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Abstract

The shale gas revolution and the carbon-neutrality goal are motivating the landscape

toward the synthesis of value-added chemicals or fuels from underutilized ethane with

the assistance of greenhouse gas CO,. Combining ethane aromatization with CO;

reduction offers an opportunity to directly produce liquid products for facile separation,

storage, and transportation. In the present work, Fe/ZSM-5 catalysts showed promise in

the simultaneous CO; reduction and ethane aromatization at atmospheric pressure and

873 K. The catalysts were further investigated using X-ray diffraction (XRD) and X-ray

absorption fine structure (XAFS) measurements under in-situ conditions, indicating that

most of Fe species existed in the form of Fe oxides and a portion of Fe was incorporated

into the ZSM-5 framework generating Lewis acid sites. Both types of Fe species

remained almost unchanged under reaction conditions, contributing to an enhanced

aromatization activity of Fe/ZSM-5. The effects of CO, and steam on the acid sites and in

turn aromatization activity were also investigated by transient studies, which exhibited a

reversible modification behavior. Moreover, CO2 was identified to be critical to enhance

coke resistance and in turn catalyst stability. This work highlights the feasibility of using

CO; to assist the upgrading of abundant ethane from shale gas to aromatics over

non-precious Fe-based zeolite catalysts.
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1. Introduction

Anthropogenic CO emission has shown a significant increase in the past few decades,

which has been correlated to global climate change and ocean acidification [1,2]. Many

approaches have been proposed and exploited towards the reduction of CO2 emission

[1,3,4]. In recent years, employing CO. as a reactant or co-reactant to produce

value-added chemicals and fuels is widely investigated as a promising approach for CO>

reduction [5-10]. One of the most practical routes is to combine CO; reduction with the

catalytic conversion of light alkanes that are abundant in shale gas [11-14]. Ethane is the

second-most component in the huge-reserved shale gas (ca. 16.1 quadrillion cubic feet

globally) while still underutilized despite its record low price since 1995 [15], thereby

offering opportunities to be used as a co-reactant to reduce COs-.

Currently, the reported routes to react ethane with CO; are mainly the dry reforming (DR)

of ethane to syngas (CO and H2) and the oxidative dehydrogenation (ODH) of ethane to

ethylene using CO- as a soft oxidant [11,16]. Although valuable molecules are produced

by DR and ODH of ethane, the separation of gas phase products from the reactants is

still challenging. From this perspective, it is highly desirable to develop a tandem reaction

to directly produce liquid products from the reaction of ethane and CO2, which would

greatly simplify the separation step and facilitate the production, storage and

transportation of liquid products [8].

Aromatization is a potential route that can be integrated ethane upgrading with CO.

reduction in a single process. Aromatics (i.e., benzene, toluene and xylenes) are the

essential building blocks in petrochemical industries and are conventionally produced



from naphtha reforming [17], whereas the naphtha raw materials account for nearly 80%

of the production cost [18]. Thus, replacing naphtha with the inexpensive and abundant

ethane from shale gas is economically promising. Our previous work has reported the

feasibility of coupling CO»-assisted ODH of ethane to ethylene and aromatization of

ethylene, with both reactions occurring at similar temperature and pressure [13]. In

addition, carbon deposition on catalysts has been identified as a significant barrier for the

practical application of aromatization; in the current case, the co-reactant CO. can

reduce coke formation in-situ via the reverse Boudouard reaction (CO2 + C — 2CO),

thereby beneficial to catalyst stability.

The production of aromatics from ethane typically proceeds with either the sequential

dehydrogenation-oligomerization-cyclization-dehydrogenation route or the hydrocarbon

pool (typically at high temperatures) route [19]. Zeolite-based materials have been

identified and widely applied for aromatization. Previous studies report that zeolites used

for the aromatization of light alkanes (C1-C4) are mostly of the MFI type (e.g., ZSM-5)

because of its unique channel dimension, shape selectivity and acid properties [20].

However, the pure HZSM-5 zeolite with mainly Brgnsted acid (BA) sites often presents

very limited activity towards the C-H bond activation of lower alkanes such as ethane

[21]. On the other hand, BA sites are critical for the oligomerization of olefinic

intermediates [22]. Thus, modification with metals has been explored to improve the

catalytic performance of zeolites by enriching the Lewis acid (LA) sites or forming

synergetic BA-LA pair sites [13]. Typical examples mainly include Mo, Ga, and Zn

modified zeolites [23,24]. However, severe deactivation is usually observed over



Mo-based zeolites owing to significant coke formation [25,26], Ga-based zeolites

typically show a relatively low activity for C1-C2 conversion [27], and Zn-based zeolites

suffer from issues associated with Zn leaching under a reductive atmosphere at elevated

temperatures such as 873 K [28]. Other examples, including Re, Pt, Ag, and Ni modified

zeolites, usually exhibit a wide product distribution due to their strong hydrogenation

capacity, which could further hydrogenate the desired aromatic products [29-32].

Our previous studies have shown that Fe-modified catalysts on CeO> can effectively

activate the C-H bonds while protecting the C-C bond of ethane to selectively produce

ethylene, which is an important intermediate for aromatization [11,33]. Fe-based

catalysts have also been identified to be promising for the aromatization reaction [34].

These findings suggest a promising use of Fe to modify ZSM-5 for the aromatization of

ethane. The coupling of ethane aromatization with CO, reduction can enhance the

stability of Fe/ZSM-5 by preventing coke deposition. The current paper attempts to

confirm such hypothesis and reports reactor studies and in-situ characterization of

Fe/ZSM-5 for the simultaneous CO- reduction and ethane aromatization.



2. Materials and methods

2.1 Catalyst synthesis

The as-received ZSM-5 zeolite (Alfa Asear, 425 m?-g', Si/Al = 40) was pretreated in air
at 823 K for 5 h before use. The Fe/ZSM-5 and Fe/CeO, catalysts with a Fe metal
loading of 2.0 wt% were synthesized over the pretreated ZSM-5 and commercial CeO>
(Sigma-Aldrich, 35-45 m?-g-!, nanopowder) supports, respectively, using the incipient
wetness impregnation method described previously [14]. As a control experiment, the
as-prepared Fe/CeO; catalyst was mechanically mixed with the pretreated ZSM-5 with a
weight ratio of 1:1 to obtain the physical mixture, denoted as Fe/CeO2+ZSM-5 (physically
mixed).

2.2 Catalyst characterization

2.2.1 In-situ X-ray diffraction (XRD) measurements

The high-resolution synchrotron XRD patterns were collected with a wavelength of
0.39433 A at the Beamline 17-BM of Advanced Photon Source (APS) at Argonne
National Laboratory (ANL). For each in-situ XRD measurement, approximately 50 mg of
fresh catalyst (60-80 mesh) was loaded into an amorphous silica capillary tubing
mounted to a Clausen cell setup as described in the previous work [35,36]. The
temperature was increased from 300 K to 873 K at a ramping rate of 20 K-:min-!, during
which the sample was activated in He (10 mL-min-') for 30 min. Then a mixture of
ethane/COz/He (3/3/4 mL-min") was fed into the capillary tubing and was held at 873 K
for 40 min. Afterwards, it was subsequently switched to different mixtures, i.e., CO2/He

(3/7 mL-min', 30 min) and ethane/He (3/7 mL-min-', 30 min), so as to track the variation



of catalyst structures under different environments. The two-dimensional (2D) diffraction
patterns were continuously collected by a Perkin Elmer Amorphous Silicon detector,
which were subsequently integrated using the Fit2D program [37] to obtain XRD profiles.
Structural refinement was performed with a Rietveld method using the GSAS software
[38].

2.2.2 In-situ X-ray adsorption fine structure (XAFS) measurements

The in-situ XAFS spectra of Fe K-edge were collected at the Beamline 2-2 of Stanford
Synchrotron Radiation Lightsource (SSRL). The detailed procedures for sample
preparation and data collection have been previously reported [35]. The sample was first
activated in He (10 mL-min") at 873 K for 30 min, and then the spectra were collected
after the sample was cooled down to 373 K in He. Afterwards, the gas flow was switched
to a mixture of ethane/COz/He (3/3/4 mL-min-'), and the sample was heated back to 873
K with a ramping rate of 20 K-min-'. After 85 min of reaction, the sample was cooled
down to 373 K under the reactant flow to collect the XAFS spectra. The X-ray absorption
near edge spectroscopy (XANES) and extended X-ray absorption fine structure (EXAFS)
results were analyzed using the analysis method previously specified in Refs. [11,14].
2.2.3 Thermogravimetric analysis (TGA) measurements

Temperature programmed oxidation-thermogravimetric analysis (TPO-TGA) technique
was employed to analyze the carbonaceous species deposited over the spent catalysts.
The TGA measurements were performed using a Pyris Series-Diamond TG/DTA
instrument with a precision of temperature measurement of + 0.1 K and an accuracy of

weight measurement of 0.01%. Procedures for TGA measurements and analyses were



described previously [13].

2.3 Catalytic performance evaluation

As illustrated in Fig. S1 in Supplementary Material (SI), the flow reactor experiments
were performed in a quartz tube reactor (4.0 mm ID) under atmospheric pressure. In a
typical experiment, approximately 300 mg of fresh catalyst (40-60 mesh) was loaded into
the isothermal region of the reactor. The catalyst was activated in Ar (20 mL-min-') at 873
K for 1 h prior to reaction. Then a mixture of ethane/CO2/Ar (3/3/4 mL-min-') was
introduced into the reactor. Ar was used as the internal standard to correct the volume
change due to thermal expansion and chemical reaction. Detailed procedures for the
steady-state experiments are described in the Sl. For the pulse reactor studies, the
experiments were carried out by following the procedures previously specified in Ref.

[39].



3. Results and discussion

Reactions of ethane with CO, were performed over Fe/ZSM-5, Fe/CeO, and ZSM-5 at 1

atm and 873 K. As shown in Fig. 1, the catalytic performances over different catalysts

were compared at the (pseudo) steady state. It shows that Fe/ZSM-5 was the most

active and selective catalyst among the three for the aromatization of ethane with COo,

exhibiting the highest yield of benzene and toluene. The ethane conversion over

Fe/ZSM-5 was almost two and five times higher than that over Fe/CeO. and ZSM-5,

respectively. The Fe/CeO; catalyst only favored the ODH and DR of ethane with no

aromatics being produced. The unmodified ZSM-5 exhibited comparable selectivity to

benzene and toluene, but the yield of aromatics was significantly limited by its much

lower activity. To explore the synergetic effect between Fe species and ZSM-5, different

combinations of Fe/CeO, and ZSM-5 catalysts of 1:1 weight ratio were evaluated under

identical conditions. As Fe/CeO, and ZSM-5 were separately loaded into two continuous

beds, ethane was supposed to be first dehydrogenated with CO; to ethylene over the

upstream Fe/CeO,, which was then aromatized over the downstream ZSM-5. However,

the obtained yield of aromatics was much lower compared to that over Fe/ZSM-5.

Moreover, in the case of physically mixed Fe/CeO2 and ZSM-5, the selectivity to

aromatics was even lower with the dry reforming contribution being enhanced. This was

most likely due to the relatively low local concentration of ethylene, making its in-situ

aromatization difficult. The above results indicated that the synergetic effect between Fe

and ZSM-5 should enhance the aromatization of ethane, which cannot be achieved by

physical combinations of the catalysts. Furthermore, although a notable amount of



ethylene was produced over Fe/ZSM-5, it should be easily separated from the liquid
products and recycled for further aromatization. The activity and selectivity as a function
of time on stream for the five types of catalysts are shown in Fig. S2 in Sl, and no
obvious deactivation was observed over Fe/ZSM-5 over the duration of the experiments.
To investigate the catalyst structures under reaction conditions, in-sifu XRD
measurements were performed over Fe/ZSM-5 and Fe/CeO.. As shown in Fig. 2(a and b)
and Table S1 in Sl, the crystal structure of ZSM-5 at the fresh stage was refined to hold a
monoclinic P21/n space group (#14) with its lattice constants being a=13.412 A,
b=20.113 A, ¢=19.936 A, 8=89.88° (volume=~5378 A?®). The larger zeolite cell volume
measured in the Fe/ZSM-5 sample compared with the theoretical ZSM-5 (~5356.4 A3)
structure was most likely due to the incorporation of Fe cations into the zeolite framework
[40], as will be discussed later in the XAFS results. No reflections of Fe phases (e.g.,
Fe203, FesO4, FeO, and Fe) were detected over Fe/ZSM-5 (Fig. 2a), suggesting their
high dispersion on the zeolite surface or even incorporation into the zeolite framework.
Once Fe/ZSM-5 was activated, the volume of ZSM-5 decreased rapidly to ~5358 A3 (Fig.
2b). Such a volume contraction was consistent with the gradual peak shift toward higher
26 values (Fig. 2a). Under both activation and reaction conditions, the § angle (89.95°)
became closer to 90° compared with that (88.88°) at the fresh stage, consistent with a
previous report of phase transition of monoclinic (P21/n) to orthorhombic (Pnma) upon
heat treatments [41]. For comparison, in-situ XRD results of Fe/CeO, are shown in Fig.
2(c). One main difference was that, although no Fe phases were detected over the fresh

and activated samples, diffraction peaks of FesO4 [8.89° for(311) and 10.69° for (400)]
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were observed over Fe/CeO, during the reaction of ethane with COy, indicating that the
structure of Fe species over CeO. was different from Fe/ZSM-5. Moreover, the
refinement results (Fig. 2d and Table S1 in Sl) of CeO, retained a similar lattice volume
under the conditions of activation, reaction, CO> only, and ethane only.

The local bonding environment of Fe species was further investigated by XAFS analysis
at the Fe K-edge for both Fe/ZSM-5 and Fe/CeO,. As shown in Fig. 3(a), the XANES
features of Fe/ZSM-5 indicated that Fe was in oxidized states and the average valence
of Fe remained relatively stable under reaction conditions. As shown in Fig. 3(b), EXAFS
fitting was performed to probe the local environment of Fe atoms. The fitting results in
Table 1 revealed that the Fe atoms in Fe/ZSM-5 formed chemical bonds with both Fe
and O atoms, resulting in a Fe-Fe bond of 3.02 A and two types of Fe-O bonds of 1.91 A
and 2.08 A. The first Fe-O bond with a larger coordination number (CN) of 3.6 was
assigned to the FeOx clusters; in contrast, the longer Fe-O bond showed a much smaller
CN (1.5) than the expected values of any Fe oxide phases, suggesting the incorporation
of Fe into the ZSM-5 framework [40,42,43]. For comparison, in-situ XAFS results of
Fe/CeO, were also shown in Fig. S3 in SI and summarized in Table 1. A comparison of
the XANES spectra of Fe/CeO, before and after reaction with the reference of Fe
standards suggested that a portion of Fe2O3 species was reduced to Fe3O4 during the
reaction, consistent with the in-situ XRD results. Accordingly, the EXAFS fitting of
Fe/CeO; after reaction showed the Fe-Fe (2.99 A) and Fe-O (1.91 A) bonds with a
coordination number of 4.5 and 5.9, respectively.

To further understand the synergistic effect between Fe and ZSM-5, additional tests were

11



carried out over Fe/ZSM-5 and ZSM-5 using ethylene and CO: as reactants (Fig. 4). It

revealed that Fe/ZSM-5 and ZSM-5 showed different catalytic performances for the

reactions of CO, with ethane or ethylene. As compared in Fig. 4(a and c) and Table 2,

Fe/ZSM-5 exhibited five times higher activity than ZSM-5 during the reaction of ethane

with COg2, but the aromatics selectivity over the two catalysts was similar. In contrast,

almost identical conversions (Fig. 4b and d and Table 2) were obtained for the reactions

of ethylene over the two catalysts, while the aromatics selectivity over Fe/ZSM-5 doubled

that over ZSM-5. According to the in-situ XAFS results, the Fe species in Fe/ZSM-5

should exist in two forms, namely Fe oxides supported on the intra-/extra-pore surface of

ZSM-5 and Fe cations incorporated into the ZSM-5 framework, while the Fe species in

Fe/CeO; retained as Fe oxides. Moreover, given the catalytic performance of Fe/CeO-

(Fig. 1), Fe oxides could only activate hydrocarbons instead of directly catalyzing the

aromatization reaction of either ethane or ethylene. Thus, the increased selectivity in the

step of ethylene aromatization over Fe/ZSM-5 should be caused by the incorporated Fe

cations, while the enhanced activation of ethane was most likely contributed by both the

supported Fe oxides and the incorporated Fe cations.

Reactions of ethane with and without CO» were carried out in both flow reactor and pulse

reactor to investigate the effect of CO.. The flow reactor results in Fig. 5 showed that

when CO2 was present, both the ethane conversion and aromatics selectivity over

Fe/ZSM-5 were significantly decreased, while the stability and CoHs selectivity were

noticeably enhanced. In comparison, the effect of CO2 on ZSM-5 and Fe/CeO2 was

relatively weak. The inhibition effect of CO, on ethane conversion and aromatization over

12



Fe/ZSM-5 was potentially due to dealumination or modification of acid sites over Fe

cations by the water vapor in-situ generated from RWGS [44-46]. In order to gain more

insights into the inhibition effect, pulse reactor experiments were carried out as shown in

Fig. S4 in Sl. The results indicated that the introduction of CO. could significantly

promote the dry reforming pathway, thereby decreasing the concentration of ethylene

and consequently against the aromatization reaction. It has been reported that steam

would transfer the LA sites derived from the metal modifiers (e.g., Ga and Zn) to a less

active BA sites, thereby decreasing the aromatization capacity of catalysts [13,45,47]. To

further verify this speculation, additional tests were carried out by injecting CO, and H>O

intermittently into the feed streams. As shown in Fig. 6, when CO; was injected into the

reaction system, a small amount of water was detected, leading to an obvious decrease

in both ethane conversion and aromatics yield, but the aromatization of ethane could

largely recover to its initial level after removing CO.. Likewise, the addition of water

decreased the production of aromatics, and it was also a reversible process. These

results proved that the negative effect of CO, on ethane aromatization over Fe/ZSM-5

should be dominated by the formation of water rather than dealumination. Therefore,

further work is needed to identify more water-tolerant zeolite catalysts to better combine

ethane aromatization with CO- reduction. One way to improve the water tolerance and

consequently the aromatics yield is by modifying the catalysts with P, as recently

demonstrated in the utilization of P-modified Ga/ZSM-5 for the reaction of ethane and

CO, [13]. It should be noted that the conversion versus time plots in Fig. 5 and Fig. S2 in

Sl revealed that CO2 could help improve the catalyst stability, likely by removing coke via

13



the reverse Boudouard reaction. The type and quantity of carbon deposits on the spent

Fe/ZSM-5 catalyst with and without CO, were studied by TPO-TGA (Fig. 7), showing that

the coke formation was significantly suppressed with the presence of CO,. Compared

with the previous reported Ga/ZSM-5 catalyst [13], Fe/ZSM-5 exhibited a more stable

feature despite its lower activity than the former. The TGA results (Fig. S5 in Sl) of the

spent Fe/CeO, and Fe/ZSM-5 catalysts also indicated a positive effect of CO, on the

elimination of coke formation.

4. Conclusions

In the present work, Fe/ZSM-5 has been identified as a promising catalyst for the direct

production of aromatics from CO»-assisted ethane aromatization. The comparison of

Fe/ZSM-5 with Fe/CeOz, ZSM-5, and their physical mixtures indicated that the

synergetic effect between Fe and ZSM-5 contributed to an enhanced activity for

aromatization. The structural information of Fe/ZSM-5 was revealed by in-situ XRD and

XAFS analysis, suggesting that the Fe species mainly existed in two forms, i.e., the

extra-framework Fe oxides and the Fe cations incorporated into the zeolite framework.

The dehydrogenation of ethane was executed by both the extra-framework Fe oxides

and the incorporated Fe cations, while ethylene aromatization over Fe/ZSM-5 should be

promoted by the incorporated Fe cations. Although the presence of CO; reduced ethane

conversion and aromatics selectivity due to the reversible modification of acid sites by

steam in-situ formed from the RWGS reaction, the Fe/ZSM-5 catalyst showed higher

stability during the reaction with the assistance of CO. for coke resistance. Additional

research should be explored to enhance the steam tolerance of zeolites to take

14



advantage of the tandem reaction of CO.-assisted ethane dehydrogenation and

aromatization to generate liquid products of higher value from the abundant shale gas

while achieving the simultaneous reduction of greenhouse gas COsx.
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Fig. 1. Catalytic performance of different catalysts for CO,-assisted ethane aromatization
in a flow reactor. (a) Conversion of ethane, (b) product selectivity (ethane-based), and (c)
yield of aromatics at the (pseudo) steady state. Reaction conditions: 300 mg of
Fe/ZSM-5, Fe/CeOz or ZSM-5, and 600 mg of Fe/CeO, + ZSM-5 (loaded in two
continuous beds, weight ratio of 1:1) and Fe/CeO2 + ZSM-5 (physically mixed, weight

ratio of 1:1) at 1 atm, 873 K, ethane/CO/Ar = 3/3/4 mL-min".
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Fig. 2. In-situ XRD profiles and lattice refinements of Fe/ZSM-5 and Fe/CeO.. (a) and (c)
are the in-situ XRD profiles of Fe/ZSM-5 and Fe/CeO., respectively, under the fresh (300
K), activation (Ar, 873 K), reaction (C2+COg, 873 K), CO; only (873 K), and ethane only
(873 K) conditions. (b) and (d) refer to the variation of lattice volume of the ZSM-5 and

CeOg2 support, respectively, at different reaction stages.
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Fig. 3. In-situ XAFS results of Fe/ZSM-5. (a) refers to the XANES spectra of Fe K-edge

of Fe/ZSM-5 (after activation and reaction); for comparison, metal and metal oxide

standards were also demonstrated; (b) illustrates the EXAFS fitting results of Fe K-edge

in R space for Fe/ZSM-5 under the reaction condition.
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Fig. 4. Comparison of reactions of CO2 with ethane and with ethylene. (a) and (b):

Fe/ZSM-5; (c) and (d): ZSM-5. Reaction conditions: 1 atm, 873 K, C2oHe/CO/Ar = 3/3/4

mL-min' or CyH4/CO2/Ar = 0.5/3.0/6.5 mL-min', catalyst of 300 mg; for a better

comparison, the concentration of CoHs in the reactions of CoHa with CO, was kept similar

to the concentration of CoH4 produced from C2Hs in the reactions of CoHe with COo.
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Fig. 5. Effect of CO2 on the catalytic performance over Fe/ZSM-5, ZSM-5 and Fe/CeO..
(a) refers to the conversion of ethane with and without CO, as a function of time on
stream; (b)-(d) are the selectivity to ethylene, benzene and toluene as a function of time
on stream, respectively. Reaction conditions: 1 atm, 873 K, CyHe/COz/Ar = 3/3/4

mL-min-" or CoHe/Ar = 3/7 mL-min-', catalyst of 300 mg.
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Fig. 6. Ethane aromatization over Fe/ZSM-5 with intermittent injections of CO, and water
vapor. (a) displays the concentration of CO, and H>O as a function of time; (b) illustrates
the plots of concentration of benzene and toluene during the same period of (a).
Reaction conditions: C2Hg (10 mL-min-') with CO2 (1 mL-min-') or C2Hg (10 mL-min-")
with water of the saturated vapor pressure at 873 K and 1 atm. The concentrations of
ethane, benzene and toluene as well as the CO> and H>O signals were continuously

collected by a SRS residual gas analyzer.
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Fig. 7. TPO-TGA and DTG characterization of the spent Fe/ZSM-5 catalyst with CO; (a)

and without COz (b).
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Table 1. EXAFS fitting results for Fe/ZSM-5 and Fe/CeO, under reaction conditions of

ethane with CO; at 873 K.

Catalysts Shell CN R (A) o2 (A?) Eq shift (eV)
Fe/ZSM-5 Fe-O 3.640.3 1.91+0.02 0.011 2.5
Fe-O 1.5+0.5 2.08+0.02 0.011
Fe-Fe  6.5+2.1 3.02+0.01 0.024
Fe/CeO, Fe-O 5.9+0.7 1.93+0.01 0.013 -3.6
Fe-Fe  4.5¢15 2.99+0.01 0.019

Notes: CN is the averaged coordination number; R is bond length; o? is the mean square

variation in the path length.

Table 2. Comparison between reactions of CO, with ethane and with ethylene over

Fe/ZSM-5 and ZSM-5.

Gas Feeds? (mL-min-") Conversion® (%) Selectivity® (%)
Catalysts
C2H5 CzH4 COz Ar CH COz C5H5 C7H8
Fe/ZSM-5 - 0.5 0.5 9.0 60.8 6.1 46.5 26.4
Fe/ZSM-5 3.0 - 3.0 4.0 17.9 6.4 9.9 5.0
ZSM-5 - 0.5 0.5 9.0 5938 8.4 33.0 12.1
ZSM-5 3.0 - 3.0 40 27 0.9 9.8 94

a: 1 atm, 873 K, total flow rate of 10 mL-min-!, catalyst of 300 mg; the concentration of
C2Hs4 in the reactions of CoHs with CO, was kept similar to that produced from the
reactions of C2Hs with COy;

b: conversion and selectivity were obtained at the (pseudo) steady state after time on

stream for 5 h.
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