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Abstract: Catalytic propane dehydrogenation is an attractive method to produce propylene while
avoiding the issues of its traditional synthesis via naphtha steam cracking of naphtha. In this
contribution, a series of Pt-Sn/SBA-16 catalysts were synthesized and evaluated for this purpose.
Bimetallic Pt-Sn catalysts were more active than catalysts containing only Pt. The catalyst with the
best performance was assessed at different reaction times of 0, 60, 180, and 300 min. The evolution of
coke deposits was also studied. Thermogravimetric analysis demonstrated the presence of two types
of coke on the catalyst surface at low and high temperature, respectively. Raman results showed an
increased coke’s crystal size from 60 to 180 min on stream, and from 180 to 300 min under reaction,
Raman suggested a reduction in the crystal size of coke. Also transmission electron microscopy
confirmed a more evident agglomeration of metallic particles with reaction times higher than 180 min.
These results are consistent with the phenomena called “coke migration” and the cause is often
explained by coke movement near the particle to the support; it can also be explained due to sintering
of the metallic particle, which we propose as a more suitable explanation.

Keywords: propane dehydrogenation; propylene; SBA-16; Pt-Sn; deactivation; coke deposits

1. Introduction

Propylene, relatively non-toxic to humans, is a widely used raw material in the
production of several important chemicals like polypropylene, acrolein and isopropyl
alcohol, among others [1,2]. Propylene manufacture via catalytic dehydrogenation of
propane is a common practice and, is also one of the most promising methods given that
propane is readily available in natural gas, and also, as a consequence of the discovery and
exploration of shale gas [3]. For propane production via catalytic routes, some of the most
effective catalytic systems are the ones containing Pt or CrOx. Pt catalysts are preferred
due the higher toxicity of Cr species.

Despite the great potential of Pt catalysts, they suffer from deactivation [4] due to coke
deposition [5]. Several reports in the technical literature shed some light in the current
understanding of ways of dealing with catalyst deactivation, for example, by adding a
second metal to the Pt catalyst [6], using other supports rather than the typically employed
Al O3 [7], modifying the Pt particle size [8], and others [9,10]. The incorporation of a
highly connected support is a less commonly implemented methodology to address coke
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deposits and the subsequent catalyst deactivation [11,12]. Highly ordered mesoporous
materials with a three-dimensional porous structure [13], similar to KIT-6 and SBA-16, can
be incorporated as support in the catalyst yielding good dispersion of the active phase
during catalyst synthesis thereby enhancing diffusion of both, species involved in the main
reaction and the coke precursor species. A catalyst containing a three-dimensional material
as support reduces catalyst deactivation by coke deposits more than a catalyst synthesized
with a two-dimensional porous structure (SBA-15 and MCM-41). This is possible due to the
higher porous connectivity in the three-dimensional material; if a pore is blocked by coke,
the active sites can still be accessed via interconnectivity between pores. Literature reports
have demonstrated advantages of using a more pore-connected support in various reactions
where catalyst deactivation is mainly caused by coke deposition [14,15]. Our literature
review in this topic indicated that the incorporation of a three-dimensional support in the
catalysts for the dehydrogenation of propane to propylene has been hardly researched.

In this study, a series of Pt-Sn catalysts containing mesoporous silica SBA-16 as support
were designed, successfully synthesized and their performance during the dehydrogena-
tion of propane yielding propylene was evaluated (520 °C and atmospheric pressure). The
authors’ opinion is that this research provides relevant findings useful in understanding
catalyst deactivation by coke deposition, which can be further exploited by scientists and
industrialists immersed in this topic.

2. Results and Discussion
2.1. Atomic Absorption Spectroscopy (AAS) and N, Adsorption-Desorption

The theoretical and real loadings of Pt and Sn are reported in Table 1. The real
Pt loadings in all cases were almost halved when compared to the theoretical loading.
Regarding the Sn loadings, real data were very similar to the theoretical values excluding
the sample 0.5-Pt-2-Sn/SBA-100. N, adsorption isotherms are presented in Figure 1 and
textural properties of the catalysts are summarized in Table 1. Both, the textural properties
and the hysteresis loops depend strongly on the hydrothermal temperature used during the
synthesis of SBA-16. In the case of 100 °C, the adsorption isotherm (Type IV), the hysteresis
width and the textural properties suggest a cage-like pore shape characteristic of well-
ordered SBA-16 structure [16]. The surface area (Spgr) for the support was greater when
the hydrothermal treatment temperature (HTT) was 100 °C. The average pore size (Dp)
and the total pore volume (V}) increased when treatment temperature increased to 140 °C,
but the hysteresis loop changed from H2 type to H1 type, associated to agglomerates of
uniform spheres in regular array [17]. In the case of supported catalysts, the addition of
0.5 wt% of Pt and 1 wt% of Sn to SBA-100 had a small effect on the textural properties. In
all cases the SBA-16 structure was preserved. The Sggt, Dp, and V}, of the catalysts 0.5-Pt-1-
Sn/SBA-60, -100 and -140 were practically the same as those of the support synthesized
at their corresponding hydrothermal pretreatment temperature. For samples 0.5-Pt-0-
Sn/SBA-100 and 0.5-Pt-2-Sn/SBA-100 the Sggt, Dp, and V}, were reduced significantly
from the values of their corresponding support. In the case of 0.5-Pt-2-5n/SBA-100 the loss
in textural properties was 28% in Sggr and V, with respect to SBA-100. This is due to the
agglomeration of Sn particles.

2.2. Catalytic Tests

Conversions of propane using the designed series of catalysts are shown in Figure 2.
Rising the Sn/Pt ratio on catalysts with support synthesized at 100 °C (samples: 0.5-Pt-
0-Sn/SBA-100, 0.5-Pt-1-Sn/SBA-100 and 0.5-Pt-2-Sn/SBA-100) increased the conversion
only to a certain extend: Sn/Pt ratio from 0.00 in sample 0.5-Pt-0-5n/SBA-100, to 3.86 in
sample 0.5-Pt-1-Sn/SBA-100. Once the Sn/Pt ratio was greater than 3.86 (sample 0.5-Pt-2-
Sn/SBA-100; Sn/Pt = 5.77, in Figure 2) the conversion was 75% less with respect to that
observed in the sample 0.5-Pt-1-Sn/SBA-100. In contrast, using a nominal Sn/Pt ratio of
2, the influence of the hydrothermal treatment temperature on propane conversion was
straightforward; the higher the temperature the greater the conversion. Nonetheless, the
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conversion values by using a hydrothermal treatment temperature of 100 and 140 °C were
the same (0.5-Pt-1-Sn/SBA-100 and 140; note that the Pt content was similar for these
samples). A slight difference in conversion of propane for these catalysts was detected
during the first stage of the experiment, where the 0.5-Pt-1-Sn/SBA-100 sample initiated
with a conversion of 44% and at the end the conversion was around 39%, meanwhile the
0.5-Pt-1-5n/SBA-140 sample started and finished with propane conversion close to 40%.

Table 1. Textural properties and real loadings of the Pt-Sn supported on SBA-16 catalysts.

Nominal Pt/Sn Real Pt/Sn SBET Dy \%

a (o p

Sample (WE%/wWt%) (WE%/wit%) HITZCO (2 gy (nm) (cm® 1)
SBA-60 0/0 NDP 60 453 1.4 0.30
SBA-100 0/0 ND b 100 967 1.8 0.84
SBA-140 0/0 ND b 140 572 40 1.18
05 Pro- 0.5/0 0.30/0.00 100 894 18 0.78

Sn/SBA-100 : :30/0. . .
0.5-Pt-1-

Sn/SBA-60 05/1 0.30/0.88 60 433 13 0.29
0.5-Pt-1-

Sn/SBA-100 05/1 0.22/0.85 100 956 17 0.81
0.5-Pt-1-

Sn/SBA-140 05/1 0.22/0.81 140 561 40 112
0.5-Pt-2-

Sn/SBA-100 0.5/2 0.26/1.50 100 690 17 0.60

2 HTT = Hydrothermal treatment temperature during support synthesis; > ND = Not Detected.
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Figure 1. N, adsorption isotherms at different hydrothermal treatment temperature for (A) SBA-16 and (B) Pt-Sn/SBA-16 catalysts.

The selectivity to propylene for all catalysts is depicted in Figure 3. Commonly, in
all samples the selectivity was higher than 90% with the increase in the time on stream
(TOS). In the particular case of the catalyst containing only Pt, the obtained selectivity
was unexpected, given that normally the monometallic catalyst is less preferential to form
propylene during this reaction [18,19]. This result can be explained with the contribution of
two active sites: one being preferential for cracking and hydrogenolysis of propane leading
to the formation of methane, ethane and ethylene and deactivating faster by coke deposits
or at least reducing markedly the contribution for the propane conversion; the other site
presenting preference for the dehydrogenation sites [20,21]. Then, to observe an increase of
the selectivity to propylene with TOS, the sites favoring cracking and hydrogenolysis has
to be deactivated (or reduced) by coke deposits, and the dehydrogenation sites become
more relevant. This explanation is also reasonable for the rest of the samples, but for the
monometallic catalyst is more evident due to its fast deactivation.
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Figure 2. Propane conversion versus time profiles for the Pt-X-Sn/SBA-T catalysts. Conditions:
atmospheric pressure and 520 °C; reaction mixture of C3Hg = 8.5%, Hy = 1.5% and N, = 90% in
volume, total flow = 150 mL min~! and WHSV =9.5h1.
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Figure 3. Propylene selectivity versus time for the Pt-Sn/SBA-16 catalysts. Reaction conditions:
atmospheric pressure and 520 °C; reaction mixture of C3Hg = 8.5%, H, = 1.5% and N, = 90% in
volume, total flow = 150 mL min~! and WHSV =9.5 h~1,

The results of specific activity of propylene formation are presented in Figure 4A. It
was considered that all Pt in the catalysts was available for the reaction to occur, i.e., 100%
Pt dispersion. In this figure, there is a gap between the specific activity of bimetallic and
monometallic catalysts, where the latter had the lowest performance. The best results were
attained with two catalysts having 1 wt% of Sn and SBA-16 synthesized at 100 and 140 °C
of hydrothermal treatment (Samples: 0.5-Pt-1-Sn/SBA-100 and 0.5-Pt-1-Sn/SBA-140; these
samples contains the same real Pt loading). For these catalysts, the production of propylene
through all the experiment was effectively constant. More importantly, the specific activity
of propylene formation obtained with these catalysts competes with the highest values
reported in the literature so far [22]. In Figure 4B, the specific activity at 240 min of TOS
against the real Sn/Pt ratio is shown. The specific activity was the greatest at around
3.68 and 3.86 of real Sn/Pt ratio regardless the hydrothermal treatment temperature used
during the synthesis of the support.
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Figure 4. (A) Profiles of specific activity at different TOS for the Pt-X-Sn/SBA-T catalysts. (B) Specific activity at 240 min
versus the real Pt/Sn ratio. Reaction conditions: atmospheric pressure and 520 °C; reaction mixture: CsHg = 8.5%, Hy = 1.5%
and N = 90% in volume, total flow = 150 mL min~! and WHSV =9.5h~1.

2.3. Thermogravimetric Analysis (TGA)

TGA experiments were conducted for the best catalyst in order to study the nature
of the coke deposited on these outstanding materials. The 0.5-Pt-1-5n/SBA-100 sample
was selected given that it was one of the two catalysts with the highest specific activity to
propylene and also because, from industrial point of view, it would be preferred 100 °C
vs 140 °C as a hydrothermal treatment temperature during the support synthesis. The
thermograms of the 0.5-Pt-1-Sn/SBA-100 with different TOS are depicted in Figure 5. It
has been reported in the literature, that thermograms can be divided into several regions
depending on temperature range [23-25]. In the first region (T < 180 °C), the loss of water
and volatile species, products or reaction intermediates occurs. The region between 180
and 330 °C corresponds to a coke of mobile carbonaceous residues or physisorbed products
(or side products) also termed as “soft coke”. At temperatures between 330 and 700 °C
the weight loss contribution is attributed to more bulky carbonaceous compounds namely
“hard coke”. The information of TGA results is summarized in Table 2, considering two
scenarios where in the sample with only pretreatment (0 min of TOS; reduced sample)
the weight loss is related or not to coke formation. At this point, it is assumed that in the
reduced sample the weight loss is associated to organic compounds resulting from the
synthesis of the catalyst, which is assessed in the following section. Weight loss attributed
to carbonaceous compounds was the lowest at 0 min and the largest at 300 min, as expected.
The total coke content increases drastically during the first 60 min of experimentation
followed by a moderate linear increase. This behavior has already been observed in others
studies [26-28]; those studies, however, did not provide information on the soft and hard
coke contribution. In Figure 6, the amount of soft and hard coke is plotted against the TOS.
Regarding the soft coke content, as soon as the reaction started (60 min of experimentation),
it increased and then it was remained constant. In contrast, the wt% of hard coke on the
sample increased linearly with TOS. Total coke content profile through time will depend
on the predominant type of coke (soft or hard). For example, if hard coke formation is
predominant, the profile of total coke content versus time will be linear.

The derivative thermogravimetry (DTG) profiles corresponding to the 0.5-Pt-1-5n/SBA-
100 catalyst at distinct TOS are found in Figure 7. At 0 min, the DTG had no peak at
temperatures greater than 180 °C. In the samples at 60, 180 and 300 min under reaction all
the DTG curves presented a peak at 242 °C, and in the profiles at 180 and 300 min under
TOS a second peak was observed (around 456-463 °C). Additionally, in the DTG analysis,
the low temperature peak appeared at 242 °C in all the experiments with no change in
weight content (except for the analysis at 0 min), meanwhile the high temperature peak
appeared at higher temperatures and increased its wt% when the TOS was longer.
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Figure 5. TGA profiles for the 0.5-Pt-1-5n/SBA-100 sample at different TOS.

Table 2. Soft and hard coke content at different TOS for the 0.5-Pt-1-Sn/SBA-100 sample.

Temperature (°C)

Coke Content (wt%) Considering the
Reduced Sample

Coke Content (wt%) without
Considering the Reduced Sample

TOS (min)
Soft Coke Hard Coke Soft Coke Hard Coke
Total Total
180-330 °C 330-700 °C 180-330 °C 330-700 °C
0 0.89 2.25 3.14 0.00 0.00 0.00
60 1.27 2.72 3.99 0.38 0.47 0.85
180 1.32 3.12 4.44 0.43 0.87 1.30
300 1.22 3.92 5.14 0.33 1.67 2.00
0.500 — r —— 2.0
—0t— Soft coke
- m— Hard cokef
0375 “ s
E / z
S 0.250 F1.0 5
E / E
= e
3 / .
0.125 / L0.5
’ 7"y =0.0054x
] / < . R2=09774
0.000 42, : : : : — 0.0
0 50 100 150 200 250 300

Time on stream (min)

Figure 6. Variation in the soft and hard coke content as a function of the TOS over the 0.5-Pt-1-
Sn/SBA-100 catalysts without considering the weight loss of the reduced sample.
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Figure 7. Derivative thermogravimetry profiles of the 0.5-Pt-1-Sn/SBA-100 catalyst acquired at
different TOS.

In a similar way in the literature, the low temperature peak has been associated with
the weight loss of coke located on the metal sites and in the vicinity of the metal (Pt, Active
site) and the second peak at higher temperatures has been attributed to the weight loss
of coke on the support [29,30]. Taking these considerations for our thermogravimetric
experiments, the coke content in the metal particle (and its vicinity) remained constant
after 60 min of reaction but the coke on the support increased linearly during all the
experiment. Thus, after 60 min on stream the coke near the metal particle starts migrating
to the support [31-34] and the shift in temperature of the second peak can be explained
with an increased in the graphitization degree of the coke [30].

2.4. Raman Analysis

Raman spectroscopy is a powerful tool for the characterization of carbon-related
materials like coke. The Raman spectra of the 0.5-Pt-1-5n/SBA-100 catalyst at different TOS
can be studied in Figure 8. Two peaks appeared at approximately 1332 and 1600 cm !, while
for the sample with only pretreatment (0 min on stream) peaks were not observed, which
suggested that the weight loss observed in TGA for this sample is associated to organic
compounds resulting from the synthesis of the support/catalyst. To further understand the
coke composition, the Raman peaks were deconvoluted into six contributions at 1620 cm !
(D2), 1600 cm ™! (G), 1580 cm ™! (G’), 1500 cm~! (D3, defect band), 1350 cm~! (D1) and
1250 cm~! (C-H vibrations) according to previous literature reports [29,35-37].

All the peaks were fitted with Lorentzian shaped functions and in Figure 9 the indi-
vidual and total contribution of the peaks are depicted for the catalyst at TOS of 60 min.
The same procedure was applied for all the Raman spectrums and Table 3 comprises the
information regarding the fittings to the G and D1 peaks.

The D1 band is related to the defects or vacancies presents in the carbon structure and
with the presence of sp> carbons whereas the G band is informative about the in-plane
vibrations of sp?~bonded carbon atoms in rings, not in chains [29]. In the sample at 60 min
on stream there were peaks observed in the Raman profile, this means that the sample
contained coke deposits and were the responsible for the small conversion decay previously
observed (Figure 2). In the catalyst from 60 to 180 min on stream, the G band position
shifted from 1605 to 1600 cm !, this implies that the crystal size of the coke increased [38].
The full width at half-maximum (FWHM or I') of the G band (I') at 60 min was lower
than the I' at 180 min; in literature this has been attributed to an increase in the disorder
of the graphite particle [39]. The ratio of the D and G intensities, denoted in literature as
Ip/Ig ratio, decreased from 3.85 to 2.22 at 60 and 180 min, respectively. This change in the
Ip/Ig ratio is related to a larger crystal size [40]. These changes in the coke crystal were
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almost unnoticed by the results of conversion or selectivity (their values were practically
constant from 60 to 180 min of TOS), the explanation is provided by TGA given that the
hard coke formed during this TOS is more likely to be in the support instead of over
the active site. In the samples analyzed from 180 to 300 min on stream, the G band was
practically maintained and the I'g decreased indicating a more ordered graphite particle.
Also, the Ip/Ig ratio increased suggesting a reduction in the crystal size, but it became
more ordered. Relating to the performance of the catalyst, although there were more coke
deposits on the catalyst, this deposits were located on the support as deduced by TGA,
therefore, having no influence on the performance of the catalyst.

W 300 min
W 180 min

)
‘
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Figure 8. Raman profiles of the 0.5-Pt-1-5n/SBA-100 catalyst at distinct TOS.

Experimental

——Fit
_____ C-H vibrations

Intensity (a.u.)

I T T T T T T 1
1100 1200 1300 1400 1500 1600 1700 1800

Wavenumber (cm™)

Figure 9. Raman fitting showing the total and individual contributions.

Table 3. Summarized contributions of the of the Raman fittings.

Position (cm—1)

TOS (min) Ip/lg I (em™1)
Ic Ip
0 ND * ND * ND * ND *
60 3.85 50.65 1605 1336
180 2.22 54.55 1600 1335
300 3.66 38.15 1598 1332

*ND. Not detected.
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2.5. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed on the 0.5-Pt-1-5n/SBA-100 catalyst at different
TOS in order to obtain information on the surface species of the catalyst material and the
high-resolution spectrums of Pt 4f peaks (4f;/, and 4f5 ;) are shown in Figure 10. The fresh
sample (Figure 10a) presented two binding energies peaks at 72.4 and 75.1 eV that were
assigned to Pt oxides. These peaks shifted toward lower values of Pt 4f;/, and 4f5,, during
in situ reduction and reaction. After reduction in Hj the catalyst exhibits two binding
energy signals at 71.7 and 75.3 eV corresponding to metallic Pt (Figure 10b). In a similar
way, the catalyst with TOS of 60 min exhibited binding energy values at 71.1 and 74.7 eV
that can be attributed to Pt in zero valent state. Similarly for the catalyst with 180 and
300 min of TOS, it was observed a metallic platinum component in Pt 4f;,, and 4f5,, XPS
spectra with 71.4 & 75.1 eV and 71.7 & 75.3 eV, respectively (Figure 10d,e). In Figure 10e,
the decrease of the Pt signals occurred owing to the carbon depositions on the surface of
the catalyst [41,42].
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Figure 10. XPS analysis for Pt on 0.5-Pt-1-Sn/SBA-100 catalyst: (a) fresh sample; (b) reduced sample;
under reaction at (c) 60 min, (d) 180 min, (e) 300 min.

Figure 11 shows the XPS Sn 3d region in the 0.5-Pt-1-Sn/SBA-100 catalyst. For all
the samples, only two peaks located at 487.7 and 495.5 eV corresponding to Sn 3ds,, and
Sn 3d3,; binding energies of Sn were detected, respectively. It is clear that these peaks
corresponded to tin oxides (Il and IV oxidation state), but as suggested in the literature
from the XPS results, it is difficult to distinguish between Sn (II) oxide and Sn (IV) oxide
and another technique as Mossbauer spectroscopy is required. Finally, the peak due to
metallic tin is not found at 484.3 eV [41,42].

On one hand, Figure 12 shows C 1 s spectra for carbon deposits on the surface of the
catalyst formed at different TOS. There is a small peak of C 1 s for the fresh catalyst due to
contamination in the air showed in Figure 11a (consistent with Raman). On the other hand,
the same XPS peak position is observed at 284.7 eV for all the catalysts (Figure 11b-e), with
peak intensity growth indicating the formation of carbon and without significant shifting
in the peak signal [41,42]. From XPS and previous studies of our group [11,12], it can be
inferred that there is a Pt-Sn alloy in which the carbon was deposited as the TOS increased.
Besides, the excess of Sn is in an oxide state, Sn (II) oxide and Sn (IV) oxide.
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Figure 11. XPS analysis for Sn on 0.5-Pt-1-Sn/SBA-100 catalyst: (a) fresh sample; (b) reduced sample;
under reaction at (¢) 60 min, (d) 180 min, (e) 300 min.
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Figure 12. XPS analysis of C on 0.5-Pt-1-Sn/SBA-100 catalyst: (a) fresh sample; (b) reduced sample;
under reaction at (c) 60 min, (d) 180 min, (e) 300 min.

2.6. Transmission Electron Microscopy (TEM)

Figure 13 illustrates the TEM images and their corresponding particle size distribution
for the 0.5-Pt-1-Sn/SBA-100 catalyst with different TOS; the average particle size of the Pt
alloy [11,12] in each case is listed in Table 4. For the reduced sample (Figure 13A, 0 min on
stream), the particle exhibited a good distribution and the lowest particle size (Figure 13B).
At 180 min on stream, the particle size increased about 1 nm (Figure 13D) and at 300 min
under reaction the Pt particle tended to agglomerate in the catalyst resulting in the largest
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average particle size of the Pt alloy (Figure 13F). This sintering of the Pt had no significant
effect on the catalyst performance, namely conversion, selectivity and specific activity. This
is not expected given that the exposed Pt is reducing with sintering then the conversion
should decrease. Maybe during this sintering some of the coke between the Pt particle and
the support (or in the Pt particle close to the support) moves towards the support exposing
more Pt and compensating the Pt exposure lost during sintering.
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Figure 13. TEM images for the 0.5-Pt-1-Sn/SBA-100 catalyst with different TOS: (A) 0 min, (C)
180 min, (E) 300 min. Particle size distribution for the 0.5-Pt-1-Sn/SBA-100 catalyst at: (B) 0 min, (D)
180 min, (F) 300 min.

Table 4. Average particle size as a function to the TOS determined with TEM.

TOS (min) Pt alloy Particle Size (nm)
0 7.13
180 8.16
300 20.56

In summary, for the analysis of the sample 0.5-Pt-1-Sn/SBA-100 at different TOS, in
TGA the soft coke was essentially the same except for the sample at 0 min on stream and
where Raman spectroscopy presented no signal possible due to the lack of coke deposits on
the catalyst surface. In the sample analyzed from 60 to 180 min on stream, TGA showed a
constant soft coke but an increase in the hard coke content (in about 0.4 wt%) while Raman
spectroscopy suggested an increase in the crystal size of coke but in a disordered manner.
Hence, this incipient formation of hard coke was accompanied with an increase in the coke
particle in a disorder way, and from TEM it was deduced that this occurred with a small
Pt particle sintering. The conversion to propane with the 0.5-Pt-1-Sn/SBA-100 catalyst
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had a sudden drop of conversion within the first 60 min of reaction (Figure 2) and then it
was practically maintained constant. According to the characterization discussed, this can
be explained with the formation of soft coke in the particle. The active sites responsible
for the soft coke formation started to deactivate during this time, whereas the active sites
accountable for the dehydrogenation of propane continued producing propylene. Naturally,
this required an increase in the selectivity of propane for the same period of deactivation, a
behavior that can be appreciated in our results (Figure 3), this behavior has been reported
in the literature by other researchers [9,43,44]. During 180 to 300 min on stream, TGA
detected an increase in the wt% in hard coke (approx. 0.8%) and also the temperature in
which the peak appeared increased. Moreover, Raman spectroscopy was consistent with a
reduction in the coke crystal size but they became more ordered accompanied by a sudden
increase in the metallic particle size demonstrated by TEM. In this stage, conversion and
selectivity were practically stable despite the changes previously described.

Overall, when the reaction starts the metal gets covered by soft coke and remains
constant but there is still occurring coke formation, this hard coke needs to be away from
the metallic particle, allegedly in the support [45]. Then the soft coke migrated from the Pt-
Sn alloy to the support, as proposed in other works and called “coke migration” [33,34,46],
with a reduction in the coke crystal size. Once the soft coke is far away from the metallic
particle it works as the precursor for the hard coke. Other possibility to explain the coke
migration is that not only the coke is moving but also the Pt alloy particle is moving. In
the present work, there was sinterization of the Pt alloy during the experimentation time
meaning that the alloy has mobility. Therefore, from our results, it is more likely that the
coke migration is caused by the mobility of the Pt alloy, rather than due the mobility of the
coke away from the Pt alloy.

3. Materials and Methods
3.1. Atomic Absorption Spectroscopy (AAS)

The AAS experiments were achieved using a SpectrAA 220 FS spectrophotometer
(Varian, Palo Alto, CA, USA) to quantify Pt, the flame during AAS was a mixture of air and
acetylene with a flow of 13.5 L min~! and 2 L min~!, respectively. The temperature range
was from 2100 to 2400 °C. Each sample (0.1 g) was digested in aqua regia (200 mL) at 95 °C
with stirring until the remaining solution was approximately 50 mL and then it was cooled
to room temperature. This solution was poured in a 100 mL flask and 50 mL of distilled
water was added. The corresponding lamp and wavelength were used. The quantification
of Sn was attained with a flame of acetylene (7 L min~!) and nitrous oxide (5 L min~1!).
The temperature was around 3000 °C. The sample (0.1 g) was digested in 20 mL of aqua
regia at 95 °C with stirring. This temperature was maintained until 50 mL of the solution
was left. To this solution 50 mL of fluoric acid (10%) were added. The Sn was measured
with the adequate lamp and wavelength.

3.2. N, Adsorption-Desorption

The textural properties of the samples were analyzed in an adsorption-desorption
instrument (Asap 2020, Micromeritics, Norcross, GA, USA) with N; as adsorbent. A given
mass of the sample was added to a sample holder and degassed at 250 °C for 12 h and
then the sample holder was submerged in liquid N at —172.5 °C. The specific surface
area and pore volume were calculated using the adsorption isotherms of N, with the
Brunauer-Emmett-Teller (BET) method.

3.3. Thermogravimetric Analysis (TGA)
TGA were conducted in a Hi-Res TGA 2950 Thermogravimetric Analyzer (TA Instru-
ments, New Castle, DE, USA). Approximately 5 mg of the sample were heated from 25 to

800 °C with a heating rate of 10 °C min~! with an atmosphere of 60 mL min~! of O, and
40 mL min~! of N,.
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3.4. Raman Spectroscopy

Raman spectra of the samples were recorded at room temperature on a T64000 triple
monochromator (Jobin-Yvon-Horiba, Edison, NJ, USA) using the 785 nm line of a Lexel laser
(Ar+ laser, Edison, NJ, USA). All the experiments were conducted at a power of 10 mW at
the laser head, in the 200 to 3000 cm ! range, using an Olympus microscope (x100 objective,

Edison, NJ, USA) and 10 accumulations of 60 s each. The spectrum resolution was 1 cm~ L.

3.5. X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectra were recorded on K-Alpha (Thermo Scientific, Waltham,
MA, USA) X-ray photoelectron spectrometer, using Al Ko radiation (1486.6 eV) as the
exciting source.

3.6. Transmission Electron Microscopy (TEM)

Samples were characterized by high resolution transmission electron microscopy on
a TECNAI-F30 system (Phillips, Hillsboro, OR, USA) operated at 300 kV. Samples were
prepared for analysis by dispersing the powder in alcohol with ultrasonic treatment, then
depositing a drop onto a holey carbon film grid.

3.7. Support and Catalyst Synthesis
3.7.1. Supports

The mesoporous silica SBA-16 was obtained attending a method reported in the
literature [47,48]. In the method, 8.52 g of Pluronic F127 were dissolved in a mixture of
16.87 g of HCI (36.5%) and 408.96 g of distilled water at 35 °C with stirring. Once the
Pluronic was dissolved, 25.56 g of 1-butanol and 40.33 g of tetraethyl orthosilicate (TEOS,
Sigma, St. Louis, MO, USA, 99%) were added and the resulting mixture was left under
stirring for 24 h. Then, the mixture was poured to a flask for hydrothermal treatment at 60,
100 or 140 °C for 24 h. After cooling to room temperature, the solution was filtered. The
solid retained was washed with 750 mL of distilled water and dried at 95 °C during 48 h.
The dried sample was calcined at 550 °C for 5 h. Samples were labelled as SBA-T with T as
the temperature of the hydrothermal treatment.

3.7.2. Catalysts

The incipient wetness technique was selected to synthesize the catalysts using a
simultaneous impregnation of Pt and Sn. The catalysts (3 g) were prepared at constant
Pt loading (0.5 wt%) but changing the Sn loadings (0, 1 and 2 wt%). First, the metallic
precursors (HyPtClg-H,O and SnCly) were dissolved in distilled water in the amount
required to fill the pore volume of the SBA-16 support. This solution was added dropwise
to the SBA-16 support and dried for 16 h at 100 °C. Finally, the dried powder was calcined
at 400 °C for 4 h. The samples were labelled as 0.5-Pt-X-S5n/SBA-T, where X refers to
the wt% of Sn and T to the hydrothermal treatment temperature; therefore the sample
0.5-Pt-1-Sn/SBA-100 stands for the catalyst containing 0.5 wt% of Pt, 1 wt% of Sn supported
on SBA-16 synthesized at 100 °C of hydrothermal treatment temperature.

3.8. Catalytic Tests

The samples were pretreated under controlled atmosphere (Hp, 20 mL min~!) at
atmospheric pressure, heated from room temperature to 520 °C with a heating rate of
10 °C min~! and maintained for 2 h. After that, the temperature was maintained at 520 °C
and the H; flow was changed to the reaction mixture feed: C3Hg, Hy and N; at 8.5, 1.5 and
90% in volume, respectively. The total flow was 150 mL min~! with a weight hourly space
velocity (WHSV) equivalent to 9.5 h~1. The composition of the gas at the reactor outlet was
analyzed by Gas chromatography (Agilent 6890N, Palo Alto, CA, USA and a HP Plot Q
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column, Folsom, CA, USA). The equations for conversion of C3Hg, selectivity to C3Hg and
specific activity were the following:

Conversion (%) — (100) « <(FC3H8)in — (PC3H8)out)

(Fc3H8)in

(Fcane) out )

(Fesns)in — (Fcans) out

(Fc3H6) out )
Mear X Xpp X (Dpy/ Mpy)

Selectivitycspe (%) = (100) x (

Specific activity (%) = (100) x (

where (Fc3pg);, is the molar flow of propane at the inlet, and (Fcaps),,,; and, (Fcme),,,; are
the propane and propylene molar flows at the outlet, respectively. The mass of the catalyst,
the Pt mass fraction in the catalyst, the Pt dispersion in the catalyst and the molecular mass
of Pt are defined as m.4t, Xp;, Dp; and Mpy, correspondingly.

4. Conclusions

Catalysts containing Pt were barely active, while the bimetallic Pt-Sn catalysts were
highly active (conversions up to 43%; selectivity >90%). The catalyst with the best perfor-
mance contained 0.5 wt% of Pt, 1.0 wt% of Sn and SBA-16 (labelled as 0.5-Pt-1-Sn/SBA-100)
and was synthesized by hydrothermal treatment at 100 °C. The specific activity of this
catalyst toward propylene formation was maintained during the whole experimentation
time and displayed one of the highest values reported so far in the literature. The charac-
terization of this catalyst at distinct TOS (TGA, Raman, XPS and TEM) suggested that the
soft coke content reaches a given value and then its weight percentage remains constant,
meanwhile the hard coke increases linearly with time. The soft coke diminishes the con-
version reached by the catalyst at the start of the experiment; nevertheless it was helpful
to increase the selectivity. Furthermore, the soft coke migrates from the Pt-Sn alloy to the
support, supposedly with the aid of Sn, and it is the precursor for the hard coke; although
it is more likely that the coke and the Pt alloy separate from each other due the sintering
observed of the Pt alloy particle. Depending on the TOS, the hard coke crystal gets more
ordered (graphitized) avoiding repercussion on the conversion.
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