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ABSTRACT: Catalyst deactivation by coking is one major problem
for propane dehydrogenation (PDH). To develop catalysts with
high resistance to coke, the analysis of coke becomes essential. In
this work, an analysis procedure is proposed and validated to acquire
the detailed locations and compositions of the coke formed on an as-
synthesized Pt—Sn/Al,O; catalyst. This procedure combines high-
resolution transmission electron microscopy (HRTEM), FT-IR,
Raman, thermogravimetric analysis (TG), and pyrolysis GC-MS;
with this procedure, the systematic and quantitative analysis of coke
can be achieved. The results show that the coke is located on the
metal, in the vicinity of the metal, and on the support. Besides,
aliphatics, aromatics, and pregraphite cokes are identified, and they
account for 69.0, 4.4, and 26.6 wt %, respectively. Finally, an in situ

The coke formed on the Pt-Sn/AlL O,
1 Aliphatic carbon
m Pregraphite-like carbon

LA Aromatic carbon

DRIFT study is performed, and the results show that the aliphatic coke can be transformed into the aromatic coke and this

transformation is related to the deep dehydrogenation reactions.

1. INTRODUCTION

Propene is one of the most important raw materials in the
petrochemical industry, as it is the basic building block for a
variety of commodity and specialty chemicals." In recent years,
the ever-growing demand for propene is hardly met by the
traditional methods for producing propene, e.g., steam cracking
and fluid catalytic cracking.” Hence, propane dehydrogenation
(PDH) as a favorable alternative method for propene
production grows in importance,’ and it is estimated that
over 14 million tons of propene will be produced from PDH
annually by 2018 around the world."

Pt based catalysts have been successfully used in some
commercial PDH processes (e.g, UOP Oleflex and Uhde
STAR), due to their superior activity in catalyzing PDH.
However, these catalysts are prone to fast deactivation by coke
formation under the high-temperature reaction condition,
which becomes one of the major problems in existing PDH
processes. For example, the Pt—Sn/ZnAl,O; catalyst used in
the Uhde STAR process can be deactivated by coking after
only 7 h on steam.” Besides, the coked catalysts need to be
frequently regenerated in a high-temperature oxidative
atmosphere, which results in the sintering of Pt particles and
subsequently irreversible catalyst deactivation.™ Thus, it is of
great significance to develop Pt based catalysts for PDH with
high resistance to coke formation.”® To achieve this, a
fundamental understanding of the coke formation process on
Pt based catalysts is required.

Coke formation on Pt based catalysts during PDH can be
very complex, in which several active sites and many reactions
are involved. On Pt sites, a series of hydrogenolysis, deep
dehydrogenation, and polymerization reactions may lead to the
coke deposition; A0 on acid sites of supports (e.g., ALO;),
skeletal isomerization, cracking, and polymerization may take
part in the coking pmces&" Besides, the coke precursor formed
on Pt sites can migrate to the acid sites with the addition of
promoters.” The complex coking reactions on different active
sites result in the complex locations and compaositions of coke
on Pt based catalysts for PDH. To better understand this
coking process, it is essential to obtain the accurate locations
and compositions of coke on the catalysts.

Some works have been devoted to analyzing the coke
formed on Pt based catalysts for PDH. Larsson et al''
employed TPO to analyze the coke on a Pt—8n/Al,O; catalyst
and found the coke is located on the metal, in the vicinity of
the metal, and on the carrier; with the same Pt—Sn/AL0O,
catalyst, Larsson et al'’ identified the reversible and
irreversible coke on the catalysts using transient experiments.
Then, Jackson et al'® used GC-MS to analyze the coke
extracted from a Pt/Al,O; catalyst, and they found a range of
polyaromatics, among which pyrene and methyl pyrene are the
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main components. They also deduced that C-1 fragments,
rather than the C-3 units, are the primary source of these
polyaromatics, based on the isotopic labeling experiments.
Afterward, Vu et al®'* employed XRD, XPS, and TPO to
determine the composition of coke on PDH catalysts and
concluded that the pregraphite-like carbon is the main
component of coke on a Pt—Sn/ALO; catalyst. Weckhuysen
and co-workers'*'® introduced operando Raman in the study
of the coking process on PDH catalysts, and they found the
physicochemical properties of the coke on Pt/Al,O; and Pt—
Sn/AlLO, catalysts change with time on stream and
regeneration times. More recently, Redekop et al.'” reported
the coke on a Pt/Mg(Al)O, catalyst is comprised of graphene
sheets by using high-resolution transmission electron micros-
copy (HRTEM). They also found that the graphehe sheets
formed on small Pt particles (1.5—2 nm) would continuously
shift onto the support and the graphene formed on large Pt
particles (5—10 nm) does not shift onto the support but forms
encapsulating graphitic layers. In our recent work, we used FT-
IR and elemental analysis to characterize the coke on a Pt—Sn/
Al O; catalyst and found the coke mainly contains aliphatic
hydrocarbons.

Although the aforementioned works have provided some
valuable knowledge about the coke formed on the Pt based
catalysts for PDH, a comprehensive understanding of the
locations and compositions of the coke is still lacking.
Particularly, to the best of our knowledge, the quantitative
analysis of the detailed coke composition has not been
reported in the literature up to now. To conduct the
comprehensive analysis of the coke formed on Pt based
catalysts for PDH, an analysis procedure, which integrates
various qualitative and quantitative characterization techni-
ques, should be established and validated.

In this work, an analysis procedure was proposed to obtain
the comprehensive information on coke formed on Pt—Sn/
Al, Oy, which integrated HRTEM, FT-IR, and Raman and
introduced quantitative pyrolysis GC-MS (heating samples to
high temperature (~700 °C) within several milliseconds)'*™**
and thermogravimetric analysis (TG) using different carrier
gases. The method was validated by comparing with the results
of elemental analysis. By using this procedure, the detailed
locations, compositions, and contents of the coke were
qualitatively and quantitatively determined, and then, the
possible coke formation mechanisms were deduced. At last, an
in situ DRIFT study of the catalyst was conducted to probe the
evolution of coke under elevated temperature. The results in
this work are helpful for the rational design of Pt based
catalysts for PDH with high resistance to coke, and the analysis
procedure is also applicable for other reaction systems with
coke deposition.

2. EXPERIMENTAL SECTION

2.1. Preparation of Catalyst. The catalyst support, -
Al Oy, was prepared by calcinating prenda-boehmite (Aldrich)
at 600 °C for 8 h in air. The bimetallic Pt—Sn/ALO; was
synthesized by the coimpregnation technique, in which
H,PtCl,-6H,0 (99.9%, Sinopharm) and $nCl,-5H,0 (99.9%,
Sinopharm) were used as the Pt and Sn precursors,
respectively. After the impregnation, the sample was dried at
120 °C overnight and then calcined in air at 500 *C for 4 h
with a heating rate of 2 *C/min. The properties of the as-
synthesized Pt—Sn/AL O, catalyst were collected in Table 1.

Table 1. Properties of the As-Synthesized Pt—Sn/ALO,
Catalyst

"
T “  dispersion” Dy LS Sn
o G (%) (am)  (am) (v %) (w%)
182 6l a0z 14 13 1 18

“The BET surface area and volume-averaged pore diameter
determined from the nitrogen adsorption—desorption isotherm,
which is displayed in Figure 51. “Pt dispersion and average particle
size of metal determined by CO chemisorption. "'szm!;z particle size
of metal determined from HAADF-STEM, the representative images
of which are given in Figure 52. “Pt and Sn contents determined by
ICP-AES.

2.2. Catalyst Test. The PDH reaction was performed in a
pBenchCAT reactor (Altamira Instrument, USA) at atmos-
pheric pressure. The reactor was equipped with a quartz tube
with an inner diameter of 6 mm and heated by an electrical
furnace. Before the reaction, 100 mg of catalyst was loaded into
the guartz tube and the catalyst was redoced in flowing
hydrogen (10 mL/min) at 550 °C for 100 min. Then, the
hydrogen was replaced by argon, and the temperature was
raised to 575 °C with a heating rate of 10 °C/min. Afterward,
the reaction mixture of propane, hydrogen, and argon (mole
ratio 1:0.8:2.95) was fed into the reactor, and the total flow
rate was 76 mL/min, yielding a weight hourly space velocity
(WHSV) of propane of 14.7 h™. The effluent gas was analyzed
with an online 4-channel microgas chromatograph (INFICON
3000, USA). The spent catalyst would be collected after the
reactions and then prepared for characterization.

2.3. Catalyst and Coke Characterization. The Pt and Sn
contents of the catalyst were determined by using a Varian
710-ES (Varian, China) inductively coupled plasma atomic
emission spectrometer (ICP-AES). CO chemisorption was
performed on an Autochem 2920 instrument (Micrometrics,
USA), equipped with a thermal conductivity detector (TCD).
Nitrogen adsarption—desarption isotherm measurements were
conducted on an ASAP 2020 HD apparatus (Micromeritics,
USA) at —196 °C, with all samples degassed at 350 °C under
vacuum for & h. High-resolution transmission electron
microscopy (HRTEM) images were taken using a JEM 2100
microscope (JEOL, Japan) operating at 200 kV. The high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM) images were taken on a Tecnai G2 F20 §-
Twin microscope (FEI, USA) operated at 200 kV. The
Fourier-transform infrared (FTIR) analysis was conducted on
a NICOLET 6700 FTIR spectrometer (Thermo Fisher, USA)
with a resolution of 4.0 cm™ and the scanned wavenumber of
400—4000 cm™. Raman spectra were collected using an inVia
Reflex Raman spectrometer (Renishaw, UK) equipped with a
514.5 nm Ar-ion laser beam and operated at room temper-
ature. The thermogravimetric analysis (TG) was performed to
determine the amount of coke, using a Pyris 1 instrument
(PerkinElmer, USA) operated in nitrogen and air. The sample
was dried at 100 °C for 2 h before the analysis, and then, the
temperature was increased to 700 °C at a rate of 10 *C/min.
The elemental analysis was conducted to obtain the atomic H/
C ratio of coke, using a Vario EL III elemental analyzer
(Elementar, Germany). The pyrolysis GC-MS analysis was

rformed to identify the coke composition, using an Agilent
7890A GC/5975C MSD system (Agilent Technologies, UUSA)
equipped with a HP-5MS column (30 m % 0.25 mm, 0.25 ym
film thickness). This method has been proved to be very



effective and convenient to determine the complex composi-
tions of materials with high molecular weight, e.g., polymers,
biomass, and cokes.**** In the analysis, the sample was heated
from 30 to 700 °C within several milliseconds, and then, the
product was analyzed by GC-MS. The composition of coke
was determined by matching the mass spectra collected in the
National Institute of Standard and Technology (NIST)
database (1998 version).

The diffuse reflectance infrared Fourier transform spectros-
copy (DRIFT) study was camied ont on a PerkinElmer
Spectrum 100 FT-IR spectrometer (PerkinElmer, USA)
equipped with a liquid nitrogen cooled mercury—cadmium—
telluride (MCT) detector and an in situ Harrick Praying
Mantis diffuse reflectance cell® The DRIFT spectra were
recorded with the temperature of 30—300 °C, a spectral
resolution of 4 cm™, and an accumulation of 32 scans. The
catalyst powder (~50 mg) was first reduced in flowing
hydrogen (20 mL/min) at 200 *C for 0.5 h and subsequently
cooled down to 30 °C in argon at the flow rate of 20 mL/min,
followed by recording a background spectrum. Then, the
sample was exposed to pure C,H, (20 mL/min) at 30 °C for
0.5 h to ensure the steady-state conditions and subsequently
purged with argon at the flow rate of 20 mL/min until no more
gas-phase C;H; was detected in the FT-IR spectrum, and then,
this FT-IR spectrum was collected for analysis. After that, the
sample was elevated to 100, 200, and 300 °C in argon at the
flow rate of 20 mL/min, and then, the previous step was
repeated to obtain the FT-IR spectra under the corresponding
temperatures.

3. RESULTS AND DISCUSSION

3.1. Catalytic Performance. The catalytic performance of
the as-synthesized Pt—Sn/ALOj; is displayed in Figure 1. The
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Figure 1. Propane conversion and propene selectivity of the as-
synthesized Pt—5n/ALO, at 575 °C.

selectivity to propene is 99%, and it only shows a negligible
change with time on stream, while the conversion of propane
decreases from 21.1% to 16.6% after reaction for 4 h. The
decrease of conversion can be attributed to the catalyst
deactivation by coke formation, as coke can cover active sites
and subsequently reduce the available active sites for reaction.
To obtain the detailed information on the coke formed during
PDH, the spent catalyst is collected for analysis and these
analysis results are displayed in the following sections.

3.2. Location of the Coke. The derivative thermogravim-
etry (DTG) curves of the spent Pt—Sn/ALO; catalysts
collected at 0.5, 2, and 4 h on stream are presented in Figure
2a. Two peaks are observed: the first weight loss peak in the
temperature range of 400—500 °C can be attributed to the

weight loss of the coke located on the metal sites and in the
vicinity of the metal sites; the second peak in the temperature
range of 500—650 °C can be attributed to the weight loss of
the coke on the support.h Besides, with the increase of
reaction time, the first peak position shifts to higher
temperature and its peak area increases, indicating that the
coke located on and in the vicinity of the metal sites becomes
more difficult to remove and the amount of this coke goes up.
The shift of the first peak may be caused by the increased
graphitization degree of the coke.'' The area of the second
peak increases with reaction time, indicating the continuous
accumulation of the coke located on the support, which can be
partially explained by the shift of coke precursor from metal
sites to the support in the presence of tin. To further
consolidate the role of tin in shifting coke, the coke formed on
a Pt/Al,O, catalyst was characterized, and these results are
displayed in Figures 53 and S4. From Figures 53 and 54, we
found that the coke on the Pt/Al,Oy catalyst is primarily
located on the metal and in the vicinity of the metal, which
indicates the coke on the metal would not be easily shifted
onto the support without tin.

The representative HRTEM image of the spent Pt—Sn/
Al O, catalysts collected at 4 h on stream is given in Figure 2b.
The coke on the catalyst has a nonuniform morphology. The
coke sheets are attached to the metal particles (label 1),
located on the support (label 2}, and lain on the metal surface
(label 3), which is consistent with our DTG results. The fringe
spacing of the coke ranges from 3.5 to 3.7 A, which is larger
than that of graphite (i.e, 3.35 A)® Thus, this coke on the
catalyst could be pregraphite carbon, which would be further
confirmed by Raman analysis in the following subsection.
These findings support that the catalyst deactivation is caused,
at least partially, by the loss of active sites due to coke coverage
during PDH.

3.3. Qualitative Analysis of the Coke Composition.
The FT-IR spectrum of the spent Pr—Sn/ALO; catalyst
collected at 4 h on stream is presented in Figure 3. The
adsorption bands between 1400 and 1450 cm™ can be
ascribed to the skeleton vibrations of branched aliphalics.”
The bands between 1640 and 1680 cm™' represent the
stretching vibrations of C=C in alkenes,™ and the bands
between 1500 and 1630 cm™ can be assigned to the vibrations
of C=C in aromatics.” Apparently, the FT-IR spectrum
indicates the coke on the spent catalyst contains aliphatics and
aromatics. The peak area of aromatics is much smaller than
that of aliphatics, implying the relatively lower amount of
aromatics.

The Raman spectrum of the spent Pt—Sn/AlLO, catalyst
collected at 4 h on stream is displayed in Figure 4. Five peaks
are identified in the spectrum, and they are located at 1336,
1602, 2700, 2920, and 3200 cm™), respectively. The peaks
between 2700 and 3000 cm™ can be attributed to the
vibration of C—H bond in aliphatic hydrocarbons,™*" and the
peak at 3200 em™ represents the vibration of C—H in
aromatics.” Thus, the Raman spectrum indicates the presence
of aliphatic and aromatic hydrocarbons in the coke, which is
consistent with the observations of FT-IR.

The Raman peaks between 1200 and 1650 cm™ are
deconvoluted to analyze the detailed coke composition (see
Figure 4b), as the Raman spectra of the carbonaceous materials
(e.g, soot, graphene, graphite, and carbon nanofiber) show
overlaps in that 1'a.11g4.=,""_"b After the deconvolution, four
bands are obtained and they are labeled as G, D1, D3, and D4
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Figure 2. (a) DTG curves of the spent ]’t—Srl,lrf\.lz'::)‘l catalysts collected at different reaction times; (b) the representative HRTEM image of the

spent ca.ta]ysl collected at 4 h on stream.
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Figure 3. FT-IR curve of the spent Pt—Sn/Al,O; catalyst collected at
4 h on stream.
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Figure 4. (a) Raman spectrum of the spent Pt=Sn/Al,0; catalyst
collected at 4 h on stream; (b) deconvolution of the peaks between
1200 and 1650 em™"

according to the nomenclature meosed by Sadezky et al.*
The G band at around 1580 cm™ corresponds to an ideal
graphitic lattice vibration mode with E,_ symmetry;*® the D,
band at around 1350 em™ is called the defect band, which can
be attributed to in-plane defects and heteroatoms.'® The Dy
Raman band can be assigned to the amorphous carbon, and D,
corresponds to the disordered graphitic lattice.”” In Figure 4b,
the G band is at 1602 cm™" and higher than that of a perfect
and large graphite crystal (ie., 1575 cm™), indicating the coke
could be graphite-like carbon species. This shift of G band to
high wavenumber also implies that the crystal size of the
graphite-like carbon could be small **** The ratio of Ipyf1g is
1.62, suggesting the low graphitization degree of the coke !

According to the above qualitative analysis using FT-IR and
Raman, the coke formed on the Pt—8n/Al, O, catalyst can be
divided into three types: aliphatics, aromatics, and pregraphite.

However, the quantities of the three types of coke cannot be
determined by FT-IR and Raman, and the detailed
compositions of aliphatics and aromatics have not been
obtained. To acquire this quantitative information on the
coke, TG and pyrolysis GC-MS analyses are introduced in this
work and these results are provided in the following
subsection.

3.4. Quantitative Analysis of the Coke Composition.
TG curves of the spent Pt—Sn/ALQ; catalyst are given in
Figure 5. When the TG experiment is conducted in N,
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Figure 5. TG curves of the spent Pt—Sn,/Al,0; catalyst collected at 4
h on stream.

atmosphere, the weight loss is 2.86 wt % of the spent catalyst,
which can be tentatively ascribed to the evaporation of volatile
aliphatic and aromatic coke; when the TG experiment is
performed in synthetic air, the weight loss is 3.90 wt %, which
can be attributed to the burning of almost all the coke on the
catalyst. The discrepancy in the coke amount is 1.04 wt %,
which can be tentatively ascribed to the guantity of nonvolatile
pregraphite in the coke.

The TG analysis gives the amount of pregraphite in the
coke; however, the compositions and quantities of aliphatics
and aromatics cannot be identified. To obtain this detailed
information on the coke, pyrolysis GC-MS analysis was
performed. Before analyzing these volatile components in the
coke, a standard sample was tested by using pyrolysis GC-MS
to validate this analytical method. The standard sample was
prepared by mixing 13 typical paraffins and olefins with carbon
number ranging from C8 to C28, which are listed in Table 52.
The pyrolysis GC-MS result of the standard sample is shown in
Figure 6b. The mass spectrum shows that the components are
matched with those added in the standard sample and no other
components are observed, indicating the degradation of the
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Figure 6. Pyrolysis GC-MS of (a) the spent Pt—Sn/ALO), catalyst
collected at 4 h on stream; (b) the standard sample.

standard sample during the pyrolysis process is negligible.
Besides, for the standard sample, the weight percentage of each
component measured by pyrolysis GC-MS is close to the
calculated one, as shown in Table S2. Thus, pyrolysis GC-MS
is proven to be an accurate and efficient methed to
quantitatively determine the compositions of coke on the
Pr—Sn/AlL O, catalyst for PDH.

Then, pyrolysis GC-MS analysis was conducted to
determine the detailed compositions of coke on the catalyst,
and the results are displayed in Figure 6a and Table 2. The

Table 2. Dominant Components of Aliphatic and Aromatic
Coke Formed on the Spent Pt—Sn/AL O, Catalyst
Determined by Pyrolysis GC-MS

retain time (min) compound name weight percentage (%)
2,380 benzene 565
1.785 1-hexene H9.00
3456 l-octene 215
6.704 A-decine 292
8327 n-undecane 450
9.870 d-dodecane 246
11118 1-tridecene 268
11.324 n-tridecane 285

results show that the coke contains aliphatics (primary
components: C6—C13 alkanes and alkenes) and aromatics
(primary component: benzene). It is generally believed that
the aliphatics in coke are produced through polymerization
and propene is the most possible monomer.”” However, the
carbon chain lengths of these detected aliphatics in this work
are not all the multiples of three, suggesting that the
degradation products of C3 species, i.e,, C2 and C1 fragments,
may also take part in the polymerization reactions for coke
formation. Besides, aliphatics are the major components and
account for around 94 wt % of the volatile coke (aliphatics and
aromatics). When the TG analyses are combined in Figure 5,
the aliphatics and aromatics account for 2.69 and 0.17 wt % of
the spent catalyst. Thus, aliphatics, aromatics, and pregraphite
account for 69.0, 4.4, and 26.6 wt % of the coke (see Table 2).
According to the compositions given in Table 2, the H/C
molar ratio can be calculated using the following equations:

n= i GC,

=1 (1)

m= i 5C

i=1 (2)
)
= K
i=1 (3)
B E D
C=—+—xn+ —xx
12 M, M, &)
E

D
H= —xm+ —®K(2x -6

M M, [ ) (s)
where G, and §; are the carbon number and hydrogen number
of a specific aliphatic hydrocarbon §; C, is the mole percentage
of a specific aliphatic hydrocarbon i in the aliphatic coke; T;
and K, denote the carbon number and the mole percentage of a
specific aromatics i in the aromatic coke; M, and M, are the
average molecular weights of aliphatics and aromatic cs; B, E,
and D are the weight percentages of pregraphite, aliphatics, and
aromatics, respectively. It should be noted that the hydrogen
number of the pregraphitic is assumed to be zero in this
calculation method, since pregraphitic is very deficient in
hydrogen. The calculated H/C molar ratio for the coke on the
spent Pt—Sn/Al, O, catalyst is 1.56, as seen in Table 3. The H/

Table 3. Compositions of the Coke on Supported Pt—Sn
Catalysts

Pt=5n/
samples Pr=5n/MgAlL,O,” AlOy

total coke (wt % of the spent catalyst) 7 39
aliphatic coke (wt %) 63.7 9.0
aromatics coke (wt %) 154 4.4
pregraphitic coke (wt %) 189 266
calculated H/C molar ratio 148 156
H/C molar ratio from elemental analysis 1.41 1.55

“The characterization results of the spent Pt=5n/MgAl O, catalyst
collected at 4 h on stream are given in Figure 55.

C molar ratio is also determined by the elemental analyzer, and
the value is 1.55, which is very close to the calculated one. To
further consolidate the calculation method, the coke formed on
a Pt—Sn/MgAL,O,* catalyst is quantitatively analyzed,"'~*
and the results are displayed in Figure S5 and summarized in
Table 3. The H/C molar ratio of the coke on the Pt—Sn/
MgALO, catalyst is close to the one determined from
elemental analysis (see Table 3). These comparisons prove
again that pyrolysis GC-MS is an accurate and facile method to
quantitatively determine the coke compositions.

3.5. In Situ DRIFT Study. It is commonly believed that
propene is critical for coke formation reactions,”” since
propene is very active in chemical properties. Here, in situ
DRIFT study of propene on the Pt—Sn/AlL O, catalyst was
carried out to probe the mechanism of coke formation, and the
results are given in Figure 7. At the temperature of 30 °C, an
intense IR band at 1644 cm™ is observed and can be assigned
to the characteristic band of C=C stretching of |:rr1:|per1|=.';'1 the
band at 2959 cm™ is ascribed to C—H vibration in —CH,
species.’”” When the temperature goes up to 100 °C, the
intensity of the C=C stretching band significantly decreases
and the band at 2959 cm™ increases, indicating the formation
of aliphatic coke. Further increasing the temperature to 200
*C, two bands at 1456 and 1565 cm™, which can be ascribed
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Figure 7. In situ DRIFT srudy of Cal'[e on the Pt—Sanl,_D] cala]}'st
at different temperatures: (a) 30 °C, (b) 100 °C, (c) 200 *C, and (d)
300 °C.

to the skeleton vibrations of aromatics 1'i1'|g,""u""J are observed,
but the intensity of the C—H vibration band decreases.
Moreover, a derivative-shaped peak around 2000 em ™, which
is caused by the surface Pt—H groups,™ is found with the
further depletion of the bands at 2029 and 2075 em™!. Thus,
the quantity of aromatic coke increases with the elevated
temperature, while the amount of aliphatic coke decreases with
the elevated temperature. These results imply that the
formation of aromatic coke could be associated with deep
dehydrogenation reactions and the aliphatic coke may be
transformed into the aromatic coke under elevated temper-
ature.

4. CONCLUSIONS

In this work, a systematic analysis procedure, which combines
HRTEM, FT-IR, Raman, TG, and pyrolysis GC-MS, is
proposed and validated to obtain the qualitative and
quantitative information on the coke formed on the Pt—Sn/
Al O, catalyst for propane dehydrogenation. Through
analyzing DTG curves and HRTEM images, it is found that
the coke on the Pt—Sn/AlyO; catalyst is located on the metal,
in the vicinity of the metal, and on the support. From FT-IR
and Raman spectra, three types of coke are identified and they
are pregraphite, aromatics, and aliphatics. Integrating TG and
pyrolysis GC-MS, the three types of coke on the Pt—Sn/AlL,O,
catalyst are quantified. The aliphatics, aromatics, and
pregraphite account for 69.0, 4.4, and 26.6 wt %, respectively.
Besides, the carbon numbers of the aliphatics not only are the
multiple of three, indicating the C1 and C2 species, but also
may be the monomers for oligomerization reactions for coke
formation. Finally, the in situ DRIFT study shows that the
aliphatic coke can be transformed into aromatic coke under
elevated temperature, and this transformation is associated
with deep dehydrogenation reactions.

The results obtained in this work are helpful for the rational
design of robust Pt based catalysts for PDH against
deactivation by coke. The proposed analysis procedure of
coke is facile and should be used to study other reaction
systems with coke deposition.
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