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The upgrading of the petroleum cracking distillates using cheap methane rather than naturally unavail-
able hydrogen is an economically attractive process. This work clearly demonstrates the feasibility of
methanotreating by directly using methane over zeolite-supported catalyst to convert olefins. The intro-
duction of methane decreases the fraction of olefins and increases the fraction of paraffins in the liquid
products obtained from the reaction using 1-decene as the olefin model compound when Ag-Ga/ZSM-5 is
charged. It also improves the quality of liquid product in terms of higher H/C atomic ratio, higher heating
value and lower bromine number. The interaction between olefins and methane on the surface of the cat-
alyst is evidenced by DRIFT spectroscopy. When propylene is used as the olefin model compound, the
shift of the peaks due to the interaction between adsorbed propylene species and catalyst surface as well
as the generation of new peaks after the introduction of methane are observed. When 1-decene is used as
the model compound, the suppressed intensity of —C=C— signal and enhanced alkane C—H bending peak
intensity when CH, is present indicate the conversion of olefins into paraffins. The improved particle dis-
persion of the charged catalyst upon the reaction under CH4 environment is also noticed from the TEM
images, which might be closely related to its better olefin upgrading performance. The outcomes from
this study might create an alternative route for cracked distillates upgrading and provide a positive
attempt for more valuable methane utilization.
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1. Introduction

As the reserves of conventional petroleum cannot meet the fast
increasing energy demand of human societies, non-conventional
petroleum is drawing attention. Among the non-conventional pet-
roleum sources, heavy oil could contribute a larger portion of pet-
roleum consumption in the future due to its large reserves. For
example, the remaining proven reserves of heavy oil in Canada
are 165 billion barrels by the end of 2015 [1]. In 2015, the heavy
oil production in Canada were 2.5 million barrels per day [1].
Heavy oil was formed from conventional oil, degraded by bacteria
upon the migration towards the surface region. Some light hydro-
carbons were consumed during the biological reaction process. As
a result, bitumen is deficient in hydrogen and has high carbon con-
tent. Another obstacle faced by the utilization of heavy oil is its
high viscosity, impeding its transportation to existing refineries,
especially through pipelines [2,3]. Thermal cracking is widely
employed to lower the viscosity of bitumen by breaking down
the long carbon chain and complicated polycyclic molecular struc-
ture of heavy oil at high temperatures. According to the statistics
released by the US Energy Information Administration, the thermal
cracking capacity of the refineries in US is 3.0 million barrels per
day in January, 2015 [4]. However, such treatment results in higher
content of olefins which will create implementation issues such as
carbon deposition during storage and transportation, incomplete
combustion and generate negative environmental impacts such
as photochemical smog and toxic dienes [5,6]. Olefins contained
in the produced oil are oxidatively and thermally unstable and
may gradually form polymeric deposit during storage [5]. Carbona-
ceous gum formation on the fuel injector and in the engine’s intake
system will lead to gasoline insufficient combustion, resulting in
increased hazardous emissions such as CO, hydrocarbon, and
NO,. Moreover, these olefinic hydrocarbons may also contribute
to photochemical reactions in the atmosphere, resulting in the for-
mation of photochemical smog in susceptible urban areas. Olefins
in the atmosphere can contribute to ozone formation and toxic
dienes [6]. Thus, the olefins produced in the thermal cracking pro-
cesses must be eliminated before the product can be sent to down-
stream refineries.

Hydrotreating is commonly practiced in petroleum industry to
convert the olefins into saturated species, while hydrodesulfuriza-
tion, hydrodenitrogenation, hydrodeoxydation and hydrodemetal-
lization take place simultaneously in the presence of catalysts and
substantial hydrogen supply [7]. According to the statistics
released by US Energy Information Administration, the catalytic
hydrotreating capacity in US is as large as 17.3 million barrels
per day in January, 2015 [8]. However, hydrotreating process con-
sumes expensive hydrogen, which is mainly obtained from the
reforming of natural gas. The reforming of natural gas is a highly
endothermic reaction and often requires high operating tempera-
tures (>800°C) and pressures (1.5-3.0 MPa) [9,10]. Besides the
large amount of energy input, the reforming process also emits
CO, when carbon is rejected from natural gas. If natural gas,
including its recently largely discovered form (shale gas), can be
directly used as the reducing agent under mild pressure, the cap-
ital and operation cost for the upgrading process would be reduced
significantly. At the same time, the CO, emissions from steam
reforming process will be avoided as carbon is incorporated into
the upgraded oil rather than rejected as CO,, thus effectively
reducing the greenhouse gas contributions from petroleum indus-
tries. In 2015, the price of natural gas in US is averaged US $2.77
per million British thermal units (MBTU), while that of West Texas
Intermediate (WTI) light sweet crude oil is averaged US $48.79 per
barrel, which is equivalent to US $8.79 per MBTU [1]. Therefore,
the incorporation of methane, the principal component of natural

gas, into the synthetic oil molecules not only enhances the produc-
tivity of the product oil, but also converts the low cost methane
into high value added commodities, making the process more
profitable. Another disadvantage of the hydrotreating process is
the high operating pressure, which is typically 70-140 atm and
even higher than 200 atm [11,12], resulting in a high operating
cost. If the upgrading under CH, atmosphere (methanotreating)
could be achieved at a lowered pressure, the cost of this process
would again be reduced since the pressure tolerance standard
of the fabrication materials and connections of the reaction
units is less strict as well as reduced energy consumption on gas
compression.

In order to make the aforementioned methanotreating reactions
taking place, a specially tailored catalyst system should be devel-
oped. Methane is the most inert hydrocarbon molecules due to
the high C—H bond energy of 435 kJ/mol, which is the highest
among all hydrocarbons, as well as the large energy gap between
the highest occupied molecular orbital and lowest unoccupied
molecular orbital (HOMO-LUMO) [13]. Correspondingly, the effec-
tive activation and direct conversion of methane into more com-
mercially useful chemicals and liquid fuels represent a great
challenge for the entire catalysis field. There are two main
approaches for the activation and conversion of methane. The first
one is to produce ethane and ethylene through the oxidative cou-
pling of methane (OCM), which involves the presence of oxidants
to make the reaction more thermodynamically favored. This
approach, however, needs to improve the conversion and selectiv-
ity to meet the criteria of the industry application [13]. The other
approach is to convert methane into higher hydrocarbons under
non-oxidative environment. Many catalyst systems have been
reported over the past three decades. Among them, zeolite sup-
ported molybdenum catalyst system demonstrates the most
promising activity. Even though, less than 10% methane conversion
is observed when the temperature is higher than 700 °C with major
products in aromatics. The high reaction temperature and low con-
version dent its commercial potential.

Choudhary et al. [14] showed that methane can be effectively
converted into higher hydrocarbons and aromatics in the pres-
ence of alkenes and/or higher alkanes at low temperatures
(400-600°C) over H-galloaluminosilicate ZSM-5 type zeolite
under non-oxidizing condition at atmospheric pressure. A series
of related research work also demonstrates that the conversion
of methane will be significantly enhanced when methane was
co-fed with hydrocarbons, such as ethane, propane, pentane, hex-
ane, light gasoline, liquefied petroleum gas, and even oxygenated
hydrocarbons like methanol [15-22]. Baba et al. [23] noticed that
Ag[ZSM-5 could effectively activate methane at 400 °C, and this
process was assisted by the presence of C,H4. Gabrienko et al.
[24] utilized solid-state NMR (SSNMR) to study the catalytic
methane activation mechanism over Ag/ZSM-5. The SSNMR study
confirmed that the cleavage of the C—H bond in methane takes
place through the “carbenium” pathway, indicating that the CHs
species was positively charged, to form methoxy groups. These
results shed light on the olefin elimination using methane as
the hydrogen source, because various alkanes and alkenes are
generated during the olefin upgrading, which can act as promot-
ers for methane activation. Under this condition, with specially
tailored catalyst system, the methane molecules can be cleaved
into Hy and CH,, and the following engagement of these species
into the unsaturated bonds would contribute to the elimination
of olefins.

This paper thus studies the feasibility of olefin reduction under
methane environment over Ag-Ga/ZSM-5 catalyst using 1-decene
as the model compound to simulate the cracked distillates formed
from heavy oil thermal cracking.
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2. Experimental
2.1. Synthesis of the catalysts

NH,4-ZSM-5 with a SiO,/Al,03 ratio of 23:1 has been obtained
from Zeolyst. The zeolite will be converted into H-ZSM-5 through
calcination at 600 °C in ambient air for 5 h. The metal-modified
HZSM-5 was prepared by incipient wetness impregnation method.
0.13 g AgNOs (Alfa Aesar, 99.9%) and 3.0 g Ga(NOs3)3-xH,0 (99.9%,
Alfa Aesar) were dissolved into 8 g deionized (DI) water to form
the aqueous solution of the metal precursors, which was then
impregnated to H-ZSM-5 for preparing 1%Ag-10%Ga/ZSM-5. The
obtained wet powder was dried in the oven at 92 °C overnight,
followed by calcination at 600 °C for 3 h in ambient air.

2.2. Catalytic performance evaluation

The olefin upgrading reaction was carried out in a 300 mL batch
reactor manufactured by Parr Instrument that could tolerate high
temperature up to 500 °C and high pressure up to 140 bar. In a typ-
ical run, 30 g 1-decene (Alfa Aesar, 96%) and 0.3 g Ag-Ga/ZSM-5
were put into the reactor, which was then filled with 1.0 MPa
CH,4 after first purging with CH,. The reactor was heated to and
held at 350 °C, 375 °C, or 400 °C for 1 h under mechanical agitation.
The control group reactions were carried out under 1.0 MPa N, or
H, environment in a similar matter. After the reactor was cooled to
room temperature, the liquid product was recovered by filtration
to remove solid materials. The liquid yield was calculated by the
weight change of the reactor with the liquid feedstock and with
the liquid product.

The CHNS elementary analysis of the liquid product was carried
out using an Elemental Analyzer (Perkin Elmer 2400 Series) in
order to determine the weight percentage of C and H in the liquid
samples. The atomic ratio of H to C was calculated from the corre-
sponding weigh percentages.

The gas products were analyzed by an on-line four-channel
micro-GC (490, Agilent) equipped with thermal conductivity
detectors, which can precisely analyze Hj, O,, N, CHy, and CO in
the first channel equipped with a 10 m molecular sieve 5A column;
CO,, C3H,, CoHy, and CyHg in the second channel installed with a
10 m PPU column; and C3—Cg and C3——Cs— in the third and fourth
channels charged with a 10 m alumina column and a 8 m CP-Sil 5
CB column, respectively. Ar and He are the carrier gases for the first
and other three channels, respectively. The carbon and hydrogen
balances counting the gas and liquid products were conducted
after each run with measured closures of 0.98-1.01 and 0.99-
1.05, respectively.

The heating value of the liquid product was determined by
an oxygen bomb calorimeter (Parr 6100 Compensated Jacket
Calorimeter). The measurement was carried out at room
temperature.

The Br number of liquid sample produced from each run was
determined using a Metrohm 848 Titrino Plus titrator with Br
number test accessories through averaging the results collected
from at least three independent measurements.

2.3. Catalyst characterization

The Transmission Electron Microscopy (TEM) spectra were
acquired on a Philips Tecnai TF-20 TEM instrument operated at
200 kV. An X-ray analyzer for Energy-Dispersive X-ray (EDX) spec-
troscopy is incorporated into the instrument for elemental analysis
under STEM mode for improving image contrast between C and Ag
phases. The sample was first dispersed in ethanol and supported on

honey carbon on a 200 mesh Cu grid before the TEM images were
recorded.

The crystalline phase compositions of prepared catalysts were
examined by X-ray diffraction on a Rigaku Multiflex diffractometer
with Cu Ko irradiation at a voltage of 20 kV and current of 40 mA in
the 26 of 5-50°.

The Paraffins-Olefins-Naphthenes-Aromatics (PONA) composi-
tion of the liquid samples were analyzed according to ASTM
D6729 - standard test method for determination of individual
component in spark ignition engine by 100 m capillary high reso-
lution gas chromatography (GC). Representative samples of the
petroleum liquid are introduced into a gas chromatograph
equipped with an open tubular (capillary) column coated with
the specified stationary phase. Helium carrier gas transports the
vaporized sample through the column, in which it is partitioned
into individual components which are sensed with a flame ioniza-
tion detector (FID) as they elute from the end of the column. The
detector signal is recorded digitally by way of an integrator or inte-
grating computer. Each eluting component is identified by compar-
ing its retention time to that established by analyzing reference
standards or samples under identical conditions. The concentration
of each component in mass percent is determined by normaliza-
tion of the peak areas after correction of selected components with
detector response factors. The unknown components are reported
separately and as a summary total.

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra
were acquired by Thermo Scientific Nicolet iS50 equipped with
environmental chamber and liquid-nitrogen cooled mercury-cad
mium-telluride (MCT) detector. The gas inlet of a multifunctional
reactor system is employed for the gas introduction to DRIFTS
via Fluorinated Ethylene Propylene (FEP) tubing (Thermo Scientific,
tubing 890 FEP, 8050-0125). The connection between the FEP tub-
ing and the environmental chamber is accomplished through a
short tubing with an inside diameter of 1/4 in. The gas inlet is also
connected to a bubbler for liquid feedstock introduction using two
three-way valves. Inlet gas could pass through the liquid sample
before entering the chamber.

First, the control group DRIFT spectra were acquired at 512
scans per spectrum with a resolution of 4 cm™!. The catalyst was
heated to 600 °C and held for 30 min under 30 standard cubic cen-
timeters per minute (sccm) N, to remove the impurities which
might be adsorbed on the catalyst surface during storage. When
the catalyst was cooled down to 25 °C the background spectrum
was collected. Then the catalyst was heated up to 100 °C, 200 °C,
300 °C, 400 °C, 500 °C and 600 °C, respectively, and the background
spectrum at each corresponding temperature was collected. When
the catalyst was again cooled to 25 °C under N, environment after
background collections, a 30 sccm propylene flow was introduced
to the environmental chamber. When 1-decene instead of propy-
lene was used as the olefin feedstock in this step, a N, flow was
sent into a bubbler filled with liquid feedstock and kept for
10 min in order to introduce liquid feedstock into the environmen-
tal chamber as vapor phase. After that, the gas flow was switched
back to 30 sccm pure N, through bypassing the bubbler. The cata-
lyst was held at 25 °C for 25 min before collecting sample DRIFTS
spectrum under Kubelka-Munk mode. This step was repeated at
100 °C, 200 °C, 300 °C, 400 °C, 500°C and 600 °C, respectively.
Then, the DRIFT spectra when CH, was present were acquired.
The collection of background spectra followed the same procedure.
After reactive gas introduction, the gas flow was changed to
30 sccm CH4 for 10 min followed by 30 sccm N, for 15 min before
collecting DRIFT spectrum. This step was again repeated at 100 °C,
200 °C, 300 °C, 400 °C, 500 °C and 600 °C, respectively, to evaluate
the influence of methane presence. The spectra without the intro-
duction of C3Hg or 1-decene under CH, environment are acquired
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in a similar manner by skipping the step of introducing the olefin
feedstock.

The surface acidity of the catalyst was also investigated by
DRIFT spectroscopy of adsorbed pyridine during temperature pro-
grammed desorption (TPD). The catalyst sample was put in the
environmental chamber under 30 sccm N, flow. It was pretreated
at 600 °C for 30 min before collecting background spectra at 25,
100, 150, 200, 250, 300, 350, 400, 450 and 500 °C, respectively.
After the chamber is cooled to 25 °C, pyridine was introduced to
the sample by N, flow in a similar manner as the aforementioned
way for 1-decene introduction. The spectra were recorded in an
absorbance mode upon stabilization for 30 min at each tempera-
ture under 30 sccm Ns.

An X-ray photoelectron spectroscopy (XPS) study for the fresh
and spent catalysts was carried out on a PHI Versa Probe 5000
spectrometer. The XPS spectra were taken using a monochromatic
Al source (1486.6eV) at 50 W and beam diameter of 200.0 pm
with a takeoff angle of 45°. A stainless steel sample holder was
used. The samples were pressed on a double sided tape, and spec-
tra were taken with double neutralization. Survey scans were per-
formed to identify all the elements within the sample, followed by
more detailed regional scans for Ag 3d, Ga 2p, C 1s, and O 1s orbi-
tals in order to achieve the high resolution XPS spectra for these
elements of interest. A controlled-atmosphere transfer chamber
was used for transferring the sample to the XPS instrument with-
out exposure to atmosphere. The binding energies were reported
relative to C 1s at ~284.8 eV.

3. Results and discussions
3.1. Catalytic performance test

1-Decene is chosen as the model compound in this study to
mimic the composition of cracked distillates produced by thermal
cracking of heavy oil based on a compositional analysis provided
by our sponsor (data not shown due to confidential reasons). The
H/C atomic ratio of the liquid products obtained at reaction tem-
peratures of 350, 375 and 400 °C under N, and CH4 environments
are displayed in Fig. 1. The detailed data are also summarised in
Table 1. Compared with N, atmosphere, the liquid product has a
higher H/C atomic ratio under CH4 environment, indicating that
more H is engaged into the product molecules when CHy is present.
When the reaction temperature is 350 °C, the H/C ratio of the liquid
product under CH,4 environment is 2.02, while the H/C atomic ratio
of the feedstock, 1-decene, is 2.00. The increased H/C atomic ratio
indicates the saturation of —C=C— bonds and that some H is added
into the product molecules.
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Fig. 1. H/C atomic ratio of the liquid products obtained over Ag-Ga/ZSM-5 at 350,
375 and 400 °C under N, and CH,4 environment.
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Table 1

Liquid products obtained over Ag-Ga/ZSM-5 under variable conditions.”
Temperature Gas H/C CHy4 Bromine Heating Liquid
(°C) conversion (%) number value yield

(g/100g Br)° (MJ/kg)® (%)°

350 CH, 2.02 1.7 127 46.3 97.2
350 N, 196 - 128 46.1 95.7
375 CH, 2.00 1.8 111 45.9 94.1
375 N, 192 - 115 45.6 92.2
400 CH; 199 20 111 45.7 90.7
400 N, 193 - 113 44.8 93.2

2 Reaction pressure is 1.0 MPa, reaction time is 60 min.
b Error ranges of H/C, CH4 conversion, bromine number, heating value and liquid
yield are 0.01, 0.3, 1, 0.1 and 0.5, respectively.

It is also noticed that as the temperature is increased from
350 °C to 400 °C, the H/C atomic ratio decreases. There are possibly
two competing processes proceeding simultaneously during the
reaction. On one side, methane is activated by the charged catalyst
to carry out the aforementioned methanotreating reaction. Upon
methane cleavage, the formed Hy and C4_, moieties can be
engaged into the olefins and saturate the —C=C— bonds, resulting
in an increased H/C atomic ratio. On the other side, the ZSM-5
based catalyst catalyzes the dehydrogenation cracking, cyclization
and aromatization of the hydrocarbon molecules, resulting in a
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Fig. 2. Heating value of the liquid products obtained over Ag-Ga/ZSM-5 at 350, 375
and 400 °C under N, and CH4 environment.
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Fig. 3. Bromine number of the liquid products obtained over Ag-Ga/ZSM-5 at 350,
375 and 400 °C under N, and CH,4 environment.
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lower H/C atomic ratio of the products. The final H/C atomic ratio
of the formed liquid product is jointly determined by both pro-
cesses. A higher temperature witnesses a lower H/C atomic ratio,
indicating that the cracking and aromatization reactions play a
more prominent role at higher temperature. A similar trend is also
observed from the heating value measurement. Hydrocarbons with
higher H content tends to have a higher heating value while a high
C content would draw back the energy density on the basis of mass
[25]. As shown in Fig. 2 (data also tabulated in Table 1), the heating
values of the liquid products obtained under CH4 atmosphere are
higher than those collected under N, atmosphere. Again, higher
heat values of the liquid products are observed at lower tempera-
tures, where their H/C atomic ratios are also higher as evidenced in
Fig. 1.

Olefins

“Aromatics

Composition/%

N, H, CH,

Fig. 4. The molar percentage of paraffins, olefins, naphthenes and aromatics in
liquid products obtained over Ag-Ga/ZSM-5 under N, H, and CH4 environment at
400 °C.

Table 2
The molar percentage of paraffins, olefins, naphthenes and aromatics in liquid
products collected over Ag-Ga/ZSM-5 at 400 °C.

Gas Paraffins® Olefins® Naphthenes® Aromatics®
N, 26.5 489 10.1 6.7
H, 23.9 50.9 5.8 6.3
CH, 30.5 478 74 6.4
@ Error range: +0.1.
(a) o 3016.0;:CH,(g)
—CH, ' 600 °C (X 500
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‘» i
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The bromine number values of these liquid products are dis-
played in Fig. 3 and Table 1. Compared to that of its N, counterpart,
the decreased bromine number under CH4 environment demon-
strates that more unsaturated —C=C— bonds from the 1-decene
feedstock are converted when both Ag-Ga/ZSM-5 and CH, are pre-
sent. Also, as the temperature increases, the bromine number gets
notably reduced, probably due to the enhanced methanotreating
reaction as well as the aforementioned aromatization process.

In order to study the catalytic olefin saturation effect due to
methane presence, the liquid samples obtained at 400 °C, where
the contribution of methanotreating reaction should be the most
significant among all the temperatures tested, were analyzed using
GC-FID for composition quantification in the sample. More than
500 species are present in each liquid sample. They are categorised
into four groups, i.e. paraffins, olefins, naphthenes and aromatics.
The molar percentages of the four groups in liquid products
obtained using Ag-Ga/ZSM-5 under N,, H, and CH4 environment
at 400 °C are demonstrated in Fig. 4 and Table 2. The presence of
CH,4 with the catalyst results in the lowest olefin content along
with the highest paraffin content, indicating that olefins prefers
to be converted into paraffins during the catalytic methanotreating
process. It is also worth noting that compared with N,, when CHy is
present in the reaction at 400 °C, the mole percentage of the prod-
ucts of Cy;-C;s is increased from 5.44 to 6.17%. The fraction
increase of the long carbon chain products might imply the partic-
ipation of methane during the olefin upgrading reaction, and its
incorporation into the carbon chains of the product oil.

3.2. Mechanistic studies

To better understand the methanotreating process, DRIFT spec-
tra were acquired to unveil the role played by the olefin species as
well as methane on the surface of the charged catalyst. First,
propylene is used as the olefin model compound to probe the role
played by the olefin and methane on the catalyst surface. Propy-
lene is chosen as the model compound not only due to its simple
molecular structure for easier data interpretation, but also because
it contains a —C=C— double bond together with a methyl group in
its structure, which could mimic the function group of olefins pre-
sent in the cracked distillates. Upon the adsorption of propylene,
the pattern due to C—H stretch is observed in Fig. 5a at higher
wavenumber range. It is clearly noticed that when CH, is present,
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Fig. 5. DRIFT spectra acquired at higher wavenumber range upon propylene adsorption over Ag-Ga/ZSM-5 under CH4 and N, atmosphere at various temperature (a), 200 °C
(b) and 300 °C (c). Spectra acquired without C3Hg under CH, are displayed by the green curves. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)



582 P. He et al./Fuel 182 (2016) 577-587

the peak intensity is higher than that of its N, counterpart, indicat-
ing that some CH, is adsorbed on the surface, leading to the
increased concentration of C—H bond. As the temperature gets
higher, the peak intensity decays faster when CH, is present. A
plausible explanation for this observation is that the product
formed from the reaction taking place between the adsorbed
propylene surface species and methane is desorbed from the cata-
lyst surface more easily compared to the adsorbed surface reac-
tants, which might be due to the reduced binding force between
them upon the saturation of the —C=C— bonds. The interaction
between CH,4 and propylene surface species is also demonstrated
by the shift of the peak as well as the presence of new peaks when
CH, is present. At 200 °C, the peak at 2954 cm™' is shifted to
2956 cm~! upon CH, introduction while the other two peaks
remain the same (Fig. 5b). At this stage, the interaction between
C3Hg and CH4 cannot be clearly observed on the spectra. At
300 °C, the peak shift is more significant (Fig. 5c), indicating the
formation of new species. A new peak at 2916 cm™! is observed
on the spectrum when CHy is present. Knozinger et al. [26] pointed
out that the interactions between CH,4 and coordinatively unsatu-
rated cations via polarization of C—H bonds can lead to symmetry
reductions of methane molecules, activating its IR-forbidden vibra-
tional modes. Among them is the symmetric stretching of methane
at 2914 cm™!. The new peak at 2916 cm™! could origin from this
vibration and exhibits a small shift from the expected position
probably due to the interaction between CH,4 and the surface spe-
cies including propylene surface species as well as the catalytic
sites on the surface of the catalyst. Similarly, the peak due to
antisymmetric stretching of CH, in free gas phase at 3020 cm™!
is also shifted to 3016 cm™! (Fig. 5a) possibly as a result of the
interaction between CH, and the surface species [26]. When only
CH, is introduced to the catalyst, no significant peaks are observed
(Fig. 5b and c, green curves), suggesting that these aforementioned
peak shifts and formation are due to the synergetic effect between
C3Hg and CH,4 upon charging the suitable catalyst.

When propylene is introduced to the catalyst, a negative peak at
1380 cm™! is observed at lower wavenumber range (Fig. 6a). This
peak is assigned to the suppressed bending mode of the OH.--O
groups in the zeolite framework as the adsorbed organic molecules
bind with the —OH groups as well as the oxygen atoms exposed on
the surface of the charged catalyst [27]. The peak locating at
1320 cm™' might be due to the C—O bond formation during such
interactions. It is also noticed that when CH, is present, the inten-
sity of these peaks decays at a faster pace (Fig. 6a and b), which
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might be because the products formed by the reaction between
CH4 and the surface species has a weakened interaction with the
catalyst. When the temperature is raised to 600 °C, the intensity
of the remaining peaks, which should be due to coke formation,
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Fig. 7. DRIFT spectra acquired upon 1-decene adsorption over Ag-Ga/ZSM-5 under
CH,4 and N, atmosphere at various temperature (a), and two regions (b, c). Spectra
acquired without 1-decene under CH, are displayed by the green curves. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 9. TEM images of Ag-Ga/ZSM-5 (a, ¢, d) and the corresponding EDX spectra (b) acquired at the corresponding areas in (a).

is lower when CH,4 is present. This phenomenon implies that increased catalyst lifetime and therefore benefiting the potential
methane presence facilitates the coke formation minimization industrial application of the methanotreating process for olefin
probably due to the enhanced H supply, thus leading to the reduction.
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Besides propylene, 1-decene, which is the feedstock for catalytic
performance evaluation of this study, is also used as the olefin
model compound for the DRIFT study. When the spectra collected
when only CHy is introduced to the catalyst are referred, no recog-
nizable peaks are observed (Fig. 7a and b, green curves). Neverthe-
less, when CHy is introduced after the introduction of 1-decene, the
peak intensity due to C—H stretching is increased (Fig. 7a) in the
spectrum collected at 25 °C compared with that under N, environ-
ment, demonstrating the possibility that some CH, is adsorbed on
the surface with detectable amount under the assistance of
co-presenting 1-decene and the concentration of C—H bond is
increased as a result. It is also noticed that the pattern decays faster
compared to the aforementioned DRIFT spectra recorded using
propylene (Figs. 5 and 6), indicating a weaker interaction between
the 1-decene and the catalyst compared to propylene. This could
be because the concentration of —C=C— bonds is higher in propy-
lene, while the interaction between —C=C— bonds with the active
sites of the catalysts such as the metal cations as well as the oxy-
gen sites is stronger than the saturated alkyl groups which are
more populated in the 1-decene molecules. When methane is pre-
sent, the peak intensity reduces at an even faster pace (Fig. 7a),
which might be because the species produced by the reaction
between CH, and the surface species tend to be desorbed from
the surface of the catalyst.

An interesting phenomenon observed at the region between
1450 and 1750 cm™! (Fig. 7b) is that under N, environment, the
peak at 1685 cm ™!, which could be assigned to the stretching of
—C=C—, is present. When CHy is present, however, this peak disap-
pears completely even at room temperature. However, the peak at

50 nm

1469 cm ™', which is assigned to C—H bending mode, gets stronger.
These observations exhibit the possibility that CH,4 is added to
—C=C— bonds, resulting in the increased concentration of alkyl
C—H bonds and thus paraffin formation under the facilitation of
the Ag-Ga/ZSM-5 catalyst. The reason why such phenomenon is
not observed on propylene spectra might be because the 1-
decene molecule is long enough to have some double bonds away
from the active sites on the catalyst surface, thus remaining quite a
few double bonds untouched and IR observable, while propylene
molecule is so small that the double bonds would strongly interact
with the catalyst surface when the molecule is adsorbed, resulting
in no double bonds left over for IR detection. This phenomenon is
clearly observed at 25 and 100 °C, indicating the high activity of
the charged catalyst for the activation of methane. After a closer
look at the two spectra collected under CH4 and N, it can be
noticed that at 200 °C, these peaks disappear, and a new peak at
1507 cm™! is generated when CH4 is present, which can be
assigned to C—C stretching of aromatics and grows larger as the
temperature increases to 300 °C. Such observation shows that the
presence of CH,4 favors the conversion of the 1-decene surface spe-
cies from the perspective of aromatics formation.

3.3. Catalyst characterizations

DRIFTS is also employed in this study to evaluate the surface
acidity of the developed catalyst. Fig. 8 shows the DRIFT spectra
collected over HZSM-5 and the Ag-Ga loaded catalyst during pyri-
dine TPD. The peak at around 1450 cm ™' is a reflection of surface
Lewis acid sites [28,29]. The intensity of the peak decays gradually
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Fig. 10. TEM images of spent Ag-Ga/ZSM-5 collected after reaction with 1-decene at 350 °C under the environment of CH,4 (a—c), and the corresponding EDX spectra (d)

acquired from the EDX area in (c).
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as the temperature increases due to desorption of pyridine from
the catalyst. The peaks in the spectrum collected at 150 °C repre-
sent the total acid sites, while the peaks remaining in the spectra
recorded at 350 and 500 °C demonstrate the presence of the med-
ium and strong forms of the acid sites, respectively. The difference
indicates the amount of weak acid sites [28]. As shown in Fig. 8a,
the peak due to the presence of Lewis acid sites disappears after
350 °C, indicating that the number of medium and strong Lewis
acid sites in HZSM-5 is few. Therefore, the Lewis acidity present
in the ZSM-5 support is dominated by weak Lewis acid sites. As
displayed in Fig. 8b, however, the peak due to Lewis acid remains
in the spectrum even at 500 °C, indicating that both weak and
strong Lewis acid sites are still present on the surface of Ag-Ga/
ZSM-5. Moreover, the peak intensity difference between the peak
in the spectra acquired at 350 and 500 °C is not significant, sug-
gesting that the number of medium Lewis acid sites might be
small. Again in Fig. 8a, the peak appearing at 1540 cm™! is due to
the existence of Brosted acid sites upon pyridine adsorption [30].
This peak remains in the spectra up to 500 °C, implying that there
are strong Brosted acid sites present in HZSM-5. However, this
peak is not detectable in Fig. 8b, indicating that the concentration
of Brosted acid sites is low in the Ag-Ga/ZSM-5 catalyst.
These observations suggest that upon Ag-Ga loading the catalyst
exhibits enhanced Lewis surface acidity and suppressed Brosted
surface acidity, which might be closely related to its excellent
catalytic performance towards olefin reduction under methane
environment.

Fig. 9 demonstrates the morphology of the Ag and Ga particles
dispersed on the fresh Ag-Ga/ZSM-5. There are some large particles
with an average size of 10-20 nm (Fig. 9a and c) and lots of small
particles with an average size of 3-5 nm (Fig. 9a and d). The ele-
mental distribution on the surface of Ag-Ga/ZSM-5 is further stud-
ied by acquiring the corresponding EDX spectra of these particles
(Fig. 9b). It seems that the large particles are Ag-rich while the
small ones are Ga-rich after careful analysis of the collected EDX
spectra.

The morphology of the spent catalyst after the reaction with 1-
decene under CH, environment is also investigated. The crystalline
of the catalyst framework stays intact and the fringe of the zeolite
structure is clear (Fig. 10a and b). Fig. 10c shows the TEM image of
one representative area of the spent catalyst and Fig. 10d displays
the acquired EDX spectra after focusing on one specific spot with
lots of small particles as shown in Fig. 10c. The averaged size of
these particles is 2-3 nm, which is much smaller than that of fresh
catalyst. Therefore, the dispersion of the metal species is improved
after the reaction under CHy. The EDX spectra shows that the par-
ticles are composed of both Ag and Ga. It could be concluded that
the Ag-rich and Ga-rich particles in the fresh catalyst migrate
towards each other and become reduced, resulting in significantly
smaller alloy particles during the reaction under CH4 environment.
This phenomenon might be closely associated with the improved
olefin reduction performance under CH, atmosphere.

Fig. 11a and ¢ show the TEM image of two representative areas
of the spent catalyst collected after the reaction under N, environ-
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Fig. 11. TEM images of spent Ag-Ga/ZSM-5 collected after reaction with 1-decene at 350 °C under the environment of N, (a, c), and the EDX spectra (b, d) acquired at the

corresponding EDX areas.
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ment. Fig. 11b and d exhibit the EDX spectra acquired at the corre-
sponding spots as shown in Fig. 11a and c. It is obvious to note that
there are two kinds of existing particles on the surface of the spent
catalyst. The small particles have an averaged size of 5-10 nm, and
they are composed of both Ag and Ga. Compared with the EDX
spectrum of the particles on the spent catalyst under CH, atmo-
sphere (Fig. 10d), the peak intensity due to Ag is lower, while the
peak intensity due to Ga is stronger. The EDX analysis results
demonstrate the fact that the small particles on the spent catalyst
under N, environment are relatively Ga-rich and might originate
from the Ga-rich small particles present in the fresh catalyst
(Fig.9a and d) after particle agglomeration. Fig. 11d displays the
EDX spectra after focusing on one typical large particle, which
shows that the large particle is Ag-rich with averaged particle size
of 20-30 nm. These large particles might also be evolved from the
original large Ag-rich particles distributed in the fresh catalyst
(Fig.9a and c) after severe particle agglomeration. These TEM-
EDX characterizations clearly indicate that the dispersion of the
active metal species on the catalyst surface gets significantly worse
after the reaction under N, environment, resulting in its poor cat-
alytic performance for olefin reduction.
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Fig. 13. XPS spectra of Ag-Ga/ZSM-5 before and after reaction with 1-decene at 1.0 MPa and 400 °C for 60 min under different environments at (a) O 1s, (b) Ag 3d, (c) Ga 2p

and (d) Ga 3d regions.
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The crystal phase evolution of the catalyst at various life stages
is further investigated by resorting to XRD technique. Fig. 12 dis-
plays the XRD patterns of HZSM-5 support as well as fresh and
spent Ag-Ga/ZSM-5 catalyst. The peaks due to the oxide compound
of silver or gallium are not visible because the gallium species are
well dispersed despite its high loading amount while the loading
amount of silver is very low even though the particle size of the sil-
ver species is larger than gallium species. After a careful compar-
ison, it is also worth noting that upon the introduction of Ag and
Ga species into the HZSM-5 framework, the intensities of the
diffraction peaks due to (2 0 0) and (0 2 0) crystal planes are signif-
icantly reduced. A plausible explanation is that the doped Ag and
Ga species migrate into the HZSM-5 framework and reduce the
crystalline of (2 0 0) and (0 2 0) planes.

In order to get a better understanding of how each element con-
tained in the Ag-Ga/ZSM-5 gets distributed on the catalyst surface
and their corresponding oxidation state, we have employed XPS for
conducting specific scans at O 1s, Ag 3d, Ga 2p and Ga 3d regions,
respectively. The results are disseminated in Fig. 13. Fig. 13a shows
the XPS spectra acquired at O 1s region. After the reaction under
CH,4, the surface concentration of O gets increased probably due
to its diffusion from inner pores towards the surface of the zeolite
support, which is evidenced by the increased peak intensities.

In a similar matter, Ga surface concentration is enhanced after
upgrading reaction under CH, as evidenced in Fig. 13c and d, which
is consistent with the hypothesis that some gallium oxide com-
pound migrates to the surface of the catalyst. The increased bind-
ing energy of Ga, which is associated with higher valance of
gallium [31,32], could be the result of such migration.

As displayed in Fig. 13b, the surface concentration of Ag gets
reduced significantly after reaction probably due to its diffusion
into inner pores of support, particularly under CH4 environment,
where the signal due to Ag on the surface is not visible. Based on
the above observation, it can be concluded that silver species tend
to diffuse into the inner pores while gallium oxide species favor the
migration towards the surface of the catalyst. This phenomenon is
more significant under CH4 environment, which might be closely
associated with the better catalytic performance when CHy is
present.

4. Conclusions

The work reported here demonstrates the feasibility of upgrad-
ing of olefin with cheap methane on zeolite supported catalyst at
moderate conditions to reduce the olefin content, which is crucial
for commercial application. With the methanotreating applied, in
addition to the increased productivity, the quality of the acquired
oil product are also significantly enhanced in terms of reduced ole-
fin content and increased paraffin content. Furthermore, the
methane participation into the olefin reduction process has been
evidenced experimentally by DRIFT study using propylene and 1-
decene as olefin model compounds. Peak location shift, new peak
formation due to methane presence, reduced olefin peak intensity
as well as increased alkane peak intensity are observed when CH4
is introduced. The good catalytic performance might be closely
related to the well dispersion of metal species and migration of gal-
lium oxide towards the surface when methane is present as well as
modified surface acidity upon Ag and Ga loadings.
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