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Abstract: Compared with dehydrogenation in conventional petroleum refinery processes, relatively
pure hydrogen can be produced by propane dehydrogenation (PDH) without innate contaminants
like sulfur and metals. Among the existing catalysts for PDH, Pt catalysts are popular and are
often used in conjunction with Sn as a co-catalyst. Coke formation is a major concern in PDH,
where catalyst regeneration is typically achieved by periodic coke burning to achieve sustainable
operation. In this study, Pt-Sn/Al,O3 catalysts were regenerated after coke burning in three stages:
mixing the catalyst with liquid hydrochloric acid, drying, and calcining under air atmosphere. In this
process, the optimum concentration of hydrochloric acid was found to be 35% w/w. HCI treatment was
effective for enhancing redispersion of the metal catalysts and aiding the formation of the Pt;5n alloy,
which is considered to be effective for PDH reaction. HCI treatment may provide oxychlorination-like
conditions under the calcination atmosphere. The characteristics of the catalysts were examined
by X-ray diffraction (XRD), transmission electron microscopy (TEM), temperature-programmed
reduction (TPR), X-ray photoelectron spectroscopy (XPS), and CO chemisorption.

Keywords: hydrochloric acid treatment; propane dehydrogenation; Pt-Sn/Al,O3; Pt;Sn alloy; regeneration

1. Introduction

Hydrogen has been produced via various chemical processes and is considered a future alternative
energy resource. Among the chemical processes, propane dehydrogenation (PDH) is becoming popular
because it produces hydrogen, along with propylene, from propane feedstock. In stoichiometric counts,
one mole of propylene as well as one mole of hydrogen can be produced from one mole of propane
feed for PDH. The global demand for propylene is up 100 million tons annually, where propylene is
used in various areas such as polymers and chemical intermediates [1,2]. Two major catalysts are used
in commercial PDH, that is, Pt-Sn and Cr-based catalysts [3-5]. The main drawback of Cr catalysts is
the environmental impact, which tends to decrease its usage [6-9]. In other words, Pt catalysts are
known to promote the PDH reaction in the presence of co-metals [10-14] and refined supports [15-19].
The PDH reaction is performed at high temperatures (over 550 °C), leading to unfavorable coke
formation on the surface of the catalysts [20-22], which causes deactivation. In qualitative studies,
coke has been classified as aliphatic, aromatic, and pseudo-graphitic [23]. The effect of the coke quality
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on Pt-Sn catalysts was evaluated by assessing the combustion kinetics [24]. When coke on the catalyst
was combusted, the metals on the surface of the catalysts spontaneously sintered [25]. In practice,
coke deposits on commercial catalysts are caused by contamination with impurities and loss of chlorine
compounds. Sintering of the metal reduces the catalyst activity and destabilizes the balance between
the metal and alumina [11]. If the catalyst activity falls considerably below that of the fresh catalyst,
regeneration steps can be added. The regeneration of coke-contaminated catalysts is important and
should be evaluated with accompanying processes, such as coke burning followed by redispersion,
reduction, and so on, if necessary. Coke burning is the primary option for coke removal under oxygen
atmosphere [26,27]. It was reported that oxygen atmosphere promotes coke removal from metal
surfaces [11,28], whereas ozone atmosphere promotes coke removal from alumina supports [29,30].
Alternatively, coke burning under hydrogen atmosphere has also been reported. It was reported that
alumina enhances activation of the catalytically active sites, thereby facilitating regeneration of Pt-Sn
catalysts in the naphtha reforming process [31]. Various options have been proposed for regenerating
Pt-Sn catalysts subsequent to coke burning. Oxidation redispersion as a secondary treatment was
also used under oxygen atmosphere and even under ozone atmosphere. In our previous study [32],
we reported that oxychlorination treatment was effective in regenerating Pt-Sn/Al,Oj3 catalysts after
the PDH reaction, and we observed that the activity of catalysts containing Pt35n alloys was improved
after oxychlorination treatment.

Regeneration of Pt-Sn/Al,O3 for PDH reaction by oxychlorination has been rarely studied.
Meanwhile, reports of study in regeneration of Pt or Pt-Sn catalyst for naphtha reforming by
oxychlorination using HCl or dichloropropane include the following. Arteaga et al. [33] reported
that recovery of dispersion in Pt/Al,O3 could be attained by oxychlorination as well as recovery of
activity in naphtha reforming, but the effect of chorine during regeneration of Pt-Sn/Al,O3 is less
significant, although chlorine has the additional effect of favoring PtSn alloy formation [34] at high metal
loadings [35] or greater intimacy between Pt and Sn dispersed on SnOx-modified alumina [34,36,37]
at low metal loadings [33]. Our study was intended to study the effect of oxychlorination treatment
of Pt-Sn catalysts used in propane dehydrogenation reactions. As the Pt-Sn catalyst for propane
dehydrogenation is calcined and reduced at a higher temperature than the Pt-Sn catalyst used for
the naphtha reforming reaction, the effect on oxychlorination is expected to be different. It is also of
interest whether the PtSn alloy reported in the catalyst for the naphtha reforming reaction will be
produced or whether other alloy types may be produced. In this study, we investigate the effects of
treatment with a liquid chlorine compound at room temperature on the catalyst activity. The treatment
includes three stages: immersion into concentrated HCI solution, drying, and calcination, which names
to HCl treatment. In commercial processes, gas-phase regeneration is the better option for regeneration
because used catalysts can be regenerated in a reaction vessel in a continual process. The main
objectives of the hydrochloric acid (HCI) treatment are to achieve economic catalyst redispersion
and enhanced catalyst activation. Coke burning option was used as a reference. After drying and
calcining the HCl-treated Pt-Sn/Al,O5 catalysts, the Pt dispersion and the role of Sn/SnOx in the
catalyst are evaluated. The catalysts are characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), temperature-programmed reduction (TPR), X-ray photoelectron spectroscopy
(XPS), and CO-chemisorption.

2. Results

2.1. Catalyst Performance

Table 1 shows the classification of the catalysts used in this study. The catalysts were regenerated
by different techniques such as coke burning and coke burning combined with HCI treatment in
different concentrations of HCIL. A bimetallic catalyst composed of Pt-Sn on an alumina support was
used. As shown in the catalyst codes in Table 1, two different weight percentages of Pt (3 wt.%)
and Sn (4.5 wt.%) were used. As a fresh catalyst, impregnated 3Pt4.55n/Al,O3 was calcined and
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named PtSn-C. Before the first or second run of PDH, the catalysts were reduced with hydrogen After
subjection to the PDH reaction for 3 h, the used PtSn-C catalyst was denoted as PtSn-U, and PtSn-B
was named after coke burning of PtSn-U. Subsequently, the catalysts were treated with HCI of different
concentrations, and these samples were denoted as the PtSn-B-HCl series, from PtSn-B-HCI5 to
PtSn-B-HCI135, depending on the concentration of HCl. Note that HCI treatment comprises treatment
with HCI solutions at different concentrations, followed by drying and calcination at 600 °C.

Table 1. Procedure for catalyst regeneration (dehydrogenated: first reduction + propane dehydrogenation
(PDH) reaction).

Catalyst Code Treatment

PtSn-C Calcined

PtSn-U Calcined/dehydrogenation

PtSn-B Calcined/dehydrogenated/coke burning
PtSn-B-HCI5 Calcined/dehydrogenated/coke burning/HCl (5%)
PtSn-B-HCl15 Calcined/dehydrogenated/coke burning/HCl (15%)
PtSn-B-HCI25 Calcined/dehydrogenated/coke burning/HCl (25%)
PtSn-B-HCI35 Calcined/dehydrogenated/coke burning/HCl (35%)

Figure 1 shows the ‘conversion recovery” data for the catalysts after regenerated by the three
different processes. The three regeneration options are coke burning and two cases of HCl treatment at
5% and 35% concentrations. It should be noted that HCI treatment was performed right after coke
burning under the same conditions. On the basis of our understanding of the PDH process, we suggest
a more appropriate term, that is, conversion recovery, in this work. The data obtained in the first run of
PDH are not identical for the different operations. It is easy to understand our experimental protocols
from the following examples. Consider two different scenarios. In one scenario, 30% conversion
was recorded after 30 min run of PDH, followed by 29% conversion for the second run of PDH after
the regeneration treatment. Another scenario is that 29% conversion was recorded after 30 min run
of PDH, followed by 28.5% conversion in the second run of PDH after the regeneration treatment.
In these cases, which scenario is superior might be confused if we consider the conversion data for the
second PDH run. In this case, 29% conversion may appear superior to 28.5% conversion. However,
the reality is that the opposite may be true as 28.5% conversion corresponds to 98.2% (28.5/29 = 0.982)
recovery after the regeneration treatment compared with 96.7% (29/30 = 0.967) recovery in the first case.
Returning to Figure 1, the recovery for 3Pt4.55n-B (coke burning) reached only 0.56 in 3 h of PDH,
while the recovery for PtSn-B-HCI5 reached 0.72, and that for PtSn-B-HCI35 was the highest at 0.79.
HCl treatment clearly improved the catalyst activity. Figure 2 presents the selectivity recovery data.
The selectivity recovery is represented the same as conversion recovery. All the data were within 0.05,
which indicates no significant changes in the selectivity recovery for the three catalysts.
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Figure 1. Recovery of propane conversion over Pt-Sn/Al,O3. Reaction conditions—catalyst weight:
0.3 g; reaction temperature: 600 °C; and flow rate: N,:H,:C3Hg = 70:30:30 (mL/min), WHSV = 11.8 h~1.
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Figure 2. Recovery of propylene selectivity of Pt-Sn/Al;O3. Reaction conditions—catalyst weight: 0.3 g;
reaction temperature: 600 °C; and flow rate: Ny:Hy:C3Hg = 70:30:30 (mL/min), WHSV = 11.8 hL.

2.2. Catalyst Characterization

2.2.1. X-Ray Diffraction Analysis

Figure 3 shows the XRD patterns of the 3Pt4.55n/Al,O3 catalysts after various treatments.
For comparison, the data for the catalysts after hydrogen reduction are also presented. The characteristic
XRD peaks of Pt occur at 26 = 41.72° and 46.24°. The Pt-Sn alloys in Pt-Sn catalysts often adopt
the PtSn and Pt3Sn forms. These two alloys would contribute differently to the PDH reaction [38].
The characteristic XRD peaks of the two Pt-Sn alloys were identified separately at 20 = 41.72° and
44.05° for the PtSn alloy and 38.79° for the Pt3Sn alloy. It should be cautioned that the characteristic
peak of the Pt35n alloy often overlaps with the characteristic peak of alumina. As shown in Figure 3a,b,
the characteristic peaks of Pt were observed in the profile of PtSn-C, but these peaks shifted to
correspond to those of the PtSn alloy after hydrogen reduction. The particle growth of the PtSn alloy
after the PDH reaction (Figure 3c) is attributed to sintering. In general, sintering lowers the degree of
Pt dispersion and increases the size of the Pt particles. After the PDH reaction, Pt particles were the
main components of the PtSn-C and PtSn-B-HCl series (Figure 3d,f,h). After hydrogen reduction of the
PtSn-B-HCl series, the characteristic peaks of Pt disappeared, suggesting that Pt may be effectively
dispersed, with a reduction of the particle size. Notably, the peaks of the Pt35n alloy appeared after
hydrogen reduction of the PtSn-B-HCl series (Figure 3g,i). In terms of the Pt-Sn alloys, the PtSn alloy
having a Pt/Sn molar ratio of is 1:1 is often referred to; however, it is known that various forms, such as
PtSn, Pt35n, and PtySns, are possible [39-43]. Vu et al. [44] presented the characteristic XRD peaks of the
Pt3Sn alloy and Sattler et al. [45] also verified the existence of the Pt3Sn alloy using TEM measurement.
Both cases utilized propane feedstock. The reaction atmosphere may affect the formation of the Pt-Sn
alloys. Herein, a mixture of propane, hydrogen, and nitrogen was used.
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Figure 3. X-ray diffraction (XRD) patterns of Pt-Sn/Al,Oj3 catalysts after catalyst preparation: (a) PtSn-C,
(b) reduced PtSn-C, (c) PtSn-U, (d) PtSn-B, (e) reduced PtSn-B, (f) PtSn-B-HCI5, (g) reduced PtSn-B-HCI5,
(h) PtSn-HCI35, and (i) reduced PtSn-B-HCI35.

2.2.2. TEM and EDS

EDX images and TEM images of catalysts are shown in Figures 4 and 5, respectively. The dispersion
and the sizes of the metal particles before and after the regeneration treatments were compared.
The particle size of the metals increased after coke burning (PtSn-B). HCI treatment effectively reduced
the size of the metal particles in the catalysts, regardless of the HCI concentration. Better dispersity
of the metal particles was observed in PtSn-B-HCI35. More details were derived from FFT analysis.
The TEM images (the inset shows the corresponding FFT pattern) in Figure 6 were employed to
calculate the lattice distance in the crystals. The existence of both the PtSn alloy and Pt35n alloy was
also verified. The lattice distance data were compared by calculation of the PDF and by comparison
with the ICDD cards. The FFT image of PtSn-B after hydrogen reduction was used to derive the lattice
distance data for the four faces of the PtSn alloy. The lattice distances were 0.22, 0.3, 0.36, and 0.17 nm
for the (102), (101), (100), and (201) planes, respectively. The FFT image of PtSn-B-HCI35 after reduction
indicated the presence of both the PtSn alloy and Pt;Sn alloy. In the PtSn alloy, the lattice distance of the
(100) plane was 0.3 nm. In the case of the Pt35n alloy, the lattice distances were 0.12, 0.18, and 0.23 nm
for the (311), (111), and (210) planes, respectively. The FFT image of PtSn-B-HCI5 after reduction also
indicated the existence of both the PtSn and Pt3Sn alloy. The lattice distances for the PtSn alloy were
0.3 and 0.2 nm for the (101) and (110) planes, respectively. The lattice distance was 0.28 nm for the (110)
plane of the Pt3Sn alloy. It was verified that the redispersion of Pt was achieved by HCl treatment.
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Notably, HCl treatment induced the formation of the Pt3Sn alloy, which resulted in higher catalytic
activity. Treatment with 35% HCI (PtSn-B-HCI35) was the most effective for metal dispersion and
enhancing the catalyst activity.

Figure 4. Energy dispersive X-ray (EDX) element mapping images of (a) reduced PtSn-C, (b) reduced
PtSn-B, (¢) reduced PtSn-B-HCI5, and (d) reduced PtSn-B-HCI35.
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Figure 5. Transmission electron microscopy (TEM) images of (a) reduced PtSn-C, (b) reduced PtSn-B,
(c) reduced PtSn-B-HCl5, and (d) reduced PtSn-B-HCI35.

PtSn(101

4

PISn(110)

Figure 6. TEM images (inset shows the corresponding FFT pattern) of (a) reduced PtSn-B, (b) reduced
PtSn-B-HCI5, and (c¢) reduced PtSn-B-HCI35.
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2.2.3. XPS Analysis

Four catalysts of the PtSn-B-HCl series were subjected to XPS measurement. All catalysts were
recorded at Pt 4d (Figure 7) and Sn 3d (Figure 8). As there are overlapping ranges of characteristic
peaks between Pt 4f and Al 2P [46], we focused on Pt 4d in this work. Thus, we focus on the Pt 4d
region in this work. Other previous works were adapted to analyze the Pt 4f data [47,48]. Evidence of
the Pt state was provided by the Pt 4ds), peak at 315.2 eV in Figure 7. Figure 8 compares the effect
of the HCI concentration on the catalysts. The peaks did not change significantly with variation of
the HCI concentration. It was reported that the characteristic peaks of Sn’ appear in the range of
485.2-486.5 eV, and the characteristic peaks of Sn>*/Sn** appear at 487.2-488.3 eV. Peaks were observed
in both characteristic ranges at 485.5 and 487.2~488.3eV, respectively, which indicates the existence of
Sn? and Sn?*/Sn**. It is difficult to differentiate Sn>" and Sn** because the peaks of both species are
extremely close, as reported earlier [47,49]. Figure 8 presents the changes in the Sn 3d5, peak with
respect to the HCI concentration used during the regeneration process. All catalysts of the PtSn-B-HCI
series showed peaks of Sn” and Sn?*/Sn**. Before reduction of PtSn-C, the characteristic peak of Sn°
was relatively weak, but the intensity clearly increased after reduction. In the case of the PtSn-B-HCI
series, the characteristic peaks of SnY were also intensified after reduction of the catalyst.

Intensity (a.u.)

A P <)

324 322 320 318 316 314 312 310 308 306
Binding Energy (eV)

Figure 7. X-ray photoelectron spectroscopy (XPS) Pt 4f curves of catalysts. (a) PtSn-C, (b) PtSn-B,
(c) PtSn-B-HCI5, and (d) PtSn-B-HCI35.
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Figure 8. XPS Sn 3d curves of catalysts. (a) PtSn-C, (b) PtSn-B, (c) PtSn-B-HCI5, (d) PtSn-B-HCI35,
(e) reduced PtSn-C, (f) reduced PtSn-B, (g) reduced PtSn-B-HCI5, and (h) reduced PtSn-B-HCI35.

2.2.4. TPR Analysis

TPR analysis was performed to examine the interaction between the catalyst support and metal
particles. Two peaks were noticeable for PtSn-C at 330 °C (weak) and 400 °C (strong). The TPR profiles
of all catalysts showed two peaks, presenting evidence of reduction. In the case of the regenerated
catalysts, the two peaks at 330 °C and 400 °C almost disappeared, while two new peaks appeared
in the ranges of 280-330 °C and 480-530 °C. Under the various regeneration conditions, the peak at
330 °C for PtSn-C shifted to the lower temperature range of 280-330 °C and the peak became more
intense. The peaks at 280-330 °C for the three catalysts were attributed to Pt oxides. In general,
the characteristic TPR peak of the Pt particles appeared at 200 °C or lower. The peak shift to 280-330 °C,
thatis, higher than 200 °C, was presumed to be owing to Sn addition. The first peak was observed at 330,
283, 297, and 323 °C for PtSn-CPtSn-B, PtSn-B-HCI5, and PtSn-B-HCI35, respectively. Notably, the first
peak of PtSn-C and PtSn-B-HCI35 occurred at very close temperatures, which implies that similar
catalytic activity can be expected for PtSn-C and PtSn-B-HCI35. When PtSn-C was initially prepared,
the average distance between Pt and Sn appeared to relatively small because of the impregnation
method used in this work. In the case of PtSn-B, the TPR curves showed that the overall interactions
between Pt and Sn became less. This may be because Pt sintering was accelerated during coke burning.
Returning to Figure 3d, Sn present in the PtSn alloy may be expelled to form Sn oxides, leaving more
individual Pt from the PtSn alloy phase. If subsequent HCI treatment is performed, the behaviors of Pt
and Sn will be altered. In the case of Sn, HCI treatment may dissolve Sn/SnOy located on the surfaces
of the Pt particles and/or alumina support, and in the edges between Pt and the alumina support.
Consequently, HCl treatment could force Sn/SnOy to migrate some distance from the Pt-occupied sites.
Quantitatively, the majority of Sn may stay on the surface of the alumina support and little may be
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localized on either the edges near the Pt particle or on the surface of the Pt particles. That is, little,
but relatively well-dispersed Sn/SnOy can sit on the surface of the Pt particles, which may provide
an advantageous environment for generating the Pt3Sn alloy rather than the PtSn alloy during the
calcination step of the HCl treatment. (See Figure 9).
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Figure 9. Temperature-programmed reduction (TPR) curves of catalysts. (a) PtSn-C, (b) PtSn-B,
(c) PtSn-B-HCI5, and (d) PtSn-B-HCI35.

2.2.5. CO Chemisorption

Table 2 presents the CO chemisorption data for the Pt-Sn catalysts, along with the metal dispersion,
metal surface area, average particle size, and coke content. The data for PtSn-C is presented as
a reference. The metal dispersion, surface area, and average particle size of PtSn-C were 4.63%,
0.34 m?/g-cat, and 24.45 nm, respectively. The metal dispersion of PtSn-B decreased from 4.63 to 4.03.
A lower HCI concentration (5%) was not effective for increasing the metal dispersion. Higher than
15% of HCl led to improved metal dispersion, with much higher values (5.08-7.09%) than that of
PtSn-C (4.63%). The metal surface area and average particle size followed similar trends. The metal
surface area and average particle size of PtSn-B and PtSn-B-HCI5 were undesirably smaller and larger,
respectively, than those of PtSn-C in. In the PtSn-B-HCl series, PtSn-B-HC135 had the highest metal
surface area (0.53 m?/g-cat) and smallest average particle size (15.98 nm). The coke content is presented
to compare the effect of the regeneration process. Various coke types were formed during the PDH
reaction and were quantified separately. Compared with 3.24% coke in PtSn-B, the coke formation was
reduced to 3.03% in PtSn-B-HCI35.

Table 2. CO chemisorption data for catalysts.

Amount of . a
Catalyst CO Adsorbed Dis t/izit(a)il (%) Al\;leta(:nszur_flacet) Avesl‘?;gee(ii:t)ICIG COke(St(:; :ent
(cm?® STP g~1cat) P ’ eatmg “ca °
PtSn-C 0.16 4.63 0.34 24.45 -
PtSn-B 0.14 4.03 0.30 28.10 3.24
PtSn-B-HCI5 0.09 2.57 0.19 43.66 -
PtSn-B-HCI15 0.24 6.85 0.51 16.55 4.24
PtSn-B-HCI25 0.18 5.08 0.38 22.29 2.93
PtSn-B-HCI35 0.24 7.09 0.53 15.98 3.03

2 coke amount was determined by thermal gravitational analysis.
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3. Discussion

The results show that two major factors affect the generation of the Pt35n alloy during the
regeneration process. One is the initial molar ratio between Pt and Sn during catalyst preparation.
The other is the specific treatment for regeneration, such as the oxychlorination process. In our previous
study [32], the Pt/Sn ratio of was set to 1 to 0.5 by weight, which corresponds to a Pt/Sn molar ratio of
1.23 to 1. When the fresh catalyst was prepared, there was no evidence of the Pt35n alloy. After the
first run of PDH, no Pt35Sn alloy was detected, even after coke burning. Coke burning was used as
the primary process for regeneration of the Pt-Sn catalyst, followed by oxychlorination treatment as a
second process. HCl and air were fed into the reactor at a high temperature of 550 °C [32], after which
the Pt35n alloy was detected by XRD. Thus, generation of the Pt35n alloy was triggered by the secondary
oxychlorination treatment. Another study used the molar ratio of 1 to 1 for Pt to Sn [50]. In that case,
direct reduction was employed and the Pt35Sn alloy was detected in the fresh catalysts. Direct reduction
was attempted before the first run of PDH in that case. In this work, the Pt/Sn ratio was set to 3 to 4.5
by weight, which is close to the Pt/Sn molar ratio of 1 to 2.5. If the molar ratio of Pt/Sn is less than 1,
the Pt3Sn alloy is hardly formed, whereas formation of the PtSn alloy is favored. As expected, the Pt3Sn
alloy was not detected in the fresh catalyst, even after coke burning. However, the Pt35n alloy was
formed after HCl treatment. The present HCI treatment includes immersion, drying, and calcination,
which is analogous to our prior oxychlorination treatment [32]. It seems that calcination plays a
role similar to oxychlorination in dispersing the Pt particles as well as generating the Pt35n alloy.
As mentioned above, the initial Pt/Sn weight ratio was controlled to 3 to 4.5, which appears to favor
formation of the PtSn alloy than Pt3Sn in the initial condition. During HCl treatment, the interactions
between Pt and HCl and between Sn/SnOy and HCI may contribute differently to forming the Pt-Sn
alloys. If concentrated liquid HCl easily dissolves and migrates Sn/SnOy constituents far from the sites
nearby Pt, the interfaces between Pt and Sn/SnOx may change to lower, but more well-dispersed SnOy
on the surface of Pt particles. If this happens, a lesser amount of wished-off Sn/SnOy can be placed on
the surface of Pt particles, where we defined the Pt-rich phase. If Pt particles in the Pt-rich phase may
redisperse during calcination for HCI treatment, Pt35n alloy is more favorably generated than PtSn
alloy. This is different with the case after coke burning only. That is, when coke burning proceeds,
Pt and Sn/SnOy could not migrate too far from original locations. If this is true, PtSn alloy is more
favorable to form than Pt3Sn alloy during coke burning.

4. Materials and Methods

4.1. Catalyst Preparation

The overall procedure for preparing Pt-5n/Al,Os is similar to the method published earlier [50].
Aluminum-oxide-supported Pt-Sn catalysts were prepared with 3 wt.% Pt and 4.5 wt.% Sn using
hydrogen hexachloroplatinate(IV) hydrate (H,PtCls-6H;O, Kojima Chemicals, Saitama, Japan) and
tin(II) chloride (SnCl,, Sigma-Aldrich, St. Louis, MO, USA, >98%) through a co-impregnation method
using ethanol (C;HsOH, 99.5%, Daejung, Seoul, Korea). The catalysts were dried at 110 °C for 12 h

under air atmosphere in an oven and then calcined at 600 °C for 4 h at a heating rate of 5 °C min~!.

4.2. Catalytic Activity Measurements

The work scope of this study is presented in Figure 10. The catalytic activity during the PDH
reaction was evaluated in a fixed-bed quartz reactor (inner diameter of 18 mm) using 0.3 g of catalyst.
The PDH reaction was carried out at 600 °C for 3 h at atmospheric pressure in the presence of C3Hg
(30 mL min™!), H, (30 mL min™'), and N (70 mL min~!). Before the PDH reaction, the samples were
heated to 600 °C at 10 °C min~" in the presence of H, (30 mL min~!) and N; (100 mL min~'). After the
PDH reaction, coke burning was carried out under air atmosphere at 510 °C for 4 h. Hydrochloric
acid (HCI) treatment was performed using four different concentrations: 5, 15, 25, and 35% by weight.
After HCl treatment, the catalyst was dried at 110 °C for 12 h and calcined at 600 °C for 4 h. These amples
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are denoted as PtSn-B-HCI5, PtSn-B-HCI15, PtSn-B-HCI25, and PtSn-B-HC135, respectively. Hydrogen
reduction was additionally performed at 600 °C for 1 h. The second PDH reaction was carried out at
600 °C for 3 h. WHSV of two reaction test set is 11.8 h™!.

Impregnation of Pt & Sn
I
Drying (110°C, 12 hr)
I
Calcination (600°C, 4 hr)

Loading & H, Reduction
(600°C at 10°C/min)

|
18t PDH reaction (600°C,3 hr)
I
Coke Burning (510°C, 4 hr)

Immersion into HCI solution
I
Drying (110°C, 12 hr)
I
Calcination (600°C, 4 hr)

I
Loading & H, Reduction

H, Reduction (600°C)

(600°C at 10°C/min)

2" PDH reaction (600°C,3 hr)

2" PDH reaction (600°C,3 hr)

Figure 10. Diagram of the work scope of this study.

The product gases were analyzed using a gas chromatography apparatus (flame ionization
detector, 5890 Series 2 Plus, Hewlett Packard, Wilmington, DE, USA) equipped with a capillary
column (GS-Alumina, Agilent Technologies, Santa clara, CA, USA, inner diameter: 0.53 mm, length:
50 m). The propane conversion, propylene selectivity, and propylene yield were calculated using the
following equations:

[CHy] + 2[CoHy] + 2[CoHe] + 3[C3Hg)
[CHy] + 2[CoHy] + 2[CoHg] + 3[C3Hs] + 3[C3Hs]

Propane conversion (%) = 1-— x 100

Propylene selectivity (%) = 3(CaH| x 100
[CH4] + 2[C2H4] + 2[C2H6} + 3[C3H6]

Propane Conversion X Propylene Selectivity

100
where [C3Hg], [C3Hg], [CoHgl, [CoHy], and [CHy4] refer to the concentration of outlet gas component.
Conversion recovery and selectivity recovery were calculated by equations as follows:

Propylene yield (%) =

C . (%) Propane conversion in 2nd PDH reaction after regeneration « 100
onversion recover = — ;
yre Propane conversion in 1st PDH reaction
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.. Propylene selectivity in 2nd PDH reaction after regeneration
Selectivity recovery (%) = — - x 100
Propylene selectivity in 1st PDH reaction

4.3. Characterization

The crystalline phases of Pt-5n/Al,O3 and regenerated Pt-Sn/Al,O3 were examined using XRD
(D’'Max 2500/PC, Rigaku, tokyo, Japan). The operating voltage and current were 40 kV and 200 mA,
respectively. Scanning was performed in the 20 range 20°-90°, at a scanning rate of 4° min~'.
TEM images were obtained using FEI Tecnai G2-20 S-Twin and FEI Titan™ 80-300 instruments
(Hillsboro, OR, USA) operating at an accelerating voltage of 200 kV. TEM mapping images were
obtained using an FEI transmission electron microscope (Hillsboro, OR, USA). The metal dispersion
was measured by CO chemisorption using a Micromeritics ASAP2020 volumetric analyzer (Norcross,
GA, USA). A fixed amount of each catalyst (0.5 g) was treated under He gas flow at 110 °C for 0.5 h.
Subsequently, the pretreated catalysts were heated from room temperature to 350 °C under pure Hp
flow for 3 h. In the subsequent reduction, a purge step was performed under He gas flow at the
same temperature for 2 h. The sample was cooled to 35 °C and purged under He gas flow for 2 h.
After pretreatment, the catalyst was subjected to a flow of CO as an adsorbate for total adsorption
measurements. Afterward, the catalyst was evacuated to remove the physically adsorbed CO, and the
CO flow was initiated again for the physical adsorption measurements. The amount of chemisorbed CO
was determined by analyzing the difference between the two quantities of adsorbed CO. To analyze the
chemical states of the elements, XPS spectra were obtained with a PHI 5000 Versa Probe spectrometer
(Ulvac-PHI) equipped with a monochromatic electroanalyzer (Kanagawa, Japan) and a monochromatic
Al-Ka 150 W X-ray source.

Temperature-programmed reduction (TPR) was used to measure the reducibility of the catalysts
using a Micromeritics Auto-Chem II 2910 apparatus (Norcross, GA, USA). The samples (0.1 g) were
loaded into the quartz reactor. Prior to TPR analysis, the samples were dried under flowing Nj at 500 °C
for 1 h (30 mL min~!). The TPR profiles were then recorded under 10% Hy/Ar flow in the temperature
range of 50-900 °C at a heating rate of 10 °C min~!. The hydrogen consumption was continuously
monitored as a function of the reduction temperature by a TCD cell and recorded. The amount of
coke after the propane dehydrogenation of the spent catalysts was determined by thermogravimetric
analyzer (SDT Q600, TA Instruments, New Castle, DE, USA) from room temperature to 850 °C at 5 °C
min~! under flowing air (100 mL min~1).

5. Conclusions

Pt-Sn catalysts are widely used in PDH. Coke generation during PDH is inevitable, and the
generated coke must be removed from the catalyst periodically. Coke burning is a typical option for
catalyst regeneration. However, coke burning results in extensive Pt sintering. In order to maintain the
catalyst activity, an extended treatment was explored for redispersing the metal catalysts. In our prior
work, oxychlorination treatment after coke burning was attempted, and enhanced the performance
in successive PDH runs. In this work, Pt-Sn/Al,O3 catalysts were regenerated by treatment with
liquid hydrochloric acid after coke burning. Here, the protocol of HCI treatment includes three stages:
immersion of the catalysts in liquid HCI solution, drying, and calcination. The results suggest that the
current HCI treatment may be effective for regenerating Pt-Sn catalysts supported on alumina. The Pt
and Sn loadings used in the fresh catalyst were 3 and 4.5% by weight (PtSn-C). For clear comparison,
we coined two new terms: the conversion recovery and the selectivity recovery. The conversion and
selectivity recovery were calculated as the ratio of the propane conversion and propylene selectivity,
respectively, for the first PDH run versus the second PDH run. Propane conversion recovery was
achieved by HCl treatment. This study focuses on evaluating the effectiveness of HCl treatment after
coke burning. The catalysts subjected to HCI treatment were termed the PtSn-B-HCl series. The effect



Catalysts 2020, 10, 898 14 of 17

of different HCI concentrations (5-35% w/w in water) was examined, where the HCl-treated catalysts
are termed PtSn-B-HCI5 to PtSn-B-HCI35. The optimal conversion recovery was achieved by treatment
with 35% HCI (PtSn-B-HCI35). The improved catalyst activity is attributed to two factors: effective
redispersion of the Pt particles and formation of the Pt3Sn alloy. HCI treatment acted analogously to
oxychlorination treatment. It seems that the calcination during HCl treatment played a similar role
as oxychlorination in dispersing the Pt particles as well as generating the Pt3Sn alloy. As mentioned
above, the initial ratios of Pt and Sn were controlled to 3 to 4.5, which is more favorable for forming
the PtSn alloy rather than Pt3Sn during hydrogen reduction. With the addition of hydrochloric acid,
the interactions between Pt and HCl and between Sn/SnOy and HCl may contribute differently to
inducing the formation of different Pt-Sn alloys. If Sn/SnOy is easily dissolved in HCI and migrates
away from the Pt sites, the interfaces between Pt and Sn/SnOx change to less, but well-dispersed SnOy
on the surface of the Pt particles, which we defined as a Pt-rich phase. If the Pt particles in the Pt-rich
phase are effectively redispersed during calcination for HCl treatment, the Pt3Sn alloy is more favorably
generated than the PtSn alloy. This is different from the case after plain coke burning. In other words,
during coke burning, Pt and Sn/SnOy cannot migrate too far from the original sites. In such a case,
the PtSn alloy is generated in preference to the Pt3Sn alloy after the ensuing reduction. Because more
SnOy covers the surface of the Pt particles, where the ratio of Pt to Sn may be larger than 1, the PtSn
alloy is favorably formed during the ensuing reduction process. In addition, redispersion of the metals
was examined by TPR. Both coke burning and HCl treatment led to separation of the Pt and SnOy
phases. However, after HCI treatment, the degree of separation between the Pt and SnOy phases was
recovered to the initial condition. The improved redispersion was also verified by CO chemisorption.
The metal dispersion, metal surface area, and average particle size were all improved for PtSn-B-HCI35
after HCl treatment compared with the plain coke burning process. HCI treatment may be applicable
to the regeneration of catalysts in PDH plants. In industrial PDH operation, chlorine gas or CCly can be
added to regenerate Pt-Sn catalyst after coke burning. If the concept of this study works, we can expect
to use concentrated HCI for alternative treatment to current chlorine-based oxychlorination options.
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