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Abstract

The dehydrogenation of propane on In-promoted Pt (0.3 wt% Pt) supported on hydrotalcite Mg(Al)O with different In load-
ings (0.2-1.0 wt% In) was investigated at 550 °C atmospheric pressure. All the bimetallic PtIn/Mg(Al)O showed higher
propane conversion and propene selectivity than the Pt/Mg(Al)O with Pt0.81In exhibited the best catalytic performances with
97.5% propylene selectivity and 27.5% yield after 5 h time-on-stream. The addition of In to the monometallic Pt catalyst
could reduce the acidity strength especially the strong acid site. As revealed by the H,-TPR and XPS results, addition of In
by impregnation on Pt/Mg(Al)O also led to the formation of metallic In and PtIn alloy, which greatly enhanced the catalyst
activity and reduced coke formation on the support. Nevertheless, excessive In loading (i.e., Pt1.0In) resulted in a descend-
ing trend of catalyst activity compared to the Pt0.8In, due probably to the large amount of metallic In being formed, which

was disadvantageous in propane dehydrogenation.
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1 Introduction

Propylene is an important feedstock in petrochemical indus-
try for the production of a wide variety of chemicals and
polymers such as polypropylene, acrolein, acrylic acid and
oligomers [1, 2]. The commercial methods for producing
the light olefins are steam cracking of alkanes, naphtha, or
gas oil but the process is highly endothermic, which usually
requires high temperature to obtain a high yield of olefins.
The catalytic dehydrogenation of light paraffins is an alterna-
tive route for the production of light olefins with improved
olefins selectivity and lower coke formation [3—6]. However,
side reactions including cracking, hydrogenolysis, isomeri-
zation, and oligomerization reactions are commonly found
with catalytic dehydrogenation of alkane. Thus, catalyst
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deactivation due to coke formation is inevitable under the
reaction conditions used.

Support bimetallic Pt-based catalysts are important for
many hydrocarbon transformation reactions. Pt—Sn/Al,0O;
has been used extensively as a well-known catalyst for pro-
pane dehydrogenation because of their high activity and
high selectivity to propylene [7-9]. However, Pt—-Sn/Al,O,
catalysts must undergo continuous or frequent regeneration
to restore the catalytic activity as deactivation due to coking
cannot be completely eliminated [10]. Consequently, another
promoter including alkali metals (Li, K, Na, Mg), Zn and
rare earth metals (La, Ce, Y) has been added to Pt—Sn/Al,O,
catalysts to enhance the tolerance against catalyst deactiva-
tion. The primary roles of these promoters are to improve
the thermal stabilities of supports and to modify the acidic/
basic properties of supports and metal-support interactions
[11-13]. A number of second metal promoters such as Sn,
Zn, Ge, Ga, or In can interact with Pt to form bimetallic
alloys [14-18]. PtIn catalysts have been found to be more
homogenous in composition than PtSn particles and more
stable in alkane dehydrogenation [16, 19].

Mg(A1)O or hydrotalcite has received considerable atten-
tion as an efficient support for Pt-based catalysts for light
alkane dehydrogenation owing to their moderately basicity,
high thermal stability, as well as the capability of enhancing
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Pt particle dispersion due to the presence of Al cations on
the support surface [5, 20-24]. Previous studies have shown
that non-acidic supports such as K-L zeolite, alkali-doped
alumina, spinels, and calcined Mg(AIl)O could minimize the
adsorption of ethene and the formation of coke [22, 25, 26].

Due to their promising properties, the combination of
PtIn and Mg(Al)O supports has been employed in the recent
development of propane dehydrogenation catalysts. The
effects of calcination temperature of the Mg(Al)O [27], pH
values for the preparation of Mg(Al)O [28], and the Mg/Al
molar ratios [29] on the PtIn catalysts supported on Mg(Al)
O with 0.6 wt% Pt and 1.5 wt% In loadings were investi-
gated. In addition, the induction and deactivation of catalytic
activity of the 0.6%Pt—1.5%In on the optimized Mg(Al)O
were related to changes in the metal particle size, the specific
surface area, and the crystalline phase of the catalysts during
propane dehydrogenation at 620 °C and pressure 0.1 MPa
[30]. Propane conversion ranging between 50 and 60% with
propene selectivity >97% were obtained during 12-30 h
time-on-stream under the conditions reported. Previous
studies by Wu et al. [5] and Sun et al. [31] also reported
the effect of bulk In/Pt ratio on Pt/Mg(In)(Al)O catalysts,
in which the Mg(In)(Al)O support was prepared by co-pre-
cipitation method followed by Pt loading by impregnation
and tested in ethane, propane and butane dehydrogenation.
However, the characteristics of PtiIn/Mg(Al)O with various
PtIn compositions and their structural-activity relationship
in propane dehydrogenation at relatively lower temperature
(i.e., 550 °C) has not yet been clearly demonstrated.

In this study, the Pt—In catalysts supported on a com-
mercially available Mg(AI)O support with the suitable ratio
of Mg/Al were prepared with 0.3 wt% Pt and various In
loadings from 0.2 to 1.0 wt%. The catalysts were evaluated
in propane dehydrogenation at 550 °C under atmospheric
pressure. The NH;-TPD experiments were used to investi-
gate the acid properties of the catalysts. The H,-temperature
programmed reduction (H,-TPR) and X-ray photoelectron
spectroscopy (XPS) measurements were used as primary
tools to observe the Pt—In interaction and/or the formation
of Pt-In alloys. The types and amount of coke formed on the
spent catalysts were also investigated by temperature pro-
gram oxidation (TPO). The spatial distribution of Pt within
the catalysts was observed from the transmission electron
microscopy (TEM).

2 Experimental
2.1 Catalyst Preparation
The PtxIn catalysts were prepared by the incipient wetness

co-impregnation of the calcined commercial hydrotalcite
support (Mg/Al=70:30) with the specific surface area

(Sggr) about 100 m*/g. An aqueous solution of chloroplatinic
acid hydrate (H,PtClg, Sigma Aldrich) and indium nitrate
(In(NO3);, Sigma Aldrich) were used as precursor to achieve
platinum and indium metal loading for 0.3 and x wt%, where
x indicated to indium metal loading (x=0.2-1.0 wt%). The
catalysts were dried at room temperature for 2 h and then
110 °C for overnight. After drying, the catalysts were cal-
cined in air flow at 550 °C for 3 h.

2.2 Catalyst Characterization

The acidic properties of the catalysts were analyzed using
a Micromeritic Chemisorb 2750 apparatus. Prior to NH;
adsorption, 0.1 g sample was pretreated at 500 °C for 1 h
under He flow (25 cm®/min). After cooling to 40 °C, NH;
was adsorbed using a flow of 15 vol % NH,/He (20 cm?/
min) for 0.5 h. The NH; desorption was performed in He
(20 cm*/min) with a heating rate of 10 °C/min and the NH,
desorption profiles were registered with a thermal conduc-
tivity detector. The reducibility and reduction behavior of
the prepared catalysts were investigated by H,-TPR. The
sample was pretreated under Ar flow at 500 °C for 1 h to
remove a moisture, then being cooled down to temperature
at 50 °C. Subsequently, the TPR profiles were recorded
under the 10% H,/Ar flow from 50 to 800 °C with a heat-
ing rate of 10 °C/min. The amount of hydrogen uptake was
determined by measuring the areas of the reduction profiles
obtained from a Micromeritic Chemisorb 2750 automated
system attached with ChemiSoft TPx software. The surface
electronic states of the catalyst samples after reduction were
investigated by XPS using an AMICUS X-ray photoelectron
spectrometer with a Mg K, X-ray as a primary excitation
and a KRATOS VISION2 software. XPS element spectra
were acquired with 0.1 eV energy step at a pass energy of
75 eV. The TEM images of catalysts were carried out by
a JEM-2010 microscope operated at 200 kV. The reduced
samples were dispersed in ethanol by ultrasonic, and then
a small drop of this solution was placed onto carbon film
coated copper grids and dried before testing. Coke formation
was determined by the TPO experiments. Approximately
0.3 g of spent catalyst was placed in the quartz tube. The
1% oxygen in helium gas mixture was passed through the
system at a flow rate of 25 cm®/min. The temperature was
raised to 700 °C with a heating rate of 5 °C/min. The effluent
stream was sampled every 5 min on-line using an Shimadzu
GC-2014 gas chromatograph equipped with a TCD detector.

2.3 Propane Dehydrogenation Reaction
The dehydrogenation of propane was performed in a fixed
bed stainless steel reactor with size of 0.75 in. under atmos-

pheric pressure. Approximately 2 g of catalyst was placed
in the stainless-steel reactor and reduced under H, flow
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(50 cm*/min) balanced with N, (50 cm*/min) at 550 °C for
1 h followed by purging for 30 min in N, to remove the
H,. Subsequently, pure propane in gas phase was fed into
the reactor at 20 cm*/min at a reaction temperature 550 °C.
The reaction was carried out for 5 h time-on-stream (TOS).
The reactants and products were analyzed on-line using an
Agilent 7820A gas chromatograph equipped with a packed
column HP-PLOT Al,O; “M” deactivated (50 m with 8 um
ID) and a flame ionization detector (FID). The propane con-
version and products selectivity were calculated by weight
basis using the following equations:

C3H8in - C3H80ul

C;H; conversion (%) =
C;Hg;,

x 100 (1)

Producti,,

Product i selectivity (%) = —————
C3H8in - C3H80ul

x 100 )
where C3Hg;, and C;Hg,, represented the contents of pro-
pane in feed and effluent gases, respectively. The terms prod-
uct i, indicated the contents of product i in the effluent gas.

3 Results and Discussion

3.1 The Catalytic Performances of PtxIn Catalysts
in Propane Dehydrogenation

The propane dehydrogenation was carried out at 550 °C and
atmospheric pressure for 5 h. From Fig. 1, the monometal-
lic Pt catalyst shows very low conversion and poor stabil-
ity along the 5 h time on stream with the initial and final
conversion of 22.9 and 8.4%, respectively. For the series of
PtxIn catalysts, the initial and final conversion of propane
increased monotonically with increasing In loadings from
0.2 to 0.8 wt%. The initial conversion of monometallic Pt
was slightly higher than those of the bimetallic Pt0.2In and
Pt0.3In due to the undesired side reactions such as cracking
and hydrogenolysis. Further increase of In loading to 1 wt%
(Pt1.0In), a declining trend for both activity and stability was
observed comparing to the Pt0.8In. Thus, In loading 0.8 wt%
was the most satisfied for improving the propane conversion,
selectivity, and stability of 0.3 wt% Pt catalyst with In/Pt
ratio of 2.7. The initial and final propane conversions of the
Pt0.8In were 27.5 and 25.4%, respectively, which were very
close to the equilibrium conversion of propane dehydrogena-
tion around 30% at 550 °C [32]. The optimized In/Pt ratio
2.7 in this study was close to the In/Pt ratio 2.5 used in the
other studies reported in the literature [27-29]. Moreover,
the presence of In on Pt catalyst showed higher propene
selectivity compared to the monometallic Pt catalyst due to
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Fig.1 (a) Conversion of propane, (b) selectivity to propene and (c)
selectivity to alkanes and Cs, with respect to reaction time on the
PtxIn with different In loadings (x=0.2-1.0)

the significantly decrease of the other side reactions, result-
ing in much lower alkane and Cs, formation.
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3.2 Characteristics of the PtxIn Catalysts

The acidic properties of the catalysts were investigated by
NH;-TPD and the results are displayed in Fig. 2. All the cat-
alysts showed a similar appearance consisting of three des-
orption peak regions at (I) 130-138 °C, (II) 181-205 °C, and
(IIT) 336-374 °C. Based on other PtIn/HT catalysts reported
in the literature [27-29], these peaks could be inferred to
weak and medium acid sites. A semi-quantitative com-
parison of the acid distribution was obtained by fitting the
NH;-TPD curves using the Gaussian deconvolution method
and is summarized in Table 1. Addition of In by 0.2-1.0 wt%
to the monometallic Pt catalyst slightly increased the sum
of the total peak areas (~ 10%). However, the temperature
of maximal peak intensity (T),) for all the desorption peaks
shifted to lower temperature for all the bimetallic PtIn cata-
lysts especially for the higher temperature peak (peak III).
The Pt0.81In exhibited the lowest Ty, at 130, 181, and 336 °C.
The shift of Ty; observed in this study due to the effect of In

u.)

Intensity (a.

T
250 350
Temperature (°C)

T
50 150 550

Fig.2 NH;-TPD profiles of PtxIn catalysts with different In loadings;
(a) Pt, (b) Pt0.2In, (c) Pt0.3In, (d) Pt0.4In, (e) Pt0.6In, (f) Pt0.8In and
() Pt1.0In

loading was more pronounced comparing to those reported
earlier on the effects of pH used in preparing Mg(Al)O,
Mg/Al molar ratio, and the calcination temperature of the
Mg(A1)O (T), of each desorption range varied between 10
and 20 °C). The higher propene yield of the PtIn catalysts
was correlated well with the lower acid strength of the bime-
tallic catalysts.

The effect of In loading on the reduction behaviors of
catalysts was studied by H,-TPR method. Figure 3 shows
the TPR curves of PtxIn catalysts with different In loadings
(x=0.2-1.0 wt%). The monometallic Pt catalyst showed a
low temperature reduction peak centered at 270 °C, which
was assigned to the reduction of platinum species on the
surface. The second peak located at 440 °C was assigned
to the reduction of platinum species in the stronger interac-
tion with support [33-35]. The first reduction peak slightly
shifted towards lower temperature with increasing In load-
ings from 0.2 to 0.8 wt%. The hydrogen consumption was
also decreased in a similar trend. Moreover, the hydrogen

Signal (a.u.)

T T T T T T T T T T T T T T
150 200 250 300 350 400 450 500 550

T
Temperature (°C)
Fig.3 H,-TPR profiles of PtxIn catalysts with different In loadings;

(a) Pt, (b) Pt0.2In, (c) Pt0.3In, (d) Pt0.4In, (¢) Pt0.6In, (f) Pt0.8In and
(g) Pt1.0In

Table 1 The semi-quantitative

Catalysts Ty (°C) Total area (a.u.)  Peak area fraction
results of NH;-TPD (x10?) (%)
measurements
1 I I I+10 I
Pt 138 205 374 8.1 79.4 20.6
Pt0.2In 135 189 340 8.3 71.8 28.2
Pt0.3In 138 195 355 9.0 66.8 333
Pt0.4In 136 191 350 8.9 66.6 334
Pt0.6In 131 186 344 9.0 63.7 36.3
Pt0.8In 130 181 336 8.8 63.2 36.8
Pt1.0In 135 187 357 8.9 62.7 373
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consumption in the higher Pt reduction region was also
increased as In loading increased for the bimetallic PtIn
catalysts, which in agreement with the results of Jahel et al.
[36]. It is worth mentioning that the hydrogen consump-
tion in the region of Pt reduction increases as the In content
increases. This indicates that a fraction of In initially being
reduced with Pt at the temperature around 440 °C, possibly
leading to the reduction of some In oxides into the metallic
state. Such a shift of lower Pt reduction temperature and an
increase of hydrogen consumption in higher Pt reduction
region are typical of the close Pt—In intimacy, possibly in the
form of PtIn alloys. However, for the case of Pt1.0In, a shift
of lower Pt reduction temperature was not observed, thus the
formation of PtIn was not clearly demonstrated.

Figure 4 shows the XPS spectra corresponding to In
3ds;, and In 3d;,, region of Pt0.6In, Pt0.8In, and Pt1.0In
catalysts after reduction at 550 °C, respectively. After the
deconvolution of the spectra, two In species were obtained
at about 444.1-444.3 and 445.4-445.5 eV, corresponding to
the different indium species. The lower binding energy was
attributed to the formation of the zerovalent or metallic In
[37-39], whereas the higher binding energy was ascribed to
the oxidation state of In species on the surface of the cata-
lysts. The deconvolution results of the corresponding spectra
are summarized in Table 2, the percentages of the oxidation
state of In species in Pt0.6In, Pt0.81In, and Pt1.0In catalysts
were 64.7, 69.3, and 58.0%, respectively. The percentages
of oxidation state of In species of Pt0.6In and Pt1.0In were
distinctly lower than Pt0.8In catalyst, resulting in lower cata-
lytic performance and stability. It was also observed that
Pt1.0In with the highest amount of In loading showed the
lowest fraction of the oxidation state of In species. Accord-
ing to previous studies [29, 30] indicated that a large frac-
tion of metallic In could block Pt active sites, which may
be a poison to the dehydrogenation reaction. These results
verify that the suitable In loading can strengthen In—support
interaction, stabilizing the oxidized In species. The excess
amount of In loading can lead to large fraction of metallic
In interacting strongly with Pt, which is disadvantageous to
the propane dehydrogenation.

The TEM images of the catalysts and the corresponding
particle size distributions of Pt, Pt0.8In and Pt1.0In cata-
lysts are shown in Fig. 5. From Fig. 5a, it can be seen that
the monometallic Pt particles were not well distributed on
the support. Figure 5b illustrates more homogeneous dis-
tribution of metallic particles on the Pt0.81In catalyst and
Fig. 5c displays a wide distribution of metallic particles
size and poor dispersion of metallic particles for Pt1.0In.
It is suggested that distribution of a suitable content of
indium on the Pt catalyst is favorable to the more uniform
distribution of bimetallic PtIn particles. The average metal
particle size increased with increasing In loading from
0.63 nm (Pt) to 0.74 (Pt0.81In) and 0.91 nm (Pt1.0In). It is

@ Springer
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Fig.4 In 3d XPS spectra of (a) Pt0.6In, (b) Pt0.8In and (c) Pt1.0In
catalysts
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Table2 Summary of XPS results

Catalysts Binding energy (eV)
In 3ds,, In 3d;,
Pt0.6In 4442 (35.3%) 451.5 31.3%)
445.4 (64.7%) 453.1 (68.7%)
Pt0.8In 444.1 (30.7%) 452.6 (59.7%)
445.4 (69.3%) 455.1 (40.3%)
Pt1.0In 444.3 (42.0%) 451.6 (35.9%)
445.5 (58.0%) 453.2 (64.1%)

also suggested that addition of a suitable content of indium
on the Pt catalyst (Pt0.8In) led to more uniform distribu-
tion of bimetallic PtIn particles.

Coking is an important factor for the deactivation of
propane dehydrogenation catalysts. TPO was used to
investigate the amount and nature of coke formed on the
used catalysts. The typical TPO profiles of used catalysts
are shown in Fig. 6. The used catalysts were collected after
performed in the propane dehydrogenation at 550 °C for
5 h TOS. All the spent catalysts showed two successive
peaks of carbon dioxide intensity representing two differ-
ent carbon deposits. Generally, the first peak at low tem-
perature located at around 264 °C are mainly to the carbon
deposits that cover the active metal. The second peak at
high temperature located at around 430 °C represents the
carbon deposits that located on the external surface of the
support [40]. Pt and Pt0.2In showed mainly combustion
peak at about 430 °C with respect to high amount of coke
on the support. It is clear that for the Pt catalyst, coke
deposits cover on active sites and mainly on the support,
corresponding to quick deactivation. When In loading was
increased from 0.2 to 1.0 wt%, the combustion peaks at
about 264 and 430 °C shifted to lower temperature of 247
and 385 °C, respectively and strongly decrease of coke

amount at the high combustion peak was also observed.
The coke amount decreased with increasing In loading
to 1.0 wt% with Pt0.8In showed the lowest coke amount
corresponding to the highest catalytic performance. The
TPO result reveals that coke formation on the support is
the main factor for catalyst deactivation over the PtIn cata-
lysts. It has been also reported that most of carbon deposits
cover on the active metal and coke formation is related to
the olefin absorption behavior on the active sites [40—42].
According to the previous study by Sun et al. [31], it was
observed that alloying of Pt with In greatly reduced the
amount of coke deposited of ethane and propane dehy-
drogenation. Therefore, the result suggests that addition
of In on Pt catalyst significantly lowered the amount of
coke formation, particularly on the support, resulting in
high catalyst stability.

4 Conclusions

In this study, the Pt-In catalysts supported on a com-
mercially available Mg(Al)O support were prepared with
0.3 wt% Pt and various In loadings from 0.2 to 1.0 wt%.
It is found that the addition of In to the monometallic Pt
catalyst could reduce the acidity strength especially the
strong acid site. The TPR and XPS measurements verified
that the introduction of In in the range of 0.2-0.8 wt% by
impregnation on the Pt/Mg(Al)O catalyst led to metallic
In and PtIn alloy formation and improved catalytic per-
formances for propane dehydrogenation. However, exces-
sive amount of In (i.e., 1.0 wt%) resulted in larger fraction
of metallic state (In®), which is disadvantageous to the
propane dehydrogenation. All the PtIn/Mg(Al)O catalysts
exhibited higher propane conversion and lower amount of
coke deposited, compared to the Pt/Mg(Al)O. The best
catalytic performances for propane dehydrogenation were
obtained on the Pt0.8In catalyst exhibits with >97.5% pro-
pylene selectivity and 27.5% yield at 550 °C and 5 h TOS.

@ Springer



1630 Topics in Catalysis (2018) 61:1624-1632

15
avg. size = 0.63 nm
c=3.89
104
9
f o=
S
S
o
[T
5
0
0.0 04 0.8 1.2 1.6 2.0
Particle size (nm)
(b) -
avg. size= 0.74 nm
c=3.85
10
9
=
S
S
o
w
54
0
0.0 04 08 1.2 1.6 2.0
Particle size (nm)
15
avg. size = 0.91 nm
c=4.55
10
9
c
S
S
©
w
54
0

0.0 0.4 0.8 1.2 1.6 2.0
Particle size (nm)

Fig.5 TEM micrographs and particle size distributions of (a) Pt, (b) Pt0.8In and (c) Pt1.0In catalysts
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Fig.6 TPO profiles of used PtxIn catalysts with different In loadings;
(a) Pt, (b) Pt0.2In, (c) Pt0.3In, (d) Pt0.4In, (e) Pt0.6In, (f) Pt0.8In and
(g) Pt1.0In
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