of the PtSn catalysts. According to Garidzirai
et al., with the addition of Zn to Pt/Al2O3 catalysts, the acidity, especially at weak acidic
sites, will increase [35]. On the other hand, the addition of alkali earth metal (Ca) decreased
medium acidic sites. The calcination atmosphere also influences the acidity of the catalysts.
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The catalysts calcined in static air showed lower acidity in comparison to that of catalysts
calcined in different atmospheres. These results suggest that the calcination atmosphere can
markedly influence the acidity of the catalysts. The PtSn-SA and PtSnZnCa-SA catalysts
showed the lowest fraction of medium acid sites and relatively low total acidity.

2.6. TEM Studies

The TEM images of PtSn catalysts calcined in different atmospheres are presented in
Figure 7. The TEM images revealed the presence of Pt nanoparticles, which are indicated
by dark dispersed spherical particles (see Figure 7). It is noticed from the TEM results that
the agglomeration of Pt particles is more in the case of PtSn-FA and PtSn-N2 compared
to the PtSn-SA catalyst. Hence, it is obvious that catalyst pretreatment affects active
metal distribution. To clarify the possibility of Pt distribution, elemental mapping was
performed on PtSn catalyst calcined different atmospheres in several areas, and some of
the representative images are exhibited in Figure 8. From the results, it is noted that the
Sn nanoparticles dispersed homogenously throughout the catalyst, but the Pt particles
dispersed as small lumps. The order of Pt particle agglomeration observed is as follows:
PtSn-FA > PtSn-N2 > PtSn-SA.

Figure 7. TEM images of calcined catalysts: (A) PtSn-SA, (B) PtSn-FA, and (C) PtSn-N2 catalysts.

The TEM and HRTEM images of the PtSnZnCa-SA catalyst are presented in Figure 9.
As shown in Figure 9, the sizes of the Pt nanoparticles are not uniform and are estimated in
the range of 2 to 7 nm. The average particle size is estimated to be less than 5 nm.
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Figure 8. Cont.



Catalysts 2024, 14, 312 12 of 20

Figure 8. STEM elemental mapping analysis of (A) PtSn-SA, (B) PtSn-FA, and (C) PtSn-N2 catalysts.

Figure 9. TEM and HRTEM images of calcined PtSnZnCa-SA catalyst.

The high-resolution TEM (HRTEM) image is shown in the inset of Figure 9. The
HRTEM image depicts diffraction fringes with a d-spacing of 0.23 nm, relating to the Pt
(111) plane of the FCC structure. Pt (111), which is frequently observed in a spherical
form, possesses the lowest surface energy for Pt-based catalysts [36,37]. Also, it is generally
accepted that the surface energy of metals decreases with increasing coordination number
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of surface atoms, which promotes the sintering of nanoparticles. The results indicate that
the sintering of Pt particles is low in the case of the PtSnZnCa-SA catalyst [1]. Lee et al. [38]
reported that the Pt will form an alloy with Sn/Zn during the reduction step. Therefore,
PtSn or PtZn alloys may form during the reduction step.

2.7. Activity

Figure 10 shows the ethane conversion and ethylene selectivity with respect to reaction
time on Pt-based catalysts calcined under different atmospheres. According to the literature,
Pt/Al2O3 catalysts show high conversion and low selectivity [34]. The endothermic ethane
dehydrogenation reaction (EDH) reaction is equilibrium limited; thus, attaining a high
degree of conversion requires high reaction temperatures. At these reaction conditions, an
intensive coke formation on the catalyst surface takes place, and fast catalyst deactivation
is observed [18,39]. Among the three PtSn catalysts calcined in three different atmospheres,
PtSn-SA exhibits the highest ethane conversion, whereas the PtSn-N2 catalyst displays the
lowest ethane conversion. On the other hand, the ethylene selectivity observed is slightly
higher in the PtSn-N2 catalyst compared to that of the PtSn-SA and PtSn-FA catalysts. The
higher activity of the PtSn-SA catalyst is due to the presence of a high surface Pt on the
catalyst surface (from XPS results) and a lower metal agglomeration (from TEM results).

Figure 10. Activity results for different catalysts for ethane dehydrogenation at 625 ◦C and atmospheric
pressure: (A) ethane conversion vs. time on stream and (B) ethylene selectivity vs. time on stream.

Based on the literature, it is known that the Pt species in PtSn/γ-Al2O3 catalyst
distributed in two kinds of active Pt species existed on the surfaces of γ-Al2O3 named M1
and M2 sites. In M1, the Pt species are directly anchored on the γ-Al2O3 surface. In M2,
the Pt species are anchored on the Sn surfaces. M1 sites are favorable for low-temperature
H2 adsorption and responsible for hydrogenolysis reaction and carbon deposition. On the
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other hand, M2 sites adsorb H2 at higher temperatures and are resistant to deactivation due
to less carbon deposition in the dehydrogenation reaction [30,40]. As per the literature, the
interactions between Pt species and the alumina surface are notably stronger, particularly
with chloride precursor [41,42]. The calcination process removes the water from the catalyst.
The effect of the calcination atmosphere came into play on how efficiently water was
removed during calcination [43]. The presence of water vapor weakens the metal support
interaction. However, it leads to platinum particle agglomeration. The catalyst calcination
in static air removes water vapor progressively and may help with M2 site formation. On
the other hand, catalyst calcination under flowing air and the N2 atmosphere might lead
to M1 sites. The TEM results clearly showed that Pt agglomeration is less in the PtSn-SA
catalyst compared to the other catalysts, which indicates M2 sites.

The impact of adding Zn and Ca individually to the PtSn catalyst calcined in static
air was studied. The results are displayed in Figure 11. The results clearly show that
the yield is decreased with the addition of Zn and Ca individually to the PtSn catalyst.
The ethane conversion and ethylene selectivity results with respect to reaction time on
PtSnZn-SA and PtSnCa-SA catalysts at 625 ◦C are displayed in Figure S5. The PtSnZn-SA
catalyst showed higher selectivity (98%) than the PtSn-SA catalyst, but the conversion was
slightly decreased than the PtSn-SA catalyst. On the other hand, the PtSnCa-SA catalyst
showed almost equal conversion to that of the PtSn-SA catalyst, but the selectivity was
significantly lower.

Figure 11. Activity results for different catalysts calcined in static air for ethane dehydrogenation at
625 ◦C and atmospheric pressure.

The addition of Ca and Zn together to the catalyst composition has a positive effect on
the catalytic properties of the PtSn catalysts. The conversion and selectivity both increased
after the addition of Ca and Zn to the PtSn-based catalysts (Figure 10). According to the
literature [1], the Zn promoter preferentially covers Pt step sites, which are responsible for
severe dehydrogenation; as a result, the stability of the catalysts increases. On the other
hand, the catalyst acidity is also important for ethane dehydrogenation. According to
reports, the promoter Zn does not modify the support acidity [35]. Hence, the addition of
a calcium promoter reduced the catalyst acidity, resulting in an increase in the catalyst’s
activity. The highest activity was obtained by the PtSnZnCa-SA catalyst among all prepared
catalysts. The surface Pt is increased after the addition of Zn and Ca. The ethylene selectivity
increased significantly in the case of the PtSnZnCa catalysts compared to that of the PtSn
catalysts. The main reason for this might be due to the interaction between Sn and Zn with
Pt particles. According to the literature [34], alloying platinum with tin or zinc reduces
the adsorption strength of ethylene, which restricts deep dehydrogenation and increases
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selectivity. The ethylene selectivity is also increased in the PtSnZnCa catalysts compared to
the PtSn catalysts calcined in different atmospheres.

In addition, the catalyst stability increased with Zn and Ca addition. All catalytic
experiments were performed for 10 h. The PtSn catalysts showed a decrease in ethane con-
version over time. To better understand this trend, we calculated the deactivation parameter
(kd) for all catalysts. Table 3 illustrates a comparison of catalytic activity between this study
and previously reported Pt-based catalysts. The data in the table clearly demonstrate that
some of the Pt-based systems exhibited effective performance at lower temperatures [13,39].
It is important to note that their enhanced performance was tested over relatively short
time periods. Furthermore, certain literature sources indicate high catalyst stability, but the
preparation of these catalysts is labor-intensive, and they are associated with high costs of
metal precursors [1,44]. The deactivation parameter is low for the catalysts prepared in this
work compared to many other catalysts reported in the literature (Table 3) [13,39,45–47].
The PtSn catalysts calcined in static air showed low deactivation compared to that of other
catalysts. In addition, the deactivation is still low for the PtSnZnCa catalysts compared to
that of the PtSn catalysts. The PtSnZnCa-SA catalyst showed the highest conversion and
selectivity among all prepared catalysts.

Table 3. Comparison of activity and deactivation parameter of catalysts for ethane dehydrogenation.

Catalyst
Metal

Loading
(wt%)

Temp. (◦C) WHSV a

(h−1)
Conver.

(%) Select. (%) kd
(h−1)

Reaction
Time

(h)
Ref.

PtSn-N2 1 625 0.8 6.4 95.5 0.033 10 This study
PtSn-SA 1 625 0.8 19.0 95.0 0.02 10 This study
PtSn-FA 1 625 0.8 15.0 95.0 0.023 10 This study
PtSnZnCa-N2 1 625 0.8 17.0 99.1 0.013 10 This study
PtSnZnCa-SA 1 625 0.8 24.0 99.0 0.006 10 This study
PtSnZnCa-FA 1 625 0.8 13.0 99.1 0.028 10 This study
PtZn2/Al2O3 0.2 600 1.2 19.0 98.0 0.003 70 [1]
PtZn/SiO2 9.7 600 - - 100.0 0.085 18 [44]
PtSn/Mg(Ga)(Al)O 0.5 550 - 25.0 100.0 0.144 2.2 [13]
Pt3Ir/Mg(Al)O 1.9 600 3.4 15.0 95.0 0.649 0.5 [15]
PtSn/Mg(Al)O 0.8 600 12.5 20.0 99.0 0.862 1.7 [39]
Pt/Mg(Ga)(Al)O 1 600 39 8.0 100.0 0.013 2 [45]
Pt/Zinc silicate 1 550 9.6 14.0 100.0 0.00 3 [7]
PdIn/SiO2 2 Pd 600 0.2 15.0 100.0 0.193 5.8 [46]
P-Mo/ZSM5 4.7 Mo 600 0.67 20.0 70.0 0.876 4.3 [47]

a Ethane weight hourly space velocity.

The literature has reported that the activity for ethane dehydrogenation increases
monotonically as the Pt particle size is in the range of 2–8 nm. This is because smaller Pt
particles have a higher surface area to volume ratio, which provides more active sites for
the reaction. Additionally, smaller Pt particles are more likely to be in a bimetallic state,
which can also improve the catalytic activity [3,48]. This might be one of the reasons for the
higher catalytic activity of PtSnZnCa-SA compared to the other catalysts. The PtSnZnCa-SA
catalyst showed excellent stability in the long run, even at high temperatures, i.e., 625 ◦C.

3. Materials and Methods
3.1. Chemicals

All chemicals were purchased from Merck (Darmstadt, Germany), Fluka (Seelze,
Germany), and Aldrich company (St. Louis, MO, USA). They were used without any
additional purification. The chemicals PtCl4 (Aldrich), SnCl2 (Aldrich), CaCl2 (Merck),
ZnCl2 (Panreac, Barcelona, Spain), and γ-Al2O3 (BASF, Ludwigshafen, Germany) were
utilized in catalyst preparation. The 1% stock solutions were prepared for individual metal
chloride precursors and used in catalyst preparation. The stock solutions were prepared by
dissolving 1 g of metal chloride in 100 mL of deionized water.
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3.2. Catalyst Preparation

A high-purity commercial γ-Al2O3 with a sieve size in the range of 300–600 microns
was used as a support material, and it was calcined at 650 ◦C for 6 h in a conventional
muffle furnace under static air. All the catalysts in this work were prepared by the wet
impregnation method. For the preparation of 5 g of PtSn/γ-Al2O3 catalyst, 8.7 mL of
1% PtCl4 solution and 9.5 mL of 1% SnCl2 solution were taken from their stock solutions
in a small beaker. This mixed solution was heated at 60 ◦C for 30 min under stirring
conditions. Next, the mixed metal solution was added to the 4.9 g of calcined γ-Al2O3
support material for impregnation in a Buchi rotary evaporator. A nominal 1 wt% Pt and
1 wt% Sn were maintained in the catalyst. After completion of impregnation, the catalyst
was dried at 110 ◦C for 6 h in a conventional oven. The prepared sample was divided into
three portions and calcined at 600 ◦C for 6 h under static air, flowing air (100 mL/min),
and N2 flow (100 mL/min), respectively. The calcined catalysts were denoted as PtSn-SA,
PtSn-FA, and PtSn-N2, respectively. The PtSnZnCa/γ-Al2O3 catalyst was prepared by
sequential impregnation method. At first, the calcined support material (γ-Al2O3) was
impregnated with CaCl2. An appropriate amount of PtCl4 and ZnCl2 solutions were
taken from their stock solutions in a small beaker and heated at 60 ◦C for 30 min under
stirring conditions. Next, the mixed metal solution is added to the support material for
impregnation. Similarly, PtCl4 and SnCl2 solutions were taken and heated at 60 ◦C for
30 min under stirring conditions. Finally, this mixed solution was added to the support
material for impregnation. After the addition of all metal chloride precursors to the support,
the catalyst was dried at 110 ◦C for 6 h in a conventional oven. The prepared sample was
divided into three portions and calcined at 600 ◦C for 6 h under static air, flowing air
(100 mL/min), and N2 flow (100 mL/min), respectively. The calcined catalysts were
denoted as PtSnZnCa-SA, PtSnZnCa-FA, and PtSnZnCa-N2, respectively. In the prepared
catalysts, the 1 wt% Pt, 1 wt% Sn, 1 wt% Zn, and 1 wt% Ca contents were maintained. A
similar procedure was followed for the preparation of the PtSnZn/γ-Al2O3 and PtSnCa/γ-
Al2O3 catalysts, and these catalysts were calcined at 600 ◦C for 6 h under static air. These
catalysts are referred to as PtSnZn-SA and PtSnCa-SA, respectively.

3.3. Characterization

The surface area and pore size of the catalysts were measured using a Nova Station
Quanta chrome instrument (Anton Paar, Boynton Beach, FL, USA) at −196 ◦C. Before
analysis, all the samples were heated to 200 ◦C under vacuum for 2 h to remove any
adsorbed impurities. The specific surface area and average pore diameter were then
calculated from the nitrogen adsorption–desorption isotherms.

The structure of the catalyst was analyzed using XRD on an Inel Equinox 1000 diffrac-
tometer (Thermo Scientific, Waltham, MA, USA). A cobalt X-ray tube was used, operating
at 40 kV and 30 mA with Cu Kα radiation (wavelength = 1.546 Å). The XRD pattern was
collected over a range of diffraction angles from 10 to 115 degrees. The diffraction data were
analyzed using Match Crystal Impact software (Match 1.11g) to identify the crystalline
phases present in the catalyst.

A Micromeritics Auto-Chem 2950 instrument (Norcross, GA, USA) was employed
to execute temperature-programmed reduction (TPR) fitted with a thermal conductivity
detector (TCD). A sample of catalyst (about 150 mg) was charged in a quartz reactor and
heated to 800 ◦C at a 10 ◦C per minute rate. A 10% H2 in argon mixed gas flowed over the
catalyst at a rate of 50 mL per minute during the heating process.

XPS analysis tests were conducted using a high-vacuum multi-technique surface
analysis system manufactured by Specs GmbH (Berlin, Germany). The instrument was
furnished with an Mg-Kα X-ray source, emitting X-rays with an energy level of 1253.6 eV.
In accordance with standard XPS procedures, the binding energy reference for charge
correction was established using the adventitious hydrocarbon C 1s line, which registers at
284.8 eV and corresponds to the C-C bond.
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NH3-TPD analysis was carried out on an Auto-Chem 2950 instrument. Before the
TPD experiment, 100 milligrams of calcined catalyst was reduced in a 10% H2 in argon gas
mixture at 600 ◦C for two hours. Then, the temperature was lowered to 50 ◦C in a flow
of helium gas. After cooling, 10% ammonia in helium gas flowed over the catalyst bed at
50 ◦C for 1 h. Next, the catalyst was purged with helium gas, and the reactor temperature
was raised to 800 ◦C at a rate of 10 ◦C per minute.

A Tecnai G2 F20 Super-Twin transmission electron microscope (TEM, FEI, Hillsboro,
OR, USA) operating at 200 kV with an LaB6 electron source was used to analyze the
catalysts. The microscope was equipped with an EDX detector for elemental analysis and
a high-angle annular dark-field detector for scanning transmission electron microscopy
(STEM) imaging.

3.4. Catalytic Performance Test

The performance of catalysts for ethane dehydrogenation was evaluated in a fixed-
bed quartz microreactor (outer diameter 9 mm) using 0.5 g of catalyst. The catalyst was
activated in a mixed gas of hydrogen and nitrogen (volume ratio 3:1) at 600 ◦C for 3 h prior
to measurement. The reactor system was then heated to 625 ◦C and purged with nitrogen.
A gas mixture of nitrogen, ethane, and hydrogen in a ratio of 3.6:1:0.4 was fed into the
reactor at a space velocity of 3000 h−1. An Agilent 7890B gas chromatograph (GC, Santa
Clara, CA, USA) fitted with flame ionization (FID) and TCD detectors was used to analyze
the reaction products and unconverted reactants.

The following equations were used to calculate the overall ethane conversion and
selectivity of C2H4 and CH4:

C2H6conversion(%) =
[C2H6]in − [C2H6]out

[C2H6]in
× 100

C2H4Selectivity (%) =
[C2H4]

[C2H4] + 0.5[CH4]
× 100

CH4selectivity(%) =
0.5[CH4]

[C2H4] + 0.5[CH4]
× 100

where [C2H6]in and [C2H6]out are the concentrations of ethane at the inlet and outlet of the
reactor, respectively. [C2H4] and [CH4] are the concentrations of ethylene and methane in
the outlet gas. The error bounds were observed ±2% for the ethane conversion and ±0.5%
for ethylene selectivity, which were established by repeating the catalyst synthesis and
catalytic tests multiple times.

The deactivation rate constant (kd) was determined by assuming a first-order deac-
tivation mechanism. To calculate the deactivation rate constant, the following equation
is used:

kd

(
h−1

)
=

ln
(

1−Xend
Xend

)
− ln( 1−Xstart

Xstart
)

t
where Xstart and Xend denote the conversion at the beginning and end of the experiment,
respectively, and t is the duration of the experiment in hours.

4. Conclusions

PtSn/Al2O3 and PtSnZnCa/Al2O3 catalysts were prepared by impregnation method
for use in ethane dehydrogenation. The impact of the calcination atmosphere on the
catalytic characteristics of PtSn/Al2O3 and PtSnZnCa/Al2O3 catalysts for ethane dehydro-
genation was investigated. The catalysts were pretreated in static air, flowing air, and in
a N2 atmosphere. The PtSn/Al2O3 catalyst calcined in static air exhibits higher activity
for ethane dehydrogenation than the catalyst calcined in flowing air and in the N2 atmo-
sphere. The surface-active Pt species are high in the catalyst calcined in static air. The
NH3-TPD results suggest that the acidic sites are effectively suppressed in the catalyst
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calcined in the static air atmosphere. The TEM and elemental mapping showed that the
catalyst calcined in the static air atmosphere is beneficial for the formation of small Pt and
Sn particles. The ethylene selectivity increased to 99% with the addition of Zn and Ca to
the PtSn/Al2O3 catalyst. The PtSnZnCa/Al2O3 catalyst showed the highest activity among
all the prepared catalysts at high temperatures. This enhanced performance is attributed
to strong interactions between Pt and the promoter in the catalysts pretreated in static
air. In contrast, catalyst calcination under flowing air or N2 gas negatively impacts the Pt
dispersion. The deactivation rate is very low for PtSnZnCa/Al2O3 catalyst calcined in the
static air atmosphere.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/catal14050312/s1. Table S1: Surface area results of used catalysts.
Figure S1: (A) Nitrogen adsorption–desorption isotherms, (B) pore-size distribution of calcined
Al2O3 support. Figure S2: Pore size distribution curves of the calcined catalysts: a. PtSn-FA, b. PtSn-
N2, c. PtSn-SA, d. PtSnZnCa-FA, e. PtSnZnCa-N2, f. PtSnZnCa-SA. Figure S3: X-ray diffraction
patterns of used catalysts: a. PtSn-FA, b. PtSn-N2, c. PtSn-SA, d. PtSnZnCa-FA, e. PtSnZnCa-N2,
f. PtSnZnCa-SA. Figure S4. XPS survey spectra of all calcined catalysts: a. PtSn-FA, b. PtSn-N2,
c. PtSn-SA, d. PtSnZnCa-FA, e. PtSnZnCa-N2, f. PtSnZnCa-SA. Figure S5. Activity results for ethane
dehydrogenation at 625◦C: (A) PtSnZn-SA (B) PtSnCa-SA.
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