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ABSTRACT: Biomass and shale/natural gas will be two important alter-
native resources for fuel and chemical production for at least the next
century. Bio-oil, deriving from the fast pyrolysis of lignin, is a key second
generation biofuel, containing high oxygen content. Hydrodeoxygena-
tion (HDO) is typically employed to improve the quality of bio-oils,
while the high cost of hydrogen prevents its commercialization. On the
other hand, although it is the primary component of shale and natural
gas, methane direct conversion to higher hydrocarbons has remained a
challenge since the 1980s. Following our recent work, in the present
study, methane is used to upgrade guaiacol, a well-known model com-
pound of bio-oils, over Pt−Bi bimetallic catalysts supported on activated
carbon (AC). Various characterization techniques, including transmission
electron microscopy (TEM), X-ray diffraction (XRD), Brunauer−Emmett−
Teller (BET), H2 temperature-programmed desorption (H2-TPD), H2−O2
titration, inductively coupled plasma atomic emission spectroscopy (ICP-AES), temperature−programmed oxidation (TPO)
and temperature−programmed surface reaction (TPSR), were utilized to obtain catalyst structure and properties. It was found
that as compared to the Pt catalyst, Pt−Bi bimetallic catalysts exhibited relatively stable (no significant deactivation) guaiacol
upgrading performance for 8 h TOS (time on stream), generating partially deoxygenated products along with ethane. The
addition of Bi suppresses coke formation, improving catalyst stability. The isotopic labeling tests demonstrate that ethane is
produced either from coupling of two methane molecules (20−25%) or from a methane molecule combining with a methyl
from guaiacol (75−80%).
KEYWORDS: Bio-oil upgrading, Shale and natural gas utilization, Methane coupling, Pt−Bi bimetallic catalysts, Isotopic labeling,
Improving catalyst stability

■ INTRODUCTION

Biomass conversion to renewable fuels has received increasing
attention in recent years, which has the potential to improve
the overall profitability from agricultural/forest resources in the
U.S. and reduce emissions of greenhouse gas (GHG) glob-
ally.1−3 First generation biofuels (e.g., ethanol and biodiesel)
cause concern regarding high food prices, which can be addressed
by utilization of nonfood crop feedstocks, leading to second gen-
eration biofuels. As a nonfood crop component, lignin is abun-
dant and the only biomass constituent based on aromatic units,
contributing approximately 30% of the weight and 40% of the
energy content of lignocellulosic biomass.4 To efficiently con-
vert lignin, fast pyrolysis is a promising approach, produc-
ing bio-oils that contain significantly higher oxygen content as
compared to traditional petroleum-derived oils.5,6 Therefore,
owing to their characteristics such as thermal instability, corro-
siveness, poor volatility, high coking tendency, and low heating
value, bio-oils cannot be directly used as engine fuels.7,8

To improve the quality of bio-oils to meet fuel specifications,
upgrading via catalytic hydrodeoxygenation (HDO) is typically
followed,9−11 in which hydrogen plays a key role as reductant.
The high cost ($2500/ton) of H2 from various sources,

including electrolysis, natural gas reforming and coal gas-
ification; however, limits commercialization of bio-oil upgrad-
ing processes, although extensive HDO research has been
widely carried out.12−14

Methane is the main component (∼70−95%) of natural and
shale gas. The efficient conversion of methane to higher hydro-
carbons (C2+) and oxygenated chemicals (e.g., methanol, form-
aldehyde) provides attractive routes for production of alterna-
tive energy and chemicals.15,16 A well-known methane direct
conversion is oxidative coupling of methane (OCM), produc-
ing C2 species (ethane/ethylene). It remains a long-standing
challenge for decades, owing to the difficulty in tuning methane
selectivity toward target products under oxidative conditions.17

Nonoxidative conversion of methane, producing C2−C8 hydro-
carbons, has been reported since 1993,18 which typically
achieves relatively high selectivity toward higher hydrocarbons.19

In our recent report,20 highly selective nonoxidative coupling of
methane over Pt−Bi bimetallic catalysts was presented, achiev-
ing >90% carbon selectivity toward C2 species. Nonoxidative
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methane conversion is, however, limited by thermodynamic
equilibrium conversion (0.5−8% at 600−700 °C), and catalyst
stability issues arise at higher temperatures owing to coke
formation.21

To develop a cheaper reductant instead of hydrogen for bio-
oil upgrading as well as efficiently utilizing shale and natural
gas, as reported in our prior investigation,22 methane ($150/
ton) was used to upgrade guaiacol (C7H8O2)a model com-
pound of bio-oil. As partially deoxygenated species, the target
products are phenol (C6H6O) and cyclopentanone (C5H8O)
in the liquid phase, which are useful as chemicals, e.g. phenol
as precursor to plastics and cyclopentanone as precursor to
fragrances. It was found that when Pt−Bi bimetallic catalysts
were employed, methane functioned as well as hydrogen for
upgrading guaiacol. The promoter Bi was proposed as a site
blocker over the Pt surface, leading to suppression of coke
formation, as reported in the literature as well.23−25 The use of
guaiacol (2-methoxyphenol) as the model compound is
justifiable since during bio-oil production, guaiacol-like species
are typically formed by thermal degradation of lignin26 and
their concentration in the oil-phase can be as high as 34 wt %
depending on the pyrolysis conditions.27 Moreover, the two
different oxygenated functions present in guaiacol, phenolic
(Ph−OH) and methoxy (−OCH3) groups, represent a large
number of oxygen-containing components in lignin-derived bio-
oils, such as eugenol and vanillin.28 In our recent study,29 kinetic
investigations of liquid products (catechol, phenol, and cyclo-
pentanone) were conducted. It was found that the model-
predicted values such as guaiacol conversion and liquid product
yields matched experimental measurements well. In addition to
our prior works, Gunawardena et al. and He et al. utilized
methane as a hydrogen source to upgrade bio-oil as well.30−32

In both of our prior studies,22,29 excess methane (CH4:guaiacol
molar ratio = 10) was employed to achieve high guaiacol
conversion over the 5% Pt−1% Bi/AC catalyst and ethane was
always coproduced in the gas phase along with deoxgenated
liquid phase products, indicating methane coupling to C2 spe-
cies. Effects of the methane/guaiacol feed ratio, Bi loading and
the origin of carbon atom source in ethane, however, were not
studied previously. To address these issues, in the present
work, a mechanistic study of guaiacol deoxygenation using
methane over various Pt−Bi bimetallic catalysts was carried
out, including catalyst characterization, methane feed control
experiments, correlation of gas-phase species partial pressures,
and isotope labeling tests. Insights into methane/guaiacol feed
ratio, Bi loading, and ethane formation pathway were obtained
and discussed.

■ EXPERIMENTAL SECTION
Using H2PtCl6(H2O)6 and BiCl3 as precursors, and 80−120 mesh
activated carbon (AC) as support, Pt and Bi were sequentially loaded
using the wet impregnation method. The catalysts were dried at 373 K in
air before use. These catalysts were characterized by BET (Brunauer−
Emmett−Teller), H2-TPD (temperature-programmed desorption),
TPSR (temperature-programmed surface reaction), H2−O2 titration,
ICP-AES (inductively coupled plasma atomic emission spectroscopy),
TEM (transmission electron microscopy), and powder XRD (X-ray
diffraction) techniques.
The catalytic performance tests were conducted in a fixed-bed

reactor setup, as described in our prior work.33,22 Prior to reaction, the
packed catalyst was activated at 400 °C and 1 atm for 4 h under a gas
mixture flow (H2:N2 = 1:2). The reactor was then purged using N2 for
30 min. The following standard operating conditions were used:
400 °C, 1 atm total pressure, 0.02−0.05 g catalyst for differential

reactions (conversions typically <8%) and 0.5 g catalyst for integral
reactions (conversions typically >10%), total gas (CH4:N2 = 1:1) flow
rate 100 mL/min, and guaiacol feed rate 0.025 mL/min (liquid, at
room temperature). The feed flow rates correspond to a molar ratio of
10 between CH4 and guaiacol.

Differential/integral reactions were performed by varying packed
amount of catalysts, leading to different guaiacol/methane conver-
sions and partial pressure changes of gas-phase products. For isotopic
labeling, 13CH4 was cofed with guaiacol instead of normal 12CH4,
while products were analyzed by a mass spectrometry instrument. The
mass balance of 13C atoms was 97 ± 1%. Blank tests of AC support
with no metal loading were conducted under the standard reaction
conditions, and guaiacol conversion was less than 0.5%. Without
guaiacol, methane exhibited less that 0.2% conversion, generating H2
and trace C2H6 on Pt−Bi catalyst under the standard conditions. On
the other hand, without methane, guaiacol exhibited less that 0.05%
conversion. All experiments have carbon mass balances, including
both liquid and gas phases, of 92 ± 2%, similar to the literature.32,34,35

Unless stated otherwise, all data sets were taken at 10 min time on
stream (TOS) as initial reaction rates. More detailed description of
the experimental procedure, including materials, catalyst preparation,
characterization, and product analysis, is provided in the Supporting
Information (SI).

■ RESULTS AND DISCUSSION
Characterization Results. Five catalytic materials sup-

ported on activated carbon (AC), denoted as 5% Pt, 5% Pt−1%
Bi, 5% Pt−2.5% Bi, 5% Pt−5% Bi, and 1% Bi, were prepared,
characterized, and tested in the present study (see the
SIMaterials and Catalyst Preparation). Note that the former
two materials were also used in our prior work.22 As shown
in Table 1, all five materials exhibited high surface areas

(520−620 m2/g), pore sizes in the range 3.1−4.2 nm, and pore
volumes 0.9−2.1 cm3/g, which were consistent with our prior
report and the literature.36,37 The elemental analysis of these
materials is shown in Table 2. For fresh catalysts, both metal

(Pt and Bi) compositions were essentially consistent as
designed values, while for used catalysts, 2−4 wt % loss of
both metals was found. This unavoidable metal leaching has
been reported in the literature, although it is smaller here than
prior reported values which were for liquid phase reaction.38,39

Table 1. BET Characterization Results of Various Catalytic
Materials

catalyst
BET surface
area, m2/g

pore size,
nm

pore volume,
cm3/g

5% Pt 618 3.9 2.1
5% Pt−1% Bi 593 4.2 1.9
5% Pt−2.5% Bi 589 3.6 1.4
5% Pt−5% Bi 541 3.8 1.5
1% Bi 522 3.1 0.9
used 5% Pt 349 1.6 0.8
used 5% Pt−1% Bi 561 4.0 1.7

Table 2. ICP-AES Element Analysis of Various Catalytic
Materials

catalyst Pt % (fresh) Bi % (fresh) Pt % (used) Bi % (used)

5% Pt 4.7 4.7
5% Pt−1% Bi 4.5 0.9 4.4 0.8
5% Pt−2.5% Bi 4.9 2.3 4.8 2.3
5% Pt−5% Bi 4.8 4.7 4.6 4.5
1% Bi 0.8 0.7
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The XRD patterns of all five catalysts exhibited no significant
peaks in the range 5−90°, which is likely because of the rela-
tively high Pt metal dispersions (∼20−30%) and the amor-
phous structure of AC.36,40−42 The TEM scans of four materials
are shown in Figure S1, which indicates that metals (dark dots)
were successfully loaded on the support and metal particle size
was relatively small (typically 2−4 nm). Table 3 shows that

Pt dispersion values were in the range 20−30%, correspond-
ing to Pt particle sizes 3.1−4.2 nm (based on H2−O2 titra-
tion43), which are consistent with the data from TEM scans
(Figures S1 and S2).
Effect of Methane to Guaiacol Feed Ratio. Under

standard operating conditions in the present work as well as
our prior work,22 the molar ratio of methane to guaiacol feed is
10:1. Owing to excess methane, the contribution of methane to
reaction rate was considered as constant.29 To investigate meth-
ane feed effect, in the present section, the ratio was varied in the
range of 1 to 10. As shown in Figure 1, when the methane:guaiacol
molar feed ratio was 1, negligible guaiacol conversion was
observed, which was similar to the case without methane feed
(see the Experimental Section). While when methane/guaiacol
molar ratio was 2−4, guaiacol exhibited ∼2−25% conversion,
producing catechol (nondeoxygenated species) as the primary
component. When the ratio was in the range 6−10, guaiacol
reached essentially the same conversion (∼ 90%), producing
all three components (catechol, phenol and cyclopentanone)

with stable selectivity values. These observations indicate that
excess methane (e.g., methane:guaiacol molar ratio 6−10)
gives good deoxygenation performance for guaiacol upgrading.

Effect of Bismuth Loading. In our prior work,22 1% Bi
was added in 5% Pt, leading to the 5% Pt−1% Bi catalyst,
which exhibited stable guaiacol deoxygenation performance
using methane as reductant. To investigate bismuth addition
effect, bismuth loadings were varied in the range 1−5%. Under
standard operating conditions using methane as a reductant,
the initial (TOS = 10 min, see the Experimental Section)
liquid product compositions and guaiacol conversions over
various Pt−Bi bimetallic catalysts are shown in Figure 2a. Note
that the 1% Bi catalyst (without Pt presence) did not exhibit
any guaiacol conversion (<0.5%), thus is not shown. Over all
other four catalysts, catechol, phenol, and cyclopentanone were
detected with relatively similar product distributions (see
Figure 2a for initial, i.e., TOS = 10 min, product distribution,
and Figure S3 for stable product distributions over TOS =
0−8 h). As noted above, phenol and cyclopentanone, as valu-
able partially deoxygenated species, are the target products in
the present work. Over the 5% Pt catalyst, guaiacol conversion
was 90.1% with the lowest Pt dispersion (22%) and highest
turnover frequency (TOF) value (0.119 s−1) (see Table 3).
Guaiacol conversions over 5% Pt−1% Bi, 5% Pt−2.5% Bi, and
5% Pt−5% Bi were 78.9%, 68.0%, and 60.4%, respectively,
following a decreasing trend with more Bi addition. This is
likely in part owing to the decrease of Pt dispersion (29.3%,
24.2%, and 23.5%) as shown in Table 3. When compared to
pure Pt catalyst, Bi addition improves Pt dispersion values
(from 22% to 24−29%), while it gives lower TOF values
(0.049−0.081 s−1). This suggests that Bi addition blocks some
Pt surface atoms from functioning as active sites for guaiacol
and/or methane activation.20,44 As shown in Figure 2b as well as
in our prior work,22 the 5% Pt catalyst was deactivated in less
than 2 h TOS, although it showed the highest initial activity,
while all the other three Pt−Bi bimetallic catalysts exhibited
relatively good stability over the investigated period (TOS =
8 h).
In Figure 3a, H2 temperature-programmed desorption

(H2-TPD) profiles for various Pt−Bi catalysts demonstrate
that hydrogen adsorption/desorption decreased with Bi addition

Table 3. TEM, H2−O2 Titration, and Turnover Frequency
(TOF) of Various Catalytic Materials

particle size, nm

catalyst TEM
H2−O2
titration Pt dispersion, % TOF, s−1

5% Pt 3.4 4.2 22.0 0.119
5% Pt−1% Bi 3.0 3.9 29.3 0.078
5% Pt−2.5% Bi 2.7 3.3 24.2 0.081
5% Pt−5% Bi 2.6 3.1 23.5 0.049
1% Bi 4.3
used 5% Pt 6.1 15.2 0.009
used 5% Pt−1% Bi 4.2 27.3 0.074

Figure 1. Effect of methane to guaiacol feed ratio over the 5% Pt−1% Bi catalyst: 400 °C, 1 atm, 0.5 g catalyst, total gas flow 100 mL/min with
CH4:N2 = 1:1, guaiacol liquid feed rate 0.025 mL/min, TOS = 10 min.
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increase to the 5% Pt catalyst, corresponding to lowering Pt
active sites and suppressed coke formation.45,46 Figures 3a and
2b, taken together, show that Bi addition to Pt improves cata-
lyst stability via suppressing coke formation by blocking some
Pt surface sites. For 1% Bi catalyst, no significant hydrogen
adsorption was observed, indicating the inactive nature for the
pure Bi catalyst. These observations are consistent with the
above discussion on the basis of Figure 2a and b. In Figure 3b,
temperature-programmed surface reaction (TPSR) profiles show
that, below 300 °C, guaiacol and methane cannot be efficiently
activated, owing to the chemical stability of methane and guaiacol
molecules. Between ca. 300 to 450 °C, methane was consumed,
producing both CO and C2H6 in the gas phase. From ca.
450 to 550 °C, methane conversion along with CO and C2H6

yields continued to increase, while the yield of liquid products
decreased, as reported in our prior study.22 In addition, similar
CH4-TPD experiments were carried out. Note that in the TPD
procedure (see the SI−Catalyst Characterization), gas adsorp-
tion is first performed at room temperature (20 °C), followed

by desorption under programmed temperature. It was found
that no notable CH4 adsorption occurred at room temperature.
This indicates that CH4 does not adsorb over Pt or Pt−Bi
catalysts at room temperature. Thus the CH4-TPD profile is
not shown in the present work.
BET and H2−O2 titration measurements were also performed

for used 5% Pt and 5% Pt−1% Bi catalysts, and the results are
shown in Tables 1 and 3, respectively. As compared with fresh
catalysts, the surface area, pore size, pore volume, metal dis-
persion, and TOF values of used 5% Pt decreased, while its
particle size (determined by H2−O2 titration) increased, indi-
cating metal particle sintering. On the other hand, for the 5%
Pt−1% Bi catalyst, all of these values, including particle size,
were not changed significantly. In addition, Figure S4a and b
shows temperature-programmed oxidation (TPO) profiles for
used 5% Pt and 5% Pt−1% Bi catalysts, respectively. Initial
oxidation of used 5% Pt started at ca. 320 °C, followed by two
large peaks at 450 and 550 °C and a smaller peak at 580 °C
(also see Table S1). For used 5% Pt−1% Bi, however, only

Figure 2. Effect of bismuth loading for (a) liquid product selectivity at TOS = 10 min and (b) catalyst stability within TOS = 8 h: 400 °C, 1 atm,
0.5 g catalyst, total gas flow 100 mL/min with CH4:N2 = 1:1, guaiacol liquid feed rate 0.025 mL/min.

Figure 3. Temperature-programmed investigations: (a) H2 desorption (H2-TPD) from different Pt−Bi catalysts and (b) surface reaction (TPSR)
profiles over the 5% Pt−1% Bi catalyst.
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two distinguished peaks at 440 and 560 °C were identified.
By integrating curves in Figure S4, accumulated coke amounts
were obtained and are listed in Table S1. The used 5% Pt−1%
Bi contained much less coke (40 mg/gcat) than the used 5% Pt
(546 mg/gcat), which is considered as the key factor for better
stability as shown in Figure 2b. The TPO profiles suggest that
by adding Bi to Pt catalysts, coke formation was suppressed
when methane was used as a reductant for guaiacol deoxygen-
ation reaction,23 although guaiacol conversion was decreased
slightly, likely owing to the less active nature of Pt−Bi as compared
to pure Pt catalysts.46

Carbon Source of Gas-Phase Products: Isotopic Label-
ing for Ethane and CO Formation Pathways. As pro-
posed in our prior works,22,29 reaction pathways in Figure 4

describe the network of guaiacol deoxygenation, while the car-
bon source (i.e., guaiacol and/or methane) of gas-phase prod-
ucts (i.e., ethane and CO) remains unclear. Note that steps
R1−R5 in Figure 4 are not proposed as elementary reactions.
All experiments for this figure were carried out under the same
feed flow rates of both methane and guaiacol, while the packed
amounts of catalyst were varied. Both differential/integral
reactions were carried out via packing different amounts of
catalyst, and isotope labeling experiments were also conducted.
Differential Reactions. To study the carbon source of gas-

phase products, it is important to analyze steps R1−R5 in
Figure 4 individually. Under integral operating conditions (e.g.,
guaiacol conversion >10%), however, all five steps (R1−R5)
become significant, making it difficult to investigate individual
steps. For this reason, differential operating conditions (guaiacol
conversion less than 8%) were first applied. As noted in our prior
work,29 when using guaiacol as the feed under differential
operating conditions, catechol is the only detectable product in
the liquid phase, i.e. only step R1 in Figure 4 prevails while
steps R3 and R4 are negligible. In this case, steps R2 and R5

are also negligible owing low concentration of catechol, the
reactant for these two steps. This is likely due to lower reaction
rates,29 hence lower yields (smaller than 6−8%) of steps R3
and R4, as compared to step R1. Instead of guaiacol, when
catechol is used as feed, also under differential conditions, both
phenol and cyclopentanone (corresponding to steps R2 and
R5) exist in the liquid products. Therefore, by using differential
operating conditions, steps R1 and R2/R5 can be investigated
separately.
As discussed above, to investigate step R1, guaiacol and

methane were cofed under differential operating conditions
over the 5% Pt−1% Bi catalyst and various methane conver-
sion and gas-phase product (ethane and CO) yield values were
obtained by varying catalyst packing weights. The partial
pressure changes of methane and gas-phase products are plotted
and correlated in Figure 5, where, as shown in part a, only one
product (ethane) was found in the gas phase. The linear fit of
methane and ethane partial pressure changes gives slope =
−0.91, as defined by eq 1 below, which indicates that, in
general, 1 mol C2H6 is formed when 1 mol CH4 is consumed.

=
Δ
Δ

k
P

P
C H

CH

2 6

4 (1)

Further, isotope labeling experiments revealed that
12CH3−13CH3 accounted for 98.93% of formed ethane
(1.05% 13CH3−13CH3 and negligible 12CH3−12CH3). The
above experimental observations clearly demonstrate that
when step R1 in Figure 4 occurs, ethane is formed from a
methane molecule combining with a methyl from guaiacol.
To investigate step R2 and R5, catechol and methane were

cofed under differential operating conditions over the 5%
Pt−1% Bi catalyst. Figure 5b was obtained by varying catalyst
packing weights, similar to Figure 5a. It appears that both
ethane and CO were produced by steps R2 and R5, which is
consistent with the pathways presented in Figure 4. The partial
pressure changes of both ethane and CO correlated well with
methane partial pressure change, resulting in slopes −0.44 and
−0.21, respectively. This implies that when steps R2 and R5
occurs simultaneously, when one mole ethane is formed, approxi-
mately 2 mol methane are consumed. Isotope labeling
experiments additionally show that almost all formed ethane is
13CH3−13CH3 (>99.5%), indicating methane coupling. Since
no 13CO (less than 0.01%) was detected, it appears that all CO
was from catechol decomposition, which has been noted pre-
viously.47 Note that the difference of slope values in Figure 5b
likely owes to different rates of steps R2 and R5, since only
step R5 produced CO, while both steps generated ethane.

Integral Reaction. To understand the origin of ethane when
guaiacol conversion was greater than 10%, integral operat-
ing conditions were applied. By varying packed catalyst mass in a
wider range, up to 90% guaiacol conversion was reached. Similar
to Figure 5, partial pressure changes, in broader ranges, of gas-
phase products and methane over the 5% Pt−1% Bi catalyst
are plotted and correlated in Figure 6. It appears that the ratio
of ethane formation to methane consumption is 0.86, close to
the stoichiometric coefficient of step R1, indicating that
step R1 dominates when all five steps (R1−R5) occur simulta-
neously. The ratio of CO formation to methane consumption
is 0.22, which is associated with reaction rates of steps R4 and
R5. This slope is similar to that in Figure 5b, indicating
that even under integral reaction conditions for guaiacol,
steps R4 and R5 occur essentially as differential reactions.

Figure 4. Reaction pathways for guaiacol deoxygenation network
using methane.
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13CH4 isotopic labeling experiments were also carried out
under integral operating conditions over the 5% Pt−1% Bi as
well as other catalysts. As shown in Table 4, Bi addition does
not significantly affect isotopic distributions of ethane and CO.
Over all four catalysts, both 12CH3−13CH3 (about 75−80%)

and 13CH3−13CH3 (about 20−25%) were detected in the gas
phase by mass spectra, while 12CH3−12CH3 was negligible
(<0.02%). Regarding CO, negligible 13CO was detected, imply-
ing that the CO product was essentially from guaiacol, including
intermediates from it such as catechol, and not methane. The
liquid products were also analyzed by GC-MS, and it was
found that 13C was not present in any liquid product, thus
methane was involved only in forming gas phase products.
In addition, the mass balance of 13C atoms was 97 ± 1%, indi-
cating reliable carbon source analysis.
These experimental observations suggest that ethane is

formed partially from methane coupling (20−25%), resulting
in 13CH3−13CH3, and partially from one methane molecule
combining with methyl from guaiacol (75−80%), leading to
12CH3−13CH3. As shown in Figure S5, under nonoxidative
conditions, methane coupling to ethane is thermodynamically
unfavorable (methane equilibrium conversion <1% when tem-
perature <500 °C).20 When guaiacol, an oxygenated hydro-
carbon, is cofed with methane, steps R1−R4 in Figure 4 are
thermodynamically favorable (methane equilibrium conversion
∼100%) in the temperature range 100−800 °C, while step R5
is also thermodynamically favorable at operating temperature
400 °C (methane equilibrium conversion ∼70%). The thermo-
dynamic analysis suggests that guaiacol works as a soft oxidant
(see the SIDefinition of Soft Oxidant) for oxidative coupling
of methane (OCM).48−50

■ CONCLUDING REMARKS
Following our prior works, related to the development of CH4
as reductant instead of hydrogen for bio-oil model compound
guaiacol deoxygenation, a mechanistic study over various
Pt−Bi bimetallic catalysts was carried out, focusing on effects

Figure 5. Correlation of methane and gas-phase product partial pressure changes under differential operating conditions over the 5% Pt and 1% Bi
catalyst for (a) step R1 (guaiacol to catechol) and (b) steps R2 (catechol to phenol) and R5 (catechol to cyclopentanone). Different methane
conversion values, corresponding to different methane and ethane/CO partial pressure changes, were obtained by varying amounts of packed
catalyst, while keeping the same feed flow rates/partial pressures of both guaiacol and methane.

Figure 6. Correlation of methane and gas-phase product partial
pressure changes under integral operating conditions over the 5% Pt
and 1% Bi catalyst. All five steps (R1−R5) in Figure 4 are continued.
Different methane conversion values, corresponding to different
methane and ethane/CO partial pressure changes, were obtained by
varying amounts of packed catalyst, while keeping the same feed flow
rates/partial pressures of both guaiacol and methane.

Table 4. Distribution of Ethane and CO Products (mol %) in Integral Reactions (Steps R1−R5)

ethane CO

catalyst 12CH3−12CH3
12CH3−13CH3

13CH3−13CH3
12CO 13CO

5% Pt 0.0001 0.7721 0.2278 0.9912 0.0088
5% Pt−1% Bi 0.0001 0.7656 0.2343 0.9834 0.0166
5% Pt−2.5% Bi 0.0001 0.7924 0.2075 0.9897 0.0103
5% Pt−5% Bi 0.0002 0.8094 0.1904 0.9909 0.0091
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of methane/guaiacol feed ratio, Bi loading and the origin of
carbon atom source in the gas-phase products: ethane and CO.
It was found that excess methane feed favors high guaiacol con-
version, and Bi loading amount does not significantly affect
product distribution of guaiacol deoxygenation, although Bi
addition improves catalyst stability via functioning as site blocker
over Pt surface. Utilizing differential and integral reaction obser-
vations, isotopic labeling tests reveal that the coproduced ethane
is formed from two sources: coupling of two methane molecules
(20−25%) facilitated by guaiacol as soft oxidant and a methane
molecule combining with a methyl from guaiacol (75−80%),
while all CO is formed from guaiacol. The present work provides
priciples for operating condition selection and catalyst design for
a potential industrial technique that coproduces upgraded bio-
oil and ethane, which are derived from lignin fast pyrolysis and
shale/natural gas via methane utilization, respectively.
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