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ABSTRACT: There is widespread interest in converting methane,
primary component of natural gas and shale gas, into valuable chemicals.
As an important direct methane transformation technique, despite
extensive research conducted for decades, oxidative coupling of methane
(OCM) remains industrially uneconomical owing to low selectivity
toward valuable target products (C, species, ethane/ethylene). In the
present work, we describe that ZSM-$ zeolite supported bimetallic Pt-Bi
catalysts stably and selectively convert methane to C, species with high
carbon selectivity (>90%) at relatively moderate temperatures (600—700
°C). On the basis of experimental observations, it is proposed that the
surface Pt in the catalysts functions as the active site for methane
activation, while Bi addition as promoter plays an important role in C,
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species formation and catalyst stability.
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The abundance of methane, the main component of natural gas
(~95%) and shale gas (typically >70%), on Earth makes it an
attractive source for energy and chemicals for at least the next
century. Catalytic transformation of methane to value-added
chemicals plays an important role in methane utilization."”
Various routes have been considered, including indirect
transformation, which converts methane to syngas as an
intermediate followed by its further conversion to other
compounds, and direct transformation, which converts
methane to higher hydrocarbons (e.g, ethylene, benzene) or
oxygenates (e.g., methanol, formaldehyde) without any
intermediate products.’ Direct transformation is more attractive
because it saves both operating costs and capital investment.
Among direct transformation technologies, oxidative coupling
of methane (OCM) is promising because the primary products
(C, species, ethane/ethylene) are precursors for a variety of
more valuable products: e.g., plastics and resins. Tuning the
selectivity toward C, species in OCM, however, has been a
longstanding challenge since the 1980s, owing to the
unavoidable presence of overoxidized species (CO/CO,)
under oxidative conditions. Hundreds of catalyst candidates
have been prepared and tested for OCM, while selectivity
toward CO/CO, is typically about 50%, indicating uneco-
nomical conversion of carbon atoms.”

Nonoxidative conversion of methane to aromatics, first
reported in 1993,” improves carbon atom economy. Using Mo
supported on zeolites, existing nonoxidative technologies
generate benzene as the main product, but unavoidable coke
formation limits the catalyst lifetime and process commercial-
ization. Although the selectivity toward benzene is typically
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about 80—90%, other aromatic hydrocarbons (C,—C,) as well
as C, species (both ethane and ethylene) have also been
reported.7_9 In a recent report, 2—3% methane conversion was
reached over Bi/SiO, at 900 °C under nonoxidative conditions,
while the selectivity toward C, products was about 40%."°
Nonoxidative coupling of methane (NOCM) to form C,
hydrocarbons has been considered since the 1990s. Extensive
investigations have been focused on the two-step process,
involving first feeding methane for dissociative adsorption on
catalyst surface, followed by feeding hydrogen to generate
higher hydrocarbons.''™'® By only feeding methane continu-
ously, Belgued et al.'” reported that C,Hs and H, were
immediately produced over a commercial 6 wt % Pt/SiO,
catalyst at low temperature (250 °C), while owing to catalyst
deactivation, both products disappeared for a time on stream
(TOS) of more than 8 min. This indicates that methane can be
activated at temperatures lower than those typically used in
OCM (>700 °C). Soulivong et al.'® showed that ethane with
>98% carbon selectivity was produced over silica-supported
tantalum hydride catalyst at temperatures <500 °C, although
methane conversion was less than 0.5%. Guo et al."” reported
48% conversion of methane under nonoxidative conditions
over Fe/SiO, catalyst at 950 °C, producing ethylene, benzene,
and naphthalene with carbon selectivities of 53%, 22%, and
25%, respectively. Gerceker et al.”’ also found similar products
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Figure 1. Product distribution at 650 °C and 0.1 atm methane partial pressure over (a) 1% Pt, (b) 1% Pt-0.1% Bi, (c) 1% Pt-0.2% Bi, (d) 1% Pt-0.5%

Bi, (e) 1% Pt-0.8% Bi, and (f) 1% Pt-1% Bi catalysts.
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Figure 2. Performance of different Pt-Bi/ZSM-S catalysts at various methane conversions for (a) ethane selectivity and (b) turnover frequency

(TOF) at 650 °C and 0.1 atm methane partial pressure.

over PtSn catalyst supported on SiO, and ZSM-S at 700 °C,
however, the methane conversion was less than 0.3%.

In the present report, under nonoxidative conditions, we
describe that Pt-Bi bimetallic catalysts supported on ZSM-$
zeolite selectively convert methane to ethane with high carbon
selectivity (>90%) and typical methane conversion of ca. 2%,
along with equivalent molar hydrogen generated as a
byproduct. The catalyst exhibits little deactivation during an 8
h test, indicating good stability and prevention of coke
formation. This is the first report of stable methane coupling
in a continuous flow reactor, at relatively moderate temper-
atures (600—700 °C), with methane conversion ~2% and
carbon selectivity to C, hydrocarbon species >90%.

Various ZSM-$ zeolite supported Pt-Bi bimetallic catalysts
were prepared, characterized, and tested in a fixed-bed reactor
(see Materials and Methods in the Supporting Information). As
noted in Materials and Methods, the Pt and Bi loadings were
both by weight %, while H-ZSM-5 was the H-form ZSM-$ with
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an Si/Al ratio of 40. For brevity, in later sections the term
weight % is not noted explicitly. These fresh catalysts exhibit
similar BET surface areas (372—412 m*/g), pore sizes (2.8—3.5
nm), pore volumes (0.33—0.41 cm’/g) (Table S1), and Pt
metal dispersions (22—29%) (Table S2). Tables S1 and S2
show that, for the used 1% Pt catalyst, all of these values
dramatically decreased (BET surface area 234 m*/g, pore size
1.3 nm, pore volume 0.14 cm?/g, and metal dispersion 16%).
For the used bimetallic 1% Pt-0.8% Bi catalyst, however, only a
slight decrease was observed in these values (BET surface area
329 m?/g, pore size 2.3 nm, pore volume 0.31 cm®/g, and metal
dispersion 20%). TEM scans (Figure S1) show that metals
(dark dots) were successfully loaded on the ZSM-S support and
the metal dispersion (calculated by TEM-based particle size")
values were consistent with the H,-O, titration”* data in Table
S2. The XRD patterns (Figure S2) for various Pt-Bi/ZSM-$
catalysts are compared to diffraction patterns for unsupported
MFI (ZSM-S) reported in the International Zeolite Association
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Figure 3. Temperature-programmed investigations: (a) H, desorption (H,-TPD) from different Pt-Bi/ZSM-S catalysts and (b) surface reaction
(TPSR) profiles for 1% Pt-0.8% Bi/ZSM-S catalyst at 0.1 atm methane partial pressure and 600 min g./mol contact time.

(IZA) structure database.”” Fresh supported (Figure S2a—g)
and unsupported ZSM-S (Figure S2h) exhibit similar patterns,
likely due to low metal loading (1 wt % or less) and high Pt
dispersion (20—30%).”* The used 1% Pt catalyst (Figure S2i)
exhibited fewer peaks in comparison to other materials,
indicating that the crystallinity was changed slightly, likely
owing to coke deposit. The used 1% Pt-0.8% Bi catalyst
(Figure.S2j) showed the same MFI structure as well, implying
less coke deposit and thus better stability in comparison to the
pure Pt catalyst. Table S3 shows that the fresh and used
catalysts contained essentially the same amounts of Pt and Bi as
designed.

As shown in Figure 1, by varying the contact time of feed
methane with packed catalysts, different methane conversions
were obtained, as plotted by blue lines, while detailed product
distributions are illustrated as bar charts. (Definitions for
Methane Conversion, Product Selectivity and Yield in the
Supporting Information). All methane conversions were less
than 7%, limited by thermodynamic equilibrium under the
operating conditions, corresponding to

CH, — 0.5C,H, + 0.5H, (1)

)

For the 1% Pt catalyst, methane conversions were between
3% and 6%, while no hydrocarbon but only hydrogen was
detected, owing to coke formation over the pure Pt surface.””
For the 1% Pt-0.1% Bi catalyst, methane conversion was similar
to results for the 1% Pt catalyst, with 0.5—8% benzene (C¢Hy)
selectivity but no C, hydrocarbons generated. For four other
bimetallic catalysts with 1% Pt and 0.1-1% Bi in Figure 1,
ethane as the target product in the present work was produced
with a variety of selectivity values ranging from 17% to 95%,
while benzene and ethylene (C,H,) were formed as byproducts
as well.

Figure 2a additionally shows that the selectivity toward
ethane always decreased with an increase in methane
conversion for these four catalysts. For the 1% Bi catalyst, on
the other hand, no methane conversion (<0.1%) was found. In
particular, for the 1% Pt-0.8% Bi catalyst, selectivity toward

CH, — 0.5C,H, + H,
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ethane was 85—95% when methane conversion was 1—5%.
Note that equilibrium methane nonoxidative conversion to C,
species is about 2—3% at 650 °C. (Thermodynamic
Consideration and Figure S4 in the Supporting Information),
while higher than equilibrium conversion was typically observed
for methane nonoxidative conversion at short time on stream
(TOS) in the literature.”****” For consistency, all data
reported in our work for catalytic performance comparison
were taken at 1 h TOS. As reported in the literature, Bi addition
to Pt could tune catalytic activity, where Bi functions as site
blocker,”**” while Bi alone shows poor catalytic activity. For
increasing amounts of Bi addition to Pt, chemisorption of small
molecules (e.g, H,, CO,* and C,H,’") was found to be
attenuated, indicating relatively lower activity for reaction and
higher tolerance for poison species. Coverage values of
chemisorbed species, influenced by both geometric and
electronic effects, > also depend on molecular size, which
indicates that, for a specific reaction, a particular Pt/Bi
composition is favored. For example, Greeley et al.”* reported
that Pt o Biggs exhibits excellent activity for hydrogen
evolution, while our prior work described that 3% Pt-0.6% Bi
provides the highest 1,3-dihydroxyacetone yield from glycerol
selective oxidation.>® In the present work, we observe that, for
NOCM conversion, 1% Pt-0.8% Bi gives the best catalytic
performance. Figure 2b shows that over various catalysts tested
in Figures 1 and 2a, turnover frequencies (TOF) based on Pt
surface dispersion (Table S2) and methane conversion were
essentially constant (0.042—0.053 s™'). This feature demon-
strates that surface Pt is the active site for methane activation, as
reported previously.*

H, temperature-programmed desorption (H,-TPD) profiles
in Figure 3a demonstrate that hydrogen uptake at room
temperature was attenuated with increasing Bi addition to 1%
Pt/ZSM-S. For 1% Bi catalyst, no hydrogen uptake was found,
indicating an inactive nature for Bi as shown in Figure 2a.
Temperature-programmed surface reaction (TPSR) profiles in
Figure 3b describe that below 500 °C methane cannot be
activated efficiently, owing to the chemical stability of the
methane molecule. Between ca. 500 and 650 °C, methane was
converted to equivalent molar amounts of ethane and
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Figure 4. Effects of operating conditions and catalyst stability over 1% Pt-0.8% Bi: (a) temperature effect at 0.1 atm methane partial pressure and 600
min g_,/mol contact time; (b) methane partial pressure effect at 650 °C and 600 min g /mol contact time; (c) contact time effect at 0.1 atm
methane partial pressure and 650 °C; (d) catalyst stability at 0.1 atm methane partial pressure, 650 °C, and 300 min g,./mol contact time.

hydrogen, as indicated by eq 1. From ca. 700 to 800 °C,
methane conversion continued to increase, while ethane
concentration decreased from ca. 2.5% to nearly 0. The
hydrogen production rate from 700 to 900 °C, however,
continued to increase, implying further dehydrogenation of
methane and leading to coke formation. As reported in the
literature,*** not only initial activation of methane (CH, —
CH, + H) but also further dehydrogenation of methane (e.g,
forming CH,, CH, and C species) occurs over the Pt surface,
owing to relatively low reaction barriers of C—H bond cleavage
(<1 eV). Thus, in comparison to C—C coupling (reaction
barrier typically >2 eV over a flat surface®® and 1-2 eV over a
step surface’”), Pt catalysts preferably promote further
dehydrogenation of methane rather than C—C coupling,*
eventually forming coke, which is consistent with the 1% Pt
curve in Figures 1 and 2a. In addition to the Pt surface, C—C
coupling could also occur at acidic sites of ZSM-5, as reported
previously.*"** Since the 1% Pt/ZSM-5 catalyst, as described in
Figures 1 and 2, did not lead to any C, product, the acidic site
in ZSM-5 appears to be inactive for C—C coupling in NOCM
conversion in the present study. Ethane dehydrogenation to
ethylene and/or acetylene could occur over pure Pt
surfaces.””** With the addition of a second metal to P,
binding of molecules is typically weaker over bimetallic
surfaces,"** indicating relatively higher reaction barriers. As
reported in the literature, a shorter contact time favors lower
reactivity of ethane dehydrogenation.””** These are likely
reasons for the limited ethane dehydrogenation product in the
present study.

Figure S3a,b shows temperature-programmed oxidation
(TPO) profiles for used 1% Pt and used 1% Pt-0.8% Bi
catalysts, respectively. Initial oxidation of used 1% Pt occurred
at ca. 300 °C, followed by two clear peaks at 440 and 540 °C
(see also Table S4). For used 1% Pt-0.8% Bi, however, only one
distinguished peak was identified, although it was followed by
slight dragging (indicating another small peak). As given in
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Table S4, by integrating curves in Figure S3, accumulated coke
amounts were obtained. Table S5, demonstrating various coke
amount calculation methods, indicates good mass balance. The
used 1% Pt-0.8% Bi contained much less coke (27 mg/g.,)
than used 1% Pt (497 mg/g.,.). These observations suggest that
by addition of Bi to Pt/ZSM-5 catalyst, methane was activated
at relatively low temperature (600—700 °C), while further
dehydrogenation of methane, leading to coke deposits, was
suppressed owing to the less active Pt-Bi surface in comparison
to the pure Pt surface.”” In our prior works, Bi was used as a
promoter for either tuning selectivity toward target prod-
ucts®*” or improving catalyst stability.”’ With the participation
of guaiacol molecules over Pt-Bi catalysts, it was proposed that
CH, decomposed on the Pt surface and methyls coupled to
form ethane.”' It appears that, in the present work, Bi addition
to Pt combines these two functions: promoting NOCM
selectivity to ethane and extending catalyst lifetime.

Figure 4a shows temperature effects on NOCM over the
range 500—700 °C. Similar to the case for Figure 3b, methane
conversion increased with temperature while ethane selectivity
decreased, reaching a maximum ethane yield (selectivity X
conversion) of 1.8% at 650 °C. For standard operating
conditions (Materials and Methods), the methane partial
pressure was 0.1 atm. Figure 4b shows that 0.1—1 atm of
methane partial pressure gave essentially the same C, selectivity
yet higher methane conversion at lower methane partial
pressure. This feature occurs when thermodynamics dominates
NOCM conversion (Thermodynamic Considerations and
Figure SS in the Supporting Information). Figure 4c illustrates
the contact time effect on NOCM conversion. When a long
contact time was used, the main byproduct was aromatic coke,
although small amounts of ethylene and benzene were detected
as well. It has been proposed that, in all nonoxidative
conversions of methane, C, species were produced as
intermediates for either higher hydrocarbon or coke formation.”
Thus, methane conversion typically follows the reaction

DOI: 10.1021/acscatal.8b00156
ACS Catal. 2018, 8, 2735-2740


http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00156/suppl_file/cs8b00156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00156/suppl_file/cs8b00156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00156/suppl_file/cs8b00156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00156/suppl_file/cs8b00156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00156/suppl_file/cs8b00156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00156/suppl_file/cs8b00156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00156/suppl_file/cs8b00156_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b00156/suppl_file/cs8b00156_si_001.pdf
http://dx.doi.org/10.1021/acscatal.8b00156

ACS Catalysis

network series CH, — C,Hs — C,H, (x > 2, y > 0). In the
present work, since the intermediate C, species was the target
product, as shown in Figure 4c, it exhibited a selectivity
maximum at ca. 600 min g../mol, as expected from kinetic
analysis (Kinetic Considerations and Figure S6 in the
Supporting Information). Figure 4d shows that, following an
initial transient activation period, both methane conversion and
selectivity toward ethane were stable over the entire 8 h test.
Note that for longer TOS (24—48 h), methane conversion
slowly dropped to ca. 1%, while ethane selectivity was still
maintained at about >80%. In comparison to stable values at
1-8 h TOS, in the initial activation period it appears that
methane conversion was higher (4—5%), while the ethane
selectivity was lower (50—80%). This suggests that carbona-
ceous deposits occurred during the initial activation period. As
reported in the literature, these deposits may contribute to
nonoxidative dehydrogenation of light hydrocarbons.>*>* This
is the likely reason for irregular higher conversion than
equilibrium values at short TOS, which was also observed in
other methane nonoxidative conversion publications.”****” At
long TOS, as shown in Figure 4d, the methane conversion
decreased below equilibrium values.

In general, current technologies for direct transformation of
methane are not followed industrially owing to ineflicient
carbon atom utilization. In the present report, we describe a
heterogeneous catalytic process at relatively moderate temper-
atures (600—700 °C) for stable methane conversion into
ethane with carbon selectivity >90% and methane conversion
~29%. This is a promising start toward technologies suitable for
exploitation on the industrial scale.
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Materials and Methods

The chloroplatinic acid hexahydrate (99.9% metal basis) and bismuth (III) chloride (99.999%),
both from Sigma Aldrich, were used as precursors for Pt and Bi, respectively. ZSM-5 (Si/Al=40)
of ammonium form, from Zeolyst International, was transformed to the H-form (H-ZSM-5) by
calcining in air at 500 °C for 4 hrs. The Pt-Bi catalysts were prepared by the following procedure
as described in our prior works.!!=3] Pt and Bi were loaded sequentially by the wet impregnation
method. Briefly, Pt and Bi precursors were dissolved in dilute HCI solution with pH=5-6 and
then added dropwise to the well-stirred ZSM-5 slurry, with continued stirring for 8 hrs at room
temperature (20 °C). The slurry was then rinsed two times and dried in air at 100 °C before use
for catalytic performance tests. Benzene (99%), from Alfa Aesar, was used as standard for GC
calibration. Ultra high purity grade gases (99.98% O3, 99.999% Ar, 99.99% CHgy, 99.99% C,Hg,
99.99% C,yHy, 99.999% N>, 99.98% He and 99.999% H;) were purchased from Indiana Oxygen.
The 0.5% Pt/Al,O3 (metal dispersion=31 £ 0.5%) standard, from Micromeritics, was used for

calibration in H, chemisorption and H;-O, titration experiments.

Various Pt-Bi catalysts used in the present work were characterized by BET (Brunauer-Emmett-
Teller), H>-TPD (temperature-programmed desorption), TPSR (temperature-programmed surface
reaction), H,-O, titration, ICP-AES (Inductively coupled plasma - atomic emission spectroscopy),

TEM (transmission electron microscope), and powder XRD (X-ray Diffraction) techniques.

By Nj adsorption and desorption at 77 K via a Micromeritics ASAP 2000 apparatus, BET
measurements were conducted, giving physisorption properties of catalysts, including surface area,
pore size and pore volume. Before measurements, degassing was carried out at 300 °C for 8 hrs.
For bimetallic Pt-Bi catalysts supported on ZSM-5, both H, chemisorption and H;-O, titration
were carried out at room temperature. It was found that Pt metal dispersion values from both
techniques were close (e.g. for 1 wt% Pt-0.8 wt%Bi, H, chemisorption value 22.2%, while H;-
O, titration value 23.1%). This is likely because at room temperature, Bi does not adsorb Hj

molecule, *! and bismuth oxide does not react with Hy.[® Since H,-O, titration gives higher sensi-
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tivity than H chemisorption, % Pt dispersion was obtained by the H,-O5 titration approach in the

present work.

The TEM scans were operated at 200 kV with LaBg source (FEI-Tecnai). The TEM samples
were prepared by suspending fine catalyst particles in ethanol, followed by dispersing them on 200
copper mesh grids with lacey carbon film coating, and then drying in air at room temperature. The
powder XRD was carried out on a Rigaku SmartLab X-ray diffractometer with a CuK o radiation
source. Elemental analysis of catalysts was carried out by the ICP-AES method (SPECTRO Instru-
ment). For Hy-TPD tests, 5 vol% Hj and 5 vol% O, in N», prepared in situ by adjusting flow rates
via mass flow controllers, were used as oxidation and reduction gases, respectively. The standard
H,-TPD procedure included the following steps:

(i) Drying the sample at 200 °C in 5 vol% O; for 1 hr;

(i1) Reducing the sample at 400 °C in 5 vol% H; for 2 hr;

(ii1) Feeding 5 vol% H; at room temperature for 2 hrs;

(iv) TPD measurements by increasing temperature from room temperature to 150 °C.

The heating rate was 5 °C/min, the standard catalyst packed weight was 0.50 g, and the total gas
flow rate was 100 mL/min. The H; desorption was measured by a binary gas analyzer equipped
with a thermal conductivity detector (TCD). For TPSR experiments, the catalyst was reduced using
5 vol% H; at 400 °C for 2 hrs before the TPSR measurement. Upon cooling to room temperature,
a 5% CHy4 in Ny gas mixture flow was fed at 20 mL/min, and the temperature was increased from
room temperature to 900 °C at a heating rate 5 °C/min. A TCD was used to detect products. In
the TPO process, 5% O, in N; gas mixture was used as the oxidizing gas. The used catalysts were
packed in the reactor for TPO measurements without any pretreatment. The heating rate was 5

°C/min as well.

The catalytic performance tests were conducted in a fixed-bed reactor. Prior to reaction, the
packed catalyst was activated at 400 °C for 4 hours under a gas mixture flow (Ho:N; = 1:2). The
reactor was then purged by 50 mL/min N; for 15 min. The standard operating conditions were:

650 °C, 0.1 atm methane partial pressure, 0.50 g catalyst and 600 min - g.,, /mol contact time. In
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typical cases, following an initial transient period, the catalyst exhibited stable performance for
several hours (3-6). Unless stated otherwise, all data sets were taken at 1 hr time on stream (TOS)

during the stable period.

Blank tests of ZSM-5 support with no Pt or Bi loading were carried out under standard oper-
ating conditions, with methane conversion always less than 0.01%. A GC (Agilent GC6890) with
both flame ionization detector (FID) and TCD, equipped with a Carboxen 1010 PLOT capillary
column (30 m x 0.53 mm) was used for quantitative analysis of products. For detectable prod-
ucts (ethane, ethylene, benzene), Eqs. (1-3) were used to calculate methane conversion, product
selectivity and yield, while for coke, mass balance was used to determine its selectivity and yield
(carbon o f methane — Y carbon of detectable products ). As shown in Table S5, whereas coke
amount is calculated from CO; measured in TPO profiles, this approach is typically consistent
with TPO mass measurements. All experiments were repeated at least twice and good repeatabil-

ity, generally within less than 2% deviation, was achieved for all quantitative analysis.

Definitions for Methane Conversion, Product Selectivity and Yield

Methane conversion, product selectivity and yield are defined by Eqgs. (1-3).

lofC ted Meth
Methane Conversion = —2 of Converted Methane )
mol of Methane Feed

mol of Formed Product
Product Selectivity = 2
roquct setfectivity mol of Converted Methane @

lof F d Product
Product Yield = 2 of Formed Produc (3)
mol of Methane Feed
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Thermodynamic Considerations

Regarding the main conversion in the present work, as described by Egs. (4 - 5), the equilibrium
methane conversion is calculated based on standard Gibbs formation energy of chemical species,

provided by NIST JANAF database (http://kinetics.nist.gov/janat/).

CHy — 0.5C,Hg +0.5H, 4)

CHy — 0.5C,Hs + Hy )

For a general reaction as described by Eq. (6), where C; is chemical species 1 and ¢; is the

stoichiometric coefficient of C;, the Gibbs free energy change (A,GY) is calculated by Eq. (7),
Y 0Ci=0 (6)
i

AGY =Y oG (7
i

The equilibrium constant of Eq. (6) is calculated by Egs. (8 - 10).

AG° = —RT (InK) ®)
A,G°
K =exp <_W) 9

AN
()

Based on the above calculations, effects of temperature and methane partial pressure on methane
equilibrium conversion to C, species are plotted in Figures S4 and S5, respectively. As shown in
Figure S4, methane equilibrium conversion to C, species is about 2-3% at 650 °C, which is con-

sistent with prior literature report.[”] Note that equilibrium conversion values could be slightly
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different, depending on the data set used for Gibbs formation energies of methane, ethane/ethylene
and hydrogen. Also note that higher than equilibrium conversion is typically observed for methane
non-oxidative reaction at short time on stream (TOS) in the literature. 811 For consistency, all data
reported in our work for catalytic performance comparison was taken at 1 hour TOS. As shown
in Figure S5, at a given temperature (e.g. 650 °C), lower methane initial partial pressure leads to

higher equilibrium methane conversion.

Kinetic Considerations

For the non-oxidative conversion of methane in the present work, CoHg is the target product, while

CHy (x> 2,y >0, e.g. CsHg and C,Hy) is formed as byproduct. Thus C,Hg is an intermediate in

other hydrocarbon formation from methane, resulting in the series reaction network, described by
Eq. (11)

CH4(A) &5 CHe(B) X2 CHy(C)(x > 2,y > 0) (11)

To qualitatively analyze product profiles for NOCM, both reactions in Eq. (11) are assumed to

be first-order. In a continuous flow fixed-bed reactor, the following mass balance Eqgs. (12 - 14)

are obtained.

dFy
— =k P 12
W 1P4 (12)
dFp
— =k1Py— kP, 13
W 1Py — ko Pp (13)
dFc
—* — kP 14
W 2Pp (14)
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leading to

Fa+Eg+ Fe :FAO

where

P
P=Fix =

Fyo

By solving Egs. (12 - 16), the following Eqgs. (17 - 19) are obtained.

P
Fr = Fyo e_klf, where T = —2 W
Fyo

_ Faok

Fr =
Bk

(e*k‘f - e*kﬂ> , forky # ks

Fp = Fa0ky Te_klr, for ki =k

Fc=Fy—Fy—Fp

(15)

(16)

7)

(18)

(19)

Considering various ky/k ratios, Figure S6 is plotted to show profiles of CHy4, C,Hg and C,H,

at various dimensionless contact times (k; 7). Figure S6 demonstrates that for all ko/k; ratios, CoHg

exhibits a maximum at a specific contact time, depending on the ky/k; value. When increasing

ky/k; value, the maximum shifts to the left (lower contact time), while the peak height decreases.
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Notation

Greek Letters:

(04

A, G°

Chemical species i

Feed flow rate

Flowrate of species i

Standard gibbs formation energy of chemical species 1
Equilibrium constant

Reaction rate constant of step i
Total pressure

Partial pressure of species i

Gas constant, 8.314 J- K1 -mol ™!
Temperature

Catalyst packing amount

Methane conversion

Dimensionless contact time, kj PoW /Fyg

Stoichiometric coefficient of C;

Reaction standard gibbs energy change
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Table S1: BET Results for Pt-Bi Bimetallic Catalysts Supported on ZSM-5

Catalyst (wt%) BET Surface Area, m? /g Pore Size, nm Pore Volume, cm? /g

1% Pt 412 3.1 0.38

1% Pt-0.1% Bi 409 3.5 0.41
1% Pt-0.2% Bi 388 29 0.31
1% Pt-0.5% Bi 391 3.0 0.35
1% Pt-0.8% Bi 372 32 0.37
1% Pt-1% Bi1 383 34 0.33

1% Bi 407 2.8 0.39
ZSM-5 402 34 0.37

Used 1% Pt 234 1.3 0.14
Used 1% Pt-0.8% Bi 329 2.3 0.31
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Table S2: TEM and H;-O; Titration Results for Pt-Bi Bimetallic Catalysts Supported on ZSM-5

Particle Size, nm
Catalyst (Wwt%) TEM H,-O; Titration Pt Dispersion

1% Pt 2.9 3.3 28.9
1% Pt-0.1% Bi 3.2 34 27.1
1% Pt-0.2% Bi 34 34 26.3
1% Pt-0.5% Bi 3.7 3.5 254
1% Pt-0.8% Bi 3.8 3.6 23.1
1% Pt-1% Bi 4.1 3.8 22.0

1% Bi 3.6 - -
Used 1% Pt - 59 16.4
Used 1% Pt-0.8% Bi - 4.1 20.2
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Table S3: AES-ICP Element Analysis for Pt-Bi Bimetallic Catalysts Supported on ZSM-5

Fresh Used
Catalyst Pt% Bi% Pt% Bi%
1%Pt 0.97 0.95

1% Pt-0.1% Bi 1.01 0.12 097 0.11
1% Pt-0.2% Bi 099 0.23 097 0.19
1% Pt-0.5% Bi 098 0.52 096 0.48
1% Pt-0.8% Bi 0.96 0.78 095 0.77
1% Pt-1% Bi 097 098 094 0.94

1% Bi - 1.02 - 0.99
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Table S4: Peak Positions and Coke Amounts from Temperature-Programmed Oxidation (TPO)

Catalyst (wt%) Peak I, °C Peak I, °C  Accumulated Coke, mg/gcqs

Used 1% Pt 440 540 497
Used 1% Pt-0.8% Bi 440 - 27
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Table S5: Comparison of Various Coke Amount Calculations

Mass, g 1% Pt 1% Pt-0.8% Bi1
fresh (m;) 0.50 0.50
used before TPO (my) 0.74 0.53
used after TPO (mj3) 0.52 0.49
my-m; 0.24 0.03
mp-m3 0.22 0.04
carbon of methane — Y carbon of detectable products 0.26 0.02
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Simplified Kinetic Analysis for Conversion in Non-oxidative Coupling of Methane
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Figure S1: TEM Scans of Various ZSM-5 Supported Catalysts: a) 1% Pt, b) 1% Pt-0.2% Bi, ¢) 1%
Pt-0.8% Bi and d) 1% Bi Catalysts
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Figure S2: XRD Patterns for (a) 1% Pt, (b) 1% Pt-0.1% Bi, (c) 1% Pt-0.2% Bi, (d) 1% Pt-0.5%
Bi, (e) 1% Pt-0.8% Bi, (f) 1% Pt-1% Bi, (g) 1% Pt-2% Bi, (h) Unsupported ZSM-5, (i) Used 1%

Pt and (j) Used 1% Pt-0.8% Bi Catalysts
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Figure S3: Temperature-Programmed Oxidation (TPO) Profiles for (a) Used 1% Pt and (b) Used
1% Pt-0.8% Bi Catalysts
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Figure S4: Effect of Temperature on Equilibrium Methane Conversion to Ethane and Ethylene at
1 atm Methane Partial Pressure

SI-20



~J

B~ Ot O)

DO

p—d

Equilibrium Methane Conversion, %
GV

-

02 04 06 08 1.0

Methane Partial Pressure, atm

Figure S5: Effect of Methane Partial Pressure on Equilibrium Methane Conversion to Ethane and
Ethylene at 650 ° C
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Figure S6: Simplified Kinetic Analysis for Conversion in Non-oxidative Coupling of Methane
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