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Thermal catalytic conversion of CO, to produce high-value gasoline is a promising and sustainable way to
deal with greenhouse gases and alleviate the energy crisis and environmental problems. Although
significant efforts have been invested in this area, the active catalysts required to achieve high gasoline
space time yields remain a bottleneck in the process. Herein, we provided an easy-to-prepare Fe/C
catalyst coupled with HZSM-5 as a tandem catalyst, showing a surprisingly high gasoline space-time
yield of 91.2 pmolco, gpe*1 sL The catalyst contained three active sites (FesO4, FesC, and acid sites) that
could synergistically catalyze a tandem reaction. Tandem catalysts loaded in layers could better exploit
the activity of the three sites. The highly selective light olefins produced on the Fe/C catalyst could be

converted to gasoline on downstream HZSM-5. More promisingly, the stable and excellent CO,
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Accepted 10th January 2023 hydrogenation to light olefin activity of the Fe/C catalyst and the excellent anti-carbon deposition ability
of HZSM-5 resulted in no significant deactivation of the tandem catalyst over 180 h. Overall, the present

DOI: 10.1039/d25e01567f work provides a green and efficient catalyst for the conversion of CO, to gasoline, which will benefit the

Open Access Article. Published on 16 January 2023. Downloaded on 10/25/2025 9:28:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/sustainable-energy

1. Introduction

In recent years, the combustion of fossil fuels such as coal, oil
and natural gas has produced a large amount of CO,, resulting
in increasingly serious environmental problems due to the
greenhouse effect.’ At the same time, the depletion of fossil
resources also led to a gradual increase in oil prices.* Thermal
catalytic upgrading of CO, into gasoline fuel (Cs-C;; range
hydrocarbons) not only helps to reduce CO, emissions, but also
provides valuable fuel, thereby improving energy security.>® The
conversion of CO, to gasoline is mainly achieved by the
oxygenated intermediate or olefin intermediate route.” The
former usually occurs over a tandem catalyst consisting of metal
oxides (Zn, In, Zr, etc.) and acidic zeolites,*** while the latter
occurs over a tandem catalyst consisting of Fischer-Tropsch
catalysts (Fe, Co, Cu, etc.) and acidic zeolites."* ™ A higher CO,
conversion is usually achieved in the olefin intermediate route
compared to the oxygenated intermediate route, which means
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sustainability of the field in the near future.

higher space-time yields for gasoline (STYgy, moles of CO,
converted to gasoline per gram of iron per second).”*®

In the olefin intermediate route, CO, was first reduced to CO
by the reversed water gas shift (RWGS) reaction and the gener-
ated CO was hydrogenated to an olefin intermediate by the
Fischer-Tropsch synthesis (FTS) reaction, and then converted to
gasoline on acidic zeolites.'”*® Therefore, it is very crucial to first
convert CO, to olefins with high selectivity. Among the many
modified CO, Fischer-Tropsch synthesis (CO,-FTS) catalysts
(Fe, Co, Ni, Pt, and Cu),"*° iron-based catalysts have been
widely considered the preferred catalyst for the CO,-FTS process
due to their excellent catalytic ability for RWGS and FTS reac-
tions, low cost and resistance to sulfur poisoning.*** Iron
species undergo carburization and oxidation reactions to form
Fe;0, and y-FesC, phases during the CO, hydrogenation reac-
tion. Among them, Fe;O, has been experimentally demon-
strated to be the active phase of the RWGS. Moreover, density
functional theory calculations also show that the Fe;0, (111)
surface is very active in CO,.*® The %-FesC, species is widely
regarded as the active phase of the FTS reaction to catalyze CO
activation and C-C coupling. Moderately increasing the content
of the %-FesC, phase in the catalyst is beneficial for the forma-
tion of light olefins. For example, it has been reported that Na
additives could promote carburization to convert more iron
species into the x-FesC, phase, resulting in higher olefin
selectivity.** Inhibition of %-FesC, oxidation by constructing
hydrophobic shell protection has also been shown to increase
the selectivity of olefins in the product.*
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Zeolites were widely used in oligomerization/aromatization/
isomerization reactions of hydrocarbons because of their
unique shape selectivity and acidity.®** Among them, HZSM-5
(5.1 A x 5.5 and 5.3 A x 5.6 A) with a three-dimensional pore
structure had been shown to be more favorable for gasoline
generation."”” Combining the iron-based CO,-FTS catalyst with
HZSM-5 to form a tandem catalyst could shift the product
distribution to the gasoline hydrocarbon range. For example,
the stable production of CO, to gasoline could be achieved by
coupling Na/Fe;O, and HZSM-5, and the space-time yield of
gasoline could reach 2.5 pmolgo, gre ' 8~ '.” The coupling of K-
ion exchanged ZSM-5 with the Fe/C-K catalyst could also cata-
lyze the hydrogenation of CO, to Cs" products with a space time
yield of 8.1 pmolco, gre ' s~ ' and a catalyst lifetime of 50
hours.”” Coupling hollow HZSM-5 with Na-Fe@C catalysts also
enabled efficient preparation of gasoline from CO, hydrogena-
tion, but unfortunately the life of the catalyst was still only 60
hours.”® Although great efforts had been made in the develop-
ment of composite catalysts, the space-time yield of gasoline
remained low due to the poor matching between the compo-
nents of the composite catalysts, and the stability of the cata-
lysts remained to be improved. Consequently, there is an urgent
need for environmentally friendly and inexpensive methods for
the synthesis of highly active and stable catalysts.

Recently, we have developed a simple, stable, green, and
inexpensive Fe/C catalyst synthesis process that showed high
space-time yields of light olefins from CO,.”® If coupled with
acidic HZSM-5 zeolite, it shows promise to improve the space-
time yield of gasoline from CO,. Herein, we showed that Fe/C
and HZSM-5 (160) (SiO,/Al,0; molar ratio = 160) tandem
catalysts with double-layer mode showed high activity and
stability in the conversion of CO, to gasoline. The structure-
activity relationships of the catalysts were also explored and
revealed through a series of detailed characterization of the
catalysts. Finally, we also investigated the stability of the catalyst
to prove its potential value in industrial application, which
made it possible to prepare simple and efficient catalysts for
CO, hydrogenation to gasoline in the near future.

2. Experimental section
2.1 Materials

Pomelo peel (PP) was collected from a local market. Fe(NO3);-
‘9H,0 (98.5%) was purchased from Shanghai Macklin
Biochemical Co., Ltd. HZSM-5 (SiO,/Al,0; = 50, 160, 300) from
Nankai University Catalyst Company was calcined at 500 °C in
air for 4 h before use.

2.2 Catalyst preparation

The white inner skin of PP was cut into fine strips and then
dried in a vacuum freeze dryer to remove moisture. The dried PP
was crushed into powder for further use. Typically, 6 g of PP was
impregnated with 45 mL of aqueous iron nitrate solution (8 x
107 ¢ mL™") and stirred at 50 °C for 10 hours. Then, the
samples were dried in an oven at 100 °C for 10 h. Finally, the
dried samples were crushed and pyrolyzed in a stream of N, at
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400 °C for 3 h. The actual loading of Fe in the samples was
measured by ICP-OES to be 14.0 wt%.

2.3 Catalyst characterization

The crystal structures of the powder samples were examined by
powder X-ray diffraction (XRD, X'Pert Pro MPD with Cu Ko
radiation, A = 0.154 nm, the scanning angle 26 = 5-80°, Philips,
the Netherlands). Transmission electron microscopy (TEM)
images were obtained on a JEOL-2100F with 200 kV accelerating
voltage. The specific surface area of the catalysts was analyzed
by the BET method by carrying out N, adsorption measure-
ments at —196 °C on a Micromeritics Gemini VII 2390 instru-
ment. Then, NH;-TPD was carried out in a constant flow of high
purity N, (40 mL min~") from 100 °C to 800 °C at a heating rate
of 10 °C min~". The desorbed NH; during the heating process
was detected using a thermal conductivity detector (TCD). The
>’Fe Mossbauer spectrum was recorded on a Topologic Systems
MFD-500AV with a Co y-quantum source in an Rh matrix at
room temperature. The isomer shift (IS) value was set with
respect to that of o-Fe. The obtained spectra were fitted by
Lorentzian curves with a least-squares fitting procedure. Ther-
mogravimetric analysis (TG) was carried out from 50 °C to 800 °
C at a heating rate of 10 °C min™" in flowing air.

2.4 Catalytic reaction

Catalytic reactions were performed in a fixed-bed reactor with
an inner diameter of 8.0 mm. Before the reaction, the catalyst
was in situ reduced at 400 °C in a pure H, atmosphere with
a flow of 30 mL min~' for 4 h at atmospheric pressure. After
reduction, the reactor was cooled to 150 °C, and a mixture of gas
(73% H,/24% CO,/3% N,) was fed into the reactor. The tail gas
was analyzed using on-line gas chromatographs (GC7890B,
Agilent) equipped with thermal conductivity detectors (TCDs)
and a flame ionization detector (FID). The oil product was
gathered using a cold trap and analyzed using an off-line gas
chromatograph (GC2010, Shimadzu) equipped with an FID and
a PONA capillary column. The product selectivity was analyzed
on a carbon basis, and the time-on-stream was 24 h. The carbon
balances of the CO,-FTS products in all catalytic runs were
above 95%.

3. Results and discussion
3.1 Textural properties and XRD results

Fig. 1a shows the TEM photograph of Fe/C, and it could be
found that the nanoparticles with an average particle size of
3.6 nm were uniformly distributed on the support, and the (220)
and (311) crystalline surfaces attributed to the Fe;O, phase
could be observed in the high-resolution electron microscopy
images. The phase structure of the catalysts was further
analyzed by XRD (Fig. 1d), and the XRD pattern showed
diffraction peaks at 26 with 30.0°, 35.4°, 43.0°, 53.4°, 57.0° and
62.5° attributed to face-centered cubic Fe;0, (JCPDS 19-0629),
confirming the formation of Fe;O, nanoparticles. The diffrac-
tion peaks of the zeolite HZSM-5(160) sample were fully corre-
lated with the typical structure of the MFI topology.

This journal is © The Royal Society of Chemistry 2023
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Fig.1 TEM (a) and HRTEM (b) images of the fresh Fe/C catalyst. (c) XRD patterns of fresh Fe/C and HZSM-5(160).

3.2 Effect of HZSM-5 on product distribution

Fig. 2 compares the product distribution on Fe/C catalysts
without and with HZSM-5(160) under the same reaction
conditions. As shown in Fig. 2a, the selectivity and space-time
yield of C,-C; with 58.0% and 30.5 pmolgo, gre ' s~ could
be obtained on a single Fe/C catalyst, where the selectivity and
space-time yield of gasoline were 18.0% and 9.5 pmolco, gre
s~'. Thereinto, the high space velocity was conducive to the
formation of light olefins.>® The chain growth factor («) of
hydrocarbons was 0.55. When HZSM-5(160) was added down-
stream of the Fe/C catalyst, the product distribution changed
significantly (Fig. 2b). Among them, the most significant
changes were the distribution of gasoline hydrocarbons and
light olefins. The increase of gasoline hydrocarbons was at the
expense of light olefins, which clearly demonstrated the oligo-
merization, isomerization and aromatization of olefins. In
comparison, the « value on the Fe/C|HZSM-5 catalyst was 0.63,
which was higher than that on the Fe/C catalyst, indicating that
the multi-functional catalyst was more conducive to the
formation of long-chain hydrocarbons. The selectivity and
space-time yield of gasoline hydrocarbons reached 53.2% and
30.6 pmolgo, gre s ', respectively. In addition, the products
on the multifunctional catalyst seriously deviated from the
typical ASF distribution, which was attributed to the secondary
reactions of oligomerization, isomerization and aromatization
of olefins on the acid sites of HZSM-5(160).
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To prove the pathway of oligomerization, isomerization and
aromatization reactions of olefins occurring over Fe/C|HZSM-
5(160) series catalysts, propylene was used directly as a reac-
tant under the same reaction conditions described above. As
expected, propylene could be converted almost completely to
gasoline by oligomerization with a selectivity of 74.8%. More-
over, there are a large number of isoparaffins and aromatics in
gasoline, which also proved the occurrence of olefin aromati-
zation and isomerization reactions (Table 1).

3.3 Effect of proximity

It was reported that the proximity of two components in
a tandem catalyst had an important influence on the catalytic
activity as well as the product distribution.**** In the selective
hydrogenation of CO, to gasoline, it was found that the control
of the proximity of tandem catalysts was also crucial. In our
case, with an increase in the proximity of the two components in
the tandem catalyst, the CO, conversion and the space-time
yield of gasoline gradually decreased, while the selectivity of
CO and light olefins gradually increased (Fig. 3b). This was due
to the increased mutual toxic interaction between the zeolite
and iron species as the proximity of the tandem catalyst
increased. The acidic sites of the zeolite could reduce the
surface alkalinity and carburization of the iron-based catalyst,"”
thereby reducing FTS activity, while basic sites on iron-based
catalysts could also reduce the amount of acid in the adjacent
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Fig. 2 Effect of HZSM-5 on product distribution: (a) over the Fe/C catalyst alone and (b) over the Fe/C|[HZSM-5(160) catalyst. Reaction

conditions: 0.2 g of Fe/C and 0.4 g of HZSM-5(160), 320 °C, H»/CO, = 3, 2 MPa, GHSV = 4000 mL h™" g
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Table 1 Oligomerization, isomerization and aromatization of propylene over the Fe/C|HZSM-5(160) catalyst®

Selectivity in hydrocarbons (%) Composition in C5—-Cy; (%)
C3Hg conversion
(%) Cc;, Co co-Co Cs-Cqq n-Paraffins i-Paraffins Olefins Naphthenes Aromatics
98.5 1.6 23.6 74.8 5.4 24.5 21.9 8.4 39.8

¢ Reaction conditions: 0.2 g of Fe/C and 0.4 g of HZSM-5(160), 320 °C, H,/CO, = 3, 2 MPa, GHSV = 4000 mL h™" g.,, ', and TOS = 24 h.
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Fig. 3 Effect of the proximity of Fe/C and HZSM-5(160) on the performance of CO, hydrogenation. Reaction conditions: 0.2 g of Fe/Cand 0.4 g
of HZSM-5(160), 320 °C, 2 MPa, H,/CO, = 3, GHSV = 4000 mL h™! ge, %, and TOS = 24 h.

zeolite, thereby inhibiting the oligomerization, isomerization
and aromatization reactions of light olefins.*> There was no
mutual interference between the two components in a tandem
catalyst with a dual-bed, so the light olefins generated on the Fe/
C catalyst could be converted into long chain hydrocarbons at
the acidic sites of HZSM-5 through oligomerization, isomeri-
zation and aromatization. Moreover, the proximity of the
tandem catalyst could also adjust the composition of gasoline.
More aromatics and isoparaffins tended to be produced in the
dual-bed configuration, whereas almost no oil phase product
was produced in the grinding mixing mode (Fig. 3c).

3.4 Effect of acidity

The effect of SiO,/Al,0; (50, 160 and 300) of HZSM-5 on the
reaction performance was examined. The intensity of the acid
sites in HZSM-5 was characterized by NH;-TPD, as shown in

Fig. 4a and Table 2. HZSM-5(50) showed two broad desorption
peaks in the regions of 195 °C and 414 °C, which corresponded
to the weak and strong acid sites, respectively.*® At the same
time, the desorption peaks are shifted to lower temperatures
with increasing SiO,/Al,O; of HZSM-5. It indicated that
increasing SiO,/Al,0; weakened the adsorption capacity of the
acid sites, shifting the desorption peaks of NH; species to lower
temperatures. In addition, the peak areas of weak and strong
acid sites in the HZSM-5 catalyst showed a decreasing trend
with the increasing SiO,/Al,0O; ratio, indicating that the higher
Si0,/Al,0; of HZSM-5 weakened the number of weak and strong
acid sites. The highest gasoline selectivity was achieved over
a Si0,/Al,03 of 160. Reducing or increasing the ratio would
reduce the gasoline selectivity (Fig. 4b). Strong acidity of HZSM-
5(50) would lead to excessive cracking of heavy hydrocarbons
into C;-C, hydrocarbons, while weak acidity of HZSM-5(300)
was not conducive to the oligomerization, isomerization and
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Fig. 4 Effect of acidity on the CO, hydrogenation performance over the Fe/C|HZSM-5 catalyst. Reaction conditions: 0.2 g of Fe/C and 0.4 g of
HZSM-5, 320 °C, 2 MPa, H,/CO, = 3, GHSV = 4000 mL h™ ! gcy %, and TOS = 24 h.
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Table 2 The BET surface areas and acidic properties of the HZSM-5 zeolites

Weak acids ?

Strong acids ?

Acid amount Peak temperature Acid amount

Zeolite Sper “ (m* g™ ) Peak temperature (°C) (umol g™ 1) (°C) (umol g™ )
HZSM-5(50) 350 194.9 423.1 413.8 268.9
HZSM-5(160) 355 165.2 181.6 363.9 80.7
HZSM-5(300) 356 159.2 84.8 300.2 16.4

“ estimated by N, physisorption. ? estimated by NH,-TPD.

aromatization of light olefins, so they are not conducive to the
selective generation of gasoline. At the same time, the SiO,/
Al,O; of HZSM-5 also has a significant modulating effect on the
distribution of oil phase products, with lower SiO,/Al,O; of
HZSM-5 being more favorable to the formation of isoparaffins
and aromatics (Fig. 4c).

3.5 Effect of reaction conditions

3.5.1 Fe/C to HZSM-5(160) mass ratio. Fig. 5a shows the
effect of the Fe/C to HZSM-5(160) mass ratio on converting CO,
to gasoline. With the increase of HZSM-5(160) addition, the
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selectivity and space-time yield of gasoline first increased and
then decreased slightly. The selectivity of light olefins showed
a downward trend. When the mass ratio of Fe/C to HZSM-5 (160)
was 1:1, the contact time between olefins and HZSM-5 (160)
was short, which could not meet the oligomerization, isomeri-
zation and aromatization of light olefins. When the mass ratio
of Fe/C to HZSM-5(160) reached 1:3, more light olefins were
converted, but the selectivity of gasoline did not further
improve, and the selectivity of light alkanes increased slightly.
This was due to the fact that the prolonged contact time
increased the chance of C5s-Cy; cleavage and thus decreases its
selectivity in the final products.
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Fig.5 The performance of the Fe/C|HZSM-5(160) catalyst under different conditions: (a) Fe/C to HZSM-5 mass ratio (0.2 g of Fe/C and 0.2, 0.4,
and 0.6 g of HZSM-5, 320 °C, 2 MPa, 40 mL min~Y). (b) Temperature (0.2 g of Fe/C and 0.4 g of HZSM-5, 2.0 MPa, GHSV = 4000 mL ges *-h7Y).
(c) Pressure (0.2 g of Fe/C and 0.4 g of HZSM-5, 320 °C, GHSV = 4000 mL g, *-h™); (d) GHSV (0.2 g of Fe/C and 0.4 g of HZSM-5, 320 °C, 2.0

MPa).
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3.5.2 Reaction temperature. The process of CO, hydroge-
nation to gasoline involved multi-step cascade reactions, and
the optimal temperature for different reactions might be
different, so it was critical to select the appropriate reaction
temperature to achieve a good temperature match for the multi-
step reactions to improve the performance of the CO, hydro-
genation reaction. To this end, we investigated the effect of
reaction temperature on the performance of CO, hydrogenation
over the Fe/C|HZSM-5(160) catalyst, and the results are shown
in Fig. 5b. As could be seen, the CO, conversion gradually
increased from 27.4% to 40.1%, the selectivity of CH, gradually
increased, and the selectivity of gasoline gradually decreased
from 53.0% to 46.2% as the reaction temperature increased.
This indicated that increasing temperature was beneficial for
CO, activation and hydrogenation, but excessively high
temperature favored methanation rather than the C-C coupling
reaction. On balance, 320 °C was a more suitable reaction
temperature for this tandem catalytic reaction system.

3.5.3 Reaction pressure. The RWGS reaction was an iso-
choric reaction, and the FT synthesis reaction was a volume
decreasing reaction. Therefore, the total reaction of CO,
hydrogenation to gasoline belonged to a volume decreasing
reaction. Increasing the pressure facilitated the forward reac-
tion, but also made the desorption of the reaction products on
the catalyst surface difficult. Therefore, appropriate reaction
pressure was of great significance to improve the selectivity of
gasoline. Fig. 5c shows the effect of reaction pressure on the
CO, hydrogenation performance of the Fe/C|HZSM-5(160)
catalyst. With an increase in reaction pressure, the conversion
of CO, increased and the selectivity of CO decreased, which was
because the higher pressure favored the FTS reaction and
accelerated the conversion of CO intermediates, thus shifting
the RWGS reaction equilibrium in a positive direction. Reaction
pressure also had a significant influence on hydrocarbon
product distribution. With an increase in reaction pressure, the
selectivity of C,-C, gradually decreased, and the selectivity of
gasoline showed a trend of increasing and then decreasing,
which indicated that an appropriate increase of reaction pres-
sure was beneficial for the C-C coupling reaction, but too high
a pressure could also lead to excessive hydrogenation to
methane. Therefore, the optimal reaction pressure selected in
the process of CO, hydrogenation to gasoline was 2 MPa.

3.5.4 GHSV. Fig. 5d shows the effect of GHSV on the CO,
hydrogenation performance of the Fe/C|[HZSM-5(160) catalyst.
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With an increase in GHSV, the CO, conversion gradually
decreased, and the change in CO selectivity was the opposite.
This was because the increase in GHSV led to a shorter contact
time for various reactants on the catalyst surface, which was not
conducive to the activation and dissociation of reactant mole-
cules on the catalyst surface, resulting in a decrease in reaction
activity. It was noteworthy that the selectivity of light olefins
gradually increased with increasing GHSV, while the selectivity
of gasoline first gradually increased and then decreased. This
was because the oligomerization and direct hydrogenation of
light olefins were carried out simultaneously, and the two
reactions together determine the selectivity of gasoline. More-
over, the space-time yield of gasoline increased first and then
decreased with the increase in GHSV. When the GHSV was 12
000 mL g, '-h™", the selectivity and space-time yield reached
the highest (58.6% and 91.2 pmolco, gre ' s~ '), respectively.
This result has some advantages over some of the reported iron
space time yields for gasoline on catalysts (Table S17).

3.5.5 Stability. The stability of Fe/C|HZSM-5(160) with
a dual-bed configuration was also tested (Fig. 6a). It showed good
stability for over 180 h on stream. Both CO, conversion and the
selectivity of gasoline were stable at 32% and 53%, respectively.
The carbon deposition of the HZSM-5 catalyst during the
stability test was quantified by thermogravimetric (TG) analysis
(Fig. 6b). The weight loss areas before and after 300 °C in the TG
curve are related to water evaporation and char combustion,**
respectively. The total amount of coke deposition on HZSM-5
during the stability test was only 3.9 wt%, which resulted in
the excellent stability of the tandem catalyst."* Therefore, this
green, cheap tandem catalyst showed great potential in the large-
scale application of CO, hydrogenation to gasoline.

3.6 Reaction scheme for CO, hydrogenation

In order to investigate the reaction pathway of CO, hydrogenation
to gasoline over this tandem catalyst, the iron phase composition
of the spent catalyst was analyzed using the *’Fe Mossbauer
spectrum. As shown in Fig. 7, the iron phase in Fe/C after 24 h of
reaction included 22.3% Fe;0, and 50.8% FesC,, which were the
active phases of the RWGS reaction and FTS reaction, respec-
tively. At the same time, HZSM-5 (160) was proved to have
moderate acidic sites by NH;-TPD, which could catalyze oligo-
merization, isomerization and aromatization of light olefins.
Based on the above results, the reaction scheme of CO,
hydrogenation to gasoline over the Fe/C|ZSM-5 tandem catalyst

(a) CH, (b)
80 40 ~
C;-Cy ® £
S EaEg (LI T = I-!‘.- H H
> 60 0.2 =
g W\/\ § g 9%
£ °
8 w] & 20§ £
3 5%
9 2
204 CsCy 10 ©
0 92

20 4 60 80 100 120
Time on stream (h)

T T 0
140 160 180 0 200 400 600 800
Temperature (C)

Fig. 6 Stability of the Fe/C|HZSM-5(160) catalyst. Reaction conditions: 0.2 g of Fe/C and 0.4 g of HZSM-5(160), 320 °C, H,/CO, = 3, 2 MPa,

GHSV = 4000 mL h™ gt %, and TOS = 180 h.

1270 | Sustainable Energy Fuels, 2023, 7, 1265-1272

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2se01567f

Open Access Article. Published on 16 January 2023. Downloaded on 10/25/2025 9:28:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
(@) [rerepm) —
x-FesCyl) v
= x-FesCy(ll)
: Fe. - Fo—
=} Fe;0,(B)—_~ e
> Fe;0,(A)
‘®
[=
[
-
£
-15 -1‘0 -'5 (I) é 1‘0 15

Velocity(mm/s)

View Article Online

Sustainable Energy & Fuels

40

o

Fe,0, Fe;C,

Iron phase

Fe®*
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Gasoline

Fig. 8 Proposed reaction routes for converting CO, to gasoline over the tandem catalysts.

could be described as shown in Fig. 8. The scheme showed that
the series of catalysts with three active sites have complemen-
tary and compatible properties. During CO, hydrogenation, CO,
was first reduced to CO by H, on Fe;0,, and then CO and H,
passed through the FTS on Fe;C, to generate light olefin
intermediates. The olefin intermediate diffused to the down-
stream acid site of HZSM-5, where acid-catalyzed reactions
(oligomerization, isomerization and aromatization) occurred,
resulting in the selective generation of the gasoline range of iso-
paraffins and aromatics. In addition, the selectivity and space-
time yield of gasoline could be adjusted by varying the mass
ratio of Fe/C to HZSM-5 and the way it was combined. This also
demonstrated that the reactions over the versatile Fe/C|ZSM-5
catalyst involved an intermediate migration between different
active sites.

4. Conclusions

In conclusion, we designed a Fe/C|HZSM-5 tandem catalyst and
used it for the first time for one-step direct conversion of CO, to
gasoline. The catalyst contained three active sites (Fe;0,, FesC,
and acid sites) that catalyzed the tandem reactions of RWGS, FTS
and oligomerization/aromatization/isomerization. The catalytic

This journal is © The Royal Society of Chemistry 2023

activity of the two components of the Fe/C|HZSM-5 catalyst could
be better exploited in the dual-layered filling mode, and neither
too strong nor too weak an acidity of HZSM-5 was conducive to
the production of gasoline. The Fe/C|HZSM-5 catalyst exhibited
high gasoline selectivity (58.6%) and space-time yield (91.2
pumolge, gre -5 Y). In addition, the activity of the catalyst did not
decrease in 180 h. The above findings strongly confirm the
feasibility of a simple and efficient preparation of catalysts for
thermo-catalytic upgrading of CO, to gasoline. Overall, this newly
developed process has the advantages of simplicity of operation,
stability, greenness, and low price, making it an efficient and
industrially applicable solution.
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